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kinase phosphorylation of cytoskeletal proteins
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The Ca®*/calmodulin-dependent phosphorylation of neuronal cytoskeletal proteins was studied in brain supernatanis prepared from rats
exposed via inhalation to 600 or 800 ppm carbon disulfide (CS,) for 14 days. Exposure to CS, resulted in increased phosphorylation of
endogenous MAP-2 and exogenously added neurofilament triplet proteins. There also was an observed increase in the autophosphorylation of
Ca®* /calmodulin-dependent protein kinase II (CaM kinase II). Slight increases in the binding of a monoclonal antibody to the e subunit of
CaM kinase 11 were seen, while large increases in the binding of ['**Ilcalmodulin to the « subunit of CaM kinase II also were observed. The
finding of large increases in the autophosphorylation and calmodulin-binding to CaM kinase Il with only slight increases in the amount of
antibody-binding suggests that CS, exposure results in increased Ca** /calmodulin-dependent phosphorylation of proteins by inducing an

increase in kinase activity.

INTRODUCTION

Carbon disulfide (CS,) has been utilized as a solvent
in a variety of industrial processes for > 100 years.
Currently, the principle use for CS, is in the manufac-
ture of viscose rayon fibers!!. CS, is a systemic toxicant
shown to affect the cardiovascular, endocrine, gastro-
intestinal, renal, reproductive and nervous systems’'*
17384859 In humans, acute high-level exposure to CS,
has been associated with psychogenic dysfunctions®®.
Chronic low-level exposure of workers produces
changes in cognitive and psychomotor function™?® as
well as development of a polyneuropathy***°. Chronic
CS, exposure in animals produces morphological
changes in the distal regions of long myelinated axons
characterized by the perinodal accumulation of neuro-
filaments in axonal swellings®?"®¥, The morphology
and distribution of this lesion are similar to that seen
with other neurotoxicants, such as n-hexane, methyl
n-butyl ketone (MnBK), 2,5-hexanedione (2,5-HD) and
acrylamide, all of which produce distal neurofilamen-
tous axonopathies in experimental animals*’. In addi-
tion, B,B’-iminodipropionitrile (IDPN?®) and 3,4-di-
methyl-2,5-HD have been shown to produce neurofila-

* Corresponding author. Fax: (1) (919) 681-8224.

mentous axonal swellings initially distributed in the
proximal region of the axon'’,

The mechanism of action involved in the accumula-
tion of neurofilaments and the development of neu-
ropathy induced by these compounds has not been
identified. A number of studies suggest that binding of
the toxicant, or a reactive biotransformation product,
to neurofilament proteins may alter the physico-chem-
ical properties or conformational state of the proteins,
which leads to alterations in the normal organization
and function of the cytoskeletal matrix and neurofila-
ment accumulation®!%1%3747_ Binding of CS, to axonal
protein fractions*® and neurofilament proteins® in the
spinal cord of rats has been reported. In vitro binding
studies have shown stable adduct formation of CS,
with the e-amino group of lysine residues in BSA and
intramolecular cross-linkage of the protein®. Specific
binding to the e-amino group on lysine residues in
neurofilaments also has been proposed as a mechanism
of action for other neurofilamentous axonopathy-pro-
ducing compounds, including acrylamide®® and 2,5-
HD". It has been suggested that CS,-binding to pro-
teins and the formation of isothiocyanate adducts lead
to formation of covalent cross-linkages and may be
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responsible for the production of neurotoxicity®. To
date, however, there have been no reports which
demonstrate the cross-linking of neurofilament pro-
teins by CS, in vivo or in vitro; DeCaprio et al.* found
no evidence of intermolecular cross-linking in their
study.

Aberrant phosphorylation of neurofilament proteins
consequent to neurotoxicant-binding has been sug-
gested as one possible mechanism involved in the de-
velopment of neurofilamentous axonopathies®'=7477,
The phosphorylation state of neurofilament and micro-
tubule proteins is an important factor in regulating the
normal interaction of these proteins®"*. Alterations in
the phosphorylation state of the neurofilament pro-
teins could lead to dissociation of the cytoskeletal
matrix and neurofilament accumulation. Changes in
the phosphorylation state of neurofilament proteins
have been reported after exposure of animals to 2,5-
HDY7 acrylamide®'** and IDPN>®. The phosphoryla-
tion state of neurofilament proteins may be deter-
mined by factors other than direct binding to the
toxicant, including alterations in protease, phosphatase
and kinase activities®”*’. Acrylamide has been shown
to enhance the in vitro Ca’*/ calmodulin-dependent*
and -independent®' phosphorylation of neurofilament
proteins isolated from treated rats. Organophosphorus
esters (OPs) are a class of compounds that produce
neurotoxicity characterized by the abnormal axonal
accumulation of phosphorylated neurofilaments®>*2. A
consistent finding in OP-induced neuropathy is a dra-
matic increase in the activity of Ca**/ calmodulin pro-
tein kinase Il (CaM kinase I11)*°, a kinase shown to
phosphorylate both neurofilament and microtubule
proteins®. Aberrant phosphorylation of neurofilament
proteins appears to be a common feature in neurofila-
mentous axonopathies. It is possible that CS, also
produces changes in the phosphorylation state of neu-
rofilament proteins and that these changes represent a
potential mechanism of action involved in CS,-induced
neuropathy.

The goal of this study was to determine the poten-
tial role of Ca®*/calmodulin-dependent phosphoryla-
tion of neuronal cytoskeletal proteins in the pathogen-
esis of CS,-induced neurotoxicity. Soluble protein frac-
tions prepared from the brains of rats exposed suba-
cutely to high concentrations of CS, were assayed for
CaM kinase II autophosphorylation, the Ca’*/
calmodulin-dependent phosphorylation of endogenous
MAP-2 and the Ca®* / calmodulin-dependent phospho-
rylation of exogenously added neurofilament triplet
proteins. In addition to activity, the amount of CaM
kinase II present in the isolates was determined by
probing with a monoclonal antibody to the « subunit

of the enzyme. Calmodulin-binding was also deter-
mined because it has been implicated in the regulation
of CaM kinase II activity®2.

MATERIALS AND METHODS

Materials

[¥*PJATP (3000 Ci/mmol), ["*Ilprotein A (361.62 Ci/mmol)
and ['*I]calmodulin (1564.8 Ci/mmol) were obtained from Dupont
NEN Research Products (Boston, MA). Electrophoresis-grade
reagents and molecular-mass standards for SDS-PAGE were pur-
chased from BioRad Laboratories (Richmond, CA); CS, (HPLC
grade) from Aldrich Chemical Company (Milwaukee, WI); calmod-
ulin and trifluoperazine (TFP) from Sigma Chemical Company (St
Louis, MO); TEMED, Tris base, monoclonal anti-MAP-2 and mono-
clonal anti-a-CaM kinase 11 from Boehringer Mannheim (Indianapo-
lis, IN); rabbit anti-mouse 1gG from Dako (Carpinteria, CA); and
BCA protein assay from Pierce (Rockford, IL). Kodak X-OMAT
RP-1 (8 [0-in) film was procured from Eastman Kodak Company
(Rochester, NY). Nitrocellulose was purchased from Schleicher and
Schuell (Keene, NH) in 3x33-cm rolls and hand cut to 14 % 16-cm
sheets. All other incidental materials for SDS-PAGE were pur-
chased from BioRad Laboratories.

Animals

Male Sprague-Dawley rats (225-240 g; Charles River Laborato-
ries, Raleigh, NC), at the start of the experiment, were housed
three /cage, maintained on a 12/12-h light/dark cycle and given
food and water ad libitum. They were divided into groups of six and
allowed to acclimate to the exposure chambers (see below) for 3 days
before the start of the experiment. Animals were weighed and
clinical signs were monitored daily inside and when allowed to move
freely outside the cage.

Inhalation chambers

Animals were exposed in 11.4 ft* (0.32 m?) stainless steel inhala-
tion chambers (Young and Bertke, Cincinnati, OH) with controlled
temperature and humidity (21-24°C, 40-60% relative humidity), as
described previously?®. In-chamber concentrations of CS, were
monitored daily using a Miran Model 1A-CVF IR gas analyser (The
Foxboro, Foxboro, MA). CS, concentrations varied by < 10%.

Inhalation exposure

Exposures to CS, were for 10 h each day, with 14 h allowed for
recovery. One group of animals received 800 ppm while another
received 600 ppm for 14 consecutive days. A third group of rats was
exposed to air and served as a control.

Preparation of brain supernatant fractions

Brain supernatants were prepared using a modification of the
subcellular fractionation procedure previously described®®. Briefly,
brains were excised immediately after decapitation and homogenized
in 20 ml ice-cold 0.32 M sucrose, (.3 mM phenylmethylsulfonyl
fluoride and 10 wg/ml leupeptin, using 10 strokes of a Teflon glass
homogenizing unit. These homogenates were then spun at 4°C for 25
min at 10,000 g; the resulting supernatants were spun at 4°C for 60
min at 100,000 % g. An aliquot of each was saved for determination of
protein concentration, using the bicinchoninic acid method®', and
the remainders were frozen at —70°C.

In vitro phosphorylation assays

The Ca’*/calmodulin-dependent phosphorylation of endoge-
nous MAP-2 and exogenous neurofilament triplet proteins, as well as
autophosphorylation of CaM kinase II, were determined using a
modification of the method of Patton et al.*> Supernatants (38.2 ug
protein) were preincubated for 1 min at 30°C in a buffer containing
0.05 M Tris, pH 7.5, 0.01 M MgCl,, 5 mM 2-mercaptoethanol plus
either 0.4 mM EGTA or 0.2 mM CaCl, and 5 ug calmodulin. Buffer
volume was adjusted to a final volume of 100 x| and all tubes were



run in duplicate. The reaction was initiated by the addition of 2 uCi
[y*PJATP (0.05 M final concentration, 0.4 nCi/pmol), incubated
for 1 min at 30°C and terminated by the addition of 50 u1 SDS-PAGE
“stop” buffer (0.125 M Tris, pH 6.8, 4% (w/v) SDS, 20% (v/v)
glycerol, 10% (v/v) 2-mercaptoethanol, 0.01% (w/v) bromophenol
blue). Each of the above reactions was also carried out in the
presence of 0.1 mM TFP. These samples were boiled for 2 min,
stored at 4°C overnight and separated by SDS-PAGE. Phosphoryla-
tion of exogenous neurofilaments involved the addition of neurofila-
ment triplet proteins (10 wg) isolated from bovine spinal cord by the
method of Dahl et al.'"® to each sample, adjusting the buffer volume
accordingly. The phosphorylation reaction was then run as above.

SDS - PAGE

Supernatant samples were electrophoretically resolved on 7.5 /4%
discontinuous gels, according to the method of Laemmli**. Each
sample of 19.1 pg (75 pl) was run on duplicate gels, along with
molecular-mass standards for determination of apparent elec-
trophoretic mobilities. Immediately after the runs, gels were fixed /
stained in 0.1% (w/v) Coomassie brilliant blue R-250, 50% (v/v)
methanol and 10% (v/v) acetic acid; then, they were destained in
50% methanol and 10% acetic acid, dried between cellophane sheets
and autoradiographed. Films were exposed for four different time
periods to determine a linear response range and quantified using an
LKB 2202 Ultroscan laser densitometer interfaced with an LKB 2220
recording integrator (Pharmacia LKB Biotechnology, Piscataway,
NJ). Immunoblotting with monoclonal antibodies specific to MAP-2
and the a subunit of CaM kinase II were used to identify these
proteins. Apparent molecular masses were assigned based on their
relative position to molecular-mass standards run on each gel and
blot. Indirect identification of the 8 subunit of CaM kinase II was
based on reported molecular-mass values for rat brain isolates of the
kinase®®, the fact that it bound calmodulin with a high specificity
and, when compared with anti-a-CaM kinase-binding data, showed
an appropriate difference in apparent molecular mass (10 kDa).

[7331] Calmodulin-binding

Supernatants (100 pg) were separated by SDS-PAGE, fixed
overnight at room temperature in 100 ml 25% (v/v) 2-propanol and
10% (v/v) acetic acid and radiolabeled by the method of Carlin et
al.!” Briefly, the gel was washed in 100 ml deionized water for 10 min
(all washes were 100 ml), followed by four 1.5-h and one overnight
wash in 0.05 M Tris, pH 7.1, 0.2 M NaCl, 1 mM Cacl, (Tris buffer).
The following day, the gel was washed for 2 h in fresh Tris buffer, 2
h in Tris buffer with 1 mg/ml BSA and overnight in Tris buffer with
2 uCi ["*Ilcalmodulin /100 ml. The gel was washed thoroughly
(eight times over a 48-h period, with two overnight washes) and
stained, destained, dried, autoradiographed and quantitated, as pre-
viously described.

Immunoblotting

Supernatants (100 wg) were separated by SDS-PAGE, elec-
trophoretically transferred to nitrocellulose by the method of Towbin
et al.** and the blot allowed to air-dry overnight at room tempera-
ture (all steps were performed at room temperature, all washes were
100 ml). The blot was then washed 1 h in Tris-buffered saline (TBS;
0.05 M Tris, pH 7.4, 0.2 M NaCl, 0.02% (w/v) NaN;) with 0.5%
(w/v) gelatin (blocking solution), followed by a 2-h incubation in
blocking solution plus 0.1% (v/v) Triton X-100 (antibody solution)}
containing monoclonal anti-w-CaM kinase Il diluted 1 /2000 or mon-
oclonal anti-MAP-2 diluted 1/1000. The blot was then washed 5x 10
min with TBS, washed 30 min in blocking solution and incubated 1 h
in antibody solution containing polyclonal rabbit anti-mouse IgG
diluted 1/1000. The blot was again washed 5x10 min in TBS,
blocked 30 min and incubated 1 h in antibody solution containing 0.2
mCi/ml ['*I]protein A. The blot was washed in TBS with 0.1%
Triton X-100 4% 10 min, followed by a 150-ml wash overnight. The
following day, the blot was briefly rinsed in deionized water ( ~ 10
min), allowed to thoroughly air-dry and exposed to film. We have
found that covering the blot with a sheet of plastic wrap prevents it
from adhering to the film without degradation of exposure. The
autoradiograph was quantitated, as previously described. Specificity
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of the antibodies was determined by exactly following the above-de-
scribed procedure with the exception of omitting incubation with the
primary antibody.

RESULTS

General observations
Animals exposed to CS, displayed progressive weight
loss over the course of the experiment resulting in 14
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Fig. 1. In vitro phosphorylation of brain-supernatant proteins (A) or
supernatants with exogenously added neurofilament triplet proteins
(B) from control (C) and animals exposed to 800 ppm CS, (800) or
600 ppm CS, (600) after 14 days of treatment. A representative
protein-staining lane also is included (P). Autoradiography shows
phosphorylation in absence of Ca®* /calmodulin with EGTA (—) or
in absence of EGTA and with Ca®*/calmodulin present (+). In-
creases were seen in autophosphorylation of kinase, phosphorylation
of endogenous MAP-2 and all three neurofilament proteins.
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TABLE 1

ce’ / calmodulin-dependent phosphorylation of endogenous and exogenous substrates in brain of CS,-treated and control rats

Parameter Control 600 ppm 800 ppm
Phosphorylation

a- and B-CaM kinase 11 521+213° 16.64 +4.61 (219.4) ¢ 20.43+6.39 (292.1) ¢
MAP-2 ® 0.814+0.25 2.24+0.52 (176.5) ¢ 3.1640.69 (290.1)¢
NFH *© 0.25+0.13 045+0.12 (80.0) 0.60+0.25 (140.0) ¢
NFM ¢ 0.87+0.51 2314035 (165.5) ¢ 2.61+0.87 (200.0) ¢
NFL © 1.96+ 0.89 3414069 (74.00¢ 453+1.79 (131.1) ¢

* Results expressed as mean arbitrary units+8.D. (% difference from control). Duplicate samples from six animals were analysed for each

treatment group.
" Endogenous protein.

¢ Exogenous bovine neurofilaments, with molecular masses: NFH, 200 kDa; NFM, 160 kDa; and NFL, 68 kDa.
4 Significantly different from controls (P < 0.05) as determined by two-tailed Student’s ¢-test.

and 32% average loss from initial weight for 600- and
800-ppm-treated animals, respectively. Control animals
showed an average 37% weight gain over the 14-day
study period. Both concentrations of CS, resulted in a
narcotic-like stupor during exposure. After a 14-h re-
covery period, there was a return to normal levels of
alertness and activity. Animals exposed to 800 ppm
CS, began to display retropulsion and circling behavior
on day 4 of treatment and developed hindlimb splay
and signs of mild ataxia by day 7. When sacrificed on
day 15 (16 h after the final exposure), these animals
displayed a fine whole-body tremor and were severely
ataxic or suffering complete hindlimb paralysis. Rats
exposed to 600 ppm CS, exhibited circling behavior
and retropulsion with onset at day 9. Signs of mild
ataxia and moderate hindlimb splay were apparent at
the time of sacrifice.

Autophosphorylation of CaM kinase Il and phosphoryla-
tion of endogenous MAP-2

Representative lanes presented in Fig. 1A show a
significant increase in the in vitro autophosphorylation
of CaM kinase II and the phosphorylation of endoge-
nous MAP-2 in brain-supernatant fractions isolated
from CS,-treated animals as compared with controls.
This phosphorylation was found to be Ca’*/calmod-
ulin-dependent as evidenced by the dramatic reduction

TABLE 11
["231]Calmodulin and anti-«-CaM kinase Il-binding

in phosphorylation seen in the presence of EGTA
without added Ca’*/calmodulin. The addition of 0.1
mM TFP to the reaction mixture resulted in a > 95%
inhibition in phosphorylation of all detectable cytosolic
proteins. Data presented in Table I show that in the
presence of Ca’'/calmodulin there was a 219 and
292% increase in the autophosphorylation of the ki-
nase for animals treated with 600 or 800 ppm CS,,
respectively. Increases of 177 and 290% were seen for
the phosphorylation of MAP-2 in 600- and 800-ppm-
exposed animals.

Phosphorylation of exogenous neurofilament proteins

The addition of neurofilament triplet proteins to the
brain supernatant fractions from animals treated with
CS, resulted in increased Ca®* / calmodulin-dependent
phosphorylation of all of these proteins (Fig. 1B). The
increase in phosphorylation of all three neurofilament
proteins was greatest when incubated with the super-
natants isolated from animals treated with 800 ppm
CS,. There was also a significant increase in the phos-
phorylation of these proteins when incubated with su-
pernatants from animals exposed to 600 ppm CS,
(Table II). The relative increase in phosphorylation
observed in both treatment groups was NFM > NFH >
NFL.

Parameter Control 600 ppm 800 ppm
[12°I]Calmodulin

a-CaM kinase 11 1.92+0.24 ¢ 6.79+0.95 (253.6)° 8.20+1.12 (327.1)®
B-CaM kinase 11 10.47 +0.87 11.81+1.03 (12.8) 14114214 (348)°
Anti- a-CaM kinase 11

a-CaM kinase 11 3.07+0.40 346+031 (12.7) 3554029 (15.6)°

* Results expressed as mean arbitrary units+S.D. (% difference from control). Duplicate samples from six animals were analysed for cach

treatment group.

" Significantly different from controls (P < 0.05) as determined by two-tailed Student’s (-test.
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Fig. 2. Representative immunoblots of anti-«-CaM kinase II-binding

(k) and ["**T)calmodulin-binding to « and B subunits of enzyme in

brain-supernatant fractions isolated from control (C), 600-ppm CS,-
(A) and 800-ppm CS,-treated animals (B) after 14-day exposure.

[1351] Calmodulin-binding and immunoassay with anti-
CaM kinase 11

Autoradiographs presented in Fig. 2 show that there
was an increase in the binding of ['*IJcalmodulin in
both treatment groups as compared with controls which
is consistent with the pattern of increased phosphoryla-
tion presented in Fig. 1. Calmodulin-binding to the «
subunit of CaM kinase II was increased 327% in ani-
mals exposed to 800 ppm CS, while calmodulin-bind-
ing to the B subunit in these animals was increased
only 35% (Table II). For animals exposed to 600 ppm
CS,, there was a 254% increased binding to the a«
subunit and a statistically insignificant increase in bind-
ing to the B subunit. Results of probing Western blots
with monoclonal anti-a-CaM kinase Il presented in
Fig. 2 show a slight increase in the amount of binding
to the « subunit as a function of treatment. There was
a statistically significant increase of 15% in the binding
of the antibody in the 800-ppm treatment group.

DISCUSSION

The normal association of neurofilaments with mi-
crotubules is dependent on the phosphorylation state
of these proteins*’. Neurofilament phosphorylation in-
hibits proteolysis of the filament?, prevents the assem-
bly of NFL into filaments and induces filament disas-
sembly®”. Enhanced aberrant phosphorylation of neu-
rofilament proteins has also been shown to decrease
their transport rate in the axon'**". Phosphorylation of
MAP-2 results in microtubule dissociation'?, Our re-
sults indicate that exposure of rats to CS, vapor at high
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concentration produced signs of neurotoxicity concur-
rent with significant increases in calmodulin-binding to
CaM kinase 11, autophosphorylation of CaM kinase 11
and Ca’*/calmodulin-dependent phosphorylation of
endogenous MAP-2 and exogenous neurofilament
triplet proteins. It is possible that increased Ca’*/
calmodulin-dependent kinase activity results in aber-
rant phosphorylation of cytoskeletal proteins and sub-
sequent alteration in association and transport in the
axon.

Increased phosphorylation of neurofilaments in the
axon and perikarya of neurons has been reported after
acrylamide intoxication in rats***. Similar patterns of
increased immunoreactivity are seen after axotomy*.
It appears that this increase in phosphorylation is a
common response of the neuron after both traumatic
or chemical lesioning. While the increased presence of
phosphorylated neurofilament protein has been
demonstrated as a response to cell injury, the mecha-
nism involved in this response has not been deter-
mined. It is unclear which enzymes are responsible for
this increased phosphorylation, and whether the re-
sponse represents a regulatory increase in the activity
of an existing enzyme pool or the increased expression
of one or more neuronal kinases.

In this study, CS,-induced increases in protein phos-
phorylation were found to be both C2*- and calmod-
ulin-dependent as evidenced by the lack of y**P incor-
poration into both endogenous and exogenous proteins
when incubated in the absence of C** or the presence
of 0.1 mM TFP, an inhibitor of calmodulin®. This
demonstrated C**/calmodulin dependence as well as
the broad specificity of substrate proteins showing in-
creased phosphorylation suggest an increase in CaM
kinase II activity resulting from CS,-induced chemical
lesion to the neuron.

There was an overall increase observed in the bind-
ing of calmodulin to both the « and B subunits of the
enzyme as a function of CS, treatment. Calmodulin-
binding is thought to produce conformational changes
in the enzyme, transforming it from an inactive to an
active form, allowing for phosphorylation of sub-
strates®>, This is consistent with the finding of in-
creased autophosphorylation of the enzyme and phos-
phorylation of substrate proteins. The levels and rela-
tive binding pattern of calmodulin to the « and B
subunits of CaM kinase II which we observed in the
brainsupernatant preparations from control animals in
this study are similar to calmodulin-binding patterns
we have reported previously in hen’ and rat brain
(manuscript submitted) supernatants prepared from
naive animals using the same method of sample prepa-
ration.
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Data presented in Table Il show that there was an
order of magnitude difference in the increase of CaM-
binding to the « subunit as compared with the S
subunit after exposure to CS,. Probing with a mono-
clonal antibody to the a subunit showed only a slight
increase in antibody-binding as a function of CS, treat-
ment. This information indicates that CS, exposure
results in a small increase in the amount of CaM
kinase Il protein and much greater increases in CaM-
binding to the a subunit. However, since only one
antibody was used in this study, it is possible that CS,
modification of the epitome recognized by the antibody
resulted in decreased antibody-binding and an under-
estimation of the amount of « subunit protein present
in the treated animals. It is, therefore, not possible to
state with certainty whether the increased protein
phosphorylation observed in this study resulted from
an increase in the amount of enzyme present or an
alteration in the specific activity of the enzyme, possi-
bly linked to changes in the level of CaM-binding.

The observed increase in autophosphorylation of
the enzyme and the large increase in calmodulin-bind-
ing to the a subunit seen in this study are similar to
changes reported to occur in organophosphorus com-
pound-induced neuropathy®. We have shown that
organophosphorus compounds capable of inducing de-
layed neurotoxicity produce axonal swellings containing
phosphorylated neurofilaments*?. Phosphorylated neu-
rofilament protein has also been identified in the ax-
onal swellings induced by CS,*.

The clinical signs displayed by animals exposed to
600-ppm concentrations of CS, were much less severe
than those seen in animals exposed to 800 ppm. How-
ever, there was still a significant increase in kinase
activity and substrate phosphorylation in supernatant
isolated from these animals. Therefore, it appears that
alterations in phosphorylation may be an early event in
the pathogenesis of CS,-induced neuropathy and rep-
resents a possible mechanism involved in the process of
other neurofilamentous axonopathies.

The a subunit of CaM kinase Il is a major protein
component in the postsynaptic density of central neu-
rons*, Our data showing an increased in vitro activity
of CaM kinase Il and increased phosphorylation of
endogenous MAP-2 after exposure of animals to CS,
suggest the possibility for these events to occur in vivo.
This potentially represents an effect of CS, on the cell
body and dendrites. MAP-2 participates in both den-
dritic transport®®* and mediation of second-mes-
senger systems in the postsynaptic density*"3*, Disrup-
tion of synaptic function and cell-signaling resulting
from increased kinase activity and aberrant phosphory-
lation of MAP-2 could be involved in the psychogenic

and psychomotor changes seen in exposed workers and
behavioral changes seen in animals.

It is hypothesized that multiple mechanisms are
involved in the pathogenesis of neurofilamentous ax-
onopathies. An early event in the development of the
neuropathy may be an increase in the Ca’'/
calmodulin-dependent phosphorylation of important
cytoskeletal proteins, including neurofilaments, MAPs
and Tau brought about by increased activity or expres-
sion of one or more neuronal kinases. The effect of
this increased phosphorylation is to disrupt the normal
association of cytoskeletal proteins resulting in a dis-
ruption of axonal transport. This deficit in transport
would lead to the accumulation of cytoskeletal proteins
in the axon and, ultimately, degeneration of the neu-
ron. It is possible that differences in the distribution of
lesions and time course in the development of the
neuropathies seen with different compounds may be
attributable to compound-specific differences in reac-
tivity with individual cytoskeletal proteins or regional
binding patterns to specific target proteins. These spe-
cific patterns of binding may differentially alter the
availability of phosphorylatable binding sites, protease
and phosphatase activity and, possibly, have different
potentials for the activation of specific kinases. Ongo-
ing work in this laboratory is directed at elucidating the
relative contribution of these mechanisms to the over-
all pattern of neurotoxicity observed with neurofila-
mentous axonopathy producing compounds.
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