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2,5-Hexanedione (HD) intoxication is associated with axon

atrophy that might be responsible for the characteristic gait abnor-

malities, hindlimb skeletal muscle weakness and other neurolog-

ical deficits that accompany neurotoxicity. Although previous

mechanistic research focused on neurofilament triplet proteins

(NFL, NFM, NFH), other cytoskeletal targets are possible. There-

fore, to identify potential non-NF protein targets, we charac-

terized the effects of HD on protein-protein interactions in

cosedimentation assays using microtubules and NFs prepared

from spinal cord of rats intoxicated at different daily dose rates

(175 and 400 mg/kg/day). Results indicate that HD did not alter

the presence of a- or b-tubulins in these preparations, nor were

changes noted in the distribution of either anterograde (KIF1A,

KIF3, KIF5) or retrograde (dynein) molecular motors. The cose-

dimentation of dynactin, a dynein-associated protein, also was not

affected. Immunoblot analysis of microtubule-associated proteins

(MAPs) in microtubule preparations revealed substantial reduc-

tions (45–80%) in MAP1A, MAP1B heavy chain, MAP2, and tau

regardless of HD dose rate. MAP1B light chain content was not

altered. Finally, HD intoxication did not influence native NF

protein content in either preparation. As per previous research,

microtubule and NF preparations were enriched in high–

molecular weight NF species. However, these NF derivatives were

common to both HD and control samples, suggesting a lack of

pathognomonic relevance. These data indicate that, although

motor proteins were not affected, HD selectively impaired MAP-

microtubule binding, presumably through adduction of lysine

residues that mediate such interactions. Given their critical role in

cytoskeletal physiology, MAPs could represent a relevant target

for the induction of g-diketone axonopathy.
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Exposure of laboratory animals to 2,5-hexanedione (HD) or

the parent hexacarbons, n-hexane, or methyl n-butyl ketone,

produces axon atrophy in peripheral nervous system (PNS) and

central nervous system (CNS) (Lehning et al., 1995, 2000;

LoPachin et al., 1994, 2003; reviewed in LoPachin and

Lehning, 1997 and LoPachin and DeCaprio, 2004). Atrophy-

induced changes in axonal cable properties (e.g., decreased unit

area) and associated electrophysiological consequences, such

as reduced conduction velocity (Sakaguchi et al., 1993; Yuan

et al., 2009), could be responsible for the characteristic neuro-

logical deficits that accompany c-diketone neuropathy; for

example, gait abnormalities and hindlimb skeletal muscle

weakness (Lehning et al., 2000). Based on the relative impor-

tance of NFs in determining axon caliber, we hypothesized that

HD impaired NF maintenance (turnover) and thereby caused

axon atrophy via the premature dissociation of these structures

(LoPachin and DeCaprio, 2004, 2005). At the molecular level,

HD is a relatively hard electrophile that forms 2,5-dimethyl-

pyrrole adducts with nucleophilic e-amine groups on lysine

residues of various proteins (reviewed in LoPachin and

DeCaprio, 2005). Accordingly, DeCaprio et al. (1997) showed

that HD selectively formed pyrrole adducts with lysine residues

located within KSP repeats on C-terminal (tail) regions of

NFM and NFH subunit proteins. The KSP regions appear to

mediate subunit insertion into the stationary polymer (Ackerley

et al., 2003), and therefore, HD adduction of corresponding

lysine residues could prevent the participation of affected

subunits in cytoskeletal turnover.

Our hypothesis is based on evidence that lysine residues on

NF proteins are the primary targets of HD. However, other

cytoskeletal targets have been implicated by studies demon-

strating the expression of HD neurotoxicity in animal species

(crayfish) and transgenic mouse models that lack NFs (Sickles

et al., 1994; Stone et al., 2001). Correspondingly, specific

lysine residues on non-NF proteins have been shown to be

critically involved in cytoskeletal structure and function.

At physiological pH, the e-amino group of lysine exists pre-

dominately in the protonated (þ 1; pKa ¼ 10.5) form. Con-

sequently, this positively charged basic residue can mediate

protein-protein associations through electrostatic interactions

with negatively charged acidic amino acids (e.g., glutamate)
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and/or phosphate moieties on binding domains of cognate

proteins. For example, the processivity of the monomeric

kinesin motor, KIF1A, is dependent upon the interactions of

lysine-rich K-loops with glutamate residues on cognate binding

domains of tubulin (Okada and Hirokawa, 2000). In addition,

the primary amine side chains of lysine residues on certain

cytoskeletal proteins are sites for posttranslational modifica-

tions such as acetylation or methylation, for example, Lys40 on

a-tubulin (Iwabata et al., 2005). These modifications are

enzyme mediated (e.g., lysine acetyltransferases) and appear to

influence cytoskeletal stability and motor protein trafficking

(Yang and Seto, 2008). Lysine residues also function as proton

donors in the catalytic centers of many enzymes, for example,

Lys609 of acetyl-CoA synthase (Yang and Gregoire, 2007).

Clearly, lysine residues on both NF and non-NF proteins per-

form critical functions, and accordingly, the axonal cytoskel-

eton represents a target-rich environment for HD. Pyrrolylation

of lysine residues result in the formation of hydrophobic

moieties with consequential changes in protein solubility, elec-

trostatic potential, and tertiary structure (reviewed in LoPachin

and DeCaprio, 2004, 2005). These physiochemical alterations

could render HD-modified proteins functionally impaired.

Therefore, to identify potential non-NF targets in axon cyto-

skeleton, we characterized the effects of HD intoxication on

protein-protein interactions in microtubule (Saxton, 1994;

Vallee, 1982) and NF (Letterier et al., 1996) preparations.

MATERIALS AND METHODS

Reagents. HD (acetonylacetone, 97% pure), adenosine 5#-
(b,c-imido)triphosphate tetralithium salt, and general chemical supplies were

purchased from Aldrich Chemical Company, Inc. (St Louis, MO). EDTA-free

Protease Inhibitor Cocktail was purchased from Roche Applied Sciences

(Indianapolis, IN). Antibodies (mAb) against cytoskeletal components,

corresponding sources, and catalog numbers are listed in Table 1. Goat anti-

mouse or anti-rabbit IgG conjugated to alkaline phosphatase and Western Blue

(alkaline phosphatase substrate) were purchased from Promega Life Sciences

(Madison, WI). Pre-made gels, NativeMark unstained protein standards, and

HiMark prestained high–molecular weight (HMW) protein standards were

purchased from Invitrogen Co. (Carlsbad, CA).

Treatment of animals and neurological testing. All aspects of this study

involving intoxication of animals were in accordance with the NIH Guide for

Care and Use of Laboratory Animals and were approved by the local animal

care committee. Adult male Sprague-Dawley rats (250–275 g; Charles River

Laboratories, Wilmington, MA) were housed individually in polycarbonate

boxes, and drinking water and Purina Rodent Laboratory Chow (Purina Mills,

Inc., St. Louis, MO) were available ad libitum. HD was administered by gavage

to randomly assigned groups of rats (n ¼ 4–6) according to one of two daily

dose rates, 175 or 400 mg/kg/day. These dose rates were chosen based on

extensive neurological, quantitative morphometric, and molecular studies of

c-diketone neuropathy; for example, see LoPachin et al. (2002), (2003), and

(2004). HD was dissolved in 0.9% saline and was administered at 3 ml/kg/day.

Age-matched control rats (n ¼ 4–6) received an equivalent volume of saline by

daily gavage. Rats were treated with HD until a moderate level of neurotoxicity

was achieved: 175 mg/kg/day ¼ 98 days and 400 mg/kg/day ¼ 21 days.

For each HD dose rate, the onset and development of neurotoxicity were

assessed by open field gait observations and by body weight changes

determined twice per week (LoPachin et al., 2004). To evaluate gait and

postural abnormalities, rats were placed in a clear Plexiglass box and were

observed for 3 min. Following observation, a gait score was assigned from 1 to

4, where 1 ¼ a normal, unaffected gait; 2 ¼ a slightly abnormal gait (tip-toe

walking, hindlimb adduction); 3 ¼ moderately abnormal gait (obvious

movement abnormalities characterized by dropped hocks and tail dragging);

and 4 ¼ severely abnormal gait (dragging hindlimbs and complete absence of

rearing). Animals were then administered saline or HD by gavage. A trained

observer who was not involved in animal care or gavage administration

performed the neurological evaluations.

Taxol-stabilized microtubule motor protein preparation. To identify HD-

induced changes in microtubule-cytoskeletal protein interactions, we used

a taxol-stabilized microtubule motor protein assay (Saxton, 1994; Vallee, 1982)

prepared from spinal cords of control or HD-intoxicated rats. The use of spinal

cord preparations is based on quantitative morphometric and molecular

evidence, suggesting that this CNS region is a neurotoxicologically relevant

site of HD action; for example, see LoPachin et al. (2003), (2004), and (2005).

Spinal cords (0.45 gm/rat) were rapidly excised and homogenized in 1.5

volumes of buffer (pH 7.4) containing (final concentrations) piperazine-N,N#-
bis(2-ethanesulfonic acid) (PIPES) (100mM), MgSO4 (1mM), ethylene glycol

tetracetic acid (EGTA) (1mM), 2-mercaptoethanol (1mM), and protease

inhibitor cocktail using a Potter-Elvehjem tissue grinder with a polytetrafluoro-

ethylene (PTFE) pestle (5 strokes). The homogenate was centrifuged at 51,500 3

g (Beckman JA-20.1 rotor) for 10 min to remove cellular debris. The pellet (P1)

was discarded and the supernatant (S1) was centrifuged (51,500 3 g) for an

additional 2 h (4�C) to remove insoluble neurofilament polymer. The S2

supernatant was used for microtubule assembly by adding GTP (1mM), taxol

(20lM), 2-mercaptoethanol (1mM), and PMSF (1mM). This solution was then

incubated at 37�C for 20 min and either adenosine 5#-(b,c-imido) triphosphate

tetralithium salt (AMPPNP) (5mM) or ATP (2mM) was added, and the

preparation was incubated for an additional 20 min (37�C). The microtubule

assembly preparation was layered over a cushion buffer containing 10% sucrose,

GTP (1mM), taxol (20lM), PIPES (100 mM), 2-mercaptoethanol (1mM), PMSF

(1mM), and AMPPNP (5mM) or ATP (2mM) and then centrifuged at room

temperature for 30 min at 21,000 3 g (Micro21 rotor). The resulting gelatinous

P3 pellet was dissolved in urea lysis (UL) buffer containing urea (7M), thiourea

(2M), 3-(3-cholamidopropyl dimethylammonio)-1-propanesulfonic (4%), and

dithiothreitol (10mM) by triturating through a 26-gauge needle. Both the pellet

TABLE 1

List of Reagents and Sources

Antigen Clone Company Catalog number

Tubulin a-Tubulin DM1A Sigma T9026

b-Tubulin KMX-1 Millipore MAB3408

Neurofilaments NFH 3G3 Upstate 05-848

NFM 3H11 Abcam ab7256

NFL DA2 Abcam Ab7255

Motor proteins KIF1A 16/KIF1A BD 612094

KIF3A — Abcam ab11259

KIF5-HC H2 Abcam ab23664

KIF5-LC L2 Abcam ab23586

Dynein-HC R-325 Santa Cruz sc-9115

Dynein-IC 70.1 Sigma D5167

Dynactin1 — Novus NBP1-0344

MAPs MAP1A HM-1 Millipore MAB362

MAP1B-HC 3G5 Abcam ab3085

MAP1B-LC H-130 Santa Cruz sc-25729

MAP2 HM-2 Millipore MAB364

Tau (phos/non-phos) Tau-5 Millipore MAB361

Ubiquitin Ubiquitin — Sigma U5378
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(P3) and corresponding supernatant (S3) were stored (–80�C) for immunoblot

analysis.

Neurofilament cosedimentation assay. To determine whether HD altered

NF-cytoskeletal protein interactions, the NF cosedimentation assay of Letterier

et al. (1996) was used. Spinal cords (0.45 gm/rat) were rapidly excised from

control and HD-intoxicated rats (LoPachin et al., 2004) and were homogenized

in 1.0 volume of 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.8)

containing (final concentrations) MES (100mM), MgSO4 (1mM), EGTA

(1mM), AMPPNP (5mM) or ATP (2mM) and protease inhibitor cocktail using

a Potter-Elvehjem tissue grinder with a PTFE pestle (6 strokes). The

homogenate was centrifuged at 51,520 3 g (Beckman JA-20.1 rotor) for

40 min, the supernatant (S1) was collected, and centrifuged (51,520 3 g) for an

additional 30 min. The S2 supernatant was mixed with glycerol (one-half

supernatant volume) by trituration (203) and then incubated for 3 h (4�C).

Following incubation, the S2 fraction was centrifuged at 125,874 3 g

(Beckman TLA-45 rotor) for 1 h (4�C). The P3 pellet, which represented the

aggregated neurofilament polymer, was collected and resuspended in 200 ll of

UL buffer and was triturated through a 26-gauge needle (53). The P3 pellet

and corresponding S3 fractions were stored at �80�C.

Preparation of native protein complexes. Spinal cords (0.45 g/rat) from

control and HD-treated rats were homogenized in 9 volumes of buffer (pH 6.8)

containing (final concentrations) bis-tris (20mM), NaCl (20mM), digitonin

(4.5mM), MgCl2 (3mM), EDTA (0.5mM), EGTA (0.5mM), glycerol (10%),

and protease inhibitor cocktail using a Potter-Elvehjem tissue grinder with

a PTFE pestle (14 strokes). The homogenate was centrifuged at 20,000 3 g

(Beckman JA-20.1 rotor) for 30 min. The pellet was discarded and the

supernatant was aliquoted and stored at �80�C.

Gel electrophoresis and semi-quantitative immunoblot analysis. To

assess relative changes in the protein distribution of selected microtubule or

NF cosedimentation fractions, protein samples from both control and

experimental animals were separated on the same gel, 0.25–80 lg protein

per lane. In general, tris-glycine continuous gradient gels (8–16%) were used

to separate proteins. However, for separation of higher molecular weight

complexes (> 100 kDa), tris-acetate gels (4–12%) were used. Protein contents

were measured by the Bio-Rad protein assay. For high-resolution analysis of

native protein complexes, the blue native PAGE technique was used.

Supernatant (see above) was mixed with G-250 dye (5%) and was loaded onto

NativePAGE Novex (3–12%) bis-tris gels. Following electrophoretic

separation of native proteins or cosedimented fractions, proteins were

transferred to polyvinylidene fluoride membranes overnight. After transfer,

membranes were blocked with 5.0% dried milk in tris-buffered saline (TBS)/

0.1% Tween 20 for 1 h and then rinsed. Membranes prepared from fractions

were incubated for 1 h with a selected monoclonal antibody (Table 1) diluted

in 5% dried milk/TBS. Following primary antibody incubation, membranes

were washed in TBS and incubated (1 h) with AP-conjugated secondary

antibody (goat anti-mouse or anti-rabbit IgG). Membranes were washed again

and immunoreactive bands were visualized with alkaline phosphatase

substrate (Western Blue). Immunoreactive cytoskeletal protein bands were

scanned with a densitometer, digitized, and analyzed using the freehand

selection tool of the NIH Imaging Program. Densitometric data were

normalized to b-tubulin (which did not exhibit HD-induced changes) and

are expressed as relative intensity (LoPachin et al., 2004). To insure analysis

within a linear range, initial studies established the proper electrophoresis

protein loads, primary antibody dilutions, exposure duration, and band

intensity levels for densitometric measurements (for details, see Chiu et al.,
2000).

Statistical methods. Experimental and control gait scores were compared

using the Mann-Whitney U-test. Post hoc comparisons were performed using

Dunnett test for comparison of each HD mean to its respective age-matched

control mean (see Lehning et al. [2000] for methodological details). The

respective relative band density data for individual cytoskeletal proteins in the

HD exposure and age-matched controls group were compared using Duncan

multiple range test (p < 0.05).

RESULTS

Neurological Status, Body Weight, and Cumulative HD Dose

Exposure to either HD dose rate (175 or 400 mg/kg/day)

produced progressive gait abnormalities and a slowing of body

weight gain (LoPachin et al., 2002). Thus, by day 21 of the

higher HD dose-rate regimen, mean (± SEM) gait score

reached a moderate-to-severely affected level (3.3 ± 0.2). At

this time point, rats intoxicated at the higher HD dose rate had

gained 3% of their mean starting body weight (261 ± 7 g). In

contrast, corresponding age-matched control rats had increased

their mean (± SEM) starting body weight (269 ± 5 g) by 46%.

A similar degree of neurotoxicity was induced by the lower

daily dose rate, although the time to the neurological end point

was relatively protracted; that is, moderate-to-severe neurolog-

ical changes were achieved after 98 days of intoxication at

175 mg/kg/day (Table 2). At the completion of the lower dose-

rate protocol (98 days), HD-intoxicated rats had gained 35% of

their starting body weight (263 ± 4 g), whereas the age-

matched control group increased their starting body weight

(266 ± 5 g) by 107% (see LoPachin et al., 2002, 2003, 2004).

As reported previously (Lehning et al., 1995, 2000), the

cumulative dose of HD required to reach moderate-to-severe

neurotoxicity was inversely related to the daily HD dose rate

(Table 2).

Protein Distribution and ATP Release in Microtubule Motor
Protein Preparations from Control Rat Spinal Cord

The taxol-stabilized microtubule polymer can be sedi-

mented, and associated proteins were identified by immunoblot

analysis. As expected, the tubulin proteins (e.g., b-tubulin) and

KIF3 were highly enriched in control P3 fractions of micro-

tubule motor protein preparations (Fig. 1). These proteins,

however, were substantially less prevalent in the corresponding

S3 supernatant. Instead, KIF1A (Fig. 1) and tau (data not

shown) appeared to be relatively enriched in this fraction.

Although the presence of NF subunits in the microtubule

preparations (Fig. 1) could signify nonspecific contamination,

it is more likely that they cosedimented with taxol-stabilized

microtubules due to direct interactions with a,b-tubulin dimers

(Bocquet et al., 2009) and indirectly through their associations

TABLE 2

Neurological Status at End Point

Day Gait score

Cumulative dose

(g HD/kg)

98 3.5 ± 0.1* 17.2

21 3.3 ± 0.2* 8.4

Note. Data are expressed as mean ± SEM. 1 ¼ Neurologically unaffected,

2 ¼ slightly affected, 3 ¼ moderately affected, and 4 ¼ severely affected.
*Significantly different from respective control at p < 0.05.
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with motor proteins (kinesins, dynein) that provide bidirec-

tional transportation along microtubule highways (Shah et al.,
2000; Wagner et al., 2004).

The microtubule interactions of dimeric kinesin proteins are

ATP dependent; for example, KIF3 can be released from

microtubule binding in the presence of ATP (Gilbert et al.,
1995; Ikegami et al., 2007). Correspondingly, AMPPNP, a

nonhydrolyzable ATP analog, can be used to induce rigor

binding of motors so that these proteins copurify with the

microtubules (Scholey et al., 1985). In our study, we deter-

mined the effects of ATP on protein distribution in spinal cord

microtubule preparations from control and HD-intoxicated

animals. Consistent with previous studies (e.g., see Ikegami

et al., 2007; Okada and Hirokawa, 2000), we found that the

binding of the kinesins, KIF3 and KIF5, to microtubules in

control preparations was significantly reduced in the presence

of ATP. In contrast, the interactions of KIF1A (Fig. 1) and

dynein (data not shown) were not sensitive (see Ikegami et al.,
2007). Thus, relative to the AMPPNP protocol, ATP reduced

KIF3 microtubule binding by 45 ± 3% in the P3 pellet. The

KIF5 heavy chain (HC)–immunopositive bands around

340 kDa and the corresponding native protein bands (120

kDa) were decreased by 90 ± 8% and 69 ± 5%, respectively

(Fig. 1). The higher molecular weight variants (~340 kDa)

recognized by the KIF HC antibody have been reported

previously (e.g., Cuchillo-Ibanez et al., 2008; Pfister et al.,
1989) and could represent cargo protein aggregates. The 70-

kDa band detected by the KIF5 light chain (LC) antibody was

reduced by 94 ± 7% in the ATP pellet fraction. As a result of

ATP-induced protein detachment, corresponding increases of

soluble KIF5 and KIF3 proteins were noted in the S3

supernatant (Fig. 1). Finally, our results demonstrate that the

presence of NF subunits in the P3 fraction was insensitive to

the ATP protocol (Fig. 1). This ATP-insensitive pool likely

represents triplet proteins that bind directly to tubulin subunits

(Bocquet et al., 2009; Miyasaka et al., 1993), as opposed to

KIF5-bound NFs (Xia et al., 2003).

Effects of HD Intoxication on Microtubule-Protein
Interactions

HD intoxication was associated with changes in microtu-

bule-protein interactions that were quantitatively similar in

both the AMPPNP and ATP protocols. Therefore, Figure 2

presents data from the P3 pellet of the AMPPNP protocol only.

Except where indicated, no significant HD-induced changes

were noted in supernatant (S3) protein contents. Neither HD

dose rate was associated with significant changes in the P3

tubulin (a,b) protein contents (Fig. 2). These data are consistent

with previous studies (Chiu et al., 2000; LoPachin et al., 2004)

and suggest that HD does not affect taxol-stabilized tubulin

assembly. Although the anterograde kinesin motors, KIF1A

and KIF3, were not affected, the 340-kDa band detected by the

KIF5 HC antibody was selectively increased nearly 3-fold in

both the supernatant (S3) and pellet (P3) from spinal cord of

HD-intoxicated rats. This HC effect was ATP sensitive, which

suggests that the increase was a compensatory rather than

a toxic event, for example, involving protein cross-linking (see

Discussion). Neither dynactin 1 nor dynein (HC or LC) were

affected in HD samples (Fig. 2).

Regardless of the HD dose rate, the majority of microtubule-

associated proteins (MAPs) tested exhibited substantial reduc-

tions in their respective P3 contents (Fig. 3). Thus, for example,

in microtubule preparations from HD-intoxicated rats (400–175

mg/kg), the HC of MAP1B was reduced by 76 ± 10% to 63 ±
5%, respectively, when compared with control data, whereas

the LC of MAP1B was not altered. No changes were noted in

the respective supernatant (S3) fraction (data not shown).

The NF native protein contents, that is, NFL, 68 kDa; NFM,

160 kDa, and NFH, 200 kDa, were not altered in the

microtubule P3 fraction. However, consistent with previous

findings in spinal cord preparations (LoPachin et al., 2004),

numerous HMW-immunoreactive NF species were prominent

in the spinal cord pellet fraction from HD-treated rats (Fig. 4).

These HMW species were less evident in control preparations

(Fig. 4). Based on additional immunoblot analyses, the HMW

FIG. 1. Representative immunoblots are presented for kinesin motors and

NF proteins in P3 pellets (left panel) and respective S3 supernatants (right panel)

of control microtubule preparations. AMPPNP and ATP refer to the different

protocols used for preparation of these fractions (see ‘‘Materials and Methods’’

section). Proteins were loaded on gels at 5–10 lg per lane. Respective MWs for

individual proteins or peptides are presented to the right of the immunoblots.

Relative to corresponding immunoblots from AMPPNP pellets, the reductions in

KIF3 and KIF5 band densities in the ATP protocol indicate that these motor

proteins were sensitive to ATP-induced release from microtubule binding. Upon

release, the subsequently soluble KIF3 and KIF5 appear in the S3 supernatant, as

evidenced by the corresponding increase in band densities, that is, compare ATP-

derived data for pellet and supernatant. This study also demonstrates that the NF

triplet proteins in the P3 pellet did not exhibit ATP sensitivity.
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NF complexes did not appear to be consequences of ubiquitin

binding (data not shown).

Effects of HD Intoxication on NF-Protein Interactions

NF proteins, like tubulin subunits, also interact extensively

with other cytoskeletal proteins, for example, MAP2, KIF5A,

dynein, and tubulin proteins (Bocquet et al., 2009; Wagner

et al., 2004; Xia et al., 2003). Therefore, we used an NF-

enriched cosedimentation assay to determine whether HD

intoxication was associated with disrupted NF-protein inter-

actions. Our results indicate that HD intoxication at either dose

rate did not affect the distribution of tubulin, motor, or MAP

proteins in the P3 or S3 fractions of the spinal cord NF

preparations (data not shown). However, HMW NF species

were abundant in the pellet, the molecular weight ranges

of which were comparable to those observed in the microtubule

preparations (see comparisons presented in Fig. 4). Figure 5

shows that these HMW NF complexes were normal compo-

nents of the axon cytoskeleton. In nondenaturing conditions

(native blue gels), varied HMW complexes are clearly evident

in NF preparations (Fig. 5A). For each NF protein, the

molecular weight distribution and corresponding densities of

immunopositive bands were identical for both control and HD

samples. In addition, several HMW NFL bands (e.g., 677 kDa,

636 kDa) of the native blue gels were common to NFH and

NFM, suggesting that NFL can exist in hetero-oligomeric

complexes with NFM or NFH. HMW species (up to 1211 kDa)

were also identified for the HC of KIF5 (Fig. 5A). The

corresponding immunopositive bands for this kinesin did not

appear to correspond to any HMW NF band.

When proteins were separated in denaturing conditions (tris-

acetate PAGE), detergent-insoluble HMW bands were detected

for all NF proteins in both control and HD samples (Fig. 5B).

These HMW species were present but not prevalent in control

FIG. 2. Representative immunoblots are presented for tubulins and motor

proteins in P3 pellets of control and HD (400 and 175 mg/kg/day dose rates)

microtubule preparations. Proteins were loaded on gels at 0.25–10 lg per lane.

The corresponding immunoblots from supernatant preparations did not reveal

HD-induced changes in protein distribution (data not shown). AMPPNP refers

to the protocol used for preparation of these fractions (see ‘‘Materials and

Methods’’ section). Respective MWs for individual proteins or peptides are

presented to the right of the immunoblots.

FIG. 3. Representative immunoblots are presented for MAPs in P3 pellets

of AMPPNP microtubule preparations from control and HD (400 and 175 mg/

kg/day)-intoxicated rats. Proteins were loaded onto gels at 0.25–20 lg per lane.

Band intensities of the immunoblot data were quantified and normalized to ß-

tubulin. Data are presented graphically as mean relative intensity (± SEM), and

statistical differences between control and intoxicated group mean data are

indicated by the connecting lines (*p < 0.05). The corresponding immunoblots

from supernatant preparations did not reveal HD-induced changes in protein

distribution (data not shown).
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samples because they were detected only when corresponding

protein concentrations were 5- to 10-fold higher than

those used for HD samples. Similar to protein separation in

nondenaturing conditions (Fig. 5A), cross-comparisons among

NF proteins from control samples revealed several HMW NFL

bands (e.g., 280 kDa, 364 kDa) that were common to both

NFH and NFM. This suggests that NFL forms hetero-

oligomeric complexes with NFM or NFH. The antibody for

the KIF5 HC (Fig. 5B) detected several detergent-insoluble

HMW bands. The KIF5 HC bands centered on 340 kDa

corresponded to HMW NF bands. However, it is unlikely that

this correspondence indicates an interaction (e.g., KIF5-NFL)

because the HMW KIF5 bands were ATP sensitive and the

comparable NF bands were not (see ‘‘Effects of HD

Intoxication on Microtubule-Protein Interactions’’ section).

When density scanning (NIH ImageJ) was used to compare

the respective distributions of HMW NF-immunopositive

bands from control and HD-intoxicated animals, substantial

agreement was evident at the lower molecular weight ranges,

for example, NFL � 192 k and NFM � 408 k (Fig. 6).

However, at higher molecular weight ranges, control NF

immunoblots exhibited less correspondence (fewer overlapping

bands) to blots from HD-intoxicated rat, for example, NFL �
192k and NFM � 408 (Fig. 6).

DISCUSSION

Previous research has focused on NF subunit proteins as

neurotoxicologically relevant sites of HD action (e.g., DeCaprio

and Fowke, 1992; LoPachin et al., 2004). However, in

the present study, we used a cosedimentation approach to

determine whether other components of the axon cytoskeleton

might be involved. Results indicate that HD intoxication did

not alter the presence of either a- or b-tubulin in high-speed

pellet fractions of microtubule preparations. This suggests that

HD does not affect taxol-stabilized tubulin assembly but does

not exclude the possibility of altered tubulin polymerization in

the absence of taxol (e.g., see Boekelheide, 1987). HD

intoxication also was not associated with general changes in

the pellet distribution of either anterograde (KIF1A, KIF3 or

KIF5) or retrograde (dynein) molecular motors (Fig. 2). Nor

was the cosedimentation of dynactin, a dynein-associated

protein (Gill et al., 1991), affected. The presence of tubulin and

motor proteins was not changed in the corresponding high-

speed supernatant (S3). Overall, these data indicate that HD did

not alter the interactions of motor proteins with microtubules.

Our studies do not address function directly. Nonetheless, the

results suggest that HD did not affect the ATPase activity of

KIF3 and KIF5, which should have caused rigor microtubule

binding and the retention of these motors in the ATP protocol.

Immunoblot analyses of MAP proteins in microtubule

preparations (P3) revealed substantial reductions (45–80%) in

MAP1A, MAP 1B-HC, MAP2, and tau (Fig. 3) in spinal cord

of HD-intoxicated rats. No changes in MAP protein content

were evident in either the supernatant (S3) or the NF cose-

dimentation preparations. Although pair fed- and watered-

control groups were not included in the present study, it is

unlikely that the highly selective changes in MAP proteins

represent nonspecific effects related to HD-imposed slowing of

weight gain. It is also unlikely that these selective effects are

due to taxol interference with MAP-microtubule interactions

(Vallee, 1982) or reductions in gene expression. Our data,

therefore, suggest that HD exposure specifically impaired MAP-

microtubule binding, presumably through adduction of lysine

residues that mediate such interactions. Although the toxico-

logical consequences of this defect are unknown, decreased

interfilament distances and loss of axon caliber are reasonable

predictions. MAP proteins stabilize axonal/dendritic micro-

tubules and regulate cytoskeletal interfilament distances (Chen

et al., 1992; Hirokawa, 1994). Consistent with defective MAP-

based interfilament spacing, ultrastructural morphometric anal-

yses of rubrospinal tract in HD-intoxicated rats demonstrated

that loss of axon caliber was associated with increased

FIG. 4. Representative immunoblots are presented for NF proteins (NFH,

NFM, and NFH) in the final pellet of microtubule or NF preparations from

control and HD-intoxicated (400 and 175 mg/kg/day dose rates) rats. Proteins

were loaded on gels at 15 lg per lane. Immunoblots from HD samples illustrate

the HMW derivatives associated with each NF subunit. The HMW laddering

pattern for each subunit was comparable regardless of preparation method (i.e.,

microtubule vs. NF). In addition, similar HMW bands are clearly evident in

control samples from microtubule or NF preparations.
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microtubule density (LoPachin et al., 2005). Recent computer-

based nearest neighbor analyses showed that mean (± SEM)

microtubule-microtubule (MT-MT) distances were significantly

decreased in rubrospinal axons, for example, control MT-MT

distance ¼ 13.15 ± 1.1 nm versus 9.80 ± 1.0 nm HD 400 mg/

kg/day 3 21 days (LoPachin, Zhang, and Gavin, unpublished

data). Furthermore, as observed in HD neurotoxicity, map2�/�

and map1b�/� knockout mouse models also exhibit axon

atrophy, reduced nerve conduction velocity, microtubule

condensation, and gait abnormalities (Edelmann et al., 1996;

Teng et al., 2001). Microtubule perturbation due to decreased

MAP interactions could lead to disrupted microtubule-based

axonal transport. However, Teng et al. (2001) reported normal

anterograde transport in map2�/� map1b�/� knockout mouse

brain. Also seemingly inconsistent, HD intoxication was

associated with selective acceleration of NF transport in CNS

and PNS axons (reviewed in LoPachin and DeCaprio, 2004,

2005). Rather than being the result of a direct neurotoxic action,

this effect is most likely secondary to the well-documented loss

of stationary NFs (Monaco et al., 1989), which has been shown

to accelerate the transport rate of NF proteins (Millecamps

et al., 2007). Thus, reduced MAP-microtubule interactions

could cause condensation of the axon cytoskeletal structure and

lead to axon atrophy in HD-intoxicated animals.

Lysine-based electrostatic interactions govern the binding of

many cytoskeletal proteins to the microtubule polymer, for

example, kinesins, dyneins, and MAPs (Carter et al., 2008;

Noble et al., 1989; Okada and Hirokawa, 2000). Therefore, in

contrast to the observed selective effect on MAP distribution,

a more generalized HD-induced disruption of microtubule-

protein associations might be expected to accompany pyrrole-

mediated lysine modifications. However, as quantum mechanical

data presented in Table 3 indicate, HD is a relatively hard but

weak electrophile that forms lysine adducts very slowly (see also

DeCaprio et al., 1982). Consequently, the nucleophilicity of

specific lysine residues will determine subsequent adduct

formation (DeCaprio and Fowke, 1992). Thus, at physiological

pH, the primary e-amine group of lysine is protonated (þ 1) and,

therefore, has very low nucleophilicity. In contrast, microenvi-

ronmental influences (e.g., vicinal acidic amino acids or

phosphate moieties; Mukouyama et al., 2004) can lower the

pKa to the extent that a specific lysine exists in the more

nucleophilic deprotonated state (0) at neutral pH. This state

represents the preferential target at low in vivo HD concen-

trations. Whether the reduced MAP contents of our cosedimen-

tation studies represent decreased microtubule binding due to

pyrrole adduction of lysine residues will require on-going mass

spectroscopic analyses. If adduct formation is involved, low pKa

FIG. 5. Representative immunoblots are presented for NF proteins (NFH, NFM, and NFH) and KIF5-HC in NF preparations from control and HD-intoxicated

(400 and 175 mg/kg/day dose rates) rats. (A) Immunoblots derived from proteins separated in nondenaturing gel conditions (Blue native PAGE). Proteins were

loaded on gels at 50 lg per lane. (B) Immunoblots derived from proteins separated in denaturing gel conditions (tris-acetate/SDS-PAGE). Gels for NF

immunoblots from HD samples were loaded at 2.5–5.0 lg protein per lane, whereas proteins from control samples were loaded at 25 lg per lane. Gels for kinesin

immunoblots were loaded at 5 lg regardless of sample origin (control vs. HD).
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lysine residues on the MAPs or their cognate tubulin-binding

domains will be the preferential targets. Conversely, our finding

that HD intoxication does not alter the cytoskeletal interactions of

motor proteins (Fig. 2) suggests that either lysine residues are not

involved in these types of protein-protein associations or that the

lysine e-amine groups are in a low nucleophilic (þ 1) state that

does not favor HD adduct formation.

Consistent with earlier studies (e.g., DeCaprio and O’Neill,

1985), HMW NF derivatives were identified in both the

microtubule and NF co-sedimentation assays. These deriva-

tives spanned a broad range of molecular weights (Fig. 4) and

were more abundant in the pellet fraction than corresponding

supernatant. HMW NF species in HD-intoxicated animals have

been previously interpreted as cross-linked monomers: that is,

pyrrole adduct formation at lysine residues is followed by

oxidative reactions that yield pyrrole-pyrrole cross-linked

proteins (reviewed in Graham et al., 1991). However, this

interpretation is based on in vitro chemical findings that have

not been corroborated by proteomic evidence demonstrating

the direct involvement of HD in the in vivo formation of HMW

NF derivatives (reviewed in LoPachin and DeCaprio, 2005).

Our results (Figs. 4 and 5), in conjunction with previous

investigations (Gupta et al., 2000; Karlsson et al., 1991),

indicate that HMW NF species are present in both control and

HD preparations. The significant, although not complete,

homology among respective HMW-immunopositive bands

suggests that at least some of these complexes are normal

cytoskeletal constituents that are elevated as a consequence of

HD neurotoxicity. The exact protein composition of these

detergent-insoluble NF complexes and their functional signif-

icance to axon physiology are both unknown. Nonetheless, our

data (Figs. 5B and 6) suggest that certain HMW species (e.g.,

500, 364, and 280 K) represent heterodimers and hetero-

oligomers of NFL in combination with NFH or NFM subunits.

It is therefore, possible that these NF complexes are transported

units involved in maintenance of the stationary NF polymer

(e.g., Millecamps et al., 2007; Yuan et al., 2003). However, the

HMW NF complexes mediating cytoskeletal turnover are

detergent soluble (Carden and Eagles, 1983; Cohlberg et al.,
1995), whereas the complexes identified in this and other

studies are resistant to detergents (SDS), reducing agents

(dithiothreitol), and proteolytic degradation (Heijink et al.,
2000). Alternatively, the formation of insoluble HMW NF

complexes similar to those observed in the present study can be

catalyzed by transglutaminase enzymes (Grierson et al., 2001;

Selkoe et al., 1982). These are calcium-activated zymogens

that form covalent e-(c-glutamyl)lysine bonds between proteins

and thereby endow supramolecular structures, such as the

cytoskeletal lattice, with extra rigidity and a resistance to

proteolytic degradation (Lorand and Graham, 2003). Therefore,

the low-level HMW NF derivatives observed in control

spinal cord preparations might represent baseline levels of

cytoskeletal proteins that have been cross-linked via the normal

actions of axonal transglutaminases (e.g., TG2; Norlund et al.,

FIG. 6. For each NF subunit, representative lanes from Figure 5B are presented from a control and an HD immunoblot (IB). The respective density scans (NIH

ImageJ) for the HMW NF-immunopositive bands are provided on either side of the corresponding immunoblot. The immunoblots were calibrated to the HiMark

prestained HMW protein standards.

TABLE 3

Calculated Quantum Mechanical Parameters for Electrophiles

Electrophile ELUMO (eV) EHOMO (eV) g x

n-Hexane 2.52 � 8.28 5.40 0.77

HD � 0.44 � 6.70 3.13 2.04

Acrylamide � 0.86 � 6.77 2.95 2.46

Acrolein � 1.70 � 6.98 2.64 3.57

Note. LUMO, lowest unoccupied molecular orbital; HOMO, highest

occupied molecular orbital. The LUMO energies (ELUMO) and the HOMO

energies (EHOMO) were calculated using Spartan04 (version 1.0.3) software

(Wavefunction, Inc., Irvine, CA). Global (whole molecule) hardness (g) was

calculated as g ¼ (ELUMO � EHOMO)/2 and the electrophilicity index (x) was

calculated as x ¼ l2/2g, where l is chemical potential of the electrophile and

was calculated as l ¼ (ELUMO þ EHOMO)/2 (for details, see LoPachin et al.,

2008). The x parameter is a measure of the electrophilic reactivity of a given

chemical. Data indicate that HD and parent hexacarbon are harder (higher g
value) electrophiles than the a,b-unsaturated carbonyls, acrylamide, and

acrolein. However, HD is a significantly weaker electrophile (lower x value)

than acrylamide or acrolein.
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1999). Accordingly, the elevated presence of HMW NF com-

plexes in HD samples might reflect excess fragmentation of the

stationary cytoskeleton (Monaco et al., 1989). Alternatively,

these HMW complexes could be a consequence of increased

transglutaminase activity in response to homeostatic stimuli or

an increased availability of substrate (i.e., lysine or glutamic

acid residues) secondary to HD-induced changes in protein

tertiary structure. Clearly, interpretation of the HMW NF

species is complicated by our observation that at least some of

these derivatives represent normal cytoskeletal constituents.

Our study, in conjunction with earlier research (LoPachin

et al., 2004, 2005; Sickles et al., 1994; Stone et al., 2001;

Tshala-Katumbay et al., 2009), suggests that axon atrophy

involves HD targeting of multiple cytoskeletal proteins, for

example, MAPs, NF triplet proteins, gelsolin, and a-internexin.

However, acceptance of this developing axonopathic scenario

requires additional research to identify relevant amino acid

targets on cytoskeletal proteins and to conclusively define the

structural and functional consequences of HD adduction. With

respect to the HMW NF species, further research is needed to

determine the mechanism of formation (e.g., HD cross-linked

NF subunits, transglutaminated NF-protein complexes) and

pathogenic significance (if any). Regardless, the multiplicity of

molecular targets for HD is consistent with growing evidence

that other electrophilic neurotoxicants (e.g., acrylamide,

acrylonitrile) act by forming adducts with many critical

proteins (e.g., N-ethylmaleimide-sensitive factor, SNAP-25).

Distal axon regions are selectively vulnerable to electrophilic

attack due to the uniquely slow turnover rate of corresponding

targets and subsequent accumulation of adducted, dysfunc-

tional proteins (reviewed in LoPachin et al., 2008).
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