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Introduction 

Acrylamide (ACR) and gamma-diketones (y-DK) are two classes of compounds known to be 

neurotoxic. These chemicals are used in or are products of many industrial and manufacturing 

processes, resulting in increased environmental and occupational exposure hazards. Exposure to 

these compounds results in neuronal toxicity; however, the mechanism(s) by which toxicity 

occurs is unknown. This reason alone necessitates elucidation of the site(s) and mechanism(s) of 

action of these neurotoxicants. Furthermore, these compounds are prototypic chemicals for 

examining possible sites and mechanisms of action of other common neurotoxicants, such as 

carbon disulfide and organophosphates. Additionally, these toxicants serve as important 

neurobiological probes to study protein function and protein-protein interactions. 

Production and Use 

Acrylamide (CH2=CHCONH2) polymers have been in widespread use in many industrial 

processes since the early 1950s (Spencer and Schaumburg, 1974). Their uses include: a paper 

strengthener for the production of cardboard, a flocculent in water purification, a grouting! 

adhesive agent (Spencer and Schaumburg, 1974; Tilson, 1981), and a reagent in the formation of 

gels used in the separation of compounds by electrophoresis. Hexacarbons are another class of 

compounds widely used in many manufacturing processes. n-Hexane and methyl-n-butylketone 

(MnBK), two common industrial hexacarbons, are ultimately metabolized to 2,5-Hexanedione 

(2,5-HD; CH3C=OCHzCHzC=OCH3), a neurotoxic gamma-diketone (DiVincenzo et a!., 1976). 

These hexacarbon compounds are inexpensive solvents used extensively, from the late 1960s to 

the present, in the tanning industry, in the"manufacture of shoes, and in the production of dyes, 
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insecticides, pharmaceuticals, glues, and lacquer thinners (Spencer et a!., 1980; Allen, 1980; 

Griffin, 1981; Pezzoli eta!., 1995; Graham et al., 1995; Akisu eta!., 1996). 

Human Exposure 

Clinical cases of· human acrylamide intoxication were first reported during the widespread 

production of ACR the 1950s. The chronically exposed workers presented with many signs of 

toxicity such as weight loss, fatigue, mental confusion, limb weakness, ataxia, numbness, and 

sweating of the extremities (Fullerton and Barnes, 1966; Garland and Patterson, 1967; Auld and 

Bedwell, 1967; Mulloy, 1996; Matsuoka et al., 1996). Symptoms of paresthesia, loss of some 

reflexes, as well as muscle weakness and atrophy are also characteristic of acrylamide exposure 

(Spencer and Schaumburg, 1975). Toxicological studies have demonstrated that monomeric 

ACR is the neurotoxic form (Kuperman, 1957). Similarly, clinical cases of peripheral 

neuropathy have occurred in "glue sniffers" exposed to n-hexane (Shirabe et al., 1974; Korobkin 

et al., 1975) and in industrial workers exposed to n-hexane (Ishii et a!., 1972) or MnBK (Mendell 

et al., 1974; Allen, 1980). Affected persons experienced numbness and paresthesias initially in 

the feet and lower extremities and eventually in the hands and upper extremities (Griffin, 1981; 

Y amamura, 1969; Allen et" a!., 1975). The clinical signs and symptoms of chronic exposure to 

acrylamide or y-diketones are similar. The primary routes of toxicant exposure were dermal 

absorption or inhalation of the toxic compounds. In addition, removal of the individual from 

toxicant exposure allows for almost complete, if not complete, recovery of sensation, color and 

temperature in the extremities, as well as the return of most reflexes to normal; however, 

complete recovery of CNS axons is not normally observed (Fullerton and Barnes, 1966; Spencer 

and Schaumburg, 1974; Auld and Bedwell, 1967). 
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degenerated at a later timepoint; however, it is now !mown that smaller fibers are also affected 

simultaneously (Schaumburg et a!., 1974; Goldstein, 1985). It has been demonstrated that some 

sensory fibers, such as distal primary sensory fibers, are more vulnerable to neurotoxicants and 

appear to be affected sooner than adjacent motor fibers (Sumner and Asbury, 1974). Reductions 

in nerve conduction velocities (Bradley and Asbury, 1970; Leswing and Ribelin, 1969; Hopkins 

and Gilliatt, 1971) and in compound action potential amplitudes (Hopkins and Gilliatt, 1971) 

have also been observed with chronic toxicant exposure. These reductions may be explained by 

the preferential loss of the large fast conducting fibers which commonly occurs in ACR 

neuropathy (McCollister et a!., 1964; Hopkins and Gilliatt, 1971). Also, the sympathetic 

(Hopkins and Lambert, 1972; Navarro et a!., 1993) and parasympathetic fibers (Satchell and 

Hersh, 1988) of the autonomic nervous system are affected by chronic neurotoxicant exposure. 

It has been demonstrated that autonomic fibers are damaged in parallel fashion to the sensory 

and motor fibers of the peripheral nervous system (Prineas, 1969; Schaumburg et a!., 1974; 

Spencer and Thomas, 1974). In addition to these axonal changes, cell bodies also undergo 

specific changes in response to neurotoxicant exposure. These chromatolytic-like somal chlll!ges 

include nuclear eccentricity, loss of Nissl substance and displacement of nuclei to the periphery, 

increased and enlarged mitochondria, disorganized rough endoplasmic reticulum and separation 

of individual ribosomes, and increased perineuronal cells (Prineas, 1969; Cavanagh and Gysbers, 

1983; Sterman, 1982; Sterman et a!., 1983; Sterman and Sposito, 1985). These morphological 

and physiological changes· are accompanied by several characteristic behavioral symptoms of 

neurotoxicity such as hindlimb wealmess, ataxia, footdrop, semiparalysis of the extremities, 

tremor, and bladder distention. These symptoms have been observed in many species, including 

humans (Fullerton and Barnes, 1966; McCollister et a!., 1964; LeQuesne, 1980). Recovery from 
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ACR and 2,5-HD intoxication has been noted in many animal models of neurotoxicity, including 

mice, rats, cats, baboons, and monkeys (Fullerton and Barnes, 1966; Hopkins, 1970; Tilson and 

Cabe, 1979; Leswing and Ribelin, 1969; Suzuki and Pfaff, 1973; Bradley and Asbury, 1970). 

For example, numerous axonal sprouts have been observed shortly after cessation of ACR 

exposure, and these sprouts eventually formed clusters of small myelinated fibers replacing 

myelinated fibers damaged by toxicant exposure (Suzuki and Pfaff, 1973). The recovery time 

and extent of recovery depends on the severity and length of toxicant exposure (Leswing and 

Ribelin, 1969). The general morphological, physiological, and behavioral changes described 

above are commonly observed in acrylamide and y-diketone induced neuropathies and are 

characteristic of other types of neurotoxicant-induced .neuropathies, including thiamine 

deficiency syndrome (Swank, 1940), organophosphate pois~ning (Cavanagh, 1964b), and carbon 

disulfide intoxication (O'Donoghue et a!., 1977). 

Hypotheses of Toxicant - Induced Axonal Degeneration 

Various hypotheses have been put forth to explain acrylamide and gamma-diketone 

neurotoxicity. These hypotheses are summarized below. None of these hypotheses have 

unambiguously explained the critical site and mode of action of these neurotoxicants, which will 

subsequently produce distal axonal degeneration. 

Protein Synthesis 

Toxicant-induced deficiencies of vital materials (precursors of synaptic vesicles and axonal 

plasma membranes and mitochondria, for example) in the distal portions of axons, subsequently 

leading to the degeneration of those axons, is a common theme in several hypotheses of toxicant-
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induced axonal degeneration. Cavanagh (1964a) first proposed this concept and suggested that a 

toxicant-induced decrease in the synthesis of these vital materials may, over time, produce 

deficiencies of these proteins in the areas of the axons furthest from the site of synthesis. 

However, many studies on changes in protein synthesis, which examined incorporation of 

radioactive precursors into different tissues upon toxicant exposure, demonstrated increases 

rather than decreases in protein synthesis. These increases were assumed to be in conjunction 

with the regenerative process (Hashimoto and Ando, 1973; Asbury et a!., 1973; Schotrnan et a!., 

1977; Tilson, 1981). No toxicant-induced reductions in protein synthesis have been 

demonstrated. Further, single injections of 50 mglkg ACR (Sickles 1989a) or 4 mmoles/kg 2,5-

HD (Sickles, 1989b) produced no change in protein synthesis. Additionally, Sickles (1989a, 

1989b) demonstrated that single injections of high doses of ACR (100 mglkg) or 2,5-HD (8 

mmoles/kg) actually caused significant increases in protein synthesis. Also, ·in cell culture 

experiments, the levels of the medium neurofilament protein (NFM) increased in acrylamide

exposed PC-12 cells (Lin et a!., 1994). These studies have provided contradictory evidence to 

the protein synthesis hypothesis of toxicant action and suggested instead a direct effect of the 

neurotoxicant on specific components of the axon. 

Axonal Transport 

Alteration of normal axonal transport has been hypothesized to explain how ACR and 2,5-HD 

precipitate neuropathy and subsequently produce distal axonal degeneration. Axonal transport 

allows vital macromolecules synthesized in the cell body to reach the most distal portions of the 

axon; this is critical for axon maintenance and survival. This system is composed of a slow and 

a fast component. The fast component is further divided into fast anterograde and fast retrograde 
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transport. Slow transport is purely anterograde movement of cytoskeletal proteins (Hoffman and 

Lasek, 1975), and is subdivided into two slow components: SCa (slow component a) and SCb 

(slow component b). The SCa component consists of movement of neurofi!aments at a transport 

rate of 0.5-1 mm/day (Hoffman and Lasek, 1975), while the SCb component consists of tubulin, 

actin, and enzymes of intermediary metabolism which are transported at a rate of 1-5 mm/day 

(Brady and Lasek, 1981). The mechanism of slow transport is ill defined; however, fast 

transport components are transported as membrane-bound vesicles moved along microtubules by 

the motor proteins kinesin and cytoplasmic dynein for anterograde and retrograde transport, 

respectively (Brady and Pfister, 1991; Vallee and Bloom, 1991). Fast anterograde transport, 

which is movement of materials from cell body to axon terminal, consists of movement of 

membrane-bound vesicles, smooth endoplasmic reticulum, synaptic vesicles carrying 

macromolecules and enzymes associated with the axolemma, neurotransmission (Grafstein and 

Forman, 1980) and mitochondria (Smith, 1972; Allen et a!., 1982) at a rate of 250-400 mm/day. 

Fast retrograde transport returns to the cell body unused macromolecules, degraded cytoplasmic 

and cytoskeletal proteins, as well as excess membrane and pinocytosed materials at a rate of 100-

250 mm/day. Alterations in fast and slow axonal transport by ACR and 2,5-HD have been 

demonstrated in various studies. These studies will be summarized in the following sections and 

will focus on alterations of the fast anterograde and retrograde transport system. 

Toxicant-Induced Changes in Slow Transport 

The effects of ACR exposure on slow transport are minor. Gold et a!. (1985) found a 20-25% 

reduction in slow transport with either chronic low doses or a single high dose of acrylarnide .. 

This reduction in transport is considerably less than that observed with other toxicants. For 



11 

example, ~, W -iminodipropionitrile (IDPN) causes significant alterations in neurofilament (NF) 

transport, producing large axonal neurofilament accumulations proximally with axonal atrophy 

occurring distally. However, no axonal degeneration was observed (Griffin et a!., 1978, 1982; 

Yokoyama eta!., 1980; Papasozomenos et a!., 1981). Gamma-diketones are more frequently 

investigated for their effects on slow transport (Sabri et a!., 1979; Graham et a!., 1982a; 1982b; 

Spencer and Griffin, 1982; Anthony eta!., 1983b, 1983c); however, conflicting results have been 

obtained in many studies. For example, some studies have shown an impairment of 

neurofilament transport with 3,4-dimethyl-2,5-hexanedione exposure (Griffin et a!., 1984), while 

others have demonstrated an increase in NF transport rate with 2,5-hexanedione exposure 

(Braendgaard and Sidenius, 1986a; Monaco et a!., 1989; Pyle et a!., 1992). The spatial 

differences in action of these compounds (Watson et a!., 1991), as well as, differential rates of 

crosslinking among these various analogues are possible explanations for the variation in results. 

The minor (ACR) to moderate (y-DK) compromise in slow transport, particularly of 

neurofilaments, induced by these toxicants produces changes in axon caliber, but seems to be 

unrelated to axon survival. Therefore, most studies have focused on toxicant-induced changes in 

fast axonal transport. 

Toxicant-Induced Changes in Fast Anterograde Transport 

The effects of neurotoxicants on fast anterograde transport have been quantitated by 

measuring the rate and/or quantity of transport. Early. studies, which primarily measured 

changes in rate with ACR exposure, have produced highly variable results. Some studies have 

shown slight decreases in rate with ACR exposure (Sunmer eta!., 1976; Weir eta!., 1978; Sabri 

and Spencer, 1990; Sahenk and Mendell, 1981; Sickles, 1989a; 1992), while other studies have 
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shown no ACR-induced changes in rate (Sidenius and Jakobsen, 1983; Harry et a!., 1989; 

Sickles, 1991; Harry, 1992; Brat and Brimijoin, 1993; Padilla eta!., 1993). Measuring quantity 

of transport, coupled with minimal time between transport analysis and last toxicant exposure, 

has produced more consistent results. Many of these studies have revealed substantial reductions 

in quantity of transport upon ACR exposure (Rasool and Bradley, 1978; Sickles, 1989a; 1991; 

1992; Harris et a!., 1994; Clarke and Sickles, 1996). Similarly, microscopic autoradiography 

studies demonstrated retention of radiolabeled proteins in regions corresponding to the proximal 

nodes of Ranvier, as well as accumulations of abnormal smooth endoplasmic reticulum and 

mitochondria in ACR-exposed axons (Souyri eta!., 1981; Chretien eta!., 1981). ACR exposure 

also increased incorporation of radiolabeled glycoproteins in the proximal axon (Harry et a!., 

1989), later identified as a selective effect of the toxicant on glycoprotein transport in large 

myelinated axons (Harry et a!., 1992). The fast anterograde transport system has also been 

analyzed following exposure to diketones with variable results (Mendell eta!., 1977; Sahenk and 

Mendell, 1981; Braendgaard and Sidenius, 1986a, 1986b). However, significant changes in 

anterograde transport with 2,5-HD exposure have been reported (Mendell et a!., 1977; Sahenk 

and Mendell, 1981; Sickles, 1989b). Most significantly, single injection of a neurotoxic dose of 

either ACR (Sickles 1989a; 1991; 1992) or 2,5-HD (1989b) produced significant decreases in 

the quantity of transport in vivo. Similarly, ACR and 2,5-HD exposure of axons reduced axonal 

transport in vitro (Sickles, 1992), excluding a somal site of toxicant action. These toxicant

induced reductions in transport were shown to be transient (returning to normal levels in 24 

hours) and repeatable with comparable magnitude upon subsequent exposures (Sickles, 1991). 

These results suggested the site of action of these toxicants was an axonal component, which 
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could be synthesized de novo and fast transported down the axon for restoration of normal 

function. 

Toxicant-Induced Changes in Retrograde Transport 

Studies demonstrating the effects of acrylamide on fast retrograde axonal transport have 

produced more consistent results. Substantial reductions in both rate (Miller and Spencer, 1984; 

Sahenk and Mendell, 1981; Moretto and Sabri, 1988; Martenson et a!., 1995) and quantity 

(Miller et a!., 1983; Jakobsen and Sidenius, 1983; Logan and McLean, 1988; Kemplay and 

Cavanagh, 1983; Sickles and Goldstein, 1986; Harry, 1992; Harris et a!, 1994) have been 

demonstrated with ACR exposure. Additionally, these reductions in retrograde transport have 

been observed with single neurotoxic exposures of acrylamide (Miller et a!., 1983; Miller and 

Spencer, 1984). Video-enhanced differential interference microscopy experiments in cultured rat 

neurons also demonstrated ACR-induced reductions in retrograde, as well as anterograde, 

movement of membrane-bound organelles (Harris et a!., 1994; Martenson et a!., 1995). 

Retrograde transport is increased during axonal recovery, when measured 3 to 7 days after last 

toxicant exposure (Padilla et al., 1993). No reductions in bi-directional speed or flux were 

observed in ACR exposed neuroblastoma cells (Brat and Brimijoin, 1993). The effects of 

gamma-diketones on retrograde transport have not been as widely studied; however, 2,5-

hexanedione produces significant reductions in retrograde transport rate (Jakobsen et a!., 1986; 

Sabri, 1992; Sahenk and Mendell, 1981). Reductions in retrograde transport, similar to 

anterograde transport, are transient with recovery at 36 hours (Morreto and Sabri, 1988). This is 

a later timepoint than that observed with anterograde transport, presumably because it requires de 

novo synthesis of the compromised protein and delivery of that protein to the distal end of the 
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axon via anterograde transport. Toxicant-induced reductions in anterograde and retrograde 

transport have also been demonstrated in isolated axons from crayfish and extruded squid 

axoplasm (Sickles, unpublished· data), also suggesting an axonal component as a critical site of 

action for producing toxicant-induced reductions in transport. 

Variations in Results from Axonal Transport Studies 

The contradictions in results from many of these transport studies are due to differences in 

experimental design. Several issues must be considered when evaluating the transport data. One 

major consideration is time between the last toxicant exposure and measurement of changes in 

fast transport. It is known that. elements of the fast transport system are continually synthesized 

de novo and transported down the axon at a rate of 200-400 mm/day; therefore, to detect any_ 

toxicant-induced changes in transport, measurements must be made before replenishment of any 

compromised proteins and recovery of the transport system to normal levels. Recovery of 

anterograde (Sickles, 1989a; 1989b) and retrograde (Moretto and Sabri, 1988) transport to 

control levels has been demonstrated to occur in 24 and 36 hours, respectively. Hence, studies 

analyzing transport at later timepoints, which observe minor or no changes in transport with 

toxicant exposure, may have missed the effect of the toxicant by waiting until the axon has 

recovered from the chemical insult before measuring transport (Sidenius and Jakobsen, 1983; 

Harry et a!, 1989; Padilla et a!., 1993; Brat and Brimijoin, 1993). Another important factor to 

consider is whether an acute or chronic dosing regimen is being used. When using a chronic 

regimen, several problems can make interpretation of results difficult. Repeated toxicant 

exposure produces many secondary effects due to onset of general toxicity as well as somal 

compensation and axonal recovery. Also in chronic studies, if change in axonal transport is 
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observed, it is unclear whether it is a primary result of toxicant exposure or the result of some 

secondary event unrelated to the toxicant's mechanism of action. Thus, results from acute 

studies are less confusing due to the absence of these secondary effects. Subsequently, these 

acute studies are more likely to demonstrate a primary, and perhaps, more critical action of the 

specific neurotoxicants. Spatial factors must also be taken into consideration. It is known that 

upon ACR or garnma-diketone exposure, axonal pathology and subsequent degeneration are 

initially observed in the distal areas of the axon and progresses to more proximal locations with 

continued exposure. Therefore, it may be critical to examine these distal locations, rather than 

proximal locations, in order to observe a toxicant-induced transport change. The action on 

transport is likely the same in both areas; however, a change may be noted earlier and have 

greater magnitude in the more vulnerable distal areas of the axon. Therefore, examination of 

proximal areas may account for some of the variability in the transport results. Also, many 

studies use rate, rather than quantity, to determine transport changes and have found minor or no 

changes in transport upon ACR exposure (Sidenius and Jakobsen, 1983; Padilla et a!., 1993; 

Harry et a!., 1989). Additionally, many studies have demonstrated a significant decrease in 

quantity of transport while observing only minor changes in rate with ACR (Sickles, 1989a; 

1991; 1992) and 2,5-HD (Sickles, 1989b) exposure. It seems logical that a change in quantity of 

transport would be more detrimental to the health of the axon than a small delay in the rate of 

delivery of vital macromolecules to the axon. Finally, the dosing regimen used with a particular 

species is also an important consideration. It is important to adjust dosages because a dose that is 

neurotoxic in one species may not precipitate a neuropathy in another species. Therefore, using 

the appropriate dose for a particular species is necessary to observe any transport changes .that 

may occur with toxicant exposure. Taking all of these factors into account, it seems that ACR 
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and 2,5-HD cause bi-directional transport reductions that are significant and closely linked to 

precipitation of the characteristic toxicant-induced neuropathy. 

Proposed Mechanisms for Reductions in Fast Axonal Transport 

Since many studies have demonstrated reductions in both anterograde and retrograde fast 

axonal transport upon acrylamide or 2,5-hexanedione exposure, several mechanisms have been 
' 

proposed to explain how these toxicants produce these transport deficits. The energy 

hypothesis, neurofilament hypothesis, microtubule hypothesis, and motor protein hypothesis are 

the most common explanations for toxicant-induced axonal transport reductions. However, 

changes in ionic homeostasis (LoPachin et a!., 1992), protease activity (Tanii et al., '1988), 

. phosphorylation of proteins (Lapadula et al., 1988; Watson eta!., 1991), and lipids (Gillies et al., 

1981) have also been suggested as biochemical sites of action for these neurotoxicants. The 

most common hypotheses for reduced fast axonal transport will be discussed individually in the 

following sections. 

Energy Hypothesis 

The energy hypothesis was first proposed by Spencer et al. (1979) as a mechanism of 

acrylamide neurotoxicity. The hypothesis suggested that a direct action of acrylamide, as well as 

other neurotoxicants such as 2,5-HD, was the inhibition of certain glycolytic enzymes required 

to produce energy to drive axonal transport. This enzyme inhibition would subsequently lead to 

depletion of the A TP required for transport, and eventual failure of the transport system. Failure 

of the transport system would then directly lead to degeneration of the axon. Inhibition of the 

glycolytic enzymes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Ross et al., 1985; 
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Sakamoto and Hashimoto, 1985a; 1985b; Tanii and Hashimoto, 1985; Vyas et al., 1985; 

Howland, 1981;), neuron-specific enolase (Sakamoto and Hashimoto, 1985b; Howland, 1981; 

Howland et al, 1980a; Howland et al., 1980b; Howland, 1985), and phosphofructokinase 

(Howland, 1981; Howland et al., 1980b; Tanii and Hashimoto, 1985) has been demonstrated 

following acute and chronic ACR exposure. However, it is unlikely that these inhibitions cause 

neurotoxicity. Higher concentrations of ACR were necessary to produce inhibition of GAPDH 

and enolase than were. required to produce neurotoxicity, and these inhibitions were only minor 

compromises of the enzymes. Similarly, inhibition of phosphofructokinase required very high 

concentrations of acrylamide (Howland et al., 1980b; Tanii and Hashimoto, 1985). 

Additionally, the rate-limiting enzymes, pyruvate kinase and hexokinase were unaffected by 

ACR (Tanii and Hashimoto, 1985). Further, administration of pyruvate did not alleviate the 

neurotoxicity (Sterman et al.,. 1983) and no change in flux of metabolites through glycolysis by 

ACR was observed. Collectively, these results suggested that glycolytic enzymes were not likely 

candidates for the production of toxicant-induced energy changes. Other metabolic pathways, 

such as oxidative metabolism, have also been considered. The activity of NADH-tetrazolium 

reductase, an enzyme of oxidative metabolism, was shown to be decreased with both chronic • 

(Sickles and Goldstein, 1985) and acute (Sickles and Goldstein, 1986) acrylamide exposure. 

However, isolated mitochondria from bovine brain exposed to ACR showed no change in ATP 

production or in mitochondrial respiration (Medrano and LoPachin, 1989; Sickles et al, 1990).' 

Incubation of brain slices with ACR had no effect on oxygen consumption or the concentration 

of lactic and pyruvic acids (Hashimoto and Aldridge, 1970). Quantitation of ATP in peripheral 

nerves incubated with ACR showed no change in ATP production with acrylamide exposure 

(Brimijoin and Hammond; 1985). 2,5-Hexanedione significantly reduced the rate of ATP 
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synthesis and also reduced the endogenous concentration of ATP in bovine brain mitochondria 

following a single thirty minute exposure (Sickles eta!., 1990). These studies indicate that ACR

and 2,5-HD -induced inhibitions in certain glycolytic and oxidative enzymes do occur; however, 

it seems these inhibitions are inadequate to significantly compromise A TP production. 

Therefore, it is unlikely that toxicant-induced changes in axonal transport occur through changes 

in energy production. 

Neurofilament Hypothesis 

The neurofilament hypothesis suggests that the neurotoxicant covalently binds to and modifies 

the NF subunits producing axonal NF accumulations, which physically block fast transport of 

vital macromolecules to the distal axon causing axonal degeneration (Sayre et a!., 1985; 

DeCaprio, 1985; Graham et a!., 1982a; 1982b; 1984). There are several variations of this 

hypothesis; however, common to all variations is covalent, irreversible modification of lysine 

amino groups (y-diketones) or sulfhydryl groups (ACR) (DeCaprio, 1985; Lapadula eta!., 1989). 

The proposed mechanism by which gamma-diketones, particularly 2,5-HD, produce NF 

accumulations is the direct binding of this toxicant to the neurofilaments, forming cyclic ring 

structures on the E-arnino groups of lysine residues known as pyrrole adducts; adduct formation 

has 'been suggested as a requirement for gamma-diketone neurotoxicity (O'Donoghue et a!., 

1984; Anthony et a!., 1983a; 1983b; DeCaprio, 1985; Genter et a!., 1987). Additionally, auto

oxidation and crosslinking of these pyrrole adducts has also been suggested to be a critical step 

in formation of toxicant-induced NF accumulations (Carden et a!., 1986; DeCaprio et a!., 1983; 

DeCaprio, 1985; Graham eta!., 1982b; 1984; Lapadula eta!., 1989; St. Clair eta!., 1989; Genter

St. Clair et a!., 1988; Monaco et a!., 1989). Other studies have proposed that changing the 
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functional or chemical nature of the NF proteins, by decreasing their hydrophobicity (DeCaprio, 

1985; Lapadula et a!, 1989) or altering their phosphorylation (Sayre et a!, 1985; Howland and 

Alii, 1986; Gold et a!., 1988) may be the critical action of ACR, gamma-diketones, and other 

neurotoxicants that produce NF accumulations (Sayre eta!., 1985; DeCaprio, 1985). y-Diketone 

interaction with NF, pyrrole formation, and subsequent NF crosslinking have been demonstrated 

in vitro and in vivo, but no cause and eff~ct relationship between NF accumulation and axonal 

degeneration has been demonstrated. In addition, many studies have produced evidence 

contradicting the neurofilament hypothesis. For example, IDPN exposure produced massive NF 

accumulations in the proximal axon and distal axonal atrophy. However, no axonal degeneration 

was observed (Papasozomenos et a!., 1982; Griffin et a!., 1978). Transgenic mice with double 

the normal NF content showed no signs of axonal degeneration, while four times the normal 

concentration produced an ALS-like syndrome with only 0.2% degeneration (Cote et a!., ~993; 

Xu et a!, 1993). Also, the relative neurotoxicity of ACR and 2,5-HD does not correlate with 

onset of the neuropathy. 2,5-Hexanedione exposure produces much larger accumulations of NF 

than does ACR exposure; however, onset of the neuropathy occurs much earlier with ACR than 

with 2,5-HD (Anthony et a!, 1983a; Spencer and Schaumburg, 1991). Further, reductions in fast 

axonal transport following single injections of ACR or 2,5-HD do not coincide with progressive 

NF accumulation (Sickles 1989a; 1989b). Chronic ACR or 2,5-HD exposure precipitated a 

characteristic-type neuropathy and produced distal axonal degeneration in crayfish, a species 

lacking neurofi!aments (Sickles eta!., 1994). Similarly, Takahashi et.al. (1994) demonstrated 

characteristic ACR-induced neurotoxicity in a mutant quail model. This model contained mutant 

neurofilament light chain (NFL), which resulted in an absence of axonal rteurofilaments in most 

neurons. However, ACR neurotoxicity was observed to be the same in both the mutant and 
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normal quail (Takahashi et a!., 1994; 1995). Therefore, while neurofilarnents are affected by 

these toxicants, these experiments generate significant doubt that NFs are the primary site of 

action resulting in changes to axonal transport and neuropathy. As such, these studies do not 

support the validity of the neurofilarnent hypothesis. However, data interpretation is limited in 

these models due to the potential for other unique axonal cytoskeletal proteins to substitute for 

neurofilarnents (Weaver and Viancour, 1991; 1992; Hirakawa, 1986), by the presence of a minor 

amount of other neurofilarnent subunits (Takahashi et a!., 1994; 1995), or by the questionable 

relevance of crustacean and avian data to m~alian systems. Finally, there has been no direct 

evidence demonstrating that NF accumulations produce reductions in axonal transport or lead to 

toxicant-induced axonal degeneration. 

Microtubule Hypothesis 

As described earlier, studies have suggested these toxicants act directly on axonal components, 

possibly those of the axonal transport system. The fast axonal transport system is microtubule 

based, that is, microtubules form a network upon which microtubule motor proteins move, 

carrying with them vesicles containing vital materials that are synthesized in the neuron cell 

body. Therefore, it has been proposed that ACR and y-DK reduce fast transport by interacting 

with and causing· a defect at the level of the microtubule. In vivo and in vitro studies of the 

effects of gamma diketones on testicular function demonstrated abnormal microtubule assembly 

upon 2,5-HD exposure (Boekelheide, 1987a; 1987b) however, it was suggested that 

neurotoxicity was unrelated to microtubule assembly dysfunction (Boekelheide, 1987a; 1987b). 

Radiolabeled ACR has been shown to bind to microtubules (Lapadula et a!., 1989) and Tanii and 

Hashimoto (1983) also demonstrated that ACR causes a decrease in the binding of radiolabeled 
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colchicine to microtubules. Mitosis, another microtubule-based process, was also arres~ed with 

ACR exposure; however, the mitotic spindle and microtubule assembly and disassembly in these 

cells appeared normal, suggesting the effect of ACR was not a direct action on the microtubule 

(Sickles et a!., 1995). Similarly, spectrophotometric studies have demonstrated that ACR has no 

effect on microtubule assembly in vitro, using microtubules isolated from rat (Shiver et a!., 1992) 

or bovine brain (Harris et a!., 1994). Also, Sickles (1992) found no change in microtubule 

density in axons of acrylamide-exposed animals. Finally, microtubules are transported slowly 

down axons, which also suggests that microtubules are unlikely candidates for a transient, 

repeatable, and rapidly reversible inhibition of fast transport. 

Motor Protein Hypothesis 

Microtubule motor proteins are components of the fast axonal transport system that may be 

compromised by acrylamide or 2,5-hexanedione. Kinesin has been identified as the anterograde 

microtubule motor protein which transports materials from the cell body to the axon terminus 

(Lasek and Brady, 1985; Vale et a!., 1985). Similarly, cytoplasmic dynein has been shown to 

power transport in the retrograde direction, that is, transport from the axon terminus to the cell 

body (Paschal and Vallee, 1987). Evidence in support of motor proteins as a site of 

neurotoxicant action has been demonstrated in a microtubule motility assay. Preincubation of 

purified kinesin with neurotoxic doses of ACR or 2,5-HD produced a dose-dependent, 

neurotoxicant specific reduction in the ability of microtubules to glide over a kinesin coated 

coverslip. This reduction in microtubule motility was due to covalent modification of the kinesin 

molecule, subsequently interrupting normal kinesin-microtubule interaction (Sickles et a!., 

1996a; Sickles, 1996b ). Other studies have found no change in this kinesin based motility with 
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neurotoxicant exposure (Liu et a!., 1993; Martenson eta!., 1995). However, these studies did not 

dilute kinesin to the minimal concentrations to support transport nor was the incubation of 

kinesin with ACR performed at 37°C. These two issues (dilution of kinesin and incubation 

temperature) were critical to observe this toxicant-induced reduction in microtubule motility 

(Sickles et a!.,· 1996a). Martenson et a!. (1993) also found no effect of ACR exposure on 

cytoplasmic dynein, the retrograde motor. Once again, these experiments were performed 

without taking into account the critical issues mentioned above; therefore, the results should be 

interpreted cautiously. 

Additional studies have demonstrated reductions in specific fast-transported proteins upon 

acrylamide exposure. In cultured hippocampal neurons, GAP-43, a fast-transported protein, was 

significantly reduced in neurite terminals when exposed to ACR (Clarke and Sickles, 1996). 

Similarly, synaptophysin, a fast-transported protein associated with synaptic vesicles, is reduced 

at neuromuscular junctions in ACR-exposed rats (Sickles, 1998). These experiments 

demonstrate two examples of protein deficiencies that occur in distal axonal locations due to 

toxicant interruption of fast axonal transport. 2,5-HD also produces abnormal microtubule motor 

protein distribution in Sertoli cells, suggesting a direct toxicant action on these motor proteins. 

Collectively, these data implicate a direct action of ACR and 2,5-HD on motor proteins, 

followed by a compromise in fast axonal transport, ·as a critical site and mechanism of action of 

these neurotoxicants. 
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Rationale 

Chronic intoxication with acrylamide or 2,5-hexanedione precipitates a neuropathy well 

characterized by its morphological, physiological, and neurobehavioral changes. However, after 

four decades of research, no clear and concise site and mechanism of action of these toxicants 

has been demonstrated. Reduction in fast axonal transport seems to be the favored mechanism in 

the literature by which toxicant-induced distal axonal degeneration occurs. Numerous theories 

have been proposed to explain how these toxicants produce this reduction in transport; one of the 

most common being the neurofilament hypothesis. There is evidence contradicting this 

hypothesis; however, none of it is generated in a mammalian model. Using a transgenic mouse 

model which Jacks axonal neurofilaments, the experiments in this project will attempt to 

determine the relative roles of neurofilament accumulation (evaluation of the neurofilament 

hypothesis) and compromise of fast axonal transport in the precipitation of ACR and garnma

diketone neurotoxicity. These experiments will provide insights into the sites and mechanisms 

of action of these neurotoxic ants, as well as, other diseases that produce similar manifestations. 

Specific Aims and Hypotheses 

Hypothesis 1: The presence ofneurofilament accumulations, commonly 

observed in ACR and y-diketone neurotoxicity, are not critical for the 

precipitation of characteristic toxicant-induced peripheral 

neuropathies and the production of axonal pathology. 
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Specific Aim 1: To determine whether the formation of axonal neurofilament 

accumulations is necessary for the production of ACR- and 2,5-HD -

induced behavioral, morphological, and functional changes in the 

PNS using a mammalian model lacking axonal neurofilaments. 

Hypothesis 2: Acrylarnide and 2,5-hexanedione will produce similar reductions in 

fast axonal transport in both CNS and PNS axons in the presence 

(non-transgenic mice) or absence (transgenic mice) of axonal 

neurofilaments. 

Specific Aim 2: To evaluate the effect of ACR and y-DK on fast anterograde and 

retrograde CNS and PNS axonal transport in the presence and 

absence of neurofilaments, using both a transgenic mouse model 

lacking axonal neurofilaments and a normal (wild-type) mouse. 

Note: Manuscript 1 addresses Specific Aim 1; collectively manuscripts 2 and 3 address 
Specific Aim 2 

Manuscript 1 - submitted to Neuron 

Manuscript 2- submitted to Neurotoxicology 

Dates Submitted 
03-08-1999 

03-08-1999 

Manuscript 3- submitted to Toxicology and Applied Pharmacology 03-08-1999 
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Summary 

Toxic neuropathies and neurodegenerative diseases exhibit axonal accumulation of 

neurofilaments (NFs) and membrane-bound organelles (MBOs) prior to development of distal 

pathology and degeneration. A transgenic mouse model lacking axonal NFs was used to evaluate 

the participation of NFs in the development of symptoms and pathology caused by two 

prototypic toxicants. Chronic acrylamide (ACR) or 2,5-hexanedione (2,5-IID) exposure resulted 

in progressive and· cumulative· increases in sensory-motor deficits. Neurobehavioral tests 

demonstrated similar expression of neurotoxicity in transgenic (T) and non-transgenic (NT) 

littermates with normal NFs. Axonal lesions were frequently observed upon exposure to either 

toxicant. Quantitation of ACR-induced lesions demonstrated the distal and equal predisposition 

of axons in T and NT mice. We conclude that axonal NFs have no effect on neurotoxicity and 

the pattern of pathology in these mammalian toxic neuropathies. 

Running title: Neurofilaments and Toxic Neuropathies 
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Introduction 

Numerous associations of axonal neurofilament accumulations with axonal dysfunction 

and/or pathology have been observed. The cause-effect relationship of this association hl!S been 

tested minimally. Neurotoxicants serve as useful tools in deciphering the relationship between 

cellular components and the functional roles of these elements and the consequences of their 

alteration to pathology. Acrylamide (ACR) and 2,5-hexanedione (2,5-HD; a common y-diketone) 

are examples of prototypic chemicals used for this purpose. These models of toxicant induced 

·neuropathy used in conjunction with transgenic mice technology are being used to probe the 

essential nature of axonal neurofilaments to the processes of fast axonal transport (see Stone eta! 

1999b and 1999c) and the causative nature of disruption in this cytoskeletal element to 

compromised function (Stone et al., 1999b; Stone et a!., 1999c) as well as development of 

symptoms and alteration in structure with axonopathy. 

Numerous morphological and neurobehavioral studies have characterized the symptoms 

and spatio-temporal pattern of pathology produced by these toxicants. Tbe development of 

sensory and neuromuscular deficits is predominant. Loss of tactile sensation, development of 

paresthesias, ataxia, muscle weakness, hindlimb splay, uncoordinated movements in a distal 

stocking-and-glove distribution with eventual hindlimb paralysis are characteristic of chronic 

exposure to ACR or 2,5-HD (Spencer and Schaumburg, 1974; Tilson, 1981; Miller and Spencer, 

1985; Sickles et al., 1999). Distal axonal degeneration of long axons in the PNS, as well as the 

long ascending and descending axons in the CNS, have been correlated with development of 

neural symptoms (Spencer and Schaumburg, 1974). A recent challenge to the association of 

axonal degeneration with development of neurotoxic' symptoms has been forwarded (Lehning et 

al., 1998). However, until a cmnplete inspection of PNS axons and terminals distal to sample 
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sites of this study as well as a complete temporal and spatial inspection of CNS axons and 

terminals is completed, this conclusion must be held with some reservation. While axonal 

degeneration may not correlate with neurobehavioral symptoms, preceding pathological lesions 

and dysfunctional axons have not been dissociated from behavioral changes. 

Ppor to degeneration, axons accumulate tubulovesicular profiles, mitochondria, dense 

bodies and neurofilaments (Prineas, 1969). Neurofilament and membrane bound organelle 

accumulation occurs on the proxima!'side of distal nodes of Ran vier producing axonal swellings · 

leading to secondary demyelination (Schaumburg et a!., 1974). As exposure continues, the 

pathology progresses from distal to proximal in a dying-back pattern (Cavanagh, 1964). 

Although the hypothetical mechanisms responsible for the symptoms and pathology have been 

investigated for several decades, the search for a definitive site and mode of action of these 

neurotoxicants has not yielded an acceptable explanation of the spatia-temporal pattern and 

dynamics of pathological lesions and/or the development of symptoms. 

Si.milar pathologies between acrylarnide, the garnma-diketones, and other toxicants 

suggest common modes of action and render data generated with each of these compounds as 

potentially relevant to one another. For example, y-diketones and acrylamide produce a similar 

dying-back, central-peripheral distal axonopathy; even though differences such as larger axonal 

swellings with y-diketones are observed (Anthony et a!., 1983a; Anthony et al., 1983b; Anthony 

et a!., 1983c; Sickles and Goldstein, 1985). The common appearance of neurofilament -

containing swellings and the sequential appearance of swellings and distal degeneration, has 

suggested that modification of neurofilaments leading to blockage of transport of vital materials 

in the axon as a primary and general cause of acrylarnide and 2,5-hexanedione - induced axonal 

degeneration· (Sayre et a!., 1985; Graham et a!., 1982a; Graham et a!., 1982b; Graham et a!., 
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1984; DeCaprio, 1985). Under this "neurofilament" hypothesis, the neural specificity is due to 

the longevity and stability of neurofilaments in the axon, the length of the axon, and nodal 

restrictions in axonal diameter (Graham et al., 1990). Common to all variations of the hypothesis 

is covalent, irreversible modification of lysine amino groups (y-diketones, e.g. 2,5-HD) and/or 

sulfhydryl groups (ACR) (DeCaprio, 1985; Lapadula et al., 1989). There is considerable 

evidence identifying chemical reactivity and/or modification of neurofilaments by these toxicants 

(DeCaprio et al., 1982; Graham et al., 1982a; Graham et al., 1982b; Graham et al., 1984; Sayre et 

al., 1985). For example, y-diketones have been shown to cyclize with the free amino groups of 

many proteins, including neurofilaments, to form pyrrole adducts in vitro as well as in vivo with 

associated loss of these free amino groups (Graham and Abou-Donia, 1980). The requirement of 

these pyrrole adducts for the induction of y-diketone induced neurotoxicity is supported by the 

fact that they-spacing is necessary for neurotoxicity (ODonoghue et al., 1984) and correlation of 

the rate of pyrrole formation with the relative neurotoxicity of substituted diketones (Anthony et 

al., 1983a; Anthony et al., 1983b; Anthony et al., 1983c; DeCaprio, 1985; Genter et al., 1987). 

In addition, crosslinking of neurofilament proteins is thought by some investigators to be a . 

critical step in y-diketone neurotoxicity. The appearance of higher molecular weight species and 

non-migratable protein in SDS-P AGE gels of NFs following in vitro and in vivo exposure with 

2,5-hexanedione (Carden et al., 1986; DeCaprio, 1985; Graham et al., 1982a; Graham et al., 

1982b; Lapadula et al., 1989; St Clair et al., 1989), retention of NFs in nitrocellulose filters 

following exposure to DMHD (Graham et al., 1984), c"orrelation of the crosslinking rate with 

proximo-distal distribution of swellings (Genter StClair et al., 1988; Monaco et al., .1990), and 

the fact that acetyl-liD, a pyrrole-forming, non-crosslinking diketone was non -neurotoxic 

(Genter StClair et al., 1988) supports this idea. Alternative to the crosslinking requirement for 
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neurotoxicity, several investigators have proposed that modification of critical amino groups 

(DeCaprio, 1985), altered hydrophobicity (DeCaprio, 1985), or phosphorylation of the 

neurofilaments result in their accumulation (Sayre et al., 1985). In addition, Sayre et a! (1985) 

has emphasized the potential decrease in hydrophobicity and altered phosphorylation as 

mechanisms of NF accumulation by non-crosslinking agents such as A CR. 

The data clearly demonstrate that acrylamide and y-diketones covalently modify 

neurofilaments (Graham et a!., 1984; DeCaprio and O'Neill, 1985; DeCaprio et a!., 1982; 

DeCaprio et a!., 1983; Lapadula et a!., 1989). The results fall short of proving a cause-effect 

relationship between m!urofilament modification and either symptoms, pathology and/or axonal 

degeneration. Equally plausible mechanistic scenarios explaining the results include: 1) critical 

action of toxicants on neurofilaments, or 2) epiphenomenal modification of neurofilaments with 

development of symptoms and pathology through another site of action. Certain experimental 

results support the feasibility of the latter conclusion. For example, many different proteins, 

including albumin and spectrin, are chemically modified in the same manner as neurofilaments 

(DeCaprio et al., 1982). Second, a number of exceptions to the correlation between 

neurofilament accumulation and axonal degeneration exist in the literature. Toxicological data 

using 3,3-iminodipropionitrile (IDPN) (Papasozemenos et a!., 1982; Griffin et a!., 1978) as well 

as evi~ence from transgenic mice overexpressing neurofilament subunits (Cote et al., 1993; Xu 

et a!., 1993) both demonstrate that neurofilaments can accumulate within axons without 

degeneration. More specific to these toxicants, the relative temporal onset of neurotoxicity by 

2,5-HD and ACR does not correlate with NF accumulation or the magnitude of the 

accumulations. ACR causes minor NF accumulation with hindlimb paralysis in 10 days, y

diketones produce massive NF accumulation with paralysis at 19 (3,4-DMHD) or 34 (2,5-HD) 
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days (Anthony et al., 1983a; Anthony et a!., 1983b; Anthony et al., 1983c; Sickles and Goldstein, 

1985; Spencer and Schaumburg, 1991). Third, there is a lack of correlation between axonal NF 

accumulation and other neurochemical endpoints. Early, transient and repeated block of fast 

anterograde axonal transport by 2,5-HD and ACR (Sickles, 1989a; Sickles, 1989b; Sickles, 1991; 

Sickles, 1992) does not correlate with progressive neurofi!ament accumulation. These data are 

also inconsistent with the suggestion that NF accumulation is the cause of fast axonal transport 

reductions. Griffin et al. (1977) reported a block of fast transport at prenodal NF swellings by 

gamma-diketones suggesting that NF accumulation may supplement fast transport reductions 

produced by other mechanisms. However, the NF swelling uptake could not be distinguished 

from normal high uptake at the nodes (Harry, 1992), Finally, proximal IDPN-induced swellings 

were not associated with changes in fast transport or degeneration (Hirakawa et a!., 1985; 

Amaratunga et al., 1995; Anthony eta!., 1983a; Anthony et al., 1983b; Anthony et al., 1983c). 

Experiments designed to evaluate the causative nature of NF accumulation with 

neurotoxicity produced results inconsistent with NF playing a critical role in the development of 

neurotoxicity. The production of axonal degeneration by acrylarnide or ycdiketones in crayfish 

(Sickles et al., 1994), a species lacking neurofilaments, suggests that these toxicants are acting 

through other protein(s) to cause the degeneration. However, the interpretation of these data are 

complicated by the presence of unique cytoskeletal proteins in crayfish axons (Weaver and 

Viancour, 1991; Hirakawa, 1986). A quail model, deficient in axonal neurofilaments produced 

by a mutation in the light NF subunit, developed the symptoms and pathology characteristic of 

distal axonal degeneration following chronic acrylamide intoxication (Takahashi et a!., 1994; 

Takahashi et al., 1995). The extrapolation of data from an avian species to mammals generates 

reservations. A mammalian model is required for definitive resolution of this issue. 
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Eyer and Peterson (1994) developed a transgenic mouse expressing a fusion protein 

consisting of a truncated portion of the heavy neurofilament subunit (NFH) coupled to ~

galactosidase. Self-association of the ~-galactosidase subunits into tetramers resulted in 

aggregation of all neurofilament proteins, as well as peripherin and a-intemexin, into a somal 

mass (Eyer and Peterson, 1994). The resultant neurofilament-free axons provide the ideal 

mammalian model with which to test whether neurofilament modification by toxicants produces 

neurotoxicity. This report describes ACR and 2,5-IID induced symptoms and pathology with 

similar temporal and spatial distributions in transgenic mice as their normal neurofilament

containing Iittermates. 



33 

Results 

Both transgenic and non-transgenic animals receiving either saline or propionamide 

continued to gain weight (fig lA and lB), whereas those receiving acrylamide stopped gaining 

weight after day twelve (fig lA and lB). During the time frame of the experiment no significant 

weight differences were observed between any of the groups. Regardless of the dosing regimen, 

all 2,5-hexanedione mice showed statistically significant reductions in weight (fig lC and lD- 8 

mmoles/kg dosing regimen; others not shown) in comparison to saline and 3,4-hexanedione

exposed mice (fig lC and 1D). No significant differences were observed between transgenic and 

non-transgenic mice in any group, including the acrylamide and 2,5-HD treated groups. 

Development of the characteristic symptoms of acrylamide and y-diketone neurotoxicity 

in transgenics and non-transgenics were comparable to those previously reported for other 

mammalian models. Neurobehavioral changes caused by both neurotoxicants including ataxia, 

footdrop, and mild hindlimb paralysis were consistently observed in both transgenic and· non

transgenic mice. The development of these neurobehavioral changes was progressive; the 

frequency and severity of these changes increased with continued neurotoxicant exposure. There 

were no observable differences in the temporal onset, progression and severity of the symptoms 

between transgenic and non-transgenic mice. In contrast, no behavioral changes were observed 

in any saline, propionamide, or 3,4-hexanedione-injected mice. 

Failures in the rotarod test confirmed the development of neurotoxicity in acrylamide

and 2,5-HD-exposed transgenic and non-transgenic mice. All saline (data not shown), 

propionamide and 3,4-hexanedione-injected groups successfully completed the rotarod test every 

day of the treatment period (fig 2A, 2B). Some acrylamide-transgenic animals failed the 30-

second rotarod test starting on day 10; more failed each subsequent day, and on day 18 all 
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animals failed (2A). Non-transgenics began to fail on day 12, all of the animals failed by day 18 

(fig 2A). Statistical analysis revealed that the acrylamide-injected animals were different from 

those injected with either saline or propionamide. Although there appeared to be some difference 

in onset and time course of rotarod failure between transgenics and non-transgenics, no statistical 

difference was demonstrated. Both transgenic and non-transgenic mice exposed to 2,5-

hexanedione (8 mmoles/kg/d) began to fail the rotarod test on day 17 with daily increasing 

frequency until total failure of all animals at day 18 (fig 2B). Using the other two dosing 

regimens, rotarod failure occurred consistently only after the higher 8 mmoles/kg/d dose was 

administered for several days. Regardless of the dosing regimen, transgenic and non-transgenic 

mice failed the rotarod test on comparable time courses (data not shown). For all 2,5-HD-dosing 

regimens, statistically significant differences were observed between 2,5-HD and saline or 3,4-

HD treated groups. However, no differences were observed between 2,5-HD-exposed transgenic 

and non-transgenic animals. Accelerated rotarod performance followed a basic learning curve 

for transgenic and non-transgenic mice exposed to either physiological saline (figs 3A, B, C, and 

D), propionamide (fig 3A, 3B), or 3,4-hexanedione (fig 3C, 3D). The mice remained on the 

rotarod at slightly higher speeds each day of the treatment period. In contrast, rotarod speeds for 

acrylamide (fig 3A, 3B) and 2,5-hexanedione (fig 3C, 3D; 8 mmoles/kg) treated transgenic (fig 

3A, 3C) and non-transgenic (fig 3B, 3D) animals began to decline after several injections and 

continued to decrease over the treatment periods until these toxicant-exposed animals could no 

longer perform this test. Failures in the accelerated rotarod test produced the precipitous drop in 

average RPM achieved. Complete failure of the test following acrylamide (50 mglkg/d) occurred 

at day 18 for non-transgenics (fig 3B) and day 15 for transgenics (fig 3A); with 8 mmoles/kg/d 

2,5-HD, both transgenics (fig 3C) and non-transgenics (fig 3D) fruled on day 17. Statistically 
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significant differences were observed between 2,5-HD and either saline or 3,4-HD treated groups 

and between ACR and either saline orpropionamide treated groups for both transgenic and non

transgenic mice. No difference was found between transgenics and non-transgenics exposed to 

either acrylamide or 2,5-hexanedione. 

As indicated above, PCR and Southern blotting of tail biopsies verified presence of the 

transgene in transgenic mice. Electron micrographs verified the absence of neurofilarnents in 

axons of transgenic mice (fig 4 and fig 6). Non-transgenic litterrnates showed a normal 

neurofilarnent appearance, number and distribution in control as well as in propionamide and 

3,4-HD-exposed 'mice (not illustrated). Morphological examination of axons from both 

acrylamide-injected transgenic (fig 4) and non-transgenic litterrnates (fig 5), as well as nerves 

from 2,5-HD-injected transgenic (fig 6) and non-transgenic (fig 7) mice revealed similar 

pathological axonal lesions. Common to all four groups of mice were accumulation of 

mitochondria and other membrane-bound organelles, dense bodies, multilaminar bodies, and 

tubulovesicular profiles (figs 4, 5, 6, 7). One important difference was the presence of 

neurofilarnent accumulations in the non-transgenic acrylamide- and 2,5-HD-exposed groups (figs 

5 and 7), and the absence of this hallmark in all transgenic animals (fig 4 and 6). The spatial 

distribution of pathology was objectively determined by comparison of the number of axons with 

lesions in the mid-thigh sciatic nerve with the number of lesions in the mid-leg tibial nerve. This 

comparison was limited in acrylamide experiments by difficulty in obtaining successful 

perfusions in acrylamide-exposed mice. Quantitation was precluded in the y-diketone group by 

even greater difficulty in obtaining an acceptable sample size in the 2,5-HD-exposed group:, 

Numerous modifications of the perfusion protocol were attempted; including using a peristaltic 

pump to deliver the fixative at a constant speed, administering the fixative via a syringe directly 
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into the heart, as well as injecting the animal with heparin prior to perfusion of the fixative. None 

of the modifications produced any improvement in preservation of structure. Quantitation of the 

number of axons containing pathological lesions are illustrated in figure 8. Acrylarnide-injected 

animals had significantly higher numbers of axons with lesions in both sciatic and tibial nerves 

compared to the same nerves from saline controls (fig 8). This was true for both transgenic and 

non-transgenic animals. A statistically significant difference was observed between sciatic and 

tibial nerves, the more distal tibial nerve demonstrating greater frequency of lesions. No 

differences between transgenics and non-transgenics, for either nerve, were observed. 
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Discussion 

The present study demonstrates that acrylamide or 2,5-hexanedione produces similar 

symptoms, behavioral indices and morphological expression of neurotoxicity in transgenic mice 

lacking axonal neurofilaments (Eyer and Peterson, 1994) as in non-transgenic littermates 

possessing normal NFs. In the transgenic mouse used here, neurofilaments and their associated 

proteins fail to enter the axon, providing a model to test the relevance of ·axonal neurofilament 

modification and their accumulation to neurotoxicity. Neurofilaments were observed in non

transgenic mice and NF accumulations were observed in the axons of non-transgenic mice 

injected with either acrylamide or 2,5-HD. However, 10 nm filaments were neither observed nor 

was the accumulation of any filamentous material ever observed in any transgenics. Other 

pathological lesions characteristic of ACR and 2,5-HD-induced neuropathy, such as 

tubulovesicular profile accumulation, mitochondria accumulation, vacuole formation, dense and 

multilaminar body formation (Prineas, 1969; Schaumburg et al., 1974), were consistently 

observed in both transgenic and non-transgenic mice. Changes in gait, footdrop, ataxia and 

hindlimb paralysis as well as objective measurement of deficits in the rotarod test, all 

demonstrated equal development of symptoms in transgenic and non-transgenic mice. The 

dissociation of symptoms, behavioral indices and pathological lesions from the presence of 

axonal neurofilaments In a mammalian model clearly demonstrates that modification of another 

target is sufficient to produce neurotoxicity. Although these data fall short of proving that 

neurofilaments are totally unassociated with the mechanism of neurotoxicity (see below), it 

certainly suggests that axonal neurofilament modification and/or accumulation is epiphenomenal 

to neurotoxicity. These results are consistent with those observed with non-mammalian models. 

Crayfish, a crustacean lacking neurofilaments (Miller et a!., 1987), and a mutant quail with NFL 
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deficiency and a greatly reduced axonal NF content (Takahashi et a!., 1994), also developed 

neurotoxicity and axonal degeneration with acrylamide (Sickles et a!., 1994; Takahashi et a!., 

1994; Takahashi et a!., 1995). 2,5-HD also produced neurotoxicity and characteristic axonal 

pathology in crayfish (Sickles et a!., 1994). The interpretation was limited in these models due to 

unique axonal cytoskeletal proteins potentially substituting for NFs (Weaver and Viancour, 

1991; Hirakawa, 1986), by the presence of a minor amount of other NFs (Takahashi eta!., 1994; 

Takahashi et a!., 1995), and the questionable relevance of crustacean and avian data to 

mammalian systems. These reservations are resolved by the utilization of the current mammalian 

model that permits direct comparison of the effects of these toxicants on mammalian axons with 

and without axonal neurofi!aments. Extensive mRNA and protein analysis of nerves from the 

transgenic mouse model used in this study indicate no unique protein expression or 

compensatory adjustment in cytoskeletal protein content as a result of NF absence (Nixon, 

personal communication). 

We do not consider the presence of neurofilaments in the soma of transgenic mice as 

problematic to the interpretation of the present data. The comparable performance of control 

transgenics and rion-transgenics on both forms of rotarod performance tests conducted here 

indicate that the accumulation of NF within the cell body does not significantly alter neuronal 

function. The absence of an identifiable phenotype and the longevity of these transgenic mice 

and their neurons support the conclusion that the neuron is capable of accommodating the somal 

neurofilament load. Furthermore, the outflow of fast anterogradely transported proteins in 

control transgenic mice is identical to the outflow observed in non-transgenics (Stone et a!., 

1999b ). Therefore, protein synthesis, Golgi processing and packaging as well as loading 

membrane bound organelles onto the microtubules and initial transport are unaffected by the 
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somal NFs. The possibility that toxicant modification of somal neurofilaments contributes to 

neurotoxicity is also unlikely. Outflow of fast anterogradely transported proteins following 

acrylamide and 2,5-HD exposure is reduced by a comparable magnitude in both transgenic and 

non-transgenic mice (Stone et a!., 1999b). Furthermore, the reductions in radiolabel outflow are 

comparable to the reductions in membrane bound organelle flow within isolated axons from 

transgenic and non-transgenic mice (Stone et a!., 1999c). If the toxicants were to modify the 

somal neurofilaments, one would anticipate more significant effect on transgenic radiolabel 

outflow. The similar effects of acrylamide and 2,5-HD on somal outflow and axonal flow also 

indicates that neurofilament modification does not affect the movement of membrane bound 

organelles which are most concentrated in the soma of transgenic mice. These results further 

support the concept that proteins other than neurofilaments are compromising neuronal function. 

Lastly, if toxicant interaction with somal neurofilaments were functionally impairing, a proximal 

shift in location of pathology in the toxicant exposed transgenics would be anticipated. This is 

counter to the similar distribution of pathology observed in transgenic and non-transgenic mice 

exposed to acrylamide. While not quantitated, we did .not observe any overt' differences in 

distribution of pathology in the 2,-5-HD exposed mice between transgenics and non-transgenics. 

We have considered the possibility that neurofilament modification could be an 

alternative target to produce the neurotoxicity or at least modify the response of axons to these 

toxicants. If NF-toxicant interaction contributed to neurotoxicity, the severity of toxicity in non

transgenic mice should have been enhanced in comparison to transgenic mice lacking NF. 

Takahashi eta!. (1995) reported that the sequential events of Wallerian degeneration were not as 

prominent in ACR-exposed NF deficient quails as .ACR-exposed normal quails, suggesting that 

the presence of NFs influenc.es the extent of ACR pathology in their model. The current results 
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indicate there is no difference in response to either toxicant related to neurofilame'nt content. 

However, the rotarod test demonstrated a trend toward acrylarnide/transgenic mice failing the 

rotarod test 2 days earlier than non-transgenic animals exposed to acrylarnide. Utilizing 8-11 

animals per group resulted in no statistical difference (p=0.09) in rotarod performance of 

transgenic and non-transgenic mice. If a larger sample size resulted in a statistical difference, this 

would indicate a protective action of neurofilaments rather than an alternative or supplemental 

action. 2,5-Hexanedione produced identical time to onset and level of rotarod failure (both 

standard and accelerated) in transgenics and non-transgenics. Therefore, the presence of NF did 

not modify the development of neurotoxicity with 2,5-HD. This is surprising since most of the 

data supporting the neurofilament hypothesis has been generated with the y-diketones. 

Theoretically, NFs could diminish the effective dose of toxicant on other axonal proteins. 

Previous studies have demonstrated binding of ACR and 2,5-HD to neurofilaments. Repeated 

toxicant covalent modification of neurofilaments coupled with slow progressive anterograde 

transport of neurofilaments could lead to greater insult of exposures on distal axonal proteins. As 

neurofilaments move down the axon: the multiple exposures to toxicants would produce a 

cumulative occupation of toxicant binding sites on neurofilaments. Hence, the neurofilaments in 

the distal axon would be less protective. A similar toxicant exposure along the length of the axon 

could have a more significant impact on proteins of the distal axon. This potential should be 

considered in future neurofilament studies with ACR since a protective function is suggested by 

the current results. Alternatively, the presence of NF may facilitate the health of the axon in 

another way to lessen the detrimental effects of neurotox~cant exposure, or it may be that the 

neurons of the transgenic mice are, in general, less healthy and more susceptible to toxicants. In 
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any case, there is no supportive data in the current study for neurofilarnents acting as an 

alternative target for these toxicants. 

Acrylamide- and 2,5-HD-induced neuropathies are characterized by a very distinct and 

reproducible spatial distribution (Spencer and Schaumburg, 1974; Spencer and Schaumburg, 

1976) of pathology that has been useful in proposing hypothetical mechanisms of action. 

Although the association of axonal degeneration with neurotoxicity has been recently challenged 

(Lehning et al., 1998), the well-characterized distal predisposition of action of these 

neurotoxicants is critical to confirm in this model. The distal pattern of initial pathology is 

reproduced in both toxicant-exposed transgenic and non-transgenic mice. The predominance of 

pathology in the more distal locations suggests the same pattern of "dying-back" neuropathy 

(Cavanagh, 1964) in transgenic mice lacking NFs as in non-transgenics and other mammalian 

models (Barnes, 1970; Fullerton and Barnes, 1966; Kaplan and Murphy, 1972; Kaplan et al., 

1973; Kuperman, 1958; Post, 1978; Hopkins, 1970). Another characteristic similar in transgenic 

mice and their non-afflicted littermates was a comparable specificity of action. The lack of effect 

of propionamide, a non-neurotoxic analogue of ACR (Lin et al., 1993), demonstrates acrylamide 

specificity as well as re-emphasizing the importance of the unsaturated bond to neurqtoxicant 

action. 3,4-Hexanedione, a non-neurotoxic analogue of 2,5-HD (O'Donoghue et al., 1984), was 

also ineffective in producing any symptoms or axonal pathologies, re-emphasizing the critical 

nature of the y-spacing of the carbons to the development of neurotoxicity. Therefore, many 

similarities in the type and distribution of pathology as well as neurotoxic specificity could be 

observed between mice possessing or lacking axonal neurofilarnents. 

Results of other studies also contradict the hypothesis that axonal neurofilarnent 

accumulation leads to neurotoxicity, axonal pathology and/or degeneration. The neurotoxicant 
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3, 3' -iminodipropionitrile (IDPN) produces giant axonal swellings proximally without distal 

axonal degeneration; in contrast, axonal atrophy is observed (Papasozemenos et a!., 1982; Griffin 

et al., 1978). Furthermore, Gold et a!. (1986) showed that IDPN intoxication is characterized by 

a different spectrum of clinical signs and symptoms than those observed with acrylamide or 

gamma-diketones. Transgenic mice with a two-fold increase in axonal neurofilament content 

have normal nerve function (Xu et a!., 1993; Cote et al., 1993). Transgenic mice expressing four

fold the normal complement of NFs expressed an ALS-like phenotype, but only 0.2% axonal 

degeneration was observed (Cote et al., 1993; Xu. et a!., 1993). Taken together, these 

observations indicate that accumulation of NFs does not produce axonal pathology and 

degeneration. Taken in combination with the present results, we conclude that neurofilament 

accumulation, even under conditions of toxicant modification, does not effect the onset of 

symptoms or the pattern of pathology in the axons. Finally, the more rapid onset of acrylarnide 

neuropathy in contrast to the more significant neurofilament accumulation with 2,5-HD 

(Anthony et al., 1983a; Anthony et al., 1983b; Anthony et a!., 1983c; Schaumburg et al., 1974) 

argues against neurofilament accumulation as a common action of these toxicants. These data, 

collectively, raise doubts about the validity of a cause-effect relationship between the 

accumulation of neurofilaments in neurodegenerative disorders to neuronal pathophysiology. 

Mice were previously considered resistant to y-diketone neurotoxicity. It was theorized 

that axon length was insufficient to enable the threshold qf toxicant attacks on the neurofilament 

proteins required to produce dysfunctionai neurofilaments. The current study is the first to 

identify production of neurotoxicity by y-diketones in mice. It required doubling the dose from 

the typical 4 mmoles/kg/d to 8 mmoles/kg/d. Six mmoles/kglday generated clinical signs of 

ataxia and slight difficulty in performing the rotarod test after several injections; however, the 
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mice would recover function. The 8 mmoles/kg/d dose consistently precipitated a neuropathy in 

both transgenic and non-transgenic mice with clinical symptoms characteristic of y-diketone 

exposure. 

While the rat has been the most common model to study acrylarnide neurotoxicity, 

several studies have previously reported neurotoxicity in mice (Von Burg eta!., 1981; Teal and 

Evans, 1982; Bradley and Asbury, 1991). Regardless of species, symptoms and morphological 

expression of neurotoxicity have been similar. Hindlimb weakness, ataxia, and a semi-paralysis 

of the hindlimb have been previously observed. Behavioral tests demonstrated time- and dose

dependent changes in hindlimb grip strength, rotarod performance (Edwards and Parker, 1977; 

Miller et al., 1984), and appetite behavior which are reversible after termination of exposure 

(Teal and Evans, 1982; Gilbert and Maurissen, 1982). Hindlimb splay, a reliable characteristic 

produced by acrylarnide, was apparent after six days (Gilbert and Maurissen, 1982). 

Accumulation of tubulovesicular profiles, neurofilament accumulation, axonal swellings, 

enlarged mitochondria, corrugation and vacuolization of the myelin and eventual axonal 

degeneration· as well as random Schwann cell damage have been previously observed in mice 

(Von Burg et al., 1981). The similarity of the response in mice to other mammalian species 

(Barnes, 197?; Fullerton and Barnes, 1966; Kaplan and Murphy, 1972; Kaplan et a!., 1973; 

Hopkins, 1970; Kuperman, 1958; Post, 1978) including humans (Auld and Bedwell, 1967; 

Fullerton, 1969; Garland and Patterson, 1967; LeQuesne, 1985; Takahashi eta!., 1971), supports 

applicability of transgenic mice data across species. 

The utilization of recombinant DNA models in toxicology provides opportunities to 

critically analyze potential sites of action. Transgenic mice are applicable to this model of axonal 

neuropathy, providing an opportunity to determine the function of specific proteins as well as 
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determine the consequences of modification or absence of those proteins on cellular responses to 

toxicants. This is especially important to agents such as acrylamide, which panoramically bind 

many proteins making discrimination of critical sites of action problematic. The current results 

identify the relative contributions of neurofilaments to pathogenesis of symptoms and pathology. 

Other studies using this model have identified the contributions of neurofilaments to normal 

axonal transport as well as the contribution of axonal neurofilaments and their accumulation to 

changes in fast axonal transport produced by these toxicants (Stone et a!., 1999b; Stone et a!., 

1999c). 
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Experimental Procedures 

Animal Model 

The transgenic (strain 44A) and non-transgenic mice used in the present experiments were 

offspring from a colony maintained at McGill University; details of the production and 

phenotype of the transgenic mice are available in the original publication (Eyer and Peterson, 

1994). Briefly, the transgenic mouse was produced by initial ligation of the NFH gene in frame 

to the lac Z gene in the pGNA vector. This transgene was then isolated, gel purified, and 

microinjected into male pronuclei of B6C3F2 zygotes. The embryos were transferred to the 

oviducts of B6C3F1 females. At birth, tail biopsies were performed and DNA was extracted and 

analyzed for the presence of transgene sequences using polymerase chain reaction (PCR) and 

Southern blotting. The fusion protein encoded by this transgene includes the entire N-terminal 
.• 

and central a-helical rod domains, and 45 KSP repeats from the C-terminal domain of NFH 

followed by the complete amino acid sequence of E. coli ~-galactosidase. The absence of 

neurofilaments from the axons of transgenic mice resulted in axonal diameters approximately 

half those of non-afflicted littermates. However, axons of transgenic mice formed normal 

associations with their final targets, and most importantly, the mice were physically and 

reproductively normal through 14 months of age (Eyer and Peterson, 1994). Positive offspring 

are referred to throughout this report as transgenic while animals testing negative are referred to 

as non-transgenic littermates. All animal classifications were verified (blindly) at the end of the 

experiment by the presence or absence of axonal neurofilaments in electron micrographs of 

sciatic nerves. Animals were air-freighted to the Medical College of Georgia animal care facility 

where they were maintained on a 12 hour light/dark schedule and provided food and water ad 
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li_bitum. Animals were adapted to the new surroundings for at least 3 days prior to 

experimentation, 

Toxicant Exposure 

Transgenic mice and their non-afflicted littermates were given intraperitoneal injections of either 

50 mgfkg/day of acrylamide (Bio-Rad, Hercules, CA) (n=ll transgenics (T), 11 non-transgenics 

(NT), or equimolar doses of propionamide (Aldrich, Milwaukee, WI; the non-neurotoxic 

analogue of acrylamide (n=8 T and 8 NT), or physiological saline (controls; n=8 T, 8 NT). 

These injections were given daily over a consecutive 18-day treatment period. Previous·studies 

suggested that mice were unsusceptible to y-diketones. Prelimin~y experiments were conducted 

to identify an appropriate dosing regimen. Neurobehavioral testing was conducted in this 

0 

preliminary study, no microscopy was done on these groups. Three different dosing regimens 

were used for normal mice exposed to 2,5-HD (Aldrich, Milwaukee, WI) or 3,4-HD (Aldrich, 

Milwaukee, WI): (1) 4 mmoles/kg/d for 14 days, followed by 6 mm"ales/kg/d for 14 days, and 8 

mmoles/kg/d for 8 days, (2) 6 mmoles/kg/d for 14 days, then 8 mmoles/kg/d for 10 days, or (3) 8 

mmoles/kg/d for 19 days. The latter dosing regimen proved the most efficient, transgenic and 

non-transgenic mice were given i.p. injections of either 2,5-hexanedione (n=8 T; 8 NT), 3,4-

hexanedione (non-neurotoxic analogue of 2,5-HD; n= 6 T and 6 NT), or physiological saline 

(controls; n= 3 T and 3 NT). 

Neurobehavioral Testing 

Prior to each daily injection, animals were, without any knowledge of experimental group, 

examined for signs of ataxia, hindlimb paralysis, footdrop, as well as any other gross 
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abnormalities in gait. Numerous functional observational batteries have been developed to 

identify sensory-motor deficits. The rotarod test has proven value in both ACR and y-diketone 

neuropathy (Edwards and Parker, 1977; Miller et a!., 1984; Von Burg et a!., 1981; Teal and 

Evans, 1982; Bradley and Asbury, 1991). Body weights were obtained for each animal prior to 

testing the ability to remain on a rotarod at a constant speed (cylindrical rod of 1 inch diameter 

rotating at 10 rpm) for 30 seconds. Two opportunities were provided to each animal at each 

testing session. The animal was designated as failing only after falling off the rotarod on both 

trials. After the thirty seconds lapsed, the speed was incrementally increased and the speed, in 

revolutions per minute, at which the animal finally fell off the rotarod was recorded (accelerated 

rotarod test). If the animal fell off the rotarod immediately after being placed on the rod, a speed 

of "0" was recorded. 

Morphological Studies 

One day post-rotarod failure, ACR- and 2,5-HD-injected animals were anesthetized with 

sodium pentobarbital and perfused via aortic cannula with saline followed by freshly prepared 

0.5% paraformaldehyde (Fisher Scientific, Pittsburgh, PA), 2.5% glutaraldehyde (Fisher 

Scientific, Pittsburgh, P A) in 0.1M phosphate buffer, pH 7 .4, ·at room temperature. Saline, 

propionarnide, and 3,4-HD -injected transgenic and non-transgenic animals were sacrificed on 

the same days as their toxicant-exposed counterparts. The following nerves (mid-thigh sciatic, 

mid-leg sural, peroneal distal to the knee, and mid-leg tibial) were gently dissected free and 

placed in room temperature fixative for 24 hours. Samples were post-fixed in 4% osmium 

tetroxide (Electron Microscopy Sciences, Fort Washington, PA) and embedded in Epon 

(Electron Microscopy Sciences, Fort Washington, PA). Ultra-thin sections were stained with 

lead citrate, and viewed with a Philips 400 electron microscope. For all acrylamide, saline and 
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propionamide transgenic and non-transgenic treatment groups, the number of axons with 2 or 

more pathological lesions (accumulations of mitochondria, dense bodies, multilaminar bodies, 

and/or tubulovesicular profiles) was quantitated within randomly-selected areas of sciatic and 

tibial nerves at 21500x magnification. The regions were selected without knowledge of the 

experimental groups and included equal samples from superficial and deep regions of the nerves. 

All axons whose axoplasm was completely within the section were included. 

Statistical Analysis 

Significant differences in constant speed rotarod performance between transgenic and 

non-transgenic mice of acrylamide, propionamide, 2,5-hexanedione, 3,4-hexanedione and saline 

injected groups were determined using the Kaplan and Meier survival analysis with Breslow's 

statistic. Differences in accelerated rotarod performance among each of the transgenic and non

transgenic treatment groups were determined using a two-way analysis of variance (ANOV A) 

for repeated measures. In addition, statistically significant differences in average animal weights 

in each of the experimental groups were determined using a two-way ANOV A for repeated 

measures. Significant differences in the number of axons with pathological lesions in transgenic 

and non-transgenic animals injected with saline (controls) or acrylamide were determined using a 

two-way ANOVA for repeated measures followed by Tukey's HSD post-hoc test at a preset 

significance level of p<O.OS. 
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Figure 1. Animal weights (represented as % of starting weight) for saline, acrylamide, 

and propionamide treated groups of transgenic (A) and non-transgenic (B) mice over the 

18 day treatment period. Acrylamide-injected transgenic and non-transgenic mice failed 

to gain weight after experimental day 12; however, no significant weight differences 

were observed between any of the groups. Transgenic (C) and non-transgenic (D) mice 

exposed to 2,5-hexanedione (8 mmoles/kg/d) over a 19 day treatment period exhibited a 

statistically significant reduction in body weight (p<0.05) compared to either saline or 

3,4-HD-exposed mice. No difference was found between saline- and 3,4-HD -treated 

mice. 
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. Figure 2. Effects of acrylamide and 2,5-hexanedione on rotarod performance. Daily 

injections of 50 mg/kg ACR (A), equimolar propionamide (A), 8 mmoles/kg 2,5-IID (B), 

or equimolar 3,4-IID (B) produced a similar response in transgenics and non-transgenics. 

Transgenic and non-transgenic ACR- exposed animals (n= 11 T, 11 NT) were 

significantly different from corresponding propionamide (n= 8 T, 8 NT) and saline (n= 3 

T, 3 NT) injected mice. Similarly, both transgenic and non-transgenic 2,5-IID-exposed 

animals (n= 8 T, 8 NT) were significantly different from corresponding 3,4-IID (n= 6 T, 

6 NT) and saline (n= 6 T, 6 NT) exposed animals. No statistically significant differences 

were found between any T and NT animals. For illustration purposes, data from 

transgenic and non-transgenic mice exposed to non-neurotoxic propionamide (A) or 3,4-

IID (B) were combined. 
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Figure 3. Accelerated rotarod performance of transgenic (A) and non-transgenic (B) 

mice exposed to acrylarnide (50 mglkgld; n= 3 T, 3 NT), propionarnide (50 mg/kg/d; n= 

. 3 T, 3 NT), or saline (n= 1 T, 1 NT). ACR-treated animals were statistically different 

from saline- or propionarnide-exposed animals (p<0.05). Transgenic (C) and non

transgenic (D) mice receiving 2,5-HD (8 mmoles/kg/d; n= 3 T, 3 NT) were statistically 

different from 3,4-HD (equimolar dose; n= 3 T, 3 NT), or saline (n= 1 T, 1 NT)-treated 

groups in the performance of the accelerated rotarod test at the preset significance 

p<0.05. No differences were found between transgenic and non-transgenic mice for any 

experimental group. 
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Figure 4. Axons from acrylamide-injected (50 mglkg/d for-18 days) transgenic mice 

tibial nerves. Typical pathological lesions induced by acrylamide include: 

accumulations of mitochondria, dense bodies, and other membrane bound vesicles 

(arrows), vacuole formation (asterisks), and multilaminar bodies (arrowheads) of both 

myelinated and unmyelinated axons. Abnormal axoplasm is also found within glial 

compartments (C). Neurofilament accumulations were not observed. (all micrographs -

21500x) 
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Figure 5. Tibial nerve axons from non-transgenic mice injected daily with 50 mglkgld 

acrylamide for 18 days. Morphological· lesions similar to those observed in other 

mammalian species were observed. These include: accumulation of mitochondria, dense 

bodies, and other membrane bound vesicles (arrows), vacuole formation (asterisks), and 

multilamellar bodies (arrowhead). Numerous examples of neurofilament accumulations 

(B) were observed, along with abnormal organelles (arrow). 21500x (A, C); 43000x (B) 
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Figure 6. Pathological lesions in tibial nerves of transgenic mice chronically injected 

with 2,5-hexanedione (8 mmoles/kg/d) for 19 days. Typical lesions include: 

accumulations of mitochondria, dense bodies, and other membrane-bound vesicles 

(arrows), as well as the presence of multilaminar bodies (arrowheads). These lesions are 

very similar to those observed in non-transgenic animals, except neurofilaments are 

absent from these nerve sections (compare with fig 7). These lesions are also similar to 

those observed with chronic ACR exposure (compare with Fig 4 and Fig 5). (21500x) 
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Figure 7. Pathological lesions in tibial nerves of non-transgenic mice chronically 

injected with· 2,5-HD (8 mmoles/kgld) for 19 days. Typical lesions include: 

accumulations of mitochondria, dense bodies, and other membrane-bound vesicles 

(arrows), as well as the presence of rnultilarninar bodies (arrowheads). Neurofilaments 

are present in all of these tibial nerve sections. (21500x) 
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Figure 8. Quantitative comparison of frequency of pathological lesions within axons of 

sciatic and tibial nerves of transgenic and non-transgenic mice injected with 50 mglkg/d 

acrylarnide or saline for 18 days. ACR significantly increased the frequency of lesions 

over controls. A significant difference was also observed between sciatic (proximal) 

and tibial (distal) nerves in both transgenic and non-transgenic mice. No differences 

were found between transgenic and non-transgenic mice under any experimental 

condition. 

* = significantly different (p<0.05) from saline control 

#=significantly different (p<0.05) from corresponding sciatic nerve 
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Abstract and Key Words 

Acrylamide (ACR) and y-diketones (y-DK) produce distal sensory-motor neuropathy in a 

variety of species, including humans (Spencer and Schaumburg, 1974). The specific molecular 

site and mechanism of toxicant action leading to specific morphological and behavioral 

abnormalities requires definition. The relative roles of fast anterograde axonal transport and 

neurofilaments (NF) are investigated using optic nerves of mice, with and without axonal 

neurofilaments (Eyer and Peterson, 1994). Segmental analysis, following pulse labeling with 

3H-leucine into the vitreous body, was used to detect changes in fast anterograde transport in the 

optic nerve and tract. Single injections of ACR significantly reduced the quantity of radiolabeled 

proteins transported in both transgenic (lacking NF) and non-transgenic (containing NF) mice by 

68.4% and 46.2%, respectively. Similarly, single injections of 2,5-hexanedione (2,5-HD) 

reduced the quantity of radiolabeled transport in transgenic and non-transgenic mice by 55.2% 

and 47.1 %, respectively. Equimolar doses of propionamide and 3,4-hexanedione (the non

neurotoxic analogues of ACR and 2,5-HD, respectively) produced no changes in the quantity or 

rate of optic nerve transport. Additionally, no differences in quantity or rate of fast transport 

between transgenic and non-transgenic animals were observed under control or experimental 

conditions. We conclude that ACR and 2,5-HD reduce the quantity of fast anterograde axonal 

transport in mouse CNS axons in a comparable amount to previously report~d reductions in rat 

PNS axons. The absence of axonal neurofi!aments had no effect on normal fast transport. 

Furthermore, the presence or absence of neurofilaments did not alter the effect of these toxicants 

on fast axonal transport. We conclude that toxicant-induced reductions in fast axonal transport 

are unrelated to ACR and y-diketone effects on NF or their accumulation. 
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Introduction 

Chronic exposure to either acrylamide monomer or the y-diketone 2,5-hexanedione 

precipitates a similar type of neuropathy, characterized by symmetrical, sensory-motor, distal 

neuropathy. Expression of the neuropathy is characterized by development of ataxia, 

paraesthesias and eventual paralysis. Late stage patho_logy includes axonal degeneration of the 

axons of the long ascending and descending tracts of the central nervous system and in the long 

and large fibers of the peripheral nervous system (Spencer and Schaumburg, 1974; Spencer and 

Schaumburg, 1976; Fullerton and Barnes, 1966) although, axonal degeneration has been 

challenged as a necessary prerequisite for neurotoxic symptoms (Lehning et al., 1998). Prior to 

degeneration, axons are observed to accumulate tubulovesicular profiles, degenerate 

rriitochondria, multilaminar bodies, and neurofilaments (Prineas, 1969), particularly on the 

proximal sides of the distal nodes of Ranvier (Spencer and Schaumburg, 1974; Schaumburg et 

al., 1974). With continued exposure, degeneration occurs, progressing from distal to proximal 

(Fullerton and Barnes~ 1966; Hopkins, 1970) in a characteristic "dying-back" pattern (Cavanagh, 

1964). Although the neuropathy is well characterized, the site(s) and mechanism(s) of action are 

unclear. 

Several hypotheses related to protein synthesis or axonal transport have been proposed. 

Cavanagh (1964) hypothesized that a toxicant-induced deficit in synthesis of macromolecules 

would lead to deficiencies of vital macromolecules in the distal axon, resulting in the dying back 

pattern of degeneration. Others have predicted deficiencies caused by direct effects on axonal 

transport. Early studies with ACR, focusing primarily on changes in rate of transport, produced 

variable results (Sumner et al., 1976; Weir et al., 1978; Sabri and Spencer, 1990; Sahenk and 

Mendell, 1981; Sickles, 1989a; Sickles, 1992; Sidenius and Jakobsen, 1983; Harry et al., 1989; 
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Sickles, 1991; Harry, 1992; Brat and Brimijoin, 1993; Padilla et al., 1993). Quantity of transport 

appears more dramatically reduced by ACR, in particular, when measured shortly after exposure 

(Rasool and Bradley, 1978; Sickles, 1989a; Sickles, 1991; Sickles, 1992; Harris et al., 1994; 

Clarke and Sickles, 1996). Consistent with these results, microscopic autoradiography studies 

demonstrated retention of radiolabeled proteins within accumulations of smooth endoplasmic 

reticulum and mitochondria (Souyri et al., 1981; Chretien et al., 1981). The fast anterograde 

transport system has also been analyzed following exposure to y-diketones. Single injections and 

chronic exposures to 2,5-HD significantly reduced fast anterograde transport (Mendell et al., 

1977; Sahenk and Mendell, 1981; Sickles, 1989a; Sickles, 1989b; Sickles, 1991; Sickles, 1992). 

Retrograde transport is also compromised by ACR and y-diketones (Miller et al., 1983; Miller 

and Spencer, 1984; Sahenk and Mendell, 1981; Jakobsen and Sidenius, 1983; Jakobsen et al., 

1986; Sabri, 1992; Moretto and Sabri, 1988; Harris et al., 1994; Martenson et al., 1995). Despite 

the extensive number of studies examining fast transport in the peripheral nervous system, few 

have studied ACR ory-DK effects on fast transport in the CNS (Sabri and Spencer, 1990). 

Compromises in fast axonal transport are a hypothesized consequence of accumulations 

of neurofilaments (NF). The proposed primary molecular action is covalent modification of 

neurofilaments inducing axonal NF accumulations which physically block fast transport of vital 

macromolecules to the distal axon (Sayre et al., 1985; DeCaprio, 1985; Graham et al., 1982a; 

Graham et al., 1982b; Graham et al., 1984). The primary step is irreversible modification of 

lysine 11mino groups (by y-diketones) or sulfhydryl groups (by ACR) (DeCaprio, 1985; Lapadula 

et al., 1989). Adduct formation either leads to: (1) pyrrole ring formation (Graham ~tal., 1982a; 

DeCaprio et al., 1982) with subsequent intra- and inter-molecular crosslinking of proteins 

(Graham et al., 1982b; Graham et al., 1984); (2) changes in the functional or chemical nature of 
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the NF proteins by altering hydrophobicity (DeCaprio et al., 1982; DeCaprio, 1985; Lapadula et 

al., 1989); or (3) altered neurofilarnent phosphorylation with subsequent reorganization of the 

axonal cytoskeleton (Sayre et al., 1985; Howland and Alii, 1986; Gold et al., 1988). While NF 

accumulation precedes axonal degeneration and symptoms in these two models of toxic 

neuropathy, these results fall short of proving that toxicant-induced accumulation of 

neurofilarnents compromise fast axonal transport (Griffin et al., 1978). 

The causal nature of NF accumulations to the precipitation of neurotoxic symptoms, 

pathological lesions and axonal degeneration has been previous! y questioned and tested (Griffin 

et al., 1978; Papasozemenos et al., 1982; Cote et al., 1993; Xu et al., 1993). ACR or 2,5-HD 

exposure precipitated a similar neuropathy in: (1) crayfish, a species lacking neurofilarnents 

(Sickles et al., 1994); (2) a quairmodel with greatly reduced axonal neurofilarnents (Takahashi et 

al., 1994; Takahashi et al., 1995); and (3) a mammalian model lacking axonal neurofilarnents 

(Stone et al., 1999a). These data demonstrate development of the neuropathy in the absence of 

axonal neurofilarnents, indicating that NF modification is epiphenomenal and that parallel 

inhibition of other proteins leads to neurotoxicity. These data also raise the question whether 

previously reported changes in fast anterograde axonal transport are independent of 

neurofilarnent modification. The fast anterograde axonal transport motor, kinesin, is 

compromised by ACR and 2,5-HD (Sickles et al., 1996; Sickles and Tsai, 1996), as are 

microtubules (Sickles et al., 1996; Boekelheide, 1987a; Boekelheide, 1987b). The current study . 
examines fast anterograde axonal transport in mammalian central nervous system axons, with 

and without neurofilarnents, during exposure to ACR or 2,5-HD. The results will determine: 1) 

the contribution of toxicant-neurofilarnent interaction and/or accumulation to compromises in 

fast axonal transport, 2) the normal contribution of axonal neurofilarnents to fast anterograde 
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axonal transport, and 3) whether fast anterograde axonal transport is compromised in CNS 

axons. 



Materials and Methods 

Animal Model 

72 

The transgenic and non-transgenic mice used in the present experiments were offspring from 

a colony maintained at McGill University, Montreal, Canada; details of the production and 

phenotype of the transgenic mice (strain 44A) have been previously described (Eyer and 

Peterson, 1994). Briefly, the transgene was composed of the truncated neurofilament heavy 

(NFH) gene ligated in frame to the mouse lac Z gene. This transgene was microinjected into 

male pronuclei of B6C3F2 zygotes, and the embryos were then transferred to the oviducts of 

B6C3F1 pseudopregnant females. At birth, tail biopsies were performed and DNA was 

extracted and analyzed for the presence of transgene sequences using polymerase chain reaction 

(PCR) and Southern blotting. The fusion protein encoded by this transgene includes the entire N

terminal and central a-helical rod domains, and 45 KSP repeats from the C-terminal domain of 

NFH followed by the complete amino acid sequence of E. coli f3-galactosidase. With expression 

of this fusion protein, the f3-galactosidase molecules auto-crosslink and precipitate all three 

neurofilament proteins (NFH, NFM, NFL), as well as the accessory proteins, peripherin and a:

intemexin, within the neuron cell bodies. The failure to deliver neurofilaments results in axons 

of transgenic mice lacking neurofilaments. In these mice, axonal diameters are approximately 

half the diameter of their neurofilament-containing littermates. Axons of transgenic mice formed 

normal associations with their final targets and these mice were physically and reproductively 

normal through 14 months of age (Eyer and Peterson, 1994). Mice testing positive for the 

presence of the transgene will be referred to throughout this manuscript as transgenic (T) while 

animals testing negative for the transgene will be referred to as non-transgenic littermates (NT). 

Animals were shipped by air-freight to the Medical College of Georgia animal care facility 
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where they were maintained on a 12 hour lights on/off schedule and provided food and water ad 

libitum. Animals were adapted to the new surroundings for at least 3 days prior to 

experimentation. 

Neurotoxicant Exposure 

Neurotoxicant exposure of transgenic and non-transgenic animals consisted of a single 

intraperitoneal injection of either ACR (50 mglkg; Bio-Rad, Hercules, CA) or 2,5-HD (8 

mmoles/kg; Aldrich, Milwaukee, WI). These doses are equal to those previously used to 

produce the neurotoxicity (Stone et al., l999a). Each of these compounds was dissolved in 0.9% 

saline and injected 5 minutes after injection of the 3H-Ieucine into the vitreous body of the eye 

(see below). Propionamide (50 mglkg; Aldrich, Milwaukee, WI), a non-neurotoxic analogue of 

ACR, an4 3,4-hexanedione (8 mmoles/kg; Aldrich, Milwaukee, WI), a non-neurotoxic analogue 

of 2,5-HD, were given to transgenic and non-transgenic mice at the same time frame and in the 

same manner as the neurotoxic compounds. Control animals were injected with physiological 

saline on! y. 

Segmental Analysis of Fast Anterograde Axonal Transport in Optic Nervestrracts 

Fast anterograde axonal transport changes were determined using the pulse labeling I 

segmental analysis method adapted for use in the visual pathway of mice (Aschner et al., 1986). 

Mice (20-30g) were anesthetized with intraperitoneal injections of 4% chloral hydrate (O.Olml/g 

body weight) and supplemented as necessary to maintain full anesthesia of the animals 

throughout the treatment period. One !J.l of 3H-leucine (Amersham, Arlingt~n. Heights, IL; L

(4,5-3H)Ieucine; specific activity 6.59 Tbq/mmol, 178 Cilmmol; aqueous solution) was injected 
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into the posterior vitreous body of the right eye. lntravitreal injections were' conducted under a 

4x dissecting microscope using a 10 J.ll Hamilton syringe with a# 31 gauge needle which had 

been previously shortened and filed to a narrow sharp point for easy entry with minimal damage. 

After injecting the radiolabel, the needle was slowly removed, under microscopic inspection 

looking for leakage. If any fluid was observed leaking from the entry site, the animal was 

excluded from the study. Exposure to the neurotoxic compounds, ACR (n= 5 NT, 4 T) or 2,5-

HD (n= 5 NT, 4 T), or the non-neurotoxic analogues, propionamide (n= 5 NT, 3 T) and 3,4-HD 

(n= 5 NT, 3 T) consisted of a single intraperitoneal injection given 5 minutes after injection of 

the 3H-leucine. The animals were sustained under full anesthesia for 45 minutes, starting with 

the injection of the 3H-leucine. The animals were sacrificed, the optic nerves/tracts bilaterally 

dissected and removed intact. Optic nerves/tracts were immersion fixed in phosphate buffered 

formal (15%) saline (pH 7.4 at room temperature for 15 minutes), cut into 1 mm segments, each 

segment placed into a glass scintillation vial containing 1 ml BTS-450 tissue solubilizer 

(Beckman, Palo Alto, CA), and left at room temperature overnight. Ten mls of Ready Organic 

liquid scintillation cocktail (Beckman, Palo Alto, CA) was added and counts per minute ( cpm) 

for each segment were determined using a Beckman LS 1801 liquid scintillation counter with a 

full tritium window. The radioactive counts from the contralateral optic nerve segments were 

subtracted from the radioactive counts in the corresponding ipsilateral optic nerve segments prior 

to analysis in order to adjust for systemic circulation of the precursor. Decussation of half the 

nerve fibers at the optic chiasm necessitated combining of corresponding segments of ipsi- and 

contralateral tracts for total transport. No control for systemic circulation in the tracts was 

available. The influence of systemic circulation on the data is minimal; counts in the 
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contralateral optic nerve segments were always less than 10 percent of the average counts 

obtained from the plateau segments of the ipsilateral optic nerve. 

Determination of Quantity and Rate of Fast Anterograde Transport 

Rate and quantity of fast axonal transport were determined using plots of the log of the cpm 

per segment against the distance of the segment from the posterior of the eyeball (Fig 1 ). The 

distance traveled was the point of intercept between the background cpm and the leading edge of 

the advancing radioactive front (represented by black arrows- Fig1). This distance multiplied by 

32 (the number of 45 minute intervals in a day) gave the transport rate in mm/day. The quantity 

of radiolabeled transport was represented by the area under.the transport curve (shaded areas-Fig 

1) starting with the third optic nerve segment (beginning of the plateau) and ending at the leading 

edge of the radioactive front. Light microscopic autoradiography previously demonstrated 

diffusion of the radiolabel between axons in the peripheral nerves of rats, a distance of 6 mm in 3 

hours (Sickles, 1989a). Extrapolating these observations to the optic nerves of mice, the 

anticipated distance traveled of the diffused material in 45 minutes would be less than 2 mm. 

Using the third segment (1 mm/segment) was a conservative approach for ensuring the 

radioactivity being measured was due to protein transport and not interaxonal diffusion. 

Statistical Analysis, 

The quantity of radiolabeled axonal transport in the optic nerves/tracts of transgenic and non

transgenic mice exposed to either saline, acrylamide, propionamide, 2,5-hexanedione, or 3,4-

hexanedione was analyzed using a one-way analysis of variance (ANOV A) followed by a 

Tukey's post hoc test at a preset significance level of p<0.05. The rates of radiolabeled axonal 
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transport for each experimental group did not conform to a normal data population; therefore, 

these data were analyzed using a Kruskal -Wallis analysis of variance on ranks followed by a 

Dunn's pairwise multiple comparison test at a preset significance level of p<O.OS. 
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Results 

The outflow curves representing fast anterograde axonal transport were similar in both 

transgenic and non-transgenic animals (compare 1B and 1E). These curves are similar to the 

outflow curves previously demonstrated in PNS axons (Sickles, 1989a; Sickles, 1989b). 

Additionally, no difference in the quantity of radiolabeled optic nerve transport between 

transgenic and non-transgenic controls was observed. Average values for quantity of 

radiolabeled transport (relative units; mean ± SEM) for transgenic and non-transgenic controls 

were 89.38 .f. 7.31 and 74.28 ±.... 4.52, respectively. Single intraperitoneal injections of either 

ACR (50 mglkg) or 2,5-HD (8 mmoles/kg) produced statistically significant reductions in the 

quantity of radiolabeled proteins fast transported in the optic nerves/tracts of both transgenic and 

non-transgenic mice (Fig 1 and 2). The average values for quantity of transport in ACR-exposed 

animals were reduced to 28.20 ± 5.90 for transgenics and 40.00 ± 2.10 for non-transgenics, 

which translated to a reduction in transgenic mice of 68.4% and in non-transgenic mice of 

46.2%, compared to their respective controls (Fig 2 and Table 1). Similarly, 2,5-HD reduced the 

quantity of optic nerve fast transport in transgenic mice by 55.2% and in non-transgenic mice by 

47.1 %, compared to their respective controls (Fig 2 and Table 1). Average values for the 

quantity of radiolabeled optic nerve transport were reduced in 2,5-HD-exposed transgenic and 

non-transgenic mice to 40.08 ± 7.15 and 39.32 ± 5.05, respectively. Equimolar doses of 

propionamide or 3,4-HD produced no significant changes in quantity of fast transport compared 

to controls. Average values for quantity of radiolabeled transport in transgenic mice exposed to 

propionamide and 3,4-HD were 91.27 ± 12.94 and 98.37 ± 24.78, respectively. Also, non

transgenic mice exposed to propionamide and 3,4-HD had average quantity of transport values of 
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70.44 ± 4.82 and 80.50 ± 2.60, respectively. No differences in the quantity of transport between 

transgenic and non-transgenic animals were observed under any experimental condition. 

Acrylamide and 2,5-hexanedione decreased transport rates (Fig 1 and 3) in non-transgenics 

by 23.5% and 25.8%, respectively, and decreased transport rates in transgenics by 25.0% and 

14.3%, respectively (Fig 3 and Table 1). There was a trend toward toxicant-induced reductions in 

transport rates; however, these changes in axonal transport rates were not statistically different 

from saline controls (see discussion for explanation). The non-neurotoxic analogues 

propionamide and 3,4-HD produced no significant changes in transport rate. As with quantity of 

transport, no statistically significant differences in transport rates were observed between 

transgenic and non-transgenic animals. 
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Discussion 

ACR and 2,5-HD reduce fast anterograde axonal transport in CNS axons. The specific s~te 

and mechanism of action of acrylamide and the gamma-diketones remains debatable even though 

the central-peripheral distal axonopathies (Spencer and Schaumburg, 1976) induced by these 

toxicants have been very well characterized. Reduced synthetic activity of vital macromolecules 

was projected to produce deficiencies in the distal axon (Cavanagh, 1964). Protein synthesis was 

unchanged at times of reduced quantity of transport by ACR or 2,5-HD and was actually 

increased with high doses of ACR or 2,5-HD or during periods of recovery from intoxication 

(Hashimoto and Ando, 1973; Asbury et al., 1973; Schotrnan et al., 1977; Tilson, 1981; Sickles, 

1989a; Sickles, 1989b ). Attention became focused upon direct effect of. toxicants on the fast 

axonal transport systems. Numerous studies have measured the effects of acrylamide on fast 

anterograde transport and reporte~ either no change or minor reductions (Pleasure et al., 1969; 

Bradley and Williams, 1973; Weir et al., 1978; Sahenk and Mendell, 1981; Sidenius and 

Jakobsen, 1983; Harry et al., 1989; Brat and Brimijoin, 1993; Padilla et al., 1993). Others have 

reveal~d substantial compromise in quantity and/or rate of fast anterograde transport by ACR 

and 2,5-hexanedione (Mendell et al., 1977; Rasool and Bradley, 1978; Souyri et al., 1981; 

Chretien et al., 1981; Sickles, 1989a; Sickles, 1989b; Sickles, 1991; Sickles, 1992; Harry, 1992; 

Harris et al., 1994; Clarke and Sickles, 1996). Experimental designs accounting for temporal 

changes in quantity of transport have consistent! y identified acute reductions in both fast 

anterograde and retrograde transport in peripheral nervous system axons (Sickles, 1989a; 

Sickles, 1989b; Spencer et al., 1978; Miller et al., 1983; Miller and Spencer, 1984; Rasool and 

Bradley, 1978; Couraud et al., 1982). Results from the present experiments demonstrate a 

central nervous system effect of acrylamide and 2,5-hexanedione on fast anterograde axonal 
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transport comparable to those which have been demonstrated in the peripheral nervous system 

(Sickles, 1989a; Sickles, 1989b; Sickles, 1991; Sickles, 1992). While it has been assumed that 

toxicant- induced changes in fast transport would be the same in the PNS and CNS, there have 

been few studies addressing toxicant effects on transport in the CNS. These present results are 

consistent with those of Sabri and Spencer (1990) who also demonstrated a significant decrease 

in axonal transport rate and observed greater retention of radioactivity within the optic nerves 

compared to the optic tracts of rats exposed to acrylarnide. This later finding is consistent with a 

reduction in quantity of fast transport even though this parameter was not specifically quantitated 

in those experiments. Additionally, our data demonstrate a reduction in optic nerve anterograde 

transport with 2,5-hexanedione, a finding that to our knowledge has not been previously 

reported. These data are consistent with compromised fast anterograde axonal transport as a 

·contributing and/or critical mechanism of action of ACR and 2,5-HD since peripheral and central 

nervous system axonal degeneration, or at least dysfunction, are components of both 

neurotoxicities. 

Additionally, a trend toward ACR and 2,5-HD reducing the rates of fast anterograde 

axonal transport in the optic nerve/tract was observed. As in the peripheral nervous system, 

reductions in rate are substantially less than changes in the quantity of transport (Sickles, 1989a; 

Sickles, 1989b). Due to high variability in the transport rate data and the use of a non-parametric 

statistical test with a more restricted p-value, no statistically significant differences in transport 

rates were found. The short length of axons and small diameter of the nerve/tract used in this 

model increase variability due to technical difficulties associated with equally segmenting the 

optic nerve and tract of the mouse. 
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ACR and 2,5-HD precipitate neurotoxicity with similar temporal onset, neurobehavioral, 

morphological, and spatial characteristics in both transgenic and non-transgenic mice (Stone et 

al., 1999a). The current results demonstrate similar magnitude of compromises in fast 

anterograde axonal transport in both transgenic and non-transgenic mice. The quantitative 

correlations support the hypothesis that fast anterograde axonal transport compromise by ACR 

and 2,5-HD is a critical factor or a major contributant to neurotoxicity. 

Neurofilaments are not essential cytoskeletal elements to fast anterograde axonal transport. 

In the present study, fast axonal transport of radiolabeled protein was examined in transgenic 

mice lacking axonal neurofilaments (Eyer and Peterson, 1994) as well as in normal littermates. 

The radiolabeled outflow curve was similar for both control transgenic and control non

transgenic mice (Fig 1). This finding indicates that the presence of neurofilaments within the 

axon is not !I requirement for normal fast axonal transport. Even though fast axonal transport is 

known to be a microtubule-based process, it has been previously assumed that a normal 

cytoskeletal network (including neurofilaments) is necessary for the maintenance of fast axonal 

transport. The present data is inconsistent with this assumption. 

NeurofJlaments are not a critical site of action of ACR or 2,5-HD in the reduction of fast 

anterograde axonal transport. There are several possible mechanisms by which 

neurotoxicants could reduce fast axonal transport. Neurofilaments are covalently modified by 

both ACR and.2,5-HD (Sayre et al., 1985; Graham et al., 1982a; Graham et al., 1982b; Graham 

et al., 1984; DeCaprio et al., 1982; DeCaprio, 1985). These modifications lead to directly altered 

physicochemical properties, altered phosphorylation states and/or intra and intermolecular 
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crosslinking. The result is accumulation of neurofilaments, partic:ularly in sites of axonal 

constrictions like the proximal side of paranodes. These accumulations are hypothesized to block 

fast axonal transport (Sayre et al., 1985; Graham et al., 1990; DeCaprio, 1985), leading to 

dysfunction and pathology (Sayre et al., 1985; Graham et al., 1982a; Graham et al., 1982b; 

Graham et al., 1984; DeCaprio, 1985). The current data demonstrate that acrylamide and 2,5-

hexanedione produce similar reductions in the quantity of fast anterograde transport in both 

transgenic and non-transgenic mice. Similar reductions, with and without axonal neurofilaments, 

leads to the conclusion that toxicant interaction with neurofilaments is not the cause of reduced 

fast anterograde axonal transport observed here. The presence of neurofilaments in the cell body 

of transgenic mice and the neurofilaments in the axons of non-transgenic mice could be a 

common site of action consistent with the results of the current study. However, combining the 

results of the current study and other studies is incompatible with a neurofilament site of action. 

First, the outflow curves of radiolabeled protein in control transgenic and non-transgenic mice 

are similar, indicating that the accumulation of, neurofilaments in the soma does not influence the 

quantity or rate of fast transported proteins entering the axon. Second, we have observed similar 

reductions in membrane bound organelle movement in isolated axons from these transgenic mice 

and their normal, neurofilament possessing Jittermates (Stone et al., 1999c), which are similar to 

the magnitude of reduced fast anterograde axonal transport in the radiolabeling experiments 

reported here. If neurofilaments were the only site of action causing the reduced fast transport, 

MBO movement would have been reduced in non-transgenic mice only. With multiple sites of 

action, if one of which were neurofilaments, the non-transgenic mice would have demonstrated 

greater reductions in transport than transgenics. Reductions in fast anterograde transport by a 

single or multiple non-neurofilament sites of action is the only explanation compatible with all 
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the results. Other reports are consistent with this conclusion. Rapid, transient and repeated 

reductions in fast anterograde axonal transport in rat sciatic nerve by exposure to acrylarnide and 

2,5-hexanedione (Sickles, 1989a; Sickles, 1989b; Sickles, 1991) does not correlate with, and is 

in fact, in contrast to the late and progressive distal axonal accumulation of neurofilaments 

produced by these toxicants. 

How does ACR and 2,5-HD reduce the quantity of fast anterograde axonal 

transport? 

The present results and those of the companion paper (Stone et al., 1999c) indicate that a 

component of the axon, excluding neurofi!aments, is a site of action leading to the disruption of 

radiolabeled protein transport and reduced MBO flux. The major players in fast anterograde 

axonal transport, microtubules and the motor protein kinesin, are likely candidates. Both of these 

cytoskeletal elements bind ACR and 2,5-HD and the function of both are compromised by the 

binding (Tanii and Hashimoto, 1983; Lapadula et al., 1989; Sickles et al., 1996; Redenbach et 

al., 1993; Boekelheide, 1987a; Boekelheide, 1987b; Boekelheide, 1985; Boekelheide et al., 

1990). Of these two sites, only kinesin is turned over at a rate sufficient to correlate with the 

observed recovery of fast anterograde transport in 24 hours. Two other studies have found no 

change in kinesin-based motility with acrylarnide exposure (Liu et al., 1993; Martenson et al., 

1995). However, technical differences can account for the different results (Sickles et al., 1996). 

It is proposed that reductions in fast CNS transport reported here, in conjunction with fast PNS 

transport reductions reported previous for both ACR and 2,5-HD (Sickles, 1989a; Sickles, 

1989b; Sickles, 1991) cause insufficient delivery of vital macromolecules to distal axons, 

stagnation of membrane-bound organelles along the length of the axon, \)nset of neurotoxic 
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symptoms, and subsequent axonal degeneration. A recent report has identified a lack of 

association of axonal degeneration with neurotoxicity for certain dosing regimens (Lehning et 

al., 1998). More extensive examination of PNS an~ CNS distal axons is necessary, but these data 

may indicate that neurotoxicity is not necessarily caused by· axonal degeneration but through 

pathophysiology that occurs prior to degeneration. Studies are in progress to test the link 

between fast tninsport compromise and neurotoxic symptoms and/or degeneration. 
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Pulse Labeling/Segmental Analysis of Fast Anterograde Axonal Transport In Transgenic and Non
Transgenic Mice 

Treatment Ca)!acit:y of AXT (relative units} Rate of AXT (mm/da:y} 
NT I. NT T 

Control 74.3±4.5 89.4±7.3 310±11.9 24±22.6 
ACR 40.0±2.1 ( -46)* 28.2+5.9 ( -68)# 237±7.8 (-24) 168±8.0 ( -25) 
Prop 70.4+4.8 ( -5) 91.3±12.9 (+2) 265±21.2 (-15) 245±28.2 (+9) 
2,5-HD 39.3±5.1 ( -47)* 40.1± 7.1 (-55)# 230±21.2 (-26) 192±22.6 (-14) 
3,4-HD 80.5+ 2.6 ( +8) 98.4±24.8 ( +9) 320+10.1 (+3) 277±46.5 (19) 

Table I. Summary of the effects of exposures to neurotoxicants on fast anterograde axonal transport in optic nerves of transgenic and 

non-transgenic mice. Animals were given a single injection of either saline (0.9% ), acrylamide (50 mgfkg), propionamide (50 mglkg), 

2,5-hexanedione (8 mmoles/kg), or 3,4-hexanedione (8 mmoles/kg) five minutes after pulse labeling ganglion cells with a intravitreal 

injection of 3H-leucine. ACR and 2,5-HD produced significant decreases in capacity (quantity of radiolabel measured as area under 

cpm vs. distance from ganglion outflow curve) which were similar in non-transgenic and transgenic mice. Rates were not 

significantly changed under any experimental conditions. Additionally, no significant differences between transgenics and non-

transgenics in any parameter under any experimental condition were observed. 

* =Significantly different from non-transgenic control (p<0.05). 

# = Significantly different from transgenic control (p<0.05). 

( ) = Percent change from control. 

Data expressed as mean±SEM. 
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Representative samples of axonal transport curves illustrating fast transport of 

radiolabeled proteins in the optic nerves/tracts of non-transgenic (A, B, C) and 

transgenic (D, E, F) mice injected with either single i.p. doses of ACR (50 mglkg; 

A, D), physiological saline (B~ E), or 2,5-HD (8 mmoles/kg; C, F) five minutes 

after injection of 3H-leucine into the vitreous body of the right eye. Radioactive 

counts were determined in 1 mm segments of optic nerve/tract 45 minutes after 

injection of 3H-leucine. Quantity of transport was measured as the area under the 

transport curve (shaded areas), rate was determined from the distance the 

radioactive front traveled in 45 minutes (black arrows). ACR and 2,5-HD 

significantly and equally reduced the quantity of transport in transgenic and non

transgenic animals. 
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Figure 2 
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Effects of acrylamide (50 mg/kg; n= 5 NT, 4 T), propionamide (50 mg!kg; n= 5 

NT, 3 T), 2,5-hexanedione (8 =ales/kg; n= 5 NT, 4 T), 3,4-hexanedione (8 

=ales/kg; n= 5 NT, 3 T) and saline (n= 5 NT, 4 T) on the quantity (area under 

transport curve in arbitrary units) of fast anterograde transport in the optic 

nerves/tracts of transgenic and non-transgenic mice. ACR and 2,5-HD 

significantly reduced the quantity of transport in both T and NT mice. In contrast, 

equimolar doses of the non-neurotoxicants propionamide and 3,4-HD produced 

no changes in quantity of transport compared to controls. No significant 

differences between transgenics and non-transgenics under any experimental 

conditions were observed. 

# = significantly different from T control; p<0.05 

• = significantly different from NT control; p<0.05 
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Figure 3 
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Effects of acrylamide (50 mg/kg; n= 5 NT, 4 T), propionamide (50 mg/kg; n= 5 

NT, 3 T), 2 ,5-hexanedione (8 mmoles/kg;n= 5 NT, 4 T), 3,4-hexanedione (8 

mmoles/kg;n= 5 NT, 3 T) or saline (n= 5 NT, 4 T) on the rate of fast anterograde 

radiolabe!ed protein transport in the optic nerves/tracts of transgenic and non

transgenic mice. None of these conditions produced any statistically significant 

changes in the rate of optic nerve transport in either transgenic or non-transgenic 

mice, although a trend for rate changes with ACR and 2,5-HD was identified. 
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Axonal Neurofilaments Are Non-Essential Elements of Toxicant-Induced Reductions In 

Fast Axonal Transport IT. Video-Enhanced Differential Interference Microscopy in PNS Axons. 

Stone, J. D., Peterson, A. P., Eyer, J., Oblak, T. G., and Sickles, D. W. (1999). Toxicol. Appl. 

Pharmacal. . Neurofilament modification and accumulation, occurring in toxicant-

induced neuropathies, is proposed to compromise fast axonal transport and contribute to 

neurological symptoms or pathology. The current study compares the effects of the 

neurotoxicants acrylamide and 2,5-hexanedione on the quantity of fast, bi-directional vesicular 

traffic within isolated mouse sciatic nerve axons from transgenic mice lacking axonal 

neurofilaments (Eyer and Peterson, 1994) with non-transgenic Iittermates possessing 

neurofilaments. Fast anterograde and retrograde membrane bound organelle traffic was 

quantitated within axons, before and after toxicant exposure, using video-enhanced differential 

interference microscopy. Addition of 0.7mM acrylamide to the buffer surrounding nerve 

produced a time-dependent reduction in bi-directional transport of similar time to onset and 

magnitude in transgenic and non-transgenic mice. 2,5-Hexanedione (4 mM) exposure similarly 

reduced bi-directional vesicle traffic in both transgenic and non-transgenic animals. The time to 

onset of the reduced flow was less, and the magnitude of the reduction was greater, with 2,5-

hexanedione compared to acrylamide. A single ten-minute exposure to acrylamide or 2,5-HD 

produced a similar reduction in transport as that produced by prolonged (1 hr.) exposure. Non

neurotoxic propionamide or 3,4-HD produced no changes in bi-directional transport in either 

transgenic or non-transgenic animals. We conclude that acrylamide or 2,5-HD produces a rapid, 

saturable, non-reversible, neurotoxicant-specific reduction in fast bi-directional transport within 

isolated peripheral nerve axons. These actions are mediated through direct modification of 
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axonal component(s) ·which are independent of toxicant-induced modifications of, or 

accumulations of, neurofilaments. 

Key Words: Acrylarnide, 2,5-Hexanedione, Neurofilaments, Fast Axonal Transport, PNS 
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Introduction 

The site and mechanism(s) of action of two common neurotoxicants, acrylamide (ACR) and 

gamma-diketones (y-DK), have been investigated for several decades. Interest in elucidating a 

mechanism(s) of action stems from: 1) occupational and environmental exposure, 2) the 

usefulness of these chemicals as prototypic agents for other similarly-acting neurotoxicants 

and/or neurodegenerative diseases of unknown etiology, 3) serving as important neurobiological 

probes to study protein function and protein-protein interactions, and 4) to evaluate the 

consequences of disruption of these normal protein functions and interactions. 

Chronic exposure to monomeric acrylamide or 2,5-hexanedione (2,5-HD, the neurotoxic 

metabol(te of unsubstituted n-hexanes) produces a neuropathic condition classified as a central

peripheral distal axonopathy (Spencer and Schaumburg, 1976). The condition is produced in 

many species, including humans (Garland and Patterson, 1967; Auld and Bedwell, 1967; Allen et 

al., 1975; Spencer et al., 1975; Korobkin et al., 1975). These toxicant-induced neuropathies are 

characterized by accumulations of neurofilaments, mitochondria, membrane-bound organelles, 

as well as other tubulovesicular and mutilaminar type vesicles on the proximal side of distal 

paranodes (Prineas, 1969; Spencer and Schaumburg, 1974; Schaumburg et al., 1974). These 

pathologies are subsequently followed by the development of dying-back axonal degeneration 

(Cavanagh, 1964; Spencer and Schaumburg, 1974). Although recent reports question the validity 

of the relationship of neurotoxic symptoms with axonal degeneration (Lehning et al., 1998; 

Crofton et al., 1995), a more comprehensive spatial and temporal evaluation of PNS and CNS 

axons is required to exclude degeneration from causes of neurotoxic symptoms. Regardless of 

whether degeneration is required, neurotoxicity ·symptoms are generated from dysfunction of 
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centnil and/or peripheral nervous system axons and the mechanism(s) leading to their 

dysfunction require clarification. 

Direct or indirect alteration of fast axonal transport has been hypothesized to lead to 

ACR- and 2,5-IID-induced neurotoxicity (Sickles, 1989a; Sickles, 1989b; Sickles, 1991; Harris 

et al., 1994; Clarke and Sickles, 1996; Stone et al., 1999b). Fast anterograde axonal transport 

delivers de novo synthesized macromolecules from the soma to the axonal processes and 

terminals. Interruption leads to dysfunction and axonal loss (Kristensson and Gustafsson, 1984; 

Griffin, 1989). Retrograde transport sends to the neuron soma unused anterogradely-transported 

material as well as endogenous and exogenous molecules, including trophic factors (Miller and 

Spencer, 1985). Both of these transport components have been implicated as a biological process 

that can be inhibited by these toxicants. Cavanagh (1964) first suggested that insufficient supply 

of essential materials to the distal portions of axons could produce toxicant-induced dying-back 

neuropathy. Although protein synthesis was originally suspect, an ever-growing body of 

evidence implicates compromise of anterograde and/or retrograde transport as a critical 

contributant to the mechanism by which ACR and 2,5-IID produce neurotoxicity (Sickles et al., 

1999). Single exposures of acrylamide (Sickles, 1989a) or 2,5-hexanedione (Sickles, 1989b) 

produced significant decreases in the quantity of anterograde transport in the sciatic nerves of 

rats. These reductions were shown to be transient, repeated with subsequent exposures (Sickles, 

1991), and caused by direct action on the axon (Sickles, 1992). Single injections of acrylamide 

produced similar dose-dependent reductions in both the quantity and rate of retrograde transport 

(Miller et al., 1983; Miller and Spencer, 1984), which appears to recover within 36 hours 

(Moretto and Sabri, 1988). These data indicate toxicant inactivation of single or multiple axonal 
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components leading to transport malfunction, but which can be newly synthesized restoring fast 

axonal transport. 

Axonal neurofilament accumulations, which are prominent in animals chronically 

exposed to these toxicants prior to axonal degeneration, have been proposed to physically block 

fast transport leading to degeneration (Graham et al., 1982; Graham et al., 1984; DeCaprio, 

_1985; Sayre et al., 1985). Similar implications of neurofilament accumulation blocking fast 

transport have been made for neurodegenerative diseases based upon transgenic mouse models 

over-expressing neurofilaments or expressing abnormal neurofilament proteins. However, other 

' than the contemporaneous expression, there is little evidence for a cause-effect relationship 

between the formation of axonal neurofilament accumulations and compromise of fast axonal 

transport or development of axonal pathology. Specifically, previously reported changes in fast 

transport caused by ACR and 2,5-HD occur at times inconsistent with neurofilament 

accumulation (Sickles, 1989a; Sickles, 1991; Sickles, 1992; Sickles, 1989b), suggesting other 

sites of action. Our laboratory has previously identified acrylarnide and 2,5:HD effects on 

kinesin (Sickles et al., 1996; Sickles and Tsai, 1996), the motor protein for fast anterograde 

transport. We have demonstrated the development of similar symptoms and morphological 

expression of neuropathy by ACR and 2,5-HD (Stone et al., 1999a) in transgenic mice Jacking 

axonal neurofilaments (Eyer and Peterson, 1994). Further, using pulse labeling and segmental 

analysis of fast anterograde transport in the optic nerves of these animals, we have demonstrated 

reductions in the quantity of transport in the absence of axonal neurofilaments (Stone et al., 

1999b). 

Video-enhanced differential interference contrast (A VEC-DIC) microscopy (Allen et al., 

1981) allows direct visualization of the movement of membrane bound vesicles within whole 
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living cells or extensions of the cytoplasm, including axonal processes (Brady et al., 1985; 

Paschal and Vallee, 1987; Pfister et al., 1989). This technique has been utilized to observe 

toxicant-induced changes in anterograde and retrograde vesicle movement in cell culture systems 

(Harris et al., 1994; Brat and Brimijoin, 1993), in a dorsal root ganglia explant system 

(Martenson et al., 1992), and in sciatic nerve axons of ACR-exposed rats (Padilla et al., 1993). 

Concurrent investigation of anterograde and retrograde movement of membrane bound 

organelles, independent of toxicant-induced effects on the cell body, can be observed, as 

modified here, within the same axon prior to, as well as after, toxicant exposure. Comparison of 

the results obtained with normal neurofilament-containing mice with those using a transgenic 

mouse Jacking axonal neurofilaments (Eyer and Peterson, 1994) was used to identify the 

contribution of axonal neurofilaments to bi-directional fast transport changes caused by these 

toxicants. In addition, the normal contribution of neurofilaments to fast axonal transport can be 

identified. These data demonstrate reductions of similar magnitude per unit time for both 

anterograde and retrograde transport in animals exposed to either acrylarnide or 2,5-hexanedione. 

Additionally, neurotoxicant-induced changes in fast bi-directional transport were similar for 

transgenic (T) and non-transgenic (NT) mice, indicating that the presence or absence of axonal 

neurofilaments does not modify the specific neurotoxicant compromise of fast transport. 



108 

trauma to the nerve during excision. The sample was placed in a custom designed aluminum 

chamber in a space of 0.41mrn thick between two# 0 thickness coverslips. The top and bottom 

coverslips were sealed in place with V ALAP (1: 1:1 vaseline, lanolin, and paraffin). Prior to 

sealing the chamber, the nerve was extended to its original length and the ligatures attached to 

the bottom of the chamber using V ALAP. All subsequent dissections and observations were 

done with the nerve or axons continually submersed in oxygenated physiologic buffer (in mM: 

94 NaCl, 5 KCl, 1.5 CaCiz, 1.0 MgS04, 2.0 NazHP04, 24 NaHC03, 11 glucose, pH 7.4). The 

epineurim:n of the sciatic nerve was removed; three fascicles were consistently observed. The 

perineurium of the smallest fascicle was removed by first making a longitudinal incision 

followed by circumferential cuts near the end of the fascicle. The fascicle was gently teased to 

obtain small bundles of axons. Two # 1 coverslip spacers were placed under the isolated axons 

for support and positioning of the axons sufficiently close to one coverslip for the most 

superficial axons to be within the focal length of the microscope objective. 

A VEC-DIC Microscopy 4-xonal Transport Experiments 

Axons were viewed with differential interference contrast microscopy (Zeiss Axiovert 10 

microscope with DIC optics, Hamamatsu C2400-07 camera, Argus 20 video computer, and 

Hamamatsu high-resolution monitor) with the observation chamber on a 37°C heated stage 

(Zeiss TRZ model 3700). A temperature probe placed in an empty chamber read 31 °C. Video 

enhancement of the axons was achieved with analogue contrast enhancement (camera controller) 

and digital contrast enhancement with background subtraction (Argus 20). The number of 
' 

vesicles moving in the anterograde and retrograde directions through a 2 em square window (Fig 

1; portion of a myelinated axon) were counted for a ten minute interval. The window was the 
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largest size in which an observer could reliably count the vesicular traffic. Smaller windows 

and/or shorter times would have restricted the number of vesicles resulting in increased 

variability. With a larger window, an observer could not reliably count all vesicles. In an initial 

saline control, fresh 37°C oxygenated saline was perfused through the chamber every ten 

minutes and the number of vesicles moving in the anterograde and retrograde direction was 

counted for up to two hours. We observed no change in the number of vesicles traversing the 

window in either direction during this time frame. For experimentals, bi-directional vesicle 

traffic was quantitated during an initial 10-minute interval, the data served as an internal control 

for each axon. Bi-directional MBO traffic was quantitated for six additional 10-minute intervals 

after addition of toxicant. Two different perfusion protocols were used. The "multiple exposure" 

protocol consisted of perfusion through the chamber every ten minutes of oxygenated 

physiological buffer (above) containing one of the following: acrylamide (0.7 mM); 

propionamide (0.7mM); 2,5-HD (4mM); 3,4-HD (4mM). Alternatively, the "single exposure" 

protocol included one of the above toxicants in the first perfusion of buffer, all five subsequent 

perfusions consisted of oxygenated physiological buffer only. Hence, the multiple exposure 

protocol simulated continuous supply of toxicant for one hour. The single exposure experiments 

simulated toxicant exposure_.for a maximum of 10 minutes. The investigator counting vesicle 

traffic was blind to the experimental solution, a colleague prepared and labeled all solutions. 

Statistical Analysis 

Statistical differences in anterograde and retrograde MBO transport in the sciatic axons of 

saline, acrylamide, propionamide, 2,5-hexanedione, and 3,4-hexanedione exposed transgenic and 

non-transgenic mice were determined using a repeated measures analysis of covariance 
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(RmANCOVA), followed by a Tukey's post-hoc test with a preset significance level of p<0.05. 

The RmANCOV A allowed three group effects, toxicant, transgenic versus non-transgenic, and 

anterograde versus retrograde transport, . and one trial effect, time, to be evaluated 

simultaneously. Note that technical issues related to perfusion of the chambers and 

reestablishment of a video enhanced image resulted in slight shifts in the timing for each window 

of measurement. Data analysis ignored these slight differences. For illustration purposes, the 

quantity of MBO movement is presented as percentage of internal control to eliminate 

interaxonal variations. In addition, the data is plotted using the average time at the end of the 

measurements for all samples. 



Ill 

Results 

Fast axonal transport, as observed with A VEC-DIC microscopy, consisted of membrane

bound organelles (MBOs) of various sizes translocating bi-directionally within the axon. The 

MBOs ranged from large elongate structures (presumably mitochondria) to medium sized 

vesicles to a large population of minute, barely visible, vesicles. The latter would correspond to 

the massive array of minute vesicles observed in extruded squid axoplasm, but which cannot be 

fully visualized in this type of preparation. Interference from endoneurium, axolemma and other 

axons out of the plane of _focus compromises resolution (Brady, personal communication). Due 

to the extremely small size of this population of MHOs and difficulty in their visualization, the 

data obtained here would include very few, if any, of these smallest vesicles. MHOs 

demonstrated saltatory-type movement. That is, at some points many vesicles were moving up 

and down the portion of the axon being viewed, while at other times, very few vesicles could be 

observed. However, highly repeatable measurements of transport could be obtained by 

collecting data over a 10-minute window of time. No decrement in bi-directional fast axonal 

transport was observed in control transgenic and non-transgenic mice axons up to two hours, 

provided fresh buffer was perfused through the specimen chamber every ten minutes. In all 

cases, axonal transport measurements were made in the same areas of the same axons before and 

after toxicant exposure. Although transgenic mice axonal diameter is on the average 50% that of 

non-transgenic mice, the observer could not identify any characteristics that could be used to 

discriminate one from the other. Size is an unsuitable distinguishing characteristic since a smaller 

non-transgenic axon would have the same appearance as a larger transgenic axon. 

The "multiple exposure" protocol with 0.7mM ACR produced an observable effect on 

anterograde MHO transport 20 minutes after the initial exposure. The reduction with continued 
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exposure was progressive and time dependent. For example, multiple ACR exposures reduced 

anterograde transport in non-transgenic (n=5; Fig 2) and transgenic (n=5; Fig 2) mice after 30 

minutes of exposure by 31.4% and 20.6%, respectively. One hour after ACR addition the 

quantity of vesicles transported was reduced by 40.6% and 41.8% in NT and T mice, 

respectively. Similarly, multiple 2,5-HD exposures reduced anterograde transport in both non

transgenic (n=4; Fig 2) and transgenic (n=4; Fig 2) mice. The observed onset and rate of 

reduction was faster than with ACR; the number of vesicles moving was reduced during the first 

10-minute window following 2,5-HD addition. Additionally, the magnitude of reduction was 

larger with 2,5-HD compared to ACR. The amount of reduction, 1 hour after 2,5-HD addition, 

was 73.8% and 80.0% in NT and T mice, respectively. No differences in the effect of ACR or 

2,5-HD on fast anterograde MBO traffic in transgenics and non-transgenic mice were observed. 

Multiple exposures of ACR also produced·a temporal reduction in retrograde transport in 

both non-transgenic (n=5; Fig 3) and transgenic (n=5; Fig 3) mice. Quantitatively, the effects of 

ACR on retrograde transport are remarkably similar to those observed for anterograde transport. 

One hour after ACR addition, the number of vesicles moving within the axons of NT and T 

animals were reduced by 37.2% and 46.4%, respectively. Additionally, multiple 2,5-HD 

exposures reduced retrograde transport in non-transgenic (n=4; Fig 3) and transgenic (n=4; Fig 

3) mice, one hour after 2,5-HD addition, by 73.3% and 81.8% in NT and T mice, respectively. 

The ACR and 2,5-HD induced reductions in retrograde MBO transport were quantitatively 

similar in transgenic and non-transgenic mice. 

Neither multiple propionarnide (3 NT, 3 T) nor multiple 3,4-HD (3 NT, 3 T) exposures 

produced any changes in anterograde (Fig 2) or retrograde (Fig 3) transport in transgenic or non-
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transgenic mice. Additionally, no differences in fast anterograde or fast retrograde transport 

were observed between transgenic and non-transgenic control (saline-injected) animals. 

Single exposure experiments, using a limited 10-minute exposure to a neurotoxic dose of 

ACR or 2,5-HD were performed in non-transgenic mice only due to the limited availability of 

transgenic mice. Single ACR and single 2,5-HD exposures produced decrements in fast 

transport similar to those observed with multiple toxicant exposures. For example, a single ACR 

exposure reduced fast anterograde transport by 47.0% and reduced fast retrograde transport by 

58.7% (Fig 4a) compared to 40.6% and 37% respectively after multiple exposures. Also, a single 

2,5-hexanedione exposure reduced fast anterograde and retrograde transport by 67.0% and 

74.3%, respectively (Fig 4b) compared to 73.8% and 73% respectively after multiple exposures. 

Obviously, the single exposure was sufficient to decrease transport as much as the longer hour 

long exposures. 
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Discussion 

The current methods allowed direct observation of membrane bound organelle (MBO) 

traffic. Significant reductions in the number of fast anterograde and retrograde transport were 

observed in isolated adult mouse sciatic nerve axons with exposure to acrylamide or 2,5-HD. The 

reductions occurred within minutes of exposure and were progressive. This is the first report of 

simultaneous measurement of MBO movement in adult axons with these toxicants. The results 

are consistent with previous reports observing significant reductions of fast anterograde and 

retrograde axonal transport, in vivo and in cultured neurons. Using radiolabeling techniques, 

significant toxicant-induced reductions in retrograde transport were observed (Miller et al., 1983; 

Miller and Spencer, 1984; Jakobsen and Sidenius, 1983; Mor~tto and Sabri, 1988; Logan and 

McLean, 1988). Initially, numerous studies suggested that ACR produced either no change or 

only minor changes in fast anterograde transport rate (Sumner et al., 1976; Weir et al., 1978; 

Sahenk and Mendell, 1981; Sidenius and Jakobsen, 1983; Harry et al., 1989). However, using 

different experimental designs, especially quantitation of the amount of flow rather than rates 

and examining temporal differences in effect, single neurotoxic doses of ACR or 2,5-HD 

significantly reduced the quantity of fast anterograde transport in rats (Sickles, 1989a; Sickles, 

1989b) and mice (Stone et al., 1999b). The current results clearly confirm the simultaneous 

compromise in both anterograde and retrograde axonal transport by either toxicant. Similar VE

DIC microscopy studies in cultured rat dorsal root ganglion (DRG) and spinal cord neurons 

exposed to 0.25-1.0 mM ACR revealed a dose and time dependent decrease in both anterograde 

and retrograde vesicle transport (Harris et al., 1994). These studies would have observed only the 

largest category of MBOs and the applicability of data generated in neurites of cultured neurons 

to adult axons was in question. Martenson and colleagues (1992) observed dose and time 
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dependent reductions in bi-directional transport in DRG explants exposed to ACR for 24 hours. 

The correlation of the data from the current study with these cultured neuron systems indicates 

that cultured systems are good predictors of in vivo effects of these toxicants on transport. 

However, another VE-DIC microscopy study using cultured NlE.llS neuroblastoma cells 

exposed to ACR showed no changes in vesicle speed or flux in either the anterograde or 

retrograde direction (Brat and Brimijoin, 1993) while compromises in neurite extension were 

observed. The absence of effect may indicate that transport in cultured neurons exposed to 

acrylamide may recover within 48 hours of exposure, just as anterograde and retrograde transport 

recovers after in vivo exposure (Sickles,. 1991; Moretto and Sabri, 1988). Therefore, early 

compromise of transport may have reduced neurite extension; a more rapid recovery of transport 

compared to neurite extension would explain the compromise in neurite extension without 

axonal transport changes. Additionally, the model used for the current study allows for 

comparison of transport within the same region of the same axon before and after toxicant 

exposure, permitting accurate quantitation of toxicant effects. 

Two different exposure regimens were utilized. Maintenance of fast axonal transport in 

the isolated axon preparation requires exchange of the specimen chamber solution with fresh, 

oxygenated physiological buffer every ten minutes. Our initial approach was to examine 

transport prior to any toxicants and then subsequently make exchanges using buffer containing 

the toxicants. The inclusion of toxicant with each buffer exchange could be argued to best 

simulate the in vivo conditions of a continuous supply of toxicant via the bloodstream over an 

hour period of time. In contrast, this exposure could exceed the in vivo exposure, since these 

toxicants are covalent modifiers and the repeated additions of toxicants with each buffer 

exchange could result in a cumulative dosing regimen. The observation that ACR intoxication 



116 

results in ACR concentrations in the plasma of rats one hour after injection equivalent to whole 

body distribution (Raymer et al., 1993) would support the use of the "multiple exposures". 

However, consideration of pharmacokinetic issues led to our inclusion of the "single exposure" 

protocol. While it may be difficult to clearly resolve which exposure regimen most accurately 

simulates the in vivo condition, the results indicate that either exposure was equally effective. 

Anterograde and retrograde transport were compromised by the single exposure to either ACR or 

2,5-HD with a similar time to onset, rate and magnitude of effect to that observed in the multiple 

exposure experiments. These studies indicate that minimal exposure to acrylamide and 2,5-

hexanedione can directly reduce the number of vesicles (quantity of transport) moving 

anterogradely and retrogradely within the axon. We conclude that the target, in addition to being 

located in the axon, is also found in relatively low concentrations and is rapidly saturated by 

ACR or 2,5-HD at the doses used. Furthermore, the action of acrylamide and 2,5-HD on both 

fast anterograde and retrograde transport is neurotoxicant specific since neither propionamide or 

3,4-HD had any observable effects. One surprising observation was the more significant effect of 

2,5-HD in comparison to acrylamide on both anterograde and retrograde transport. In vivo 

studies had identified similar magnitude of the two toxicants on fast anterograde transport. A 

microtubule motility assay measuring the direct effects of these toxicants on motor proteins (see 

below) had identified acrylamide as the more potent of the two toxicants. Since acrylamide 

produces neurotoxicity sooner than 2,5-HD, if axonal transport is to be the major mechanism of 

action, one would predict acrylamide to be more potent than 2,5-HD. Unfortunately, the assay 

system used here does not allow for prolonged examination of transport. The in vivo temporal 

changes in transport indicate that ACR has a more potent and prolonged effect than 2,5-HD, 

consistent with axonal transport as a critical site of action. Delivery of toxicants to the axonal site 
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of action by immersion in buffer may not accurately simulate the relative delivery of acrylamide 

and 2,5-HD to the target in vivo. Another possibility is that some selectivity in the effects of 

toxicants upon various isoforms of motor proteins (see below) could contribute to the differences 

in effects observed with in vivo radiolabeling studies versus direct visualization of MBO flux. 

The smallest categories of vesicles are not quantitated in the current study. Since the possibility 

has been raised that different. isoforms of kinesin are responsible for transport of different 

categories of MBOs (Hirokawa, 1998), a differential effect of toxicants on isoforms would 

produce differing outcomes. 

This is the first observation of VE-DIC microscopy of fast axonal transport in isolated 

axons lacking neurofilaments. Absence of axonal neurofilaments has been verified in a number 

of ways. Transmission electron micrographs do not demonstrate any filaments of 8-10 urn in 

diameter. Immunofluorescence and Western blots of transgenic mice axons did not identify any 

neurofilaments, including peripherin and a-internexin. Dilution of normal nerves to 1/20 their 

normal concentration still revealed neurofilaments on Western blots (Eyer and Peterson, 1994). 

Therefore, the transgenic mice must possess less than 5% of the normal axon content of NFs, and 

EM analysis would suggest that the NFs are not present in assembled form. Despite the absence 

of neurofilaments in transgenics, the magnitude of bi-directional MBO traffic was literally 

identical in both transgenic and non-transgenic mouse axons. This indicates that neurofilaments 

do not contribute significantly to the organization of the axoplasm in terms of fast axonal 

transport. The numerous lateral associations of neurofilaments with microtubules and other 

cytoskeletal elements suggested an organizational effect. The current results indicated that the 

microtubules may provide an organizational factor for neurofilaments and that microtubules 

support fast axonal transport in the absence of any assistance from neurofilaments. 
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The current results demonstrated a comparable reduction in both anterograde and 

retrograde axonal transport, although in certain instances retrograde transport appears slightly 

more sensitive (albeit, not_ significant). A compromise in anterograde transport could lead to 

deficiencies of essential macromolecules within distal areas of the toxicant- exposed axons, 

subsequently leading to functional deficits as well as eventual axonal degeneration (Cavanagh, 

1964). In addition, it has been suggested that interruption of retrograde-transport leads to a loss 

of extracellular signals which are normally retrogradely transported from the axon terminal to the 

neuron cell body (Hendry et al., 1974; Grafstein, 1975). The loss of these signals is proposed to 

provide erroneous information to the neuron cell body; thus, compromising its ability to respond 

correctly to and repair nonspecific axonal lesions (Miller and Spencer, 1985). A preliminary 

report has shown ACR to produce a progressive decrease in synaptophysin, a fast transported 

synaptic vesicle associated protein, in neuromuscular junctions (Sickles et al., 1998) and delivery 

of the fast transported form of acetylcholinesterase into medial gastrocnemius motor end plates 

(Couraud et al., 1982). Decreased retrograde delivery of exogenous proteins to dorsal root 

ganglion and ventral hom ne~rons by ACR has also been reported. This study verifies a 

comparable inhibition of both transports by ACR and further extends the observation to 

demonstrate that 2,5-HD also produces comparable changes in fast anterograde and retrograde 

transport. A challenge for future research will be discriminating the relative contribution of 

reductions of anterograde and retrograde axonal transport to neurotoxicity. 

The mechanism(s) by which these neurotoxicants produce these observed changes in axonal 

transport remains unknown. Potential sites of action including energy production, microtubules, 

motor proteins ·and neurofilaments have been recently reviewed (Sickles et al., 1999). The 

critical issue of the current study was determining the contribution of toxicant modification of 
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neurofilaments to changes in anterograde and/or retrograde axonal transport by these toxicants 

(Sayre et al., 1985; Graham, 1980; Graham et al., 1982; Graham et al., 1984; DeCaprio et al., 

1982; DeCaprio, 1985). The present data demonstrate significant reductions of both anterograde 

and retrograde transport in mammalian axons lacking neurofilaments, which had been exposed to 

neurotoxic doses of either ACR or 2,5-HD . The changes in transport observed in transgenic 

mice were quantitatively similar, in every parameter analyzed, to toxicant-induced changes in 

non-transgenic mice. The similarity in effect of toxicants on fast bi-directional transport leads us 

to conclude that axonal neurofilament modifications by ACR and 2,5-HD are not the cause of 

toxicant - induced reductions in fast bi-directional transport following an acute exposure. In a 

.companion paper, pulse-labeling/segmental analysis studies of optic nerve axonal transport 

revealed axonal transport outflow patterns which were similar for transgenic and non-transgenic 

mice in both control and toxicant-induced pathological situations. These radiolabeling studies 

demonstrated comparable reductions in fast anterograde transport in CNS axons of transgenic 

and non-transgenic mice exposed, in vivo, to single neurotoxic doses of either acrylamide or 2,5-

hexanedione (Stone et al., 1999b). Therefore, regardless of CNS or PNS, method of analysis, or 

in vitro or in vivo, the presence or absence of neurofilaments had no consequence on the effect of 

the toxicant on fast transport. Taken together, the data support the conclusion that neurofilaments 

are non-essential sites of action of acrylamide and 2,5-HD in reducing fast transport. 

No proof is provided to exclude toxicant-induced neurofilament accumulations from 

contributing to axonal transport deficiencies with chronic exposure. However, several 

observations suggest that neurofilament accumulations are not necessarily associated with 

alterations in fast transport. Crosslinking of neurofilaments . (by the associated f3-galactosidase) 

and retention within the soma of these transgenic mice, had no effect on the outflow of 
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radiolabeled protein (Stone et al., 1999b). Massive neurofilament swellings have been observed 

in the proximal axons of animals exposed to 3,3'-iminodipropionitrile; however, normal axonal 

transport through these neurofilament accumulations has also been demonstrated 

(Papasozemenos et al., 1982; Griffin et al., 1978). Additionally, reductions in quantity of protein 

transport were comparable following each exposure to either ACR or 2,5-HD (Spencer et al., 

1978), inconsistent with the progressive accumulation of neurofilaments. The latter indicates that 

even toxicant-induced accumulation of covalently-modified neurofilaments does not alter fast 

transport. Collectively the data suggest that neurofilament accumulations, caused by either cross

linked neurofilaments or those which are merely covalently modified, do not by themselves 

impede fast axonal transport. These observations are relevant to a number of neurodegenerative 

disorders where neurofilament accumulation is suggested to produce changes in fast transport. 

Unless the neurofilaments in these diseases are different than those in the various models 

discussed here, it appears unlikely that the neurofilament accumulations have any significant 

effect on fast transport. 

Likely sites of action leading to the reduced bi-directional fast transport are the motor 

proteins ·responsible for powering the flow of MBOs. Incubation of microtubules with 

acrylarnide (Sickles et al., 1996a) or garnma-diketones (Redenbach et al., 1993; Sickles and Tsai, 

1996) alters the interaction of microtubules with kinesin, the anterograde transport motor. 

However, action on MT is an unlikely cause of transient and repeated compromises in fast 

axonal transport since the MT are not turned over in a sufficiently rapid manner to account for 

recovery. Evidence in support of motor proteins as a site of neurotoxicant action has been 

demonstrated in a microtubule motility assay. Preincubation of purified kinesin with neurotoxic 

doses of ACR or 2,5-HD produced a dose-dependent, neurotoxicant specific reduction in the 
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ability of microtubules to glide over a kinesin coated coverslip (Sickles et al., 1996b; Sickles and 

Tsai, 1996). This reduction in microtubule motility was due to covalent modification of the 

kinesin molecule, subsequently interrupting kinesin-microtubule interaction (Sickles et al., 

1996b; Sickles and Tsai, 1996). While one report indicated that ACR had no effect on 

cytoplasmic dynein based microtubule motility (Martenson et al., 1995), this study had not 

observed changes in kinesin based motility. Experimental design issues contributed to 

differences in results; cytoplasmic dynein needs reevaluation using preincubation at 37°C with 

toxicants prior to use in the assay (Sickles et al., 1996a). It may be important to note that bi

directional inhibition of transport has been observed with addition of kinesin antibodies. While 

the antibodies are specific for kinesin, the inhibition of anterograde transport also results in 

inhibition of retrograde transport of MBOs, by an unknown mechanism, in extruded giant squid 

axoplasm (Brady et al., 1990). 

Future studies will focus on the contribution of ACR and 2,5-HD inhibition of kinesin 

and/or dynein to reductions in fast anterograde and retrograde axonal transport. Furthermore, the 

contributions of reduced anterograde and retrograde axonal transport to the development of 

neurotoxicity must be evaluated. The results of the current study and two companion papers 

utilizing this transgenic mouse model have demonstrated that development of neurotoxicity and 

axonal pathologles as well as fast axonal transport inhibitions by acrylamide and 2,5-HD do not 

require neurofilaments to mediate any of the neuronal compromises. Recombinant DNA models, 

in particular transgenic mice, are extremely useful in identifying potential sites of action of 

toxicants as well as discrimination of epiphenomenal, non-essential actions from those sites of 

action critical to the pathogenesis of toxicity. 
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Figure 1. The appearance of MBOs moving within single axons from mouse sciatic nerve. No 

differenc~s in axonal transport between transgenic and non-transgenic mice were observed using 

this DIC microscopy technique. A typical window used for quantitation of organelle traffic is 

superimposed on a single axon in this micrograph. Large, medium, and small MBO's were 

included in the quantitation; however, only .Jarge and medium sized organelles are easily 

observed in the micrograph taken from video tapes. Small organelles are only visible on the 

· high-resolution monitor at the time of experimentation. 
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Figure 2. Quantitation of fast anterograde membrane-bound organelle (MBO) traffic in single 

myelinated mouse axons with multiple changes of buffer (every 10 minutes) containing either 

acrylamide (A and B; 0.7M), propionamide (A and B; 0.7M), 2,5-hexanedione (C and D; 4mM) 

or 3,4-hexanedione (C and D; 4mM) in non-transgenic (A and C; possessing neurofilaments) and 

transgenic (B and D; lacking neurofilaments) mice. Data are expressed as the percentage of 

MBOs passing through a 2-cm x 2-cm window (monitor screen) at specific times after the initial 

addition of toxicant (represented by black arrow) compared to vesicle traffic within the same 

region of the same axon prior to toxicant addition. ACR reduced fast anterograde transport in 

non-transgenics (n=5) and transgenic (n=5) mice at one hour after addition by 40.6% and 41.8%, 

respectively. 2,5-HD reduced fast anterograde transport in non-transgenic(n=4) and transgenic 

(n=4) one hour after addition by 73.8% and 80%, respectively. No differences in effect between 

transgenic and non-transgenic mice were observed. Propionamide or 3,4-HD produced no 

changes in fast anterograde transport in transgeniC or non-transgenic mice. 
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Figure 3. Quantitation of retrograde membrane-bound organelle (MBO) traffic in single 

myelinated mouse axons with multiple changes of buffer (every 10 minutes) containing either 

acrylamide (A and B; 0.7M), propionamide (A and B; 0.7M), 2,5-hexanedione (C and D; 4mM) 

or 3,4-hexanedione (C and D; 4mM) in non-transgenic (A and C; possessing neurofilaments) and 

transgenic (B and D; Jacking neurofilaments) mice. Data are expressed as the percentage of 

MBOs passing through a 2-cm x 2-cm window (monitor screen) at specific times after the initial 

addition of toxicant (represented by black arrow) compared to. vesicle traffic within the same 

region of the same axon prior to toxicant addition. ACR reduced retrograde transport in non

transgenic (n=5) and transgenic (n=5) mice at one hour after addition by 37.2% and 46.4%, 

respectively. 2,5-HD reduced retrograde transport in non-transgenic (n=4) and transgenic (n=4) 

mice at one hour after addition by 73.3% and 81.8%, respectively. No differences in effect 

between transgenic and non-transgenic mice were observed. Propionamide or 3,4-HD produced 

no changes in retrograde transport in either transgenic or non-transgenic mice. 
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Figure 4. Quantitation of fast anterograde and retrograde membrane-bound organelle (MBO) 

traffic in single, non-transgenic, myelinated mouse axons with single exposure to either 

acrylamide (A; 0.7mM) or 2,5-hexanedione (B; 4mM) The time point for addition of toxicant is 

identified with the arrow. Subsequent additions of buffer only (i.e. without toxicant) occurred 

every ten minutes. Data are expressed as the percentage of MBOs passing through a 2-cm x 2-cm 

window (monitor screen) at specific times after the initial addition of toxicant compared to 

vesicle traffic within the same region of the same axon prior to toxicant addition. ACR reduced 

fast anterograde transport one hour after the single 10-minute exposure by 47%; retrograde 

transport was reduced by 58.7%. 2,5-HD reduced fast anterograde transport one hour after the 

single 10-minute exposure by 67%; retrograde transport was reduced by 74.3%. No difference 

was observed between the results of the single ten-minute exposure (shown here) and the results 

of multiple exposures (figures 2 and 3). 
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Comprehensive Discussion 

Altered neurofilament distribution has been demonstrated in many toxicant-induced 

pathological conditions and are hallmarks of many neurodegenerative diseases. Due to the 

prominence of these accumulations after chronic neurotoxicant exposure, neurofilaments have 

been proposed to be a primary target by which toxicants, such as acrylarnide and gamma

diketones, produce toxicity (Sayre et al., 1985; Graham et al., 1982a; 1982b; 1984; DeCaprio, 

1985). Studies have demonstrated that these toxicants bind neurofilaments (DeCaprio, 1985; 

Lapadula et al., 1989; Anthony et al., 1983a; 1983b; 1983c); however, no cause and effect 

relationship has been demonstrated between formation of neurofilament accumulations and the 

precipitation of neurotoxicity. Nonetheless, neurofilaments have been popular candidates as a 

critical site of action mediating toxicant-induced neuropathy which has led to the development of 

the neurofilament hypothesis of toxicant action. This hypothesis suggests that these 

neurotoxicants covalently bind to neurofilaments, causing neurofilaments to accumulate within 

the axons and subsequently block the flow of essential materials from the cell body to the distal 

axon (Sayre et al., 1985; Graham et al., 1982a; 1982b; 1984; DeCaprio, 1985). It is proposed 

that this blockage of transport by neurofilaments eventually leads to development of axonal 

pathologies and precipitation of toxicant-induced neuropathies. 

Results of many studies contradict the hypothesis that neurofilament accumulation leads to 

precipitation of toxicant-induced neuropathies and development of axonal pathologies and/or 

axonal degeneration. The neurotoxicant 3, 3' -iminodipropionitrile (IDPN) produces giant axonal 

swellings proximally without distal axonal degeneration; in contrast, axonal atrophy is observed 

(Papasozomenos et al., 1982; Griffin et al., 1978). Also, transgenic mice with a two-fold 

increase in axonal neurofilament content continue to exhibit normal nerve function. Further 
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advancement in these transgenic mouse models yielded mice with four times the normal 

concentration of neurofilaments. The latter phenotype was characterized as an amyotropic lateral 

sclerosis (ALS)-like syndrome but with only 0.2% axonal degeneration (Cote et a!., 1993; Xu et 

a!., 1993). These two observati?ns indicate that mere accumulation of NFs does not produce 

axonal degeneration. In a transgenic mouse model expressing a fusion protein composed of a 

truncated NFH plus f3-galactosidase (Eyer and Peterson, 1994), neurofilaments and their 

associated proteins fail to enter the axon, providing a model to test the relevance of axonal 

neurofilament accumulation by acrylarnide or y-diketones to development of axonal pathologies 

and precipitation of toxicant-induced neurotoxicity. Results of these experiments indicate that 

similar symptoms of neurotoxicity and morphological expression of pathology occur in 

transgenic mice as well as in non-transgenic littermates with normal axonal protein profiles. For 

example, pathological lesions characteristic of this type of neurotoxicant-induced neuropathy, 

such as tubulovesicular profile accumulation, mitochondria accumulation, vacuole formation, 

dense and multilarninar body formation (Prineas, 1969; Schaumburg eta!., 1974), were observed 

in both transgenic and non-transgenic acrylarnide and 2,5-hexanedione-exposed mice. 

Neurofilament accumulations were observed in non-transgenic mice injected with both 

acrylamide and 2,5-HD; however, accumulation of filamentous material was never observed in 

any transgenics. The dissociation of pathological lesions from the presence of axonal 

neurofilaments indicates that neurofilament accumulation is irrelevant to production. of 

neurotoxic symptoms and generation of pathology within the exposed axons. Similar results 

have been observed in other models lacking neurofilaments, such as the crayfish (ACR and 2,5-

HD) (Sickles et a!., 1994) and the NFL deficient mutant quail model (ACR) (Takahashi et a!., 

1994; 1995). Acrylarnide- and 2,5-HD-induced neuropathies are also characterized by a very 
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distinct and reproducible spatial distribution (Spencer and Schaumburg, 1974) which has been 

useful in evaluating hypothetical mechanisms of action; this pattern is reproduced in both 

toxicant-exposed transgenic and non-transgenic mice. The predominance of pathology in the 

more distal locations suggests the same pattern of "dying-back" (Cavanagh, 1964a) in transgenic 

mice lacking neurofilaments as in the non-transgenics, as well as, in other mammalian models 

(Barnes, 1970; Fullerton and Barnes, 1966; Kaplan et a!., 1972; 1973; Kuperman, 1958; Post, 

1978; Hopkins, 1970). This further supports the concept that.proteins other than neurofilaments 

are the critical site of toxicant action. While not required to produce the neurotoxicity, 

neurofilament modification by acrylarnide and to a greater extent by 2,5-HD could modify the 

response of axons to these toxicants. The current results do not support toxicant modification of 

NF as a supplemental effect to neurotoxicity but rather suggest that NF are potentially protective. 

The rotarod test demonstrated a trend of transgenic mice failing the standard and accelerated 

rotarod tests 2 days earlier than non-transgenic animals exposed to acrylarnide. However, on all 

three dosing regimens of 2,5-hexanedione, transgenics failed these rotarod tests on a similar time 

frame to non-transgenics. Rotarod performance of transgenic and non-transgenic mice was not 

significantly different under any experimental condition. However, this trend of transgenic mice 

being more susceptible to these neurotoxicants suggests that the presence of neurofilaments may 

be protective rather than detrimental. Neurofilaments could possibly act as a sink for the 

acrylarnide, thereby reducing the amount of toxicant available to bind other· more critical 

components of the ~on. This woul<;i then delay the onset of the neurotoxicity in the 

neurofilament-containing animals. Alternatively, their presence may facilitate the health of the 

axon in another way to lessen the detrimental effects of neurotoxicant exposure. It also may be 

that the neurons of the transgenic mice are, in general, less healthy and more susceptible to 
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toxicants. Most importantly, the absence of axonal neurofilament accumulations did not prevent 

precipitation of the neuropathy and the occurrence of the neuropathy was comparable in severity 

and time frame to that observed in the normal neurofilament-containing mice. The unique aspect 

of this study is that it allowed direct comparison of mammalian axons with and without axonal 

neurofilaments. Collectively, the results from this study support the conclusion that covalent 

modification of neurofilament proteins and/or their accumulation are not essential elements to 

acrylamide or gamma-diketone neurotoxicity. 

With neurofilaments being unnecessary for the production of toxicant-induced 

neuropathies, we evaluated compromise of fast axonal transport by toxicants such as acrylamide 

and 2,5-hexanedione as a possible mechanism by which these toxicants produce neurotoxicity. 

Previously, neurofilament accumulation has been suggested to cause this fast axonal transport 

blockage, compromising the fast transport system (Sayre et a!, 1985; Graham et a!., 1990; 

DeCaprio, 1985). Further, it has been proposed that covalent modification of axonal 

neurofilaments leads to changes in their functional characteristics; continued exposure producing 

accumulations of these neurofilaments in the axons, which subsequently block the fast transport 

of vital materials to the distal portion of the axon, leading to progressive degeneration of the 

axon (Sayre et a!., 1985; Graham et a!., 1982a; 1982b; 1984; DeCaprio, 1985). In contrast, the 

rapid, transient and repeated block of fast anterograde axonal transport by single injections of 

acrylamide and 2,5-hexanedione (Sickles, 1989a; 1989b; 1991) does not correlate with, and in 

fact is in contrast to, the later and progressive neurofilament accumulation. This suggests that 

abnormal NF distribution has no significant effect on fast axonal transport. Thus, the transgenic 

mouse model lacking axonal neurofilaments was employed to test whether or not compromise of 

axonal transport by these toxicants was independent of toxicant-induced accumulation of axonal 
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neurofilaments. In these studies, we have examined fast axonal transport in the transgenic and 

non-transgenic mice by two methods: (1) movement of pulse-labeled proteins in the optic 

nerve/tract and, (2) A VEC-DIC microscopy of membrane-bound organelles within isolated 

sciatic nerve axons. 

Transgenic mice, by nature of their production, contain neurofi!ament accumulations within 

their cell bodies. These accumulations did not affect the loading of materials synthesized in the 

cell body into the proximal axon to be carried distally via fast anterograde transport. This was 

demonstrated by the very similar axonal transport profiles obtained for both control transgenic 

and control non-transgenic mice. These similar transport profiles also demonstrated that the 

presence of neurofilaments within the axon is not a requirement for normal axonal transport. 

Additionally, if neurofilament accumulations slow fast transport, then toxicant modification of 

the somal neurofilaments in transgenic mice should have produced further reduction and an 

alteration in the outflow pattern would have been observed. However, these experiments showed 

that acrylarnide and 2,5-HD produce similar reductions in radiolabeled fast anterograde axonal 

transport and similar outflow patterns were observed in both transgenic and non-transgenic mice, 

indicating that axonal neurofilament accumulations are not critical for production of toxicant

induced reductions in fast transport. Further, these experiments were conducted in central 

nervous system axons. The results obtained also demonstrate that single neurotoxic doses 

produce reductions in transport in CNS axons which are comparable to those previously 

demonstrated for PNS axons (Sickles, 1989a; 1989b ). 

Fast axonal transport changes upon toxicant exposure were also evaluated using A VEC-DIC 

microscopy. This technique allowed for the quantitation membrane-bound vesicles translocating 

in both the anterograde and retrograde directions simultaneously within the same axon before 
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and after toxicant exposure. With this technique, we could examine transport changes due to 

direct action of the toxicant on the axon, independent of any toxicant induced cell body effects. 

The data demonstrated that exposure of neurotoxic doses of acrylamide and 2,5-hexanedione 

produces a time-dependent and comparable reduction in both anterograde and retrograde 

transport in the presence and in the absence of axonal neurofilaments. These similar reductions 

in transport in transgenic and non-transgenic animals clearly demonstrate that toxicant-induced 

reductions in fast transport are rapid, quantitatively similar, neurotoxicant specific, and not due 

to blockage of transport by large axonal neurofilament accumulations, as the neurofilament 

hypothesis has suggested. Furthermore, toxicant-induced modification of neurofilaments is not 

responsible for the fast transport changes caused by ACR and 2,5-HD. The present results 

suggest that the effects of these toxicants are a direct action on specific components of the fast 

axonal transport system, the two most likely candidates being microtubules and/or microtubule 

motor proteins. Consistent with direct action on the anterograde system, ACR and 2,5-HD 

adversely affected kinesin-basecl microtubule motility in vitro (Sickles et a!., 1996a; 1996b). 

These toxicants produced a dose-dependent, neurotoxicant specific reduction in the ability of 

microtubules to glide over a kinesin coated coverslip. This reduction in microtubule motility 

was due to covalent modification of the kinesin molecule, subsequently interrupting kinesin

microtubule interaction (Sickles eta!., 1996a; 1996b). Similarly, microtubule motility was also 

interrupted when tubulin was preincubated to 2,5-hexanedione (Redenbach et a!., 1993). Also, 

studies have demonstrated reductions in two specific fast transported proteins, GAP-43 in neurite 

terminals of cultured hippocampal neurons and synaptophysin in rat neuromuscular junctions, 

with acrylamide ,exposure (Clarke and Sickles, 1996; Sickles et a!., 1998). These results 

demonstrate two examples of protein deficiencies that occur in distal axonal locations due to 
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toxicant interruption of fast axonal transport. Additionally, Drosophila larvae, which lack 

neurofilaments, with mutations in the kinesin heavy chain protein exhibit many of the 

characteristics observed in acrylarnide and gamma-diketone neurotoxicity, including sluggish 

behavior, mild to moderate paralysis, and swollen axons with multiple mitochondria, small 

vesicles, cisternal membranes, vacuoles, and multivesicular bodies. Collectively, these data 

suggest that acrylarnide and 2,5-hexanedione, and possibly other neurotoxic compounds, 

covalently bind to motor proteins and interrupt their normal interactions with microtubules, 

subsequently compromising fast axonal transport (independent of neurofilaments) and leading to 

the development of axonal pathologies and precipitation of neurotoxicity. 
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Comprehensive Summary 

Modification of neuronal protein expression through recombinant DNA technology produced a 

transgenic mouse model, lacking axonal neurofilaments, which was an excellent model to 

determine the role of neurofilament proteins in normal fast axonal transport, as well as, 

determine the specific roles of neurofilaments and the fast axonal transport system in 

precipitating acrylamide- and gamma-diketone - induced. peripheral neuropathy. The present 

experiments demonstrate that neurofilaments are unnecessary for the development of axonal 

pathology and precipitation of neuropathy upon chronic acrylamide or gamma diketone 

exposure. Further, neurofilaments do not seem to contribute significantly to the severity of the 

response to toxicant exposure. Additionally, the current results demonstrate a central nervous 

system effect of ACR and 2,5-HD on fast anterograde axonal transport comparable to the 

peripheral nervous system effect, arid verify comparable reductions of fast anterograde and 

retrograde transport. We propose that these compromises in fast transport (independent of 

neurofilaments) result from direct action of these neurotoxicants on the microtubule motor 

proteins kinesin and/or dynein. It follows that the consequences of prolonged reductions in fast 

transport are inefficient delivery of materials to the distal axon, stagnation of membrane-bound 

organelles along the length of the axon, development of axonal pathologies, onset of 

neurotoxicity and eventually axonal degeneration; these relationships have been identified for a 

variety of microtubule and metabolic poisons that adversely affect transport. Our results are 

consistent with a compromise in anterograde and/or retrograde transport being an early event and 

causing, or at least contributing to, the development of neurotoxicity. In future studies, mixed 

permutations of transgenic technology with behavioral, morphological and functional assays, 

such as .used in the present studies, may permit determination of the contribution of specific 
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cellular contents to function, as well as, allow for discrimination of critical proteins of action in 

toxic conditions and predict targets for study in similar neurodegenerative diseases. 
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Animal Model 

The transgenic and non-transgenic mice used in the present experiments are offspring from a 

colony maintained at McGill University, Montreal, Canada; details of the production and 

phenotype of the transgenic mice have been previously described (Eyer and Peterson, 1994). 

Briefly, the transgenic mouse was produced by initial ligation of the truncated neurofilament 

heavy (NFH) gene in frame to the lac Z gene in the pGNA vector. This transgene was then 

isolated, gel purified, and microinjected into male pronuclei of B6C3F2 zygotes. These embryos 

were then transferred to the oviducts of B6C3F1 females. At birth, tail biopsies were performed 

and DNA was extracted and analyzed for the presence of trans gene sequences using polymerase 

chain reaction (PCR) and Southern blotting. The fusion protein encoded by this transgene 

includes the entire N-terrninal and central a-helical rod domains, and 45 KSP (lysine, serine, 

proline) repeats from the C-terrninal domain of NFH followed by the complete amino acid 

sequence of E. coli (3-galactosidase. The absence of neurofilaments from the axons of transgenic 

mice resulted in axonal diameters approximately half those of non-afflicted littermates, 

However, axons of transgenic mice formed normal associations with their final targets, and most 

importantly, the mice were physically and reproductively normal through 14 months of age (Eyer 

and Peterson, 1994). Animals were shipped by air-freight to the Medical College of Georgia 

animal care facility where they were maintained on a 12 hour lights on/off schedule and provided 

food and water ad libitum. Animals were adapted to the new surroundings for at least 3 days 

prior to experimentation. 
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Neurobehavioral and Morphological Studies 

Toxicant Exposure 

Transgenic mice and their non-afflicted littermates were given intraperitoneal injections of either 

50 mglkg/day of acrylamide (n=11 transgenics (T), 11 non-transgenics (NT), or equimolar doses 

of propionamide, a non-neurotoxic analogue of acrylamide (n=8 T and 8 NT), or physiological 

saline (controls; n=3 T, 3 NT). These injections were given daily over an 18 day treatment 

period. Similarly, other transgenic and non-transgenic mice were given i.p. injections of either 

2,5-hexanedione (n=8 T; 8 NT), 3,4-hexanedione (non-neurotoxic analogue of 2,5-HD; n= 6 T 

and 6 NT), or physiological saline (controls; n= 6 T and 6 NT). Three different dosing regimens 

were used for animals exposed to 2,5-HD and 3,4-HD: (1) 4 mmoles/kg for 14 days, followed 

by 6 mmoles/kg for 14 days, and 8 mmoles/kg for 8 days, (2) 6 mmoles/kg for 14 days, then 8 

mmoles/kg for 10 days, or (3) 8 mmoles/kg for 19 days. 

Neurobehavioral Testing 

Prior to each daily injection, animals were examined for signs of ataxia, hindlimb paralysis, 

footdrop, as well as any other gross abnormalities in gait. In addition, body weights were 

obtained and each animal was tested for its ability to remain on a rotarod at a constant speed 

(cylindrical rod of 1 inch diameter rotating at 10 rpm) for 30 seconds. Two opportunities were 

provided to each animal. The animal was classified as failing only after falling off the rotarod on 

both trials. After thirty seconds, the speed was incrementally increased (2 rpms every 10 

seconds) and the speed at which the animal finally falls off the rotarod was recorded (accelerated 

rotarod test). If the animal falls off the rotarod immediately after being placed on the rod, a 

speed of "0" was recorded. A sampling of T and NT animals from each experimental group 
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were used in the accelerated rotarod experiments. All studies were performed blindly, that is, 

each animal was be coded by a colleague and I had no knowledge of experimental groups until 

the end of the treatment period. 

Morphological Studies 

One day post-rotarod failure, acrylamide-injected and 2,5-HD-injected animals were 

anesthetized with sodium pentobarbital, and perfused via aortic cannula with saline followed by 

freshly prepared 0.5% paraformaldehyde, 2.5% glutaraldehyde in O.lM phosphate buffer, pH 

7.4, at room temperature. Saline, propionamide, and 3,4-HD -injected transgenic and non

transgenic animals were sacrificed on the same days as their toxicant-exposed counterparts. The 

mid-thigh sciatic, mid-leg sural, distal peroneal (below knee), and mid-leg tibial nerves were 

gently dissected free and placed in fixative at room temperature for 24 hours. Samples were 

post-fixed in 4% osmium tetroxide and embedded in Epon. Ultra-thin sections were stained with 

lead citrate, and viewed with a Philips electron microscope. The number of axons with 

pathological lesions was determined within randomly-selected areas of sciatic and tibial nerves 

for all acrylamide, saline and propionamide transgenic and non-transgenic treatment groups at 

21500x magnification. Axons were classified as containing pathological lesions if two or more 

abnormal membrane-bound organelles are present in a single axon (accumulations of degenerate 

mitochondria/dense bodies, multilaminar bodies, vacuoles, and/or tubulovesicular profiles). 
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Segmental Analysis/Pulse Labeling Experiments 

Segmental Analysis of Optic Nervesffracts 

The effects of single doses of ACR (50 mglkg), propionamide (50 mglkg), 2,5-hexanedione (8 

mmoles/kg), or 3,4-hexanedione (8 mmoles/kg) on fast anterograde axonal transport was 

measured using the segmental analysis/pulse labeling method adapted for use in the visual 

pathway of mice (Aschner et a!., 1986). Control animals were injected with physiological saline 

only. Mice (20-30g) were anesthetized with intraperitoneal injections of 0.2-0.3 mls of 4% 

chloral hydrate and supplemented as necessary to maintain full anesthesia of the animals 

throughout the treatment period.- 1 111 of 3H-leucine (Amersham, L-(4,5-3H)leucine; specific 

activity 6.59 Tbq/mmol, 178 Ci/mmol; aqueous solution) was injected into the posterior vitreous 

body of the right eye. Intravitreal injections were conducted under a 4x dissecting microscope 

using a 10 j.!l Hamilton syringe with a# 31 gauge needle which had been shortened and filed to 

a narrow sharp point for easy entry and minimal damage to the eyeball. The needle was slowly 

removed, with microscopic observation, to control for any leakage of fluid from the eyeball. If 

leakage was observed, the animal was excluded from the study. Exposure to neurotoxic 

compounds, ACR (50 mglkg; n= 5 NT, 4 T) or 2,5-HD (8 mmoles/kg; n= 5 NT, 4 T), or non

neurotoxic analogues, propionamide (n= 5 NT, 3 T) and 3,4-HD (n= 5 NT, 3 T) consisted of a 

single intraperitoneal injection given 5 minutes after injection of the 3H-leucine. The animals 

were sustained under full anesthesia for 45 minutes; time beginning with the injectiot;~ of the 3H

leucine. The animals were sacrificed, the optic nerves/tracts bilaterally dissected and removed 

intact. The ipsi- and contra-lateral tracts were included in the analysis of transport. Contralateral 

segments of optic nerve were used to subtract for systemic circulation of precursor. Optic 

nerves/tracts were immersion fixed with 15% formalin in phosphate buffered saline (pH 7.4), cut 
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into 1 rnrn segments, each segment placed into a glass scintillation vial containing 1 ml Beckman 

BTS-450 tissue solubilizer, and left at room temperature overnight. Ten mls of Beckman Ready 

Organic liquid scintillation cocktail were added and counts per million ( cpm) for each segment 

determined using a Beckman LS 1801 liquid scintillation counter with a full tritium w!ndow. 

The radioactive counts from the contralateral optic nerve segments (a measure of background) 

were subtracted from the radioactive counts from the corresponding ipsilateral optic nerve~ 

segments prior to analysis .. This ensured the radioactivity being measured in each segment is 

only due to transport of radiolabeled proteins. 

Quantity and rate of fast axonal transport were determined using plots of the log of the cpm per 

segment against the distance of the segment from the posterior of the eyeball. The distance 

traveled was the point of intercept between the background cpm and the edge of the advancing 

radioactive front. This distance multiplied by 32 (the number of 45 minute intervals in a day) 

equaled the transport rate in mm/day. The quantity of radiolabeled transport was the area under 

the transport curve, starting with the third optic nerve segment and ending at the intercept 

between the background and the radioactive front. The counts from the first and second 

segments were excluded to avoid inclusion of counts caused by interaxonal diffusion (Dr. Sickles 

has demonstrated by light microscopic autoradiography that diffusion of the radiolabel into 

surrounding connective tissues occurs in the first two segments, but is not present in connective 

tissues surrounding the third segment (Sickles, 1989a); hence, the reason for starting with the 

third segment in the transport analyses.) 
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A VEC-DIC Microscopy Axonal Transport Experiments 

Effects of ACR, propionamide, 2,5-hexanedione, and 3,4-hexanedione on both anterograde and 

retrograde transport in single axons of sciatic nerve were evaluated by direct visualization of 

vesicle movement using video-enhanced differential interference contrast microscopy. 

Transgenic and non-transgenic mice (25-30g) were anesthetized with 4% chloral hydrate (0.01 

ml/g). The mid-thigh sciatic nerve was exposed and 6-0 silk ligatures tied at the proximal and 

distal ends of the nerve. The distance between the ligatures was measured prior to excision. The 

excised sample was placed into a custom designed chamber, the top and bottom of which 

consisted of# 0 thickness coverslips which were sealed together using V ALAP (1:1:1 Vaseline, 

lanolin, and paraffin). The ligatures were attached to the bottom of the chamber using V ALAP 

with the nerve extended to its original length. Under oxygenated physiologic buffer (in mM: 94 _ 

NaCl, 5 KCL, 1.5 CaC]z, 1.0 MgS04, 2.0 NazHP04, 24 NaHC03, 11 Glucose, pH 7.4), the 

epineurium and perineurium of the smallest bundle of fibers were removed and small bundles of 

axons gently separated. Two # 1 coverslip spacers were slid under the isolated axons for 

support, the top sealed, and the chamber inverted. Axons were then viewed with differential 

interference contrast microscopy (Zeiss Axiovert 10 microscope with DIC optics, Hamamatsu 

C2400-07 camera, Argus 20 video computer, and Hamamatsu high resolution monitor) on a 

heated stage (37°C). Video enhancement of the axons was achieved with analogue contrast 

enhancement and digital contrast enhancement, including background subtraction and/or stretch 

algorithm enhancement from 50-150. The number of vesicles moving in both the anterograde 

and retrograde directions through a 2 em (approximate size of single myelinated axon on video 

screen) square window were counted for a ten minute interval as a control. For saline controls, 

fresh 37°C oxygenated saline was passed through the chamber every ten minutes and the number 
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of anterograde and retrograde moving vesicles were counted for six consecutive windows of 10 

minutes each. For experimentals, one of the following was included in the saline: ACR, 0.7 

mM; 2,5-HD, 4mM; propionamide, 0.7mM; and 3,4-HD, 4mM. The substance added to the 

saline was done by a colleague and was not be identified to me until the end of the experiment. 




