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Figure 1. Fluorograms of polyacrylamide slab gels showing the slow component of axonal transport in sciatic motor nerve 
fibers 12 days after intraspinal injection of [35S]methionine into &week-old rats. A, normal; B, DMHD; C, IDPN. Each track 
represents a 3-mm nerve segment, with the most proximal to the left. Note that in the normal nerve the neurofilament triplet 
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Figure 2. Fluorograms allowing segment-by-segm at comparison of the slow component in a DMHD and a control animal 12 
days after labeling. Each pair of tracks represents zomparable C mm nerve segments of a DMHD and a control animal, as 
indicated. The distribution of proteins along the ne re is differe ,; for example, the 145,000-dalton protein is most prominent 
between 0 and 12 mm in the DMHD tracks and betvv en 12 and f mm in the control tracks. This gel demonstrates to advantage 
the identical electrophoretic mobilities of the slow cc rponent p Jteins, in spite of their differing distribution in the nerve. Note 
that the SCb proteins, including the 70,000-dalton $ :b protei and the SCb marker protein (*), are found in more proximal 
segments in the DMHD tracks than in the control 1 acks. (7 e 200,000-dalton neurofilament protein is not well seen in this 
gel.1 
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Figure 3. Comparison of the location of the front of SCb in control (0) and DMHD (A) nerves removed 2 days after labeling. 
These animals had comparable amounts of radioactivity, allowing direct comparison. A, Tubulin (53,000 to 56,000 daltons). B, 
SCb marker protein (115,000 daltons). Note that for both proteins the front is somewhat more distal in the normal nerve. These 
rapidly moving fronts represent a small proportion of total SCb radioactivity; most of the radioactivity in SCb moves at rates of 
2 to 3 mm/day and remains within the spinal cord or proximal root at this very early time. 

proteins (200,000, 145,000, and 68,000 daltons) are found 3 to 24 mm along the nerve; this region represents SCa of Lasek and 
Hoffman (1976). In both experimental animals the neurofilament 145,000- and 200,000-dalton proteins are difficult to identify 
and certainly do not extend beyond 6 mm. (In all nerves a protein near the 68,000-dalton neurofilament protein in molecular 
weight extends well down the nerve; this protein is of slightly higher molecular weight, as seen in Fig. 2). Note also that all slow 
component proteins are mildly retarded in the experimental animals, including clathrin (*), the SCb marker protein (see the 
text) (*), actin (45), and tubulin (55). 
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port following experimental manipulation is complicated 
by the normal reduction in velocity of the slow compo- 
nent with age (Black and Lasek, 1979; Komiya, 1980; 
Hoffman et al., 1983) and by the fact that in rat sciatic 
motor nerves the slow component spreads, slows, and 
becomes more complex in pattern with passage down the 
nerve (Hoffman et al., 1983). The most satisfactory ap- 
proach to this problem was to express the distribution of 
specific proteins along nerves in terms of their “half- 
velocity,” comparing animals of similar age and postla- 
beling intervals. Cumulative plots of the amount of ra- 
dioactivity per segment of nerve for each protein of 
interest were drawn (see illustration in Fig. 5, B and D). 
The half-velocities were defined as the distance in mil- 
limeters reached by half the radioactivity in a specific 
protein, divided by the time after labeling in days. When 
possible, postlabeling intervals were chosen so that the 
radioactivity associated with a specific protein was 
within the length of nerve available (i.e., radioactivity 
was not still entering the nerve proximally nor extending 
beyond the most distal segments available). Estimates of 
half-velocities undoubtedly overestimate the rate of neu- 
rofilament transport after IDPN or DMHD intoxication, 
because with both agents the neurofilament proteins 
were still entering the ventral roots at the intervals 
chosen. In such situations the differences from control 
must be considered minimum estimates. 

Tissue fixation and preparation 

For morphological comparison, rats were anesthetized 
with chloral hydrate and were perfused through the 
ascending aorta with 5% glutaraldehyde in 0.1 M sodium 
phosphate buffer (pH 7.3). The lumbar ventral horns 
and proximal ventral roots were osmicated, embedded in 
Epon-Araldite, sectioned at 1 pm, and stained with to- 
luidine blue. 

Results 

Control nerve. Both the distribution of total radioac- 
tivity (as determined from aliquots) and the gel fluoro- 
grams reproduced the extensively described features of 
normal slow transport (Hoffman and Lasek, 1975; Black 
and Lasek 1980; Garner and Lasek 1981). A slow moving 
peak of radioactivity (SCa of Lasek and Hoffman, 1976) 
was preceded by a more rapidly moving component (SCb 
of Lasek and Hoffman) whose front gradually merged 
into base line or background levels of radioactivity. 

On the basis of gel fluorograms, SCa can be defined as 
the region containing the neurofilament triplet proteins 
(68,000, 145,000, and 200,000 daltons) (Lasek and Hoff- 
man, 1976) (Figs. 1A and 2). The 145,000-dalton neuro- 
filament protein (nf 145) was used for half-velocity 
analysis. (The 68,000-dalton protein (nf 68) was preceded 
by a more rapidly moving protein with a slightly greater 
molecular weight (70,000 daltons). These proteins can be 
distinguished on gel fluorograms but cannot be distin- 
guished in gel slice counts, thereby making determination 
of the half-velocities for nf 68 somewhat less accurate 
than for nf 145.) The most heavily labeled protein in the 
SCa region was tubulin, seen in this gel system as a single 
band at 55,000 daltons. The half-velocities for transport 
of nf 145 and tubulin in normal animals of the ages and 

postlabeling intervals relevant to this study are shown 
in Figure 6. 

The SCb region contained a more complex collection 
of proteins as previously described (Black and Lasek, 
1980; Garner and Lasek, 1981). These included the SCb 
marker protein (115,000 daltons) described under “Ma- 
terials and Methods,” as well as actin and some tubulin 
(Hoffman and Lasek, 1980). At 2 days after labeling, 
SCb proteins were found up to 40 mm along the nerve 
(Fig. 3). These proteins include small amounts of protein 
co-migrating with tubulin, as well as clathrin and the 
SCb marker protein. However, the amount of radiolabel 
associated with these very rapidly moving SCb proteins 
was small; most of the radioactivity in SCb proteins 
moved 2 to 3 mm/day (Fig. 4), so that calculating half- 
velocities for longer postlabeling intervals (e.g., 12 days) 
produced only minor underestimations of the rates for 
tubulin and the SCb marker protein transport. 

DMHD. The outstanding abnormality produced by 
DMHD administration was impairment of transport of 
neurofilament proteins. In four 5-week-old animals (12 
days after labeling) half-velocities for nf 145 averaged 
<0.6 mm/day (Figs. 2, 5B, and 6). The designation ~0.6 
mm/day is given because the measured value of 0.6 mm/ 
day undoubtedly overestimated the rate of transport of 
nf 145 protein; at 12 days an undefined proportion of 
labeled neurofilaments had not yet entered the anterior 
roots, as noted above. The least severely affected animal 
(Figs. 2 and 5) had labeled neurofilament proteins ex- 
tending more than 12 mm into the nerve. In the more 
severely affected animals, the 145,000-dalton protein 
could not be seen beyond the first 3-mm segment of the 
nerve (Fig. 1B). At 21 days after labeling, the peak of 
neurofilament proteins again occupied a much more 
proximal location than in normal animals (half-velocity 
0.78 compared to 2.38 in control animals). 

Tubulin half-velocities were mildly but consistently 
reduced following DMHD administration (Figs. 50 and 
6). Inspection of the fluorograms showed a similar mild 
retardation of transport of the SCb proteins (compare 
the distribution of clathrin and the SCb marker protein 
in Fig. 1, A and B and in experimental and control tracts 
in Fig. 2). This retardation also affected the front of SCb 
as seen 2 and 4 days after labeling (Fig. 3). The quanti- 
tative measurements of retardation of SCb (Figs. 4 and 
6) confirmed the visual impression that these changes 
were mild compared to the changes in neurofilament 
proteins. 

DMHD administration produced neither elimination 
of labeled proteins from the slow component nor the 
appearance of new labeled proteins not present in the 
control animals (Fig. 2). The relative abundance of label 
in the slow component proteins also appeared compara- 
ble; in particular, the ratios of radioactivity in the indi- 
vidual neurofilament proteins to each other and to tub- 
ulin remained normal. Finally, careful inspection of the 
electrophoretic mobilities of individual proteins showed 
no detectible differences between DMHD and control 
nerves (Fig. 2). 

IDPN. The IDPN-treated animals reproduced almost 
exactly the pattern of changes seen with DMHD, al- 
though the abnormalities in the IDPN group were more 
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Figure 4. Cumulative plots of radioactivity in the SCb marker 
protein 12 days after labeling, comparing normal (c), DMHD 
(d), and IDPN (i) animals 12 days after labeling. These plots 
were obtained by calculating for each segment the percentage 
of total radioactivity in the SCb marker protein in the whole 
nerve. The results were then plotted in a cumulative fashion, 
beginning with the most proximal segment. Fifty percent of the 
total SCb marker radioactivity is reached at 29, 24, and 19 mm 
along the nerve for c, d, and i, resulting in half-velocities of 2.4, 
2.0, and 1.6 mm/day respectively. 
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Figure 6. Plot of half-velocities (HV) for the nf 145, tubulin 
(TUB) and the SCb marker protein (SC%). C, control; D, 
DMHD; I, IDPN; 0, &week-old rat 12 days after labeling; 0, 
5-week-old rat 21 days after labeling; q , 3-week-old rat 15 days 
after labeling. 
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Figure 5. Distributions of the nf 145 (A and B) and of tubulin (55,000 daltons) (C and D) in control (0) and DMHD (A) 
animals 12 days after labeling. In A and C, counts per segment are plotted in these comparably labeled nerves. These plots 
demonstrate a marked retardation of neurofilament proteins, compared to tub&n, in the DMHD nerve. B and D are cumulative 
plots of the same data; half-velocities for the neurofilament protein are 2.0 (control) and 0.8 (DMHD), whereas tubulin half- 
velocities are 2.9 (control) and 2.3 (DMHD) mm/day. 
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severe, perhaps reflecting the more rapid intoxication 
schedule with IDPN. In &week-old animals (12 days 
after labeling) neurofilament proteins had not yet en- 
tered the nerves from the spinal cords in any of three 
animals (half-velocities <0.25 mm/day) (Figs. 1C and 6). 
The 3-week-old animals provided a group in which the 
transport of neurofilament proteins could be better stud- 
ied, because a peak, although markedly retarded, had 
largely entered the nerve by 15 days. Figure 7 shows that 
in these nerves the half-velocity for nf 145 was reduced 
to 0.6 mm/day compared to 2.5 mm/day in the control. 

Tubulin was moderately affected (Fig. 7); the tubulin 
half-velocities were reduced to 1.4 mm/day in the 3- 
week-old IDPN animal and 1.19 mm/day in the 5-week- 
old IDPN animals compared with 2.8 and 2.5 mm/day, 
respectively, in the controls (Fig. 6). Inspection of the 
fluorograms demonstrated retardation of all SCb pro- 
teins; quantitation of the SCb marker protein demon- 
strated a 36% reduction in half-velocities at 12 days 
(Figs. 4 and 6). The reduction in velocity of the SCb 
proteins was also apparent in the small front present 2 
days after labeling (similar to the findings with DMHD 
illustrated in Fig. 3). 

It should be noted that with both DMHD and IDPN 
simple radiometric assessment of total counts in slow 
transport could have missed the defect in neurofilament 

A 

transport. For example, 12 days after labeling the exper- 
imental groups had little neurofilament protein within 
the nerve, so that plots of total radioactivity misleadingly 
suggested an acceleration of the slow component. 

Pathological findings. At 12 days both DMHD and 
IDPN produced substantial neurofilamentous swellings 
in the intraparenchymal motor fibers and proximal ven- 
tral roots (see Fig. 8, B and C). These observations 
indicate that the doses were appropriate to produce com- 
parable lesions, although the rate of intoxication was 
greater for IDPN than for DMHD. The details of the 
pathological changes in these models have been reported 
separately (for DMHD, see Anthony et al., 1983a, c; for 
IDPN, see Chou and Hartmann, 1964, 1965; Clark et al., 
1980; Griffin and Price, 1980, 1981; Griffin et al., 198213). 

Clinical findings. There were substantial differences in 
the behavior of animals exposed to DMHD and IDPN. 
DMHD produced a rapid flaccid weakness and loss of 
toe spreading in the hind limbs (Anthony et al., 1983a, 
c). IDPN produced the hyperactivity and “waltzing” de- 
scribed in previous reports (Chou and Hartmann, 1964), 
without obvious weakness. 

Discussion 

The major finding in this study was the striking simi- 
larity in the details of the axonal transport defect pro- 
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Figure 7. Comparison of control (0) and IDPN (A), plotted as described in Figure 5. These animals were 3 weeks old at the 
time of labeling, and nerves were removed 15 days later. These animals allowed meaningful comparisons, since most of the 
neurofilament proteins and tubulin were in the sciatic nerve at the time of removal. Note the marked retardation of neurofilament 
transport. 
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Figure 8. Light micrographs of the proximal ventral roots of control (A), DMHD (B), and IDPN (C) animals. Note the 
comparable degree of axonal enlargement of the DMHD and IDPN nerves, compared to control. These are l-Km Epon sections 
stained with t&idine blue. All magnifications x 575. 

duced by DMHD and IDPN. With both agents neurofi- 
lament transport was most severely affected, but even at 
early times there was also evidence of abnormalities in 
transport of tubulin and SCb proteins. The relative mag- 
nitude of the defect in neurofilament transport can be 
gauged from the fact that in both DMHD and IDPN 
intoxication the half-velocities of the 145,000-dalton pro- 
tein were reduced by 75 to 90% from control values. In 
contrast, tubulin and the SCb marker proteins were 
slowed by only 20 to 50%. The morphological alterations 
associated with the transport defect were also strikingly 
similar. These results suggest that shared, if not identi- 
cal, pathogenetic processes are involved. 

Previous studies showed that IDPN administration 
affects profoundly the intra-axonal movement of neuro- 
filament proteins within the slow phase of axonal trans- 
port (Griffin et al., 1978; Yokoyama et al., 1980) while 
producing slight or no abnormalities of fast axonal trans- 
port (Griffin et al., 1978, 1982a; Papasozomenos et al., 
1982). This neurofilament transport defect is associated 
with a morphological reorganization of the axonal cyto- 
skeleton in which the neurofilaments become dissociated 
from microtubules and form a subaxolemmal ring, while 
the microtubules are congregated in the center of affected 
axons (Papasozomenos et al., 1981, 1982; Griffin et al., 
1983b). EM autoradiographic studies have shown that 
fast axonal transport continues to pass unimpeded 
within the microtubule “channels” (Papasozomenos et 
al., 1982; Griffin et al., 1983b). IDPN appears to affect 
the axon directly, since the characteristic cytoskeletal 
changes can be produced by local injection of the agent 
into the endoneurial space of peripheral nerves (Griffin 
et al., 198313). These observations have led to the hypoth- 
esis that IDPN or one of its metabolites interacts with 

some axonal factor responsible for normal organization 
of the cytoskeleton, producing segregation of neurofila- 
ments and preventing their continued translocation 
proximal-to-distal down the axon. The cell body contin- 
ues to synthesize neurofilaments, but the abnormalities 
in transport result in regions of neurofilament accumu- 
lation, usually in the proximal portions of large fibers 
(Chou and Hartmann, 1964, 1965; Griffin and Price, 
1980). 

An outstanding question has been whether this se- 
quence is an isolated experimental curiosity confined to 
a single model, or whether it has more general applica- 
bility in neurofibrillary disorders. The conclusion drawn 
from the present study is that DMHD and IDPN share 
pathogenetic mechanisms, and indirect evidence suggests 
that HD has similar, but less severe, effects. When 
injected directly into rat sciatic nerves, HD has repro- 
duced the cytoskeleton disorganization associated with 
IDPN administration (Griffin et al., 1983a). The differ- 
ences in the usual distribution of the pathological 
changes (IDPN proximal, HD distal) do not reflect basic 
differences in mechanisms, since IDPN can also produce 
distal axonal swellings (Griffin et al., 198213) and HD 
can produce more widespread swellings (Cavanagh and 
Bennetts, 1981; Cavanagh, 1982). The similarity in the 
swellings produced by HD and IDPN is underlined by 
the fact that in both models the swellings can migrate 
distally down the nerve if toxic exposure is discontinued 
(Shimono et al., 1978; Griffin and Price, 1981; Cavanagh, 
1982). It seems likely that the distribution of lesions is 
dictated by the potency and administration schedule of 
the agent, as suggested by Graham et al. (1982b) and 
Anthony et al. (1983a, b, c). The lower potency of HD 
may require that neurofilaments be continuously exposed 
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to the agent as they are transported down the axon to 
culminate in sufficient cytoskeleton disorganization to 
produce neurofilamentous masses. 

With the striking similarities between DMHD and 
IDPN, significant differences remain to be explained. 
First, the DMHD animals rapidly become weak, and 
previous studies have described extensive distal nerve 
fiber degeneration and loss within days (Anthony et al., 
1983a, c). IDPN produces less evidence of weakness and 
fiber degeneration, but instead results in the syndrome 
of “waltzing,” circling, retropulsion, and rotatory head 
movements (Chou and Hartmann, 1964). The bases for 
these differences remain unknown; future studies should 
determine whether DMHD more severely affects fast 
transport, which in turn contributes to Wallerian-like 
degeneration. 

The results point up some of the difficulties in com- 
paring normal and abnormal axonal transport and in 
quantitation of slow transport. Expressing results exclu- 
sively in terms of the rate of movement of a peak of slow 
transport is often unsatisfactory, as is apparent from 
inspection of Figure 3. The fronts of both SCa and SCb 
are normally poorly defined; although an apparent front 
of SCb moving 3 to 4 mm/day is often seen, some SCb 
constituents move at least 20 mm/day (Fig. 3). Cumula- 
tive plots and half-velocities, as used in this report, 
provide advantages, but the limitations of these conven- 
tions must be kept in mind. Meaningful comparisons 
require animals of the same age and duration after la- 
beling (Hoffman et al., 1983). A postlabeling interval at 
which all of the transported label in a protein of interest 
lies within the available length of control nerves may not 
be optimal for nerves with altered transport. For exam- 
ple, 12 days after labeling, all of the label in nf 145 is 
within the nerve in normal animals, but in DMHD- and 
IDPN-treated animals only a small proportion of the 
labeled nf 145 has entered the nerve. Measurements of 
half-velocity in this situation overestimate the rate of 
transport. Similarly, if some of the labeled protein had 
migrated beyond the available length of nerve, the half- 
velocity would underestimate the true rate. The difficul- 
ties are greater in attempting to quantitate SCb trans- 
port. Many SCb proteins do not form a transport wave 
but, rather, a relatively flat “plateau” of radioactivity 
corresponding to rates of 1 to 4 mm/day (Fig. lA), 
preceded by the low level of radioactivity extending up 
to 20 mm/day (Fig. 2). Thus, even though a substantial 
proportion of the SCb marker protein is moving at much 
more rapid rates than the SCa proteins, the half-velocity 
is only slightly greater (see Fig. 6) and provides a measure 
of only limited value. For SCb proteins, inspection of the 
fluorograms (Fig. 1) and the cumulative plots at multiple 
postlabeling intervals provides a useful means of com- 
paring transport in normal and experimental situations. 

DMHD promises to be a useful tool in assessing the 
biological basis for the defects in organization and trans- 
location of the cytoskeleton. A major limitation of IDPN 
as a probe has been the uncertainty concel,;ing whether 
it undergoes biotransformation to a neurotoxic metabo- 
lite. DMHD is an analogue of the proven neurotoxin 2,5- 
HD and was predicted to be a more potent neurotoxin, 
based on the hypothesis that y-diketones interact with 

t-amino groups of proteins to form pyrrole rings (De- 
Caprio et al., 1982; Graham et al., 1982a, b; Anthony et 
al., 1983a, b, c). DMHD cyclizes with amines more rap- 
idly than 2,5-HD and formation of pyrrolyl derivatives 
of proteins has been demonstrated in vitro and in vivo. 
Previous studies have demonstrated that DHMD pro- 
vides a 20- to 40-fold increase in potency over 2,5-HD 
(Anthony et al., 1983b). The more proximal distribution 
of pathology produced by DMHD presumably reflects its 
greater neurotoxic efficacy. 

The precise means by which these agents impair trans- 
location of neurofilaments is uncertain, but it is likely to 
result from the disorganization of the axonal cytoskele- 
ton, with segregation of neurofilaments from microtu- 
bules (Papasozomenos et al., 1982; Griffin et al., 1983a, 
b). Recent studies of 2,5-HD have suggested that a sim- 
ilar defect in integration of intermediate filaments in 
non-neural cells occurs. Powell et al. (1978) noted neu- 
rofilamentous masses in Schwann cells of rats exposed 
to 2,5-HD, and Durham and Pena (1982) have recently 
found spherical intermediate filament masses in fibro- 
blasts grown with 2,5-HD in the media. Graham et al. 
(1982a, b) and Anthony et al. (1983a, b, c) have suggested 
that covalent cross-linking of neurofilament proteins 
could be the event which leads to segregation of neuro- 
filaments from microtubules. Such covalent cross-linking 
has been postulated to occur in a two-stage sequence: 
initial formation of pyrrole rings on neurofilaments as 
described above, followed by oxidation of the pyrroles 
with subsequent nucleophilic attack and covalent bond 
formation (Graham et al., 1982a, b; Anthony et al., 1983a, 
b, c). In this regard, the tetramethylpyrrole formed by 
reaction between lysyl residues and DMHD is oxidized 
more rapidly than that dimethylpyrrole formed by HD. 
This factor, along with the greater rate of pyrrole for- 
mation, might explain the greater potency of DMHD. 
An alternative proposal for the neurotoxicity of DMHD 
and HD is the possibility that pyrrole ring formation in 
itself impairs normal interactions between neurofila- 
ments and their cross-linkers, resulting in an inability to 
integrate neurofilaments normally into the cytoskeleton 
and to continue proximal-to-distal transport. Finally, 
inhibition of the enzymes glyceraldehyde-3-phosphate 
dehydrogenase (Sabri et al., 1979) and neuron-specific 
enolase (Howland et al., 1980), previously demonstrated 
for HD, has also been suggested as a pathogenetically 
important effect. 

The present results indicate that similar defects in 
slow transport are present in two types of neurofilamen- 
tous axonopathies. The extent to which such defects 
might occur in other disorders, particularly those char- 
acterized by perikaryal neurofilament accumulations, is 
beginning to be explored (Bizzi et al., 1983; Troncoso et 
al., 1984). 
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