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Abstract 

From 1 to 28 days after frog sciatic nerve damage, dorsal root ganglia were incubated with [35S] 
methionine, and the labeled, rapidly transported proteins at various points along the nerve were 
analyzed on two-dimensional gels. The results show a dramatic increase in the labeling of a protein, 
which we have designated as A25, only after the arrival of the rapidly transported proteins at 
regenerating nerve tips. This effect is first seen 3 to 5 days after injury. On gels from regenerating 
nerves, A25 appears as a series of intense spots with an apparent molecular weight of 70,000. A25 
is retrogradely transported from the regenerating nerve tip regions. 

Since labeled A25 increases only after the rapidly transported proteins reach regions of nerve 
containing regenerating axons, we conclude that it most likely arises from post-translational 
modification of a transported protein. Various experiments were conducted to rule out alternative 
sources of A25 labeling at the nerve periphery. 

Regeneration of nerve axons is dependent upon the 
interaction of the growing axons with their extracellular 
environment. Radical morphological changes take place 
at the tips of damaged axons during a delay period of a 
few days as significant regrowth begins (Bunge, 1973; 
Pfenninger, 1980; Carbonetto and Muller, 1982). At least 
some aspects of axon regrowth appear to be under local 
control of the axon and its immediate environment (Gun- 
dersen and Barrett, 1979; Bray et al., 1981). At the same 
time, most of the materials required for axon regrowth 
appear to be synthesized in neuron cell bodies and trans- 
ported to the damaged tips. Cytoskeletal components are 
transported at slow rates, whereas membrane and mem- 
brane-bound components are conveyed at fast rates (see 
Grafstein and Forman, 1980). Many or all of these ma- 
terials are supplied on a continuing basis, even in the 
absence of nerve damage (Hoffman and Lasek, 1980; 
Perry and Wilson, 1981; Skene and Willard, 1981a, b). 
Therefore, local reorganization and modification of these 
materials must be involved in axon regrowth. 

There have been few biochemical studies of the local 
events associated with nerve regeneration (see Carbo- 
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netto and Muller, 1982). In the present study, we have 
searched for alterations in the size or charge of rapidly 
transported proteins after their arrival at the sites of 
nerve damage and regrowth. We have detected a pro- 
tein(s) that first appears abundantly at regenerating 
nerve tips. The protein probably is produced by a post- 
translational modification of a rapidly transported pro- 
tein. A preliminary account of some of this work has 
appeared (Tedeschi and Wilson, 1982). 

Materials and Methods 

Materials. Acrylamide (for 1st dimension), bis-acryl- 
amide, and glycine were obtained from Eastman Kodak 
Co. Acrylamide (2nd dimension) was obtained from 
Sigma Chemical Co. Ampholines were obtained from 
BioRad Laboratories. Other chemicals used in the two- 
dimensional electrophoresis procedure have been de- 
scribed previously (O’Farrell, 1975). [35S]Methionine 
(about 1000 Ci/mmol) was obtained from New England 
Nuclear. 

Animals. Bullfrogs (Rana catesbeiana) were obtained 
from Davis Farms, Clovis, CA. Animals were kept in 
aquaria at room temperature (about 2O’C) with daily 
changes of water. 

Sciatic nerve axotomy and crush. The procedure for 
cutting or crushing the nerve has been described (Perry 
and Wilson, 1981). In brief, the sciatic nerve on one side 
of the animal was crushed with forceps 30 to 35 mm from 
the 8th and 9th dorsal root ganglia (DRG). In one exper- 
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iment, the nerve was completely severed. The contralat- 
era1 sciatic nerve was left untouched to serve as a control. 
Any differences in rapid transport between these contra- 
lateral nerves and nerves from normal animals are very 
minor (Perry and Wilson, 1981). Animals were returned 
to their aquaria for 1 to 28 days before in vitro labeling 
and transport. 

In vitro labeling and transport. The general procedure 
for dissection of the nerve and subsequent labeling and 
transport has been described (Stone et al., 1978). In brief, 
at 1 to 28 days after nerve damage, the sciatic nerve, 
with accompanying 8th and 9th DRG, was dissected free 
of the animal. The 8th and 9th DRG were placed in a 
small inner chamber while the rest of the nerve was 
draped (via Vaseline seal) into a large outer chamber. 
The DRG were labeled with [35S]methionine (50 &i) at 
room temperature for 8 to 12 hr, and then the label was 
removed for a “chase” period of 16 hr. 

In all experiments, a crushed nerve was incubated with 
its contralateral control nerve. In most cases, the contra- 
lateral nerve was ligated at a region of the nerve analo- 
gous to the crush site of the experimental nerve. In a few 
experiments, the contralateral control nerve was not 
ligated. 

Two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE). Following transport, 3- to 5-mm segments 
of nerve were taken from various points along each nerve. 
These segments were transferred to small glass grinders 
and homogenized in a sodium dodecyl sulfate (SDS)/ 
urea solution (Wilson et al., 1977). A small aliquot (5 ~1) 
of the homogenate was taken for subsequent determi- 
nation of trichloroacetic acid (TCA)-precipitable cpm, 
and the rest of the sample was used for BD-PAGE. In 
some cases, a determination of TCA-precipitable radio- 
activity along the whole nerve was made. 

SD-PAGE followed the procedure of O’Farrell (1975) 
with slight modifications (Wilson et al., 1977). The first 
dimension consisted of isoelectric focusing (PI = 4.5 to 
8), and the second dimension separated according to 
molecular weight (Mr = 15,0000 to 200,000) on a 10% 
polyacrylamide gel. The gels were stained with 1% Coom- 
assie blue in 25% TCA and destained in 7% acetic acid. 
The second dimension gel was impregnated with diphen- 
yloxazole (PPO) (Bonner and Laskey, 1974; Laskey and 
Mills, 1975) and dried on a backing of Whatman no. 3 
paper. The gels were then used to expose Kodak XAR 
x-ray film at -70°C for 1 to 6 weeks. 

With some modification, as described below, the pro- 
cedure for quantitation and analysis of the (polypeptide) 
gel spots has been described previously (Perry and Wil- 
son, 1981). Briefly, polypeptide spots on the gels were 
cut out with a scalpel, placed in vials of scintillation fluid 
(containing 4.0 gm of PPO, 0.05 gm of 1,4-bis-2-(5- 
phenyloxazolyl)benzene, 100 ml of NCS (Amersham), 
and 20 ml of NHIOH/liter of toluene) for at least 48 hr, 
and counted in a Packard model 2425 liquid scintillation 
spectrometer with 80% efficiency. For analysis, the raw 
cpm for each spot (following background subtraction) 
was normalized by taking a ratio of the counts in the 
spot to the total mean cpm obtained for all of the counted 
spots in that gel. The normalized counts in a spot for an 
experimental gel were then divided by the normalized 

counts in the corresponding spot from the paired control 
gel (experimental/control). 

Results 

2D-PAGE analysis of proteins at regenerating nerve 
regions. Figure 1A shows the fluorograph of labeled, 
rapidly transported proteins after their arrival at the 
crush site 10 days post-injury. The proteins were sepa- 
rated by SD-PAGE. The fluorograph demonstrates the 
appearance of a series of spots, which we have designated 
A25 The pattern from contralateral (control) nerve (Fig. 
1B) shows no such spots. Figure 1C is a map of the major 
rapidly transported proteins, which is an expanded ver- 
sion of earlier ones (Stone and Wilson, 1979; Perry and 
Wilson, 1981). The designation of the spots (A25, Al, 
A19, etc.) is arbitrary. The A25 spots are assumed to be 
isoelectric variants of a single primary polypeptide and 
have not previously been identified. A25 has an apparent 
molecular weight of about 70,000 and a pI of 5 to 6. The 
pattern of A25 at the crush site is characterized by a 
triplet of spots directly above A4 and under the most 
acidic spots comprising Al, with a pair of spots more 
basic and one or two fainter spots slightly more acidic 
than the triplet. In the control nerve a more basic set of 
spots (A19) is seen centered directly under Al. A19 may 
share a position on the gels with the more basic spots of 
A25. A19 has never been seen as an intense set of spots 
on the gels (see Stone et al., 1978; Stone and Wilson, 
1979; Perry and Wilson, 1981). The dramatic presence 
of A25 is highly reproducible at the crush site in all 
preparations taken from animals sacrificed at least 5 
days after injury. The same result was obtained in a cut 
nerve. A25 was not seen in any control nerve. 

Time of appearance of A25 at crush site following injury. 
Nerve preparations were taken from animals that were 
sacrificed at varying periods of time after injury. A25 is 
not seen in fluorographs of gels of proteins from the 
crush site 1 day after injury, is only barely seen if animals 
are sacrificed at 3 days post-crush, and appears more 
heavily labeled at 5 days post-crush. Since in vitro label- 
ing and transport proceeds for at least 24 hr, an addi- 
tional day may be added on to this time course. 

Table I shows the quantitation of the polypeptide spots 
at varying times following injury. Although A25 was 
detected on fluorographs at 3 days post-crush, it can be 
seen that the amount of A25 at a crush site was not 
significant at 3 days post-crush but is significantly in- 
creased at 6 and 14 days post-crush. Two other spots, Al 
(increase) and B6 (decrease), were found to change sig- 
nificantly at a crush site at all examined post-crush time 
points. A third spot (C23) was found to be significantly 
increased at a crush site with a time course similar to 
that of A25. These three additional spots have previously 
been found to be significantly altered in nerve proximal 
to the crush site (Perry and Wilson, 1981). Therefore, 
these changes in Al, B6, and C23 probably are caused 
by altered abundances in axonal transport. It is interest- 
ing to note that there might be more than one temporal 
change in transport (Al and B6 versus C23). 

Spatial distribution of A25 along the regenerating nerve. 
Various nerve sections along the damaged, regenerating 
nerve were examined. In vitro transport was carried out 
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TABLE I 

Quantitation of labeled proteins at damage site following nerve crush 

Ratio of Normalized cpm 
(experimental/contralateral control) + SD 

Spot” 3.Day 6.Day lo- to ll-Day 
post-crush post-crush post-crush 

(n = 3) (n = 2) (n = 4) 

Cl 0.94 Ik 0.12 0.92 0.80 + 0.28 

Al 1.61 +- 0.34* 1.62 1.98 + 0.37” 
A25d 0.97 * 0.28 4.86 4.36 f 0.86’ 

C23 0.95 k 0.18 1.64 2.78 f 0.67’ 

B6 0.56 + 0.10’ 0.67 0.45 + O.ld 
B2 1.09 f  0.19 1.12 0.83 + 0.45 

B3 0.97 f 0.05 1.12 0.71 f 0.39 

A4 1.06 +- 0.64 0.92 0.81 f 0.21 

A10 1.02 + 0.11 1.10 0.82 f 0.25 

c4 1.05 -t 0.23 1.06 1.15 k 0.38 

c5 1.07 + 0.18 1.01 1.03 + 0.31 

C6 0.98 t 0.27 1.13 1.03 + 0.51 

c30 1.05 + 0.11 1.25 0.80 + 0.21 

a See Figure 1C for spot locations on gels. Spots were cut out of gels 
and cpm in each piece was determined by liquid scintillation counting. 
Background was subtracted. 

* p < 0.025. All p values are paired t test results for each spot at each 
time point. 

c p < 0.05. 

d When no significant A25 was detected on a fluorograph @day 
sample and all control samples) the region of the gel where A25 is 
normally located was cut out and counted. 

‘p < 0.001. 
‘p < 0.005. 

on nerves taken from animals sacrificed 21 to 28 days 
following crush. We can detect no difference in the 
pattern of spots from day 10 to day 28, a period of time 
when axons are regrowing at a rate of 0.5 mm/day (Perry 
and Wilson, 1981) but have not reached targets. Figure 
2A shows the profile of acid-precipitable cpm along a 
crushed and control nerve. In the crushed nerve, signif- 
icantly greater counts are found in nerve sections from 
the crush site distally to about 12 mm distal. Allowing 
for some initial delay (4 days), this corresponds to a 
regeneration rate of approximately 0.5 mm/day for the 
most rapidly growing fibers. In Figure 2A, the letters in 
the profile indicate nerve sections from which two-di- 
mensional gels were run and analyzed. Figure 2B shows 
the A25-containing regions from the resulting fluoro- 
graphs. A25 is highly labeled at the crush site and at the 
two distal sites. It does not appear in the two proximal 
nerve sections. This result suggests that A25 does not 
appear to any appreciable extent among the transported 
proteins until they reach the nerve crush site. Further 
evidence on this point comes from three experiments 
with ligations at various distances proximal to the crush 
site to determine whether A25 is present during transport 
from the cell body. A25 was barely perceptible on two of 

the three gels from the proximal ligated nerve. In the 
other experiment A25 was not at detectable levels despite 
a highly labeled two-dimensional gel. A25 also was not 
detected to any significant extent in earlier experiments 
analyzing rapidly transported proteins during regenera- 
tion, prior to their arrival at sites of damage (Perry and 
Wilson, 1981). 

Retrograde transport of A25 from the crush site. A set 
of experiments was conducted to determine whether 
some of the newly formed A25 is transported back toward 
the cell body from the distal nerve regions of damage and 
regeneration. In these experiments, the standard labeling 
and transport procedure was employed for nerves taken 
from animals sacrificed 10 to 21 days following injury. 
At the end of the normal transport procedure, ligations 
were made on the nerve about 15 mm proximal to the 
crush site. Retrograde transport from the crush site and 
regenerating tips to the ligation was allowed to proceed 
for 7 to 20 hr. Figure 3A shows the TCA-precipitable 
profile between the crush site or distal ligation in control 
nerve and proximal ligation from a typical experiment. 
Figure 3B shows that A25 is dramatically labeled at the 
proximal ligation in addition to the crush site. This result 
indicates significant retrograde axonal transport of A25 
after its appearance at axon tips. No A25 was observed 
in retrograde transport from a ligature on control nerves. 

Discussion 

A25, a protein with apparent size of 70,000 daltons, is 
not abundant among labeled, rapidly transported pro- 
teins during their transport from cell bodies but appears 
dramatically labeled in regions of regenerating nerve tips. 
A25 has not been observed in fast axonal transport in 
control nerves. It is not observed at the peripheral tips 
until a few days after injury. A25 is retrogradely trans- 
ported toward the cell body from the peripheral, regen- 
erating regions. Such properties suggest that we have 
detected a local response to nerve injury which could be 
involved in some aspect of axon regrowth. 

How does A25 become labeled in the periphery of the 
damaged nerve? Our studies show that, at most, A25 is 
barely perceptible in axonal transport from the cell body 
in regenerating nerves. The most likely explanation for 
the dramatic appearance of A25 at the periphery appears 
to be its formation from a fast transported protein as 
precursor. Other possibilities are considered below. 

The dramatic increase in A25 does not appear to be 
due to breakdown of labeled protein and re-utilization of 
[35S]methionine for local protein synthesis because direct 
labeling of isolated, crushed nerve segments does not 
result in the appearance of labeled A25 on gels (unpub- 
lished data). Furthermore, actin and tubulin are among 
the abundantly labeled proteins in such segments, and 
these are not labeled on the gels from segments with 

Figure 1. Fluorographic pattern and map of [35S]methionine-labeled, fast-transported polypeptides after their arrival at a 
crush site. Polypeptides were separated by BD-PAGE. Film was exposed to the gels for 5 weeks. A, The frog sciatic nerve was 
crushed 10 days before sacrifice. B, A ligature was applied to the contralateral control frog sciatic nerve at the time of sacrifice. 
Details of labeling and transport procedures are given under “Materials and Methods.” Twenty-four hours in vitro were 
allowed for fast transport. C, Map of the most abundant and consistently seen spots of rapidly transported proteins after their 
arrival at a crush site. The coordinate and numbering system has been discussed in previous publications (Stone and Wilson, 
1979; Perry and Wilson, 1981). Polypeptides are separated by isoelectric point (horizontally) from p1 = 8 (left) to pl = 4.5 
(right) and by molecular weight (vertically) from 200,000 (top) to 15,000 (bottom). 



Figure 2. Distribution of labeled proteins and A25 along regenerating nerve. A, Profile of total 
incorporated counts along the sciatic nerve. The distance along the nerve is in millimeters. The 
frog was killed 24 days after nerve injury. TCA-precipitable cpm along the injured (solid line, 
solid circles) and the contralateral control (broken line, open circles) nerve are shown. Letters on 
the curve indicate locations of segments taken for gel analysis. The profile of counts beyond the 
crush site probably reflects in part the distribution of regenerating tips. B, A25 region of 
fluorograph after BD-PAGE of proteins from proximal (a and b), crush, and distal (d and e) 
regions of the injured nerve. Three millimeters of nerve were used for BD-PAGE for each section. 
Fluorographs a and b were exposed to gels for 6 weeks, fluorographs crush and e for 3 weeks, 
and fluorograph d for 2 weeks. The time of exposure was determined by the number of counts 
loaded on the gels. Al is prominent in each region. Significant A25 is present only at the crush 
site and in distal regions containing regenerating nerve fibers. 
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Figure 3. Retrograde transport of A25. The frog was killed 16 days after nerve crush, sciatic 
nerves, and attached DRG were removed from the animal, and a ligature was tied on the control 
nerve at a site equivalent to the crush site on the experimental nerve (about 40 mm from the 
ganglion). Following the normal 24 hr of labeling and transport, proximal ligatures were placed on 
both nerves, and transport was allowed to proceed for 7 more hours. The buildup in retrogradely 
transported material at the proximal ligature in both control (broken line, open circles) and 
experimental (solid line, solid circles) nerves can be seen in the profile of TCA-precipitable counts 
(A). In B, the A25 regions of the fluorographs after SD-PAGE of proteins at the crush site and 
ligatures are shown. The patterns of polypeptides retrogradely transported to the proximal ligatures 
in the crushed (a) and control (c) nerve are shown. Pattern b is from the crush site and d is from 
the distal ligature on the control nerve. For each pattern, 3 mm of nerve were taken for homoge- 
nization and loading onto gels. Fluorographs a, c, and d were exposed to gels for 6 weeks. Fluorograph 
b was exposed to gels for 4 weeks. Al is present in all four, and A25 is present at the crush site and 
among the retrogradely transported proteins in the crushed nerve. 

1733 



1734 Tedeschi and Wilson Vol. 3, No. 9, Sept. 1983 

labeled, transported proteins present. There still is a 
possibility of very local re-utilization of label in the axon 
tips themselves (Koenig and Adams, 1982; but see Black 
and Lasek, 1977). This explanation would seem to re- 
quire a specific precursor pool of amino acids from de- 
graded, rapidly transported proteins to generate the high 
labeling of A25 from transported proteins that are in low 
abundance at the tips. We view this as being very un- 
likely. 

Is the appearance of A25 due to an artifactual modifi- 
cation of a transported protein occurring during homog- 
enization and preparation for gel electrophoresis? To 
test this possibility we mixed a control nerve segment 
containing labeled, rapidly transported proteins with an 
unlabeled nerve segment from a crush site. The segments 
were homogenized together and run on the same gel. In 
two such experiments, no A25 was seen on the gels (data 
not shown). Further, Stone and Hammerschlag (personal 
communication) have incubated homogenized nerve seg- 
ments under acidic conditions for 20 hr at 37°C and have 
not found A25 among the labeled, transported proteins, 
although the amount of A19 was greatly increased. 

Is A25 present in control nerves but not brought into 
solution by our procedures? We cannot rule out this 
possibility altogether. A25 may have unusual solubility 
properties, as there appears to be less A25 on gels from 
experimental nerves that were frozen prior to homoge- 
nization (data not shown). However, our initial homog- 
enization fluid contains 1% SDS and 8 M urea (Wilson 
et al., 1977). At least 75% of all TCA-precipitable label 
in rapidly transported proteins in control nerves has 
been shown to be made soluble (Stone et al., 1978). 
Furthermore, the modified solubility would have to be 
maintained in undamaged, proximal regions of the nerve 
during the retrograde transport of A25. 

Finally, the possibility that A25 increases in relative 
abundance at regenerating tips because of a selective 
reduction of all other rapidly transported proteins is 
made unlikely both by the observation that counts in 
those proteins remain high at the tips and by the detec- 
tion of A25 in retrograde transport in relative abundance 
similar to that seen at the tips. 

A25 displays multiple spotting (microheterogeneity) 
on the SD-PAGE gels, suggesting the presence of carbo- 
hydrate moieties (Stone and Hamerschlag, 1981). We 
tested for this by labeling the ganglia with crushed nerve 
with radioactive sugars (galactose or mannose). A25 was 
not observed at the crush site with [3H]galactose labeling 
(0.5 mCi) of the ganglia, although Al was labeled under 
such conditions. Not enough incorporation was obtained 
with [3H]mannose labeling (0.5 mCi) for analysis by 2D- 
PAGE. Thus, it is not certain whether A25 contains 
carbohydrate moieties. 

The present results indicate that modification of a 
protein is induced locally during nerve regeneration. A25 
might be an intermediate degradation product of a trans- 
ported protein and have no biological function. Alterna- 
tively, A25 might play an active role in the cell associated 
with nerve regeneration. Should A25 merely be an inter- 
mediate breakdown product, it still may signal changes 
in proteolytic activities important for regeneration. How- 
ever, its long life, as indicated by its presence in retro- 
grade transport, suggests that the molecule has a biolog- 

ical role. The particular role for A25 in regeneration 
could range from producing a modification of cell surface 
properties at regenerating tips to being a signal to the 
cell body after its retrograde transport. The timing of 
A25’s first appearance, at several days after nerve dam- 
age, is suggestive of a correlation with the initiation of 
outgrowth of axon tips in the nerve. Morphological stud- 
ies will be used to confirm this point. 
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