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Abstract 

We investigated the relationship between slow axonal transport and axonal regeneration in the 
rat dorsal root ganglion (DRG) cell. The DRG cell sends out a single axon which bifurcates within 
the ganglion; one axon proceeds centrally into the spinal cord and the other proceeds peripherally. 

The rate of axonal regeneration is approximately 2 times faster for the peripheral processes (4.6 
+ 0.9 mm/day) than for the central processes (2.1 f 0.5 mm/day). The peripheral and central 
processes regenerate through dissimilar environments (sciatic nerve and dorsal root, respectively); 
thus, environmental factors may account for the differences in regeneration rates. We tested this 
possibility by measuring the regeneration of motoneuron axons within the ventral root (histologically 
similar to the dorsal root). The motoneuron regeneration rate within the ventral root is similar to 
the motoneuron regeneration rate within the sciatic nerve, suggesting that factors within the DRG 
cell produce the differences in regeneration rate. 

Slow axonal transport is classified into two distinct components: slow component a (SCa), 
corresponding to the microtubule/neurofilament network of the axonal cytoskeleton, and slow 
component b (SCb), corresponding to the microfilament complex/axoplasmic matrix. The transport 
rate of SCa and SCb in the peripheral sensory axons is approximately 2 times faster than their 
counterparts in the central sensory axons. SCa moves at 1.0 to 3.0 mm/day in the peripheral 
processes and 0.5 to 1.0 mm/day in the central processes; SCb moves at 3.5 to 6.5 mm/day in the 
peripheral processes and 2.0 to 3.5 mm/day in the central processes. In each branch of the DRG cell, 
the rate of axonal regeneration is similar to the rate of SCb transport. These results support the 
hypothesis that SCb is a rate-limiting factor in axonal regeneration because of its role in providing 
the cytoskeletal elements which are directly involved in the motility of the growth cone and 
elongation of the axon. 

The dorsal root ganglion (DRG) cell is a pseudo-uni- 
polar neuron which sends out a single axon that bifur- 
cates within the ganglion, with one axon proceeding 
centrally into the spinal cord and the other proceeding 
peripherally to synapse with sensory receptors. Since 
these two axons arise from the same nerve cell body, one 
might assume that the properties of these two branches 
would be the same. 

Investigations of various parameters have shown, how- 
ever, that the central and peripheral processes of the 
DRG cell can differ. For example, the conduction velocity 
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was found to be slower in the central sensory axons than 
in the peripheral sensory axons (Loeb, 1976; Czeh et al., 
1977). Also, Czeh et al. (1977) demonstrated differential 
effects upon the conduction velocities following axotomy: 
a peripheral axotomy produced a decrease in the conduc- 
tion velocity of both branches, whereas a central axotomy 
increased the conduction velocity of only the peripheral 
axons. Another example of the differential effects of 
axotomy is observed in studies of chromatolysis. A pe- 
ripheral axotomy induces a chromatolytic reaction in the 
DRG cell body but a central axotomy does not lead to 
such morphological changes (Hare and Hinsey, 1940; 
Carmel and Stein, 1969). Furthermore, some properties 
of axonal transport differ between the two branches of 
the DRG cell. Although the rates of fast axonal transport 
are equivalent, the amount of radioactively labeled ma- 
terial which is moved at this rate is greater in the periph- 
eral branch than in the central branch (Ochs, 1972). In 
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studies of slow axonal transport, the rate as well as the 
am.ount of material transported is greater in the periph- 
eral branch than in the central branch (Lasek, 1968; Mori 
et al., 1979). 

The observation of differences in the transport of 
proteins in two branches of the same axon raises the 
interesting possibility that processes which are depend- 
ent upon these transported proteins might also differ in 
these two branches. One process which presumably re- 
quires the involvement of axonal transport is axonal 
regeneration. Fast transport delivers membranous ma- 
terials to the axon and provides for the renewal of the 
plasma membrane (Tessler et al., 1980; Griffin et al., 
1981). Slow axonal transport represents the movement of 
the cytoskeletal elements such as microtubules, neurofil- 
aments, and actin microfilaments (Lasek, 1981). Black 
and Lasek (1979) have proposed that the subcomponent 
of slow transport which they call slow component b (SCb) 
is a primary determinant in axonal regeneration. This 
hypothesis is based on the observation that in the rat 
ventral motor neurons the rates of SCb (Hoffman and 
Lasek, 1980) and axonal regeneration (Black and Lasek, 
1979) are similar. If SCb in nongrowing axons represents 
a set of processes which are directly involved in the 
motility of axons during regeneration, then the rate of 
regeneration in the central and peripheral branches of 
the DRG cell should be related to the rate of SCb. 

In order to test this prediction, we measured the rates 
of slow transport and axonal regeneration in the two 
branches of young adult rat DRG cells. Our study dem- 
onstrates that the peripheral axon regenerated at twice 
the rate of the central axon. In addition, we found that 
the rate of SCb transport is similar to the rate of regen- 
eration. Thus, the DRG cell may be used as a model for 
studying the relationship between the process of axonal 
regeneration and intracellular mechanisms such as ax- 
onal transport. 

Materials and Methods 

All experimental animals were male Sprague-Dawley 
rats (Zivic-Miller Laboratories) weighing 250 to 300 gm. 
To expose the spinal roots and the DRG, laminectomies 
were performed on the rats, under clean conditions with 
4% (w/v) chloral hydrate used as an anesthetic. Injection 
of radioactive amino acids into the DRG (Lasek, 1968) 
was employed to investigate both axonal regeneration 
and axonal transport in the two branches of the DRG 
cell. At the end of surgery, the wound was flushed with 
saline, the overlying muscles and fascia were sutured 
with 4-O silk thread, and the skin incision was closed with 
wound clips. 

Axonal regeneration 

Axonal regeneration was measured by radioactively 
labeling neuronal proteins which were subsequently ax- 
onally transported to the tips of the regenerating axons 
(Black and Lasek, 1976, 1979; Forman and Berenberg, 
1978; Frizell and Sjostrand, 1974; Griffin et al., 1976). 
Regeneration was initiated by crushing either the fifth 
lumbar (L5) dorsal root or the L5 spinal nerve (a major 
contributor to the sciatic nerve) with a no. 5 Dumont 
jeweler’s forceps at 8 to 10 mm from the L5 DRG. The 

nerve was squeezed twice with the forceps, each squeeze 
lasting 10 set; this method completely transected all 
axons in the nerve (data not shown). In most of the rats, 
2.0 ~1 of a 1:l mixture of [3H]proline and [“Hllysine (New 
England Nuclear (NEN); 50 ,&i/p1 in glass-distilled wa- 
ter) were injected into the L5 DRG in four equal doses at 
a rate of 0.1 $/min immediately after crushing the nerve 
(Black and Lasek, 1979). In other rats, the regenerating 
axon tips were labeled via fast axonal transport (Forman 
and Berenberg, 1978). With this method, the wound was 
closed following the crush and the animal was allowed to 
recover for the appropriate period of time. At 18 hr prior 
to sacrifice, the L5 DRG was injected with a [“H]proline/ 
[3H]lysine mixture. With either method, the rats were 
sacrificed by decapitation, and the L5 DRG and the L5 
dorsal root (30 mm long) or the sciatic nerve (50 to 60 
mm long) were removed and frozen. The dorsal root, the 
DRG, and the sciatic nerve were cut into l.O-mm seg- 
ments. Each segment was solubilized in 0.5 ml of Soluene- 
350 tissue solubilizer (Packard) at 60°C overnight. Five 
milliliters of scintillation cocktail (3 gm of 2,5-diphen- 
yloxazole plus 12 gm of benzoic acid in 1.0 liter of toluene) 
were added to each sample and the radioactivity was 
measured in a Beckman LS-335 liquid scintillation 
counter. 

The radioactivity per segment was plotted against 
distance from the DRG (Fig. la). In the most distal 
segments of the nerve, radioactivity decreased to a con- 
stant low level, which is defined by Forman and Beren- 
berg (1978) as the background level. The point at which 
the high levels of radioactivity in the more proximal 
segments decreased to the background level distally was 
determined to be the leading edge of the fastest growing 
axons (Fig. la, arrows). The regeneration distances were 
measured from the crush site to the leading edge of the 
fastest growing axons. 

Regeneration of motor axons within the ventral root 
was also examined. A laminectomy was performed, and 
the L5 ventral root was crushed approximately 10 to 15 
mm from its spinal cord exit. Eighteen hours prior to 
sacrifice, the regenerating motor axons were labeled by 
injection of a [3H]proline/[3H]lysine mixture into the 
ventral horn at the L5 spinal cord level (Griffin et al., 
1976; Forman and Berenberg, 1978). The animals were 
sacrificed at 2,5, and 9 days. At the first two time periods, 
the regeneration of the motor axons was confirmed en- 
tirely to the ventral root; therefore, any radioactivity 
transported in the L4 and L6 ventral roots did not inter- 
fere with the measurements of regeneration distance. 
The entire L5 ventral root and L5 spinal nerve plus the 
initial portion of the sciatic nerve were removed and cut 
into l.O-mm segments. Each segment was processed for 
radioactivity measurement as described above. The ra- 
dioactivity per segment was plotted against distance from 
the spinal cord (Fig. lb) and the regeneration distance 
for the motor axons was determined in the same manner 
as described for the sensory axons. 

The rates of regeneration were determined by plotting 
the regeneration distances against time (Fig. 2). Regres- 
sion lines were fit to the data points by the method of 
least squares, and the regeneration rates were determined 
from the slopes of these lines. 
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Figure 1. Distribution of radioactivity in regenerating axons 
plotted as a function of distance. The radioactivity in each 
segment. is given as the percentage of the t.otal radioactivity in 
the nerve. CL, Regeneration of peripheral and central axons of 
the DRG cell at 7 davs after axotomy. Results from the two 
variations of the radioisotope labeling method are compared in 
the two axonal branches. The technique of Forman and Ber- 
enberg (1978) is illustrated by the open squares and open 
circles (fast) and the technique of Black and Lasek (1979) is 
illustrated by the solid squares and solid circles (slow). Zero 
distance is the location of the crush site and the arrows point 
to the leading edge of t.he fastest growing axons. b, Regeneration 
of ventral horn motoneuron axons 5 days after a crush lesion of 
the L5 ventral root. Zero distance represents the exit of motor 

Slow akonal transport 

The L5 DRG was exposed and a total of 2.0 ~1 of L- 

[35S]methionine (NEN; 100 &i/p1 in glass-distilled wa- 
ter) was injected into the DRG in four equal doses at a 
rate of 0.1 pl/min. The animals were allowed to recover 
for periods of 3,7,10, and 14 days and then were sacrificed 
by decapitation. Immediately, the L5 dorsal root, L5 
DRG, and sciatic nerve were carefully removed and 
frozen. Using a Mickle gel slicer (The Mickle Laboratory 
Engineering Co.), the dorsal root was cut into consecutive 
2.0-mm segments, the DRG was cut out as a single 
segment, and the sciatic nerve was cut i&o consecutive 
4.0-mm segments. Each segment was homogenized with 
a ground glass microhomogenizer in 250 ~1 of BUST (2% 
/?-mercaptoethanol, 8 M urea, 1% sodium dodecyl sulfate 
(SDS), and 0.1 M Tris (hydroxymethyl) aminomethane, 
pH 6.8); each homogenate was heated at 1OO’C for 4 min 
and then centrifuged in a Sorvall RCB-B centrifuge (15 
min; 15,000 rpm; 20” to 24°C). A lo-p1 aliquot of each 
supernatant was added to individual scintillation vials 
containing 5 ml of NEN Formula 963 scintillation cock- 
tail. The radioactivity was measured in a Beckman LS- 
335 liquid scintillation counter. To facilitate comparison 
of data among the different animals, the data were nor- 
malized by expressing the radioactivity in each segment 
as a percentage of the total radioactivity in the entire 
length of the dorsal root or sciatic nerve. The percentage 
of total radioactivity was then graphed against distance 
from the center of the DRG (Fig. 3). 

Aliquots from the remaining supernatant (170 ~1) were 
electrophoresed on a SDS-polyacrylamide slab gel (7.5 to 
15% gradient with a 4% stacking gel) as modified from 
Laemmli (1970). Following electrophoresis, the gels were 
stained with 0.1% Coomassie blue in 35% methanol and 
7% acetic acid. Subsequently, the radioactive polypep- 
tides in each gel were visualized by fluorography (Bonner 
and Laskey, 1974; Laskey and Mills, 1975). 

Results 

Axonal regeneration 

Axonally transported radioactivity was used to meas- 
ure the regeneration of sensory axons in the dorsal root 
and in the sciatic nerve following a crush lesion. Four 
representative examples of the radioactivity profiles ob- 
tained from regenerating sensory axons are depicted in 
Figure la. Moving distally from the crush site, the radio- 
activity level decreases progressively until it reaches 
background levels, as defined by Forman and Berenberg 
(1978). The point at which the radioactivity first reaches 
background level is defined as the leading edge of the 
fastest growing axons. The radioactivity profiles in Figure 
la are like those previously described in regenerating 
peripheral axons of the DRG cell (Bisby, 1979). 

Two variations of the radioisotope labeling method 

axons from the spinal cord. The crush site is 11 mm from the 
spinal cord and the arrowhead points to the leading edge of 
the fastest growing axons. The L5 ventral root ends at 30 mm 
from the spinal cord; thus, all of the regenerat.ion has taken 
place within the ventral root. 
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have been employed in this study to measure the rate of 
axonal regeneration (Fig. la). In the technique described 
by Black and Lasek (1979), radioactive amino acids are 
injected into the DRG immediately after axotomy. Ra- 
dioactive polypeptides are axonally transported during 
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than that of the central branch. The correlation coeffi- 
cient of the regression lines was 0.97 for the peripheral 
processes and 0.92 for the central processes, demonstrat- 
ing that axonal regeneration is linear in the two nerves. 
Calculating the slopes of the regression lines provide the 
rate (+ SEM) of axonal regeneration: 4.6 & 0.9 mm/day 
for the peripheral processes and 2.1 f 0.5 mm/day for 
the central processes. 

the entire regeneration period and the label is present 
throughout the complete length of the axon as far as the 
growing tip. At the time of sacrifice, a large proportion of 
the radioactivity is being carried by the intermediate and 
the slow transport .components. In the technique de- 
scribed by Forman and Berenberg (1978), the nerve is 
axotomized, but the DRG is not injected until 18 hr prior 
to sacrifice. Between the injection and sacrifice times, 
fast transport is the primary component which carries 
radioactivity to the tips of the regenerating axons. 

Forman and Berenberg (1978) suggested that these 
two methods would lead to differences in the measured 
rates of axonal elongation. However, the results illus- 
trated in Figure la show that both techniques produce 
radioactivity profiles which are similar in waveform and 
in location of the leading edge of growing axons at 7 days. 
This is true for the other time points as well. Therefore, 
the data obtained from the two methods were pooled in 
the following analysis. It is evident from Figure la that 
the peripheral branch of the DRG cell elongates faster 
than the central branch. 

The regeneration distance was measured between the 
crush site and the leading edge of growing axons in 18 
rats for the L5 dorsal root and in 10 rata for the sciatic 
nerve. These measurements are graphed in Figure 2 as a 
function of time after axotomy. Again, it is apparent that 
the regeneration rate of the peripheral branch is faster 
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Figure 2. The regeneration distance as a function of time 

after the crush lesion. The individual values of regeneration 
distance at each time point were plotted. Regression lines were 
fitted to the data from the peripheral sensory axons (solid 
stars) and central sensory axons (solid sqrcares) of the DRG 
cell by the method of least squares. The regeneration rate was 
determined from the slope of the regression line: peripheral 
sensory axons = 4.6 + 0.9 mm/day and central sensory axons 
= 2.1+ 0.5 mm/day. The open stars represent the regeneration 
distance of motor axons after a crush of the L5 ventral root. At 
2 and 5 days post-crush, the motor axons have regenerated 
entirely within the ventral root. 

Comparison of regeneration in spinal roots and 
peripheral nerve: Influence of environment 

It is known that external factors such as the type of 
lesion or the physical environment of the regenerating 
axons (Ramon y Cajal, 1928; Gutmann et al., 1942; For- 
man et al., 1979) can influence the rate of elongation. It 
should be noted that the amount of connective tissue, 
the total number of axons, and the size of nerve are 
greater in the sciatic nerve than in the dorsal root. 
ConsequentjlT, the crush lesion (which was applied iden- 
tically to both the root and the nerve) may have been 
more traumatic to the dorsal root. As a result, the regen- 
eration of the .central sensory axons may have been 
hindered relative to the peripheral sensory axons. 

The ventral horn motoneurons provide an opportunity 
to test this possibility because these neurons send their 
axons through the ventral root and into the peripheral 
nerves. Therefore, the regeneration of these axons can be 
measured both in response to crushing the spinal root 
and the peripheral nerve. The L5 ventral root was 
crushed and the rate of regeneration was measured as 
described under “Materials and Methods.” The radioac- 
tive distribution (Fig. lb) was similar to that seen in 
previous studies of regenerating ventral horn motoneu- 
rons when the sciatic nerve had been crushed (Griffin et 
al., 1976; Forman and Berenberg, 1978; Bisby, 1979). The 
regeneration distances are plotted in Figure 2 (open 
stars); the rate of regeneration in the ventral root was 
4.6 mm/day, which is similar to that found for motor 
axons crushed in the sciatic nerve (Bisby, 1979 (3.9 mm/ 
day); Black and Lasek, 1979 (3.8 mm/day); Forman and 
Berenberg, 1978 (4.4 mm/day); Griffin et al., 1976 (4.4 
mm/day3); Pestronk et al., 1980 (4.5 mm/day)). These 
results demonstrate that ventral horn motoneurons re- 
generate their axons through the spinal root and periph- 
eral nerve at essentially the same rate. The small differ- 
ences in the rates reported by these studies probably 
results from minor differences in the way the axons were 
interrupted. It has been clearly established that the type 
of trauma inflicted on the connective tissue will produce 
differences in regeneration rates (Ramon y Cajal, 1928; 
Gutmann et al., 1942; Forman et al., 1979). For example, 
the lowest of these values was obtained by Black and 
Lasek (1979) who crushed the nerve with a hemostat, 
injuring 3 mm or more of the nerve. In the present study 
and in others where the rate was slightly faster, fine 
forceps were employed to crush the nerve, thus injuring 
a more limited region. Hence, the normal histological 
differences between ventral root and peripheral nerve are 
not sufficient to alter the rate of axonal regeneration. 
The histological characteristics of the ventral root are 

‘I Data corrected for latency period. 
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very similar to those of the dorsal root (Haller and Low, 
1971; Haller et al., 1972). Thus, the environmental factors 
of the dorsal root should not significantly alter the regen- 
eration rate of the central axons of the DRG cell. Rather, 
the difference in regeneration rate between central and 
peripheral sensory axons is probably due to factors in- 
trinsic to the DRG cell. 

Axonal transport 

The slow axonal transport of radioactively labeled 
polypeptides in the two branches of the DRG cell was 
examined in 18 rats. Because the amount of radioactivity 
incorporated by the cells was variable from experiment 
to experiment, the data were normalized to facilitate 
comparisons among the different animals. The profiles of 
slowly transported radioactivity have complex wave- 
forms; although the minor peaks consistently appear in 
the distribution, in this paper, we will focus on the major 
aspects of the radioactive waves which correspond to 
SCa and SCb. 

Two slowly moving groups of axonally transported 
proteins can be identified in each branch of the DRG 
cells. Figure 3 depicts the slow transport of total radio- 

Peripheral sensory axons 

3 days 

I I I I 1 

10 20 30 40 50 
Distance (mm) 

activity in the dorsal root (central branch) and sciatic 
nerve (peripheral branch) at 3, 7, 10, and 14 days post- 
injection (PI). In both branches, a wavefront of radioac- 
tivity can be observed at 3 days PI. By 7 days PI, each 
wavefront has moved further from the DRG and a peak 
of radioactivity has appeared at the crest of the wave- 
front. At 10 days PI in each branch, the initial peak of 
radioactivity has moved further away and is now followed 
by a second, larger peak of radioactivity. At 14 days PI, 
only a trailing edge of the initial peak is visible, while the 
second wave has continued to move further out from the 
DRG. 

The rate of movement of these waves was determined 
from the radioactivity profiles of all 7-, lo-, and 14-day 
animals. The transport rate of each wave is described by 
a range of values indicating the movement of the peak 
and wavefront (Hoffman and Lasek, 1980). The peak is 
the highest level of radioactivity and the wavefront is the 
region of rapidly decreasing radioactivity distal to the 
peak. Measurements of the wavefront movement were 
taken from the lowest level of radioactivity in the wave 
(i.e., the foot of the wave). The distance of the peak and 
wavefront of radioactivity from the DRG was measured 
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Figure 3. Axonal transport of total radioactivity in the peripheral sensory axons and central sensory axons of the DRG cell at 
3,7,10, and 14 days postinjection. To facilitate comparison of data from different animals, the data were normalized by expressing 
the radioactivity in each segment as a percentage of the total radioactivity in the entire length of the nerve. The percentage of 
total radioactivity was graphed as a function of distance from the center of the DRG. The solid arrows indicate the initial wave 
of radioactivity (SCb) and the open arrows indicate the second wave of radioactivity (SCa). a, Peripheral processes; b, central 
processes. 
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in each animal and divided by time (days) to obtain the 
transport rates. In the peripheral sensory axons, the rates 
(-+ SEM) for the initial wave are 3.5 + 0.7 mm/day to 6.5 
f 0.4 mm/day; the second wave moves at a rate of 1.0 
f 0.3 mm/day to 3.0 + 0.7 mm/day. In the central 
sensory axons, the initial wave moves at a rate of 2.0 & 
0.5 mm/day to 3.5 f 0.3 mm/day; the second wave moves 
at a rate of 0.5 f 0.2 mm/day to 1.0 + 0.3 mm/day. The 
transport rates of the second wave correspond to values 
found for slow transport of total radioactivity in the 
peripheral and central branches of the DRG cell (Lasek, 
1968; Komiya and Kurokawa, 1978). It is apparent that 
the transport rate of each wave in the peripheral process 

is approximately twice that of its counterpart in the 
central process. 

Black and Lasek (1980) have demonstrated that slow 
axonal transport consists of two components called slow 
components a (SCa) and slow component b (SCb). Fol- 
lowing a pulse label of radioactivity, the two components 
appear as separate waves of radioactivity with SCb mov- 
ing ahead of SCa. The two waves of radioactivity being 
transported in the sciatic nerve and dorsal root may 
represent the movement of SCa and SCb in the DRG 
cell. The polypeptide composition of the radioactively 
labeled waves was analyzed by one-dimensional SDS- 
PAGE (Fig. 4). The polypeptide bands in the initial wave 

Figure 4. Comparison of SCa and SCb in the peripheral and central processes of the DRG cell. The samples were taken from 
nerve segments corresponding to the first and second waves of radioactivity in both the sciatic nerve and the dorsal root. The 
polypeptide composition was analyzed by SDS-PAGE and fluorography (as described under “Materials and Methods”). The 
apparent molecular weights of selected polypeptide bands are listed in units of lo3 daltons alongside the fluorographs. In SCa 
(second wave), the polypeptide composition is identical for both branches; the primary constituents are neurofiiament proteins 
(200,000, 145,000, and 68,000 daltons) and tubulin (57,000 and 53,000 daltons). In SCb (fist wave), the polypeptide composition 
is also identical for both branches. However, the SCb composition is markedly different from that of SCa. 
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are identical between the peripheral and central pro- 
cesses; similarly, the polypeptide bands in the second 
wave are identical between the two processes. However, 
the composition between the first and second wave is 
markedly different. The most prominent constituents of 
the second wave are the neurofilament triplet proteins 
(200,000, 145,000, and 68,000 daltons) and tubulin (57,000 
and 53,000 daltons), which have been identified as the 
primary elements of SCa (Lasek and Hoffman, 1976; 
Black and Lasek, 1980). The composition of the first 
wave shows a strong similarity to the polypeptide com- 
position of SCb (Black and Lasek, 1980; Garner and 
Lasek, 1981). Fluorographs of slow transport in the two 
branches of the DRG cell (Mori et al., 1979; J. R. Wujek 
and R. J. Lasek, manuscript in preparation) reveal the 
presence of two distinct polypeptide groups, each moving 
at a separate rate. Thus, the first and second wave of 
slowly transported radioactivity represent the movement 
of SCb and SCa, respectively, in the peripheral and 
central process of the DRG cell. 

Discussion 

“If we consider the character of the notions that we 
have acquired concerning nervous regeneration, we may 
note that they can be classified into two categories: (1) 
those which have to do with internal, immanent proper- 
ties or tendencies of the neuronal protoplasm, acting in 
relative independence of their surroundings; and (2) 
those which have to do with reactions of this protoplasm 
brought about by the mechanical or chemical conditions 
of the region traversed. As an abbreviation we shall 
designate these two groups of manifestations respec- 
tively: intrinsic and extrinsic phenomena.” (Ramon y 
Cajal, 1928). 

These intrinsic and extrinsic properties together will 
contribute to the ultimate outcome of the regenerative 
process. But certain properties will exert a more funda- 
mental effect upon this process. Because the regenerating 
axon is an outgrowth of the neuron (Harrison, 1910), 
those properties which are intrinsic to the neuron will be 
essential and formative elements of the regenerative 
process. Our discussion shall focus upon intrinsic prop- 
erties which give rise to axonal regeneration. In particu- 
lar, we propose that a direct relationship exists between 
SCb and axonal regeneration, because SCb represents 
the movement of cytoskeletal elements which are directly 
involved in axonal motility. 

Correlation between SCb and axonal regeneration 

In Table I, the transport rates of SCa and SCb are 
compared with the rates of axonal regeneration in the 

TABLE I 

Rates of slou~ axonal transport and axonal regeneration in the 

dorsal root ganglion cell 

SCa (mm/day)” SCb (mm/day)” 
Regeneration 

Peak Wavefront Peak Wavefront (mm/day) 

Peripheral 
branch 

Central 
branch 

1.0 k 0.3 3.0 rf; 0.7 3.5 + 0.7 6.5 AI 0.4 4.6 + 0.9 

0.5 * 0.2 1.0 + 0.3 2.0 + 0.5 3.5 f 0.3 2.1 -+ 0.5 

” The values are f standard error of the mean. 

two branches of the DRG cell. For each branch, a close 
correlation can be observed between the rate of SCb 
transport and the rate of axonal regeneration. In the 
peripheral sensory axons of the rat, SCb moves at 3.5 to 
6.5 mm/day and the regeneration rate is 4.6 mm/day; in 
the central sensory axons, SCb moves at 2.0 to 3.5 mm/ 
day and the regeneration rate is 2.1 mm/day. This evi- 
dence indicates that the rate of SCb transport is related 
to the rate of axonal regeneration. 

The rate of SCb transport correlates with the rate of 
axonal regeneration in other neurons as well as in the 
DRG cell. This is the case in the rat ventral horn moto- 
neuron, where the rates of both SCb (Hoffman and 
Lasek, 1975, 1980; Lasek and Hoffman, 1976; McQuarrie 
et al., 1980) and axonal regeneration (Bisby, 1979; Black 
and Lasek, 1979; Forman and Berenberg, 1978; Griffin et 
al., 1976; Pestronk et al., 1980) are approximately 4 mm/ 
day. Similarly, in the goldfish retinal ganglion cell, the 
rates for SCb (I. G. McQuarrie, personal communication) 
and axonal regeneration (McQuarrie and Grafstein, 1978, 
1981) are 0.2 to 0.5 mm/day. 

Role of SC6 in axonal elongation 

Many processes intrinsic to the neuron potentially 
contribute to the complex phenomenon of axonal regen- 
eration (Grafstein and McQuarrie, 1978). One such proc- 
ess is axonal transport. Through this process, the mac- 
romolecules necessary for the construction and mainte- 
nance of the regenerating axon are conveyed from the 
cell body into the new sprout. The correlation between 
the rates of SCb and regeneration suggests that SCb 
transport represents the movement of structures which 
are directly involved in the motility of the regenerating 
axon and thus governs its rate of growth. 

Although the correlation between the two rates is good, 
this correlation is not exact. Slow component b moves as 
a broad wave of radioactivity in both branches of the 
DRG cell; the rate of movement is described by a range 
of values determined from the peak and wavefront of 
radioactivity. The radioisotope labeling technique meas- 
ures the rate of the fastest regenerating axons. It is 
apparent from Table I that the leading edge of these 
axons moves at a rate somewhat slower than the rate 
determined for the leading edge of the SCb wave. Since 
these rates do not correlate exactly, the possibility arises 
that the similarity between the rates of SCb and regen- 
eration is merely coincidental. We propose that this is 
not the case and that the similarity between these rates 
results from the central role that the SCb proteins play 
in the motility of regenerating axons. Furthermore, the 
observation that regeneration is slightly slower than SCb 
can be explained if other processes, which must be coor- 
dinated with the movement of SCb proteins during re- 
generation, further constrain the movement of SCb. One 
such process is the movement of the cytoskeletal ele- 
ments of SCa, which move more slowly than those of 
SCb (Black and Lasek, 1980; Hoffman and Lasek, 1975; 
Lasek and Hoffman, 1976). The coordinated movement 
of these structures in SCb and SCa, which are both 
required for regeneration, may result in an aggregate rate 
of movement which is somewhat slower than the fastest 
moving SCb proteins in nongrowing axons. The fastest 
moving SCb proteins provide a measure of the most 
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efficient translocation of this group of proteins unhin- 
dered by other more slowly moving structures. In regen- 
erating axons, SCb is not sufficient in itself to supply all 
of the ingredients for axonal elongation, Neurofilaments 
are also present in regenerating axons (Yamada et al., 
1970, 1971) but these structures are conveyed only by 
SCa (Black and Lasek, 1980). 

SCb and the growth cone 

Two fundamental steps in the process of axonal regen- 
eration are growth cone formation and axonal elongation 
(Ramon y Cajal, 1928; Young, 1942). The growth cone is 
the motile organelle of a regenerating axon; as such, it 
must ultimately determine the rate of axonal regenera- 
tion because the axon can never elongate faster than the 
growth cone can move. The growth cone is characterized 
by two sets of dynamic structures (Yamada et al., 1971; 
Chang and Goldman, 1973; Letourneau, 1979, 1981): (i) 
a set of membranous organelles which interact with the 
plasma membrane and (ii) an internal scaffolding which 
consists principally of actin microfilaments. The mem- 
branous system is supplied by the fast component of 
axonal transport (Tessler et al., 1980; Griffin et al., 1981) 
which moves at 400 mm/day in the DRG cell (Lasek, 
1968; Ochs, 1972). 

It does not seem probable that the fast component will 
limit the rate at which the growth cone will move because 
the fast component can deliver materials at rates which 
are 100 times faster than regeneration. Although fast 
transport may not limit the rate of regeneration, it is 
clearly necessary and probably regulates other aspects of 
regeneration such as the initiation of sprouting. 

The proteins which comprise the microfilament net- 
work of the growth cone are supplied by SCb (Black and 
Lasek, 1980; Brady and Lasek, 1981; Brady et al., 1981). 
For example, SCb supplies actin, clathrin, and a number 
of other proteins which have been associated with the 
internal scaffolding of the growth cone. These proteins 
not only comprise the fabric of the growth cone but also 
the internal structure of the microspikes, which are the 
vanguard of axonal growth. Clearly, axons cannot extend 
any faster than the rate at which these proteins can be 
supplied. 

The similarity between the rate of SCb and the rate of 
regeneration suggests that the rate of protein transloca- 
tion in SCb may set the limits on the rate of regeneration 
when the axon is severed. If this is the case, then the 
relationship between the rate of SCb and regeneration 
may be more fundamental than limitations inherent in 
the supply of proteins required to construct the growth 
cone. It is possible that the motile mechanism which is 
responsible for the translocation of SCb in the mature 
axon is also directly involved in the motility of the growth 
cone. It is commonly thought that extension of the 
growth cone is an actin dependent process (Yamada et 
al., 1971; Letourneau, 1981). Slow component b corre- 
sponds to a structural complex which consists of actin, a 
variety of metabolic enzymes, and regulatory proteins 
such as calmodulin (Black and Lasek, 1980; Brady and 
Lasek, 1981; Brady et al., 1981). These proteins move 
together in the axon as a structural assembly. This struc- 
tural assembly is a prime candidate for the force gener- 

ating structure in the axon. Many of the proteins, in 
addition to actin, which are present in SCb are also 
characteristic of the striated muscle sarcomere. For ex- 
ample, creatine phosphokinase, which is an SCb protein 
(Brady and Lasek, 1981), is structurally associated with 
the contractile apparatus of skeletal muscle (Mani and 
Kay, 1976; Walliman et al., 1978). Calmodulin, which is 
another SCb protein (Brady et al., 1981), appears to be 
involved in the regulation of myosin in smooth muscle 
and nonmuscle cells (Cheung, 1980). 

We propose that SCb contains a primary component 
of the axonal motile complex which is responsible for the 
active translocation of the cytoskeleton in the axon and 
that during regeneration this motile complex is directly 
involved in the locomotion of the growth cone. If SCb is 
a primary motile structure, then in the nongrowing axons 
it could generate the forces responsible both for its own 
movement and for the movement of microtubules and 
neurofilaments which trail behind SCb. When the axon 
is severed, these motile complexes, which are in transit 
along the axon, could be reorganized at the transection 
site to form the motile components of the growth cone 
leading to the extension of regenerative sprouts. 
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