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A monoclonal antibody has previously been described that 
binds to all neurons in the 15 d (50% development) cock- 
roach embryo but to only a small subset of neurons in the 
adult (Denburg et al., 1989). Experiments were performed in 
order to determine whether the developmental stage-spe- 
cific antigen recognized by this antibody would reappear in 
adult neurons that were induced to undergo axonal regen- 
eration by axotomy. It is demonstrated here that after nerve 
crush motor, sensory and interneurons undergo axonal re- 
generation and regain their ability to bind this antibody. This 
indicates that the developing and regenerating states of these 
neurons selectively use the same molecules to perform ap- 
parently similar cellular functions. 

The increase and subsequent decrease of antibody bind- 
ing as a function of time after nerve crush was determined 
for each of these adult neurons. Correlations between the 
temporal distribution of the antigen and cellular events oc- 
curring during axonal regeneration are consistent with a role 
for this molecule in axon growth and the elimination of in- 
appropriate synaptic connections. The antigen was localized 
to the external surface of the plasma membrane, and pre- 
liminary biochemical characterization has led to the tentative 
identification of the antigen as a glycolipid. These charac- 
teristics distinguish this growth-associated antigen from oth- 
er previously described molecules whose temporal distri- 
bution has implicated a role for them in axon growth. 

Neurons can exist in at least 3 distinct metabolic states: devel- 
oping, mature, and regenerating. In the developing state, the 
nondividing neuron is physiologically and morphologically dif- 
ferentiating. Axon growth and synapse formation are occurring 
during this state. In the mature state, the neuron is maintaining 
its axonal and dendritic arbors and performing its physiological 
function in a neuronal circuit. The regenerating state is induced 
in the neuron by trauma and is identified by the regrowth of 
axons and reformation of synapses. Evidence exists that these 
states can be characterized by quantitative and qualitative dif- 
ferences in macromolecular gene products. One of the goals of 
developmental neurobiology has been the identification of the 
molecules that are uniquely characteristic of each state and the 
identification of the signals that produce transitions among these 
states. Of particular clinical relevance have been the questions 
of how biochemically similar are the developing and the regen- 
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erating states of the neuron and what the signals are that enable 
the transition from the mature to the regenerating state. Despite 
their evolutionary distance from apparently more relevant ex- 
perimental systems, insect neurons are a very useful model sys- 
tem in which to address these questions. 

We have been studying axonal regeneration of motor neurons 
in adult cockroaches, Periplaneta americana, with the goal of 
identifying molecules that mediate cell-cell interactions that are 
responsible for the reformation of the original innervation pat- 
tern (reviewed by Denburg, 1988). These cellular processes in- 
clude axon growth, cell-cell recognition, and synapse formation. 
They also occur during embryonic development. We have taken 
2 approaches to determine whether axonal regeneration in adult 
insects occurs by cellular and molecular mechanisms similar to 
those occurring during embryonic development. 

In the first approach, hybridoma techniques have been used 
to produce monoclonal antibodies (MAbs) that specifically bind 
to the surfaces of axon terminals of individual identified motor 
neurons (Denburg et al., 1987). The antigens detected by these 
neuron subset-specific MAbs are our best candidates for con- 
sideration as neuronal recognition macromolecules acting dur- 
ing regeneration. 

The second approach involves the production of MAbs that 
selectively bind to the embryonic nervous system and either do 
not bind to that of the adult or do so with a different pattern 
(Denburg et al., 1989). The antigens detected by these devel- 
opmental stage-specific (DSS) MAbs are good candidates for 
molecules playing a role in the development of the nervous 
system. Experiments were done to see if any of these develop- 
mental stage-specific antigens (DSSAs) reappear in adult neu- 
rons undergoing axonal regeneration. In this communication we 
report results on one of these DSSAs that is present in all neurons 
throughout embryonic development and is absent from most 
adult neurons. The reappearance of this molecule in adult neu- 
rons undergoing axonal regeneration suggests that this molecule 
may be considered a growth-associated antigen. Results pre- 
sented here indicate that this antigen is different from previously 
described growth-associated proteins identified in vertebrate 
neurons (Benowitz et al., 198 1; Skene and Willard, 198 1 a, b). 

Materials and Methods 
Production of MAbs. The DSS-3 MAbs were produced as described in 
detail elsewhere (Denburg et al., 1989). Briefly, Balb/C mice were im- 
munized 3 times at 3 week intervals with 150 nerve cords (anproxi- 
mately 600 fig protein) from 13-15 d (4340% stage of development) 
cockroach embryos. Four days after the final immunization, the snleens 
of the mice were removed and fusions with NS- 1 mouse myeloma cells 
were performed (Kohler and Milstein. 1976: Denbure et al.. 1986). 
Supernatants from wells apparently containmg only one hybridoma 
colony were screened for MAb binding to frozen sections of both em- 
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bryonic and adult thoracic ganglia. The DSS-3 MAbs were chosen be- 
cause of their selective binding to the embryonic nervous system. The 
hybridomas producing these MAbs were recloned by serial dilution. 
The 2 DSS-3 MAbs (DSS-3A and DSS-3B) were each obtained from a 
different fusion. 

Experimental animals. Adult male cockroaches, P. americana, ob- 
tained from laboratory colonies were used in all experiments. For all 
surgical procedures the insects were anesthetized with CO,. In order to 
induce regeneration of motor and sensory neurons, nerve root 5 con- 
necting the metathoracic ganglion with the leg was crushed with forceps 
after penetration of the soft transparent cuticle between the thorax and 
coxa. Regeneration of intemeurons with axons ascending or descending 
in the nerve cord was induced by crushing the left connective between 
the metathoracic and the mesothoracic ganglia. All experimental insects 
were maintained at 30°C in a 12-l 2 hr light-dark cycle. 

Whole-mount immunohistochemistry. Visualization of MAb binding 
in whole mounts of thoracic ganglia was performed as previously de- 
scribed (Denburg et al., 1989). Thoracic ganglia were removed from 
adult cockroaches while immersed in 4% paraformaldehyde, 0.1 M po- 
tassium phosphate, pH 7.2. Fixation continued for 3 hr at 4°C. Fixative 
was removed by 5 washes, of 10 min each, with PBS containing 20 mM 
potassium phosphate, pH 7.2, and 150 mM NaCl. The ganglia are sur- 
rounded by an extracellular matrix sheath that prevents the penetration 
of the antibodies. This sheath may be removed by careful tearing with 
sharpened forceps. This procedure is very time-consuming and the neu- 
rons underlying the removed sheath are often damaged. When larger 
numbers of ganglia are to be examined, the sheath is permeabilized by 
mild treatment with 2 mg/ml trypsin in PBS at room temperature for 
30 min. The enzyme was removed by 3 rapid washes with PBS, and 
any remaining activity was destroyed by treatment with soybean trypsin 
inhibitor at 1 mg/ml in PBS at room temperature for 15 min. This 
treatment with proteolytic enzyme successfully permeabilized the sheath 
to antibody as determined by the ability to detect antibody binding to 
the innermost regions of the neuropile. In addition, the enzyme did not 
destroy any antigen on the cell surface since the pattern of MAb binding 
to trypsin-treated ganglia was identical to that of desheathed ganglia. 
Several other MAbs that recognize molecules on the surface of the 
neurons also bound with an identical pattern to trypsin-treated and 
desheathed ganglia. The nerve cords were incubated for 2 hr at room 
temperature in a blocking solution containing 2% Triton X-100, 2% 
goat serum (GS), and 30 mg/ml BSA in Tris-buffered saline (TBS) 
consisting of 50 mM Tris, pH 7.2, and 350 mM NaCl. The ganglia were 
then incubated in hybridoma supematant, diluted 1:2 (vol/vol) in block- 
ing solution, for 60 hr at 4°C. Unbound MAb was removed by 5 washes, 
of at least 30 min each, in TBS containing 0.2% Triton X-100. The 
nerve cords were again incubated in blocking solution for 30 min at 
room temperature prior to overnight treatment at 4°C with goat anti- 
mouse antibodies conjugated to HRP (GAM-HRP) from BioRad di- 
luted 1:3000 in blocking solution. This secondary antibody was removed 
by 5 washes with TBS containing 0.2% Triton X-100 and one wash 
with 0.1 M Tris, pH 7.2, containing 0.5 mg/ml diaminobenzidine (DAB). 
The HRP substrates DAB (0.5 mg/ml) and H,O, in 0.1 M Tris, pH 7.2, 
were used to visualize the MAb binding by allowing the reaction to 
proceed for 5-10 min. The reaction was stopped by 3 washes in 0.1 M 

Tris, pH 7.2. Nerve cords were dehydrated in ethanol and cleared in 
methyl benzoate. Preparations were examined microscopically with 
bright-field optics and photographed with Pan X film. The number of 
ganglia examined at each time after nerve crush is recorded in Figure 
6B. 

MAb binding to axon terminals in whole mounts of leg muscles was 
visualized in a similar manner (Denburg et al., 1987). While still in the 
leg, the coxal depressor muscles were fixed in 4% parafomraldehyde in 
0.1 M potassium phosphate, pH 7.2, while maintained in a stretched 
state by keeping the trochanter flexed. After 15 min the muscles were 
removed and further fixed for 4 hr at 4°C. All subsequent steps for the 
observation of MAb binding were done in an identical manner to that 
described above for whole mounts of nerve cords. Muscles from legs 
of 8 insects were examined at each time after nerve crush. 

MAb binding to sensory neurons was visualized in whole mounts of 
leg epidermis and cuticle. With all dissections being performed under 
fixative, muscles were separated from their points of contact with the 
cuticle, and the entire internal structures of the coxal, trochanteral, and 
femural segments of the leg were removed. The remaining cuticle with 
underlying epidermal cell layer containing the somata of sensory neu- 
rons was fixed for another 3 hr at 4°C. All subsequent steps for obser- 

vation of MAb binding were done in an identical manner to that de- 
scribed above for whole mounts of nerve cords. Epidermis from leg 
cuticle from 10 insects was examined at each time after nerve crush. 

Frozen section immunohistochemistry. The binding of MAbs to frozen 
sections of thoracic ganglia was determined in a manner identical to 
that described by Denburg et al. (1987). Nerve cords were fixed in 4% 
paraformaldehyde in 0.1 M potassium phosphate, pH 7.2, for 4 hr at 
4°C washed, and mounted in O.C.T. compound. The tissue was frozen 
in liquid N, prior to sectioning at IO-20 pm. Each section was incubated 
overnight with 10 pl of hybridoma supematant at 4°C. Unbound MAb 
was removed with several washes with PBS. Bound MAb was detected 
with GAM-HRP diluted 1: 100 in blocking solution. Unbound second- 
ary antibodies were removed with several washes of 0.1 M Tris, pH 7.2. 
Sections were then incubated with 0.02 M cobalt chloride for 10 min in 
order to enhance the HRP reaction product (Adams, 1977), which was 
produced in a manner identical to that described for tissue whole mounts. 
The reaction was stopped by washing in 0.1 M Tris. The sections were 
dehydrated in ethanol, cleared in xylene, and coverslipped with Per- 
mount. 

Binding of MAbs to surfaces of living neurons. The ability of the MAbs 
to bind to living neurons was determined in order to demonstrate the 
surface localization of the antigen. Nerve cords were removed and de- 
sheathed while being maintained in a cockroach Ringer’s solution con- 
taining 0.15 M NaCl, 12 mM KCI, 6 mM MgCl,, 3 mM CaCI,, 1 mM 
Na,HPO,, 80 mM glucose, 30 mg/ml BSA, and 10 mM Tris, pH 7.4. 
They were then incubated in undiluted hybridoma supematant for 2 hr 
at room temperature. Unbound MAb was removed by five 10 min 
washes with cockroach Ringer’s at 4°C. Nerve cords were then fixed for 
3 hr in paraformaldehyde. Fixative was removed by 5 washes with PBS, 
and the ganglia were treated with blocking solution. Treatment with 
GAM-HRP and visualization of MAb binding were then done in a 
manner identical to that described for nerve cord whole mounts. MAb 
binding to ganglia from 6 insects whose nerve root 5 had been crushed 
20-30 d previously were examined in this manner. 

Visualization of interneurons with axons in the connectives. Intemeu- 
rons with axons in the connective between the meso- and metathoracic 
ganglia were visualized using cobalt backfilling techniques similar to 
those previously described (Denburg et al., 1977). After removal of the 
legs and wings, the insect was pinned to a wax dish with its dorsal 
surface up. A longitudinal cut was made from which the digestive system 
was removed, yielding access to the ventral nerve cord. The left con- 
nective was severed, and either of the 2 cut ends was placed in a pool 
of 0.25 M cobalt chloride for 16 hr at room temperature and then another 
24 hr in the refrigerator. Treatment of the nerve cords with ammonium 
sulfide stained black the neurons whose axons had been cut. Silver 
intensification of the cobalt sulfide-stained neurons was done by the 
procedure ofDavis (1982). Nerve cords were then dehydrated in ethanol 
and cleared with methyl benzoate for microscopic examination. 

Results 
Detection of DSS-MAbs that bind to regenerating neurons 
The DSS-MAbs had previously been selected because of their 
transient binding to parts of the embryonic nervous system 
(Denburg et al., 1989). In order to detect MAbs that also selec- 
tively bind to regenerating neurons, they were now screened for 
binding to frozen sections of adult mesothoracic ganglia con- 
taining regenerating motor neurons. The motor neurons are 
distributed within the ganglia in a bilaterally symmetrical man- 
ner. All motor neurons on one side of the ganglia were induced 
to undergo axonal regeneration by crushing all nerves on the 
ipsilateral side 2 weeks previously. Motor neurons on the con- 
tralateral side remained intact. If any of the DSSAs reappeared 
in adult neurons during axonal regeneration, an asymmetric 
distribution of MAb binding would be expected. In this com- 
munication we report results with 2 DSS-MAbs, produced from 
different fusions, that in this screen selectively bind to regen- 
erating motor neurons (arrows in Fig. 1). Throughout this study 
the specificity of the binding of these MAbs was demonstrated 
by the absence of binding to intact homologous neurons on the 
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Figure I. Binding of monoclonal antibody DSS-3 to a frozen section 
of an adult mesothoracic ganglion in which all nerves on the left side 
of the insect had been crushed 2 weeks previously. The cell bodies of 
regenerating motor neurons on the outer rind (arrow) and their axons 
within the neuropile and nerve root (small arrowhead) are strongly 
labeled. These neurons are ipsilateral to the nerve crush. Homologous, 
intact neurons on the other side of the ganglion are not labeled. A portion 
of the neuropile strongly labeled on both sides of the ganglion (large 
arrowhead) constitutively binds the MAb in normal, intact preparations. 
The ventral surface of the ganglion is towards the bottom of the section. 
Scale bar, 125 pm. 

contralateral side of the nervous system and by the absence of 
binding of other DSS-MAbs to regenerating neurons. 

These 2 MAbs (DSS-3A and DSS-3B) were originally selected 
as DSS-MAbs because of their ability to bind to all neurons in 
15 d (50% stage of development) cockroach embryos and the 
absence of binding to all but a small subset of neurons in the 
adult nervous system (Denburg et al., 1989). This is evident in 
whole-mount preparations of entire embryos (Fig. 24, where 
the MAbs bind to the cell bodies of probably all neurons in the 
thoracic ganglia (arrow) and to cell bodies and axons of most 
sensory neurons in the leg (arrowhead). In contrast, in whole 
mounts of adult mesothoracic ganglia there is binding to only 

groups of small interneurons (arrow), subsets of sensory axons 
(small arrowhead) going to specific neuropile regions and to a 
small number of axons in the connectives (large arrowhead in 
Fig. 2B). A detailed description of the distribution of DSS-3 
binding to the adult nervous system will be published elsewhere. 
There is no binding to intact adult motor neurons in this gan- 
glion. 

Both MAbs DSS-3A and DSS-3B always had qualitatively 
similar binding patterns throughout embryonic development 
(Denburg and Norbeck, 1989) and during axonal regeneration 
in adults. However, they differed quantitatively in the intensity 
of binding. During embryonic development, DSS-3B always 
bound more intensely than DSS-3A. The converse situation was 
observed in adult regenerating neurons, where DSS-3A binding 
was more intense than that of DSS-3B. These observations are 
consistent with the possibility that the MAbs bind to different 
epitopes on the same antigen. Although all figures and data 
presented in this study were obtained with DSS-3A, all state- 
ments about these MAbs will refer to DSS-3. 

Binding of MAb DSS-3 to regenerating motor neurons 

In the cockroach nervous system the cell bodies of the motor 
neurons are in the segmental ganglia of the ventral nerve cord. 
The axons of these neurons leave the CNS in nerve roots that 
extend and branch in the periphery until the target muscles are 
reached. Some of these motor neurons can be individually iden- 
tified on the basis of the location of their cell bodies and the 
identity of their target muscles. The motor neurons innervating 
a set of leg muscles, the coxal depressor muscles (CDMs), have 
been identified. They are D, D,, and 3 inhibitors (Pearson and 
Iles, 1971). The cell bodies of most of these neurons can be 
identified unequivocally in ganglia from different individual in- 
sects. They have a stereotypical position in the ganglia relative 
to an anterior-posterior axis and a midline (Pearson and Fourt- 
ner, 1973). Staining ganglia with toluidine blue according to the 
method of Altman and Bell (1973) makes visible the cell bodies 
of the larger neurons, most of which are motor neurons (Figs. 
3A, 4A). The subset of these motor neurons with axons in nerve 

Figure 2. Binding of DSS-3 to whole mounts of a 15 d embryo (A) and an adult mesothoracic ganglion (B). In A, the MAb appears to label all 
embryonic CNS neurons (arrow) and all peripheral sensory neurons in the leg (arrowhead). In B, the MAb labels only a small subset of adult 
intemeurons, a few of which are indicated by an arrow, a subset of sensory axons (small arrowhead), and a subset of axons in the connectives that 
also pass through the ganglion (large arrowhead). Scale bar, 250 rm. 
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Figure 3. The cell bodies of motor neuron D, (black arrowhead) and 
the common inhibitor (white arrowhead) can be definitively identified 
on the ventral surface of metathoracic ganglia that were treated in the 
following manner: A, stained with toluidine blue to make all motor 
neurons visible; I?, stained for HRP after the extracellular muscle in- 
jection of WGA-HRP 20 d after crushing nerve root 5. This makes 
visible all regenerating motor neurons that had grown into muscle 178. 
C, Stained for MAb DSS-3 binding 20 d after crushing nerve root 5. 
Differences in the positions of the cell bodies among these 3 ganglia 
arise from the different experimental manipulations that they were sub- 
jected to in the course of the staining procedures. Scale bar, 250 pm. 

root 5 and that innervate leg muscles is made visible by the 
retrograde transport of wheat germ agglutinin-conjugated HRP 
(WGA-HRP) extracellularly injected into muscle 178 20 d after 
crushing nerve root 5 (Fig. 3B) using the procedures described 

in Denburg (1985). This reagent is taken up only by regenerating 
axon terminals that have grown into the muscle. D, is the largest 
motor neuron on the ventral surface of the ganglion and is 
marked with a dark arrow in Figure 3. D, is the only motor 
neuron whose cell body is within a particular region of the dorsal 
surface of the ganglion and is seen in Figure 4A. The inhibitory 
neurons are in the medial region on the ventral surface of the 
ganglion. They innervate many muscles other than the CDMs. 
One of them, the widespread common inhibitor (white arrow 
in Fig. 3), has additional axons in nerve roots 3,4, and 6 (Pearson 
and Fourtner, 1973). 

In addition to the identified neurons innervating the CDMs, 
there are approximately 30 unidentified motor neurons with 
axons in nerve root 5 that innervate muscles in leg segments 
distal to the coxa (Denburg, 1985). Although individual neurons 
in this group cannot be identified, as a whole, the group is in a 
stereotypical position in the ganglion (Fig. 3B). 

Nerve root 5 of the metathoracic ganglion, containing the 
axons of motor neurons innervating leg muscles, was crushed 
on one side of the ganglion. It was previously shown that this 
crushing procedure severs the axons in the nerve (Denburg et 
al., 1977). These motor neurons undergo axonal regeneration. 
After making synaptic contact with many potential target mus- 
cles, they eventually reform the original pattern of innervation 
of leg muscles. This has been demonstrated for individual, iden- 
tified motor neurons innervating the CDMs (Pearson and Brad- 
ley, 1972; Young, 1972; Denburg et al., 1977; Fourtner et al., 
1978; Whitington, 1979; Denburg, 1982a, 1985). 

DSS-3 binding to regenerating adult motor neurons is more 
easily visualized in whole-mount preparations than in frozen 
sections of thoracic ganglia. In a metathoracic ganglion exam- 
ined for MAb DSS-3 binding 20 d after nerve crush, D, (arrow) 
and the common inhibitor (white arrow) are clearly labeled (Fig. 
3C) on the ventral surface. The cell bodies of the unidentified 
motor neurons labeled with DSS-3 appear to be in similar po- 
sitions to the motor neurons that were labeled by WGA-HRP 
after uptake into regenerating axon terminals and retrograde 
transport to the ganglion (Fig. 3B). On the dorsal surface of this 
ganglion D, is also clearly labeled (Fig. 4B). These results suggest 
that when nerve root 5 is crushed, only those motor neurons 
with axons in this nerve are induced to produce elevated levels 
of the antigen. 

At various times after nerve crush, ganglia were removed and 
DSS-3 binding to whole mounts was analyzed. MAb binding to 
a particular regenerating neuron was considered positive if the 
cell was labeled with HRP reaction product to an extent greater 
than the homologous intact cell on the contralateral side. Some 
variation in the number of neuronal cell bodies labeled with 
MAb DSS-3 was observed among the several ganglia examined 
at each time point after nerve crush. This variation is not likely 
caused by the whole-mount immunohistochemical techniques 
because their application with other neuron-specific MAbs re- 
producibly stained all the neurons. Although the nerve crush 
was demonstrated to sever all axons in the nerve, it is possible 
that there is some variation in the success of this technique. The 
presence of uncrushed axons would decrease the number of 
neurons labeled. However, considerable effort was made to make 
the nerve crushes in as precise a manner as possible. Therefore, 
it appears more likely that the variation in DSS-3 binding rep- 
resents variation in the responses of different individual insects 
to axotomization of motor neurons. Typical samples of the pat- 
tern of MAb binding to ganglia from 5, 10,20, 40, 80, and 100 
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Figure 4. The cell body of motor neuron D, (arrow) is readily identified on the dorsal surface of metathoracic ganglia that had been (A) stained 
with toluidine blue or (B) stained for binding of MAb DSS-3 20 d after crushing nerve root 5. Scale bar, 250 Wm. 

d after nerve crush are presented in Figure 5, A-F, respectively. 
Motor neuron D, and the common inhibitor are indicated with 
black and white arrows, respectively. 

For the quantitative analysis of DSS-3 binding to the iden- 
tified motor neurons, the results are represented as the per- 
centage of preparations in which that cell was stained (Fig. 6A). 
Each of the identified motor neurons responds with increased 
levels of DSSA-3 at a different rate after the crushing of their 
axons. MAb binding was first detected in each of the neurons 
in a certain percentage of the preparations by 5 d after axotomy. 
At 2 d after nerve crush, no motor neurons were labeled. The 
inhibitory neurons respond most rapidly, with strong binding 
of DSS-3 in 100% of the preparations by 10 d after axotomy. 
The DSSA-3 next appears most rapidly in D, and then more 
slowly in D,. At later times after nerve crush the levels of the 
antigen decline again. However, the rate at which this decrease 
occurs is also different in each of the identified motor neurons 
and is not related to the rate of the appearance of the antigen. 
D, loses its ability to bind MAb DSS-3 before the inhibitors, 
while D, retains antibody binding for the length of the experi- 
ment (200 d). 

For the quantitative analysis of DSS-3 binding to the un- 
identified motor neurons the results are represented as the av- 
erage number of cell bodies labeled at each time, with the SD 
plotted and the number of preparations analyzed in parentheses 
(Fig. 6B). The time course of the appearance and disappearance 
of DSSA-3 in the unidentified neurons is a complex curve rep- 
resenting the sum of various response times of different neurons 
to axotomy. In general, by 10-20 d after nerve crush all the 
neurons bind DSS-3. By 80 d after axotomy all the neurons that 
are going to lose MAb binding have done so. Four to five large 
unidentified motor neurons retain MAb binding throughout the 
experiment in a manner similar to D, 

In addition to the DSS-3 binding to the cell bodies and axons 
of the motor neurons seen in whole mounts of thoracic ganglia, 
binding to the axon terminals of the regenerating motor neurons 
can be detected in whole mounts of each of the CDMs (Fig. 7). 
The MAb does not bind to axon terminals of intact motor 
neurons. The percentage of preparations (a total of 8 at each 
time point) containing labeled axon terminals at various times 
after nerve crush was determined (Fig. 6C). DSS-3 labeling of 
regenerating axon terminals in the muscles was not observed 
until 20 d after nerve crush. The antigen disappeared from axon 

terminals in muscles 177 d, e before it did so from axon ter- 
minals in muscles d’,e’ and 178, 179. 

Binding of MAb DSS-3 to regenerating leg sensory neurons 
Sensory neurons in the leg, most ofwhich are mechanoreceptors, 
have their cell bodies in the periphery and send axons into the 
thoracic ganglia. Many of these neurons are firmly attached to 
the epidermal cell layer that lies underneath the cuticle. Each 
of the hair sensilla are innervated by the dendrite of a single 
sensory neuron. MAb binding to these sensory neurons may be 
examined in whole mounts of cuticle containing the underlying 
epidermal cells. Intact hair sensilla sensory neurons with un- 
damaged axons do not bind DSS-3 (Fig. 8, B, D). When thoracic 
nerve root 5 is crushed, the sensory neurons with axons in this 
nerve are axotomized. These sensory neurons rapidly undergo 
axonal regeneration and start to bind DSS-3 (Fig. 8, A, C, E, 
F). The antigen can be detected in the single sensory neuron 
innervating the hair sensilla as seen in those on the edge of the 
femur (Fig. 8A) and in those on the sides of the femur (Fig. 8, 
C, E). Sometimes bunches of 5 cells associated with a single 
hair are labeled (Fig. 8F). These may be chemosensitive neu- 
rons, several of which are associated with each chemosensitive 
sensilla. DSS-3 binding to the sensory neurons was examined 
at various times after nerve crush. The sensory neurons re- 
sponded very rapidly to axotomy with increased levels of an- 
tigen. By 10 d after nerve crush, sensory neurons were labeled 
in 90% of the preparations. At 20 d after axotomy, when all the 
motor neurons are at the peak of binding, sensory neurons have 
already begun to lose the antigen, with only 40% of the prep- 
arations labeled. By 40 d after nerve crush, only 10% of the 
preparations had sensory neurons labeled with DSS-3. 

Binding of MAb DSS-3 to interneurons 
The ventral nerve cord contains interneurons that conduct sig- 
nals between the ganglia. These neurons have cell. bodies in the 
ganglia and axons that ascend or descend within the 2 parallel 
interganglionic connectives. A set of these interneurons was 
axotomized by crushing the left connective between the meso- 
and the metathoracic ganglia. By 20 d after connective crush, 
axons labeled with DSS-3 have traversed the crush and extend 
the entire length of the thoracic region of the nerve cord (Fig. 
9A). The arrow in Figure 9 indicates where the connective was 
crushed. The folds and bends in this connective were produced 
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Figure 5. Binding of DSS-3 to whole mounts of adult metathoracic ganglia at various times after the left nerve root 5 had been crushed. The 
microscope is focused on the ventral surface of the ganglia where the cell bodies of regenerating motor neurons are located. The nerve had been 
crushed (A) 5 d, (B) 10 d, (C) 20 d, (0) 40 d, (E) 80 d, Q 100 d previously. Identified motor neuron D, is indicated with a black arrowhead and 
the common inhibitor is indicated with a white arrowhead. Scale bar, 250 pm. 

by handling of the tissue during the MAb binding assay. At this 
magnification, the MAb is not observed to bind to any axons 
in the control, undamaged connective. 

The location of the cell bodies of the interneurons with axons 
in the connective was determined by cobalt backfilling through 
the 2 cut ends of the connective. Most of the interneurons stained 
by this procedure occur in bunches and have much smaller cell 
bodies than the motor neurons. This makes identification at the 
individual cell level very difficult. In the metathoracic ganglion, 
interneurons with axons in the connective between this ganglion 

and the mesothoracic one are found mostly in groups near the 
contralateral connective at both the anterior and posterior end 
of the ganglion. The cell bodies of these neurons are found at 
various distances from the surface of the ganglion, and therefore 
a cobalt backfilled preparation focused on the ventral surface 
(Fig. 9B) does not reveal all the neurons. 

At 10-20 d after connective crush, DSS-3 was observed to 
bind to a similar number of neuronal cell bodies in approxi- 
mately similar positions when microscopically examined with 
the focus on the ventral surface (Fig. 9c). These neurons are 
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not labeled in control, undamaged ganglia (Fig. 2B). An absence 
of exact correlation between positions of cells labeled by these 
2 methods may arise from the absence of some cells stained 
with cobalt due to the difficulty in getting good retrograde trans- 
port in the cut ends of the small axons of some of the interneu- 
rons. In addition, these small interneurons cannot be individ- 
ually identified and their position in the ganglion probably varies 
significantly among individual insects. It was not possible to 
demonstrate that all the interneurons that had been axotomized 
had increased levels of the epitope. An interneuron with its cell 
body on the contralateral side of the first abdominal ganglion 
was readily labeled by the cobalt backfilling in uncrushed prep- 
arations (Fig. 9D) and also by DSS-3 at 10 d after connective 
crush (Fig. 9E). Perhaps the best studied of the interganglionic 
interneurons are the giant interneurons with cell bodies in the 
last abdominal ganglion and with axons ascending the length of 
the nerve cord. However, because of the relatively strong bind- 
ing of DSS-3 to the neuropile of this ganglion, even in control 
insects, it was difficult to observe the MAb binding to the cell 
bodies of these neurons. Therefore, most, if not all, of the ax- 
otomized interganglionic interneurons respond to axotomy with 
increased binding of DSS-3 and probably with axon growth. 

Surface localization of the antigen of DSS-3 in regenerating 
motor neurons 

The surface localization of DSSA-3 was demonstrated by the 
ability of the MAb to bind to regenerating motor neurons in 
living, desheathed ganglia that 20 d previously had the left nerve 
root 5 crushed. The MAb binds to the same set of neurons as 
are labeled in whole-mount preparations fixed in paraformal- 
dehyde and permeabilized in Triton X-100. Binding to the so- 
mata of regenerating D, (arrow), regenerating unidentified motor 
neurons, and the intact, small interneurons (arrowhead) is ob- 
served in Figure 10A. These small interneurons are also labeled 
in ganglia in which no nerves have been crushed and are also 
seen in Figure 2. Motor neuron D, is the only cell labeled on 
the dorsal surface of the ganglion (Fig. 10B). The 3 inhibitory 
neurons with the common inhibitor marked with an arrow are 
also labeled (Fig. 1 OC). We previously obtained several neuron- 
specific MAbs that bind to soluble, cytoplasmic molecules (Den- 
burg et al., 1986). Identical treatment of living ganglia with these 
MAbs failed to label any of the neurons. This demonstrates that 
the procedure used permits the detection of specific MAb bind- 
ing to cell surface antigens. 

Preliminary biochemical characterization of the antigen of 
DSS-3A 

The binding of DSS-3 to the embryonic nervous system was 
previously shown to be destroyed by mild periodate treatment 
and by extraction with CHCl,:MeOH (2: 1, vol/vol) (Denburg 
et al., 1989). In addition, no protein was detected on Western 
blots after fractionation by SDS-PAGE. Identical properties were 
observed for the DSS-3 binding to adult ganglia containing re- 
generating neurons. Although these results are consistent with 
the antigen being a glycolipid, no antigen has been recovered 
from the CHC1,:MeOH extracts. 

In addition, in homogenates of adult nervous system con- 
taining regenerating neurons, all DSS-3 binding is recovered in 
the pellet of a 100,000 x g centrifugation. Antibody binding is 
assayed by immunodotting on nitrocellulose (Hawkes et al., 
1982). Antigenicity is not extracted by low salt (0.01 M phos- 
phate buffer, pH 7.2), high salt (0.5 M NaCl in the same buffer), 

B Time After Nerve Crush (Days) 

Time After Nerve Crush (Days) 

Time After Nerve Crush (Days) 

Figure 6. Binding of DSS-3 to (A) identified motor neurons, (B) un- 
identified neurons, and (c) axon terminals of regenerating motor neu- 
rons as a function of time after nerve crush. Positive binding was defined 
by staining of neuronal cell bodies in whole mounts of thoracic ganglia 
(AJ) or of axon terminals in whole mounts of coxal depressor muscles 
(C’). The identified neurons analyzed in A include D, (O), D, m), and 
inhibitors (0). The number of preparations examined for both A and B 
is in parentheses near each point in B and the vertical lines represent 
the SD of the mean. Axon terminals were analyzed in muscles 178,179 
(O), 177 d,e (O), and 177d’,e’ (0). 

or pH 11.5 buffer. Treatment with detergents (Triton X-100, 
deoxycholate, CHAPS, octylglucoside) removes antigen from 
the 100,000 x g pellet, but antibody binding is not quantita- 
tively recovered from the supematants. Trypsin treatment (1 
mg/ml, 40 min, room temperature) of desheathed ganglia had 
no effect on the ability of DSS-3A to bind to the surface of 
regenerating motor neurons. These observations are consistent 
with the antigen being tightly associated with the plasma mem- 
brane and with it not being a protein. 
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F&we 7. Binding of DSS-3 to axon terminals of regenerating motor neurons in whole mounts of coxal depressor muscles 177 e’,e (A) and 178 
(Bj. The nerve had been crushed 20 d previously. Scale bar, 125 pm. 

Discussion 
Neurons grow axons and make synaptic connections with ap- 
propriate targets at a specific time during embryonic develop- 
ment and in response to trauma in adult life. Adult axonal 
regeneration takes place in a different cellular and chemical 
environment from that existing in the embryo. Other factors 
that serve to distinguish axonal regeneration from neuronal de- 
velopment include the relatively long distances the regenerating 
axon must grow, the large size of the mature targets and their 
state of differentiation. Despite these differences the possibility 
exists that the basic molecular mechanisms producing axon 
growth, cell-cell recognition and synapse formation are identical 
in the developing and regenerating states of the neuron. These 
cellular processes are very specialized in that they occur only at 
certain times of development or in response to certain signals. 
In addition, they are likely to require a set of molecules that are 
not necessary for the maintenance of the normal structure and 
function of the mature state of the neuron. Several studies have 
demonstrated biochemical and metabolic changes in adult neu- 
rons undergoing axonal regeneration in comparison with these 
neurons in the stable mature state (reviewed by Schwartz, 1987). 
However, very few of these studies compared these changes in 
regenerating neurons with properties of the same cells during 
embryonic development. Hybridoma techniques have been used 
to detect antigens selectively and transiently present in the de- 
veloping state of neurons from grasshopper (Kotrla and Good- 
man, 1984; Bastiani et al., 1987) Drosophila (Pate1 et al., 1987; 
Piovant and Lena, 1988), cockroach (Denburg et al., 1989) 
Munducu sexta (Hishinuma et al., 1988) chick (Grunwald et 
al., 1985; Rosner et al., 1985), and rat (Levine et al., 1984; 
Yamamoto et al., 1985, 1986; Blum and Barnstable, 1987; 
Schwarting et al., 1987; Dodd et al., 1988). However, none of 
these antigens have been demonstrated to reappear in adult 
regenerating neurons. In this communication we have demon- 
strated that an antigen, DSSA-3, which is normally present in 
all embryonic neurons and absent from those in the adult, reap- 
pears at high levels in adult neurons after axotomy. Since both 
motor neurons (Pearson and Bradley, 1972) and sensory neu- 
rons (Fourtner et al., 1978) have been shown to regenerate axons 
and to reform their original pattern of innervation of targets, 
this antigen is present in both the developing and regenerating 
state of these neurons. 

Comparison of DSSA-3 with other growth-associated 
molecules 
Surprisingly, there are few other results that demonstrate the 
similarity of the developing and regenerating states of neurons 
by identifying axon growth-associated molecules. The class II 
/3-tubulin isotype is transiently expressed in embryonic neurons 
(Bond and Farmer, 1983; Bond et al., 1984). During axonal 
regeneration of mature neurons it is reinduced to high levels 
comparable to those present in the developing state (Hoffman 
and Cleveland, 1988). Growth-associated proteins (GAPS) have 
been identified by their increased synthesis and axonal transport 
in axotomized neurons that are capable of axonal regeneration 
(Benowitz et al., 198 1; Skene and Willard, 198 1 a, b). Subsequent 
studies of the best characterized of these, GAP-43, has shown 
that it is synthesized in developing neurons that are growing 
axons (Skene and Willard, 198 1 b; Jacobson et al., 1986; Kalil 
and Skene, 1986) and is present at high levels in the growth 
cones of these neurons (Meiri et al., 1986; Skene et al., 1986). 
Cell-adhesion molecules have been isolated from the developing 
nervous system and shown to exhibit spatial and temporal vari- 
ation in localization (Edelman, 1986; Rutishauser, 1986), degree 
of posttranslational modification by sialylation (Chuong and 
Edelman, 1985) and distribution of different molecular-weight 
forms (Pollerberg et al., 1986; Sunshine et al., 1987). When a 
peripheral nerve was crushed, changes in these cell-adhesion 
molecules occurred in motor and dorsal root ganglion neurons. 
These changes made the regenerating neurons more similar to 
the developing neuron (Daniloff et al., 1986; Martini and 
Schachner, 1988). 

The growth-associated antigen, DSSA-3, described in this pa- 
per is very different from any of these molecules. The sensitivity 
of MAb DSS-3 binding to periodate treatment and chloroform: 
methanol extraction suggests that this antigen is a glycolipid. In 
contrast, there is no doubt about the protein nature ofp-tubulin, 
GAP-43, and the cell-adhesion molecules. DSSA-3 also differs 
from most of these other growth-associated molecules in its 
subcellular localization. Tubulin is a component of the cyto- 
skeleton. GAP-43 is associated with the membrane but is sol- 
ubilized at high pH (Perrone-Bizzozero and Benowitz, 1987). 
It is not accessible to antibodies extracellularly applied to living 
cells (Meiri et al., 1988). This suggests that GAP-43 is a non- 
integral membrane protein attached to the intracellular surface 
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Figure 8. Binding of DSS-3 to sensory neurons innervating hair sensilla in the femur of the leg. The MAb does not bind to control sensory neurons 
with undamaged axons (II, D) but does bind to those whose axons had been crushed 10 d previously (A, C, E, F). The arrows in A point to some 
of the neuronal cell bodies. The clusters of stained cells associated with a single sensilla (F) may be chemosensitive neurons. Scale bar is 50 Nrn, 
where upper one applies to A and B; lower one, C-F. 

of the membrane. In contrast, DSSA-3 is labeled with MAb 
applied extracellularly to live neurons and is solubilized from 
membrane preparations only with detergents and organic sol- 
vents. This indicates the localization and exposure of this growth- 
associated antigen at the cell surface. 

The details of the role of the growth-associated molecules in 
axon growth have received considerable attention. Several func- 
tions have been proposed for the neuronal cell-adhesion mol- 
ecules on the basis of the results of experiments in which an- 
ti bodies to these molecules were used to perturb developmental 

events (reviewed by Edelman, 1986; Rutishauser, 1986). Al- 
though the complete amino acid sequences of the class II 
,&tubulin isotype (Sullivan and Cleveland, 1986) and of GAP- 
43 (Basi et al., 1987; Karns et al., 1987; Kosik et al., 1988; Ng 
et al., 1988) have been determined, there still remains a gap in 
deducing the specific role these molecules play in axon growth. 
Since each of the /3-tubulin isotypes is functionally indistin- 
guishable (Cleveland, 1987), there is no explanation for the 
selective increased expression of class II isatype during axon 
growth. The phosphorylated form of GAP-43 has been shouin 
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Figure 9. Binding of DSS-3 to interganglionic interneurons with axons in the left connective between the meta- and mesothoracic ganglion. A, A 
ventral view of a whole-mount preparation of the 3 thoracic ganglia showing binding to regenerating axons only in the connective that had been 
crushed at the site of the arrow. Populations of metathoracic intemeurons similar in size and general distribution are stained by cobalt backfilling 
through the posterior cut connective (B) and by DSS-3 after the left connective had been crushed 10 d previously (C). These are hole-mount 
preparations with the focus on the ventral surface. An interganglionic interneuron (arrows) in the first abdominal ganglion is similarly stained by 
cobalt backfilling (0) and DSS-3A (E). Scale bar, 500 pm, with the same bar used in B-E. 

to inhibit the conversion of phosphatidylinositol 4-phosphate 
to phosphatidylinositol4,5biphosphate, implying a role in sec- 
ond-messenger-mediated signal transduction in the growth cone 
(Gispen, 1986). The sequence of amino acids in rat GAP-43 is 
identical to that of an independently isolated neuronal calmo- 
dulin binding protein (Cimler et al., 1987) suggesting that this 
protein mediates some of the effects of Ca*+ on axon growth. 

Function of DSSA-3 

Information about the function of DSSA-3 may be inferred from 
correlations between the time course of the appearance and 
disappearance of MAb DSS-3 binding with the cellular events 
occurring during axonal regeneration. The immunohistochem- 
ical techniques used to detect DSSA-3 reveal the levels of the 
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epitope in the neurons. Changes in the amount of MAb binding 
are a complex function of the changes in the rates of synthesis 
and degradation of this epitope. In addition, the destruction of 
antigenicity by mild periodate treatment suggests that the epi- 
tope is a carbohydrate. Because of this complexity, changes in 
levels of epitope as detected by MAb binding will in the follow- 
ing analyses be equated with changes in antigen levels, with no 
implication about changes in rates of synthesis or degradation. 

DSSA-3 appears in all types of neurons undergoing axonal 
regeneration: motor, sensory, and interneurons. At least within 
the time resolution of these in vivo experiments, the time course 
of the onset of MAb binding to the motor neuron somata cor- 
relates with the induction of axon growth (Denburg et al., 1977). 
However, these studies could not resolve MAb binding to early 
axon growth. Examination of axon growth and MAb binding 
in cell culture will be necessary in order to determine such 
correlations more precisely and to determine whether DSSA-3 
is playing a role in the initiation of axon growth. 

The antigen is first observed in regenerating axon terminals 
within the most proximal CDMs at 20 d after nerve crush. 
Previously, the retrograde transport of WGA-HRP was used to 
detect regenerating axon terminals in CDM 178 and first did so 
between 5 and 10 d after nerve crush (Denburg, 1985). This 
discrepancy probably arises from the greater sensitivity of the 
retrograde labeling technique in detecting small numbers of short 
axon branches within the muscle. The presence of DSSA-3 on 
the growing axon terminals suggests a possible role in axon 
elongation. 

The time course of the loss of the binding of MAb to somata 
of unidentified regenerating motor neurons correlates approxi- 
mately with the time course of the elimination of inappropriate 
connections these neurons have made with muscle 178. It was 
previously found that at 40 d after nerve crush all unidentified 
motor neurons still had inappropriate axon terminals in muscle 
178, which is normally innervated only by D, (Denburg, 1985). 
These were gradually eliminated until by 80 d after nerve crush 
the original innervation pattern was reformed. MAb binding to 
motor neuron somata also decreases during this interval until 
by 80 d after nerve crush when it has disappeared from all 
neurons except the 5-6 large ones that retain it for the length 
of the experiment. One exception to this correlation is the ob- 
servation that MAb binding to unidentified motor neurons has 
started to decline during the interval of 20-40 d after nerve 
crush, whereas synaptic elimination has not. At 40 d after crush 
an average of 19 out of a previous peak of 33 neurons bind 
MAb DSS-3A. This indicates that the decrease in levels of this 
growth-associated antigen precedes, and thus may play a role 
in, the elimination of inappropriate axon terminals. 

Regulation of neuronal levels of DSSA-3 
Correlations between the time course of the appearance and 
disappearance of MAb DSS-3 binding with cellular events oc- 
curring during regeneration also give information about the sig- 
nals and mechanisms regulating cellular levels of the antigen. It 
is important to note that the changes in antigen levels detected 
by immunohistochemical techniques may lag behind changes 
in antigen synthesis or degradation that are produced by the 
regulatory mechanisms. The reappearance of MAb binding in 
most of the neurons whose axons have been crushed gives some 
information about the possible role of a diffusible factor capable 
of inducing increased levels. The cell bodies and axons of intact 
neurons with no detectable MAb binding are in very close prox- 

Figure IO. Binding of DSS-3 to the surfaces of living neurons in de- 
sheathed metathoracic ganglia in which nerve root 5 had been crushed 
20 d previously. A, The MAb labels on the ventral surface of the ganglion 
motor neuron D, (arrow) and some unidentified motor neurons that are 
undergoing axonal regeneration. Some small intemeurons (arrowhead) 
are also labeled. However, these neurons are among the small population 
of cells that are constitutively labeled by the MAb, even without axonal 
injury. B, The MAb labels the motor neuron D, on the dorsal surface 
of the ganglion. C, The 3 medial inhibitory neurons are labeled by the 
MAb with the common inhibitor indicated by an arrow. Scale bar, 100 
0. 

imity to those of axotomized neurons with high levels of DSSA- 
3. If such a diffusible factor exists, the ability to respond to it 
is limited to neurons with injured axons. Similarly, the absence 
of induction of DSSA-3 in intact contralateral neurons of the 
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same ganglion indicates that in the cockroach transneuronal 
mechanisms of induction of axon growth do not take place 
(reviewed by Rotshenker, 1988). 

Considerable variation was observed in the time course of 
induction of increased levels of DSSA-3 among the sensory 
neurons and the various identified motor neurons. The arrange- 
ment of neurons in order of decreasing rate of appearance of 
antigen is as follows: inhibitory = sensory > D, > D,. No cor- 
relation could be found between this sequence of the neurons 
and the length of axon proximal to crush, diameter of axon, size 
of neuronal cell body, or distance to target. A similar amount 
of variation was seen in the time course of the decrease in levels 
of the antigen at later times after nerve crush among the neurons. 
The arrangement of neurons in order of decreasing rate of dis- 
appearance of antigen is different from that for the appearance 
of the antigen and entails: sensory > D, >. inhibitors > D, If 
the decrease in levels of antigen is related to synapse formation, 
then the order in which the neurons lose antigen should be 
related to their targets’ size and distance from the crush site. 
The sensory neurons reinnervate neuronal targets in the neu- 
ropile of the ganglion. The distance their axons must regrow is 
shorter than that for the motor neurons because the nerve is 
crushed close to the ganglion. However, D, D,, and the inhib- 
itors all innervate CDMs that are the same distance from the 
nerve crush. There is a good correlation between this order of 
rates of disappearance of antigen and size of target. The sensory 
neurons, the first to lose antigen, reinnervate dendritic branches 
in a relatively small region of the neuropile. Motor neuron D, 
innervates the small leg muscles 177 d’, e’, d, e. The combined 
mass of these muscles is less than that of 177 d, e and distal leg 
muscles all innervated by the inhibitory neurons. The sum of 
the masses of these muscles is, in turn, less than that of the 2 
largest leg muscles 178, 179 innervated by D, Because of the 
multiterminal innervation of the cockroach muscles, there is 
extensive and perfuse axonal branching of the motor neurons 
within the muscle (Denburg, 1982b). D, will have to grow many 
more axonal branches than will the other neurons that innervate 
smaller muscles. It will take longer for D, to regenerate its more 
extensive axon branching, and thus it may retain high levels of 
DSSA-3 for longer periods of time. 

These observations indicate that synaptic contact with mus- 
cles is not sufficient to repress DSSA-3. In fact, between 10 and 
20 d after nerve crush all regenerating motor neurons send ax- 
onal branches into the most proximal CDMs (Denburg, 1982a, 
1985) and some make functional connections (Whitington, 1979). 
However, these initial synapses do not suppress levels of DSSA- 
3. We have hypothesized that the specificity of the reinnervation 
of target muscles arises from a selective enhancement of exten- 
sive axonal sprouting only in the appropriate target muscle 
(Denburg, 1985; Denburg et al., 1988). The selective elimination 
of inappropriate axonal branches and the decrease in DSSA-3 
levels may occur only after a neuron has made connections with 
its appropriate target muscles. This may be tested experimen- 
tally by correlating the DSSA-3 levels with the extent of branch- 
ing of the identified motor neurons in various muscles. The 
feasibility of these experiments is enhanced by the availability 
of neuron subset-specific MAbs that selectively bind to axon 
terminals of individual identified motor neurons (Denburg et 
al., 1987). In addition, the effects of surgical removal of some 
leg muscles will give more details on the regulation of levels of 
this antigen. 

Biochemical nature of the growth-associated antigen 
The preliminary biochemical analysis of DSSA-3 is consistent 
with it being a glycolipid. The chloroform:methanol extraction, 
in addition to removing lipids from the membrane, may also 
remove proteins that are covalently attached to lipids. This 
would include the class of proteins shown to be anchored to 
membranes by covalent attachment to glycosyl-phosphatidyl- 
inositol (Law and Saltiel, 1988). It is also possible that treatment 
with organic solvents irreversibly denatures a protein antigen 
to which MAb DSS-3 binds in a conformationally dependent 
manner. Present evidence is consistent with the tentative iden- 
tification of DSSA-3 as a glycolipid. 

In conclusion, an axon growth-associated antigen from the 
cockroach nervous system has been described. It differs from 
other molecules with a similar temporal distribution previously 
characterized from vertebrate nervous systems. Its existence 
demonstrates the similarity in molecular processes regulating 
axon growth in the developing and regenerating states of neu- 
rons. 
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