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GAP-43 is a membrane-associated phosphoprotein enriched 
in elongating axons (Meiri et al., 1986; Skene et al., 1986). 
After an axon has been interrupted by cutting or crushing a 
nerve (axotomy), the portion of the axon disconnected from 
the cell body (distal stump) degenerates and is replaced by 
the outgrowth (elongation) of regenerating sprouts arising 
from the proximal stump. Previous studies have shown that 
increased amounts of pulse-labeled GAP-43 undergo fast 
axonal transport in regenerating neurons (Benowitz et al., 
1981; Skene and Willard, 1981 a, b). Using hybridization with 
a cloned cDNA probe, I now show that mRNA levels for GAP- 
43 increase in lumbar sensory neurons of rat after regen- 
eration is initiated by crushing the sciatic nerve; the relatively 
high levels of GAP-43 mRNA in regenerating neurons are 
comparable to those in the developing neurons of 5-d-old 
animals. I further demonstrate that the induction of GAP-43 
expression in regenerating neurons coincides temporally with 
an increase in mRNA levels for class II beta tubulin (Hoffman 
and Cleveland, 1988), suggesting that the expression of these 
proteins is closely coordinated during axonal elongation. 

Axonal elongation, a key event during both neuronal develop- 
ment and axonal regeneration, is associated with the increased 
expression of specific neuronal proteins. One of these proteins, 
GAP-43-also designated pp46, B-SO, and Fl, depending on 
the context in which it was investigated (Meiri et al., 1986; 
Benowitz and Routtenberg, 1987; Snipes et al., 1987)-is a 
membrane-associated phosphoprotein enriched in elongating 
axons (Meiri et al., 1986; Skene et al., 1986). Like other axonal 
proteins, GAP-43 is synthesized exclusively in neuron cell bod- 
ies; after entering the axon, it is translocated in the fast com- 
ponent of axonal transport (Skene and Willard, 198 1 a, b). Re- 
generative outgrowth correlates with a dramatic increase in the 
amount of pulse-labeled GAP-43 undergoing axonal transport 
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in regenerating neurons (Benowitz et al., 198 1; Skene and Wil- 
lard, 198 1 a, b). GAP-43 mRNA levels have been shown to be 
greater in developing than mature neurons (Basi et al., 1987; 
Karns et al., 1987; Neve et al., 1987) and increased in regen- 
erating sensory neurons 2 weeks after axonal injury (Basi et al., 
1987) and in human CNS neurons injured by ischemia (Ng et 
al., 1988), suggesting that some of the regulation occurs at the 
level of gene expression. 

Axonal elongation also correlates with the expression of tubu- 
lin (Hoffman and Cleveland, 1988) a protein delivered by the 
slow component of axonal transport (Hoffman and Lasek, 1975) 
and directly involved in the process of axonal elongation (Ya- 
mada et al., 197 1). Tubulin is a dimer composed of an alpha 
and a beta subunit. Alpha and beta tubulin are each encoded 
by multigene families (Sullivan and Cleveland, 1986). Within 
these families distinct tubulin isotypes can be distinguished on 
the basis of their unique carboxy-terminal amino acid se- 
quences. There are 5 beta tubulin isotypes, each encoded by a 
separate gene (Lopata and Cleveland, 1987). Genes encoding 3 
of these isotypes (classes I, II, and IV) have been cloned from 
rat (Bond et al., 1984; Farmer et al., 1984; Sullivan and Cleve- 
land, 1986); in situ hybridization studies demonstrate that each 
of these isotypes is expressed in sensory neurons of rat (Hoffman 
and Cleveland, 1988). The expression of one of these beta tubu- 
lin isotypes (class II) is selectively induced during neuronal de- 
velopment and axonal regeneration; mRNA levels for the other 
isotypes (classes I and IV) change relatively little during devel- 
opment and regeneration (Hoffman and Cleveland, 1988). In 
contrast, neurofilament (NF) expression is reduced (compared 
to mature neurons) during development and regeneration (Hoff- 
man et al., 1987; Hoffman and Cleveland, 1988). Thus, the 
developmental patterns of expression for class II beta tubulin 
and NF are recapitulated during axonal regeneration. 

I was interested in examining the time course of GAP-43 
expression during regeneration and to compare it to those of 
class II beta tubulin and the 68 kDa NF protein (NF68). The 
observation that GAP-43 and class II beta tubulin expression 
are induced with similar time courses would suggest that the 
expression of these proteins is closely coordinated. 

Materials and Methods 
In situ hybridization. Sciatic nerves ofanesthetized (chloral hydrate, 400 
mg/kg, i.p.) 7-week-old male Sprague-Dawley rats were crushed twice 
for 30 set at the L4-L5 junction using no. 7 Dumont forceps. Unfixed 
dorsal root ganglia (DRG), which contain sensory neuron cell bodies, 
were removed from animals killed by overdose of anesthesia and im- 
mediately frozen in cryoprotective embedding medium. Cryostat sec- 
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Figure I. RNA blot analysis of mRNA levels during neuronal devel- 
opment. Total RNA was harvested from DRG of control animals at 5, 
10, 50, 70, and 350 d of age. GAP-43, class II beta tubulin and NF68 
were identified by hybridization to appropriate cloned cDNAs. After 
hybridization with each cDNA probe, labeled hybrids were removed 
and the blot was rehybridized successively with each probe. GAP, au- 
toradiogram of GAP143 mRNAs; TUB, autoradiogram of class II beta 
tubulin mRNAs; NF, autoradiogram ofNF68 mRNAs. Ten micrograms 
of RNA were analyzed on each lane. Autoradiograms were exposed for 
l-3 d. 

tions (8 pm) ofganglia obtained 4 dafter axotomy and from age-matched 
control animals were transferred to gelatin-coated slides prior to fixation 
with 4% paraformaldehyde. Tissue sections were hybridized with 35S- 
labeled cDNA probes using a published method (Lewis and Cowan, 
1985a). A specific cloned cDNA probe encoding GAP-43 was previously 
described (Rams et al., 1987). 

RNA blots. At intervals between 1 and 56 d after bilateral sciatic nerve 
crush, animals were killed by overdose of anesthesia and L4 and L5 
DRG were removed. Ganglia were removed in a similar manner from 
unoperated animals at 5, 10,50,70, and 350 d of age. Eight to 12 ganglia 
(from 2 or 3 animals, respectively) were pooled for RNA preparation 
(except in 5-d-old animals, in which case 25-30 ganglia were pooled). 
A major advantage of this system is that the nerve cell bodies can be 

Fimre 2. RNA blot analysis of mRNA 
levels during axonal regeneration. Total 
RNA was harvested from DRG of 5-d- 
old animals (N), lo-week-old animals 
(M), and at various times after crushing 
the sciatic nerve (in d, shown below each 
lane). GAP-43, class II beta tubulin, and 
NF68 were identified by hybridization 
to aonronriate cloned cDNAs. After hv- 
bridization with each cDNA probe, la- 
beled hybrids were removed and the 
blot was rehybridized successively with 
each probe. GAP, autoradiogram of 

were exposed for l-3 d. 
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GAP-43 mRNAs; TUB, autoradi- 
ogram of class II beta tubulin mRNAs; 
NF, autoradiogram of NF68 mRNAs. 
Hybridization of this blot with probes 
for NF68 and class II tubulin was shown 
previously (Hoffman and Cleveland, 
1988). Ten micrograms of RNA were 
analyzed on each lane. Autoradiograms ._ .-. 
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completely harvested by removal of the DRG and can be prepared free 
of contamination by other populations of neurons. RNA isolated from 
these ganglia (Chirgwin et al., 1979) was separated on agarose-form- 
aldehyde gels and transferred to nylon membranes for hybridization 
with 32P-labeled cDNA as previously described (Shank et al., 1978; 
Hoffman et al., 1987). A specific cloned cDNA probe encoding the 3’ 
untranslated region of class II beta tubulin gene of rat was a subclone 
of RBT.1 (Bond et al., 1984; Farmer et al., 1984); the cloned cDNA 
probe encoding NF68 was previously described (Lewis and Cowan, 
1985b). Labeled hybrids were detected autoradiographically and quan- 
titated using a computer-based video densitometric system (Loats As- 
sociates, Inc., Westminster, MD). After hybridization with each cDNA 
probe, labeled hybrids were removed and blots were rehybridized suc- 
cessively with each probe. 

Results 
Increased expression of GAP-43 during axonal regeneration 
GAP-43 is developmentally regulated in these sensory neurons 
(Karns et al., 1987). In order to demonstrate this regulation, 
RNA was isolated from DRG of unoperated animals at 5, 10, 
50, 70, and 350 d of age (Fig. 1). GAP-43 mRNA levels were 
4.5-fold higher at 5 d of age than in older animals (Fig. 1). GAP- 
43 mRNA levels declined markedly between 5 and 10 d of age; 
thereafter, they remained relatively constant (Fig. 1). 

Levels of GAP-43 mRNA were then examined in RNA har- 
vested from sensory neurons at various times after axonal re- 
generation was induced by crushing the sciatic nerve. A repre- 
sentative RNA blot is shown in Figure 2; quantitation for this 
particular blot is illustrated in Figure 3. Comparable results were 
obtained from RNA blots performed in 4 independent experi- 
ments. These analyses demonstrated that GAP-43 mRNA levels 
were increased 2.5-fold by 1 d after axotomy, and 11.5-fold at 
2 d after axotomy (Figs. 2, 3). GAP-43 mRNA levels remained 
elevated between 4 and 14 d, returning to control levels by 28 
d after axotomy (Figs. 2, 3). Relatively high levels of GAP-43 
expression have been previously reported in cultured embryonic 
neurons during axonal elongation (Kams et al., 1987) and in 
regenerating sensory neurons (Basi et al., 1987). 

Induction of GAP-43 and class II beta tubulin expression 
coincide in regenerating neurons 
Like GAP-43, the expression of class II beta tubulin was also 
higher in developing than mature sensory neurons; a marked 
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reduction in tubulin mRNA levels occurred between 5 and 10 
d of age (Fig. 1). The expression of class II beta tubulin was 
increased in regenerating neurons (Hoffman and Cleveland, 
1988); mRNA levels were increased 2-fold by 1 d after axotomy, 
and 6-fold at 2 d after axotomy (Figs. 2,3). Class II beta tubulin 
mRNA levels remained elevated between 4 and 14 d, returning 
to control levels by 28 d after axotomy (Figs. 2, 3). The time 
course for this induction of class II beta tubulin coincided ex- 
actly with the increased expression of GAP-43 in regenerating 
neurons (Fig. 3). 

In contrast to GAP-43 and class II beta tubulin, mRNA levels 
for NF68 were relatively low (compared with mature neurons) 
during both development and regeneration (Hoffman and Cleve- 
land, 1988). NF68 mRNA levels increased dramatically be- 
tween 5 and 10 d of age and between 10 and 50 d, thereafter, 
mRNA levels remained relatively constant (Fig. 1). Reduction 
in NF68 mRNA levels in regenerating neurons was first seen at 
4 d after axotomy; maximal reduction (to 7% of control values) 
occurred at 28 d after axotomy (Figs. 2,3). A significant increase 
towards control levels of NF68 mRNA was seen at 56 d after 
axotomy (Figs. 2, 3). Previously, we have shown that NF68 
expression in these neurons returns to control levels by 70 d 
after nerve crush (Hoffman et al., 1987). 

In situ hybridization studies 
In situ hybridization studies demonstrated that approximately 
20% of neurons in control ganglia expressed GAP-43 at rela- 
tively high levels compared with the remaining control neurons 
(Fig. 4). The neuronal expression of GAP-43 was markedly 
increased in all neurons during axonal regeneration (Fig. 4). This 
response to injury was not restricted to neurons with high basal 
levels, in that the whole population of neurons exhibited high 
levels of GAP-43 expression after injury (Fig. 4). 

Discussion 
Coordinated expression of GAP-43 and class ZZ beta tub&in in 
regenerating neurons 
Increases in mRNA levels for GAP-43, a rapidly transported 
membrane-associated protein, and class II beta tubulin, a slowly 
transported cytoskeletal protein, coincided in regenerating neu- 
rons (Figs. 2, 3), suggesting that the expression of these proteins 
is closely coordinated. The increased expression of these genes 
is selective. Expression of NF, the other major cytoskeletal pro- 
tein undergoing slow axonal transport, is reduced in regenerating 
neurons (Hoffman et al., 1987; Figs. 2, 3). Expression is also 
reduced for other rapidly transported proteins (Karlstrom and 
Dahlstrom, 1973); mRNA levels for tyrosine hydroxylase, a key 
enzyme in catecholamine synthesis, are reduced in sympathetic 
neurons during axonal regeneration (Koo et al., 1988). 

GAP-43 expression and axonal growth 
The present findings demonstrate that the expression of GAP- 
43, as reflected by increased mRNA levels, correlates with ax- 
onal regeneration. Thus, at least some of the increase in the 
axonal transport of GAP-43 that occurs during regeneration 
(Skene and Willard, 1981a, b) is mediated by a change at the 
level of gene expression (Basi et al., 1987). Similarly, levels of 
GAP-43 expression are also high during the elongation of de- 
veloping axons (Kams et al., 1987). Taken together, these ob- 
servations suggest that the developmental program for GAP-43 
expression is recapitulated during axonal regeneration. 
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Figure 3. Quantitation of hybrid formation for GAP-43, class II beta 
tubulin, and NF68 during axonal regeneration. Autoradiographic signals 
for the blots shown in Figure 2 were quantitated using a computer-based 
video densitometry system (Loats Associates, Inc., Westminster, MD). 
Levels were normalized in relation to those in lo-week-old control 
animals (0 d) and plotted as a function of time after axotomy. 

Although induction of GAP-43 correlates with axonal elon- 
gation, its persistence in certain adult neurons suggests that its 
role is not limited to elongation. It has been proposed that GAP- 
43 functions in several forms of structural remodeling, includ- 
ing, but not limited to elongation (Benowitz and Routtenberg, 
1987; Kams et al., 1987; Neve et al., 1987). Thus, GAP-43 
expression persists in hippocampal (Neve et al., 1987; S. M. de 
la Monte, H. J. Federoff, S. C. Ng, E. Grabczyk, and M. C. 
Fishman, unpublished observations) and olfactory neurons (de 
la Monte et al., unpublished observations), populations where 
synaptic remodeling occurs throughout life. Whether the pop- 
ulation of mature sensory neurons in DRG with persistent GAP- 
43 expression (Fig. 4) is also engaged in nerve terminal remod- 
eling remains to be determined. 

Cytoskeletal gene expression and axonal growth 
The role of tubulin in axonal elongation is well-established (see 
Hoffman and Cleveland, 1988). Microtubules, polymers com- 
posed primarily of tubulin, are the principal cytoskeletal ele- 
ments in both developing axons and regenerating sprouts (Bert- 
hold, 1978). The induction of class II beta tubulin mRNA levels 
correlates closely with the time course of regenerative outgrowth 
(Hoffman and Cleveland, 1988). 

In contrast to GAP-43 and class II beta tubulin, NF expression 
correlates with radial, rather than longitudinal growth of axons 
(Hoffman et al., 1988). NF are major intrinsic determinants of 
axonal caliber in myelinated nerve fibers, where NF number 
correlates directly with axonal cross-sectional area (Friede and 
Samorajski, 1970; Weiss and Mayr, 1971; Berthold, 1978; Hoff- 
man et al., 1984). Prior to undergoing radial growth, developing 
axons are small in caliber (< 1 Mm in diameter), are highly en- 
riched in microtubules, and contain relatively few NF (Peters 
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Figure 4. Localization of GAP-43 mRNAs within sensory neurons. In situ hybridization of %-labeled cDNA that specifically hybridizes with 
GAP-43 mRNAs was performed on tissue sections containing (A) control sensory neurons (from unoperated lo-week-old animals) and (B) 
regenerating neurons 4 d after axotomy. Autoradiograms were exposed for 5 d. Scale bars, 10 pm. 

and Vaughn, 1967; Berthold, 1978). This paucity of axonal NF 
is consistent with the low level of NF expression in developing 
neurons (Fig. 1). Reduction in NF expression after axotomy 
(Figs. 2, 3) correlates with a decrease in axonal caliber in the 
proximal stump (Hoffman et al., 1984, 1987). 

Regulation of gene expression during axonal growth 
Neuron-target interactions appear to play an important role in 
regulating NF gene expression (Hoffman et al., 1988). The role 
of such interactions in the regulation of GAP-43 and class II 
beta tubulin expression remains to be established. Both target- 
dependent and target-independent regulation of GAP-43 trans- 
port have been reported in developing mammalian neurons. 
For example, in cultured embryonic sensory neurons, the in- 
teraction of axons with appropriate targets in vitro correlates 
with a decline in GAP-43 transport (Baizer and Fishman, 1987). 
On the other hand, removal of normal target interactions by 
axotomy does not prevent the developmental decline in GAP- 
43 transport in pyramidal tract neurons of the mammalian CNS 
(Kalil and Skene, 1986). 

The effect of target removal on GAP-43 transport has been 
assessed during optic nerve regeneration in goldfish. Benowitz 
et al. (1983) compared the amounts of pulse-labeled GAP-43 
undergoing axonal transport during normal regeneration and 
after target (optic tectum) ablation and found no differences at 
10 d, 30 d, and 5 months after axotomy. In contrast, Grafstein 
et al. (1987) found that although the large, initial decline in 
GAP-43 transport at 3 weeks after axotomy occurred in the 
absence of targets, target ablation prevented the return of trans- 
port to preaxotomy levels by 12 weeks after axotomy. 

Some of these seemingly contradictory results may be ex- 
plained in part by differences in species or by differences in 
GAP-43 control in central versus peripheral neurons. Addi- 
tionally, the accumulation of GAP-43 in axons may be regulated 
at several levels, including synthesis, transport, and degradation. 
Thus, whether GAP-43 is regulated by target interactions is an 

unresolved issue. Studies currently underway are designed to 
examine the role of neuron-target interactions in the induction 
of GAP-43 and class II beta tubulin expression after axotomy 
and the subsequent return of expression to preaxotomy levels. 
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