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Primary sensory neurons are capable of successful regen- 
erative growth in response to peripheral nerve but not dorsal 
root injury. The present study is concerned with the differ- 
ential expression of the mRNA for GAP-43, a growth-asso- 
ciated protein, in these sensory neurons, in response to in- 
jury of their central or peripheral axonal branches. Peripheral 
axotomy resulted in an elevation in message detectable within 
24 hr, using Northern blot and in situ hybridization, which 
was maintained for 30 d, whereas dorsal root section pro- 
duced no change except a transient and small increase if 
the axotomy was immediately adjacent to the dorsal root 
ganglia (DRG). Dorsal root section had no effect on GAP-43 
mRNA levels in the dorsal horn or in neighboring intact DRG. 
It also failed to alter the laminar boundaries of the GAP-43 
central terminal labeling produced by peripheral nerve sec- 
tion, even though vacant synaptic sites were produced in 
unstained laminae by this procedure. This indicates that the 
location of GAP-43 immunolabeling in the central terminals 
of primed sensory cells may not depend only on the location 
of vacant synaptic sites. We conclude that distinct control 
mechanisms regulate the response of DRG neurons to pe- 
ripheral nerve and dorsal root injury, and these may be re- 
lated both to the glial environment and the particular target 
influences exerted on the central and peripheral branches 
of the primary sensory neuron. Central denervation alone is 
insufficient to upregulate GAP-43 levels, and this may ex- 
plain the relative absence of collateral sprouting after the 
production of central vacant synaptic sites. The failure of 
dorsal root section to increase GAP-43 expression may con- 
tribute to the poor regenerative response initiated by such 
lesions. 

[Key words: GAP-43, regeneration, collateral sprouting, 
nerve injury, spinal cord, dorsal root ganglion] 

GAP-43 is a membrane- and cytoskeletal-associated phospho- 
protein (Zwiers et al., 1985; Benowitz and Routtenberg, 1987; 
Skene, 1989; Coggins and Zwiers, 199 1) that is expressed at high 
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levels in neurons during development and concentrated in ax- 
onal growth cones (Jacobson et al., 1986; Kalil and Skene, 1986; 
Meiri et al., 1986; Skene et al., 1986; Karns et al., 1987; Biffo 
et al., 1990; Fitzgerald et al., 199 1). Once innervation of targets 
is achieved, the levels of this protein decline in most parts of 
the nervous system. After neural injury in the adult, however, 
GAP-43 is reexpressed and rapidly transported along the axons 
of those neurons where there is successful regeneration (Skene 
and Willard, 198 1; Benowitz and Lewis, 1983; Reh et al., 1987; 
Bisby, 1988; Tetzlaffet al., 1989; Van der Zee et al., 1989; Woolf 
et al., 1990). Where regeneration is abortive, there may be tran- 
sient reexpression, but this is not sustained (Doster et al., 199 1; 
Tetzlaff et al., 1991). The correlation between the presence of 
GAP-43 and the growth state of neurons has led to the use of 
this protein as a marker for axonal growth, and there is evidence 
from in vitro studies that would suggest that it is directly in- 
volved in such growth (Zuber et al., 1989; Yanker et al., 1990; 
Shea et al., 199 1; Jap Tjoen San et al., 1992; Aigner and Caroni, 
1993; Widemer and Caroni, 1993). 

In the particular case of adult primary sensory neurons, pe- 
ripheral axotomy results in successful reinnervation of periph- 
eral targets, and this is associated with the reexpression of GAP- 
43 mRNA and protein in dorsal root ganglion (DRG) cells (Skene 
and Willard, 1981; Bisby, 1988; Hoffman, 1989; Van der Zee 
et al., 1989; Verge et al., 1990a; Somervaille et al.. 199 1; Chong 
et al., 1992; Wiese et al., 1992). In marked contrast, central 
axons of primary afferents have a limited regenerative capacity 
following dorsal root injury, which has commonly been ex- 
plained in terms of a nonsupportive environment at the PNS/ 
CNS interface (Perkins et al., 1980; Carlstedt, 1985; Liuzzi and 
Lasek, 1987; Stensaas et al., 1987; Siegal et al., 1990; Liuzzi 
and Tedeschi, 1992). 

We have investigated whether the relative failure ofthe central 
axons of primary sensory neurons to regenerate after dorsal root 
section is associated with a failure in GAP-43 upregulation. Four 
additional factors have been taken into account in the design 
of this study. First, previous reports have indicated that GAP- 
43 reexpression is dependent on the site of axotomy relative to 
the soma (Doster et al., 199 1; Tetzlaff et al., 199 1). To inves- 
tigate this, dorsal root sections have been performed both-close 
to and distant from the ganglion. Second, while transected dorsal 
root axons do not reinnervate the dorsal horn, sprouting of the 
central terminals ofdorsal root axons from adjacent intact dorsal 
roots and intrinsic dorsal horn neurons has been reported (Liu 
and Chambers, 1958; Goldberger and Murray, 1982; but see 
Rodin et al., 1983; McMahon and Kett-White, 199 1). To study 
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Figure 1. A diagram illustrating the surgical lesions performed: (1) dorsal root section adjacent to the entry of the dorsal root into the dorsal root 
ganglion in the intervertebral foramen (PROXIMAL), (2) dorsal root section midway between the DRG and the dorsal root entry zone in the spinal 
cord (DISTAL), (3) sciatic nerve section in the popliteal fossa. 

whether central denervation alone is sufficient to induce GAP- 
43 upregulation in uninjured neighboring neurons, GAP-43 
mRNA levels in the dorsal horn and in adjacent as well as 
lesioned ipsilateral and contralateral DRG were examined after 
dorsal root section. Third, we have asked whether there is an 
increase in GAP-43 protein levels in the dorsal horn after pe- 
ripheral nerve injury (Woolfet al., 1990; Coggeshall et al., 199 1; 
Knyihar-Csillik et al., 1992) or whether the results reflect the 
epitope specificity of the antibodies used (Schreyer and Skene, 
199 1). Finally, we have used immunohistochemical techniques 
to investigate whether the presence of vacant synaptic sites de- 
termines or influences the distribution of the GAP-43-labeled 
terminals in the spinal cord that results from a peripheral nerve 
injury by combining a nerve and dorsal root lesion. Together, 
these experiments are designed to investigate the nature of the 
signals responsible for controlling GAP-43 expression and pre- 
sumably, therefore, axonal and synaptic growth in the first relay 
neurons of the somatosensory system. 

Materials and Methods 
Surgicalprocedures. Adult Sprague-Dawley rats (200-300 gm) of either 
sex were used. Under fentanyl/diazepam anesthesia, a left lumbar hem- 
ilaminectomy was performed and the L4 dorsal root sectioned midway 
between the L4 DRG and its entry into spinal cord, “distal rhizotomy” 
(Fig. 1). Animals were kept for 1 d (n = 2) 3 d (n = 2) 5 d (n = 2), 7 
d (n = 2) and 14 d (n = 2) before being killed under terminal pento- 
barbitone anesthesia. Dorsal rhizotomy was also performed immedi- 
ately adjacent to the L4 intervertebral foramen, “proximal rhizotomy” 
in nine animals (Fig. l), with survival of 1 d (n = 2), 3 d (n = 2) 5 d 
(n = 2) 7 d (n = 2) and 4 weeks (n = 1) postoperatively. Section of the 
L3, L4, and L5 dorsal roots was performed in 11 other rats and the 
animals permitted to recover for 10 d. 

In 3 1 animals the left sciatic nerve was exposed in the popliteal fossa 
under fentanyl/diazepam anesthesia and crushed with a pair of smooth 
tipped forceps until an area of complete translucency was produced. 
Afterrecoveryforld(n=10),7d(n=l),lOd(n=9),14d(n=2), 
or 30 d (n = 9) the animals were killed under terminal pentobarbitone 
anesthesia. In four animals the sciatic nerve was sectioned, rather than 
crushed, and 2 d later the left L4 dorsal root sectioned. The animals 
were then killed at 14 d (n = 2) or 30 d (n = 2). 

Tissue preparation. Tissue was used for one of three procedures: 
Northern blot analysis or in situ hybridization for the detection of GAP- 
43 mRNA, and GAP-43 immunohistochemistry to detect levels and 
distribution of the protein. For the first two, the L3-L5 segments of the 
spinal cord and ipsilateral and contralateral L3-L5 DRGs were removed 
fresh under terminal anesthesia. For immunohistochemistry, the ani- 
mals were perfused with saline followed by 4% paraformaldehyde in 
0.1 M phosphate buffer at pH 7.4. The third, fourth, and fifth lumbar 

segments, defined by the point of entrance of their dorsal roots into the 
dorsal horn, were then removed, postfixed for 6 hr, and then immersed 
in 20-30% sucrose in phosphate buffer (pH 7.4, 4°C) overnight. 

Northern blot analysis. The L3, L4, and L5 DRG ipsi- and contra- 
lateral to either a sciatic nerve section or the dorsal root sections were 
removed as was the spinal cord, which was divided into four quadrants: 
dorsal and ventral halves, ipsi- and contralateral to the nerve/dorsal 
root section. For each time point for each surgical procedure tissue from 
three or four animals was frozen on dry ice, pooled, and stored at - 70°C. 
Total RNA was extracted by homogenization in 4 M guanidium thio- 
cyanate buffer (Chirgwin et al., 1979). RNA (10 Kg/sample) was sepa- 
rated on formaldehyde-agarose gels, transferred to nylon membranes, 
and hybridized with GA 11 B, a 1.1 kilobase cDNA to GAP-43 (Neve 
et al., 1987). Another probe used as a control for loading was for glyc- 
eraldehyde 3-phosphate dehydrogenase (G3PD), a “housekeeping gene.” 
The cDNAs were labeled with 7’P-CTP using the random priming meth- 
od. Washed blots were exposed to Kodak X-Omat AR film (l-33 d). 

In situ hybridization. All tissue was embedded in Tissue-Tek and 
freshly frozen in liquid nitrogen. Thick sections (20 pm) were cut on a 
cryostat, mounted on chrome-alum gelatinized slides, and after rapid 
drying in cool air, processed for in situ hybridization for GAP-43 mRNA 
using an alkaline phosphatase-linked cDNA probe (described in detail 
in Chong et al., 1992). An alkaline phosphatase-linked antisense oli- 
godeoxynucleotide antisense probe (39-mer corresponding to positions 
119-l 57 of the rat GAP-43 mRNA) was used. Bound nrobe was vi- 
sualized by the color reaction of alkaline phosphatase on the substrates 
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate. 

Staining was eliminated if sections were pretreated with ribonuclease 
A or if a 1 OO-fold excess unlabeled oligonucleotide probe was included 
in the hybridization mix. No staining was seen if the probe was omitted 
from the hybridization solution. 

Cell counting was done with the aid of a computerized image analysis 
system (See-Scan, Cambridge, UK; described in Chong et al., 1992). 
This permitted both the analysis of the presence of positive cells by 
relative intensity measurements and a semiautomation of the dissector 
counting technique. This is a stereological method where systematic 
sampling of tissue with a constant separation (k) is done (for a review, 
see Gundersen et al., 1988; Coggeshall, 1992). The whole tissue was 
sectioned and the total number of sections counted. Sections were then 
chosen as in a standard stereological paradigm, with a section separation 
k, with the first section being chosen with a random number generator. 
The area ofeach chosen section was then measured, and the total volume 
of the tissue calculated. Adjacent pairs of sections were then examined 
and one was designated the reference section. Stained neuronal profiles 
seen in the reference section but not in the look-up section were counted. 
The number of counts (“tops”) in the volume of the sampled tissue 
yielded the number of neurons per unit volume (N,, numerical density). 
N, multiplied by total volume of tissue gives an unbiased estimate of 
the total number of stained cells (N = N, x I’,,,). 

Zmmunohistochemistry. Frozen sections (50 pm) were cut and stained 
free floating as described before (Woolf et al., 1990) using one of three 
GAP-43 antisera: (1) cuGAP-43 Ab I, a polyclonal rabbit antiserum to 
a P-galactosidase/GAP-43 fusion protein (Curtis et al., 199 l), a gift of 
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Figure 2. Northern blots for GAP-43 and G3PD mRNA in L3, L4, and L5 pooled (three or four animals) dorsal root ganglia from naive (control, 
unoperated; .!J) animals, 1, 10, and 30 d following a sciatic nerve crush and 10 d following a distal dorsal root section (I, ipsi-, and C, contralateral 
ganglia). 

R. Curtis, Regeneron, NY, diluted 1:2000-40,000; (2) aGAP- Ab II, 
a mouse monoclonal antibody 9-lE12 raised against neonatal rat brain 
GAP-43 (Boehringer-Mannheim; Schreyer and Skene, 199 1) diluted 
1:1000&,000; and (3) olGAP-43 Ab III, a polyclonal sheep antiserum 
to rat brain GAP-43 obtained from neonatal rat cortex (1: 1000-6000) 
(Benowitz et al., 1988). After preincubation with appropriate normal 
serum for l-2 hr, sections were incubated for 24 hr at 4°C with one of 
the three antibodies. Incubation times were kept constant for each ex- 
periment where staining patterns of the three antibodies were compared. 
Dilutions were made in PBS containing 1% appropriate normal serum 
and 0.4% Triton X-100, plus 0.01% azide. After washing with several 
changes of PBS, sections were incubated with the appropriate biotiny- 
lated IgG (Vector Laboratories) diluted 1: 150 or 1:250 for l-2 hr, fol- 
lowed by Vectastain ABC reagent. The sections were then incubated in 
a 0.05% solution of 3,3’-diaminobenzidine tetrahydrochloride in Tris 
buffer plus 0.0 1 O/a H202 for 10 min. Following several washes with water, 
the sections were mounted on gelatinized slides, dehydrated, and cov- 
erslipped with DPX mountant. Substitution of primary antisera and of 
biotinylated IgGs by either nonimmune serum or PBS was performed 
for all the sets of tissue, and in each case, these controls gave negative 
results. 

Results 
Northern blot analysis 
Sciatic nerve crush resulted in a substantial elevation in GAP- 
43 mRNA in the ipsilateral L3, L4, and L5 ganglia that was 
detectable at 1 d, and reached a peak, with up to a sixfold 
increase, between 4 and 10 d postinjury. This elevation per- 
sisted, at slightly reduced levels, at 30 d postinjury (Fig. 2). No 
change was detected in the contralateral DRGs. This result was 
duplicated in three independent series. In spinal cords tested 10 
d after the sciatic nerve crush, an elevation in GAP-43 mRNA 
was only found in the ipsilateral ventral quadrant, the site of 

the axotomized motoneurons. The ipsilateral and contralateral 
dorsal quadrants had identical levels of GAP-43 mRNA. 

A distal dorsal root section resulted in no detectable alteration 
in GAP-43 mRNA levels in the affected ganglia or in the ipsi- 
lateral dorsal or ventral quadrants of the spinal cord 10 d after 
central axotomy; this finding was likewise repeated in three 
independent series of animals, with results evaluated by den- 
sitometry and levels of signal normalized for loading (Fig. 2). 

In situ hybridization 
Peripheral axotomy resulted in an increase in the number of 
GAP-43 mRNA-containing L4 DRG cells as described previ- 
ously (Hoffman, 1989; Verge et al., 1990a; Chong et al., 1992), 
with a threefold increase 1 d after the lesion and a further in- 
crease at 1 week (Figs. 3,4). No upregulation of GAP-43 mRNA 
expression was detected in the L4 DRG after a distal dorsal 
rhizotomy performed. At all times tested between 1 and 14 d 
after operation, the numbers of GAP-43 mRNA-positive cells 
remaining similar to those present in naive unoperated animals 
or in DRGs contralateral to a peripheral nerve injury (Figs. 3, 
4; Table 1). After a proximal rhizotomy, a small elevation in 
the number of positive DRG cells occurred at 1 and 3 d pos- 
tinjury, but by 7 d the levels had fallen to control values (Figs. 
3, 4; Table 1). Intact dorsal root ganglia one segment above or 
below a lesioned root showed no significant upregulation of 
GAP-43 mRNA. One and two weeks after an L4 dorsal rhi- 
zotomy, the number of positively labeled cells in the L3 and L5 
dorsal root ganglia did not differ from that present in the con- 
tralateral side (Table 2). 
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Figure 3. Alterations in the numbers of GAP-43 mRNA-positive L4 
DRG neurons obtained after sciatic nerve crush or a proximal or distal 
L4 rhizotomy. Each value is the mean of the counts from two ganglia 
(see Table 1). The results at time 0 represent values from naive animals 
(n = 4). 

In the spinal cord, no staining for GAP-43 mRNA was visible 
in dorsal horn neurons after a distal dorsal rhizotomy or pe- 
ripheral nerve section, although the latter lesion resulted in the 
appearance of GAP-43 mRNA in axotomized motor neurons. 
The only change seen in the spinal cord after dorsal root lesions 
was a reduction in size of the ipsilateral dorsal funiculus (Fig. 
3. 

GAP-43 immunohistochemistry 

GAP-43 is posttranslationally modified by phosphorylation, 
acylation, and ribosylation (Skene, 1989; Coggins and Zwiers, 
199 1; Coggins et al., 1993) and modified forms could conceiv- 
ably be recognized differentially by antibodies directed against 
distinct epitopes, which could result in variations in the staining 
patterns obtained in the spinal cord after nerve injury (Schreyer 
and Skene, 199 1). In order to investigate this issue, three quite 
different anti-GAP-43 antibodies were used to survey both the 
pattern of staining in the normal spinal cord and the effects of 
a peripheral axotomy. These were Ab I, a polyclonal rabbit 
antiserum to a P-galactosidaselGAP-43 fusion protein (Curtis 
et al., 199 1); Ab II, a mouse monoclonal antibody (9- 1 E 12) that 
is insensitive to posttranslational modification (Schreyer and 
Skene, 199 1; obtained from Boehringer-Mannheim); and Ab 
III, a polyclonal orGAP- IgG fraction raised in sheep against 
rat GAP-43 protein extracted from neonatal cortex (Benowitz 
et al., 1988). Different intensities of staining of the dorsal horn 
in control animals were produced by the antibodies at different 
titers (with Ab I and Ab II > Ab III at the same nominal 
concentration). With appropriate dilutions, however, the stain- 
ing patterns became indistinguishable: at relatively low titers, 
all revealed a low level of staining in the white matter, except 
in the corticospinal tract, and higher levels in the gray matter, 
particularly in the superficial laminae of the dorsal horn; at 
higher titers, all began to produce heavier staining in the gray 

Figure 4. In sifu hybridization for GAP-43 mRNA in sections cut through an ipsilateral (A) and contralateral L4 DRG (B) 7 d after a sciatic 
nerve crush injury. C shows the level of GAP-43 mRNA in a L4 DRG following a distal L4 rhizotomy 2 weeks earlier. D is a section through an 
L4 ganglion following a proximal rhizotomy 3 d earlier. Scale bars, 100 pm. 
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Table 1. Dissector counts of L4 DRG after dorsal rhizotomy or Table 2. Dissector counts of L3 and L5 DRG cells positively labeled 
sciatic nerve crush for GAP-43 mRNA after L4 dorsal rhizotomy 

Animal Survival time Insi. count 
Contra. 
count 

Dorsal rhizotomy distally 
1 Id 3268 
2 Id 3488 
3 3d 2847 
4 3d 3318 
5 5d 2149 
6 5d 3143 
I Id 2822 
8 Id 3286 
9 14 d 2670 

Dorsal rhizotomy proximally (close to DRG) 
1 Id 4626 
2 Id 5226 
3 3d 4280 
4 3d 5217 
5 5d 3552 
6 5d 3846 
7 Id 2692 
8 Id 3413 
9 28 d 2106 

Sciatic nerve crush 
1 Id 8107 
2 7d 10725 

2962 

2988 

3073 

2473 

3110 
2506 

3030 

2542 

2519 

matter (Fig. 6). Following a sciatic nerve lesion 14 d earlier, 
identical staining patterns were achieved for each antibody, but 
at different titers, with intense label in laminae I and II in the 
ipsilateral sciatic nerve terminal territory and a few sparse pro- 
jections into lamina III (Fig. 6). For each antibody a titer could 
be found where the “background” level was very low/absent 
while still clearly revealing the label resulting from the nerve 
injury (Fig. 6). The increase in the concentration of the anti- 
bodies required to produce a level of staining where the “back- 
ground” began to obscure the label in the axotomized central 
terminals, differed for each antibody with a 20-fold increase for 
Ab I, a 40-fold increase for Ab II, and a sixfold increase for Ab 
III. At high titers, label could be detected in the ipsilateral dorsal 
columns, particularly for Ab I. 

Distal dorsal root section did not result in elevated GAP-43 
immunostaining in the dorsal horn (Fig. 7A). Intense label was 
present in the degenerated root at the dorsal root entry zone, 
which is likely to be of Schwann cell origin (Curtis et al., 1992; 
Woolf et al., 1992b). Section of the L4 dorsal root, when com- 
bined with peripheral nerve injury, eliminated staining in areas 
where the rhizotomized afferents terminate (Fig. 7B), but in 
adjacent areas where the afferent terminals originate from neigh- 
boring intact roots, the laminar distribution of staining was 
unchanged. Because the central terminals of afferents from dif- 
ferent roots overlap, it was difficult to evaluate if any spread of 
GAP-43 had occurred from the L3 and L5 root terminal zones 
to the L4 zone within laminae I and II. 

Discussion 
Primary sensory neurons possess two axons that are different 
in several major respects. The central axon is smaller (Suh et 

Ipsilateral 

1 Week dorsal rhizotomy 
L3 1808 
L5 2390 

2 Weeks dorsal rhizotomy 
L3 1984 
L5 2951 

Normal unoperated L4 DRG count. 2740-3350. 

Contralateral 

2123 
2250 

2114 
2826 

al., 1984), has a slower conduction velocity (Czeh et al., 1977) 
and rate of axonal transport (Wujek and Lasek, 1983), and is 
associated with both Schwann cells and CNS glia, whereas the 
peripheral process is associated with Schwann cells only, and 
its targets are very different from those of the peripheral process. 
Another difference is that regeneration is generally successful 
after peripheral axon transection but much slower and less suc- 

Figure 5. Transverse sections through L4 spinal cord 1 week after 
sciatic nerve section (A) or a distal L4 dorsal rhizotomy (B) stained for 
GAP-43 mRNA by in situ hybridization. Note the absence of GAP-43 
mRNA signal in the dorsal horn in both cases and the labeled motor 
neurons after the peripheral nerve crush lesion. The arrow indicates the 
reduction in the size of the dorsal column on the operated side. Scale 
bars, 500 pm. 
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Figure 6. Transverse sections through 
an L4 spinal cord 2 weeks after sciatic 
nerve section stained with three differ- 
ent anti-GAP-43 antibodies. Ab. I, a 
polyclonal antiserum to a P-galactosi- 
dase/GAP-43 fusion protein (Curtis et 
al., 199 1); Ab. II, a mouse monoclonal 
(9-lE12, Schreyerandskene, 1991);and 
Ab. III, a polyclonal antiserum to rat 
GAP-43 (Benowitz et al., 1988). Ex- 
amples are shown for each antibody of 
the staining pattern produced by a high 
and a low titers (Ab I: high 1:2000, low 
1:40,000; Ab II: high l:lOOO, low 
1:40,000; Ab III: high l:lOOO, low 
1:6000). Note that at the low titer in all 
cases, staining is present ipsilateral to 
the nerve injury (ZRSI) at higher levels 
than the background and that the dis- 
tribution and pattern of staining is iden- 
tical for all antibodies. The staining 
shown in the contralateral dorsal horn 
(CONTRA) is identical that found in 
naive animals (not shown). 
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cessful after central axon transection (Wujek and Lasek, 1983; 
Oblinger and Lasek, 1984; Anderson et al., 1992a). Responses 
of the DRG cell body to transection of the peripheral as opposed 
to the central process are also generally different. Dorsal rhi- 
zotomy does not result in chromatolysis, whereas peripheral 
transection does (Liebermann, 197 1). Successful regeneration 
may require the induction of a growth capacity in the injured 
cell, and the chromatolytic response may be a morphological 
sign of this. Peripheral nerve injury results in a stereotyped 
pattern of changes in growth-associated or cytoskeletal proteins 
in DRG neurons such as elevations in GAP-43 and CY-1 tubulin 
and a decrease in neurofilament levels (Hoffmann, 1989; Miller 
et al., 1989; Wong and Oblinger, 1990; Gold et al., 199 1). 
Whether dorsal root and peripheral nerve section results in sim- 
ilar changes in a-l tubulin and neurofilament levels remains 
controversial (Greenberg and Lasek, 1988; Verge et al., 1990b; 
Wong and Oblinger, 1990; Ernfors et al., 1993), but GAP-43 is 
clearly not elevated by central axotomy. This failure may be an 
important reason for the relatively poor rate of regeneration 

Figure 7. A, A transverse section 
through the L4 dorsal horn stained for 
GAP-43 with Ab III 10 d following a 
distal L4 dorsal root section. Note the 
absence ofany immunoreactivity in the 
dorsal horn but the presence of some 
label in the distal dorsal root, presum- 
ably in denervated Schwann cells. B, A 
transverse section through the L5 dor- 
sal horn 10 d after a sciatic nerve sec- 
tion that was followed 2 d later by an 
L4 dorsal root section. The dorsal root 
section has curtailed the expected me- 
diolateral distribution of GAP-43 im- 
munoreactivity in lamina II produced 
by the sciatic nerve lesion, which nor- 
mally encompasses the medial two- 
thirds of the dorsal horn (illustrated by 
the two solid arrows; see also Fig. 5), 
but it has not altered the dorsoventral 
spread of the label, which remains 
largely restricted to the superficial lam- 
inae of the dorsal horn. The broken line 
in lamina II illustrates the region that 
does not contain the expected label and 
the open arrow shows the clear cutoff 
between the normally innervated me- 
dial area of the dorsal horn and the de- 
nervated region lateral to it. 

after dorsal root injury (Anderson et al., 1992b). The growth of 
the central axon into peripheral nerve grafts is greatly accelerated 
and the number of growing axons substantially increased if the 
dorsal root injury is accompanied by a peripheral injury, which 
increases GAP-43 levels (Richardson and Issa, 1984; Richard- 
son and Verge, 1987; Anderson et al., 1992a; but see Oblinger 
and Lasek, 1984). 

The nonuniformity of the responses to transection of the cen- 
tral and peripheral primary afferent axon implies different sig- 
nals, some of which are presumably common to both and some 
of which are unique to the peripheral nerve injury. Since effec- 
tively all DRG neurons upregulate GAP-43 after peripheral 
injury (Hoffmann, 1989; Verge et al., 1990a; Sommervaille et 
al., 199 1; Chong et al., 1992; Wiese et al., 1992), the signal for 
its upregulation is likely to be common to all cells. This would 
seem to exclude NGF, a lack of which has been proposed as the 
retrograde signal for cell death, cell atrophy, and the reduction 
in substance P (Fitzgerald et al., 1985; Rich et al., 1987; Verge 
et al., 1990b; Gold et al., 1991; Wong and Oblinger, 199 l), 
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because not all DRG cells possess the high-affinity NGF receptor 
or express trkA mRNA (Verge et al. 1990a, 1993; Emfors et 
al., 1993). In accord with this, NGF does not change the effect 
of axotomy on GAP-43 expression in vivo (Verge et al., 1990a) 
or in vitro (Hu-Tsai et al., 1992). 

Central axotomy does not upregulate GAP-43 mRNA in pri- 
mary afferent neurons except transiently if the axotomy is per- 
formed near the ganglion. This is probably the result of an 
inflammatory infiltrate around the ganglion generated by the 
surgery since GAP-43 has been shown to be upregulated fol- 
lowing inflammation in the vicinity of the ganglion (Lu and 
Richardson, 1992). Other studies have reported GAP-43 
reexpression when axotomy is performed close to cell bodies 
(Doster et al., 199 1; Tetzlaff et al., 199 l), although in the latter 
case, both lesions were far enough from the cell bodies to elim- 
inate inflammation as a factor. 

Central denervation also failed to upregulate GAP-43 in 
neighboring intact DRG cells or in dorsal horn neurons. Thus, 
the signal(s) that controls GAP-43 levels is not related to either 
axonal injury or disruption of target contact alone, and dener- 
vation alone is not a sufficient trigger for inducing GAP-43 
upregulation. This may have implications in terms of the ca- 
pacity of the central terminals of uninjured primary sensory 
neurons to sprout into neighboring denervated areas (Liu and 
Chambers, 1958; Goldberger and Murray, 1982; Rodin et al., 
1983; Pubols and Bowen, 1988; LaMotte et al., 1989; McMahon 
and Kett-White, 199 1). GAP-43 immunoreactivity correlates 
with the induction of collateral sprouting following denervation 
in the hippocampus and at the motor end-plate (Benowitz et 
al., 1990; Lin et al., 1992; Mehta et al., 1993) but dorsal root 
section does not increase GAP-43 immunoreactivity in the dor- 
sal horn. 

Central terminal sprouting is a different form of growth from 
collateral sprouting, involving growth of the intact central 
branches of primary sensory neurons seen after injury to their 
peripheral branches (Woolf et al., 1992a). This is possibly the 
result of the peripheral lesion-induced increase in GAP-43 ex- 
pression in the DRG and the transport of this compound to the 
central terminals (Woolfet al., 1990) where it may enable growth. 
This view has been challenged by the suggestion that the ap- 
pearance of lesion-induced GAP-43 immunoreactivity in the 
dorsal horn (Woolf et al., 1990) reflects posttranslational mod- 
ifications of preexisting GAP-43 rather than the transport of 
newly formed GAP-43 (Schreyer and Skene, 1991). The evi- 
dence was that a monoclonal antibody that recognized epitopes 
on posttranslationally unmodified and modified forms of GAP- 
43 gave a generalized staining in the dorsal horn of normal 
animals with no detectable increase after a nerve lesion, whereas 
antibodies that only recognized epitopes that may arise by post- 
translational processing gave little staining in the normal and a 
marked increase after nerve transection. We have now made a 
direct comparison of this antibody (9- lEl2; Schreyer and Skene, 
199 1) with the antibody used in the original study (Woolf et al., 
1990) and another polyclonal GAP-43 antibody. When diluted 
to appropriate titers, all three antibodies produce indistinguish- 
able staining patterns in both naive and nerve injured animals, 
namely, little staining in the normal and a marked increase after 
nerve lesion. When the titer was increased, however, all three 
antibodies produced the generalized staining reported by Schreyer 
and Skene (199 1). It is clear, therefore, that background levels 
of GAP-43 in the normal dorsal horn are much lower than those 
in the central terminals of peripherally axotomized afferents. 

Another question is why GAP-43 is not found in the deep 
dorsal horn after nerve injury (Woolf et al., 1990). Large DRG 
cells whose processes end here have a faint but positive im- 
munoreactivity for GAP-43 (Sommervaille et al., 1991). In the 
periphery, however, only unmyelinated axons stain for GAP- 
43 during regenerative growth (Hall et al., 1992). Large sensory 
and motor neurons do increase GAP-43 mRNA substantially 
after injury (Chong et al., 1992; Wiese et al., 1992) and my- 
elinated motor axons reinnervating motor end-plates are im- 
munoreactive (Woolf et al., 1992b). Why, then, is there no label 
in the deep dorsal horn after a nerve lesion, particularly since 
it has been shown that large fibers grow into superficial laminae 
following nerve lesion (Woolf et al., 1992a; Shortland and Woolf, 
1993)? The most likely possibility is that GAP-43 is concen- 
trated only in the parts of the axons that are growing, which 
would imply that only the unmyelinated sprouts and growth 
cones from the large fibers are GAP-43 immunoreactive. If this 
is the case, the next question is why do large fibers grow into 
lamina II following injury? Our hypothesis has been that large 
A fibers are primed for growth by peripheral axotomy (Woolf 
et al., 1992a), which simultaneously frees up some synaptic 
space by inducing atrophy of C fiber terminals (Castro-Lopes 
et al., 1991) and that it is the combination of priming and an 
“open” synaptic field that results in sprouting. The failure to 
induce detectable staining in the deep dorsal horn following a 
combination of a peripheral nerve and dorsal root lesion, which 
would cause synaptic loss in all dorsal horn laminae (Chung et 
al., 1989) indicates that some factor or factors other than prim- 
ing and central denervation must play a role in the central 
sprouting. This might be either a relative absence of growth 
inhibitory molecules, such as those present on oligodendrocytes 
(Schwab, 1990) or a permissive extracellular matrix (Fawcett, 
1992) in lamina II. 

In conclusion, dorsal root section is a poor trigger for GAP- 
43 upregulation in the axotomized and neighboring intact DRG 
neurons and in deafferented dorsal horn neurons. This may 
explain the poor regenerative response following dorsal root 
injury and the absence or paucity of primary afferent collateral 
sprouting in the dorsal horn. A key component for axonal growth 
in adult neurons may be, therefore, the induction of an intrinsic 
growth capacity, something that peripheral axotomy does for 
primary sensory neurons. 
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