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Denervation of the Motor Endplate Results in the Rapid Expression
by Terminal Schwann Cells of the Growth-associated Protein GAP-43
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Developing and regenerating neurons express high levels
of the growth-associated phosphoprotein GAP-43. This
membrane protein is not confined to neurons, however, as
a number of studies have demonstrated GAP-43 immuno-
reactivity in central and peripheral glia in vitro and in vivo.
We have found that the Schwann cells overlying the terminal
motor axon at adult rat skeletal muscle endplates, and the
motor axons themselves, are normally not GAP-43 immu-
noreactive. Within 24 hr of denervation, however, the ter-
minal Schwann celis are positive for a GAP-43 mRNA in situ
hybridization signal and are GAP-43 immunoreactive. The
immunoreactive GAP-43 cells possess elaborate processes
that branch from the endplate region into the perisynaptic
zone and stain with defined Schwann cell markers: the cal-
cium binding protein S$100 and the low-affinity NGF receptor
(NGFr), but not with a fibroblast marker, Thy-1. Reinnervating
motor axons are GAP-43 positive, with an appearance quite
different from the GAP-43—positive Schwann cells. The reap-
pearance of nerve endings at the motor endplate is followed
by the disappearance of GAP-43 labeling in the Schwann
cells and of a retraction of their processes. GAP-43 expres-
sion in Schwann cells is therefore state dependent, appar-
ently regulated by neural contact. This protein, which is as-
sociated in neurons with neurite formation, may participate
in the elaboration of processes by Schwann cells when their
contact with axons is disrupted.

The phosphoprotein GAP-43 (B-50, F-1, neuromodulin, pp-46;
Benowitz and Routtenberg, 1987; Skene, 1989) is produced by
developing neurons, where it accumulates in elongating axons
and their growth cones (Meiri et al., 1986; Skene et al., 1986;
Reynolds et al., 1991). Once target innervation is completed,
the levels in most neurons fall, but it is reexpressed after axonal
injury in those adult neurons whose axons regenerate (Skene
and Willard 1981; Benowitz and Lewis, 1983; Hoffman, 1989;
Tetzlaff et al., 1989; Van der Zee et al., 1989) and in those
central neurons with the potential to regenerate (Doster et al.,
1991). Although GAP-43 has been considered to be a neuron-
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specific protein, it is now apparent that it is also detectable in
some central and peripheral glia. GAP-43 immunoreactivity has
been demonstrated in type 2 astrocytes, immature oligoden-
drocytes, and their precursors (Vitkovic et al., 1988; da Cunha
and Vitkovic, 1990; Deloulme et al., 1990; Curtis et al., 1991).
Schwann cells grown with sensory neurons in dorsal root gan-
glion cell cultures transiently express GAP-43 (Woolf et al.,
1990), and pure Schwann cell cultures have been shown to syn-
thesize GAP-43 (Curtis et al., 1992). Distal to a peripheral nerve
crush lesion, GAP-43 immunoreactivity has been demonstrated
in Schwann cells, and although its origin was originally thought
to be axonal (Tetzlaff et al., 1989), it is now recognized that
Schwann cells in degenerating peripheral nerves have the ca-
pacity to synthesize GAP-43 (Bisby et al., 1991; Curtis et al.,
1992). A recent study has shown that while all developing
Schwann cells express GAP-43 in the embryo, only non-myelin-
forming Schwann cells express the protein constitutively in nor-
mal adult nerves (Curtis et al., 1992). Adult myelin-forming
Schwann cells are not normally immunoreactive for GAP-43
but become so several weeks following nerve degeneration (Cur-
tis et al., 1992).

The presence of a protein in glial cells, which in neurons is
associated with axonal growth, raises several questions. Under
what circumstances is GAP-43 expressed in these cells, how
does this relate to axon—glial contact, and what functional role
may the molecules play in these non-neuronal cells? We have
addressed the first two questions by examining GAP-43 im-
munoreactivity in the Schwann cells present on adult skeletal
muscle motor endplates, and by using in situ hybridization to
detect the presence of GAP-43-related mRNA. Terminal
Schwann cells at the motor endplate are non-myelin-forming
cells surrounding a single large terminal axon and its branches
at a highly specialized synaptic zone. Within hours of dener-
vation, axonal degeneration can be seen by electrophysiological
and morphological techniques to have begun at the endplate
(Miledi and Slater, 1970; Manolov, 1974; Gorio et al., 1983).
This is accompanied by morphological changes in the terminal
Schwann cells that include the formation of long processes that
extend into the presynaptic zone, but that withdraw on rein-
nervation (Reynolds and Woolf, 1992). Denervation of muscle
has previously been shown to result in the appearance of GAP-
43 immunoreactivity at the degenerating prejunctional appa-
ratus, but its origin and cellular location were not characterized
(Verhaagen et al., 1988). We have now shown that denervation-
induced changes in terminal Schwann cell morphologyy are as-
sociated with the appearance and disappearance of GAP-43
immunoreactivity.
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Materials and Methods

Adult Sprague-Dawley rats (200-300 gm) were anesthetized with fen-
tanyl and diazepam, and the sciatic nerve in the popliteal fossa was
either cut with a ligation of the proximal stump or crushed for 20 sec
using a modified Spencer-Wells forceps with smooth grips, which pro-
duces a 2 mm area of translucency of the nerve. The wound was closed
in two layers and the animals were allowed to recover.

At survival times of 18 hr to 60 d, pairs of animals from both pro-
cedures were terminally anesthetized with pentobarbitone (50 mg/kg,
i.p.) and perfused with saline followed either with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) or with a periodate-lysine-parafor-
maldehyde fixative (McLean and Nakane, 1974). The ipsi- and contra-
lateral tibialis anterior and soleus muscles were then removed and pinned
on a silicon rubber—coated petri dish filled with fixative. Following 6—
8 hr postfixation, the muscles were immersed in graded sucrose solution
up to 20% in 0.1 M phosphate buffer for cryoprotection.

Longitudinal sections 50-100 um thick were cut on a freezing micro-
tome and collected in 0.1 M phosphate-buffered saline (PBS), pH 7.4.
The sections were incubated free-floating in 0.5% H,O, in PBS for 20—
30 min at 20-24°C to reduce endogenous peroxidase activity. Alternate
sections were stained for cholinesterase by incubating in a solution of
bromoindoxyl acetate, potassium ferricyanide, potassium ferrocyanide,
and calcium chloride in Tris buffer at 37°C (Alderson et al., 1989). Both
the cholinesterase-stained and unstained sections were then processed
for immunocytochemistry. Sections were preincubated in a 10% solu-
tion of appropriate normal serum (20-30 min), and then the following
antisera were applied to adjacent sections: (1) polyclonal anti-GAP-43
(1:1000 to 1:3000) for 24 hr at 4°C) (Benowitz et al., 1988); (2) polyclonal
anti-S100 (Dako) (1:800 to 1:2400) for 12 hr at 4°C; (3) polyclonal
protein gene product 9.5 (PGP 9.5) (Ultraclone) (Wilson et al., 1988)
(1:1000 to 1:1500) for 12-24 hr at 4°C; (4) polyclonal anti-calcitonin
gene—related peptide (CGRP), gift of M. Iadorola, NIH (Traub et al.,
1989) (1:1500 to 1:30,000) for 24-36 hr at room temperature; (5) mono-
clonal anti-low affinity-NGF receptor (anti-NGFr) (192 IgG; Chandler
et al., 1984), gift of E. Johnson, University of Washington (1:500), for
12 hr at 4°C; (6) polyclonal rabbit antiserum to a 3-galactosidase/GAP-
43 fusion protein (Curtis et al., 1991), a gift of R. Curtis, Regeneron,
New York (diluted 1:5000 to 1:20,000), for 24 hr at 4°C. Dilutions were
made in PBS containing 1% appropriate normal serum and 0.4% Triton
X-100, plus 0.01% azide for incubations longer than 12 hr.

After washing with several changes of PBS for 1-2 hr, the following
steps were carried out at room temperature with buffer washes after
each step. Sections were incubated with the appropriate biotinylated
IgG (Vector Laboratories) diluted 1:150 or 1:250 for 1-2 hr followed
by Vectastain ABC reagent. The sections were then incubated ina 0.05%
solution of 3,3'-diaminobenzidine tetrahydrochloride in Tris buffer +
0.01% H,0, for 10 min. Following several washes with water, the sec-
tions were mounted on gelatinized slides, dehydrated, and coverslipped
with DPX mountant. Substitution of primary antisera and of biotiny-
lated IgGs by either nonimmune serum or PBS was performed for all
the sets of tissue, and in each case these controls were negative.

Preabsorption of the GAP-43 antibody with 100-fold purified rat
brain GAP-43 from postnatal day 4 rat cortex, extracted with Triton
X-100 and separated by DEAE chromatography (0.2 m NaCl elution,
pH 7.5), was performed by mixing aliquots of the antibody with in-
creasing strengths of the GAP-43 protein. These were incubated at 37°C
for 1 hr, stored overnightat 4°C, and centrifuged. Controls were similarly
treated with BSA.

Western blotting. Proximal and distal nerve segments ipsilateral to a
sciatic nerve cut or crush performed 1, 4, 10, or 30 d earlier, together
with the intact contralateral sciatic nerve, were collected from terminally
anesthetized rats, weighed, and freeze dried. The sciatic nerve segments
were then homogenized in SDS-sample buffer (10 mg wet wt/ml of
buffer containing 1% SDS, 0.125 M Tris-HCl, pH 6.8, 5% @8-mercap-
toethanol, 10% glycerol), heated at 95°C for 5 min, and loaded into the
wells of two SDS gels, one for protein staining and the other for transfer
to nitrocellulose (stacking gel, 4.5% acrylamine, 3 ¢cm height; resolving
gel 10 cm in height; Laemmli, 1970). Gels were run overnight until the
dye front was ~1 cm from the bottom. One gel was stained with Coo-
massie brilliant blue (Bio-Rad); the other was equilibrated for 1 hr in
transfer buffer (Towbin et al., 1979) and then transferred electrophoreti-
cally to nitrocellulose membrane (0.6 A, 3.5 hr with cooling). Filters
were blocked in 50 mm Tris-buffered saline (TBS, pH 7.5) containing
5% BSA and 5% normal rabbit serum (1 hr, room témperature), reacted
overnight in primary antibody (affinity-purified sheep anti-GAP-43 IgG

fraction, 1:1000 in 50 mm Tris containing 0.2% Tween-20, 300 mm
NaCl, 5% rabbit serum, 5% BSA), washed three times in TBS with
Tween-20 and elevated salt (once for at least 3 hr), reacted with the
secondary antibody [rabbit anti-sheep IgG conjugated to horseradish
peroxidase (HRP; Vector Labs) in the same buffer used for the primary
antibody], washed twice with TBS and once with 50 mm Tris buffer
alone, and then reacted with diaminobenzidine HCI (Sigma, 10 mg/20
ml, in solution containing 0.1% H,0, and 0.25% NiCl,).

In situ hybridization. This was performed on unfixed tissue removed
under terminal anesthesia and frozen in liquid nitrogen. Tissue sections
(soleus muscle, sciatic nerve, ipsi- and contralateral to a sciatic nerve
cut or crush 1, 3, and 7 d previously) were cut on a cryostat (20 um),
mounted on chrome-alum gelatinized slides, and air dried. Hybridiza-
tion was performed using an alkaline phosphatase-linked GAP-43 cDNA
probe (Kiyama et al., 1990; Wiese and Emson, 1991) as follows. The
sections were washed in PBS acetylated for 10 min in a solution con-
taining acetic anhydride, sodium chloride, and triethanolamine. The
sections were then dehydrated through a series of increasing alcohol
concentrations and delipidated in chloroform. Afier partial rehydration,
hybridization was performed in 50% deionized formamide, Denhardt’s
solution, standard saline citrate buffer (SSC), 4% single-stranded salmon
sperm DNA, and 10% dextran sulfate together with an alkaline phos-
phatase-labeled antisense oligonucleotide (2-4 fmol/ul) corresponding
to nucleotide positions 119-157 of the rat GAP-43 ¢cDNA sequence
(Basi et al., 1987). After hybridization at 24—48 hr at 37°C, the sections
were washed in three changes of SSC buffer (0.15 m NaCl, 0.015 m Na-
citrate, pH 7.0) at 55°C followed by a wash at room temperature. The
alkaline phosphatase was visualized by generating a color reaction in
nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-inodyl phos-
phate in Tris buffer/MgCl, as previously described (Wiese and Emson,
1991). Specificity of staining was tested by pretreating the tissue with
Ribonuclease A (Sigma; 0.5 mg/ml) to digest cellular mRNA or by
competition with an excess (100 x) of unlabeled oligonucleotide added
to the hybridization solution. The tissue for each preparation was in-
cubated in the presence or absence of the enzyme-linked probe and the
sections evaluated blind. In two experiments, adjacent sections were
stained for the GAP-43 mRNA and for motor endplates using cholin-
esterase, as described above.

Guanethidine sympathectomy. In order to differentiate postganglionic
sympathetic terminals from motor axons or Schwann cells at the end-
plate, immunohistochemistry for GAP-43 was performed in animals
pretreated postnatally with guanethidine to eliminate their sympathetic
nervous system (50 mg/kg guanethidine sulfate subcutaneously from
day 8 after birth to 3 weeks, 5 d per week; Aberdeen et al., 1990). The
efficacy of the treatment was established by measuring the depletion of
noradrenaline levels (Aberdeen et al., 1990).

Northern blot analysis. Following terminal anesthesia, the sciatic nerve
distal and proximal to a cut and ligation was removed together with
the contralateral intact sciatic nerve and the ipsi- and contralateral L3,
-4, and -5 dorsal root ganglia. Tissues from four animals were pooled
together 2 and 4 d postsciatic section after having been frozen on dry
ice. Total RNA was extracted by homogenization in 4 M guanidium
thiocyanate buffer (Chirgwin et al., 1979). Total RNA (10 ug/sample)
was separated on formaldehyde-agarose gels, transferred to nitrocellu-
lose membranes, and hybridized with GA11B, a 1.1 kilobase ¢cDNA to
GAP-43 (Neve et al., 1987). The cDNA was labeled with 3?P-CTP using
the random priming method. Washed blots were exposed to Kodak
X-Omat AR film (1-33 d).

Results

GAP-43 immunohistochemistry

The motor endplates of the intact soleus and tibialis anterior
muscles showed no GAP-43 immunoreactivity (Figs. 1a,a*; 2q).
The only GAP-43-labeled structures in the intact muscle were
sympathetic axons innervating blood vessels throughout the
muscle, which were not present in the rats sympathectomized
at birth by guanethidine treatment. Denervation of the muscles
by either a cut or crush lesion of the sciatic nerve resulted in
the appearance of GAP-43 immunoreactivity at the motor end-
plates by 18 hr. This consisted of cellular profiles with a distri-
bution and appearance identical to that of terminal Schwann
cells labeled with S-100 in immediately adjacent sections. The



GAP-43-labeled profiles were confined to the motor endplate
at this stage, defined by cholinesterase staining of the endplate
basement membrane (Figs. 1a, 2a). A previous study in our
laboratory has demonstrated that 3 d following denervation,
terminal Schwann cells form elaborate processes that branch
into the perijunctional space (Reynolds and Woolf, 1992). We
have now found that at this time postdenervation, both the
terminal Schwann cells at the endplate and their processes are
GAP-43 immunoreactive (Figs. 15,b*%; 2b%; 34). These GAP-
43—positive cellular profiles and processes are identical to S-100-
and NGFr-positive Schwann cell structures seen on adjacent
sections (Fig. 4), which have been described in detail in the
earlier study (Reynolds and Woolf, 1992). Schwann cells in
intramuscular nerves and in terminal branches also became
GAP-43 immunoreactive and, like the Schwann cells at the
endplate, were characterized by intense staining of the mem-
brane cytoplasm, but not of the nucleus (Fig. 34).

Similar patterns of GAP-43 immunoreactivity were seen at
1 week following either nerve cut or crush, both showing more
extensive perijunctional processes than at 3 d (Fig. 2¢,c*). As at
the earlier time, the appearance, location, and distribution of
the GAP-43-labeled cellular profiles and processes were indis-
tinguishable from those labeled by the Schwann cell markers
S-100 and NGFr (Fig. 4). The GAP-43 immunoreactivity was
quite different in appearance from perineural and other fibro-
blasts in the denervated junctional and perijunctional area, vi-
sualized with anti-Thy-1 (Reynolds and Woolf, 1992). By 16 d,
differences could be detected between the crush and cut prep-
arations. In the former, fine single GAP-43-labeled processes
directed to the endplate and forming a branching pattern char-
acteristic of terminal motor axons were present (Figs. 1c¢,c*;
3C, D). At those individual endplates where such axon-like GAP-
43—positive structures were present, immunolabeled Schwann
cell-like cellular profiles were not seen. In adjacent sections,
axons labeled with CGRP or PGP 9.5 innervated equivalent
numbers of endplates in a distribution and pattern identical to
the axon-like GAP-43 label (Fig. 4). No endplate CGRP or PGP
9.5 label was present at 3 and 7 d post-crush or at 16 d post-
cut when Schwann cell-like GAP-43 immunoreactivity was
present. Figure 3C is a camera lucida reconstruction of axon-
like GAP-43 profiles and shows that in some cases they pos-
sessed a growth cone-like appearance.

Three features distinguishing the GAP-43-immunoreactive
Schwann cell label at the endplate from the axonal-like GAP-
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43 label were the much finer diameter of the stained terminal
branches for the axons than the Schwann cells (compare Fig.
34,D); the absence of any cell body profiles in the axon-like
stains, which was always a feature of the Schwann cell markers;
and finally, the terminal branching pattern at the endplate. This
had a delicate lace-like pattern for the axonal stain, with fine
individual processes branching from the terminal axon across
the endplate in a manner identical to that found with CGRP
and PGP 9.5 (Fig. 4), while the Schwann cell staining pattern
was coarser so that individual elements of the terminal network
at the endplate could not be distinguished readily from each
other, as was also true for the S-100 or NGFr staining patterns
(Fig. 4). The intensity of GAP-43 immunoreactivity in the
Schwann cells and axons was very comparable and was detected
at similar titers of the antibody.

In those preparations where the sciatic nerve had been sec-
tioned and ligated 16 d earlier, the GAP-43 label persisted in a
disorganized, branching pattern (Figs. 2d,d*; 3B) with extensive
processes and cellular elements both at the endplate and in the
perijunctional zone.

Thirty days following a crush lesion, all GAP-43 immuno-
reactivity at the endplates had an axonal appearance (Fig. 1d,d*).
At this time, the terminal Schwann cells have returned to their
normal S-100 staining pattern and NGFr label has almost dis-
appeared (Reynolds and Woolf, 1992). Effectively, all the GAP-43
immunoreactivity at the endplate had disappeared 60 d post-
crush (Fig. le,e*). Following sciatic section, GAP-43 immu-
noreactivity remained at the endplate region at 30 and 60 d,
with intense labeling of intramuscular nerves and a very dis-
organized staining pattern in the junctional zone (Fig. 2e,e*),
which closely resembled S-100 staining. That the endplate GAP-
43 label was not of sympathetic axon origin was shown by
identical staining patterns produced by denervation in sympa-
thectomized (neonatal guanethidine) and nonsympathecto-
mized rats.

The terminal Schwann cell staining pattern at denervated
endplates, obtained with a sheep polyclonal antibody raised
against purified rat GAP-43 (Benowitz et al., 1988), was also
found with an antibody raised in rabbits to a 3-galactosidase/
GAP-43 fusion protein (Curtis et al., 1991, 1992), but at much
lower titers, 1/15,000 versus 1/2000.

Preabsorption of the Benowitz anti-GAP-43 antibody with
GAP-43 protein extracted from 4 d rat cortex resulted in a
concentration-dependent reduction in staining and the intensity

—

Figure 1.

Photomicrographs of longitudinal sections through the junctional zone of the soleus muscle, immunostained for GAP-43. The sections

in the columns on the /eff are only stained for GAP-43; those on the right (*) are also stained for AChE. a and a* show sections through a normally
innervated control muscle. Note the absence of GAP-43 label at the junctional zone (@) and the distribution of the endplates revealed by AChE
staining of the basement membrane (arrow, a*). b and b* show the appearance of GAP-43 immunoreactivity 3 d following a crush lesion to the
sciatic nerve. Short fat arrows, GAP-43-positive intramuscular nerves; long thin arrows, cellular profiles at the endplate; small arrows, GAP-43-
positive extrajunctional fine processes. ¢ and ¢* show that 16 d post-crush a mixture of axonal label (long thin arrow) and Schwann cell processes
(small arrows) are present. By 30 d (4 and d*), only axonal profiles are GAP-43 positive, terminating in characteristic structures at the endplate
(arrow). Sixty days post-crush (¢ and ¢*), the only GAP-43—positive structures in the muscle are sympathetic axons innervating blood vessels
(arrow). Scale bars, 50 um.

Figure 2. The effect of sciatic nerve section on GAP-43 immunoreactivity at the soleus muscle motor endplate. Plate a shows the absence of any
GAP-43-positive structures at endplates, labeled with AChE (arrow), in a control muscle. Three days post-sciatic nerve section, GAP-43-labeled
processes emerge from endplates (arrow, b*). This pattern and that found after 7 d (c and ¢*) are effectively indistinguishable from that found after
sciatic nerve crush (Fig. 1). ¢, A low-power photomicrograph illustrating the limit of staining to the general vicinity of the junctional zone, except
for sympathetic axons (arrow). However, the Schwann cell-like label at the endplate (Jong thin arrow; see Fig. 4) possesses elaborate extrajunctional
branches (short arrow; c*). Sixteen days post-section, at a time when axonal label can be seen in crush nerve preparations (Figs. 1, 4), the GAP-
43 label at the denervated endplate is still Schwann cell-like with even more extensive branches emerging from cellular profiles (short arrows, d)
at the endplate (long arrow, d*). Staining persists at 60 d post-section (e and e*) with heavy label of intramuscular nerves (thick arrows) and a
disorganized pattern of label at the general endplate region (long thin arrow). All sections stained for AChE are labeled with *. Scale bars, 50 pm.
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Figure 3. Camera lucida reconstructions of GAP-43-labeled profiles at the endplate region of the soleus muscle at various times after sciatic nerve
cut or crush. In A4, the arrow indicates GAP-43-positive cellular profiles at the endplate 3 d after a cut. B illustrates the more extensive and
disorganized label found at 16 d after a sciatic nerve section with a cellular profile (arrow). At 16 d following a crush lesion, an axonal-like stain
is present with fine terminal branches ending in the characteristic end terminal spray. In some cases, as illustrated in C, the axon terminals appear
flattened with filopodia, similar to growth cones. At 30 d post-crush, the GAP-43 axonal-like stain is identical to that found with other axonal
stains, and the characteristic endplate terminal axonal spray is readily seen although a few labeled cellular profiles (arrow) remain.

of the denervated endplate. Beyond certain concentrations, the
staining was abolished. Antibody incubated with BSA showed
no reduction in staining.

GAP-43— Western blots

As presented in Figure 54, the anti-GAP-43 antibody used in
these studies showed little staining of proteins present in the
normal sciatic nerve, but stained a band migrating at ~48 kDa
in sciatic nerves undergoing regeneration 10 d after injury. An
elevation in GAP-43 levels in regenerating axons at this time

point is expected from other studies (Skene and Willard, 1981;
Tetzlaff et al., 1989; Van Hoof et al., 1988). Figure 5B dem-
onstrates that GAP-43 is present not only in regenerating axons,
but also in peripheral nerve segments distal to a ligation that
contain no axons. Four individual cases are shown here, two of
which sustained a ligation and two a crush injury that allowed
the nerves to regenerate. At 30 d after surgery, segments distal
to the cut site (containing Schwann cells without axons) showed
levels of GAP-43 that were similar to or higher than the prox-
imal nerve segments (containing regenerating axons) and con-
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Figure 4. Photomicrographs illustrating the appearance of the Schwann cell markers S-100 (a, ¢) and NGFr (b, d) at a 7 d denervated soleus
muscle, and an axonal marker PGP 9.5 (e) at a reinnervated muscle (30 d post-crush). Plates @ and b are low-power photomicrographs, and ¢ and
d, high-power photomicrographs showing that the pattern of immunoreactivity produced by antibodies to NGFr and S-100 is indistinguishable
from that found with GAP-43 (see Figs. 15,b*; 2¢,c*). Similarly, the labeling produced by the axonal marker PGP 9.5 is identical to the GAP-43

label found 30 d following a crush lesion (see Fig. 1d). Scale bars, 50 um.

siderably higher than the contralateral (control) sides. In the two
cases that sustained nerve crushes (cases 3 and 4), segments both
proximal and distal to the site of injury showed only relatively
modest levels of GAP-43 at 30 d consistent with the fact that
nerve regeneration would be largely completed under these con-
ditions. The relative amount of GAP-43 protein presentin nerve
segments 30 d after sciatic nerve cut (Fig. 5B) was considerably
less than in a nerve segment distal to a crush injury 10 d earlier
(Fig. 54).

GAP-43—in situ hybridization signal

Cells staining positively for GAP-43 related mRNA were not
found either in intact muscle or peripheral nerve (n = 7). One
day following sciatic cut or crush, labeled cellular profiles could
be detected in the junctional zone of the soleus muscle (n = 4).
Not all endplates were labeled, and little label was found in

intramuscular nerves and none in the sciatic nerve. No stained
cells were found outside the junctional zone. A similar picture
was present 1 week after sciatic nerve cut (n = 2) or crush (n =
1) although more endplates were labeled (Fig. 64). At each
endplate, a group of labeled cells was found (Fig. 68). When
adjacent sections were stained for cholinesterase and for GAP-
43-related mRNA, the distribution of the mRNA was found to
match the endplates very closely (Fig. 6C). Two weeks postsec-
tion, the intensity of the signal had declined considerably (n =
1). A positive control for the technique was the detection of
GAP-43-related mRNA in axotomized motor neurons in the
lumbar spinal cord. Within a day of section, motor neurons
ipsilateral to the sciatic cut or crush became positive for GAP-
43-related mRNA, the staining intensity reached a peak at 2
weeks with all axotomized neurons containing the mRNA.
No staining was found in the muscles in the absence of the
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Figure 5. Western blots of sciatic nerve proteins. Proteins were separated on 10% SDS-polyacrylamide gels (100 ug per lane), transferred to
nitrocellulose membranes, and probed with an affinity-purified antibody to GAP-43 (at 1:1000 dilution; Benowitz et al., 1988). 4, Specificity of
the anti-GAP-43 antibody. a, No signal is detected in the normal sciatic nerve; b, in nerves crushed at the mid-thigh level 10 d previously, a single
band migrating with an apparent molecular size of 48 kDa is detected (arrowhead). B, GAP-43 levels increase in peripheral nerve segments that
do not contain axons 30 d after ligation. The blot shows segments proximal to the site of nerve injury (p), distal to the site of injury (d), or in the
contralateral nerve (c). Numbers below gel lanes refer to individual cases, two of which sustained a unilateral nerve transection (cut, I, 2) and the
other two a crush injury at mid-thigh level that allowed the nerve to regenerate (crush, 3, 4). In cases I and 2, GAP-43 is detected in nerve segments
both proximal and distal (*) to the injury. In cases 3 and 4, where axons can regenerate through the distal nerve segment, levels of GAP-43 detected
30 d after surgery were generally lower in both segments. In all cases, levels of GAP-43 in intact nerves (contralateral to surgery) were low. The
GAP-43 standard (stds.; arrowhead) was partially purified from postnatal day 4 rat cortex by extraction with Triton X-100 and DEAE chromatography

(0.2 M NaCl elution, pH 7.5). The blots in B were incubated in diaminobenzidine for considerably longer than the blots in A4.

labeled oligonucleotide probe, and the staining produced by the
labeled probe was eliminated either by pretreatment with RNase
A or by incubation in the presence of an excess of unlabeled
probe.

GAP-43 mRNA— Northern blots

No GAP-43 mRNA could be detected using this approach in
intact sciatic nerves (two experiments, material pooled from
four animals per experiment), the sciatic nerve proximal to a
section at 2 and 4 d (n = 2), or in the distal segment of the nerve
at these times. Low levels of message were present in control
dorsal root ganglia, and this increased approximately sixfold 4
d after sciatic section. GAP-43 mRNA could not be detected
in normal or denervated (2 d) muscle.

Discussion

GAP-43 has proved to be a useful marker of axonal growth in
developing and regenerating neurons. This 24 kDa acidic pro-
tein is bound to the inner surface of the axonal membrane (Skene
and Virag, 1989) where it is a substrate for protein kinase C
(Van Hoof et al., 1988), associated with G-protein activation
(Strittmatter et al., 1990), binds to calmodulin (Alexander et
al.,, 1987; Skene, 1990), and may modulate phosphoinositol
phosphate turnover (Van Hoof et al., 1988). Blocking the ex-
pression or action of the protein with antisense oligonocleotides
or with antibodies interferes with neurite outgrowth (Fidel et
al., 1990; Schotman et al., 1990; Shea et al., 1991). The trans-
fection of non-neuronal cells with GAP-43 ¢cDNA results in
process formation (Zuber et al., 1989; Yankner et al., 1990).
This raises the possibility that this protein may have a role in
neurite formation and growth in neurons, although the ability

of certain PC12 cell lines deficient in GAP-43 to form processes
in response to NGF (Baetge and Hammang, 1991) implies that
this protein may not be an absolute requirement for neurite
outgrowth. Our present observations point to a strong parallel
between GAP-43 expression in denervated Schwann cells at the
motor endplate and their formation of elaborate long fine
branches. Within hours of denervation, GAP-43 immunoreac-
tivity appears at motor endplates (see also Verhaagen et al.,
1988). Reinnervation results in the loss of this Schwann cell
GAP-43 immunoreactivity and the disappearance of the exten-
sive Schwann cell processes. The GAP-43—containing cells at
the denervated endplates shared the exact location and appear-
ance of cells stained in adjacent sections with the glial cell mark-
ers S-100 (Brockes et al., 1977; Neuberger and Cornbrooks,
1989; Mata et al., 1990) and NGFr (Taniuchi et al., 1986, 1988).

Removing axon-Schwann cell contact in adult peripheral
nerves results in a dedifferentiation of the myelin-forming
Schwann cells. This manifests by the increased expression of
markers such as NCAM (Jessen et al., 1985), the low-affinity
NGF receptor (Taniuchi et al., 1986, 1988; Heumann et al., 1987;
Jessen et al., 1990), and glial fibrillary acidic protein (Jessen et
al., 1990) and by the reduction of markers such as myelin basic
protein (Mirsky et al., 1980) or surface galactocerebrosides (Jes-
sen et al., 1985). The development of GAP-43 immunoreactiv-
ity in denervated Schwann cells at the endplate and in intra-
muscular nerves may represent a similar dedifferentiation as all
Schwann cell precursors express GAP-43 (Curtis et al., 1992)
and denervation results in a reexpression that lasts only while
the axon is absent. This indicates that GAP-43 expression in
Schwann cells is state- or differentiation-dependent, and in this
respect it resembles neuronal expression of the protein. The
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rapid expression of GAP-43 in Schwann cells in muscle nerves
and at the endplate appears to be different from myelin-forming
Schwann cells in the main peripheral nerve trunks, where ex-
pression has only been detected either at locations where re-
growing axons have reached (Tetzlaff et al., 1989), or in distal
stumps after a 4 week delay (Curtis et al., 1992). Whether this
reflects a slowly progressing distal-proximal change in the
Schwann cells, earlier access to signals that upregulate the GAP-
43 in muscle compared to nerve trunks, or a real difference in
the Schwann cells in muscle and in nerves in terms of their
response to removal of contact with axons is not known. The
changes in GAP-43 expression we have found were not restrict-
ed to terminal Schwann cells, which are specialized and non-
myelin-forming, but were also observed in the intramuscular
nerve branches where the Schwann cells surrounding motor
axons are myelin forming.

Overall, the number of cells in the muscle that begin to express
GAP-43 after denervation is very small, which must account
for the failure to find GAP-43 mRNA by Northern blot analysis
at times that a GAP-43 mRNA signal could be demonstrated
by in situ hybridization. We, like others (Basi et al., 1987), also
failed to detect any GAP-43 mRNA in distal nerve segments
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Figure 6. In situ hybridization label
of GAP-43 mRNA at a 7 d denervated
soleus muscle. 4 is a low-power and B
a high-power photomicrograph illus-
trating the distribution of cells contain-
ing GAP-43 mRNA. Each arrow in 4
indicates a collection of cells on a single
muscle fiber at presumed endplates. C
is a map drawn with camera lucida mi-
croscope attachment showing the rela-
tive locations of endplates, defined by
AChE staining in one section, and of
cells containing GAP-43 mRNA in an
immediately adjacent section. Scale
bars: 4, 100 um; B, 50 pm.

at short times following nerve section, which is not too sur-
prising, since GAP-43 protein can only be detected in these
Schwann cells after several weeks (Curtis et al., 1992). PCR
amplification has demonstrated higher levels of GAP-43 mRNA
in degenerating nerve samples than in intact nerves (Bisby et
al., 1991), indicating once again that Schwann cells can express
GAP-43. The amount of GAP-43 protein present in the Schwann
cells and in regenerating motor neuron terminals at day 30 were
relatively similar, in terms of the antibody titer required to
visualize it, but the amount of GAP-43 protein in muscle sam-
ples was too low to be detected by Western blot analyses of
whole muscle. Nevertheless, Western blots indicated that the
antibody used in these studies recognized a single band at the
appropriate molecular weight for GAP-43 in distal nerve seg-
ments containing no axons.

It is unlikely that the antibody was cross-reacting with other
proteins that share specific sequences with GAP-43, particularly
neurogranin (RC3), a phosphoprotein present in postsynaptic
elements and that has an 18 amino acid calmodulin binding site
that is almost identical to that present in GAP-43 (Watson et
al., 1990; Baudier et al., 1991). Neurogranin and GAP-43 mi-
grate quite differently on SDS gels (Baudier et al., 1991), and
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we found no evidence of a labeled band at 15-19 kDa, where
neurogranin would be expected to be. In addition, the devel-
opmental regulation and cellular location of neurogranin and
GAP-43 are completely different (Represa et al., 1990; Watson
etal., 1990), and previously little cross-reactivityy of antibodies
against the two proteins has been found (Represa et al., 1990).
Preabsorption of our anti-GAP-43 polyclonal antibody with
GAP-43 protein abolished the immunoreactivity at the dener-
vated endplate, making it most unlikely that the antibody rec-
ognized any other protein at the endplate. The oligonucleotide
probe used in this study would also not be expected to cross-
react with neurogranin mRNA, as the predicted amino acid
sequence coded by the probe does not overlap with the amino
acid sequence of neurogranin (Baudier et al., 1991). The probe
did recognize change in an mRNA signal in axotomized motor
neurons at a time that GAP-43 expression increases in these
cells (Skene and Willard, 1981) and therefore can detect changes
in neural as well as Schwann cell GAP-43 mRNA levels.

A role for GAP-43 in cell shape changes has been suggested
on the basis of its association with areas of substrate adhesion
and actin-rich membrane (Meiri and Gordon-Weeks, 1990; Moss
et al., 1990). A similar relationship has been claimed for central
and peripheral glia; they express GAP-43 when they are mobile
(Curtis et al., 1991). The correlation described in this study
between GAP-43 expression in terminal Schwann cells and their
formation of extensive branches may be related. Whether these
morphological changes and GAP-43 expression are causally
linked will clearly require direct manipulations, preventing tran-
scription or translation or blocking the protein with antibodies.

Reinnervation of motor endplates by motor axons following
crush injury can be monitored by axonal stains. When a silver
stain is used, reinnervation is seen to begin at 8—12 d in the rat
soleus after sciatic crush and is complete at 18-31 d (Verhaagen
et al., 1988). As an alternative to silver, we have used CGRP,
which is upregulated in axotomized motoneurons (Streit et al.,
1989) and is present at a proportion of normal motor endplates
(Moraetal., 1989; Reynolds and Woolf, 1992), and the neuronal
marker PGP 9.5 (Wilson et al., 1988). The regrowing axons are,
as expected, GAP-43 immunoreactive (see also Verhaagen et
al., 1988; Hesselmans et al., 1989). At early stages of reinner-
vation, this means that some motor endplates contain GAP-
43-immunoreactive Schwann cells and some GAP-43 motor
axons. It was not possible to determine if the GAP-43 immu-
noreactivity coexists for a short period at any given endplate,
but once the normal pattern of the axonal terminal was rees-
tablished, no Schwann cell GAP-43 staining could be detected.
This raises the issue of what the signals are that switch GAP-
43 expression on and off in the terminal Schwann cells and in
motor neurons. The switch on in the Schwann cells follows
removal of the axon, and the switch off coincides with axonal
reinnervation. Reinnervation of the target also results in de-
creased neuronal expression (Bisby, 1988), and it is conceivable
that a similar signal is responsible for controlling GAP-43 in
both cell types.

Since it now appears that GAP-43 is expressed in regenerating
neurons and in denervated Schwann cells, it would be of con-
siderable interest to establish if GAP-43 contributes to a par-
ticular function, related to process formation or outgrowth, that
is required for different reasons by different cells at specific times
during development and regeneration. It is also intriguing to
speculate about the possible role of Schwann cell processes

emerging from a denervated endplate in terms of the reinner-
vation of the endplate by regenerating motor axons. Do the
processes provide a favorable substrate for axonal growth? The
disorganized pattern of the processes contrasts with the highly
accurate reinnervation of the endplate and makes it seem un-
likely that the Schwann cell processes contribute to direct tar-
geting of the axons onto the endplate, other cues must subserve
that role. However, the Schwann cells may encourage growth
to and in the general perisynaptic area so that access to more
specific cues is achieved.
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