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Distribution and Phosphorylation of the Growth-Associated Protein
GAP-43 in Regenerating Sympathetic Neurons in Culture
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Sympathetic neurons regenerating in culture were studied
in order to gain further insight into the intracellular distri-
bution and phosphorylation of GAP-43, a protein that has
been suggested to have a role in axonal outgrowth and neu-
ronal plasticity (Willard et al., 1987). Superior cervical gan-
glion neurons from embryonic rats were highly reactive with
a polyclonal antibody against the growth-associated protein
GAP-43 soon after they were placed in culture on a laminin
substrate. As these neurons extended neurites, the distri-
bution of GAP-43 reactivity changed. The cell body became
progressively less reactive, whereas the growth cone at the
tip of the growing neurite reacted strongly. The pattern of
immunofluorescence was punctate both in the growth cone
and the adjacent neurite, but appeared more diffusely dis-
tributed in the cell body. The antibody reacted only with cells
that had been subjected to treatment that permeabilized the
plasma membrane. When antibody was supplied in the me-
dium of growing neurons, it neither bound to the cells nor
altered normal neurite initiation or elongation. Of the different
types of cells in these cultures, the antibody reacted only
with neurons; it did not react with Schwann cells or fibro-
blasts. The stimulation of protein kinase C in these cultures
resulted in a 7-fold stimulaton of the phosphorylation of a
protein of similar electrophoretic mobility to GAP-43. These
observations demonstrate that GAP-43 is neuron-specific,
is present throughout the neuron but at higher levels in the
growth cone, and is a major substrate of protein kinase C.
The high concentration of GAP-43 in the growth cones may
necessitate its increased synthesis in neurons with elon-
gating axons. Its location and phosphorylaton by kinase C
suggest that it could perform a function in the growth cone
that is modulated by extracellular signals, such as those
used in pathfinding or in the control of axonal elongation.

During target-directed axonal outgrowth, when the nervous sys-
tem is developing, or when a neuron is regenerating following
injury, the growing axon elaborates a prominent, growth-specific
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structure at its leading edge. This “growth cone” is able to trans-
locate over a substrate and to make synaptic contacts with ap-
propriate target neurons, and is highly specialized to perform a
number of functions (for review, see Johnston and Wessels,
1980; Bunge et al., 1983, 1987; Landis, 1983; Kater and Le-
tourneau, 1985; Letourneau, 1985), including those of motility
(see, for example, Letourneau, 1975; Tosney and Wessels, 1983;
Argiro et al., 1984; Bray and Chapman, 1985), pathfinding (Bas-
tiani and Goodman, 1986; Bentley and Toroian-Raymond, 1986;
Caudy and Bentley, 1986; Kuwada, 1986), adhesion to the sub-
strate (Letourneau, 1975; Hammarback and Letourneau, 1986),
and membrane addition (Bray, 1970, 1973; Pfenninger and
Maylie-Pfenninger, 1981a, b; Pfenninger and Johnson, 1983).
Growth cone morphology has been described both in fixed prep-
arations (Ramon y Cajal, 1890; Yamada et al., 1971; Bunge,
1973) and in the living state (Harrison, 1907; Pomerat et al,,
1967; Letourneau, 1975; Tosney and Wessels, 1983; Argiro et
al., 1984). Growth cones include a basal area from which highly
motile lamellipodia and/or filopodia are extended into the sur-
rounding environment. The molecular mechanisms that control
growth cone formation and that regulate its function are un-
known.

A potential clue is that certain proteins, designated growth-
associated proteins, or GAPs, are much more abundant in neu-
rons with growing axons than in neurons where synaptic con-
nections have already been established, suggesting that they may
perform functions required at much higher levels during axonal
growth. One of these, GAP-43, a phosphopeptide with a mo-
lecular weight of 24 kDa (Basi et al., 1987; Karns et al., 1987),
is synthesized and axonally transported at elevated levels during
both developmental and regenerative axonal growth (Skene and
Willard, 1981a, b). Subcellular fractionation and immunocy-
tochemical experiments have demonstrated that GAP-43 is a
principal component of the growth cone, and is highly enriched
there (Meiri et al., 1986; Skene et al., 1986). The function of
GAP-43 is unknown; however, in vitro GAP-43 (which is very
similar or identical to the proteins designated B50, pp46, and
F1) is a substrate for protein kinase C (Aloyo et al., 1983; Akers
and Routtenberg, 1985; Meiri and Willard, 1986; Willard et al.,
1987), which suggests that its function may be modifiable by
phosphorylation.

In order to gain further insight into the function of GAP-43
in growing neurons, we have studied sympathetic neurons re-
generating in culture, where the kinetics of neurite outgrowth
have been well-defined and correlated with the morphology of
growth cones of neurons from different-aged animals. We have
used this system to determine (1) how GAP-43 is distributed
in the neurons; (2) whether the presence and hence the function
of GAP-43 is necessary only in neurons, or is a component of
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other motile cell types, such as the fibroblasts present in these
cultures; (3) whether GAP-43 is induced before neurite out-
growth is initiated, and hence may be in a position to regulate
it, or whether it is evident only after neurites have begun to
grow; (4) whether the GAP-43 antigens are exposed on the sur-
face of living neurons, and whether the behavior of the growing
neurites could be perturbed by an antibody to GAP-43; and (5)
whether the phosphorylation of GAP-43 is stimulated when
kinase C is activated. We discuss the results of these experiments
in relationship to the possible role of GAP-43 in the process of
neurite outgrowth.

Materials and Methods

Preparation of cultures

The procedures for the dissection and preparation of explants or dis-
sociated neurons from rat superior cervical ganglia (SCGs) have been
described previously (Johnson and Argiro, 1983). Briefly, ganglia were
dissected from 20 or 21 d embryos, the connective tissue capsules re-
moved, and small, 1 mm explants prepared. When dissociated neurons
were required, the explants were incubated in 0.25% trypsin in L15
Leibovitz medium (Grand Island Biologicals, Grand Island, NY), rinsed,
and then triturated in medium (10% human placental serum, 2% embryo
extract, 600 mg glucose, 2 mmM glutamine, and 25 U/ml NGF). Ex-
plants or dissociated cell suspensions were plated onto 12 mm coverslips
(#1; Bellco Glass, Vineland, NJ) that had previously been coated with
collagen or laminin. The collagen was prepared by acid extraction and
was applied as previously described (Johnson and Argiro, 1983). Lam-
inin (Collaborative Research, Bedford, MA) was dissolved to 16.6 ug/
ml in 0.1 M carbonate buffer (pH 7.8). The coverslips were incubated
overnight at 35°C with 0.2 ml of the laminin solution, rinsed 5 times
in L15 medium, and the final rinse replaced with medium (see above).
Most of the experiments reported here used laminin-coated coverslips,
as, unlike even dilute collagen, which produced a 3-dimensional sub-
strate, the laminin afforded better visualization of the growth cones,
which were primarily 2-dimensional.

Purification of GAP-43 and affinity purification of
anti-GAP-43

GAP-43 was purified to homogeneity from postnatal day 1 rat forebrains
by selectively solubilizing the membranes in SDS and then separating
the extracted proteins by reverse-phase high-performance liquid chro-
matography (HPLC) (F. Meiri and M. Willard, unpublished observa-
tions). A rabbit was immunized with pure GAP-43, as described pre-
viously (Meiri et al., 1986), and the antibody against GAP-43 was
affinity-purified from the serum by one of 2 methods. In the first, affinity-
purified antibody was eluted from nitrocellulose paper to which GAP-
43 had been bound, and which had been incubated with the anti-GAP-
43 antiserum (Talian et al., 1984). In the second method, pure GAP-
43, prepared as above, was covalently linked to Sepharose 4B with
cyanogen bromide (Wilchek et al., 1984) and used in a column over
which the antiserum was passed. The column was washed in PBS (50
mum Tris, 150 mm NaCl, pH 7.4). Antibody that had specifically bound
to the column was eluted with 0.1 M glycine (pH 2.4) and subsequently
dialyzed against PBS. Either purification technique yielded affinity-pur-
ified antibody that reacted specifically with GAP-43 when it was ana-
lyzed by 2-dimensional Western blotting.

Immunocytochemistry

Fixed cultures. Explants or dissociated cells that had grown 1-6 d in
culture were fixed in 4% (wt/vol) paraformaldehyde in 0.1 M phosphate
buffer, pH 7.3, for 30 min at 35°C. Fixed cultures were rinsed once in
0.1 M phosphate buffer and then in a solution of PBS containing 5%
(vol/vol) goat serum (PBS-5% goat serum). We originally used either
0.05% SDS or 0.1% saponin in PBS-5% goat serum to permeabilize
cultures before immunocytochemistry (Meiri et al., 1986), but because
0.01% digitonin in PBS-5% goat serum produced optimal results, this
was used in the experiments reported here. Fixed cultures were per-
meabilized for 30 min in 0.01% digitonin in PBS-5% goat serum, in-
cubated for 1 hr in affinity-purified anti-GAP-43 (6 ug/ml) in PBS-20%

goat serum, and rinsed 3 times for 5 min each in PBS-5% goat serum.
Bound antibody was visualized with affinity-purified, fluorescein-la-
beled goat anti-rabbit IgG (Cappell, West Chester, PA), which was cen-
trifuged in an airfuge at 30 psi for 10 min before use. Cultures were
incubated for ¥ hr in the secondary antibody at a dilution of 1:100 in
PBS-20% goat serum, then rinsed 3 times for 5 min each in PBS-5%
goat serum and mounted in Citifluor (City University, London, UK)
anti-bleach mountant.

Sister cultures used as controls were not treated with anti-GAP-43,
but instead were incubated either in PBS-5% goat serum or with non-
immune rabbit IgG. Subsequent rinses, incubation in the goat anti-
rabbit secondary, and mounting were identical. In early experiments,
cultures treated with anti-GAP-43 but no secondary antibody were also
included as controls. Initial experiments included some cultures fixed
in paraformaldehyde but not permeabilized.

Surface membrane labeling of explants. In some experiments, cultures
grown 1-2 d in vitro were incubated with affinity-purified anti-GAP-43
antibody prior to fixation. In these experiments, the cultures were not
made permeable, and the antibody was used at a concentration of 6 ug/
ml in medium containing 10% human placental serum that had been
heat-inactivated, and 0.02% sodium azide, which was included to pre-
vent endocytosis of any antigen—antibody complex. As a positive con-
trol, sister cultures (also unfixed) were reacted with the antibody A2BS3,
which recognizes a surface ganglioside on neuronal membranes (Eisen-
barth et al., 1979). A2B5 immunoreactivity was visualized with an
affinity-purified, rhodaminated goat anti-mouse IgG (Cappell), prepared
and used as described for the fluoresceinated secondary antibody. In
these experiments, cultures were rapidly rinsed and fixed, as described
above, immediately after incubation with the primary antibody. In sep-
arate experiments, explants were grown for up to 7 d in the presence of
anti-GAP-43 at concentrations between 6 and 60 ug/ml in medium
containing 10% heat-inactivated human placental serum. The antibody
was added either at the time of initial placement of the explants in
culture or 24 hr later. As controls, explants were grown for similar time
periods in either PBS, nonimmune IgG, or the antibody A2BS5. The
medium was changed daily for the duration of the experiment. The
extent of neurite outgrowth was measured as previously described (Ar-
giro and Johnson, 1982).

Double-labeling of non-neuronal cells. In the experiments to deter-
mine whether the anti-GAP-43 antibody reacted with non-neuronal
cells, Schwann cells were identified with the antibody 217C (Peng et al.,
1982) and fibroblasts were identified by anti-Thy-1.1 immunoreactivity
(Marshak-Rothstein et al., 1979). Fibroblasts were obtained by estab-
lishing SCG explants in culture, as described above. After several days,
the central mass of tissue containing the neurons was cut out, leaving
a population of non-neuronal cells, including fibroblasts and Schwann
cells. Schwann cells in pure population were prepared as described pre-
viously (Porter et al., 1986) and were a gift from Dr. Nancy Ratner.
Immunohistochemistry was performed as described for the previous
experiments, except that the cultures were fixed and made permeable
only after treatment with 217C (a gift from J. de Vellis) or anti-Thy-1.1
(American Type Culture Collection, Rockville, MD) and prior to in-
cubation with the anti-GAP-43 antibody.

Labeling of phosphoproteins in cultured superior cervical
ganglia

Dissociated SCG cells were grown for several days in culture, as de-
scribed above, before their medium was replaced with L15 medium
containing 2 mCi/ml 32P orthophosphate. After 1 hr of incubation with
2P, 10 nM phorbol 12-myristate 13-acetate (3-PMA) dissolved in di-
methyl sulfoxide (DMSO) was added to some cultures to stimulate
kinase C activity. Controls received either 10 nm 4a-phorbol 12,13-
didecanoate («~-PMA), which does not stimulate kinase C, or an equal
volume of DMSO. After 10 min incubation with either 3-PMA or
a-PMA, the cultures were washed 3 times with ice-cold L15 medium,
and the cells harvested by scraping the plates with a rubber policeman.
To prepare protein for analysis by 2-dimensional SDS-PAGE, a par-
ticulate fraction was prepared from the cultures by centrifuging them
in an airfuge at 30 psi for 30 min. The proteins from this fraction were
solubilized in 0.5% SDS and the protein concentration determined using
Coomassie blue R-250 (Ranscht et al., 1984). Solubilized protein was
separated on 2-dimensional SDS-PAGE as described previously (Meiri
et al., 1986). The Coomassie blue-stained gels were dried and exposed
to a Kodak X-AR film with a Cronex fluorescent intensifier screen.



Results

Localization of GAP-43 in sympathetic neurons

Expression of GAP-43 immunoreactivity precedes neurite exten-
sion. When dissociated E21 SCGs are cultured, neurite regen-
eration is generally initiated within 24 hr, but asynchronously.
When cells that had grown between 12 and 24 hr in culture were
fixed, permeabilized, and incubated with anti-GAP-43 anti-
body, those cells that had attached to the substrate, but had not
yet begun to grow neurites, appeared intensely immunofluores-
cent (Fig. 1a). Similarly, the somata and short neurites of neu-
rons from the same culture, which had just begun to extend
processes, fluoresced brightly (Fig. 15). In cells that had longer
neurites (>100-200 um), staining of the cell bodies was mark-
edly less intense than that in cells with neurites <100 um or
where outgrowth had not yet begun (Fig. 1¢ versus Fig. 1, a, b).

GAP-43 appears most concentrated in the growth cone. In
neurons with longer neurites, the growth cones often fluoresced
as intensely as the cell bodies, even though the volume of the
growth cones was much less than that of the cell body (Fig. 2),
suggesting that, as the neurite elongates, the concentration of
GAP-43 antigen in the growth cones changes relative to the
concentration of antigen in the cell bodies. This apparent gra-
dient was observed both in dissociated cultures (Fig. 2, a, b)
and explant cultures (Fig. 2, c—¢). These results indicate that
while the antigens recognized by the anti-GAP-43 antibody are
present throughout the neuron, they are most concentrated in
the neuronal growth cone.

Pattern of anti-GAP-43 immunoreactivity. After 24 hr in cul-
ture on a laminin substrate, neurites from either explants or
dissociated cells had growth cones with complex morphologies
(Fig. 3). In most cases these growth cones appeared 2-dimen-
sional and had extensive membrane expansions and numerous
filopodia (Fig. 3). In 3 separate explant experiments, we com-
pared the phase and fluorescent images of over 200 growth cones
at high magnification under oil (100x, n.a. 1.25; Zeiss). All of
the growth cones we observed reacted with the antibody, in-
cluding the entire extent of the filopodia. The labeling with the
antibody was punctate around the perimeter of the growth cone,
in the main body of the growth cone, and in the filopodia (Fig.
3, a—c). In neurites adjacent to the growth cones, fluorescence
appeared to be increased at the plasma membrane and also had
a punctate appearance (Fig. 3a, arrowheads). Additionally, many
varicosities present along the neurites often fluoresced brightly.
In contrast to the punctate pattern in the distal neurite and
growth cone, the immunoreactivity in the somata of dissociated
neurons showed less intense fluorescence, and the staining was
more diffuse even under high magnification (Figs. 1¢, 2q). With-
in somata, fluorescence was most concentrated in the perinu-
clear area (Figs. l¢, 2a).

Anti-GAP-43 reacts with intracellular antigens but not with
the cell surface. When SCGs were fixed with 4% paraformal-
dehyde but not permeabilized prior to incubation with anti-
GAP-43 antibody, faint immunofluorescence was detected in
the cell bodies and neurites (results not shown). This low level
of staining was not seen when cultures were incubated with an
equivalent concentration of nonimmune IgG (Fig. 4, e, f). Spe-
cific anti-GAP-43 immunoreactivity was dramatically intensi-
fied if the fixed cultures were made permeable by treatment with
0.01% digitonin before incubation with antibody (Figs. 1-3).

To investigate whether GAP-43 antigens are exposed on the
surface of neurons, living cultures of explants from SCGs were
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Figure 1. Dissociated SCG neurons after 18 hr in vitro. a, Fluorescent
photomicrograph of a dissociated SCG neuron that has not yet extended
neurites demonstrates intense anti-GAP-43 immunoreactivity within
the soma. The nucleus, leff, is obscured. b, Fluorescent photomicrograph
obtained from the same culture used in g, showing a dissociated neuron
that has extended short neurites. The cell is still quite fluorescent, but
the nucleus is now apparent. ¢, Fluorescent photomicrograph of another
neuron from the same culture. The neurites are 200 um or greater in
length. In this case the neuronal soma is less fluorescent than either a
or b and shows a perinuclear concentration of immunoreactivity (ar-
rowhead). All the neurons were growing on the same coverslip, within
300400 um of each other, and therefore experienced identical fixation,
permeabilization, and staining conditions. In addition, they were pho-
tographed and printed identically. Bar, 20 pm.

incubated for 1 hr with anti-GAP-43 that had been added to
the culture medium. When these cultures were subsequently
fixed, they did not react with a fluorescently labeled secondary
antibody, indicating that the anti-GAP-43 antibody had not
bound to the surface of the living neurons (Fig. 4, ¢, 4). In
contrast, when the cultures were incubated with the antibody
A2B5, which recognizes a ganglioside epitope on the surface of
neuronal membranes, the neurites were labeled with A2B5 (Fig.
4, a, b). The growth cones were stained with A2B5 only if sodium
azide was included in all the steps before fixation to inhibit
endocytosis of the antigen—antibody complex at the growth cone.
The presence of sodium azide did not alter the inability of anti-
GAP-43 to react with these living cultures.

Explants grown continuously in anti-GAP-43 antibody-con-
taining culture medium for up to 7 d (Fig. 5) were compared
with explants grown in medium to which either buffer (PBS),
nonimmune IgG, or A2B5 (data not shown) had been added as
a control (Table 1). We did not detect any differences in either
the onset of initiation of neurites or the extent of neurite out-
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Figure 2. GAP-43 is concentrated at the growth cone of dissociated and explanted SCG neurons. a, b, A dissociated SCG neuron after 1 d in
vitro. Fluorescent photomicrograph of the neuron showing that the soma (&) is less intensely fluorescent than the arbor of growth cones at the
terminal end of one of its neurites (b). Within the soma anti-GAP-43 immunoreactivity appears most concentrated in the perinuclear area (arrowhead
in a). c—e, An explant culture after 5 d in vitro. Phase-contrast micrograph near the explant (c), viewed with fluorescence microscopy, demonstrates
that the neurites adjacent to the explant (d) appear less fluorescent than those at the growth cone front (e). The edge of the explant is indicated

with arrowheads (c). Bar, 20 ym (a, b); 100 um (c—e).

growth between these groups of cultures, even when anti-GAP-
43 antibody was applied at concentrations up to 60 ug/ml, or
10-fold that used for immunohistochemistry. GAP-43, there-
fore, does not appear to have an extracellular function that can
be perturbed by this antibody. These results, and the inability
of anti-GAP-43 to bind to the outside of living cells, suggest
that the epitopes recognized by the anti-GAP-43 antibody are
intracellular. Thus, only when the neurons were made perme-

able did anti-GAP-43 react strongly with the somata, neurites,
and growth cones of explants or dissociated SCG neurons (Figs.
1-3).

Anti-GAP-43 antibody does not react with Schwann cells or

fibroblasts

When SCG explants were cultured, anti-GAP-43 antibody re-
acted only with the neurons and not with non-neuronal cells
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Figure 3. Anti-GAP-43 immunoreactivity of SCG neurites and growth cones. SCG neurons fixed, permeabilized, and stained after 5, 2, and 2 d
in vitro, respectively, for a—c. Fluorescent photomicrograph of SCG neurites and growth cones (a) shows punctate fluorescence along the distal
neurites (arrowheads in a), in the body of the growth cone (@), and reaching out to the full extent of the filopodia (arrowheads in b, ¢). Bar,

10 um.

(Fig. 6, a, b), which include Schwann cells and fibroblasts. In a
pure population, Schwann cells (Fig. 6¢) reacted strongly with
the 217C antibody, a Schwann cell marker added prior to fix-
ation (Fig. 6d), but were not labeled if they were then fixed,
permeabilized, and incubated with anti-GAP-43 antibody (Fig.
6e). Similarily, fibroblasts (Fig. 6/), identified by their reaction
with anti-Thy-1.1 (Fig. 6g), were not labeled by the anti-GAP-
43 antibody (Fig. 6h). Many of the fibroblasts in these cultures
had ruffling edges that morphologially resembled growth cones
(Fig. 6/), and all of these were negative for anti-GAP-43 staining
(Fig. 6h). These results suggest that the GAP-43 antigens, which
are not present in Schwann cells or fibroblasts, are not required

by these cells even when they are performing motile functions
similar to those occurring during neurite outgrowth.

GAP-43 phosphorylation is stimulated by phorbol ester

When cultures were incubated with 3P orthophosphate for 1
hr, phosphorylated proteins could be separated by 2-dimen-
sional SDS-PAGE and detected by autoradiography of the
2-dimensional gels. One of these polypeptides migrated as ex-
pected for GAP-43; its pI was approximately 4.4, and it com-
igrated in the SDS-PAGE dimension, with purified GAP-43
included as a standard in a separate lane. (Although the molec-
ular weight of GAP-43 is 24 kDa, it migrates anomalously on
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Figure 4. Surface membrane labeling of GAP-43 in SCG explant cultures. a, b, Cell surface labeling of SCG explant and neurites with A2BS5, an
antibody that binds to a surface ganglioside. The SCG explant and neurites seen with phase contrast (a) had been incubated in A2B5 prior to
fixation, and demonstrate A2B5 immunoreactivity when viewed under fluorescence (). A phase-contrast photomicrograph of a sister culture (¢)
that had been similarly incubated in anti-GAP-43 prior to fixation shows no binding of the antibody when viewed under fluorescence (d). e, f; An
SCG explant fixed and permeabilized as a control prior to incubation in nonimmune serum for anti-GAP-43 immunostaining. No staining was
present when viewed under fluorescence. The approximate edges of the explants in g, ¢, and e are indicated with arrowheads. Anti-GAP-43
immunoreactivity was visualized with a fluoresceinated secondary antibody, and A2B5 immunoreactivity with a rhodaminated secondary. The

cultures were used after 1 d in vitro. Bar, 20 um.

SDS-PAGE as if its molecular weight were approximately 46
kDa; see Benowitz et al., 1987.) When 10 nm 3-PMA was added
to the cultures for 10 min after the incubation with phosphate,
phosphorylation of many other proteins, including the GAP-
43-like protein, was greatly stimulated (Fig. 7a4). By contrast,
when 10 nM o-PMA (which does not activate kinase C) or DMSO
was added to the cultures in the same way, and equivalent
amounts of protein analyzed by 2-dimensional SDS-PAGE, no
protein, including the GAP-43 candidate, had its phosphoryla-
tion stimulated (Fig. 75). When the spot corresponding to GAP-
43 was cut out of the gel, analyzed using liquid scintillation

counting, and compared with the controls, phosphorylation of
the GAP-43 protein had been stimulated approximately 7.3-
fold.

Discussion

The growth-associated protein GAP-43 is thought to be in-
volved in axonal outgrowth (Skene and Willard, 1981a, b) and
neuronal plasticity (Nelson et al., 1985). It is one of the major
protein components of membranes derived from growth cones,
and can be detected in growth cones of cultured embryonic DRG
cells by antibody-mediated immunofluorescence (Meiri et al.,



Figure 5. Explants of SCGs grown in the presence of anti-GAP-43-
containing media. Photomicrograph of an SCG explant grown on a
collagen substrate in the presence of anti-GAP-43 (b) demonstrates that
the extent of neurite outgrowth does not differ from that of SCG explant
grown in control media (a). A portion of the explants is shown at the
left. The cultures were photographed in the living state after 5 d in vitro.
Bar, 500 pm,

1986). In this study we have used a culture system to analyze
in detail the distribution and pattern of anti-GAP-43 immuno-
fluorescence in regenerating sympathetic neurons. GAP-43 is
located intracellularly and is membrane-associated in a punctate
pattern. The antibody to GAP-43 did not react with Schwann
cells or fibroblasts. Stimulation of protein kinase C in the neu-
rons resulted in stimulaton of phosphorylation of GAP-43. The
current observations lead us to several considerations concern-
ing the possible function of GAP-43 in these neurons.

When cultured SCGs from embryonic rats were grown on
laminin, a 2-dimensional substrate on which neurites elongate
rapidly, elaborate complex growth cone structures were easily
visualized. All the neural cells, including the full extent of the
growth cones, reacted with the anti-GAP-43 antibody. The na-
ture of the reaction suggests that GAP-43 is localized intracel-
lularly, as the present evidence has shown that only cells that
were made permeable before treating them with antibody flu-
oresced. The faint immunoreactivity detectable in fixed, non-
permeabilized neurons is probably due to binding of the anti-
body to intracellular antigen exposed after disruption of the
plasma membrane during the fixation process. No reactivity
was detected in unfixed living neurons. These results do not rule
out the possibility that extracellular epitopes of GAP-43 exist,
but are only recognized by the antibody after being altered by
fixation or detergent treatment. This is unlikely, however, as a
recent analysis of the primary sequence of GAP-43 revealed no
regions of the polypeptide chain of sufficient hydrophobicity to
span the plasma membrane (Basi et al., 1987). In view of this
intracellular location of GAP-43, the lack of effect on neurite
outgrowth of anti-GAP-43 very likely reflects the inaccessibility
of the GAP-43 antibody to GAP-43.

Cell bodies, neurites, and growth cones reacted with the an-
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Table 1. Neurite growth in SCG explant cultures exposed to anti-
GAP-43 antibody

Expt. 1 Expt. 2
Control 1766 + 164 2214 + 38
Anti-GAP-43" 2438 + 218 2076 £ 71
Nonimmune serum 1854 + 235 2365 + 211

“Mean + SD (in um) of neurite extent measured from explant edge to growth
cone front. All groups in both experiments had 3 explants each and were analyzed
after 5 d in culture.

" Concentration of anti-GAP-43 was 6 pg/ml in experiment | and 60 ug/ml in
experiment 2.

tibody against GAP-43, but in neurons that had generated longer
neurites, immunoreactivity was most concentrated in the growth
cone and in the neurite immediately adjacent to it, appearing
characteristically punctate in both areas. The intense fluores-
cence around the margins of the growth cones and adjacent
neurites also suggests that GAP-43 is associated with the plas-
malemma. The apparent gradient of staining with anti-GAP-
43, in which neurite segments proximal to the growth cone are
more fluorescent than parts of the same neurite closer to the
cell soma, is consistent with the possibility that GAP-43, like
other membrane proteins in growing axons, is incorporated into
the plasmalemma only at the growing tip (Bray, 1970, 1973;
Skene and Willard, 1981a). In this case, immunoreactivity seen
in the neurite would be due to GAP-43, which was initially
incorporated into the plasmalemma at the growth cone, but
whose turnover was slower than the rate of outgrowth of the
neurite, leaving immunoreactivity in the neurite immediately
adjacent to the growth cone. Alternatively, GAP-43 could be
directly incorporated into the plasmalemma of the neurite and
the cell body itself. In this regard it seems unlikely that the
immunoreactivity seen at the perimeter of the cell body is de-
rived from GAP-43, which was originally inserted at the growing
tip.

Because biochemical studies have shown that GAP-43 is pri-
marily a membrane-associated protein (Skene and Willard,
1981c), the particulate appearance of the fluorescence in the
body of the growth cone and along the varicosities of neurites
may be due to association of GAP-43 with plasmalemma and/
or membrane-bound organelles. GAP-43 is transported rapidly
down axons as part of the fast axonal transport system (Skene
and Willard, 1981c), which uses membrane-bound vesicles to
deliver material from its site of synthesis in the cell body (see
also Pfenninger and Johnson, 1983). Because these vesicles are
small (about 20-60 nm), it is unlikely that the punctate fluo-
rescence of the growth cones is due to the actual GAP-43-trans-
porting vesicles. In preliminary results of ultrastructural studies,
GAP-43 appears to be localized along the plasma membrane
and in small, spherical structures within the growth cones and
neurites (M. I. Johnson and P. C. Bridgman, unpublished ob-
servations). Staining at the margins of neurites and varicosities
also appeared punctate, as if the membrane had been punctured
by holes. Although digitonin does permeabilize membranes by
selectively solubilizing the cholesterol components, the resulting
membrane disruption is only apparent when viewed with elec-
tron microscopy (Fiskum et al., 1980). We cannot rule out the
possibility that the punctate appearance of the neurite mem-
branes may be generated artifactually by the paraformaldehyde
fixation, but note that a similar pattern of staining was observed
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Figure 6. Anti-GAP-43 antibody does not react with Schwann cells or fibroblasts. a, b, Non-neuronal cells in SCG explant cultures. Phase-contrast
photomicrograph () shows neurites extending from an SCG explant (not shown) after 3 d in vitro, together with 3 non-neuronal cells. The same
field viewed under fluorescence microscopy (b) demonstrates that the neurites, but not the non-neuronal cells, bound the antibody to GAP-43.
Two of the non-neuronal cells are probably Schwann cells (arrowheads). c—e, A Schwann cell double-labeled with 217C and anti-GAP-43. Phase-
contrast photomicrograph (c) of the Schwann cell that has bound 217C (d), but not anti-GAP-43 (e). f~h, A fibroblast double-labeled with anti-
Thy-1.1. Phase-contrast photomicrograph (f) of a fibroblast that bound anti-Thy-1.1 (g) but not anti-GAP-43 (k). The ruffling membrane of the
fibroblast is to the left of the cell and is indicated with an arrowhead (/). The binding of the anti-GAP-43 antibody was visualized with a fluoresceinated
secondary antibody. Binding by Schwann cells and fibroblasts of 217C and anti-Thy-1.1, respectively, was visualized with a rhodaminated secondary

antibody. Bar, 20 pm (a, ¢, and f).

when methanol was used to fix the cells. In contrast, immu-
noreactivity within the somata of the neurons was generally
diffuse, with increased fluorescence in the perinuclear area, pos-
sibly representing the association of GAP-43 with a different
subcellular compartment, such as the Golgi complex during
posttranslational processing.

The intense immunofluorescence in the cell bodies of disso-
ciated SCGs that had attached to the substrate but not yet sent
out neurites shows that GAP-43 is accumulated in the cell body

before neurites begin to grow. Because these embryonic SCG
neurons were extending axons at the time they were transferred
from the animal to the culture dish, it is likely that they were
synthesizing high levels of GAP-43 before they were dissected
out into culture. However, in experiments not reported here,
we have observed that postnatal rat SCG neurons that had low
GAP-43 immunoreactivity before they were dissociated into
culture also accumulated high levels of GAP-43 in their soma
prior to extending neurites in vitro. This latter observation sug-
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gests that GAP-43 accumulation is not a consequence of axonal
growth, but precedes it.

The foregoing observations lead to a consideration of the
possible function of GAP-43 within neurons. The growth cone
is a prominent structure in most neurons actively extending
processes, and its importance in axonal growth and neural de-
velopment is well-documented (see Introduction for references).
The molecular mechanisms by which the growth cone accom-
plishes its various functions, including those of motility, adhe-
sion, membrane addition, and guidance, are not known. Al-
though the growing neuron does not confine GAP-43 exclusively
to the growth cone, it is highly concentrated there, suggesting
that it may play an important role in one or more of these
functions.

Among the important functions of a growth cone is its ability
to translocate across a substrate. This motility function of the
growth cone is shared by other cells that have certain morpho-
logical similarities to growth cones. For example, motile fibro-
blasts typically form a ruffling membrane at their leading edge,
reminiscent of the lamellipodia of the motile growth cone. Both
cells contain actin and myosin (Letourneau, 1981), although the
function of actin and myosin may differ in growth cone motility
and neurite elongation (Marsh and Letourneau, 1984). These
similarities suggest that certain features of the mechanism of
locomotion of growth cones are shared with other motile cells.
However, of the several cell types in the cultures studied here,
only the neurons reacted with the anti-GAP-43 antibody (Kri-
stjansson et al., 1982); immunocytochemically identified
Schwann cells and fibroblasts did not. Moreover, because many
of the nonreactive fibroblasts appeared to be motile by virtue
of their characteristic ruffling edge, the current results indicate
that the function performed by GAP-43 is not one required for
motility in general; if, indeed, GAP-43 is involved in the process
of neurite extension, it participates in an aspect of this process
that is unique to neurons.
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Figure 7. Phosphorylation of GAP-43
in SCG cultures is stimulated by phor-
bol ester. a, b, Autoradiograph of 2-
dimensional SDS gels of membrane
proteins prepared from SCG cultures
after 4 d in vitro. a, Autoradiograph that
demonstrates that when the culturesare
incubated with 3P orthophosphate, fol-
lowed by phorbol 12-myristate 13-ace-
tate, phosphorylation of several pro-
teins is stimulated. One of these
(arrowhead) comigrates with GAP-43.
In contrast, an autoradiograph () from
a sister culture incubated similarly with
32P orthophosphate and then with 4a-
phorbol 12,13-didecanoate shows that
protein phosphorylation is significantly
less apparent, and that phosphorylation
of GAP-43 is not stimulated. Molecular
weight standards from top of gel are 95,
68, 45, 30, 21, and 14 kDa. In each case
the acid end of the gel (a<) is to the left

b and the basic end (—b) to the right, and
equivalent to pH 4.2-6.8.

A clue to the function of GAP-43 in growth cones may be
provided by the observation that it is a substrate for protein
kinase C. Previous observations have indicated that GAP-43
can serve as a substrate for kinase C in vitro (Aloyo et al., 1983;
Akers and Routtenberg, 1985; Meiri and Willard, 1986; Willard
et al., 1987). When these living cultures are incubated with
phorbol ester, the phosphorylation of GAP-43 is stimulated
7-fold. Kinase C is activated by phorbol ester entering the cells
and binding to the enzyme directly (Castagna et al., 1982), cir-
cumventing the transient stimulaton of kinase C by diacylglyc-
erol, which is seen when an external ligand binds to a receptor
(Kaibuchi et al., 1983). Kinase C activation has been implicated
in many systems in such responses as exocytosis (Pozzan et al.,
1984) and regulation of actin-myosin interactions (Baraban et
al., 1985), both of which may be important in growth cone
function. Phorbol ester stimulation of kinase C has also been
reported to promote neurite outgrowth in several types of neu-
rons in tissue culture (Hsu et al., 1984), and the proteins whose
phosphorylation is increased following this stimulation have
been described (Burgess et al., 1986). Here we have shown that
one of the proteins that is most highly phosphorylated when
SCG cultures are treated with phorbol ester is GAP-43, which
is a kinase C substrate in vitro (Akers and Routtenberg, 1985;
Meiri and Willard, 1986). The identification of GAP-43 as a
major substrate of protein kinase C in living sympathetic neu-
rons suggests that GAP-43 may be an element of, or may be
regulated by, a transduction system that enables the growth cone
to sample the environment and then to generate an internal
response to these external signals (for example, in Gundersen
and Barrett, 1980; Gundersen, 1985). One specific possibility
is suggested by the punctate distribution of GAP-43 in the growth
cone. If these concentrations of GAP-43 corresponded to points
of adhesion of the growth cone to the substrate, the GAP-43
might function to modulate the adhesion of different sites on
the growth cone in response to extracellular signals. It is also
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possible that this may involve the internal reorganization of the
cytoskeleton of the growth cone, as well as modulate the sites
of membrane addition.

In conclusion, the observations reported here demonstrate
that the neuron-specific protein, GAP-43, is a component of the
soma, neurite, and growth cone of sympathetic neurons that are
regenerating axons in culture, and that within these neurons,
GAP-43 is a major substrate for kinase C. Its concentration in
the growth cone may explain its increased synthesis in neurons
with growing axons. Its location and phosphorylation by kinase
C suggests that it could perform a function in the growth cone
that is modulated by external signals, such as those used in
pathfinding or in the control of axonal elongation. For exampie,
GAP-43 could be an element of a signal-transduction system
involving extracellular ligands, receptors, and kinase C.
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