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Growth cones are powerful amplifiers for signals from the 
microenvironment. Their collapse can be triggered by cell 
surface components of myelin and brain membranes, as 
well as by soluble ligands, including neurotransmitters. 
GAP-43 is a protein concentrated on the inner surface of 
the growth cone membrane. Assayed in isolation, it inter- 
acts with the heterotrimeric protein, G,, and in oocytes it 
amplifies the effects of ligand-triggered G protein activa- 
tion. We wished to examine whether GAP-43 serves to am- 
plify signals at the growth cone. The G, stimulating region 
of GAP-43 is encoded in the 10 amino acids (MLCCMRRT- 
KG) of the first exon. We examined the effect of this peptide 
upon chick dorsal root ganglion growth cone collapse and 
neurite retraction triggered by brain membranes or myelin, 
as well as by serotonin. We find that application of the 
GAP-43 l-10 peptide amplifies the effects of all three li- 
gands. The amplification is greater when GAP-43 l-10 is 
injected intracellularly. Peptides with amino acid substitu- 
tions for the two cysteine residues manifest parallel 
changes in growth cone collapse and G, stimulation. In 
particular, tyrosine or methionine substitutions cause the 
peptide to inhibit G, and to block induced growth cone col- 
lapse. The GAP-43 peptides therefore regulate the sensitiv- 
ity of growth cones to extrinsic signals. The modified pep- 
tides serve as a starting point for the design of reagents to 
enhance CNS regeneration. 

[Key words: regeneration, nerve growth, myelin, G pro- 
teins, GAP-43, growth cone] 

It has been suspected since the turn of the century (Ramon y 
Cajal, 1990), and proved more recently (David and Aguayo, 
1981; Keynes and Cook, 1992; Johnson, 1993), that the con- 
straints upon growth in the CNS are due chiefly to inhibitory 
signals, rather than to an intrinsic inability of mature neurons to 
grow. This is an important clinical issue because there are about 
3 million individuals paralyzed from CNS trauma or disease and 
there is no cure. Included among the inhibitory influences are 
components of CNS myelin (Caroni and Schwab, 1988) and 
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activities associated with the surfaces of brain membranes (Rap- 
er and Kapfhammer, 1990). These factors can be assayed in vitro 
because they cause growth cone collapse, a feature that corre- 
lates with inhibition of nerve growth (Cox et al., 1990; Davies 
et al., 1990; Raper and Kapfhammer, 1990). In several cases, 
but probably not all, the collapse of growth cones involves G 
proteins (Igarashi et al., 1993). 

GAP-43 is a protein associated with the inner surface of 
growth cone membranes, and is believed to function in regula- 
tion of nerve growth and/or nerve terminal plasticity (Benowitz 
and Routtenberg, 1987; Skene, 1989; Strittmatter and Fishman, 
199 1). It has several functional domains, encoded in three exons. 
The first exon encodes a membrane binding and G protein stim- 
ulating region (Zuber et al., 1989b; Strittmatter et al., 1990). The 
second exon includes a calmodulin binding site, unusual in that 
its affinity for calmodulin is reduced by increased calcium levels 
and by phosphorylation of an adjacent serine by protein kinase 
C (Alexander et al., 1987). The carboxy terminus has features 
that resemble neurofilament (LaBate and Skene, 1989), which is 
of interest because of GAP-43’s interaction with the membrane 
skeleton (Meiri and Gordon-Weeks, 1990). 

The cellular functions of GAP-43 are still debated. Its pattern 
of expression in developing (de la Monte et al., 1989), regen- 
erating (Skene and Willard, 1981), and remodeling (Benowitz et 
al., 1988) neurons has led to speculation that it is related to 
neuronal growth and plasticity. When introduced into non-neural 
cells, it certainly can enhance certain surface features of the 
membrane, such as filopodial extension (Zuber et al., 1989a; 
Nielander et al., 1993; Widmer and Caroni, 1993), but whether 
it does so by affecting cytoskeletal motors or by altering sensory 
input from the cell’s environment is unknown. Antibodies to 
GAP-43 reduce ligand-stimulated transmitter release (Dekker et 
al., 1989). Which domain of GAP-43 is related to which function 
is not clear. 

Recently, we have found that GAP-43 can act to stimulate G 
proteins (Strittmatter et al., 1990, 1991). Injected into oocytes, 
GAP-43 enhances by manyfold the responsiveness to ligands for 
G protein-coupled receptors, suggesting that it interacts at the 
level of G proteins and their coupling to receptors (Strittmatter 
et al., 1993). In the context of the growth cone, it would be 
predicted that GAP-43 would amplify signals mediated by G 
proteins, and enhance collapse. 

Peptides corresponding to the GAP-43 amino terminus en- 
hance G protein activity, suggesting that this is the active domain 
of GAP-43 in this interaction (Strittmatter et al., 1990). Recently, 
we have found that these GAP-43 amino-terminal peptides add- 
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ed extracellularly at micromolar concentrations to chick dorsal 
root ganglion neurons cause growth cone collapse (Strittmatter 
et al., 1994a). Although unresolved how or even whether such 
peptides permeate cells, even longer peptides have been noted 
previously to enter nerve cells and to affect nerve growth 
(Bloch-Gallego et al., 1993). 

Here we have examined whether GAP-43 peptides amplify 
ligand-induced collapse. We find that at 10e8 M, concentrations 
far below those with evident effects by themselves, GAP-43 
peptides markedly amplify the effects of inhibitory ligands, 
blocking neurite growth and increasing growth cone collapse. 
Even though native GAP-43 is intracellular, these peptides act 
when added to the medium, suggesting that they enter the cells. 
When injected intracellularly, they are even more effective. Cer- 
tain modifications cause the peptide to interfere with the effects 
of inhibitors. 

Materials and Methods 
Cell culture assays. Chick DRGs from embryonic day 7 were explanted 
onto laminin-coated chamber slides in F12 medium with 10 rig/ml nerve 
growth factor and 10% fetal bovine serum. The GAP-43 l-10 peptide 
(MLCCMRRTKQ) was added into the culture medium at 1O-x M 1 hr 
prior to the addition of brain membrane extracts (BME). After 30 min 
incubation with inhibitors, the explant was fixed in glutaraldehyde and 
its growth cones were scored as collapsed or fan shaped (Igarashi et al., 
1993). For culture of retina, chick E7 retina was cut into small pieces 
and explanted and assayed as described (Igarashi et al., 1993). For as- 
says of neurite growth, chick E7 DRGs were trypsinized, triturated, 
plated on fibronectin-coated dishes for 2 hr to remove non-neuronal 
cells, and then plated onto laminin-coated chamber slides in the pres- 
ence of peptides or PBS. After 6 hr of culture, cells were fixed by 1% 
glutaraldehyde in PBS, and the fraction of neurons with a process longer 
than 20 ym was determined. Myelin proteins and brain membrane ex- 
tracts were prepared and added to the culture medium as described by 
Igarashi et al. (Igarashi et al., 1993). 5-HT (Sigma) was added to the 
medium of DRG explants for 30 min at 37°C. After fixation, the growth 
cones were analyzed, as above. In some experiments, ritanserin (RBI, 
Natick, MA), a 5-HT,-specific antagonist (Leysen et al., 1986), was 
added into the medium 30 min prior to 5-HT at a 1:l ratio with 5-HT. 

Microinjection. Dissociated neurons from E9 or El0 chick DRGs 
were plated on chamber slides coated with poly-L-lysine and laminin 
and cultured for 3 hr. Single neurons were pressure injected with an 
Eppendorf microinjector. Micropipettes made from bor&ilicate capil- 
laries were loaded with GAP-43 l-10 DeDtide dissolved in 0.1 M KCl. 

1 L 

and diluted to the desired concentration with 2.5% of the fluorescent 
tracer tetramethylrhodamine dextran (Molecular Probes). The peptide 
solutions were prepared fresh for each injection experiment. Neurons 
were incubated at 37°C for 30 min immediately after injection. Cells 
were counted 10-15 min after injection and reexamined 2 hr later. Neu- 
rons with neurites longer than the cell body diameter were considered 
neurite positive. For each treatment, at least four separate experiments 
were performed and more than 200 neurons were injected. 

Results 
GAP-43 native peptide augments inhibitory responses to cell 
sugace ligands 
Brain membrane extracts (BME) from chick embryos cause 
chick dorsal root ganglion (DRG) and retinal growth cones to 
collapse in dose-dependent manners (Raper and Kapfhammer, 
1990; Igarashi et al., 1993). As shown in Figure lA, addition of 
the GAP-43 l-10 peptide at a concentration of 1O-8 M does not 
cause growth cone collapse. It does, however, enhance the re- 
sponse to BME. The collapse of retinal growth cones induced 
by BME also is potentiated by pretreatment with the GAP-43 
l-10 peptide (Fig. 1B). As shown, in the presence of lo-* M 

GAP-43 l-10 peptide, the sensitivity of growth cones to BME 
(in terms of half-maximal response) is nearly doubled for DRG 
neurons and tripled for retinal neurons. The potentiation of re- 
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Synergistic interaction between inhibitors of neurite out- 
growth and lo-” M of the GAP-43 l-10 N-terminus peptide. A and B, 
Growth cone collapse in response to increasing concentration of brain 
membrane extract (&WE) prepared from chick embryos. Chick dorsal 
root ganglion (DRG) neurons (A) and retinal neurons (B) were cultured 
in the absence (0) and presence (W) of the GAP-43 I-10 peptide. The 
peptide itself does not affect the proportion of collapsed growth cones 
within the concentration range used here, but enhances the response of 
both types of neurons to BME. The values shown are the means ? 
SEM for four separate experiments. 

sponse to BME by the GAP-43 peptides is blocked by 20 ngl 
ml pertussis toxin (PTX), showing that, like the collapse induced 
by higher BME concentrations, a PTX-sensitive G protein is 
involved (Igarashi et al., 1993). These data suggest that the 
GAP-43 peptides enhance collapse by amplifying G protein 
stimulation by inhibitory ligands. 

Components of myelin are believed to be especially important 
in halting neurite growth. CNS myelin proteins solubilized by 
octylglucoside also cause growth cone collapse, and are poten- 
tiated in their effect by the GAP-43 l-10 peptide (data not 
shown). We also examined the effects on neurite outgrowth, per 
se. As shown in Figure 2, myelin proteins inhibit nerve growth 
and low doses of the GAP-43 l-10 peptide potentiate the inhi- 
bition of neurite outgrowth. 

Intracellular injection of peptides 

Since GAP-43 is an intracellular protein, we presumed that these 
GAP-43 peptides exert their effects from within the cell. It is 
not clear by what mechanism peptides would enter the cell. Al- 
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PBS Pl-10 MY My+Pi-10 

Figure 2. GAP-43 potentiates the inhibitory effect of solubilized my- 
elin upon neurite outgrowth. Myelin proteins of adult rat CNS myelin 
(My), were solubilizea by octyl&co$de and dialyzed against Fly me- 
dium (Iearashi et al.. 1993). PBS alone (PBS) or the GAP-43 ueutide 
alone @-IO) does not affect the fraction of DRG neurons with ie&ites 
longer than 20 mm. The inhibitory effects of myelin (My) are poten- 
tiated by the pretreatment of neurons with lo-* M l-10 peptide (My; 
+I-IO). The values shown are the means ? SEM for four separate 
experiments. 

though the growth cone has very active vesicular uptake mech- 
anisms, peptide exchange from within such vesicles has not been 
explored. However, it is known that other peptides can enter 
nerve cells, including mastoparan (Higashijima et al., 1990) and 
an Antennapedia homeobox polypeptide of 60 amino acids, the 

former of which blocks (Igarashi et al., 1993) and the latter of 
which enhances nerve growth (Bloch-Gallego et al., 1993). 

To examine the intracellular effects directly, we introduced 
the GAP-43 peptide by intracellular injection. Cells needed to 
be isolated for injection, and growth cone morphology of the 
isolated neurons proved not to be predictable enough for quan- 
titation, so we used the neurite length assay for these microin- 
jection experiments. Injected rhodaminated dextran fills the en- 
tire cell and its neurites within 10-1.5 min and still reveals the 
neurites 2 hr later [Fig. 3, left panels, comparing a field imme- 
diately after injection (top) and 2 hr later (bottom)]. After intra- 
cellular delivery of 1O-8 or lo-lo M peptide, the neurites are 
initially labelled (top panels) but withdraw after BME addition 
(bottom panels, middle and right). This is quantitated in Figure 
4. As shown, at lo-lo M the injected peptide had no significant 
effect, but combined with BME did cause retraction (Fig. 4). 
When applied extracellularly there also is a potentiation of 
BME-induced retraction, but less than after injection, as would 
be expected if the peptide acts within the cell. 

Peptides augment 5-HT-induced collapse 

Soluble factors, including neurotransmitters (Davenport et al., 
1993), have been identified as important in directing (Kennedy 
et al., 1994) and retarding neuronal growth (Pini, 1993). In other 
species, serotonin (5-HT) causes growth cone collapse (Haydon 
et al., 1984) and downregulation of NCAM-like molecules and 
fasciculation (Peter et al., 1994). Serotonin receptors are present 
in many cells of the nervous system, including DRG (Ivgy-May 
et al., 1994). As shown in Figure 5A, 5-HT causes a dose-de- 
pendent growth cone collapse, with half-maximal effect at 10e4 
M. As shown in Figure 5B, this effect is blocked by PTX and 
by the selective 5-HT, receptor antagonist ritanserin. In the pres- 
ence of the GAP-43 peptide, the 5-HT dose-response curve 

Dye alone lo-*M Pl-10 + BME lo-‘OM Pl-10 + BME 

Figure 3. Intracellular action of the GAP-43 l-10 peptide. Intracellular delivery of GAP-43 l-10 peptide in the presence of BME causes neurite 
retraction of chick DRG neurons. The fop panels show that injected cell have neurites immediately after injection with dye (left) lo-* M Pl-10 
(middle), or lo-lo M (Pl-10) (right). The bottom panels show the same cells 2 hr later after BME addition to the medium, with neurites persisting 
in the dye-alone injected cells (left) but not in either of the peptide injected cells (middle and right). 
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Figure 4. Quantitation of effects of intracellular peptide injection. Per- 
cent injected neurons with neurites after microinjected with dye alone, 
extracellular delivery of lo-lo M Pl-10 peptide, or intracellular injection 
with lo-lo M PI-10 peptide in the absence (blank bar) or presence 
(hatched bar) of 0.2 mg/ml BME. For external l-10 peptide applica- 
tion, neurons were incubated for 30 min immediately after injection, 
followed by application of peptides for 1 hr. Brain membrane extracts 
were added to the medium for 30 min. For each treatment, at least four 
separate experiments were performed and more than 200 neurons were 
iniected (n = 214 dve. -BME: 232 dve. +BME: 227 external. -BME: 
243 external, +BME; 206, internal, -BME; 227, internal, +BME) Data 
presented are the means 5 SEM. There is enhanced neurite retraction 
by peptides, and it is more with internal than with external application. 

shifts to the left, indicating that the growth cone collapsing effect 
of 5-HT is markedly enhanced by the GAP-43 peptide (Fig. 5A). 
For example, as shown in Figure 5C, 5-HT at 1O-5 M has neg- 
ligible effect, but is markedly enhanced by the peptide. This 
synergistic effect is blocked by PTX and by ritanserin (Fig. 5C), 
indicating that the GAP-43 effect is mediated via the 5-HT, re- 
ceptor. Serotonin similarly reduces neurite outgrowth (Fig. 5D), 
and the GAP-43 l-10 peptide amplifies this inhibitory effect 
significantly, while ritanserin blocks it. This shows that GAP-43 
l-10 amplifies signals transmitted via the 5-HT, receptor in 
nerves, as it does serotonin responses in injected oocytes (Stritt- 
matter et al., 1993). 

Design of peptides to block inhibitory effects 

We wondered if GAP-43 peptides could be designed to interfere 
with, rather than enhance, the response to collapsing ligands. As 
a starting point, we took the observation that the cysteines are 
critical for G, stimulation (Sudo et al., 1992). We generated pep- 
tides with different amino acids substituted for the two cysteines. 
As shown in Figure 6A, most modifications render the peptide 
neutral with regard to G-protein stimulation. The substitutions 
with tyrosine (Y) or with methionine (M), however, generate 
peptides inhibitory for G,. 

We examined whether these peptide modifications could af- 
fect the growth cone sensitivity to brain membrane extracts. Us- 
ing concentrations of BME that cause maximal levels of col- 
lapse, the addition of either the Y-substituted or M-substituted 
peptide reduces the degree of collapse from 75-80% to 50%. 
Other peptides do not (Fig. 6B). The collapse caused by increas- 
ing concentrations of brain membrane extracts is shown in Fig- 
ure 6C, in the presence of GAP-43 I-10 peptide, or the M or 
Y peptides, at doses of the peptides that do not have any evident 
effect by themselves. As shown in Figure 6, in the presence of 
M or Y, the dose-response curve is shifted, so that about twice 
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as much BME is needed to cause 50% collapse. Collapse at 
higher BME concentrations are likely to be G protein indepen- 
dent (Igarashi et al., 1993). 

Discussion 
Here we have shown that the decapeptide corresponding to the 
GAP-43 amino terminus, added exogenously to cultured neu- 
rons, enhances their responsiveness to growth-inhibitory ligands. 
These effects are even more potent when the peptide is injected, 
as expected if it exerts its action intracellularly, as does native 
GAP-43. By designing peptides with different amino acids re- 
placing the two cysteines, residues that normally are subject to 
palmitoylation and crucial to GAP-43’s activity, we found pep- 
tides that can inhibit ligand-induced growth cone collapse. These 
results are compatible with our suggestion that a function of 
GAP-43 is to amplify receptor-mediated signals at the growth 
cone. 

The amino-terminal domain of GAP-43 

Although widely speculated to be a “plasticity” protein, how 
GAP-43 might perform this role is ill-defined. It is enriched in 
most, if not all, growth cones during development and in adult 
CNS regions notable for their “plasticity” (Benowitz et al., 
1988). It has been speculated to be necessary for axon elonga- 
tion (Skene and Willard, 1981), growth cone shape (Zuber et 
al., 1989a), and neurotransmission (Dekker et al., 1989), as well 
as for signal transduction at the growth cone or synapse (Stritt- 
matter et al., 1993). GAP-43 has several defined biochemical 
functions as an isolated protein. It binds calmodulin, with an 
affinity reduced by increasing ambient calcium and by PKC 
phosphorylation of a serine (at position 41) adjacent to the cal- 
modulin-binding domain in exon 2 (Alexander et al., 1987). 
Thus, it has been proposed to serve as a calmodulin sink, re- 
leasing calmodulin in the wake of electrical activity when intra- 
cellular calcium is higher and PKC activity triggered (Alexander 
et al., 1987; Skene, 1989). Antibodies to the region including 
ser? reduce stimulated transmitter release (Dekker et al., 1989). 
The carboxy terminus, exon 3, has neurofilament-like regions 
(LaBate and Skene, 1989), which may contribute to GAP-43’s 
interaction with the cytoskeleton (Meiri and Gordon-Weeks, 
1990). 

GAP-43 is likely to cause growth cone collapse by dint of its 
G-protein stimulation. Inside of a cell, at least an oocyte, GAP- 
43 has two effects upon G proteins (Strittmatter et al., 1993). At 
higher concentrations, it causes G-proteins activation; at lower 
ones, it has no evident effect by itself, but markedly amplifies 
the G-protein stimulation caused by ligands for G-protein-cou- 
pled receptors. Therefore, insofar as peptides mimic the action 
of the native protein, it would be predicted that high concentra- 
tions might cause G-protein stimulation, and, hence, growth 
cone collapse, which they do (Strittmatter et al., 1994); concen- 
trations below those with evident effects might serve to amplify 
other G-protein-mediated signals received at the growth cone. 
As shown here, both for membrane-associated and soluble sig- 
nals, that is exactly what the GAP-43 peptides do. 

The amino terminus, corresponding to the coding region of 
exon 1, is crucial to membrane binding (Zuber et al., 1989b), 
and to G-protein stimulation (Strittmatter et al., 1990, 1994a,b). 
Both functions depend upon the two cysteines (Zuber et al., 
1989b; Strittmatter et al., 1990), which are palmitoylated (Sudo 
et al., 1992), although how much GAP-43 is depalmitoylated 
under different situations is not clear. 
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Figure 5. 5-HT-induced growth cone 
collapse is potentiated by GAP-43 l- 
10 peptide. A, Growth cone collapsed 
is enhanced by 5-HT in a dose-depen- 
dent manner (m). The GAP-43 l-10 
peptide (lo-* M; 0) acts synergistically 
with 5-HT. B, 5-HT-induced collapsed 
(lo+ M) is blocked by pertussis toxin 
(PTX, 200 nglml) and by ritanserin 
@it, 10e4) (PBS, control; -4 means 
10m4). C, The potentiation of 5-HT-in- 
duced collapse by the peptide is 
blocked by PTX and Rit. 5-HT by itself 
at 1O-5 M does not cause significant 
collapse. D, Neurite growth is inhibited 
by 5-HT. GAP-43 Pl-10 potentiates 
$-HT-induced neurite inhibition. Ri- 
tanserin blocks the 5-HT effect. The 
values shown are the means + SEM 
for four separate experiments. *, p < 
0.05; **, p < 0.01 (t test, vs PBS). 
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Peptides corresponding to the amino terminus stimulate iso- 
lated G,,, although less effectively than does native GAP-43 
(Strittmatter et al., 1990). Palmitoylation of either the peptide or 
the native protein blocks G, stimulation. Thus, palmitoylated 
GAP-43 is far less active than is depalmitoylated GAP-43 (Sudo 
et al., 1992). Palmitoylation is a dynamic process, with a short 
half-life, unlike other types of acylation, which last for the du- 
ration of the protein. Whether the peptides contain a sequence 
adequate to serve as a palmitoylation substrate is unknown. 

G, and growth cone collapse 

The cell culture assay of growth cone collapse is very useful 
since it undoubtedly identifies growth-inhibitory signals, and, in 
all likelihood, other guidance or remodeling cues, and is likely 
to represent ligand-activated nerve terminal stimulation. It has 
been useful in identifying cell surface activities associated with 
myelin (Caroni and Schwab, 1988) and brain membranes (Raper 
and Kapfhammer, 1990), and used in their partial (Raper and 
Kapfhammer, 1990) or complete (Luo et al., 1993) purification. 
Some of the effects of the cell surface-associated collapsing ac- 
tivities of both myelin and brain membranes are inhibited by 
pertussis toxin (Igarashi et al., 1993), although there are clearly 
pertussis toxin-insensitive components as well (Igarashi et al., 
1993). With myelin, it appears that G-protein stimulation causes 
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release of calcium from intracellular stores (Bandtlow et al., 
1993). 

The most likely candidate G protein to be linked to these 
receptors is G,, because it is enriched in growth cones (Stritt- 
matter et al., 1990) and is pertussis toxin sensitive. Single filo- 
podial contact with targets can cause collapse of the entire 
growth cone. This implies a recognition and amplification of 
signals, either or both of which functions might be served by 
G-protein-coupled receptors. Soluble ligands also can cause col- 
lapse (Pini, 1993). Since serotonin, a G protein-coupled receptor, 
exerts this function in other organisms (Haydon et al., 1984; 
Davenport et al., 1993) and DRG bear 5-HT receptors (Todo- 
rovic and Anderson, 1990), we have examined 5-HT as a defined 
soluble ligand, and found it causes growth cone collapse, which 
is blocked by 5-HT, receptors. Thus, our interpretation is that 
GAP-43 serves to amplify a variety of guidance signals from 
growth cones. We have examined inhibitory signals here, but 
positive signals conceivably might also be affected, depending 
upon the cell. 

This amplification function would also be compatible with a 
role in ligand-stimulated secretion at mature synapses, another 
documented GAP-43 effect (Dekker et al., 1989), and with 
changes in cell shape, assuming that there was a basal stimula- 
tion of cells, since G-protein activity affects these phenomena 
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Figure 6. A, The effect of mutant decapeptides upon GTPyS-binding 
to G,. In each case, the single letter indicates the amino acid substituted 
for Cys3 and Cys4. The concentration of each peptide was 250 FM. The 
activity of GTPyS-binding to G, protein without peptides is shown as 
100%. The sequence of native N-terminus decapeptide of rat GAP-43 
(l-10 peptide) is MLCCMRRTKQ. Both cysteine residues at positions 
3 and 4 in the native l-10 peptide were replaced by methionine (M), 
tyrosine (Y), aspartate (D), glutamate (E), lysine (K), arginine (R), serine 
(S), or tryptophan (IV). The values shown are the means 2 SEM for 
three separate experiments. B, Brain membrane extract-induced growth 
cone collapse of DRG neurons is enhanced by two mutant peptides. 
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(Strittmatter et al., 1994b). It is not clear whether the PKC target 
serine or calmodulin binding of GAP-43 interact directly or in- 
directly with G-protein stimulation. For example, although the 
cell shape effects of GAP-43 can be exerted independently of 
the serine (Strittmatter et al., 1994b), substitution of different 
amino acids for serine Se? clearly modifies the effect (Widmer 
and Caroni, 1993). The two domains may interact. 

Intracellular targets 

GAP-43 is intracellular, as is G,. Proof of intracellular site of 
action cannot depend upon direct labeling of the peptide, be- 
cause its small size precludes confidence that addition of a la- 
beling moiety leaves it comparably active and permeant. We 
previously suggested that the peptides gain intracellular access 
because longer peptides from the amino terminus are without 
effect unless the cell is first permeabilized (Strittmatter et al., 
1994a). Here, we show directly that intracellular application of 
the peptide is not only effective, but actually more so than ex- 
tracellular, as expected for intracellular action. Other peptides 
with intracellular targets have been noted to affect neurite 
growth (Igarashi et al., 1993; Higashijima et al., 1988; Bloch- 
Gallego et al., 1993). How these peptides enter cells and via 
what compartment is unknown, but they are of special interest 
because of their potential therapeutic applications with regard to 
regeneration. 

Overcoming growth inhibition 

Repression of neurite outgrowth clearly is of critical importance 
to the developing nervous system in shaping borders and choos- 
ing pathways and partners. Responsible ligands are likely to in- 
clude members of the semaphorin gene family identified in Dro- 
sophila, grasshopper, and human (Kolodkin et al., 1993). One 
growth collapsing ligand, collapsin, a member of this family, 
has been identified after biochemical isolation from embryonic 
brain, based on collapsing activity (Luo et al., 1993). It is likely 
that there are other inhibitory signals (Clarke and Moss, 1994). 

With regard to CNS regeneration, it is clear that adult nerves 
can grow, but that they are prevented from doing so in the adult 
mammalian CNS by inhibitory substances (David and Aguayo, 
1981). Intracellular targets may provide a useful therapeutic tar- 
get in this regard. Although there may be a host of different 
receptors that retard growth, many might utilize similar intra- 
cellular cascades. Along these lines, G, is widespread in the 
brain (Worley et al., 1986), the response to different inhibitory 
ligands is pertussis toxin sensitive (Igarashi et al., 1993), G, 
activation modulates neurite growth from several cell types, and 
both CNS and PNS neurons respond to GAP-43 peptides (Igar- 
ashi et al., 1993). Since the native GAP-43 sequence amplifies 
inhibitory signals, we reasoned that changes in the sequence 
might permit the peptides to interact at the same site but to block 
activation of the pathway, and this turned out to be true for the 

t 

The concentration of BME was 0.15 mg protein/ml. One hour prior to 
addition of BME to DRG culture medium, each peptide was added at 
a concentration of 1O-4 M. Note that peptide-M and peptide-Y, which 
attenuate GTPyS-binding to G,, also attenuate the effect of BME. The 
values shown are the means 2 SEM for four separate experiments. C, 
Dose-response curves of BME versus DRG growth cone collapse in 
the absence of peptides (a) and in the presence of 1O-6 M M- (m) and 
10m6 M Y-substituted peptides (A). Solutions of peptides were prepared 
in PBS just prior to use. The values shown are the means C SEM for 
five separate experiments. 
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tyrosine and methionine substitutions for cysteine, but not for 
other substitutions at those residues. We focused upon the cys- 
teines because their normal posttranslational modification, as 
well as oxidation, markedly changes the peptide’s G, stimulatory 
ability (Sudo et al., 1992). Since only the peptides with methione 
or tyrosine substitutions reduced the response to inhibitory li- 
gands, and these peptides were the only two to inhibit rather 
than stimulate G,, it is clear that it is via G,, that their effect is 
exerted, although whether directly on G, or by changing the 
effectiveness of receptor-G, interactions is not certain. The ef- 
fect is only severalfold, which may not suffice in vivo. However, 
these peptides represent a start in the direction of discovery of 
new types of therapeutics for nerve regeneration. 

GAP-43 and plasticity 

The nerve terminal remodels throughout life, expanding and 
contracting when viewed in real time (Purves et al., 1987), and 
changing its structure and function as an accompaniment to 
long-term learning and memory (Greenough et al., 1986; Bailey 
and Chen, 1988). In many cases, these changes depend upon 
patterned electrical activity, appropriately timed in the pre- and 
postsynaptic cell. One dilemma raised by ongoing nerve growth 
is how to coordinate it with precision of connectivity. GAP-43 
has been widely speculated to be instrumental in nerve growth 
and plasticity (Benowitz and Routtenberg, 1987; Fishman, 1989; 
Skene, 1989). Its action as an amplifier of signals would be 
compatible with this role, and also would solve this dilemma of 
plasticity versus precision. GAP-43 levels, and its activity as 
regulated by palmitoylation (Sudo et al., 1992) could set the 
neurons’ responsiveness to signals from pathways or targets, sig- 
nals that serve to enhance or retard growth by stimulating re- 
ceptors on the nerve terminal. Thus, plasticity would work with- 
in constraints of precision. This model predicts that nerve 
growth would occur in animals lacking GAP-43, but might be- 
come aberrant at decision points, such as the midline. In fact, 
we have recently (Strittmatter et al., 1995) shown that nerves in 
GAP-43 mutant mice extend axons that have difficulty navigat- 
ing the optic chiasm. 
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