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Mediation by G Proteins of Signals That Cause 
Collapse of Growth Cones 

Michihiro Igarashi, Stephen M. Strittmatter,* Timothy Vartanian, 
Mark C. Fishmant 

During development, motion of nerve growth cones ceases on contact with particular 
targets. The signaling mechanism is unknown. In culture, growth cone collapse can be 
caused by solubilized embryonic brain membranes, central nervous system myelin, a 
35-kilodalton protein isolated from myelin, and mastoparan. Collapse induced by each of 
these is blocked by pertussis toxin. Thus, collapse of growth cones is mediated by G 
protein-coupled receptors, which may be activated by proteins associated with the cell 
surface as well as by soluble ligands. 

Inhibitory factors expressed on the surface 
of cellular targets and along migratory path
ways regulate the motion of growth cones 
(l, 2). These guidance signals help to direct 
the assembly of neuronal circuitry (1-7) 
and their presence hinders regeneration of 
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neuronal processes after brain injury (4)-
Several inhibitory factors are associated 
with the cell surface and have been identi
fied in membrane fractions of embryonic 
brain, optic tectum, somites, and myelin 
(I, 2, 5-7). Those factors cause collapse of 
neuronal growth cones in culture (5-7). G 
proteins, which are known to respond to 
soluble signals through transmembrane re
ceptors (8), are enriched in the membrane 
of the growth cone (9). We investigated 
whether membrane-bound inhibitory li
gands function through activation of G 
proteins. 
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Flg. 1. Collapse of dorsal root 
ganglion growth cones caused by 
brain membranes and masto- 
paran and blocked by PTX. (A) 
Typical Nomarski optical views of 
growth cones of dorsal-root gan- 
glia. Growth cones extending dn 
laminin-coated glass after a 30- 
min incubation with (1) F12 medi- 
um only, where the growth cones 
are spread, (2) chick El0 brain- 
derived collapsing activity (0.3 
mglml), (3) the same concenha- 
tion of collapsing activity as in (2) 
but after PTX pretreatment for 2 
hours, and (4) 10 pM masto- 
paran. Bar represents 10 pm. (6) 
Mastoparan causes collapse of 
dorsal root ganglion growth 
cones, an effect that is blocked by 
PTX. Control (filled squares) or 
PTX-pretreated (1 00 nglml, filled 
circles) growth cones of chick E7 
dorsal root ganglia were rnea- 
sured in the presence of the indi- 
cated final concentrations of rnas- 
toparan. Data shown are the av- 
erage and SEM of four to six in- 
dependent experiments. (C) 
Collapse of growth cones of dor- 
sal root ganglia induced by brain 
membrane extracts is blocked by 
PTX. Bcplants of E7 dorsal root 
ganglia were treated for 2 hours 
with no PTX (control, filled 
squares), 100 nglml PTX (filled 
circles), or PTX (200 nglml, filled 
triangles), and then CHAPSsolu- 
bilized embryonic brain extracts 
were added. Liver membranes of 
El 0 chicks (open triangles) and 
heat-treated (90"C, 10 min) brain 
membranes (open squares) were 
also examined. Neither extracts of 
liver membrane nor extracts of 
heated brain membrane showed 
significant collapsing activity (6). 
The percentage of collapsed 
growth cones is shown as a func- 
tion of the protein concentration of 
the extract. Data shown are the 
average and SEM of four to six 
independent experiments (1 0). 
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Fig. 2. Pertussis toxin partially bkcks collapse of retinal so 
grawth cones caused by brain-membrane extracts. The 2, 
effects of CHAPSsolubilii membranes from chick emtny- t 
onic brain on retitial g r W  corks (A) without and (B) with Go 

PTX pretreatment. The temporal halves of chi& E7 retinae 5 50 were isdated and cut into small fragments. Each fragment 
was explanted onto laminincoated plastic chamber slides. s 40 

The collapse assay with brainmembrane extracts (BME; 30 

protein concentration: 1.2 Wml)  was performed as in Fig. 1 a 

(10). In ~0ntrd samples (F12), only F12 medium was added ~ 1 2  BME ~ 1 2  BME 

to the retinal explants. For PTX pretreatment, retinal explants were incubated with F12 medium containing 
PTX (100 nghnl) for 2 hours before addition of the membrane extracts. Data shawn are the awrage and 
SEM of four to six independent experiments. The diierence between the group exposed to brain- 
membrane extracts with and without PlX was significant (P < 0.05). W h  PTX, there was no s i g n i i i  
difference between the control (F12) and the exposed groups (at the 5% signiiicance level). 

Flg. 3. Collapse of growth cones caused by rat 
central nervous system myelin is blocked by 
PTX. The collapsing activities of the CNS and 
PNS myelin proteins solubilized by octylgluco- 
side (protein concentration: 1.4 mg/ml) and of 
NI-35 reconstituted into liposomes (NI) were 
examined. As controls, F12 medium (F12) or 
unreconstituted liposomes (4) were added. 
The percentage of collapsed growth cones of 
E7 dorsal root ganglia was scored in the (A) 
absence or (B) presence of PTX (1 00 nglml). 
The collapse assay was performed as in Fig. 1 
(14). Only the CNS myelin and NI-35 have 
collapsing act'*, and both are blocked by 
PTX. Data shown are the average and SEM of 
six to ten independent experiments. 

In cell culture, about 75% of growth 
cones from chick dorsal-root ganglia were 
fan-shaped and the remainder were col- 
lapsed (Fig. 1A) (10). Continuous obser- 
vation indicates that individual growth 
cones alternate between the two states (6) 
and that the collapsed form i s  associaied 
with cessation of growth (5). The identity 
and function of the G protein-linked re- 
ceptors on  these growth cones is un- 
known. Therefore, we tested the involve- 
ment of  several G proteins by the use of 
the wasp venom peptide mastoparan, 
which stimulates G proteins directly by a 
receptor-like mechanism ( I  I), and with 
pertussis toxin (PTX), which blocks re- 
ceptor- and mastoparan-stimulated activi- 
ty o f  Go and G, (respectively, the un- 
known and inhibitory subtypes o f  G pro- 
tein) (12). When compared to control 
levels, F'TX alone did not change the 
percentage o f  collapsed growth cones. 
This result indicated that, under standard 
culture conditions, components of the me- 
dium or serum did not regulate the shape 
of growth cones by PTX-sensitive G pro- 
teins. On the other hand, direct stimula- 
t ion o f  G proteins by mastoparan caused 
many growth cones to collapse in a dose- 
dependent fashion, with a median effec- 
tive concentration (ECS,) of 0.25 FM 
(Fig. 1B). The activity of  mastoparan was 
blocked by F'TX, which indicates that its 
action in this regard is through G proteins 
(Fig. 1B). Thus, stimulation of PTX-sen- 
sitive G proteins caused the collapse of 
growth cones. 
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Exposure to extracts of embryonic brain 
membranes increased the percentage of 
collapsed growth cones (6), with an EC,, 
of about 0.15 mg of protein per milliliter 
(Fig. 1, A and C). Preincubation of the 
explants with PTX blocked collapse in- 
duced by the brain membrane (Fig. 1C). 
At the highest concentrations of brain- 
membrane extracts, some collapse still 
occurred after preincubation with PTX, 
perhaps because of incomplete adenosine 
diphosphate ribosylation by PTX or a low- 
affinitv. PTX-insensitive mechanism. , , 

Extracts of embryonic brain membrane 
also cause collavse of chick retinal-neuron 
growth cones (6), which are a component 
of the central nervous system (CNS). In 
our experiments, retinal growth cones did 
collapse upon exposure to extracts of brain 
membrane, although they appeared less 
sensitive than those of dorsal root gangli- 
on neurons (Fig. 2). This collapse was 
greatly reduced by pretreatment with PTX 
(Fig. 2). 

Myelin from the CNS but not from the 
peripheral nervous system (PNS) also con- 
tains an inhibitory activity (1 3) that has 
been fractionated into two predominant 
components, with respective atomic mass- 
es of 35 kD and 250 kD (7). Central 
nervous system myelin proteins solubilized 
by octylglucoside (14) collapsed growth 
cones of dorsal-root ganglion neurons 
(Fig. 3). Myelin extracted from the PNS 
did not alter the percentage of collapsed 
growth cones (Fig. 3). Pertussis toxin 
reduced the percentage of growth cones 
that collapse in response to central myelin 
from 68 to 38%. 

Protein NI-35, a 35-kD protein with 
growth-inhibiting properties, has been 
partially isolated from CNS myelin (7, 
13). Neutralization of NI-35 by the mono- 
clonal antibody IN-1 permits neurites to 
grow over myelin in vitro (13) and en- 
hances growth of regenerating axons of 
the spinal cord in vivo (15). Partially 
purified NI-35 caused growth cones of 
dorsal root ganglia to collapse (2, 16), a 
response blocked by antibody IN-1 (17) 
and PTX (Fig. 3). Antibody IN-1 did not 
affect the activity of embryonic extracts of 
brain membrane (1 7). Recently, NI-35 
has been shown to cause release of Ca2+ 
from intracellular stores (1 8) with conse- 
quent increase in Ca2+ in growth cones 
(1 6). These results are compatible with 
NI-35 acting through activation of G pro- 
teins. 

Thus, PTX blocks growth cone-col- 
lapsing activities from two different sourc- 
es. both of which are associated with 
membranes (6, 7). Dorsal root ganglion 
and retinal neurons respond similarly, sug- 
gesting that the intracellular cascade that 
regulates induced collapse may be wide- 

spread. Both Go and, to a lesser extent, Gi 
are among the most- common proteins of 
growth cone membrane (9), and we pro- 
pose that the collapse is triggered by an 
inhibitory ligand binding to a receptor 
coupled to a G protein. Such receptors 
might be present at low quantities in the 
growth cone membrane and their signals 
would be amplified by the G protein trans- 
duction cascade (9, 19). 

This work indicates that cell-associated 
ligands act through G protein-coupled 
systems, transduction cascades that are 
well studied with regard to soluble ligands. 
Some soluble factors are known to cause 
collapse of growth cones (20). There is 
also some evidence that G proteins may 
mediate cell contact interactions in that 
cell adhesion molecules can alter PTX- 
sensitive G protein transduction. For ex- 
ample, the morphoregulatory action of a 
neural cell adhesion molecule (N-CAM) 
and N-cadherin is blocked by PTX (2 1, 
22), and antibodies to a Ca2+-indepen- 
dent neural cell adhesion molecule, L1, 
and to N-CAM alter amounts of intracel- 
lular Ca2+ and phosphoinositides in a 
PTX-sensitive fashion (22). 

Victims of neurological trauma or stroke 
often recover only partial function because 
inhibitory factors block axonal regeneration 
in the CNS (4, 15). Therefore, agents that 
modify the PTX-sensitive activity of the 
growth cone might have salutary effects on 
regeneration. 
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