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The migration of neuronal growth cones, driving axon exten-
sion, is a fascinating process which has been subject of intense 
investigation over several decades. Many of the key underlying 
molecules, in particular adhesion proteins at the cell membrane 
which allow for target recognition and binding, and cytoskeleton 
filaments and motors which power locomotion have been identi-
fied. However, the precise mechanisms by which growth cones 
coordinate, in time and space, the transmission of forces generated 
by the cytoskeleton to the turnover of adhesion proteins are still 
partly unresolved. To get a better grasp at these processes, we put 
here in relation the turnover rate of ligand/receptor adhesions and 
the degree of mechanical coupling between cell adhesion recep-
tors and the actin rearward flow. These parameters were obtained 
recently for N-cadherin and IgCAM based adhesions using ligand-
coated microspheres in combination with optical tweezers and 
photo-bleaching experiments. We show that the speed of growth 
cone migration requires both a fairly rapid adhesion dynamics 
and a strong physical connection between adhesive sites and the 
cytoskeleton.

Growth cones are motile structures at the distal extremity of axons 
responsible for pathfinding and neurite extension during nervous 
system development and repair (Fig. 1A). Growth cone advance relies 
on two coupled processes. First, an internal dynamics of the cytoskel-
etal network, with actin polymerization occurring at the leading edge, 
depolymerization in the central region, and myosin activity pulling 
on lamellipodial actin filaments.1 These integrated mechanisms alto-
gether result in a continuous retrograde flow of actin (Fig. 1B). This 
flow provides the mechanical tension that drives axonal extension, 
through a connection to the dynamic array of microtubules that fills 
the axon and invades the growth cone central domain.2 Second, there 
is repeated formation and dissociation of transient contacts between 
growth cones and the extracellular matrix or adjacent cells. These 
contacts are mediated by trans-membrane cell adhesion molecules 
(CAMs), e.g. integrins,3 immunoglobulin CAMs (IgCAMs)4,5 and 

cadherins,6,7 which form specific ligand/receptor bonds with variable 
lifetimes. A still open question is how these two processes, i.e. actin 
flow and adhesion dynamic, are coordinated at the growth cone level 
and contribute to set migration speed. A thorough understanding of 
these mechanisms is important both from a fundamental perspective 
and for the design of new compounds to foster axon regeneration 
after injury.

The coupling between actin-based motility and substrate adhesion 
has been shown for certain adhesion molecules such as NCAM and 
N-cadherin to involve a “molecular clutch” (Fig. 2). This mechanism 
implies a direct transmission of traction forces from the cytoskeleton 
to the substrate through a strong physical connection between the 
actin flow and ligand-bound adhesion receptors.8,9 The connec-
tion is likely provided by adaptor proteins that can make transient 
bridges between actin filaments and the cytoplasmic domain of adhe-
sion molecules, i.e. α- and β-catenin in the case of N-cadherin,10 
ankyrin and ezrin in the case of IgCAMs such as L1.11-14 These 
purely mechanical connections can also be accompanied by signal-
ling events such as Rac-1 activation by N-cadherin liganding15 and 
phosphorylation of the L1 intracellular tail that regulates binding 
to ankyrin.11,12 When only few molecular bonds are formed, e.g. at 
low ligand density, coupling to the actin flow is not strong enough, 
resulting in “slippage.” In this process, transient bonds can be formed 
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Figure 1. Growth cone advance and actin flow. (A) Growth cone from a 2 
DIV rat hippocampal neuron plated on N-cadherin coated glass. This growth 
cone moved forward at a speed of about 1 μm/min (B) Raw fluorescence 
image of transfected actin-GFP. (C) Sequential actin-GFP images were sub-
tracted, giving rise to intensity variations that display the movement of newly 
assembled actin (black). Note the rapid retrograde movement of actin spots 
(arrowheads), at a velocity of several μm/min.
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and broken repeatedly between ligand-occupied 
adhesion receptors and the actin network. This is 
how the speed of growth cone translocation usually 
reaches at most 1 μm/min, whereas the internal 
actin flow rate proceeds at a rate of several μm/
min (Fig. 1A and B). Such slippage is best demon-
strated by the use of optical tweezers to impose low 
forces on ligand-coated microspheres presented to 
the growth cone dorsal surface (Fig. 3A). Beads 
tend to move rearward as they couple to the actin 
flow, and then suddenly snap back into the trap 
center, when receptor-cytoskeleton bonds break16 
(the force of optical tweezers is usually not enough 
to rupture ligand-receptor bonds, which remain 
intact at the cell surface). Thus, a step in which a 
nucleating cluster of adhesion receptors recruits a 
minimal number of intracellular partners allowing 
coupling to the actin flow, can be a rate-limiting 
factor in growth cone progression.

In contrast, when strong connection is formed 
and if the substrate is resistant enough, then the 
molecular clutch engages and the cell reacts. In 
growth cones from Aplysia bag cells, forces were 
imposed on microspheres coated with ApCAM 
(the homolog of vertebrate NCAM) using a 
microneedle to locally block the retrograde actin 
flow. This was systematically followed by a protru-
sion of the microtubule-rich central domain towards those stiff 
contacts and forward expansion of the actin-rich lamellipodium.9 
These phenomena were later shown to be controlled by a src protein 
kinase.17 In the case of rat hippocampal neurons, a dramatic accumu-
lation of actin at N-cadherin coated microspheres is observed when 
the latter are restrained from moving rearward by a microneedle.16 
This phenomenon is mediated by a connection between N-cadherin 
and α-catenin, likely triggering local actin polymerization. By 
careful analysis of the bead trajectories at varying ligand densities 
and computation of the latency for bead escape when the optical 
trap is applied continuously, one can extract a quantitative index of 
receptor-cytoskeleton coupling (Fig. 3B). Overall, a strong correla-
tion was observed between such coupling index and the velocity of 
growth cone migration on N-cadherin substrates, both by varying 
N-cadherin ligand density and by expressing mutated N-cadherin 
molecules, supporting the clutch concept.16 This mechanism is 
consistent with in vivo experiments showing that overexpression of 
the N-cadherin intracellular tail in retinal ganglion cells results in 
severely impaired axon outgrowth.18 As a negative example of the 
clutch model, beads coated with fibronectin (our unpublished data) 
or anti-α1 integrin antibodies3 couple weakly to the actin flow in 
growth cones while, in parallel, the migration of growth cones on 
fibronectin- or collagen-coated substrates is rather limited.6,19

Molecular mechanisms parallel to the “clutch” can also be 
involved in growth cone migration. For example, IgCAM adhe-
sions can not only couple to the rearward actin flow but also to 
static components of the cytoskeleton. Indeed, a 30% fraction of 
TAG-1 or anti-L1 coated beads can stay immobile on the growth 
cone surface.12,20 These contrasting behaviors are likely mediated by 
interactions between the IgCAM intracellular domain and different 

binding partners (ankyrin vs. ERM),13 and may be responsible for 
the pauses which alternate with phases of growth cone advance. Also, 
homophilic adhesions between molecules of cadherin-11 couple very 
weakly to the actin flow, but promote substantial growth cone migra-
tion when cadherin-11 is presented as a substrate. This effect seems 
to be mediated by an independent interaction with the FGF receptor, 
which triggers actin dynamic through a signaling cascade.21,22

As growth cones migrate, adhesion sites must be recycled at a 
rate that somehow matches the speed of migration. Adhesion turn-
over can be schematically decomposed in several sequential phases  
(Fig. 2B). (1) Initiation of a first single ligand/receptor bond 
powered by membrane diffusion23 and followed by trapping through 
a key/lock interaction; (2) Formation of small adhesion clusters 
through the recruitment of more ligand/receptor pairs, and possibly 
stabilized by cis-oligomerization (cadherins through the same inter-
face as the trans-dimer, IgCAMs through FnIII domains). These 
clusters might form very transiently and serve as sites of actin 
recruitment, as demonstrated for N-cadherin;16 (3) contact matura-
tion and possible reinforcement by connection to the cytoskeleton  
(as demonstrated for integrins in fibroblasts24); (4) Adhesion rupture, 
which can proceed through ligand/receptor dissociation triggered by 
cytoskeleton tension. Indeed, the intrinsic lifetime of ligand/receptor 
bonds such as cadherins, is sensitive to the mechanical force applied 
on them.25 Furthermore, the loosening of receptor/cytoskeketon 
connections can cause inside-out rupture of ligand/receptor bonds. 
This was demonstrated for fibronectin/integrin interactions by the 
fact that when fibronectin coated-beads reach the base of a fibroblast 
lamellipodium, they spontaneously detach from the cell surface.26 In 
the case of very sticky ligand/receptor interactions such as SynCAM 
homophilic adhesions,27 this process can actually be a limiting step 

Figure 2. Molecular components involved in growth cone migration. (A) Top view diagram 
showing filopodia which sense the environment, a flat lamellipodium which is the site of actin 
dynamics and the thicker central domain and axon which contain dynamic microtubules. The 
plus signs are sites of actin polymerization and the minus signs indicate actin depolymerization. 
(B) Side view showing the life cycle of ligand/receptor adhesions.
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the ectodomain, which otherwise perturbs 
the adhesive function. However, the use 
of an N-cadherin molecule with triple 
mutation in the juxta-membrane domain 
that abolishes binding to p120 catenin, 
involved in the export of N-cadherin to the 
cell surface, suggested that recycling events 
might also play a role.32

By measuring the fluorescence recovery 
after photobleaching (FRAP) of GFP-tagged 
receptors transiently trapped at ligand-
coated microspheres and analyzing the 
curves using a diffusion/reaction model, 
we were able to compute the equilibrium 
turnover rates of ligand/receptor pairs in 
controlled adhesive contacts involving 
many simultaneous bonds (Fig. 3C and 
D). We found that mature L1 homophilic 
adhesions recycle fast compared to other 
IgCAMs such as TAG-1/NrCAM adhe-
sions,20 likely owing to the specific 
internalization motif present in L1. Indeed, 
the recycling rate was reduced by a factor 
of 3 after truncation of the L1 intracel-
lular tail, which prevented endocytosis.31 
N-cadherin homophilic adhesions have 
an intermediate turnover rate, which is 
sensitive to the binding to catenin part-
ners.32 Using these measurements as well 
as data from the literature, we plotted 
the impact of both receptor-cytoskeleton 
coupling and adhesion turnover rate 
on neurite outgrowth (Fig. 4A and B), 
which is strongly proportional to growth 
cone velocity.16 The graphs show that a 
strong coupling between ligand-occupied  

receptors and the actin flow is necessary, but not sufficient for neurite 
extension (Fig. 4C). Another requirement is that the turnover of 
ligand/receptor adhesions lies in an optimal range: not too high, 
otherwise bonds detach before coupling can occur, and not too slow 
either, since sticky bonds which do not rupture paralyze growth 
cone progression (Fig. 4D). A similar bell-shape curve between the 
strength of cell-substrate adhesion and cell migration speed was 
demonstrated for fibroblasts33 and keratocytes,34 indicating that 
these coupled mechanisms are fundamental to cell migration. To 
fully understand the quantitative relationship between adhesion 
turnover and the clutch process, it would be helpful to add data 
to this preliminary graph. For example, the extracellular matrix 
molecule laminin is known to support axon growth very efficiently 
but, to our knowledge, neither the coupling to the actin flow in 
growth cones or the adhesive turnover rate of integrins has been 
evaluated yet. Conversely, NCAM was shown to couple well to the 
actin flow35 and induce neurite outgrowth,4,36 but measurements of 
the lifetime of NCAM homophilic adhesions within growth cones 
are still lacking.

One important question is how these observations obtained 
from simplified in vitro systems using stiff substrates of well-

that slows down growth cone advance. Indeed, SynCAM couples 
very well to the actin flow, but is unable to support growth cone 
migration.16 Finally, adhesion rupture might also proceed through 
membrane rupture, the adhesion receptors being extracted from the 
cell membrane and left behind on the substrate (demonstrated for 
integrins at the tail of fibroblasts28).

These basic processes can be accompanied by more complex and 
active phenomena, e.g. involving forward surface transport as shown 
for NCAM29 or internal trafficking in the case of L1.30 By inter-
acting with the clathrin adaptor AP-2 through a specific RSLE motif 
in its intracellular tail, L1 can undergo endocytosis in the central 
domain and exocytosis at the periphery of the growth cone.30 This 
mechanism generates a density gradient of L1 molecules which accel-
erates the formation of bonds with a variety of ligands, including L1 
itself. The use of an L1-GFP construct in which the N-terminal GFP 
could be rapidly cleaved off by thrombin, together with L1-Fc micro-
spheres manipulated by optical tweezers showed that local exocytosis 
of L1-rich vesicles at the growth cone periphery indeed participates 
in enhancing the formation of L1 homophilic contacts.31 We did not 
observe such internal traffic for N-cadherin within the growth cone, 
partly because of a difficulty to introduce a fluorescent protein tag in 

Figure 3. Optical tweezers and FRAP experiments to measure ligand/receptor and receptor/cytoskeleton 
dynamics. (A) Optical tweezers experiments performed on ligand-coated beads placed on the growth 
cone dorsal surface.16 (B) The distance traveled rearward with respect to the trap center is measured. 
A 2 min trajectory is indicated in red. A pooled parameter called coupling index taking into account 
the latency for bead escape, as well as the mean velocity and lateral diffusion of the bead, measures 
the strength of receptor/cytoskeleton interactions. (C) FRAP experiments on membrane GFP-tagged mol-
ecules accumulated at ligand-coated microspheres having sedimented on growth cones. The fluorescence 
intensity is normalized to represent the receptor enrichment level at the bead contact. (D) The recovered 
intensity is fit by a diffusion/reaction model, which yields a collective equilibrium turnover rate of ligand/
receptor bonds. In red is the average of a series of individual curves (grey).
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Figure 4. Impact of ligand/receptor turnover rate and receptor/cytoskeletal coupling on neurite out-
growth. (A and B) Example of 2 DIV rat hippocampal neurons plated on N-cadherin-Fc coated substrate 
and transfected at 1 DIV with N-cadherin-GFP. (A) DIC image. (B) Fluorescence image. The longest 
neurite, most likely the axon, is outlined by arrowheads. (C and D) In both graphs, the y-axis represents 
the longest neurite length after two days plating on ligand-coated glass. (Red) Rat hippocampal neurons 
transfected with either wild type or mutated N-cadherin molecules, interacting with purified N-cadherin 
ligands.16,32 The scale in red intensity represents from dark to light: wild type N-cadherin, N-cadherin 
deleted of the whole ectodomain, N-cadherin truncated in the C-terminal region binding to β-catenin, 
N-cadherin with triple mutation in the juxta-membrane domain interacting with p120, and wild type 
N-cadherin in the presence of cytochalasin D. (Blue) Neurons transfected with either wild type L1 
(dark) or L1 truncated in the intracellular tail (light), interacting with purified L1.31 Neurite growth on 
L1 was estimated from references.7,14,30 (Grey) Interaction between endogenous SynCAM1 molecules 
expressed on growth cones and SynCAM-Fc ligands coated on microspheres or flat glass.16 The turn-
over of SynCAM homophilic interactions was estimated from SynCAM-coated Quantum dots detaching 
from neurons transfected with SynCAM1.42 (Green) Neuroblastoma cells expressing NrCAM-GFP in 
contact with TAG-1 coated microspheres.20 DRG neurite growth on TAG-1 was taken from reference.43 
(Orange) The coupling index was taken from optical tweezers experiments using anti-β1 integrin coated 
beads interacting with DRG neurons,3 the turnover rate was inferred from FRAP experiments on fibro-
blast focal contacts44 and neurite growth on fibronectin was estimated from reference.19 We omitted 
statistics for clarity. The SEM are usually in the order of 5–15% of the mean, for sample sizes of typically 
20–30 beads (coupling index and turnover rate) and 40–100 transfected cells (neurite length).
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