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Abstract. Axonal pathfinding is a complex process de-
pendent on cell-cell and cell-matrix interactions. L1 is a
cell adhesion molecule that is abundant in the nervous
system and that is concentrated on axons. As a culture
substrate, L1 is a potent promoter of neurite outgrowth
and elicits specific growth cone behavior. It interacts with
the actin cytoskeleton via an ankyrin linkage and pro-
motes specific distribution of F-actin within the growth
cone. In addition, L1 has been implicated in signal trans-
duction. For example, L1 is associated with kinases, L1-
L1 binding regulates second messenger systems, and mu-
tations in the L1 gene in humans result in abnormalities in
the development of the corticospinal tract and corpus cal-
losum. In this short review, recent advances in under-
standing the way in which L1 regulates growth cone be-
havior will be discussed.
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Introduction

During the development of the nervous system, hundreds
of millions of neurons must make appropriate connec-
tions with their respective target cells. Axons often tra-
verse long distances through complex territories to reach
their targets. A number of factors are known to be in-
volved in axonal pathfinding, including growth promot-
ing molecules, such as cell adhesion molecules (CAMs)
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and extracellular matrix molecules, physical channels,
and diffusible molecules, such as chemoattractants and
chemorepellants, which are thought to act in concert to
guide axons. Reviews of many of these topics are found
elsewhere in this issue. Our review will focus on L1, an
adhesion molecule of the immunoglobulin superfamily,
and its role in axonal outgrowth, growth cone motility,
and signal transduction.

L1-mediated adhesion

The L1 protein consists of six immunoglobulin domains,
five fibronectin type 3 domains, a single transmembrane
region, and an intracellular domain (Moos et al. 1988).
Currently, two alternatively spliced forms of L1 are
known. One form contains four amino acids, viz., RSLE
(Arg-Ser-Leu-Glu), in the cytoplasmic domain plus a
short stretch of extra amino acids near the N-terminus
of L1; it is primarily expressed in neurons. The form lack-
ing the RSLE domain and the N-terminal sequence is ex-
pressed in non-neuronal cells such as Schwann cells
(Miura et al. 1991; Takeda et al. 1996). L1 binds in a ho-
mophilic fashion, i.e., one L1 molecule on the surface of
one cell binds in a trans fashion with another L1 molecule
on the surface of a second cell (McClay and Ettensohn
1987; Lemmon et al. 1989). In addition to promoting
cell-cell adhesion, L1 is also a potent promoter of neurite
outgrowth when the purified protein is used as a culture
substrate or is expressed in cells (Lagenaur and Lemmon
1987; Williams et al. 1992). L1 homophilic binding oc-
curs via the second Ig domain, a region that is required
for neurite outgrowth from retinal cells (Zhao and Siu
1995). The homophilic adhesion function of L1 is rela-
tively independent of its cytoplasmic domain (Hortsch
et al. 1995; Wong et al. 1995a). L1 has also been shown
to bind heterophilically with a number of other proteins,
including TAG-1/axonin-1 (Kuhn et al. 1991), DM-
GRASP (DeBernardo and Chang 1996), F3/F11/contactin
(Brummendorf and Rathjen 1993), and the chondroitin
sulfate proteoglycans phosphacan and neurocan (Milev



et al. 1994), laminin (Grumet et al. 1993), and a subset of
integrins (asby, aybs; Ruppert et al. 1995; Montgomery et
al. 1996). Other than the promotion of cell-cell adhesion,
the function of many of these heterophilic associations is
still unclear, although interaction of TAG-1/axonin-1, F3/
F11, or DM-GRASP with L1 can result in neurite out-
growth (Kuhn et al. 1991; Morales et al. 1993;
DeBernardo and Chang 1996). Perhaps the most intrigu-
ing possibility is that cis rather than trans interactions be-
tween TAG-1/axonin-1 and L1 play a crucial role in reg-
ulating L1-mediated neurite growth (Buchstaller et al.
1996; Rader et al. 1996). These results illustrate the com-
plexity of protein interactions that occur with L1 and sug-
gest that L1 has different functions depending on the li-
gands to which it binds.

Promotion of neurite growth by L1

Purified adhesion molecules can be used in vitro to exam-
ine neurite growth (Lagenaur and Lemmon 1987). For ex-
ample, chick retinal ganglion cells (RGC) exhibit specific
growth characteristics dependent upon the growth sub-
strate (Lemmon et al. 1992; Payne et al. 1992). On L1,
neurites form a dense but defasciculated monolayer. In
contrast, neurites on laminin are highly fasciculated.
The fasciculation of axons on laminin is the result in part
of L1-L1 interactions between contacting axons, since it
can be reduced by adding antibodies against L1 to the

Fig. 1a—f. Time-lapse series of an RGC
growth cone initiating growth on lami-
nin and contacting L1 at a border re-
gion. Images of the growth cone are
shown at 0:00 (a), 7:30 (b), 9:30 (c),
16:30 (d), 21:30 (e), and 37:30 (e) min
after the first frame (a); time is denoted
as min:sec. The border is indicated by
the dashed line. The growth cone col-
lapses (c¢) within minutes of initial
contact with the L1 (b). Upon recovery
and the second contact with L1 (d), the
growth cone rapidly changes to the
large fan-shaped morphology normally
observed on L1, even though a large
portion of the growth cone remains on
the laminin. The growth cone crosses
rapidly onto L1 after the second contact
with the border (d—f). Bar: 10 pm (re-
printed from J Neurosci 15:4370-81,
1995, with permission)

culture medium (Stallcup and Beasley 1985; Drazba
and Lemmon 1990).

A highly motile, membranous extension called the
growth cone occurs at the distal tip of growing axons.
Growth cones are specialized sensory structures that are
thought to interact with localized cues in the environment
to produce the directed growth of axons toward their ap-
propriate targets (Bentley and Toroian-Raymond 1986;
O’Connor et al. 1990; Lin and Forscher 1993). Growth
cones of RGC on L1 predominantly take the form of
lamellipodia with short filopodia. In contrast, growth
cones on laminin are smaller, with a reduced lamellipodi-
al area and several long filopodial processes. When cul-
tured on purified protein substrates, RGC growth cones
are more than twice as adhesive to L1 than to laminin
but will grow equally well on either substrate when given
a choice (Lemmon et al. 1992). Examination of RGC
growth cones with time-lapse videomicroscopy has re-
vealed distinct behavioral patterns during growth on L1
or laminin substrates. For example, growth cones on lam-
inin tend to extend and retract several filopodial process-
es, and the lamellipodial veils are frequently reshaped
during forward movement. Growth cones on L1 maintain
a large lamellipodium with little alteration in size or
shape, although some ruffling is observed as they pro-
gress forward at approximately half the rate of growth
cones on laminin (Burden-Gulley et al. 1995); they ac-
tively respond to the new growth substrate encountered
at sharp borders between laminin and L1. As growth
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Fig. 2A, B. DRG growth cones have specific morphologies on L1-fc
chimera or laminin substrates. DRG neurons were dissociated and
plated on dishes coated with the L1-fc chimera (A) or laminin
(B). The cells were labeled with rabbit polyclonal antibody against
L1 and viewed by confocal microscopy. Note the large lamellipodi-

cones cross onto L1 from laminin, their morphology pro-
gressively changes from the small, predominantly filopo-
dial type characteristically induced by laminin to a much
larger fan-shaped type. This change in size occurs rapid-
ly. Growth cones undergo an approximate 50% increase
in size within the first minute of L1 contact (Burden-
Gulley et al. 1995). In a subset of cases, initial contact
with L1 from laminin resulted in transient growth cone
collapse (Fig. 1c), which could have been a result of
the reassembly of cytoskeletal elements stimulated by
L1 contact (see below). In the example shown, the growth
cone changed to the large fan-shaped morphology nor-
mally observed on L1, even though an extensive portion
of the growth cone remained on the laminin (Fig. 1d).
This result, in conjunction with the rapid rate of morpho-
logical change, suggests that L1 contact affects the intra-
cellular signaling mechanisms that influence growth cone
behavior.

The characteristic morphologies exhibited by growth
cones on L1 and laminin are not limited to RGC neurons.
When dorsal root ganglion (DRG) neurons are plated on
laminin or L1-fc chimera substrates, they exhibit many
characteristics similar to RGC neurons (Fig. 2; M.
Pendergast and V. Lemmon, unpublished observations).
DRG growth cones on laminin are dominated by long fi-
lopodial processes, with a small lamellipodial expanse. In
contrast, a large lamellipodium is the predominant feature
of DRG growth cones on LI-fc chimera, although they
also possess many filopodial processes. Despite similar
morphologies, some differences do exist between growth
cones from RGC and DRG neurons. RGC growth cones
are much more adhesive to L1 than to laminin, whereas
DRG growth cones are less adhesive to L1 (Zheng et
al. 1994). This could be a function of cell-specific signal
transduction mechanisms that are initiated by L1 and that
regulate the adhesiveness of L1 (see below; von Bohlen
und Halbach et al. 1992).

al expanse of the growth cone on L1-fc chimera and the numerous
filopodial processes (A). In contrast, the growth cone on laminin
possesses several long filopodial processes, but a much reduced la-
mellipodium (B). Single confocal optical section, 0.826 um thick-
ness. Bar: 10 um

L1 and the cytoskeleton

Growth cone motility and axonal growth require coordi-
nated interactions between cell surface molecules and in-
tracellular elements. Receptors on the cell surface interact
with ligands in the environment to mediate adhesion and
direct growth. Insertion of new membrane at the leading
edge of the growth cone is necessary for axonal exten-
sion, and a functional cytoskeleton is required to provide
a structural scaffold throughout the axon and growth
cone. Polymerization of globular actin into filaments al-
lows rapid extension of filopodia from the growth cone
and formation of transient lamellipodial veils (Smith
1988; Lewis and Bridgman 1992; Sheetz et al. 1992). Ex-
periments with cytochalasins to disrupt actin filaments
within growth cones have shown that the actin cytoskel-
eton is necessary for correct pathfinding in vivo (Bentley
and Toroian-Raymond 1986; Chien et al. 1993) and for
directed neurite outgrowth in vitro (Marsh and
Letourneau 1984; Forscher and Smith 1988; S. M.
Burden-Gulley, unpublished observations).

The L1 and cadherin families of adhesion molecules
have been shown to bind indirectly to actin (Takeichi
et al. 1992; Davis and Bennett 1994; reviewed in
Gumbiner 1993), and the binding of these adhesion mol-
ecules on the surface of cells may mediate changes in the
cytoskeletal scaffold, thereby resulting in stabilized ad-
hesion or forward growth (reviewed in Lin et al. 1994).
L1 has been shown to interact with the cytoplasmic pro-
tein ankyrin by means of a number of biochemical as-
says; ankyrin binds to the actin cytoskeleton by a spec-
trin bridge (Davis et al. 1993; Davis and Bennett
1994). Similar results have been acquired with the L1 ho-
molog from Drosophila, viz., neuroglian, whose binding
site for ankyrin is localized to the cytoplasmic domain
(Dubreuil et al. 1996). The ankyrin-binding site in mam-
malian L1 has been localized to the C-terminus of the cy-
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toplasmic domain (Davis and Bennett 1994), although
the juxtamembrane region has also recently been shown
to be involved in actin association (Dahlin-Huppe et al.
1997). Of interest, when neuroglian is expressed in Dro-
sophila S2 cells that endogenously express ankyrin, it
promotes the relocalization of ankyrin to the membrane
and its concentration at sites of cell-cell contact
(Dubreuil et al. 1996). L1 and ankyrin are also co-local-
ized in chick neuronal cells at sites of cell-cell contact,
providing further support for a functional interaction be-
tween L1 and ankyrin (Fig. 3; M. Pendergast and V.
Lemmon, unpublished observations). These results sug-
gest that adhesion of L1 on the surface of cells recruits
cytoplasmic proteins such as ankyrin to points of cell-
cell contact; this then stabilizes the adhesion through
linkage with the membrane cytoskeleton. The finding
that L1 involvement in outside-in signaling is conserved
between Drosophila and higher vertebrates illustrates its
importance (reviewed in Hortsch 1996).

When these results are extrapolated to the growing
axon, it seems feasible that an L1-ankyrin interaction
could be involved in stabilizing L.1-mediated axonal fas-
ciculation. In addition, this stabilization of adhesion may
play a role in the generation of the force at the front of
the growth cone necessary for forward movement
(Lamoureux et al. 1989; Lin et al. 1995). Retrograde
flow of F-actin occurs in advancing growth cones, with
the rate of flow being inversely correlated to the rate
of forward growth (reviewed in Lin and Forscher

Fig. 3A-D. Co-localization of L1 and
ankyrin at sites of cell-cell contact be-
tween DRG neurons. Chick DRG neurons
were labeled with the 8D9 monoclonal
antibody against L1 (A, B) and a rabbit
antibody (Calbiochem) against chick
erythrocyte ankyrin (C, D). The cells
were viewed by confocal microscopy.
Two contacting DRG cell bodies are
presented as a compressed composite of
25 optical sections to show the entire cell
body (A, C) and as a single 0.826-um-
thick section to demonstrate the site of
cell-cell contact (B, D). Both L1 and an-
kyrin are expressed along the surface of
the cell bodies and axons, with a higher
concentration and clear co-localization at
the site of cell-cell contact (B, D).

Bar: 10 pm

1995). When adhesion molecule receptors become acti-
vated by ligand binding, they are then thought to interact
with molecular “clutch” proteins that mediate a linkage
with the actin cytoskeleton (Lin et al. 1994; Schmidt et
al. 1995). Ankyrin may be the clutch protein that links
L1 to the cytoskeleton.

Certainly, growth cones on L1 display distinctive pat-
terns of F-actin when compared with growth cones on
other protein substrates (Fig. 4; Burden-Gulley and
Lemmon 1996). RGC growth cones on laminin contain
thick parallel actin filaments throughout the filopodia that
extend deep into the growth cone central region (Fig. 4B).
Other filaments of variable size fill both the peripheral
and the central regions of the growth cone, resulting in
a dense network of F-actin throughout the growth cone.
This pattern is in sharp contrast with that observed in
growth cones growing on L1 (Fig. 4A). In these growth
cones, F-actin bundles originating in filopodia extend into
the peripheral region but usually do not penetrate the cen-
tral region of the growth cone. These bundles are then ac-
companied by a dense meshwork of fine microfilaments
that fill the peripheral region but are not usually observed
in the growth cone central body. This pattern of F-actin
seems to occur under the direct influence of the growth
substrate, since F-actin distribution has been observed
to change in growth cones when they encounter a border
between two substrates, and the change in pattern is to
one appropriate for the new substrate encountered
(Burden-Gulley and Lemmon 1996).



L1 and second messenger systems

L1-induced neurite outgrowth is not only dependent on
L1-L1 adhesion, but also requires activation of second
messenger systems (reviewed in Doherty and Walsh
1996) The addition of purified CAMs or antibodies di-
rected against CAMs results in changes in intracellular
pH and in the levels of Ca?*, inositol diphosphate, and
inositol triphosphate (Schuch et al. 1989; von Bohlen
und Halbach et al. 1992) and can stimulate neurite
growth (Doherty et al. 1995). Doherty and colleagues
have provided evidence suggesting that a G-protein-de-
pendent activation of Ca®* channels is involved in neurite
outgrowth on N-cadherin, L1, or NCAM-expressing 3T3
cells, but not on laminin (Doherty et al. 1991; Saffell et
al. 1992; Williams et al. 1992). An erbstatin-sensitive ty-
rosine kinase, PLCg, DAG lipase and, consequently, ara-
chidonic acid also appear to be involved in the activation
of the calcium channels for neurite outgrowth (reviewed
in Doherty and Walsh 1996). The application of fibro-
blast growth factor (FGF) to cerebellar neurons also re-
sults in the activation of these intracellular messengers
and enhanced neurite outgrowth (Williams et al. 1994).
Of interest, a cell permeable PLCg inhibitor prevents neu-
rite outgrowth stimulated by FGF and L1, NCAM, or N-
cadherin (Doherty and Walsh 1996; Hall et al. 1996), sug-
gesting that these molecules activate a common signaling
pathway. A model has been proposed in which neurite
outgrowth stimulated by these adhesion molecules re-
quires a cis interaction with the FGF receptor (FGFR)
in the plane of the membrane (reviewed in Doherty and
Walsh 1996). Evidence to support this model includes
the following: a CAM homology domain of about 20 ami-
no acids is highly conserved between all FGFRs and
shares homology with sequences in L1, NCAM, and N-
cadherin (Williams et al. 1994). Neurons pretreated with
antibodies against the FGFR or expressing a dominant
negative form of the FGFR will not extend neurites fol-
lowing stimulation by the above CAMs, but integrin-
stimulated neurite outgrowth is unaffected (Williams et
al. 1994; Saffell et al. 1997). This model was originally
described for trans homophilic interactions between
CAMs, such as L1-L1 binding. However, it could also
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Fig. 4A, B. Distribution of F-actin in RGC
growth cones. Growth cones growing on L1
(A) or laminin (B) were fixed, permeabilized,
and incubated with rhodamine-phalloidin for
the visualization of F-actin. Note the F-actin
meshwork isolated in the peripheral portion
of the growth cone on L1 (A) in comparison
with the thick F-actin bundles throughout the
growth cone on laminin (B). Bar: 10 pm
(reprinted from Cell Motil Cytoskeleton
35:1-23, 1996, with permission)

be involved in neurite outgrowth stimulated by hetero-
philic interactions, although direct evidence for this is
lacking.

Other signaling pathways may be activated following
CAM binding. For example, L1 is a phosphoprotein that
associates with and is phosphorylated by the serine/thre-
onine kinases casein kinase II at serine!'®! (Wong et al.
1995c¢), and the S6 kinase, p90* at serine''>? (Wong et
al. 1996). Neurons loaded with peptides encompassing
serine!!'>? are prevented from extending neurites on L1
but not laminin substrates, suggesting that the p90’* in-
teraction with L1 is important for neurite outgrowth on
L1 (Wong et al. 1996). The position of this serine residue
is in close proximity to the juxtamembrane cytoplasmic
domain of L1, a domain thought to mediate the interac-
tion with the actin cytoskeleton (Dahlin-Huppe et al.
1997). Phosphorylation of this serine may therefore regu-
late an L1-actin interaction, although this has yet to be
shown. Tyrosine kinases have also been suggested to reg-
ulate L1 function. For example, cerebellar neurons from
src” mice display impaired neurite outgrowth on L1 but
not on laminin, suggesting a partial role for pp60°* in
L1-mediated axonal growth (Ignelzi et al. 1994). Addi-
tionally, L1 has recently been shown to be phosphorylat-
ed on tyrosine (Heiland et al. 1996). L1-mediated adhe-
sion and neurite outgrowth may be regulated by its inter-
action with the proteoglycan phosphacan/RPTP /B, a re-
ceptor type protein tyrosine phosphatase (Milev et al.
1994). The stimulation of protein phosphatase activity
in growth cone membranes by an L1-dependent mecha-
nism lends further support for a L.1-phosphatase function-
al interaction (Klinz et al. 1995). An L1-phosphatase in-
teraction is not surprising, since it provides a means for
regulating L.1-associated kinase activities; L1 is probably
a substrate for several different phosphatases.

A likely candidate for mediating the L1-induced actin
distribution and lamellipodial morphology in growth
cones is rac, a member of the Ras superfamily. Rac is a
small GTPase that has been shown to promote the forma-
tion of lamellipodial veils and membrane ruffling in
Swiss 3T3 cells upon activation by growth factors (Ridley
et al. 1992; Mackay et al. 1995). F-actin distribution in
the veils of rac-activated 3T3 cells is remarkably similar
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to that of growth cones on LI1. It is concentrated in a
meshwork of fine bundles near the periphery of the veils
and throughout filopodial processes (Ridley et al. 1992).
Rac is an essential element in the epidermal growth factor
(EGF)-induced production of arachidonic acid and calci-
um influx that is required for cytoskeletal rearrangements
in 3T3 cells (Peppelenbosch et al. 1995, 1996). The bind-
ing of EGF to its receptor is thought to activate rac
through phosphatidyl inositol-3 kinase (Nobes et al.
1995), with the subsequent production of phosphatidyl
inositol diphosphate, which is required for increased actin
polymerization (reviewed in Ridley 1996). In addition,
rac has been shown to activate pp70® kinase (Ridley
1996). The parallels between the signaling pathways acti-
vated by rac and those activated by L1-binding for neurite
outgrowth are striking. It has yet to be shown whether a
similar rac signaling pathway is activated by growth fac-
tor binding to the FGFR, although evidence for a direct
role of rac in axonal pathfinding has been obtained from
rac gene mutants in Drosophilia (Luo et al. 1994). It will
be interesting to explore whether L1-induced effects on
growth cone behavior involve rac activation.

L1 and human brain development

Support for the idea that the L1 cytoplasmic domain is es-
sential for regulating axon growth comes from an analysis
of humans with mutations in the LICAM gene. In 1992,
Kenwrick and associates reported that L.1 mutations cause
severe abnormalities of brain development (Rosenthal et
al. 1992), including agenesis of the corpus callosum, cor-
ticospinal tract (CST) hypoplasia, hydrocephalus, and
spasticity of the lower limbs (Wong et al. 1995b). The syn-
dromes associated with LICAM mutations include X-
linked hydrocephalus, MASA syndrome, X-linked spastic
paraplegia, and X-linked agenesis of the corpus callosum.
These syndromes have been combined under the acronym
CRASH syndrome for corpus callosum hypoplasia, retar-
dation, adducted thumbs, spastic paraplegia, and hydro-
cephalus (Fransen et al. 1995). At present, 80 families with
75 different mutations have been identified and are de-
scribed on the L1 home page (http://hgins.uia.ac.be/dna-
lab/11/) maintained by P. Willems and associates. An anal-
ysis of individuals who have L1 mutations and whose clin-
ical signs have been published reveals a striking correla-
tion between the type of mutation and the severity of the
disease (Yamasaki et al. 1997). Mutations that result in a
truncation of the protein in the extracellular domain pro-
duce a severe phenotype with high risk of death before
12 months of age, very low intelligent quotients, and a
high incidence of severe hydrocephalus. These phenotypes
are probably a result of the loss of L1-mediated adhesion
that, in turn, disrupts neuronal migration. In contrast, mu-
tations that only affect the cytoplasmic domain give a phe-
notype with excellent survival beyond 12 months, mild
hydrocephalus, and mild rather than severe retardation.
However, mutations of the cytoplasmic domain cause
spastic paraplegia, indicating hypoplasia of the CST. This
shows that structural alterations of the L.1 cytoplasmic do-
main alter axon growth or guidance and result in abnormal

development of the CST. Since truncation of the L1 cyto-
plasmic domain does not lead to a loss of L1 adhesiveness
(Wong et al. 1995a), the failure of correct CST develop-
ment is probably caused by L1 signal defects or loss of
L1 interactions with the cytoskeleton.

Conclusions

L1 is an essential adhesion molecule for the normal de-
velopment of the human central nervous system. It has
an extremely complex biology, having multiple extracel-
lular ligands and a variety of intracellular associations
with kinases and the cytoskeleton. Revealing the way in
which these various interactions coordinate growth cone
behavior and axon growth remains an exciting challenge.
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