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Cell adhesion molecules in the neural development and plasticity
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Abstract

Cell adhesion molecules (CAMs) are cell surface glycoproteins mediating cell-cell and cell-matrix
interactions which play a vital role in the embryonic development of the nervous system as well as in
the maintenance and nerve regeneration in adults. In the central nervous system (CNS) three main
CAMs, such as neural cell adhesion molecule (NCAM), L1 and N-cadherin have been characterized.
In addition to their adhesive properties, CAMs are involved in cell migration, growth of axons, nerve
pathways formation and synaptogenesis. The binding of CAMs can activate transmembrane-signal-
ling reactions and thereby contribute to the initiation of cellular response in regulation of synaptic
plasticity. CAMs play an important role in learning and memory. The role of CAMs in abnormal
development and malignancies provide a wide field of research for diagnostic and therapeutic appli-
cations. (Ref. 36.)
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Cell adhesion molecules constitute a group of plasma mem-
brane glycoproteins expressed on the surface of various cells
that mediate cell-cell and cell-matrix interactions. These mole-
cules play important morphoregulatory roles in the early stages
of embryonal development. In the CNS three main CAMs have
been characterized: neural cell adhesion molecule (NCAM), L1
and N-cadherin. All these molecules stimulate axonal growth
during embryonal development as well as in the peripheral nerve
regeneration. CAMs and other types of membrane proteins are
localized in the phospholipid layer of the cell membrane, con-
taining various cytoplasmic signaling molecules. In addition to
their adhesive properties CAMs regulate cell migration, neurite
outgrowth, fasciculation, synaptogenesis and intracellular sig-
nalization which are closely connected with activation of sec-
ondary messenger (Walsh et al, 1997). These different effects
can be regulated by changes in the level of expression of specif-
ic CAMs, changes in their molecular isofoms, post-translational
modification (glycosylation) and intracellular signaling. All these
forms of regulations can be influenced by neural impulse activ-
ity (Doherty et al, 2000).

Function of CAMs

Cell-cell interactions mediated by CAMs are dynamically
regulated during nervous system development. Their expression

can be influenced by growth factors, intracellular signaling sys-
tems, hormones and neurotransmitters (reviewed in Fields and
Itoh, 1996). Recent data show that CAMs support neurite out-
growth by increasing in calcium influx to the growth cone. Cal-
cium is an important secondary mediator in the axonal growth
cone region, which presents dynamic and specialized structure
mediating axonal growth and guidance (Walsh et al, 1997). In-
fluence of CAMs on axon pathfindings have been mainly stud-
ied in tissue culture where neuronal processes and growth cones
are easily visualized. Growth cone movement is controled by
the dynamic cytoskeletal changes including the transport of mem-
brane bound vesicles from the perikaryon or generated within
the growth cone by endocytosis. The ability of a CAM to acti-
vate cell signalling in some developmental stages may stimulate
a cell migration, growth of axons and synaptic plasticity, while
the same molecule in the other stage may serve to the stabiliza-
tion of cell adhesion (Doherty et al, 2000).
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NCAM was the first cell adhesion molecule structurally char-
acterized (Brackenbury et al, 1977) and extensively studied. The
cell surface glycoprotein is represented by several isoforms
(NCAM 120, 140 and 180 kDa) that differ in their protein back-
bone and mode of attachment to the plasma membrane. NCAM
belongs to the immunoglobulin superfamily which is involved in
Ca2+-independent cell-cell adhesion. One of the distinct structural
features is, that NCAM carries a large amount of negatively charged
sugar, polysialic acid (PSA) during embryonic and early postnatal
life that modulates the adhesive property of NCAM. An impor-
tant role of PSA-NCAM in the development of nervous system,
mainly in the processes such as cell migration, growth of axons,
fasciculation, nerve branching and synaptic arrangement have been
well documented (Rutishauser and Landmesser, 1996). In the adult
brain, the expression of PSA is limited, but it remains to be pre-
served in some regions (olfactory bulb, hippocampus, hypothala-
mo-hypophysial system), where structural and synaptic rearrange-
ment is continued during the life. PSA can be removed from NCAM
enzymatically by endoneuraminidase (endo-N). It has been docu-
mented, that NCAM with lower content of PSA is synthetized in
astrocytes which was shown in primary cultures of cortical astro-
cytes (Minana et al, 1998). The expression of NCAM with lower
content of PSA increases cell adhesion, and alternatively a higher
content of PSA leads to the inhibition of cell adhesion due to de-
creased membrane apposition. Disruption of cell interaction en-
ables a release and cell movement from the site of primary local-
ization (Fukuda, 1996). As NCAM is a primary carrier of PSA in
the developing embryo, mutant NCAM-deficient mice show PSA-
deficiency as well (Cremer et al, 1994).

A higher interest in the biological significance of PSA en-
couraged the studies on the behavior of axons during their growth
and innervation of the target tissues. It has been found that PSA
reduces axonal fasciculation and thereby allowes the response to
the variety of signals including those from their targets. In the
development, as motor axons reach their targets they separate from
the bundles and form intramuscular branches. When during this
period PSA was removed by endo-N, the defasciculation and re-
arrangement of axons were prevented (Rutishauser and Landmess-
er, 1996). Removal of PSA leads to a reduction in the nerve branch-
ing, and thereby to a reduction in the number of synapses (Tang et
al, 1994). PSA-NCAM is expressed on the surface of all growing
axons. Later, when they are myelinized, this process is stopped
which is related to the end of growth phase and the appearance of
electrical signals (Charles et al, 2000).

CAM L1 is a transmembrane glycoprotein belonging to the
immunoglobulin superfamily (200 kDa) of CAMs that is mainly
involved in axonal growth and guidance. For this reason L1 is
called a neuronal recognition molecule (Kenwrick et al, 2000) and
has been identified in many species. In mammals, L1 is expressed
predominantly on axons in CNS neurons as well as on Schwann
cells of the peripheral nervous system. The molecule plays an
important role also in the peripheral nerve regeneration. During
the development L1 is involved in nerve cells adhesion, their in-
teraction with Schwann cells, migration of neurons, axonal fas-
ciculation and pathways formation. When L1 adhesion molecule

is not expressed, or it is expressed in a mutant form, clear defects
in axonal pathways in man and rodents have been observed (Ka-
miguchi et al, 1998). To date it is supposed, that L1 is the only
CAM associated with a hereditary disease (Kenwrick et al, 2000).
Adhesion molecule L1 is a part of dynamic molecular complex,
which serves for the signal transduction into the cell and its cyto-
plasmic domain is linked to the cytoskeleton (Crossin and Krush-
el, 2000). Data obtained from in vitro studies showed that axon
growth is impaired in L1-deficient neurons which indicates that
the molecule acts as a growth cone receptor for signals inducing
axonal extension (Lemmon et al, 1989). L1 can stimulate neurite
outgrowth by activation of tyrosine kinase-linked receptors for
fibroblast growth factors (FGFR) in neurons (Williams et al, 1994).
Takei et al (1999) established that L1 functions in neurite exten-
sion, whereas NCAM plays a role only in growth cone protrusion.
The expression of L1 is downregulated on axons with the start of
myelinization.

N-cadherin is a CA2+-dependent cell adhesion molecule with
more potent effect on the axonal growth in the culture than L1
adhesion molecule (Bixby and Zhang, 1990). It has been docu-
mented that cadherins contribute to neural tube formation as well
as CNS regionalization associated with development of brain nu-
clei, cortical layers, neural circuits and synapses formation (Redies,
2000). Recent data indicate that N-cadherin might promote ax-
onal growth by direct interaction with FGFR in growth cone
(Doherty et al, 2000). There are more members of cadherin family
which are differentially expressed in the developing and mature
brain. N-cadherin was identified as an integral part of synaptic
complex and found to be a component of postsynaptic density. N-
cadherin is a dynamic adhesion regulator between pre- and postsyn-
aptic membrane and it may serve to the stabilization of synaptic
connection. In the peripheral nervous system, Schwann cells ex-
press N-cadherin at their contact sites with unmyelinated axons,
but no immunoreactivity is found on Schwann cell plasma mem-
brane abutting the basal lamina. Expression of N-cadherin is in-
creased during nerve regeneration (Shibuya et al, 1995)

CAMs and defects in their expression

Cell adhesion molecules are expressed in the early stages of
embryonal development. The presence of NCAM and N-cadherin
can be visualized during the neurulation, when neural tube is sep-
arated from the ectodermal surface (Hatta and Takeuchi, 1986).
Deficit in N-cadherin expression leads to an altered neural tube
closure, which is seen in cases of reduced expression of this mol-
ecule (Lagunowich et al, 1994). N-cadherin is ubiquitously ex-
pressed by the entire proliferative neuroepithelium. Blockage of
N-cadherin by antibody injection results in a disruption of the
neuroepithelium and formation of rosette-like structures which lead
to the disorganization of the gray matter (Ganzler-Odenthal and
Redies, 1998). Mutations in NCAM gene or cleavage of PSA dur-
ing the development cause a defect in cell migration to olfactory
bulb with subsequent reduction in its size. The dentate gyrus is
also reduced in size in NCAM-deficient mice (Cremer et al, 1994).
Alteration in the content and distribution of NCAM are also con-
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nected with a defect in formation of the synapses. It has been sug-
gested that PSA-NCAM has a potential role in learning and mem-
ory, as showed experiments in NCAM-deficient mice with im-
paired spatial learning. Similar deficits were observed in rats with
enzymatic removal of PSA (Ono et al, 1994). Mutation in the hu-
man L1 gene leads to a complex clinical picture with mental retar-
dation and other neurologic abnormalities, as well as variable de-
gree of hydrocephalus (Kenwrick et al, 2000). These mutations
are related to the cytoplasmic domain of L1, which contains bind-
ing region for the cytoskeletal protein ankyrin connecting various
membrane proteins with the submembranous actin skeleton (Ide,
1996). Mutation of L1 gene in mouse results in a hypoplasia of
corticospinal tract and vermis cerebelli that are associated with
impaired space orientation and cognitive function (Kamiguchi et
al, 1998).

CAMs and the synaptic plasticity.

Cell adhesion molecules are important constituents of syn-
apses, which participate in building and maintaining synaptic struc-
ture during CNS development. By controlling of axons fascicula-
tion, CAMs can regulate pathfinding and synaptogenesis with
appropriate targets. CAMs that are involved in cell migration, ax-
onal outgrowth and defasciculation during development, enable
formation of new synapses or facilitate synaptic remodeling also
in postnatal life. In adults synaptic plasticity is determined by def-
inite physiological and pathological conditions, such as learning
and memory and interruption of neuronal circuits, respectively.
There are some evidence indicating the involvement of CAMs in
synaptic plasticity and learning (Fields and Itoh, 1996). The first
is a correlation between brain areas undergoing continuous neuro-
genesis with expression of embryonal form CAMs. Second, chang-
es in CAMs expression or post-translational modification (glyco-
sylation) detected during synaptic plasticity and learning. Third,
blockade of long-term potentiation or learning results after expo-
sure to antibodies or synthetic peptides against specific CAMs.
Similarly, supressed NCAM expression in transgenic mice results
in impaired learning. CAMs are involved in the control of synap-
tic plasticity by interacting with intracellular signaling reactions.
Regulation of cytoskeletal dynamics by CAMs can participate in
synaptic reorganization. The cytoplasmic domain of N-cadherin
interacts with catenins which bind to the actin cytoskeleton, while
L1 and NCAM are associated directly with ankyrin (Ide, 1996).

CAMs and nerve regeneration

Adhesion molecules play an important role in the nerve re-
generation. After axotomy a decrease in NCAM and N-cadherin
immunoreactivity was found, however, parallel with restoration
of synaptic contacts and progressive reinnervation of the periph-
eral targets, there was an increase in mRNA for NCAM and N-
cadherin (Squitti et al, 1999). Schwann cells significantly contrib-
ute to the nerve regeneration due to increased synthesis of CAMs,
production of the basal membrane, that contains many extracellu-
lar proteins as well as by production of neurotrophic factors and

their receptors (Fu and Gordon, 1997). Schwann cells in regener-
ating peripheral nerves express NCAM and L1 at the site of their
contact as well as at the place of their contacts with axons (Marti-
ni, 1994). In adults on the regenerating peripheral nerve fibers no
detectable amounts of L1, but a high levels of PSA was found
(Bates et al, 1999). Recent studies show that CNS neurons also
have the capacity to regenerate which is triggered by replacement
of inhibitorial glial environment to peripheral nerve segment (Berry
et al, 1988). Schwann cells present the major component which
plays the role both in PNS and CNS regeneration by producing
various functional substances. In addition to CAMs, Schwann cells
utilize focal tight junctions to provide morphological stabilization
of the contact with the elongated axons, as well as small gap junc-
tions to facilitate traffic of substances between them (Dezawa and
Adachi-Usami, 2000). In adult rats after a lesion of the hippocam-
pal region, there was an increase in PSA-NCAM expression in the
dentate gyrus (Miller et al, 1994). It is supposed that reexpresion
of PSA in the denervated region may enable to the axon growth
after transplantation as well as the reconstruction of the synaptic
connections.

Age changes in the expression of CAMs

Ageing is accompanied by a decline in neurogenesis and a
decreased expression in PSA-NCAM which was shown by a re-
duced number of PSA-NCAM positive cells within the hippoc-
ampus (Montaron et al, 1999). To the decline of neurogenesis
contributes also elevated level of blood corticosterone. Suppres-
sion of corticosterone by adrenalectomy increased the neuro-
genesis and PSA-NCAM expression in the dentate gyrus of adult
rats. When corticosterone was administrated to adrenalectomized
rats, this effect was prevented. CAMs have been proposed to
mediate neuronal plasticity during learning and memory. Spatial
orientation impairment in aged rats seems to be associated with
the decrease in PSA-NCAM expression. CAMs can also con-
tribute to the development of age related pathology. It is sup-
posed that PSA-NCAM participates in the pathogenesis of neu-
rodegenerative (Alzheimer disease, multiple sclerosis) or psy-
chiatric disorders (Barbeau et al, 1995; Cotman et al, 1998). PSA-
NCAM is also expressed in certain tumors, such as small cell
lung carcinoma, neuroblastoma and rhabdomyosarcoma (re-
viewed in Nakayama et al, 1998). PSA is an oncodevelopmental
antigen expressed in tumors with a high metastatic potential, As
PSA attenuates NCAM mediated cell adhesion it has been sug-
gested that the presence of PSA in the tumor cells facilitate the
detachment and metastatic migration of the tumor cells from the
site of primary localization (Fukuda, 1996). Experiments using
mice model of metastatic tumors showed, that cleavage of PSA
on NCAM led to a decrease in number of metastases (Daniel et
al, 2001). It is supposed that using of monoclonal antibodies
against CAMs as well as synthetic peptidic or nonpeptidic ana-
logs of the recognition sequences on their receptors may inhibit
growth of tumors and provide a new strategy in their therapy
(Huang et al, 1997).
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