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1 Introduction

Neural networks are built as a result of regulated
cellular interactions. During nervous system devel-
opment, cells need to adhere to themselves and to
their environment and at the same time move to
their correct position, extend axons, fasciculate,
form and remodel synaptic networks. Adhesion
molecules are key players in all of the above
processes, and thus are critical for the proper func-
tion of the mature nervous system.There are many
families of adhesion proteins such as the cad-
herins, integrins, neurexins and neuroligins, and

the immunoglobulin superfamily of cell adhesion
molecules (IgCAMs). This review focuses on the
functions of three subfamilies of the IgCAMs, no-
tably the NCAM, L1 and contactin subfamilies and
their link to pathological conditions.

Structurally, the IgCAMs share modules of N-
terminal Ig-like repeats similar to the Ig constant
domains, followed by fibronectin type III domains
located closer to the plasma membrane (Fig. 1).
They span the membrane once and have cytoplas-
mic regions or are glycosylphosphatidylinositol
(GPI) linked. They arose before the beginning of
the adaptive immune system and thus, they are one
of the most ancient protein motifs. Few structural
studies have been conducted but two (on ax-
onin/TAG-1 and L1) that have been published
point to a bent conformation allowing individual
domains to interact with each other [1, 2]. IgSF pro-
teins are known to interact with themselves (ho-
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mophilic binding) and with other partners (het-
erophilic partners) either belonging to the same
superfamily or not [3, 4].

The roles of IgCAMs have been investigated
mainly during development and more recently in
the context of the adult nervous system. Their ver-
satility of regulation/expression and multiplicity of
interactions adds complexity and goes beyond the
already known functions in adhesion and neurito-
genesis. In this review we attempt to detail the phe-
notypes of mice deficient in NCAM, L1/L1-like and
contactins and to provide a correlation between
these and human neuronal pathologies.

2 The NCAM subfamily

2.1 NCAM

NCAM (neural cell adhesion molecule) was the
first CAM identified in the nervous system, where
it was shown to mediate adhesion of cells in the
retina [5]. It is a surface glycoprotein widely ex-
pressed from the onset of neural tube closure until
adulthood, on both neurons and glia. It has been
implicated in a variety of processes in the brain, in-
cluding cell growth and migration. The human

NCAM is mapped to 1q32.1 region. Alternative
splicing of the NCAM transcript results in three
major isoforms of the protein, termed NCAM180,
NCAM140 and NCAM120, based on their molecular
weights. All three isoforms share identical extra-
cellular structures, consisting of five Ig-like do-
mains and two fibronectin type III repeats (FNIII).
However, NCAM180 and 140 isoforms also contain
a transmembrane domain, whereas NCAM120 is
anchored to the cell membrane via a GPI linkage.
The three isoforms have distinct expression pat-
terns and functions in the nervous system.
NCAM180 is predominantly expressed on mature
neurons and is particularly enriched at sites of cell
contact, NCAM140 is localized on developing neu-
rons, mediating growth cone guidance and neurite
outgrowth responses. It is also found on glia.
NCAM120 is exclusively expressed by glial cells
(reviewed in [6]).

NCAM protein carries chains of α-2, 8-linked
sialic acid, called PSA (polysialic acid). This rare
carbohydrate has not been found on any other
recognition molecule and it modifies the function-
al properties of NCAM, rendering this protein
unique among the rest of the Ig superfamily mem-
bers [7]. Polysialylation of NCAM is strictly regu-
lated during development, underlying the impor-

Figure 1. Structure of the neuronal 
IgCAM subfamilies reviewed. All sub-
families share common structural char-
acteristics, the Ig-like and the FNIII-like
domains. Neuronal IgCAMs can be
transmembrane, GPI-linked or secret-
ed. Gene homologies among mice, 
flies (D. melanogaster) and nematodes 
(C. elegans) are also summarized.
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tance of this moiety for the regulation of many bio-
logical functions of NCAM. In particular, PSA-
NCAM is found on growing axons and migrating
cells during development. Removal of the PSA in-
creases the adhesive properties of NCAM, and re-
duces the ability of the protein to stimulate axonal
growth, and to enhance migration and axonal
pathfinding of neurons (reviewed in [8]). Postna-
tally, expression of the polysialylated form of
NCAM is severely down-regulated. In the adult
brain PSA-NCAM is only found in areas where
neurogenesis occurs, like on neural stem cells of
the dentate gyrus and on newborn olfactory neu-
rons of the rostral migratory stream [9], or in areas
of the brain that retain synaptic plasticity, like the
piriform and entorhinal cortices, the hypothalamus
and the thalamus [10].

2.2 NCAM in disease

Generation of NCAM-null mice initially revealed
that NCAM is not essential for survival and the
most evident defect of these animals is the de-
creased body weight and reduced size of the olfac-
tory bulb, due to the perturbation of neuronal mi-
gration towards the bulb region [11, 12]. These an-
imals also show decreased spatial learning [11], in
agreement with later studies revealing that these
mice have a reduced number of mossy fibers pro-
jecting to the hippocampus [13]. Subsequent stud-
ies on several NCAM deficiencies in mice have un-
covered behavioral deficits of mutant animals like
increased inter-male aggression and anxiety, de-
creased contextual and cued fear conditioning, de-
creased pre-pulse inhibition and abnormal circadi-
an cycle. Additional defects include hyperlocomo-
tion and stereotypy as well as depression upon
conditional inactivation of NCAM function [14].

How exactly the mouse phenotypes of NCAM
loss-of function or dysfunction are reflected in hu-
man disease is not yet fully understood, although
studies in mouse models have shed light on our un-
derstanding of the potential roles of NCAM in sev-
eral human brain disorders. In particular, NCAM
has been linked so far to disorders such as schizo-
phrenia, bipolar disorder [15], depression and
Alzheimer’s disease (AD) [16, 17].

2.2.1 NCAM in schizophrenia and bipolar disorder
All three isoforms of NCAM are secreted in the
cerebrospinal fluid (CSF) and the predominant iso-
form of NCAM in human CSF is NCAM120 [15].Ad-
ditionally, soluble forms of NCAM with a molecular
mass of 110 kDa have been detected in blood serum
[17]. Patients with schizophrenia show increased
levels of NCAM isoforms in CFS [18, 19] and blood

serum [20]. Postmortem brain studies on such pa-
tients have revealed decreased PSA-NCAM ex-
pression in the dentate gyrus of the hippocampus,
highlighting reduced neurogenesis [21, 22]. In-
creased expression of the NCAM120 isoform was
also observed in the prefrontal cortex, hippocam-
pus and cingulated area [23]. It is worth mention-
ing that in monozygotic twins, one of whom was
schizophrenic, NCAM was detected in increased
levels in the CSF, whereas it was not altered in the
healthy twin [24].This observation implies that the
pathology of the disease cannot be explained by an
abnormality in the NCAM gene itself. In agree-
ment, comprehensive genetic studies did not un-
cover any structural alterations in the NCAM gene
in schizophrenia [25].

However, NCAM is considered to be the fourth
locus among the loci that are most susceptible in
schizophrenia [26]. So, what is the role of NCAM in
the particular disorder? Schizophrenic patients
show abnormally enlarged ventricles [27] and this
enlargement over time correlates with altering
concentrations of NCAM in the CSF [28]. Several
studies have shown that increases in the soluble
forms of NCAM found in CSF of schizophrenic pa-
tients correspond to cleaved fragments of the pro-
tein, resulting from the activity of particular metal-
loproteases, ADAM10 and ADAM17/TACE (re-
viewed in [29]). Genes encoding for these enzymes
also reside in schizophrenia susceptible loci in the
genome [26] and their involvement in the disorder
increases the complexity of the system even more.
Such observations strongly suggest that NCAM al-
terations in CSF simply reflect the cellular degen-
eration process of schizophrenia, rather than ex-
plaining its neuropathology.

Bipolar disorder and schizophrenia, share some
common neuroanatomical characteristics such as
ventricular enlargement, decreased temporal lobe
volume and disrupted synaptic plasticity, and some
common susceptibility genes in humans [30].
NCAM has been postulated as such a gene and par-
ticular small nuclear polymorphisms (SNPs) from
different NCAM regions were associated with bipo-
lar disorders in distinct subpopulations [31, 32].
The soluble form of NCAM120 is elevated in the
hippocampus, prefrontal cortex and CSF of indi-
viduals with bipolar disorder, and several soluble
forms of varying molecular mass have been found
to be increased in the hippocampus, similarly to the
CSF from schizophrenic patients where soluble
forms of NCAM are detected. However, soluble
forms found in bipolar disorder patients are 
different from those in schizophrenic CSF, in that
they do not seem to be cleaved from the NCAM 
protein by metalloproteases. Moreover, the elevat-
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ed NCAM120 is probably derived from release of
GPI-linked NCAM120 from the plasma membrane
[15]. The increase of soluble NCAM forms could
imply that its subcellular or synaptic functions are
abolished, thus contributing to the pathology of the
disorder.

2.2.2 NCAM in depression and anxiety disorders
NCAM has been implicated in depression and anx-
iety disorders, primarily through mouse models ex-
hibiting symptoms that resemble the human situa-
tions. Anxiety disorders, which often precede de-
pression, include several situations such as separa-
tion anxiety, social phobia, obsessive-compulsive
disorder, panic disorder, post-traumatic stress dis-
order, etc. Anxiety disorders highly overlap with
each other and with depression, stressing out the
common mechanisms underlying their pathology
[33]. Being brain areas of high synaptic plasticity,
the prefrontal cortex and the hippocampus are
characterized by increased levels of NCAM expres-
sion, where the molecule serves a role in seroton-
ergic and neurotrophic functions. Mouse models of
chronic stress, used to study depression and anxi-
ety conditions, exhibit reduced levels of the
NCAM140 isoform and increased PSA-NCAM ex-
pression in the hippocampus and prefrontal cortex
[34]. However, it has been postulated that brain-de-
rived neurotrophic factor (BDNF) is reduced in de-
pressive conditions, increasing the pathology of the
disorder. Thus, the elevated expression of PSA-
NCAM could reflect the system’s compensatory
mechanism to overcome BDNF reduction in the
hippocampus and prefrontal cortex in depression
(reviewed in [29]).

Interestingly, studies on anxiety disorders have
shown that mice deficient for NCAM function dis-
play increased anxiety in light/dark avoidance test-
ing. Moreover, animals that overexpress the soluble
forms of NCAM display decreased excitatory and
inhibitory synapses in the prefrontal cortex and
amygdala, as a result of decreased growth/branch-
ing of the axonal and dendritic arbors, suggesting
impaired function of both prefrontal cortex and
amygdala due to decreased NCAM interactions
[29]. These animals are significantly impaired in
contextual and cued fear conditioning, and show
increased locomotor activity in open field, resem-
bling the human symptoms of anxiety and provid-
ing a way to study the human disorder on its mo-
lecular basis.

2.2.3 NCAM in Alzheimer’s disease
The pathology of AD reflects on the formation of
plaques and tangles in the brain, composed of amy-
loid‚ and tau proteins, respectively.The dysregulat-

ed production of amyloid‚ and Tau associated with
AD also affects NCAM expression and function. In
particular, amyloid‚ has been shown to directly 
affect NCAM function via reduction of HNK-1, a
glycosylation moiety on NCAM that has been im-
plicated in synaptic transmission ([35], reviewed in
[29]). Detailed analysis of individual cortical re-
gions of brains with AD revealed a significant de-
crease in the number of NCAM-expressing neu-
rons in the frontal cortex, but not in the hippocam-
pus or other areas of NCAM expression [36].While
there are conflicting reports on NCAM expression
in AD plaques, suggesting a variability of NCAM al-
terations among individuals with AD, soluble forms
of NCAM protein are known to be increased in the
CSF of AD patients [17, 37].

Medical treatments used for the disease to date
target several molecular pathways. Interestingly,
treatment with cholinesterase inhibitors increases
PSA-NCAM expression in the hippocampus [38].
Several studies have shown that NCAM cleavage to
generate NCAM soluble forms, which are increased
in the CSF of AD patients, inhibits the protein’s
functions on growth and branching of axons and
dendrites. There is evidence, however, that surviv-
ing neurons in AD reorganize their axons and den-
drites, in an attempt to compensate for the loss of
neighboring neurons and synapses [39].Therefore,
the increased levels of PSA-NCAM upon treatment
might underlie the attempt of surviving neurons to
reform lost connections in the brain, balancing the
increased levels of soluble NCAM that inhibit
growth and synaptogenesis.

Interestingly, peptide derivatives of NCAM are
being used in clinical trials as a potential treatment
for AD, since NCAM may also serve a neuroprotec-
tive role. It has been shown that NCAM can activate
a signaling cascade via FGFR activation, leading to
the phosphorylation of the Tau kinase, GSK3, in-
hibiting its ability to phosphorylate Tau [40]. The
fact that hyperphosphorylation of Tau might be re-
quired for the neurotoxic effects in AD exposes the
importance of this particular function of NCAM
(reviewed in [41]).

3 The L1 IgCAMs subfamily

The L1 family of neuronal adhesion IgCAMs com-
prises of mouse L1, CHL1 (close homolog of L1, also
known as CALL), NrCAM and neurofascins, and
their homologs in other species. The proteins con-
sist of six Ig-like domains and four to five FNIII re-
peats, followed by a cytoplasmic domain that links
them to ankyrin and the cytoskeleton (Fig. 1).They
are primarily (some of them exclusively) expressed

Biotechnol. J. 2008, 3, 1564–1580 www.biotechnology-journal.com
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in the developing and adult nervous system. Work
based on interference with protein function in cul-
tured neurons and brain slices, as well as on analy-
sis of knockout mice, showed that L1-CAMs play
important roles in axon outgrowth and fascicula-
tion, dendrite guidance, neuronal migration and
survival, synaptic plasticity, and regeneration (re-
viewed in [6, 42]). We limit ourselves here to the
most recent loss-of-function studies in animal
models, and summarize the literature that relates
the disruption in L1 family genes to human
pathologies.

3.1 L1

Recent studies investigated the relationship of L1
with two axon guidance systems.A knock-in mouse
harboring a novel L1 point mutant, where interac-
tion between L1 and ankyrin is disrupted, shows
for the first time a role of L1 in topographic map-
ping of retinal axons. In this context, L1 appears to
interact with the ephrinB/EphB targeting system
[43]. L1 functionally and physically interacts with
the receptors of the repellent Semaphorin3A, Neu-
ropilin 1 and PlexinA1. Castellani and colleagues
[44] showed that FAK-MAPK-dependent signaling
downstream of L1 is required for the disassembly
of adherent points in growth cones and thus for
their collapse in response to Sema3A.

The Drosophila homologue of L1, Neuroglian
(Nrg), is important for axon guidance and fascicu-
lation [45–47]. Its non-neuronal isoform, also ex-
pressed in epithelial and glial cells, is important for
the formation of septate junctions, which are func-
tionally, structurally and molecularly related to
mammalian paranodal junctions [48]. The analysis
of a novel mutant of neuronal Nrg revealed synap-
tic defects in identified neuromuscular junctions,
with a dramatic microtubule reduction, likely to
cause the disruption of active zones [49]. Behav-
ioral defects in L1 mutant mice and human patients
(see below) could similarly derive from a disrup-
tion in synapse formation rather than in axon
pathfinding. This seems supported by recent stud-
ies on the pre- and post-synaptic role of L1 at the
mouse central nervous system (CNS) and neuro-
muscular junctions [50].

In the nematode Caenorhabditis elegans, two
L1-related IgCAMs exist: LAD-1/SAX-7 and LAD-
2. SAX-7 is required for correct neuronal and ax-
onal positions, via interaction with ankyrin, while
Lad-2 controls axon pathfinding, via interaction
with the Sema/Plexin system [51–53]. SAX-7 is also
expressed outside the nervous system where it
maintains tissue attachment [54, 55].The worm of-
fers a great opportunity for thorough and fast ge-

netic analysis of L1 interaction partners, both at the
level of cytoskeletal elements and signaling path-
way.

3.1.1 L1 in disease
3.1.1.1 L1 in the CRASH syndrome
The human homologue of L1 localizes to the telom-
ere of the long arm of the X chromosome in Xq28,
where several X-linked mental retardation syn-
dromes have been mapped. Since the first report of
mutations in L1 in patients with X-linked hydro-
cephalus [56], L1 has been clearly related to the so-
called CRASH syndrome, a broad-spectrum X-
linked neurological syndrome.The acronym stands
for corpus callosum hypoplasia, retardation, ad-
ducted thumbs, spastic paraplegia and hydro-
cephalus [57, 58], and it replaces older nomencla-
tures for L1-associated disorders such as X-linked
hydrocephalus/HSAS (hydrocephalus as a result of
stenosis of the aqueduct of Sylvius), MASA (men-
tal retardation, aphasia, shuffling gait, and adduct-
ed thumbs) syndrome, X-linked complicated spas-
tic paraplegia type I (SPG1) and X-linked agenesis
of the corpus callosum (ACC).

Comparison of the defects in CRASH patients to
those observed in knock-out L1 mice [59–61]
showed similar defects in the development of the
corticospinal tract and cerebellar structures, hy-
drocephalus, and impaired learning [62, 63].

3.1.1.2 L1 in Hirschsprung’s disease and the CIIP
syndrome

A few patients carrying novel mutations in L1 show
X-linked hydrocephalus and Hirschsprung’s dis-
ease, caused by absence of neural crest-derived
ganglion cells in the distal gut, which in turn im-
pairs the neural control of intestinal peristalsis and
causes chronic constipation [64–66]. Some, but not
all, cases of Hirschsprung’s disease correlate with
mutations in the RET receptor, implicated in the
migration of ganglion cell precursors [67–69].
L1-mediated cell adhesion could be important for
the ability of ganglion cell precursors to populate
the gut, possibly by modifying the effects of a
Hirschsprung’s disease-associated gene.

L1 is expressed by migrating ganglion cell pre-
cursors in the mouse. Interfering with L1 activity
delays neural crest migration in vitro and increas-
es the number of neural crest cells excluded from
the intestinal ganglion network. L1 knockout mice
show a reduction in neural crest cell migration ear-
ly in development, but the gastrointestinal tract is
completely colonized [70]. This supports the hy-
pothesis that the migration of neural crest cells
through the developing gut relies on L1 and that
mutations in L1 may contribute to the appearance
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of Hirschsprung’s disease. Mutations of L1 may
cause congenital idiopathic intestinal pseudo-ob-
struction (CIIP), another type of intestinal pseudo-
obstruction distension with defects in differentiat-
ed Cajal cells in the anterior part of the gut [71]. L1
may thus play a role in the developmental regula-
tion of multiple systems.

3.1.1.3 L1 in the fetal alcohol syndrome
Mental retardation, hydrocephalus, and agenesis of
the corpus callosum are observed not only in chil-
dren with L1 mutations, but also in those affected
by fetal alcohol syndrome (FAS). Ethanol inhibits
L1-mediated adhesion, but not NCAM140-mediat-
ed adhesion, in cultured fibroblasts. Ethanol also
inhibits the adhesion of cerebellar granule cells to
a monolayer of L1-transfected fibroblasts, but
again not to NCAM140-transfected fibroblasts or
control cells [72]. On the other hand, ethanol does
not alter axon polarization, L1-dependent axon
outgrowth or branching, or L1 recycling in axonal
growth cones. Ethanol interference with L1 func-
tion appears therefore to be dependent on the neu-
ronal context [73].

Given the role of L1 in axonal outgrowth and
fasciculation during nervous system development,
could L1 reiterate its developmental role in adults
following injury, and could one exploit L1 for repair
therapy? The role of L1 during repair of spinal cord
injuries is still controversial [74–76]. Nevertheless,
mice with excitotoxic lesion of the striatum show a
behavioral amelioration, after transplantation of
L1-transfected embryonic stem cells [77]. More-
over, again in mice, adeno-associated virus-medi-
ated expression of L1 in the glia and neurons of
damaged spinal cord promoted functional recovery
of the corticospinal tract, possibly by modifying the
local environment and inhibiting astrocyte activity
at the site of injury [78].

L1 is also expressed outside the nervous system.
Its implication in tumorigenesis, which goes be-
yond the scope of this review, is discussed in [79].

3.2 CHL1

CHL1, or close homolog of L1, is the most recently
identified member of the L1-CAM family. Earlier
work on the description of CHL1 functions in the
nervous system (primarily in axon guidance in the
hippocampus and olfactory system, migration and
dendritic guidance of cortical neurons, and behav-
ior) is reviewed in [6]. More recent work has high-
lighted an interaction of CHL1 with the Sema-
phorin/Neuropilin signaling system [80, 81]. In
particular, CHL1 and Neuropilin1 appear to play a
role in the guidance of thalamocortical axons in the

ventral telencephalon [81]. CHL1, in concert with
NB-3 (a GPI-linked IgCAM; see next section),
guides apical dendrite orientation in the cortex.
The protein tyrosine phosphatase PTP alpha acts
downstream of CHL1/NB3 in this process [82]. Fi-
nally, CHL1 seems to dictate the synaptic targeting
of stellate interneurons onto dendrites of Purkinje
cells in the cerebellum: CHL1 is expressed by both
stellate cells and the scaffolding glia onto which
stellate cells grow towards the dendrites of Purkin-
je cells [83]. This last function is somewhat remi-
niscent of that of another L1-CAM, Neurofascin,
which guides synaptic formation of another type of
interneuron to a different membrane domain of
Purkinje cells (see below).

3.2.1 CHL1 in disease
Human CHL1 maps to chromosome 3p26, a region
identified as a potential site of susceptibility genes
for schizophrenia [84].Arinami and colleagues [85]
reported an association between a missense poly-
morphism in CHL1 and schizophrenia.

3.2.1.1 CHL1 in the 3p syndrome
Deletion of a terminal segment of the short arm of
one chromosome 3 (3p25→pter) results in the 3p
syndrome, characterized by multiple congenital
anomalies and mental retardation. CHL1 is one of
the several deleted genes. Given the known role of
its mouse homolog in brain development and func-
tion, and given its dosage sensitivity [86, 87], CHL1
has been proposed as one of the genes most likely
responsible for the mental retardation of the 3p
syndrome [88, 89].

3.3 NrCAM

NrCAM is expressed on growing axons. Consistent-
ly, NrCAM-deficient mice show defects in axon
guidance, including that of commissural axons in
the spinal cord and of retinal axons in the visual
system. Mutant mice also display defects in the de-
velopment of the hippocampus, cerebellum and
other brain regions, at the level of survival, neurite
growth and neural circuit formation (reviewed in
[6]). In these contexts, its functions partially over-
lap with those of L1 and CHL1 [87, 90]. NrCAM (but
not the L1-CAMs) interacts with synaptic proteins
SAP90/PSD95 and SAP97, and localizes to the
synapse in photoreceptor terminals of the mam-
malian retina [91]; a synaptic function for NrCAM
is reminiscent of that of the L1-CAM homologue
Nrg in flies (see above).

In myelinated fibers (both in the CNS and the
peripheral nervous system, PNS), the axonal mem-
brane is organized in specialized domains, each

Biotechnol. J. 2008, 3, 1564–1580 www.biotechnology-journal.com
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primarily characterized by the type of ion channels
present and the type of relationship of the axolem-
ma with the myelinating glial cells (oligodendro-
cytes in the CNS and Schwann cells in the PNS).
Such axonal organization is crucial for the fast
saltatory conduction of action potentials (reviewed
in [92, 93]).These domains are: the nodes of Ranvi-
er, where sodium channels cluster; the paranodal
regions, which are tightly attached to the myelinat-
ing glial cells via specialized paranodal septate-like
junctions; the juxstaparanodal regions, adjacent to
the paranodes where potassium channels cluster;
and the internodes.

NrCAM localizes to the nodes of Ranvier in
myelinated fibers in the PNS but not the CNS [94],
where it colocalizes and interacts with ankyrin,
sodium channels and Neurofascin [95]. The clus-
tering of sodium channels at the node of Ranvier is
delayed upon interference with NrCAM function
[96, 97]. Gliomedin is a Schwann cell-specific mol-
ecule expressed at the edges of Schwann cells; it
binds both NrCAM and Neurofascin and appears to
dictate the site of formation of nodes of Ranvier
[98].

3.3.1 NrCAM in disease
3.3.1.1 NrCAM in autism
Human NrCAM maps to 7q31.1, a susceptibility re-
gion for autism. Indeed, polymorphisms in NrCAM
have been recently linked to autism [99–101]. In-
terestingly, these polymorphisms are detected in
the non-coding regions of the NrCAM gene, and
could therefore affect its expression (levels, timing
or tissue/cell specificity), but not the biochemical
properties of its product. Although NrCAM is im-
portant for the development and function of the
nervous system, it is difficult at the moment to re-
late the phenotypes observed in autistic patients
(most likely carrying hypomorphic mutations in
NrCAM) to those of knockout mice. Perhaps the
generation of transgenic mice carrying mutations
equivalent to those reported in human patients
may help in understanding the molecular and cel-
lular bases of the human disorder.

3.3.1.2 NrCAM in addiction vulnerability
The same chromosomal region is associated with
substance abuse vulnerabilities (addiction vulner-
ability). A role for NrCAM in addiction is support-
ed by several lines of evidence: NrCAM is a drug-
regulated gene; it is expressed in neurons associat-
ed with reward and memory; and NrCAM mutant
mice show reduced opiate- and stimulant-condi-
tioned place preferences [102, 103]. Interestingly,
protein tyrosine phosphatase receptor type beta

(PTPRB), a known interactor of NrCAM, may also
be linked to drug abuse [102].

3.4 Neurofascins

Neurofascins (Nf) are IgCAMs with close resem-
blance to L1; they are implicated in neurite devel-
opment (reviewed in [104, 105]) and the organiza-
tion of specialized axon membrane domains in
myelinated fibers.We focus here on the latter func-
tion. Neurofascins exist in two isoforms, Nf155 and
Nf186, obtained by differential splicing. Both iso-
forms are expressed on myelinated fibers in the
CNS and PNS. Nf155 is produced by glial cells
(oligodendrocytes in the CNS and Schwann cells in
the PNS) and localizes to the paranodes of myeli-
nated fibers, where it forms part of the tripartite
paranodal complex including Caspr/paranodin and
the GPI-linked IgCAM Contactin [106, 107]. Nf186
is the neuronal isoform and localizes to the nodes
of Ranvier of axons, where it complexes with sodi-
um channels. In a Nf null background (thus lacking
both isoforms), two phenotypes are observed in
myelinated fibers in the whole nervous system: (i)
sodium channels are not clustered in the nodes,
and (ii) paranodes are disrupted. Nf–/– mice die at
postnatal day (P) 7 [107]. Cell type-specific-rescue
experiments have shown that glial Nf155 and neu-
ronal Nf186 contribute to the organization of axon
domains, and in particular to the clustering of sodi-
um channels, in different ways in the CNS and PNS
[94, 107]. In a Nf null background, expression of
Nf186 in neurons can rescue the nodal complex of
sodium channels, while the paranodes (lacking any
Nf) do not form properly: the Nfasc155/Caspr/Con-
tactin paranodal complex is disrupted due to lack of
Nf155. This holds true both for the CNS and PNS.
Nf–/– mice with neuronal Nf186 expression survive
their Nf–/– littermate and die at P18–19 [94]. In the
converse experiment, expression of Nf155 in glial
cells of Nf–/– mice does not rescue the nodal phe-
notype in the PNS; mice die at P7 as with Nf–/– mice
[107]. In striking contrast, Nf155 expression is able
to rescue the paranodal complex as well as the
nodal clustering of sodium channels and other pro-
teins of the nodal complex in the CNS [94].The dis-
crepancy between PNS and CNS could be attrib-
uted to differences in the molecular composition
and assembly strategy of nodes in the CNS and
PNS: for example, NrCAM is found in PNS nodes,
but not in the CNS [94].

In addition, Nf155 (via the Nf155/Caspr/Con-
tactin adhesion complex) promotes the migration
of oligodendrocyte processes on CNS axons, which
is required for effective myelination [94].
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Finally, Nf is also expressed in another special-
ized axon domain, the initial segment. It has been
shown that a G-ankyrin-based subcellular gradient
of Nf186 directs innervation of GABAergic in-
terneurons (basket cells) onto the initial axon seg-
ment of Purkinje cells [108].

3.4.1 Neurofascins in disease
3.4.1.1 Nf in multiple sclerosis
Axoglial contacts, and paranodes in particular, can
be severely affected in multiple sclerosis (MS), a
de-myelinating inflammatory disease that impairs
nerve conduction and causes severe chronic dis-
abilities [109]. Perturbation of Nf function has been
linked to MS in a number of recent studies. Disrup-
tion of Nf localization is observed in both animal
models of MS and in samples from MS patients
[110–112]. It seems that Nf defects may precede,
and possibly contribute to, the appearance of
myelin defects in MS. Autoantibodies against Neu-
rofascin (recognizing both isoforms) have been
identified in the sera of patients with MS. It has fur-
ther been shown, with in vitro assays and the use of
an animal model of MS, that such autoantibodies
can target nodes of Ranvier and trigger an inflam-
matory response (a complement reaction), causing
further axonal injury and worsening the clinical
profile. The presence of autoantibodies against Nf
in MS patients may contribute to the pathology of
the disease [113]. This observation raises the pos-
sibility that autoantibody against other axo-glial
contact proteins may contribute to MS pathology as
well.

4 The Contactin subfamily

The contactin subgroup of the Ig superfamily con-
sists of GPI-anchored proteins that are involved in,
among other processes, nervous system patterning.
F3/contactin,TAG-1/axonin/CNTN2, BIG-1/ CNTN3,
BIG-2/CNTN4 and the more recently identified
NB-2/CNTN5 and NB-3/CNTN6 are the vertebrate
counterparts of the subfamily. In Drosophila me-
lanogaster and C. elegans there is one member of
the subgroup, named DCONT and RIG-6, respec-
tively. All the members have at least one isoform
that is comprised of six Ig-like domains and four
FNIII-like domains.

The vertebrate contactins are expressed mainly
in the nervous system displaying a distinct and par-
tially overlapping pattern [114]. Among them,
TAG-1 starts to be expressed earlier in develop-
ment, while the rest are highly expressed postna-
tally.All these molecules, apart from BIG-1 that has
not been extensively studied, have been shown to

be involved in various developmental processes of
the rodent nervous system, and some of them seem
to be correlated with known neurological disorders
in humans.

4.1 F3/Contactin

Contactin together with TAG-1 are the most well
characterized members of the homonymous sub-
group. Contactin has been mapped to the locus
12.q11-q12, transcribing two alternatively spliced
isoforms [115]. Its expression begins towards the
end of embryonic life, increases postnatally, and is
maintained to adulthood. Contactin is the most
widely expressed molecule of the subfamily, and is
localized mainly to the cerebellum (during devel-
opment), hippocampus, neocortex and hypothala-
mus [114, 116]. Contactin mutant mice survive until
P18, displaying severe defects in the development
of the cerebellum [116].

Several binding partners of contactin have been
identified so far, including the IgSF members L1,
NrCAM and neurofascin, the receptor protein tyro-
sine phosphatase RPTPb and its secreted splice
variant Phosphacan, as well as the extracellular
matrix molecules Tenascin R and β1 integrins. All
these interactions have been shown to regulate
axon growth or guidance, as shown from in vitro
studies (reviewed in [117]).

Contactin is implicated in one pathway that
leads to oligodendrocyte maturation from oligo-
dendrocyte precursor cells through Notch signal-
ing. Specifically, its trans interaction with the EGF
repeats of Notch, triggers the γ-secretase depend-
ent translocation of Notch intracellular domain
(NICD) and the sequential up-regulation of the
myelin-related protein MAG [118]. Moreover, con-
tactin interactions with another series of molecules
are fundamental for the organization of myelinat-
ed fibers. Initially, biochemical studies have report-
ed the lateral (cis) interaction of contactin with the
neurexin ortholog Caspr [119] in the paranodal
junctions of the peripheral and central myelinated
fibers [120]. Furthermore, the study of contactin-
deficient mice revealed the disrupted formation of
the paranodal septate-like axon-glia interactions
[121]. Contactin ablation impedes Caspr trafficking
to the paranodal axolemma where the former in-
teracts in trans with the IgSF molecule Nf155 [122].
In addition, Shaker-type potassium channels Kv1.1
and Kv1.2 are mislocalized. In the CNS, contactin,
which is also present in the nodes albeit in lower
concentration, interacts with sodium channels that
are clustered there [117, 120, 121, 123].This fact in-
dicates that contactin is involved in both oligoden-
drocyte development and myelination. It is really
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impressive that a conserved type of multimeric
complex, essential for septate junction assembly,
has been identified in Drosophila, where D-con-
tactin interacts in trans with the neurofascin and
Caspr orthologs, neuroglian and neurexin IV [124].

4.1.1 Contactin in disease
Although the phenotype of contactin-deficient
mice is the most severe among the mutants of the
other members of the subgroup, there is no clear
correlation of the gene with a human disorder. Re-
gardless of its essential role in the assembly of
axon-glia interactions, contactin has not been di-
rectly correlated with impaired myelination in hu-
mans. However, it has been shown that in demyeli-
nated centers of brain and spinal cord tissue from
patients with long-standing MS, there is absence of
Caspr immunoreactivity [125]. Since contactin reg-
ulates Caspr trafficking, it could play an intermedi-
ate role in the pathogenesis of the disease.

4.2 TAG-1/CNTN2

TAG-1 is expressed mainly developmentally, dis-
playing a dynamic pattern that includes commis-
sural fibers and motor neurons of the spinal cord,
the dorsal root ganglia (DRG), cerebellum, hip-
pocampus and corticofugal fibers (reviewed in [3]).
In vitro and in vivo studies have revealed the in-
volvement of TAG-1 in axon outgrowth, fascicula-
tion and neuronal migration [126–132]. TAG-1 and
contactin, share many common properties in the
context of their binding partners. Specifically,TAG-
1 has been shown to interact with L1, NrCAM [133,
134], phosphacan, Tenascin C and RPTPb [135].

Additionally,TAG-1 localizes to the juxtaparan-
odal regions of the myelinated fibers of the PNS
and CNS, where it forms a complex with the
neurexin ortholog Caspr2, a critical connection for
the clustering of the Shaker-type potassium chan-
nels [119, 136–138].TAG-1 has been recently iden-
tified as a ligand of the amyloid precursor protein
(APP) that induces a γ-secretase-dependent re-
lease of the APP intracellular domain (AICD) and
sequentially negatively regulates neurogenesis
through the activation of unknown genes [132].
Consistent with these results, the authors have also
shown that there is extended neurogenesis in neu-
ral precursor cells isolated from double TAG-
1/APP knockout mice. It is already known that in
animal models of AD, impaired neurogenesis and
elevated concentration of AICD is observed [139].
Since TAG-1/APP signaling has been shown to in-
fluence both processes, it is possible that TAG-1 is
involved in AD pathogenesis [140].

4.2.1 TAG-1 in disease
TAX-1, the human ortholog of TAG-1, is mapped to
the 1q32.1 locus [141, 142]. Albeit TAG-1 has not
been reported to be involved in a human disease, its
gene locus has been associated with several disor-
ders. The 1q32 chromosomal region is linked,
among others, to Van der Woude syndrome that is
characterized by defects in craniofacial develop-
ment, to Usher syndrome type II, which is related
to retinitis pigmentosa and to several malignant
gliomas [143–145]. Furthermore, its binding part-
ners Caspr2 and voltage-gated potassium channels
(VGKC) have been implicated in severe mental dis-
orders [146–149]. In agreement with these proper-
ties, TAG-1-deficient mice have impaired learning
and memory as well as sensory and motor dysfunc-
tion that could be explained by the abnormal jux-
taparanodal organization, shortening of internodes
and altered VGKC and Caspr2 levels [150].

4.3 BIG-1/CNTN3

BIG-1 is mapped to the 3p26 region and has two al-
ternative variants. Its expression pattern is quite
restricted and includes cells of the cerebellum, hip-
pocampus, olfactory bulb and a few nuclei. Apart
from the finding that BIG-1 interacts with APP in
chick [151] and promotes axon outgrowth in vitro
[152], no other information is available for this con-
tactin. Although it is mapped in the critical region
for the 3p syndrome in humans (see 4.4.1.1), it has
not been proposed to contribute to any disorders.

4.4 BIG-2/CNTN4

BIG-2 has two alternative spliced isoforms; the first
is widely expressed in many tissues, while the oth-
er (CNTN4A) is restricted to the brain. Recombi-
nant protein is able to promote neuron outgrowth
in vitro [114, 153].A recent study [154] reported that
BIG-2 is a crucial adhesion molecule for the olfac-
tory axon convergence to target stimuli. In BIG-2-
deficient mice, many olfactory neurons that selec-
tively express this gene project to ectopic destina-
tions in the olfactory bulb. Finally, BIG-2, like BIG-
1, has been shown to interact with APP and
NgCAM, the L1 ortholog in chick, regulating in vit-
ro axon outgrowth [151].

4.4.1 BIG-2 in disease
4.4.1.1 BIG-2 in the 3p syndrome
BIG-2 is mapped to chromosome 3p26-p25, in a re-
gion that is connected to the rare non-contiguous
3p syndrome. Imbalance of the telomeric sequence
of the short arm of the chromosome 3 causes this
gene disorder that is characterized by mental and
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growth retardation and dysmorphic features.
State and colleagues [155] identified a 10-year old
child that carried a de novo balanced transloca-
tion involving chromosomes 3 and 10 (46, XY,
t[3;10][p26;q26]). In this study, they showed that
the translocation disrupted exclusively the 5’UTR
of the mature CNTN4 mRNA, while other genes of
this region that could be implicated in the 3p syn-
drome, like CHL1 and CRBN, remained intact. In
another clinical report [156], loss of both CNTN4
and CRBN has been suggested to cause the 3p syn-
drome, while loss of CHL1 has been indicated to
have an additional effect.

4.4.1.2 BIG-2 in autism spectrum disorder 
Interestingly, it has also been proposed that inter-
ruption of the CNTN4 gene in three subjects
caused autism spectrum disorder (ASD), a devel-
opmental disorder of the nervous system charac-
terized by impaired social interaction, verbal and
non-verbal communication and aberrant activities
and patterns of behavior [157]. However, these
three patients did not present any 3p syndrome
symptoms. Furthermore, a polymorphism in the
BIG-2 gene was initially proposed to be responsi-
ble for the appearance of spinocerebellar ataxia
SCA16 in a Japanese population, although it was
shown later from the same group that the disorder
was caused by a deletion in the ITRP1 gene [158].
Nevertheless, BIG-2 still remains a candidate gene
implicated in human mental retardation disorders.
Behavioral and detailed histological studies have
not been published so far to correlate defects in
mutant mice and the implicated syndromes in hu-
mans.

4.5 NB-2/CNTN4 

NB-2 has two alternative spliced variants and is ex-
pressed in high levels in the amygdala and occipi-
tal cortex, resembling mostly the pattern of BIG-1
in humans [159]. In concordance with other con-
tactins, it can promote axon outgrowth in vitro
[160]. Generation of NB-2-deficient mice revealed
that this gene is not essential for the development
of the brain architecture, since pathological abnor-
malities have not been observed. However, mutant
mice responded aberrantly to acoustic stimuli
[161]. Although there is no clinical study that cor-
relates NB-2 with a disorder, it is interesting that
this gene is mapped to 11q21-q22.2, a region that
includes several genes responsible for schizophre-
nia and other neuronal disorders.

4.6 NB-3/CNTN5

The murine NB-3 gene starts to be expressed clear-
ly after birth, with a peak of expression at P7 [162].
Its expression declines in the cortex later, but it re-
mains in the cerebellum until adulthood.The NB-3
gene has two alternative isoforms and is mapped to
the 3p26-p25 region close to BIG-2 [163]. All the
known information about NB-3 comes from animal
models. More specifically, it has been shown that
NB-3-deficient mice, which appear normal, have
impaired motor coordination that is not due to a de-
fect of the cerebellar synaptic transmission [164].
Moreover, the same mice show abnormal apical
dendrite projections of deep layer pyramidal neu-
rons of the visual cortex. It seems that the interac-
tion of NB-3 with CHL1 and protein tyrosine phos-
phatase α (PTPα) potentially regulates this process
[82]. In accordance with the Contactin/Notch inter-
action that promotes oligodendrocyte maturation,
it has been shown that NB-3/Notch binding
through the EGF repeats of the latter, direct oligo-
dendrocyte differentiation from neural precursor
cells and oligodendrocyte precursor cells. Trans in-
teraction of the two molecules triggers the γ-sec-
retase-dependent NICD nuclear translocation and
the recruitment of Deltex1, resulting in the up-reg-
ulation of myelin-related proteins [165, 166].

Despite the fact that this gene is included in the
critical region for the 3p syndrome, similarly to
BIG-2 and BIG-1, there is no evidence of its impli-
cation in any neurological disorders.

It is intriguing that contactins using the same
binding partners, or at least same categories of
binding partners, cooperate to regulate essential
processes of the nervous system. Interactions of
contactin resemble those of TAG-1 concerning the
extracellular matrix components and IgSF mole-
cules, as well as the complex formation in the para-
nodes and juxtaparanodes, respectively. Contactin
and NB-3 bind to Notch, a procedure that leads to
oligodendrocyte maturation. Finally BIG-1, BIG-2
and TAG-1 interact with APP. A speculation could
be that, at least in some cases, one contactin could
compensate the disruption of another, thus making
a straightforward connection of a contactin to a dis-
ease difficult to postulate. It is intriguing that in
Drosophila, when the single contactin is ablated,
the flies die. In the latter case the complex that is
formed is, once again, evolutionary conserved, re-
sembling that of myelinated fibers in mammals
[124].
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5 Concluding remarks

Up to now, numerous IgCAMs have been identified
and studied in many model systems. We have fo-
cused here on the functions of three well-studied
subfamilies of the IgCAMs, notably the NCAM, L1
and contactin subfamilies, and we have reviewed
studies that link members of these subfamilies to
neuronal pathological conditions in animal models
and humans.A summary of phenotypes due to neu-
ronal IgCAM deficiency/dysfunction and correla-
tion to human disease is given in Table 1.The chal-
lenge now is to identify the exact mechanism by
which several IgCAMs contribute to the pathology
of neuronal disorders. The elucidation of these

pathways will allow the development of therapies
for major diseases like schizophrenia, depression,
MS, AD disease, autism, etc.
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Table 1. Summary of the mouse phenotypes due to neuronal IgCAM deficiency/dysfunction and correlation to human disease

IgSF members Mouse phenotypes Link to human disease

NCAM subfamily

NCAM/PSA-NCAM Decreased body weight / Small olfactory bulb / Decreased spatial learning / Schizophrenia
Reduced projections of mossy fibers in the hippocampus / Increased anxiety / Bipolar disease
Increased inter-male aggression / Decreased contextual and cued fear Depression
conditioning / Decreased pre-pulse inhibition / Abnormal circadian cycle / Anxiety disorder
Hyperlocomotion / Stereotypy Alzheimer’s disease

L1 subfamily

L1-CAM Corticospinal, thalamocortical and callosal axons defects / Small hippocampus / CRASH syndrome
Abnormal cerebellar development / Defective spatial learning and sensorimotor Hirschsprung’s disease
gating Fetal alcohol syndrome

CIIP syndrome

CHL1 Defects in attention, exploratory behavior and sensory gating / Alterations in stress 3p syndrome
and anxiety, sociability and aggression / Defective lamination of cortical neurons / Schizophrenia
Guidance errors of hippocampal mossy fibers and olfactory neurons

NrCAM Guidance defects of spinal commissural, retinal and anterior commissural axons / Addiction vulnerability
Abnormal cerebellar development / Lens fiber abnormalities / Defects in sodium Autism 
channel clustering at the nodes of Ranvier

Neurofascin Defective myelination Multiple sclerosis

Contactins

F3/contactin Defective myelination Not identified

TAG-1/CNTN2 Impaired learning and memory / Sensory and motor dysfunction / Abnormal Not identified
juxtaparanodal region of myelinated fibers / Shortening of internodes on myelinated 
fibers / Smaller lateral reticular nuclei

BIG-1/CNTN3 No animal model Not identified

BIG-2/CNTN4 Ectopic projections of olfactory neurons 3p syndrome
Autism spectrum 
disorder (ASD)

NB-2/CNTN5 Aberrant response to acoustic stimuli Not identified

NB-3/CNTN6 Impaired motor coordination / Abnormal projections of deep layer pyramidal Not identified
neurons of the visual cortex



© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1575

Biotechnol. J. 2008, 3, 1564–1580 www.biotechnology-journal.com

6 References

[1] Freigang, J., Proba, K., Leder, L., Diederichs, K. et al., The
crystal structure of the ligand binding module of axonin-
1/TAG-1 suggests a zipper mechanism for neural cell ad-
hesion. Cell 2000, 101, 425–433.

[2] Schurmann, G., Haspel, J., Grumet, M., Erickson, H. P., Cell
adhesion molecule L1 in folded (horseshoe) and extended
conformations. Mol. Biol. Cell 2001, 12, 1765–1773.

[3] Karagogeos, D., Neural GPI-anchored cell adhesion mole-
cules. Front. Biosci. 2003, 8, s1304–1320.

[4] Rougon, G., Hobert, O., New insights into the diversity and
function of neuronal immunoglobulin superfamily mole-
cules. Annu. Rev. Neurosci. 2003, 26, 207–238.

[5] Hoffman, S., Sorkin, B. C.,White, P. C., Brackenbury, R. et al.,
Chemical characterization of a neural cell adhesion mole-
cule purified from embryonic brain membranes. J. Biol.
Chem. 1982, 257, 7720–7729.

[6] Maness, P. F., Schachner, M., Neural recognition molecules
of the immunoglobulin superfamily: Signaling transducers
of axon guidance and neuronal migration. Nat. Neurosci.
2007, 10, 19–26.

[7] Kleene, R., Schachner, M., Glycans and neural cell interac-
tions. Nat. Rev. Neurosci. 2004, 5, 195–208.

[8] Walsh, F. S., Doherty, P., Neural cell adhesion molecules of
the immunoglobulin superfamily: Role in axon growth and
guidance. Annu. Rev. Cell Dev. Biol. 1997, 13, 425–456.

[9] Petridis, A. K., El-Maarouf, A., Rutishauser, U., Polysialic
acid regulates cell contact-dependent neuronal differenti-
ation of progenitor cells from the subventricular zone. Dev.
Dyn. 2004, 230, 675–684.

[10] Mazzetti, S., Ortino, B., Inverardi, F., Frassoni, C., Amadeo,
A., PSA-NCAM in the developing and mature thalamus.
Brain Res. Bull. 2007, 71, 578–586.

[11] Cremer, H., Lange, R., Christoph,A., Plomann, M. et al., In-
activation of the N-CAM gene in mice results in size re-
duction of the olfactory bulb and deficits in spatial learn-
ing. Nature 1994, 367, 455–459.

[12] Tomasiewicz, H., Ono, K., Yee, D., Thompson, C. et al., Ge-
netic deletion of a neural cell adhesion molecule variant
(N-CAM-180) produces distinct defects in the central
nervous system. Neuron 1993, 11, 1163–1174.

[13] Cremer, H., Chazal, G., Goridis, C., Represa,A., NCAM is es-
sential for axonal growth and fasciculation in the hip-
pocampus. Mol. Cell. Neurosci. 1997, 8, 323–335.

[14] Pillai-Nair, N., Panicker,A. K., Rodriguiz, R. M., Gilmore, K.
L. et al., Neural cell adhesion molecule-secreting trans-
genic mice display abnormalities in GABAergic interneu-
rons and alterations in behavior. J. Neurosci. 2005, 25,
4659–4671.

[15] Poltorak, M., Frye, M.A.,Wright, R., Hemperly, J. J. et al., In-
creased neural cell adhesion molecule in the CSF of pa-
tients with mood disorder. J. Neurochem. 1996, 66,
1532–1538.

[16] Santuccione,A., Sytnyk,V., Leshchyns’ka, I., Schachner, M.,
Prion protein recruits its neuronal receptor NCAM to lipid
rafts to activate p59fyn and to enhance neurite outgrowth.
J. Cell Biol. 2005, 169, 341–354.

[17] Todaro, L., Puricelli, L., Gioseffi, H., Guadalupe Pallotta, M.
et al., Neural cell adhesion molecule in human serum. In-
creased levels in dementia of the Alzheimer type. Neurobi-
ol. Dis. 2004, 15, 387–393.

[18] Poltorak, M., Khoja, I., Hemperly, J. J., Williams, J. R. et al.,
Disturbances in cell recognition molecules (N-CAM and
L1 antigen) in the CSF of patients with schizophrenia. Exp.
Neurol. 1995, 131, 266–272.

[19] van Kammen, D. P., Poltorak, M., Kelley, M. E., Yao, J. K. et
al., Further studies of elevated cerebrospinal fluid neu-
ronal cell adhesion molecule in schizophrenia. Biol. Psy-
chiatry 1998, 43, 680–686.

[20] Tanaka, Y., Yoshida, S., Shimada, Y., Ueda, H., Asai, K., Al-
teration in serum neural cell adhesion molecule in pa-
tients of schizophrenia. Hum. Psychopharmacol. 2007, 22,
97–102.

[21] Barbeau, D., Liang, J. J., Robitalille,Y., Quirion, R., Srivasta-
va, L. K., Decreased expression of the embryonic form of
the neural cell adhesion molecule in schizophrenic brains.
Proc. Natl. Acad. Sci. USA 1995, 92, 2785–2789.

[22] Reif, A., Schmitt, A., Fritzen, S., Lesch, K. P., Neurogenesis
and schizophrenia: Dividing neurons in a divided mind?
Eur. Arch. Psychiatry Clin. Neurosci. 2007, 257, 290–299.

[23] Honer, W. G., Falkai, P., Young, C., Wang, T. et al., Cingulate
cortex synaptic terminal proteins and neural cell adhesion
molecule in schizophrenia. Neuroscience 1997, 78, 99–110.

[24] Poltorak, M., Wright, R., Hemperly, J. J., Torrey, E. F. et al.,
Monozygotic twins discordant for schizophrenia are dis-
cordant for N-CAM and L1 in CSF. Brain Res. 1997, 751,
152–154.

[25] Vicente, A. M., Macciardi, F., Verga, M., Bassett, A. S. et al.,
NCAM and schizophrenia: Genetic studies. Mol. Psychiatry
1997, 2, 65–69.

[26] Lewis, C. M., Levinson, D. F., Wise, L. H., DeLisi, L. E. et al.,
Genome scan meta-analysis of schizophrenia and bipolar
disorder. Part II: Schizophrenia. Am. J. Hum. Genet. 2003,
73, 34–48.

[27] Wright, I. C., Rabe-Hesketh, S.,Woodruff, P.W., David, A. S.
et al., Meta-analysis of regional brain volumes in schizo-
phrenia. Am. J. Psychiatry 2000, 157, 16–25.

[28] Vawter, M. P., Usen, N., Thatcher, L., Ladenheim, B. et al.,
Characterization of human cleaved N-CAM and associa-
tion with schizophrenia. Exp. Neurol. 2001, 172, 29–46.

[29] Brennaman, L. H., Maness, P. F., NCAM in neuropsychiatric
and neurodegenerative disorders. Neurochem. Res. 2008.

[30] Leahy, R. L., Bipolar disorder: Causes, contexts, and treat-
ments. J. Clin. Psychol. 2007, 63, 417–424.

[31] Arai, M., Itokawa, M.,Yamada, K., Toyota, T. et al., Associa-
tion of neural cell adhesion molecule 1 gene polymor-
phisms with bipolar affective disorder in Japanese indi-
viduals. Biol. Psychiatry 2004, 55, 804–810.

[32] Atz, M. E., Rollins, B., Vawter, M. P., NCAM1 association
study of bipolar disorder and schizophrenia: Polymor-
phisms and alternatively spliced isoforms lead to similar-
ities and differences. Psychiatr. Genet. 2007, 17, 55–67.

[33] Bienvenu, O. J., Ginsburg, G. S., Prevention of anxiety dis-
orders. Int. Rev. Psychiatry 2007, 19, 647–654.

[34] Tsoory, M. M.,Vouimba, R. M.,Akirav, I., Kavushansky,A. et
al., Amygdala modulation of memory-related processes in
the hippocampus: Potential relevance to PTSD. Prog. Brain
Res. 2008, 167, 35–51.

[35] Strekalova,T.,Wotjak, C.T., Schachner, M., Intrahippocam-
pal administration of an antibody against the HNK-1 car-
bohydrate impairs memory consolidation in an inhibitory
learning task in mice. Mol. Cell. Neurosci. 2001, 17,
1102–1113.



Biotechnology
Journal Biotechnol. J. 2008, 3, 1564–1580

1576 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[36] Gillian, A. M., Brion, J. P., Breen, K. C., Expression of the
neural cell adhesion molecule (NCAM) in Alzheimer’s dis-
ease. Neurodegeneration 1994, 3, 283–291.

[37] Cotman, C. W., Hailer, N. P., Pfister, K. K., Soltesz, I.,
Schachner, M., Cell adhesion molecules in neural plastici-
ty and pathology: Similar mechanisms, distinct organiza-
tions– Prog. Neurobiol. 1998, 55, 659–669.

[38] Murphy, K. J., Foley, A. G., O’Connell A, W., Regan, C. M.,
Chronic exposure of rats to cognition enhancing drugs
produces a neuroplastic response identical to that ob-
tained by complex environment rearing. Neuropsychop-
harmacology 2006, 31, 90–100.

[39] Mikkonen, M., Soininen, H., Tapiola, T., Alafuzoff, I., Miet-
tinen, R., Hippocampal plasticity in Alzheimer’s disease:
Changes in highly polysialylated NCAM immunoreactivi-
ty in the hippocampal formation. Eur. J. Neurosci. 1999, 11,
1754–1764.

[40] Klementiev, B., Novikova,T., Novitskaya,V.,Walmod, P. S. et
al., A neural cell adhesion molecule-derived peptide re-
duces neuropathological signs and cognitive impairment
induced by Abeta25-35. Neuroscience 2007, 145, 209–224.

[41] Yaari, R., Corey-Bloom, J.,Alzheimer’s disease. Semin. Neu-
rol. 2007, 27, 32–41.

[42] Schmid, R. S., Maness, P. F., L1 and NCAM adhesion mole-
cules as signaling coreceptors in neuronal migration and
process outgrowth. Curr. Opin. Neurobiol. 2008.

[43] Buhusi, M., Schlatter, M. C., Demyanenko, G. P., Thresher,
R., Maness, P. F., L1 interaction with ankyrin regulates
mediolateral topography in the retinocollicular projection.
J. Neurosci. 2008, 28, 177–188.

[44] Bechara, A., Nawabi, H., Moret, F., Yaron, A. et al., FAK-
MAPK-dependent adhesion disassembly downstream of
L1 contributes to semaphorin3A-induced collapse. EMBO
J. 2008, 27, 1549–1562.

[45] Forni, J. J., Romani, S., Doherty, P., Tear, G., Neuroglian and
FasciclinII can promote neurite outgrowth via the FGF re-
ceptor Heartless. Mol. Cell. Neurosci. 2004, 26, 282–291.

[46] Martin,V., Mrkusich, E., Steinel, M. C., Rice, J. et al.,The L1-
type cell adhesion molecule Neuroglian is necessary for
maintenance of sensory axon advance in the Drosophila
embryo. Neural Dev. 2008, 3, 10.

[47] Speicher, S., Garcia-Alonso, L., Carmena, A., Martin-
Bermudo, M. D. et al., Neurotactin functions in concert with
other identified CAMs in growth cone guidance in
Drosophila. Neuron 1998, 20, 221–233.

[48] Genova, J. L., Fehon, R. G., Neuroglian, Gliotactin, and the
Na+/K+ ATPase are essential for septate junction function
in Drosophila. J. Cell Biol. 2003, 161, 979–989.

[49] Godenschwege, T. A., Kristiansen, L. V., Uthaman, S. B.,
Hortsch, M., Murphey, R. K.,A conserved role for Drosophi-
la Neuroglian and human L1-CAM in central-synapse for-
mation. Curr. Biol. 2006, 16, 12–23.

[50] Triana-Baltzer, G. B., Liu, Z., Berg, D. K., Pre- and postsy-
naptic actions of L1-CAM in nicotinic pathways. Mol. Cell.
Neurosci. 2006, 33, 214–226.

[51] Pocock, R., Benard, C.Y., Shapiro, L., Hobert, O., Function-
al dissection of the C. elegans cell adhesion molecule SAX-
7, a homologue of human L1. Mol. Cell. Neurosci. 2008, 37,
56–68.

[52] Wang, X., Zhang, W., Cheever, T., Schwarz, V. et al., The C.
elegans L1CAM homologue LAD-2 functions as a corecep-
tor in MAB-20/Sema2 mediated axon guidance. J. Cell Biol.
2008, 180, 233–246.

[53] Zhou, S., Opperman, K.,Wang, X., Chen, L., unc-44 Ankyrin
and stn-2 gamma-syntrophin regulate sax-7 L1CAM func-
tion in maintaining neuronal positioning in Caenorhabdi-
tis elegans. Genetics 2008.

[54] Chen, L., Ong, B., Bennett,V., LAD-1, the Caenorhabditis el-
egans L1CAM homologue, participates in embryonic and
gonadal morphogenesis and is a substrate for fibroblast
growth factor receptor pathway-dependent phosphotyro-
sine-based signaling. J. Cell Biol. 2001, 154, 841–855.

[55] Wang, X., Kweon, J., Larson, S., Chen, L., A role for the C.
elegans L1CAM homologue lad-1/sax-7 in maintaining tis-
sue attachment. Dev. Biol. 2005, 284, 273–291.

[56] Rosenthal, A., Jouet, M., Kenwrick, S., Aberrant splicing of
neural cell adhesion molecule L1 mRNA in a family with
X-linked hydrocephalus. Nat. Genet. 1992, 2, 107–112.

[57] Fransen, E., Lemmon, V., Van Camp, G., Vits, L. et al.,
CRASH syndrome: Clinical spectrum of corpus callosum
hypoplasia, retardation, adducted thumbs, spastic para-
paresis and hydrocephalus due to mutations in one single
gene, L1. Eur. J. Hum. Genet. 1995, 3, 273–284.

[58] Yamasaki, M., Thompson, P., Lemmon, V., CRASH syn-
drome: Mutations in L1CAM correlate with severity of the
disease. Neuropediatrics 1997, 28, 175–178.

[59] Cohen, N. R., Taylor, J. S., Scott, L. B., Guillery, R. W. et al.,
Errors in corticospinal axon guidance in mice lacking the
neural cell adhesion molecule L1. Curr. Biol. 1998, 8, 26–33.

[60] Dahme, M., Bartsch, U., Martini, R., Anliker, B. et al., Dis-
ruption of the mouse L1 gene leads to malformations of the
nervous system. Nat. Genet. 1997, 17, 346–349.

[61] Fransen, E., D’Hooge, R., Van Camp, G., Verhoye, M. et al.,
L1 knockout mice show dilated ventricles, vermis hy-
poplasia and impaired exploration patterns. Hum. Mol.
Genet. 1998, 7, 999–1009.

[62] Kamiguchi, H., Hlavin, M. L., Lemmon, V., Role of L1 in
neural development: What the knockouts tell us. Mol. Cell.
Neurosci. 1998, 12, 48–55.

[63] Kenwrick, S., Doherty, P., Neural cell adhesion molecule L1:
Relating disease to function. Bioessays 1998, 20, 668–675.

[64] Basel-Vanagaite, L., Straussberg, R., Friez, M. J., Inbar, D. et
al., Expanding the phenotypic spectrum of L1CAM-associ-
ated disease. Clin. Genet. 2006, 69, 414–419.

[65] Okamoto, N., Wada, Y., Goto, M., Hydrocephalus and
Hirschsprung’s disease in a patient with a mutation of
L1CAM. J. Med. Genet. 1997, 34, 670–671.

[66] Parisi, M. A., Kapur, R. P., Neilson, I., Hofstra, R. M. et al.,
Hydrocephalus and intestinal aganglionosis: Is L1CAM a

Domna Karagogeos is Professor at the

Medical School, University of Crete and

a Researcher of the Institute of Molecu-

lar Biology and Biotechnology, IMBB-

FORTH, in Iraklio, Crete, Greece. She

received her PhD from Harvard Univer-

sity, and did her postdoctoral research

at Columbia University, New York in

the lab of Tom Jessell. She has run an

independent lab in Crete since 1991, working on developmental neuro-

biology in vertebrate and invertebrate model systems.



© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1577

Biotechnol. J. 2008, 3, 1564–1580 www.biotechnology-journal.com

modifier gene in Hirschsprung disease? Am. J. Med. Genet.
2002, 108, 51–56.

[67] Heanue,T.A., Pachnis,V., Enteric nervous system develop-
ment and Hirschsprung’s disease:Advances in genetic and
stem cell studies. Nat. Rev. Neurosci. 2007, 8, 466–479.

[68] Schuchardt, A., D’Agati, V., Larsson-Blomberg, L., Costan-
tini, F., Pachnis, V., RET-deficient mice: An animal model
for Hirschsprung’s disease and renal agenesis. J. Intern.
Med. 1995, 238, 327–332.

[69] Amiel, J., Sproat-Emison, E., Garcia-Barcelo, M., Lantieri,
F. et al., Hirschsprung disease, associated syndromes and
genetics: A review. J. Med. Genet. 2008, 45, 1–14.

[70] Anderson, R. B.,Turner, K. N., Nikonenko, A. G., Hemperly,
J. et al.,The cell adhesion molecule l1 is required for chain
migration of neural crest cells in the developing mouse
gut. Gastroenterology 2006, 130, 1221–1232.

[71] Bott, L., Boute, O., Mention, K.,Vinchon, M. et al., Congen-
ital idiopathic intestinal pseudo-obstruction and hydro-
cephalus with stenosis of the aqueduct of sylvius. Am. J.
Med. Genet. 2004, 130A, 84–87.

[72] Ramanathan, R., Wilkemeyer, M. F., Mittal, B., Perides, G.,
Charness, M. E., Alcohol inhibits cell-cell adhesion medi-
ated by human L1. J. Cell Biol. 1996, 133, 381–390.

[73] Hoffman, E. J., Mintz, C. D., Wang, S., McNickle, D. G. et al.,
Effects of ethanol on axon outgrowth and branching in 
developing rat cortical neurons. Neuroscience 2008, DOI:
10.1016/f.neuroscience.2008.08.071.

[74] Deumens, R., Lubbers, M., Jaken, R. J., Meijs, M. F. et al.,
Mice lacking L1 have reduced CGRP fibre in-growth into
spinal transection lesions. Neurosci. Lett. 2007, 420, 277–
281.

[75] Jakeman, L. B., Chen,Y., Lucin, K. M., McTigue, D. M., Mice
lacking L1 cell adhesion molecule have deficits in locomo-
tion and exhibit enhanced corticospinal tract sprouting
following mild contusion injury to the spinal cord. Eur. J.
Neurosci. 2006, 23, 1997–2011.

[76] Runyan, S.A., Roy, R. R., Zhong, H., Phelps, P. E., L1 cell ad-
hesion molecule is not required for small-diameter pri-
mary afferent sprouting after deafferentation. Neuro-
science 2007, 150, 959–969.

[77] Bernreuther, C., Dihne, M., Johann, V., Schiefer, J. et al.,
Neural cell adhesion molecule L1-transfected embryonic
stem cells promote functional recovery after excitotoxic le-
sion of the mouse striatum. J. Neurosci. 2006, 26, 11532–
11539.

[78] Chen, J., Wu, J., Apostolova, I., Skup, M. et al., Adeno-asso-
ciated virus-mediated L1 expression promotes functional
recovery after spinal cord injury. Brain 2007, 130, 954–969.

[79] Gavert, N., Ben-Shmuel, A., Raveh, S., Ben-Ze’ev, A., L1-
CAM in cancerous tissues. Expert Opin. Biol. Ther. 2008, 8,
1749–1757.

[80] Schlatter, M. C., Buhusi, M., Wright, A. G., Maness, P. F.,
CHL1 promotes Sema3A-induced growth cone collapse
and neurite elaboration through a motif required for re-
cruitment of ERM proteins to the plasma membrane. J.
Neurochem. 2008, 104, 731–744.

[81] Wright, A. G., Demyanenko, G. P., Powell, A., Schachner, M.
et al., Close homolog of L1 and neuropilin 1 mediate guid-
ance of thalamocortical axons at the ventral telen-
cephalon. J. Neurosci. 2007, 27, 13667–13679.

[82] Ye, H.,Tan,Y. L., Ponniah, S.,Takeda,Y. et al., Neural recog-
nition molecules CHL1 and NB-3 regulate apical dendrite
orientation in the neocortex via PTP alpha. EMBO J. 2008,
27, 188–200.

[83] Ango, F., Wu, C., Van der Want, J. J., Wu, P. et al., Bergmann
glia and the recognition molecule CHL1 organize
GABAergic axons and direct innervation of Purkinje cell
dendrites. PLoS Biol. 2008, 6, e103.

[84] Pulver, A. E., Lasseter, V. K., Kasch, L., Wolyniec, P. et al.,
Schizophrenia: A genome scan targets chromosomes 3p
and 8p as potential sites of susceptibility genes. Am. J. Med.
Genet. 1995, 60, 252–260.

[85] Sakurai, K., Migita, O.,Toru, M., Arinami,T., An association
between a missense polymorphism in the close homologue
of L1 (CHL1, CALL) gene and schizophrenia. Mol. Psychi-
atry 2002, 7, 412–415.

[86] Frints, S. G., Marynen, P., Hartmann, D., Fryns, J. P. et al.,
CALL interrupted in a patient with non-specific mental re-
tardation: Gene dosage-dependent alteration of murine
brain development and behavior. Hum. Mol. Genet. 2003,
12, 1463–1474.

[87] Heyden, A., Angenstein, F., Sallaz, M., Seidenbecher, C.,
Montag, D., Abnormal axonal guidance and brain anatomy
in mouse mutants for the cell recognition molecules close
homolog of L1 and NgCAM-related cell adhesion mole-
cule. Neuroscience 2008, 155, 221–233.

[88] Angeloni, D., Lindor, N. M., Pack, S., Latif, F. et al., CALL
gene is haploinsufficient in a 3p-syndrome patient. Am. J.
Med. Genet. 1999, 86, 482–485.

[89] Higgins, J. J., Rosen, D. R., Loveless, J. M., Clyman, J. C., Grau,
M. J.,A gene for nonsyndromic mental retardation maps to
chromosome 3p25-pter. Neurology 2000, 55, 335–340.

[90] Sakurai, T., Lustig, M., Babiarz, J., Furley, A. J. et al., Over-
lapping functions of the cell adhesion molecules Nr-CAM
and L1 in cerebellar granule cell development. J. Cell Biol.
2001, 154, 1259–1273.

[91] Dirks, P., Thomas, U., Montag, D., The cytoplasmic domain
of NrCAM binds to PDZ domains of synapse-associated
proteins SAP90/PSD95 and SAP97. Eur. J. Neurosci. 2006,
24, 25–31.

[92] Poliak, S., Peles, E., The local differentiation of myelinated
axons at nodes of Ranvier. Nat. Rev. Neurosci. 2003, 4,
968–980.

[93] Salzer, J. L., Polarized domains of myelinated axons. Neu-
ron 2003, 40, 297–318.

[94] Zonta, B., Tait, S., Melrose, S., Anderson, H. et al., Glial and
neuronal isoforms of Neurofascin have distinct roles in the
assembly of nodes of Ranvier in the central nervous sys-
tem. J. Cell Biol. 2008, 181, 1169–1177.

[95] Koticha, D., Maurel, P., Zanazzi, G., Kane-Goldsmith, N. et
al., Neurofascin interactions play a critical role in cluster-
ing sodium channels, ankyrin G and beta IV spectrin at pe-
ripheral nodes of Ranvier. Dev. Biol. 2006, 293, 1–12.

[96] Custer, A. W., Kazarinova-Noyes, K., Sakurai, T., Xu, X. et
al., The role of the ankyrin-binding protein NrCAM in
node of Ranvier formation. J. Neurosci. 2003, 23, 10032–
10039.

[97] Lustig, M., Erskine, L., Mason, C. A., Grumet, M., Sakurai,
T., Nr-CAM expression in the developing mouse nervous
system:Ventral midline structures, specific fiber tracts, and
neuropilar regions. J. Comp. Neurol. 2001, 434, 13–28.

[98] Eshed, Y., Feinberg, K., Poliak, S., Sabanay, H. et al.,
Gliomedin mediates Schwann cell-axon interaction and
the molecular assembly of the nodes of Ranvier. Neuron
2005, 47, 215–229.

[99] Bonora, E., Lamb, J.A., Barnby, G., Sykes, N. et al., Mutation
screening and association analysis of six candidate genes



Biotechnology
Journal Biotechnol. J. 2008, 3, 1564–1580

1578 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for autism on chromosome 7q. Eur. J. Hum. Genet. 2005, 13,
198–207.

[100] Marui,T., Funatogawa, I., Koishi, S.,Yamamoto, K. et al.,As-
sociation of the neuronal cell adhesion molecule (NRCAM)
gene variants with autism. Int. J. Neuropsychopharmacol.
2008, 1–10.

[101] Sakurai,T., Ramoz, N., Reichert, J. G., Corwin,T. E. et al.,As-
sociation analysis of the NrCAM gene in autism and in
subsets of families with severe obsessive-compulsive or
self-stimulatory behaviors. Psychiatr. Genet. 2006, 16, 251–
257.

[102] Ishiguro, H., Liu, Q. R., Gong, J. P., Hall, F. S. et al., NrCAM
in addiction vulnerability: Positional cloning, drug-regula-
tion, haplotype-specific expression, and altered drug re-
ward in knockout mice. Neuropsychopharmacology 2006,
31, 572–584.

[103] Matzel, L. D., Babiarz, J., Townsend, D. A., Grossman, H. C.,
Grumet, M., Neuronal cell adhesion molecule deletion in-
duces a cognitive and behavioral phenotype reflective of
impulsivity. Genes Brain Behav. 2008, 7, 470–480.

[104] Koticha, D., Babiarz, J., Kane-Goldsmith, N., Jacob, J. et al.,
Cell adhesion and neurite outgrowth are promoted by neu-
rofascin NF155 and inhibited by NF186. Mol. Cell. Neu-
rosci. 2005, 30, 137–148.

[105] Pruss, T., Kranz, E. U., Niere, M., Volkmer, H., A regulated
switch of chick neurofascin isoforms modulates ligand
recognition and neurite extension. Mol. Cell. Neurosci.
2006, 31, 354–365.

[106] Charles, P., Tait, S., Faivre-Sarrailh, C., Barbin, G. et al.,
Neurofascin is a glial receptor for the paranodin/Caspr-
contactin axonal complex at the axoglial junction. Curr.
Biol. 2002, 12, 217–220.

[107] Sherman, D. L.,Tait, S., Melrose, S., Johnson, R. et al., Neu-
rofascins are required to establish axonal domains for
saltatory conduction. Neuron 2005, 48, 737–742.

[108] Ango, F., di Cristo, G., Higashiyama, H., Bennett, V. et al.,
Ankyrin-based subcellular gradient of neurofascin, an im-
munoglobulin family protein, directs GABAergic innerva-
tion at purkinje axon initial segment. Cell 2004, 119,
257–272.

[109] Coman, I., Aigrot, M. S., Seilhean, D., Reynolds, R. et al.,
Nodal, paranodal and juxtaparanodal axonal proteins dur-
ing demyelination and remyelination in multiple sclerosis.
Brain 2006, 129, 3186–3195.

[110] Howell, O. W., Palser, A., Polito, A., Melrose, S. et al., Dis-
ruption of neurofascin localization reveals early changes
preceding demyelination and remyelination in multiple
sclerosis. Brain 2006, 129, 3173–3185.

[111] Maier, O., Baron,W., Hoekstra, D., Reduced raft-association
of NF155 in active MS-lesions is accompanied by the dis-
ruption of the paranodal junction. Glia 2007, 55, 885–895.

[112] Maier, O., van der Heide,T., van Dam,A. M., Baron,W. et al.,
Alteration of the extracellular matrix interferes with raft
association of neurofascin in oligodendrocytes. Potential
significance for multiple sclerosis? Mol. Cell. Neurosci.
2005, 28, 390–401.

[113] Mathey, E. K., Derfuss, T., Storch, M. K., Williams, K. R. et
al., Neurofascin as a novel target for autoantibody-mediat-
ed axonal injury. J. Exp. Med. 2007, 204, 2363–2372.

[114] Yoshihara, Y., Kawasaki, M., Tamada, A., Nagata, S. et al.,
Overlapping and differential expression of BIG-2, BIG-1,
TAG-1, and F3: Four members of an axon-associated cell
adhesion molecule subgroup of the immunoglobulin su-
perfamily. J. Neurobiol. 1995, 28, 51–69.

[115] Berglund, E. O., Ranscht, B., Molecular cloning and in situ
localization of the human contactin gene (CNTN1) on
chromosome 12q11-q12. Genomics 1994, 21, 571–582.

[116] Berglund, E. O., Murai, K. K., Fredette, B., Sekerkova, G. et
al., Ataxia and abnormal cerebellar microorganization in
mice with ablated contactin gene expression. Neuron 1999,
24, 739–750.

[117] Falk, J., Bonnon, C., Girault, J. A., Faivre-Sarrailh, C.,
F3/contactin, a neuronal cell adhesion molecule implicat-
ed in axogenesis and myelination. Biol. Cell 2002, 94,
327–334.

[118] Hu, Q. D.,Ang, B.T., Karsak, M., Hu,W. P. et al., F3/contactin
acts as a functional ligand for Notch during oligodendro-
cyte maturation. Cell 2003, 115, 163–175.

[119] Peles, E., Nativ, M., Lustig, M., Grumet, M. et al., Identifica-
tion of a novel contactin-associated transmembrane re-
ceptor with multiple domains implicated in protein-pro-
tein interactions. EMBO J. 1997, 16, 978–988.

[120] Rios, J. C., Melendez-Vasquez, C.V., Einheber, S., Lustig, M.
et al., Contactin-associated protein (Caspr) and contactin
form a complex that is targeted to the paranodal junctions
during myelination. J. Neurosci. 2000, 20, 8354–8364.

[121] Boyle, M. E., Berglund, E. O., Murai, K. K., Weber, L. et al.,
Contactin orchestrates assembly of the septate-like junc-
tions at the paranode in myelinated peripheral nerve. Neu-
ron 2001, 30, 385–397.

[122] Volkmer, H., Zacharias, U., Norenberg, U., Rathjen, F. G.,
Dissection of complex molecular interactions of neuro-
fascin with axonin-1, F11, and tenascin-R, which promote
attachment and neurite formation of tectal cells. J. Cell Biol.
1998, 142, 1083–1093.

[123] Kazarinova-Noyes, K., Malhotra, J. D., McEwen, D. P., Mat-
tei, L. N. et al., Contactin associates with Na+ channels and
increases their functional expression. J. Neurosci. 2001, 21,
7517–7525.

[124] Faivre-Sarrailh, C., Banerjee, S., Li, J., Hortsch, M. et al.,
Drosophila contactin, a homolog of vertebrate contactin, is
required for septate junction organization and paracellu-
lar barrier function. Development 2004, 131, 4931–4942.

[125] Wolswijk, G., Balesar, R., Changes in the expression and lo-
calization of the paranodal protein Caspr on axons in
chronic multiple sclerosis. Brain 2003, 126, 1638–1649.

[126] Kyriakopoulou, K., de Diego, I.,Wassef, M., Karagogeos, D.,
A combination of chain and neurophilic migration involv-
ing the adhesion molecule TAG-1 in the caudal medulla.
Development 2002, 129, 287–296.

[127] Furley, A. J., Morton, S. B., Manalo, D., Karagogeos, D. et al.,
The axonal glycoprotein TAG-1 is an immunoglobulin su-
perfamily member with neurite outgrowth-promoting ac-
tivity. Cell 1990, 61, 157–170.

[128] Denaxa, M., Chan, C. H., Schachner, M., Parnavelas, J. G.,
Karagogeos, D., The adhesion molecule TAG-1 mediates
the migration of cortical interneurons from the ganglionic
eminence along the corticofugal fiber system. Development
2001, 128, 4635–4644.

[129] Stoeckli, E. T., Kuhn, T. B., Duc, C. O., Ruegg, M. A., Son-
deregger, P., The axonally secreted protein axonin-1 is a
potent substratum for neurite growth. J. Cell Biol. 1991, 112,
449–455.

[130] Fitzli, D., Stoeckli, E. T., Kunz, S., Siribour, K. et al., A direct
interaction of axonin-1 with NgCAM-related cell adhesion
molecule (NrCAM) results in guidance, but not growth of
commissural axons. J. Cell Biol. 2000, 149, 951–968.



© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1579

Biotechnol. J. 2008, 3, 1564–1580 www.biotechnology-journal.com

[131] Wolman, M. A., Sittaramane, V. K., Essner, J. J., Yost, H. J. et
al.,Transient axonal glycoprotein-1 (TAG-1) and laminin-
alpha1 regulate dynamic growth cone behaviors and initial
axon direction in vivo. Neural Dev. 2008, 3, 6.

[132] Ma, Q. H., Futagawa, T., Yang, W. L., Jiang, X. D. et al., A
TAG1-APP signalling pathway through Fe65 negatively
modulates neurogenesis. Nat. Cell Biol. 2008, 10, 283–294.

[133] Pavlou, O., Theodorakis, K., Falk, J., Kutsche, M. et al.,
Analysis of interactions of the adhesion molecule TAG-1
and its domains with other immunoglobulin superfamily
members. Mol. Cell. Neurosci. 2002, 20, 367–381.

[134] Malhotra, J. D.,Tsiotra, P., Karagogeos, D., Hortsch, M., Cis-
activation of L1-mediated ankyrin recruitment by TAG-1
homophilic cell adhesion. J. Biol. Chem. 1998, 273, 33354–
33359.

[135] Milev, P., Maurel, P., Haring, M., Margolis, R. K., Margolis, R.
U., TAG-1/axonin-1 is a high-affinity ligand of neurocan,
phosphacan/protein-tyrosine phosphatase-zeta/beta, and
N-CAM. J. Biol. Chem. 1996, 271, 15716–15723.

[136] Tzimourakas, A., Giasemi, S., Mouratidou, M., Karagogeos,
D., Structure-function analysis of protein complexes in-
volved in the molecular architecture of juxtaparanodal re-
gions of myelinated fibers. Biotechnol. J. 2007, 2, 577–583.

[137] Traka, M., Goutebroze, L., Denisenko, N., Bessa, M. et al.,
Association of TAG-1 with Caspr2 is essential for the mo-
lecular organization of juxtaparanodal regions of myeli-
nated fibers. J. Cell Biol. 2003, 162, 1161–1172.

[138] Traka, M., Dupree, J. L., Popko, B., Karagogeos, D.,The neu-
ronal adhesion protein TAG-1 is expressed by Schwann
cells and oligodendrocytes and is localized to the juxta-
paranodal region of myelinated fibers. J. Neurosci. 2002, 22,
3016–3024.

[139] Haughey, N. J., Nath, A., Chan, S. L., Borchard, A. C. et al.,
Disruption of neurogenesis by amyloid beta-peptide, and
perturbed neural progenitor cell homeostasis, in models of
Alzheimer’s disease. J. Neurochem. 2002, 83, 1509–1524.

[140] Mattson, M. P., van Praag, H.,TAGing APP constrains neu-
rogenesis. Nat. Cell Biol. 2008, 10, 249–250.

[141] Tsiotra, P. C., Theodorakis, K., Papamatheakis, J., Karago-
geos, D., The fibronectin domains of the neural adhesion
molecule TAX-1 are necessary and sufficient for ho-
mophilic binding. J. Biol. Chem. 1996, 271, 29216–29222.

[142] Kozlov, S. V., Giger, R. J., Hasler, T., Korvatska, E. et al., The
human TAX1 gene encoding the axon-associated cell ad-
hesion molecule TAG-1/axonin-1: Genomic structure and
basic promoter. Genomics 1995, 30, 141–148.

[143] Schrock, E., Thiel, G., Lozanova, T., du Manoir, S. et al.,
Comparative genomic hybridization of human malignant
gliomas reveals multiple amplification sites and nonran-
dom chromosomal gains and losses. Am. J. Pathol. 1994,
144, 1203–1218.

[144] Sander, A., Schmelzle, R., Murray, J., Evidence for a mi-
crodeletion in 1q32-41 involving the gene responsible for
Van der Woude syndrome. Hum. Mol. Genet. 1994, 3,
575–578.

[145] Pieke Dahl, S., Kimberling,W. J., Gorin, M. B.,Weston, M. D.
et al., Genetic heterogeneity of Usher syndrome type II. J.
Med. Genet. 1993, 30, 843–848.

[146] Strauss, K. A., Puffenberger, E. G., Huentelman, M. J., Got-
tlieb, S. et al., Recessive symptomatic focal epilepsy and
mutant contactin-associated protein-like 2. N. Engl. J. Med.
2006, 354, 1370–1377.

[147] Kleopa, K. A., Elman, L. B., Lang, B.,Vincent, A., Scherer, S.
S., Neuromyotonia and limbic encephalitis sera target ma-

ture Shaker-type K+ channels: Subunit specificity corre-
lates with clinical manifestations. Brain 2006, 129, 1570–
1584.

[148] Thieben, M. J., Lennon, V. A., Boeve, B. F., Aksamit, A. J. et
al., Potentially reversible autoimmune limbic encephalitis
with neuronal potassium channel antibody. Neurology
2004, 62, 1177–1182.

[149] Vincent, A., Buckley, C., Schott, J. M., Baker, I. et al., Potas-
sium channel antibody-associated encephalopathy: A po-
tentially immunotherapy-responsive form of limbic en-
cephalitis. Brain 2004, 127, 701–712.

[150] Savvaki, M., Panagiotaropoulos,T., Stamatakis,A., Sargian-
nidou, I. et al., Impairment of learning and memory in
TAG-1 deficient mice associated with shorter CNS intern-
odes and disrupted juxtaparanodes. Mol. Cell. Neurosci.
2008, 39, 478–490.

[151] Osterfield, M., Egelund, R.,Young, L. M., Flanagan, J. G., In-
teraction of amyloid precursor protein with contactins and
NgCAM in the retinotectal system. Development 2008, 135,
1189–1199.

[152] Yoshihara,Y., Kawasaki, M.,Tani,A.,Tamada,A. et al., BIG-
1: A new TAG-1/F3-related member of the immunoglobu-
lin superfamily with neurite outgrowth-promoting activi-
ty. Neuron 1994, 13, 415–426.

[153] Mimmack, M. L., Saito, H., Evans, G., Bresler, M. et al., A
novel splice variant of the cell adhesion molecule BIG-2 is
expressed in the olfactory and vomeronasal neuroepithe-
lia. Brain Res. 1997, 47, 345–350.

[154] Kaneko-Goto, T., Yoshihara, S., Miyazaki, H., Yoshihara, Y.,
BIG-2 mediates olfactory axon convergence to target
glomeruli. Neuron 2008, 57, 834–846.

[155] Fernandez, T., Morgan, T., Davis, N., Klin, A. et al., Disrup-
tion of Contactin 4 (CNTN4) results in developmental de-
lay and other features of 3p deletion syndrome. Am. J. Hum.
Genet. 2008, 82, 1385.

[156] Dijkhuizen, T., van Essen, T., van der Vlies, P., Verheij, J. B.
et al., FISH and array-CGH analysis of a complex chromo-
some 3 aberration suggests that loss of CNTN4 and CRBN
contributes to mental retardation in 3pter deletions. Am. J.
Med. Genet. 2006, 140, 2482–2487.

[157] Roohi, J., Montagna, C.,Tegay, D. H., Palmer, L. E. et al., Dis-
ruption of Contactin 4 in 3 subjects with autism spectrum
disorder. J. Med. Genet. 2008, DOI: 10.1136/jmg.2008.057505.

[158] Iwaki, A., Kawano, Y., Miura, S., Shibata, H. et al., Het-
erozygous deletion of ITPR1, but not SUMF1, in spin-
ocerebellar ataxia type 16. J. Med. Genet. 2008, 45, 32–35.

[159] Kamei, Y., Takeda, Y., Teramoto, K., Tsutsumi, O. et al., Hu-
man NB-2 of the contactin subgroup molecules: Chromo-
somal localization of the gene (CNTN5) and distinct ex-
pression pattern from other subgroup members. Genomics
2000, 69, 113–119.

[160] Ogawa, J., Lee, S., Itoh, K., Nagata, S. et al., Neural recogni-
tion molecule NB-2 of the contactin/F3 subgroup in rat:
Specificity in neurite outgrowth-promoting activity and
restricted expression in the brain regions. J. Neurosci. Res.
2001, 65, 100–110.

[161] Li, H., Takeda, Y., Niki, H., Ogawa, J. et al., Aberrant re-
sponses to acoustic stimuli in mice deficient for neural
recognition molecule NB-2. Eur. J. Neurosci. 2003, 17,
929–936.

[162] Lee, S.,Takeda,Y., Kawano, H., Hosoya, H. et al., Expression
and regulation of a gene encoding neural recognition mol-
ecule NB-3 of the contactin/F3 subgroup in mouse brain.
Gene 2000, 245, 253–266.



Biotechnology
Journal Biotechnol. J. 2008, 3, 1564–1580

1580 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[163] Kamei, Y., Tsutsumi, O., Taketani, Y., Watanabe, K., cDNA
cloning and chromosomal localization of neural adhesion
molecule NB-3 in human. J. Neurosci. Res. 1998, 51,
275–283.

[164] Takeda, Y., Akasaka, K., Lee, S., Kobayashi, S. et al., Im-
paired motor coordination in mice lacking neural recogni-
tion molecule NB-3 of the contactin/F3 subgroup. J. Neu-
robiol. 2003, 56, 252–265.

[165] Hu, Q. D., Ma, Q. H., Gennarini, G., Xiao, Z. C., Cross-talk be-
tween F3/contactin and Notch at axoglial interface: A role
in oligodendrocyte development. Dev. Neurosci. 2006, 28,
25–33.

[166] Cui, X. Y., Hu, Q. D., Tekaya, M., Shimoda, Y. et al., NB-
3/Notch1 pathway via Deltex1 promotes neural progenitor
cell differentiation into oligodendrocytes. J. Biol. Chem.
2004, 279, 25858–25865.


