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Leucine-rich repeats (LRRs) are 20–29-aa motifs that
mediate protein–protein interactions and are present in a
variety of membrane and cytoplasmic proteins. Many
LRR proteins with neuronal functions have been
reported. Here, we summarize an emerging group of syn-
aptic LRR proteins, which includes densin-180, Erbin,
NGL, SALM, and LGI1. These proteins have been impli-
cated in the formation, differentiation, maintenance, and
plasticity of neuronal synapses. VVC 2007 Wiley-Liss, Inc.
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Neuronal development involves many events,
including the outgrowth and migration of neuronal
processes and the formation and differentiation of neuro-
nal synapses. Neuronal proteins containing leucine-rich
repeats (LRRs), such as the Nogo-66 receptor, Slit,
AMIGO, LINGO, NGL, and NLRR, have been impli-
cated in the regulation of neurite outgrowth and migra-
tion (Wong et al., 2002; Filbin, 2003; Chen et al.,
2006), but relatively little is known about the role of
LRR proteins in the regulation of neuronal synapses.
Several recent studies have identified LRR proteins that
regulate the structure and function of neuronal synapses.
They include densin-180, Erbin, NGL, SALM, and
LGI1.

LRRS

The LRR is a 20–29-aa motif that mediates pro-
tein–protein interactions and contains a conserved 11-aa
sequence, LxxLxLxxN/CxL (where x is any amino acid;
Kobe and Kajava, 2001). Analysis of the human genome
reveals that there are *330 LRR-containing proteins,
indicating that LRRs are common. In proteins, LRRs
usually occur in tandem arrays of a few to more than a
dozen (2–52; Matsushima et al., 2005). Early X-ray crys-
tallographic studies of ribonuclease inhibitor, which has
15 LRRs, revealed that each LRR contains a beta-strand
and an alpha-helix connected by loops (Kobe and Dei-
senhofer, 1993). Multiple LRRs are arranged so that
they form a nonglobular, horseshoe-shaped structure,
wherein parallel beta-sheets line the inner circumference
of the horseshoe (the concave side) and alpha-helices

decorate the outer circumference (the convex side).
Although the sequences and numbers of LRRs can dif-
fer, diverse LRRs share this overall horseshoe shape
(Kobe and Kajava, 2001). Mutagenesis studies and struc-
tural analyses of LRR-ligand complexes have revealed
that the concave surface of LRRs, which contains paral-
lel beta-strands and adjacent loops, is involved mainly in
ligand binding (Kobe and Deisenhofer, 1995; Papageor-
giou et al., 1997; Kobe and Kajava, 2001).

DENSIN-180 AND ERBIN

Densin-180 was discovered as an LRR protein
concentrated in the postsynaptic density (PSD; Apperson
et al., 1996), a postsynaptic membrane specialization
containing macromolecular complexes of membrane, sig-
naling, and scaffolding proteins (Kennedy, 2000).
Densin-180 contains, from the N-terminus, 16 LRRs, an
LAPSD (LAP-specific domain), a mucin-like domain, a
transmembrane domain, and a C-terminal PDZ domain
(Fig. 1). Alternative splicing in the C-terminal region pro-
duces four variants of densin-180 that are differentially
expressed during development (Strack et al., 2000).
Based on its similarity to adhesion molecules, including
GPIb-alpha, a surface membrane protein in platelets that
binds to von Willebrand factor, densin-180 has been
suggested to be a type I transmembrane protein media-
ting synaptic adhesion. This is further supported by the
fact that densin-180 contains a predicted transmembrane
domain and a site for glycosylation by sialic acid in its
extracellular region. Studies in cultured hippocampal neu-
rons, however, have shown that endogenous densin-180
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is not accessible to extracellular biotin labeling (Izawa
et al., 2002), suggesting that it may not be a membrane
protein.

Proteins interacting with densin-180 include a-
actinin, the a subunit of calcium/calmodulin-dependent
kinase II (CaMKIIa), d-catenin, MAGUIN, and Shank
(Fig. 2). The C-terminal region of densin-180 binds to
CaMKIIa and a-actinin, and a-actinin binds to
CaMKIIa, so that the three proteins form a ternary
complex (Strack et al., 2000; Walikonis et al., 2001;

Robison et al., 2005). Autophosphorylated CaMKIIa
binds more strongly to densin-180, whereas densin-180
phosphorylation by CaMKIIa has little effect on their
interaction, suggesting that densin-180 is involved in the
synaptic localization of activated CaMKIIa (Walikonis
et al., 2001); however, another study reported that auto-
phosphorylation of CaMKIIa does not affect its binding
to densin-180 (Strack et al., 2000). This discrepancy
could be due to the use of different assay methods
(Walikonis et al., 2001). In addition to densin-180,

Fig. 2. Schematic diagram of the postsynaptic organization by LRR
proteins. The C-terminal cytoplasmic tails of membrane proteins are
indicated by black lines. Specific protein–protein interactions are
indicated by direct contacts of the proteins or arrows. Netrin-G is
tethered to the plasma membrane through a GPI anchor. Densin-180
may be either membrane or cytoplasmic protein. Proteins: CaMKIIa,

the a subunit of calcium/calmodulin-dependent kinase II; ADAM22,
a disintegrin and metalloprotease 22; PSD-95, postsynaptic density
95; GKAP, guanylate kinase-associated protein; Shank, SH3 and
ankyrin repeat-containing protein; MAGUIN, membrane-associated
guanylate kinase-interacting protein; NR1, NMDA receptor subunit
1; NR2, NMDA receptor subunit 2.

Fig. 1. Domain structures of synaptic LRR proteins. The five LRR
proteins found at neuronal synapses are shown along with their do-
main structures. LRR, leucine-rich repeat; LAPSD, LAP-specific do-
main; TM, transmsmbrane segment; PDZ, PSD-95, Dlg, and ZO-1;
LRRNT, N-terminal LRR; LRRCT, C-terminal LRR; Ig, immu-

noglobulin; FNIII, fibronectin type III; EPTP, Epitempin. Proteins:
Erbin, ErbB2 interacting protein; NGL, netrin-G ligand; SALM, syn-
aptic adhesion-like molecule; LGI1, leucine-rich, glioma-inactivated
1. Scale bar ¼ 100 amino acids.
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CaMKIIa binds the NR2B subunit of N-methyl-D-
aspartate (NMDA) receptors (Strack and Colbran, 1998;
Gardoni et al., 1999; Leonard et al., 1999; Bayer et al.,
2001), although densin-180 and NR2B do not compete
for CaMKIIa binding (Strack et al., 2000). Together,
these results suggest that synaptic localization of
CaMKIIa requires binding to multiple synaptic proteins,
including densin-180, a-actinin, and NR2B.

The C-terminal PDZ domain of densin-180 binds
the C-terminus of d-catenin (Izawa et al., 2002).
Densin-180 forms a complex with d-catenin and N-cad-
herin in the brain, suggesting that densin-180 may regu-
late N-cadherin-based synaptic adhesion and plasticity.
The PDZ domain of densin-180 also associates with
MAGUIN (Ohtakara et al., 2002), a mammalian homo-
log of Drosophila CNK and a multidomain adaptor that
regulates the Ras-ERK/MAPK pathway (Kolch, 2005).
Because MAGUIN interacts with PSD-95 (Yao et al.,
1999), an abundant PDZ protein in the PSD (Funke
et al., 2004; Kim and Sheng, 2004), and forms self-mul-
timers (Ohtakara et al., 2002), MAGUIN multimers may
link PSD-95 and densin-180, forming a ternary com-
plex. The C-terminal region of densin-180 interacts
with Shank (Quitsch et al., 2005), an abundant PDZ
protein in the PSD that regulates the maturation of den-
dritic spines (Sala et al., 2001). The N-terminal LRR
domain of densin-180 mediates its plasma membrane
association in fibroblasts and targeting to the basolateral
membrane in epithelial cells (Quitsch et al., 2005).
Overexpression of densin-180 in cultured neurons pro-
motes dendritic branching through the N-terminal
LRRs, and this effect is reversed by coexpression of
Shank (Quitsch et al., 2005), suggesting that Shank
antagonizes the effects of densin-180 on dendrites.

Densin-180 belongs to the LAP (LRR and PDZ)
family (Bilder et al., 2000), which has three other mem-
bers: Erbin (Borg et al., 2000; Huang et al., 2001),
hScrib (Nakagawa and Huibregtse, 2000), and Lano
(Saito et al., 2001). LAP family proteins have 16 LRRs
at their N-termini and zero to four PDZ domains at
their C-termini: Erbin and hScrib have one and four
PDZ domains, respectively, and Lano does not have
PDZ domains but has a PDZ-binding C-terminus (Fig.
1). Erbin, hScrib, and Lano mRNAs are expressed in a
wide variety of tissues, including the brain (Borg et al.,
2000; Nakagawa and Huibregtse, 2000; Huang et al.,
2001; Saito et al., 2001).

In neurons, Erbin is concentrated in the PSD
(Huang et al., 2001). A C-terminal region of Erbin
excluding the PDZ domain associates with PSD-95
(Huang et al., 2001). In addition, the PDZ domain of
Erbin mediates interactions with proteins, including d-
catenin (Laura et al., 2002) and ErbB2/HER2 (Huang
et al., 2001; Fig. 2), a receptor tyrosine kinase for neure-
gulin that regulates neuronal development and synaptic
plasticity (Huang et al., 2000; Holbro and Hynes, 2004;
Esper et al., 2006). Erbin suppresses the Ras-Raf-MEK
pathway (Huang et al., 2003), and the N-terminal LRR
domain of Erbin is both required and sufficient for this

inhibition (Dai et al., 2006). Interestingly, the LRR do-
main of Erbin interacts with Sur-8, an LRR-containing
scaffold protein that associates with Ras and Raf and
enhances ERK activation (Li et al., 2000), and this inter-
action suppresses the association of Sur-8 with active
Ras and Raf and the activation of ERK (Dai et al.,
2006). These findings suggest that Erbin inhibits the
Ras-Raf-MEK pathway through Sur-8 binding and that
the LRR domain of Erbin has a novel role in the regu-
lation of intracellular signaling. This regulation is likely
to have neuronal implications, because Sur-8 mRNAs
are detected in the brain (Sieburth et al., 1998). It
should be noted that the majority of the proteins that
interact with densin-180 and Erbin bind to the C-termi-
nal region. Identification of additional proteins that asso-
ciate with the N-terminal LRR domain may help to
clarify the functions of densin-180 and Erbin.

NGL

The NGL (netrin-G ligand) family of synaptic cell
adhesion molecules has three known members; NGL-1,
NGL-2 (also known as LRRC4), and NGL-3 (Lin et al.,
2003; Zhang et al., 2005; Kim et al., 2006). Northern
blot analyses with rat and human tissues indicate that
NGLs are expressed mainly in the brain, although low-
level expression is observed in liver (NGL-1) and heart
(NGL-3; Lin et al., 2003; Zhang et al., 2005; Kim et al.,
2006). NGL proteins have nine LRRs and an extracellu-
lar immunoglobulin (Ig) domain, followed by a trans-
membrane domain and a PDZ domain-binding motif at
the C-terminus. The LRRs of NGL are flanked by cys-
teine-rich LRR N-terminal (LRRNT) and LRR C-ter-
minal (LRRCT) domains (Fig. 1). NGL is modified by
N-glycosylation. NGL associates with netrin-G through
its extracellular region and with PSD-95 through the
PDZ-binding C-terminus (Lin et al., 2003; Kim et al.,
2006; Fig. 2).

Classical netrins are diffusible axon-guidance mole-
cules related to laminin that bind to receptors such as
DCC and Unc5 (Chisholm and Tessier-Lavigne, 1999).
Netrin-G (also called laminet) is a family of netrin-like
adhesion proteins that has two known members, netrin-
G1 and netrin-G2 (Nakashiba et al., 2000, 2002; Yin
et al., 2002). Northern blot analysis indicates that netrin-
G1 and netrin-G2 mRNAs are expressed mainly in the
brain (Nakashiba et al., 2000, 2002; Yin et al., 2002).
Netrin-G is distinct from classical netrins in several ways
(Nakashiba et al., 2000). First, netrin-G1 is linked to the
plasma membrane through a glycosylphosphatidylinositol
(GPI) anchor. Second, netrin-G1 does not bind to the
netrin receptors (DCC or Unc5). Netrin-G1 and netrin-
G2 share a similar domain structure, with the laminin
N-terminal domain (LamNT; also called domain VI) in
the N-terminal half and three laminin-type EGF-like
domain (LEGF) in the C-terminal half. Interestingly, the
distributions of netrin-G1 and netrin-G2 mRNAs in the
brain minimally overlap (Nakashiba et al., 2000, 2002;
Yin et al., 2002; Kim et al., 2006), suggesting that their
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association with specific ligands may contribute to the
formation of specific neural networks in the brain.

Netrin-G1 is expressed on the surface of thalamo-
cortical axons (Nakashiba et al., 2002). The trajectory of
thalamocortical axons is precisely controlled during their
migration in the embryonic brain, suggesting that the
migration is regulated by multiple chemorepellent and
chemoattractant activities (Braisted et al., 1999). NGL-1
(netrin-G1 ligand 1) was identified as a specific receptor
for netrin-G1 in a screen for extracellular molecules
with the ability to influence thalamocortical axon guid-
ance (Lin et al., 2003). The LRR region in the extracel-
lular region of NGL-1 is sufficient for netrin-G1 bind-
ing. NGL-1-coated substrate promotes axonal outgrowth
in cultured thalamic neurons. Conversely, soluble NGL-
1, which competes with endogenous NGL-1, suppresses
axon outgrowth in chick embryo thalamic neurons.
These results suggest that the interaction between
netrin-G1 and NGL-1 regulates the outgrowth and
migration of thalamocortical axons. Unlike soluble
NGL-1, however, soluble netrin-G1 does not suppress
the growth of thalamocortical axons, suggesting that
netrin-G1 is not the only NGL-1 receptor.

The expression of NGL is higher in postnatal
brains than in embryonic brains (Kim et al., 2006), sug-
gesting that NGL has additional roles in later stages of
brain development. A recent study revealed that NGL
can induce the formation of neuronal synapses (Kim
et al., 2006). NGL-2 expressed on nonneuronal cells or
linked to beads induces morphological and functional
presynapses in contacting axons of cocultured neurons.
Also, overexpression of NGL-2 in cultured neurons
increases the number of excitatory synapses. Direct
aggregation of NGL-2 on the dendritic surface induces
the clustering of postsynaptic proteins, including PSD-95
and NMDA receptors. Furthermore, knockdown of
NGL-2 reduces the number and function of excitatory
synapses, but not inhibitory synapses, and soluble NGL-
2 reduces the number of excitatory synapses in a domi-
nant negative manner. These results suggest that NGL-2
regulates the formation of excitatory synapses via a trans-
synaptic interaction with netrin-G2 and a cytoplasmic
interaction with PSD-95.

The netrin-G and NGL families have multiple
members, indicating that there may be isoform-specific
interactions. In addition to the previously identified
interaction between netrin-G1 and NGL-1 (Lin et al.,
2003), a recent study further revealed that netrin-G2
binds NGL-2 but not NGL-1 or NGL-3 and that
netrin-G1 does not bind NGL-2 or NGL-3 (Kim et al.,
2006). In addition, neither netrin-G1 nor netrin-G2
associates with NGL-3 (Kim et al., 2006). These results
suggest that netrin-G and NGL associate in an isoform-
specific manner and that NGL-3 may have a novel
ligand.

The adhesion between presynaptic neurexins and
postsynaptic neuroligins is a well-known example of het-
erophilic and synaptogenic adhesion (Ichtchenko et al.,
1995). Their transsynaptic adhesion induces pre- and

postsynaptic differentiation in a bidirectional manner
(Scheiffele et al., 2000; Graf et al., 2004). The netrin-G-
NGL complex shares some but not all features of the
neurexin-neuroligin complex. As with neuroligin, NGL
associates with PSD-95 through its C-terminus (Irie
et al., 1997; Kim et al., 2006), suggesting that PSD-95 is
an important postsynaptic scaffolding protein that coor-
dinates synaptic adhesion and synaptogenesis. The ecto-
domain of NGL mediates heterophilic adhesion (Ichtch-
enko et al., 1995; Lin et al., 2003) and induces presyn-
aptic differentiation (Scheiffele et al., 2000; Kim et al.,
2006). A small difference between them is that NGL
binds mainly to the first two PDZ domains of PSD-95
whereas neuroligin binds to the third PDZ domain (Irie
et al., 1997; Kim et al., 2006), suggesting that NGL and
neuroligin do not compete for PSD-95 binding and that
they may even function synergistically.

Neuroligin-1 and neuroligin-2 differentially distrib-
ute to excitatory and inhibitory synapses, respectively
(Song et al., 1999; Graf et al., 2004; Varoqueaux et al.,
2004; Chih et al., 2005; Levinson et al., 2005). PSD-95
enhances synaptic localization of neuroligin-1 and trans-
locates neuroligin-2 from inhibitory to excitatory synap-
ses, promoting excitatory synapse formation at the
expense of inhibitory synapses and thus regulating the
balance of excitation and inhibition in a single neuron
(Graf et al., 2004; Prange et al., 2004; Chih et al.,
2005). Because NGL-2 is recruited to synapses by PSD-
95 binding and regulates excitatory but not inhibitory
synapse formation (Kim et al., 2006), NGL may act in
concert with neuroligins and PSD-95 to regulate the
excitatory/inhibitory balance.

The netrin-G-NGL interaction differs from the
neurexin-neuroligin interaction in that netrin-G2 ex-
pressed in nonneuronal cells lacks the ability to induce
postsynaptic differentiation in contacting dendrites,
whereas NGL-2 is able to induce presynaptic differentia-
tion in contacting axons (Kim et al., 2006). This unidir-
ectional synaptogenic activity contrasts with the bidirec-
tional synaptogenesis mediated by neurexins and neuroli-
gins (Scheiffele et al., 2000; Graf et al., 2004). This
difference is consistent with the notion that netrin-G
might not be the only ligand of NGL (Lin et al., 2003).

Netrin-G and NGL are implicated in brain dys-
functions. Single nucleotide polymorphism analyses indi-
cate that netrin-G1 and netrin-G2 are highly associated
with schizophrenia, and netrin-G1 expression is reduced
in schizophrenic brain (Aoki-Suzuki et al., 2005). Fur-
thermore, truncation of the netrin-G1 gene by a bal-
anced chromosomal translocation leads to Rett syndrome
(Borg et al., 2005), although whether alterations in
netrin-G1 are the main cause of Rett syndrome remains
to be determined (Archer et al., 2006).

Several issues remain to be addressed regarding syn-
aptogenic function of netrin-G and NGL. First, there
are a large number of splice variants of netrin-G1 and
netrin-G2, and they are regulated spatiotemporally
(Nakashiba et al., 2000, 2002; Yin et al., 2002; Meera-
bux et al., 2005), similar to neurexin (Ullrich et al.,
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1995). Therefore, alternative splicing of netrin-G may
affect NGL binding. The function of the Ig domain of
NGL is currently unknown, and, although the extracel-
lular regions are relatively conserved between the differ-
ent NGLs, their cytoplasmic regions are markedly differ-
ent (Lin et al., 2003; Zhang et al., 2005; Kim et al.,
2006), suggesting that the variants have different func-
tions. Unlike netrin-G mRNAs, which have largely
nonoverlapping distributions in the rat brain (Nakashiba
et al., 2000, 2002; Yin et al., 2002; Kim et al., 2006),
NGL mRNAs have overlapping distributions (i.e., py-
ramidal neurons in the CA1 region of hippocampus
express mRNAs for all three NGLs; Kim et al., 2006). It
is possible that different NGL isoforms segregate into
different dendritic regions of a neuron to mediate syn-
apse formation with axons of different origins. Alterna-
tively, a single synapse may contain multiple NGLs that
could act synergistically.

A recent study reported that NGL-1 binds whirlin
(Delprat et al., 2005), a PDZ protein implicated in deaf-
ness (Belyantseva et al., 2003; Mburu et al., 2003). This
interaction between NGL-1 and whirlin is mediated by
the C-terminus of NGL-1 and the first two PDZ
domains of whirlin. Whirlin is encoded by the Whrn
gene, and mutation of this gene causes autosomal reces-
sive deafness in mice and humans (Holme et al., 2002;
Mburu et al., 2003). Whirler mice, which have a muta-
tion in the Whrn gene, have shorter stereocilia, which
are stiff microvilli located at the apex of cochlear inner
hair cells, and they exhibit degeneration of hair cells
(Holme et al., 2002). It has been suggested that NGL-1
links adjacent stereocilia through homophilic adhesion,
leading to the formation of a bundle of stereocilia (Del-
prat et al., 2005). In support of this idea, NGL-1 mole-
cules homophilically interact with each other in GST
pull-down assays in the presence of Ca2+ concentrations
(5–250 lM) similar to that found in endolymph, the
extracellular fluid surrounding the hair cells (Delprat
et al., 2005). These results suggest a novel function of
NGL in hair cell regulation. However, the homophilic
adhesion in NGL-1 remains to be further characterized;
it is unclear whether the interaction occurs in a cis or
trans conformation.

Finally, NGL-2/LRRC4 has been implicated in
the suppression of glioma, a common primary malignant
tumor in the central nervous system (Zhang et al., 2005;
Wu et al., 2006). Northern blot analysis indicates that
NGL-2/LRRC4 expression is reduced in glioblastoma
cell lines and gliomas. Exogenous overexpression of
NGL-2/LRRC4 suppresses the proliferation of glioblas-
toma cells in a manner requiring the protein’s LRR
region. These results suggest that NGL-2 functions as a
tumor suppressor.

SALM

The SALM (synaptic adhesion-like molecule) fam-
ily is a novel group of synaptic LRR proteins that
includes five known members (Ko et al., 2006; Wang

et al., 2006). Shortly after the initial reports, these pro-
teins were independently described as members of the
Lrfn (leucine-rich repeat and fibronectin III domain-
containing) family (Morimura et al., 2006). Northern
blot analysis indicates that the mRNAs for all of the
SALM isoforms are expressed mainly in the brain,
although lower levels of SALM3/Lrfn4 and SALM4/
Lrfn3 mRNAs are found in other tissues (Ko et al.,
2006; Morimura et al., 2006). SALMs contain six LRRs,
an Ig domain, and a fibronectin III domain in the
extracellular region, followed by a transmembrane do-
main and a C-terminal PDZ-binding motif (Fig. 1). The
LRRs of SALMs are flanked by LRRNT and LRRCT
domains. SALM is similar to NGL in its overall domain
structure and its ability to bind PSD-95 (Ko et al., 2006;
Wang et al., 2006; Fig. 2). Unlike NGL, SALM has a
fibronectin III domain as an additional adhesion domain.
Also, SALM4 and SALM5 lack the PDZ-binding motif,
and the ligands for SALMs are not known. SALMs are
modified by N-glycosylation (Ko et al., 2006; Morimura
et al., 2006).

When overexpressed in cultured neurons, SALM1
promotes neurite outgrowth in early-stage cultured hip-
pocampal neurons (4–6 days in vitro) but not in late-
stage neurons (14–16 days in vitro; Wang et al., 2006),
suggesting that SALM1 regulates an important aspect of
early neuronal development. Interestingly, overexpres-
sion of SALM1 induces the surface clustering of NMDA
receptors on dendrites by a mechanism that requires
PDZ interaction (Wang et al., 2006), suggesting that
dendritic coclustering of SALM1 and NMDA receptors
requires a PDZ scaffold. In addition, SALM1 forms a
complex with NMDA receptors in brain and associates
with the NR1 but not the NR2 subunit of NMDA
receptors in heterologous cells (Wang et al., 2006).

Previous studies have identified several NMDA re-
ceptor-associated adhesion molecules. EphB receptor ty-
rosine kinases directly interact with NR1, and ephrin
stimulation of EphB receptors induces coclustering of
EphB and NMDA receptors, tyrosine phosphorylation of
NMDA receptors, and an increase in the number of syn-
apses (Dalva et al., 2000; Takasu et al., 2002). Overex-
pression of neuroligin-1 induces dendritic NMDA re-
ceptor clustering through mechanisms that partially
require PSD-95 binding (Chih et al., 2005), and neu-
rexin presented to dendrites induces clustering of neuro-
ligin and NMDA receptors (Graf et al., 2004). The neu-
ral cell adhesion molecule (NCAM) forms a complex
with NMDA receptors in brain, and antibody-induced
dendritic clustering of NCAM induces coclustering of
NMDA receptors (Sytnyk et al., 2006). In addition,
NCAM-associated polysialic acid negatively regulates
NR2B-containing NMDA receptors (Hammond et al.,
2006). Direct aggregation of NGL-2 on dendrites indu-
ces secondary clustering of NMDA receptors (Kim et al.,
2006). Therefore, SALM1, along with EphB receptors,
neuroligin, NCAM, and NGL, may participate in den-
dritic or synaptic clustering of NMDA receptors. The
SALM1-NMDA receptor interaction may also contrib-
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ute to reciprocal modulation of synaptic adhesion and
NMDA receptor activity (Wang et al., 2006).

SALM2 has also been characterized (Ko et al.,
2006). SALM2 expressed in nonneuronal cells does not
induce presynaptic differentiation in contacting axons,
suggesting that, unlike NGL, SALM2 does not have syn-
aptogenic activity; however, overexpression of SALM2
in cultured neurons increases the number of excitatory
synapses. SALM2 knockdown by RNA interference
reduces the number and functions of excitatory but not
inhibitory synapses, as determined by pre- and postsy-
naptic markers and miniature postsynaptic currents.
Direct aggregation of SALM2 on the surface membrane
of dendrites induces secondary clustering of excitatory
postsynaptic proteins, including PSD-95, a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors, and to a lesser extent NMDA receptors, sug-
gesting that SALM2 clustering is sufficient to drive post-
synaptic differentiation. These results suggest that
SALM2 regulates the differentiation or maturation of
excitatory synapses, whereas NGL contributes to excita-
tory synapse formation.

There are several differences between SALM2 and
SALM1. SALM2 associates with both AMPA and
NMDA receptors but is more strongly associated with
AMPA receptors, whereas SALM1 preferentially associ-
ates with NMDA receptors (Ko et al., 2006; Wang
et al., 2006). They also differ in their temporal expres-
sion patterns: SALM2 expression gradually increases dur-
ing postnatal synaptic development, and SALM1 expres-
sion reaches a plateau at early stages and is maintained
throughout development (Ko et al., 2006; Wang et al.,
2006). Therefore, SALM2 may promote the maturation
of excitatory synapses at later stages, whereas SALM1
exerts its actions in wider developmental stages. The
effect of SALM2 on synaptic maturation is reminiscent
of Dasm1, an Ig family adhesion-like molecule that
interacts with S-SCAM and Shank PDZ proteins and
regulates synaptic maturation through a selective effect
on AMPA receptors (Shi et al., 2004a,b).

Several aspects of SALM function remain to be
studied. Ligands of SALMs, if any, have to be identi-
fied. The ligands could be SALMs, as suggested previ-
ously (Wang et al., 2006). Although SALM2 does not
mediate homophilic adhesion (Ko et al., 2006), other
SALM isoforms may participate in homophilic or
heterophilic adhesion. In support of this possibility,
SALM1 and SALM2 are found in both axons and den-
drites (Ko et al., 2006; Wang et al., 2006). Another
issue that remains to be addressed is whether SALMs
have lateral or cis-type interactions on the same plasma
membrane surface, forming homo- or heteromultimers.
Finally, different SALMs may have different functions.
Notably, the cytoplasmic regions of SALMs are essen-
tially unrelated except for their extreme C-termini,
although their ectodomains are more conserved. In
addition, SALM4 and SALM5 do not contain C-termi-
nal PDZ-binding motifs, suggesting that they might
have distinct functions.

LGI1

LGI1 (leucine-rich, glioma inactivated gene 1) is
an LRR protein implicated in epilepsy (Chernova et al.,
1998; Kalachikov et al., 2002; Morante-Redolat et al.,
2002). LGI1 contains four LRRs in the N-terminal half
and seven epitempin (EPTP) repeats in the C-terminal
half (Fig. 1). Mutations in LGI1 cause a rare form of
epilepsy known as autosomal dominant partial epilepsy with
auditory features (ADPEAF; Kalachikov et al., 2002; Mor-
ante-Redolat et al., 2002). LGI1 is modified by N-gly-
cosylation and secreted from cells in a manner requiring
the EPTP repeats (Senechal et al., 2005; Sirerol-Piquer
et al., 2006). LGI1 mutants found in ADPEAF patients
are not secreted (Senechal et al., 2005; Sirerol-Piquer
et al., 2006), suggesting that the limited secretion of
LGI1 may cause epileptic conditions.

LGI1 has been implicated in tumor suppression
(Chernova et al., 1998), although a recent study does
not support this possibility (Piepoli et al., 2006). An im-
portant clue to the function of LGI1 has come from the
tight association of LGI1 with Kv1.1 (Schulte et al.,
2006), a presynaptic voltage-dependent potassium chan-
nel subunit. Kv1.1, which is a noninactivating channel,
is transformed into a rapidly inactivating channel when
coassembled with the Kv1.4 or Kvb1 subunit. In
the Kv1.1 protein complex, LGI1 inhibits Kvb1-medi-
ated Kv1.1 inactivation, and LGI1 mutants found in
ADPEAF patients do not have this activity, suggesting
that the rapid presynaptic Kv1.1 inactivation caused by
defective LGI1 may induce epileptic activities. How
does LGI1 inhibit the effect of Kvb1 on Kv1.1? A possi-
bility is that LGI1 mutants, which cannot be secreted,
may associate with and trap Kv1.1 in the early secretory
pathway. This may lead to the surface expression of
Kv1.1 complexes that lack LGI1 and thus have rapid
inactivation, as recently suggested (Sirerol-Piquer et al.,
2006).

Another important clue to the function of LGI1
was the finding that LGI1 associates with ADAM22
(Fukata et al., 2006), a transmembrane protein associated
with epilepsy in mice (Sagane et al., 2005; Fig. 2). This
interaction is mediated by EPTP repeats in LGI1 and
the disintegrin domain in ADAM22. An LGI1 mutant
found in ADPEAF patients fails to bind ADAM22. The
PDZ-binding motif at the C-terminus of ADAM22 also
associates with the second half of PSD-95, which con-
tains the third PDZ domain (Fukata et al., 2006; Fig. 2).
Furthermore, LGI1, ADAM22, and PSD-95 form a tri-
partite complex in heterologous cells. These results sug-
gest that LGI1 is an extracellular ligand for ADAM22
and that PSD-95 clusters LGI1 and ADAM22 at excita-
tory synapses.

Interestingly, addition of soluble LGI1 to hippo-
campal slices increases surface AMPA receptor expres-
sion, the AMPA/NMDA receptor ratio, and the fre-
quency and amplitude of miniature excitatory postsynap-
tic currents (Fukata et al., 2006). These effects on
synaptic transmission are blocked by preincubating LG11
with soluble ADAM22, suggesting that LGI1 acts
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through ADAM22; however, hippocampal long-term
potentiation is not occluded by LGI1, suggesting that
LGI1 promotes glutamatergic transmission by mecha-
nisms other than long-term potentiation.

Stargazin/TARP is a transmembrane protein that
regulates AMPA receptor trafficking and gating (Nicoll
et al., 2006). Stargazer mice, which are deficient in star-
gazin, exhibit epilepsy and ataxia (Nicoll et al., 2006).
Stargazin binds to the first two PDZ domains of PSD-95
(Schnell et al., 2002), whereas ADAM22 binds to a non-
overlapping site in the second half of PSD-95 (Fukata
et al., 2006). In addition, LGI1, ADAM22, and PSD-
95 form a tripartite complex. Together, these results
suggest that the LGI1-ADAM22 complex may stabilize
the stargazin-AMPA receptor complex on PSD-95
(Fukata et al., 2006).

These results lead us toward a deeper understand-
ing of LGI1 function, but relatively little is known about
the roles of individual LGI1 domains, especially the
N-terminal LRR domain. An LGI1 deletion variant that
lacks the whole LRR domain is efficiently secreted,
although a contrasting result was obtained from a similar
LGI1 variant with a smaller LRR deletion (Senechal
et al., 2005; Sirerol-Piquer et al., 2006), leaving the role
of the LRR domain unclear. The domains of LGI1
involved in Kv1.1 regulation have not been identified
(Schulte et al., 2006). The C-terminal EPTP repeats, but
not the LRR domain, mediate ADAM22 binding
(Fukata et al., 2006). Therefore, the synaptic function of
the LRR domain of LGI1 remains to be determined.

PERSPECTIVES

In this Mini-Review, we have discussed an emerg-
ing group of LRR proteins with synaptic functions.
These proteins are localized at different subdomains of
synapses, including the PSD and the synaptic plasma
membrane, and in the extracellular spaces. This suggests
that synaptic LRR proteins have diverse functions, simi-
lar to other LRR proteins from neuronal and nonneuro-
nal cells. It is now fairly clear that the LRRs in NGL
and Erbin mediate binding to netrin-G and Sur-8,
respectively. In contrast, the functions of the LRRs
from densin-180, SALM, and LGI1 remain to be deter-
mined. Identification of additional LRR-binding pro-
teins may elucidate the functions of the synaptic LRR
proteins.
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