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The segregation and myelination of axons in the developing PNS, results from a complex series of cellular and molecular interactions
between Schwann cells and axons. Previously we identified the Lgi4 gene (leucine-rich glioma-inactivated4) as an important regulator of
myelination in the PNS, and its dysfunction results in arthrogryposis as observed in claw paw mice. Lgi4 is a secreted protein and a
member of a small family of proteins that are predominantly expressed in the nervous system. Their mechanism of action is unknown but
may involve binding to members of the Adam (A disintegrin and metalloprotease) family of transmembrane proteins, in particular
Adam22. We found that Lgi4 and Adam22 are both expressed in Schwann cells as well as in sensory neurons and that Lgi4 binds directly
to Adam22 without a requirement for additional membrane associated factors. To determine whether Lgi4-Adam22 function involves a
paracrine and/or an autocrine mechanism of action we performed heterotypic Schwann cell sensory neuron cultures and cell type-
specific ablation of Lgi4 and Adam22 in mice. We show that Schwann cells are the principal cellular source of Lgi4 in the developing nerve
and that Adam22 is required on axons. Our results thus reveal a novel paracrine signaling axis in peripheral nerve myelination in which
Schwann cell secreted Lgi4 functions through binding of axonal Adam22 to drive the differentiation of Schwann cells.

Introduction
The myelin sheath is a highly ordered lamellar structure that
surrounds a large fraction of nerve fibers in the vertebrate ner-
vous system. Myelinated nerve fibers conduct nerve impulses
with a speed that is approximately two orders of magnitude
faster than unmyelinated fibers of similar diameter. Dedicated
neuroglial cells, oligodendrocytes in the CNS and Schwann
cells in the PNS, produce myelin. The importance of the my-
elin sheath for the normal function of the nervous system is
underscored by the large range of neurological diseases asso-
ciated with its dysfunction.

The structural and functional maturation of myelinated nerve
fibers in the PNS is governed by a temporally and spatially con-
trolled series of molecular interactions between the axon and the
Schwann cell (Jessen and Mirsky, 2005). For example, cell adhe-
sion molecules of the nectin-like family are important for proper

Schwann cell–axon interactions during myelination and along
the internode of the structurally mature myelin sheath (Maurel et
al., 2007; Spiegel et al., 2007). Furthermore, engagement of ax-
onally derived neuregulin-1 (Nrg1) with ErbB2/3 tyrosine-kinase
receptors on Schwann cells mediates Schwann cell proliferation
and survival, and myelination of axons (Nave and Salzer, 2006;
Birchmeier and Nave, 2008). Other ligands for tyrosine kinase
receptors also modulate myelination, including platelet-derived
growth factor and insulin-like growth factor-1 (Ogata et al.,
2006) and the neurotrophins (Chan et al., 2001). Additionally,
the G-protein coupled receptor gpr126 is an orphan receptor that
is Schwann cell-autonomously required to regulate expression of
the transcription factor Oct6 and induce myelination (Monk et
al., 2009).

Recently, a mutant form of Lgi4 has been shown to underlie
the congenital hypomyelinating phenotype of claw paw mice
(Henry et al., 1991; Bermingham et al., 2006). Lgi4 is a secreted
molecule that belongs to a small family of proteins predomi-
nantly expressed in the nervous system. In claw paw mice the Lgi4
mutant protein is not secreted (Bermingham et al., 2006). Thus,
the Lgi4 protein is implicated as a positive regulator of myelin
formation in the PNS.

Previous studies suggest that proteins of the ADAM (A disin-
tegrin and metalloproteinase) family (Seals and Courtneidge,
2003; Yang et al., 2006) are receptors for Lgi proteins. Lgi1 and
Adam22 coprecipitate from brain membrane preparations
(Fukata et al., 2006; Schulte et al., 2006) and Lgi1 and Lgi4 both
bind to cells that ectopically express Adam22 or Adam23 (Fukata
et al., 2006; Sagane et al., 2008). Strikingly, deletion of Adam22
presents a peripheral nerve phenotype similar to that of claw paw
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animals (Sagane et al., 2005) suggesting that Adam22 is a receptor
for Lgi4 in the developing nerve. However, it is unknown whether
Lgi4 interacts directly with Adam22 and whether the Lgi4-
Adam22 ligand receptor pair functions through an autocrine or
(juxta)paracrine mechanism of action. Here we show that Lgi4
binds directly to the ectodomain of Adam22. Lgi4 binding
depends on an intact Adam22 disintegrin domain but is indepen-
dent of additional membrane associated factors. Using cell type-
specific deletion of Lgi4 or Adam22 and heterotypic sensory
neuron–Schwann cell cultures we show that Schwann cells are the
principal source of Lgi4 and require binding to axonal Adam22 to
drive myelin formation.

Materials and Methods
Mice
The neo allele of Adam22 (Adam22neo), in which a TK-neo cassette is
inserted into exon 8, has been described before (Sagane et al., 2005).
Conditional alleles for Adam22 and Lgi4 were generated through homol-
ogous recombination in ES cells using standard techniques (Jaegle et al.,
2003). To create a conditional Lgi4-null allele we introduced LoxP sites
into a nonconserved CA repeat 5� to the Lgi4 translation start site, and a
second LoxP site, along with a PGK-neomycin cassette that was flanked
with frt sites, into intron 3 through homologous recombination in ES
cells. We established mouse lines from two independently targeted ES cell
lines; these mice were phenotypically indistinguishable. The PGK-neo
cassette was removed by crossing the mice with the ROSA26-Frt recom-
binase deleter mouse (Farley et al., 2000). Offspring of this cross was used
to establish the Lgi4 conditional knock out (Lgi4Lox) mouse line used
here. Crossing these mice with Cre recombinase drivers such as DhhCre
and Wnt1Cre, results in the tissue-specific deletion of exon 1–3, includ-
ing the Lgi4 translation start site, signal sequence and N-terminal
leucine-rich repeat, thereby generating a null allele (see Fig. 1 A). To
create a conditional null allele for Adam22 (Adam22Lox), we introduced
LoxP sequences around exon1, along with a TK-neo cassette that was
flanked by Frt sites, through homologous recombination in ES cells.
Correctly targeted ES cells were used to generate a mouse carrying the
targeted allele containing the TK-neo selection cassette. The TK-neo
cassette was removed by crossing the mice with the ROSA26-Frt recom-
binase deleter mouse (Farley et al., 2000). Offspring of this cross was used
to establish the Adam22 conditional knock out (Adam22Lox) mouse line.
Deletion of exon1 by Cre recombinase results in the generation of the
Adam22-null (Adam22�1) allele (see Fig. 5A). All animal experiments
were performed in compliance with the relevant laws and institutional
guidelines and were approved by an independent committee (DEC) on
the ethical use of experimental animals.

Light microscopy
Mice were deeply anesthetized with sodium pentobarbital and transcar-
dially perfused with PBS followed by 4% paraformaldehyde/1% gluter-
aldehyde in 0.1 M phosphate buffer pH 7.2. Sciatic nerves, spinal cords
and DRGs were dissected and placed in the same fixative at 4°C for at least
16 h. Tissues were washed with 0.1 M phosphate buffer and osmicated
overnight at 4°C in 1% osmium tetroxide/ferricyanide in phosphate
buffer. Tissues were embedded in plastic resin and 1 �m sections were
cut, mounted and stained with either paraphenylenediamine (PPD) or
toluidine blue, as described previously (Estable-Puig et al., 1965; Jaegle et
al., 2003). Sections were examined using an Olympus BX40 microscope
and pictures were collected using a ColorviewIIIu camera.

Immunofluorescence
Mice were killed at postnatal day 12 (P12) and sciatic nerves were dis-
sected and fixed in 4% PFA in PBS overnight at 4°C and embedded in
paraffin. Six micron sections were rehydrated and washed in PBS and
PBS/0.1% Tween 20. Antigen retrieval was performed with 15 mM Na3-
Citrate Buffer containing 0.05% Tween 20 at 80�90°C for 20 –30 min in
a water bath. Sections were blocked for at least 1 h at room temperature
with PBS, 1% BSA, 0.2 mM glycine, 0.05% Tween 20, and 0.5% Normal
Goat Serum (Dako) or Normal Donkey Serum (Sigma) depending on the

secondary antibody used. Primary antibodies were diluted in blocking
solution, and sections were incubated overnight at 4°C. Secondary anti-
bodies were incubated in block solution for 2 h at room temperature.
After washing and rinsing in distilled water, sections were dried, and
mounted with polyvinyl alcohol 4 – 88 containing DABCO anti-fading
agent and DAPI for DNA staining. Samples were examined under a Zeiss
AxioImager.Z1 microscope and images were captured with an AxioCam
MRm digital camera, and analyzed with AxioVision software. Brightness
and contrast levels were adjusted in Adobe PhotoShop.

Binding assays
Lgi2, Lgi3 or Lgi4 conditioned media (CM) were incubated with anti-
bodies against V5-tag (Lgi2 and Lgi3) or Myc-tag (Lgi4) for 45 min at
room temperature. CM were then added to transfected cells and incu-
bated at 37°C/5%CO2 for 45 min. Cells were washed twice with PBS,
fixed with 4% PFA in PBS for at least 15 min, then washed twice with PBS,
once with PBS/0.05% Triton X-100, and blocked for at least 20 min at
room temperature. Block contained 1% BSA, 0.2 mM glycine, 0.01%
Triton X-100, and 0.5% Normal Goat Serum (Dako). Secondary anti-
body incubation was done at room temperature for at least 45 min.

Sciatic nerve tissue extraction and Western blotting
Nerves were dissected from killed animals at P12 and frozen on dry ice.
Tissues were extracted in reducing sample buffer by sonicating on ice,
with 4 on/off cycles of 1 min. Proteins were separated by SDS-PAGE
(12.5% gel) and blotted onto Immobilon-P PVDF membranes (Milli-
pore). Blots were probed with different antibodies exactly as described
before (Jaegle et al., 2003).

Antibodies
Primary antibodies. Primary antibodies were from the following sources:
Mouse-anti-P0 (Archelos et al., 1993) [immunofluorescence (IF), 1:500;
Western blot (WB), 1:1000], rabbit-anti-Oct6 (Jaegle et al., 2003) (IF,
1:200; WB, 1:500), rabbit-anti-Krox20 (Ghazvini et al., 2002) (IF, 1:200;
WB, 1:500), mouse-anti-neurofilament M (IF, 1:300) (The 2H3 mono-
clonal antibody developed by Jessell and colleagues was obtained from
the Developmental Studies Hybridoma Bank, developed under the aus-
pices of the National Institute of Child Health and Human Development
and maintained by the Department of Biology, University of Iowa, Iowa
City, IA), rat-anti-myelin basic protein (Millipore; IF, 1:300), goat-anti-
ChAT (Millipore; IF, 1:200), mouse-anti-myc 9E10 (clone 9E10, 0.4 mg/
ml, Roche; IF, 1:300), mouse-anti-V5 (custom-made monoclonal
antibody; IF, 1:50), rabbit-anti-phospho AKT (Cell Signaling Technology;
WB, 1:1000), rabbit-anti-Erk (Cell Signaling Technology; WB, 1:1000),
mouse-anti-acetylated tubulin (Sigma; WB, 1:1000).

Secondary antibodies. The following secondary antibodies were used.
Alexa594-conjugated goat-anti-mouse and Alexa488-conjugated oat-anti-
rabbit (Invitrogen; used at 1:300 for IF), Cy2-conjugated donkey-anti-
mouse (IF, 1:100), AffiniPure DyLight594-conjugated donkey-anti-rat
and AffiniPure DyLight594-conjugated donkey-anti-goat (Jackson Im-
munoResearch; IF: 1:500), HRP-goat-anti-mouse, AP-goat-anti-mouse,
and HRP-goat-anti-rabbit (Dako; WB, 1:5000), goat-anti-human-HRP
(GE Healthcare; WB, 1:5000).

Cloning
Lgi2, 3, 4 and Adam22 cDNAs were amplified from E13.5 mouse DRG
cDNA using Phusion polymerase (Finnzymes), cloned into Zero-Blunt
TOPO vector (Invitrogen) and sequenced. cDNAs were generated using
the SuperScript II (Invitrogen) reverse transcription system, on total
RNA isolated by RNA-Bee reagent (Tel-Test, Inc). Adam11 and Adam23
were amplified from IMAGE cDNA clones. V5-His (Lgi2, 3) or myc-His
(Lgi4) tagged Lgi proteins were obtained by recloning into pcDNA3.1-
based expression cassettes. Full-length Adam-GFP-His fusion proteins
and Ectodomain Adam-Fc fusion proteins were obtained by recloning
into CMV-based expression cassettes [G20 isoform for Adam22 and �
isoform for Adam23 were used (Sun et al., 2004; Sagane et al., 2005)].

Cell culture and immunoprecipitation assays
All cell culture reagents were from Lonza, and all cultures dishes were
from Greiner Bio-One. CHO and HeLa cells were grown in DMEM, 10%
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FCS, penicillin and streptomycin (PS), and HEK 293T cells were grown
in DMEM/F10, 10% FCS, PS. HeLa, or HEK 293T cells were transiently
transfected using Lipofectamine reagent (Invitrogen) or the calcium
phosphate transfection method. For immunoprecipitation assays, media
conditioned for 6 d were collected and filtered. The conditioned medium
was buffered with 0.1 M Tris pH 8 and Adam22-ED-Fc proteins were
bound to protein A beads (RepliGen) overnight at 4°C. Adam22-ED-Fc
beads were washed three times with PBS/0.1% Triton X-100 and then
added to Lgi4 conditioned medium and incubated overnight at 4°C.
After washing, beads were resuspended in reducing sample buffer.
Bound proteins were separated by SDS-PAGE (10% resolving gel) and
analyzed by Western blotting.

Rat Schwann cell and DRG cultures
Primary rat Schwann cell cultures were set up essentially as described
before (Brockes et al., 1979) with slight modifications.

DRGs were isolated aseptically from E13.5 mouse embryos. After dis-
sociation by trypsinization and trituration, the cells were plated onto 18
mm poly-L-lysine (Sigma)/collagen-coated coverslips (Thermo Scien-
tific), and maintained in MEM (Invitrogen), 3% FCS, 100 ng/ml NGF, PS
(M1 Medium). The medium was refreshed every other day. To obtain
neuron-only cultures, the cells were treated with 10 �M FUDR (Sigma) in
M1 medium for 2 d. Two cycles of FUDR treatment (2 d with FUDR, 2 d
without FUDR) was usually sufficient to obtain neuron-only cultures.
Rat Schwann cells were starved of neuregulin in DMEM, 10% FCS, PS for
3 d before seeding 2 � 10 5 cells in M1 medium onto neuron-only cul-
tures. The Schwann cells were allowed to associate with the neurons for
an additional 5 d, and then myelination was induced by addition of
ascorbic acid to 50 �g/ml (Sigma). Cultures were maintained in M1
medium containing 50 �g/ml ascorbic acid and 10% FCS for 2 weeks and
subsequently analyzed for the presence of myelin.

Results
Cellular source of Lgi4 in the developing nerve
Schwann cells are a likely source of Lgi4 as siRNA inhibition of
Lgi4 expression in Schwann cells reduces myelin formation in
neuron–Schwann cell coculture experiments (Bermingham et al.,
2006). However, both Schwann cells and sensory neurons express

Lgi4 mRNA (Bermingham et al., 2006)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material),
and nerve transplantation experiments
have suggested both Schwann cell auton-
omous and possibly nonautonomous
functions of Lgi4 (Darbas et al., 2004).
Whether Lgi4 is expressed in mesenchy-
mal derivatives such as the perineural cells
or endothelial cells and pericytes, is un-
known. To address the cell-autonomous
function of Lgi4 in the PNS, we gener-
ated mice that carry a conditional null
allele of Lgi4 (Fig. 1 A). Lgi4 was specif-
ically deleted during embryonic devel-
opment in Schwann cells, sensory
neurons (but not motor neurons) and
endoneurial fibroblasts, using a Wnt1Cre
transgene (Danielian et al., 1998; Joseph
et al., 2004). Microscopic examination
of cross sections of sciatic nerves of
Wnt1Cre:Lgi4Lox/Lox animals at postnatal
day 12 (P12) reveals a hypomyelination
phenotype that is indistinguishable from
that observed in claw paw (Lgi4clp/clp)
nerves (Fig. 1B). To further define the cel-
lular source of Lgi4, we examined nerves
of animals in which Lgi4 is deleted during
embryonic development in Schwann cells

and endoneurial fibroblasts only, using a DhhCre transgene
(Jaegle et al., 2003). At P12, DhhCre:Lgi4Lox/Lox animals present
with a hypomyelination phenotype that is identical to that of claw
paw and Wnt1Cre:Lgi4Lox/Lox mice (Fig. 1B). Taken together,
these results demonstrate that Schwann cells are the principal
source of Lgi4 in the developing nerve.

Lgi4 receptors
The strikingly similar peripheral nerve phenotype of Adam22
mutant animals and claw paw animals (Henry et al., 1991; Sagane
et al., 2005; Bermingham et al., 2006), together with the observa-
tion that Lgi1 and Lgi4 bind to cells ectopically expressing
Adam22 (Fukata et al., 2006; Sagane et al., 2008), suggest that
Adam22 functions as a Lgi4 receptor in nerve development. To
test whether binding of Lgi4 to Adam22 is direct and/or requires
the presence of additional molecules at the cell membrane, we
used human IgG-Fc fusion proteins that contain the ectodomain
of Adam22 (Fig. 2A). The fusion proteins contained either nor-
mal Adam22 or Adam22 with a D509N (Asp to Asn substitution
at position 509) mutation in the disintegrin-like domain that is
analogous to the ju160 allele of C. elegans Adm1/Unc-71, which
causes axon guidance and sex myoblast migration defects (Huang
et al., 2003). Fusion proteins were incubated with conditioned
medium of CHO cells expressing and secreting myc-tagged Lgi4,
and precipitated with protein A-Sepharose beads. The precipi-
tated proteins were analyzed by Western blot (Fig. 2B).
Adam22-Fc protein was found to efficiently precipitate Lgi4 from
conditioned medium. In contrast, no Lgi4 protein was found
precipitated with the Adam22-Fc protein containing the D509N
mutation. These results indicate that binding of Lgi4 to Adam22
does not require additional membrane associated receptors and
that binding depends on the integrin-binding domain of Adam22.

Since several other LGI and ADAM family molecules, in
addition to Lgi4 and Adam22, are expressed in the PNS (sup-

Figure 1. Schwann cell-specific deletion of Lgi4 results in a congenital hypomyelinating phenotype in the peripheral nervous
system. A, Schematic depiction of the Lgi4 gene, the conditional allele (Lgi4Lox), and the null allele (Lgi4�1–3) that results from the
action of Cre recombinase. The Lgi4 gene consists of 9 exons spanning�12 kb of genomic sequences on mouse chromosome 7. The
gene is located between the Fxyd7 and Fxyd3 genes. The Lgi4 and Fxyd3 3�ends overlap. The arrows indicate the direction of
transcription. B, Cross sections of plastic embedded nerves derived from animals homozygous for the conditional Lgi4 allele
(Lgi4Lox/Lox) at P12, show a pattern of myelin figures that is comparable to wild type (see Fig. 2 A). Deletion of the Lgi4 gene in
Schwann cells (DhhCre:Lgi4Lox/Lox ) or in Schwann cells and sensory neurons (Wnt1Cre:Lgi4Lox/Lox) results in a hypomyelinating
phenotype with few myelinated axons, similar to that observed in claw paw (Lgi4clp/clp) animals. Sections are stained with PPD to
accentuate the myelin sheath, which appears as a dark ring. Scale bar represents 10 �m.

Özkaynak et al. • Lgi4 Signaling in Nerve Development J. Neurosci., March 10, 2010 • 30(10):3857–3864 • 3859



plemental Fig. 1, available at www.
jneurosci.org as supplemental material), we
examined binding of Lgi4, Lgi2 and Lgi3
to cell surface expressed Adam proteins
Adam22, Adam23 and Adam11. Condi-
tioned medium of CHO cells overexpress-
ing tagged versions of Lg4, Lgi2 and Lgi3
were incubated with HeLa cells expressing
C-terminal GFP fusions of Adam22,
Adam23 or Adam11 and binding was de-
tected by immunocytochemistry. Lgi4
binds, in addition to Adam22, also to
Adam11 and Adam23, both of which are ex-
pressed in Schwann cells and sensory neu-
rons (Fig. 2C; supplemental Fig. 1, available
at www.jneurosci.org as supplemental
material). Lgi2 and Lgi3 are also ex-
pressed in the peripheral nerve and bind
to Adam11 and Adam22/Adam23, re-
spectively (Fig. 2C).

Whether Adam11 and/or Adam23 con-
tribute to Lgi4 function as alternative Lgi4
receptors in the peripheral nerve is unclear.
If Adam11 or Adam23 function as ancillary
receptors for Lgi4, the peripheral nerves in
Lgi4-deficient mice should be more se-
verely affected than the nerves in Adam22
mutant mice. When we compared the de-
velopmental stage of sciatic nerves derived
from wild-type, claw paw (Lgi4clp/clp) and Adam22-deficient
(Adam22neo/neo) animals at P12, the peripheral nerves in both
mutant animals were found to be hypomyelinated. However, the
claw paw nerve phenotype appears more severe with fewer mye-
lin figures (Fig. 3A). Immunohistochemical and Western blot
analyses confirm the histological analyses and show that more
Schwann cells have progressed to the myelinating stage in
Adam22 mutant animals compared with claw paw animals, as
evidenced by the higher levels of myelin protein zero (Mpz) and
Krox20 protein (Fig. 3C) and the larger number of cells express-
ing Mpz and Krox20 (Fig. 3B). This less severe Adam22 mutant
nerve phenotype suggests that additional Lgi4 receptors exist and
can partially compensate for the loss of Adam22.

Cell autonomous function of Adam22
Adam22 is expressed by neurons as well as Schwann cells (Sagane
et al., 2005) (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material) suggesting that Lgi4 could function in
an autocrine or/and paracrine manner. To determine whether
Adam22 expression is required on Schwann cells, on neurons, or
both, we generated primary sensory neuron cultures from
Adam22�/neo and Adam22neo/neo embryos and seeded these cul-
tures with wild-type rat Schwann cells. Rat Schwann cells readily
ensheath and myelinate Adam22�/neo neurons [myelin basic
protein-positive (red) myelin sheaths surrounding neurofilament-
positive (green) neurites], whereas Adam22neo/neo neurons are not
myelinated (Fig. 4). These results indicate that Adam22 function is
required in the neuron, but do not exclude an additional function in
Schwann cells.

To further explore a possible Schwann cell-autonomous func-
tion of Adam22 and to corroborate its neuronal function in nerve
development, we generated a conditional Adam22-null allele
(Fig. 5A) and bred it to homozygosity in the presence of the

Wnt1Cre transgene, thereby deleting Adam22 in all neural crest
derivatives, including sensory neurons, endoneurial fibroblasts
and Schwann cells, but not in spinal motor neurons. The sciatic
nerve is a mixed nerve containing both primary sensory and mo-
tor fibers (see diagram in Fig. 5C). Histological and immuno-
staining analysis of myelin formation in the sciatic nerve of these
mice revealed a mosaic pattern of normally myelinated fibers and
promyelin arrested fibers (Fig. 5B,C). Most of the myelinated
axons express choline acetyltransferase (ChAT) (Fig. 5C, top),
indicating they are motor fibers. Therefore, motor neurons are
myelinated normally by Adam22-deficient Schwann cells. In P12
Wnt1:Adam22Lox/Lox sciatic nerves, as in Lgi4-deficient claw paw
mice of similar age, nonmyelinated fibers are associated with
predominantly Oct6-positive promyelinating cells (Fig. 5C, bot-
tom), whereas Krox20-positive Schwann cells are invariably my-
elinating cells as evidenced by Mpz protein expression (Fig. 5C,
middle; see also Fig. 3B). Examination of the ventral motor and
dorsal sensory roots revealed normal myelinated motor fibers
and severely hypomyelinated sensory fibers, respectively (Fig.
5B,D). These data demonstrate that Adam22 is required in neu-
rons, whereas deleting Adam22 in Schwann cells has no effect on
myelin formation. The latter conclusion is further illustrated by
the normal microscopic appearance of cross sections of sciatic
nerves derived from mice in which Adam22 is deleted, through
the action of the DhhCre transgene, in Schwann cells only (Fig.
5E). Thus, axonally expressed Adam22 serves as the major recep-
tor for Schwann cell-derived Lgi4 in PNS myelination.

Does Lgi4-Adam22 interaction modulate Nrg1 signaling?
How does Lgi4 binding to axonal Adam22 drive Schwann cell
myelination? The multitude of axon-Schwann cell signaling and
interacting molecules provide numerous possible mechanisms by
which Lgi4-Adam22 may promote myelin formation. One possi-
bility is that Lgi4-Adam22 promotes myelination through mod-

Figure 2. Lgi4 binds to Adam receptors. A, Soluble fusion proteins between the ectodomain of Adam22, either wild type or
carrying a missense mutation in the disintegrin domain (D509N) and the human IgG1 Fc domain were generated and their domain
structure is schematically depicted here. S, Signal peptide; P, pro-domain; MP, metalloprotease-like domain; DI, disintegrin-like
domain; CR, cysteine-rich domain; E, Egf-like domain. The arrow indicates the site at which the precursor protein is cleaved by
furin-like proteases during processing. B, Lgi4 is efficiently precipitated by Adam22-Fc from conditioned medium of CHO cells
transfected with a myc-tagged Lgi4 expression cassette (1). The disintegrin mutant Adam22 Fc-fusion protein (2) does not
precipitate Lgi4 from conditioned medium. The precipitated Adam22-Fc fusion proteins were detected using an anti-human Fc
antibody (left panel) while myc-tagged Lgi4 was detected using a myc antibody (right panel). C, Lgi4 (red) binds to the surface of
HeLa cells expressing Adam22-GFP fusion proteins. Lgi4 also binds to the Adam22 related proteins Adam23 (-GFP fusion; green)
and Adam11 (-GFP fusion; green). Lgi2 (red) and Lgi3 (red), both of which are expressed in sensory neurons and in Schwann cells
(supplemental Fig. 1, available at www.jneurosci.org as supplemental material), bind with different specificity to Adam22,
Adam23 and Adam11. Lgi4, Lgi2 and Lgi3 are added to transfected HeLa cells in the form of conditioned media derived from CHO
cells overexpressing either myc-tagged Lgi4 (red), or V5 tagged Lgi2 (red) or Lgi3 (red).
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ulating the axonal membrane expression
or processing of type III Nrg1. Type III
Nrg1 is required for myelination and the
extent of myelination is proportional to
the level of type III Nrg1 expression on the
axonal membrane (Michailov et al., 2004;
Taveggia et al., 2005). To test whether defi-
cient clustering or processing of Nrg1 on
Adam22 deficient axons could account for
the hypomyelination phenotype in these
mutant mice, we examined the surface ex-
pression and signaling potential of type III
Nrg1. Heterodimeric fusion proteins of the
ErbB2 and ErbB3 extracellular domains
with the human Ig Fc domain have been
used previously to demonstrate type III
Nrg1 expression on axons (Taveggia et al.,
2005). Using these fusion proteins, mem-
brane bound Nrg1 could be readily detected
on the axons of wild-type as well as Adam22
mutant primary sensory neurons (Fig. 6A).

We next tested the ability of Nrg1 on
wild-type and Adam22 deficient axons to
activate signaling in Schwann cells. Axonal
membrane of sensory neurons robustly
activate the phosphatidylinositol-3-kinase
(PI3K) and extracellular signal-regulated ki-
nase (Erk) pathways in Schwann cells and
it has been demonstrated that phosphor-
ylation of AKT, a major target of PI3K,
depends on the activity of type III Nrg1
(Ogata et al., 2004; Taveggia et al., 2005).
We prepared membranes from sensory
neuron cultures derived from wild-type
or Adam22 mutant embryos and seeded
these on Schwann cells. Both preparations
activate the PI3K and Erk pathways to the
same extent (Fig. 6B) in Schwann cells.
Thus, these experiments eliminate the
simple hypothesis that Lgi4-Adam22 is re-

quired for membrane localization or activity of Nrg1 type III.

Discussion
Here we show, through selective deletion of the Lgi4 gene in the
Schwann cell lineage, that Schwann cells are the principal source
of Lgi4 in the developing peripheral nerve tissues. This result
corroborates our earlier conclusions from nerve transplantation
and siRNA-mediated inhibition of Lgi4 expression in Schwann
cells (Darbas et al., 2004; Bermingham et al., 2006). Interestingly,
we found that sensory neurons also express Lgi4 at low levels.
Either this neuronal Lgi4 is not transported and secreted along
the axon or its expression is too low, as deletion of Lgi4 in both
Schwann cells, endoneurial fibroblasts and sensory neurons (as in
Wnt1-Cre:Lgi4Lox/Lox animals) results in a similar hypomyelinat-
ing nerve phenotype as observed in DhhCre:Lgi4Lox/Lox animals in
which Lgi4 is only deleted in Schwann cells and endoneurial fi-
broblasts. Also, we found that Lgi2 and Lgi3 are expressed at low
level in Schwann cells and at higher levels in sensory neurons
(Bermingham et al., 2006). Apparently, Lgi2 and Lgi3 proteins do
not substitute for the loss of Lgi4 in claw paw animals. In line with
this we found that Lgi2 does not bind to Adam22 at all. However,
Lgi3 does bind to Adam22, suggesting that Lgi3 is not secreted at
sufficient levels at the right developmental time, or that Lgi4 and

Figure 3. Comparison of sciatic nerves of Lgi4 and Adam22 deficient animals. A, Toluidine blue-stained cross sections of sciatic
nerve of claw paw (Lgi4clp/clp) and Adam22 (Adam22neo/neo) mutant show similarities in extent of myelin formation at P12.
Representative pictures of 3 individuals per genotype examined. Scale bar, 10 �m. B, Mpz and Krox20 staining of cross sections of
sciatic nerves derived from Claw paw, Adam22 mutant and wild-type animals demonstrate a larger fraction of myelinating
Schwann cells (Krox20 and Mpz positive) in Adam22 mutants versus claw paw animals. C, Western blotting corroborates this
observation as elevated levels of the promyelinating marker Oct6 and reduced Mpz expression are observed in both mutant
animals. The more advanced stage of Schwann cell differentiation in Adam22neo/neo versus claw paw animals is again evident from
the higher Krox20 and Mpz levels in Adam22neo/neo nerves.

Figure 4. Adam22 is a neuronal receptor required for myelin formation by Schwann cells.
Wild-type rat Schwann cells ensheath and myelinate the neurites of embryonic sensory neurons
derived from Adam22neo/� but not Adam22neo/neo mutant embryos in vitro. The neurites in
these cultures are visualized by neurofilament staining (Nefm; green) and myelin is visualized
by myelin basic protein (Mbp; red) staining. The nuclei of Schwann cells and neurons are re-
vealed with DAPI (blue) stain.
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Figure 5. Neuron cell-autonomous function of Adam22. A, Schematic depiction of the mouse Adam22 locus, the conditional allele (Adam22Lox), and the null allele (Adam22�1) that results from
the action of the Cre recombinase. The Adam22 gene consists of �30 exons (red vertical bars on top line) that span �300 kb of genomic sequences on mouse chromosome 5. The promoter is
indicated with an arrow. B, Conditional deletion of Adam22 in neural crest derivatives using the Wnt1Cre driver. Toluidine blue staining of sections of nerves from Adam22Lox/� and Wnt1Cre:
Adam22Lox/Lox mice at three different anatomical levels a– c (scale bar, 10 �m). These levels are schematically depicted in D. Motor fibers are indicated in red and sensory fibers in black.
C, Immunostaining for ChAT (green) and Mpz (myelin; red) shows that most myelinated axons are positive for ChAT. Schwann cells in the nonmyelinated areas of the nerve are Krox20 negative and
Oct6 positive. E, Myelination of nerve fibers in the sciatic nerve of mice homozygous for the Adam22 conditional null allele (Adam22Lox/Lox) appears normal and is comparable to that observed in
sciatic nerve of DhhCre:Adam22Lox/Lox mice. In the latter, Adam22 is deleted selectively in Schwann cells. Complete deletion of Adam22 (Adam22neo/neo) results in a hypomyelinating phenotype. The
scale bar represents 10 �m.

Figure 6. Adam22 and contact-dependent Nrg1 signaling. A, Embryonic sensory neuron cultures derived from Adam22neo/� (9 cultures derived from 5 embryos; 9/9 positive for ErbB2/3 binding)
and Adam22neo/neo (6 cultures from 3 embryos; 6/6 positive for ErbB2/3 binding) mutant embryos express typeIII Nrg1 on their neurites as evidenced by binding of the ErbB2/3-Fc fusion proteins.
Neurites are visualized with neurofilament (NefM) antibodies (red) and the Fc moiety of the fusion proteins is visualized with an anti-human Fc antibody (green). ErbB2-Fc does not bind Nrg1 and
serves here as a control. Magnification 20�. B, Axonal membranes were prepared from Adam22�/� (�/�) and Adam22neo/neo (neo/neo) primary sensory neuron cultures and centrifuged onto
Schwann cells. After 30 min lysates were probed with antibodies for phosphorylated-Akt (p-AKT), total Akt (AKT), and for phosphorylated Erks (p-p42 and p-p44). A lysate of Schwann cells exposed
to fresh serum-free medium served as a control (ctrl). The experiment was performed twice, in duplicate.
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Lgi3 are qualitatively different, perhaps reflecting differential in-
teractions through their LRR domains. Thus, we find that Lgi4 is
the major LGI protein required for Schwann cell differentiation
and myelination.

Lgi4 appears to function in PNS myelination principally
through interaction with the transmembrane protein Adam22 as
Lgi4 binds directly to the extracellular domain of Adam22 and
deletion of Adam22 in mice results in a peripheral nerve pheno-
type that is very similar to that observed in claw paw animals
(Sagane et al., 2005) (Fig. 3). Adam22 belongs to a small subfam-
ily of ADAM proteins, including Adam23 and Adam11, which
are predominantly expressed in the nervous system (Yang et al.,
2006). Adam22, like Adam23 and Adam11, lacks metalloprotein-
ase activity, and therefore these ADAM proteins have been sug-
gested to mainly function as integrin receptors through their
disintegrin domain (Yang et al., 2006). Soluble forms of the
Adam22 extracellular domain inhibit cell proliferation in an
integrin-dependent manner (D’Abaco et al., 2006). Interestingly,
it was found that reexpression of Lgi1 in the glioma cell line T98G
(the glioma cell line in which Lgi1 originally was found inacti-
vated; hence the name Leucine-rich Glioma Inactivated) reduces
proliferation and cell migration (Chernova et al., 1998; Kunapuli
et al., 2003). It is unclear whether these observations are relevant
for the role of Adam22 in the peripheral nervous system. It is
possible that Lgi4 binding to Adam22 modulates (either posi-
tively or negatively) Adam22-integrin interactions, as Lgi4 binds
to the disintegrin-like domain of Adam22. Indeed, Adam22 in-
teracts with a number of integrins that are expressed on Schwann
cells (in particular �6�1 and �6�4) and are involved in axonal
sorting and myelin stabilization (Berti et al., 2006; D’Abaco et al.,
2006). However, the actions of these integrins have been inter-
preted in terms of their interaction with the Schwann cell extra-
cellular matrix and not with the axon. It is tempting to speculate
that Lgi4 regulates interactions between axonal Adam22 and
Schwann cell integrins to allow progression of the Schwann cell’s
inner mesaxon over the axonal membrane and initiate myelin
formation, a process that is inhibited in the absence of Lgi4 or
Adam22.

An alternative mechanism of Lgi4-Adam22 function is sug-
gested by work of Fukata and colleagues (Fukata et al., 2006).
Adam22 was found associated with Lgi1 when both Adam22 and
Lgi1 coprecipitated with Stargazin and PSD95 from rat brain
membrane preparations. Lgi1, which is found frequently mu-
tated in autosomal dominant partial epilepsy with auditory fea-
tures (ADPEAF) (for review, see Nobile et al., 2009), enhances
AMPA-receptor-mediated synaptic transmission. It was sug-
gested that Lgi1 binding to Adam22 stabilizes the Stargazin/
AMPAR/PSD95/Adam22 complex in the postsynaptic mem-
brane. Similarly, it is possible that Lgi4 binding to axonal
Adam22 stabilizes complexes at the axonal surface that are in-
volved in Schwann cell mesaxon progression and myelination.
We have begun to explore this possibility here by examining the
surface expression and signaling potential of membrane bound
type III NRG1, a known regulator of myelination. We found that
NRG1 is expressed on the axonal membrane of Adam22 neo/neo

neurons and that these membranes activate PI3K and Erk as
effectively as membranes derived from wild-type neurons,
suggesting that Lgi4-Adam22 does not function by modulat-
ing Nrg1-ErbB2/3 interactions.

To further explore the mechanism of Adam22 function in
myelination it will be important to identify proteins that bind to
the cytoplasmic tail of Adam22, which includes a PDZ binding
motif. Interestingly, it was recently demonstrated that accumula-

tion of the MAGUKs PSD93/PSD95 at the juxtaparanodal mem-
brane of myelinated axons depends on Adam22 (Ogawa et al.,
2010). It is unlikely that these interactions are important for the
earlier function of Adam22 as PSD93/PSD95 double knock out
animals, though severely affected, form myelin (Horresh et al.,
2008).

In conclusion, by identifying Adam22 as the major axonal
receptor for the Schwann cell-derived factor Lgi4, we have re-
vealed a new molecular component in Schwann cell–neuron in-
teractions that govern myelin formation in the PNS. In contrast
to previously identified ligand-receptor pairs that function in
PNS development, Lgi4 is secreted from Schwann cells and binds
to axonally expressed Adam22. How Lgi4 and Adam22 interact
with other axon-Schwann cell signaling molecules is an impor-
tant unanswered question, the answer to which may provide
novel approaches for treating myelin disease.
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Schulte U, Thumfart JO, Klöcker N, Sailer CA, Bildl W, Biniossek M, Dehn D,
Deller T, Eble S, Abbass K, Wangler T, Knaus HG, Fakler B (2006) The
epilepsy-linked Lgi1 protein assembles into presynaptic Kv1 channels and
inhibits inactivation by Kvbeta1. Neuron 49:697–706.

Seals DF, Courtneidge SA (2003) The ADAMs family of metalloproteases:
multidomain proteins with multiple functions. Genes Dev 17:7–30.

Spiegel I, Adamsky K, Eshed Y, Milo R, Sabanay H, Sarig-Nadir O, Horresh I,
Scherer SS, Rasband MN, Peles E (2007) A central role for Necl4 (Syn-
CAM4) in Schwann cell-axon interaction and myelination. Nat Neurosci
10:861– 869.

Sun YP, Deng KJ, Wang F, Zhang J, Huang X, Qiao S, Zhao S (2004) Two
novel isoforms of Adam23 expressed in the developmental process of
mouse and human brains. Gene 325:171–178.

Taveggia C, Zanazzi G, Petrylak A, Yano H, Rosenbluth J, Einheber S, Xu X,
Esper RM, Loeb JA, Shrager P, Chao MV, Falls DL, Role L, Salzer JL
(2005) Neuregulin-1 type III determines the ensheathment fate of axons.
Neuron 47:681– 694.

Yang P, Baker KA, Hagg T (2006) The ADAMs family: coordinators of ner-
vous system development, plasticity and repair. Prog Neurobiol 79:73–94.

3864 • J. Neurosci., March 10, 2010 • 30(10):3857–3864 Özkaynak et al. • Lgi4 Signaling in Nerve Development


