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SUMMARY
Genome-wide screens were performed to identify transmembrane proteins that mediate axonal
growth, guidance and target field innervation of somatosensory neurons. One gene, Linx (alias
Islr2), encoding a leucine-rich repeat and immunoglobulin (LIG) family protein, is expressed in a
subset of developing sensory and motor neurons. Domain and genomic structures of Linx and other
LIG family members suggest that they are evolutionarily related to Trk receptor tyrosine kinases
(RTKs). Several LIGs, including Linx are expressed in subsets of somatosensory and motor neurons
and select members interact with TrkA and Ret RTKs. Moreover, axonal projection defects in mice
harboring a null mutation in Linx resemble those in mice lacking Ngf, TrkA and Ret. In addition, Linx
modulates NGF–TrkA- and GDNF–GFRα1/Ret-mediated axonal extension in cultured sensory and
motor neurons, respectively. These findings show that LIGs physically interact with RTKs and
modulate their activities to control axonal extension, guidance and branching.

INTRODUCTION
During the establishment of neural circuits, neurons extend axons over long distances to
innervate final target cells. In the developing peripheral nervous system (PNS), axons of
sensory neurons in dorsal root ganglia (DRG) project to both a specific peripheral target, such
as the skin or skeletal muscle, and one or more classes of second order neurons in the spinal
cord. Similarly, spinal motor neurons project axons over long distances to their specific skeletal
muscle targets in the periphery. Thus, generation of the neural circuitry underlying
somatosensation and motor control relies on intricate coordination of axonal extension,
guidance, branching, target recognition, synapse formation and survival of morphologically
and functionally distinct subsets of sensory and motor neurons. These processes are controlled,
at least in part, through the actions of secreted peptides, including neurotrophic growth factors
and their receptors expressed on axons (Markus et al., 2002). However, the identity of trophic
and guidance cues required for target innervation of many populations of PNS neurons and the
mechanism of action of those already identified remain to be fully established.
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The neurotrophins are extensively characterized neurotrophic growth factors that regulate
many aspects of neuronal development and function (Huang and Reichardt, 2001; Segal,
2003). The neurotrophins constitute a structurally-related family that includes nerve growth
factor (NGF), neurotrophin 3 (NT3), brain-derived neurotrophic factor and neurotrophin 4.
These factors activate two different classes of cell-surface receptor, the Trk receptor tyrosine
kinases (RTKs) (TrkA, TrkB and TrkC) and a tumor necrosis factor receptor superfamily
member, the p75 neurotrophin receptor (p75NTR, also known as the Ngfr gene product) to
control cell survival, differentiation and axonal growth in distinct populations of DRG sensory
neurons. Another family, the glial-cell line derived neurotrophic factor (GDNF) family ligands
(GFLs), also controls growth of specific subsets of both sensory and motor neurons (Airaksinen
and Saarma, 2002; Baloh et al., 2000; Luo et al., 2007; Markus et al., 2002; Paratcha and Ledda,
2008). The GFL receptor complex is composed of two subunits: a glycosyl-
phosphatidylinositol-anchored ligand binding coreceptor, GDNF family receptor α (Gfrα1–4),
and a signaling subunit, the Ret RTK.

Trk and Ret RTKs are expressed in distinct populations of embryonic DRG sensory and spinal
motor neurons where they control axonal development, target innervation and neuronal
survival (Baloh et al., 2000; Bennett et al., 1998; Huang and Reichardt, 2001; Luo et al.,
2007; Mu et al., 1993). TrkA, TrkB and TrkC are mainly found in small diameter nociceptive
neurons, subsets of medium-to-large diameter mechanosensory neurons, and large diameter
mechanosensory and proprioceptive neurons, respectively. TrkB is also found in a subset of
spinal motor neurons. Ret, in contrast, is expressed in small diameter, non-peptidergic DRG
sensory neurons, a subset of large diameter sensory neurons, and virtually all spinal motor
neurons. Using mouse model systems, it is observed that differential patterns of expression of
neurotrophins, GFLs and their receptors enables sensory and motor neurons to innervate
distinct targets (Airaksinen et al., 1996; Baloh et al., 2000; Crowley et al., 1994; Ernfors et al.,
1994; Gould et al., 2008; Huang and Reichardt, 2001; Luo et al., 2007; Smeyne et al., 1994;
Tessarollo et al., 1994). There are several examples of this, including: (1) NGF–TrkA signaling
mediates extension and branching of peripheral axonal projections of small caliber nociceptors
(Patel et al., 2000; Wickramasinghe et al., 2008); (2) NT3–TrkC signaling controls both
peripheral and central axonal projections of large diameter proprioceptive neurons (Patel et al.,
2003); and (3) GDNF–GFRα1/Ret, in cooperation with EphA4, guides axons of a subset of
lateral motor column (LMC)(l) motor neurons to the dorsal muscles of the hindlimb (Kramer
et al., 2006a).

Although neurotrophic factor receptors are expressed in select subsets of neurons, they alone
cannot account for the specificity or uniqueness of the patterns of PNS axonal projections to
central and peripheral target fields. For instance, TrkC is expressed in most, if not all large
diameter DRG sensory neurons that innervate muscle spindles, Golgi tendon organs, and
Merkel cells in the skin, and NT3–TrkC signaling is required for target innervation of these
neuronal populations (Airaksinen et al., 1996; Ernfors et al., 1994; Patel et al., 2003). Therefore,
it would appear that, in addition to NT3, additional cues must be present for axonal targeting
of these functionally and morphologically distinct classes of large-diameter TrkC+ sensory
neurons. Likewise, Ret is expressed in virtually all spinal motor neurons (Garces et al., 2000;
Gould et al., 2008), and yet GDNF–GFRα1/Ret signaling appears only required for targeting
of a subset of LMC(l) motor neurons to the dorsal hindlimb (Kramer et al., 2006a). Here again,
additional cues other than GDNF are likely to support growth of Ret-expressing LMC neurons
into their target fields. Indeed, considerable evidence implicates members of the semaphorin,
ephrin and netrin families of guidance cues in the control of PNS axonal projections (Tran et
al., 2007). Another plausible mechanism to achieve specificity of circuit formation is cell-type
specific modulation of axonal growth and guidance responses to individual cues. Whether Trk-
and Ret-signals are modulated to confer cell type-specific responses to their respective ligands
during development of sensory and motor circuits remains to be determined.
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To obtain a better understanding of the specificity of axonal growth, guidance and target field
innervation of unique populations of somatosensory neurons, we performed genome-wide
screens to identify transmembrane proteins expressed in distinct neuronal subsets. Our goal
was to identify novel receptor components or modulators of known receptor systems that
control the development of PNS circuits. Here, we report the identification and characterization
of Linx, a leucine-rich repeat and immunoglobulin (LIG) family transmembrane protein that
is structurally related to Trk receptors. Linx is expressed in a subset of DRG sensory and spinal
motor neurons and physically interacts with both Trk and Ret RTKs. Moreover, defects in
sensory and motor axonal projections in Linx mutant mice resemble those found in mice lacking
Ngf and TrkA, and Ret, respectively. In addition, Linx is one of 18 members of a newly
identified LIG gene family (MacLaren et al., 2004), several of which we find to be expressed
in subsets of developing sensory and motor neurons and interact with Trk and Ret RTKs. Taken
together, our findings support a model in which LIG family members form complexes with
RTKs in unique populations of developing neurons and modulate their activities to control
specific stages of sensory and motor neuron axon growth, guidance and branching.

Results
Linx, a LIG Family Member Expressed in a Subset of DRG Neurons

To identify proteins that control axonal projections of DRG sensory neurons, we searched for
genes encoding transmembrane proteins expressed in unique populations of developing DRG
neurons. We reasoned that such transmembrane proteins are candidates to mediate axonal
growth and guidance decisions of different neuronal classes as they project to their unique
targets in the spinal cord and periphery. Thus, genome-wide gene profiling analysis was
performed using DNA microarrays for RNA prepared from DRGs obtained from wild-type
and mutant embryos lacking specific populations of embryonic DRG neurons. To ablate
specific populations of neurons in the DRG, we exploited the respective trophic factor
dependencies of these populations. E14.5 mouse DRGs were collected, and comparisons were
performed between Ngf−/− and wild-type controls, and between Ntf3−/− (alias NT3) mice and
wild-type controls. At E14.5, most small diameter, TrkA+ neurons are eliminated in Ngf−/−

DRG (Crowley et al., 1994) (data not shown). Conversely, many TrkA+ neurons survive in
Ntf3−/− mice, whereas virtually all large diameter TrkC+ neurons are lost (Ernfors et al.,
1994; Tessarollo et al., 1994) (data not shown). Therefore, genes preferentially expressed in
TrkA+ DRG neurons should display lower levels of expression in Ngf−/− DRG than wild-type
DRG and, conversely, relatively higher levels of expression in Ntf3−/− DRG than wild-type
DRG. Our analyses identified more than 110 genes that exhibited lower levels of expression
in Ngf−/− DRG compared to wild-type DRG, including those known to be expressed in small
diameter neurons such as Ntrk1/TrkA itself, Runx1 and Scn10a/NaV1.8 (Akopian et al., 1996;
Chen et al., 2006; Kramer et al., 2006b; Marmigere et al., 2006) (Table S1). Conversely, 10
genes exhibited lower expression in Ntf3−/− DRG compared to wild-type DRG, including Etv1/
ER81, which is expressed in large diameter neurons (Lin et al., 1998) (Table S2).

Our screen also identified many uncharacterized genes, including the genes that we sought,
encoding putative transmembrane proteins. Among those preferentially expressed in TrkA+

DRG neurons, one gene encodes a transmembrane protein with 5-tandemly linked leucine-rich
repeat (LRR) domains, flanked by LRR N-terminal and C-terminal cysteine-rich domains
(LRRNT and LRRCT, respectively), an immunoglobulin (IG) domain, a transmembrane
domain and a short cytoplasmic tail. The amount of transcripts of this gene is lower in
Ngf−/− DRG compared to wild-type DRG, and higher in Ntf3−/− DRG compared to wild-type
DRG (Tables S1 and data not shown). We named this gene product Linx (leucine-rich repeat
domain and immunoglobulin domain containing axon extension protein, also known as the
Islr2 gene product) (Figure 1A). Linx has a high degree of homology with Islr, a protein whose
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function is unknown. Islr lacks a transmembrane and intracellular domain (Nagasawa et al.,
1997). Linx and Islr exhibit nearly 61% amino acid identity in the regions containing their
LRRNT, LRR and LRRCT domains. As predicted, cell surface biotinylation experiments
showed that Linx is localized to the cell surface (Figure S2A).

Both Linx and Islr are members of the LIG family of proteins (MacLaren et al., 2004). The
extent of sequence similarity of the extracellular domains among the 18 human LIG proteins
is displayed as a tree dendrogram in Figure 1B. These sequence homologies suggest that LIG
proteins including those encoding the three Trk receptors are evolutionarily related and,
therefore, the Trk genes may have evolved from a gene whose translational product is an
ancestral LIG protein lacking a tyrosine kinase domain. A striking feature of the LIG genes,
both in humans and Drosophila, is that they are not uniformly distributed throughout the
genome but rather they are clustered (Figure S1 and Table S3). Statistical analysis of the
clustering of the human LIG genes, using a Monte Carlo method, indicates that this degree of
clustering is unlikely to have occurred by chance (p=0.008). Additional support for the idea
that LIGs have arisen from a common ancestral gene comes from the similarities of the exon
structure of these genes. Except the LRIG and TRK paralogs, many of the human LIG genes
have the unusual feature of having their open reading frame contained within a single exon, or
in a few cases, a short exon encoding the leader sequence and the remainder encoded by a
single exon (Table S3).

LIG Family Proteins Interact with TrkA, Ret and p75NTR

Previous studies demonstrated that the LIG family member Lrig1 binds to the ErbB, Met and
Ret RTKs (Gur et al., 2004; Laederich et al., 2004; Ledda et al., 2008; Shattuck et al., 2007).
In addition, Lingo-1 and Lrig3 bind ErbB1 as well as p75NTR and FGF receptor 1, respectively
(Inoue et al., 2007; Mi et al., 2004; Zhao et al., 2008). Thus, we hypothesized that other LIG
proteins, including Linx may also interact with RTKs. Therefore, physical interactions between
LIG proteins and TrkA, TrkB, TrkC and Ret, major RTKs expressed in DRG neurons, as well
as EphA4 were assessed. Co-immunoprecipitation experiments using 293T cells demonstrated
that each of the 5 LIG proteins tested, including Linx, but not FGFR2, a negative control, was
efficiently co-immunoprecipitated with TrkA (Figure 2A). To further characterize the
interaction between TrkA and Linx, we performed immunoprecipitation experiments using
cultured E13.5 DRG sensory neurons. Our findings indicate that endogenous Linx forms a
stable complex with TrkA in sensory neurons (Figure 2B). Moreover, acute application of NGF
does not affect the extent of the interaction between Linx and TrkA (data not shown). We also
determined the extent of colocalization of endogenous Linx and TrkA using cultured E13.5
DRG sensory neurons. Indeed, endogenous TrkA and Linx were colocalized to punctae along
axons of these neurons, although some punctae contained only TrkA or Linx (Figure 2C).
Furthermore, domain structure-function analysis using the 293T cell immunoprecipitation
assay indicates that the interaction between Linx and TrkA is mediated through their
extracellular domains (Figures S2C and S2D) and that Linx can form homo-multimers (Figure
S2E). Moreover, each of the LIG proteins examined can interact with TrkC whereas little to
no interaction is detected between LIGs and TrkB (Figures 2D and 2E). Interactions between
LIGs and RTKs were not limited to the Trk receptors as several LIG family members were
found to interact with Ret and p75NTR (Figures 2F and S2F). Finally, LIGs do not associate
with EphA4 (Figure S2G), another RTK, which controls motor axon growth into the periphery
(Helmbacher et al., 2000). Together, these observations suggest that LIG family members may
regulate or modulate TrkA, TrkC, Ret and p75NTR signaling in the developing PNS neurons.

Generation of Linx Null Mice
To assess the in vivo function of Linx and its interactions with the abovementioned RTKs
during development of PNS projections, and to visualize axons of Linx+ neurons, we generated
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a Linx mutant mouse in which a Tau-EGFP (enhanced green fluorescent protein) reporter gene
was inserted into the exon coding the entire coding sequence of Linx (Figure S3A). This null
allele containing an EGFP-tagged disruption of Linx is referred to as Linx+/tEGFP. Southern
blot analysis confirmed homologous recombination, germline transmission and removal of a
TK-Neo cassette after crossing with mice expressing Cre recombinase in the germ cell lineage
(Figure S3B).

Linx Expression in the Spinal Cord and Peripheral Nervous System
To further characterize Linx expression in the PNS, we generated a Linx antibody. Immunoblot
analysis using the Linx antibody and brain lysates from LinxtEGFP/tEGFP mice confirmed both
the specificity of the antibody and that the Tau-EGFP reporter insertion indeed abolished Linx
expression in LinxtEGFP/tEGFP mice (Figure S3C). Also, immunohistochemical analysis using
the Linx antibody and brain sections from LinxtEGFP/tEGFP mice detected very little
immunoreactive signal confirming the high specificity of this reagent (data not shown).

At E11.5, Linx protein is robustly detected in spinal nerves, their roots and the ventral spinal
cord whereas it is not detected in the soma of the DRG neurons themselves (Figure 3A). These
data are consistent with previous findings using in situ hybridization (Gejima et al., 2006) and
suggest that Linx is expressed in motor neurons but not in sensory neurons at this time point.
The expression of Linx in the nervous system appears highly specific as little to no staining
was observed in peripheral tissues. At a later time, E12.5, Linx protein is detected in the ventral
spinal cord, DRG, dorsal and ventral roots and sympathetic chain ganglia (Figures 3B). Anti-
GFP immunostaining of sections from Linx+/tEGFP mice revealed that Linx is expressed in
nearly all Ret+ motor neurons at E12.5 (Figure 3C) and in essentially all TrkA+ DRG sensory
neurons at E14.5 (Figure 3E). Linx is not expressed in TrkB+, TrkC+ or p75NTR+ DRG sensory
neurons at E14.5 or E17.5 (Figures S4A to S4C). In contrast, at E18, only a subset of TrkA+

DRG sensory neurons expresses Linx (Figures 3F), while nearly all Ret+ motor neurons express
Linx (Figures 3D). The population of DRG sensory neurons expressing Linx gradually
decreases from E14.5 to P7 (Figures 3E, 3F and S4D). Whole-mount immunostaining using
the Linx antibody reveals that Linx is localized on spinal nerves and their branches in the
extremities (Figure 3G and data not shown). Thus, Linx is expressed in motor, sensory and
sympathetic neurons, and Linx protein is enriched on the axons of these neurons where it
colocalizes and physically interacts with RTKs that control development of their axonal
projections.

Linx Mutant Mice Partially Phenocopy Ret, Ngf and TrkA Mutant Mice
To establish the function of Linx during development of DRG sensory and spinal motor neuron
axonal projections, whole-mount anti-Peripherin immunostaining was performed to visualize
these axons in embryos. Because Linx is associated with axon bundles of spinal nerves and
their roots (Figures 3A, 3B and 3G), we mainly focused our analysis on spinal nerve projections
in the hindlimbs. At E12.5, striking defects were observed in hindlimb nerves in
LinxtEGFP/tEGFP embryos. Both the common peroneal and tibial nerves, which originate from
the sciatic nerve and project to the distal hindlimb, were shorter and thinner, especially in the
distal limb (Figures 4A and 4B). At E13.5, the common peroneal nerve in LinxtEGFP/tEGFP

embryos was much thinner than in wild-type controls (Figures 4C–4E). Moreover, in
LinxtEGFP/tEGFP embryos, the superficial and deep branches of the common peroneal nerve
were stalled (Figures 4C, 4D and 4F) and, remarkably, the sural and saphenous nerves
apparently compensated for this deficit by supplying branches to the regions normally
innervated by peroneal nerve branches (Figure 4D). To visualize motor neuron projections in
LinxtEGFP/tEGFP embryos, the Linx mutants were crossed with an Hb9-Gfp transgenic reporter
line (Wichterle et al., 2002) (Figures S5A–S5F). Whole-mount immunostaining analyses using
LinxtEGFP/tEGFP;Hb9-Gfp compound mutants clearly showed that axons of motor neurons in
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the peroneal nerves of LinxtEGFP/tEGFP embryos are more prominently stalled than those of
sensory neurons. This peroneal nerve defect persists in LinxtEGFP/tEGFP mice until at least by
P0 (Figures S8G and S8H), the latest time of analysis since these mice die. Interestingly, the
peroneal nerve defects were not found in Ngf−/− embryos (Figure S6). The tibial nerve was
also underdeveloped in LinxtEGFP/tEGFP embryo (Figures S7A–S7C). As motor neuron cell
death caused by a lack of final target innervation may confound analysis of axon targeting, we
used a Bax−/− genetic background in which spinal motor neuron apoptosis is absent (White et
al., 1998) to circumvent this issue. LinxtEGFP/tEGFP;Bax−/− compound mutant mice exhibited
a similar peroneal nerve phenotype in LinxtEGFP/tEGFP mice (Figures S8A–S8C), indicating
that neuronal cell death (Figure S8D) is not the cause of the peroneal nerve defect in mice
lacking Linx.

Interestingly, the dramatic peroneal nerve defect in LinxtEGFP/tEGFP embryos is reminiscent
of that reported for Ret−/− embryos (Gould et al., 2008; Kramer et al., 2006a). Therefore, we
directly compared Ret−/− embryos to LinxtEGFP/tEGFP embryos at both E12.5 and E13.5. As
reported (Kramer et al., 2006a), at E12.5, the extension of the common peroneal nerve in
Ret−/− embryos was grossly underdeveloped, compared to control embryos, especially in the
distal limb (Figures 4G and 4H). At E13.5, the common peroneal nerve in Ret−/− embryos is
much thinner than in control embryos (Figures 4I, 4J and 4E) although, as reported (Gould et
al., 2008; Kramer et al., 2006a), large variations in the expressivity of this phenotype were
observed. In spite of the variability, the average diameter of the Ret−/− common peroneal nerve
was similar to that of LinxtEGFP/tEGFP embryos. Also similar to the LinxtEGFP/tEGFP embryos,
extension of the superficial and deep branches of the common peroneal nerve was markedly
stunted in Ret−/− embryos (Figures 4I, 4J and 4F). However, the LinxtEGFP/tEGFP embryos do
not completely phenocopy Ret−/− embryos because, unlike LinxtEGFP/tEGFP embryos, the tibial
nerve in Ret−/− embryos was similar to that of wild-type embryos (Figure S7D). To test the
possibility of a genetic interaction between Linx and Ret, we generated Linx;Ret compound
mutant mice and measured the length of the deep peroneal nerve of mice lacking one or both
alleles of both Ret and Linx at E13.5. As above, LinxtEGFP/tEGFP embryos displayed shorter
deep peroneal nerves than control littermates (Figure 5C). Interestingly, this phenotype was
enhanced by removing a single copy of Ret (Figure 5D), although the Ret heterozygote itself
did not exhibit a phenotype (Figures 5A and 5B). Furthermore, the nerve was significantly
shorter in LinxtEGFP/tEGFP;Ret−/− embryos than the LinxtEGFP/tEGFP embryos (Figure 5E).
Thus, we conclude that LinxtEGFP/tEGFP mice partially phenocopy Ret−/− mice and that there
are both Linx-dependent and Linx-independent Ret signaling pathways controlling
development of the deep peroneal nerve (Figure 5F).

The observations that LinxtEGFP/tEGFP embryos partially phenocopy Ret−/− embryos, that
Ret and Linx may interact genetically, and that Linx and Ret form a physical complex suggest
that GDNF–GFRα1/Ret signaling is dependent on Linx. To address this possibility, we cultured
lumbar motor neurons obtained from E13.5 LinxtEGFP/tEGFP and Linx+/tEGFP control embryos
in growth media containing CNTF (10 ng/ml), which prevents cell death, and either the
presence or absence of GDNF (10 ng/ml) for 24h. Motor neurons were then identified by
immunocytochemistry using GFP and Islet1 antibodies, and the longest axons of each neuron
were measured. Under these conditions, GDNF-dependent axonal extension was observed in
control cultures (Figure 5G). Remarkably, motor neurons from LinxtEGFP/tEGFP embryos
showed reduced or absent GDNF-dependent axonal extension compared to Linx+/tEGFP control
motor neurons. These observations indicate that Linx is required in a subset of spinal motor
neuron axons as they project into the dorsal region of the distal hindlimb, probably through
the direct physical interaction with the Ret RTK and modulation of GDNF–GFRα1/Ret
signaling.
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In addition to its role in Ret signaling, Linx is a candidate to modulate NGF–TrkA signaling
in developing sensory neurons because it is expressed in TrkA+ DRG sensory neurons, can
form a physical complex with endogenous TrkA, and at least partially colocalizes with TrkA
in sensory neuron axons. Therefore, we next assessed whether Linx is required for extension
or branching of TrkA+ somatosensory neurons in the distal hindlimbs. Here, the extension of
the digital branch of the deep peroneal nerve into the 3rd digit was examined at E14.5. This
branch is mainly composed of sensory fibers (Figures S5C, S5I and S5J). The length of this
nerve was reduced by nearly 18% in LinxtEGFP/tEGFP embryos compared to wild-type controls
(Figures 6A–6D and 6I). Next, 6we measured the length of the lateral branch of the lateral
plantar nerve in the 5th digit, a branch of the tibial nerve, that is also mainly composed of
sensory fibers and innervates lateral plantar skin (Figures S5K and S5L) (Povlsen et al.,
1994). This projection was found to be reduced by nearly 9% in LinxtEGFP/tEGFP embryos
compared to wild-type controls at E14.5 (Figures 6E–6H and 6J). NGF is required for the
establishment of cutaneous sensory innervation (Patel et al., 2000; Wickramasinghe et al.,
2008) and, therefore, we asked whether Ngf−/− and TrkA−/− embryos exhibit similar defects in
the branches of the common peroneal nerve and lateral plantar nerve. To address this question,
we used mice harboring compound mutations in Ngf or TrkA, and Bax to circumvent the
confounding issue of cell death for the analysis. DRG neurons that normally die in the absence
of either NGF or TrkA survive in a Bax−/− background (Patel et al., 2000). Indeed, both
Ngf−/−;Bax−/− and TrkA−/−;Bax−/− embryos displayed deficits of nerve extension in the
hindlimbs at E14.5, similar to that seen in the LinxtEGFP/tEGFP mouse. The extension of the
3rd digital branch of deep peroneal nerve was reduced by nearly 27% in Ngf−/−;Bax−/− embryos
compared to littermate control embryos (Figures 6K–6N and 6S), and the extension of the
branch of the lateral plantar nerve was reduced by nearly 13% and 9% in Ngf−/−;Bax−/− and
TrkA−/−;Bax−/− embryos, respectively, compared to individual controls (Figures 6O–6R, 6T
and S9A–S9G). The similarity of phenotypes observed in the lateral plantar nerves in
LinxtEGFP/tEGFP, Ngf−/−;Bax−/− and TrkA−/−;Bax−/−embryos at E14.5 indicates that Linx
mutant mice partially phenocopy Ngf and TrkA mutants. This is consistent with the idea that
Linx modulates NGF–TrkA signals that control axonal extension.

In addition to axonal extension, NGF regulates axonal branching (Lentz et al., 1999). Indeed,
sensory neuron axonal branching in the distal extremities is impaired in Ngf−/−;Bax−/− embryos
(Wickramasinghe et al., 2008). Therefore, we next asked whether LinxtEGFP/tEGFP embryos
exhibit deficits in branching of sensory axons within peripheral nerves. Both the number of
branches and the orders of branches in the medial digital branch of lateral plantar nerve in the
5th digit of LinxtEGFP/tEGFP embryo were markedly impaired compared to control embryos at
E15.5 (Figures 7A–7F). As may be expected, a nearly identical phenotype was observed in
both Ngf−/−;Bax−/− (Figures 7G–7K) and TrkA−/−;Bax−/− embryos (Figures S9H–S9O). These
results suggest that Linx, Ngf and TrkA regulate the extension and branching of sensory fibers
predominantly in the distal regions of their projections. The number of neuronal cell bodies in
L5 DRG at E13.5 in LinxtEGFP/tEGFP embryos was not different from wild-type embryos
(Figure S8E), although 16% fewer neurons are observed at E15.5 in LinxtEGFP/tEGFP embryos
(Figure S8F). Therefore, there are cell survival defects at E15.5, and axonal extension and
branching defects at E14.5 and E15.5, respectively, in LinxtEGFP/tEGFP embryos. Thus, at least
some of the axonal growth and branching deficits found in LinxtEGFP/tEGFP embryos are similar
to those found in Ngf−/− and TrkA−/− embryos, suggesting that Linx serves as a modulator of
NGF–TrkA signaling.

To further assess the functional interaction between Linx and NGF–TrkA signaling, we asked
whether Linx modulates NGF-dependent neurite outgrowth of cultured DRG sensory neurons.
Here, DRG neurons from LinxtEGFP/tEGFP and Linx+/tEGFP control embryos taken from E13.5
mice were cultured for 24 hr in media containing either 0, 3, 9, or 27 ng/ml NGF and Boc-
aspartyl (OMe)-fluoromethylketone (BAF), which prevents apoptotic cell death. Then, the
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longest axonal projections of each neuron were measured, after double immunostaining using
GFP and Neurofilament-M antibodies (Figure 7L). LinxtEGFP/tEGFP sensory neurons exhibit
reduced axonal extension when grown in media containing 3 and 9 ng/ml NGF compared to
control Linx+/tEGFP DRG sensory neurons. Finally, we examined the phosphorylation status
of TrkA as well as its effectors Akt and Erk, which control axonal extension in sensory neurons
(Huang and Reichardt, 2001; Segal, 2003), following stimulation of cultured DRG neurons
obtained from E13.5 LinxtEGFP/tEGFP and wild-type control embryos with 10 ng/ml NGF. In
LinxtEGFP/tEGFP DRG neurons, NGF-dependent phosphorylation of Erk was consistently
decreased (Figure 7N), although the expression of TrkA and its autophosphorylation at Y490
and the phosphorylation of Akt following NGF stimulation were comparable in
LinxtEGFP/tEGFP and wild-type embryos (Figures 7M and 7O). These observations indicate
that Linx is dispensable for NGF stimulation of TrkA autophosphorylation, but modulates
axonal extension and is required for maximum NGF–TrkA signaling in sensory neurons.

Somatosensory and Motor Neuron Expression of LIG Family Members
Our findings indicate that Linx modulates RTK signaling in developing spinal motor and DRG
sensory neurons through direct physical interactions with Ret and TrkA, respectively.
Moreover, cell culture experiments have indicated that other LIG family members may
diminish RTK signaling events in other cell types (Inoue et al., 2007; Laederich et al., 2004;
Ledda et al., 2008). To determine whether additional LIG family members are expressed in
DRG sensory and spinal motor neurons, double-label in situ hybridization was performed for
five representative members of the major subfamilies of LIG genes, as well as TrkA or Ret,
using E13.5 wild-type lumbar spinal cord and DRG sections. Strikingly, most of these LIGs
are expressed in distinct subsets of DRG sensory neurons (Figure 8A). Among the five LIGs
examined, Linx is expressed in nearly all TrkA+ neurons, whereas Lingo1 is expressed in a
subset of medium and large diameter TrkA− neurons. Lrrc4b is expressed in a subset of small
diameter TrkA+ neurons and a subset of medium and large diameter TrkA− neurons. Amigo1
is expressed in nearly all TrkA+ neurons as well as a subset of medium and large diameter
TrkA− neurons. Lrig1 is undetectable in E13.5 DRG (data not shown). In addition, expression
of several LIGs was detected in cultured DRG neurons by quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) using RNA purified from E13.5 DRG explant cultures,
and exposure of neurons to NGF enhanced expression of both TrkA and Linx, while it did not
change expression of other LIG genes examined (Figure 8B). Moreover, our in situ
hybridization analysis revealed that Linx, Lingo1 and Lrrc4b are expressed in motor neurons
in the lumbar spinal cord, while Amigo1 and Lrig1 are not (Figure 8C and data not shown).
Together, these observations indicate that, like Linx, several LIG family members may control
development of select populations of motor and sensory neurons by modulating the functions
of Ret, Trks, or other RTKs during distinct stages of axonal extension, guidance, branching
and target innervation.

Discussion
Here, we report identification and characterization of Linx, a LIG family transmembrane
protein that is structurally related to Trk RTKs. It is expressed in a subset of DRG sensory and
spinal motor neurons and physically interacts with RTKs, including TrkA and Ret. Moreover,
Linx mutant mice exhibit sensory and motor neuron axonal projection defects similar to but
milder than those found in Ngf, TrkA and Ret mutant mice. Furthermore, NGF- and GDNF-
dependent axonal outgrowth is impaired in cultured sensory and motor neurons, respectively,
lacking Linx. Finally, several other LIG family members are expressed in subsets of DRG
sensory and spinal motor neurons, and interact with Trk and Ret RTKs. These observations
support a model in which LIG family members form complexes with RTKs in distinct
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populations of developing sensory and motor neurons to modulate their activities to control
specific stages of axonal growth, branching and circuit formation.

Linx: a modulator of NGF–TrkA and GDNF–Ret Signaling
This present work reveals a role for Linx in both NGF–TrkA and GDNF–Ret signaling during
development of PNS projections. We find that Linx modulates GDNF–Ret signaling, at least
during development of the deep peroneal nerve, and NGF–TrkA signaling during axonal
growth of cutaneous sensory neurons. However, LinxtEGFP/tEGFP embryos do not completely
phenocopy embryos lacking NGF or TrkA since much less neuronal death was observed in
DRGs of Linx mutants, compared to Ngf−/− and TrkA−/−embryos (Figure S8). Therefore, Linx
appears to be a modulator of both NGF–TrkA and GDNF–Ret signals that control axonal
growth; Linx has relatively little impact on the control of neuronal survival.

The analysis of LinxtEGFP/tEGFP;Hb9-Gfp mice indicates that the peroneal nerve defect
observed in LinxtEGFP/tEGFP mice is primarily due to impaired development of motor axons
(Figures S5A–S5F). Evidence to support the notion that Linx is required cell autonomously in
motor neuron is that Linx is expressed in motor neurons but not in DRG sensory neurons at
E11.5 and in a subset of DRG sensory neurons at E12.5 (Figures 3A–3C), when the peroneal
nerve is already dramatically defective (Figures 4A and 4B). Furthermore, Ret is required in
motor neurons for development of the peroneal nerve (Gould et al., 2008; Kramer et al.,
2006a), the Linx mutant mouse partially phenocopies the Ret mutant (Figure 4) and Linx and
Ret appear to genetically interact (Figure 5). We therefore speculate that any sensory projection
deficit associated with the deep peroneal nerve results from a lack of interaction between motor
and sensory axons (Gallarda et al., 2008). In contrast, defects in the lateral plantar nerve
branches of Linx mutants are almost certainly the result of primary defects in sensory nerves
because these branches are mainly composed of sensory fibers (Figures S5K and S5L) (Povlsen
et al., 1994), and similar defects are found in Ngf−/−;Bax−/− and TrkA−/−;Bax−/− mice, which
do not exhibit motor neuron defects. It will be of interest to determine whether and how Linx
modulates: 1) binding of ligands to RTK complexes; 2) cell surface localization of RTKs; 3)
endocytosis of ligand-bound RTKs; and 4) signaling and retrograde transport of signaling
endosomes containing ligand-bound receptor complexes. The observations that NGF activates
TrkA autophosporylation on Y490, the Shc binding site, and phosphorylation/activation of Akt
in neurons from LinxtEGFP/tEGFP mice suggest that ligand-dependent activation of cell surface
TrkA and at least some TrkA effectors occurs normally in the absence of Linx (Figures 7M
and 7O).

It will also be interesting to determine how binding specificity between LIG family members
and RTKs is achieved. Indeed, the mechanism by which Linx associates with TrkA and TrkC
but not the close family member, TrkB is unclear. Our findings do indicate that the extracellular
domain of TrkA, but not TrkB, is sufficient to mediate its interaction with Linx (Figure S2D).
Further structure-function analysis of the domains involved in Linx-Trk interactions and
identification of the subcellular locale of these interactions should shed light on this issue. It
will also be of interest to determine the functional significance of the interaction between Linx
and TrkC or p75NTR in neurons other than DRG sensory neurons.

LIGs: Modulators of Receptor Tyrosine Kinase Signaling
Our analysis of the structures of LIG genes suggests that the 18 human LIG genes, including
the three TRK genes, evolved from a common ancestral LIG gene. Since LIG genes exist in
sea urchins and vertebrates (Deuterostomes) as well as insects (Protostomes), LIG genes
apparently had already evolved from a common ancestor of Protostomes and Deuterostomes.
The existence of 6 subfamilies of LIG genes each containing 2 to 4 members, as well as the
distribution of members of subfamilies on various human chromosomes is consistent with the
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idea that the ancestral LIG gene underwent several tandem gene duplication events, leading to
genetically linked proto-TRK, proto-LINGO, proto-AMIGO, proto-LRIG, proto-LINX and
proto-LRRC4 genes. Following genome duplication events, early vertebrate evolution
generated paralogous copies of this gene cluster.

With the exception of Trks, which are well-characterized neurotrophin receptors, the in vivo
functions of most mammalian LIG proteins are not well understood. Remarkably, Lingo-1 may
function as a coreceptor for the p75NTR/NgR1 and Troy/NgR1 receptor complexes to inhibit
neurite outgrowth and regulate myelination by oligodendrocytes and neuronal cell survival
(Fu et al., 2008; Inoue et al., 2007; Mi et al., 2004). It is interesting to note that our findings
show that Linx can also form a complex with p75NTR. Lingo-1 also directly binds to ErbB1
and negatively regulates its function (Fu et al., 2008; Inoue et al., 2007). The NGL subfamily,
containing NGL-1/Lrrc4c and NGL-2/Lrrc4, are implicated as binding partners of Netrins G1
and G2, possibly representing a novel cell adhesion system controlling outgrowth of
thalamocortical axons and regulators of excitatory synapse formation (Kim et al., 2006; Lin et
al., 2003). The Amigo subfamily containing Amigo1, Amigo2/Alivin 1 and Amigo3 is
implicated in cell adhesion events that control axon extension and fasciculation of axon bundles
(Kuja-Panula et al., 2003). Amigo2/Alivin 1 also controls survival of cerebellar granule
neurons (Ono et al., 2003). While our characterization of Linx suggests that it augments
neurotrophin and GFL signaling through physical interactions with Trk and Ret receptors,
respectively, some Lrig subfamily members are known to inhibit RTK signaling events. Lrig1
can directly interact with ErbB and Met and function to attenuate RTK signaling by enhancing
degradation of these receptors (Gur et al., 2004; Inoue et al., 2007; Laederich et al., 2004;
Shattuck et al., 2007). Similarly, Lrig3 can directly interact with FGF receptor 1, decrease its
expression and attenuate FGF signaling in animal caps of Xenopus (Zhao et al., 2008).
Interestingly, our immunoprecipitation experiments also revealed decreased expression of
certain RTKs as well as p75NTR when either Lingo1 or Lrig1 were expressed simultaneously
with these receptors (Figures 2A, 2D–2F, S2B, S2F and S2G). Further studies will be required
to determine whether Lingo1 and Lrig1 facilitate receptor degradation through a common
mechanism. Lrig1 also directly interacts with Ret and negatively regulates GDNF–Ret
signaling through inhibition of GDNF binding to the Ret complex and recruitment of Ret to
lipid rafts (Ledda et al., 2008). Thus Linx, Lrig subfamily members and Lingo-1 physically
interact with RTKs and modulate their functions in an opposing manner in cells that coexpress
these LIGs. Together with the findings that Linx and other LIG family members are expressed
in subsets of neurons and that expression of LIGs varies with age, we suggest that these proteins
differentially augment or attenuate RTK signaling events in spatially and temporally controlled
manners to provide fine modulation of growth factor signaling events during axonal growth
and guidance.

The functions of LIG family members are likely to extend beyond axonal growth, guidance
and branching and include roles in both development and maintenance in the adult, perhaps
even contributing to certain pathologies. Indeed, LRIG1 and LRRC4 have been implicated as
tumor suppressor genes for several human cancers (Hedman and Henriksson, 2007; Wu et al.,
2006). The full spectrum of in vivo functions of Linx and other LIG family members during
development and in the adult awaits comprehensive analyses of mutant mice lacking each
member of the LIG family and identification of their RTK binding partners. We propose that
LIGs have evolved to both positively and negatively modulate RTK signaling events to provide
fine-tuned control over growth factor signaling pathways. In this way, LIGs increase the
repertoire of growth factor signaling intensities and events, regulated by a limited number of
growth factors and their receptors to control the complexities of neural connectivity and other
functions during development and in adult organisms.
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EXPERIMENTAL PROCEDURES
Mouse Lines

The mouse lines used in this study were maintained on a C57BL/6 background. These are:
Ngf+/− (Crowley et al., 1994), Bax+/− (Knudson et al., 1995), TrkA+/− (Moqrich et al., 2004),
Ntf3+/− (Tessarollo et al., 1994) and Hb9-Gfp (Wichterle et al., 2002). FLAG epitope tagged-
TrkA knock-in allele (TrkA+/FLAG) is designed to express a diphtheria toxin signal peptide
fused N-terminal FLAG-tagged TrkA from a TrkA gene locus (CS, Francis S. Lee and DDG,
unpublished). Ret+/f mice were described elsewhere (Luo et al., 2007), and were crossed with
mice expressing Cre recombinase in the germ cell lineage. The morning after coitus was defined
as E0.5.

Antibodies
A rabbit polyclonal antiserum was raised against the GST-fusion protein of an intracellular
region of mouse Linx (GST-Linx-C) and affinity-purified. Other antibodies were listed in the
Supplemental Procedures.

In Situ Hybridization, Immunocytochemistry, and Immunohistochemistry
Double-fluorescent in situ hybridization was performed as previously described (Luo et al.,
2007). A detailed description of probes used in this study is available in the Supplemental Data.
Immunocytochemistry and immunohistochemistry were performed using standard procedures.
Whole-mount immunostaining was performed as described (Huber et al., 2005) and the pictures
were taken using a confocal imaging system (LSM 5 Pascal; Carl Zeiss Inc.).

Statistical Analysis
Statistical differences for mean values between two groups and among multiple groups were
analyzed using Student’s t test and Tukey’s multiple comparison test, respectively. The
criterion for statistical significance was set at P < 0.05. All values are reported as the mean ±
SEM. A description of the statistical assessment of LIG family gene clusters is available in the
Supplemental Data.

Miscellaneous Procedures
The following procedures are available in the Supplemental Section: microarray analysis,
generation of DNA constructs, generation of Linx+/tEGFP mice, immunoprecipitation
procedures, generation of primary neural cultures and qRT-PCR. The extension of nerves and
axons was measured using NeuronJ (Meijering et al., 2004).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Linx Is a LIG Family Member
(A) Domain organizations of Linx and Islr. S: signal peptide, N: leucine rich repeat N-terminal
domain, L: leucine-rich repeat domains, C: leucine rich repeat C-terminal domain, IG:
immunoglobulin domain, IGc2: immunoglobulin c2-type domain, T: transmembrane domain.
(B) Molecular phylogenetic analysis of human and Drosophila LIG family members. The
extracellular protein sequences were aligned using the ClustalV software (Higgins et al.,
1992). The branch lengths are proportional to the number of amino acid changes. Drosophila
LIGs are encircled with red boxes. Note that a rooted tree was generated designating human
LRRN1, a more distantly related gene composed of LRRNT, LRR, LRRCT, IGc2 and
fibronectin type 3 domains, as an out-group.
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Figure 2. Binding of LIG Family Proteins to Trk and Ret Receptor Tyrosine Kinases
(A, D, E, F) Various combinations of recombinant proteins were expressed in 293T cells and
subjected to immunoprecipitation experiments using a FLAG antibody. The precipitates were
then examined by Western blot analysis to examine interactions with TrkA (A), TrkC (D),
TrkB (E) and Ret (F). Protein molecular weight standards (kDa) are shown on the left side of
blots.
(B) Physical interaction of endogenous Linx and TrkA. Cultured DRG neurons obtained from
E13.5 FLAG epitope tagged-TrkA knock-in (TrkAFLAG/FLAG) and wild-type mice were
subjected to immunoprecipitation using a FLAG antibody. The precipitates were examined by
Western blot analysis to examine interaction. F: TrkAFLAG/FLAG, W: wild-type.
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(C) Confocal microscopic images of cultured DRG neurons obtained from E13.5 FLAG epitope
tagged-TrkA knock-in mice. Endogenous FLAG-TrkA and Linx were detected with FLAG
(green) and Linx antibodies (red). Arrows: examples of vesicle-like structures in axons,
asterisk: a nucleus of a DRG neuron, bar: 10 μm.
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Figure 3. Expression of Linx in Motor and Sensory Neurons
(A) A Z-Stack confocal image for the lateral half of an E11.5 wild-type embryo stained by
whole-mount anti-Neurofilament-M (green) and anti-Linx (red) immunostaining. Arrows:
ventral spinal cord, arrowheads: dorsal root entry zone, L: lumbar plexus, bar: 0.5 mm.
(B) A transverse section of lumbar spinal cord and DRGs of an E12.5 wild-type embryo stained
with a Linx antibody. Bar: 0.5 mm.
(C and D) Horizontal sections of lumbar spinal cords of Linx+/tEGFP embryos stained with
GFP (green) and Ret (red) antibodies at E12.5 (C) and E18 (D). Bars: 50 μm.
(E and F) Horizontal sections of lumbar DRGs of Linx+/tEGFP embryos stained with GFP
(green) and TrkA (red) antibodies at E14.5 (E) and E18 (F). Bars: 50 μm.
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(G) A Z-Stack confocal image of a dorsal view of an E14.5 wild-type left hindlimb visualized
by whole-mount anti-Linx immunostaining. Bar: 0.5 mm.
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Figure 4. Linx Mutant Mice Partially Phenocopy Ret Mutant Mice, and Linx Functions in the
GDNF-Ret Signaling Pathway
(A–D) Whole-mount anti-Peripherin immunostaining of left hindlimbs of LinxtEGFP/tEGFP (B,
D and D′) and wild-type (A, C and C′) embryos at E12.5 (A and B) and E13.5 (C, C′, D and
D′). WT: wild-type, bars: 0.5 mm.
(A and B) Z-Stack confocal images of representative posterior views of left hindlimbs taken
from 4 LinxtEGFP/tEGFP and wild-type embryos. Note that the dramatic decrease in length and
size of peroneal nerve in LinxtEGFP/tEGFP embryos. P: peroneal nerve, T: tibial nerve.
(C, C′, D and D′) Z-Stack confocal images of dorsal views of left hindlimbs (C and D) and
their raw images depicting common and deep peroneal nerves (C′ and D′). Arrow: sural nerve,
arrowhead: saphenous nerve (C). Small arrows: aberrant branches from sural nerve, small
arrowheads: aberrant branches from saphenous nerve (D). Arrows: deep peroneal nerves,
arrowheads: common peroneal nerves (C′ and D′). Double arrowhead: a point where a common
peroneal nerve divides into superficial and deep peroneal nerves (C′)
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(E) Average diameter of the common peroneal nerve in LinxtEGFP/tEGFP (n=9) compared to
wild-type control embryos (n=8) (left), as well as that of Ret−/− (n=7) compared to control
embryos (n=6) (right). The 6 control embryos for Ret−/− in E and F are composed of 2 wild-
type and 4 Ret+/−. C: control. * and ** indicate p<0.005 and p<5×10−5, respectively.
(F) Average length of the deep peroneal nerve in LinxtEGFP/tEGFP (n=9) compared to wild-type
control embryos (n=9) (left), as well as that of Ret−/− (n=7) compared to control embryos (n=6)
(right). The length of the deep peroneal nerve was measured from a branching point (double
arrowhead shown in C′) to a distal end of the nerve. C: control. * and ** indicate p<0.01 and
p<0.005, respectively.
(G–J) Whole-mount anti-Peripherin immunostaining of left hindlimbs of Ret−/− (H, J and J′),
wild-type (G) and control Ret+/− (I and I′) embryos at E12.5 (G and H) and E13.5 (I, I′, J and
J′). Bars: 0.5 mm.
(G and H) Z-Stack confocal images of representative posterior views of left hindlimbs of 3
Ret−/− and wild-type embryos. P: peroneal nerve, T: tibial nerve.
(I, I′, J and J′) Z-Stack confocal images of dorsal views of left hindlimbs (I and J) and their raw
images depicting common and deep peroneal nerves (I′ and J′). Small arrows: aberrant branches
from sural nerve, small arrowhead: aberrant branches from saphenous nerve (J). Arrow: deep
peroneal nerve, arrowhead: common peroneal nerve (I′).
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Figure 5. Functional Interaction between Linx and Ret
(A–E) Confocal images for anti-Peripherin immunostaining of left hindlimbs of wild-type (A),
Ret+/− (B), LinxtEGFP/tEGFP (C), LinxtEGFP/tEGFP;Ret+/− (D) and LinxtEGFP/tEGFP;Ret−/− (E)
embryos at E13.5. WT: wild-type, arrow: deep peroneal nerve, arrowhead: the point where the
common peroneal nerve divides into superficial and deep peroneal nerves, double arrowhead:
distal end of the deep peroneal nerve branch to the 2nd an 3rd digits, bars: 0.5 mm. Note that
peroneal nerves are completely absent in LinxtEGFP/tEGFP;Ret−/− (E).
(F) Length of the deep peroneal nerve in various mutants. The length of the deep peroneal
nerve was measured from the dividing point (arrowhead in A) to the end of the digital branch
to the 2nd and 3rd digits (double arrowhead in A). In the case of absence of the peroneal nerves,
the value is considered as zero. Statistical analysis was performed using multiple comparison
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test. The table shows significance of the difference of mean values. * indicates p<0.05. N.S.:
not significant, het: heterozygous, n: number of embryos analyzed for each group.
(G) Linx is required for GDNF-dependent motor axon extension. Average axon length of
cultured lumbar motor neurons obtained from E13.5 LinxtEGFP/tEGFP and Linx+/tEGFP control
embryos. Lumbar motor neurons were cultured in growth media containing CNTF (10 ng/ml)
and either the presence or absence of GDNF (10 ng/ml) for 24hr and axonal lengths (n=174 to
200 cells for each condition) were measured of GFP+ and Islet1+ neurons. * and ** indicate
p<0.0005 and p<1X10−10, respectively.
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Figure 6. Linx Mutant Mice Partially Phenocopy Ngf Mutant Mice in Nerve Extension Defects
(A–H) Whole-mount anti-Peripherin immunostaining of left hindlimbs of LinxtEGFP/tEGFP (B,
D, F and H) and wild-type (A, C, E and G) embryos at E14.5. WT: wild-type, 1 and 5: the
1st and 5th digit. Bars: 0.5 mm in A, B, E and F; 0.25 mm in C, D, G and H.
(A and B) Z-Stack confocal images of a dorsal view of the left hindlimb. Boxes: magnifications
are shown in C and D, arrowheads: peroneal nerve branches.
(C and D) High-magnification Z-stack confocal images showing digital branches of the deep
peroneal nerve in the 2nd and 3rd digits. Arrows: digital branches to the 3rd digits.
(E and F) Z-Stack confocal images of a plantar view of the left hindlimb. Boxes: magnifications
are shown in G and H.
(G and H) High-magnification Z-stack confocal images showing a lateral digital branch of the
lateral plantar nerve in the 5th digit. Arrows: lateral digital branches of the lateral plantar nerve
in the 5th digit.
(I) Average ratio of the length of a digital branch of the deep peroneal nerve in the 3rd digit of
LinxtEGFP/tEGFP (n=11) compared to wild-type (n=13) embryos. * indicates p<0.01.
(J) Average ratio of the length of a lateral digital branch of the lateral plantar nerve in the 5th

digit of LinxtEGFP/tEGFP (n=9) compared to wild-type (n=10) embryos. * indicates p<0.01.
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(K–R) Whole-mount anti-Peripherin immunostaining of left hindlimbs of Ngf−/−;Bax−/− (L,
N, P and R) and Ngf+/−;Bax−/− control (K, M, O and Q) embryos at E14.5. 1 and 5: the 1st and
5th digit. Bars: 0.5 mm in K, L, O and P; 0.25 mm in M, N, Q and R.
(K and L) Z-Stack confocal images of a dorsal view of the left hindlimb. Boxes: magnifications
are shown in M and N, arrowheads: peroneal nerve branches. Note that peroneal nerve branches
are formed in the Ngf−/−;Bax−/− embryo as the control embryo.
(M and N) High-magnification Z-stack confocal images showing digital branches of the deep
peroneal nerve in the 2nd and 3rd digits. Arrows: digital branches to the 3rd digit.
(O and P) Z-Stack confocal images of a plantar view of the left hindlimb. Boxes: magnifications
are shown in Q and R.
(Q and R) High-magnification Z-stack confocal images showing a lateral digital branch of the
lateral plantar nerve in the 5th digit. Arrows: lateral digital branches of the lateral plantar nerve
in the 5th digit.
(S) Average ratio of the length of a digital branch of the deep peroneal nerve in the 3rd digit of
Ngf−/−;Bax−/− (n=7) compared to control (n=7) embryos. Control embryos in S and T are
composed of 2 Bax−/−, 1 Bax+/−, 2 Ngf+/−;Bax−/− and 2 wild-type. DN: Ngf −/−;Bax−/−. **
indicates p<0.005.
(T) Average ratio of the length of a lateral digital branch of the lateral plantar nerve in the
5th digit of Ngf−/−;Bax−/− (n=7) compared to control (n=7) embryos. DN: Ngf−/−;Bax−/−. ***
indicates p<0.0005.
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Figure 7. Linx Mutant Mice Partially Phenocopy Ngf Mutant Mice in Nerve Branching Defects,
and Linx Functions in the NGF Signaling Pathway
(A–D) Whole-mount anti-Peripherin immunostaining of left hindlimbs of LinxtEGFP/tEGFP (B
and D) and Linx+/tEGFP control (A and C) embryos at E15.5. Bars: 0.625 mm in A and B; 0.25
mm in C and D.
(A and B) Z-Stack confocal images of a plantar view of the left hindlimb. Boxes: magnifications
are shown in C and D, 1 and 5: the 1st and 5th digit.
(C and D) High-magnification Z-stack confocal images showing a medial digital branch of the
lateral plantar nerve in the 5th digit. Dotted rectangles: medial digital branches of the lateral
plantar nerve in the 5th digit, arrows: representative branches with higher-ordered branches.
(E and F) Density of branches (E) and density of branches with higher-ordered branches (F)
in the medial digital branch of the lateral plantar nerve of the 5th digit in LinxtEGFP/tEGFP (n=12)
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compared to control (Linx+/tEGFP: n=6; wild-type: n=3) embryos. ** and *** indicates p<0.005
and p<0.001, respectively.
(G–J) Whole-mount anti-Peripherin immunostaining of left hindlimbs of Ngf−/−;Bax−/− (H and
J) and Bax−/− control (G and I) embryos at E15.5. Bars: 0.625 mm in G and H; 0.25 mm in I
and J.
(G and H) Z-Stack confocal images of a plantar view of the left hindlimb. Boxes:
magnifications are shown in I and J, 1 and 5: the 1st and 5th digit.
(I and J) High-magnification Z-stack confocal images showing a medial digital branch of the
lateral plantar nerve in the 5th digit. Dotted rectangles: medial digital branches of the lateral
plantar nerve in the 5th digit, arrows: representative branches with higher-ordered branches.
(K) Density of branches with higher-ordered branches in the medial digital branch of the lateral
plantar nerve in the 5th digit of Ngf−/−;Bax−/− (n=4) compared to control (Bax−/−: n=2;
Bax+/−: n=1; Ngf+/−;Bax+/−: n=1) embryos. DN: Ngf−/−;Bax−/−. * indicates p<0.05.
(L) Linx is required for maximal sensitivity to NGF in cultured DRG sensory neurons. Average
axon length of cultured DRG sensory neurons obtained from E13.5 LinxtEGFP/tEGFP and
Linx+/tEGFP control embryos. DRG sensory neurons were grown in the presence of 0, 3, 9 and
27 ng/ml NGF with a caspase inhibitor, BAF, for 24 hr and axon lengths (n=40 to 47 cells for
each condition) were measured for GFP+ neurons using Neurofilament-M staining. *1, *2, *3
and *4 indicates p<0.01, p<0.005, p<0.001 and p<5×10−7, respectively.
(M–O) Phosphorylation of TrkA, Erk and Akt in cultured DRG sensory neurons obtained from
E13.5 LinxtEGFP/tEGFP and wild-type embryos. DRG sensory neurons were stimulated with
NGF (10 ng/ml) for 5 min and phosphorylation of TrkA Y490 (M), Erk (N) and Akt (O) were
examined by Western blot analysis. Immunoblots were then reprobed with a class III β-Tublin
(Tuj1) or TrkA antibody. The bands for phosphorylated proteins from 4 independent
experiments were measured by densitometry, and fold changes of the band intensity in
LinxtEGFP/tEGFP were calculated against that in wild-type after normalizing with the signal
intensities of Tuj1 for pErk and pAkt blots or TrkA for a pTrkA blot. WT: wild-type, N.S.: not
significant. * indicates p<0.01.
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Figure 8. Expression of LIG Family Members in the DRG and Ventral Spinal Cord
(A and C) Double-label in situ hybridization of Linx, Lingo1, Lrrc4b and Amigo1 (red) with
TrkA (A) or Ret (C) (green). E13.5 DRG and spinal cord sections were hybridized with
indicated cRNA probes. Bars, 100 μm.
(B) NGF-dependent induction of LIG family members. The expression of the indicated genes
was evaluated by qRT-PCR. Total RNAs were obtained from three independent sets of E13.5
explant DRG cultures grown in the presence or absence of NGF (25 ng/ml). The extent of the
gene induction by NGF was evaluated and reported as fold change (>1). * indicates p<0.05
using a paired t-test.
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