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Axons from a distinct group of neurons make contact with den-
dritic trees of target neurons in clearly segregated and laminated
patterns, thereby forming functional units for processing multiple
inputs of information in the vertebrate central nervous system.
Whether and how dendrites acquire lamina-specific properties
corresponding to each pathway is not known. We show here that
vertebrate-specific membrane-anchored members of the UNC-6/
netrin family, netrin-G1 and -G2, organize the lamina/pathway-
specific differentiation of dendrites. Netrin-G1 and -G2 distribute
on axons of different pathways and specifically interact with
receptors NGL-1 and -2, respectively. In the hippocampus, parietal
cortex, and piriform cortex, NGL-1 is concentrated in the dendritic
segments corresponding to the lamina-specific termination of
netrin-G1-positive axons, and NGL-2 is concentrated in distinct
dendritic segments corresponding to the termination of netrin-G2-
positive axons. In netrin-G1- and -G2-deficient mice, in which
axonal path-finding is normal, the segmental distribution of NGL-1
and -2 is selectively disrupted, and the individual receptors are
diffused along the dendrites. These findings indicate that trans-
neuronal interactions of netrin-Gs and their specific receptors
provide a molecular basis for the axonal innervation-dependent
mechanism of postsynaptic membrane organization, and provide
insight into the formation of the laminar structure within the
dendrites.

cortical layer � neuronal circuit � protein–protein interaction

One remarkable feature of the vertebrate central nervous
system is its cortical laminar structure. In addition to the

layered distribution of different types of neurons, distinct pop-
ulations of axons originating from multiple brain areas innervate
distinct laminae. In cases where distinct axons project to a single
neuron, they synapse onto distinct subcellular compartments
(dendrite, soma, and axon initial segment), and in many cases,
restricted segments within target dendrites (1). In mammalian
hippocampus, for example, extrinsic inputs from the entorhinal
cortex (EC) terminate on distal parts of the hippocampal
neuronal dendrites, whereas fibers of inter- or intrahippocampal
projections terminate on the proximal parts of dendrites in a
laminated manner with sharp boundaries (2). Such lamina-
specific connectivity along a dendrite might be the structural
basis for organized processing and integration of multiple inputs.
Various axon guidance molecules are implicated in the lamina-
specific targeting of axons (3).

Despite the well characterized laminar organization of pre-
synaptic fibers, little is known about the lamina-specific prop-
erties of dendrites. Some electrophysiologic and immunolocal-
ization studies demonstrated that dendrites originating from the
same neuron possess distinct properties depending on the site,
such as different neurotransmitter receptor compositions (4, 5),
voltage-gated channel densities (6), and synapse morphology (7).
However, these experiments were performed with very limited
cell types, such as the CA1 pyramidal neuron, and thus it is
unclear whether the uneven distribution of postsynaptic machin-
ery within the dendritic trees is a general feature of neurons. The

mechanisms that might underlie the spatial organization of these
dendritic properties are also unknown.

Netrin-G1 and -G2 (also called laminet-1 and -2) comprise a
subfamily within the UNC-6/netrin family (8–10). Classic netrins
are phylogenetically conserved, diffusible chemoattractants of
axon guidance molecules (11–13). Unlike classic netrins,
netrin-Gs are linked to the plasma membrane surface by a
glycosylphosphatidylinositol linkage, have no orthologues in
invertebrates and lack affinity to the known netrin receptor
families, DCC and Unc5h (8, 9). Instead, netrin-G1 binds to a
cell adhesion molecule NGL-1 (14), and netrin-G2 binds to
another NGL family protein, NAG14�. NGL-2 (also known as
NAG14 and referred to here as NGL-2) is preferentially local-
ized to the postsynaptic side in association with PSD-95, and has
bidirectional synaptogenic activity in cell culture systems (15).
Both netrin-G1 and -G2 are predominantly expressed in the
brain, and each is expressed in distinct subsets of neurons in a
complementary manner (9, 10). These findings suggest that the
roles of the netrin-G subfamily members are different from those
of classic netrins, and that they contribute to the elaboration of
the complex and highly organized nervous systems unique to
vertebrates.

The findings of the present study indicated that netrin-G1 and
-G2 proteins are selectively distributed on axons of distinct
pathways and transneuronally interact with the receptor proteins
NGL-1 and -2, respectively, on target dendrites. The distribution
of netrin-G1/NGL-1 and netrin-G2/NGL-2 adhesion couples was
closely associated with the lamina-specific connectivity of several
neural pathways. Loss-of-function studies in mice revealed that
netrin-G1 and -G2 confine the localization of their specific
receptors to discrete subdendritic segments in a pathway-specific
manner. These findings suggest an instructive role for
axon-derived factors in the segmental differentiation of target
dendrites.

Results
Pathway-Specific Distribution of Netrin-G1 and -G2 Proteins in the
Mouse Brain. The netrin-G1 (Ntng1) and netrin-G2 (Ntng2) genes
are expressed in the mouse brain in a complementary manner;
e.g., Ntng1 in the dorsal thalamus and olfactory bulb, and Ntng2
in the cerebral cortex (9, 10). In the present study, immunohis-
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tochemistry of netrin-G1 and -G2 revealed that these two
proteins were differentially distributed in a laminated manner in
several regions of the adult mouse brain.

In the parietal region of the neocortex, netrin-G1 was detected
in layers I and IV with intense staining, and at the border of layer
V/VI with faint staining (Fig. 1A). These patterns correspond to

the terminal arborization of thalamocortical axons (16). In the
piriform cortex, netrin-G1 was strongly detected in layer Ia (Fig.
1B), which is the terminal layer of mitral cell axons from the
olfactory bulb (17). These data are consistent with previous
reports of axonal localization of netrin-G1 in the developing
brain [see supporting information (SI) Fig. 6] (9, 18). Netrin-G2
was detected in layers VI and IV of the parietal cortex (Fig. 1D),
in layer Ib and deeper layers of the piriform cortex, and in the
endopiriform nucleus (Fig. 1E). As Ntng2 transcripts are abun-
dant in the cerebral cortex and primary olfactory cortex (9, 10),
netrin-G2 proteins are most likely distributed on intracortical
projections.

In the hippocampus, there was a mutually exclusive distribu-
tion of netrin-Gs. Netrin-G1 immunoreactivity was clearly de-
tected in the outer-third of the molecular layer of the dentate
gyrus (DG) and in the stratum lacunosum moleculare of CA1
(Fig. 1C). In contrast, there was strong staining of netrin-G2 in
the middle-third of the molecular layer of the DG and in the
stratum radiatum and stratum oriens of CA1 (Fig. 1F). These
patterns correspond well to the lamina-specific termination of
hippocampal circuits. In the DG, the LPP and MPP arising from
layer II neurons of the lateral and medial entorhinal cortex (LEC
and MEC) terminate on the outer and middle molecular layer,
respectively. In the CA1, the temporoammonic (TA) pathway
originating from layer III neurons of the EC terminates on the
stratum lacunosum-moleculare, whereas the Schaffer collaterals
(SC) from CA3 neurons terminate on the stratum radiatum and
stratum oriens (Fig. 1 G–I) (19). Indeed, Ntng1 mRNA levels
were high in layer II of the LEC (origin of the LPPs) and layer
III throughout the EC (origin of the TA), but very low in the
dentate granule cells and pyramidal neurons of the hippocampus
(target cells of the LPPs and TA, respectively, Fig. 1J). In marked
contrast, Ntng2 mRNA was selectively detected in layer II of the
MEC (origin of the MPPs), consistent with the netrin-G2
distribution in the middle molecular layer of the DG (Fig. 1K).
Ntng2 mRNA was also detected in the DG (target of the MPPs).
Netrin-G2 antibody labeled the areas representing mossy fiber
tracts from the DG to CA3, but not the outer or innermost part
of the DG molecular layer (SI Fig. 7), and therefore netrin-G2
protein seems to be preferentially distributed on axons rather
than on the DG dendrites. With respect to the CA3-CA1
pathway (SC), Ntng2 mRNA was abundant in CA3, but very low
in the target CA1 pyramidal neurons (Fig. 1K). These selective
expression patterns in presynaptic neurons indicate that ne-
trin-G1 and -G2 proteins are distributed on different popula-
tions of axons in a pathway-specific manner.

Specific Binding of Netrin-G1 and -G2 with NGL-1 and -2. Netrin-G1
interacts with a cell adhesion molecule, NGL-1 (14). In the
mouse databases, there are two additional related molecules:
NGL-2 and -3 (also called HSM), and we preliminarily reported
that netrin-G2 selectively binds to NGL-2�. Here, we evaluated
their binding specificities. Netrin-G1 bound to NGL-1 (Fig. 2A),
but not to NGL-2 or -3-expressing cells (Fig. 2B and data not
shown). In contrast, netrin-G2 bound to NGL-2 (Fig. 2D), but
not to NGL-1 or -3 (Fig. 2C and data not shown). Additionally,
classic netrin-1 did not bind to any NGL family member (ref. 14
and data not shown). These specific interactions were further
confirmed by binding affinity measurements using the BIAcore
system. The Kd values of netrin-G1/NGL-1 and netrin-G2/
NGL-2 interactions were 1.55 � 10�7 M and 3.27 � 10�7 M,
respectively (Fig. 2 E and F). The cross-reactivity of other
ligand–receptor combinations was below the detection limits of
the system. These results suggest that netrin-G1 and -G2 interact
with distinct members of the receptor protein family NGLs, and
therefore have nonredundant functions. Kim et al. (15) inde-
pendently obtained similar but qualitative data.

Fig. 1. Selective distribution of netrin-G1 and -G2 proteins in distinct path-
ways. Coronal sections of adult mouse brain were stained with anti-netrin-G1
(A–C) and anti-netrin-G2 antibodies (D–F). Netrin-G1 and -G2 had a nonover-
lapping and layer-specific distribution in the neocortex, piriform cortex, and
hippocampus. Laminar organization (G), and distribution of netrin-G1 (H) and
netrin-G2 (I) in the hippocampus. Netrin-G1 immunoreactivity was restricted
to the terminal layers of the lateral perforant paths (LPP) in the DG and TA in
CA1, whereas netrin-G2 was restricted to the terminal layers of the medial
perforant paths (MPP) and SC. En, endopiriform nucleus; MML, middle mo-
lecular layer; OML, outer molecular layer; SLM, stratum lacunosum molecu-
lare; SO, stratum oriens; SR, stratum radiatum. (J and K) Serial horizontal
sections were hybridized with digoxigenin-labeled RNA probes. Note the
complementary expression of Ntng1 and Ntng2 mRNAs in the LEC and MEC.
[Scale bar: 200 �m (A and D); 250 �m (B, C, E, and F); 140 �m (G–I); 500 �m (J
and K).]
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Selective Localization of NGL-1 and -2 in Distinct Dendritic Segments.
We next examined the in vivo localization of NGL proteins using
specific antibodies against NGL-1 and -2. Immunohistochemis-
try of adult mouse brain revealed distribution patterns of NGL-1
almost identical to those of netrin-G1. In the hippocampus,
NGL-1 immunostaining was detected predominantly in the
stratum lacunosum moleculare of CA1 (Fig. 3A) and faintly but
significantly in the outer molecular layer of the DG (Fig. 3 A and
B). In other regions, NGL-1 was restricted to specific laminae,
such as layers I and IV and the boundary of layer V/VI in the
parietal cortex (Fig. 3E) and layer Ia in the piriform cortex (Fig.
3F), similar to the netrin-G1 distribution shown in Fig. 1.
Furthermore, the anti-NGL-2 antibody had exactly the same
staining pattern as netrin-G2 in the hippocampus: the stratum
radiatum and stratum oriens in the CA1 and the middle molec-
ular layer in the DG (Fig. 3C). At a higher magnification, NGL-2
was identified on transversely oriented fibers in these laminae,
representing the dendritic branches of the hippocampal neurons
(Fig. 3D).

Consistent with the postsynaptic localization of NGL proteins
(15), Ngl1 and Ngl2 mRNAs were abundant in hippocampal
pyramidal neurons and dentate granule cells (the receptive
neurons of the TA, SC, LPP, and MPP; Fig. 3 G and H). Ngl1
mRNA was also highly expressed in the neocortex (the target of
thalamic axons, Fig. 3I) and piriform cortex (the target of
olfactory mitral cell axons; Fig. 3K), but scarcely in the dorsal
thalamus (Fig. 3J) or olfactory bulb (Fig. 3L). Ngl1 and Ngl2 were
therefore expressed in the postsynaptic neurons to which netrin-
G-expressing axons project, and the immunohistochemical co-
localization suggests a transneuronal interaction of axonal
netrin-Gs and their specific partner NGLs on the corresponding
part of the dendrites.

Generation of Netrin-G Deficient Mice. To analyze in vivo functions
of netrin-Gs, we generated two lines of mutant mice devoid of
netrin-G1 or -G2 (Fig. 4 A and B). Homozygous mutants of each
line (Ntng1 KO and Ntng2 KO) completely lacked the gene
products (Fig. 4 D and H and SI Fig. 8), and the loss of one of
the netrin-G genes did not change the expression pattern of the
other (Fig. 4 E and G and SI Fig. 8). Thus, netrin-G1 and -G2
appear to have independent roles in distinct groups of neurons
and do not compensate for each other. Both Ntng1 knockout
(KO) and Ntng2 KO mice developed to adults.

Because netrin-G1 distributed on developing axons (9, 18), we
tested the cell-autonomous functions of netrin-Gs for axonal
development, with a focus on the thalamocortical, entorhino-
hippocampal, and olfactory projections (SI Fig. 9 and data not
shown). There were no notable differences in the outgrowth,
trajectory, area- and layer-specific terminations, and whisker
lesion-induced rearrangement of the thalamocortical axons be-
tween wild-type and Ntng1 KO mice during the first two
postnatal weeks. Anterograde labeling of the perforant paths
and olfactory mitral cell axons revealed lamina-specific and
clearly demarcated terminations of axons in the netrin-G mu-
tants as in wild-type mice. These histologic analyses suggest that
netrin-Gs have no major roles in the gross cytoarchitecture of the
brain or axonal projection.

Diffusion of Receptors Within Dendrites in Netrin-G Mutant Mice. In
Ntng1 KO and Ntng2 KO mice, we examined whether the lack of
netrin-Gs influenced the segmental dendritic distribution of

Fig. 2. Differential binding of netrin-G1 and -G2 to the NGL family proteins.
Recombinant myc-tagged proteins of mouse netrin-G1 and -G2 were added to
the HEK293T cells expressing NGLs. Surface binding of ligands was immuno-
cytochemically detected with anti-myc antibody. Netrin-G1 specifically bound
to NGL-1 (A), but not NGL-2-expressing cells (B). In contrast, netrin-G2 bound
to NGL-2-expressing cells (D) without affinity to NGL-1 (C) (Scale bar: 20 �m).
Binding of serially diluted netrin-G1 (E) and netrin-G2 (F) proteins to the
sensorchip derivatized with NGL proteins was monitored by BIAcore biosen-
sor, and affinities (Kd) of the interaction were determined.

Fig. 3. Selective distribution of NGL-1 and -2 to distinct dendritic segments.
Coronal sections of adult mouse brain were stained with anti-NGL-1 (A, B, E,
and F) and anti-NGL-2 antibodies (C and D). NGL-1 proteins were detected in
specific layers of the hippocampus [A and B (magnified image of the DG)],
neocortex (E), and piriform cortex (F) with patterns similar to those of netrin-
G1. (C) The lamina-selective distribution of NGL-2 proteins in hippocampus
matches that of netrin-G2. (D) Dendritic staining of NGL-2 (arrowheads) at
high magnification. Asterisks indicate the hippocampal fissure. (G and H) In
situ hybridization analysis of horizontal brain sections revealed high expres-
sion levels of Ngl1 and Ngl2 mRNAs in pyramidal neurons of CA1-CA3 and
granule cells of the DG. (I–L) Expression sites of Ngl1 in other regions. Ngl1
transcripts were abundant in the neocortex (I) and piriform cortex (K), but very
low in the dorsal thalamus (DT; J) and olfactory bulb (L). MHb, medial habe-
nular nucleus; Mi, mitral cell layer; Rt, reticular thalamic nucleus. [Scale bar:
200 �m (A, C, E, and F); 50 �m (B and D); 690 �m (G and H); 750 �m (I and J);
605 �m (K); 820 �m (L).]

Nishimura-Akiyoshi et al. PNAS � September 11, 2007 � vol. 104 � no. 37 � 14803

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/content/full/0706919104/DC1
http://www.pnas.org/cgi/content/full/0706919104/DC1
http://www.pnas.org/cgi/content/full/0706919104/DC1


their receptors. NGL-1 immunoreactivity was concentrated in
specific layers in wild-type (Fig. 5 A, D, and G) and Ntng2 KO
brain (Fig. 5 C, F, and I). These patterns were absent in Ntng1
KO hippocampus (Fig. 5B), layer I of the parietal cortex (Fig.
5E), and layer Ia of the piriform cortex (Fig. 5H). Similarly,
lamina-selective distribution of NGL-2 was observed in wild-
type and Ntng1 KO hippocampus (Fig. 5 J and K), but lost in
Ntng2 KO mice (Fig. 5L). It should be noted that NGL-2
immunoreactivity in Ntng2 KO mice was uniform across layers
and was also detected in the outer and innermost part of the DG
molecular layer (Fig. 5L). These observations suggest that the
altered laminar staining patterns of NGLs are due to diffuse
localization. Western blot analysis of hippocampal membrane
fractions revealed no quantitative differences in receptor protein
levels among the three genotypes (each genotype, n � 4; Fig.
5M). Thus, netrin-G1 and -G2 determine the proper positioning
of the cognate receptor, and loss of netrin-Gs resulted in
diffusion of the receptors along the dendrites of hippocampal
neurons. Staining of NGL-1 in Ntng1 KO hippocampus was very
weak. This might be because of differences in the dendritic shaft
size (i.e., surface area) between layers in CA1. Dendritic shafts
in the stratum radiatum are quite large compared with those in
the stratum lacunosum moleculare. Thus, diffusion of NGL-1 to
the entire CA1 dendritic area would dilute the signal. Diffusion
of NGL-1 was observed in layer I, but not layer IV of the Ntng1
KO neocortex (Fig. 5E). Cortical pyramidal neurons extend their
dendrites across multiple layers, whereas granule cells in layer IV
confine their dendrites within layer IV. This anatomic property
of layer IV cells might explain why the NGL-1 distribution in
layer IV was retained in the Ntng1 KO neocortex.

Fig. 5. Loss of lamina-restricted distribution of NGLs in netrin-G-deficient mice.
Distribution patterns of NGL-1 (A–I) and NGL-2 (J–L) in wild-type and netrin-G
mutant mice are shown by immunohistochemistry. Lamina-specific staining of
NGL-1 was absent in Ntng1 KO hippocampus (B), neocortex layer I (E), and
piriform cortex (H). Similarly, there was no laminar distribution of NGL-2 in Ntng2
KO hippocampus. Note the molecular layer of the DG, which is evenly stained
withNGL-2 (L).Asterisks indicate thehippocampalfissure. [Scalebar:200 �m(A–F
and J–L); 250 �m (G–I).] (M) Western blot analysis of NGLs in hippocampus of
wild-type, Ntng1 KO, and Ntng2 KO mice (n � 4 for each genotype) did not reveal
any significant differences in the receptor protein levels, indicating a mislocation
of, but not a decrease in, receptors in the mutant hippocampus. Data are pre-
sented as mean � SEM. (N) Model for transneuronal regulation of receptor
localization by axonal netrin-G proteins. Distinct axon populations, each express-
ing netrin-G1 or -G2, make contact with distinct segments of dendrites of target
neurons. NGL-1 and -2, which are expressed in the target neurons, are anchored
by axon-derived netrin-G1 and -G2, and are thereby precisely arranged onto the
selected subdendritic segments. Without netrin-Gs as extrinsic cues, NGLs would
be dispersed across multiple segments of dendrites.

Fig. 4. Targeted disruption of netrin-G1 and -G2 genes. Schematic repre-
sentation of the wild-type and mutated locus of the Ntng1 (A) and Ntng2
genes (B). Open boxes denote the 5� UTR and filled boxes indicate the coding
region. The pgk-neo cassette flanked by loxP sequences was excised by cross-
ing with transgenic mice expressing Cre recombinase (�neo). B, BamHI; Bg,
BglII; K, KpnI; P, PstI. Immunohistochemistry of netrin-G1 (C–E) and netrin-G2
(F–H) in the hippocampus revealed null mutation of the targeted netrin-G and
no compensatory expression of the other in each mutant line. (Scale bar:
200 �m.)
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Discussion
The laminar organization observed in various regions of the
vertebrate nervous system serves as a fundamental structure for
processing and integrating neural information. In the present
study, we first demonstrated that cell surface proteins of the
UNC-6/netrin family, netrin-G1 and -G2, are localized on axons
of distinct pathways, which show laminated termination in
several brain regions. The distribution patterns correlate closely
with the known circuitry of the cerebral cortex, olfactory cortex,
and hippocampus. Second, netrin-G1 and -G2 selectively inter-
act with distinct receptors, NGL-1 and -2, respectively. NGL-1
and -2 in the mouse brain are concentrated in distinct segments
within dendrites, corresponding to the termination of axons
expressing netrin-G1 and -G2, respectively. These findings reveal
that the molecular composition is heterogeneous, even within
the same dendrite, and that dendrites are divided into multiple
compartments: ‘‘subdendritic segments’’ in a pathway-specific
manner. Finally, netrin-G1 and -G2 deficient mice have selective
mislocation of the individual receptors without axonal mistar-
geting. On the basis of these findings, we propose a model that
axonal netrin-Gs ‘‘lock in’’ their specific receptors at the site of
contact to localize them in the appropriate subdendritic seg-
ments (Fig. 5N). In the absence of netrin-G1 or -G2, NGL-1 or
NGL-2 localization is ‘‘unlocked’’ and therefore the receptor
diffuses along the entire dendrite. This model suggests that
axonal innervation has an instructive role in dendritic segmen-
tation. The specific netrin-G/NGL interactions are observed in
various cortical regions, suggesting that our model might apply
to a variety of cell types as a fundamental mechanism for forming
the laminar organization of dendrites.

Because netrin-Gs are distributed on developing axons and are
structurally similar to classic netrins, it is plausible that netrin-Gs
also have a role in axon guidance through interaction with NGLs.
Consistent with this notion, Lin et al. reported that immobilized
NGL-1 protein promotes neurite extension in cultured neurons and
that soluble NGL-1 disrupts the growth of thalamic axons in chick
embryos (14). In our loss-of-function analysis of netrin-G1 and -G2,
however, there were no remarkable developmental abnormalities
detected in thalamocortical, entorhino-hippocampal, or olfactory
projections. The discrepancy in these results might reflect species-
specific differences, compensatory mechanisms, or subtle deficits in
KO animals, or alternatively imply that an unidentified cofactor of
netrin-G1 mediates the axon growth-promoting activity of NGL-1.

Our data indicate that netrin-G proteins transneuronally
determine local dendritic properties through their receptors on
dendrites after completion of axonal projection. An ankyrin-
based membrane skeleton determines the localization of cell
adhesion molecules in the axon initial segment of postsynaptic
neurons, and thereby directs presynaptic innervation by inhibi-
tory neurons (20). It is conceivable that such a cell-autonomous
mechanism defining subcellular compartments is also used in
each dendritic subregion. However, our data from netrin-G-
deficient mice indicate that the segmental layout of receptors
within dendrites is controlled by axonal proteins (extrinsic
factors). This finding is reminiscent of the modulatory effects of
nerve-derived factors on postsynaptic differentiation in the
neuromuscular junction (21, 22). In the central nervous system,
there are some transsynaptic adhesion molecules that induce
postsynaptic differentiation. The ephrin-B/EphB interaction
promotes clustering of the NMDA-type glutamate receptors to
form excitatory synapses (23). The �-neurexin/neurologin inter-
action induces the assembly of the postsynaptic machinery of
excitatory and inhibitory synapses (24–26). However, these cases
do not necessarily explain pathway specificity within a single
neuron as clearly as netrin-Gs/NGLs because of promiscuous
ligand–receptor interaction. Netrin-G1/NGL-1 and netrin-G2/
NGL-2 interactions provide the molecular mechanisms that

extrinsically determine pathway/lamina-specific properties of the
subdendritic segments. The one-to-one relationship of the ne-
trin-G/NGL interaction is advantageous for avoiding interfer-
ence between adjacent neural pathways that converge onto a
single neuron.

Which events are regulated by netrin-G/NGL interactions?
NGL-1 and -2 have conserved amino acid sequences at the
cytoplasmic C-terminal tail, which is a putative PDZ domain-
binding motif. Indeed, various PDZ-like proteins interacting
with NGLs were identified by yeast two-hybrid screening. These
include members of the PSD-95 family (15), which are postsyn-
aptic scaffold proteins involved in the recruitment of neuro-
transmitter receptors and associated signaling molecules (27,
28), and Whirlin, an adaptor protein involved in organization of
the actin cytoskeleton (29, 30) that might regulate morphogen-
esis and/or stabilization of actin-rich structures, such as dendritic
spines. Netrin-Gs might maintain the balance of distribution and
activities of these synaptic machineries in a pathway-specific
manner through their cognate receptors. In support of this idea,
Kim et al. (15) demonstrated that direct clustering of NGL-2
induces the assembly of glutamatergic postsynaptic proteins and
regulates the number of excitatory synapses in cultured neurons.
In Ntng1 KO and Ntng2 KO mice, however, we found no
significant differences in the density of PSD-95 clusters in any
hippocampal layer under basal conditions (SI Fig. 10). It remains
to be examined whether netrin-G/NGL interactions regulate
other postsynaptic proteins that are more specific to layers, or
whether recruitment of such molecules to the specific layers are
induced by neural activity at specific pathways. In addition, as
NGL-2 promotes presynaptic differentiation in cultured neurons
probably through netrin-G2 (15), netrin-G mutant mice might
also have deficits in presynaptic functions in a pathway-specific
manner. These issues need to be investigated in future studies.

Finally, full sets of netrin-Gs and their receptor orthologues
are conserved in all vertebrates, but not in the invertebrates so
far examined, indicating that the netrin-G and NGL family
members coevolved and contribute to higher brain functions.
The distribution patterns of netrin-Gs can be roughly summa-
rized as follows: netrin-G1 is distributed along the sensory relay
projections to the cortices. Netrin-G2 is mainly distributed along
intracortical (including intrahippocampal) connections. Ne-
trin-G1 and -G2 might therefore differentially contribute to
information processing, such as netrin-G1 to sensory perception
and netrin-G2 to higher functions, such as memory formation.
Studies in humans suggest the possible involvement of netrin-G1
and -G2 in schizophrenia, Rett syndrome, and bipolar disorder
(31–33). Comparative analyses of the mutant mouse lines gen-
erated here will help to understand the role of lamina structures
in the integration of distinct types of information, and to identify
the neural circuits responsible for the symptoms of human brain
diseases.

Materials and Methods
All experimental protocols were approved by the RIKEN In-
stitutional Animal Care and Use Committee.

Immunohistochemistry. Rabbit polyclonal antibodies against ne-
trin-G1 and -G2 were used as described in ref. 9. Antibodies to
mouse NGL-1 and -2 were developed by immunizing rabbits with
synthetic peptides, CNHYNSYKSPFNHTTTVNT (amino acid
596–613) for NGL-1 and CSEPYIIQTHTKDKVQE (amino
acids 634–649) for NGL-2. Fresh frozen sections fixed with cold
methanol were used for staining.

In Situ Hybridization. Probes for Ntng1 and Ntng2 and preparation
of digoxigenin-labeled antisense riboprobes were described in
ref. 9. The Ngl1 probe sequence contained a 5� UTR and an
N-terminal portion (nucleotides 467–1,057 of GenBank acces-
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sion no. AK032467), whereas the Ngl2 probe contained a
C-terminal portion and a 3� UTR (nucleotides 1,950–2,548 of
GenBank accession no. AF290542). Hybridization of free-
floating sections was performed according to the procedures
described in ref. 34.

Cell Surface Binding Assay and BIAcore Analysis. Binding assay in
HEK293T cells was performed as described in ref. 8. Quantita-
tive analysis of binding affinity was performed on the BIAcore
2000 biosensor according to the manufacturer’s instructions.
Details are described in SI Methods.

Generation of Mutant Mice. For Ntng1 disruption, the 246-bp
genomic sequences encoding signal peptides and one-fourth of
domain VI were replaced with N-lacZ and loxP-pgk-neo-loxP cas-
settes (35). N-lacZ, the lacZ gene with a nuclear localization signal,
was ligated to the initiation codon of the Ntng1 in frame. The Ntng2
targeting vector was constructed by replacing the 1.3-kb KpnI–BglII
fragment with a loxP-pgk-neo-loxP cassette. The deleted sequences
contained a part of the 5� UTR and encoded the signal peptide and
one-fourth of domain VI. The E14 embryonic stem cell line was
used for gene targeting (36). The heterozygous mutants were
maintained by backcrossing with C57BL/6J and then interbred to
obtain wild-type and mutant homozygotes. Mouse genotypes were

determined by PCR using primers as follows: Ntng1-1 (5�-
GTCAAGATTCCTGTCGATCC-3�), Ntng1-2 (5�-AGGGTCTC-
CACAGGTAATATCC-3�), LacZ1 (5�-TCGGCGGTGAAAT-
TATCGATGAGC-3�), and LacZ3 (5�-CCACAGCGGATGGTT-
CGGATAATGC-3�). Primer pairs of Ntng1-1/Ntng1-2 and LacZ1/
LacZ3 yielded 206-bp and 374-bp fragments from the wild-type and
Ntng1 KO allele, respectively. Ntng2-1 (5�-CTCTTCACAAT-
GAAAGCCAAG-3�), Ntng2-2 (5�-TGAAGATAACACG-
GAATCAGG-3�), and Ntng2-3 (5�-GGAGGGTAACCTTGCA-
GATAG-3�) were used for genotyping the Ntng2 KO line. Ntng2-1/
Ntng2-2 and Ntng2-1/Ntng2-3 amplified 322-bp and 166-bp frag-
ments from the wild-type and Ntng2 KO allele, respectively. His-
tologic methods are given in SI Methods.
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