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Summary

During development, neurons differentiate into specific cell types with distinct cell
morphology, physiological properties and neural connections. One major question in
developmental neuroscience is how cell type-specific differentiation is regulated. In
general, it is known that intrinsic and extrinsic factors cooperate to regulate cell
specification and differentiation. In the neocortex, neurons display different
characteristics according to their laminar and area locations. Although much progress
has been made in understanding the molecular basis for intrinsic regulations of laminar
and area specification, it is still poorly understood how lamina- and area-specific
molecules such as membrane-associated proteins contribute to cortical development
through interacting with extrinsic cues.

In this thesis, I studied the molecular mechanisms underlying layer-specific
cortical development, focusing on layer 4. For this purpose, I searched for the genes that
are expressed in layer 4 of the developing rodent neocortex by constructing a
subtraction ¢cDNA library. As a result, uncéh4, a netrin receptor family member, was
identified. /n situ hybridization analysis revealed that unc5h4 gene was expressed
strongly in layer 4 of the primary sensory cortices, the target of sensory thalamic
afferents.

To determine the ligand of UNC5H4, protein binding to UNC5H4 was examined.
The result showed that netrin-4 as well as netrin-l protein bound to
UNC5H4-expressing HEK293T cells. Expression of netrin-4 gene was observed in the
neocortex with a higher level in layer 4 and sensory thalamic nuclei, suggesting that
netrin-4 can affect cortical neurons which express uncs5h4. To further study the role of
UNC5H4 in cortical development, the effect of netrin-4 on unc5h4-expressing cortical
neurons was investigated using dissociated cell culture. I found that cell death of
uncbh4-expressing layer 4 cells was suppressed by the application of netrin-4 protein.
In contrast, netrin-4 had no effect on deep layer cells even though uncsh4 was
overexpressed. These results suggest that UNC5H4 is predominantly expressed in layer
4 neurons in the primary sensory areas of the developing neocortex and may mediate

the effect of netrin-4 on cortical cell survival in a lamina-specific manner.
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General Introduction

In the developing nervous system, neurons are born in the germinal zone, migrate to
their appropriate positions and make neural connections, while some of them disappear
due to programmed cell death (Sanes et al., 2006). These developmental processes lead
to the formation of orderly brain structures, expressing complex functions. Neural
progenitor cells acquire cell type-specificity during these processes. In many parts of the
nervous system such as cerebellum, hippocampus, olfactory bulb, retina and tectum,
cell type-specificity appears as layer-specificity. The mammalian neocortex also has
laminar structure, which is mainly composed of six cell layers, and in addition, the layer
structure and neuronal connectivity are different among areas (Ramon Y Cajal, 1911).
About a century ago, Ramén Y Cajal had already found that cortical neurons have a
variety in their morphology and neural connections according to their laminar and area
locations (Ramon Y Cajal, 1911). Since then, a large number of studies have been
accumulated, prpviding evidence that neurons display different cell morphology,
physiological properties, neural connections and molecular expressions among layers
and areas (Gilbert, 1983; O'Leary and Koester, 1993; Hevner et al., 2003). One of major
questions in current developmental neuroscience is how such cell type-specific
differentiation is regulated.

The molecular mechanisms that specify the identity of neural cells have begun
to be elucidated in the dorsoventral patterning of the neural tube and motor neuron
subtype specification (Jessell, 2000; Shirasaki and Pfaff, 2002). For instance, Sonic

hedgehog, secreted by the notochord and floor plate, regulates the expression of a



combinatorial code of transcription factors that specifies the identity of motor neuron
subtypes (Jessell, 2000; Shirasaki and Pfaff, 2002). Similarly, in the neocortex, it is
generally hypothesized that specification and differentiation of neurons are controlled
by coordinated action of intrinsic and extrinsic factors (Rakic, 1988; O'Leary, 1989;
O'Leary and Nakagawa, 2002; Grove and Fukuchi-Shimogori, 2003; Guillemot et al.,
2006; Molyneaux et al., 2007). As intrinsic mechanisms, transcription factors such as
Emx2, Pax6, COUP-TFI and Sp8, which are expressed in distinct graded manners, may
participate in area patterning during early corticogenesis (O'Leary and Sahara, 2008). A
plausible mechanism in cortical neuron differentiation is that a combinatorial set of
transcription factors confer laminar and area identity on cortical neuronal progenitors
or postmitotic neurons, and the downstream molecules including intracellular,
membrane-bound and secreted molecules regulate lamina- and area-specific cell
differentiation and neuronal connectivity. Therefore, a key approach is to identify the
molecules that are expressed with lamina- and area-specificity. Recently, much progress
has been made in identifying the transcription factors involved in laminar and subtype
specification including axonal connectivity. For instance, analyses of mutant mouse
models have indicated that Otxl, Fezl and Ctip2 may specify a subset of layer 5
subcortical and/or corticocortical projection neurons (Weimann et al., 1999; Arlotta et al.,
2005; Chen et al., 2005; Molyneaux et al., 2005), while 7brI and Satb2 as well as Cux2
may be involved in cell differentiation of a subset of layer 6 and upper layer neurons,
respectively (Hevner et al., 2001; Cubelos et al., 2007; Britanova et al., 2008).

On the other hand, environmental factors also play a role in cortical cell

differentiation. Molecules secreted from signaling centers, such as FGF8, FGF17, BMPs



and Wnts, have been reported to modulate the expression of some transcription factors
such as FEmx2 and COUP-TFI, and also some area-specific marker genes
(Fukuchi-Shimogori and Grove, 2001; Grove and Fukuchi-Shimogori, 2003; O'Leary and
Nakagawa, 2002; O'Leary et al., 2007). In addition, a study demonstrated that
brain-derived neurotrophic factor altered the laminar fate of cortical neurons by
accelerating the completion of S-phase of a cell cycle (Fukumitsu et al., 2006). Another
notable extrinsic factor is an afferent-derived factor. A transplantation experiment
demonstrated that a piece of fetal rat occipital cortex, where the barrel is originally not
formed, transplanted to the barrel field of newborn parietal cortex generated the barrels
after thalamic innervations (Schlaggar and O'Leary, 1991). An organotipic coculture
experiment also demonstrated that cell death of subplate cells in cortical explants was
prevented by coculture with thalamic explants, whereas they died in isolated cortical
explants (Price and Lotto, 1996). Another experiment using coculture of thalamic
explants with cortical precursor cells further showed that the proliferation of cortical
precursors was promoted by thalamic axons (Dehay et al., 2001). Thus, thalamic
afferents may be also important extrinsic factors for cortical differentiation.
Furthermore, an abnormal barrel cytoarchitecture in the primary somatosensory cortex
was observed in several genetic mouse models, which cause an excess of serotonin in the
brain (Cases et al., 1996; Persico et al., 2001), suggesting that serotonin derived from
fhe brainstem may contribute to the barrel formation in layer 4 of the neocortex as an
extrinsic factor.

After laminar and area fate determination, several membrane-associated

protein genes such as cadherins, a G-protein-coupled receptor like molecule rCNL3 and



an Ig-containing cell adhesion molecule MDGAI, are expressed in a layer- or
area-specific fashion (Suzuki et al., 1997; Chenn et al., 2001; Takeuchi and O'Leary,
2006). Moreover, MDGAL is required for the migration of layer 2/3 neurons to their
appropriate position (Takeuchi and O'Leary, 2006). Thus, these molecules may play an
important role in the subsequent cell development including cell migration,
morphological and physiological cell maturation, the formation and maintenance of
neural connections and cell survival, by interacting with environmental cues. However,
it is still poorly understood how extrinsic factor-related molecules, especially expressed
as a result of cell fate determination, contribute to the subsequent layer- and
area-specific cell differentiation during cortical development.

Our group has been focusing on layer 4 of the neocortex because of
thalamocortical connectivity. The thalamocortical projection exhibits typical laminar
specificity (Jones, 1981; Gilbert, 1983) and has also been well characterized during
development (Lund and Mustari, 1977; Ghosh and Shatz, 1992; Agmon et al., 1993;
Kageyama and Robertson, 1993; Catalano et al., 1996; Molnar et al., 1998). Our
previous investigations have suggested that thalamocortical axon branching is induced
by membrane-associated molecules in layer 4, whereas termination of axonal growth is
regulated by growth-inhibitory molecules in layers 2/3 and 4 (Yamamoto, 2002). These
findings suggest that the factors regulating thalamocortical axon targeting and
differentiation of target layer cells are expressed specifically in the upper layers.

In this study, to elucidate the molecular mechanisms underlying layer-specific
cortical cell differentiation and neural circuit formation, in chapter I, I searched for

genes that are expressed in upper layers of the developing rodent neocortex and



identified that uncs5h4 gene was predominantly expressed in layer 4 and the primary
sensory areas, and in chapter II, I studied the ligand of UNC5H4 and their role in

cortical development.
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Chapter I

Identification of a layer 4-specific gene and analysis of its expression in the

developing neocortex
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Summary

The neoocortex is fundamentally composed of six cell layers, and the laminar properties
are different among areas. During development, neurons differentiate into a variety of
cell types based on their laminar and area specification. An intriguing question is how
layer- and area-specific development of cortical neurons is regulated. To explore the
molecular basis, I searched for genes that are expressed in a laminar specific fashion.
Especially I focused on layer 4 since it is related to the thalamocortical connectivity, and
therefore constructed a subtraction cDNA library that was enriched for genes expressed
in layer 4 of the rat neocortex at postnatal day 7, by when laminar organization and
fundamental cortical circuitries have been established. As a result of differential
screening and in situ hybridization analysis, one of cDNA fragments obtained from the
library was expressed specifically in layer 4 of developing rat neocortex, although it
showed no homology to any known sequence. To identify the gene of this fragment, it
was extended by the 5’ race method and found to be homologous to human unc5h4 gene.
Detailed analysis of the unc5h4 expression further revealed that it was expressed in
layer 4 with the predominance of the primary somatosensory and visual areas at around
first postnatal week. Moreover, unc5h4 was preferentially expressed in the target
neurons for thalamic afferents in the barrel field. In addition, the area-specificity of the
expression pattern in the mouse neocortex emerged at postnatal day 3. These results
suggest that uncoh4 is predominantly expressed in developing layer 4 neurons in
primary sensory areas of the neocortex and may play a role in layer- and area-specific

development of cortical cells and circuitries.
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Introduction

The neocortex is fundamentally composed of six cell layers, which are distinguishable
by cellular morphology and the extrinsic and intrinsic connections they make, and such
laminar properties are different among areas (Ramon Y Cajal, 1911; Krieg, 1946;
McConnell, 1989). An intriguing question is how cortical neurons differentiate into a
particular laminar and area type, and are connected with a specific population of
subcortical and cortical neurons. A plausible mechanism is that a set of transcriptional
factors expressed in a given layer or area determine cell fate, and expression of
downstream molecules including ligand and receptor molecules, are required for cell
type-specific differentiation and axonal guidance of cortical afferents and efferents.
Therefore, a key approach is to identify the molecules that are expressed with laminar
and area specificity.

In this study, I attempted to identify lamina-specific genes, focusing on
thalamocortical connectivity. The thalamocortical projection exhibits typical laminar
specificity (Jones, 1981; Gilbert, 1983) and has also been well characterized during
development (Lund and Mustari, 1977; Ghosh and Shatz, 1992; Agmon et al., 1993;
Kageyama and Robertson, 1993; Catalano et al., 1996; Molnar et al., 1998). To date, in
vitro studies using organotypic cocultures of the cortex with the thalamus have
demonstrated that there is a target recognition mechanism by which thalamocortical
axons recognize layer 4, their target (Yamamoto et al., 1989, 1992; Molnar and
Blakemore, 1991, 1999; Bolz et al., 1992). Our previous investigations have further

suggested that thalamocortical axon branching is induced by membrane-associated
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molecules in layer 4, whereas termination of axonal growth is regulated by
growth-inhibitory molecules in layers 2/3 and 4 (Yamamoto et al., 1997, 2000a, 2000b).
These findings suggest that the factors regulating thalamocortical axon targeting and
differentiation of target layer cells are expressed specifically in the upper layers. Based
on this hypothesis, I searched for the molecules expressed specifically in these layers, in

particular, layer 4, by constructing a subtraction cDNA library.

Materials and Methods

Animals

Sprague Dawley (SD) rats (Nihon Animals, Osaka, Japan) were used for the
construction of a subtraction ¢cDNA library and in situ hybridization analysis for
screening. For the detailed gene expression analysis and immunohistochemistry for
serotonin transporter (5-HTT), C57/BL6 mice and Institute of Cancer Research (ICR)
mice were used. The day of vaginal plug detection is designated EO, and the day of birth

is postnatal day 0 (PO).

Construction of a subtraction cDNA library

The whole brain was removed from P7 rats. Coronal slices (250 pm thickness) were cut
with a microtome in ice-cold Hanks’ solution. Layer 4 strips, roughly 500 pm in length,
were dissected from the somatosensory cortex with a small scissors (Fig. I-1). The
cortical barrel structures, which were visible under a trans-illuminating microscope,

were used as a landmark for layer 4 (Fig. I-1). Virtually the same size of layer 5 strip
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was dissected beneath layer 4 (Fig. I-1). Three to four pieces for each layer were
collected, from which total RNAs were extracted (RNeasy Mini Kit, Qiagen, Tokyo,
Japan). Approximately, 10-20 ng/ul of total RNA (30 ul) was obtained. Layer 4 and layer
5 ¢cDNAs were synthesized from approximately 50 ng of these RNAs with reverse
transcriptase (SMART PCR cDNA Synthesis Kit, Clontech, Tokyo, Japan). These
cDNAs were amplified with a primer (AAGCAGTGGTAACAACGCAGAGT), and
subjected to Ksal digestion for the following hybridization. The layer 4 DNA fragments
were hybridized with an excess amount of the layer 5 DNA fragments (PCR Select
cDNA Subtraction Kit, Clontech, Tokyo, Japan). Thereafter, unhybridized DNA
fragments were further amplified, cloned into pGEM-T vectors (Promega, Tokyo, Japan),
and stored as a subtraction ¢cDNA library (layer 4 minus layer 5). Likewise, a reverse

subtraction library (layer 5 minus layer 4) was produced.

Fig. I-1. Dissection of layer 4 and 5 strips from P7 rat somatosensory cortex. (A)
Somatosensory cortical slice under transilluminating light before dissection. Arrows
indicate the barrels. (B) The same cortical slice after dissection of layer 4 strip. The area
surrounding the dashed lines represents dissected layer 5 strip. Bar indicates 0.5 mm.
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Difterential screening and sequence analysis

To eliminate false-positive clones a differential screening was performed prior to in situ
hybridization. After transformation of the subtraction ¢cDNA library, colonies were
picked randomly and grown in a 96-well plate. Each insert was amplified by PCR from
the bacterial culture solution. Amplified DNAs were denatured with 0.6 M NaOH and
duplicated onto two nylon membranes. Two kinds of DNA probes (layer 4 and layer 5
probes) were produced with Digoxigenin (DIG)-labeled nucleotides (Roche, Tokyo,
Japan) by amplifying inserts from the two subtraction ¢cDNA libraries (layer 4 minus
layer 5 and layer 5 minus layer 4). The duplicate membranes were subjected to
hybridization with each probe and detected with chemilluminescence reaction. The
clones showing more than 2-fold intensity with layer 4 probes were selected and
subjected to in situ hybridization.

The selected clones were applied to sequence analysis with the plasmid-specific
sequences. In some cases, to determine the additional sequence of genes of the selected
clones, extended DNA fragments were obtained by 5race method (Smart race kit,
Clontech, Tokyo, Japan). To analyze gene homology to the sequence of obtained DNA

fragments, DDBJ/GenBank/EMBL DNA databases were utilized.

Isolation of the rat unc5h4 cDNA

To synthesize the unc5h4 riboprobe for in situ hybridization, the cDNA encoding a part
of unc5h4 coding region was obtained as follows: Total RNA was prepared from a SD rat
cortex at E18, and the first-strand ¢cDNA was produced using the SuperScript II

reverstranscriptase (Invitrogen). The cDNA encoding rat unc5h4 (1449 bps) was
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isolated by RT-PCR using the following primer pair: 5-TTGTGAGGGAATGTCAGTG-3
and 5-TCCTGGCATGCAGTGAATG-3'. Although the sequence of rat unc5h4 gene was
not still in public, the sequence of the fragment obtained by RT-PCR was 95.8%
homologous to the 1163-2623 bp portion of mouse uncéh4 (Accession# NM_153135).

This fragment was then cloned into the pGEM-T vector (Promega).

In situ hybridization

DIG-labeled RNA probes were used for hybridization. The DNA fragments obtained
from the subtraction library and another unc5h4 fragment obtained by RT-PCR (see
above) were used as templates for RNA probes. To produce linearized templates for the
synthesis of ﬁboprobes, insert‘s in pGEM-T vectors were amplified by PCR using
oligonucleotides that contain T7 and SP6 promoter sequences. The PCR products were
purified using the Wizard SV Gel and PCR Clean-Up System (Promega), and in vitro
transcription was carried out (DIG-RNA Synthesis Kit, Roche, Tokyo). Finally, these
probes were purified with gel filtration columns (mini Quick Spin RNA Columns, Roche,
Tokyo) and kept at —80 degrees.

Animals were decapitated after anesthesia to obtain whole brains from
postnatal animals (PO, 3, 7, 14 for rats; PO, 2, 3, 6 for mice). E18 rat brains were taken
from fetuses under deep anesthesia. The brains were fixed in 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB) for 1 hour at room temperature and then 2-3
hours at 4 °C. After overnight incubation with a sequential step of 15% and 30% sucrose
in PBS, the brains were frozen and then cut into 10 or 20 pm sections (coronal or

sagittal sections) with a cryostat. 40 pm-thick tangential sections were prepared as
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described below. The serial coronal sections were prepared at approximately 250 um
intervals.

Sections were refixed in 4% PFA in 0.1 M PB, washed with distilled water and
0.1 M triethanolamine, then acetylated in 0.25% acetic acid in 0.1 M TAE, followed by a
final wash in PBS. Prehybridization was carried out for 1 hour in hybridization buffer
(50% formamide, 5% SDS, 5 X SSPE, 0.2 mg/ml tRNA), followed by hybridization for 12
hours at 60 °C in hybridization buffer containing 1 pg/ml DIG-labeled RNA probe. After
three washes in 50% formamide and 2XSSC at 60 °C, these sections were subjected to
blocking (blocking regent, Roche, Tokyo, Japan) for 1-2 hours at room temperature, and
then incubated overnight at 4 ‘C with alkaline phosphatase-conjugated anti-DIG
antibody (1:2000, Roche, Tokyo, Japan). Aﬂer washing five times at room temperature,
the color reaction was carried out at room temperature or 4 C in BM Purple (Roche,
Tokyo, Japan). The reaction was terminated by immersing the sections in TE buffer (10
mM Tris-HCI, 1 mM EDTA, pH 8.0) overnight at 4 °C, and then the sections were fixed
with 4% PFA in 0.1 M PB for 15 minutes. Then sections were treated in 70%, 80%, 90%
and 100% ethanol, and xylene, and then embedded.

For Nissl staining, adjacent or proximal sections were used. These sections were
immersed in 0.5% cresyl violet for several minutes and then subjected to the ethanol

series and embedding.

Immunohistochemistry for 5-HTT
5-HTT immunohistochemistry as a marker of the thalamocortical projections was

performed mainly as described elsewhere (Rebsam et al., 2002). P7 ICR mouse brains
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were fixed with 4% PFA in 0.125 M PB, followed by cryoprotection with a sequential
step of 15% and 30% sucrose in PBS. To obtain tangential sections, cortical hemispheres
were separated from a P7 mouse brain, flattened between two glass slides separated by
1 mm-thick spacers, and fixed for 3 hours as described above. Then, 40 um-thick frozen
sections were prepared using a cryostat. Sections were washed with PBS- (0.12 M PB,
9% saline) and incubated with PBS+ (PBS containing 0.2% gelatin and 0.25% Triton
X-100) for 30 min, followed by incubation with a rabbit polyclonal anti-5-HTT antibody
(1:5000, Calbiochem) overnight at room temperature. After washing with PBS+,
sections were incubated with a biotinylated goat anti-rabbit antibody (1:200; Vector
Laboratories) for 2 hours at room temperature, followed by a
streptavidin-biotin-peroxidase complex (1:400; Amersham Biosciences) for 1.5-2 hours
at room temperature, and then detected by a solution containing 0.02%

diaminobenzidine, 0.003% H202 in 0.05 M Tris-HCl, pH 7.6.

Results

Construction of a subtracted cDNA library and isolation of a clone expressed in layer 4
of the neocortex

To identify the genes that are expressed in layer 4 or layer 2/3-4, I constructed a
subtraction ¢cDNA library in which ¢DNAs derived from layer 4 strips of P7 rat
somatosensory cortex was enriched by sﬁbtracting cDNAs from layer 5 strips (see
Materials and Methods). Approximately one thousand clones from the subtraction

library were subjected to the differential screening in the first-round screening. As a
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result, I obtained 130 positive clones, which showed stronger signals to the layer 4 probe
than the layer 5 probe. Then, in situ hybridization was performed with each of the 49
positive clones which were selected randomly, to examine laminar specificity on P7 rat
brain, in which cortical laminar configuration is established. Although most of the
clones tested showed virtually no or very faint signals, four clones #571, #585, #746 and
#846) exhibited specific expression in layer 4 or layer 2/3-4 (Fig. I-2).

Among them, #571 exhibited a highly restricted expression in layer 4 (Fig. I-2A,
E, I-3). Moreover, its expression was higher in the caudal rather than the rostral regions
in the neocortex (Fig. I-3B). Another characteristic of this gene was its prominent
expression in the piriform cortex, the amygdala and hippocampus, especially in CA3
and dentate gyrus (Fig. I-3). Moderate expression was also found in the hypothalamus
(Fig. I-3B). In the thalamus, the expression was observed in the ventral part of the
lateral geniculate nucleus (Fig. I-3B). In other brain regions, it was expressed in
midbrain, mitral cell layers of the olfactory bulb and the Purkinje cell layer of the

cerebellum (Fig. I-3B).
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Fig. I-2. Four clones which are expressed in layer 4 or in layer 2/3-4.

In situ hybridization shows laminar expression patterns in the visual (A-D) and
somatosensory (E-H) cortices of P7 rat. DIG-labeled probes were used. In each panel, in
situ hybridization is shown to the left, and Nissl staining in adjacent sections is to the
right. #571 (A and E) and #585 (B and F) genes are more specifically expressed in layer
4, while #746 (C and G) and #846 (D and H) genes are expressed in layer 2/3-4. Bar
represents 0.2 mm.

.22.



7
>
i DG 3
k. -
CA3
k) ¥ .
- g - ! Hpt o _ f
!W‘N & i) ’w .v‘%‘.}i‘ =
“ Am AP o "){ v
B -
:’»f
Cb "
- _,'Av—-?\ Y
v N
v CA3
o
; o A
Coam ; oB

Fig. I-3. The gene expression of #571 in the P7 rat brain. Panels A and B show the gene
expression pattern of #571 in the coronal and sagittal brain sections, respectively. The
signals are observed in the neocortex, hippocampus, olfactory bulb, midbrain, limbic
system and hypothalamus. Am, amygdala; Cb, cerebellum; DG, dentate gyrus; Hpt,
hypothalamus; OB, olfactory bulb; Pir, piriform cortex. Bar indicates 1 mm.

Identification of the layer 4-specific gene

To determine the gene of the DNA fragment #571, sequence analysis was performed.
However, it showed no homology to any known gene, though there were ESTs
(expression sequence tags) that exactly matched these clones. However, an extended
product of #571 from the 5’ race method was homologus to an unreported human cDNA,
which was obtained from a human brain ¢DNA library (Nagase, 1997, 1999). The
transcript contained an open reading frame (2847 bp) and 3’ UTR of more than 4000 bp.
The deduced amino acid sequence (948 aa) revealed its features of a transmembrane
protein, including a signal peptide sequence, two immunoglobulin and thrombospondin

domains (Fig. I-4). Its cytoplasmic region consists of ZU5 and death domains, which are
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common to UNC-5-like netrin receptors (Leonardo et al., 1997). We hereafter designate
this novel member of the unc-6 family as uncoh4. The nucleotide sequence of human
uncoh4/KIAA1777 was deposited into DDBJ/GenBank/EMBL DNA databases
(Accession# AB055056). KIAA1777 is an alias for this new gene in the human brain

c¢cDNA database.
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Fig. I-4. Amino acid sequence of human UNC5H4/KIAA1777 and extended product of
#571 by 5 race method. The matching sequences are indicated by gray boxes. Ig,
immunoglobulin; TSP, thrombospondin; TM, transmembrane; DB, DCC-binding.

Development of laminar expression of unc5h4
To gain an insight into how uncdh4 gene is associated with laminar property, cellular

differentiation and afferent invasion, their expression patterns were studied in the
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developing somatosensory cortex (Fig. I-5). The expression of unc5h4 was observed in
the subventricular zone (SVZ) and lower part of the intermediate zone (IZ) at E16 (data
not shown) and E18. At PO, the weak expression appeared just beneath the marginal
zone, and then in slightly lower layers at P3. At P7, the message was largely restricted
to layer 4. Thus, the expression pattern of this gene during development was closely
related to the laminar locations of the cells destined to layer 4, but the signal was rather

weakened at P14.

P7

Fig. I-5. Developmental changes of laminar expression of uncéh4 gene. Unc5h4 gene
expressions in the parietal region (above the hippocampus) of rat neocortices are shown.
In situ signals are shown to the left of each stage, and Nissl staining is shown to the
right. The laminar pattern of unc5h4 signals is highly similar to the migratory pattern
of layer 4 neurons. MZ, marginal zone; CP, cell-dense cortical plate; SP, subplate; SV,
subventricular zone; VZ, ventricular zone; I, II/II1, IV, V, VI, cortical layers. Bar
represents 0.2 mm.

Predominant expression of unc5h4 gene in the primary sensory areas of the neocortex
The screening based on the in situ hybridization analysis demonstrated that the gene

expression of unc5h4 was largely restricted to layer 4 of the developing rat neocortex. To
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study the detailed gene expression of uncéh4, in situ hybridization analysis was then
performed in serial coronal sections of the mouse neocortex at P6, when laminar
configuration is established. In parietal sections, the unc5h4 signal within layer 4 was
much higher in the lateral part of the neocortex (Fig. I-6A). In the occipital cortex,
however, the predominant region was shifted to the dorsal part (Fig. I-6A). The
expression pattern also showed clear boundaries (Fig. I-6B, C). To determine
predominant unc5h4-expressing cortical areas, the pattern was compared with adjacent
Nissl-stained sections (Fig. I-6C, D) in reference to the architectonic map of the mouse
neocortex (Caviness, 1975) (Fig. I-6F). For example, the expression boundary observed
in the parietal sections was determined to be the border between the primary (area 3)
and the secondary (area 40) somatosensory areas based on cell density in layer 4 (Fig.
I-6C, D). Reconstruction of the serial séctions revealed mainly two regions where
predominant signals of unc5h4 were observed (Fig. I-6E). These regions were found to
correspond to the primary somatosensory area (area 3) and the primary visual area
(area 17) (Fig. I-6E, F). In addition, the comparably higher expression was observed in
the primary auditory area (data not shown). The expression was also strong in the
insular cortex, the piriform cortex and the amygdale of the mouse brain (Fig. 1-6A, data

not shown).
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Fig. I-6. Area-specific gene expression of uncs5h4. (A) In situ hybridization of unc5h4in
serial coronal sections of the P6 mouse brain. In the parietal cortex, unc5h4 expression
is higher in the lateral part (right, white arrows). In the occipital cortex, the strong
expression is seen in the dorsal part (left, white arrows). (B, C) In situ signals show
clear boundaries (arrow in C). C represents a higher magnification view of the box in B.
(D) Nissl staining on an adjacent section shows area boundary recognized by cell
density in layer 4 (arrow). I, II/IN, IV, V, cortical layers. (E) Reconstruction of the
serial sections (A) revealed two predominant regions (blue and red). These two regions
correspond to the primary somatosensory area (blue, area 3), and the primary visual
area (red, area 17) in reference to the architectonic map of the mouse neocortex (F,
adapted from Caviness, 1975). Numbers in F indicate Brodmann area. Scale bars: 1 mm
(A, B), 0.2 mm (C, D).

Unc5h4 expression in the target cells for thalamocortical afferents

To compare the uncsh4 expression with thalamocortical innervations, thalamocortical
projections were visualized by immunostaining with an anti-serotonin-transporter
(5-HTT) antibody, since 5-HTT is transiently expressed in thalamocortical axon fibers

until around the first postnatal week (Rebsam et al., 2002). 5-HTT immunopositive
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regions were largely overlapped with unc5h4 gene expression areas in layer 4 on the
coronal sections, although uncsh4 was also moderately expressed in the upper layers in
some regions (Fig. I-7A, B). I also found strong signals of unc5h4 in the barrel field in
the primary somatosensory area (Fig. I-7A, B). To determine the detailed location of
uncoh4-expressing cells in the barrel field, in situ hybridization was performed with a
tangential section of the flattened cortex. I found that uncsh4 was preferentially
expressed in the barrel walls, but was hardly expressed in the barrel hollows and in the
septal regions (Fig. I-7C, D). Since the barrel walls are primarily comprised of the
neurons that receive thalamic inputs (Woolsey and Van der Loos, 1970; Killackey and
Leshin, 1975), these results suggest that unc5h4 may be preferentially expressed by the

target neurons for thalamocortical axons.

S-HTT Uncbh4

Fig. I-7. Comparison between gene expression pattern of uncdh4 and thalamocortical
projections. (A, B) 5-HTT immunopositive areas (arrows in A) on a coronal section at P7
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are largely overlapped with unc5h4 gene expression pattern (arrows in B) of a proximal
section in the same brain. (C) 5-HTT immunohistochemistry on a tangential section of
P7 flattened cortex clearly shows thalamic axon terminals in the barrel field of the
primary somatosensory area. (D) Intense signals of unc5h4 are recognized in the barrel
walls and in a part of barrel hollows, but the signals are hardly seen in the septal
regions. Scale bars: 1 mm (A, B), 0.2 mm (C, D).

Emergence of area-specificity of unc5h4 expression

To address when the area-specific expression in the neocortex emerges, I analyzed the
developmental expression during perinatal stages. On an E18 rat sagittal section,
predominant expression of unc5h4 was observed uniformly along the anterior-posterior
axis in the SVZ and the lower IZ of the neocortex (Fig. I-8A). At birth, decreased
expression was observed in the SVZ and a part of the white matter (Fig. I-8B), and weak
expression emerged in the upper part of the cortical plate at P2 (Fig. I-8C). At P3,
however, the expression was clearly recognized in upper layers with a discontinuous
pattern (Fig. I-8D). Especially, within presumptive layer 4 at P3, the discontinuous
signal was observed with a high level in the parietal and occipital regions but a lower
level in the frontal region (Fig. I-8D). The obvious area-specific expression within layer
4 was observed by P6 (Fig. I-6). Thus, the area-specific expression pattern began to

emerge at the early postnatal stage.
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Fig. I-8. Developmental changes of area expression of unc5h4 gene. In situ
hybridization for unc5h4 on the sagittal sections. (A) The signals are detected uniformly
along the anterior-posterior axis in the SVZ and lower part of the IZ in the E18 rat
section. (B, C) Weak signals are observed in the white matter at PO (B), and also in the
upper part of the cortex at P2 (C) in mice. (D) At P3, clear discontinuous expression
pattern begins to emerge around layer 4 in the parietal and occipital regions (arrows).
CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone.
Bar represents 1 mm.

Discussion

I constructed a subtraction cDNA library where layer 4-derived cDNA fragments were
enriched. I obtained four genes from the library that were expressed in the upper layers
in P7 rat cortex when laminar configuration is established. Of those, one gene was
predominantly expressed in layer 4, and it was identified as unc5h4, a member of netrin
receptor genes. Thus, the present study using systematic screening of the subtraction
cDNA library clearly demonstrates that certain types of genes including a receptor

molecule, which might be involved in cellular differentiation and neural circuit
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formation, are expressed in the upper layers of the developing neocortex. Furthermore,
uncsh4 was also predominantly expressed in the primary sensory areas. These
observations suggest that unc5h4 may contribute to layer- and area-specific cortical
development. They may also provide some clues to the relationship between the

development of layer 4 neurons and thalamocortical connections.

The spatiotemporal gene expression of unc5h4 during development

Unc5h4, a new member of unc-5 family, was expressed most specifically in layer 4 of P7
rat neocortex. After the sequence of human uncsh4/KIAA1777 was registered in
GenBank/DDBJ database, its mouse homologue was reported (Engelkamp, 2002).
However, the present study is the first to demonstrate its molecular characteristics and
expression pattern in the brain. In terms of the laminar specificity, the expression
profile during development showed a migrating behavior of unc5h4 expression. Indeed,
in rats, layer 4 cells are born at E16-17 in the ventricular zone and migrate to the
subventricular and intermediate zones at E18. At PO, they move to the most superficial
part of the CP, and gradually settle in layer 4 by P6 (Berry and Rogers, 1965; Lund and
Mustari, 1977). Unc5h4 expression closely resembles this migration pattern, suggesting
that unc5h4is expressed during development by the cells destined to form layer 4 of the
neocortex. In addition, the embryonic expression pattern of unc5h4 is also compatible
with recent studies suggesting that intermediate neuronal precursor cells which are
destined for upper layer neurons might accumulate within the SVZ during embryonic
stages. Indeed, in addition to uncsh4, Svetl and CuxZ, which are expressed by neurons

destined for upper layers, continue to be expressed in the SVZ over some embryonic

.31-



stages (Tarabykin et al., 2001; Zimmer et al., 2004; Sasaki et al., 2008).

Furthermore, the screening by in situ hybridization also revealed a
discontinuous expression of uncfh4 within layer 4, prompting us to examine its
area-specificity. As a result of the detailed expression analysis, I found that uncsh4 was
predominantly expressed in the primary sensory areas at around first postnatal week.
At a late embryonic stage, however, uncsh4 was expressed uniformly along the
anterior-posterior axis in the SVZ and lower part of the IZ. Taken together, these
findings indicate that the area distribution of uncéh4-expressing cells is changed
developmentally while the laminar specificity may not be changed. Nevertheless,
further studies are needed to address the question of whether the expression of uncsh4
becomes downregulated in some regions in late embryonic and early postnatal stages, or
unc5h4-expressing SVZ cells themselves disappear specifically in the regions except for

the primary sensory areas.

Molecular properties of unc5h4

It has been shown that UNC-5 family members are involved in axon guidance and cell
migration as netrin-1 receptors (Ackerman et al., 1997; Hong et al., 1999). In addition,
these members have been shown to suppress neuronal apoptosis, upon receiving a
ligand signal (Hofmann and Tschopp, 1995; Llambi et al., 2001). Although the molecular
interaction with UNC5H4 has not yet been well understood, it is possible that the
ligand may influence cell survival of layer 4 neurons expressing uncsh4. The survival
effect might further influence neuronal connectivity. Another possibility is that

UNC5H4 acts as a ligand molecule. The extracellular domains containing
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immunoglobulin and thrombospondin domains might directly influence ingrowing
thalamic axons. Identification of the molecules that interact with UNC5H4 would be

necessary to elucidate its role to a great extent.

Implications of the presence of upper layer-specific genes

To date, it has been shown that putative regulatory genes, ROR-6, also referred to as
RZR-B, (Becker-Andre et al., 1994; Park et al., 1997; Schaeren-Wiemers et al, 1997) and
COUP-TFI (Liu et al., 2000) are expressed in layer 4 of the neocortex, although the
functions of these genes in layer 4 are not clear. Thalamocortical projections are
disrupted in COUP-TFI mutants, but it is likely that the phenotype is attributable to
the lack of subplate neurons rather than its direct influences on thalamocortical axon
targeting in layer 4 (Zhou et al., 1999).

It is also important to reveal extracellular molecules such as cell surface or
extracellular matrix molecules, in order to understand the molecular basis of cellular
interactions and circuit formation (Yamamoto, 2002). In this sense, unc5h4 is the gene
that encodes a cell surface protein and is expressed rather specifically in cortical cells
destined to settle in layer 4 during development. Although how unc5h4 contributes to
cellular differentiation and connectivity in the neocortex is unknown, its molecular
characteristics raise the possibility that it is involved in the interactions between
cortical cells, or between layer 4 cells and thalamocortical fibers. Recent studies have
shown that ephrin-A5, an Eph ligand, affects thalamocortical axon behavior by its
expression in layer 4 (Mann et al., 2002), but this is unlikely to be the case with the

entire sensory thalamocortical projections (Donoghue and Rakic, 1999,
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Mackarehtschian et al., 1999; Vanderhaeghen et al., 2000; Yabuta et al., 2000). In
contrast, localization of unc5h4 in layer 4 is found throughout the sensory cortices.

Cadherin-6 and rCNL3 are known cell surface molecules that are expressed in
the upper layers of the developing cortex (Suzuki et al., 1997, Chenn et al., 2001). At
early postnatal stages, SemaKl1, a GPl-anchored semaphorin, is also expressed in the
upper layers (Xu et al., 1998), while layer 4 is devoid of the expression of phosphacan, a
proteoglycan (Maeda and Noda, 1996), though their expression patterns during
development are not well characterized. It would be worthwhile to examine whether
these molecules affect thalamic axonal growth, as previous investigations have
indicated that thalamocortical axon termination is governed by molecules distributed in
layers 2/3-4. (Yamamoto et al., 2000a, b; Noctor et al., 2001; Yamamoto, 2002). A similar
laminar transition has been reported in the expression of Sema3A/Semal, a potential
molecule, which might be responsible for the formation of thalamocortical projections
(Skaliora et al, 1998).

Several transcription factors have been shown to be expressed in a
lam.ina-speciﬁc fashion: OtxI (Frantz et al., 1995) and /d2 (Bulfone et al., 1995) in layer
5 and Thr-1 (Bulfone et al., 1995; Hevner et al., 2001) in layer 6. As for layer 4,
COUP-TFI and ROR- Fare expressed in layer 4, as described above. To determine the
relation between these regulatory genes and their down stream molecules would also be
informative to understand the molecular basis of cortical cell differentiation and neural

circuit formation.
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Chapter 11

Analysis of the ligand of UNC5H4 and their role in cortical development
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Summary

UNC5H4 is a member of UNC-5 homologue receptors that are known to regulate cell
survival and axon guidance depending on netrin-1, but the role of UNC5H4 and its
ligands in cortical development are still unknown. In this study, I examined the binding
of putative ligands to UNCS5H4 wusing a cell surface binding experiment and
demonstrated that netrin-4 as well as netrin-1 protein bound to unc5h4-transfected
HEK293T cells. Moreover, the gene expression analysis revealed that netrin-4 but not
netrin-1 was predominantly expressed in layer 4 of the sensory cortex and sensory
thalamic nuclei, suggesting that netrin-4 is one of the ligands of UNC5H4 and could
affect on uncsh4-expressing layer 4 neurons in the neocortex. To examine the role of
UNC5H4 on cortical neuron development, unc5h4 was transfected into cortical cells and
the effect of netrin-4 on uncsh4-expressing cortical neurons was investigated using
dissociated cell culture. The result demonstrated that cell death of unc5h4-expressing
layer 4 cells was significantly suppressed by exogenous application of netrin-4 protein.
In contrast, netrin-4 had no effect on deep layer cells even though uncs5h4 was
ectopically expressed in the cells. Taken together, these results suggest that UNC5H4 is
predominantly expressed by layer 4 neurons in the primary sensory areas of the
developing neocortex and may mediate the effect of netrin-4 on cortical cell survival in a

lamina-specific manner.
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Introduction

During development, cortical neurons differentiate into a variety of cell types, migrate
and make neural connections, while some of them undergo cell death, leading to the
arrangement of cortical cytoarchitecture and precise neural circuits. The identification
of molecules involved in such developmental events is a key approach to elucidate the
mechanisms. In chapter I, I have characterized that unc5h4 gene is predominantly
expressed in layer 4 in the primary sensory areas of perinatal rodent neocortex. The
result suggests that uncfh4 may play a role in layer- and area-specific cortical
development. Uncb5h4 was cloned as a novel member of vertebrate homologues of
Caenorhabditis elegans unc-5 gene (Engelkamp, 2002). UNC-5 homologues, comprising
UNC5H1, UNC5H2, UNC5HS3 and UNC5H4 (also named UNC5A, UNC5B, UNC5C and
UNC5D), are type I transmembrane proteins composed of an extracellular sequence
with two Ig-like domains and two thrombospondin type I domains, and an intracellular
sequence with a ZU5 domain, a DB (DCC-binding) domain and a death domain
(Leonardo et al., 1997; Engelkamp, 2002). UNC-5 homologues are known as netrin
receptors based on the cell surface binding experiments demonstrating that UNC5H1-3
bound to netrin-1 (Leonardo et al., 1997) and netrin-3 (Wang et al., 1999), and that
UNC5H]1 bound to netrin-4 (Qin et al., 2007). Several in vitro studies have proposed
that these receptors may regulate apoptotic cell death as a dependence receptor on
netrin-1: they induce apoptosis in the absence of netrin-1 through the caspase-3
cleavage of a particular cytoplasmic domain, whereas they transduce a positive signal in

the presence of netrin-1, leading to cell survival and differentiation (Mehlen and
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Mazelin, 2003; Porter and Dhakshinamoorthy, 2004). Unc5hI-deficient mice also
showed decreased apoptosis and increased number of neurons in vivo (Williams et al.,
2006). Moreover, it has been suggested that they may play a role in neuronal cell
migration and axon guidance (Ackerman et al., 1997; Hong et al., 1999; Finger et al.,
2002; Watanabe et al., 2006). The overall sequence homologies of unc5h4 to uncéhl,
unc5h2 and unc5h3 are 44, 48.7 and 47.6%, respectively, and uncdh4 is also expressed
in developing limb and mammary gland (Engelkamp, 2002). However, it is unclear
whether UNC5H4 functions in a netrin-dependent manner, and the role of UNC5H4
and its ligand molecules in cortical development is poorly understood.

In this study, I investigated the binding of the possible ligand netrin-1 and
netrin-4, and also analyzed the gene expression of netrin-1 and netrin-4 in the early
postnatal mouse brain. I further examined the role of UNC5H4 and the ligand molecule

in cortical development using dissociated cell culture.

Materials and Methods

Cell surface binding assay

Cell surface binding experiments were performed as described previously (Wang et al.,
1999) with slight modifications. Before transfection, human embryonicv kidney 293T
(HEK293T) cells were plated on a 0.1 mg/ml poly-L-ornithine coated dish. Transfection
of expression constructs pcDNA3-UNC5H4-HA (encoding HA-tagged mouse UNC5H4 of
which intracellular domain is truncated, gift from K. Nakajima, Keio University, Tokyo)

and pEGFP-N1 (Clontech) into the cells was performed using Lipofectamine 2000
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(Invitrogen). Forty-eight hours after transfection, the cells were washed with Dulbecco’s
PBS containing 0.9 mM CaClz and 0.5 mM MgCls, followed by incubation with 2 ug/ml
recombinant polyhistidine-tagged mouse netrin-1 protein (R&D systems) or
recombinant polyhistidine-tagged mouse netrin-4 protein (R&D systems) in PBS
supplemented with 1% normal goat serum, 2 pg/ml heparin sodium, and 0.05% sodium
azide at 37 °C for 1 hour. After washing three times with PBS, the cells were fixed with
4% PFA in PBS at room temperature for 15 min. After blocking with buffer G
(Dulbecco’s PBS- containing 5% normal goat serum, 0.1% Triton X-100, and 0.05%
sodium azide), HA-tagged UNC5H4 overexpressed in HEK293T cells and bound
His-tagged netrin proteins were stained with mouse anti-HA monoclonal antibody
(1:600, Roche) and rabbit anti-His-tag polyclonal antibody (1:500, MBL), respectively.
Overexpressed UNC5H4 and bound netrins were then visualized with secondary
antibodies Alexa Fluor 488-conjugated goat anti mouse IgG (1:500, Molecular probes)

and Cy3-conjugated donkey anti-rabbit IgG (1:600, Chemicon), respectively.

In situ hybridization

In situ hybridization using DIG-labeled antisense riboprobes was carried out as
described in chapter I. For synthesis of riboprobes, total RNA was prepared from a SD
rat cortex at E18, or a C57/BL6 mouse cortex at E16, and cDNAs were produced using
the SuperScript IT reverstranscriptase (Invitrogen). The cDNAs encoding rat netrin-I
(1188 bps; the 388-1575 bp portion of NM_053731), mouse netrin-3 (881 bps; the
2150-3030 bp portion of NM_010947), and mouse netrin-4 (1945 bps; the 215-2159 bp

portion of NM_021320) were isolated by RT-PCR using the following primer pairs:

-44_.



5-CACAACGTTACGCTCACTC-3 and 5-TGTGCCCTGCTTGTACAC-3 for netrin-1,
5-CAAGCTGGGCGTGGACTG-3 and 5-AAAGAGGTGGGGACCCTAG-3’ for netrin-3,
5-CTGCCGCTTCATCCCACC-3 and 5-GTGCTTAAGACCTTCAGTGC-3’ for netrin-4.

These fragments were then cloned into the pGEM-T or pGEM-T easy vectors (Promega).

In utero electroporation

To express full-length UNC5H4 protein together with the enhanced green fluorescent
protein (EGFP) in cortical neurons (see below), the expression plasmid
PCAG-UNC5H4-Myc-IRES-EGFP was constructed as follows. The full-length human
uncbh4 cDNA fragment, the signal sequence of which (encoding 14 amino acid
MILVLVKALSDVCA) was replaced with the human IgG1 signal sequence (encoding
MDWTWRILFLVAAATGAHS) to enhance its expression, was obtained from
pCAG-human UNC5H4-6x His (gift from A. Tamada, RIKEN, Wako), and subcloned
into pCAG-Myc vector containing the c-Myc epitope sequence (also gift from A. Tamada).
The ¢cDNA encoding UNC5H4-Myc was excised from pCAG-UNC5H4-Myc and then
subcloned into pIRES2-EGFP vector (Clontech) which contains the internal ribosome
entry site (IRES) and the EGFP coding region. Subsequently, the ¢cDNA encoding
UNC5H4-Myc-IRES-EGFP was further inserted downstream of the CAG promoter of a
plasmid vector. The control vector pCAG-IRES-EGFP was made by deletion of the
unc5h4 sequence from pCAG-UNC5H4-Myc- IRES-EGFP. The protein expression of
c-Myc-tagged UNC5H4 in COS7 cells transfected with
pCAG-UNC5H4-Myc-IRES-EGFP was confirmed by western blotting and

immunocytochemistry using an antibody against c-Myc (data not shown).
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"The electroporation was performed as described previously (Tabata and
Nakajima, 2001) with slight modifications. Pregnant ICR mice were purchased from
Japan Clea (Tokyo, Japan) or Japan SLC (Shizuoka, Japan). The expression plasmids
were purified using the PureLink HiPure Plasmid Maxiprep Kit (Invitrogen) and
dissolved in Dulbecco’s PBS- at a concentration of 2-3 pg/ul, followed by addition of Fast
Green solution at the final concentration of approximately 0.01% (w/v) to visualize the
plasmid solution. For plasmid injection, a micropipette was prepared from a glass
capillary tube 1.2 mm in diameter (Narishige, Tokyo, Japan) pulled by using a
micropipette puller (PP830; Narishige, Tokyo, Japan) and the pulled tip was broken at
an external diameter of 30-40 um. At E13.5 or E12.5, pregnant mice were anesthetized
with pentobarbital sodium (Nembutal; Dainippon Sumitomo Pharma, Osaka, Japan),
injected intraperitoneally with Dulbecco’s PBS- at 60-65 pg per gram of body weight.
Then, approximately 1-2 ul of plasmid solution was injected into the lateral ventricle of
an embryo in the uterus with the glass micropipette. Subsequently, the embryo was
placed between tweezers-type electrodes, which have platinum disc electrodes of 5 mm
in diameter at the tip (CUY650P5; Nepa Gene, Chiba, Japan), and electric pulses (five
times at 30 V with 50 ms duration and 95 ms intervals) were then charged with an
electroporator (CUY-20; BEX, Tokyo, Japan). The uteri were placed back into the
abdominal cavity to allow the embryos to continue normal development until their
brains were applied to culture experiments (see below). Either of three plasmids,
pCAG-UNC5H4-Myc- IRES-EGFP, pCAG-IRES-EGFP or pCAGGS-DsRed was

electroporated into individual littermates of a pregnant mouse.
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Dissociated cell culture and analysis of cell survival

After electroporation, cortical explants containing transfected regions were dissected at
E16.5 under a laser microscope (MZFLIII; Leica), and dissociated in Dulbecco’s PBS-
containing 0.125% trypsin and 5 pM EDTA. Subsequently, the dissociated cells were
se‘eded in 0.1 mg/ml poly-L-ornithine coated plates at a density of 1 or 2 x 104 /cm? and
cultured in Dulbecco’s Modified Eagle Medium with Nutrient Mixture F-12
(D-MEM/F-12) containing 0.2 x B-27 supplement (Gibco) and 1% fetal bovine serum
(FBS) (Hyclone). The concentration of B-27 supplement and FBS was adjusted so that
approximately 60% of cultured cortical cells would undergo cell death in 2 days in vitro
(DIV) (see below). For the application of netrin-4 or netrin-1 proteins, the dissociated
cells were seeded in the culture media containing recombinant i)olyhistidine-tagged
mouse netrin-4 or netrin-1 proteins (R&D systems) at the final concentration of 400
ng/ml. The cells were cultured at 37 “C in 5% COz2 until they were analyzed.

Since considerable weak fluorescence of EGFP in cultured cells transfected with
the pCAG-UNC5H4-Myc-IRES-EGFP or pCAG-IRES-EGFP plasmids made it difficult
to observe the cells, EGFP fluorescence was enhanced by GFP immunocytochemistry.
After cultured for 2 DIV, the cells were fixed in 4% PFA in PBS (0.1 M PB, pH 7.4, 0.15
M NaC)) for 15 min at room temperature, and then washed three times with Dulbecco’s
PBS-. After blocking with buffer G (see above), the cells were stained with a rat
anti-GFP monoclonal antibody (1:2000, Nacalai tesque) or were double-stained with an
anti-GFP antibody and a rabbit anti-cleaved caspase-3 polyclonal antibody (1:500, Cell
Signaling Technology), and an Alexa Fluor 488-conjugated goat anti-rat IgG (1:500,

Molecular probes) and a Cy3-conjugated donkey anti-rabbit IgG (1:400, Chemicon) for
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secondary antibodies. The cells were finally counterstained with DAPI.

The viability of the cultured cells was quantified as follows. Photographs were
taken from six to twelve different fields, which were randomly selected from one or four
culture dishes per an experimental condition, using a microscope with appropriate
fluorescent filters. The cells were identified by both clear cell bodies in a bright field and
DAPI-stained nuclei. The cells with glia-like structure apparently distinguishable from
that of neurons were excluded from the analysis. Dying cells were recognized by the
pyknosis (nuclear condensation or fragmentation) detected by DAPI staining, while
viable cells were identified by their healthy nuclei. The number of EGFP-labeled and
unlabeled cells as well as pyknotic and viable ones were counted and then the
percentage of pyknotic cells in labeled or unlabeled cells was calculated in each
photograph. The data was obtained from two individual experiments for cells
electroporated at E13.5 and one experiment for cells electroporated at E12.5, and then
the average of the percentage was calculated in each experimental condition. Groups

were compared using a Student’s #test.

Results

Binding of netrin proteins to uncéh4-expressing cells

As candidate ligands that interact with UNC5H4, the binding of netrins to UNC5H4
was examined using a cell surface binding assay. When the recombinant netrin-4
protein was applied to HEK293T cells transfected with an uncéh4 construct, netrin-4

signals were observed on the surface of uncsh4transfected cells (Fig. II-1A-A). In
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contrast, netrin-4 proteins showed no significant binding to EGFP-expressing cells
above the background (Fig. IT-1B-B’). Similarly, the signal of bound netrin-1 protein was
observed on uncbh4-transfected cells (Fig II-1 C, C’), which is consistent with the
protein binding between UNC5H4 and netrin-1 that was previously demonstrated by a

biochemical assay (Wilson et al., 2006).
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Fig. IT-1. Binding of netrin protein to unc5h4transfected cells. (A) The protein
expression of UNC5H4-HA in HEK293T cells is detected with an anti-HA antibody. (A)
Binding of recombinant His-tagged netrin-4 to cells transfected with an unc5h4 plasmid
is detected with an anti-His-tag antibody. (B, B’) In the control experiment, netrin-4
does not bind to cells transfected with an EGFP plasmid. (C, C’) Bound recombinant
His-tagged netrin-1 protein is detected by immunostaining with an anti-His-tag
antibody. Netrin-1 binds to UNC5H4-expressing cells (C) but not to EGFP-expressing
cells (C’). Scale bars: 20 pm.

Netrin gene expressions in the developing neocortex and thalamus

To further determine the ligand interacting with UNC5H4 expressed by layer 4 cells,
the gene expression of netrin-1 and netrin-4 was examined using P5 mouse brain
sections. Netrin-1 was markedly expressed in the caudate putamen, but was hardly

observed in the neocortex and the thalamus (Fig. II-2A, E). In contrast, netrin-4 was
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preferentially expressed in the somatosensory and visual cortex (Fig. II-2B, F). These
regions were partially overlapped with the unc5h4 expression areas (Fig. 1I-2C, G). In
the sensory cortex, netrin-4 was predominantly expressed in layer 4 (Fig. II-2]). In
addition, netrin-4 was also expressed in the sensory thalamic nuclei including the
dorsal lateral geniculate nucleus and the ventrobasal nucleus (Fig. II-2F), where
neurons extend their axons mainly to the primary sensory areas of the neocortex. Taken
together, these results suggest that netrin-4 but not netrin-1 may be one of the ligands

for UNC5H4 in layer 4.
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Fig. II-2. Netrin gene expressions in the cortex and the thalamus. /n situ hybridization
for netrin-1, netrin-4 and unc5h4 on coronal sections of the P6 mouse brain including
either somatosensory cortices (A-D) or visual cortices (E-H). (A, E) Netrin-1is hardly
expressed in the neocortex and the thalamus, while it is highly expressed in the CP. (B,
F) Netrin-4is expressed preferentially in the sensory cortex (arrowheads) and in the
thalamic nuclei including the dLGN and VB. (C, G) The cortical expression pattern of
netrin-4is partially overlapped with that of unc5h4. (D, H) Nissl-stained sections
proximal to the sections in A-C (for D) and in E-G (for H). (I) Netrin-4is predominantly
expressed in layer 4 of the sensory cortices similarly to uncsh4, although unc5h4is also
weakly expressed in layer 2/3. dLLGN, dorsal lateral geniculate nucleus; VB, ventrobasal
nucleus; CP, caudate putamen. 1, /I, IV, V, cortical layers. Scale bars: 1 mm (A-H),
20 um (D).
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The effect of netrin-4 on the survival of uncsh+4expressing cortical cells in vitro
To study the role of UNC5H4 in cortical neurons, I analyzed the effect of netrin-4 on
layer 4 neurons using dissociated cell culture, since uncéh4 gene is endogenously
expressed in layer 4 (see chapter I). To distinguish layer 4 cells from the other layer cells
which largely do not express unc5h4, layer 4 cells were labeled with EGFP or DsRed by
in utero electroporation into E13.5 mouse embryos (Fig. II-3A, see Materials and
Methods), because a previous study using the in utero electroporation technique
demonstrated that most of cells transfected with a reporter gene in the lateral ventricle
of E13.5 mouse embryos are destined to settle in layer 4 of the neocortex (Ajioka and
Nakajima, 2005). To examine the effect of netrin-4 on cortical cell development, cortical
cells containing labeled cells were cultured with or without exogenous application of
netrin-4 prtoein. After two days in culture, many cultured cells showed pyknosis with
condensed or fragmented nuclei that could be recognized by DAPI staining (Fig.
I1-3B’-D’). Immunostaining for cleaved caspase-3 demonstrated that almost all pyknotic
cells (~98%, n = 80 for control-labeled cells, n = 121 for unc5h4transfected labeled cells,
see below) were also immnopositive for cleaved caspase-3, suggesting that cell death of
labeled cells is due to apoptosis (Fig. II-3B”-D”). Interestingly, I found that the number
of dying labeled cells was slightly decreased when the cells were cultured in the
presence of netrin-4. On the other hand, I never found the influence of netrin-4
application on neurite growth or guidance in this culture condition (data not shown).

To evaluate the influence of netrin application on cell survival, the percentage of
pyknotic cells in untreated culture and in netrin-treated culture was calculated and

compared between them. In the absence of netrin proteins, 63.2 = 4.7% of labeled
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presumptive layer 4 cells showed pyknosis. In the presence of netrin-4, however, the
percentage of pyknotic labeled cells was slightly but significantly decreased (47.7 =
3.1%, P < 0.02). In contrast, in the presence of netrin-1, no significant difference was
observed (59.9 £ 5.0%) compared to that in the absence of netrins (mean = SEM, n =16
for each group) (Fig. II-3E).

To examine the effect of netrin-4 on the other layer cells, cell death of unlabeled
cells were then analyzed. In this case, however, no marked reduction of the percentage
of pyknotic cells was observed in the presence of netrin-4 as well as netrin-1 (58.5 £
1.8% for no netrins, 64.5 = 2.0% for netrin-1, 53.8 = 1.9% for netrin-4, mean = SEM, n
= 22 for each group) (Fig. II-3F). These results indicate that netrin-4 acts as a survival
factor for layer 4 cells but not for the other layer cells.

In this experiment, it was not sure to what extent the number of labeled layer 4
cells practically expressed UNC5H4. In addition, I observed only a slight reduction of
the percentage of pyknotic labeled cells by exogenous application of netrin-4 protein.
For these reasons, to confirm whether UNC5H4 mediates the effect of netrin-4,
presumptive layer 4 cells were then electroporated with an expression plasmid encoding
UNC5H4-IRES-EGFP instead of the control plasmid, and analyzed in the same culture
assay. The percentage of pyknotic uncsh4transfeted EGFP-labeled cells was markedly
decreased in the presence of netrin-4 protein (51.1 = 3.6% for no netrins, 30.3 = 3.6%
for netrin-4, P < 0.001) (Fig. II-3G). In addition, the influence of netrin-4 application
was significantly greater for uncsh4-transfeted labeled cells than for control-labeled
cells (47.7 £ 3.1% for control-labeled, 30.3 £ 3.6% for unc5h4-transfected, P< 0.001)

(Fig. II-3G). In contrast, the percentage of pyknotic labeled cells in the presence of
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netrin-1 (52.6 £ 3.9%) was almost equivalent to that in the absence of netrins (mean *+
SEM, n = 16 for each group) (Fig. II-3G). These results suggest that UNC5H4 may
mediate the cell survival effect of netrin-4.

To further test whether UNC5H4 is sufficient to mediate the cell survival effect
of netrin-4 in the other layer neurons which originally do not express unc5h4, the
uncoh4 plasmid was introduced into deeper layer cells by in utero electroporation at
E12.5, and cell survival was examined in the same way. However, I found no effect of
netrin-4 on cell survival of labeled cells regardless of ectopic unc5h4 expression (54.9 +
4.7% for no netrins, 50.7 = 3.9% for netrin-4, mean = SEM, n = 10), while the
percentage of pyknotic unlabeled cells containing layer 4 cells was slightly decreased in
the presence of netrin-4 (56.5 = 1.5% for no netrins, 52.0 = 1.5% for netrin-4, mean =+
SEM, n = 20, P<0.02) (Fig. II-3H). Taken together, these results suggest that UNC5H4
can function only in layer 4 neurons, but is not sufficient to mediate the effect of

netrin-4 in the other layer neurons, which normally do not express uncéh4.
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Fig. II-3. The effect of netrin-4 application on the survival of uncé6h4-expressing cortical
cells in dissociated cell culture. (A) Schematic representations of the experimental
design for cortical cell culture. Many labeled cells showed pyknosis (arrows in B’ and C’)
both in the absence of netrins (B, B’) and in the presence of 400 ng/mL nterin-1 protein
(C, ©). (D, D) Decreased numbers of labeled cells showed pyknosis in the presence of
400 ng/mL netrin-4 protein. (B”-D”) Pyknotic cells were immunopositive for cleaved
caspase-3, indicating their apoptotic cell death. (B”-D”) Phase contrast images of B-D.
(E-H) Quantification of the percentage of pyknotic cells. (E) The application of netrin-4
but not netrin-1 protein slightly reduced the percentage of pyknotic layer 4 cells labeled
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with EGFP or DsRed (* P<0.02). (F) Neither netrin-1 nor netrin-4 significantly reduced
the percentage of pyknotic unlabeled (the other layer) cells. (G) Netrin-4 but not
netrin-1 markedly suppressed pyknosis of unc5h4transfected layer 4 cells (black bars,
** P<(0.001, versus no netrins). The transfection of unc5h4 significantly enhanced the
influence of netrin-4 application (** P< 0.001, versus control-labeled cells). (H) Netrin-4
had no significant effect on cell survival of control-labeled and uncsh4transfected deep
layer cells, whereas it slightly reduced the percentage of unlabeled (layer 4-containing)
pyknotic cells (* P< 0.02). Scale bar represents 20 pm. Error bars represent = SEM.

Discussion

My results demonstrated that layer 4-specific gene unc5h4 was also strongly expressed
in the primary somatosensory and visual areas in the early postnatal stages. I also
found that netrin-4 as well as netrin-1 protein bound uncsh4-transfected cells and that
netrin-4 but not netrin-1 gene was predominantly expressed in layer 4 of the sensory
cortex and sensory thalamic nuclei. Furthermore, the percentage of pyknotic cells for
uncsh4-expressing cortical layer 4 cells, but not for deep layer cells, was reduced by
netrin-4 application in vitro. These results suggest that UNC5H4 is predominantly
expressed by layer 4 neurons in the primary sensory areas of the developing neocortex
and may mediate the effect of netrin-4 on cortical cell survival in a lamina-specific

manner.

Netrins as possible ligands of UNC5H4

The spatiotemporal unc5h4 gene expression in the neocortex together with the fact that
UNC-5 homologues are known as receptor molecules suggest that UNC5H4 expressed
by layer 4 cells may interact with environmental cues during cortical development. So, I

attempted to determine the ligands of UNC5H4. My present study demonstrated that
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netrin-4 as well as netrin-1 protein bound to uncsh4transfected HEK293T cells.
Similarly, previous studies reported that netrin-1 as well as netrin-3 protein bound to
cell lines transfected with uncshl, unc5h2, or unc5h3 (Leonardo et al., 1997; Wang et al.,
1999). In addition, alkaline phosphatase tagged netrin-4 fusion protein bound to
uncsh I-transfected cells (Qin et al., 2007). However, an immunoprecipitation analysis
could not detect the binding of netrin-4 to UNC5H4-Fc¢ fusion protein, while netrin-1
bound to UNC5H4-Fc (Wilson et al., 2006). Thus, my results raise the possibility that
netrin-4 can interact with UNC5H4 in a physiological situation.

Furthermore, in situ hybridization analysis revealed that nefrin-4 but not
netrin-1 was expressed in layer 4 of the sensory cortex and sensory thalamic nuclei.
These results raise a hypothesis that netrin-4 is supplied to uncéh4-expressing layer 4
neurons by cortical cells or possibly by thalamic afferents, thereby functionally
interacting with UNC5H4. Although I have not tested the binding of netrin-3 to
UNC5H4, the gene expression pattern of netrin-3 in the neocortex and thalamus was
likely to be close to that of netrin-4 (data not shown), raising the possibility that

netrin-3 might also interact with UNC5H4 in layer 4 of the neocortex.

The function of UNC5H4 in cortical cell survival and its laminar specificity

In this study, I found the survival effect of netrin-4 on uncéh4-expressing cortical cells
in vitro. However, 1 never observed the positive induction of apoptosis in
uncsh4-transfected cells even in the absence of netrin proteins. These observations
indicate that UNC5H4 unoccupied by netrins may not induce but permit cell death,

whereas once it is occupied by netrin-4, it may mediate the effect of netrin-4 on cell
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survival. Recent studies using cell lines demonstrated that apoptosis was induced in the
cells expressed with each of UNC5H1-3 receptors in the absence of netrin-1, but the cell
death was suppressed in the presence of netrin-1 (Llémbi et al., 2001; Tanikawa et al.,
2003; Thiebault et al., 2003; Williams et al., 2003; Llambi et al., 2005). In support of this
observation, UNC5H1-3 proteins have a caspase-3 cleavage site (Llambi et al., 2001)
and a death domain (Engelkamp, 2002) in their cytoplasmic region, both of which are
conserved within UNC-5 homologues including UNC5H4. On the other hand, loss of
netrin-1 never affected apoptosis in the spinal cord, although loss of uncshl decreased
apoptosis in the same region (Williams et al., 2006). Thus, it remains controversial
whether UNC-5 homologues regulate apoptosis as dependence receptors.

It is also noted that the effect of UNC-5 homologue receptors on cell survival or
death depends on cell types where they are expressed, owing to coexistence of a specific
mediator molecule that interacts with a cytoplasmic domain of the receptors and is
responsible for signal transduction (Williams et al., 2003; Llambi et al., 2005; Tang et al.,
2008). In agreement with this view, the present study demonstrated that UNC5H4
could mediate the survival effect of netrin-4 in layer 4 cells but was not sufficient to
function in deep layer cells. Thus, it is conceivable that the function of UNC5H4 might
also be dependent on its specific mediator molecules, although they have not yet been
identified. The result may further reflect that such molecules are expressed with
laminar specificity, as well as UNC5H4. It remains to be elucidated whether UNC5H4

could function in an area-specific fashion within layer 4.

-58.



Putative process of netrin supply to uncsh+4expressing cortical neurons

I observed the gene expression of netrin-4predominantly in layer 4 of the sensory cortex,
raising the possibility that netrin-4 produced in cortical cells promote cell survival by
interacting with UNC5H4 in an autocrine or a paracrine manner. This idea is
compatible with the hypothesis that tumor suppressor p53 induces the transcription of
both netrin-1 and unc5h2 to activate a survival pathway, which acts as a
negative-feedback loop for the regulation of p53-dependent apoptosis (Arakawa, 2004).
Further studies to reveal what regulates the expression of netrins, as well as uncéh4, in
cortical cells would help us understand the role of netrin/lUNC5H4-mediated cell
survival in cortical development.

I also observed that netrin-4 was predominantly expressed in the sensory
thalamic nuclei which project to layer 4 of the primary sensory areas. This result raises
another possibility that netrin-4 is released from thalamic axon terminals and
influences on uncSh4-expressing cortical cells. Interestingly, the timing of the
emergence of the area-specific expression of unc5h4 was likely to be concomitant with
that when thalamocortical axons begin to develop their terminal arbors in layer 4 of the
neocortex (Agmon et al., 1993). Indeed, at PO and P2, when thalamocortical axons have
reached the neocortex but hardly made their terminal arbors, unc5h4 was weakly
expressed in the neocortex. However, at P3, when thalamocortical axons begin to
develop their terminal arbors, discontinuous pattern of unc5h4 expression clearly
emerged in presumptive layer 4. The spatiotemporal correlation between unc5h4 gene
expression and thaiamocortical projections implies that thalamic inputs might be

important for the distribution of uncsh4-expressing cells in the neocortex. The
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expression in the barrel field is also consistent with this view (see Fig. I-7). Indeed,
several studies support the importance of thalamic axons in cortical cell development.
For example, in vitro experiments have suggested that the thalamus provides trophic
support for subplate cells which are transient target for thalamocortical axons (Price
and Lotto, 1996). Moreover, layer 4 was absent due to excessive cell death in COUP-TFI
mutant mice, in which thalamocorical axons failed to reach the neocortex (Zhou et al.,
1999). Therefore, unc5h4-expressing layer 4 neurons could be affected by netrin-4
derived from thalamic axons. However, additional studies are needed to confirm
whether netrin-4 protein is transported to the axon terminals. Furthermore, it is also
conceivable that thalamic inputs might promote the production of netrin-4 in cortical
cells. Although I cannot exclude the possibility that area-specificity of uncsh4
expression in the neocortex is regulated by cues except for thalamic afferents, the
observations in this study may provide clues to the relationship between the thalamic

inputs and cortical development.
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General Discussion

During development, neurons differentiate into specific cell types. After cell
type-specification, neurons come to express cell type-specific molecules, including
intracellular and membrane-associated molecules, which may play a role in regulation
of intracellular environment, communications with surrounding cells or response to the
extracellular environment. Extracellular communications lead to the arrangement of
cytoarchitecture and neural circuits as well as the maintenance and maturation of
cellular conditions. An intriguing question is how cell type-specific differentiation is
regulated.

In the neocortex, two models were hypothesized two decades ago, with respect to
the mechanism of cortical development especially focusing on area map formation
(Rakic, 1988; O'Leary, 1989). In the protomap model (Rakic, 1988), the cortical
primordium is patterned as cells are dividing in the VZ. Intrinsic area differences are
specified by molecular determinants, and as neurons migrate radially out of the VZ,
they transfer the protomap to the CP. An alternative model is the protocortex model
(O'Leary, 1989), in which the cortical primordium is essentially homogeneous as it is
generated and is patterned into area later by cues derived from axons growing from the
thalamus. Today it has been proposed that intrinsic and extrinsic factors cooperate to
generate the mature cortical area map (Grove and Fukuchi-Shimogori, 2003).

Since cortical areas are defined by the difference of layer cytoarchitecture
between areas (Caviness, 1975), the exploration of the mechanisms of laminar

differentiation will lead to understanding that of area differentiation. Recently, much
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progress has been made in identifying transcription factors as intrinsic factors for
laminar specification (Molyneaux et al., 2007). Such transcription factors may regulate
the expression of several membrane-bound and extracellular molecules in a
lamina-specific fashion. During development, such kind of molecules may play an
important role in determination of cell locations, the formation of lamina-specific neural
circuits or other aspects of layer-specific developmental events through interacting with
environmental factors. Although several lamina-specific genes encoding
membrane-associated molecules have been identified so far, it is poorly understood how
they contribute to the layer-specific development by interacting with extrinsic cues, and
also lamina-specific molecules themselves have not been still identified enough to
classify overall laminar characteristics of cortical neurons.

In chapter I, I searched for genes expressed specifically in the upper layers, and
identified four genes from a subtraction ¢cDNA library including a netrin receptor gene
uncbh4. Unc5h4 was expressed specifically in layer 4 during perinatal stages when
laminar organization and circuit formation are taking place, suggesting that this
receptor might act on such developmental events by receiving extrinsic cues.
Furthermore, unc5h4 was predominantly expressed by layer 4 cells in the primary
sensory areas, the target cells of thalamocortical axons, suggesting that it may also
contribute to area-specific differentiation, possibly as a result of interaction with
extrinsic factors derived from thalamic axons. It remains to be clear whether the
transcription of uncéh4 gene is regulated by only an intrinsic genetic program or
additionally by extrinsic factors. However, the finding of layer- and area-specific genes

in the developing neocortex, including unc5h4, indicates that a larger number of

.64.-



molecules may participate in the layer- and area-specific developmental events
including neural circuit formations, some of which may act through interacting with
extrinsic cues.

In chapter II, I studied the ligands of UNC5H4 and the role of UNC5H4 in
cortical development. As candidate ligands of UNC5H4, netrin-1 and netrin-4 proteins
were analyzed by a cell surface binding assay and revealed their binding to
uncsh4-expressing cells. Furthermore, the expression analysis for the netrin genes
showed that nefrin-4 but not netrin-1 were expressed in the neocortex and sensory
thalamic nuclei. Taken together, these results indicate that netrin-4 is one of practical
ligands of UNC5H4 in the neocortex. The expression pattern of netrin-4 gene leads tq
two possible ways of the influence of netrin-4 protein on uncdh4-expressing cortical
neurons. One possibility is that netrin-4 is supplied by surrounding cortical cells or by
unc5h4-expressing cells themselves. In this case, the expression of netrin-4 may be
controlled by an intrinsic program or induced by thalamic inputs. Another possibility is
that netrin-4 is supplied by thalamic neurons through their axons. The latter possibility
further leads to the idea that some molecules might be supplied to the target neurons
through thalamocortical axons, thereby affecting layer- and area-specific cortical cell
differentiation. In this sense, it will be valuable to identify thalamus-derived molecules
in the future study for understanding the molecular mechanisms of thalamic
afferent-induced cortical differentiation. The gene profiles in cortical cells influenced by
thalamic inputs will also help us understand what kind of differentiation is induced by
axonal inputs. These studies will provide supporting evidence to the protocortex

hypothesis. In the present study, I observed the cell survival effect of netrin-4 on
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uncbh4-expressing cortical neurons in vitro. Neuronal cell survival and death might be
one of the important processes in the development of the nervous system including the
neocortex (Oppenheim, 1991).

In conclusion, the results of my present work indicate that UNC5H4 is
predominantly expressed by layer 4 neurons in the sensory cortex during perinatal
stages and may play a role in cell survival by interating with netrin-4 in a layer-specific
manner. These results also imply that layer 4 neuorns may mature or maintain
themselves by interacting with extrinsic factors derived from cortical cells and/or

thalamic axons, mediated by membrane-associated molecules such as UNC5H4.
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Identification of the Genes that are
Expressed in the Upper Layers of the
Neocortex

Laminar specificity is one of the most striking features of neocortical
circuitry. To explore the molecular basis of this specificity, particu-
larly in relation to thalamocortical connectivity, we searched for the
genes expressed in the upper cortical layers by constructing a
subtraction cDNA library that was enriched for genes expressed in
layer 4 of perinatal rat somatosensory cortex. Differential screening,
sequence analysis and in situ hybridization demonstrated that a new
unc5 family member (unc5h4), deltex-like gene, stem cell factor
(SCF) and myocyte-specific enhancer factor-2C (MEF-2C) were
specifically expressed in layer 4 or layers 2/3-4 at postnatal day 7,
by when laminar organization and fundamental cortical circuitries
have been established. In terms of regional specificity, unc5h4 and
SCF signals were stronger in sensory cortices, whereas MEF-2C and
deltex-like gene were expressed rather uniformly in all neocortical
regions. Analysis during development demon'strated'that expression
of these genes was pronounced between late smbryonic and early
‘postnatal developmental stages, except for MEF-2C expression,
which continued in later stages. These results demonstrate that
certain types of molecules including transcription factors, receptor
and ligand molecules, are expressed specifically in the upper layers
of the developing neocortex, suggesting a role in laminar specifica-
tion of cortical cells and circuitry.

Keywords: cerebral cortex, gene expression, layer specificity,
thalamocortical projection, uncbh4

Introduction

The neocortex is fundamentally composed of six cell layers,
which are distinguishable by cellular morphology and the
extrinsic and intrinsic connections they make (McConnell,
1989). An intriguing question is how cortical neurons differen-
tiate into a particular laminar type, and are connected with a
specific population of subcortical and cortical neurons. A plau-
sible mechanism is that a set of transcriptional factors
expressed in a given layer regulates laminar fate, and expres-

sion of downstream molecules including ligand and receptor .

molecules, is required for cell type specification and axonal
guidance of cortical afferents and efferents. Therefore, a key
approach is to identify the molecules that are expressed with
laminar specificity.

Several molecules with lamina-specific expression patterns
in the cortex have been identified. For instance, transcription
factors of Otx1 and Id2 are primarily distributed in layer 5, and
Tbri,a T box gene, in layer 6 (Bulfone et al., 1995; Frantz et al.,

1994; Hevner et al.,, 2001). Moreover, retinoid Z reccptor'

(RZR-B) and chick ovalbumin upstream transcription factor 1
(COUP-TFI) are expressed rather specifically in layer 4
(Becker-Andre et al., 1994; Park et al., 1997; Liu et al., 2000). It
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has also been demonstrated that cadherin-G and rCNL3 —
homologous to G-protein-coupled receptors — are expressed in
the upper layers (Suzuki et al, 1997, Chenn et al, 2001).
Although molecular identification has progressed, a further
understanding of gene expression in the developing cortex is
necessary to pursue the mechanisms of laminar specification.

In the present study, we attempted to identify lamina-
specific genes, focusing on thalamocortical connectivity. The
thalamocortical projection exhibits typical laminar specificity
(Jones, 1981; Gilbert, 1983) and has also been well character-
ized during development (Lund and Mustari, 1977; Ghosh and
Shatz, 1992; Agmon et al., 1993; Kageyama and Robertson,
1993; Catalano et al., 1996; Molnar et al., 1998). To date, in
vitro studies using organotypic co-cultures of the cortex with
the thalamus have demonstrated that there is a target recogni-
tion mechanism by which thalamocortical axons recognize
layer 4, their target (Yamamoto ef al., 1989, 1992; Molnir and
Blakemore, 1991, 1999; Bolz et al., 1992). Our previous inves-
tigations have further suggested that thalamocortical axon
branching is induced by membrane-associated molecules in
layer 4, whereas termination of axonal growth is regulated by
growth-inhibitory molecules in layers 2/3 and 4 (Yamamoto et
al., 1997, 2000a, 2000b). These findings suggest that the
factors regulating thalamocortical axon targeting and differen-
tiation of target layer cells are expressed specifically in the
upper layers. Based on this hypothesis, we searched for the
molecules expressed specifically in these layers, in particular,
layer 4, by constructing a subtraction cDNA library. Four
genes, including a new unc5 family member, were obtained.
Their expression patterns were further investigated to gain an
insight into their possible roles in thalamocortical connectivity
and/or cortical cell identity.

Materials and Methods

Animals .
Sprague-Dawley rats were used for all experiments (Nihon Animals,
Osaka, Japan). The day of vaginal plug detection was designated as EO,
and the day of birth as postnatal day 0 (PO).

Construction of a Subtraction cDNA Library

The whole brain was removed from P7 rats. Coronal slices (250 um
thickness) were cut with a microtome in ice-cold Hanks’ solution.
Layer 4 strips, ~500 um in length, were dissected from the somato-
sensory cortex with a small scissors (Fig. 1). The cortical barrel struc-
tures, which were visible under a trans-illuminating microscope, were
used as a landmark for layer 4 (Fig. 1). Virtually the same size of layer
5 strip was dissected beneath layer 4 (Fig. 1). Three or four pieces for
each layer were collected, from which total RNAs were extracted
(RNeasy Mini Kit, Qiagen, Tokyo, Japan). Approximately 10-20 ng/pul
of total RNA (30 pl) was obtained. Layer 4 and layer 5 cDNAs were
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Figure 1. Dissection of layer 4 and 5 strips from P7 rat somatosensory cortex.
(4) Somatosensory cortical slice under transilluminating light before dissection. Arrows
indicate the barrels. (B) The same cortical slice after dissection of layer 4 strip. The area
surrounding the dashed lines represents dissected layer 5 strip. Bar indicates 0.5 mm.

synthesized from ~50 ng of these RNAs with reverse transcriptase
(SMART PCR cDNA Synthesis Kit, Clontech, Tokyo, Japan). These
cDNAs were amplified with a primer (AAGCAGTGGTAACAACGCA-
GAGT), and subjected to Rsal digestion for the following hybridiza-
tion. The layer 4 DNA fragments were hybridized with an excess
amount of the layer 5 DNA fragments (PCR Select cDNA Subtraction
Kit, Clontech, Tokyo, Japan). Thereafter, unhybridized DNA frag-
ments were further amplified, cloned into pGEM-T vectors (Promega,
Tokyo, Japan), and stored as a subtraction cDNA library (layer 4 minus
layer 5). Likewise, a reverse subtraction library (layer 5 minus layer 4)
was produced.

Differential Screening and Sequence Analysis

To eliminate false-positive clones a differential screening was
performed prior to in situ hybridization. After transformation of the
subtraction cDNA library, colonies were picked randomly and grown
in a 96-well plate. Each insert was amplified by polymerase chain reac-
tion (PCR) from the bacterial culture solution. Amplified DNAs were
denatured with 0.6 M NaOH and duplicated onto two nylon
membranes. Two kinds of DNA probes (layer 4 and layer 5 probes)
were produced with Digoxigenin (DIG)-labeled nucleotides (Roche,
Tokyo, Japan) by amplifying inserts from the two subtraction cDNA
libraries (layer 4 minus layer 5 and layer 5 minus layer 4). The dupli-
cate membranes were subjected to hybridization with each probe and
detected with chemilluminescence reaction. The clones showing >2-
fold intensity with layer 4 probes were selected and subjected to in
situ hybridization.

The selected clones were applied to sequence analysis with the
plasmid-specific sequences. In some cases, extended DNA fragments
were obtained by 5’ race method (Smart race kit, Clontech, Tokyo,
Japan). In a few cases, a human brain cDNA library was used to obtain
full-length cDNAs (Nagase et al., 1997).

In Situ Hybridization

DIG-labeled RNA probes were used for hybridization. To produce line-
arized templates for the synthesis of riboprobes, inserts in pGEM-T
vectors were amplified by PCR using oligonucleotides that contain T7
and SP6 promoter sequences. The PCR products were purified (PCR
purification kit, Qiagen, Tokyo), and in vitro transcription was carried
out (DIG-RNA Synthesis Kit, Roche, Tokyo). Finally, these probes
were purified with gel filtration columns (Quick Spin Columns,
Roche, Tokyo) and kept at -80°C.

Rats were decapitated after anesthesia to obtain whole brains from
postnatal animals (PO, P3, P7 and P14). Embryonic brains were taken
from fetuses under deep anesthesia. The brains were fixed in 4% para-
formaldehyde in 0.1 M phosphate buffer for 1 h at room temperature
and then 2 h at 4°C. After overnight incubation in PBS containing 20%

sucrose, the brains were frozen and then cut into 10 um sections
(frontal or sagittal sections) with a cryostat.

Sections were refixed in 4% paraformaldehyde in 0.1 M phosphate
buffer, washed with distilled water and 0.1 M triethanolamine, then
acetylated in 0.25% acetic acid in 0.1 M TAE, followed by a final wash
in PBS. Prehybridization was carried out for 1 h in hybridization buffer
(50% formamide, 5% SDS, 5x SSPE, 1 mg/ml tRNA), followed by
hybridization overnight at 60°C in hybridization buffer containing
1 ug/ml DIG-labeled RNA probe. After three washes in 50% formamide
and 2 x SSC at 60°C, these sections were subjected to blocking
(blocking regent, Roche, Tokyo, Japan) for 1-4 h at room tempera-
ture, and then incubated overnight at 4°C with alkaline phosphatase-
conjugated anti-DIG antibody (1:2000, Roche, Tokyo, Japan). After
washing five times at room temperature, the color reaction was
carried out at room temperature or 4°C in BM Purple (Roche, Tokyo,
Japan). The reaction was terminated by immersing the sections in 4%
paraformaldehyde in 0.1 M phosphate buffer for 15 min. Then
sections were treated in 70%, 80%, 90% and 100% ethanol, and xylene,
and then embedded.

For Nissl staining, adjacent sections were used. These sections were
immersed in 0.1% methylene blue for 15-60 s and then subjected to
the ethanol series and embedding.

Results

Expression of Upper Layer-specific Genes in the
Neocortex

To identify the genes that are expressed in layer 4 or layer 2/
3-4, we constructed a subtraction cDNA library in which
cDNAs derived from layer 4 strips of P7 rat somatosensory
cortex was enriched by subtracting cDNAs from layer 5 strips
(see Materials and Methods). Approximately 1000 clones from
the subtraction library were subjected to the differential
screening in the first-round screening. As a result, we obtained
130 positive clones, which showed stronger signals to the layer
4 probe than the layer 5 probe. In situ hybridization was then
performed with each of the 130 clones, in order to examine
laminar specificity on P7 rat brain, in which neocortical
laminar configuration is established. Although most of the
clones tested showed virtually no or very faint signals, four

- clones (571, 585, 746 and 846) exhibited specific expression

in layer 4 or layer 2/3-4.

Figure 2 shows the laminar expression pattern of these genes
in sensory cortices. The expression of 571 was highly
restricted to layer 4 of the visual and somatosensory cortices,
with almost no expression in any other layers (Fig. 24,E). The
expression of 585 was also strong in layer 4, although it
expanded slightly to the adjacent layers (Fig. 2B,F). On the
other hand, the expression of 746 was distributed in layers 2/
3-4, with no detectable expression in the deep layers (Fig.
2C,G). The expression of 846 was also localized in the upper
layers, but faint signals were also detected in the deep layers
(Fig. 2D,H).

Identification of the Lamina-specific Genes

Sequence analysis was performed for the four DNA fragments.
The sequences of 746 and 846 have high homology to mouse
stem cell factor (85 %), and mouse myocyte-specific enhancer
factor (95 %), respectively. Taking into consideration the differ-
ence between species, 746 and 846 were thought to be rat
homologs of these two genes.

On the other hand, DNA fragment 571 showed no homology
to any known gene, though there were expression sequence
tags (ESTs) that exactly matched these clones. However, an
extended product of 571 from the 5’ race method was homolo-
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Figure 2. Four clones which are expressed in layer 4 or in layer 2/3—4. In situ hybridization shows laminar expression pattems in the visual (A-D) and somatosensory (E-H) cortices
of P7 rat. DIG-labeled probes were used. In each panel, in situ hybridization is shown to the left, and Niss! staining in adjacent sections is to the right. 571 (4, D) and 585 (B, £) genes
were more specifically expressed in layer 4, while 746 (C, G) and 846 (D, H) genes were expressed in layer 2/3-4. Bar represents 0.2 mm.

gous to an unreported human cDNA, which was obtained from
a human brain cDNA library (Nagase et al., 1997, 1999). The
transcript contained an open reading frame (2847 bp) and 3’
untranslated region (UTR) of >4000 bp. The deduced amino
acid sequence (948 aa) revealed its features to be a trans-
membrane protein, including a signal peptide sequence, two
immunoglobulin and thrombospondin domains (Fig. 3). Its
cytoplasmic region consists of ZU5 and death domains, which
are common to unc5-like netrin receptors (Ackerman et al.,
1997). We hereafter designate this novel member of the unc5
family as unc5h4. The nucleotide sequence of human unc5h4/
KIAA1777 was deposited into DDBJ/GenBank/EMBL DNA
databases (accession no. AB055056). KIAA1777 is an alias for
this new gene in the human brain cDNA database.

DNA fragment 585 was also extended by the 5’ race method
and found to highly match a coding region of KIAA0937,
which was obtained from the sequence analysis of human
cDNAs (Nagase et al, 1999). The deduced amino acid
sequence (653 aa) contained two WWE domains, which are
predicted to mediate specific protein-protein interactions
(Aravind, 2001), and had high homology (58 %) to human
deltex. Therefore, KIAA0937 is referred to as deltex-like gene.
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Regional Specificity and Expression in Other Brain
Regions

Expression patterns of the four obtained genes were further
studied in P7 rat brain. In particular, areal specificity was exam-
ined in order to understand whether these genes are involved
in more generalized features of cortical laminar organization.

Unc5h4/KIAA1777 (571) exhibited a highly restricted
expression in layer 4 across all neocortical regions. However,
its expression was particularly strong in sensory cortices
including somatosensory and visual areas (Fig. 44,B). Another
characteristic of this gene was its prominent expression in the
amygdala and hippocampus, especially in CA3 and dentate
gyrus. Moderate expression was also found in the hypo-
thalamus. In the thalamus, weak expression was observed in
the ventral part of the lateral geniculate nucleus. In other brain
regions, it was expressed in mitral cell layers of the olfactory
bulb and Purkinje cells of the cerebellum.

The deltex-like gene (585) was also expressed in layer 4 of all
neocortical areas. However, in the somatosensory area, the
signal was not only distributed in layer 4 but also in the upper
part of layer 2/3 (Fig. 4C,D). No apparent signal was found in
areas other than the neocortex, except for weak expression in
the granule cell layer of the cerebellum.
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Figure 3. Amino acid sequence of human unc5h4/KIAA1777 and extended product of 571 by 5" race method. TSP, thrombospondin; TM, transmembrane.

Figure 4. Layer 4-specific genes. Upper (4, B) and lower (C, D) panels show expression pattems of unc5h4 and deltex-like gene, respectively. Am, amygdala; Cb, cerebellum; DG,
dentate gyrus; Hpt, hypothalamus; OB, olfactory bulb. Bar indicates 1 mm.
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Figure 5. Layer 2/3-4-specific genes. Upper {4, B) and lower (C, D) panels show SCF and MEF-2C expressions, respectively. Am, amygdala; Cb, cerebellum; Hb, habenular
nucleus; MD, mediodorsal thalamus; OB, olfactory bulb; VB, ventrobasal complex of thalamus; vLG, ventral part of the lateral geniculate nucleus. Bar indicates 1 mm.

SCF (746) showed strong expression between layers 2/3 and
4 across all neocortical regions (Fig. 54,B). As observed for
unc5h4/KIAA1777, SCF expression was strong in the somato-
sensory and visual areas. Its strong expression in the limbic
region was another characteristic it shared with unc5h4/
KIAA1777. The most striking aspect was the highly specific
and strong expression in the thalamus. The expression was
located in the dorsal lateral geniculate nucleus and the lateral
posterior nucleus, which project to visual areas, and in the
ventral basal thalamic nucleus, which projects to somato-
sensory areas. Strong signals were also found in the habenula,
central lateral nucleus, central medial nucleus, parafascicular
nucleus and intermediodorsal nucleus. In addition, this gene
was expressed in the granule cells of the olfactory bulb and
Purkinje cells of the cerebellum.

The expression of MEF-2C (846) was highly restricted to the
neocortex (Fig. 5C,D). Its expression in layers 2/3-4 was
uniform across the whole neocortex, but no expression was
observed in other brain regions.

Developmental Changes of Laminar Expression Patterns
To gain an insight into how each gene is associated with
laminar property, cellular differentiation and afferent invasion,
their expression patterns were studied in the developing soma-
tosensory cortex.

The expression of unc5h4/KIAA1777 (571) was observed in
the subventricular and intermediate zones at E18 (Fig. 64). At
PO, the expression appeared just beneath the marginal zone,
and then in slightly lower layers at P3. At P7; the message was
restricted to layer 4 (Fig. 64). Thus, the expression pattern of
this gene during development was closely related to the
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laminar locations of the cells destined to layer 4, but the signal
was rather weakened after P14.

The message of deltex-like gene (585) was expressed in both
the ventricular zone and the cortical plate (CP) at E18, but was
distributed in the upper part of the CP from PO to P3 (Fig. 6B),
which is similar to unc5h4 expression pattern. At P7, the
expression was observed in layer 4 although it was slightly
diffuse. Moreover, the message was also observed in the upper
part of layer 2/3 in the somatosensory cortex. At P14, almost
no expression was retained.

The message of SCF (746) was localized in the deepest part
of the CP at E18 (Fig. 74). At PO, the expression in layer 6 was
weaker, and even more so at P3, although the signal began to
appear in the upper part of the CP. At P7, the expression was
strong in layers 2/3 and 4, whereas it had virtually disappeared
in layer 6. At P14, almost no expression was observed.

MEF-2C (846) was strongly expressed in the upper part of
the CP from E18 to P3 (Fig. 7B). At P7, the expression was
primarily observed in layers 2/3 and 4, and slightly in the upper
part of layer 5. Unlike the former three clones, the message
was retained at P14 to a great extent.

Discussion

We obtained four genes that were expressed in the upper
layers in P7 rat cortex when laminar configuration is estab-
lished. Unc5h4/KIAA1777 and deltex-like gene/KIAA0937
were expressed specifically in layer 4, whereas SCF and MEF-
2C were expressed in layers 2/3-4. As for area specificity,
unc5h4 and SCF signals were stronger in sensory cortices, but
the messages of MEF-2C and deltex-like gene were distributed
rather broadly in the neocortex. All of the genes were strongly



E18 PO P3 P7

Figure 6. Developmental changes of laminar expression of layer 4-specific genes. Unc5h4 (A) and deltex like gene (B) expressions in the parietal region (above the hippocampus)
are shown. In (A), in situ signals are shown to the left of each stage, and Nissl staining is shown to the right. MZ, marginal zone; CP, cell-dense cortical plate; SP, subplate; SV,
subventricular zone; VZ, ventricular zone. Bar represents 0.2 mm.

expressed in embryonic and early postnatal stages, except that
MEF-2C messages were still present in later stages. Thus, the
present study using systematic screening of the subtraction
cDNA library clearly demonstrates that certain types of mole-
cules including extracellular proteins and transcription factors,
which might be involved in cellular differentiation and neural
circuit formation, are expressed in the upper layers of the
developing cortex.

Expression and Molecular Properties of Upper Layer-
specific Genes

Unc5h4, a new member of unc5 family, was expressed most
specifically in layer 4 of P7 rat cortex. After the sequence of
human unc5h4/KIAA1777 had been registered in GenBank/
DDBJ database, its mouse homolog was reported (Engelkamp,
2002). However, the present study is the first to demonstrate
its molecular characteristics and expression pattern in the
brain. The expression profile during development further

P14

showed a migrating behavior of unc5h4 expression. Layer 4
cells are born at E16-17 in the ventricular zone and migrate to
the subventricular and intermediate zones at E18. At PO, they
move to the most superficial part of the CP, and gradually settle
in layer 4 by P6 (Berry and Rogers, 1965; Lund and Mustari,
1977). Unc5h4 expression closely resembles this migration
pattern, suggesting that unc5h4 is expressed during develop-
ment by the cells destined to form layer 4 of the cortex. Weak
expression in the frontal lobe is consistent with this view, as
granular cells, the major population in layer 4, are scarce in the
motor cortex.

It has been shown that unc5 family members are involved in
axonal elongation and cell migration as netrin-1 receptors
(Leonardo et al., 1997). In addition, these members have been
shown to suppress neuronal apoptosis, upon receiving a ligand
signal (Hofmann and Tschopp, 1995; Llambi ef al, 2001).
Although the molecules that interact with #nc5h4 have not yet
been identified, it is possible that the ligand may influence
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Figure 7. Developmental changes of laminar expression of upper layer-specific genes.
SCF (A) and MEF-2C (B) expressions in parietal cortex are shown. Abbreviations are
the same as those in Figure 6. Bar represents 0.2 mm.

neuronal survival of layer 4 cells expressing unc5h4. The
survival effect might further influence neuronal connectivity.
Another possibility is that unc5h4 acts as a ligand molecule.
The extracellular domains containing immunoglobulin and
thrombospondin domains might directly influence ingrowing
thalamic axons. Identification of the molecules that interact
with unc5h4 would be necessary to elucidate its role to a great
extent.

We cloned and characterized another layer-4-specific mole-
cule, deltex-like gene/KIAA0937, although its expression was
not as localized as the unc5h4 message. Deltex has been
shown to mediate the Notch signaling pathway in the nucleus
as well as in the cytoplasmic region (Matsuno et al., 1995; Kishi
et al., 2001, Yamamoto et al, 2001). Therefore, deltex-like
protein may be involved in the differentiation of layer 4 cells by
regulating Notch activity transcriptionally and/or through
direct binding.

As for MEF-2C, Leifer et al. (1993) have shown that MEF-2C
mRNA is expressed in the upper layers of the developing
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cortex. Our results not only confirm their findings but also
demonstrate that this lamina-specific expression is present
throughout the neocortex, suggesting that MEF-2C may be
involved in the upper cortical neuron identity. Although it has
been demonstrated that MEF-2C supports cell survival of post-
mitotic neurons (Mao et al., 1999), the prolonged and rather
uniform expression in the neocortex indicates the possibility
that MEF-2C may contribute to the maintenance and differen-
tiation of upper cortical cells rather than simply to the differen-
tiation of postmitotic neurons.

On the other hand, SCF expression during cortical develop-
ment was more complicated, but seems to be related to
thalamic axon invasion. Since the tips of thalamic axons start to
invade the CP at E18, extend into layer 5 at PO, and reach
immature layer 4 at P3 (Lund and Mustari, 1977; Kageyama and
Robertson, 1993; Catalano et al., 1996; Molnar et al., 1998), a
correlation might exist between the expression of SCF and
ingrowth of thalamic axons in the neocortex. In accordance
with thalamic axon extension, SCF expression gradually
became weaker in the deep layers and increased in the upper
layers. Indeed, immunohistochemistry with an antibody
against c-kit, the receptor of SCF, showed that c-kit was
expressed in thalamic nuclei and axons (not shown), indi-
cating the possibility that thalamic axons respond to SCF
distributed in the developing cortex. The weaker expression of
SCF in the frontal cortex might also be related to the lack of
sensory thalamic axons in this area.

Implications of the Presence of Upper Layer-specific
Genes

To date, it has been shown that putative regulatory genes, RZR-
B (Becker-Andre et al., 1994; Park et al., 1997) and COUP-TF1
(Liu et al., 2000) are expressed in layer 4 of the neocortex,
although the functions of these genes are not clear. Thalamo-
cortical projections are disrupted in COUP-TF1 mutants, but it
is likely that the phenotype is attributable to the lack of
subplate neurons rather than its direct influences on thalamo-
cortical axon targeting in layer 4 (Zhou et al., 1999). The
present results further demonstrate the presence of another
putative regulatory gene, deltex-like gene, which is expressed
primarily in layer 4 and might act as a regulator of cellular
differentiation (see above).

It is also important to reveal extracellular molecules such as
cell surface or extracellular matrix molecules, in order to
understand the molecular basis of cellular interactions and
circuit formation (Yamamoto, 2002). In this sense, unc5h4 is
the gene that encodes a cell surface protein and is expressed
rather specifically in cortical cells destined for layer 4 during
development. Although how unc5h4 contributes to cellular
differentiation and connectivity in the cortex is unknown, its
molecular characteristics raise the possibility that it is involved
in the interactions between layer 4 cells, or between layer 4
cells and thalamocortical fibers. Recent studies have shown
that ephrin-A5, an Eph ligand, affects thalamocortical axon
behavior by its expression in layer 4 (Mann et al., 2002), but
this is unlikely to be the case with the entire sensory
thalamocortical projections (Donoghue and Rakic, 1999;
Mackarehtschian et al, 1999; Vanderhaeghen et al, 2000;
Yabuta et al, 2000). In contrast, localization of unc5h4/
KIAA1777 in layer 4 is found throughout the sensory cortices.

Cadherin-6 and rCNL3 are known cell surface molecules that
are expressed in the upper layers of the developing cortex



(Suzuki et al, 1997; Chenn et ai., 2001). Phosphacan, a prote-
oglycan (Maeda and Noda, 1996), and SemaK1, a GPI-anchored
semaphorin (Xu et al., 1998), are also expressed in the upper
layers of early postnatal stages, though their expression
patterns during development are not well characterized. It
would be worthwhile to examine whether these molecules
affect thalamic axonal growth, as previous investigations have
indicated that thalamocortical axon termination is governed by
molecules distributed in layers 2/3-4. (Yamamoto et al,
2000a,b; Noctor et al., 2001; Yamamoto, 2002). In addition,
the present findings of SCF expression pattern raises the possi-
bility that a developmental change of laminar expression may
influence afferent fiber ingrowth (see above). A similar laminar
transition has been reported in the expression of Sema3A, a
potential molecule, which might be responsible for the forma-
tion of thalamocortical projections (Skaliora et al., 1998).

Several transcriptional factors have been shown to be
expressed in a lamina-specific fashion: O&x! (Frantz et al,
1994) and Id2 (Bulfone et al., 1995) in layer 5 and Tbr-1
(Bulfone et al., 1995; Hevner et al., 2001) in layer 6. As for layer
4, COUP-TFI and RZR-B are expressed in layer 4, as described
above. The present results show that deltex-like gene and MEF-
2C are expressed in layer 4 and layer 2/3-4 ‘as regulatory
factors, respectively. Determining the relation between these
regulatory genes and their downstream molecules would also
be useful in elucidating the molecular basis of cortical cell
differentiation and neural circuit formation.
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