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Thalamic Control of Neocortical Area Formation in Mice
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The mammalian neocortex undergoes dramatic transformation during development, from a seemingly homogenous sheet of neuroep-
ithelial cells into a complex structure that is tangentially divided into discrete areas. This process is thought to be controlled by a
combination of intrinsic patterning mechanisms within the cortex and afferent axonal projections from the thalamus. However, roles of
thalamic afferents in the formation of areas are still poorly understood. In this study, we show that genetically increasing or decreasing the
size of the lateral geniculate nucleus of the mouse thalamus resulted in a corresponding change in the size of the primary visual area.
Furthermore, elimination of most thalamocortical projections from the outset of their development resulted in altered areal gene
expression patterns, particularly in the primary visual and somatosensory areas, where they lost sharp boundaries with adjacent areas.
Together, these results demonstrate the critical roles of thalamic afferents in the establishment of neocortical areas.

Introduction
The neocortex is one of the most complex regions in the mam-
malian brain, and the formation of functionally and anatomically
discrete neocortical areas during development is crucial for our
perception, motor control, learning, and memory. Area forma-
tion is a multistep process. In early embryonic stages, neuroepi-
thelial and radial glial cells show graded expression patterns of
transcription factors regulated by secreted signaling molecules
including fibroblast growth factors and Wnt proteins. These
transcription factors specify the positional identity of neural pro-
genitor cells and their postmitotic areal fate (O’Leary et al., 2007;
Hoch et al., 2009; Rakic et al., 2009; Sansom and Livesey, 2009;
Borello and Pierani, 2010).

Later in embryogenesis, topographically organized, afferent
axons from the thalamus [thalamocortical axons (TCAs)] reach
the cortex and start to invade the cortical plate in their target
cortical regions. By the end of the first postnatal week, discrete
tangential and laminar gene expression patterns are established
in postmitotic neurons, delineating future functional areas in the
neocortex. Ablation and transplantation studies have long sug-
gested that TCAs are required for the establishment of area-

specific cytoarchitecture (Wise and Jones, 1978; Dehay et al.,
1991; Rakic et al., 1991; Schlaggar and O’Leary, 1991; Gitton et
al., 1999). However, genetic mutations in mice that cause missing
(Miyashita-Lin et al., 1999; Nakagawa et al., 1999) or shifted
(Garel et al., 2002) TCA projections did not result in major
changes in gene expression patterns in the cortical plate at late
embryonic or neonatal stages. These studies suggested that
intrinsic patterning mechanisms are predominantly responsi-
ble for regionalization of the cortex during embryogenesis.
However, these mutant mice died before area boundaries in
the neocortex were well defined. Thus, it is currently unknown
whether TCAs exert any roles in the establishment of discrete
neocortical areas.

To resolve this issue, we genetically altered thalamic neurons
from the outset of their axonal projections to the neocortex. Spe-
cifically, we generated postnatally viable mutant mice in which,
(1) the number of thalamocortical projection neurons was in-
creased or decreased in the principal visual nucleus [dorsal lateral
geniculate (dLG)], or (2) almost no TCAs project to the neocor-
tex. These genetic manipulations were specific to the thalamus so
that changes observed in the neocortex could be attributed to
changes in TCA projections. When we increased or decreased the
size and cell number of the dLG nucleus by manipulating Sonic
hedgehog (Shh) signaling in thalamic progenitor cells, TCA pro-
jections to the primary visual area were expanded or reduced,
respectively. These mice still retained clear gene expression
boundaries between areas, but the size of the primary visual area
was altered in accordance with the change in geniculocortical
projections. Furthermore, when TCA projections to the neocor-
tex were nearly eliminated in mice lacking the homeobox gene
Gbx2 in the thalamus, gene expression patterns in the neocortex,
most evident in the prospective primary sensory areas, were dis-
rupted, leading to less discrete boundaries between prospective
sensory areas and their surrounding areas. These findings dem-
onstrate that TCAs play a crucial role in early establishment of
area identity in the neocortex.
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Materials and Methods
Mice
Care and experimentation on mice were done in accordance with the
Institutional Animal Care and Use Committee of the University of Min-
nesota. Noon of the day on which the vaginal plug was found was
counted as embryonic day 0.5 (E0.5), and the day of birth was designated
as postnatal day 0 (P0). To generate Olig3Cre/�;R26stopSmoM2/� mice, we
bred Olig3Cre/� mice (Vue et al., 2009) with Rosa26stopSmoM2/stopSmoM2

mice (Jeong et al., 2004) (obtained from The Jackson Laboratory), and
used Cre� progeny as controls. For conditional deletion of Shh, we bred
Olig3Cre/�;ShhN/� mice with ShhC/C mice (Lewis et al., 2001) (obtained
from The Jackson Laboratory). All of the non-Olig3Cre/�;ShhN/C litter-
mates showed normal phenotypes. For conditional deletion of Gbx2, we
bred Olig3Cre/�;Gbx2C/� mice with Gbx2C/C mice (Li et al., 2002) (ob-
tained from The Jackson Laboratory). Only Olig3Cre/�;Gbx2C/C showed
detectable phenotypes. We found similar phenotypes in TCA pathfind-
ing in Gbx2 conditional mutants in which a null mutant allele was used in
the breeding scheme to generate Olig3Cre/�;Gbx2N/C mice. The Gbx2N

allele was produced by germline deletion of Gbx2 exon 2 by breeding
Gbx2c/c mice and heterozygous CMV-Cre mice. These Olig3Cre/�;
Gbx2N/C mice were used for Fig. 7M–T. All mice were kept in C57B/L6
background and embryos or pups of either sex were used.

In situ hybridization and immunostaining
In situ hybridization and immunostaining were performed based on Vue
et al. (2007). In this study, goat anti-Netrin-G1 (R&D Systems, 1:100),
rabbit anti-serotonin (Immunostar, 1:20,000 or Millipore, 1:500), rabbit
anti-ROR� (Diagenode, 1:100), and goat anti-Lmo4 (Santa Cruz Bio-
technology, 1:100) were used. Prenatal brains were cut with a cryostat at
20 –35 �m thick. Postnatal brains were cut with a sliding microtome at 50
�m thick and the sections were mounted on slides before in situ hybrid-
ization or immunostaining was performed. Each set of data shown in
Figs. 1A–H, 3, 4, 5A–F, 7M–T, 8, and 9 A–F were obtained from adjacent
sections.

Axon tracing with NeuroVue dyes
NeuroVue axon tracers (FS-1002 NeuroVue Red, FS-1001 NeuroVue
Maroon) were inserted to primary visual area (V1) and primary somato-
sensory area (S1) of P8 cortex and the brains were incubated in 4%
paraformaldehyde for �4 weeks, before sectioning with a vibrating mi-
crotome (150 �m). Sections were counterstained with bisbenzimide H
33342 (Sigma-Aldrich).

Quantification
dLG cell count and size measurement. Each 20 �m cryosection was col-
lected and sequentially mounted onto six slides for in situ hybridization
analysis of P0 thalamus. Two slides were analyzed for cell count and size
measurement and other slides were used for in situ hybridization for
ROR�. Because some Olig3Cre/�;R26stopSmoM2/� mice had clustered ROR�-
positive areas, the region to be counted or measured as dLG was defined by
the presence of ROR� mRNA on adjacent sections. Although ROR� is also
expressed in the nearby ventral posterior (VP) nucleus, distinction between
VP and dLG was easy with a histological boundary. All the DAPI-positive
cells in the dLG nucleus (7–10 sections/thalamus) were counted using Im-
ageJ software. The dLG volume was measured by summing the area of
ROR�-positive regions. Four thalami were analyzed for each genotype. Sta-
tistical analysis was done using two-tailed Student’s t test.

Area measurement on tangential sections. The area and length of V1
with respect to the area and length of the entire neocortex of P7 tangen-
tial sections were measured in Olig3Cre/�;ShhN/C mice, Olig3Cre/�;
R26stopSmoM2/� mice and their respective littermate controls using
ImageJ software. Eight to 13 hemispheres were analyzed for each geno-
type. Statistical analysis was done using two-tailed Student’s t test.

Area measurement on sagittal sections. The gap between S1 and V1 was
measured on P7 sagittal sections of Olig3Cre/�;ShhN/C mice, Olig3Cre/�;
R26stopSmoM2/� mice and their respective littermate controls using Im-
ageJ software. The low-Cdh8 region in layer 4 was used as a landmark of
S1 and V1. Four hemispheres were analyzed for each genotype. For each
hemisphere, six sagittal sections at distinct mediolateral levels were com-

pared between genotypes. Statistical analysis was done using two-tailed
Student’s t test.

Area measurement on coronal sections. The medial-lateral position of
V1 was measured on P7 coronal sections of Olig3Cre/�;ShhN/C mice, Olig3Cre/

�;R26stopSmoM2/� mice and their respective littermate controls using ImageJ
software. Lmo4 expression in layer 4 is absent in V1, forming a sharp medial
border of V1. In higher-order visual area as well as retrosplenial cortex, Lmo4
is strongly expressed in upper layers (see Fig. 4S). We measured the length of
Lmo4 expression domain along the line that separates Lmo4-high upper
layers from the lower layer (line segments in yellow in 4S shows an example).
Six hemispheres were analyzed and statistical analysis was done using two-
tailed Student’s t test.

Results
Conditional manipulations of Shh signaling in the thalamus
cause bidirectional changes in the size and cell number of the
dorsal lateral geniculate nucleus
The basic-helix-loop-helix (bHLH) transcription factor Olig3 is
expressed specifically in thalamic progenitor cells and the zona
limitans intrathalamica (ZLI) (Vue et al., 2007). The ZLI is lo-
cated at the rostral boundary of the thalamus, which in addition
to the basal plate, produces the morphogen Shh to regulate dien-
cephalic development (Scholpp and Lumsden, 2010; Vieira et al.,
2010; Nakagawa and Shimogori, 2012). Previous studies demon-
strated that different levels of Shh signaling is responsible for
setting up the positional identity of neural progenitor cells within
the thalamus, which in turn is essential for generating the proper
number and size of thalamic nuclei (Szabo et al., 2009; Vue et al.,
2009; Jeong et al., 2011). Ectopic expression of SmoM2, a consti-
tutively active form of the Shh effector molecule Smoothened
(Smo), expanded the molecular identity of rostroventral tha-
lamic progenitors at the expense of caudodorsal identity (Vue et
al., 2009). This expansion results in enlargement of rostro-
ventrally located nuclei including the dLG nucleus, which project
to the V1 (Vue et al., 2009). Quantitative analysis of these mice
showed that the number of DAPI-positive cells in the expanded
dLG was increased by twofold (Fig. 1A,B,I), whereas its volume
showed a threefold increase (Fig. 1J) compared with control lit-
termates. Interestingly, lateral posterior (LP) nucleus, which
projects to higher-order visual areas and expresses Calb2 (calre-
tinin), was strikingly shrunken (Fig. 1E,F).

We next generated mice in which Shh signaling was reduced in
the thalamus. Shh is expressed both in the ZLI and the dien-
cephalic basal plate, but only the ZLI express both Shh and Olig3
(Vue et al., 2007). Thus, with the Olig3Cre allele, Shh was condi-
tionally knocked out in the ZLI (Bluske et al., 2012). At E12.5,
Olig3Cre/�;ShhN/C embryos specifically lacked the expression of
Shh in the ZLI (Bluske et al., 2012). In these embryos, Olig2
expression in rostral thalamic progenitor cells was reduced (data
not shown), reflecting a reduction of rostroventral identity of
thalamic progenitor cells (Vue et al., 2007). Dbx1, a marker ex-
pressed highly in the caudo-dorsal part of the thalamus (Vue et
al., 2007), was rostrally expanded in the same embryos (data not
shown). These changes were opposite to those found in mice
expressing ectopic SmoM2 (Olig3Cre/�;R26stopSmoM2/� mice)
(Vue et al., 2009), and resulted in a reduction of the expression
domain of ROR� in the dLG nucleus and reciprocal expansion of
the LP nucleus (Fig. 1C,D,G,H). Quantitative analysis of the
ROR� expression domain demonstrated that the number of cells
within dLG was decreased by �50%, whereas the volume of dLG
was decreased by �65% in Olig3 Cre/�;ShhN/C mice compared
with littermate controls (Fig. 1C,D,K,L).

By using Netrin-G1 as a TCA marker (Nakashiba et al., 2002),
we further found that altering Shh signaling in either direction
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within the thalamus does not affect gross patterns of TCA projec-
tion at E12.5 and E15.5 (Fig. 2A–H). Combined with a strong Cre
reporter line Ai6 that expresses ZSGreen (Madisen et al., 2010),
Olig3Cre allele showed no sign of recombination within the neo-
cortex until at least P7 (Fig. 2I–K). We thus expected that the
intrinsic patterning of the cortex will be intact in both Olig3Cre/�;
R26stopSmoM2/� and Olig3Cre/�;ShhN/C mice. As predicted, re-
gional expression patterns of ROR�, Cdh8, Id2, EphA7, and Lmo4
in E17.5 cortical plate were similar to control mice (Fig. 2P–Y).
These results are consistent with earlier reports showing that
TCAs are not critically required for neocortical regionalization
during embryogenesis (Miyashita-Lin et al., 1999; Nakagawa et
al., 1999). Both Olig3Cre/�;ShhN/C and Olig3Cre/�;R26stopSmoM2/�

mice survived postnatally, and the overall morphology of the P8
forebrain was not different between the genotypes (Fig. 2L–O).

In summary, we established two postnatally viable mouse
models in which the size and number of neurons in the dLG
nucleus are bidirectionally altered due to changes in Shh signal-
ing in the thalamic ventricular zone. Changes in the dLG size were
accompanied by reciprocal changes of the LP nucleus, which nor-
mally project to higher-order visual areas. In these two mutants,
timing of TCA projections and cortical patterning were not al-
tered, thereby allowing us to assess the specific roles of geniculo-
cortical afferents in the formation of primary visual cortex.

Expansion or shrinkage of geniculocortical projections alters
the size and boundaries of the primary visual area in
postnatal cortex
At P7 in control mice, axon terminals from principal sensory
nuclei of the thalamus show strong immunoreactivity of sero-
tonin mainly in layer 4 of primary sensory areas (Fig. 3A,C)
(Lebrand et al., 1996). In Olig3Cre/�;R26stopSmoM2/� mice, the
serotonin-positive region in the caudal cortex, which corre-
sponds to the geniculocortical axon terminals, was expanded,
whereas it was shrunken in Olig3Cre/�;ShhN/C brains (Fig.
3E,G, I,K). This indicated that altered cell numbers in the dLG
nucleus results in expansion or shrinkage of TCA projections
to V1.

We next tested whether the altered geniculocortical projec-
tions are accompanied by matching changes in gene expression
patterns in V1. In control animals at P7, the distribution of
ROR�, which is known to be strong in layers 4 and 5 of primary
sensory areas at this stage as well as in the adult brain (Schaeren-
Wiemers et al., 1997), closely matched with that of serotonin
staining on adjacent sections (Fig. 3A–D). In Olig3Cre/�;
R26stopSmoM2/� and Olig3Cre/�;ShhN/C mice, expression of ROR�
was altered in the same way as the serotonin signal (Fig.
3F,H, J,L), demonstrating that V1 is expanded or shrunken in
response to the altered size of geniculocortical projections.

Figure 1. Size and cell number change in the dLG nucleus of the thalamus in mice with elevated or reduced thalamic Shh signaling. A–D, ROR� mRNA expression in the neonatal thalamus of
control (A, C), Olig3Cre/�; R26stopSmoM2/� (B), and Olig3Cre/�;ShhN/C (D) pups showing the alteration of the dLG nucleus. E–H, Calb2 mRNA expression in the neonatal thalamus of control (E, G),
Olig3Cre/�; R26stopSmoM2/� (F ), and Olig3Cre/�;ShhN/C (H ) pups showing the reciprocal changes of LP nucleus to those of dLG. I, K, Comparison of counts of DAPI-positive cells in dLG delineated by
ROR� expression. J, L, Comparison of dLG volume. Mean �SEM is shown. Statistical significance, ***p � 0.0005 in Student’s t test; n � 4 for each genotype. Po, Posterior nucleus. Scale bar,
200 �m.
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In addition to ROR�, other markers for V1 borders including
Lmo4, Cdh8, and Id2 were analyzed on adjacent sections (Fig. 4).
In this analysis, we used serially adjacent sections for the four
molecular markers (Fig. 4A–D, E–H, I–L, and M–P, from adja-
cent sections). Lmo4 was expressed in layers 2, 3, and 4 of the
medial cortex (Fig. 4B, J). The lateral border of this Lmo4 expres-
sion domain (Fig. 4B, J, medial arrow) matched with the medial
border of ROR� (Fig. 4A, I, medial arrow) on adjacent sections,
delineating the medial border of V1. We further confirmed the
matching gene expression borders by double immunostaining of
Lmo4 and ROR� on the same section (Fig. 4Q,R). Cdh8 expres-
sion was detected in layers 2–5 of visual areas, but layer 4 in V1
showed specifically low expression (Fig. 4C,K, between black ar-
rows). Expression of Id2 in layer 6 also marked V1. In Olig3Cre/�;
ShhN/C mice, the medial border of ROR� expression in both
layers 4 and 5 was shifted laterally compared with controls at all
rostrocaudal levels examined (Fig. 4A,E). The same shift was
found for Lmo4 (Fig. 4F), Cdh8 (Fig. 4G), and Id2 (Fig. 4H). In
contrast, in Olig3Cre/�;R26stopSmoM2/� mice, a medial shift of the
medial border of V1 was found for all of the above markers (Fig.
4I–P). The distance from the medial border of V1 to the midline
was quantitatively evaluated by measuring the length of the me-
dial expression domain of Lmo4, which starts at the medial bor-

der of V1 and ends at the medial border of retrosplenial cortex,
abutting the subiculum (Fig. 4S). We found that this distance was
decreased in Olig3Cre/�;R26stopSmoM2/� mice and increased in
Olig3Cre/�;ShhN/C mice in comparison with their respective con-
trol littermates (Fig. 4T,U). In contrast, the lateral border of V1,
which is indicated by the lateral border of low Cdh8 expression in
layer 4, did not seem to be significantly shifted (Fig. 4C,G,K,O).
These results show that along the mediolateral axis, V1 is con-
tracted in Olig3Cre/�;ShhN/C mice and expanded in Olig3Cre/�;
R26stopSmoM2/� mice. Similar changes in gene expression for these
markers were already evident at P3 at least in Olig3Cre/�;
R26stopSmoM2/� mice (data not shown). These data suggest that the
size and shape of V1 are significantly altered in Olig3Cre/�;
R26stopSmoM2/� and Olig3Cre/�;ShhN/C mice, and the influence of
geniculocortical axons on V1 in these mice was not limited just to
layer 4, but was also detected in layers 2, 3, 5, and 6.

Finally, to determine how the overall size and shape of V1 are
altered in correspondence to the changes in TCA terminations,
the dimensions of V1 were measured on tangential sections by
comparing serotonin staining and ROR� expression on adjacent
sections between the different genotypes. As on coronal sections,
we found that serotonin staining and ROR� expression in V1
precisely match in Olig3Cre/�;R26stopSmoM2/�, Olig3Cre/�;ShhN/C,

Figure 2. Phenotypes of Olig3Cre/�; R26stopSmoM2/� and Olig3Cre/�;ShhN/C mice. A–H, Normal overall patterns of pathfinding of thalamocortical axons in embryos with altered Shh signaling in
the thalamus. Netrin-G1 immunohistochemistry (Nakashiba et al., 2002) on frontal sections of Olig3Cre/�;R26stopSmoM2/� embryos and their controls (A–D) or Olig3Cre/�;ShhN/C embryos and their
controls (E–H ). At E12.5, TCAs have just reached the diencephalon-telencephalon border in all genotypes (A,C,E,G), although there is consistently stronger signal at the front end of TCAs in
Olig3Cre/�;R26stopSmoM2/� embryos (C, arrow) and weaker signal in Olig3Cre/�;ShhN/C embryos (G, arrow) than in controls. At E15.5, TCAs have already reached the medial-most regions of the
neocortex in all genotypes (B,D,F,H, arrow). Number of replica�3. Scale bar, A,C,E,G, 100 �m; B,D,F,H 200 �m. I–O, Characterization of the cortex development in Olig3Cre/�;R26stopSmoM2/� and
Olig3Cre/�;ShhN/C cortex. I–K, Thalamus-restricted recombination caused by the Olig3Cre allele. P7 coronal sections of Olig3Cre/�;R26stopZSGreen/� mice showing the localized expression of the
ZSGreen reporter gene in the thalamus. I, The most rostral level, and K, the most caudal level. Thalamus (Th) shows robust nuclear ZSGreen expression while other forebrain regions show almost no
sign of Cre�mediated recombination. Due to the strong fluorescence of ZSGreen, TCAs are also labeled in the internal capsule (J, arrowhead) and also in their terminals, particularly in the barrel field
of primary somatosensory area (J, arrow). However, no nuclear signal is seen in the cortex, showing the lack of recombination. Scale bar, 500 �m. L–O, Overall morphology of the cerebral cortex is
not altered in mice with elevated or reduced Shh signaling in the thalamus. Dorsal view of the brain of P8 Olig3Cre/�;R26stopSmoM2/� pups and their controls (L, N ) and Olig3Cre/�;ShhN/C pups and
their controls (M, O). Cerebral cortex seems to be unaltered in overall morphology and size. Scale bars, 5 mm. P–Y, Regional gene expression patterns in the cortical plate of E17.5 embryos are not
significantly affected with altered Shh signaling in the thalamus. In situ hybridization on sagittal sections of Olig3Cre/�;ShhN/C embryos and their controls. Rostral is to the left. ROR� (P, U ) and Cdh8
(Q, V ) are expressed in high-rostral to low-caudal gradients in the cortical plate (arrow indicates the regions with high level of expression). Id2 (R, W ), EphA7 (S, X ), and Lmo4 (T, Y ) all show high
expression in the rostral (arrow) and caudal (arrowhead) parts of the cortex and their expression level drops in the middle part. These general patterns of differential expression are unaffected in
Olig3Cre/�;ShhN/C embryos. Number of replica �3. Scale bars, 1 mm.
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and their respective control mice, and the relative size of V1 was
expanded in Olig3Cre/�;R26stopSmoM2/� and shrunken in Olig3Cre/�;
ShhN/C mice, both in area and rostrocaudal length ratios against
the total cortex (Fig. 5A–H). The gap between V1 and S1 contains
higher-order sensory areas. This gap was narrowed in Olig3Cre/�;
R26stopSmoM2/� and widened in Olig3Cre/�;ShhN/C mice (Fig.
5A–F, between bars). Quantitative analysis of Cdh8 expression in
layer 4 on sagittal sections at P8 confirmed the change in the gap
between V1 and S1 (Fig. 5I–N). The altered gap width between
V1 and S1 indicates that the shift of V1 boundaries is accounted
for by a switch of areal fate from primary to higher-order sensory
areas or vice versa. The reciprocal changes in the size of the dLG
and LP nuclei in both Olig3Cre/�;R26stopSmoM2/� and Olig3Cre/�;
ShhN/C mice (Fig. 1) imply that thalamic afferents from principal
sensory nuclei and other nuclei play distinct roles in conferring
areal identity to their respective target region in the neocortex.

Thalamus-specific Gbx2 mutant mice survive postnatally and
show severe deficiency of thalamocortical axon projections to
the neocortex
In both Olig3Cre/�;R26stopSmoM2/� and Olig3Cre/�;ShhN/C mice,
the relative sizes of dLG and LP nuclei were changed as a result
of altered Shh signaling in thalamic progenitor cells, whereas
the overall TCA trajectory to the cortex was not significantly
affected. In this light, determining the default state of cortical
development without any influence by TCAs would provide
insights into the nature of the specific roles of primary sensory
and other types of TCA afferents. We therefore generated

thalamus-specific Gbx2 mutant mice, in which TCA projec-
tion to the neocortex was found to be nearly absent from the
outset of its development.

Gbx2 encodes a homeodomain-containing transcription fac-
tor expressed in nearly all cortex-projecting postmitotic neurons
in the thalamus at E12.5 (Bulfone et al., 1993; Chen et al., 2009),
although its expression later becomes restricted to several nuclei
(Nakagawa and O’Leary, 2001; Jones and Rubenstein, 2004; Li et
al., 2012). Gbx2 is also expressed at the midbrain-hindbrain
boundary, in the spinal cord and in cholinergic neurons of the
ventral telencephalon. Germ-line deletion of Gbx2 in mice re-
sulted in the lack of TCA projections to the cortex (Miyashita-Lin
et al., 1999; Hevner et al., 2002). Although these mutant mice die
at birth, differential gene expression in the neonatal cortical plate
showed normal patterns, which indicated the sufficiency of in-
trinsic cortical patterning in early phases of area formation
(Miyashita-Lin et al., 1999).

To avoid the neonatal lethality so that we could determine the
roles of TCAs in cortical development during both embryonic
and postnatal stages, we generated conditional Gbx2 mutant mice
using the Olig3Cre allele (Olig3Cre/�;Gbx2C/C mice or Gbx2 cko
mice). We first found that Gbx2 cko mice survive postnatally, up
to 5– 6 weeks after birth. At E12.5 and E14.5, the mutant mice
showed near-complete deletion of the floxed exon2 of the Gbx2
gene in the thalamus, whereas its expression in the ventral telen-
cephalon was preserved (Fig. 6A,B,D,E and data not shown).
Expression of ROR�, which mainly labels principal sensory nu-

Figure 3. Shift of geniculocortical terminations and ROR� expression in Olig3Cre/�; R26stopSmoM2/� and Olig3Cre/�;ShhN/C cortex at P8. Comparison of serotonin immunostaining and ROR� in situ
hybridization on adjacent coronal sections through the rostral visual cortex and more caudal visual cortex between control, Olig3Cre/�;R26stopSmoM2/�, or Olig3Cre/�;ShhN/C mice at P7. A–D, Control
sections showing the width, or medial-lateral boundaries, of V1 as labeled by serotonin staining or ROR� expression at a rostral level (A, B, arrowheads) or more caudal level (C, D, arrowheads). The
dLG nucleus is also labeled by serotonin staining (A, arrow). E–H, Coronal sections of an Olig3Cre/�;R26stopSmoM2/� brain showing that not only is serotonin staining in layers 4 and 6 of V1 more
intense than control, but the width of V1 as labeled by both serotonin and ROR� is expanded (E–H, arrowheads). The size of dLG is also expanded (E, arrows). I–L, Coronal sections of an
Olig3Cre/�;ShhN/C brain showing that serotonin staining and ROR� in situ hybridization did not detect any expression in the rostral visual cortex (I, J ) but only at the caudal visual cortex, indicating
a caudal shift of the rostral boundary of V1 in these mice. Note that the level of serotonin staining is also decreased, the width of V1 is reduced, and boundaries of V1 are shifted more laterally
compared with controls (K, L, arrowheads). The dLG is also significantly smaller in size (I, arrow). Number of replica, 7 for E–H, 4 for I–L. Scale bar, 1 mm.
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clei of the thalamus (Nakagawa and O’Leary, 2003), is severely
reduced in Gbx2 cko mice (Fig. 6C,F).

Due to the early expression of Gbx2 at midbrain-hindbrain
boundary and the contribution of brainstem Raphe neurons in
providing serotonergic innervation to the cortex, we tested the
effects of using the Olig3Cre allele on these neuronal populations.
Although the Olig3Cre allele mediates recombination in dorsal
hindbrain region that is fated to produce precerebellar nuclei
including the inferior olive (Liu et al., 2008; Storm et al., 2009),
we did not detect an overlap between recombined cells and sero-
tonergic neurons at E12.5 (Fig. 6G). Furthermore, serotonergic
neurons in dorsal and medial Raphe nuclei seemed intact in Gbx2

cko mice at E14.5 (Fig. 6H, I), and serotonergic projections from
the Raphe neurons appeared normal through the septum into
the cortex at E16.5 (Fig. 6 J,K). Therefore, in Gbx2 cko mice, the
cortex is specifically deprived of afferent projections from the
thalamus but not from the brainstem Raphe nuclei.

Detailed analysis of TCAs of Gbx2 cko mice showed profound
deficiency from the initial phase of their projections toward the
cortex. Already at E12.5, TCAs failed to reach the diencephalon-
telencephalon border (Fig. 7A–D). By E14.5, when TCAs have
normally reached the neocortex, only a small axon bundle was
found in the ventral telencephalon of Gbx2 cko mice (Fig. 7E–H).
At E16.5, a faint labeling of Netrin-G1-expressing TCAs was

Figure 4. Detailed marker analysis shows shifts of V1 boundaries in Olig3Cre/�;ShhN/C cortex and Olig3Cre/�;ShhN/C cortex at P8. A–H, In situ hybridization on coronal sections of Olig3Cre/�;ShhN/C

caudal cortex and their littermate controls at P8. Medial is to the left. Expression of ROR� (A in controls, E in Olig3Cre/�;ShhN/C), Lmo4 (B in controls, F in Olig3Cre/�;ShhN/C), Cdh8 (C in controls, G in
Olig3Cre/�;ShhN/C), and Id2 (D in controls, H in Olig3Cre/�;ShhN/C) is shown. A–D and E–H are serially adjacent sets of sections taken from the same brain. Medial black arrow in A–C coincides well
with each other and represents the medial border of V1. Lateral black arrow in A-C represent the lateral border of V1 and its position is based on the lateral border of weak Cdh8 expression in layer
4 (C). Arrows in D are based on the positions of V1 borders obtained from the adjacent section shown in C. Black arrows in E–H were obtained in the same way as for A–D. Red arrows in E–H
correspond to the medial border of V1 in corresponding control sections shown immediately above and indicate the shift of boundaries in Olig3Cre/�;ShhN/C mice. This is confirmed by quantification
shown in U. Number of replica, 6. Scale bar, 1 mm. I–P, In situ hybridization on coronal sections of Olig3Cre/�;R26stopSmoM2/� caudal cortex and their littermate controls at P8. Medial is to the left.
Expression of ROR� (I in controls, M in Olig3Cre/�;R26stopSmoM2/�), Lmo4 (J in controls, N in Olig3Cre/�;R26stopSmoM2/�), Cdh8 (K in controls, O in Olig3Cre/�;R26stopSmoM2/�), and Id2 (L in controls,
P in Olig3Cre/�;R26stopSmoM2/�) is shown. I–L and M–P are serially adjacent sets of sections taken from the same brain. Black arrows show V1 boundaries obtained by the same methods used in A–H,
whereas red arrows indicate the shift of boundaries in Olig3Cre/�;R26stopSmoM2/� mice. This is confirmed by quantification shown in T. Number of replica, 4. Scale bar, 1 mm. Q, R, Double
immunostaining of ROR� (green) and Lmo4 (red) at the V1/V2 border of P8 cortex. Medial is to the left. Q shows the single color for ROR� staining and R shows double staining on the same section.
Note that the medial border of ROR� expression and lateral border of Lmo4 expression match (arrow). Scale bar, 100 �m. S–U, Shifts of medial boundary of V1 in Olig3Cre/�;ShhN/C and
Olig3Cre/�;R26stopSmoM2/� mice on coronal sections at P8. S, Distance between the midline and medial border of V1 as determined by the expression of Lmo4. Midline was defined as the medial end
of the retrosplenial area (RS) indicated by the end of high Lmo4 expression domain in upper layers. This domain includes higher-order visual area (V2) and retrosplenial area (RS). Length of the
segmented line (yellow) was measured. Sub, Subiculum. T, Comparison of the length of Lmo4 expression domain between Olig3Cre/�;R26stopSmoM2/� and control mice (mean �SEM). The medial
border of V1 in SmoM2 cortex shows a medial shift. U, Comparison between Olig3Cre/�;ShhN/C and control mice (mean �SEM). The medial border of V1 in the mutant cortex shows a lateral shift.
Statistical significance, **p � 0.005 in Student’s t test; n � 6 for each genotype.
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barely detected in the neocortex (Fig. 7 I, J). These results dem-
onstrate that Gbx2 expression in the thalamus is required for TCA
projection to the cortex. Placement of axon tracers in putative S1
and V1 at P8 showed a severely decreased connections between
the neocortex and the thalamus (Fig. 7K,L). Thus, the defects in
TCA projections persist into postnatal stages. At P21, the thala-
mus was further disorganized. In Nissl staining, we could not
detect dLG or VP, and there was a severe deficiency of internal
capsule, indicating that there is no recovery of TCA defects in
Gbx2 cko mice (Fig. 7U,V).

In summary, Gbx2 cko mice provide us with a robust model
system to test the requirement of thalamic afferents in the forma-
tion of neocortical development both during embryonic and
postnatal stages.

Distinct areal and laminar gene expression patterns are
disrupted in postnatal neocortex of conditional Gbx2 mutant
mice
At E17.5, overall regional gene expression patterns in the cortical
plate appeared normal in Gbx2 cko mice (Fig. 7M–T), which is sim-
ilar to a previous study of germline Gbx2 mutants (Miyashita-Lin et
al., 1999). However, by the end of the first postnatal week we found
specific defects in areal and laminar gene expression patterns (Fig. 8).

As in V1 (Fig. 4), ROR� expression in the control cortex was
strong in layer 4 in S1 and A1, and faint in the motor area as well
as areas adjacent to primary sensory areas (Fig. 8A–E). In Gbx2
cko cortex, such distinction was no longer evident; ROR� expres-
sion was decreased in primary sensory areas and increased in the
motor cortex (Fig. 8F–J). In particular, the robust thickening of

Figure 5. Measurements of V1 boundaries in Olig3Cre/�;R26stopSmoM2/� and Olig3Cre/�;ShhN/C cortex at P7/P8. A–F, Comparison of the size and shape of V1 using serotonin immunostaining and
ROR� in situ hybridization on adjacent tangential sections of the flattened neocortex between control, Olig3Cre/�;R26stopSmoM2/�, and Olig3Cre/�;ShhN/C mice at P7. Serotonin staining labels TCA
terminals from sensory thalamic nuclei including the dLG nucleus, whereas ROR� expression labels cells in V1. Axes of the flattened cortex are shown in G. A, D, Adjacent control brain sections
showing that both serotonin staining and ROR� expression label the same triangle-shaped V1, as well as S1 and A1. Note that there is a clearly defined gap between V1 and S1 (between bars, A, D).
B, E, Adjacent Olig3Cre/�;R26stopSmoM2/� brain sections showing that the shape of V1, as labeled by both serotonin staining or ROR� expression, is more rounded, especially at the rostral tip
compared with controls. The size of V1 is enlarged, which is reflected in part by a significant decrease in the gap between V1 and S1. C, F, Adjacent Olig3Cre/�;ShhN/C brain sections showing that the
triangular shape of V1 is preserved but its size is significantly reduced and is also shifted caudally. Note that the gap between V1 and S1 is now approximately twice the size of control. Scale bar, 1
mm. G, H, Quantification of changes in the area and length of V1, as revealed by serotonin staining (left column, H ) or ROR� expression (right column, H ), in Olig3Cre/�;R26stopSmoM2/� and
Olig3Cre/�;ShhN/C brains compared with their respective controls (mean �SEM). G, Schematic illustration showing the area ratio (area of V1 divided by the area of the entire cortex) and length ratio
(length of V1 divided by length of the entire cortex). H, Graphs showing the area ratio and length ratio of V1 for Olig3Cre/�;R26stopSmoM2/� mice against their littermate controls, or Olig3Cre/�;ShhN/C

mice against their controls. Number of hemispheres used for analyses are indicated within bar graph of each genotype. Statistical significance, *p�0.05; **p�0.005; ***p�0.0001. OB, Olfactory
bulb. I–N, Changes in the gap between V1 and S1 in Olig3Cre/�;ShhN/C and Olig3Cre/�;R26stopSmoM2/� mice at P8. I–L, In situ hybridization of Cdh8 on P8 sagittal sections of Olig3Cre/�;
R26stopSmoM2/� and controls (I, K ) and Olig3Cre/�;ShhN/C and controls (J, L). Rostral is to the left. Rostral border of V1 and caudal border of S1 are defined by the gap region in which strong Cdh8
expression is seen in layer 4, and are shown by arrows. M, N, The gap between V1 and S1 was measured in sagittal sections at six different medial-lateral levels from 5 to 6 hemispheres. The gap
length is significantly narrowed in Olig3Cre/�;R26stopSmoM2/� mice at 5 of 6 medial-lateral levels (M ). The gap length is significantly widened in Olig3Cre/�;ShhN/C cortex at the most lateral level (N ).
Mean � SEM is shown in O and P. Statistical significance, *p � 0.05 in Student’s t test; n � 4 for each genotype. Scale bars, 500 �m.
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ROR�-positive layer 4 in the barrel field of S1 (S1BF) was dra-
matically reduced (Fig. 8G), whereas the gap between strong
ROR� expression in the hindlimb region (S1HL) and S1BF (Fig.
8B, near arrow) was not detected in the mutant cortex (Fig. 8G).

Tangential sections through layer 4 of the Gbx2 cko cortex
showed severely disorganized pattern of ROR� expression, re-
flecting the blurred borders of its expression domains and the
thinning of layer 4 (Fig. 9G,H).

Figure 6. The thalamus, but not the ventral telencephalon and the brainstem Raphe nuclei, is disorganized in Gbx2 cko mice. A–F, In situ hybridization on frontal sections of E14.5 Olig3Cre/�;
Gbx2C/C embryosandtheircontrols.Medial istotheleft.Exon2oftheGbx2genesisspecificallydeletedinthethalamus(compareB,E)butnotintheventraltelencephalon(A,D).ROR�expressioninthethalamus
is dramatically reduced in the cko embryos (compare C, F ). Scale bar, 200�m. G–K, Olig3Cre�mediated recombination does not affect serotonergic neurons in the brainstem of Gbx2 cko mice. G, Sagittal section
of E12.5 Olig3Cre/�;R26stopYFP/� embryo showing the cells that have undergone recombination with the Olig3Cre allele. Recombined cells that express YFP are negative for serotonin (5HT). The arrow indicates
serotonergicneurons. H, I,Serotoninimmunostainingonfrontalsectionsof Gbx2 ckoandits littermatecontrolembryosatE12.5.Serotonin-expressingRapheneurons inthebrainstemappeartobeintact inGbx2
cko mice. J, K, Immunostaining of serotonin (red) and Netrin-G1 (green) on sagittal sections of Gbx2 cko and its littermate control embryos at E16.5. Rostral is to the right. Projections of serotonergic fibers from
Raphe neurons into the cortex (arrows) appear to be comparable between Gbx2 cko and controls, whereas Netrin-G1-labeled TCAs (arrowhead) are markedly diminished in Gbx2 cko embryos. Note that at this
stage serotonin and Netrin-G1 label largely nonoverlapping axonal populations in control brains. Scale bars: A, 100 �m; B–E, 200 �m.

Figure 7. Defects in TCA projections to the cortex and normal embryonic gene expression in the cortex in Gbx2 cko mice. A–J, Immunohistochemistry for Netrin-G1, which marks TCAs. Gbx2 cko
and control embryos are compared at E12.5 (A, B for controls; C, D for cko), E14.5 (E, F for controls, G, H for cko) and E16.5 (I for control, J for cko). Medial is to the left. K–L, Retrograde labeling of
thalamic neurons by the axon tracers NeuroVue. Pieces of two tracers were placed in V1 and S1 of P8 cortex (K for control, L for cko). Arrow and double arrow in L indicate the severely reduced labeling
from S1 and V1, retrospectively. Scale bars: A–J, 200 �m; K, L, 500 �m. M–T, Normal gene expression in E17.5 Gbx2 cko cortex. In situ hybridization on sagittal sections of E17.5 Olig3Cre/�;Gbx2N/C

embryos and their controls. Rostral is to the left. ROR� (M, Q) and Cdh8 (N, R) are expressed in high-rostral to low-caudal gradients in the cortical plate (arrow indicates the regions with high level
of expression). Id2 (O, S) and Lmo4 (P, T ) both show high expression in the rostral (arrow) and caudal (arrowhead) parts of the cortex and their expression level drops in the middle part. These general
patterns of differential expression are not altered in Olig3Cre/�;Gbx2N/C embryos. Scale bars, 1 mm. U, V, Persistent defects of thalamus and TCA projections in Gbx2 cko mice at P21. Cresyl violet
staining of coronal sections through the forebrain. Medial is to the left. In the Gbx2 cko brain, the thalamus is disorganized and reduced in size. TCA projections (tca) still appear to be absent (V,
arrowhead), whereas corticofugal axons (cp; cerebral peduncle) seem to be intact. Scale bars, 1 mm.
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Lmo4 showed largely complementary expression patterns to
that of ROR�. In the control motor cortex, Lmo4 was strong not
only in layer 4 but also in layers 2, 3, 5, and 6 (Fig. 8K). In the
adjacent S1 (forelimb, lip, and jaw areas),which is located lateral
to the motor area, Lmo4 was faint and restricted to layers 4 and 6
(Fig. 8K). At more caudal levels containing S1BF, Lmo4 expres-
sion was almost undetectable except in layer 6, forming a sharp
medial border of S1BF (Fig. 8L–N). At the caudal-most level,
expression of Lmo4 in layer 4 was excluded from the primary
sensory areas SIBF and V1, clearly demarcating their borders
(Fig. 8N,O). In Gbx2 cko mice, Lmo4 was ectopically expressed in
layer 4 of S1BF and V1, which made the primary sensory areas
resemble the adjacent, higher-order sensory areas (Fig. 8Q–T).
At more rostral levels, we found the motor area showed reduced
expression of Lmo4, making the distinction from the adjacent S1
less clear (Fig. 8P).

Cdh8 expression in layers 5 and 6 was broad across the entire
neocortex, whereas its expression in layers 2,3, and 4 was gener-

ally higher medially than laterally (Fig. 8U–Y). We found that
layer 4 of S1 and V1 shows specifically low expression of Cdh8,
clearly delineating their boundaries (Fig. 8U–Y), which was also
confirmed on sagittal sections (Figs. 5 I, J, 9E). In Gbx2 cko cortex,
this Cdh8-low “hollows” in V1 was no longer detectable and the
pattern of Cdh8 expression was indistinguishable between the
putative V1 and its surrounding areas (Figs. 8c,d, 9F).

In summary, Gbx2 cko mice showed altered patterns of lami-
nar and areal gene expression patterns in the neocortex at the end
of the first postnatal week. As a result, discrete areal boundaries,
particularly the boundaries of primary sensory areas, were much
less clearly defined. These results demonstrate the requirement of
TCA projections in the formation of distinct gene expression
patterns across neocortical areas.

Discussion
In this study, altering the size and cell number in the thalamic
dLG nucleus resulted in corresponding changes in the size of its

Figure 8. Altered gene expression patterns and lack of distinct areal boundaries in Gbx2 cko cortex at P8. In situ hybridization on coronal sections of Olig3Cre/�;Gbx2C/C pups and their littermate
controls. Medial is to the left. The left-most column represents the rostral level that includes both the motor and S1 (forelimb) areas, and the right-most column includes sections at the level of V1
and A1. Expression of ROR� (A–E in controls, F–J in cko), Lmo4 (K–O in controls, P–T in cko) and Cdh8 (U–Y in controls, Z–d in cko) was compared between the cko and control brains. For each
genotype, images in the same column (A, K, U; B, L, V; C, M, W; D, N, X; E, O, Y; F, P, Z; G, Q, a; H, R, b; I, S, c; J, T, d) are serially adjacent sections taken from the same brain and thus are directly
comparable. Black arrows show normal area boundaries, whereas red arrows show the lack of distinct gene expression boundaries found in Gbx2 cko brains. Scale bars, 1 mm.
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target area, V1, at postnatal stages. In addition, genetic removal of
a majority of TCAs in the neocortex prevented the formation of
discrete gene expression boundaries between areas. These results
collectively demonstrate both the sufficiency and requirement of
TCAs in defining neocortical area boundaries.

Previous studies addressing the roles of TCAs in the formation of
neocortical areas relied largely on postnatal manipulations of affer-
ent innervation of the cortex. For example, surgical ablation of the
thalamus in neonatal rats and mice resulted in the lack of character-
istic barrel-like histology and lack of expression of the transgene
H-2Z1 in S1 (Wise and Jones, 1978; Windrem and Finlay, 1991;
Gitton et al., 1999). Transplantation of late embryonic tissue of the
rat occipital cortex to the parietal cortex of the neonatal host brain
resulted in the barrel-like morphological features in the graft
(Schlaggar and O’Leary, 1991), supporting the idea that thalamic
afferents have influence on the areal fate of the neocortical cells. In
these studies, manipulations were done on the tissue after TCAs had
started the invasion of the cortical plate. Therefore, it was not clear
whether TCAs are required for the initial establishment of areal fea-
tures or their maintenance. Bilateral eye removal in monkey fetuses
before the arrival of TCAs at the occipital cortex resulted in partial
replacement of the primary visual area with an area in which layer 4
was much thinner; designated as area 18 (Dehay et al., 1989,
1991,1996) and “area X” (Rakic, 1988, 1991). Although these studies
demonstrate the requirement of the afferent input in characteristic
cytoarchitecture of the primary visual cortex, the indirect nature of
afferent manipulations and the difficulty of in utero surgeries on
primate fetuses prevented further elucidation of when and how the
geniculocortical axons affect V1 formation.

Mutant mouse lines that lack TCA projections to the neocor-
tex did not show gross changes of regional gene expression pat-
terns in the neocortex (Miyashita-Lin et al., 1999; Nakagawa et
al., 1999). Furthermore, in mice where subcortical defects caused
a shift in the topographic projections of TCAs in the neocortex,
regional gene expression in the cortical plate was not affected at
late embryonic stages (Garel et al., 2002). These studies indicated
the sufficiency of intrinsic patterning mechanisms in regional differ-
entiation of the neocortex, which is independent of thalamic affer-

ents. However, all of these mutant mice died
at birth, preventing the analysis of detailed
area-specific and layer-specific patterns of
gene expression that become evident only
postnatally. A more recent study re-
ported that gene expression patterns in
postnatal cortex look grossly normal in
mice lacking both TCAs and corticofugal
axons (Zhou et al., 2010), leading the au-
thors to propose that arealization in early
postnatal neocortex is independent of
TCAs. Furthermore, grafting of embryonic
stem cell-derived cortical neurons harbor-
ing molecular signatures of the visual area
established subcortical and intracortical
connectivity characteristic of visual cortical
neurons even when these cells were grafted
into the frontal cortex, again indicating the
sufficiency of intrinsic mechanisms in the
specification of cortical area identity
(Gaspard et al., 2008). Thus, it has remained
elusive whether or how TCAs regulate the
early establishment of area identity.

In this study, we genetically altered
early thalamic patterning and TCA path-

Figure 9. Sagittal and tangential sections of P8 Gbx2 cko cortex. A–F, Lack of discrete areal
gene expression boundaries on sagittal sections of P8 Gbx2 cko cortex. In situ hybridization of
ROR� (A, B), Lmo4 (C, D), Cdh8 (E, F ) on P8 sagittal sections of Olig3Cre/�;Gbx2C/C and controls.
Rostral is to the left. A, C, and E and B, D, and F are serially adjacent sets of sections taken from
the same brain. Rostral border of V1 and caudal border of S1 in control cortex are shown by red
and black arrows, respectively. The Cdh8-low “hollow” in layer 4 indicated the location of V1 and
S1 (shown by asterisk in E). In Gbx2 cko mice, areal gene expression border is less clear. ROR�
expression in layer 4 is much less robust in S1BF of Gbx2 cko cortex (B, black arrowhead),
whereas Lmo4 is ectopically expressed in layer 4 of both V1 (D, red arrowhead) and S1BF (D,
black arrowhead). Cdh8-low hollows are less obvious in Gbx2 cko cortex (F, arrowheads). Scale
bar, 500 �m. G, H, Lack of discrete borders of ROR� expression in layer 4 of Gbx2 cko cortex at
P8. In situ hybridization of ROR� on tangential sections through layer 4. Scale bar, 1 mm.

Figure 10. Schematic summary of the study. A, Normal thalamocortical system. Specific TCA inputs from individual thalamic nuclei
induce area-specific gene expression patterns in their target regions of the neocortex. Visual (dLG to V1) and somatosensory (VP to S1) are
shown as examples. These specific inputs act on the immature cortex that is patterned by intrinsic mechanisms (represented in gradients of
gray color). B, In severe deficiency of TCA inputs in thalamus-specific Gbx2 mutant mice, patterns of gene expression in the putative V1 and
S1 resembled those in the nearby nonprimary sensory areas, resulting in the lack of distinct boundaries. C, D, When the size of the dLG
nucleuswasincreased(C)ordecreased(D)asaresultofmanipulatingShhsignalinginthalamicprogenitorcells,geniculocorticalprojections
wereexpandedorshrunken,andtheV1sizewasalsoalteredaccordingly.Asaresult, thegapbetweenS1andV1wasnarrowedorwidened.
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finding without affecting the intrinsic patterning mechanisms
within the cortex. When dLG and its cortical projections were
expanded or shrunken, discrete area boundaries still formed but
their positions shifted according to the altered size of the genicu-
locortical projections (Fig. 10A,C,D). The LP nucleus, which
normally projects to higher-order visual areas, showed reciprocal
size changes to those of dLG. When the entire TCA projections
were severely disrupted regardless of their nuclear origin, the
postnatal cortex no longer exhibited distinct gene expression pat-
terns that delineate boundaries of primary sensory areas (Fig.
10B). The disruption was most pronounced in the nascent pri-
mary sensory areas, where layer 4 was significantly affected both
in gene expression patterns and in its thickness. These results
indicate that TCAs from principal sensory thalamic nuclei pro-
vide specific information to instruct the target cortical regions to
take on the fate of primary sensory areas, which would otherwise
become higher order sensory areas as a default fate. The gross
patterns of gene expression that we observed in Gbx2 cko neocor-
tex were still partially reminiscent of those in the normal mice.
This provides the first detailed picture of the default state of area
specification, which is set up by early intrinsic pattering and non-
thalamic afferents that are intact in Gbx2 cko mice.

It is currently unknown which populations of cortical cells
are directly influenced by TCAs during the formation of areas.
A likely scenario is that immature cortical plate neurons are
exposed to molecules that are provided by the incoming TCAs
and undergo dynamic changes in gene expression, which are
evident by comparing the patterns between E17.5 (Figs. 2, 7)
and P8 (Figs. 4, 8).

The gradients of gene expression in embryonic cortical plate
are smooth, and their subtle changes could be difficult to detect.
Therefore, although we did not find gross changes in gene expres-
sion in the cortical plate at E17.5 when TCAs were altered (Figs. 2,
7), this result does not completely exclude the possibility that
TCAs have a role in embryonic cortex.

Because of the reduced thickness of layer 4 in S1BF, it is pos-
sible that TCAs have influence on the neuronal number in layer 4
of the primary sensory areas. We did not observe significant in-
crease in cell death in layer 4 at E17.5 or P8 in Gbx2 cko mice (data
not shown), which suggests that generation of layer 4 neurons
might be under the regulation of TCAs. Therefore, it would be
worth investigating the roles of TCAs in embryonic cortical de-
velopment, and our model mice would be ideal for this purpose
because of the early and specific manipulations of TCAs.

Currently, little is known about the cellular and molecular
mechanisms responsible for the roles of TCAs in early neocortical
development. Results of our study indicated that specific factors
produced by principle sensory thalamic nuclei induce the char-
acteristic gene expression and cytoarchitecture of primary sen-
sory areas, and without the TCA afferent, the neocortical areas
resemble adjacent, higher-order sensory areas as a default state.
Our transgenic mouse models will be useful in future studies to
identify potential candidate molecules and reveal the cellular and
molecular mechanisms of area formation in the neocortex.
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