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　In the mammalian cerebral cortex, excitatory neurons and 
inhibitory interneurons are distributed in a well-balanced 
manner in multiple layers, with neurons sharing common 
features such as cellular morphology and targeting profiles get 
together to form a single layer. The construction of this multi-
layered structure during development is fundamental to normal 
brain functions. Our group has investigated the mechanisms 
of the neuronal migration and layer formation in the developing 
cerebral cortex, focusing especially on the interplays between 
the intracellular and extracellular machineries that underlie 
these processes.
　In regard to the cortical excitatory neurons, they are 
known to be produced from both apical progenitors in the 
ventricular zone (VZ) and basal (intermediate) progenitors in 
the subventricular zone (SVZ). On the other hand, we have 
shown that many SVZ cells assume multipolar morphology 
and show a characteristic movement termed “multipolar 
migration”. The relationship between multipolar cells and basal 
progenitors in the SVZ has yet to be investigated. Herein, we 
followed postmitotic cells generated in the VZ and found that 
they stayed for more than 10 hours in the VZ after becoming 
postmitotic and then accumulated in the lower part of the SVZ 
(multipolar cell accumulation zone: MAZ) as multipolar cells 
(slowly exiting population: SEP), whereas basal progenitors 
rapidly migrated into the SVZ or intermediate zone (IZ) (rapidly 
exiting population: REP) with somal translocation morphology. 
Although REP reached the SVZ/IZ earlier than the SEP, REP 

stayed within in the SVZ/IZ, while SEP moved steadily and 
entered the cortical plate (CP) prior to the REP. We also 
observed SEP to eventually differentiate into pyramidal 
neurons in layers II/III. This study provides in vivo evidence 
of differences in migration modes between postmitotic cells 
generated from apical progenitors and basal progenitors.
　When the excitatory neurons reach near the brain surface, 
they form the CP in an “inside-out” manner; that is, earlier-
born neurons form the deeper layers, whereas later-born 
neurons migrate past the existing layers and form the more 
superficial layers. Reelin, a glycoprotein secreted by Cajal-
Retzius neurons in the marginal zone (MZ), is crucial for this 
“inside-out” layering, because the layers are inverted in the 
Reelin-deficient mouse, reeler (Relnrl).  Even though more 
than 15 years have passed since the discovery of reelin, the 
biological effect of Reelin on individual migrating neurons 
remains unclear. In addition, although the MZ is missing in the 
reeler cortex, it is unknown whether Reelin directly regulates 
the development of the cell-body-sparse MZ. To address these 
issues, we expressed Reelin ectopically in the developing 
mouse cortex, and the results showed that Reelin caused 
the leading processes of migrating neurons to assemble in 
the Reelin-rich region, which in turn induced their cell bodies 

Cell and molecular mechanisms of layer formation and its failure in the 
cerebral cortex

Fig. 1 A ring of neuronal cell bodies with dendrites oriented toward the cell-
free center. Such aggregates are formed in the developing mouse cerebral 
cortex when Reelin is expressed ectopically via in utero  electroporation. 
Magenta cells express Reelin and green fluorescent protein. Nuclei (gray) 
were labeled with propidium iodide. See Kubo et al. (2010) for details.

Fig. 2 Sequential in utero  labeling of earlier-born projection neurons 
electroporated at embryonic day 14.5 (E14.5) (green) and later-born neurons 
electroporated at E15.5 (red) in developing mouse neocortex. Dab1, a 
downstream effector of Reelin, was knocked down in the later-born neurons, 
and the image was obtained at postnatal day 7. Reelin (cyan) is an essential 
regulator of the “inside-out” development of the neocortex. Knockdown 
of Dab1 caused terminal translocation failure of later-born neurons, thus 
disrupting the inside-out pattern. Magenta is nuclear staining. See Sekine et 
al. (2011) for details.

01_事業推進担当者.indd   35 12/01/26   16:10



Global COE Program

PROFILE

細
胞
分
化
・
代
謝
制
御
解
析
ク
ラ
ス
タ
　
活
動
実
績

C
luster for C

ell C
ycle, d

ifferentiation and
 m

etab
olism

36

to form cellular aggregates around Reelin. Interestingly, the 
ectopic Reelin-rich region became cell-body-sparse and 
dendrite-rich, resembling the MZ, and the late-born neurons 
migrated past their predecessors toward the central Reelin-
rich region within the aggregates, resulting in a birthdate-
dependent “inside-out” alignment even ectopically. Reelin 
receptors and intracellular adaptor protein Dab1 were found 
to be necessary for formation of the aggregates. The above 
findings indicate that Reelin signalling is capable of inducing 
the formation of the dendrite-rich, cell-body-sparse MZ and 
a birthdate-dependent “inside-out” alignment of neurons 
independently of other factors/structures near the MZ.
　As for the migratory mode of the excitatory neurons, 
although the importance of “locomotion”, the major migratory 
mode, has been wel l  establ ished, the physiological 
significance of the mode change from “ locomotion” to 
“terminal translocation”, the final migratory mode, has been 
unknown. In this study, we found that the outermost region 
of the mouse CP has several histologically distinct features, 
and named this region the primitive cortical zone (PCZ). 
Time-lapse analyses revealed that “locomoting” neurons 
paused transiently just beneath the PCZ before migrating 
into it by “terminal translocation”. Furthermore, while Dab1-
knockdown (KD) neurons could reach beneath the PCZ, they 
failed to enter the PCZ, suggesting that the Dab1-dependent 
terminal translocation is necessary for entry of the neurons 
into the PCZ. Importantly, sequential in utero electroporation 
experiments directly revealed that failure of the Dab1-
dependent terminal translocation resulted in disruption of the 
“inside-out” alignment within the PCZ, and that this disrupted 
pattern was still preserved in the mature cortex. On the other 
hand, Dab1-KD locomoting neurons could pass by both wild-
type and Dab1-KD predecessors beneath the PCZ. Our data 
indicate that the PCZ is a unique environment, passage of 

neurons through which involves molecularly and behaviorally 
different migratory mechanisms, and that the migratory mode 
change from “locomotion” to terminal translocation” just 
beneath the PCZ is critical for the Dab1-dependent “inside-out” 
lamination in the mature cortex.
　While the cortical inhibitory interneurons derived from the 
medial ganglionic eminence (MGE) migrate rather diffusely 
into the cortex, we found interneurons that migrate out from 
the caudal ganglionic eminence (CGE) mainly move caudally 
into the caudal cerebral cortex and the hippocampus in 
the form of the caudal migratory stream (CMS). Although 
transplantation experiments had revealed that the migrating 
cells in these two populations are already intrinsically different 
in regard to their ability to respond to the CGE environment, 
it was not known how the CGE cells were specified and how 
their migratory behavior was determined. In this study we 
showed that, although CGE and lateral ganglionic eminence 
(LGE) express almost the same marker molecules, LGE cells 
do not migrate caudally when transplanted into the CGE, 
suggesting that LGE cells are intrinsically different from CGE 
cells. We therefore compared the transcriptomes of the CGE, 
MGE, and LGE, and the results showed that COUP-TFII was 
expressed preferentially in the CGE as well as in the migrating 
interneurons in the CMS. Transplantation experiments revealed 
that COUP-TFII is sufficient to change the direction of MGE 
cell migration to caudal when transplanted into the CGE 
environment, and knockdown of COUP-TFII inhibited the 
caudal migration of the CGE cells. These results suggest that 
COUP-TFII is both required and sufficient for the CGE-cell-
specific migratory behavior in the caudal direction. Thus, a 
locally expressed transcription factor determines the migratory 
direction of the cortical interneurons in a region-specific 
manner.

＊ 2011年10月7日 マイコミジャーナル（マイナビ＜旧：毎日コミュニケー
ションズ＞）にて紹介

 「慶応大など、薬剤誘発性の認知機能障害の予防手段を発見」
 http://journal.mycom.co.jp/news/2011/10/07/012/
＊ 2011 年 10 月 6 日 化学工業日報朝刊 8 面にて紹介
 「統合失調症の認知障害　抑制性神経細胞が予防　慶大、マウス実験で確認」
＊ 2011 年 10 月 21 日 Schizophrenia Research Forum の Research News

としてとりあげられました。
 「Transplanted GABA Precursors Prevent PCP-Induced Cognitive 

Deficits in Mice <http://www.schizophreniaforum.org/new/detail.
asp?id=1701>」

＊ 2011 年 11 月 4 日 日刊工業新聞朝刊 13 面にて紹介
 「統合失調症治療に朗報　認知機能の低下防ぐ手法発見」
＊ 2011 年 5 月 26 日 日経産業新聞朝刊 11 面（先端技術面）にて紹介

 「脳の海馬正しく形成 必要な遺伝子特定　統合失調症と関連も」
＊ 2011 年 4 月 26 日 日刊工業新聞朝刊 19 面にて紹介
 「神経細胞の移動能力 - 哺乳類の進化に関与」
＊ 2011 年 4 月 29 日 マイコミジャーナル（毎日コミュニケーションズ）

にて紹介
 「慶応大、大脳新皮質を哺乳類が進化の過程で獲得した仕組みの一端を解明」
 http://journal .mycom.co. jp/news/2011/04/29/007/index.

html?route=blog
＊ 2011 年 5 月 13 日 週刊科学新聞 3 面（科学技術総合欄）にて紹介
 「大脳新皮質の進化の仕組み解明 - 抑制性神経細胞の移動能変化が鍵を握る」
＊ Newton 2011 年 8 月号（6 月 25 日発売）に紹介記事掲載 （北京版、台

湾版、韓国版にも掲載予定）
 「脳の進化は細胞の動きがカギ？ - 哺乳類がもつ、独自の知能につながっ

た変化を発見」
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Summary of the activities as a member of the G-COE program

　The product ion of  new neurons cont inues in  the 
subventricular zone (SVZ) in the adult brain.  New neurons 
generated in the SVZ migrate towards the olfactory bulb (OB), 
where they differentiate into mature neurons (Figure 1).

Figure 1:  Neuronal migration from the subventricular zone (SVZ) to the 
olfactory bulb (OB) in the adult rodent brain (From Seki, Sawamoto, Parent 
and Alvarez-Buylla. Neurogenesis in the adult brain I: Neurobiology. Springer 
2011). Newly generated neuroblasts ( red  ) migrate rostrally, forming 
an extensive network of chains that cover the lateral wall of the lateral 
ventricles and then enter the rostral migratory stream ( RMS ), which leads 
to the OB.

These new neurons also migrate towards the injured brain 
tissue and partially regenerate lost cells (Figure 2).

Figure 2: Neuronal migration toward injured brain tissue (From Seki, 
Sawamoto, Parent and Alvarez-Buylla. Neurogenesis in the adult brain 
I: Neurobiology. Springer 2011). The ischemic stroke model induced by 
middle cerebral artery occlusion (MCAO) causes infarction in the striatum 
and adjacent parietal cortex ( brown ) ( a ). ( b ) After ischemic damage, 
inflammatory cells such as reactive astrocytes ( blue  ) and microglia ( 
green ) accumulate in the vicinity of the damaged area and may release 
inflammatory cytokines. Angiogenic factors are also upregulated in the 
vicinity of the damaged area and subsequently induce angiogenesis. 
Subsequently, some of the newly generated neuroblasts ( red ) in the SVZ 
change direction and migrate toward the infarct area. They frequently 
form chains and are closely associated with blood vessels ( orange ) and 
astrocytic processes, similar to neuroblast migration in the RMS. Angiogenic 
factors released from vascular endothelial cells as well as inflammatory 
cytokines from reactive astrocytes and microglia may recruit neuroblasts to 
the area of infarction.

Since 2007, we have completed the following projects to study 
mechanisms regulating the cell migration and the cell turnover 
in the OB as well as neuronal regeneration in animal models of 
brain injuries.

Mechanisms of adult neurogenesis and neuronal regeneration 
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　I would like to understand how newborn cells migrate 
towards their destinations to regenerate brain cells.  I 
would also like to develop a strategy to promote neuronal 
regeneration after injury.  Recently, much attention has been 
paid to the transplantation of neural cells derived from various 
stem cells such as iPS cells, as a promising approach to 
regenerate injured brain tissue.  On the other hand, this study 
aims to study the endogenous repair mechanisms in the brain 

and develop a new strategy to promote neuronal regeneration 
without cell transplantation.  
　Manipulation of the neural regeneration mechanisms will be 
applicable to developing new therapies of untreatable brain 
diseases, which will reduce medical costs.  It will also promote 
the development of new businesses and increase employment 
in the health care, medical, and pharmaceutical industries.

Ongoing projects in my lab

　This is a unique and interesting program focusing on human 
metabolomic systems biology.  Although I am still not an expert 
in this field, mechanisms of metabolism under physiological 
and pathological conditions are one of the most important 

subjects of future research.  Members and facilities available 
at Keio University and other collaborative Institutes are helpful 
for research and education of human metabolomic systems 
biology. 

1)　 Neurogenesis in the adult zebrafish brain: Dr. Norihito 
Kishimoto, an instructor supported by this G-COE 
program, has characterized the cellular composition 
and function of the rostral migratory stream in the adult 
zebrafish (Kishimoto et al., J Comp Neurol, 2011). We 
have also developed a zebrafish model of traumatic brain 
injury (Kishimoto et al., Disease Models & Mechanisms, in 
press).

2) 　 Neurogenesis in the adult common marmoset brain: In 
collaboration with several researchers in Keio University 
including Dr. Kazunori Nakajima, a core member of this 
G-COE program, we have characterized the cellular 
composition and organization of the subventricular 
zone and rostral migratory stream of neonatal and adult 
common marmoset (Sawamoto et al., J Comp Neurol, 
2011).

3) 　 Role of blood vessels as a scaffold for migrating neurons: 
Dr. Takuro Kojima, a graduate student of Keio University 
Graduate School of Medicine supported by this G-COE 
program, performed live imaging of fluorescently-labeled 
neurons in the cultured brain slices of a mouse model of 
stroke, and found that new neurons use blood vessels as 
a scaffold for their migration towards the injured tissue 
(Kojima et al., Stem Cells, 2010).

4)　  Mechanisms of neuronal turnover in the adult olfactory 
bulbs: We used two-photon microscopy to observe 
neuronal turnover in the olfactory bulbs of live adult mice 
and found a novel sensory-input mechanism for the 
neuronal plasticity and stability (Sawada et al., J Neurosci, 
2011).

5) 　 Mechanisms of glial tube formation: We have found a 
novel mechanisms by which astrocytes form tube-like 
structure that provide new born neurons with the route for 
their migration (Kaneko et al., Neuron, 2010). 

6)　  Mechanisms of neuronal migration in the rostral migratory 
stream of the adult mouse brain: We have studied the 
phenotypes caused by loss-of-function of several genes 
including cyclin-dependent kinase 5 and diversin and 
found that they have distinct functions in the rostral 
migratory stream (Hirota et al., J Neurosci, 2007; Ikeda et 
al., Stem Cells, 2010).

7)　  Mechanisms of planar polarity formation of ependymal 
cells: We have found that the planar polarity of ependymal 
cells is established by the coupling of hydrodynamic 
forces and the PCP signaling (Guirao et al., Nature 
Cell Biol, 2010) and non muscle myosin II (Hirota et al., 
Development, 2010). 

My impressions of the G-COE program

1996 東京大学大学院医学系研究科博士課程修了 
1996 筑波大学基礎医学系助手 
1997 大阪大学医学部助手 
2001 カリフォルニア大学サンフランシスコ校訪問博士研究員 
2003 慶應義塾大学医学部専任講師 
2005 慶應義塾大学医学部特別研究助教授 
2007 名古屋市立大学大学院医学研究科教授（現在まで） 
2007 慶應義塾大学医学部非常勤講師（現在まで）
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 I had a great opportunity as a mentor of fellows and 
graduate students in a G-COE program. I could promote our 
understanding with them about metabolism, especially about 

bone metabolism. Some of graduate students got doctor 
degree by the studies. 

　We could successfully report about the roles of bone 
resorption on bone formation, and that osteoclast-less animals 
showed altered osteoblast differentiation (1). The reactive 
oxygen species (ROS) were known to toxic for cells, however, 
we found that ROS play a physiological role on chondrocyte 
differentiation (2). Previously, we identified and characterized 
dendritic cell specific transmembrane protein (DC-STAMP) as 
an essential molecule for osteoclast and foreign body giant cell 
fusion by generating DC-STAMP knockout mice (3), and we 
clarified that DC-STAMP expression in osteoclasts and foreign 
body giant cell is differently regulated in a transcriptional 
level (4). Bone resorption and bone forming activity is known 
to be paralleled in a coupling manner, however, we found 
that osteoclast cell-cell fusion regulates bone metabolism in 
an un-coupling manner, and that loss of osteoclast cell-cell 
fusion by lacking DC-STAMP resulted in decreased osteoclast 
bone reorption and increased bone formation (5 and Fig. 1). 
We also found that the roles of FoxO3a on myelo-poiesis (6). 
Foxo3a knockout mice showed significantly increased white 
blood cell counts, especially neutrophils, following myelo-
suppression by treatment with chemotherapeutic agents, and 
thus FoxO3a plays a negative role in regulating neutrophil 
development. As mentioned above, we identified DC-
STAMP as an essential factor for osteoclast and foreign body 
giant cell fusion, but, we found that DC-STAMP was highly 
expressed in dendiritic cells, non fusion cells, and played 
roles in dendritic cell antigen presentation (7). Monocyte 
chemoattractant protein-1 (MCP-1) is a chemokine that induce 
monocyte and macrophage migration. We found that MCP-1 
plays a role in osteoclast differentiation and multi-nucleation 
(8). Furthermore, we could clarify novel mechanisms of the 
regulation of osteoclastogenesis and bone metabolism by 

two transcriptional repressors, B cell lymphoma 6 (Bcl6) 
and B lymphocyte induced maturation protein 1 (Blimp1) (9 
and Fig. 2). We found that Bcl6 was expressed in osteclast 
progenitor cells and was downregulated during osteoclast 
differentiation. Forced expression of Bcl6 in osteoclast 
progenitor cells inhibited osteoclast differentiation induced by 
macrophage colony stimulating factor (M-CSF) and receptor 
activator of nuclear factor kappa B ligand (RANKL). In the 
absence of RANKL, Bcl6 was recruited to the osteoclast 
specific gene promoters such as nuclear factor of activated 
T cells 1 (NFATc1), cathepsin K and DC-STAMP, and inhibited 
osteoclast differentiation. Bcl6 deficient mice exhibited 
decreased bone mass with elevated osteoclastogenesis in vivo . 
Bcl6 deficient cells showed increased osteoclastogenesis in 
vitro , suggesting that Bcl6 is a negative regulator of osteoclast 
differentiation. On the contrary to Bcl6, Blimp1 expression was 
induced by RANKL. Osteoclast specific Blimp1 conditional 
knockout (Blimp1 cKO) mice exhibited increased bone mass 
with decreased osteolast formation in vivo . Blimp1 cKO cells 
showed inhibited osteoclastogenesis in vitro , suggesting that 
Blimp1 is required to promote osteoclast differentiation. Since 
Blimp1 cKO osteoclast showed elevated Bcl6 expression, 
Blimp1 is essential to suppress the Bcl6 in osteoclasts 
under a stimulation of RANKL. In osteoclast specific gene 
promoters such as NFATc1, cathepsin K and DC-STAMP, 
Bcl6 was dissociated by RANKL stimulation but was still on 
the promoters in Blimp1 cKO cells even in the presence of 
RANKL. Thus, RANKL-BlimpI-Bcl6-osteoclast specific gene 
axis is crucial in regulating osteoclast differentiation and bone 
metabolism. Indeed, increased bone mass seen in Blimp1 
cKO mice was restored by crossing them with Bcl6 deficient 
mice. 

　In addition to these research works, I could also have 
educational opportunities to under graduate student or foreign 

fellows. These experiences are really wonderful for me.

Bone metabolism and cell differentiation 

Overall

Summary of our research activity

Impression of the G-COE program
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Fig.2

Fig.1

1994 年 熊本大学医学部卒業。熊本大学医学部整形外科入局。 
1997 年  熊本大学医学部大学院医学研究科博士課程入学。骨代謝研究開

始する。 
2001 年  熊本大学医学部大学院医学研究科博士課程修了。医学博士の

学位を授与される。また、学術振興会特別研究員（PD）に
採択され、引き続き骨代謝研究に従事する。2002 年に慶應
義塾大学医学部へ異動し、2004 年まで PD として研究を継
続する。 

2004 年   慶應義塾大学医学部整形外科特別研究助手、2006 年同特別
研究講師、2008 年より特任准教授として現在に至るまで骨
代謝の基礎ならびに臨床研究にたずさわっている。
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