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発生生物学

Langman's Medical Embryology



Developmental Biology



発生生物学の２つの
大テーマ

•分化（Differentiation）

•形態形成（Morphogenesis)



分化

Epigenetic landscape
(Waddington)

iPS

一種類の細胞から体のすべての組織を作れる



形態形成

Langman's Medical Embryology



形態形成のしくみ

• モルフォゲン

• 細胞増殖ー細胞死

• 細胞運動

• 細胞接着



Morphogen gradient

FGF8 in mouse limb bud

SHH in chick neural tubeGilbert "Developmental Biology"



「発生４種の神器」

• FGF (Fibroblast growth factor)

• BMP (Bone Morphogenetic Protein)

• Shh (Sonic Hedgehog)

• Wnt



細胞増殖ー細胞死

Langman's Medical Embryology



細胞運動

http://faculty.virginia.edu/shook/ShowMovies/index.htm

• 原腸陥入

• 神経管形成



細胞接着ー細胞選別

Gilbert "Developmental Biology"



発生生物学の歴史

• 記載

• 進化との関連

• 実験発生生物学

• 分子生物学



記載

レオナルド・ダビンチ
"Views of a Fetus in the 

Womb"
1510-1512

アリストテレス 

(384-322 B.C.)
「動物誌」



進化との関連

Ernst Haeckel
(1834-1919)

反復説 > ベーアの法則



実験発生生物学

シュペーマン(1869-1941) マンゴールド(1898-1924)



発生遺伝学

Eric Wiechaus
Nobel Prize, 1995

Eric Wieschaus

Figure 2. Phenotypes of Mutations  affecting  segmental pattern. The size and spacing of the pattern deletions in

mutant embryos at the end of development allows extrapolation back to requirements for gene activities at

blastoderm  stage. Segmentation genes can be grouped into threi:  classes: mutations in gap genes show large

contiguous deletions in the pattern, mutations in pair-rule genes  show pattern deletions spaced at double

segment intervals, and mutations in segment polarity genes cause pattern deletions in each segment. One

example is shown for each class.

One of the most striking features of the Heidelberg mutant collection was
the restricted nature of the phenotypes. For a given line, certain cell types or
regions are affected in the mutant embryo, other cell types and regions are
normal. This phenotypic specificity was reinforced by molecular data once
the various Heidelberg genes had been cloned. Most genes show highly regu-
lated patterns of expression such that transcripts accumulate only in those
regions and cell types where they are needed. Defects associated with a given
mutant stock were generally different from those of other stocks, and expres-
sion patterns show a corresponding diversity. The two observations together
suggest that most of the genes play unique roles at morphologically distinct
steps in development.

Mutants usually affect areas of the embryo, rather than specific cell types.
These areas generally do not correspond to obvious subdivisions and could
not have been predicted based on morphological considerations alone.
Obvious examples of these regional specificities are provided by the genes
affecting segmentation: one could not have predicted the domains of gap
gene expression, the existence of pair rule phenotypes, or the precise struc-
tures duplicated in segment polarity mutants. Because the region affected by
a particular gene ultimately gives rise to a variety of different cell types, the
genes seem to define positions or spatial coordinates, rather than tissues or
organs.



"Developmental Biology"

Development 124, 
4867-4878 (1997)

FGF10 FGF10 KO

Nat Gen. 21, 138- (1999) Dev Dyn 219:121-130 (2000)

Review



情報爆発

Development 133, 1611-（2006）



この情報の山から
現象を理解できるのか？



反応拡散系

u� = f(u) + D∆u



•基礎方程式の不在＞現象論的モデル
•方程式が非線形＞（普通）解析解が存在しない＞
数値計算の必要性

•どのクラスのモデルが適当か？ Computational - 

Mathematical

計算科学との関連



実験: ~100 変数
理論: 1-3 変数

どう対応をつける？



例１：
肺の枝分かれ形成



ヒト肺の枝分かれ形成

Langman’s medical embryology



ヒト肺の枝分かれ形成

Langman’s medical embryology



組織の種類

• Epithelium - interface

• Mesenchyme -inside



器官培養系

0 h 48 h



器官培養系



肺発生に関わる遺伝子

Dev Dyn 219:121-130 (2000)

Development 133, 1611-（2006）



複雑すぎる

最も単純な実験系から
始める



上皮の単離培養

1.0 unit/ml 
dispase, 
15 min.

50% Matrigel 
solution in 
DMEM/F-12

 37 oC,  30 
min.

Culture for 48 hrs
Gel flattened by 
the addition of 
culture medium

Isolate lung 
epithelium

Ito & Nogawa, Development 121(4) 1015-22 (1995) 

Dissection

+FGF



上皮の単離培養



FGFがないと枝分かれが起きない

10 ng/ml FGF1 100 ng/ml FGF1

Development 121(4) 1015-22 (1995) 



細胞外基質の分解によって
嚢胞状の形態になる

Control 2 µg/ml collagenase I



肺の上皮はFGFのある方に成長する

Development 124(23) 4867-78 (1997) 



枝分れパターンは最初から
決まっているのか？

Cell 96, 225-233 (1999)



B: dynamically 
determined

A. predetermined

枝分れパターンは最初から
決まっているのか？



遮蔽効果
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枝分れのできる原理は？
↓

別の系に学ぶ



無生物で
枝分れを起こす系



バクテリアコロニーの
パターン形成

低栄養下でバクテリアのコロニーが
様々なパターンをつくる

松下貢先生
（中大）



三村モデル

三村昌泰先生（明大）

Mimura et al., Physica A 249, 517- (1998)



“突起の部分が早くのびる”



• FGF = 栄養

• 肺の上皮細胞=バクテリアの細胞密度

対応が薄々見える



FGF欠乏モデル
• 細胞密度　c(x, y, t)

• FGF 濃度 n(x, y, t)

• 細胞はFGFを消費して成長する

• FGF はゲルの中を拡散する

• 細胞は一定の細胞密度を保つように動く



定式化（離散モデル）
c(x, y, t + 1) − c(x, y, t) = pf(c(x, y, t), n(x, y, t)) + d1J(c)

n(x, y, t + 1) − n(x, y, t) = −f(c(x, y, t), n(x, y, t)) + d2∆(c)

∆(n) = n(x + 1, y, t) + n(x − 1, y, t)

+ n(x, y + 1, t) + n(x, y − 1, t)

− 4n(x, y, t)

J(c) = ∆(Φ(c − c0))

Φ(x) =

{

0 (x < 0)
x (x ≥ 0)



数値計算

f(c, n) =
5cn

1 + 3n
, p = 1.0

d1 = 4.0, d2 = 1.7

n0 = 0.5, c0 = 1.0



Slight protrusion

Higher FGF 
concentration

Growth

直感的説明



FGFは消費されているか？

Cy3-labeled FGF1

FGF1 immunohistochemistry

FGF distribution in 
numerical simulation



遮蔽効果の抑制
Simulation Experiment

Low FGF

High FGF



FGFの濃度変化による
形態変化

500 ng/ml FGF1

100 ng/ml FGF1



細胞外基質の分解と
嚢胞構造形成

Control

Collagenase(+)

d2=1.7

d2=4.0

Experiment Simulation FGF-Cy3 beads



生体内のメカニズムは
まだよくわかっていない

fgf10

shh bmp4

Expression control

Morphological change

b

shh, bmp4

fgf10

a

Mesenchyme Epithelium

Curr Top Dev Biol, 81, 291-301 (2008)Dev Cell 18, 8- (2010)

Regulation of Epithelial Cell Proliferation
during Branching Morphogenesis
It is clear from the above discussion that no one signaling
component—Shh, FGF9/10, Wnt2/7b, or Bmp4—is a master

regulator of lung development. Rather, they work together as
a team to control downstream effectors such as Nmyc, Etv4/5,
Erk1/2 (Mapk3 and Mapk1) and p38 (Mapk14) (Goss et al.,
2009; Liu et al., 2008; Shu et al., 2005). Additional factors in
this regulatory network are still being identified, including micro-
RNAs (miRNAs). Deletion of Dicer from the epithelium inhibits
lung development (Harris et al., 2006) and the miR17-92 cluster
promotes early distal progenitor proliferation, possibly by con-
trolling factors that regulate cell division (Lu et al., 2007; Ventura
et al., 2008). Identification of more regulatory miRNAs will
certainly expand our understanding of the regulatory networks
in the lung.
In the E12.5 lung the proportion of cells that incorporate BrdU

during a short pulse is higher in the distal compared with prox-
imal epithelium (Okubo et al., 2005). Epithelial cells in mitosis
are localized throughout the growing buds. Surprisingly, their
precise location in relation to distance from the bud tip, and their
plane of division relative to the axes of the branch and sites of
budding, has not yet been quantified in vivo. One question that
needs to be resolved is whether initial bud formation requires
a localized increase in cell proliferation. Such an association
has not been seen in other budding systems. For example, in
the Drosophila tracheal system, initial placode invagination
occurs without cell division (Affolter and Caussinus, 2008). The
budding of lung endoderm in response to exogenous FGF also
occurs without localized cell division in vitro (Nogawa et al.,
1998). Therefore it seems likely that bud initiation involves
primarily changes in cell shape and cell-cell organization
in vivo (Liu et al., 2004).

Changes in Cell Behavior Associated with Bud
Elongation and Bifurcation
During branching morphogenesis the lung buds undergo repet-
itive cycles of four processes: bud elongation, cessation of
outgrowth, expansion of the tip, and bifurcation (either planar
or orthogonal) (Metzger et al., 2008). These processes are
associated with dynamic changes in the localization of FGF10
transcripts in the mesoderm, in the expression level of genes
such as Bmp4 in the endoderm, and in the deposition of extra-
cellular matrix molecules (Figure 3). Surprisingly, we still know
relatively little about the cellular mechanisms involved in lung
bud morphogenesis. Clues about potential mechanisms used
to drive the process of elongation come from studies on kidney
morphogenesis, in which both convergence extension (the align-
ment of cells along one axis) and changes in the plane of cell
division are used to modulate the length and diameter of epithe-
lial tubes at different stages (Karner et al., 2009; Yu et al., 2009).
Defects in these processes as a result of mutations in Wnt genes
lead to abnormal tube morphologies and epithelial ‘‘cysts’’
similar to those frequently described in mutant lungs. When
driven by Wnt ligands, alterations in cell polarity within a planar
sheet (planar cell polarity or PCP) involve the noncanonical
pathway, including Rho-GTPase and Jun kinases (JNK) (Klein
and Mlodzik, 2005; Segalen and Bellaı̈che, 2009). Several Wnts
are expressed in the developing lung (Figure 2) and attenuation
in their levels leads to abnormal morphogenesis. This is particu-
larly striking in the case of Wnt5a (Li et al., 2002). Changes in
gene expression have been described in these mutant lungs
that may be mediated through the canonical Wnt pathway

Figure 2. Schematized Depiction of Distal Buds at the
Pseudoglandular Stage
(A) Fgf10 in distal mesoderm acts on the epithelium through the Fgfr2IIIb
isoform to promote cell proliferation and budmorphogenesis, possibly through
different downstream pathways. Signaling through Tgfbr2 in the mesoderm
inhibits Fgf10 expression (Li et al., 2008a). RA expressed in a gradient in the
mesoderm, with highest levels proximally, also inhibits Fgf10. Fgf9 made in
the mesothelium and epithelium promotes the proliferation of Fgf10-express-
ing mesenchymal cells that express Fgfr2IIIc, and inhibits the expression of
Bmp4 and noggin in response to Shh.
(B) Epithelial Shh promotes proliferation and expression of Bmp4 in the
mesenchyme, as well as inhibits Fgf10 expression and upregulates
hedgehog-interacting inhibitory protein (Hhip). The phenotype of Shh null
lungs is partially rescued by deleting Gli3, suggesting that the repressor
form of Gli3 (Gli3R) functions in the mesenchyme to inhibit proliferation and
to regulate Foxf1.
(C) Absence of Wnt7b results in lungs that are small but almost normally
proportioned. Wnt7b regulates the expression of Bmp4 and Idb2 in the
epithelium through independent pathways and promotes proliferation of the
mesoderm through Axin2 and Lef1 (Rajagopal et al., 2008; Shu et al., 2002).
Loss of Wnt2 results in significant lung hypoplasia due to decreased prolifer-
ation in both epithelial and mesenchymal compartments (Goss et al., 2009).
Wnt5a is expressed in both endoderm and mesoderm.
(D) Bmp4 is transcribed in distal epithelium and in the mesoderm with highest
levels around bud stalks. Bmp5 is expressed in mesoderm. Bmpr1a is
expressed in both the epithelium andmesenchyme, while Bmpr1b is restricted
to the proximal epithelium. The level of Bmp4lacZ in the epithelium increases as
the bud elongates, suggesting a role in limiting this process (Weaver et al.,
2000). Moreover, addition of Bmp4 to buds in culture inhibits their directed
outgrowth toward a source of Fgf10 (Weaver et al., 2000). Conversely, deletion
of Bmpr1a in the epithelium reduces proliferation in vivo and inhibits the ability
of epithelium to bud in response to Fgf in vitro. The precise response of cells to
Bmps likely depends on the level of ligand, the activity of other signaling path-
ways, and cell type. Bmps likely play additional roles in later lung development
and postnatally (Alejandre-Alcázar et al., 2007).

Developmental Cell 18, January 19, 2010 ª2010 Elsevier Inc. 11

Developmental Cell

Review



まとめ１
• 培養肺上皮の枝分かれ構造形成は反応拡散系を
用いたモデルで理解できる

• 実際の分子がモデルに入っていると実験的検証
ができる

• 生体内の、上皮間葉間相互作用による枝分かれ
形成のメカニズムはまだよくわかっていない



例２：
頭蓋骨縫合線形成



頭蓋骨の縫合線のパターン形成

新生児 成人

前頭縫合



組織

硬膜

Pericranium未分化な間葉組織

３週齡マウス矢状縫合



機能：頭蓋骨の成長



頭蓋骨早期癒合症

Child’s Nerv Syst (2000) 16:645–658

Crouzon syndrome - FGFR GOF mutation



湾曲の機能：縫合線の強度

J Biomechanics 23(4) 313-321 
(1990)



フラクタル構造

J. Morphol. 185. 285- (1985)



Eden 衝突モデル

Prof S. Miyajima, FORMA 19, 197-205 (2004)



基本的な問題

• 未分化な間葉組織が一定幅で維持されて
るのはなぜか？

• 縫合線組織が湾曲するのはなぜか？



関わっている分子
• FGF2, FGF18, 

FGFR1-4

• BMP4, Noggin, TGF 
beta 1,2,3

• Osteopontin, Osterix

• Twist, Msx2, Alx4, 
Runx2, Foxc1 Dev Dyn 233:847-852, 2005



似てるけど対応が
わからない系

PRL 72(15) 2494- (1994)



モデル化戦略

• モノが多すぎる＞どう
単純化するか？



分類
Promote Inhibit

Bone Runx2, Osterix -

Mesenchyme FGF2, FGF18, BMP4 Noggin, Twist

Differentiation

Localization



• Stabilizing factors

• Substrate molecules

Promote Inhibit

Bone Runx2, Osterix -

Mesenchyme FGF2, FGF18, BMP4 Noggin, Twist

Differentiation

Localization



• 安定化因子の作用によって，組織には二つの安定な状態がある。一つは骨 

(osteocyte, u>0) 、もう一つは未分化な間葉組織（mesenchyme, u<0）である 。

• 未分化な間葉組織は基質因子を分泌する

• 基質因子は骨分化を促進する

u: 組織の分化度

v: 基質因子

Mesenchyme
Osteocyte

Substrate molecule

+



支配方程式
細胞運動？
安定化因子
の拡散？

基質因子の拡散基質因子の産生 減衰

ベースの基質
因子作用

安定化因子の作用
基質因子の作用

飽和

u
′ = u − u

3 + a1v + a0 + ∆u

v
′ = −a2u − a3v + d∆v



組織の幅の維持

定常解

圧縮された場合

引き延ばされた場合



なぜ一定間隔になるのか？

• 引き延ばされた場合：間の間葉組
織が産生する基質因子が増加する
ので骨分化が進む

• 二つの界面が近づいた場合：間の
間葉組織が減るために基質因子の
産生が減って脱分化が起こる



縫合線の湾曲：初期状態

• 未分化な間葉組織が細い線として存在する

• 基質因子が未分化な間葉で産生されている

分化度 基質因子の濃度
（白い部分が高い値を表す）



パターン形成

分化度 基質濃度



なぜパターン形成が起こるのか？

• 組織が一定幅に保たれる+「突出部が早
くのびる」傾向による界面の不安定化

周囲の未分化な間葉が多い＞
基質因子の濃度が高い＞分化
が進む＞さらに突出する

分化度
数理解析：

Physica D 34, 115- (1989)



骨端の退縮

4 days 7 days



破骨細胞の活性
• 3W mouse skull 

TRAP stain

Sagittal suture

Posterior frontal suture

Coronal suture



「出芽」の存在



実際の標本での出芽



a0 によるパターンの変化

a0 = 0.05

a0 = 0.1

a0 = 0.2

t = 0

u v

t = 1000



三次元構造

Superficial Deep
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硬膜から分泌される基質因子

FGF2 FGF18

Surface

Deep



実験的に a0 を増加させた場合

Wt FGFR2c GOF Het



更に複雑な構造
Human lambda suture

入り組んでいてさらに一本線でできている



前述のモデルでは
迷路パターンになってしまう

• 出芽が多すぎる...



パターンを一本の線に
するにはどうするか？



実際のパターン形成の観察
• 間葉組織の繊維化が進む＞拡散係数の
変化？

• 年齢とともに縫合線の組織が細くなる

新生児 成人



時間依存パラメータ

u
′ = u − u

3 + a1v + a0 + h(t)∆u

v
′ = ε(−u − v) + h(t)δ∆v

h(t): Exponential decreasing function with t



シミュレーション

• 一本の線に出来る



フラクタル次元



直感的説明

Spatial scale

Time

Koch 曲線



Summary II

• 頭蓋骨縫合線組織のパターン形成を2変
数の反応拡散系で定式化した．

• 部位による形状の違いやFGFのシグナル
入力による違い，フラクタル構造の形
成等を説明できる



Coda.



J. Murray "Mathematical Biology"



‘‘Well, the stripes are easy but 
what about the horse part?’’

F. Crick, 1972



• 「パターン形成」研究の限界

• 生物の形の定義（Horse part）

• 形を作るやり方との関連



レポート課題
• 自発的に枝分かれ構造が作られる系を一つ選
び、それがどのようにできるか簡単に説明し
なさい

• その他、講義の感想を自由に書いてください

締切　5/2（月）
提出先：前回同様


