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cept that the visceral endoderm participates in the develop-
ment and organization of blood islands [7]. Mesoderm/endo-
derm recombination experiments suggest that these signals
act during early gastrulation and are diffusible [5].

Yolk-sac blood islands were first observed in the early
1900’s [8]. Detailed light and electron-microscope studies
have been performed in several mammalian species, includ-
ing mouse [9,10] and human (see below). In the mouse,
presumptive blood islands, known as mesodermal cell
masses or angioblastic cords, arise from proximal mesoder-
mal cells in the visceral yolk sac between E7 and E7.5 (Fig.
1). Blood islands are bordered by visceral endoderm cells
facing the yolk-sac cavity and the single cell layer of me-
sothelium facing the exocoelomic cavity (Fig. 1). Between
E8.0 and E9.0, the cells comprising the outer layer of the
blood-island cell aggregates assume a spindle shape as they
differentiate into endothelial cells. The vast majority of the
inner cells progressively lose their intercellular attachments
as they differentiate into primitive erythroblasts [9].

The synchronous temporal and intimate spatial appear-
ance of blood cells and endothelial cells in yolk-sac blood
islands has led to the concept of a common “hemangioblast”
precursor for the blood and endothelial lineages. Recent
studies with cells from chick embryos and with embryonic
stem (ES) cells have led credence to this concept. In the
avian embryo, mesoderm cells expressing the vascular en-
dothelial growth factor (VEGF) receptor-2 (

 

flk-1

 

) differenti-
ate in vitro into endothelial cells in the presence of VEGF or
into hematopoietic cells in the absence of VEGF [11]. Mu-
rine ES cells cultured as embryoid bodies in vitro contain
blast colony-forming cells that form both endothelial and
hematopoietic cells upon secondary replating [12]. The ab-
sence of yolk-sac blood islands in mutant mouse embryos
lacking 

 

flk-1

 

 provides further evidence suggesting that en-
dothelial cells and blood cells originate from a common pre-
cursor cell [13]. However, no in vivo proof of a clonal rela-

tionship between endothelial cells and hematopoietic cells
has yet been presented.

 

Primitive erythropoiesis originates in the yolk sac

 

Soon after their initial development in yolk-sac blood is-
lands, primitive erythroblasts enter the newly formed vascu-
lature of the embryo proper. There they continue to divide
for several days (Fig. 2), as evidenced by mitotic cells in the
bloodstream [14], thymidine incorporation studies [15], and
cell-cycle analysis [16]. Primitive erythroblasts differentiate
within the bloodstream, gradually accumulating increasing
amounts of hemoglobin and becoming progressively less
basophilic [10]. Hemoglobin synthesis directed by stable
globin transcripts continues until cell replication ceases
[17,18]. Primitive murine erythroblasts continue to divide
until E13, at which point they reach their steady-state hemo-
globin content of 80 pg/cell, nearly four times the amount of
hemoglobin found in adult erythrocytes [19].

Initial studies using electrophoretic methods to separate
hemoglobins indicated that primitive erythroblasts and adult
erythrocytes express different hemoglobins and that adult-
type hemoglobin accumulation coincides with the appear-
ance of enucleated fetal liver–derived erythrocytes [20]. Sub-
sequent studies of separated globin chains confirmed the
finding that primitive erythroblasts initially synthesize em-
bryonic globins and indicated that they later synthesize
adult globins [8,21]. This switch in globin synthesis occurs
in all yolk-sac erythroblasts examined by specific antibod-
ies directed against embryonic and adult hemoglobin [21].

Primitive murine erythroblasts attain a mean cell volume
of 465–530 fL ([22]; Palis, unpublished data), earning for
them the name of megaloblasts. As megaloblasts differenti-
ate in the bloodstream, there is progressive nuclear conden-
sation [20]. Enucleated “megalocytes” having the same size
and hemoglobin content as nucleated yolk-sac erythroblasts
are first evident at E13 [14]. These cells are thought to be de-
rived from yolk-sac erythroblasts that have undergone enu-
cleation, since they are threefold larger than the fetal liver–

Figure 1. Development of yolk sac blood islands in the mouse embryo
between E7.5 and E9.5. Yolk sac blood islands form between the single
cell layer of endoderm cells (E) and mesothelial cells (open arrow). Blood
islands develop from undifferentiated mesoderm cells (E7.5, closed arrow)
that give rise to inner blood cells surrounded by an outer endothelial lining
(E9.5, closed arrow).

Figure 2. Cytospin preparation of circulating mouse blood cells at E10.5.
The vast majority of cells are differentiating primitive erythrobasts, some
still in mitosis (arrow). Rare macrophage cells (m) are also present.

Palis and Yoder. Experimental Hematology, 2001 
Gracia and Larina frontiers in Physiology 2014 
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Lineage Tracing and Identifying Long-Term 
Hematopoietic Stem Cell 

Peripheral BloodBone Marrow

Mac1

G
r1

Mac1

G
r1

B220

C
D

43

B220

C
D

3
PDGFRA-EYFP+ PDGFRA-EYFP+

26.0

2.6 66.0

5.4 75.0

6.5 10.0

8.5

80.0 5.1

0.9 14.0

23.0 2.0

22.0 53.0

PDGFRA-EYFP+ PDGFRA-EYFP+

FS
C

-A

PDGFRA-EYFP

Bone Marrow
18.0 34.0

BM PB

Th
ym
us

Sp
lee
n

0

10

20

30

40

50

D
on

or
 C

hi
m

er
is

m
 (%

)

1ry BM Transplant 

BM PB

Th
ym
us

Sp
lee
n

0

10

20

30

40

50

D
on

or
 C

hi
m

er
is

m
 (%

)

2ry BM Transplant 

R26EYFP

PdgfraCreERT2

X

Embryonic days

2
.5

0
.5

4
.5

6
.5

8
.5

1
0
.5

11
.5

9
.5

1
8
.5

1
9
.5

Tamoxifen C-section

PdgfraCre;
R26EYFP

BM
Cells

PDGFRA-EYFP / DAPI
CD45

(i) (ii)
(iii) 9.5Gy

Irradiation



Blood Vasculature Formation 

Vasculogenesis: Formation of  new blood vessels 

Angiogenesis: Formation of  blood vessels from a  
      pre-existing vessels 



Extra Embryonic Blood Vasculature Formation 



Blood Vasculature Formation 
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Signalling involve Vasculature Formation 



Identifying Vascular Stem/Progenitor Cells  
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MESODERM
One of the three layers of cells 
in the early embryo that, 
together with the endoderm 
and ectoderm, provides the 
source of all subsequent cell 
types that appear during 
embryogenesis. Mesoderm 
gives rise to the skeletomuscular 
system, connective tissues, 
blood, and internal organs such 
as the heart.

PRIMITIVE STREAK
A transitory embryonic 
structure, which is present as 
a strip of cells, that pre-figures 
the anterior–posterior axis 
of the embryo. During 
gastrulation embryonic cells 
progress through the streak.

GASTRULATION
A crucial process in 
embryogenesis when major 
cellular movements lead to the 
involution of cells through 
the primitive streak, and 
subsequently give rise to the 
internal organs. As a result, 
the embryo contains three cell 
regions or germ layers: a middle 
layer of mesoderm surrounded 
by an outer layer of ectoderm 
and an inner layer of endoderm.

PHARYNGEAL MESODERM
The mesoderm that is situated 
below the head in the pharynx, 
which is the part of the embryo 
where the developing 
respiratory and digestive 
systems are present.

CHICKQUAIL GRAFT
An experimental approach to 
studying cell fate that is based 
on the ability to distinguish 
between chick and quail cells 
and on the similar embryonic 
development of the two species. 
Cells can be transplanted from 
one to the other in ovo and their 
subsequent contribution to the 
developing embryo monitored.

the chick embryo9–12. These different views probably 
partly reflect the technical limitations of earlier exper-
iments, and the available evidence indicates that 
pre-patterning in the primitive streak is better described 
as a tendency of cells to contribute to specific regions of 
the heart1. Studies in mice also indicate the absence 
of early segmental regionalization13; clonally related 
myocardial cells are dispersed along the length of the 
heart tube as it begins to loop.

As the cardiac tube grows, chambers begin to form 
by expansion of the myocardium (FIG. 1d). This might 
involve differential cell growth at the outer curvature of 
the cardiac tube14,15, whereas orientated cell growth is 
probably important in shaping the chambers16.

Identification of novel heart fields
In addition to growth of myocardial cells within the 
cardiac tube (and possibly of rare undifferentiated 
cells17), studies in the chick6,8 and mouse18,19 indicated 
that further recruitment of heart progenitor cells occurs 
at the poles of the tube. Here we discuss more recent 
findings that characterize the sources of such progenitor 
cells. This involves the concept of a heart field, which 
is defined as a discrete embryonic region in which cells 
that have myocardial potential are located.

Heart fields in the chick embryo. The posterior addi-
tion of myocardium to the venous pole, which gives 
rise to the inflow region (FIG. 1), was thought to arise 
from progenitors in the bilaterally separated extremi-
ties of the cardiac crescent4,11. More recently, a distinct 
region of PHARYNGEAL MESODERM was identified by two 
groups as the source of outflow-tract myocardium in 
the chick embryo20,21. Ablation of the cardiac crescent 
did not completely abolish formation of the cardiac 
tube, and explant experiments, CHICKQUAIL GRAFTS and 
fate mapping showed the location of a second source of 
myocardial cells in the pharyngeal mesoderm.

Perhaps because of the different experimental 
approaches, conclusions about the precise location of 
this second source of progenitors differed between the 
two groups concerned (FIG. 3a). One group described it 
as the ‘secondary heart field’, which is situated imme-
diately adjacent and posterior to the outflow-tract 
region behind the heart tube21, whereas the other 
identified an ‘anterior heart field’, which includes more 
cranial pharyngeal mesoderm that extends into the 
PHARYNGEAL ARCHES20.

Heart fields in the mouse embryo. Studies in mice 
also led to the identification of an anterior heart field 
as a source of outflow-tract myocardium22. This was 
revealed by using a lacZ transgene under the control 
of regulatory elements of the Fgf10 gene (fibroblast 
growth factor 10), which resulted in lacZ transcrip-
tion in part of the pharyngeal mesoderm. Cells that 
had expressed the transgene were shown to contribute 
to the myocardium at the arterial pole of the heart. 
This was confirmed by DII LABELLING. A contribution 
of this anterior heart field to right-ventricular as 
well as outflow-tract myocardium was shown more 
recently by explant experiments and further Di-I 
labelling studies23. These studies also showed that 
the early cardiac tube in the mouse embryo has an 
essentially left-ventricular identity23.

The murine anterior heart field is located ante-
riorly and also dorsally to the cardiac tube (FIG. 3b). 
At the cardiac-crescent stage, cells that are marked by 
the Fgf10–lacZ transgene lie medial to the crescent 
on either side of the midline. As morphogenesis pro-
ceeds, the sides of the crescent move to the midline, 
placing these labelled cells in the dorsal mesocardium 
behind the fusing heart tube. They are in contact with 
the dorsal surface of the tube, which will become the 
inner curvature as the heart loops. Some labelled cells 
also come to lie more anteriorly. The apparent location 

Figure 1 | Morphogenesis of the mouse heart. a | Myocardial progenitor cells originate in the primitive streak (PS), from where 
they migrate to the anterior of the embryo at about embryonic day E6.5. b | These cells come to lie under the head folds (HF) 
and form the cardiac crescent, where differentiated myocardial cells are now observed (E7.5). c | The early cardiac tube forms 
through fusion of the cardiac crescent at the midline (ML) (E8). d | It subsequently undergoes looping (E8.5). e | By E10.5 
the heart has acquired well-defined chambers, but is still a tube (upper panel, ventral view; lower panel, dorsal view). f | In the 
fetal heart (E14.5) the chambers are now separated as a result of septation and are connected to the pulmonary trunk (PT) and 
aorta (Ao), which ensure the separate pulmonary and systemic circulation of the blood, respectively, after birth. Deoxygenated 
blood enters the heart through the right atrium (RA) and is pumped to the lungs through the pulmonary trunk by the right 
ventricle (RV). Oxygenated blood returns to the left atrium (LA) and is pumped by the left ventricle (LV), through the aorta, to the 
systemic circulation that serves the whole body. Anterior (A)–posterior (P) and right (R)–left (L) axes are indicated. AA, aortic arch; 
AVC, atrioventricular canal; IFT, inflow tract; IVC, inferior vena cava; IVS, interventricular septum; OFT, outflow tract; PLA primitive 
left atrium; PRA, primitive right atrium; PV, pulmonary vein; SVC, superior vena cava; Tr, trabeculae.  
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Morphogenesis of  the Mouse Heart 
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Developmental Origins and Cell Differentiation 
of  the Mouse Heart 



Possible Developmental Origins of Coronary 
Endothelium 

Monte and Harvey Cell 2012
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Tissue Repair and Regeneration 
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“The ultimate goal of tissue regeneration is to rebuild the 

functional tissue that closely resembles its original state, not just 

to improve its function transiently”  

The Reactivation of Development in Later Life to Restore 
Missing Tissues Regeneration  

Understanding and Unlocking Secrets of a  Developing 
Organ During Embryogenesis  May Help Designing 

Novel  Tissue Regeneration Protocols 




