
CHAPTER 6 

How Is the Branching of Animal Blood 
Vessels Implemented? 
Sybill Patan 

The Blood Circulatory System: Tree Analogy versus Network Concept 

F or centuries, the cardiovascular system of animals has been described as a branching tree 
with the heart in its very centre.^ Although this description dates back to Galen^ 
(c. 130-200 A.D.), and structural similarities with trees are obvious, it has to be empha­

sized that, unlike a tree, the animal blood circulation does not contain blind ending branches. 
The discoveries of Harvey (1578-1657) and Malpighi (1628-1694) demonstrated that the 
blood circulation, especially when studied at light microscopic dimensions, forms a "closed 
system" of circuits in which every single blood vessel is continuous with another one. Arterial 
vessels leave the heart, branch, and connect through a capillary network to corresponding veins 
that drain the blood back to the heart. It is therefore more appropriate to understand the 
circulatory system as a network of conductive units of varying sizes. 

Given the structural similarities with branching trees, it has been suggested that the growth 
of the cardiovascular system follows a mode in which tiny tubules in the size range of capillaries 
"sprout" from existing "mother" vessels. These sprouts, which form new vascular branches, 
then grow in length until they meet another vessel to which they connect. This process allows 
for the establishment of flow between both preexisting vessels.^'^ It is, however, still not clear 
how the growth of sprouts is directed towards one another so that their fusion is possible. The 
sprouting mechanism can thus only be of physiological benefit within a network in which the 
distribution of blood vessels is already quite dense. If the sprout deviates only a few degrees 
from its closest vessel, the chances for a successful connection are minimal. In addition, since 
the critical step for the elongation of sprouts is mitosis of endothelial cells, it will take time 
until a sprout invading an avascular region of tissue meets another vessel to establish the circu­
lation. Only after the onset of the blood perfusion will the nutritional supply of the previously 
avascular compartment begin. Does an alternative mechanism exist to allow faster and more 
efficient expansion of the vascular network? To answer this question, we have to review current 
concepts of vascular morphogenesis in general. 

Mechanisms of Blood Vessel Formation, Network Growth, and 
Remodeling What Is Their Relationship to the Branching Process? 

The cellular mechanisms that are responsible for the establishment, growth, and functional 
organization (remodeling) of the circulatory system in animals (a) cause the de novo formation 
of a network pattern and (b) are suited to expand and adapt this network to match the physi­
ological needs of growing tissues and organs. In the embryo, a simple uniform network of tubes 
of similar sizes is formed initially by the mechanism of vasculogenesis. Endothelial- and blood 
cells differentiate in situ from mesodermal precursor cells in a pattern of islands (termed "blood 
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Figure 1. Sprouting- versus intussusceptive concept of vascular morphogenesis. Network expansion by 
insertion of a new blind-ending tubular branch (sprout, long arrow) inside a branching point (tissue 
between branches) by out-migration of endothelial cells from the wall of a "mother" vessel. Sprouts thus 
randomly divide branching points inside the network. Network expansion by insertion of a new pillar 
(branching point) inside an existing branch, which divides the latter into two segments (branches) 
according to intussusceptive microvascular growth (short arrow). The pillar has a constant distinct 
ultra-structure ("pillar core") to guarantee for the stabilization of the network. Branching points within 
the network and pillars, white areas; blood vessel lumens, grey areas. 

islands"). The endothelial cells line these blood islands (the 3-dimensional organization of 
which is one of connected tubular branches), while the free blood cells fill their lumens. The 
latter will begin to circulate after the heart has started to function.^' 

Because primitive vascular networks grow denser and become more extended to reach so-far 
nonvascularized tissues and organs during subsequent development, new tubular branches have 
to be added to the system. This process is referred to as angiogenesis. The existence of angio-
genesis implies that new branching points between these tubular segments must be established. 
Angiogenesis by endothelial sprouting involves migration of single endothelial cells to leave the 
wall of the "mother" vessel, endothelial proliferation to replace the migrating cells, and finally 
assembly of the latter to form new tubes, which consequently "branch out" of existing ones. ' 
Branching points thus refer to tissue remnants between the growing and forming sprouts. On 
the other hand, network expansion and remodeling can also be achieved by the insertion of 
new branching points within the tubular branches of the network. The analysis and recon­
struction of serial sections has revealed that these branching points correspond to tissue col­
umns and possess a specific ultra-structure that is important for the stabilization of the net­
work. ̂ '̂̂  This process permits growth "within itself", i.e., it follows an intussusceptive* 
mechanism. One important difference between the sprouting- and the intussusceptive concept 
of angiogenesis is therefore the formation of branches versus branching points to accomplish 
vascular network growth and remodeling (Fig. \)}^'^^ 

Simultaneously with its growth and expansion, the network has to remodel to achieve an 
adaptation to the physiological needs of the tissue that it supports. Network remodeling means 
the differential growth of the uniform branches formed during vascidogenesis to establish a 
network that contains segments of different sizes (the process is also termed "pruning" ̂ )̂ and 

* Intussusception refers to "growth by deposition of new particles among the existing particles" (Webster's 
Encyclopedic Unabridged Dictionary of the English Language, New York, Portland House, 1989). 
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exhibits a nonuniform distribution of the latter. The addition and deletion of segments (branches) 
is another important characteristic of the remodeling process and is largely achieved by intussus-
ceptive growth.'̂ '̂̂ ^ The importance of network remodeling is emphasized by the fact that the 
main intra-embryonic blood vessels, as the dorsal aortae and the cardinal veins, arise from plex­
uses established by vasculogenesis.'^ Remodeling based on intussusception occurs while 
vasculogenesis is still proceeding. This has been confirmed by the discovery of tiny tissue col­
umns, the landmarks of intussusceptive growth, in the yolk sac circulation of the chicken em­
bryo at an extremely early stage, on day E4.0, during vasculogenesis (Patau, unpublished data). 

What Are the Cellular Mechanisms That Lead to the Fortnatioii of 
Branching Points According to Intussusceptive Microvascular Growth? 

Intussusceptive microvascular growth (IMG) is a mechanism of network formation, growth 
and remodeling that forms an alternative concept to the sprouting model of angiogenesis. It is 
based on the idea that the vascular system expands by dividing the blood vessel lumen into 
subordinate segments (branches) through the insertion of columns of tissue, termed interstitial-
or intervascular tissue structures (ITSs, diameter >2.5 |Xm) and tissue pillars or posts (diameter 
<2.5 nm). ' ' - ' ' - ' ' - ' ' These ' ̂ tissue columns" correspond to branching points of the network, 
since they split the blood circulation in divergent directions. Using video microscopy we have 
demonstrated the existence of tissue pillars, i.e., tiny branching points (diameter often <1 |Llm), 
and their formation in vivo. ̂ '̂"̂ '̂̂ ^ The analysis and reconstruction of sequential serial sections 
provide insight about the three dimensional network architecture as well as the pillar morphol­
ogy and reveal the existence of their precursor stages. The latter technique, together with in vivo 
video microscopy, permits the determination of the cellular mechanisms that lead to pillar- or 
branching point formation and has confirmed the wide spread existence of IMG. '̂̂ '̂̂ -̂̂ ^ 

New pillars or branching points can form in varying ways. Several different mechanisms 
have been uniformly detected in the embrvo,^^'^^'^^ as well as in pathological states in the adult 
organism, as in tissue repair,^^ in cancer,^^ during the recanalization of thrombotic lesions,̂ '̂̂ '̂  
and after myocardial infarctions (Patau et al, in prep.). Others, such as segmentation and appo­
sition (see below) are preferentially related to adult angiogenesis and are based on the existence 
of intra-and extra-vascular fibrin deposits (Patau et al, in prep.).̂ '̂̂ "^ 

Pillar Formation by Folding of the Blood Vessel Wall 
Pillars can separate from the tips of tissue folds that project inside the vessel lumen. Folding is 

initiated by retraction of the endothelial layer of the vessel wall into the adjacent tissue around the 
region of the future fold. The fold is lined by endothelial cells of the lateral vessel wall and con­
tains peri-endothelial cell extensions and collagen fibers within its center. A pillar core forms 
within the intra-luminal tip of the fold during fold elongation. The fold does not contain orga­
nized pillar cores at its initial stages of formation. A pillar core is composed of a collagen fiber 
bundle that can be ensheathed by peri-endothelial cell extensions. The pillar core can also be 
viewed as the core of the fixture branching point. In a next step, the intraluminal tip of the fold 
that contains the pillar core separates to give rise to a free tissue pillar. The latter remains, however, 
connected to the fold at its bottom and its top. Pillar separation occurs based on thinning of the 
fold adjacent to the pillar core to form a thin cytoplasmic bridge composed of the extensions of 
one endothelial cell. Fusion of opposite cell membranes within this extension causes the forma­
tion of a transcellular hole that separates the pillar from its fold. This is followed by endothelial 
cell rearrangement to increase the distance between the pillar and the fold (Fig. 2K)P'^^'^^'^^'^^ 

Pillar Formation by Splitting oflntervasctdar Walls or Larger ITSs and Pillars 
Intervascular walls that separate two adjacent vessels frequendy contain pillar cores, which 

permit their splitting. This is based on thinning and merging of the endothelial layer around 
this core and cell membrane fiision to form two transcellular holes that separate the pillar at 
both of its sides. This process causes fiision of neighboring vessels (Fig. 2B, a-b). 



116 Branching Morphogenesis 

-̂ ^ 
a 

a 

a 

C?' (^ 

b 

Figure 2. Different cellular mechanisms of intussusceptive microvascular growth. The vessels are depicted 
in cross-section, pillars (or branching points) appear thus as round spots, i.e., "islands" within the vessel 
lumens. The figure legend is continued on the next page. 
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Figure 2, continued. A) Pillar (branching point) formation based on folding of the lateral vessel wall, a: 
Folding is initiated by concentric retraction of the endothelial layer of the vessel wall into the adjacent tissue 
around the region of the future fold, b: Fold elongation. Folding can simultaneously occur within another 
region of the vessel wall, c: The intraluminal tip of the fold that contains the pillar core separates to give rise 
to a free tissue pillar surrounded by the circulation. B) Splitting of a wall that separates two vessels (inter-
vascular wall), a: An intervascular wall can split, if it contains a pillar core, b: This process separates a free 
pillar and results in fusion of both neighbor vessels. B, b-a: Splitting of an intervascular wall can be reversed 
based on connection of pillars and folds and their insertion at opposite vessel walls. C) a-c: Following a 
related mechanism as illustrated in B a-b, a larger pillar or ITS can divide to give rise to two or more smaller 
pillars. C, c-a: The same mechanism shown in C a-c can be reversed causing the connection of two pillars 
or ITSs. D) a-b: A similar process as described in A causes the in-situ formation of a small elementary loop 
within the lumen of a larger vein. Based on this mechanism and remodelling of the elementary loop by 
division of its central ITS (similar to C, a-c) large systems of compound loops can form. E) Formation of 
the "flow pillar" a: Within a branching point of blood flow two slender tissue folds project into the lumen 
from opposite vessel walls, b: elongate and c: attach to each other, if the flow conditions remain un-altered. 
d: The connection of both opposite folds follows to form a stable tissue pillar. F) a-b: Segmentation involves 
the deposition of fibrin cords in the vessel lumen. Migration of single endothelial cells along these cords, 
c. This causes the transformation of the cords to tiny folds and their connection in a spoke-like pattern, d. 
Further remodelling allows the separation of tiny pillars or ITSs from these folds. G) a: Apposition leads to 
the formation of a larger ITS via folding of the lateral vessel wall, b: The separating ITS becomes surrounded 
by a larger part of the vessel lumen termed "outpouch" and spatially related to the wall of an adjacent vessel, 
c: The process concludes with separation of the central ITS and fusion of the outpouch with the adjacent 
vessel thus forming a collateral vascular segment that connects both preexisting vessels. H) A large thrombus 
occludes part of the lumen of a vein, a: Endothelial migration from the lateral venous wall covers the luminal 
surface of the thrombus and is followed by invasion of fibroblasts. This allows for formation of tiny folds 
from the endothelial cover layer, b: The folds give rise to pillars and ITSs, which reexpands the venous lumen 
inside the thrombus. I) A large thrombus occludes the entire lumen of an artery, a-b: Fibroblasts from the 
media layer of the arterial wall migrate into the intima which subsequendy thickens to form two-to three 
cell layers including thrombus matrix composed of fibrin and coagulated blood. Folding, pillar and 
ITS-formation and fusion processes transform this circular layer into a ring of communicating vessels. Black 
lines = endothelial cells, grey areas = extracellular matrix containing also peri-endothelial cells (interstitial 
tissue), white spaces = vessel lumen. 

The critical requirement for the division of ITSs or pillars is the existence of two pillar cores 
in one ITS or pillar. The endothelial cell extensions will then merge around these cores, fol­
lowed by thinning and cell membrane fusion to form a transcellular hole that divides the pillar 
or ITS. This leads simultaneously to the formation of two smaller ITSs or pillars and a new 
vascular segment between both. The pillars and ITSs remain, however, connected at their bot­
toms and at their tops (Fig. 2C, a-c).^^'^^'^^'^^'^^ 

Connection of Adjacent Pillars 
The process of pillar or ITS division can be reversed, causing pillar connection with simul­

taneous deletion of the vascular segment located between them (Fig. 2C, c-a). This means that 
branching points between vascular segments can fuse to give rise to larger ones. It can also 
result in the separation of segments to form distinct vessels through the establishment of inter­
vascular wails (Fig. 2B, b-a). The latter mechanism is of special importance in the pathological 
state, especially in tumors, where it can lead to fragmentation of vessel loops with the subse­
quent formation of blind ending tubes and vessel regression (S. Patau, in prep.). ' ^' 

^'In-Situ Loop Formation*^ 
This mechanism of I M G has been detected in the mouse embryo, but also in the adult 

organism during tissue repair, in tumors and after myocardial infarctions, especially in hu­
mans. Vessel loops are formed in a one step process within the walls of larger veins. The endot­
helial layer of the vessel wall retreats towards the surrounding tissue to separate a free tissue 
pillar, which is encircled by a vessel loop (Fig. 2D) . In-situ loop formation is thus responsible 
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for the establishment of a new vessel loop composed of two segments that connect it to the 
vessel from which it derived. The separation of the tissue pillar or ITS (branching point) form­
ing the center of the loop is a concentric process that occurs simultaneously around the entire 
circumference of the pillar (and results in fold formation as an initial step, compare to Fig. 2A). 
This guarantees that the onset of loop perfusion takes place in time to benefit the physiological 
requirements of the supported tissue. Further remodeling and growth of this "elementary" loop 
based on splitting of its central ITS (see Fig. 2C) causes the formation of loop systems and 
ultimately transforms a part of the large vessel into a new vascular network of connected 
loops.31-^2'21-2^ 

Pillar Formation by Connection of Opposing Intraluminal Tissue Folds 
This mechanism is directly related to blood flow conditions and has been documented 

using in vivo microscopy and the analysis of tissue serial sections in the chicken chorio-allantoic 
membrane and in tumors. In those segments of the vascular network in which flow is diverted 
into different directions, intraluminal tissue folds derived from opposite vessel walls have a 
chance to connect and merge to form a new branching point. This is followed by fusion of the 
adjacent cell membranes of the endothelial cells that line the tips of the folds to form two 
trans-cellular holes. Matrix elements will invade these holes to stably connect both folds, thus 
establishing a tiny pillar. This process of fold connection is facilitated by the fact that the 
opposing folds are located precisely between both "branching" streams of flow and are subse-
quendy pushed into the center of the lumen by the latter. If the flow conditions remain stable 
and do not change for a longer period of time (2-3 hours), both folds will connect. If, however, 
the flow directions change and cross over the region where the folds are located, connection 
cannot occur and the branching point will not be established (Fig. 2E). The latter case has been 
especially observed in tumors (S. Patau, in prep.).̂ '̂̂ '̂"^^ 

Segmentation 
In contrast to most other mechanisms of IMG that cause the formation of new branching 

points, segmentation has so far been detected only during adult neovascularization. It is promi­
nent in tissue repair and in tumors and is responsible for the expansion of a previous network 
towards regions of new vessel formation. In addition, it is dominant in the remodeling process 
of large veins and arteries after myocardial infarctions to give rise to multiple smaller segments. 
A prerequisite for segmentation is the deposition of fibrin in the vessel lumen; the fibrin depos­
its form a scaffold along which endothelial cells of the vessel wall migrate and which they line. 
This causes the formation of thin intraluminal folds that connect to each other in the center of 
the lumen in a spoke like pattern. Gradually the fibrin in the center of these folds is replaced by 
collagen fibers, which have a stabilization effect and facilitate the fijrther separation of pillars 
and ITSs (Fig. 2F). In a pathological variation of this mechanism, the folds form valve-like 
structures corresponding to blind-ending pockets that are not patent and are consequendy 
without perfiision (Patau et al, in prep.). '̂  

Apposition 
Apposition is a special mechanism of IMG and has so far been detected only in mouse and 

human myocardial infarctions. It is a variation of in-situ loop formation. However, in contrast 
to in-situ loop formation, apposition results in the establishment of a larger segment parallel to 
the vessel from which it is derived. We term this new segment an "outpouch". Outpouches form 
by retraction of the endothelial layer around an extra-vascular fibrin deposit which forms the 
core of the future ITS or branching point. The latter becomes surrounded by the expanding 
outpouch to form a free tissue column inside the newly established lumen. The fibrin will be 
replaced by collagen fibers and other matrix elements during this process. Corresponding to the 
architecture of the smaller loops, the outpouch has a very thin wall composed of a single endot­
helial layer that facilitates the connection to an adjacent vessel. This occurs by attachment of the 
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endothelial layer that lines the outpouch to the wall of the adjacent vessel to create a common 
intervascular wall. Splitting of this wall follows the sequence described above (compare to Fig. 
2B). Apposition has thus two important characteristics not involved in in-situ loop formation; 
the establishment of a new larger vascular segment, the outpouch, and its fusion with a preexist­
ing neighboring vessel (Fig. 2G). We concluded that the outpouch might thus be connected to 
the "collaterals" that have been observed to connect two preexisting vessels and are specific for 
newly established vessels after myocardial infarctions. Apposition can occur on the venous, as 
well as on the arterial side of the circulation (Patau et al, in prep.). 

Recanalization of Thrombotic Lesions 
Recanaliztion of thrombotic lesions that are located in large arteries and veins has been 

detected in a model of tissue repair and in experimentally grown tumors utilizing the same 
model system. In the case of venous recanalization, the thrombus filled the vessel lumen 
only partially. Therefore the endothelial layer of the lateral vessel wall was able to grow over its 
free intraluminal surface, followed by in-migration of underlying fibroblasts. This process prob­
ably attached the thrombus to the vessel wall and stabilized it by transformation of its fibrin-rich 
matrix into collagen fibres. In a second step, the endothelial layer at the thrombus surface 
retreated toward its center to form folds, as well as ITS- and pillar cores composed of fibrin and 
collagen fibers (Fig. 2H, a). This was followed by separation of ITSs and pillars from these folds 
and subsequent establishment of vascular segments inside the thrombus matrix (Fig. 2H, b). 
The latter remodeled to give rise to a new vascular network, which allowed for reperfiision of 
the region of the former stenosis. 

Arterial recanalization followed a different mechanism of IMG, since the thrombus had 
usually filled the vessel lumen entirely. The endothelial cells of the intima layer of the vessel 
wall largely retained their original position as a circular lining. At some places, however, the 
intima ruptured, allowing for blood deposits to undermine it and for subsequent invasion of 
fibroblasts from the underlying media layer. This caused the intima to thicken and form two-
to three cell layers. In places, intimal endothelial cells aligned themselves around the fibrin 
deposits, coagulated blood and collagen fibers that were ensheathed by fibroblast extensions. 
This process gave rise to pillar cores and intervascular walls (Fig. 21, a-b). The latter subse-
quendy formed future branching points between vessel segments and thus transformed the 
circular layer of cells and matrix into a ring of communicating vessels. Blood flow was subse­
quently reestablished in the former area of occlusion. 

What Are the Advantages of IMG versus Sprouting in the Expansion 
and Remodeling of the Circulatory Network? 

There are several major advantages of adding new segments to the network by dividing 
vessel lumens based on the insertion of new branching points compared to the addition of new 
sprouts (branches). First, dividing the lumen based on insertion of a column of tissue can form 
daughter segments of different sizes, depending on the size and position of the core of the pillar 
or ITS. In contrast, a newly developing sprout is always very small, about the size of a capillary. 
Secondly, the tissue pillar or ITS forms while the vessel is still being perfiised. The sprout, 
however, needs to grow, elongate, and fuse with another vessel before its perfiision is estab­
lished. This implies that inserting tissue columns to modify the network pattern has an imme­
diate physiological benefit. Finally, vessel wall maturation provides the "naked" sprout with a 
layer of peri-endothelial support cells. Since lumen division based on IMG often occurs in 
vessels that already possess a fully- matured wall, this step is frequendy not necessary. 

Pathological Variations of the Cellular Mechanisms of IMG 
In addition to the physiological mechanisms of IMG that are listed above, intussusception 

can follow pathological variations in the adult organism, in tumor angiogenesis and after 
myocardial infarctions, but apparently not in tissue repair.^^'^^ Many of these pathological 
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variations lead to the formation of blind-ending segments. The latter cause the fragmentation 
of the network and thus impair the oxygenation of the tissue. This explains the hypoxia that is 
a characteristic of tumors and the post-infarction myocardium. High and persistent levels of 
hypoxia contribute to the perpetuation of insufficient angiogenesis in these pathological con­
ditions, which can be deduced from the continuous release of angiogenic growth factors, such 
as VEGF, FGF-2 and hypoxia inducible factor a (HIF-a).^^'^^'^''^ '̂ ^ Their local concentra­
tion inside tumors is assumed to be higher than the one of secreted inhibitors, so that angio­
genesis dominates.^ 

Two different pathological features of IMG have been detected in tumors and to some 
extent also during neovascularization process after myocardial infarctions: 

1. Intravital microscopy of the circulation of colon adenocarcinomas transplanted to the skin 
of nude mice demonstrated that pillars in tumors can form more frequently, but are con­
tinuously and rapidly remodeled, subsequendy reversing pillar formation through its sub­
sequent deletion. This makes the process of vascularization highly ineffective and probably 
even increases the oxygen consumption of the local tissue. It also causes the permanent 
alteration of blood flow on a time-scale of minutes, which is known as "intermittent blood 
flow" and is a characteristic of the tumor circulation.̂ ® 

2. Pathological variations of the mechanisms of IMG detected in tumors and after myocardial 
infaction interfere with the formation of regular folds, pillars and ITSs and thus impair the 
deposition of normal branching points inside the network. A common feature of these 
pathological variations is the formation of blind-ending tubes. One example of pathologi­
cal IMG, especially of in-situ loop formation, is the late separation of the central ITS or 
branching point in the center of the loop when the latter has already reached large dimen­
sions. Another pathological mechanism refers to the secondary disconnection of loop seg­
ments, which interferes with the patency of the loop or loop system.̂  ̂  Disturbed mecha­
nisms of IMG also include the formation of intervascular walls in tumors that occlude 
vessel segments, even resulting in vessel regression (Patau et al, in prep.).̂ ® 

What Causes the Existence of Pathological Mechanisms of IMG 
and Subsequently Disturbed Branching Point Formation? 

Since the pattern of gene expression in tumor endothelial cells is very similar to that in 
wound healing, '̂̂  it can be assumed that endothelial cells are not responsible for the disturbed 
mechanisms of IMG. Thus the best available explanation is the existence of nonendothelial, 
fibroblast-like cells that are incorporated into vessel walls during IMG to replace endothelial 
cells. Under tissue repair conditions these cells proliferate strongly and express endothelial-specific 
markers, such as platelet-endothelial adhesion molecule (PECAM/CD31), which indicates that 
they might differentiate to form endothelial cells. In tumors these fibroblast-like cells are less 
common.^^ The vessel-wall-invading tumor cells are obviously substituting for these 
fibroblast-like cells to form "mosaic vessels", in which the endothelial layer is composed of both 
endothelial-derived and tumor-derived cells. ' Although tumor cells mimic the endothelial 
cell morphology and thus hide in the vessel wall, they exhibit a pattern of gene expression that 
is diff̂ erent to the one of endothelial cells that does not include endothelial specific markers (S. 
Patau, in prep.). This will ultimately interfere with the normal mechanisms of IMG. Therefore 
it cannot be expected that mosaic vessels give rise to regular tissue folds, pillars, and ITSs. 

How Is the Formation of Branching Points at the Molecular 
Level Regulated? 

The currently known pro-angiogenic molecules have been characterized by their effect 
on endothelial cell proliferation, migration and tube formation. The most prominent ones 
of these growth factors are fibroblast growth factor 1 and 2 (FGF-1, acidic and FGF-2, 
basic), platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF, scatter fac­
tor), vascular endothelial growth factor/vascular permeability factor (VEGF-A, VEGF-B, 
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VEGF-C), transforming growth factor alpha (TGF-a), and interleukin 8 (IL-S).̂ '̂̂ "^ Addi­
tionally, an important role in angiogenesis has been established for the Tie/Angiopoietin and 
the Eph-B/ephrin-B system of tyrosine kinase receptors and their ligands. ' ' 

It has been shown that the heparin-binding isoform of VEGF-A is especially responsible for 
vascular branching. Transgenic mice that solely expressed the VEGF-A isoform, which lacks 
heparin binding (VEGF 120/120), exhibited larger vessels with more endothelial cells but 
fewer vessel branches as compared to wild-type littermates. 

Concerning the formation of pillars at branching points of the circulation (see Fig. 2E), it is 
known that the alteration of shear stress profiles can cause the expression of angiogenic growth-
and transcription factors by endothelial cells; one example is platelet-derived growth factor B 
(PDGF-B). The receptors for these growth factors are up-regulated in peri-vascular cells of the 
vessel wall.̂ "̂ '̂  Endothelial cells that are exposed to large shear stress gradients in vitro respond 
with increased cell division and motility in the vicinity of flow separation.^ It can be expected 
that the shear stress profile is high in these areas of flow divergence, while it is low within the 
branching point itself. Furthermore it has been recendy shown that VEGF receptor 2 (VEGFR-2, 
Flk-1) can be activated by fluid shear stress in a ligand-independent manner, which causes 
ftirther downstream-activation of endothelial nitric oxide synthase (eNOS).^^ Since eNOS pro­
duces nitric oxide (NO) as a response to shear stress ̂  and NO induces neovascularization,^^'^^ 
a direct link between shear stress and its influence on vascular morphogenesis through a growth 
factor- receptor independent signaling is established. 

Recendy, it has been demonstrated that the Angiopoietin-1 (Ang-l)/Tie-2 growth factor 
receptor system regulates embryonic i^G.'^^'^^' '̂ ^ The ligand, Angiopoietin-1 (Ang-1), is 
expressed by peri-vascular fibroblasts and mesenchymal cells in the embryo"^^ and by pericytes 
in wound healing. Endothelial cells in the vessel wall express the Tie-2 tyrosine kinase recep­
tor in a paracrine manner."^^ In the embryo, the Ang-1/Tie-2 system is responsible, in coopera­
tion with VEGF, for the recruitment of peri-endothelial cells to the endothelial layer. It also 
facilitates the interaction between endothelial cells and the extra-cellular matrix to promote cell 
stretching and motility. The Ang-1/Tie-2 system is critical for both functions, as has been 
demonstrated in Ang-1- and Tie-2 deficient embryonic mice.'̂ '̂̂ ^ As is obvious from the analy­
sis and reconstruction of tissue folds, pillars, and ITSs, all cellular mechanisms of IMG de­
picted in Figure 2 can occur with contribution of peri-endothelial cells to form stable pillar 
cores. This means that the establishment of regular tissue folds and stable pillars and ITSs is 
dependent on Ang-1/Tie-2. This fact has been confirmed by the analysis of mice deficient of 
either the ligand or the receptor. A n g - l ' or Tie-2' ' mice exhibited defects in vascidar network 
growth and remodeling resulting in an abnormal network pattern and death of the embryo. ̂ '̂̂ ^ 

In this respect it is important to note that a recent analysis of embryonic mice deficient of 
the Tie-1 tyrosine kinase receptor confirmed its role as an inhibitor of IMG. Tie-1 (the ligand 
for which is still unknown) appears to negatively regulate endothelial cell motility (through 
interaction with the extracellular matrix) as well as the ability of these cells to form transcellular 
holes. Consequendy, the comparison to wild type embryos demonstrated that Tie-1 deficient 
mice exhibited increased vessel numbers and "hyperactive" endothelial cells. The latter ap­
peared overstretched, and possessed a large number of filopodia and transcellular holes."^ '̂̂ ^ 

FGF-2 facilitates regular neo-vascularization after myocardial infarctions by interfering with 
pathological mechanisms of IMG. In experimental myocardial infarctions in adult mice (in 
which the left coronary artery is ligated), the one-time intramyocardial injection of FGF-2 
close to the suture increases additionally the number of normal vessels in the transitional zone 
between healthy myocardium and scar tissue (Patau et al, in prep.). 

On contrary the Thromboxane receptor (TP) that has a fiinction in blood coagulation is 
responsible for a strong inhibition of neo-vascularization after experimental infarctions. As 
demonstrated by the analysis of TP-deficient transgenic mice, the absence of TP causes an 
extremely strong and long lasting vascularization response in the scar tissue based on increased 
pillar formation (Patau et al, in prep.). 
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Interestingly, the analysis of transgenic mice deficient of another tyrosine kinase receptor 
family, the Eph/B receptors and their ligands, the ephrins, has demonstrated functions in em­
bryonic angiogenesis that correspond to the one of the Ang-l/Tie-2 system. ^' ^ In this case 
ligand and receptor are attached to the cells and are differentially expressed on arterial (the 
ligand ephrin-B2) and venous (the receptor Eph-B4) endothelial cells. Ephrin-B2 is interest­
ingly also expressed on peri-vascular cells. '̂ ^ Ligand and receptor that engage in bi-directional 
signaling are subsequendy also responsible for the coordinated interaction of arterial- and venous 
endodielial cells.^ '̂̂ ^ 

The Notch gene family encodes large transmembrane receptors that are involved in inter­
cellular signaling. Notch 1 and Notch4 are expressed in endothelial cells in the embryonic vas­
culature. Notch r and Notch 1/Notch4 double mutant embryos displayed severe defects of 
embryonic vascular remodeling corresponding to ones detected in Ang-1-, Tie-2-, ephrin-B2 
deficient embryos. 

The analysis of transgenic mice deficient of connexin 45 (Cx45) demonstrates a similar 
phenotype concerning embryonic angiogenesis. Not surprisingly, Cx45, a gap junction pro­
tein, is involved in the communication between endothelial-, as well as endothelial- and 
peri-endotheUal cells.^^ 

RECK, a membrane anchored glycoprotein, was found to be essential for mouse vascular 
remodeling in the embryo. It inhibits three matrix metalloproteinases (MMPs: MMP-9, MMP-2, 
and MTl-MMP) and is widely expressed in mesenchymal and vascular smooth muscle cells. 
RECK deficiency caused increased proteolysis of collagen 1 and defects in the basal lamina with 
subsequent failure of remodeling of the primitive vascular plexus to form a mature one. Since 
collagen fibers (collagen type 1) are an indispensable component of every pillar- or ITS core, the 
important role of RECK for the regulation of the balance between synthesis and proteolysis of 
collagen can be estimated. This guarantees the sufficient formation of branching points. 

In an attempt to investigate the role of the cytoskeleton and Rho GTPases in the process of 
branching morphogenesis, small GTPase Rac was found to be responsible for matrix induced 
changes in endothelial cell morphology, while p21-activated kinase, an effector of Rac, was 
required for cell motility. Correspondingly WAVE2, a protein preferentially expressed in 
endothelial cells during embryogenesis is responsible for Rac-induced membrane ruffling as it 
is necessary for changes of cell morphology. Embryos lacking WAVE2 exhibit an increased 
number of transcellular holes corresponding to Tie-l embryos. In contrast to Tie-1 deficient 
embryos, WAVE2'' mice possess fewer endothelial filopodia and reduced vessel numbers com­
pared to wildtype littermates.^^ 

Future work should identify the interaction and precise function of these molecular regula­
tors, which are transformed into a sequence of cues to regulate each cellular mechanism of 
branching morphogenesis. 

References 
1. Galen, De foetuum formatione. Harris CRS. The heart and the vascular system in ancient Greek 

medicine. Oxford: Clarendon Press, 1973. 
2. FuUeborn F. Beitrage zur Entwicklung der Allantois der Vogel. Inaug Diss. Berlin: Francke 1895. 
3. DanchakofF V. The position of the respiratory vascular net in the allantois of the chick. Am J Anat 

1917; 21:407-420. 
4. Clark ER. Studies on the growth of blood vessels, by observation of living tadpoles and by experi­

ments on chicken embryos. Anat Rec 1915; 9:17-68. 
5. Clark ER. Studies on the growth of blood-vessels in the tail of the frog larva - by observation and 

experiment on the living animal. Am J Anat 1918; 23:37-88. 
6. Clark ER, Clark EL. Microscopic observations on the growth of blood capillaries in the living 

mammal. Am J Anat 1939; 64:251-299. 
7. Ausprunk D, Folkman J. Migration and proliferation of endothelial cells in preformed and newly 

formed blood vessels during tumor angiogenesis. Microvasc Res 1977; 14 53-65. 
8. Sabin FR. Origin and development of the primitive vessels of the chick and of the pig. Contrib 

Embryol Carnegie Inst Publ Wash 1917; 6:61-124. 



How Is the Branching of Animal Blood Vessels Implemented? 123 

9. Sabin FR. Studies on the origin of blood-vessels and of red blood-corpuscles as seen in the living 
blastoderm of chicks during the second day of incubation. Contrib Embryol Carnegie Inst Publ 
Wash 1920; 36:213-259. 

10. Pardanaud L, Altmann C, Kitos P et al. Vasculogenesis in the early quail blastodisc as studied with 
a monoclonal antibody recognizing endothelial cells. Development 1987; 100:339-349. 

11. Pardanaud L, Yassine F, Dieterlen-Li^vre F. Relationship between vasculogenesis, angiogenesis and 
hematopoiesis during avian ontogeny. Development 1989; 105:473-485. 

12. Noden D M . T h e formation of avian embryonic blood vessels. Am Rev Respir Dis 1989; 
140:1097-1103. 

13. Poole TJ, Coffin JD . Vasculogenesis and angiogenesis: Two distinct morphogenetic mechanisms 
establish the embryonic vascular pattern. J Exp Zool 1989; 251:224-231. 

14. Risau W. Vasculogenesis, angiogenesis and endothelial cell differentiation during embryonic devel­
opment. In: Feinberg RN, Sherer GK, Auerbach R, eds. The development of the vascular system. 
Issues Biomed 14. Basel: Karger 1991:58-68. 

15. Poole TJ, Coffin D . Morphogenetic mechanisms in avian vascular development. In: Feinberg RN, 
Sherer GK, Auerbach R, eds. The development of the vascular system. Issues Biomed 14, Basel: 
Karger 1991:25-36. 

16. Risau W, Flamme I. Vasculogenesis. Annu Rev Cell Dev Biol 1995; 11:73-91. 
17. Risau W. Mechanisms of angiogenesis. Nature 1997; 386:671-674. 
18. Patan S, Haenni B, Burri PH . Evidence for intussusceptive capillary growth in the chicken 

chorio-allantoic membrane (CAM). Anat Embryol 1993; 187:121-130. 
19. Patan S, Heanni B, Burri PH. Implementation of intussusceptive microvascular growth in the chicken 

chorio-allantoic membrane (CAM): 1. Pillar formation by folding of the capillary wall. Microvasc 
Res 1996; 51:80-98. 

20. Patan S, Haenni B, Burri PH. Implementation of intussusceptive microvascular growth in the chicken 
chorio-allantoic membrane (CAM): 2. Pillar formation by capillary fusion. Microvasc Res 1997; 
53:33-52. 

2 1 . Patan, S. Vasculogenesis and angiogenesis as mechanisms of vascular network formation, growth 
and remodeling. J Neuro-Oncol 2000; 50:1-15. 

22. Patan S. Vasculogenesis and angiogenesis. In: Black P, Kirsch M, eds. Angiogenesis in brain tu­
mors. Cancer Treatment and Research, Boston: Kluwer Academic Publishers, 2004:3-32. 

23. Patan S. T I E l and TIE2 receptor tyrosine kinases inversely regulate embryonic angiogenesis by the 
mechanism of intussusceptive microvascular growth. Microvasc Res 1998; 56:1-21. 

24. Gilbert SG. Pictorial human embryology. Seattle and London: University of Washington Press, 
1989. 

25. Short R H D . Alveolar epithelium in relation to grovnh of the lung. Philos Trans R Soc London Ser 
B 1950; 235:35-87. 

26. Caduff JH, Fischer LC, Burri PH. Scanning electron microscope study of the developing microvas-
culature in the postnatal rat lung. Anat Rec 1986; 216:154-164. 

27. Burri PH, Tarek MR. A novel mechanism of capillary growth in the rat pulmonary microcircula­
tion. Anat Rec 1990; 228:35-45. 

28. Van Groningen JP, Wenink ACG, Testers LHM. Myocardial capillaries: Increase in number by 
splitting of existing vessels. Anat Embryol 1991; 184:65-70. 

29. Patan S, Alvarez MJ, Schittny JC et al. Intussusceptive microvascular growth: Common alternative 
to endothelial sprouting. Arch Histol Cytol 1992; 55(Suppl):65-75. 

30. Patan S, Munn LL, Jain RK. Intussusceptive microvascular growth in a human colon adenocarci­
noma xenograft: A novel mechanism of tumor angiogenesis. Microvasc Res 1996; 51:260-272. 

31 . Patan S, Tanda S, Roberge S et al. Vascular morphogenesis and remodeling in a human tumor 
xenograft. Blood vessel formation and growth after ovariectomy and tumor implantation. Circ Res 
2001; 89:732-739. 

32. Patan S, Munn LL, Tanda S et al. Vascular morphogenesis and remodeUng in a model of tissue 
repair. Blood vessel formation and growth in the ovarian pedicle after ovariectomy. Circ Res 2001; 
89:723-731. 

33. Suri C, Jones PF, Patan S et al. Requisite role of Angiopoietin-1, a ligand for the TIE2 receptor 
during embryonic angiogenesis. Cell 1996; 87:1171-1180. 

34. Nagy JA, Morgan ES, Herzberg KT et al. Pathogenesis of ascites tumor growth: Angiogenesis, 
vascular remodeling, and stroma formation in the peritoneal lining. Cancer Res 1995; 55:376-85. 

35. Dvorak H F . Tumors: Wounds that do not heal. Similarities between tumor stroma generation and 
wound healing. N Engl J Med 1986; 315:1650-1659. 

36. Folkman J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nature Med 1995; 
1:27-31. 



124 Branching Morphogenesis 

37. St. Croix B, Rago C, Velculescu V et al. Genes expressed in human tumor endothelium. Science 
2000; 289:1197-1202. 

38. Warren BA, Shubik P. The growth of the blood supply to melanoma transplants in the hamster 
cheek pouch chamber. Lab Invest 1966; 15:464-478. 

39. Hammersen F, Osterkamp-Baust U, Endrich B. Ein Beitrag zum Feinbau terminaler Strombahnen 
und ihrer Entstehung in bosartigen Tumoren. Mikrozirk Forsch Klin 1983; 2:15-51. 

40. Hammersen F, Endrich B, Messmer K. The fine structure of tumor blood vessels. I. Participation 
of nonendothelial cells in tumor angiogenesis. Int J Microcirc Clin Exp 1985; 4:31-43. 

4 1 . Ware JA, Simons M. Angiogenesis in ischemic heart disease. Nature Med 1997; 3:158-164. 
42. Fernandez B, Buehler A, Wolfram S et al. Transgenic myocardial overexpression of fibroblast growth 

factor-1 increases coronary artery density and branching. Circ Res 2000; 87:176-178. 
43 . Xin X, Yang S, Ingle G et al. Hepatocyte growth factor enhances vascular endothelial growth 

factor induced angiogenesis in vitro and in vivo. Am J Pathol 2001; 158:1111-1120. 
44. Hellstrom M, Gerhardt H , Kalen M et al. Lack of pericytes leads to endothelial hyperplasia and 

abnormal vascular morphogenesis. J Cell Biol 2001; 153:543-553. 
45. Sato T N , Quin Y, Kozak CA et al. tie-1 and tie-2 define another class of putative receptor tyrosine 

kinase genes expressed in early embryonic vascular system. Proc Natl Acad Sci USA 1993; 
90:9355-9358. 

46. Dumont DJ, Gradwohl G, Fong G H et al. Dominant-negative and targeted null mutations in the 
endothelial receptor tyrosine kinase, tek, reveal a critical role in vasculogenesis of the embryo. 
Genes Dev 1994; 8:1897-1909. 

47. Davis S, Aldrich T H , Jones PF et al. Isolation of angiopoietin-1, a ligand for the angiogenic TIE2 
receptor, by secretion-trap expression cloning. Cell 1996; 87:1161-1169. 

48. Wang H U , Chen CF, Anderson DJ. Molecular distinction and angiogenic interaction of embry­
onic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 1998; 93:741-753. 

49. Adams RH, Wilkinson GA, Weiss C et al. Roles of ephrin-B ligands and EphB receptors in car­
diovascular development: Demarcation of arterial/venous domains, vascular morphogenesis, and 
sprouting angiogenesis. Genes Dev 1999; 3:295-306. 

50. Marron MB, Hughes DP, Edge M D et al. Evidence for heterotypic interaction between the recep­
tor tyrosine kinases Tie-1 and Tie-2. J Biol Chem 2000; 275:39741-39746. 

51 . Ruhrberg C, Gerhardt H , Golding M et al. Spatially restricted patterning cues provided by 
haparin-binding VEGF-A control blood vessel branching morphogenesis. Genes Dev 2002; 
16:2684-2698. 

52. Tardy Y, Resnick N , Nagel T et al. Shear stress gradients remodel endothelial monolayers in vitro 
via a cell proHferation-migration-loss cycle. Arterioscler Thromb Vase Biol 1997; 17:3102-3106. 

53. Sumpio BE, Du W, Galagher G et al. Regulation of PDGF-B in endotheUal cells exposed to cyclic 
strain. Arterioscler Thromb Vase Biol 1998; 18:349-355. 

54. Nagel T, Resnick N , Dewey Jr CF et al. Vascular endothelial cells respond to spatial gradients in 
fluid shear stress by enhanced activation of transcription factors. Arterioscler Thromb Vase Biol 
1999; 19:1825-1834. 

55. Jin Z-G, Ueba H, Tanimoto T et al. Ligand-independent activation of vascular endothelial growth 
factor receptor 2 by fluid shear stress regulates activation of endothelial nitric oxide synthase. Circ 
Res 2003; 93:354-363. 

56. Boo YC, Jo H . Flow-dependent regulation of endothgelial nitric oxide synthase: Role of protein 
kinases. Am J Physiol Cell Physiol 2003; 285:C4999-C508. 

57. Rizzo V, Morton C, DePola N et al. Recruitment of endothelial caveolae into mechanotransduction 
pathways by flow-conditioning in vitro. Am J Physiol Heart Circ Physiol 2003; 285:H1720-H1729. 

58. Kawasaki K, Smith Jr RS, Hsieh CM et al. Activation of the phosphatidylinositol 3-kinase/protein 
kinase Akt pathway mediates nitric oxide-induced endothelial cell migration and angiogenesis. Mol 
Cell Biol 2003; 23:5726-5737. 

59. Schwentker A, Billiar TR. Nitric oxide and wound repair. Surg Clin North Am 2003: 83:521-530. 
60. Lin Z, Chen S, Ye C et al. Nitric oxide synthase expression in human bladder cancer and its 

relation to angiogenesis. Urol Res 2003; 31:232-235. 
6 1 . Sundberg C, Kowanetz M, Brown LF et al. Stable expression of angiopoietin-1 and other markers 

by cultured pericytes: Phenotypic similarities to a subpopulation of cells in maturing vessels during 
later stages of angiogenesis in vivo. Lab Invest 2002; 82:387-401. 

62. Gerety SS, Anderson DJ. Cardiovascular ephrin B2 function is essential for embryonic angiogen­
esis. Development 2002; 129:1397-1410. 

63. Davis S, Gale N W , Aldrich T H et al. Ligands for EPH-related receptor tyrosine kinases that re­
quire, membrane attachment or clustering for activity. Science 1994; 266:816-819. 



How Is the Branching of Animal Blood Vessels Implemented? 125 

64. Franco del Amo F, Smith DE, Swiatek PJ et al. Expression of Motch, a mouse homologue of 
Drosophila Notch, suggests an important role in early postimplantation mouse development. De­
velopment 1992; 115:737-745. 

65. Krebs LT, Xue Y, Norton CR et al. Notch signaling is essential for vascular morphogenesis in 
mice. Genes Dev 2000; 14:1343-1352. 

6G. Kriiger O, Plum A, Kim J-S et al. Defective vascular development in connexin 45 deficient mice. 
Development 2000; 127:4179-4193. 

G7. Chang C, Werb Z. The many faces of metalloproteases: Cell growth, invasion, angiogenesis and 
metastasis. Trends Cell Biol 2001; 11:S37-S43. 

68. Oh J, Takahashi R, Kondo S et al. The membrane-anchored MMP inhibitor RECK is a key 
regulator of extracellular matrix integrity and angiogenesis. Cell 2001; 107:789-800. 

69. Connolly JO, Simpson N, Hewlett L et al. Rac regulates endothelial morphogenesis and capillary 
assembly. Mol Biol Cell 2002; 13:2474-2485. 

70. Yamazaki D, Suetsugu S, Miki H et al. WAVE2 is required for directed cell migration and cardio­
vascular development. Nature 2003; 424:452-456. 




