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2  angiogenesis

research in the field, e.g., only two manuscripts dealing with angiogenesis were published in 1970 and 
over 5200 articles were published in 2009. For detailed histories of angiogenesis, see Refs. [5–11].

1.2	O RIGIN OF BLOOD VESSELS
The cardiovascular system is the first organ system to develop in the embryo [12]. The luminal 
surface of the circulatory system in contact with blood is a single layer of : these 
are derived from  (Figure 1.1).  differentiate from  
and give rise to  and . Angioblasts are a cell type with potency 
to differentiate into endothelial cells but have not yet acquired all characteristic markers of endo-
thelial cells.  (Figure 1.2) is the de novo formation of blood vessels from  
[12–14]. It occurs in the extraembryonic and intraembryonic tissues of embryos [12,14]. Vasculo-
genesis is a dynamic process that involves cell–cell and cell–  (ECM) interactions 
directed spatially and temporally by  and  [14–17]. This process includes 
differentiation of mesodermal stem cells into angioblasts, growth factor directed migration of angio
blasts to form  where angioblasts give rise to  [12–14].

Other types of vascular growth include , , and . 
The term  means the formation of any blood vessel in the adult regardless of its 
size or type.

FIGURE 1.1: Origin of endothelial cells and hematopoietic cells [14]. Mesodermal stem cells are the 
source of hematopoietic stem cells and angioblasts in the developing embryo. The hemangioblast is a 
precursor to both angioblasts and hematopoietic stem cells. Angioblasts differentiate into endothelial 
cells. Hematopoietic cells can differentiate into all cell types found in circulating blood
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1.3	 THE ANGIOGENIC PROCESS
1.3.1	 Types of Angiogenesis
Sprouting angiogenesis and intussusceptive angiogenesis both occur in utero and in adults. Sprout-
ing angiogenesis is better understood having been discovered nearly 200 years ago: intussusceptive 
angiogenesis was discovered by Burri [19,20] about two decades ago. Figure 1.3 shows the basic 
morphological events for both types of angiogenesis. As implied by its name, sprouting angiogenesis 
is characterized by sprouts composed of endothelial cells, which usually grow toward an angiogenic 
stimulus such as VEGF-A. Sprouting angiogenesis can therefore add blood vessels to portions of 
tissues previously devoid of blood vessels. On the other hand, intussusceptive angiogenesis involves 
formation of blood vessels by a splitting process in which elements of interstitial tissues invade exist-
ing vessels, forming transvascular tissue pillars that expand. Both types of angiogenesis are thought 
to occur in virtually all tissues and organs.

FIGURE 1.2: Vasculogenesis in the vertebrate embryo. (a) Angioblasts derived from lateral mesoderm 
are committed to become arteries (red) or veins (blue). The cardinal veins assemble from precursor cells 
(blue) that remain in a lateral position. (b) Artery precursor cells migrate toward a vascular endothelial 
growth factor type A ( ) stimulus secreted from cells in the midline. (c) The migrating arterial 
angioblasts align into cords forming a plexus. (d) Arterial angioblasts coalesce forming the dorsal aorta. 
(e) Intersomite vessels are assembled from three types of endothelial cells with different morphologies  
indicated as blue, purple, and green. Used with permission from Nature Publishing Group: Hogan 
(2002) [18].
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4  angiogenesis

1.3.2	 Sprouting Angiogenesis
The basic steps of sprouting angiogenesis include enzymatic degradation of capillary basement 
membrane, endothelial cell (EC) proliferation, directed migration of ECs, tubulogenesis (EC tube  
formation), vessel fusion, vessel pruning, and pericyte stabilization. Sprouting angiogenesis is ini-
tiated in poorly perfused tissues when oxygen sensing mechanisms detect a level of  that 
demands the formation of new blood vessels to satisfy the metabolic requirements of  

 (Figure 1.4). Most types of parenchymal cells (myocytes, hepatocytes, neurons, astrocytes, etc.) 
respond to a hypoxic environment by secreting a key proangiogenic growth factor called vascular 
endothelial growth factor (VEGF-A). There does not appear to be redundant growth factor mecha-
nisms that can replace the role of VEGF-A in hypoxia-induced angiogenesis.

An endothelial  guides the developing capillary sprout through the ECM toward an 
angiogenic stimulus such as VEGF-A [22–25]. Long, thin cellular processes on tip cells called 

 secrete large amounts of proteolytic enzymes, which digest a pathway through the ECM 
for the developing sprout [26,27]. The filopodia of tip cells are heavily endowed with VEGF-A 
receptors ( ), allowing them to “sense” differences in VEGF-A concentrations and causing 
them to align with the VEGF-A gradient (Figure 1.5). When a sufficient number of filopodia on 
a given tip cell have anchored to the substratum, contraction of actin filaments within the filopodia  
literally pull the tip cell along toward the VEGF-A stimulus. Meanwhile, endothelial  
proliferate as they follow behind a tip cell causing the capillary sprout to elongate. Vacuoles develop 
and coalesce, forming a lumen within a series of stalk cells. These stalk cells become the trunk of the 
newly formed capillary. When the tip cells of two or more capillary sprouts converge at the source of 
VEGF-A secretion, the tip cells fuse together creating a continuous lumen through which oxygen-
ated blood can flow. When the local tissues receive adequate amounts of oxygen, VEGF-A levels  

FIGURE 1.3: Basic types of primary vascular growth. Redrawn after Carmeliet and Collen (2000) [21].
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return to near normal. Maturation and stabilization of the capillary requires recruitment of  
and deposition of ECM along with  and other mechanical signals [28].

Delta-Notch signaling is a key component of sprout formation (Figure 1.5). It is a cell–cell sig-
naling system in which the ligand,  (Dll4) mates with its  on neighboring 
cells. Both the receptor and ligand is cell bound and thus act only through cell–cell contact. VEGF-A  
induces Dll4 production by tip cells, which leads to activation of notch receptors in stalk cells. 
Notch receptor activation suppresses VEGFR2 production in stalk cells, which dampens migratory 
behavior compared with that of tip cells. Hence, endothelial cells exposed to the highest VEGF-A 
concentration are most likely to become tip cells [24,25,30]. Although tip cells are exposed to the 
highest VEGF-A concentration, their rate of proliferation is far less compared with that of stalk 
cells.

FIGURE 1.4: VEGF-A directed capillary growth to poorly perfused tissues. (A) Endothelial cells ex-
posed to the highest VEGF-A concentration become tip cells (green). Hypoxic tissue is indicated by 
the circular blue fade. (B) The tip cells lead the developing sprout by extending numerous filopodia. 
(C) The developing spout elongates by proliferation of endothelial stalk cells (purple) that trail behind 
the tip cell. (D) The tip cells from two developing sprouts fuse and create a lumen. (E) Blood flowing 
through the new capillary oxygenates the tissues, thus reducing the secretion of VEGF-A. (F) The newly 
developed capillary is stabilized by pericyte recruitment (red), deposition of ECM (gray), shear stress and 
other mechanical forces associated with blood flow and blood pressure. Redrawn after Carmeliet et al. 
(2009) [24].
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6  angiogenesis

Not all aspects of the Delta-Notch signaling pathway are fully understood, but it is clear 
that production of a normal vasculature is heavily dependent upon the concentration of VEGF-A 
in the tissues. A 50% reduction of VEGF-A expression is lethal embryonically because of vascular 
defects [31,32], and excess VEGF-A in tumors induces overproduction of tip cells leading to a dis-
organized vasculature [33]. This critical dependence on physiological concentrations of VEGF-A 
for construction of viable blood vessels might help explain why attempts to induce angiogenesis 
in poorly perfused tissues with VEGF-A administration and gene therapy have not been highly  
successful.

1.3.3	 Intussusceptive Angiogenesis
Intussusceptive angiogenesis is also called splitting angiogenesis because the vessel wall extends into 
the lumen causing a single vessel to split in two. This type of angiogenesis is thought to be fast and 
efficient compared with sprouting angiogenesis because, initially, it only requires reorganization of 
existing endothelial cells and does not rely on immediate endothelial proliferation or migration. 
Intussusceptive angiogenesis occurs throughout life but plays a prominent role in vascular develop-

FIGURE 1.5: Microanatomy of a capillary sprout and tip cell selection. (A) An interstitial gradient for 
VEGF-A and an endothelial cell gradient for VEGFR2 are shown. Tip cell migration is thought to de-
pend upon the VEGF-A gradient and stalk cell proliferation is thought to be regulated by the VEGF-A 
concentration. Redrawn after Carmeliet and Tessier-Lavigne (2005) [29]. (B) Delta-Notch signaling is 
critical for tip cell selection. Activation of notch receptors on stalk cells induces proteolytic cleavage and 
release of the intracellular domain, which enters the nucleus and decreases gene expression of VEGFR2. 
National Institutes of Health, public domain image.
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ment in embryos where growth is fast and resources are limited [34–36]. However, intussusception 
mainly causes new capillaries to develop where capillaries already exist.

Evidence for the occurrence of intussusceptive angiogenesis is based upon the presence of 
transcapillary tissue pillars (Figure 1.6). Identification of tissue pillars requires scanning electron 
micrographs of vascular casts or three-dimensional reconstruction of serial micrographs. This type 
of angiogenesis was discovered in postnatal lungs of rats and humans [19,20], but it also occurs in 
many other tissues and organs, especially in capillary networks that abut an epithelial surface, e.g., 
choroid of the eye, vascular baskets around glands, intestinal mucosa, kidney, ovary, and uterus 
[37,38]. It also occurs in skeletal muscle, heart, and brain. In addition to forming new capillary 
structures, intussusceptive growth plays a major role in the formation of artery and vein bifurcations 
as well as pruning of larger microvessels.

The control of intussusceptive angiogenesis is poorly understood compared with sprouting 
angiogenesis. This difference is only partly due to its recent discovery in 1986 [20]. A rate-limiting 
step in intussusceptive growth research can be pinned to the laborious methods required to 
prove its presence, which, again, involve determining the frequency of tissue pillars from scan-
ning electron micrographs of vascular casts. However, it is known that intussusceptive angiogenesis  
can be stimulated in the chick  (CAM) with application of VEGF-A 
(Figure 1.7), and there is little doubt that many growth factors and signaling systems are involved 
[34,37]. Mechanical stresses related to increases in blood flow can initiate intussusceptive growth in 
some high flow regions of the circulation, as discussed in Chapter 4 [34,35].

FIGURE 1.6: Scanning electron micrographs of Mercox casts. (a) Fetal chicken lung microvasculature. 
(b) Rat lung microvasculature at postnatal day 44. The small holes indicated by arrows have diameters 
of about 2 µM. The holes correspond to tissue pillars that extend across the capillary lumina. Scale bars:  
(a) 12 and (b) 20 µM. Used with permission from Wiley-Blackwell: Djonov, Kurz, and Burri (2003) [35].
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8  angiogenesis

•  •  •  •

FIGURE 1.7: Intussusceptive angiogenesis in three dimensions (a–d) and two dimensions (a'–d'). (a,b,
a',b') The process begins with protrusion of opposing endothelial cells into the capillary lumen. (c,c') An 
interendothelial contact is established and endothelial junctions are reorganized. (d,d') The endothelial 
(EC) bilayer and basement membranes (BM) are perforated centrally allowing growth factors to enter. 
Fibroblasts (Fb) and pericytes (Pr) migrate into the site of perforation where they produce collagen 
fibrils (Co) and other components of ECM forming a tissue pillar. Used with permission from Wiley-
Blackwell: Djonov, Kurz, and Burri (2003) [35].
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10   Angiogenesis

extracellular matrix, but it is clear that complex interactions between endothelial cells and their in 
vivo physical environment cannot be fully simulated in culture. Also, in vivo interactions between 
endothelial cells and other cell types (smooth muscle cells, pericytes, fibroblasts, macrophages, etc.) 
are difficult to simulate in vitro. For these reasons, in vitro angiogenesis assays should be viewed as 
a starting point rather than an endpoint for discovery, depending on the purpose of the experiment 
(Figure 2.1).

2.1.3	 Endothelial Cell Proliferation Assays
Proliferation of endothelial cells is needed for developing capillaries in the intact animal. The ac-
tions of proangiogenic and antiangiogenic molecules on proliferation can be assessed by direct cell 
counts, DNA synthesis, or metabolic activity [39–42,44]. For testing potential proangiogenic mol-
ecules, it is often necessary to reduce the rate of proliferation by decreasing serum levels in culture 
media, and it is usually more effective to test antiangiogenic molecules on cells that have a substan-
tial rate of proliferation.

The rate of cell proliferation can be determined by counting cells at 24-h intervals after seed-
ing multiple cultures with a defined number of cells (Figure 2.2). Cells can be counted using a hemo-
cytometer and light microscope or an electronic Coulter counter or similar device. Cell proliferation 
is often determined using a colorimetric method (MTT assay) in which mitochondrial enzymes 

FIGURE 2.1:  (a–c) Human umbilical vein endothelial cells (HUVEC) and (d–f ) human dermal micro
vascular endothelial cells (HuDMEC). (a, d) Phase contrast microscopy. (b, e) CD31 or (c, f ) von Wille
brand factor staining: nuclei are counterstained with DAPI. Photographs courtesy of Promocell GmbH, 
Heidelberg, Germany. Used with permission from Wiley-Blackwell: Staton et al. (2009) [42].
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Angiogenesis Assays  11

reduce MTT to formazan dyes in proportion to cell number. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) is a yellow tetrazole that is reduced to purple formazan in living 
cells: absorbance is read by a spectrophotometer. DNA synthesis is often used to reflect cell prolif-
eration. With the commonly used [3H]thymidine incorporation method, the amount of radioactiv-
ity in cells is proportional to the amount of newly synthesized DNA. A similar but nonradioactive 
method utilizes bromodeoxyuridine (BrdU), which competes with thymidine for incorporation into 
DNA. Despite their popularity, these latter methods are not fully reliable. Changes in metabolic 
rates of individual cells and/or compounds that affect mitochondrial enzyme activity can cause gross 
miscalculations of cell proliferation with the MMT assay, and several investigators have found that 
DNA synthesis can occur without a concomitant increase in cell proliferation [45–47]. Because of 
the above problems, it is best to use more than one method for determining cell proliferation. But 
clearly, the most reliable method is direct counting of individual cells.

2.1.4	 Endothelial Cell Migration Assays
In sprouting angiogenesis, endothelial cells degrade the basement membrane and migrate along chem
ical gradients established by proangiogenic growth factors. The transfilter assay [39,40,48] (Figure 
2.3) is used frequently to assess endothelial cell migration: it is a modification of the classical Boyden 
chamber assay [49]. The method is highly sensitive to low levels of chemotactic factors and highly 
reproducible compared with other migration assays. Special provisions can be used to differentiate 

FIGURE 2.2:  Typical growth curve for HUVECs in culture media containing 10% fetal bovine se-
rum (FBS). Media were changed daily. Cells were counted using a Coulter counter. Redrawn after Lee  
(2006) [44].
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12   Angiogenesis

between  and  (Figure 2.4). There are many other migration assays includ-
ing the under-agarose assay, wound healing assay, Teflon fence assay, phagokinetic track assay, and 
others described elsewhere [39–42,48].

2.1.5	 Endothelial Tube Formation Assays
Once the endothelial cells have proliferated and migrated toward a proangiogenic growth factor 
stimulus, they must form tubes with lumens to conduct the flow of blood. Tube formation is often 

FIGURE 2.3:  Transfilter migration assay. (A) Endothelial cells are placed in the upper chamber where 
they rest upon the filter. (B) The filter pores are small enough (~8 µm) to allow passage of actively 
migrating cells. A chemotactic test substance placed in the lower chamber can induce cells to migrate 
through the pores and into the lower chamber. (C) Cells that fail to migrate are removed from the upper 
side of the filter with a cotton swab: migrated cells are fixed, stained, and counted by eye. The entire assay 
can usually be completed in a few hours. Redrawn after Polytarchou et al. (2006) [48].

FIGURE 2.4:  The basic difference between  and  is shown.
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FIGURE 2.5: Matrigel tube formation assay. BAECs were suspended in diluted Matrigel for an over-
night incubation and then subjected to a media change containing VEGF-A (10 ng/mL). Capillary-like 
structures presumed to have a lumen are apparent after three days of treatment. Used with permission 
from Elsevier: Goodwin (2007) [39].

FIGURE 2.6: The fibrin gel bead assay recapitulates key steps of the early angiogenic process and, 
importantly, the vessels display patent intercellular lumens surrounded by polarized endothelial cells. 
Cytodex microcarriers (beads) coated with HUVECs are embedded into a fibrin gel, and fibroblasts 
layered on the gel surface provide soluble factors that promote endothelial sprouting from the surface 
of the beads. A how-to video of the method can be viewed at the following URL: http://www.ncbi.nlm 
.nih.gov/pmc/articles/PMC2570172/?tool=pubmed [51]. Photomicrograph courtesy of Dr. Christopher 
C.W. Hughes.
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14   Angiogenesis

called tubulogenesis. It represents the later stages of the angiogenic process in which endothelial cells 
differentiate. Currently, the most popular tube formation assays involve plating human umbilical 
vein endothelial cells (HUVECs) or bovine aortic endothelial cells (BAECs) with Matrigel (Fig-
ure 2.5) [39,50]. A potential issue with the Matrigel assay is that cells of nonendothelial origin (e.g., 
fibroblasts, carcinoma cells, glioblastoma cells) have been shown to form “tubes,” which raises the 
question of whether tubes with actual lumens are formed or whether cords of cells without lumens 
might be also be formed in this assay [50]. In addition to the Matrigel assay (a two-dimensional 
assay), there are three-dimensional assays such as the fibrin gel bead assay that assesses additional 
components of the angiogenic process (proliferation and migration) (Figure 2.6).

2.1.6	 Rat and Mouse Aortic Ring Assay
The aortic ring angiogenesis assay is used widely in angiogenesis research [52–54] (Figure 2.7). 
It is highly reliable and reproducible. The aorta is removed, cut into ~1-mm sections, and embed-
ded into a collagen or fibrin matrix. In serum-free media, the microvessels begin sprouting from 
rat explants by day 3 in culture as shown (Figure 2.7). The vascular outgrowths are very similar to 
normal blood vessels and are composed of the same cell types. The sprouting microvessels interact 
closely with resident macrophages, pericytes, and fibroblasts in an orderly sequence that emulates 
angiogenesis in the intact animal. The endothelial cells have not been preselected by passaging and 
are thus in a quiescent state similar to that of the intact animal. However, unlike skeletal and car-

FIGURE 2.7: Rat aortic ring angiogenesis assay. (A) The number of microvessels increases progressively 
during the first week in culture: microvessels deteriorate during the second week (T.H. Adair, unpub-
lished data). Arrows show microvessels at day 6 (B) and halos of collagen lysis at day 10 (C). Scale bar = 
400 µm. Photographs used with permission from Elsevier: Aplin et al. (2008) [53].
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diac muscle organ assays [55,56], microvessel growth is not stimulated significantly by exposure to 
a hypoxic environment, which likely reflects in vivo adaptation to arterial oxygen tension. Other in 
vitro angiogenesis assays that incorporate all angiogenic functions (matrix degradation, migration, 
proliferation, tube formation) include the embryoid assay, mouse metatarsal assay, and others [39].

2.2	 IN VIVO ASSAYS
Most investigators in the field of angiogenesis place greater emphasis on research results from intact 
animals. Complex interactions among multiple cell types, the extracellular matrix, hemodynamic 
factors, and metabolic factors are difficult, if not impossible, to duplicate in vitro. There is little 
doubt that angiogenesis associated with normal bodily functions (such as exercise) can provide 
superior insights into the overall regulation of angiogenesis; however, a number of in vivo assay sys-
tems have been developed for testing putative proangiogenic and antiangiogenic molecules. These 
assays include the corneal angiogenesis assay, chick chorioallantoic membrane (CAM) assay, Matri-
gel plug assay, and others [5,40–42].

2.2.1	 Corneal Angiogenesis Assay
The cornea is the only tissue of the body that is both avascular and transparent. These unique ana-
tomical features make the cornea ideal for observation of angiogenesis in mice, rats, and rabbits (Fig-
ure 2.8). Slow-release polymer pellets or sponges containing proangiogenic molecules (VEGF-A, 

FIGURE 2.8: (A) A sustained-release polymer pellet implanted into the cornea of a rabbit eye does not 
cause inflammation or edema in this example. (B) A pellet containing a proangiogenic molecule causes 
new vessels to grow from the limbal edge of the cornea between the lamellar layers of the cornea. (C) The 
pellet can be removed through a small incision. Blood vessels will have regressed completely by about 10 
weeks. Used with permission from Springer Science+Business Media: Folkman (2008) [5].
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16   Angiogenesis

FGF2) or tumor cells are implanted into stromal pockets created surgically. The ingrowth of new 
vessels from the peripheral limbal vasculature can be monitored daily, allowing rates of angiogenesis 
to be determined. Putative antiangiogenic molecules can then be administered orally or parenterally 
to determine their effect on the rate of local angiogenesis in the cornea.

2.2.2	 Chick Chorioallantoic Membrane (CAM) Angiogenesis Assay
The CAM is a gas exchange membrane that lies directly under the egg shell of all avian species. 
The CAM is highly vascular, readily accessible, and chicken eggs are inexpensive. Large numbers 
of eggs can be prepared for the CAM assay in a relatively short time and results can be quantitated 
rapidly with minimal equipment allowing large-scale screening. Although the CAM assay can be 
performed in ovo by removing a small section of the egg shell, many investigators have transferred 
the developing chick embryo to a plastic culture disk or other container after about 3 days of incu-
bation: this permits far better visualization of the CAM vasculature, permits serial measurements 
to be made with ease, and allows control and experimental molecules to be tested on the same 
CAM (Figure 2.9). Many different delivery methods have been used: slow-release polymer pellets, 
Silastic rings into which test molecules are pipetted, sponges, filter discs, and so forth [40–42,57]. 
Quantitation of angiogenic and antiangiogenic responses are often performed at low magnification, 
making it difficult to differentiate between actual growth of blood vessels and dilation of existing 
vasculature. Although highly quantitative methods have been developed, these are often laborious 
and time consuming [58].

FIGURE 2.9: (left) Placement of a test substance on the shell-less chick embryo chorioallantoic mem-
brane (CAM). (right) VEGF-A induces angiogenesis in the CAM vasculature compared with a PBS 
control. Used with permission from Springer Science+Business Media: Folkman (2008) [5] and Nature 
Publishing Group: Dai et al. (2009) [59].
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2.2.3	 Matrigel Plug Assay
The Matrigel plug assay has become the method of choice for testing angiogenesis in vivo [40,60]. 
Matrigel is the trade name of a gelatinous protein mixture harvested from mouse sarcoma cells. 
The mixture resembles the extracellular matrix and contains multiple proangiogenic growth factors. 
Cold Matrigel administered subcutaneously solidifies within about 30 minutes. A sponge, slow-
release pellet, or other delivery system containing a test substance can then be implanted in the 
Matrigel plug through a small incision. The Matrigel plug is removed several days later and imaged. 
Dextran-FITC can be administered intravenously before plug removal to facilitate visualization of 
blood vessels as shown (Figure 2.10). Antiangiogenic molecules administered systemically can be 
tested with this method.

•  •  •  •

FIGURE 2.10: The angiogenic response to tumor tissue implanted into a Matrigel plug in a mouse 
is shown. Following plug removal and fixation, the vasculature can be seen via (left) phage illumina-
tion and (right) UV illumination following intravenous administration of dextran-FITC. Fluorescence 
can be quantitated using standard programs such as Photoshop. Used with permission from Springer 
Science+Business Media: Akhtar et al. (2002) [60].
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3.2	 INCREASING METABOLIC ACTIVITY STIMULATES 
BLOOD VESSEL GROWTH

A dynamic relationship between capillarity and metabolic activity is ubiquitous in tissues where the 
vasculature has mainly a nutritive function. In these tissues, which include skeletal muscle, heart, 
brain, and others, primary changes in metabolic activity (or oxygen availability) invariably lead to 
secondary proportional changes in blood vessel growth or regression. Recognition that increased 
metabolic activity can promote angiogenesis originates from studies of endurance exercise training. 
Exercise training increases oxidative capacity and stimulates angiogenesis in skeletal muscle [75–80]. 
Chronic stimulation of a motor nerve to a glycolytic muscle at a slow frequency characteristic of  
oxidative muscle converts glycolytic fibers to oxidative fibers and causes extensive angiogenesis (Fig
ure 3.2) [81,82] as well as growth of all arteries and veins [83]. Cross-innervation studies show sim
ilar results [84].

Other examples in which increased metabolic activity stimulates angiogenesis include non-
shivering thermogenesis in which muscle metabolism and angiogenesis increase without actual con-
traction of the muscle [85–87] and prolonged administration of thyroid hormone, which increases 

FIGURE 3.1: Capillary length density and mitochondrial volume density are shown for 13 mammalian 
species spanning more than 5 orders of magnitude in body size. Capillary length density is a stereological 
parameter representing a statistical estimate of total capillary length per unit volume of reference tissue 
(in this case, muscle fiber volume) that includes vessel tortuosity [66–70]. Mitochondrial volume density 
refers to mitochondrial volume per unit volume of this same reference tissue: it is a structural measure of 
the  of a tissue [71,72]. A generally linear relationship is evident. Note that heart (red) 
with its relatively high oxidative capacity has a correspondingly high capillary length density. Capillary 
length density of human heart is shown [73]. Redrawn after Adair et al. (1990) [63] and Hoppeler and 
Kayar (1988) [64].
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oxidative capacity and stimulates angiogenesis in skeletal muscle [88,89], heart [90,91], various 
structures in brain [92], and bone [93].

Imbalances between metabolic requirements and vascularity can also result from exposing 
animals to different oxygen atmospheres. For example, subjecting an animal to a hypoxic envi-
ronment can limit oxygen supply to some tissues even though metabolic requirements have not 
changed. Prolonged exposure of the developing chick embryo to a hypoxic environment stimulates 
microvessel growth in the chorioallantoic membrane (CAM) [58] as well as growth of major arter-
ies within the embryo itself [63] (Figure 3.3). Opposite results occur when embryos are exposed to 
a hyperoxic environment as shown.

Many other studies have shown that long-term exposure to a hypoxic environment can pro
mote angiogenesis in avian embryos [94–99]. Hypobaric hypoxia can stimulate angiogenesis in 
various structures in the rodent brain [100–103]. Exposing infants (or newborns of other animal 
species) to a hyperoxic environment inhibits normal development of the retinal vascular bed: neo-
vascularization follows with subsequent exposure to room air [104–110]. The peripheral avascular 
retina is assumed to be hypoxic when animals are transferred from hyperoxic to normoxic environ-
ments because the choroidal vasculature (the only oxygen supply) does not autoregulate with infinite 

, which is true for blood flow control in most vascular beds. Subjecting experimental wounds to 
a hypoxic environment accelerates angiogenesis in the wound [111]. Patients with peripheral arterial 

FIGURE 3.2: Chronic increases in muscular activity stimulate angiogenesis in rat skeletal muscle. Con-
trol (A) and stimulated (B) anterior tibialis muscles were taken from contralateral limbs of the same rat. 
The peroneal motor nerve was stimulated for 2-h periods followed by 4-h periods of rest for 30 days. 
Stimulation parameters were 10-Hz, 300-µs square wave pulses, and 3–5 V. The 30 days of stimula-
tion converted the predominantly fast-twitch, glycolytic anterior tibialis muscle (A) to a predominantly 
slow-twitch, oxidative muscle (B) with increased capillarity and decreased fiber diameter as shown. The 
muscles were perfused-fixed with glutaraldehyde at physiological blood pressures. These are 1-µm-thick 
plastic sections taken from the same location of each muscle. Bar = 50 µm (T.H. Adair, unpublished 
data).
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disease have increased capillary density and increased mitochondrial enzyme activity [112–117] 
that can be further increased with training [118,119]. However, prolonged exposure to a hypoxic 
environment (often called hypoxic-hypoxia) does not appear to stimulate angiogenesis in skeletal 
muscles of adult mammals [120–122]. Early studies showing hypoxia-induced increases in capil-
lary density [120–124] can be explained by hypoxia-induced decreases in muscle fiber diameter 
[120,121,124]. A decrease in fiber diameter can increase capillary density without actual growth of 
capillaries. Recent studies suggest strongly that hypoxic-hypoxia does not stimulate angiogenesis in 
human skeletal muscle under resting conditions, but can have a limited role in promoting angiogen-
esis during training [125]. Studies performed in rats support a role for hypoxic-hypoxia in augment-
ing angiogenesis during treadmill exercise training [126].

3.3	 DECREASING METABOLIC ACTIVITY CAUSES  
VASCULAR REGRESSION

Capillary rarefaction (also called capillary dropout) is a well-known consequence of  
and  in skeletal muscle. Virtually any perturbation that causes a long-term decrease in mus

FIGURE 3.3: Chronic exposure to a hypoxic environment (12% oxygen) stimulates diameter growth of 
the anterior tibialis artery (ATA) as well as blood vessel growth in the chorioallantoic membrane (CAM) 
[58,63]. Exposure to a hyperoxic environment (70% oxygen) decreases growth of the CAM vasculature 
and ATA, compared with growth in a normoxic environment (21% oxygen). (lower right) Tortuous ves-
sels in the CAM are often observed following incubation in 12% oxygen. In these studies, chick embryos 
were incubated in the different oxygen atmospheres from days 7 to 14 of incubation. The body of the 
chick embryo was perfused-fixed with glutaraldehyde at physiological pressures, embedded in plastic, and  
1-µm sections were cut with glass knives and stained with toluidine blue. CAMs were filled with colloidal 
carbon in albumin solution (10% final concentration) and fixed with glutaraldehyde. Bars = 200 µm.
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cular activity is followed by deterioration of the muscle vascular system. Ultrastructural studies 
provide clear evidence of capillary degeneration in models of muscle disuse [127,128]. In each of the 
following examples, a decrease in muscular activity was followed by a decrease in the ratio of capil-
laries to muscle fibers (C/F): experimental tenotomy in rats [129], tenotomy by spontaneous rup-
ture in humans [130], immobilization in a plaster cast [129], application of  to a motor 
nerve [131], hind limb suspension in rats [132,133], various myopathies in humans [134,135], and 
weightlessness during spaceflight [136]. Prolonged inactivity of skeletal muscles can also lead to an 
actual loss of muscle fibers [137–139], causing rarefaction to be underestimated when C/F is used 
to estimate capillarity.

Overoxygenation (hyperoxia) of muscle tissues is a likely cause of capillary rarefaction in sed-
entary muscles. Muscles use less oxygen when muscular activity decreases, which causes the muscles  
to be overperfused and hence overoxygenated. This overperfusion is expected to cause an autoregu-
latory vasoconstriction of muscle arterioles, which lowers blood flow to the muscle and thus de-
creases oxygen delivery. However, acute  does not fully compensate for 
imbalances between oxygen demand and oxygen supply (i.e., the gain of the autoregulatory control 
system is not infinite), suggesting that some degree of hyperoxia should exist in muscles following 
a decrease in muscular activity, even in the face of arteriolar vasoconstriction. Direct measurements 
of muscle oxygen levels at multiple times following the initiation of muscle disuse will be required 
to confirm or refute the hyperoxia hypothesis.

3.4	 LONG-TERM INCREASES IN BLOOD PRESSURE LEAD TO 
VASCULAR RAREFACTION

When the blood pressure is too high, excessive amounts of blood are literally pushed through the 
microcirculation. This overperfusion of existing microvessels leads to a loss of microvessels (  

). Microvascular rarefaction is well-documented in the skeletal muscles of vari-
ous rat models of hypertension. These models include spontaneously hypertensive rats [140–142], 
reduced renal mass-salt loading hypertension [143], and deoxycorticosterone-salt loading hyperten-
sion [144]. Also, hypertension caused by bilateral renal artery constriction can cause microvascular 
rarefaction in rat brain [145]. In hypertensive humans, microvascular rarefaction can occur in skel-
etal muscle [146,147], retina [148], conjunctiva [149], skin [150,151], and small intestine [152].

One explanation for these various findings in which high blood pressure leads to micro-
vascular rarefaction is the following: High blood pressure increases blood flow to tissues beyond 
the level needed to maintain adequate oxygenation. The increase in tissue oxygenation leads to an 
autoregulatory vasoconstriction, which returns blood flow and tissue oxygenation to nearly normal 
levels. In this acute stage of autoregulation called functional rarefaction, some of the microvessels 
are not perfused with blood but are still present anatomically. Because the acute autoregulation of 
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blood flow cannot fully compensate for the excess in perfusion, the tissues continue to be overper-
fused and hence overoxygenated. Prolonged hyperoxia in the tissues leads to decreased levels of  
VEGF-A and other oxygen-sensitive proangiogenic growth factors. The result of long-term hyper-
oxia is a structural loss of microvessels (structural rarefaction). This hypothesis is supported by the 
following findings: (a) functional rarefaction precedes structural rarefaction in the skeletal muscles 
of spontaneously hypertensive rats [140], (b) basal levels of VEGF-A (protein and mRNA) are 
lower in skeletal muscle and heart of spontaneously hypertensive rats compared with normotensive 
Wistar-Kyoto control rats [153], (c) skeletal muscles of hypertensive humans have lower levels of 
VEGF-A protein (and lower capillary density) compared with normotensive control patients [154], 
and (d) capillary rarefaction in the skeletal muscles of spontaneously hypertensive rats was virtually 
eliminated by prolonged exposure to a hypoxic environment (the effect was abrogated by VEGF-A 
neutralizing antibodies) [153].

3.5	O XYGEN IS A MASTER SIGNAL IN GROWTH REGULATION 
OF THE VASCULAR SYSTEM

Why does tissue oxygenation dictate microvascular growth and regression? Many different meta-
bolic fuels are required for cellular metabolism, but oxygen is especially critical because cells have 
limited stores compared with metabolic substrates such as glucose, fatty acids, and amino acids. 
This relative inability of tissues to store oxygen can explain why oxygen is a master signal in growth 
regulation and why oxygen falls to low levels in skeletal muscle within a few seconds following an 
increase in metabolic rate (Figure 3.4).

3.5.1	 Increases in Muscular Activity Cause Decreases in Muscle Oxygenation
When the activity of a muscle increases, the muscle uses greater amounts of oxygen, which decreases 
the partial pressure of oxygen in the muscle. Figure 3.4 shows that contractions of the mouse gas-
trocnemius muscle causes the partial pressure of oxygen (pO2) in the muscle to decrease rapidly to 
low levels.

3.5.2	O xygen Regulates Angiogenic Growth Factor Production
Many proangiogenic factors and their receptors can be modulated either directly or indirectly by 

 or  in poorly perfused tissues. These include but are not limited to the follow-
ing: vascular endothelial growth factor ( ) [157–161] and its receptors,  [162–
163] and  [164–166];  (PlGF) [167,168];  (Ang1), 

 (Ang2) and their  [158,169–174];  (FGF2) 
[175–179], and  (TGFb) [180,181]. In addition, oxygen regulates 
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expression of the transcriptional regulator,  (HIF1) [182–186], which in 
turn targets genes for VEGF-A [187–189], VEGFR1 but not VEGFR2 [163], and   

 (iNOS) [190–192]. Also, a hypoxic environment can modulate antiangiogenic fac-
tors such as  and  (TSP1) [193–196].

3.5.3	� VEGF-A Released From Hypoxic Tissues Is a Key  
Regulator of Angiogenesis

Shweiki et al. [197] discovered in 1992 that the proangiogenic factor, VEGF-A, is markedly up-
regulated in glial tumor cells exposed to an anoxic environment. This finding was confirmed in vitro 
and in vivo in multiple laboratories [198,199] and was shown to be reversible when cells exposed to 

FIGURE 3.4: Increased muscular activity causes decreased oxygenation. A C57Bl/6 mouse was anes-
thetized with pentobarbital, skin was removed from the hind limb, and a channel was made parallel to 
the gastrocnemius muscle using a 27-gauge needle. An Oxylite® probe (160 µm diameter) was placed 
into the medial head of the muscle by way of the needle channel. The first period of stimulation caused 
the muscle pO2 to decrease to ~3 mm Hg. Similar values of pO2 are found by magnetic resonance 
spectroscopy or near-infrared spectroscopy in exercising human skeletal muscle [75,155,156]. When 
stimulation was terminated, the muscle pO2 increased to ~20 mm Hg, where it remained until the next 
period of stimulation. Note that successive bouts of stimulation caused the pO2 to fall to a lesser extent 
and then to rise to a higher value when stimulation was terminated. This progressive rise in muscle pO2 
with repeated bouts of stimulation is consistent with the principles of blood flow autoregulation. Potas-
sium chloride (KCl) administered via cardiac puncture stopped the heart, causing the muscle pO2 to fall 
precipitously to a value of 0 mm Hg as shown, indicating that the probe had not drifted during the course 
of the experiment (T.H. Adair, unpublished observation).
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physiological levels of hypoxia were returned to a normoxic environment [159]. Subsequent studies 
showed that cells deficient in oxygen produce the transcription factor, 
(HIF1), which is a major stimulus for VEGF-A production in hypoxic tissues. HIF1 induction of 
VEGF-A expression occurs in skeletal muscle during exercise [75,200,201], ischemic heart [202], 
ischemic brain [203,204], ischemic retina [205], and hypoxic/ischemic tumors [206].

3.5.4	 Negative Feedback Regulation of VEGF-A
Most control systems of the body act by a negative feedback mechanism [207]. In the case of angio-
genesis, a low level of oxygen in the tissues causes the release of VEGF-A, which in turn stimulates 
angiogenesis. The development of new capillaries increases the supply of oxygen to the tissues, caus
ing VEGF-A to return to nearly normal levels, thus closing the negative feedback loop. The pos-
sibility that VEGF-A could be subject to negative feedback regulation was first demonstrated in a 
rat model of endurance exercise training [208] (Figure 3.5). Note that VEGF-A mRNA increased to 
high levels after 4 days of muscle stimulation, and then decreased gradually over the next several days 
reaching low plateau values after 14 to 21 days of increased muscular activity. Capillary-to-muscle 
fiber ratio (C/F) increases during a 28-day period of muscle stimulation as shown in Figure 3.5 
[209,210]; however, stimulating muscles for 60 days does not increase capillarity to a greater extent 
[211]. Thus, despite continued exercise, VEGF-A gene expression returned to nearly normal levels 
after 14–21 days of stimulation [208] (Figure 3.5). This temporal relation between muscle capillar-
ity and VEGF-A expression can explain why VEGF-A production is thought to be regulated by a 

FIGURE 3.5: VEGF-A levels in rat anterior tibialis muscle during chronic electrical stimulation. The 
peroneal motor nerve of the one leg was stimulated for 2-h periods followed by 4-h periods of rest for 21 
days. The contralateral anterior tibialis muscle served as a control. Stimulation parameters were 10-Hz, 
300-µs square wave pulses, and 3–5 V. VEGF-A mRNA (bars) was measured by Northern blot analysis. 
C/F, capillary-to-muscle fiber ratio (red line) [209,210]. Redrawn after Hang and Adair [208].
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negative feedback mechanism. Presumably, the increase in capillarity induced by VEGF-A returns 
tissue oxygenation to normal, and VEGF-A expression, in turn, returns to nearly normal levels.

The possibility that VEGF-A is subject to negative feedback regulation has been substanti-
ated in many laboratories. Chronic electrical stimulation of rabbit anterior tibialis muscles caused a 
10-fold increase in VEGF-A mRNA expression after 4–6 days of stimulation and a return to con-
trol levels by day 14 [212]. Studies in treadmill-exercised rats show a sixfold increase in VEGF-A 
mRNA after 1–2 days of exercise, which decreased to control levels after ~12 days [213]. A study 
in humans [214] showed that a single bout of knee extension exercise caused a threefold greater 
increase in VEGF-A levels in untrained subjects compared with trained subjects where the muscle 
capillarity was already elevated. Feedback regulation of VEGF-A also seems to occur in rat brain 
exposed to a hypoxic environment [215]. Exposure to a hypoxic environment caused a maximum 
VEGF-A response (fivefold increase) in rat brain after 4 days of hypoxia, which was followed by 
a return of VEGF-A expression to basal levels by 7–21 days [215]. The increase in oxygen deliv-
ery afforded by increased capillarity apparently returned brain oxygenation to normal, thus causing 
VEGF-A expression to return to normal. Other studies provide evidence of VEGF-A feedback 
regulation in a mouse model of retinopathy [216]. Exposing mice to a hypoxic environment caused 
VEGF-A mRNA expression to increase greatly after 12 h of exposure and then to return to nearly 
normal levels over the next several days as the retinal vascularity increased [216].

3.5.5	�O xygen Plays a Central Role in Feedback Regulation of Vascular Growth 
and Regression

A simplified negative feedback control scheme that illustrates metabolic regulation of vascular 
growth and regression is shown in Figure 3.6. When oxygenation is inadequate, the tissues become 
hypoxic, and this hypoxic signal induces or suppresses various proangiogenic or antiangiogenic sub
stances. Vascular growth follows. The increase in vascularity promotes oxygen delivery to the tis-
sue cells by increasing both capillary surface area and maximum blood flow to the tissues, and  
decreasing diffusion distances between capillaries and . When the tissues receive 
adequate amounts of oxygen even during periods of peak metabolic activity, proangiogenic and 
antiangiogenic factors return to nearly normal levels, and these negative signals, in turn, stop the 
further development of the vasculature, thereby closing the feedback loop [63,217]. The opposite 
is thought to occur when tissues are overoxygenated. Normal tissue growth, exercise, and hyper-
thyroidism can increase metabolic rate, whereas muscle disuse decreases metabolic rate. Vascular 
damage and exposure to a hypoxic atmosphere can lead to a primary decrease in tissue oxygenation, 
and exposure to a hyperoxic atmosphere, as well as muscle disuse, can theoretically lead to a primary 
increase in tissue oxygenation.
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3.6	 ROLE OF ADENOSINE IN METABOLIC REGULATION  
OF VASCULAR GROWTH

Adenosine is a nucleoside produced in all cells of the body by stepwise dephosphorylation of ATP. 
Hypoxic tissues produce adenosine from ATP, and the adenosine in turn functions to restore balance 
between oxygen demand and oxygen supply. Adenosine increases oxygen supply acutely by causing 
vasodilation and increased blood flow in the heart, skeletal muscle, brain, and other tissues [218–
220]. Adenosine can decrease oxygen demand in the heart by multiple mechanisms [221–224]. 
For these reasons, adenosine is thought to serve as a negative feedback signal to maintain tissue 
oxygenation within a normal range.

Adenosine is also thought to have a long-term role in maintaining tissue oxygenation by 
stimulating angiogenesis [217]. Physiological concentrations of adenosine produced under hypoxic 
conditions stimulate a concentration-dependent proliferation and migration of endothelial cells 
obtained from both large and small blood vessels [225–232]. Endothelial cell proliferation and mi-
gration are key steps in the angiogenesis process necessary for establishing capillary sprouts in the 
microenvironment of a hypoxic tissue where adenosine levels are highest. Numerous studies have 
shown that adenosine or adenosine uptake inhibitors (which increase extracellular levels of adeno
sine) can stimulate blood vessel growth in various animal models [233,234]. The angiogenic actions 
of adenosine are thought to be mediated, as least partially, by its ability to increase the expression of 
VEGF-A: administration of adenosine [227,235–242] as well as the up-regulation of endogenous 
adenosine [228] can induce expression of VEGF-A in many cell types.

FIGURE 3.6: Central role of oxygen in metabolic regulation of vascular growth and regression. Factors 
listed in blue are thought to decrease tissue oxygenation causing hypoxia, which leads to vascular growth. 
Factors listed in red are thought to increase tissue oxygenation causing hyperoxia, which leads to vascular 
regression.
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Figure 3.7 shows a mechanism for adenosine-induced angiogenesis under hypoxic condi-
tions. AMP is dephosphorylated by ecto-5-nucleotidase, producing adenosine in the extracellu-
lar space adjacent to a parenchymal cell, which is the major source of adenosine under hypoxic/
ischemic conditions. The parenchymal cell could be a cardiomyocyte, skeletal muscle fiber, he-
patocyte, or any other functional element of an organ or tissue that is subjected to a hypoxic envi-
ronment. Extracellular adenosine then stimulates the release of VEGF-A from the parenchymal cell 
by activating A2A or A2B receptors; adenosine activation of the A1 receptor on macrophages can also 
stimulate VEGF-A production [243,244]. VEGF-A released from parenchymal cells and mono-
cytes binds to its receptor (VEGFR2) on endothelial cells, stimulating proliferation and migration. 
VEGF-A is also a survival factor or maintenance factor for endothelial cells that may be regulated 
by adenosine under basal conditions [217]. Adenosine can stimulate endothelial cell proliferation 
independently of VEGF-A, which probably involves modulation of other proangiogenic and anti
angiogenic growth factors or perhaps an intracellular mechanism [217]. In addition, hemodynamic 
factors associated with adenosine-induced vasodilation may have a role in development and re-
modeling of the capillaries as well as larger blood vessels. Once a new capillary network has been 
established and the diffusion/perfusion capabilities of the vasculature can supply the parenchymal 
cells with adequate amounts of oxygen, adenosine, and VEGF-A as well as other proangiogenic and 
antiangiogenic growth factors return to near-normal levels, thus closing the negative feedback loop  
[217].

FIGURE 3.7: Mechanism of adenosine-induced angiogenesis. Ado, adenosine; HIF1, hypoxia in-
ducible factor-1; VEGFR2, VEGF receptor-2; A1, A2A, and A2B, adenosine receptors; 5'N, ecto-5-
nucleotidase; 5'AMP, 5'adenosine monophosphate. Redrawn and modified after Adair (2005) [217].
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Multiple interactions can facilitate the adenosine induction of VEGF-A. Some of these in-
teractions include the following: Adenosine can activate HIF1 by way of A2A receptors in mac-
rophages [245] and liver cells [246], which in turn can increase VEGF-A production. HIF1 can 
increase production of the adenosine A2B receptor under hypoxic conditions [247]. The activity of 
ecto-5-nucleotidase (CD73) can be increased in the ischemic heart [248] and brain [249] of intact 
animals, possibly by way of a HIF1-dependent regulatory pathway [250]. Also, adenosine can in-
crease the production of VEGFR2 in bovine retinal endothelial cells [251].

In addition, adenosine can modulate the expression of other angiogenic growth factors. An 
adenosine analog (NECA) increased the expression of the proangiogenic factors insulin-like growth 
factor-I ( IGF-I) and basic fibroblast growth factor (FGF2) in human retinal endothelial cells [227]. 
NECA also increased the expression of the proangiogenic factors interleukin-8 ( IL-8) and angio-
poietin-2 (Ang2) mRNA in human mast cells [237] as well as FGF2 in human microvascular en-
dothelial cells [236]. Other studies have shown that adenosine and A2A agonists can down-regulate 
the antiangiogenic factor tumor necrosis factor (TNF)-a in mouse macrophages [252]. TNF-a in-
hibits the proliferative response of endothelial cells through inactivation of VEGF receptors [253]. 
Therefore, adenosine can modulate multiple proangiogenic and antiangiogenic factors in a manner 
that promotes angiogenesis.

The available data indicate that adenosine might be an essential mediator for up to 50% to 
70% of the hypoxia-induced angiogenesis in some situations [217]. This high estimate might be 
attributed to the fact that adenosine not only induces multiple proangiogenic growth factors (and 
inhibits release of antiangiogenic factors) but also incorporates mechanical hemodynamic factors 
through its vasodilatory actions that can promote development and remodeling of the vasculature.

•  •  •  •
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4.1.2	 Epithelial Sodium Channels Can Form a Mechanosensory Complex
A model of a DEG-dependent mechanosensor has been proposed to transduce mechanical forces 
to bioelectrical signals in nematodes. The model is based on genetic, biochemical, and functional 
analyses [256,257,262,264,283–285]. The mechanosensor (Figure 4.1) is thought to consist of an 
aqueous-filled protein channel that is tethered to the cytoskeleton and extracellular matrix (ECM), 
thereby allowing transmission of mechanical forces between the extracellular environment and the 
cell interior. The nematode mechanosensing/transducing complex may be fundamental to all meta-
zoans, including mammals [262,285,286]. The main candidates for mechanosensors in mammals are 
members of the amiloride/benzamil-sensitive DEG/ENaC superfamily [254,261,287–289]: ENaC 
is speculated to form the aqueous-filled protein channel of the mechanosensing/transducing complex 
[262,285,286]. The structural nature of the channel tethers (i.e., linking proteins) is poorly under-
stood; however, the COOH terminus of ENaC is physically and functionally linked to the cellular cy-
toskeleton through F-actin [290] and contributes to the control of channel activity by actin [291,292].

4.1.3	� Epithelial Sodium Channels Can Mediate Mechanotransduction  
in Mammals

ENaC family members have been shown by immunocytochemistry to be expressed in mechano-
receptor structures in the rat foot pad [293], baroreceptors [294], sensory nerve endings in rat 

FIGURE 4.1: Model of mechanosensor with pore of epithelial sodium channel (ENaC) closed. ECM, 
extracellular matrix. Redrawn and modified after Drummond, Grifonia, and Jernigan (2008) [255].
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larynx [295], sensory nerve endings of vibrissae [296], the muscle spindle [297], and vascular tis-
sues [271–279,279–282]. Recent studies provide functional evidence that DEG/ENaCs play a role 
in physiological events that require mechanosensation/transduction. Shear stress can mechanically 
activate ENaC channels [289,298–300]. Amiloride/benzamil-sensitive ENaC channels contribute 
to mechanotransduction in mammalian muscle spindles [297]. Stretch-induced vasoconstriction 
(i.e., the myogenic response), the baroreceptor reflex, blood flow autoregulation, and migration of 
vascular smooth muscle cells can be attenuated using pharmacologic and/or genetic suppression of 
DEG/ENaC proteins [273–276,278,301–304].

4.1.4	 Do Epithelial Sodium Channels Mediate Angiogenesis?
Recent studies suggest that ENaCs are required for angiogenesis [305,306]. In these studies, a 
specific ENaC inhibitor (benzamil) abolished both VEGF-A and FGF2 stimulated microvessel 
growth in the rat aortic ring angiogenesis assay [305,306]. The studies also showed that microves-
sel growth was reduced by about 50% in a mouse aortic ring angiogenesis assay with reduced levels 
of βENaC (m/m), compared with aortas from normal littermates (+/+) [306]. In these angiogenesis 
assays, sprouting endothelial cells interact closely with fibroblasts, macrophages, and pericytes in an 
orderly sequence that recapitulates all stages of angiogenesis [53,54]. The microvessels are virtually 
indistinguishable from capillaries that form during angiogenesis in vivo and are composed of the 
same cell types [52,307–309]. Endothelial cells in the explant have not been modified by repeated 
passages in culture and they behave like normal endothelial cells in the intact animal [54]. These 
recent studies [305,306] therefore support the hypothesis that ENaCs play a critical role in the 
angiogenic process, possibly by acting as mechanosensors for migration of endothelial and vascular 
smooth muscle cells as well as endothelial tube formation.

4.1.5	 Physical Forces Acting on the Walls of Blood Vessels
The walls of blood vessels are subjected to mechanical forces caused by blood flow, vasodilation, 
and blood pressure (Figure 4.2). Blood pressure causes a cyclical mechanical strain on the walls of 
arteries and arterioles (where blood pressure is pulsatile) and a constant strain in capillaries and 
veins where blood pressure is usually nonpulsatile. Because flowing blood exhibits a viscous effect, it  
tends to “stick” to the endothelium creating a  that is proportional to the product of fluid 
viscosity and the velocity gradient between adjacent layers of the flowing blood [28]. Endothelial 
cells in all blood vessels are exposed to , which is a force that acts tangential to the en-
dothelial cell surface causing morphological changes to endothelial cells (Figure 4.3). The walls of 
arteries and veins can also be stretched circumferentially as a result of vasodilation and compressed 
circumferentially as a result of vasoconstriction.
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4.1.6	 Shear Stress Is Sensed by the Endothelium
Molecular elements thought to play a role in sensing shear stress in endothelial cells are shown 
(Figure 4.4). These molecular elements include extracellular matrix (ECM), cell–ECM adhesion, 
cell–cell adhesion complexes, membrane components (ion channels, caveolae, surface receptors), 
and cytoskeletal filaments [311]. In addition, recent studies have suggested that epithelial sodium 

FIGURE 4.3: Effect of laminar flow on cytoskeletal organization and orientation of endothelial cells. 
Cytoskeletal elements are triple stained for actin (pseudocolor blue), microtubules (green), and interme-
diate filaments (red). Photomicrographs were taken under (left) static conditions and (right) 24 h after 
laminar shear flow at 12 dyn/cm2. Based on work by Galbraith et al. (1998) [310]. Used with permission 
from Chien (2007) [28].

FIGURE 4.2: Physical forces caused by blood flow and blood pressure act on the walls of blood vessels. 
Flowing blood generates shear stress tangential to the endothelial cell surface. Circumferential stretch is 
caused by the action of blood pressure. Redrawn after Chien (2007) [28].
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channels (ENaCs) may also play a role in sensing shear stress in multiple cell types [312–314]. Shear 
stress applied the luminal surface of endothelial cells is thought to be transmitted throughout the 
cell as well as to cell junctions and cellular adhesions to the ECM [311].

4.1.7	 Increased Blood Flow (Shear Stress) Can Stimulate Angiogenesis
Thoma’s [315] early observations in chick embryos that blood vessels with higher velocities of 
blood flow (higher shear stress) became larger whereas those with slower velocity atrophy have been 
substantiated in many laboratories in various animal preparations [316–320]. Mechanical factors 
associated with blood flow are thought to stimulate capillary development by intussusceptive an-
giogenesis [321,322]. In capillaries, intussusception refers to the splitting of single capillaries into 
two capillaries (Figure 4.5). Endothelial cells activated by shear stress [254] extend intraluminally 
forming two endothelial tubes through which blood can flow. Experimental proof for shear stress-
induced angiogenesis has been achieved by chronic administration of vasodilators, primarily the a-
adrenergic blocker, prazosin. Prolonged treatment with prazosin can increase muscle blood flow 
about threefold and stimulate angiogenesis [322,323–327]. Prazosin-induced angiogenesis could be 
VEGF-A-dependent [328]. Also, shear stress can activate the VEGFR2 pathway independent of 
VEGF-A [329]. Other vasodilators such as adenosine and dipyridamole (which increases adenosine 
levels in tissues) can also increase shear stress and stimulate angiogenesis; however, adenosine has 
multiple angiogenic actions independent of shear stress (Figure 3.7) [217]. Overall, the mechanism 
of shear stress-induced angiogenesis is poorly understood.

FIGURE 4.4: Elements of shear stress mechanosensing in endothelial cells. ECM, extracellular matrix. 
Redrawn after Balligand, Feron, and Dessy (2009) [311].
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4.1.8	� Possible Role of Endothelial Cell Shape in Regulating Blood Vessel 
Growth and Regression

The shapes of endothelial cells can dictate their rates of growth in vitro. Cells with different shapes 
are generated by treating plastic cultureware with surface-active agents that alter the adherence of 
cells [330]. Endothelial cells with a relatively flat configuration proliferate rapidly, whereas cells 
with a spheroid shape grow slowly [330]. Also, DNA synthesis increases in an exponential fashion 
in direct relation to linear increases in cell extension [331]. Electron microscopy studies [332] have 
shown that vasodilation literally pulls endothelial cells into the rapidly growing flat configuration, 
whereas vasoconstriction compresses endothelial cells causing them to become distorted with lower 
growth rates (Figure 4.6).

Does endothelial cell shape have a physiological role in growth regulation during long-term 
vasoconstriction and vasodilation? Long-term vasodilation occurs in tissues that have long-term 
increases in metabolic activity. The vessel growth that follows has been attributed mainly to proan-
giogenic growth factors released from hypoxic tissues. However, it is also possible that endothelial 
cell shape plays a role. Why? The flattened endothelial cells of dilated blood vessels are likely to be 
more susceptible to actions of angiogenic growth factors [330]. Long-term vasoconstriction can oc-
cur during the developmental stages of certain types of hypertension. Increased cardiac output leads 
to increased peripheral resistance (vasoconstriction) through an autoregulatory mechanism [333]. 
This vasoconstriction (functional rarefaction) is often followed by an actual loss of blood vessels 

FIGURE 4.5: Shear stress-induced intussusceptive angiogenesis gives rise to longitudinal splitting of 
blood capillaries. Redrawn after Zhou et al. (1998) [322].
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(structural rarefaction) [140,141]. Although the structural rarefaction might be explained by over-
perfusion and hence overoxygenation of tissues with subsequent decreases in proangiogenic growth 
factors levels, it is also possible that endothelial cell shape plays a role. The compressed endothelial 
cells are likely to be less susceptible to the actions of proangiogenic growth factors, which would 
facilitate the rarefaction.

Although blood capillaries do not “vasodilate” directly, vasodilation of upstream arterioles 
increases capillary hydrostatic pressure and this can increase the capillary diameter and thus pull 
endothelial cells into a flat configuration. If this is true, and if the capillary endothelial cells release 
a stimulator of smooth muscle cell growth when they are pulled into a flat configuration, it could 
explain how capillaries that have a higher velocity of blood flow develop into larger vessels [316].

4.1.9	 Mechanical Factors Have an Accessory Role in Angiogenesis
Neither blood flow nor mechanical factors associated with blood flow can actually regulate angio-
genesis in heart, skeletal muscle, brain, and other tissues in which the vasculature has primary a 
nutritive function. Why? Because blood flow itself is regulated by metabolic factors in these tissues. 
For this reason, the proangiogenic actions of shear stress are thought to facilitate, but not regulate 
the angiogenesis. Likewise, those steps in the angiogenic process that require mechanosensation of 
physical stimuli serve to implement angiogenesis under the umbrella of metabolic regulation. There 

FIGURE 4.6: Model of endothelial cell shape during relative dilation and constriction of an arteriole. 
Redrawn after Stromberg et al. (1969) [332].
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are, however, instances in which flow itself can be considered a controlled variable in the negative 
feedback regulation of vascular growth. For example, lymphangiogenesis occurs when the rate of 
fluid loss from blood capillaries exceeds the fluid removal capacity of resident lymph vessels. It is 
also possible that the flow of interstitial fluid in the interstitial spaces of the kidneys plays a role in 
controlling angiogenesis in the peritubular capillary bed. This latter possibility will be addressed in 
future editions.

4.2	 CONTROL OF LYMPHANGIOGENESIS
The concept that “ ” also applies to the lymphatic vascular system. The main 
physiological function of the lymphatic system is to pump extravasated fluid and proteins from the 
interstitial spaces back to the blood vascular system. Fluid and proteins leak continually from the 
blood capillaries into the surrounding interstitial spaces. The fluid enters into lymphatic capillaries 
and is pumped along a series of  all the way to the venous system where the lymph is 
returned to the blood.

The pulmonary lymphatic system can be overwhelmed with lymph when the left atrial pres-
sure rises too high acutely. Normally, a rise in left atrial pressure to about 40 mm Hg causes an 
increase in lymph flow that is insufficient to remove interstitial edema fluid from the lungs (Fig-

FIGURE 4.7: Lung lymph flow can increase to high levels in chronic pulmonary edema. When the 
lungs have excess amounts of interstitial fluid (edema) for long periods of time, lymphangiogenesis often 
follows. The growth of new lymph vessels or the enlargement of existing lymph vessels allows a given 
increase in left atrial pressure to cause a much greater increase in lymph flow compared with normal. 
Redrawn after Uhley (1962) [334].
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ure 4.7). Pulmonary edema follows. However, with slowly developing chronic pulmonary edema, 
the pulmonary lymphatic system can adapt to the fluid challenge by growing new lymph vessels  
( ) and causing existing lymph vessels to grow larger. This growth of the lym-
phatic system greatly increases the amount of fluid that can be removed from the lungs, thereby 
helping to protect against pulmonary edema.

4.2.1	 Flow-Guided Lymphangiogenesis
The possibility that lymphangiogenesis can be stimulated by a long-term fluid challenge is sup-
ported by studies in the mouse tail [335]. In these experiments, a circumferential section of skin 
containing lymph vessels was removed from the tail, but the underlying arteries and veins remained 
intact. The wounded area was then wrapped with a collagen matrix providing a pathway for in-
terstitial fluid flow and a scaffold for cell proliferation and migration. Over the next several days, 
lymphatic endothelial cells were found to migrate along fluid channels in the collagen matrix; they 
eventually formed intact lymph vessels. These findings are in contrast to “blood angiogenesis” where 
fluid flow occurs only after a vascular channel has been established. The investigators also found 
increased expression of the lymphatic endothelial cell mitogen,  [336] in the upstream 
regions of the collagen bridge [335]. In other studies using a similar model (Figure 4.8), VEGF-C 
therapy was shown to increase lymphatic endothelial cell density in the collagen matrix, and a pri-
mary inhibition of interstitial fluid flow was found to decrease lymphatic endothelial density [337]. 
Together, these findings support the hypothesis that growth of the lymph vessels can be regulated 
by the amount of interstitial fluid to which they are challenged.

FIGURE 4.8: (A) Growth of lymphatic endothelial cells could be blocked with  neutralizing 
antibodies and rescued with VEGF-C therapy. (B) An experimental reduction in interstitial fluid (ISF) 
flow led to a decrease in growth of lymphatic endothelial cells. Lymphatic endothelial cell (LEC) den-
sity was determined from immunostained cryosections of mouse tail skin. Redrawn after Goldman et al. 
(2007) [337].
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4.2.2	 High Salt Load Stimulates Lymphangiogenesis in Skin
Recent studies [338] in rats indicate that a high salt diet leads to sodium accumulation in the 
skin where the concentration can exceed 170 mmol /L. This high sodium concentration leads to 
increased density and hyperplasia of skin lymph vessels. The mechanism is thought to involve acti-
vation of tonicity-responsive enhancer binding protein (TonEBP) in macrophages that infiltrate the 
hypertonic environment of the skin interstitium. TonEBP binds the promoter of the gene that en-
codes VEGF-C increasing its secretion by the macrophages. These studies indicate that VEGF-C  
is an osmosensitive, hypertonically driven gene involved in lymphangiogenesis.

•  •  •  •
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Disuse atrophy  (of skeletal muscles) is muscle atrophy resulting from a lack of exercise due to a 
sedentary lifestyle, medical conditions that limit movement, or prolonged space flight at zero gravity.
Endostatin  a 20-kDa C-terminal fragment of collagen type XVIII that has antiangiogenic 
properties.
Endothelial cell  line luminal surfaces of cardiovascular system from heart to capillaries providing 
interface between blood and vessel wall. They are derived embryonically from angioblasts.
Endothelial progenitor cell  a controversial cell type believed to circulate in blood and with the 
ability to differentiate into endothelial cells.
Extracellular matrix (ECM)  fills spaces between cells and includes basement membranes. It is 
composed of fibrous proteins (e.g., collagen, elastin) and glycosaminoglycans. Provides support and 
anchorage for cells, serves as medium for diffusion exchange of nutrients and metabolites, and se-
questers and releases various growth factors.
Fibroblast growth factor-2  (FGF2) also known as basic fibroblast growth factor (bFGF) is a 
member of the fibroblast growth factor family that is bound to basement membranes (BM) of blood 
vessels; its proangiogenic actions can be activated by heparin sulfate-degrading enzymes, which 
causes it to be released from BMs
Filopodia  (singular, filopodium) thin cytoplasmic projections, similar to lamellipodia, which ex-
tend from migrating endothelial tip cells at the leading edge of a capillary sprout.
Folkman  Judah Folkman (1933–2008) is considered by many to be the modern 
day father of angiogenesis, partly because of his pioneering studies showing that 
tumor growth is angiogenesis-dependent.

Form follows function  (in biology) a fundamental law of nature in which the anatomical struc-
ture (form) of a system adapts to accommodate changes in the function of the system.
Gain  of a system is the degree of effectiveness with which a control system maintains constant 
conditions. Very few systems have infinite gain because in most systems the correction (e.g., arte-
riolar dilation) is not sufficient to return the error (e.g., decreased oxygenation of tissues) all the way 
to normal.
Growth factors  a natural occurring substance capable of promoting cellular growth.
Hemangioblast  a multipotent cell and precursor to both hematopoietic stem cells and angioblasts.
Hematopoietic stem cell  multipotent cell derived from hemangioblast that gives rise to all cell 
types in blood.
Hypoxia  a deficiency in oxygen sufficient to enlist physiological mechanisms to correct the defi-
ciency; occurs in normal and pathological states.
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Hypoxia-inducible factor-1  (HIF-1) a transcription factor that responds to changes in oxygen 
levels in cells; HIF-1 levels increase during hypoxic conditions, and possibly decrease during hyper-
oxic conditions.
Inducible nitric oxide synthase  (iNOS) NOSs are a family of enzymes that catalyze the produc-
tion of nitric oxide from l-arginine.
Ischemia  (Greek: isch = restriction; hema = blood) is a restriction of blood supply that can result in 
damage or dysfunction of the tissue. Ischemia is accompanied not only by hypoxia, but also a lack 
of glucose and other blood-borne metabolic fuels.
Krogh  August Krogh (1884–1949) was a Danish physiologist who received the 
Nobel Prize in Physiology and Medicine for his many discoveries in cardiovascular 
physiology, especially those dealing with the microcirculation.

Lymphangiogenesis  formation of lymph vessels from existing lymph vessels.
Lymphangion  the functional unit of a lymph vessel needed to pump lymph. It is comprised of a 
short segment of lymph vessel delineated with proximal and distal one-way semilunar valves.
Mesoderm  one of three primary germ cell layers lying between ectoderm and endoderm germ cell 
layers. It gives rise to multiple tissues including heart and large blood vessels.
Mesodermal stem cell  gives rise to connective tissue, bone, cartilage, and the circulatory and 
lymphatic systems.
Microvascular rarefaction  a reduction of microvessels.
Morphogen  a hypothetical substance that controls cell position within a tissue and thus governs 
tissue development.
Multipotent progenitor cell  gives rise to variety of oligopotent cellular progeny, which in turn 
give rise to limited assortment of terminally differentiated cell types. Unlike stem cells, they cannot 
reproduce themselves indefinitely.
Neovascularization  a general term meaning formation of any blood vessel in adults.
Notch receptors  a family of receptors (Notch1-4) with intracellular and extracellular domains 
present in all metazoans. Activation by ligands (such as Delta-like 4) leads to proteolytic cleavage 
and release of an intracellular domain, which enters the nucleus to alter gene expression. The notch 
signaling pathway is important for cell–cell communication.
Oligopotent progenitor cell  gives rise to a limited assortment of terminally differentiated cells. 
Greek word oligos mean “a few.” Unlike stem cells, they have limited self-renewal capability.
Oxidative capacity  is a measure of the maximal capacity of a tissue (usually muscle) to use oxy-
gen; expressed as microliters of oxygen consumed per gram of tissue per hour.
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Parenchymal cell  the functional cell of an organ, e.g., skeletal muscle myocytes, cardiac myocytes, 
neurons, cells of nephrons, hepatocytes, etc.
Pericyte  also called mural cell, attaches to capillary wall, providing support and maintaining qui-
escence of capillary endothelium. It can differentiate into smooth muscle cell, fibroblast, and other 
cell types.
Placental growth factor  (PlGF) a member of the vascular endothelial growth factor (VEGF) 
subfamily secreted from the placental trophoblasts during pregnancy.
Progenitor cell  gives rise to cells that continue to differentiate or to terminally differentiated cells. 
Unlike stem cells, they cannot reproduce themselves indefinitely.
Shear stress  shear stress (in blood vessels) is a mechanical force caused by blood flow that acts tan-
gentially to the endothelial cell surface of vessel walls. It is a function of blood velocity and viscosity.
Stalk cell  a proliferating endothelial cell that elongates a sprout forming the trunk of a new 
capillary.
Stereology  (Greek: stereos = solid) is a body of mathematical methods relating three-dimensional 
parameters defining the structure to two-dimensional measurements obtainable on sections of the 
structure.
Stem cell  can undergo ‘asymmetric division’ producing daughter cell identical to parent cell as 
well as clonal progeny (multipotent progenitor cells) that continue to differentiate. They can accu-
rately reproduce themselves indefinitely.
Tenotomy  the cutting of a tendon either surgically (which can be therapeutic) or by trauma 
(which is not therapeutic).
Tetrodotoxin  a neurotoxin that blocks action potentials in nerves by binding to the voltage-gated 
sodium channels of nerve membranes.
Thrombospondin-1  (TSP1) an adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix 
interactions; it has antiangiogenic properties.
Tie2 receptor  an angiopoietin receptor; a tyrosine kinase that mediates cell signals by inducing 
phosphorylation of key tyrosines.
Tip cell  a nonproliferating (or virtually nonproliferating) endothelial cell at the tip of a capillary sprout 
that does not have a lumen. They are characterized by filopodia extensions that direct migration.
Transforming growth factor-beta  (TGFβ) exists in three subtypes in humans (TGFβ1, TGFβ2, 
TGFβ3), can induce transformation of some cell types, and can play crucial roles in cell differentia-
tion, embryonic development, regulation of immune system, and tissue regeneration.
Vasculogenesis  (from Latin vasculum, meaning vessel) is the de novo formation of blood vessels 
from blood islands and angioblasts in embryos.
VE-cadherin  VE (vascular endothelial)-cadherin also known as CD144 (CD, cluster of differen-
tiation) is a glycoprotein required for maintaining a restrictive endothelial barrier.
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VEGF-A  vascular endothelial growth factor type A (also called VPF, vascular permeability fac-
tor) is a key proangiogenic growth factor.
VEGF-C  Vascular endothelial growth factor type C induces selective hyperplasia of the lym-
phatic vasculature, i.e., causes lymphangiogenesis. Overexpression of VEGF-C in the skin of trans-
genic mice results in lymphatic (but not vascular) endothelial proliferation and vessel enlargement.
VEGFR1  vascular endothelial growth factor receptor-1 (also called flt1) is a receptor tyrosine 
kinase. It is thought to modulate VEGFR2 signaling possibly by acting as a decoy receptor since it 
has strong affinity for VEGF-A, but is weakly phosphorylated in endothelial cells.
VEGFR2  vascular endothelial growth factor receptor-2 (also called KDR/flk1) is a receptor tyro-
sine kinase, which mediates the angiogenic actions of VEGF-A as well as other cellular responses.
VEGFR3  vascular endothelial growth factor receptor-3 is a receptor tyrosine kinase that medi-
ates lymphangiogenesis in response to VEGF-C and VEGF-D
Venogenesis  the formation of veins; like arteriogenesis, it involves recruitment of smooth muscle 
cells into vessel wall.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 56 



                                                                                                             

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 57 





48  Angiogenesis

[15]	 Coffin JD, Poole TJ. Endothelial cell origin and migration in embryonic heart and cranial 
blood vessel development. Anat Rec 231: pp. 383–95, 1991.

[16]	 Risau W, Flamme I. Vasculogenesis. Annu Rev Cell Dev Biol 11: pp. 73–91, 1995. 
doi:10.1146/annurev.cellbio.11.1.73

[17]	 Pinter E, Barreuther M, Lu T, Imhof BA, Madri JA. Platelet–endothelial cell adhesion 
molecule-1 (PECAM-1/CD31) tyrosine phosphorylation state changes during vasculo-
genesis in the murine conceptus. Am J Pathol 150: pp. 1523–30, 1997.

[18]	 Hogan BL, Kolodziej PA. Organogenesis: Molecular mechanisms of tubulogenesis. Nat Rev 
Genet 3: pp. 513–23, 2002.

[19]	 Burri PH, Tarek MR. A novel mechanism of capillary growth in the rat pulmonary micro-
circulation. Anat Rec 228: pp. 35–45, 1990. doi:10.1002/ar.1092280107

[20]	 Caduff JH, Fischer LC, Burri PH. Scanning electron microscope study of the developing 
microvasculature in the postnatal rat lung. Anat Rec 216: pp. 154–64, 1986. doi:10.1002/
ar.1092160207

[21]	 Carmeliet P, Collen D. Transgenic mouse models in angiogenesis and cardiovascular dis-
ease. J Pathol 190: pp. 387–405, 2000. doi:10.1002/(SICI)1096-9896(200002)190:3<387::
AID-PATH595>3.3.CO;2-I

[22]	 Gerhardt H. VEGF and endothelial guidance in angiogenic sprouting. Organogenesis 4: 
pp. 241–6, 2008. doi:10.4161/org.4.4.7414

[23]	 Ruhrberg C, Gerhardt H, Golding M, Watson R, Ioannidou S, Fujisawa H, Betsholtz C,  
Shima DT. Spatially restricted patterning cues provided by heparin-binding VEGF-A con-
trol blood vessel branching morphogenesis. Genes Dev 16: pp. 2684–98, 2002. doi:10.1101/
gad.242002

[24]	 Carmeliet P, De Smet F, Loges S, Mazzone M. Branching morphogenesis and antiangio-
genesis candidates: Tip cells lead the way. Nat Rev Clin Oncol 6: pp. 315–26, 2009.

[25]	 Horowitz A, Simons M. Branching morphogenesis. Circ Res 103: pp. 784–95, 2008. 
doi:10.1161/CIRCRESAHA.108.181818

[26]	 van Hinsbergh VW, Koolwijk P. Endothelial sprouting and angiogenesis: Matrix metal-
loproteinases in the lead. Cardiovasc Res 78: pp. 203–12, 2008.

[27]	 Small JV, Stradal T, Vignal E, Rottner K. The lamellipodium: Where motility begins. 
Trends Cell Biol 12: pp. 112–20, 2002. doi:10.1016/S0962-8924(01)02237-1

[28]	 Chien S. Mechanotransduction and endothelial cell homeostasis: The wisdom of the cell. 
Am J Physiol Heart Circ Physiol 292: pp. H1209–24, 2007.

[29]	 Carmeliet P, Tessier-Lavigne M. Common mechanisms of nerve and blood vessel wiring. 
Nature 436: pp. 193–200, 2005. doi:10.1038/nature03875

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 59 



References  49

[30]	 Suchting S, Freitas C, le Noble F, Benedito R, Bréant C, Duarte A, Eichmann A. The 
Notch ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel 
branching. Proc Natl Acad Sci USA 104: pp. 3225–30, 2007. doi:10.1073/pnas.0611177104

[31]	 Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS, Powell-Braxton L, 
Hillan KJ, Moore MW. Heterozygous embryonic lethality induced by targeted inactivation 
of the VEGF gene. Nature 380: pp. 439–42, 1996. doi:10.1038/380439a0

[32]	 Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M,  
Vandenhoeck A, Harpal K, Eberhardt C, Declercq C, Pawling J, Moons L, Collen D,  
Risau W, Nagy A. Abnormal blood vessel development and lethality in embryos lacking a 
single VEGF allele. Nature 380: pp. 435–9, 1996. doi:10.1038/380435a0

[33]	 Jain RK. Normalization of tumor vasculature: An emerging concept in anti-antiangiogenic 
therapy. Science 307: pp. 58–62, 2005.

[34]	 Kurz H, Burri PH, Djonov VG. Angiogenesis and vascular remodeling by intussusception: 
From form to function. News Physiol Sci 18: pp. 65–70, 2003.

[35]	 Djonov VG, Kurz H, Burri PH. Optimality in the developing vascular system: Branching 
remodeling by means of intussusception as an efficient adaptation mechanism. Dev Dyn 
224: pp. 391–402, 2002.

[36]	 Djonov V, Baum O, Burri PH. Vascular remodeling by intussusceptive angiogenesis. Cell 
Tissue Res 314: pp. 107–17, 2003. doi:10.1007/s00441-003-0784-3

[37]	 Burri PH, Hlushchuk R, Djonov V. Intussusceptive angiogenesis: Its emergence, its char-
acteristics, and its significance. Dev Dyn 231: pp. 474–88, 2004.

[38]	 Patan S, Alvarez MJ, Schittny JC, Burri PH. Intussusceptive microvascular growth: A com-
mon alternative to capillary sprouting. Arch Histol Cytol 55: pp. 65–75, 1992. doi:10.1679/
aohc.55.Suppl_65

[39]	 Goodwin AM. In vitro assays of angiogenesis for assessment of angiogenic and anti- 
angiogenic agents. Microvasc Res 74: pp. 172–83, 2007. doi:10.1016/j.mvr.2007.05.006

[40]	 Auerbach R, Lewis R, Shinners B, Kubai L, Akhtar N. Angiogenesis assays: A critical 
overview. Clin Chem 49: pp. 32–40, 2003. doi:10.1373/49.1.32

[41]	 Auerbach R, Akhtar N, Lewis RL, Shinners BL. Angiogenesis assays: Problems and pit-
falls. Cancer Metastasis Rev 19: pp. 167–72, 2000.

[42]	 Staton CA, Reed MW, Brown NJ. A critical analysis of current in vitro and in vivo angiogen-
esis assays. Int J Exp Pathol 90: pp. 195–221, 2009. doi:10.1111/j.1365-2613.2008.00633.x

[43]	 Femke H, Melotte V, van Beijnum JR, Griffioen AW. Endothelial cell biology. In: An-
giogenesis assays —A critical appraisal of current techniques. Staton CA, Lewis C, Bicknell R 
(Eds). West Sussex, UK: John Wiley & Sons, Ltd. pp. 1–38, 2006. 

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 60 



50  Angiogenesis

[44]	 Lee WS. Endothelial cell proliferation assays. In: Angiogenesis assays—A critical appraisal of 
current techniques. Staton CA, Lewis C, Bicknell R (Eds). West Sussex, UK: John Wiley & 
Sons, Ltd. pp. 39–50, 2006. doi:10.1002/9780470029350.ch2

[45]	 Van Daele P, Van Coevorden A, Roger PP, Boeynaems J-M. Effects of adenine nucleotides 
on the proliferation of aortic endothelial cells. Circ Res 70: pp. 82–90, 1992.

[46]	 Clement A, Riedel N, Brody JS. [3H]thymidine incorporation does not correlate with 
growth state in cultured alveolar type II cells. Am J Respir Cell Mol Biol 3: pp. 159–64, 1990.

[47]	 Ethier MF, Dobson JG Jr. Adenosine stimulation of DNA synthesis in human endothelial 
cells. Am J Physiol 272: pp. H1470–9, 1997.

[48]	 Polytarchou C, Hatziapostolou M, Papadimitriou E. Endothelial cell migration assays. 
In: Angiogenesis assays—A critical appraisal of current techniques. Staton CA, Lewis C, 
Bicknell R (Eds). West Sussex, UK: John Wiley & Sons, Ltd. pp. 51–64, 2006. doi:10.1002/
9780470029350.ch3

[49]	 Boyden S. The chemotactic effect of mixtures of antibody and antigen on polymorpho-
nuclear leucocytes. J Exp Med 115: pp. 453–66, 1962. doi:10.1084/jem.115.3.453

[50]	 Smith EJ, Staton CA. Tubule formation assays. In: Angiogenesis assays—A critical appraisal 
of current techniques. Staton CA, Lewis C, Bicknell R (Eds). West Sussex, UK: John Wiley 
& Sons, Ltd. pp. 65–87, 2006. doi:10.1002/9780470029350.ch4

[51]	 Nakatsu MN, Davis J, Hughes CCW. Optimized Fibrin Gel Bead Assay for the Study of 
Angiogenesis. J Vis Exp 3: p. 186, 2007. doi:10.3791/186

[52]	 Nicosia RF, Ottinetti A. Growth of microvessels in serum-free matrix culture of rat aorta. 
A quantitative assay of angiogenesis in vitro. Lab Invest 63: pp. 115–22, 1990.

[53]	 Aplin AC, Fogel E, Zorzi P, Nicosia RF. The aortic ring model of angiogenesis. Methods 
Enzymol 443: pp. 119–36, 2008. doi:10.1016/S0076-6879(08)02007-7

[54]	 Nicosia RF. The aortic ring model of angiogenesis: A quarter century of search and discov-
ery. J Cell Mol Med 13: pp. 4113–36, 2009. doi:10.1111/j.1582-4934.2009.00891.x

[55]	 Kiefer FN, Munk VC, Humar R, Dieterle T, Landmann L, Battegay EJ. A versatile in 
vitro assay for investigating angiogenesis of the heart. Exp Cell Res 300: pp. 272–82, 2004. 
doi:10.1016/j.yexcr.2004.06.032

[56]	 Montesano R, Mouron P, Orci L. Vascular outgrowths from tissue explants embedded 
in fibrin or collagen gels: A simple in vitro model of angiogenesis. Cell Biol Int Rep 9: 
pp. 869–75, 1985. doi:10.1016/S0309-1651(85)90107-9

[57]	 Zijlstra A, Mikolon D, Stupack DG. Angiogenesis assays in the chick. In: Angiogenesis 
assays—A critical appraisal of current techniques. Staton CA, Lewis C, Bicknell R (Eds). West 
Sussex, UK: John Wiley & Sons, Ltd. pp. 183–201, 2006. doi:10.1002/9780470029350
.ch10

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 61 



References  51

[58]	 Strick DM, Waycaster RL, Montani JP, Gay WJ, Adair TH. Morphometric measurements 
of chorioallantoic membrane vascularity: Effects of hypoxia and hyperoxia. Am J Physiol 
260: pp. H1385–9, 1991.

[59]	 Dai J, Peng L, Fan K, Wang H, Wei R, Ji G, Cai J, Lu B, Li B, Zhang D, Kang Y, Tan M, 
Qian W, Guo Y. Osteopontin induces angiogenesis through activation of PI3K/AKT and 
ERK1/2 in endothelial cells. Oncogene 28: pp. 3412–22, 2009. doi:10.1038/onc.2009.189

[60]	 Akhtar N, Dickerson EB, Auerbach R. The sponge/Matrigel angiogenesis assay. Angiogen-
esis 5: pp. 75–80, 2002.

[61]	 Krogh A. The number and distribution of capillaries in muscles with calculations of the 
oxygen pressure head necessary for supplying the tissue. J Physiol 52: pp. 409–15, 1919.

[62]	 Krogh A. The supply of oxygen to the tissues and the regulation of the capillary circulation. 
J Physiol 52: pp. 457–74, 1919.

[63]	 Adair TH, Gay WJ, Montani JP. Growth regulation of the vascular system: Evidence for a 
metabolic hypothesis. Am J Physiol 259: pp. R393–404, 1990.

[64]	 Hoppeler H, Kayar SR. Capillarity and oxidative capacity of muscles. News Physiol Sci 3: 
pp. 113–16, 1988.

[65]	 Hudlicka O. Development of microcirculation: Capillary growth and adaptation. In: Hand-
book of physiology. The cardiovascular system. Microcirculation. Bethesda, MD: American 
Physiological Society, sect. 2, vol. IV, pt. 1, chap. 5, pp. 165–216, 1984.

[66]	 Hoppeler H, Mathieu O, Weibel ER, Krauer R, Lindstedt SL, Taylor CR. Design of the 
mammalian respiratory system. VIII. Capillaries in skeletal muscles. Respir Physiol 44: 
pp. 129–50, 1981. doi:10.1016/0034-5687(81)90080-3

[67]	 Mathieu O, Cruz-Orive LM, Hoppeler H, Weibel ER. Estimating length density and 
quantifying anisotropy in skeletal muscle capillaries. J Microsc 131: pp. 131–46, 1983.

[68]	 Adair TH, Wells ML, Hang J, Montani JP. A stereological method for estimating length 
density of the arterial vascular system. Am J Physiol 266: pp. H1434–8, 1994.

[69]	 Elias H, Hyde DM. A guide to practical stereology. Basel, Switzerland: Karger, 1983.
[70]	 Weibel ER. Stereological methods—Practical methods for biological morphometry. Vol 1. New 

York: Academic Press, 1979.
[71]	 Hoppeler H, Hudlicka O, Uhlmann E. Relationship between mitochondria and oxygen 

consumption in isolated cat muscles. J Physiol 385: pp. 661–75, 1987.
[72]	 Reichmann H, Hoppeler H, Mathieu-Costello O, von Bergen F, Pette D. Biochemical and 

ultrastructural changes of skeletal muscle mitochondria after chronic electrical stimulation 
in rabbits.  Pflügers Arch 404: pp. 1–9, 1985. doi:10.1007/BF00581484

[73]	 Amann K, Breitbach M, Ritz E, Mall G. Myocyte/capillary mismatch in the heart of ure-
mic patients. J Am Soc Nephrol 9: pp. 1018–22, 1998.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 62 



52  Angiogenesis

[74]	 Gray SD, Renkin EM. Microvascular supply in relation to fiber metabolic type in mixed 
skeletal muscles on rabbits. Microvasc Res 16: pp. 406–25, 1978. doi:10.1016/0026-2862(78)
90073-0

[75]	 Wagner PD. Skeletal muscle angiogenesis. A possible role for hypoxia. Adv Exp Med Biol 
502: pp. 21–38, 2001.

[76]	 Adolfsson J, Ljungqvist A, Tornling G, Unge G. Capillary increase in the skeletal muscle of 
trained young and adult rats. J Physiol 310: pp. 529–32, 1981.

[77]	 Andersen P, Henriksson J. Capillary supply of the quadriceps femoris muscle of man: Adap-
tive response to exercise. J Physiol 270: pp. 677–90, 1977.

[78]	 Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exercise and their 
metabolic consequences. J Appl Physiol 56: pp. 831–8, 1984.

[79]	 Ingjer F. Effects of endurance training on muscle fibre ATP-ase activity, capillary supply 
and mitochondrial content in man. J Physiol 294: pp. 419–32, 1979.

[80]	 Terjung RL, Zarzeczny R, Yang HT. Muscle blood flow and mitochondrial function: Influ-
ence of aging. Int J Sport Nutr Exerc Metab 12: pp. 368–78, 2002.

[81]	 Brown MD, Cotter MA, Hudlická O, Vrbová G. The effects of different patterns of muscle 
activity on capillary density, mechanical properties and structure of slow and fast rabbit 
muscles. Pflügers Arch 361: pp. 241–50, 1976. doi:10.1007/BF00587288

[82]	 Hudlická O, Dodd L, Renkin EM, Gray SD. Early changes in fiber profile and capillary 
density in long-term stimulated muscles. Am J Physiol 243: pp. H528–35, 1982.

[83]	 Adair TH, Hang J, Wells ML, Magee FD, Montani JP. Long-term electrical stimulation 
of rabbit skeletal muscle increases growth of paired arteries and veins. Am J Physiol 269: 
pp. H717–24, 1995.

[84]	 Romanul FCA, Van Der Meulen JP. Slow and fast muscles after cross innervation: Enzy-
matic and physiological changes. Arch Neurol 17: pp. 387–402, 1967.

[85]	 Sillau AH, Aquin L, Lechner AJ, Bui MV, Banchero N. Increased capillary supply in 
skeletal muscle of guinea pigs acclimated to cold. Respir Physiol 42: pp. 233–45, 1980. 
doi:10.1016/0034-5687(80)90117-6

[86]	 Buser KS, Kopp B, Gehr P, Weibel ER, Hoppeler H. Effect of cold environment on skeletal 
muscle mitochondria in growing rats. Cell Tissue Res 225: pp. 427–36, 1982. doi:10.1007/
BF00214693

[87]	 Asano A, Morimatsu M, Nikami H, Yoshida T, Saito M. Adrenergic activation of vascular 
endothelial growth factor mRNA expression in rat brown adipose tissue: Implication in 
cold-induced angiogenesis. Biochem J 328: pp. 179–83, 1997.

[88]	 Capó LA, Sillau AH. The effect of hyperthyroidism on capillarity and oxidative capacity in 
rat soleus and gastrocnemius muscles. J Physiol 342: pp. 1–14, 1983.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 63 



References  53

[89]	 Sillau AH. Skeletal muscle capillarity in hyperthyroid and hypothyroid rats. Adv Exp Med 
Biol 191: pp. 341–53, 1985.

[90]	 Davis PJ, Davis FB, Mousa SA. Thyroid hormone-induced angiogenesis. Curr Cardiol Rev 
5: pp. 12–6, 2009. doi:10.2174/157340309787048158

[91]	 Tomanek RJ, Busch TL. Coordinated capillary and myocardial growth in response to thy-
roxine treatment. Anat Rec 251: pp. 44–9, 1998. doi:10.1002/(SICI)1097-0185(199805)
251:1<44::AID-AR8>3.3.CO;2-A

[92]	 Zhang L, Cooper-Kuhn CM, Nannmark U, Blomgren K, Kuhn HG. Stimulatory effects 
of thyroid hormone on brain angiogenesis in vivo and in vitro. J Cereb Blood Flow Metab 30: 
pp. 323–35, 2010. doi:10.1038/jcbfm.2009.216

[93]	 Bassett JH, Williams GR. The molecular actions of thyroid hormone in bone. Trends En-
docrinol Metab 14: pp. 356–64, 2003.

[94]	 Dusseau JW, Hutchins PM. Hypoxia-induced angiogenesis in chick chorioallantoic 
membranes: A role for adenosine. Respir Physiol 71: pp. 33–44, 1988. doi:10.1016/0034-
5687(88)90113-2

[95]	 Adair TH, Montani JP, Guyton AC. Effects of intermittent hypoxia on structural vascular 
adaptation in chick embryos. Am J Physiol 254: pp. H1194–9, 1988.

[96]	 Adair TH, Guyton AC, Montani JP, Lindsay HL, Stanek KA. Whole body structural vas-
cular adaptation to prolonged hypoxia in chick embryos. Am J Physiol 252: pp. H1228–34, 
1987.

[97]	 Byerly TC. Studies in growth. I. Suffocation effects in the chick embryo. Anat Rec 32: 
pp. 249–70, 1926. doi:10.1002/ar.1090320402

[98]	 Snyder GK. Muscle capillarity in chicks following hypoxia. Comp Biochem Physiol A Comp 
Physiol 87: pp. 819–22, 1987. doi:10.1016/0300-9629(87)90407-5

[99]	 Snyder GK, Byers RL, Kayar SR. Effects of hypoxia on tissue capillarity in geese. Respir 
Physiol 58: pp. 151–60, 1984.

[100]	 Ward NL, Moore E, Noon K, Spassil N, Keenan E, Ivanco TL, LaManna JC. Cerebral an-
giogenic factors, angiogenesis, and physiological response to chronic hypoxia differ among 
four commonly used mouse strains. J Appl Physiol 102: pp. 1927–35, 2007. doi:10.1152/
japplphysiol.00909.2006

[101]	 Harik SI, Hritz MA, LaManna JC. Hypoxia-induced brain angiogenesis in the adult rat.  
J Physiol 485: pp. 525–30, 1995.

[102]	 LaManna JC, Vendel LM, Farrell RM. Brain adaptation to chronic hypobaric hypoxia in 
rats. J Appl Physiol 72: pp. 2238–43, 1992.

[103]	 Boero JA, Ascher J, Arregui A, Rovainen C, Woolsey TA. Increased brain capillaries in 
chronic hypoxia. J Appl Physiol 86: pp. 1211–9, 1999.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 64 



54  Angiogenesis

[104]	 Reynaud X, Dorey CK. Extraretinal neovascularization induced by hypoxic episodes in the 
neonatal rat. Invest Ophthalmol Vis Sci 35: pp. 3169–77, 1994.

[105]	 Patz A, Eastham A. Oxygen studies in retrolental fibroplasia: The effect of rapid vs gradual 
withdrawal from oxygen on the mouse eye. Arch Ophthalmol 57: pp. 724–29, 1957.

[106]	 Ashton N, Ward B, Serpell G. Role of oxygen in the genesis of retrolental fibroplasia; a 
preliminary report. Br J Ophthalmol 37: pp. 513–20, 1953. doi:10.1136/bjo.37.9.513

[107]	 Kremer I, Kissun R, Ben-Sira I, Garner A. Oxygen-induced retinopathy in newborn kit-
tens. Invest Ophthalmol Vis Sci 28: pp. 126–30, 1987.

[108]	 Ricci B. Effects of hyperbaric, normobaric and hypobaric oxygen supplementation on 
retinal vessels in newborn rats: A preliminary study. Exp Eye Res 44: pp. 459–64, 1987. 
doi:10.1016/S0014-4835(87)80179-3

[109]	 Ventresca M, Gonder J, Tanswell A. Oxygen-induced proliferative retinopathy in the new-
born rat. Can J Ophthalmol 25: pp. 186–9, 1990.

[110]	 Penn JS, Tolman BL, Lowery L. Variable oxygen exposure causes preretinal neovasculariza-
tion in the newborn rat. Invest Ophthalmol Vis Sci 34: pp. 576–85, 1993.

[111]	 Knighton DR, Silver IA, Hunt TK. Regulation of wound-healing angiogenesis—Effect of 
oxygen gradients and inspired oxygen concentration. Surgery 90: pp. 262–70, 1981.

[112]	 Yang HT, Prior BM, Lloyd PG, Taylor JC, Li Z, Laughlin MH, Terjung RL. Training-
induced vascular adaptations to ischemic muscle. J Physiol Pharmacol 59: pp. 57–70, 2008.

[113]	 Bylund AC, Hammarsten J, Holm J, Schersten T. Enzyme activities in skeletal muscles 
from patients with peripheral arterial sufficiency. Eur J Clin Invest 6: pp. 425–9, 1976.

[114]	 Dahllof AG, Bjorntorp P, Holm J, Schersten T. Metabolic activity of skeletal mus-
cle in patients with peripheral arterial insufficiency. Eur J Clin Invest 4: pp. 9–15, 1974. 
doi:10.1111/j.1365-2362.1974.tb00365.x

[115]	 Elander A, Idstrom JP, Schersten T, Bylund-Fellenius AC. Metabolic adaptation to reduced 
muscle blood flow. I. Enzyme and metabolite alterations. Am J Physiol 249: pp. E63–9, 
1985.

[116]	 Hammarsten J, Bylund-Fellenius AC, Holm J, Schersten T, Krotkiewski M. Capillary  
supply and muscle fibre types in patients with intermittent claudication: Relationships be-
tween morphology and metabolism. Eur J Clin Invest 10: pp. 301–5, 1980.

[117]	 Holm J, Bjorntorp P, Schersten T. Metabolic activity in human skeletal muscle. Effect of 
peripheral arterial insufficiency. Eur J Clin Invest 2: pp. 321–5, 1972. doi:10.1111/j.1365-
2362.1972.tb00657.x

[118]	 Holm J, Dahllof AG, Bjorntorp P, Schersten T. Enzyme studies in muscles of patients with 
intermittent claudication. Effect of training. Scand J Clin Lab Invest 128: pp. 201–5, 1973.

[119]	 Lundgren F, Dahllof AG, Schersten T, Bylund-Fellenius AC. Muscle enzyme adaptation 

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 65 



References  55

in patients with peripheral arterial insufficiency: Spontaneous adaptation, effect of different 
treatments and consequences on walking performance. Clin Sci 77: pp. 485–93, 1989.

[120]	 Cassin S, Gilbert RD, Bunnell CE, Johnson EM. Capillary development during exposure 
to chronic hypoxia. Am J Physiol 220: pp. 448–51, 1971.

[121]	 Snyder GK, Wilcox EE, Burnham EW. Effects of hypoxia on muscle capillarity in rats. 
Respir Physiol 62: pp. 135–40, 1985. doi:10.1016/0034-5687(85)90057-X

[122]	 Sillau AH, Aquin L, Bui MV, Banchero N. Chronic hypoxia does not affect guinea pig 
skeletal muscle capillarity. Pflügers Arch 386: pp. 39–45, 1980. doi:10.1007/BF00584185

[123]	 Valdivia E. Total capillary bed in striated muscle of guinea pigs native to the Peruvian 
mountains. Am J Physiol 194: pp. 585–89, 1958.

[124]	 Banchero N. Capillary density of skeletal muscle in dogs exposed to simulated altitude 
(38556). Proc Soc Exp Biol Med 148: pp. 435–9, 1975.

[125]	 Lundby C, Calbet JA, Robach P. The response of human skeletal muscle tissue to hypoxia. 
Cell Mol Life Sci 66: pp. 3615–23, 2009. doi:10.1007/s00018-009-0146-8

[126]	 Olfert IM, Breen EC, Mathieu-Costello O, Wagner PD. Skeletal muscle capillarity and 
angiogenic mRNA levels after exercise training in normoxia and chronic hypoxia. J Appl 
Physiol 91: pp. 1176–84, 2001.

[127]	 Desaki J, Oki S, Matsuda Y, Sakanaka M. Morphological changes of capillaries in the rat 
soleus muscle following experimental tenotomy. J Electron Microsc (Tokyo) 49: pp. 185–93, 
2000.

[128]	 Oki S, Desaki J, Taguchi Y, Matsuda Y, Shibata T, Okumura H. Capillary changes with 
fenestrations in the contralateral soleus muscle of the rat following unilateral limb immobi-
lization. J Orthop Sci 4: pp. 28–31, 1999. doi:10.1007/s007760050070

[129]	 Jozsa L, Jarvinen M, Kvist M, Lehto M, Mikola A. Capillary density of tenotomized skele-
tal muscles. I. Experimental study in the rat. Eur J Appl Physiol Occup Physiol 44: pp. 175–81, 
1980.

[130]	 Jozsa L, Balint J, Reffy A, Jarvinen M, Kvist M. Capillary density of tenotomized skeletal 
muscles. II. Observations on human muscles after spontaneous rupture of tendon. Eur J 
Appl Physiol Occup Physiol 44: pp. 183–8, 1980.

[131]	 Tyml K, Mathieu-Costello O, Cheng L, Noble EG. Differential microvascular response to 
disuse in rat hindlimb skeletal muscles. J Appl Physiol 87: pp. 1496–505, 1999.

[132]	 Desplanches D, Kayar SR, Sempore B, Flandrois R, Hoppeler H. Rat soleus muscle ultra-
structure after hindlimb suspension. J Appl Physiol 69: pp. 504–8, 1990.

[133]	 Kano Y, Shimegi S, Takahashi H, Masuda K, Katsuta S. Changes in capillary luminal di-
ameter in rat soleus muscle after hind-limb suspension. Acta Physiol Scand 169: pp. 271–6, 
2000. doi:10.1046/j.1365-201x.2000.00743.x

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 66 



56  Angiogenesis

[134]	 Carry MR, Ringel SP, Starcevich JM. Distribution of capillaries in normal and diseased 
human skeletal muscle. Muscle Nerve 9: pp. 445–54, 1986. doi:10.1002/mus.880090510

[135]	 Scelsi R. Morphometric analysis of skeletal muscle fibers and capillaries in mitochondrial 
myopathies. Pathol Res Pract 188: pp. 607–11, 1992.

[136]	 Desplanches D, Mayet MH, Ilyina-Kakueva EI, Frutoso J, Flandrois R. Structural and 
metabolic properties of rat muscle exposed to weightlessness aboard Cosmos 1887. Eur J 
Appl Physiol Occup Physiol 63: pp. 288–92, 1991. doi:10.1007/BF00233864

[137]	 Abou Salem EA, Saito K, Ishikawa H. Scanning electron microscopy of tenotomized soleus 
muscles of the rat. Arch Histol Cytol 56: pp. 49–63, 1993.

[138]	 McLachlan EM. Atrophic effects of proximal tendon transection with and without de-
nervation on mouse soleus muscles. Exp Neurol 81: pp. 651–68, 1983. doi:10.1016/0014-
4886(83)90333-3

[139]	 Nakagawa Y, Morii H, Totsuka M, Sato T, Hirota K. Changes in total fiber numbers of 
disused soleus muscle on rats. Ann Physiol Anthropol 9: pp. 15–20, 1990.

[140]	 Prewitt RL, Chen IIH, Dowell R. Development of microvascular rarefaction in the spon-
taneously hypertensive rat. Am J Physiol 243: pp. H243–51, 1982.

[141]	 Hutchins PM, Darnell AE. Observation of a decreased number of small arterioles in spon-
taneously hypertensive rats. Circ Res 34/35: pp. 161–5, 1974.

[142]	 Harper SL, Bohlen HG. Microvascular adaptation in the cerebral cortex of adult spontane-
ously hypertensive rats. Hypertension 6: pp. 408–19, 1984.

[143]	 Hansen-Smith FM, Greene AS, Cowley AW Jr, Lombard JH. Structural changes during 
microvascular rarefaction in chronic hypertension. Hypertension 15: pp. 922–8, 1990.

[144]	 Hernández N, Torres SH, Finol HJ, Sosa A, Cierco M. Capillary and muscle fiber type 
changes in DOCA-salt hypertensive rats. Anat Rec 246: pp. 208–16, 1996. doi:10.1002/
(SICI)1097-0185(199610)246:2<208::AID-AR7>3.0.CO;2-X

[145]	 Suzuki K, Masawa N, Sakata N, Takatama M. Pathologic evidence of microvascular rar-
efaction in the brain of renal hypertensive rats. J Stroke Cerebrovasc Dis 12: pp. 8–16, 2003. 
doi:10.1053/jscd.2003.1

[146]	 Henrich HA, Romen W, Heimgärtner W, Hartung E, Bäumer F. Capillary rarefaction 
characteristic of the skeletal muscle of hypertensive patients. Klin Wochenschr 66: pp. 54–60, 
1988. doi:10.1007/BF01713011

[147]	 Hernández N, Torres SH, Finol HJ, Vera O. Capillary changes in skeletal muscle of patients 
with essential hypertension. Anat Rec 256: pp. 425–32, 1999. doi:10.1002/(SICI)1097-
0185(19991201)256:4<425::AID-AR9>3.3.CO;2-O

[148]	 Wolf S, Arend O, Schulte K, Ittel TH, Reim M. Quantification of retinal capillary den-
sity and flow velocity in patients with essential hypertension. Hypertension 23: pp. 464–7, 
1994.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 67 



References  57

[149]	 Sullivan JM, Prewitt RL, Josephs JA. Attenuation of the microcirculation in young patients 
with high-output borderline hypertension. Hypertension 5: pp. 844–51, 1983.

[150]	 Antonios TF, Singer DR, Markandu ND, Mortimer PS, MacGregor GA. Structural skin 
capillary rarefaction in essential hypertension. Hypertension 33: pp. 998–1001, 1999.

[151]	 Antonios TF, Singer DR, Markandu ND, Mortimer PS, MacGregor GA. Rarefaction of 
skin capillaries in borderline essential hypertension suggests an early structural abnormality. 
Hypertension 34: pp. 655–8, 1999.

[152]	 Short DS. The arteries of the small intestine in systemic hypertension. J Pathol Bacteriol 78: 
pp. 321–34, 1959. doi:10.1002/path.1700780202

[153]	 Vilar J, Waeckel L, Bonnin P, Cochain C, Loinard C, Duriez M, Silvestre JS, Lévy BI. 
Chronic hypoxia-induced angiogenesis normalizes blood pressure in spontaneously hyper-
tensive rats. Circ Res 103: pp. 761–9, 2008. doi:10.1161/CIRCRESAHA.108.182758

[154]	 Hansen AH, Nielsen JJ, Saltin B, Hellsten Y. Exercise training normalizes skeletal muscle 
vascular endothelial growth factor levels in patients with essential hypertension. J Hypertens 
28: pp. 1176–85, 2010. doi:10.1097/HJH.0b013e3283379120

[155]	 Mole PA, Chung Y, Tran TK, Sailasuta N, Hurd R, Jue T. Myoglobin desaturation with 
exercise intensity in human gastrocnemius muscle. Am J Physiol 277: pp. R173–80, 1999.

[156]	 Richardson RS, Newcomer SC, Noyszewski EA. Skeletal muscle intracellular PO2 assessed 
by myoglobin desaturation: Response to graded exercise. J Appl Physiol 91: pp. 2679–85, 2001.

[157]	 Dor Y, Porat R, Keshet E. Vascular endothelial growth factor and vascular adjustments to 
perturbations in oxygen homeostasis. Am J Physiol 280: pp. C1367–74, 2001.

[158]	 Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific 
growth factors and blood vessel formation. Nature 407: pp. 242–8, 2000.

[159]	 Gu J-W, Adair TH. Hypoxia-induced expression of vascular endothelial growth factor 
is reversible in myocardial vascular smooth muscle cells. Am J Physiol 273: pp. H628–33, 
1997.

[160]	 Ferrara N. Role of vascular endothelial growth factor in regulation of physiological angio-
genesis. Am J Physiol 280: pp. C1358–66, 2001.

[161]	 Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by  
hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359: pp. 843–5, 1992. doi:
10.1038/359843a0

[162]	 Tscheudschilsuren G, Aust G, Nieber K, Schilling N, Spanel-Borowski K. Microvascular 
endothelial cells differ in basal and hypoxia-regulated expression of angiogenic factors and 
their receptors. Microvasc Res 63: pp. 243–51, 2002. doi:10.1006/mvre.2001.2346

[163]	 Gerber HP, Condorelli F, Park J, Ferrara N. Differential transcriptional regulation of the 
two vascular endothelial growth factor receptor genes. Flt-1, but not Flk-1/KDR, is up-
regulated by hypoxia. J Biol Chem 272: pp. 23659–67, 1997.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 68 



58  Angiogenesis

[164]	 Waltenberger J, Mayr U, Pentz S, Hombach V. Functional upregulation of the vascular 
endothelial growth factor receptor KDR by hypoxia. Circulation 94: pp. 1647–54, 1996.

[165]	 Tuder RM, Flook BE, Voelkel NF. Increased gene expression for VEGF and the VEGF 
receptors KDR/Flk and Flt in lungs exposed to acute and chronic hypoxia. J Clin Invest 95: 
pp. 1798–807, 1995. doi:10.1172/JCI117858

[166]	 Rissanen TT, Vajanto I, Hiltunen MO, Rutanen J, Kettunen MI, Niemi M, Leppanen 
P, Turunen MP, Markkanen JE, Arve K, Alhava E, Kauppinen RA, Yla-Herttuala S. 
Expression of vascular endothelial growth factor and vascular endothelial growth factor  
receptor-2 (KDR/Flk-1) in ischemic skeletal muscle and its regeneration. Am J Pathol 160: 
pp. 1393–403, 2002.

[167]	 Khaliq A, Dunk C, Jiang J, Shams M, Li XF, Acevedo C, Weich H, Whittle M, Ahmed 
A. Hypoxia down-regulates placenta growth factor, whereas fetal growth restriction up-
regulates placenta growth factor expression: Molecular evidence for “placental hyperoxia” in 
intrauterine growth restriction. Lab Invest 79: pp. 151–70, 1999.

[168]	 Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M, Wu Y, Bono F, 
Devy L, Beck H, Scholz D, Acker T, DiPalma T, Dewerchin M, Noel A, Stalmans I, Barra 
A, Blacher S, Vandendriessche T, Ponten A, Eriksson U, Plate KH, Foidart JM, Schaper W, 
Charnock-Jones DS, Hicklin DJ, Herbert JM, Collen D, Persico MG. Synergism between 
vascular endothelial growth factor and placental growth factor contributes to angiogenesis 
and plasma extravasation in pathological conditions. Nat Med 7: pp. 575–83, 2001.

[169]	 Mandriota SJ, Pepper MS. Regulation of angiopoietin-2 mRNA levels in bovine microvas-
cular endothelial cells by cytokines and hypoxia. Circ Res 83: pp. 852–9, 1998.

[170]	 Oh H, Takagi H, Suzuma K, Otani A, Matsumura M, Honda Y. Hypoxia and vascular 
endothelial growth factor selectively up-regulate angiopoietin-2 in bovine microvascular 
endothelial cells. J Biol Chem 274: pp. 15732–9, 1999. doi:10.1074/jbc.274.22.15732

[171]	 Mandriota SJ, Pyke C, Di Sanza C, Quinodoz P, Pittet B, Pepper MS. Hypoxia-inducible 
angiopoietin-2 expression is mimicked by iodonium compounds and occurs in the rat brain 
and skin in response to systemic hypoxia and tissue ischemia. Am J Pathol 156: pp. 2077–89, 
2000.

[172]	 Abdulmalek K, Ashur F, Ezer N, Ye F, Magder S, Hussain SN. Differential expression of 
Tie-2 receptors and angiopoietins in response to in vivo hypoxia in rats. Am J Physiol 281: 
pp. L582–90, 2001.

[173]	 Pichiule P, LaManna JC. Angiopoietin-2 and rat brain capillary remodeling during adapta-
tion and deadaptation to prolonged mild hypoxia. J Appl Physiol 93: pp. 1131–9, 2002.

[174]	 Loughna S, Sato TN. Angiopoietin and Tie signaling pathways in vascular development. 
Matrix Biol 20: pp. 319–25, 2001. doi:10.1016/S0945-053X(01)00149-4

[175]	 Chleboun JO, Martins RN. The development and enhancement of the collateral circula-

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 69 



References  59

tion in an animal model of lower limb ischemia. Aust N Z J Surg 64: pp. 202–7, 1994. 
doi:10.1111/j.1445-2197.1994.tb02179.x

[176]	 Cohen MV, Vernon J, Yaghdjian V, Hatcher VB. Longitudinal changes in myocardial basic 
fibroblast growth factor (FGF-2) activity following coronary artery ligation in the dog.  
J Mol Cell Cardiol 26: pp. 683–90, 1994. doi:10.1006/jmcc.1994.1081

[177]	 Endoh M, Pulsinelli WA, Wagner JA. Transient global ischemia induces dynamic changes 
in the expression of bFGF and the FGF receptor. Mol Brain Res 22: pp. 76–88, 1994. 
doi:10.1016/0169-328X(94)90034-5

[178]	 Takami K, Iwane M, Kiyota Y, Miyamoto M, Tsukuda R, Shiosaka S. Increase of fibroblast 
growth factor immunoreactivity and its mRNA level in rat brain following transient fore-
brain ischemia. Exp Brain Res 90: pp. 1–10, 1992. doi:10.1007/BF00229250

[179]	 Gu J-W, Santiago D, Olowe Y, Weinberger J. Basic fibroblast growth factor as a biochemi-
cal marker of exercise-induced ischemia. Circulation 95: pp. 1165–68, 1997.

[180]	 Khalili K, Weinmann R. Actin mRNAs in LeLa cells: Stabilization after adenovirus infec-
tion. J Mol Biol 180: pp. 1007–21, 1984.

[181]	 Falanga V, Qian SM, Danielpour D, Katz MH, Roberts AB, Sporn MB. Hypoxia up-
regulates the synthesis of TGF-β1 by human dermal fibroblasts. J Invest Dermatol 97: 
pp. 634–37, 1991.

[182]	 Chavez JC, Agani F, Pichiule P, LaManna JC. Expression of hypoxia-inducible factor- 
1alpha in the brain of rats during chronic hypoxia. J Appl Physiol 89: pp. 1937–42, 2000.

[183]	 Vogt M, Puntschart A, Geiser J, Zuleger C, Billeter R, Hoppeler H. Molecular adaptations 
in human skeletal muscle to endurance training under simulated hypoxic conditions. J Appl 
Physiol 91: pp. 173–82, 2001.

[184]	 Semenza GL, Agani F, Iyer N, Kotch L, Laughner E, Leung S, Yu A. Regulation of cardio-
vascular development and physiology by hypoxia-inducible factor 1. Ann N Y Acad Sci 874: 
pp. 262–8, 1999.

[185]	 Semenza GL. Hypoxia-inducible factor 1: Oxygen homeostasis and disease pathophysiol-
ogy. Trends Mol Med 7: pp. 345–50, 2001.

[186]	 Semenza GL. Surviving ischemia: Adaptive responses mediated by hypoxia-inducible fac-
tor 1. J Clin Invest 106: pp. 809–12, 2000.

[187]	 Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, Neeman M, 
Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK, Collen D, 
Keshert E, Keshet E. Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation 
and tumour angiogenesis. Nature 394: pp. 485–90, 1998.

[188]	 Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E, Wenger RH, Gassmann M, Gear-
hart JD, Lawler AM, Yu AY, Semenza GL. Cellular and developmental control of O2 
homeostasis by hypoxia-inducible factor 1 alpha. Genes Dev 12: pp. 149–62, 1998.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 70 



60  Angiogenesis

[189]	 Ryan HE, Lo J, Johnson RS. HIF-1 alpha is required for solid tumor formation and em-
bryonic vascularization. EMBO J 17: pp. 3005–15, 1998.

[190]	 Palmer LA, Semenza GL, Stoler MH, Johns RA. Hypoxia induces type II NOS gene 
expression in pulmonary artery endothelial cells via HIF-1. Am J Physiol 274: pp. L212–9, 
1998.

[191]	 Jung F, Palmer LA, Zhou N, Johns RA. Hypoxic regulation of inducible nitric oxide syn-
thase via hypoxia inducible factor-1 in cardiac myocytes. Circ Res 86: pp. 319–25, 2000.

[192]	 Melillo G, Musso T, Sica A, Taylor LS, Cox GW, Varesio L. A hypoxia-responsive element 
mediates a novel pathway of activation of the inducible nitric oxide synthase promoter.  
J Exp Med 182: pp. 1683–93, 1995. doi:10.1084/jem.182.6.1683

[193]	 Ghafar MA, Anastasiadis AG, Olsson LE, Chichester P, Kaplan SA, Buttyan R, Levin 
RM. Hypoxia and an angiogenic response in the partially obstructed rat bladder. Lab Invest 
82: pp. 903–9, 2002.

[194]	 Wu P, Yonekura H, Li H, Nozaki I, Tomono Y, Naito I, Ninomiya Y, Yamamoto H.  
Hypoxia down-regulates endostatin production by human microvascular endothelial cells  
and pericytes. Biochem Biophys Res Commun 288: pp. 1149–54, 2001. doi:10.1006/bbrc.2001
.5903

[195]	 Tenan M, Fulci G, Albertoni M, Diserens AC, Hamou MF, El Atifi-Borel M, Feige JJ, Pep-
per MS, Van Meir EG. Thrombospondin-1 is downregulated by anoxia and suppresses tu-
morigenicity of human glioblastoma cells. J Exp Med 191: pp. 1789–98, 2000. doi:10.1084/
jem.191.10.1789

[196]	 Laderoute KR, Alarcon RM, Brody MD, Calaoagan JM, Chen EY, Knapp AM, Yun Z, 
Denko NC, Giaccia AJ. Opposing effects of hypoxia on expression of the angiogenic in-
hibitor thrombospondin 1 and the angiogenic inducer vascular endothelial growth factor. 
Clin Cancer Res 6: pp. 2941–50, 2000.

[197]	 Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by  
hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359: pp. 843–5, 1992. doi:
10.1038/359843a0

[198]	 Brogi E, Schatteman G, Wu T, Kim EA, Varticovski L, Keyt B, Isner JM. Hypoxia-induced 
paracrine regulation of vascular endothelial growth factor receptor expression. J Clin Invest 
97: pp. 469–76, 1997. doi:10.1172/JCI118437

[199]	 Minchenko A, Salceda S, Bauer T, Caro J. Hypoxic stimulation of vascular endothelial 
growth factor expression in vitro and in vivo. Lab Invest 71: pp. 374–79, 1994.

[200]	 Gustafsson T, Puntschart A, Kaijser L, Jansson E, Sundberg CJ. Exercise-induced expres-
sion of angiogenesis-related transcription and growth factors in human skeletal muscle. Am 
J Physiol 276: pp. H679–85, 1999.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 71 



References  61

[201]	 Ameln H, Gustafsson T, Sundberg CJ, Okamoto K, Jansson E, Poellinger L, Makino Y. 
Physiological activation of hypoxia inducible factor-1 in human skeletal muscle. FASEB J 
19: pp. 1009–11, 2005. doi:10.1096/fj.04-2304fje

[202]	 Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW, Thistlethwaite PA. Early expres-
sion of angiogenesis factors in acute myocardial ischemia and infarction. N Engl J Med 342: 
pp. 626–33, 2000.

[203]	 Bergeron M, Yu AY, Solway KE, Semenza GL, Sharp FR. Induction of hypoxia-inducible 
factor-1 (HIF-1) and its target genes following focal ischemia in rat brain. Eur J Neurosci 
11: pp. 1–12, 1999. doi:10.1046/j.1460-9568.1999.00845.x

[204]	 Marti HJ, Bernaudin M, Bellail A, Schoch H, Euler M, Petit E, Risau W. Hypoxia- 
induced vascular endothelial growth factor expression precedes neovascularization after  
cerebral ischemia. Am J Pathol 156: pp. 965–76, 2000.

[205]	 Ozaki H, Yu AY, Della N, Ozaki K, Luna JD, Yamada H, Hackett SF, Okamoto N, Zack 
DJ, Semenza GL, Campochiaro PA. Hypoxia inducible factor-1alpha is increased in ische
mic retina: Temporal and spatial correlation with VEGF expression. Invest Ophthalmol Vis 
Sci 40: pp. 182–9, 1999.

[206]	 Semenza GL. Defining the role of hypoxia-inducible factor 1 in cancer biology and thera-
peutics. Oncogene 29: pp. 625–34, 2010. doi:10.1038/onc.2009.441

[207]	 Guyton AC, Hall JE. Textbook of medical physiology. 11th ed. Philadelphia: Elsevier, 2006.
[208]	 Hang J, Kong L, Gu JW, Adair TH. VEGF gene expression is upregulated in electrically 

stimulated rat skeletal muscle. Am J Physiol 269: pp. H1827–31, 1995.
[209]	 Dawson JM, Hudlická O. The effect of long-term activity on the microvasculature of rat 

glycolytic skeletal muscle. Int J Microcirc Clin Exp 8: pp. 53–69, 1989.
[210]	 Hudlická O, Price S. The role of blood flow and/or muscle hypoxia in capillary growth 

in chronically stimulated fast muscles. Pflügers Arch 417: pp. 67–72, 1990. doi:10.1007/
BF00370770

[211]	 Hang J, Fleming JB, Wells ML, Adair TH. Miniaturized electrical stimulator with control-
lable duty cycles. Am J Physiol 268: pp. H1373–8, 1995.

[212]	 Skorjanc D, Jaschinski F, Heine G, Pette D. Sequential increases in capillarization and 
mitochondrial enzymes in low-frequency-stimulated rabbit muscle. Am J Physiol 274: 
pp. C810–8, 1998.

[213]	 Lloyd PG, Prior BM, Yang HT, Terjung RL. Angiogenic growth factor expression in rat 
skeletal muscle in response to exercise training. Am J Physiol 284: pp. H1668–78, 2003.

[214]	 Richardson RS, Wagner H, Mudaliar SR, Saucedo E, Henry R, Wagner PD. Exercise 
adaptation attenuates VEGF gene expression in human skeletal muscle. Am J Physiol 279: 
pp. H772–8, 2000.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 72 



62  Angiogenesis

[215]	 Kuo NT, Benhayon D, Przybylski RJ, Martin RJ, LaManna JC. Prolonged hypoxia in-
creases vascular endothelial growth factor mRNA and protein in adult mouse brain. J Appl 
Physiol 86: pp. 260–4, 1999.

[216]	 Pierce EA, Avery RL, Foley ED, Aiello LP, Smith LE. Vascular endothelial growth factor/
vascular permeability factor expression in a mouse model of retinal neovascularization. Proc 
Natl Acad Sci USA 92: pp. 905–9, 1995. doi:10.1073/pnas.92.3.905

[217]	 Adair TH. Growth regulation of the vascular system: An emerging role for adenosine. Am 
J Physiol 289: pp. R283–96, 2005. doi:10.1152/ajpregu.00840.2004

[218]	 Berne RM. Cardiac nucleotides in hypoxia: Possible role in regulation of coronary blood 
flow. Am J Physiol 204: pp. 317–22, 1963.

[219]	 Berne RM, Knabb RM, Ely SW, Rubio R. Adenosine in the local regulation of blood flow: 
A brief overview. Fed Proc 42: pp. 3136–42, 1983.

[220]	 Marshall JM. Roles of adenosine and nitric oxide in skeletal muscle in acute and chronic 
hypoxia. Adv Exp Med Biol 502: pp. 349–63, 2001.

[221]	 Belardinelli L, Vogel S, Linden J, Berne RM. Antiadrenergic action of adenosine on ven-
tricular myocardium in embryonic chick hearts. J Mol Cell Cardiol 14: pp. 291–4, 1982. 
doi:10.1016/0022-2828(82)90207-3

[222]	 Dobson JG Jr, Fenton RA. Adenosine A2 receptor function in rat ventricular myocytes. 
Cardiovasc Res 34: pp. 337–47, 1997. doi:10.1016/S0008-6363(97)00023-0

[223]	 Miyazaki K, Komatsu S, Ikebe M, Fenton RA, Dobson JG Jr. Protein kinase Cepsilon 
and the antiadrenergic action of adenosine in rat ventricular myocytes. Am J Physiol 287: 
pp. H1721–9, 2004.

[224]	 Romano FD, Naimi TS, Dobson JG Jr. Adenosine attenuation of catecholamine-enhanced 
contractility of rat heart in vivo. Am J Physiol 260: pp. H1635–9, 1991.

[225]	 Ethier MF, Chwander V, Dobson JG Jr. Adenosine stimulates proliferation of human en-
dothelial cells in culture. Am J Physiol 265: pp. H131–8, 1993.

[226]	 Grant MB, Davis MI, Caballero S, Feoktistov I, Biaggioni I, Belardinelli L. Proliferation, 
migration, and ERK activation in human retinal endothelial cells through A2B adenosine 
receptor stimulation. Invest Ophthalmol Vis Sci 42: pp. 2068–73, 2001.

[227]	 Grant MB, Tarnuzzer RW, Caballero S, Ozeck MJ, Davis MI, Spoerri PE, Feoktistov I,  
Biaggioni I, Shryock JC, Belardinelli L. Adenosine receptor activation induces vascular 
endothelial growth factor in human retinal endothelial cells. Circ Res 85: pp. 699–706, 1999.

[228]	 Gu JW, Ito BR, Sartin A, Frascogna N, Moore M, Adair TH. Inhibition of adenosine 
kinase induces expression of VEGF mRNA and protein in myocardial myoblasts. Am J 
Physiol 279: pp. H2116–23, 2000.

[229]	 Lutty GA, Mathews MK, Merges C, McLeod DS. Adenosine stimulates canine retinal 

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 73 



References  63

microvascular endothelial cell migration and tube formation. Curr Eye Res 17: pp. 594–607, 
1998. doi:10.1076/ceyr.17.6.594.5173; doi:10.1080/02713689808951232

[230]	 Meininger CJ, Schelling ME, Granger HJ. Adenosine and hypoxia stimulate proliferation 
and migration of endothelial cells. Am J Physiol 255: pp. H554–62, 1988.

[231]	 Teuscher E, Weidlich V. Adenosine nucleotides, adenosine and adenine as angiogenesis 
factors. Biomed Biochim Acta 44: pp. 493–5, 1985.

[232]	 Sexl V, Mancusi G, Holler C, Gloria-Maercker E, Schutz W, Freissmuth M. Stimulation 
of the mitogen-activated protein kinase via the A2A-adenosine receptor in primary human 
endothelial cells. J Biol Chem 272: pp. 5792–9, 1997.

[233]	 Adair TH, Montani JP, Strick DM, Guyton AC. Vascular development in chick embryos: 
A possible role for adenosine. Am J Physiol 256: pp. H240–6, 1989.

[234]	 Adolfsson J. The time dependence of training-induced increase in skeletal muscle capillar-
ization and the spatial capillary to fibre relationship in normal and neovascularized skeletal 
muscle of rats. Acta Physiol Scand 128: pp. 259–66, 1986. doi:10.1111/j.1748-1716.1986
.tb07974.x

[235]	 Adair TH, Cotten R, Gu JW, Pryor JS, Bennett KR, McMullan MR, McDonnell P, Mon-
tani JP. Adenosine infusion increases plasma levels of VEGF in humans. BMC Physiol 5: 
p. 10, 2005.

[236]	 Feoktistov I, Goldstein AE, Ryzhov S, Zeng D, Belardinelli L, Voyno-Yasenetskaya T,  
Biaggioni I. Differential expression of adenosine receptors in human endothelial cells: 
Role of A2B receptors in angiogenic factor regulation. Circ Res 90: pp. 531–8, 2002. 
doi:10.1161/01.RES.0000012203.21416.14

[237]	 Feoktistov I, Ryzhov S, Goldstein AE, Biaggioni I. Mast cell mediated stimulation of an-
giogenesis: Cooperative interaction between A2B and A3 adenosine receptors. Circ Res 92: 
pp. 485–92, 2003. doi:10.1161/01.RES.0000061572.10929.2D

[238]	 Feoktistov I, Ryzhov S, Zhong H, Goldstein AE, Matafonov A, Zeng D, Biaggioni I.  
Hypoxia modulates adenosine receptors in human endothelial and smooth muscle cells 
toward an A2B angiogenic phenotype. Hypertension 44: pp. 649–54, 2004. doi:10.1161/01
.HYP.0000144800.21037.a5

[239]	 Fischer S, Sharma HS, Karliczek GF, Schaper W. Expression of vascular permeability fac-
tor/vascular endothelial growth factor in pig cerebral microvascular endothelial cells and 
its upregulation by adenosine. Brain Res Mol Brain Res 28: pp. 141–8, 1995. doi:10.1016/
0169-328X(94)00193-I

[240]	 Gu JW, Brady AL, Anand V, Moore MC, Kelly WC, Adair TH. Adenosine upregulates 
VEGF expression in cultured myocardial vascular smooth muscle cells. Am J Physiol 277: 
pp. H595–602, 1999.

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 74 



64  Angiogenesis

[241]	 Hashimoto E, Kage K, Ogita T, Nakaoka T, Matsuoka R, Kira Y. Adenosine as an en-
dogenous mediator of hypoxia for induction of vascular endothelial growth factor mRNA 
in U-937 cells. Biochem Biophys Res Commun 204: pp. 318–24, 1994. doi:10.1006/bbrc
.1994.2462

[242]	 Takagi H, King GL, Robinson GS, Ferrara N, Aiello LP. Adenosine mediates hypoxic in-
duction of vascular endothelial growth factor in retinal pericytes and endothelial cells. Invest 
Ophthalmol Vis Sci 37: pp. 2165–76, 1996.

[243]	 Auchampach JA. Adenosine receptors and angiogenesis. Circ Res 101: pp. 1075–7, 2007. 
doi:10.1161/CIRCRESAHA.107.165761

[244]	 Clark AN, Youkey R, Liu X, Jia L, Blatt R, Day YJ, Sullivan GW, Linden J, Tucker AL. A1 
adenosine receptor activation promotes angiogenesis and release of VEGF from monocytes. 
Circ Res 101: pp. 1130–8, 2007. doi:10.1161/CIRCRESAHA.107.150110

[245]	 De Ponti C, Carini R, Alchera E, Nitti MP, Locati M, Albano E, Cairo G, Tacchini L. 
Adenosine A2a receptor-mediated, normoxic induction of HIF-1 through PKC and PI-
3K-dependent pathways in macrophages. J Leukoc Biol 82: pp. 392–402, 2007. doi:10.1189/
jlb.0107060

[246]	 Alchera E, Tacchini L, Imarisio C, Dal Ponte C, De Ponti C, Gammella E, Cairo G, Al-
bano E, Carini R. Adenosine-dependent activation of hypoxia-inducible factor-1 induces 
late preconditioning in liver cells. Hepatology 48: pp. 230–9, 2008. doi:10.1002/hep.22249

[247]	 Kong T, Westerman KA, Faigle M, Eltzschig HK, Colgan SP. HIF-dependent induction 
of adenosine A2B receptor in hypoxia. FASEB J 20: pp. 2242–50, 2006. doi:10.1096/fj.06-
6419com

[248]	 Minamino T, Kitakaze M, Morioka T, Node K, Komamura K, Takeda H, Inoue M, Hori 
M, Kamada T. Cardioprotection due to preconditioning correlates with increased ecto- 
5-nucleotidase activity. Am J Physiol 270: pp. H238–44, 1996.

[249]	 Braun N, Lenz C, Gillardon F, Zimmermann M, Zimmermann H. Focal cerebral isch-
emia enhances glial expression of ecto-5-nucleotidase. Brain Res 766: pp. 213–26, 1997. 
doi:10.1016/S0006-8993(97)00559-3

[250]	 Synnestvedt K, Furuta GT, Comerford KM, Louis N, Karhausen J, Eltzschig HK,  
Hansen KR, Thompson LF, Colgan SP. Ecto-5-nucleotidase (CD73) regulation by hypoxia- 
inducible factor-1 mediates permeability changes in intestinal epithelia. J Clin Invest 110: 
pp. 993–1002, 2002.

[251]	 Takagi H, King GL, Ferrara N, Aiello LP. Hypoxia regulates vascular endothelial growth 
factor receptor KDR/Flk gene expression through adenosine A2 receptors in retinal capil-
lary endothelial cells. Invest Ophthalmol Vis Sci 37: pp. 1311–21, 1996.

[252]	 Montesinos MC, Shaw JP, Yee H, Shamamian P, Cronstein BN. Adenosine A2A receptor 

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 75 



References  65

activation promotes wound neovascularization by stimulating angiogenesis and vasculogen-
esis. Am J Pathol 164: pp. 1887–92, 2004.

[253]	 Sugano M, Tsuchida K, Makino N. Intramuscular gene transfer of soluble tumor necro-
sis factor-alpha receptor 1 activates vascular endothelial growth factor receptor and ac-
celerates angiogenesis in a rat model of hindlimb ischemia. Circulation 109: pp. 797–802, 
2004.

[254]	 Rivilis I, Milkiewicz M, Boyd P, Goldstein J, Brown MD, Egginton S, Hansen FM,  
Hudlicka O, Haas TL. Differential involvement of MMP-2 and VEGF during mus-
cle stretch- vs. shear stress-induced angiogenesis. Am J Physiol Heart Circ Physiol 283: 
pp. H1430–8, 2002.

[255]	 Drummond HA, Grifoni SC, Jernigan NL. A new trick for an old dogma: ENaC pro-
teins as mechanotransducers in vascular smooth muscle. Physiology (Bethesda) 23: pp. 23–31, 
2008.

[256]	 Benos DJ, Stanton BA. Functional domains within the degenerin/epithelial sodium chan-
nel (Deg/ENaC) superfamily of ion channels. J Physiol 520: pp. 631–44, 1999. doi:10.1111/
j.1469-7793.1999.00631.x

[257]	 Kellenberger S, Schild L. Epithelial sodium channel/degenerin family of ion channels: A 
variety of functions for a shared structure. Physiol Rev 82: pp. 735–67, 2002.

[258]	 Garty H, Palmer LG. Epithelial sodium channels: Function, structure, and regulation. 
Physiol Rev 77: pp. 359–96, 1997.

[259]	 Ugawa S, Minami Y, Guo W, Saishin Y, Takatsuji K, Yamamoto T, Tohyama M, Shi
mada S. Receptor that leaves a sour taste in the mouth. Nature 395: pp. 555–6, 1998.

[260]	 Price MP, McIlwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, Sluka KA, Brennan TJ, Lewin 
GR, Welsh MJ. The DRASIC cation channel contributes to the detection of cutane-
ous touch and acid stimuli in mice. Neuron 32: pp. 1071–83, 2001. doi:10.1016/S0896-
6273(01)00547-5

[261]	 Price MP, Lewin GR, McIlwrath SL, Cheng C, Xie J, Heppenstall PA, Stucky CL, Manns-
feldt AG, Brennan TJ, Drummond HA, Qiao J, Benson CJ, Tarr DE, Hrstka RF, Yang B, 
Williamson RA, Welsh MJ. The mammalian sodium channel BNC1 is required for normal 
touch sensation. Nature 407: pp. 1007–11, 2000.

[262]	 Mano I, Driscoll M. DEG/ENaC channels: A touchy superfamily that watches its salt. 
Bioessays 21: pp. 568–78, 1999. doi:10.1002/(SICI)1521-1878(199907)21:7<568::AID-
BIES5>3.0.CO;2-L

[263]	 Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horisberger JD, Rossier BC. 
Amiloride-sensitive epithelial Na+ channel is made of three homologous subunits. Nature 
367: pp. 463–7, 1994. doi:10.1038/367463a0

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 76 



66  Angiogenesis

[264]	 Garcia-Anoveros J, Corey DP. The molecules of mechanosensation. Annu Rev Neurosci 20: 
pp. 567–94, 1997. doi:10.1146/annurev.neuro.20.1.567

[265]	 McDonald FJ, Snyder PM, McCray PB, Welsh MJ. Cloning expression, and tissue distri-
bution of a human amiloride-sensitive Na+ channel. Am J Physiol 266: pp. L728–34, 1994.

[266]	 Waldmann R, Champigny G, Bassilana F, Voilley N, Lazdunski M. Molecular cloning 
and functional expression of a novel amiloride-sensitive Na+ channel. J Biol Chem 270: 
pp. 27411–4, 1995.

[267]	 Bangel-Ruland N, Sobczak K, Christmann T, Kentrup D, Langhorst H, Kusche-Vihrog K,  
Weber WM. Characterization of the epithelial sodium channel delta-subunit in human 
nasal epithelium. Am J Respir Cell Mol Biol 42: pp. 498–505, 2010.

[268]	 Adams CM, Snyder PM, Welsh MJ. Interactions between subunits of the human epithelial 
sodium channel. J Biol Chem 272: pp. 27295–300, 1997. doi:10.1074/jbc.272.43.27295

[269]	 Bonny O, Chraibi A, Loffing J, Jaeger NF, Grunder S, Horisberger JD, Rossier BC. 
Functional expression of a pseudohypoaldosteronism type I mutated epithelial Na+ chan-
nel lacking the pore-forming region of its α-subunit. J Clin Invest 104: pp. 967–74, 1999. 
doi:10.1172/JCI6821

[270]	 McDonald FJ, Price MP, Snyder PM, Welsh MJ. Cloning and expression of the β- and 
y-subunits of the human epithelial sodium channel. Am J Physiol Cell Physiol 268: Cl 157–
163, 1995.

[271]	 Pérez FR, Venegas F, González M, Andrés S, Vallejos C, Riquelme G, Sierralta J, Michea L.  
Endothelial epithelial sodium channel inhibition activates endothelial nitric oxide synthase 
via phosphoinositide 3-kinase/Akt in small-diameter mesenteric arteries. Hypertension 53: 
pp. 1000–7, 2009. doi:10.1161/HYPERTENSIONAHA.108.128520

[272]	 Drummond HA, Gebremedin D, Harder DR. Degenerm/epithelial Na channel proteins: 
Components of a vascular mechanosensor. Hypertension 44: pp. 643–8, 2004.

[273]	 Jernigan NL, Drammond HA. Vascular ENaC proteins are required for renal myogenic 
constriction. Am J Physiol Renal Physiol 289: pp. F891–901, 2005. doi:10.1152/ajprenal
.00019.2005

[274]	 Jernigan NL, LaMarca B, Speed J, Galmiche L, Granger JP, Drummond HA. Dietary salt 
enhances benzamil-sensitive component of myogenic constriction in mesenteric arteries. 
Am J Physiol Heart Circ Physiol 294: pp. H409–20, 2008.

[275]	 Jernigan NL, Drammond HA. Myogenic vasoconstriction in mouse renal interlobar ar-
teries: Role of endogenous beta and gammaENaC. Am J Physiol Renal Physiol 291: 
pp. Fl184–91, 2006.

[276]	 Grifoni SC, Gannon KP, Stec DE, Drammond HA. ENaC proteins contribute to VSMC 
migration. Am J Physiol Heart Circ Physiol 291: pp. H3076–86, 2006. doi:10.1152/ajpheart
.00333.2006

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 77 



References  67

[277]	 Drummond HA, Welsh MJ, Abboud FM. ENaC subunits are molecular components of the  
arterial baroreceptor complex. Ann N Y Acad Sci 940: pp. 42–7, 2001.

[278]	 Guan Z, Pollock JS, Cook AK, Hobbs JL, Inscho EW. Effect of epithelial sodium channel 
blockade on the myogenic response of rat juxtamedullary afferent arterioles. Hypertension 
54: pp. 1062–9, 2009. doi:10.1161/HYPERTENSIONAHA.109.137992

[279]	 Kusche-Vihrog K, Callies C, Fels J, Oberleithner H. The epithelial sodium channel 
(ENaC): Mediator of the aldosterone response in the vascular endothelium? Steroids, 2009 
Sep 22. [Epub ahead of print]

[280]	 Golestaneh N, Klein C, Valamanesh F, Suarez G, Agarwal MK, Mirshahi M. Mineralo-
corticoid receptor-mediated signaling regulates the ion gated sodium channel in vascular 
endothelial cells and requires an intact cytoskeleton. Biochem Biophys Res Commun 280: 
pp. 1300–6, 2001. doi:10.1006/bbrc.2001.4275

[281]	 Oberleithner H, Riethmuller C, Ludwig T, Shahin V, Stock C, Schwab A, et al. Differen-
tial action of steroid hormones on human endothelium. J Cell Sci 119: pp. 1926–32, 2006. 
doi:10.1242/jcs.02886

[282]	 Wang S, Meng F, Mohan S, Champaneri B, Gu Y. Functional ENaC channels expressed in 
endothelial cells: A new candidate for mediating shear force. Microcirculation 16: pp. 276–87, 
2009. doi:10.1080/10739680802653150

[283]	 Emtage L, Gu G, Hartwieg E, Chalfie M. Extracellular proteins organize the mechanosen-
sory channel complex in C. Elegans touch receptor neurons. Neuron 44: pp. 795–807, 2004. 
doi:10.1016/j.neuron.2004.11.010

[284]	 O’Hagan R, Chalfie M, Goodman MB. The MEC-4 DEG/ENaCchannel of Caenorhab
ditis elegans touch receptor neurons transduces mechanical signals. Nat Neurosci 8: pp. 43–50, 
2005.

[285]	 Syntichaki P, Tavernarakis N. Genetic models of mechanotransduction: The nematode 
Caenorhabditis elegans. Physiol Rev 84: pp. 1097–53, 2004. doi:10.1152/physrev.00043.2003

[286]	 Welsh MJ, Price MP, Xie J. Biochemical basis of touch perception: Mechanosensory func-
tion of degenerin/epithelial Na+ channels. J Biol Chem 277: pp. 2369–72, 2002. doi:10.1074/
jbc.R100060200

[287]	 Ismailov II, Berdiev BK, Shlyonsky VG, Benos DJ. Mechanosensitivity of an epithelial Na+ 
channel in planar lipid bilayers: Release from Ca2+ block. Biophys J 72: pp. 1182–92, 1997. 
doi:10.1016/S0006-3495(97)78766-6

[288]	 Satlin LM, Sheng S,Woda CB, Kleyman TR. Epithelial Na+ channels are regulated by 
flow. Am J Physiol Renal Physiol 280: pp. F1010–18, 2001.

[289]	 Althaus M, Bogdan R, Clauss WG, Fronius M. Mechano-sensitivity of epithelial sodium 
channels (ENaCs): Laminar shear stress increases ion channel open probability. FASEB J 
21: pp. 2389–99, 2007. doi:10.1096/fj.06-7694com

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 78 



68  Angiogenesis

[290]	 Mazzochi C, Bubien JK, Smith PR, Benos DJ. The carboxyl terminus of the α-subunit 
of the amiloride-sensitive epithelial sodium channel binds to F-actin. J Biol Chem 281: 
pp. 6528–38, 2006.

[291]	 Jovov B, Tousson A, Ji HL, Keeton D, Shlyonsky V, Ripoll PJ, Fuller CM, Benos DJ. Regu-
lation of epithelial Na+ channels by actin in planar lipid bilayers and in the Xenopus oocyte 
expression system. J Biol Chem 274: pp. 37845–54, 1999. doi:10.1074/jbc.274.53.37845

[292]	 Copeland SJ, Berdiev BK, Ji HL, Lockhart J, Parker S, Fuller CM, Benos DJ. Regions in 
the carboxy terminus of α-bENaC involved in gating and functional effects of actin. Am J 
Physiol Cell Physiol 281: pp. C231–40, 2001.

[293]	 Drummond HA, Abboud FM, Welsh MJ. Localization of beta and gamma subunits of 
ENaC in sensory nerve endings in the rat foot pad. Brain Res 884: pp. 1–12, 2000.

[294]	 Drummond HA, Price MP, Welsh MJ, Abboud FM. A molecular component of the arte-
rial baroreceptor mechanotransducer. Neuron 21: pp. 1435–41, 1998. doi:10.1016/S0896-
6273(00)80661-3

[295]	 Yamamoto Y, Taniguchi K. Expression of ENaC subunits in sensory nerve endings in the 
rat larynx. Neurosci Lett 402: pp. 227–32, 2006. doi:10.1016/j.neulet.2006.04.044

[296]	 Fricke B, Lints R, Stewart G, Drummond H, Dodt G, Driscoll M, von During M. Epi-
thelial Na+ channels and stomatin are expressed in rat trigeminal mechanosensory neu-
rons. Cell Tissue Res 299: pp. 327–34, 2000. doi:10.1007/s004410050031; doi:10.1007/
s004419900153

[297]	 Simon A, Shenton F, Hunter I, Banks RW, Bewick GS. Amiloride-sensitive channels are 
a major contributor to mechanotransduction in mammalian muscle spindles. J Physiol 588: 
pp. 171–85, 2010. doi:10.1113/jphysiol.2009.182683

[298]	 Fronius M, Clauss WG. Mechano-sensitivity of ENaC: May the (shear) force be with you. 
Pflügers Arch 455: pp. 775–85, 2008. doi:10.1007/s00424-007-0332-1

[299]	 Carattino MD, Liu W, Hill WG, Satlin LM, Kleyman TR. Lack of a role of membrane-
protein interactions in flow-dependent activation of ENaC. Am J Physiol Renal Physiol 293: 
pp. F316–24, 2007.

[300]	 Wang S, Meng F, Mohan S, Champaneri B, Gu Y. Functional ENaC channels expressed in 
endothelial cells: A new candidate for mediating shear force. Microcirculation 16: pp. 276–87, 
2009. doi:10.1080/10739680802653150

[301]	 VanLandingham LG, Gannon KP, Drummond HA. Pressure-induced constriction is in-
hibited in a mouse model of reduced betaENaC. Am J Physiol Regul Integr Comp Physiol 297: 
pp. R723–8, 2009.

[302]	 Drummond HA. Yes, no, maybe so: ENaC proteins as mediators of renal myogenic constric-
tion. Hypertension 54: pp. 962–3, 2009. doi:10.1161/HYPERTENSIONAHA.109.139014

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 79 



References  69

[303]	 Lu Y, Ma X, Sabharwal R, Snitsarev V, Morgan D, Rahmouni K, Drummond HA, Whiteis 
CA, Costa V, Price M, Benson C, Welsh MJ, Chapleau MW, Abboud FM. The ion chan-
nel ASIC2 is required for baroreceptor and autonomic control of the circulation. Neuron 
64: pp. 885–97, 2009. doi:10.1016/j.neuron.2009.11.007

[304]	 Grifoni SC, Chiposi R, McKey SE, Ryan MJ, Drummond HA. Altered whole kidney 
blood flow autoregulation in a mouse model of reduced beta-ENaC. Am J Physiol Renal 
Physiol 298: pp. F285–92, 2010.

[305]	 Adair TH, Drummond HA. Benzamil decreases microvessel growth in rat aortic rings in 
vitro. FASEB J 23: p. 625.3, 2009.

[306]	 Adair TH, Drummond HA. A role for βENaC protein in microvessel formation. FASEB J 
24: p. 1031.5, 2010.

[307]	 Kawasaki S, Mori M, Awai M. Capillary growth of rat aortic segments cultured in collagen 
gel without serum. Acta Pathol Jpn 39: pp. 712–8, 1989. doi:10.1111/j.1440-1827.1989.
tb02419.x

[308]	 Nicosia RF, Ottinetti A. Modulation of microvascular growth and morphogenesis by recon-
stituted basement membrane gel in three-dimensional cultures of rat aorta: A comparative 
study of angiogenesis in matrigel, collagen, fibrin, and plasma clot. In Vitro Cell Dev Biol 26: 
pp. 119–28, 1990. doi:10.1007/BF02624102

[309]	 Nicosia RF, Bonanno E, Villaschi S. Large-vessel endothelium switches to a microvascu-
lar phenotype during angiogenesis in collagen gel culture of rat aorta. Atherosclerosis 95: 
pp. 191–9, 1992. doi:10.1016/0021-9150(92)90022-9

[310]	 Galbraith CG, Skalak R, Chien S. Shear stress induces spatial reorganization of the endo-
thelial cell cytoskeleton. Cell Motil Cytoskeleton 40: pp. 317–30, 1998. doi:10.1002/(SICI)
1097-0169(1998)40:4<317::AID-CM1>3.3.CO;2-I; doi:10.1002/(SICI)1097-0169(1998)
40:4<317::AID-CM1>3.0.CO;2-8

[311]	 Balligand JL, Feron O, Dessy C. eNOS activation by physical forces: From short-term 
regulation of contraction to chronic remodeling of cardiovascular tissues. Physiol Rev 89: 
pp. 481–534, 2009. doi:10.1152/physrev.00042.2007

[312]	 Wang S, Meng F, Mohan S, Champaneri B, Gu Y. Functional ENaC channels expressed in 
endothelial cells: A new candidate for mediating shear force. Microcirculation 16: pp. 276–87, 
2009. doi:10.1080/10739680802653150

[313]	 Fronius M, Bogdan R, Althaus M, Morty RE, Clauss WG. Epithelial Na+ channels de-
rived from human lung are activated by shear force. Respir Physiol Neurobiol 170: pp. 113–9, 
2010. doi:10.1016/j.resp.2009.11.004

[314]	 Morimoto T, Liu W, Woda C, Carattino MD, Wei Y, Hughey RP, Apodaca G, Satlin 
LM, Kleyman TR. Mechanism underlying flow stimulation of sodium absorption in the 

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 80 



70  Angiogenesis

mammalian collecting duct. Am J Physiol Renal Physiol 291: pp. F663–9, 2006. doi:10.1152/
ajprenal.00514.2005

[315]	 Thoma R. Untersuchungen uber die Histogenese und Histomechanik des Gefaesssystems. Stutt-
gart, Germany: Verlag von Ferdinand Enke, 1893.

[316]	 Clark ER, Clark EL. Microscopic observations on the growth of blood capillaries in the 
living mammal. Am J Anat 64: pp. 251–99, 1939. doi:10.1002/aja.1000640203

[317]	 Guyton JR, Hartley CJ. Flow restriction of one carotid artery in juvenile rats inhibits growth 
of arterial diameter. Am J Physiol 248: pp. H540–6, 1985.

[318]	 Holman E. Problems in the dynamics of blood flow. I. Conditions controlling collateral 
circulation in the presence of an arteriovenous fistula, following the ligation of an artery. 
Surgery St. Louis 26: pp. 889–917,  1949.

[319]	 Kamiya A, Togawa T. Adaptive regulation of wall shear stress to flow change in the canine 
carotid artery. Am J Physiol 239: pp. H14–21, 1980.

[320]	 Langille BL, Bendeck MP, Keeley FW. Adaptations of carotid arteries of young and mature 
rabbits to reduced carotid blood flow. Am J Physiol 256: pp. H931–9, 1989.

[321]	 Prior BM, Yang HT, Terjung RL. What makes blood vessels growth with exercise training? 
J Appl Physiol 97: pp. 1119–28, 2004.

[322]	 Zhou A, Egginton S, Hudlická O, Brown MD. Internal division of capillaries in rat skeletal 
muscle in response to chronic vasodilator treatment with alpha1-antagonist prazosin. Cell 
Tissue Res 293: pp. 293–303, 1998.

[323]	 Dawson JM, Hudlická O. The effects of long term administration of prazosin on the 
microcirculation in skeletal muscles. Cardiovasc Res 23: pp. 913–20, 1989. doi:10.1093/
cvr/23.11.913

[324]	 Egginton S, Zhou AL, Brown MD, Hudlická O. Unorthodox angiogenesis in skeletal mus-
cle. Cardiovasc Res 49: pp. 634–46, 2001. doi:10.1016/S0008-6363(00)00282-0

[325]	 Price RJ, Skalak TC. Chronic alpha1-adrenergic blockade stimulates terminal and arcade 
arteriolar development. Am J Physiol 271: pp. H752–9, 1996.

[326]	 Tuttle JL, Nachreiner RD, Bhuller AS, Condict KW, Connors BA, Herring BP, Dalsing 
MC, Unthank JL. Shear level influences resistance artery remodeling: Wall dimension, cell 
density, and eNOS expression. Am J Physiol 281: pp. H1380–89, 2001.

[327]	 Ziada A, Hudlická O, Tyler KR. The effect of long-term administration of alpha1-
blocker prazosin on capillary density in cardiac and skeletal muscle. Pflügers Arch 415: 
pp. 355–60, 1989.

[328]	 Williams JL, Cartland D, Rudge JS, Egginton S. VEGF trap abolishes shear stress- and 
overload dependent angiogenesis in skeletal muscle. Microcirculation 13: pp. 499–509, 2006. 
doi:10.1080/10739680600785717

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 81 



References  70a

[329]	 Wang Y, Chang JM, Li YC, Li YS, Shyy JY, and Chien S. Shear stress and VEGF ac-
tivate IKK via Flk-1/Cbl/Akt signaling pathway. Am J Physiol Heart 286: pp. H685–92, 
2004. doi:10.1152/ajpheart.00237.2003

[330]	 Folkman J, Moscona A. Role of cell shape in growth control. Nature 273: pp. 345–9, 1978. 
doi:10.1038/273345a0

[331]	 Ingber DE, Madri JA, Folkman J. Endothelial growth factors and extracellular matrix regu-
late DNA synthesis through modulation of cell and nuclear expansion. In Vitro Cell Dev 
Biol 23: pp. 387–94, 1987. doi:10.1007/BF02620997

[332]	 Stromberg DD, Phelps PC, Rushmer RF, Luft JH. An index for quantitative measure-
ment of vasoconstriction in histologic sections of blood vessels. Vasc Surg 3: pp. 68–80, 
1969. doi:10.1177/153857446900300204

[333]	 Coleman TG, Granger HJ, Guyton AC. Whole-body circulatory autoregulation and hy-
pertension. Circ Res 28: pp. 76–87, 1971.

[334]	 Uhley NH. Role of pulmonary lymphatics in chronic pulmonary edema. Circ Res 11: 
pp. 966–70, 1962.

[335]	 Boardman KC, Swartz MS. Interstitial flow as a guide for lymphangiogenesis. Circ Res 92: 
pp. 801–8, 2003. doi:10.1161/01.RES.0000065621.69843.49

[336]	 Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rauvala H, Swartz M, Fukumura D, 
Jain RK, Alitalo K. Hyperplasia of lymphatic vessels in VEGF-C transgenic mice. Science 
276: pp. 1423–5, 1997. doi:10.1126/science.276.5317.1423

[337]	 Goldman J, Conley KA, Raehl A, Bondy DM, Pytowski B, Swartz MA, Rutkowski 
JM, Jaroch DB, Ongstad EL. Regulation of lymphatic capillary regeneration by intersti-
tial flow in skin. Am J Physiol Heart Circ Physiol 292: pp. H2176–83, 2007. doi:10.1152/
ajpheart.01011.2006

[338]	 Machnik A, Neuhofer W, Jantsch J, Dahlmann A, Tammela T, Machura K, Park JK, Beck 
FX, Müller DN, Derer W, Goss J, Ziomber A, Dietsch P, Wagner H, van Rooijen N, 
Kurtz A, Hilgers KF, Alitalo K, Eckardt KU, Luft FC, Kerjaschki D, Titze J. Macrophages 
regulate salt-dependent volume and blood pressure by a vascular endothelial growth factor- 
C-dependent buffering mechanism. Nat Med 15: pp. 545–52, 2009. doi:10.1038/nm.1960

                                                                                                                                                                                                                          

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 82 



                                                                                                             

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 83 





                                                                                                             

Samsung et al. v. Regeneron     IPR2023-00884 
Regeneron Pharmaceuticals, Inc.    Exhibit 2136     Page 85 




