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As a major natural component of the extracellular matrix (ECM),
hyaluronic acid (HA) is an excellent choice for biomimetic, biocompatible
therapeutic materials. Furthermore, thiol-modified forms of HA are capable of
forming macroporous hydrogels that allow for both controlled cytokine release and
extensive vessel in-growth. It has previously been shown that this HA controlled
cytokine release may be extended significantly by including thiol-modified heparin
(Hp) in the hydrogel matrix. We therefore hypothesized that that the inclusion of
minute quantities of Hp in both HA and HA+Gelatin cytokine-loaded hydrogels
would, in turn, result in extended levels of elicited microvascular stability and
maturity in vivo. To test this hypothesis we formulated several single and dual
cytokine-loaded hydrogels and implanted them into the Balb/c mouse ear pinna.
These preloaded hydrogels contained vascular endothelial growth factor (VEGF),
angiopoietin-1 (Ang-1), keratinocyte growth factor (KGF) or platelet derived growth

factor (PDGF) either individually or in combination with VEGF. At 7 and 14 days
post surgery, elicited vascular maturity levels were quantified using
immunohistochemical (IHC) staining techniques. The degree of circumferential
pericyte ensheathement as indicated by alpha smooth muscle actin (α-SMA) IHC
signal, together with basement membrane morphology, allowed for a graded
determination of elicited microvasculature maturity. The progress of maturation was
separated from the natural wound response (sham surgery) and then normalized to the
steady state (contralateral ear), and reported as a vascular maturity index (VMI). It
was discovered that in both gel types at both time points, the dual cytokine
combination elicited greater maturity levels than either cytokine administered
individually. For example, VEGF and KGF-containing implants at day 7 yielded
VMI values of -0.1375 and -0.092, respectively, whereas their combination resulted
in a VMI of 0.176 (p < 0.007). At day 7, only one of the seven HA:Hp experimental
cases yielded a positive VMI (VEGF+KGF), whereas four of the seven HA:Hp cases
yielded positive VMI values at day 14. This shift from predominantly negative to
predominantly positive VMI values suggested not only a sustained microvascular
maturity response, but also a gradual improvement in microvessel maturity relative to
the sham tissue. Although sustained, and in some cases elevated from 7 to 14 days
post film implantation, the microvascular maturity response elicited by HA:Hp films
was not invariably higher than that elicited by the HA controls. The levels of elicited
microvascular maturity in tissue treated with dual cytokine loaded HA:Hp films were
instead found to depend on the identity of the late stage cytokine, suggesting specific
heparin-cytokine interactions were responsible for the observed differences.
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Determining Cytokine Induced Vascular Maturity through
Immunohistochemical Double-Staining

Chapter 1. INTRODUCTION
As of recently, many investigators have shown that angiogenesis can be
achieved through therapeutic cytokine delivery, however, long term viability and
functionality of these elicited microvessels has not yet been demonstrated [1].
Designing cytokine-loaded films capable of eliciting an effective and sustained
angiogenic response has therefore become the focus of current efforts in vascular
engineering. The successful design of these films would enable widespread
therapeutic applications including the reparation of injured myocardium and the
application to chronic dermal wounds as found, for example, in diabetic ulcerative
tissue [2]. In the hydrated state, these engineered films may also act as bandages
capable of minimizing or preventing the scarring that might otherwise occur as a
result of insufficient blood vessel formation [3]. Perhaps more importantly, however,
is the application towards cell transplantation therapies, in which increased levels of
functional vasculature are needed to support exogenous metabolic loads [4]. This
particular application is extremely exciting because cell transplantation therapies have
the capacity to allay a wide variety of ailments. Furthermore, by systematically
advancing our understanding of functional vessel formation, it may be possible to
develop therapies to combat disease pathologies that involve aggressive vascular
outgrowth including atherosclerosis, chronic inflammation, diabetic retinopathy and
cancer [3]. In light of the current obstacles limiting the practical application of the
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therapies mentioned above, it was the purpose of this experiment to not only induce
stable and mature microvasculature, but also accurately quantify the levels thereof.
To this end, we included minute quantities of thiol-modified heparin (Hp) into
implantable hyaluronic acid (HA)-based films and characterized the levels of elicited
microvascular maturity in a mouse model. It has previously been shown that the
inclusion of Hp into an HA-based hydrogel matrix has the ability to extend cytokine
release. We therefore hypothesized that that the inclusion of minute quantities of Hp
into both HA and HA+Gelatin (Gtn) cytokine-loaded hydrogels would, in turn, result
in extended levels of elicited microvascular stability and maturity in vivo. To test this
hypothesis we formulated several single and dual cytokine-loaded hydrogels and
implanted them into the Balb/c mouse ear pinna. These preloaded hydrogels
contained vascular endothelial growth factor (VEGF), angiopoietin-1(Ang-1),
keratinocyte growth factor (KGF) or platelet derived growth factor (PDGF) either
individually or in combination with VEGF. At 7 and 14 days post surgical
implantation, elicited levels of microvascular maturity were quantified using
immunohistochemical (IHC) staining techniques. The degree of circumferential
pericyte ensheathement as indicated by alpha smooth muscle actin (α-SMA) IHC
signal, together with basement membrane morphology, allowed for a graded
determination of elicited microvasculature maturity.
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Chapter 2. BACKGROUND
2.1

Anatomy of a Microvessel
A mature microvessel is the functional unit of the cardiovascular system,

facilitating the gas and nutrient transport necessary to sustain metabolically active
tissue (Figure 1). Specifically, oxygen and glucose are delivered to the surrounding
tissue enabling cellular respiration and ATP production. Carbon dioxide waste is
transported in the opposite direction for removal.

Figure 1. Diagram showing diffusion gradients that drive gas and nutrient transport across a
systemic capillary [image taken from ref. 5]. CO2 moves from the tissue to the capillary while O2
and glucose move from the capillary to the tissue.

Nutrient exchange with the surrounding tissue is highly efficient by virtue of
their size and extensive tissue permeation. In fact, there are an estimated 25,000
miles of capillaries in an adult human, and most cells are no more than 0.1 mm from a
microvessel [5]. Figure 2 illustrates the size and abundance of capillaries relative to
other vessels found in the cardiovascular system.
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Figure 2. Tissue treated with pararosaniline—toluidine blue (PT) stain and viewed under
medium magnification [image taken from ref. 6]. Note the size and abundance of capillaries
relative to the indicated small artery and vein.

Microvessel structure varies considerably from tissue to tissue. Typically,
microvessels are comprised of a single layer of endothelial cells resting on a laminin
rich basement membrane. Gas and nutrient transport across the capillary is often
facilitated by multiple fenestrae, or discontinuous segments of the endothelial border
(Figure 3). Passive and facilitated transport, along with pinocytotic vesicles and
intercellular clefts, may also contribute to nutrient exchange.
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Figure 3. An electron micrograph of a fenestrated microvessel [image taken from ref. 6].
Arrows indicate fenestrae, double arrows indicate continuous basal lamina (basement
membrane) on the outer surface of the endothelial cell. G – Golgi complex, N – endothelial cell
nucleus, C – centriole.

The laminin rich basement membrane is a very important aspect of
microvessel anatomy, as it confers a certain level of stability through focal adhesion
formation. Specifically, endothelial cell surface receptors bind to the anchoring
laminin fibrils, forming a hemidesmosome (Figure 4).

Figure 4. Schematic diagram of hemidesmosome formation between the basement membrane
and microvascular associated endothelial cell [image taken from ref. 7]. Laminin monomers
polymerize to form the anchoring fibrils responsible for basement membrane-endothelial cell
articulation and microvessel stabilization.
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Mature microvessels are further stabilized by pericyte association. These
cells contribute to the formation of an even thicker and more robust basement
membrane. In addition, these cells of mesenchymal origin also form long
cytoplasmic processes that partly surround the endothelial cells. Alpha smooth
muscle actin (α-SMA) is pericyte and smooth muscle specific and is partly
responsible for the movement of these cytoplasmic processes. As such, the presence
of this actin isoform is indicative of pericyte and/or smooth muscle cell association.
Pericyte ensheathement is generally considered to be one of the last steps in
microvessel maturation (Figure 5).

Fig 5. Confocal microscopic image of a capillary immunofluorescently stained for α-SMA (SMA)
and CD 31 visualization [image taken from ref 8]. SMA (green) is pericyte specific and
effectively outlines the presence of this cell. CD 31 (blue) is an endothelial marker and outlines
the boundaries of the capillary wall.
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2.2

Cytokines
The formation of mature microvasculature is achieved by means of a very

complex series of events that is orchestrated by innumerable mediators. These
mediators, or cytokines, act at specific times on specific cells to elicit a specific
response. These proteinaceous compounds are similar to hormones and
neurotransmitters in that they are used to allow one cell to induce a response in
another. The main difference between cytokines and hormones or neurotransmitters
is the intermediate distance at which they act. Cytokines typically act in the
immediate vicinity of a cytokine’s secretion and are not transported to distant regions
of the body via the circulatory system. Furthermore, hormones are released from
specific organs and neurotransmitters are released by nerves, whereas cytokines may
be released by a wide variety of cell types. Cytokines are responsible for
immunological and inflammatory responses, as well as many developmental
processes during embryogenesis [9]. And, as mentioned earlier, cytokines are also
responsible for microvessel growth and maturation.
Many cytokines impart their effect by stimulating a cell surface receptor
tyrosine kinase (RTK). In the absence of cytokine, these RTKs exist in monomeric
form. In the presence of cytokine, these monomers dimerize and phosphorylate each
other on the cytoplasmic surface. This allows for the association of Grb2 which
simultaneously binds and activates Sos. Sos, in turn, causes the Ras G-protein to
exchange GDP for GTP. GTP activated Ras activates Raf, a serine kinase, which
phosphorylates MEK. MEK phosphorylates MAPK which travels to the nucleus and
phosphorylates several transcription factors. These phosphorylated transcription
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factors become active and promote the expression of genes necessary for
proliferation, migration and survival. All the cytokines utilized in this experiment act
via this generalized RTK signal cascade (Figure 6).

Figure 6. A schematic representation of the receptor tyrosine kinase (RTK) signaling cascade
[image taken from ref. 10]. The presence of growth factor causes the dimerization of the RTK
monomers. The dimerized intracellular RTK domains phosphorylate each other allowing for the
association of the Grb2 protein. Grb2 simultaneously binds to and activates Sos, which in turn
causes the Ras G-protein to exchange the bound GDP for GTP. The activated G-protein
interacts with Raf, a serine kinase, which phosphorylate MEK. Phosphorylated MEK in turn
phosphorylates MAPK, which migrates to the nucleus and phosphorylates various transcription
factors. These phosphorylated factors promote the expression of genes associated with
proliferation and differentiation.
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2.3

Brief Angiogenesis Overview
Angiogenesis is the cytokine driven process by which extant microvessels

give rise to new vessels through intussusception and sprouting mechanisms [11, 12].
Intussusceptive angiogenesis involves the splitting of a parent vessel into two
separate daughter vessels, while sprouting angiogenesis involves the process by
which activated endothelial cells branch out to form a nascent capillary sprout (Figure
7).

Figure 7. A schematic representation of angiogenic intussusception and sprouting [image taken
from ref. 13].

The process of angiogenesis is initiated by oxygen starved tissue. In this
hypoxic environment, aerobic respiration is stalled and certain TCA cycle
intermediates, such as succinate, begin to accumulate. The accumulated succinate
inhibits the action of hypoxia inducible factor prolyl-hydroxylase (HIF prolylhydroxylase). HIF prolyl-hydroxylase makes the transcriptional complex hypoxia
inducible factor 1 α (HIF-1α) a target for proteolytic degradation, therefore, succinate
build-up indirectly leads to HIF-1α stabilization. HIF-1α, when stabilized by hypoxic
conditions, upregulates several genes that promote survival under low oxygen
conditions. These include enzymes involved in anaerobic glycolysis as well as
angiogenic factors such as vascular endothelial growth factor (VEGF) [14].
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VEGF originates from these hypoxic sites and diffuses to nearby
microvasculature, where it imparts a strong mitogenic effect on microvascular
endothelial cells through the RTK signal cascade. VEGF has also been shown to
upregulate the endothelial cell associated production of various matrix
metalloproteinases (MMPs). These MMPs degrade the surrounding basement
membrane and extracellular matrix (ECM), allowing the proliferating endothelial
cells to migrate towards the site of hypoxia. MMP mediated dissolution of
microvascular basement membrane allows for direct ECM-endothelial cell contact,
which, in addition to VEGF, has a proliferative effect on endothelial cells (Figure 8).
Note the similarity between the integrin and RTK mediated signal cascades.

Figure 8. Schematic representation of ECM-endothelial contact [image taken from ref. 15]. This
association is responsible, in part, for endothelial cell proliferation during angiogenesis. Like the
RTK signal cascade, the integrin mediated cascade involves a series of tyrosine kinases that
ultimately lead to transcription factor activation and increased gene expression.
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The growing endothelial cells begin forming inter- and intracellular lumina
and eventually anastomose to form new perfused microvessel loops [16]. Figure 9
shows the time lapsed computer reconstructed images of an anastomose formation.
This capillary loop originated from the main ovarian artery in response to tumor
implantation [17].
A

B

Figure 9. Digitalized photographs of resin treated ovarian tissue at two time points post tumor
implantation [images taken from ref. 17]. Capillary sprouts originate from the main ovarian
vessel (A) and migrate towards implanted tumor. Capillary sprouts anastomose (B) forming a
perfused capillary loop capable of providing sustenance to nearby tumor.

The nascent microvascular loop is partially stabilized by laminin-8 rich
basement membrane deposition (see section 2.7, page 29). The deposition of this
endothelial cell derived basement membrane is stimulated, in part, by ECM bound
transforming growth factor β (TGF-β). Although this particular cytokine has a
multitude of poorly understood immune and angiogenic related effects, it has been
shown to elicit a three fold increase in basement membrane proteins, including
laminin, in cultured rat liver sinusoidal endothelial cells [18]. Consistent with the
induction of basement membrane deposition, TGF-β has also been shown to inhibit
the proliferation of cultured embryonic stem cell-derived endothelial cells [19].
At or around this point, the microvascular associated endothelial cells also
begin producing platelet derived growth factor (PDGF). This cytokine binds to
pericyte specific PDGF receptors stimulating pericyte migration and proliferation
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through an RTK signal cascade (Figure 10). The associated pericytes further stabilize
the nascent microvasculature by orchestrating the formation of an extensive laminin10 rich basement membrane.

Figure 10. A schematic representation of PDGF’s chemotactic effect on pericytes [image taken
from ref. 8].

These pericytes are also responsible for the production of angiopoietin-1
(Ang-1). Ang-1 is a ligand for the Tie-2 RTK found on endothelial cells, and is
responsible for endothelial cell survival and continued pericyte association. It is
thought that Ang-1 perhaps induces the endothelial cells to release factors
chemotactic for these pericytes [20]. Angiopoietin-2 (Ang-2) is an antagonist for the
Tie-2 receptor. Ang-2 competes with Ang-1 for the same Tie-2 binding site [21], and
when bound, prevents Tie-2 phosphorylation and weakens the pericyte-endothelial
cell contact. Microvessel growth and maturation is therefore a completely reversible
process, as several events may lead to Ang-2 upregulation.
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2.4

Role of Cytokines in Angiogenic Response

2.4.1 VEGF165: The Early Stage Angiogenic Cytokine
VEGF165 is a 38.2 kDa disulfide-linked homodimeric protein consisting of
two 165 amino acid polypeptide chains [22]. It signals an early stage angiogenic
response through three receptors (RTKs): fms-like tyrosine kinase (flt-1), KDR gene
product (flk-1) and the flt4 gene product. Typically, this paracrine mediator is
secreted by mesenchymal and stromal cells, while the receptors are predominantly
found on the endothelial cells comprising the vessel walls. In fact, in most
developing organs, the forming vasculature stains positively for all three
aforementioned receptors while the stromal cells immediately surrounding the
nascent vessels express VEGF [20].
As previously mentioned, VEGF is a very strong angiogenic promoter under
hypoxic regulation. In response to increased metabolic load, HIF-1α (hypoxia
inducible transcription factor) acts as a sensor of hypoxia and induces the expression
of VEGF, which in turn induces an angiogenic response [3]. In general, VEGF
stimulates proliferation, survival and migration of endothelial cells and also leads to a
marked vascular permeability. Microvasculature elicited in response to 25 ng VEGF
loaded hydrogel implants have been, in past experiments, indeed highly permeable as
evidenced by extravasated red blood cells [23, 24]. Although a reasonable level of
permeability is desired for nutrient and gas exchange, exogenous VEGF introduction
alone in-vivo resulted in incomplete and functionally immature vasculature (Figure
11). In fact, substantial evidence implicates excessive amounts of VEGF in the
induction of tumor metastasis and intra-ocular neovascular syndromes [22].

14

Figure 11. H&E stained representative image of ear tissue treated with an HA implant preloaded with 25 ng VEGF at 14 days post surgery [taken from ref. 23]. Note highly irregular
vasculature with poorly defined endothelial borders and extravasated erythrocytes. L polymorphonuclear leukocyte characterized by multilobed nuclei. These cells are sequestered in
inflammatory response.

The degree of phenotypic abnormality is strictly dose dependent, with higher
doses often resulting in these irregular hyperfused networks. Ultralow cytokine
concentrations are thought to remedy this problem, which seems to suggest that
perhaps even 25 nanograms of VEGF per implant may be slightly excessive [3]. That
is, if it is desired to use a single cytokine VEGF loaded implant to elicit mature
vasculature, that implant should contain vanishingly small amounts of cytokine. This
idea is also supported by Darland et al. [25] who contend that elevated levels of
VEGF lead to reactivation-destabilization of vasculature (Figure 12). More on this
phenomenon is offered in chapter 5 (page 83).
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Figure 12. Schematic depicting the process of nascent vessel stabilization and destabilization
[taken from ref. 25]. If VEGF supply is inadequate, the vessel will regress and succumb to
apoptosis. However, at the same time, if the VEGF supply is in excess, pericyte stabilized vessels
will reactivate and revert to a proliferative and immature state.

The issue of stable vasculature can also be addressed by including multiple
appropriate cytokines in implanted hydrogels. Under these conditions, delivering
ultralow concentrations are not strictly necessary, as indicated in previous
experiments involving the inclusion of 25 nanograms each of VEGF and KGF. These
experimental cases showed promising levels of vascular maturity despite a two fold
increase in total cytokine concentration (Figure 13).

Figure 13. H&E stained representative image of ear tissue treated with an HA implant preloaded with 25 ng KGF at 14 days post surgery [taken from ref. 23]. Note the highly defined
endothelial borders and absence of extravasated erythrocytes.
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2.4.2

Dual Cytokine Rationale – Early and Late Stage Cytokines
As shown in Figure 2, it has been suggested that endothelial cells show a

roughly linear decline in dependence on VEGF [25], which becomes negligible upon
association with pericytes and the resulting formation of basement membrane. This
idea of decreasing VEGF dependence is supported by Backer et al. [26], who used a
fluorescently labeled scVEGF to monitor progression of neovascularization in
cancerous tissue. Simply stated, VEGF is an early stage angiogenic activator, and to
avoid the immature microvasculature that would accompany the sole delivery of this
cytokine in any quantity outside the tightly proscribed range, it is necessary to include
an appropriate late stage cytokine. This late stage cytokine is responsible for
sustaining the angiogenic response and carrying the process through to completion.
Extensive research suggests that a complete and stable microvessel is one that is
ensheathed by pericytes. The following subsections discuss several possible late
stage cytokines, all of which have been directly linked to pericyte recruitment,
proliferation or endothelial cell association.

2.4.3

Ang-1: A Possible Late Stage Angiogenic Cytokine
Ang-1 is secreted by endothelial cells and is a specific ligand of the Tie-2

receptor (RTK), which is expressed on endothelial and early hematopoietic cells.
Ang-1 plays a critical role in embryonic vasculogenesis and angiogenesis, adult
angiogenic sprouting and endothelial cell proliferation. Ang-1 activates Tie-2
signaling on endothelial cells to promote chemotaxis, cell survival, cell sprouting,
vessel growth and vessel stabilization [27]. An Ang-1 gene knockout mouse model
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demonstrated that Ang-1 is involved in normal interactions between endothelial cells
and their underlying supporting pericytes [8]. As mentioned earlier, it is this pericyte
ensheathement that stabilizes newly formed microvasculature.

2.4.4 KGF: A Possible Late Stage Angiogenic Cytokine
KGF is one of 23 known members of the fibroblast growth factor (FGF)
family. Recombinant human KGF/FGF-7 is an 18.9 kDa protein consisting of 163
amino acid residues [22]. Like VEGF, FGFs promote EC activities that are critical to
angiogenesis (proliferation, migration and differentiation). Unlike VEGF, however,
FGFs are not specific to ECs. They have an RTK mediated mitogenic effect on most
cells derived from the embryonic mesoderm and neuroectoderm, including
fibroblasts, ECs, and pericytes [2].

2.4.5

PDGF-AA: A Possible Late Stage Angiogenic Cytokine
PDGFs are disulfide linked dimers consisting of two 12-13.5 kDa polypeptide

chains, designated PDGF-A and PDGF-B chains. The three naturally occurring
PDGFs; PDGF-AA, PDGF-BB, and PDGF-AB, are potent mitogens for a variety of
cell types including smooth muscle cells and related pericytes [22]. Further research
also suggests that these platelet derived growth factors may function not only in
SMC/pericyte proliferation, but also in their recruitment as well. Findings in the
Patch mouse, in which the PDGF α receptor (RTK) had been deleted as a result of
spontaneous mutation, provided evidence that PDGF-A is crucial for proper vascular
development and stabilization. Histological examination of these homozygous null
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animals reveals fewer layers of SMC surrounding a normal vascular endothelium
[20]. PDGF was originally purified from platelets, but it has since been demonstrated
that many other cell types including fibroblasts, macrophages, and ECs produce this
cytokine [2].

2.5 Gel Component Rationale
2.5.1

Modified Hyaluronic Acid
Hyaluronic acid is a non-sulfated glycosaminoglycan (GAG) that helps form

the natural extracellular matrix (ECM). Due to its natural abundance in biological
systems, HA has been investigated as a possible biopolymer for the simulation of
living tissue in many tissue engineering applications. Aside from its physicochemical properties and utility as a major component of synthetic ECMs, HA also
acts as a strong angiogenic promoter, although this phenomenon has been found to
depend on molecular weight. High molecular weight HA (n-HA) has been shown to
inhibit neovascularization while low molecular weight HA (o-HA) has the opposite
effect, stimulating endothelial cell proliferation and migration and ultimately leading
to increased microvessel density [28]. This effect is visualized in Figure 14, in which
direct microvessel counts were performed on mouse ear tissue treated with various
cytokine and cytokine combinations [23].
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A

B

Figure 14. Direct counts of microvessel density at (A) day 7 and (B) day 14 post-surgery [image
taken from ref. 23]. Ears receiving an HA hydrogel implant produce higher vessel density than
the natural wound healing response (sham) at both 7 (A) and 14 (B) days post surgery (sham and
HA cases indicated by long and short arrows, respectively). Although the breakdown of this
oligosaccharide can promote an angiogenic response, its contributions (if any) to vessel maturity
are less well documented.

Aside from the biomimetic and proangiogenic contributions that make HA
more than just a passive vehicle for cytokine delivery, crosslinked HA-based
hydrogels are also reasonably effective as a matrix for cell encapsulation. Shu et al.
have shown that murine L-929 fibroblasts are viable for up to 96 hours post culture in
an HA-hydrogel matrix in vitro, as indicated by the reduction of methylthiosulfonate
(MTS) [29]. MTS is a tetrazolium salt that is reduced by the mitochondrion of living,
respiring cells, forming a colored formazan product that is spectrophotometrically
detectable. The entrapped fibroblasts not only remained viable, but actually showed
statistically significant increases in cell number from day 1 to day 2 post culture, as
well as from day 2 to day 3 post culture (Figure 15).
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Figure 15. Histogram reflecting cell count (in millions) versus time for HA entrapped
fibroblasts, as determined spectrophotometrically through MTS reduction [image taken from
ref. 29]. It is clear that these cells remained viable for up to 3 days post culture. Moreover, these
fibroblasts exhibited significant increases in cell number.

The porous nature of these crosslinked HA-based hydrogels may also allow
for the microvessel in-growth necessary to sustain encapsulated tissue in vivo. This
porosity may be adjusted by adjusting the amount of crosslinking agent added during
gel fabrication. Increasing porosity by decreasing crosslinking agent might lead to
more rapid microvessel in-growth; however, this may also lead to rapid cytokine
depletion and the inability to maintain nascent microvasculature. In short, porosity
may be adjusted to optimize both of these factors. It is also worth noting that thiolmodified HA-based hydrogels will polymerize at room temperature and physiologic
pH. Figure 16 shows the chemical structure of a thiol-modified HA repeat, or HA
dithiobis(propanoic dihydrazide) (HA-DTPH).

Figure 16. Chemical structure of HA-DTPH repeating unit [image taken from ref. 23].
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2.5.2

Modified Gelatin
Although HA entrapped fibroblasts remain viable and proliferate in vitro, HA

by itself does not necessarily promote cell substrate attachment. Cell substrate
attachment is imperative for the development of effective tissue regeneration
strategies. In fact, the development of HA-derived materials for cell growth and
tissue remodeling has been hindered by the hydrophilic, polyanionic nature of HA
biomaterials. These materials simply do not favor the attachment of predominately
anionic cell surfaces (charge repulsion). In general, cells adhere better to neutral,
hydrophobic, or polycationic surfaces [30]. Gelatin, the partially hydrolyzed and
globular version of the ubiquitous ECM protein collagen (Figure 17), was used to
improve the effectiveness of HA based biomaterials by providing this essential cell
substrate.

Figure 17. The collagen triple helix [image taken from ref. 10]. These helices are held together
by hydrogen bonds formed primarily between glycine N-H groups and the oxygen atoms of
hydroxylated-proline. Gelatin results from the partial hydrolysis of these individual helical
backbones and provides a scaffolding for cell growth and migration.

Gelatin has a much higher pI than HA, and thus has a much lower negative
charge density at physiologic pH. Furthermore, in contrast to HA, gelatin contains
both positively charged and hydrophobic portions, but most importantly, gelatin may
possess unique sequences that bind to cell surface receptors. It was therefore
hypothesized that gelatin may allow for not only the prolonged viability of
encapsulated tissue, but also the stabilization of ingrown vascular associated
endothelial cells.
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2.5.3

Modified Heparin
Heparin is another natural component of the ECM (Figure 18).

Figure 18. Chemical structure of heparin repeat [image taken from ref. 31]. Like HA, this
natural biomolecule was thiol-modified allowing for the covalent incorporation into the HAbased hydrogel matrix. The modification was performed at the indicated carboxylic acid
(arrow).

Aside from its well known antithrombogenic qualities, this highly sulfated
glycosaminoglycan has a high binding affinity for various growth factors (GFs) and is
capable of sequestering these GFs in the extracellular matrix. These noncovalent
interactions are predominantly a result of the electrostatic attraction between sulfated
heparin and the positively charged residues of the GFs. This effect is illustrated in
Figure 19.
A

B

Figure 19. Percentage of total VEGF released from HA gels (A) and HA:Gtn gels (B) as a
function of time and heparin concentration [taken from ref. 32].
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It can be seen from Figure 19 that VEGF is released more slowly with
increasing Hp concentrations. It is also evident that gelatin, along with providing
requisite cellular scaffolding, can also have an effect on cytokine release rates.
Not only does Hp slow the release of growth factors, but it does so at
characteristic rates depending on the specific cytokine (Figure 20).

A

B

Figure 20. Percentage of total (A) VEGF and (B) PDGF cytokine release from Hp containing
hydrogels as a function of time [taken from ref. 33]. Approximately 10% of total VEGF has
been released from HA:Hp gels at 14 days (A). Approximately 2% of total PDGF has been
released from HA:Hp gels at 14 days (B).

It was unknown at the outset of this experiment how these characteristic
release rates would manifest themselves, however, it was hypothesized that due to the
universal attenuated GF release, prolonged levels of maturity would be achieved.

2.5.4

Polyethylene glycol diacrylate (PEGDA)
PEGDA was chosen as a crosslinking agent to link thiol-modified HA, Gtn and

Hp primarily because of its hydrophilicity and biocompatibility. In addition, its
length and molecular weight can be easily manipulated, offering one means by which
the physical properties of the hydrogel may be altered. The chemical structure of
PEGDA is shown below in Figure 21.
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Figure 21. Chemical structure of PEGDA [image taken from ref. 23].

2.6 Determining Maturity of Elicited Microvasculature using Immunohistochemistry
2.6.1

α-SMA as Late Stage Marker
Smooth muscle α-actin (α-SMA), a mesenchymal specific contractile protein,

has been used as a late stage marker in numerous IHC based investigations of vessel
maturity [34-36], as smooth muscle and pericyte coverage and differentiation
(indicated by varying levels of SMA) is known to occur in the later stages of
vascularization. To support this, Owens [37] states:

“…there is…clear evidence that expression of the different actin genes is
differentially regulated at the transcriptional level. As such, it is reasonable to
suggest that quantitative differences in the level of smooth muscle α-actin expression
may be of equal or greater importance for the differentiation/maturation of smooth
muscle cells (SMCs) than qualitative shifts in which actin isoforms are expressed.
Taken together, the preceding results indicate that smooth muscle α-actin is not only
the earliest known marker for differentiated SMCs expressed during development of
the vasculature but also undergoes major increases in its level of expression late in
vascular development.”
In an earlier article by Owens et al. which probed in-vitro isoactin expression
in SMC proliferative stage, rat aortic smooth muscle cells were plated and the culture
was allowed to grow for two weeks [38]. Cells were collected at various time points
and subjected to radiolabeling and immunocytological examination using SM-specific
isoactin antibodies. The α-isoform was found to decrease precipitously upon SMC
proliferation. These results are illustrated in Figure 22.
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Figure 22. Isoactin expression patterns and SMC proliferation in SMC cultures [taken from ref.
38]. Top, SMC proliferation as indicated by radiolabeled thymidine. Middle, percentage
isoactin synthesized by SMC as indicated by radiolabeled methionine. Bottom, percentage
isoactin content as indicated by immunocytology. It is apparent that α-isoform decreases as
SMCs proliferate.

In another article by Owens [39], the isoactin expression profiles from post
natal rat aortic smooth muscle cells were investigated (in vivo). Whereas the
aforementioned Owens article probed expression profiles of proliferating SMCs, this
article probed isoactin profiles in maturing SMCs. It is important to note that post
natal development is essentially being used as a template to predict what will occur in
an artificially induced angiogenic response, in which the same general mechanism
should be followed. In other words, vascular progression during development should
provide us at least with a rough model of an angiogenic response (together with organ
regeneration and/or wound healing studies). Figure 23 shows the percentage of
isoactin synthesis in maturing SMCs as indicated by the incorporation of radiolabeled
methionine residues [39]. Note the inverse relationship between α-SMA synthesis
and SMC proliferation (as indicated by radiolabeled thymidine).
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Figure 23. Left, in vivo isoactin synthesis in rat aortic SMC. Right, SMC proliferation [both
images taken from ref. 39]. It is apparent that α-isoform expression increases with decreased
SMC proliferation (maturation).

This inverse trend was also shown in the in vitro study. That is, in the in vivo
maturity study, as α-SMA expression went up SMC proliferation went down and in
the in vitro proliferation study, as α-SMA went down SMC proliferation went up.
The two studies suggest a continual increase in the α isoform. This seems to
support the idea that perhaps signal intensity, rather than simply signal presence
alone, can be used to gauge vascular maturity. At the very least, it is clear that the
presence of α-SMA is indicative of mature SMCs.
It is interesting to note that the results of these two studies are completely
consistent. That is, in Figure 7, at 14 days in culture the levels of expression for the
various isoforms (from highest to lowest) are β, α, and γ, respectively. This trend is
realized at t = 0 in the in vivo study, with the α isoform eventually predominating at
later stages (which is also the predominant isoform at t = 0 for the in vitro study).
Taken together, the two Owen articles suggest that α-SMA may prove to be an
exceptional choice as a late stage marker.
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An article by Tasker et al. [40] supports the above conclusions regarding the
increased expression of α-SMA in fully developed compared to developing vascular
smooth muscle. Figure 24 shows a western blot visualizing α-SMA expression in
neonatal versus developed vessels.

Figure 24. Western blot visualizing calponin and α-SMA expression in neonatal (neo) versus
developed (dev) portal vein (PV) and aorta (Ao) [taken from ref. 40].

2.6.2

vWF as a Constitutive Endothelial Marker
Von Willebrand factor (Factor VIII related antigen or vWF) is a glycoprotein

that mediates platelet adhesion to subendothelium at sites of vascular injury and it
binds and stabilizes factor VIII in the circulation. It is constitutively and exclusively
expressed by endothelial cells, as endothelial cells unequivocally need to respond to
vascular damage. Although several endothelial markers were available, it has been
suggested that small arteries, arterioles, venules and capillaries in the skin all stain
with CD31, CD34, vWF and Fli-1 in a similar fashion [41]. That is, no marker has
been determined to be especially predominate in this tissue. Of course, if angiogenic
response was being investigated in tissue other than the ear pinna, research into
possible preferential staining of these four common EC markers should be conducted.
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2.7 Determining Maturity of Elicited Microvasculature based on the Microvessel
Morphology
IHC has been used extensively to determine pericyte coverage and the correlated
levels of microvascular maturity [35, 36]. However, pericyte coverage is not the only
mechanism of vessel maturation, as indicated by the fact that quiescent vasculature in
some organs such as the lungs are not extensively covered by pericytes [42]. The
development and maturation of pulmonary microvasculature has instead been
characterized according to endothelial cell alignment and location in the airspace
septa relative to the alveolar epithelium, as well as the ultrastructural organization of
the associated basement membrane [43]. In addition to these qualitative changes in
basement membrane organization, levels of microvascular maturity have been
characterized quantitatively using an IHC based analysis involving differentially
expressed basement membrane components [44].
The presence of the basement membrane itself is an event in the maturation of
associated neovasculature (Figure 25).

A

B

C

D

Figure 25. Schematic representation of basement membrane degradation and reformation
associated with angiogenic neovascularization [image taken from ref. 45]. Upon angiogenic
stimulation, the distal portion of the extant basement membrane degrades (B) exposing the
vascular associated endothelial cells to the ECM. The ECM promotes capillary morphogenesis
(C), and upon formation of the nascent microvasculature, basement membrane is redeposited
(D). BM – basement membrane, EC – endothelial cell.
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The proliferation of vascular associated endothelial cells is accompanied by a
degradation of the surrounding basement membrane (Figure 25B). The resulting
contact with the collagen I rich extracellular matrix (ECM) stimulates endothelial cell
migration, survival and proliferation through an integrin mediated signaling cascade
(Figure 25C). However, direct collagen I contact has also been shown to disrupt
vascular endothelial (VE) cadherins in cultured dermal microvascular endothelial
cells (Figure 26B). These VE-cadherins are responsible for cell-cell contact and
microvessel wall integrity. Therefore, during the formation and elongation of
endothelial sprouts, there is a marked decrease in higher order microvascular
structure.

A

B

Figure 26. VE-cadherin immunofluorescence staining in cultured human dermal microvascular
endothelial cells (HD-MECs) grown in the absence (A) and presence (B) of collagen I [taken
from ref. 45]. Endothelial cells grown in the absence of collagen I (A) exhibited high levels of
VE-cadherin. This resulted in strong cell-cell contacts and clearly defined endothelial borders.
Endothelial cells grown in the presence of collagen I (B) exhibited low levels of VE-cadherin.
This resulted in the disruption of cell-cell junctions and poorly defined endothelial borders.

Basement membrane is redeposited following the complete formation of the
neovasculature (Figure 25D). This laminin-8 (α4β1γ1) rich basement membrane is
responsible for reestablishing intercellular junctions and microvessel wall integrity,
along with the related higher order structure. This effect has been illustrated in HD-
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MECs transduced with the laminin α4 full-length chain carried by retroviral vector
and grown on 3D collagen gels (Figure 27A).

A

B

Figure 27. HD-MECs transduced with α4 containing retroviral vector (A) and control vector (B)
grown on 3D collagen gel and visualized at 4 hrs post-culture [image taken from ref. 46].
Tubules formed in the +α4 culture (A) were more mature at 4 hours.

Taken together, the two studies presented in this section seem to suggest that
the presence of microvessels with clearly defined endothelial borders indicate
rudimentary levels of vascular maturity.

2.8 Determining Maturity of Elicited Microvasculature using a Combination of
Microvessel Morphology and Immunohistochemistry
The initial formation of a laminin-8 rich basement membrane is initiated by
TGF-β and is accompanied by ordered and clearly defined microvasculature. TGF-β
is activated upon mesenchymal cell contact with the microvascular endothelium, and
in addition to stimulating basement membrane deposition, this cytokine also
stimulates

mesenchymal

cell

differentiation

to

an

SMC/pericyte

lineage.

Subsequently, the microvasculature is further stabilized by extensive pericyte
recruitment and the elevated expression of α-SMA and the indirect formation of a
laminin-10 rich basement membrane [20, 47]. Therefore, the presence of clearly
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defined microvasculature and the elevated expression of α-SMA/laminin-10 represent
two distinct (and perhaps overlapping) stages of microvessel maturation.

A

consideration of both distinct phases may allow one to gain a better resolution of
maturity between cases and time points.

Figure 28 demonstrates the temporal

separation of basement membrane deposition from extensive pericyte association.
C

A

B

Figure 28. A simplified schematic illustrating the progression of microvascular maturity
[modified image taken from ref. 20]. Mesenchymally derived Ang-1 stimulates endothelial cells
to produce PDGF-BB, which has a chemotactic effect on the mesenchymal cells (A). Once the
mesenchymal cells make initial contact with the vascular endothelial cells, TGF-β is activated
and basement membrane is deposited (B). TGF-β also leads to mesenchymal differentiation into
an SMC/pericyte lineage, with the eventual increase in α-SMA expression (C). Thus, initial
basement membrane formation and extensive pericyte association (as indicated by elevated αSMA expression), are two distinct phases of microvascular maturity.
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Chapter 3. MATERIALS & METHODS
3.1

Materials
Fermentation-derived HA-DTPH (sodium salt, MW = 750 kDa), heparin-

DTPH (sodium salt from porcine mucosa, unfractionated, MW = 15 kDa),
poly(ethylene glycol)-diacrylate (PEGDA, MW = 3400 Da) and gelatin-DTPH
(bovine skin, type B, gel strength approximately 225 Bloom) were provided by the
University of Utah Department of Medicinal Chemistry (Salt Lake City, Utah).
Vascular endothelial growth factor (human recombinant, 165 amino acid, MW = 38.2
kDa), keratinocyte growth factor (human recombinant, 163 amino acid, MW = 18.9
kDa) and platelet derived growth factor (human recombinant, 250 amino acid, MW =
28.5 kDa) were purchased from Peprotech, Incorporated (Rocky Hill, NJ).
Angiopoietin-1 (human recombinant, 476 amino acid, MW = 66 kDa) was purchased
from Sigma Chemicals Co. (St. Louis, MO). Smooth muscle α-actin antibody (rabbit
monoclonal IgG; mouse, human and rat reactive) was purchased from Epitomics
(Burlingame, CA). vWF antibody was provided by Oregon State University
Veterinary Medicine Diagnostic Laboratory, along with other necessary IHC
solutions (see 4.5.1). Male Balb/c AnNCr mice age approximately 5-6 weeks were
purchased from NCI (Frederick, MD).
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3.2

Methods

3.2.1

EDCI Chemistry & Component Thiolation
Although gel components were obtained in modified form, it is worth briefly

discussing this thiolation process. The general protocol is shown in Figure 29 and
discussed in detail by Shu et al. [29]. HA was dissolved in water along with DTP
(3,3’-dithiolbis(propanoic hydrazide)) and the pH was adjusted to 4.75. EDCI (1ethyl-3-[3-(dimethylamino)propyl]carbodiimide) was added and the mixture pH was
maintained at 4.75 while the reaction proceeded. Essentially, the nitrogen of the
hydrazide portion of DTP acted as a nucleophile attacking the carbon of the
carboxylic acid. Because the hydrazide moiety existed on both ends of DTP, at this
stage two HA oligomers may have been attached with the concomitant release of two
water molecules in this EDCI mediated condensation reaction.
At this point, the nascent HA-DTP still contained the disulfide linkage. The
reaction was stopped by pH increase. Solid DTT (dithiothreitol) was added to the
reaction mixture, the pH was again raised to cultivate a reducing environment and the
mixture was stirred overnight. At this point, the disulfide linkage was broken with
the creation of two sulfhydryl groups per DTP. The reaction mixture was placed in
dialysis tubing (MW cutoff 3500) and dialyzed exhaustively against a saline solution.
The solution was then lyophilized and tested for purity by GPC and 1H-NMR. It is
assumed the general reaction mechanism is similar for both heparin and gelatin thiolmodification, with aspartic and glutamic acid residues constituting sites of
condensation in gelatin.
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Figure 29. Thiolation of HA [taken from ref. 25]. Hydrazide nitrogen of DTP attacks carboxylic
acid in EDCI mediated condensation reaction. Once HA and DTP are linked, DTT breaks
disulfide link and creates two sulfhydryl groups.

HA-DTPH can then be crosslinked with PEGDA at physiological pH (7.27.6, slightly basic). Presumably, the sulfhydryl group acts as a nucleophile attacking
the double bond of PEGDA. This reaction is made favorable by the adjacent ester
group, because the electron pair that swings out upon crosslinking can resonate with
the carbonyl portion. Another way to look at this is to realize that the α-hydrogens of
this ester group are slightly acidic and can accept a certain degree of electron
localization. Nevertheless, this resonance stabilized enolate ion does not last long
because the proton originally part of the sulfhydryl group is immediately transferred
to the enol tautomer. It is important to note that the mechanism outlined above
resembles more of a base catalyzed reaction, and that at a lower pH another
mechanism may dominate. The overall reaction is shown in Figure 30.

35

Figure 30. Crosslinking HA-DTPH with PEGDA [taken from ref. 7]. HA-DTPH can be
crosslinked with PEGDA at physiological pH (slightly basic), creating a gel-like matrix of HADTPH-PEGDA.

3.2.2

Gel Formulation
Two different sets of HA-based hydrogels were prepared, either including or

omitting modified gelatin as a matrix component. In both cases, to maintain the same
number of heparin associated cytokine binding sites, and hence ensure similar
cytokine release rates, the resulting gel incorporated 0.3% w/w heparin (heparin/HA,
or in the gelatin containing hydrogels, heparin/(HA+gelatin)). For gelatin-free HA
gels, HA-DTPH and 0.3% w/w heparin was combined in a single centrifuge tube and
PBS was added in an amount to achieve 1.25% w/v (g/mL) HA-DTPH. In a separate
tube, PBS solution was added to PEGDA to achieve 4.5% w/v (g/mL) PEGDA. All
solutions were brought to the physiologically acceptable pH of 7.4 by dropwise
addition of NaOH and HCl. The appropriate cytokines or cytokine combinations
were then added to the HA:Hp solution in a quantity to achieve approximately 100 ng
of each cytokine per insert (see Appendix A). The PEGDA solution was then added
to the HA:Hp:cytokine solution to achieve a 1:4 volume ratio and ensure 50%
crosslinking (see Appendix B). The exact same procedure was followed for gelatin
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containing gels, however, half of the HA-DTPH was replaced with Gtn-DTPH, while
the Hp-DTPH proportion remained unchanged. All fourteen experimental cases are
shown below in Table I. The controls are listed in Table II.

Table I
All fourteen experimental cases. The asterisk denotes cases for which pre-existing
tissue blocks were available. A positive sign denotes the inclusion of that component
in the matrix
EXPERIMENTAL CASES
1* 2* 3 4 5* 6 7 8* 9 10 11 12 13 14
HA
+ + + + + + + + + + + + + +
Hp
+ + + + + + + + + + + + + +
Gtn
+ + + + + + +
VEGF +
+ + + +
+ + +
Ang-1
+
+
+
+
KGF
+
+
+
+
PDGF
+
+
+
+

Table II
All five control cases. The sham control lacked hydrogel implants. Asterisks denote
tissue from pre-existing tissue blocks were available
CONTROL CASES
1* 2* 3* 4* SHAM
HA
+ + + +
Hp
+
Gtn
VEGF
+ +
Ang-1
+
KGF
+
PDGF
Although gelation proceeded rapidly and hydrogels formed within 30 minutes,
to ensure fully crosslinked and homogenous gels, the solutions were maintained under
gently agitation on an orbital rocker for 24 hours at room temperature. The resulting
gels were then dehydrated to a film like state in an incubator for approximately 48
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hours at 37º C. The films were then carefully removed from the petri dish and a
series of 4 mm diameter biopsy films were made for implantation. All films were
then placed back in dish, sealed, and stored at 4ºC until surgery.

3.2.3

Surgical Procedure
All procedures were carried out with the full approval of the Oregon State

University Institutional Animal Care and Use Committee. Male Balb/c AnNCr mice
aged 5-6 weeks were anesthetized with 2.5% isoflurane by volume using an
inhalation anesthesia system (Summit Medical Equipment Inc., Bend, OR). The O2
flowrate had to be increased to 1.5L/min from advised 200mL/min to achieve desired
effect. Once a deep general anesthetic plane had been reached, the mice were
transferred to the clean field and placed in a nose cone.
Under the microscope (Luxo KFM Magnifier), the hair was cut from the
surgical site of the right ear, immobilizing ear with hemostats at upper left hand
corner. The entire ear was them wiped down with copious amounts of 70% ethanol.
A Miltex #11 disposable scalpel was inverted and an incision was made at the base of
the ear, just to the left of the main vessel (Figure 31). Hemostats were placed on the
upper left hand side of the ear and used to pull the ear taut during the incision. The
initial incision was then worked to approximately 5-6 mm in width. With the scalpel,
the layer of underlying connective tissue was reflected away to facilitate pickups
entry and pocket formation.
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Figure 31. Illustration of surgical ear. The horizontal line denotes incision, which is made from
right to left, beginning just left of the main vessel.

The pocket was then worked free with the pickups. Hemostats were moved
from the upper left hand corner of the ear to just left of the site of pickup insertion.
The pickups were then advanced by a gentle, circular poking motion (there was also
an angle of entry that permitted easier insertion). Great care was taken to avoid
advancing the pickups with too much force. When pickups had advanced to
approximately 4 mm from the ear pinna tip, they were withdrawn slowly (Figure 32).

Figure 32. Creating the pinna pocket. The hemostats were placed at the tip of the pinna
during shaving and incision stages. They are now moved to the left of incision to allow for
leverage during pocket formation. The pickups are advanced slowly and gently in a circular
motion until the pocket is approximately 4 mm from pinna tip.
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Curved hemostats were then placed in the newly formed pocket and carefully
widened to approximately 5-6 mm to facilitate implant placement. The hemostats
were removed. The implant was placed asymmetrically in pickups and inserted into
resultant pinna pocket (Figure 33). The hemostats were then used to hold the implant
in place while the pickups were removed. The removed pickups were used to appose
the skin for proper wound healing response (air bubbles were removed). Six animals
received identical implants in this fashion, corresponding to three animals per time
point (n=3) and two time points.

Figure 33. Inserting the implant. The implant is placed asymmetrically in pickups as shown
above to allow for hemostat purchase. Once secured by hemostats, the pickups are removed.

Following surgery, the mice were placed in a heated recovery cage for 5-10
minutes. They were then removed and placed in a second recovery cage containing
food and water. This process was repeated, sterilizing the instruments and replacing
the scalpel every six surgical animals.
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3.2.4

Sacrifice & Tissue Retrieval
At the first time point sacrifice, both cages (corresponding to both time points)

were retrieved. Three mice (n=3) total were randomly selected from both cages and
placed in the induction chamber receiving 400 mL/min O2 with 5% isoflurane v/v.
The identification card corresponding to the first time point was collected and the
time, date and condition of all ears were recorded. The remaining three mice were
consolidated into the remaining cage. The mice were left in the induction chamber
for ~20 minutes or until dead (look for white glaze in eyes). Mice were then retrieved
from the chamber and cervically dislocated by placing large hemostats behind the
neck and pulling on the tail with pickups. The ears were cut off at their base and
placed in a foam padded cassette dorsal side down with distal tip facing label. The
cassettes were then placed in 10% buffered formalin overnight. The mice were then
placed in a large, disposable plastic bag and disposed of in an appropriate location.
After overnight formalin fixation (less than 24 hours later), the ears were brought to
Veterinary Medicine Diagnostic Laboratories for tissue preparation (see next section).

3.2.5

Tissue Preparation and Treatment
To facilitate the observation of microvessels, tissue slides were stained by

IHC techniques, using antibodies against α-SMA and vWF proteins. Specifically,
tissues were sectioned to 4-5 μm and serial sections were collected on charged slides
and baked at 60ºC for 1 hour. Slides were rehydrated through 2 changes of xylene, 2
changes of 100% ethanol and 1 change of 80% ethanol in water. The following steps
were performed on a Dako Autostainer. Tris buffered saline with Tween (TBST)
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followed by 3% H2O2 in TBST for 10 minutes was applied to all slides to remove
endogenous peroxidase, followed by treatment with Dako serum-free protein block
for 10 minutes to reduce non-specific binding. The slides were then blown dry. A
first primary antibody (polyclonal α-smooth muscle actin) was diluted 1:100 in
antibody diluent (Dako) and applied for 30 minutes at room temperature. Universal
negative rabbit (Dako) served as a negative control. After washing in TBST,
Envision+ rabbit (Dako) was applied for 30 minutes at room temperature and again
washed in TBST. The chromagen DAB (Vector Laboratory) was applied for 5
minutes and washed with dH2O. Slides were removed from the autostainer. High
temperature antigen retrieval was performed in a microwave pressure cooker (Viking
Tender cooker) using DAKO Target Retrieval solution for 10 minutes after pressure
was reached. The pressure cooker was slowly vented and the container containing the
slides was allowed to sit for 20 minutes at room temperature. Slides were placed
back on the Autostainer and washed in TBST followed by 3% H2O2 in TBST for 10
minutes and Dako serum-free block for 10 minutes. The slides were then blown dry.
A second primary antibody (polyclonal Von Willebrand Factor (Dako)) was then
diluted 1:400 in antibody diluent (Dako) and applied for 30 minutes at room
temperature. Universal negative rabbit (Dako) served as the negative control. After
washing in TBST, Envision+ rabbit (Dako) was applied for 30 minutes at room
temperature and again washed in TBST. The chromagen Nova Red (Vector
Laboratory) was applied for 5 minutes and the slides were then washed in dH2O
hematoxylin (Dako) for 5 minutes, rinsed in dH2O, rinsed in TBST to blue, run down
to xylene and coverslipped.

42
3.2.6

Representative Fields
Microvessel maturity was evaluated in five fields per slide. The slides were

initially observed at 25X magnification. Typically, at this level of magnification the
entire section was visible. Areas of intense neovascularization (referred to as ‘hot
spots’ in various literature) were clearly evident from this perspective. A
representative number of fields were devoted to these hot spots based on their number
and size. For example, if a slide showed intense localized neovascularization, three
of the five available fields might involve these clusters. In contrast, if one or two
small, weakly staining hot spots were evident, none of the five fields may have been
used. Once the hot spot field number had been determined at 25X, the slide was
observed at 100X. This allowed the observer to get a better feel for the vessel density
alone. When a prospective area was identified (hot spot or otherwise), the slide was
observed at 400X. At this point, the observer searched for a field that contained a
balance of vessel density and maturity. Typically, fields containing the most clearly
defined endothelial borders were included in these counts. This was especially true of
hot spot counts, even though these hyperfused networks, by their very nature,
contained mostly immature vessels. The initial motivation behind this technique was
to make hot spot counting easier, but ultimately, this procedure made the counts more
accurate and more precise, therefore helping to ensure consistency from one case to
the next.
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3.2.7

Counting
The maturity of each microvessel was evaluated according to the perceived

integrity of the endothelial border as well as the degree of circumferential pericyte
ensheathement, as indicated by the vWF and -SMA staining patterns, respectively.
Each vessel was assigned to one of three bins according to the above criteria, with
each bin representing a population of microvessels displaying distinct levels of
maturity. Bin 1 contained the least mature vasculature (Figure 34). These
microvessels exhibited poorly defined endothelial borders and little to no pericyte
association. In areas of dense vascularization, these poorly defined borders
contributed to a primitive, hyperfused appearance in which microvessels exhibited
discontinuous and irregular vWF signal.

A

B

Figure 34. BIN 1 vasculature. Honeycombed networks (A) are indicative of primitive
vasculature and show extensive hyperfusion (arrows). Bin 1 vessels may also exist outside of
these hyperfused networks (B) and were characterized as such according to the absence of
clearly defined endothelial borders (arrowhead).

Bin 2 microvessels exhibited intermediate levels of maturity and were
characterized by intact endothelial borders with little to no pericyte association
(Figure 35). Bin 2 microvessels were therefore distinguishable from bin 1
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microvessels primarily by the appearance of the endothelial border, as both bin
populations exhibited little -SMA signal.
A

B

C

Figure 35. BIN 2 vasculature. Bin 2 vessels may exist within hyperfused networks (A), although
most exist independently (B), (C). These vessels were distinguishable from bin 1 vessels
primarily by the existence of clearly defined borders, not necessarily by the degree of pericyte
ensheathement.

Bin 3 contained the most mature microvessel population, exhibiting both
intact endothelial borders and significant pericyte association (Figure 36). Bin 3
microvessels were therefore distinguishable from bin 2 microvessels by the degree of
pericyte ensheathement. Although bin 2 microvessels often displayed some -SMA
signal, this signal was confined to less than 1/3 of the total perimeter. In contrast, bin
3 microvessels were completely circumscribed. See Appendix C for more on
counting techniques and special considerations.
A

B

C

Figure 36. BIN 3 vasculature. Designating bin 3 vessels was considerably less complicated than
discerning between bin 1 and bin 2 vasculature; if the vessel was completely circumscribed it
belonged to bin 3 (bin 3 microvessels indicated by arrows).
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3.2.8

Maturity, Neovascularization and Weighted Sum Indices
To account for the microvascular maturity levels present before surgery as

well as those induced by the surgical procedure alone, so that the effect of the film
and/or cytokine(s) could be identified, a dimensionless vascular maturity index (VMI)
was defined as

VMI =

⎛ 3 ⎞
⎛ 3 ⎞
⎜ ∑ ni i ⎟
⎜ ∑ ni i ⎟
=
1
i
⎜
⎟
−⎜ i =31 ⎟
3
⎜
⎟
⎜
⎟
⎜ ∑ni ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP ⎝ i =1 ⎠ SHAM EAR , 7 DAYS POST OP
⎛ 3 ⎞
⎜ ∑ni i ⎟
⎜ i =1 ⎟
⎜ 3 ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ CONTRALATERAL EAR

(1)

where i represents the bin number as previously discussed and ni represents the total
number of microvessels found in the ith bin. The ratio
⎛ 3 ⎞
⎜ ∑ ni i ⎟
⎜ i =1 ⎟
represents the microvessel maturity levels found to
⎜ 3 ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP
exist in the surgical ear at 7 days post film implantation and is defined as the total
microvessel count from a particular bin multiplied by the respective bin number,
summed across all bins (1-3) and divided by the total microvessel count. The ratio
⎛ 3 ⎞
⎜ ∑ ni i ⎟
⎜ i =1 ⎟
represents the same response from a sham surgery control
⎜ 3 ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SHAM EAR , 7 DAYS POST OP
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case at 7 days post surgical manipulation. The sham ear underwent pocket formation
but received no implant, and is responsible for characterizing the natural wound
⎛ 3 ⎞
⎜ ∑ ni i ⎟
represents the maturity levels
healing response. The ratio ⎜ i =31 ⎟
⎜
⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ CONTRALATERAL EAR
found to exist in the contralateral ear receiving no surgical manipulation. Thus
defined, VMI represents the total microvessel maturity response elicited in a
treatment group, minus the natural wound healing microvessel maturity response due
to the procedure alone, normalized to the static microvessel maturity levels found to
exist in the contralateral ear (see Appendix D for sample VMI calculation). VMI
values were determined at both 7 and 14 days post film implantation.
The VMI as formulated above characterizes film and/or cytokine elicited
microvessel maturity levels relative to the sham term at either experimental time
point. It follows that a comparison of VMI values attained at 7 and 14 days post film
implantation illustrates changes in this relative microvessel maturity response. This
comparison fails to offer any insight into the changes in absolute microvessel
maturity levels found to occur in the surgical ear from 7 to 14 days post film
implantation. In an attempt to characterize these changes in absolute microvascular
maturity, a delta absolute vascular maturity index (∆AVMI) was defined as
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ΔAVMI =

⎛ 3 ⎞
⎛ 3 ⎞
⎜ ∑ni i ⎟
⎜ ∑ni i ⎟
⎜ i =1 ⎟
−⎜ i =31 ⎟
3
⎜
⎟
⎜
⎟
⎜ ∑ni ⎟
⎜ ∑ni ⎟
⎝ i =1 ⎠ SURGICAL EAR ,14 DAYS POST OP ⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP
⎛ 3 ⎞
⎜ ∑ni i ⎟
⎜ i =1 ⎟
⎜ 3 ⎟
⎜ ∑ni ⎟
⎝ i =1 ⎠ CONTRALATERAL EAR

(2)

⎛ 3 ⎞
⎜ ∑ ni i ⎟
where ⎜ i =31 ⎟
represents the microvessel maturity levels found
⎜
⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR , 14 DAYS POST OP
to exist in the surgical ear at 14 days post film implantation, with all other terms as
previously defined.
To account for both the number of microvessels present prior to surgery and
non-specific new microvessel growth secondary to surgical probing, so that the
influences of the film and/or growth factor(s) on new microvessel formation would be
identifiable, a dimensionless neovascularization index (NI) was defined as

NI =

⎛ 3 ⎞
⎛ 3 ⎞
−⎜ ∑ ni ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP ⎝ i =1 ⎠ SHAM EAR , 7 DAYS POST OP
⎛ 3 ⎞
⎜ ∑ ni ⎟
⎝ i =1 ⎠ CONTRALATERAl EAR

(3)

⎛ 3 ⎞
where ⎜ ∑ ni ⎟
refers to the sum total microvessel count found
⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP
to exist across all bin populations in the surgical ear at 7 days post film implantation,
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⎛ 3 ⎞
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SHAM EAR , 7 DAYS POST OP

represents the same quantity in the sham control at 7

⎛ 3 ⎞
days post surgical manipulation, and ⎜ ∑ ni ⎟
represents the total
⎝ i =1 ⎠ CONTRALATERAl EAR
microvessel count from the contralateral ear. The NI is completely analogous to the
VMI discussed above, except that instead of describing levels of microvessel maturity
relative to the natural response, the NI attempts to describe relative vessel density. A
very similar index has been utilized by Peattie et al. [23, 24, 28] in previous studies
attempting to characterize cytokine induced microvascular density. NI values were
determined at both 7 and 14 days post film implantation.
The NI characterizes film and/or cytokine elicited microvessel density relative
to the sham term at either experimental time point. In an attempt to characterize the
changes in absolute microvessel density found to occur in the surgical ear from 7 to
14 days post film implantation, a delta absolute neovascular index (∆ANI) was
defined as

ΔANI =

⎛ 3 ⎞
⎛ 3 ⎞
−⎜ ∑ ni ⎟
⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR ,14 DAYS POST OP ⎝ i =1 ⎠ SURGICAL EAR , 7 DAYS POST OP
⎛ 3 ⎞
⎜ ∑ ni ⎟
⎝ i =1 ⎠ CONTRALATERAl EAR

⎛ 3 ⎞
represents the sum total microvessel count
where ⎜ ∑ ni ⎟
⎝ i =1 ⎠ SURGICAL EAR ,14 DAYS POST OP
found to exist across all bin populations in the surgical ear at 14 days post film
implantation, with all other terms as previously defined.

(4)
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In an attempt to combine the NI and the VMI in a meaningful way that
reflected the overall implant efficacy, a non-dimensional Weighted Sum Index (WSI)
was defined as

WSI = (VMI )( 40) + NI

(5)

where the VMI was multiplied by a constant to compensate for inherently lower
values relative to the NI. The ratio of microvessel density to microvessel maturity in
the contralateral ear was used to establish this constant.

3.3 Data Analysis & Statistical Treatment
A total of three animals (n = 3) received implants for each case at each time
point. Each ear was represented by a single slide containing two serial sections, in
which five fields total were considered. VMI, NI and WSI are presented as mean
values ± standard deviation. Data sets were compared using two-tailed, unpaired ttests; values of p < 0.05 were considered significant (see Appendix E for sample
calculation).
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Chapter 4. RESULTS
4.1

Vascular Maturity Index
In this study, new in-vivo microvessel development and maturation was

assessed in an ear pinna model for a series of experimental conditions including (i) an
HA:Hp film preloaded with VEGF; (ii) an HA:Hp film preloaded with Ang-1; (iii) an
HA:Hp film preloaded with KGF; (iv) an HA:Hp film preloaded with PDGF-AA; and
(v-vii) HA:Hp films all preloaded with VEGF along with KGF, Ang-1 or PDGF-AA
individually (dual cytokine load). In addition, the same seven experimental cases
were studied using films containing equal parts HA and Gtn (HA:Hp:Gtn) (viii-xiv).
Because modified heparin was common to all 14 experimental films, it was necessary
to include some non-heparinized control cases. These included HA films preloaded
with both VEGF and KGF (xv), as well as both VEGF and Ang-1 (xvi). In
conjunction with the experimental cases, these control cases allow for a direct
evaluation of the maturity and neovascular effects directly attributable to the
interaction between preloaded cytokines and modified heparin. A comparison
between HA alone (xvii) and HA:Hp (xviii) controls, both without preloaded
cytokines, may reveal any maturity or neovascular responses elicited by the presence
of modified heparin. Similarly, a comparison between the sham (ixx) and HA
controls should reveal maturity and neovascular responses attributable to HA alone.
Of course, a direct comparison between any case and the sham control may also act to
separate maturity or neovascular responses from the natural wound healing response.
In short, these controls should allow for a determination of the maturity and
neovascular responses contributed by each of the film components individually
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(HA, Hp, cytokines). The effects of the final film component, gelatin, were
determined according to a direct comparison between experimental cases i-vii with
experimental cases viii-xiv. Differences between single and dual cytokine treatments
were also determined by comparing appropriate experimental cases.
Contralateral ear sections had a similar appearance for all animals. No
evidence of any systemic response to the implant was observable at either time point
of the experiment for any of the treatment cases. Chondrocytes were widely
distributed in this tissue, along with numerous hair follicles and sebaceous and other
glands. These ears also exhibited relatively low vessel densities, but the existing
vasculature was very well developed (Figure 37A).
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A

B

C

D

Figure 37. Representative images of vasculature at 7 days post-surgery, IHC double stained for
α-SMA (brown) and vWF (red), 400 x. The contralateral ear (A), as expected, exhibited mature
vasculature. There were no hyperfused capillary networks in these ears and, in general, vascular
densities were relatively low. Time related variations in vasculature were minimal to nonexistent. HA:Hp-VEGF treated tissue exhibited the least mature vasculature at 7 days post
surgery (B). Nearly all hyperfused vessels in this field were characterized as bin 1, due to the
lack of both clearly defined endothelial borders as well as pericyte association. HA:HpVEGF+KGF treated tissue (C) exhibited, by far, the most mature vasculature of all 7 day
experimental cases. All vessels belonging to bin 3 are noted by arrows. The sham at 7 days post
surgery showed intermediate to high vascular maturity (D), contributing to negative VMI values
for the majority of experimental cases at this first time point.

In contrast, treated ears showed distinct histological differences from the
contralateral ear tissue. Ears implanted with VEGF pre-loaded HA:Hp disks
continued to show the chondrocytes, hair follicles and glands typical of ear pinnas.
However, a large number of vessels existed within primitive, high density networks
(Figure 37B). These microvessels did not show a complete endothelial border,
lending to the appearance of hyperfused microvascular lumina. Even vessels existing
outside of these primitive networks were poorly defined. In general, tissue treated
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with VEGF loaded HA:Hp films exhibited high microvessel density with poorly
defined borders and little to no pericyte ensheathement.
By far the most mature vasculature elicited in the HA:Hp experimental cases
at 7 days post film implantation was found in ears treated with the VEGF+KGF
cytokine combination (Figure 37C). These microvessels exhibited clearly defined
endothelial borders with extensive pericyte ensheathement. Although the
microvasculature appeared to be relatively mature in this experimental case,
neovessel density was unremarkable. In fact, the lowest density of microvessels were
found in ears treated with this particular dual cytokine combination.
All cases, including the sham control, exhibited granulation tissue replete with
lymphocytes and macrophages, recognizable by their large, dark and regularly shaped
nuclei. It was thought that this tissue was related to mechanical damage incurred
during the surgical procedure. The sham tissue at 7 days post surgical manipulation
exhibited high levels of vascular maturity and intermediate neovessel density (Figure
37D). As formulated, positive and negative VMI values indicate superior and inferior
experimental microvascular maturity responses relative to the sham tissue,
respectively.
Quantitative levels of microvascular maturity are reported as VMI values and
presented in Figure 38. Because the degree of microvascular maturity was
determined to be relatively high in the sham tissue at 7 days post film implantation,
VMI values were predominantly negative at this time point. In fact, six of the seven
HA:Hp experimental treatments yielded negative VMI values at 7 days post
implantation.
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Figure 38. VMI values attained from tissue treated with cytokine loaded HA:Hp gels at 7 days
post surgical implantation. The V+K treatment showed significantly improved maturity
response relative to all other cases. The dual cytokine treatments elicited higher levels of
maturity than either growth factor individually. Negative VMI values were common place in
this gel type and time point, suggesting an inferior response compared to the natural wound
healing response. Mean ± s.d., n = 3. *P < 0.05 vs. all other treatment cases. † P < 0.05 vs. sham
control.

HA:Hp-VEGF elicited the least mature microvasculature (VMI = -0.138),
while the HA:Hp-VEGF+KGF treatment elicited a microvascular maturity response
that was significantly superior to all other treatments (VMI = 0.176, p < 0.03). A
comparison between the VEGF+KGF dual cytokine maturity response and the VEGF
single cytokine response (VMI = -0.138) showed striking statistically significant
differences (p < 0.004). Similarly, significant differences were also found to exist
between the VEGF+KGF dual treatment and the KGF single cytokine treatment
(VMI = -0.092, p < 0.008). In general, higher levels of vascular maturity were
achieved in tissue treated with a dual cytokine combination when compared to the
response elicited by either cytokine alone. Although dual cytokine delivery tended to
elicit a superior maturity response compared to individual cytokine treatments, it did
not necessarily ensure an improved response relative to the natural wound healing
response (as evidenced by negative VMI values). Along with the previously

55
mentioned significant pairwise differences between VEGF+KGF and both VEGF and
KGF individually, significant differences existed between VEGF+PDGF and both
VEGF (p < 0.002) and PDGF (p < 0.03) as well. Differences also existed between
the separate dual cytokine cases. Specifically, VEGF+KGF showed significant
pairwise differences to both VEGF+PDGF (p < 0.03) and VEGF+Ang-1 (p < 0.009).
Figure 39 shows the maturity responses induced by control cases at 7 days
post implantation. There were no statistical differences between any of these
controls. This included the HA:Hp and HA controls (p = 0.38), both devoid of
cytokines, suggesting that heparin alone had an insignificant effect on vascular
maturity at this time point. Similarly, no differences were found to exist between HA
and the sham tissue suggesting negligible contribution to maturity response by HA
alone (p = 0.57).
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Figure 39. VMI values attained from tissue treated with control films at 7 days post operation.
There were no statistically significant differences between any of these controls, including the
HA and HA:Hp treatments, suggesting that heparin alone did not contribute significantly to
response. Also noteworthy is the insignificant differences between the HA and sham cases,
suggesting o-HA alone does not effect the maturity response. Mean ± s.d., n=3.
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Figure 40 shows that a significant difference was found to exist between the
heparinized and non-heparinized VEGF+KGF dual cytokine cases (VMI = 0.176 & 0.064, respectively, p = 0.01). In contrast, the heparinized VEGF+Ang-1 dual
cytokine case yielded a lower VMI mean than its non-heparinized counterpart,
however this difference was not significant at 7 days post film implantation (p =
0.42).
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Figure 40 . A comparison of VMI values attained from tissue treated with non-heparinized dual
cytokine control cases and heparinized dual cytokine experimental cases at 7 days post
operation. Mean ± s.d., n=3. *P < 0.05 vs. all other treatment cases. † P < 0.05 vs. sham control.

Microvasculature seemed much more mature across all experimental and
control cases at 14 versus 7 days post film implantation. Also immediately evident
was the general decrease in microvessel density. This was most clearly evident in the
HA:Hp-VEGF case, as this treatment group exhibited far fewer hyperfused high
density networks (Figure 41A).
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A

B
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Figure 41. Representative vasculature in ears treated with cytokine loaded HA:Hp gels at 14
days post-operation, IHC double stained for α-SMA (brown) and vWF (red), 400 x. HA:HpVEGF again exhibited the least mature vasculature, this time at 14 days post surgery (A).
HA:Hp-VEGF+KGF and HA:Hp-VEGF+PDGF (B) elicited the most mature vasculature, with
the 14 day sham again exhibiting intermediate to high levels of maturity (C). Arrows represent
bin 3 vessels.

HA:Hp films containing the VEGF+KGF combination again elicited
extremely mature vasculature (VMI = 0.103), however, the most mature vasculature
was found to exist in tissue treated with the VEGF+PDGF combination (VMI =
0.159, Figure 41B). The differences between VEGF+KGF and VEGF+PDGF
treatments were not significant (p = 0.57). The VEGF case again yielded the least
mature elicited microvasculature (VMI = -0.146). Vessels in the sham tissue also
appeared to have matured considerably from 7 to 14 days post film implantation
(Figure 41C). However, this natural time dependent increase was overshadowed by
the drastic increases found to have occurred in several experimental cases, as
evidenced by predominately positive VMI values (Figure 42). This shift from
predominately negative to predominately positive VMI values suggests a gradual and
persistent improvement in the maturity response relative to that achieved in the sham
tissue; however none of these differences showed statistically significant
improvements.
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Figure 42. VMI values attained from tissue treated with cytokine loaded HA:Hp gels at 14 days
post surgical implantation. Cytokine combinations still had a tendency to lead to vasculature
that was more mature than either cytokine delivered by itself. The most important development
was the improved maturity response from day 7 to day 14 relative to that achieved in the sham
tissue (as evidenced by the predominantly positive VMI values at 14 days post-op). Mean ± s.d.,
n=3. † P < 0.05 vs. sham control.

Many of the trends evident at day 7 continued to exist at day 14. Specifically,
the dual cytokine combinations continued to elicit microvasculature that was more
mature than either cytokine delivered individually, however, significant pairwise
differences were not as prevalent at this time point.
As was the case with the 7 day controls, no significant differences were found
to exist between any of the 14 day controls (Figure 43). This included pairwise
comparisons between HA and HA:Hp (p = 0.37), as well as HA and sham tissue (p =
0.75), suggesting once again that Hp and HA alone had insignificant effects on
vascular maturity. Consistent with the time dependent VMI variations in the
experimental cases discussed above, VMI values increased from day 7 to day 14 in all
control treatments. For example, the HA film containing the VEGF+Ang-1
combination yielded significantly improved vascular maturity at 14 days (VMI =
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0.126) compared to the response at 7 days (VMI = -0.057, refer to Figure 39 above; p
= 0.04).
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Figure 43. VMI values attained from tissue treated with control films at 14 days post operation.
Again, there were no significant differences between any of these groups. Like the experimental
cases, these control cases showed drastically improved levels of maturity at 14 days relative to 7
days post implantation. Mean ± s.d., n=3.

Figure 44 shows that a significant difference was found to exist between the
heparinized and non-heparinized VEGF+Ang-1 dual cytokine cases at 14 days post
film implantation (VMI = -0.41 & 0.126, respectively, p < 0.05). This trend was
realized at 7 days post film implantation as well, only at 14 days the difference was
significant. The heparinized VEGF+KGF again elicited a higher VMI mean
compared to its non-heparinized counterpart, only at 14 days post film implantation
the difference was not significant. All things considered, Figure 44 illustrates similar
trends that were evident in Figure 40 above.
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Figure 44. A comparison of VMI values attained from tissue treated with non-heparinized dual
cytokine control cases and heparinized dual cytokine experimental cases at 14 days post
operation. The HA-V+A maturity response was significantly superior to HA:Hp-V+A. Mean ±
s.d., n=3.

The time dependent variation in microvessel maturity elicited by experimental
HA:Hp films is best demonstrated by observing Figure 45. Significant increases in
VMI with time were found to exist in KGF (p = 0.04), PDGF (p < 0.0004) and
VEGF+PDGF treatments (p = 0.05).
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Figure 45. VMI values attained in ear tissue treated with cytokine loaded HA:Hp experimental
gels at 7 and 14 days post implantation. The general trend involves increasing VMI with time.
Mean ± s.d., n=3. *P < 0.05 for same treatment at 7 vs. 14 days post implantation.
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Significant VMI increases were found in three of the seven cases, with the
remaining cases exhibiting, ostensibly, unchanged levels of microvascular maturity
from 7 to 14 days post implantation. However, as formulated, the VMI gives levels
of microvascular maturity relative to the sham tissue. It fails to indicate absolute
levels of microvascular maturity, or the time dependent changes therein. The
∆AVMI, as previously defined, attempts to characterize these absolute changes in
vascular maturity. Utilizing this index, it was found that all seven cases exhibited a
progression in absolute microvessel maturity (Figure 46). This progression in
absolute maturity from 7 to 14 days post implantation was significant in five of the
seven experimental cases, and was found to be insignificant in the sham control.
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Figure 46. Changes in the absolute levels of microvascular maturity found in the HA:Hp
experimental cases. Mean ± s.d., n=3. *P < 0.05 for changes in absolute levels of maturity at 7
vs. 14 days post implantation.

As was the case with all gel types at both time points, The VEGF treatment
was the least effective at eliciting mature vasculature in the 7 day HA:Hp:Gtn tissue
(VMI = -0.101). Like the HA:Hp-VEGF treatment at 7 days post implant, hyperfused
networks were extensive (Figure 47A). This was the only case that exhibited a

62
significantly inferior response relative to the sham (p = 0.05). The most mature
vasculature was found in the VEGF+PDGF dual cytokine treated tissue (Figure 47B),
however, even this case failed to improve significantly upon the natural wound
healing response.

A

B

Figure 47. Representative vasculature in ears treated with cytokine loaded HA:Hp:Gtn films at
7 days post implantation, IHC double stained for α-SMA (brown) and vWF (red), 400 x.
HA:Hp:Gtn-VEGF 7 days post surgery (A). VEGF containing implants consistently elicited the
most immature vasculature across both time points and gel types. HA:Hp:Gtn-VEGF+PDGF 7
days post surgery (B) induced the most mature vasculature in the gelatin containing gels.
Arrows indicate bin 3 vessels.

As mentioned above and illustrated in Figure 48, the VEGF and
VEGF+PDGF treatment groups yielded the least mature and most mature vasculature
in the HA:Hp:Gtn containing films, respectively. Aside from pairwise comparison of
these VEGF and VEGF+PDGF treatments, no significant differences were found to
exist between any of the individual cases.
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Figure 48. VMI values attained from tissue treated with cytokine loaded HA:Hp:Gtn gels at 7
days post surgical implantation. The VEGF treatment was the only case that elicited
significantly different maturity levels compared to the sham, and as the reader can see, this
difference was not favorable. The VEGF+PDGF treatment yielded the only positive VMI (again,
not significant versus sham). The only significant differences between experimental cases were
found to exist between the VEGF+PDGF and VEGF treatments. † P < 0.05 vs. sham control.

The gelatin containing gels at 7 days post-operation yielded, in general,
microvascular maturity responses that were statistically indistinguishable from the
corresponding HA:Hp gels (Figure 49).
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Figure 49. A comparison of VMI values attained from tissue treated with HA:Hp and
HA:Hp:Gtn single and dual cytokine loaded films at 7 days post implantation. One can see the
general trend involved slightly improved maturity response elicited by the gelatin containing
implants relative to the corresponding treatment in the HA:Hp films (less negative), however
these differences were not statistically significant. The glaring exception involved the
VEGF+KGF dual cytokine case in which the HA:Hp counterpart exhibited superior levels of
maturation. Mean ± s.d., n=3. *P < 0.05 for non-gelatin vs. gelatin containing films pre-loaded
with the same cytokine or cytokine combination.

No significant differences were found to exist between the HA:Hp and
HA:Hp:Gtn single cytokine cases. The only significant difference involved the dual
cytokine VEGF+KGF treatments (p = 0.01), with the HA:Hp film dominating its
gelatin counterpart.
The 14 day Gtn treatments yielded results that were consistent with those seen
at 7 days post implant in that VEGF and VEGF+PDGF again elicited maturity
responses that were among the least and most favorable, respectively (Figure 50).
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Figure 50. Representative vasculature in ears treated with cytokine loaded HA:Hp:Gtn films at
14 days post-operation, IHC double stained for α-SMA (brown) and vWF (red), 400 x.
HA:Hp:Gtn-VEGF 14 days post surgery (A), HA:Hp:Gtn-VEGF+PDGF 14 days post surgery
(B). This treatment induced considerable vascular maturity. Arrows indicate bin 3 vessels.
Extended arrow indicates a vessel with complete pericyte ensheathement despite comparatively
low signal intensity.

There was no significant difference between the two most effective cases
(VEGF+PDGF and PDGF) and neither case showed significant improvement on the
sham response, however, both of these cases showed significantly improved
microvessel maturity relative to the VEGF treatment (Figure 51).
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Figure 51. VMI values attained from tissue treated with cytokine loaded HA:Hp:Gtn gels at 14
days post surgical implantation. These results are similar to those obtained at 7 days post-op in
that VEGF and VEGF+PDGF treatments yield poor and impressive vascular maturity
responses, respectively. Mean ± s.d., n=3.
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Similar to the results at 7 days post film implantation, the gelatin containing
films at 14 days post implantation yielded microvascular maturity responses that were
statistically indistinguishable from the corresponding HA:Hp gels (Figure 52).
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Figure 52. Comparison of VMI values attained from tissue treated with HA:Hp and HA:Hp:Gtn
single and dual cytokine loaded films at 14 days post implantation. These cases were statistically
indistinguishable. Mean ± s.d., n=3.

Like the time dependent increases found to exist in the HA:Hp gels, the 14
day HA:Hp:Gtn treatments also showed higher VMI values than the same treatments
at 7 days post implantation (Figure 53). Despite this general trend, significant
differences in time were found to exist between the HA:Hp:Gtn-VEGF+KGF cases
only (p < 0.03). It is at least interesting to note that all seven Gtn experimental cases
showed VMI increases.
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Figure 53. Comparison of VMI values attained from tissue treated with HA:Hp:Gtn
experimental cases at 7 and 14 days post implantation. Notice the general trend involves
increasing VMI with time. Mean ± s.d., n=3. *P < 0.05 for same treatment at 7 vs. 14 days post
implantation.

Despite the fact that only one case was found to exhibit significantly improved
microvascular maturity relative to the sham tissue, it was found that all seven cases
exhibited a progression in absolute microvessel maturity. This progression in
absolute maturity from 7 to 14 days post implantation was significant in three of the
seven experimental cases (Figure 54).
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Figure 54. Changes in the absolute levels of microvascular maturity found in the HA:Hp:Gtn
experimental cases. Mean ± s.d., n=3. *P < 0.05 for changes in absolute levels of maturity at 7
vs. 14 days post implantation.

69
Tables III & IV below list VMI, NI and WSI values for experimental and
control cases at 7 and 14 days post surgical implantation, respectively. NI and WSI
results will be presented briefly in the following sections.
Table III
7 day VMI, NI and WSI for all experimental and control cases
DAY 7
EXPERIMENTAL
CASE
HA:Hp-VEGF
HA:Hp-Ang-1
HA:Hp-KGF
HA:Hp-PDGF
HA:Hp-V/A
HA:Hp-V/K
HA:Hp-V/P
HA:Hp:Gtn-VEGF
HA:Hp:Gtn-Ang-1
HA:Hp:Gtn-KGF
HA:Hp:Gtn-PDGF
HA:Hp:Gtn-V/A
HA:Hp:Gtn-V/K
HA:Hp:Gtn-V/P
CONTROL
CASE
HA:Hp
HA
HA-V/A
HA-V/K
SHAM

VMI

NI

WSI

-.138
-.103
-.092
-.081
-.088
.176
-.014
-.101
-.053
-.004
-.025
-.060
-.059
.007

3.06
1.81
2.44
1.29
.779
-.174
.947
3.2
1.82
.204
1.46
2
3.64
.562

-2.08
-2.03
-.998
-1.73
-2.52
6.4
.438
-.57
-.161
.054
.546
-.253
1.43
.588

VMI

NI

WSI

-.086
-.031
-.057
-.064
0

1.51
1.03
.695
1.57
0

-1.70
-.114
-1.43
-.8
0
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Table IV
14 day VMI, NI and WSI for all experimental and control cases
DAY 14
EXPERIMENTAL
CASE
HA:Hp-VEGF
HA:Hp-Ang-1
HA:Hp-KGF
HA:Hp-PDGF
HA:Hp-V/A
HA:Hp-V/K
HA:Hp-V/P
HA:Hp:Gtn-VEGF
HA:Hp:Gtn-Ang-1
HA:Hp:Gtn-KGF
HA:Hp:Gtn-PDGF
HA:Hp:Gtn-V/A
HA:Hp:Gtn-V/K
HA:Hp:Gtn-V/P
CONTROL
CASE
HA:Hp
HA
HA-V/A
HA-V/K
SHAM

4.2

VMI

NI

WSI

-.146
-.067
.093
.084
-.04
.103
.159
-.09
-.045
.03
.14
.019
.013
.13

.901
.505
.014
.277
.745
.146
-.128
1.35
.797
.242
-.142
.793
.937
.505

-4.55
-1.99
3.49
3.40
-.787
4
5.8
-2.02
-.88
1.3
5.09
1.5
1.41
5.28

VMI

NI

WSI

.075
.015
.126
.085
0

-.13
.397
-.189
.086
0

2.67
.972
4.52
3.25
0

Neovascularization Index
In sharp contrast to the VMI results, VEGF containing films in both gel types

and time points yielded the most positive NI values (Figure 55). This treatment was
statistically indistinguishable from the KGF case but showed considerable differences
starting with Ang-1 (p < 0.03), and becoming more pronounced (significant) from
right to left.
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Figure 55. NI values attained from tissue treated with HA:Hp cytokine loaded experimental gels
at 7 days post implantation. As expected, and in line with its reputation as the most potent
endothelial cell mitogen, VEGF elicited the most severe neovascular response. This was
significantly different from Ang-1, PDGF, VEGF+PDGF, VEGF+Ang-1 and VEGF+KGF
treatment cases. Notice higher NI values with the single cytokine treatments relative to dual
cytokine treatments. Almost all NI values are positive, indicating a superior neovascular
response relative to the natural wound healing response. Mean ± s.d., n=3. † P < 0.05 vs. sham
control.

Figure 56 shows NI values for HA:Hp cases at 14 days post implantation.
Again, the NI values are predominantly positive with the single cytokine cases
eliciting, in general, a superior neovascular response relative to the dual cytokine
treatments.
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Figure 56. NI values attained from tissue treated with HA:Hp cytokine loaded experimental gels
at 14 days post implantation. Like the 7 day cases, the 14 day cases exhibited positive NI values
with a generally superior response elicited by the single cytokine treatments. Mean ± s.d., n=3.
† P < 0.05 vs. sham control.

Another interesting development was the significant NI decline from 7 to 14
days post surgical implantation in all the single cytokine treatments (Figure 57). This
was in sharp contrast to the increasing VMI trend in these same cases (refer to Figure
45, page 60).
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Figure 57. Comparison of NI values attained from tissue treated with HA:Hp experimental cases
at 7 and 14 days post implantation. The general trend shown here involves declining NI with
time. The opposite trend was realized with VMI results. Mean ± s.d., n=3. *P < 0.05 for same
treatment at 7 vs. 14 days post implantation.
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Despite the fact that four of the seven cases were found to exhibit significantly
decreased microvascular density relative to the sham tissue, it was found that all
seven cases exhibited a decline in absolute microvessel density. This decline in
absolute density from 7 to 14 days post implantation was significant in four of the
seven experimental cases (Figure 58).
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Figure 58. Changes in the absolute levels of microvascular density found in the HA:Hp
experimental cases. Mean ± s.d., n=3. *P < 0.05 for changes in absolute microvessel density at 7
vs. 14 days post implantation.

Figure 59 shows NI values for HA:Hp:Gtn cases at 7 days post implantation.
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Figure 59. NI values attained from tissue treated with HA:Hp:Gtn cytokine loaded experimental
gels at 7 days post implantation. Mean ± s.d., n=3. † P < 0.05 vs. sham control.
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Aside from the KGF and VEGF+KGF treatments, the gelatin containing films
at 7 days post implantation yielded microvascular density responses that were
statistically indistinguishable from the corresponding HA:Hp gels (Figure 60).
6

*

5

*

4

2

HA:Hp:Gtn-V+P

HA:Hp:Gtn-V+A

HA:Hp-V+A

HA:Hp-P

HA:Hp:Gtn-K

HA:Hp-K

HA:Hp:Gtn-A

HA:Hp-A

HA:Hp:Gtn-P

-2

HA:Hp:Gtn-V

-1

HA:Hp-V

0

HA:Hp-V+P

1

HA:Hp:Gtn-V+K

HA:Hp-V+K

NI

3

Figure 60. Comparison of NI values attained from tissue treated with HA:Hp and HA:Hp:Gtn
single and dual cytokine loaded films at 7 days post implantation. Aside from the KGF and
VEGF+KGF cases, these treatments yielded statistically indistinguishable results. Mean ± s.d.,
n=3. *P < 0.05 for non-gelatin vs. gelatin containing films pre-loaded with the same cytokines.

Figure 61 shows NI values for HA:Hp:Gtn cases at 14 days post implantation.
The VEGF and VEGF+KGF again yielded statistically indistinguishable NI values.
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Figure 61. NI values attained from tissue treated with HA:Hp:Gtn cytokine loaded experimental
gels at 14 days post implantation. Again, mainly positive NI values were evident despite decline
from 7 days post operation. † P < 0.05 vs. sham control.

Aside from the PDGF treatment, the gelatin containing films at 7 days post
implantation yielded microvascular density responses that were statistically
indistinguishable from the corresponding HA:Hp gels (Figure 62).
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Figure 62. Comparison of NI values attained from tissue treated with HA:Hp and HA:Hp:Gtn
single and dual cytokine loaded films at 14 days post implantation. Aside from PDGF case, these
treatments yielded statistically indistinguishable results. Mean ± s.d., n=3. *P < 0.05 for nongelatin vs. gelatin containing films pre-loaded with the same cytokines.
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Figure 63 shows a comparison of NI values attained from tissue treated with
HA:Hp:Gtn films at 7 and 14 days post implantation. Although the general trend
involves decreasing NI values with time, significant differences were not as prevalent
as those found to exist in the HA:Hp experimental cases.
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Figure 63. Comparison of NI values attained from tissue treated with HA:Hp:Gtn experimental
cases at 7 and 14 days post implantation. The general trend shown here involves declining NI
with time, however, only one case, VEGF+KGF, yielded statistically significant differences.
Mean ± s.d., n=3. *P < 0.05 for same treatment at 7 vs. 14 days post implantation.

Despite the fact that only one of the seven cases was found to exhibit
significantly decreased microvascular density relative to the sham tissue, it was found
that all seven cases exhibited a decline in absolute microvessel density. This decline
in absolute density from 7 to 14 days post implantation was significant in four of the
seven experimental cases (Figure 64).
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Figure 64. Changes in the absolute levels of microvascular density found in the HA:Hp:Gtn
experimental cases. Mean ± s.d., n=3. *P < 0.05 for changes in absolute microvessel density at 7
vs. 14 days post implantation.

4.3

Weighted Sum Index
Figure 65 shows that VEGF+PDGF and VEGF+KGF, both dual cytokine

cases, exhibit the only positive WSI values, and that VEGF+PDGF went from having
an ostensibly inferior response (relative to sham) indicated by the VMI alone, to
having a superior response when density was also considered.
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Figure 65. WSI values attained from tissue treated with HA:Hp cytokine loaded experimental
gels at 7 days post implantation. VEGF+KGF exhibited significantly superior overall vascular
response when compared to all other cases. It is also noteworthy that the two highest WSI values
were attained by dual cytokine treatments. *P < 0.05 vs. all other treatment cases. † P < 0.05 vs.
sham control.
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Figure 66 shows the WSI values attained from tissue treated with HA:Hp
experimental films at 14 days post film implantation. Again, the two highest WSI
values were attained by dual cytokine cases.
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Figure 66. WSI values attained from tissue treated with HA:Hp cytokine loaded experimental
gels at 14 days post implantation. † P < 0.05 vs. sham control.

From Figure 67 it is evident that WSI values tend to increase with time similar
to the general trend found in the VMI results section (and in contrast to the general NI
trend with time).
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Figure 67. Comparison of WSI values attained from tissue treated with HA:Hp experimental
cases at 7 and 14 days post implantation. The general trend shown here involves increasing WSI
vales with time, however, only two cases, KGF and PDGF, yielded statistically significant
differences. Mean ± s.d., n=3. *P < 0.05 for same treatment at 7 vs. 14 days post implantation.
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No significant differences in WSI were found to exist between any of the
HA:Hp:Gtn cases at 7 days post film implantation (Figure 68).

Interestingly,

however, the VEGF+PDGF and VEGF+KGF cases again offered the two highest
WSI mean values.
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Figure 68. WSI values attained from tissue treated with HA:Hp:Gtn cytokine loaded
experimental gels at 7 days post implantation. No significant differences were found to exist
between any of these cases.

Aside from the VEGF+KGF case, the gelatin containing films at 7 days post
implantation yielded WSI values that were statistically indistinguishable from the
corresponding HA:Hp films (Figure 69).
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Figure 69. Comparison of WSI values attained from tissue treated with HA:Hp and HA:Hp:Gtn
single and dual cytokine loaded films at 7 days post implantation. Aside from the VEGF+KGF
case, these treatments yielded statistically indistinguishable results. Mean ± s.d., n=3. *P < 0.05
for non-gelatin vs. gelatin containing films pre-loaded with the same cytokines.

No significant differences in WSI were found to exist between any of the
HA:Hp:Gtn cases at 14 days post film implantation (Figure 70).

Interestingly,

however, the VEGF+PDGF dual cytokine case again offered the highest WSI mean
value.

81

12
10

-6

HA:Hp:Gtn-V+P

-4

HA:Hp:Gtn-P

-2

HA:Hp:Gtn-V+K

0

HA:Hp:Gtn-K

2

HA:Hp:Gtn-V+A

4

HA:Hp:Gtn-A

HA:Hp:Gtn-V

6

SHAM

Weighted Sum Index

8

-8

Figure 70. WSI values attained from tissue treated with HA:Hp:Gtn cytokine loaded
experimental gels at 14 days post implantation. Again, WSI values shown here represent
improvements from 7 days post op.

No significant differences in WSI values were found to exist between any of
the HA:Hp and HA:Hp:Gtn experimental cases at 14 days post film implantation
(Figure 71).
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Figure 71. Comparison of WSI values attained from tissue treated with HA:Hp and HA:Hp:Gtn
single and dual cytokine loaded films at 14 days post implantation. These treatments yielded
statistically indistinguishable results. Mean ± s.d., n=3.
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In the HA:Hp cases, two treatments were found to yield significantly
improved WSI values with time. In contrast, all of the HA:Hp:Gtn treated tissue
yielded WSI values that were statistically indistinguishable from 7 to 14 days post
implantation (Figure 72).
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Figure 72. Comparison of WSI values attained from tissue treated with HA:Hp:Gtn
experimental films at 7 and 14 days post implantation. None of these cases yielded statistically
significant differences with time. Mean ± s.d., n=3. *P < 0.05 for same treatment at 7 vs. 14 days
post implantation.
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Chapter 5. DISCUSSION
The inclusion of heparin seemed to have a cytokine dependent influence on
microvessel maturity levels. The non-heparinized VEGF+KGF and VEGF+Ang-1
control treatments showed comparable maturity responses at both time points,
whereas the heparinized experimental treatments yielded significantly different
maturity responses at 7 days post op (p < 0.009), becoming less distinct at 14 days (p
= 0.1). Furthermore, the significant difference that was found to exist between the
heparinized and non-heparinized VEGF+Ang-1 dual cytokine cases at 14 days post
film implantation (VMI = -0.41 & 0.126, respectively, p < 0.05) suggest that the
inclusion of heparin had a negative influence on this particular treatment (refer to
Figure 44 on page 60).
This observation may be explained by the fact that Ang-1 related signal
transduction is indirectly affected by VEGF levels. Zhang et al. have shown that
Ang-2 expression in human umbilical vein endothelial cells (HUVECs) increased
significantly upon the introduction of exogenous human VEGF (hVEGF). Moreover,
Ang-2 expression returned to normal levels in the presence of hVEGF when SU1498,
an RTK signal cascade inhibitor, was added to the culture (Figure 73). This
suggested that hVEGF can directly up-regulate Ang-2 expression in endothelium via
KDR signal transduction [48].
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Figure 73. Histogram reflecting real-time RT-PCR determined Ang-2 gene expression in human
umbilical vein endothelial cells (HUVECs) in the absence (-) and presence (+) of hVEGF and
SU1498 [image take from ref. 48]. SU1498 inhibits VEGF specific RTK signal cascade. These
results suggest that VEGF can directly up-regulate Ang-2 in endothelium via flk-1/KDR signal
transduction.

As mentioned previously, Ang-2 is an antagonist to the Tie-2 receptor. It
competes with Ang-1 for Tie-2 binding sites, and when bound, RTK
autophosphorylation is inhibited. Figure 74 outlines the VEGF/Ang-1/Ang-2
relationship proposed by Zhang et al. as it might exist in microvasculature surrounded
by a VEGF producing tumor. The pericyte is responsible for providing adequate
levels of Ang-1. Ang-1 therefore out competes Ang-2 for Tie-2 binding sites, leading
to RTK signal transduction and continued pericyte association. When the tumor
starts producing high levels of VEGF, however, Ang-2 expression is drastically
upregulated. The Ang-2 now out competes Ang-1 for Tie-2 binding sites, leading to
inhibited RTK signal transduction with the ultimate loss of the associated pericyte.
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Figure 74. Schematic representation of VEGF-Ang-2 related pericyte regression and microvessel
destabilization [image take from ref. 48]. Normally, the pericyte produces enough Ang-1 to out
compete Ang-2 as a Tie-2 ligand (B, inset). Binding of Ang-1 leads to Tie-2 autophosphorylation
and signal transduction, which ultimately leads to continued pericyte association. In the
presence of elevated VEGF, Ang-2 is upregulated and out competes Ang-1 as a Tie-2 ligand,
leading to the inhibited phosphorylation of the Tie-2 receptor and pericyte regression (C, inset).

Zhang et al. implanted VEGF overexpressing tumors into mouse ovaries and
immunofluorescently stained the resulting tissue for α-SMA and CD31 visualization
(Figure 75). They found that the VEGF-tumor contributed to significant pericyte
regression, presumably through the mechanism outlined above [48].

A

B

Figure 75. Micrograph of normal (A) and VEGF-tumor induced microvasculature (B)
immunostained for α-SMA (red) and CD31 (blue) [modified image taken from ref. 48]. The
VEGF expressing tumor led to significant pericyte regression, as indicated by little to no α-SMA
signal.

In the context of this proposed VEGF/Ang-2/Ang-1 interrelationship, two
possible explanations may be given that satisfy the observed differences that were
found to exist between the heparinized and non-heparinized VEGF+Ang-1 dual
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cytokine cases at 14 days post film implantation. The first involves the heparin
regulated cytokine release rates relative to VEGF. Table V below provides a list of
these relative release rates from an HA:Hp matrix, reported as the LATE/VEGF ratio.
This data was retrieved from Peattie, et al. and modified into the existing tabular
format [33]. High and low ratios indicate that the cytokines in question are released
much more and much less rapidly from an HA:Hp matrix than is VEGF.
Table V
Late stage cytokine release rates from HA:Hp and HA:Hp:Gtn matrices relative to
VEGF release, reported here as the LATE/VEGF ratio
LATE/VEGF RATIO
7
VEGF
KGF
Ang-1
PDGF

14

HA:Hp

HA:Hp:Gtn

HA:Hp

HA:Hp:Gtn

1
1.710692
0.166038
0.2

1
1.329843
0.255497
0.120419

1
1.773128
0.313877
0.209251

1
1.487179
0.452137
0.119658

With release ratios of 0.17 and 0.31 at 7 and 14 days, respectively, it is clear
that VEGF is released much more rapidly from an HA:Hp matrix compared to Ang-1
at both time points. These elevated levels of VEGF may, in turn, induce elevated
levels of Ang-2 through the previously discussed mechanism. It is unclear as to
exactly how much Ang-2 may be produced through this RTK signal cascade,
however, if modeled as a competitive inhibitor of the Tie-2 receptor [49], any
appreciable amount of Ang-2 will have an effect on equilibrium and pericyte
association. Conversely, if it is assumed that these cytokines are released at roughly
the same rates from a non-heparinized HA matrix, then it follows that Ang-1 would
perhaps be present in quantities that would minimize if not negate the effects of upregulated Ang-2, ultimately resulting in pericyte association. In short, increased Ang-
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1 concentrations and/or decreased VEGF concentrations may help overcome vessel
destabilization in HA:Hp-VEGF+Ang-1 treated tissue (Appendix F).
When discussing cytokine release rates it is important to remember that these
release rates were determined by sandwich-ELISA in-vitro. In a living system
metabolic demands may leach specific cytokines out of the matrix preferentially
despite a relatively strong non-covalent interaction with heparin.
The second possible explanation for the decreased levels of microvascular
maturity found in the heparinized VEGF+Ang-1 dual cytokine case at 14 days post op
involves heparin mediated RTK activation. It may be possible that one of the two
cytokines in the dual cytokine load is preferentially activated by the presence of
heparin, allowing for RTK binding and signal transduction. Indeed, as demonstrated
in experiments conducted by Ashikara-Hada, et al. and Yin et al., VEGF and Ang-1
have been shown to impart their mitogenic and stabilizing effects through heparin
dependent and independent mechanisms, respectively [50, 51]. Specifically, in an
experiment conducted by Ashikara-Hada et al., human umbilical vein endothelial
cells (HUVECs) were stimulated with 10 ng/ml VEGF165 in the absence or presence
of varying concentrations of modified and unmodified heparin. These cells were
lysed and a western blot was performed using an antibody specific for phosphorylated
VEGFR (phosphorylated RTK initiates signal cascade, refer to Figure 6 on page 8).
VEGF was able to elicit signal transduction in the absence of exogenous heparin,
however, the addition of this GAG drastically upregulated RTK activation (Figure 76)
[50]. It seems appropriate to mention that these HUVECs were not heparin
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knockouts. The results shown in lane 4 of Figure 76 may therefore be a result of
endogenous heparin formation.

Figure 76. Western blot results visualizing phosphorylated VEGR in the absence (-) or presence
(+) of unmodified heparin (Hep) and modified heparin (PlO Hep) in varying concentration
[image taken from ref. 50]. The phosphorylation (activation) of VEGFR was increased 2 fold by
heparin addition.

In contrast, although Ang-1 does interact with the ECM, this interaction
fulfills a repository function only and does not mediate receptor binding and signal
transduction. Furthermore, in an experiment conducted by Yin et al., Ang-1 was
shown to have no heparin binding capacity [51]. In this experiment, a solution
containing v5-tagged Ang-1 was loaded onto a heparin-Sepharose affinity column.
The flowthrough was collected (Figure 77, lane 2), along with fractions obtained by
gradient salt elution (Figure 77, lanes 3-6). The fractions were ran on a gel and v5tagged Ang-1 was visualized by adding an anti-v5 antibody. The Ang-1 was
collected almost exclusively in the flowthrough indicating that heparin and Ang-1 do
not participate in any appreciable interaction.
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Figure 77. Western blot results visualizing the presence of Ang-1 in heparin-Sepharose column
flowthrough [image taken from ref. 51]. All the Ang-1 present in the solution added to the
column was collected in the flowthrough (lane 2), with absolutely no Ang-1 found in eluted
fraction (lanes 3-6). Lane 1 represents the Ang-1 solution ran directly on the gel. It is clear that
heparin and Ang-1 do not interact.

In heparinized films, VEGF is thus capable of activating its associated RTK.
This results not only in endothelial cell proliferation but also pericyte regression
through Ang-2 upregulation. Although Ang-1 related signal transduction is
presumably not inhibited in these films, the upregulated Ang-2 may effectively
compete for Tie-2 RTK binding sites. In the non-heparinized films, the VEGF
associated signal transduction may be reduced significantly, resulting in attenuated
endothelial cell proliferation and Ang-2 production. Again, assuming minimal effects
on Ang-1 signal transduction in the presence or absence of heparin, the reduced levels
of Ang-2 may allow for the full effects of Ang-1 to be realized (pericyte association).
This heparin mediated cytokine activation may affect levels of microvascular
maturity in tissue treated with other VEGF and late stage cytokine combinations.
VEGF does not have to be indirectly associated with the late stage cytokine to impart
overall microvascular destabilization. Heparin mediated VEGFR activation
invariably leads to Ang-2 upregulation and pericyte regression, regardless of the late
stage cytokine identity. However, in the VEGF+Ang-1 dual cytokine combination,
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this destabilizing effect may be exacerbated by the VEGF/Ang-2/Ang-1
interrelationship. The same is true for the release rate mechanism.
There was also a significant difference that was found to exist between the
heparinized and non-heparinized VEGF+KGF dual cytokine cases at 7 days post film
implantation (VMI = 0.176 & -0.064, respectively, p = 0.01), suggesting that the
inclusion of heparin had a positive influence on this particular treatment. This may be
understood by realizing that many fibroblast growth factors (FGFs), KGF included,
require heparin sulfate (HS) to bind effectively to their associated cell surface
receptors (Figure 78) [7]. This mechanism is very similar to the previously discussed
heparin mediated VEGFR activation.

Figure 78. Schematic depiction of FGFs dependence on heparin mediated receptor binding
[image take from ref. 7]. Free FGF is incapable of binding to the FGF receptor, thus preventing
signal transduction and cell proliferation, etc. When bound to HS, the FGF undergoes a
conformational change that allows it to bind to its cell surface receptor [image take from Lodish]

Berman et al. investigated this heparin mediated signal transduction in an HSfree background by utilizing HS-deficient cells expressing the KGF receptor. These
investigators added varying amounts of HS and measured the KGF activity as
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reflected by cell surface receptor binding (Figure 79A) and mitogenic activity (Figure
79B). The degree of cell surface receptor binding was quantified using radiolabeled
iodine, whereas mitogenic activity was quantified according to the degree of
incorporated radiolabeled thymidine. It was determined that these cells failed to grow
in the absence of HS, but began growing for any amount added up to a concentration
of approximately 10 µg/ml. Beyond this amount, cell growth began to decline. The
cell surface binding assay yielded similar results [52].

A

B

Figure 79. KGF activity in HS deficient cells as a function of added HS concentration [image
from ref. 52]. Cell surface binding was visualized through autoradiography using radiolabeled
iodine (A). Mitogenic activity was visualized through autoradiography using incorporated
radiolabeled thymidine, and presented in graphical format (B). The bottom line in (B)
represents KGF response. Added HS improved receptor binding and signal transduction up to a
concentration of approximately 10 μg/ml. Beyond that concentration, both aspects of KGF
activity were inhibited.
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It is interesting to note that the hydrated gels formulated in this experiment
incorporated heparin in a concentration of approximately 20 μg/ml. Although these
films were dehydrated before surgical implantation, they rehydrated immediately
upon contact with the subcutaneous tissue. The functional heparin concentration was
therefore well within the range necessary to impart a significant mitogenic effect with
minimal inhibition. Of course, a lymphoid cell line was used in this experiment,
which presumably contributes very little to microvascular maturation. However,
KGF imparts a mitogenic effect on a wide variety of cell types, including endothelial
cells and those of mesenchymal origin (smooth muscle cells and pericytes). It is
therefore reasonable to assume that these cells are mitogenically active within a
similar range of heparin concentrations.
These results clearly demonstrate KGF’s dependence on heparin concentration
for receptor mediated signal transduction and proliferation. In the heparinized gels,
KGF is allowed to impart its mitogenic effects lending to increased levels of
microvascular maturity. In contrast, in the non-heparinized gels the effects of KGF
may be attenuated leading to decreased levels of microvascular maturity (refer to
Figure 40 on page 56 for a comparison of heparinized and non-heparinized
VEGF+KGF cases at 7 days post film implantation). Although VEGF activity may
be similarly attenuated in these non-heparinized gels, Figure 76 (lane 4) suggests that
VEGF may still have some activity in the absence of Hp, whereas Figure 79 suggests
that KGF is almost completely inactive. This might lead to an overall regression in
microvascular maturity, as seen, for example, in the HA-VEGF+KGF treated tissue at
7 days post film implantation. Again, the Ashikara-Hada et al. investigation
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suggested but failed to prove that VEGF imparts some Hp independent VEGFR
activation (cells were not Hp knockouts). To support the conclusion that VEGF may
show some Hp independent activity, however, is the observation that VEGF121, an
isoform without a heparin binding domain, is capable of eliciting an attenuated
mitogenic response in endothelial cells [53]. This isoform is otherwise identical to
VEGF165, which includes the RTK binding domain. It is therefore reasonable to
assume that VEGF165 in the absence of heparin would elicit mitogenic activity
comparable to that elicited by the VEGF121 isoform. In short, VEGF activity may be
attenuated but still significant in non-heparinized films whereas KGF may be
completely inactive, thus leading to an overall regression in microvascular maturity.
The effects of KGF may still be realized, however, upon the partial or
complete degradation of the implanted film at later time points. When this occurs,
KGF may bind to endogenous heparin and impart its mitogenic effects. This would
explain the appreciable levels of microvascular maturity found in the non-heparinized
VEGF+KGF treatment at 14 days post film implantation (VMI = 0.085). In fact, this
case was statistically indistinguishable from the heparinized VEGF+KGF treatment
(VMI = 0.103, p = 0.82; see Figure 44 on page 60). It is unclear exactly how fast
these hydrogels degrade in vivo, but in vitro studies utilizing biologically relevant
levels of HAse have shown 36% degradation after 48 hours [29].
In contrast to the other two late stage cytokines discussed above, PDGF-AA
shows neither an indirect relationship with VEGF nor heparin mediated signal
transduction. The latter was shown in an experiment conducted by Rolny et al. in
which HS-deficient Chinese hamster ovary (CHO) 677 cells were stimulated with
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PDGF-AA in the absence or presence of heparin at defined concentrations. The cell
lysate was subsequently subjected to immunoprecipitation with anti-PY (antiphosphotyrosine antibody), and visualized by immunoblotting (Figure 80). The
presence of anti-PY indicated that the RTK existed in its active phosphorylated state
[54].

Figure 80. CHO 677 cells were simulated with PDGF-AA in the absence (-) or presence (+) of
heparin at defined concentrations [image taken from ref. 54]. The lysate was subjected to
immunoprecipitation with anti-PY. As can be seen in the fourth column from the left, heparin
was not required to activate the RTK.

In addition to the heparin independent PDGFR activation, the release of
PDGF-AA from a heparinized matrix is extremely slow relative to VEGF
(LATE/VEGF ratio of 0.2 and 0.21 at 7 and 14 days, respectively). This presented a
bit of a quandary, as neither of the two previously discussed mechanisms could
explain the high levels of microvascular maturity found to have been elicited by
PDGF containing films (first and second highest VMI in HA:Hp treated tissue at 14
and 7 days post implantation, respectively). Of course, with all else being equal, not
all late stage cytokines have comparable contributions to the elicitation of mature
vasculature. Along with release rates and heparin mediated receptor activation, the
potency of each specific cytokine must also be characterized. This may explain why
the VEGF+PDGF cases often yielded very mature vasculature despite relatively little
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PDGF release and heparin independence. Indeed, the first US FDA-approved
angiogenesis-stimulating medicine was a wound healing gel called Regranex. It
contains recombinant PDGF and was approved in 1997 to treat diabetic foot ulcers
[2].
The non-heparinized VEGF+PDGF control was unavailable, but it is
hypothesized that this treatment would elicit significantly more mature vasculature
relative to the other control groups by virtue of its relative angiogenic potency. It is
also hypothesized that the non-heparinized VEGF+PDGF control would elicit higher
levels of microvascular maturity than its heparinized counterpart due to decreased
VEGFR activation in the latter case. In further support of this is the idea that heparin
attenuates the response of smooth muscle cells and pericytes to PDGF [55]. As it
were, the late stage potency of KGF and Ang-1 appeared to be comparable. Future
experiments may yield superior levels of elicited microvascular maturity by utilizing
PDGF-BB, as this isoform has been found to be more effective than PDGF-AA at
recruiting pericytes to nascent microvasculature [20]. However, in contrast to PDGFAA, this particular isoform requires heparin for RTK signal transduction [54].
Therefore, opposite trends in microvascular maturity may be realized upon the
incorporation of this cytokine into implanted HA-based films.
Interestingly, in contrast to the HA:Hp films, the HA:Hp:Gtn-VEGF+Ang-1
and VEGF+KGF dual cytokine treatments elicited comparable levels of
microvascular maturity. The reason for this is not readily apparent, however, Gtn has
been shown to impart some migratory capacity to both pericytes and endothelial cells
[55]. Perhaps Gtn is responsible for recruiting pericytes to microvessels that have
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been otherwise destabilized by VEGF+Ang-1 dual cytokine treatment. The
appropriate comparisons necessary to elucidate the actual mechanism were not
available, as almost all the cases were statistically indistinguishable. It should be
mentioned in passing, however, that of the 14 experimental cases (7 separate cytokine
treatment x 2 time points), the gelatin containing films yielded VMI values superior
to its non-gelatin counterparts in 11 of them (see Figures 49 & 52 on pages 64 & 66,
respectively) . Regardless, it is enough to simply say that the inclusion of Gtn into
the film matrix did not adversely affect the levels of elicited microvascular maturity.
These results may be especially significant in the future, when Gtn becomes
necessary to investigate tissue regeneration strategies.
The almost universal increase in microvascular maturity from 7 to 14 days
post film implantation was a very promising development (see Figures 45 & 53 on
pages 60 and 67 for HA:Hp and HA:Hp:Gtn time dependent VMI changes,
respectively). One possible explanation for this is the inadvertent introduction of
microorganisms by the implanted film. Although great care was taken to avoid
contamination, these hydrogels were not prepared under strict sterile conditions. Any
contamination may have been exacerbated by overnight incubation at 37°C.
Therefore, a higher bacterial load may have been introduced by film implantation
relative to the sham surgery alone. This would perhaps translate into an extended
period of healing relative to the sham tissue, as indicated by enhanced vascular
permeability and/or remodeling. This may translate, in turn, to decreased levels of
perceived microvascular maturity. The effects of cytokine introduction may therefore
be truly realized by a consideration of VMI values at later time points. It is
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recommended that in the future all hydrogel preparations be performed under a fully
functioning and well ventilated tissue culture hood. Furthermore, if a tissue culture
incubator is not available, the hydrogels should be allowed to dehydrate in the tissue
culture hood at room temperature.
A brief discussion of the method used to determine microvascular maturity is
also warranted. Using this method, significant differences in microvascular maturity
were found to exist between the HA:Hp-VEGF+KGF and sham surgery tissue at 7
days post surgical manipulation (p = 0.037). In contrast, the traditional all-or-none
technique failed to separate these groups statistically (p = 0.47). Similarly, the new
method was able to statistically distinguish between the heparinized VEGF+KGF and
KGF treatments at 7 days post op (p = 0.007), whereas the traditional technique was
not (p = 0.17). This evidence suggests that improved resolution is provided by
viewing the process of maturation as a continuum, rather than as an all-or-none event.
Figure 81 shows representative microvasculature from each of the three bins as they
might be found during the time course of microvessel maturation.

Figure 81. A schematic showing the maturation continuum. Bin 1, 2 and 3 microvessels are
found at various stages within the continuum.

98

In this discussion we have focused on the negative effects of VEGF on levels
of elicited microvascular maturity. However, an effective angiogenic response is
characterized by microvessel maturity and microvessel density, and VEGF is
unparalleled in the elicitation of the high density capillary networks. Unfortunately,
this potent mitogenic effect inhibits microvessel stabilization. Including VEGF and a
late stage cytokine in the same matrix without spatio-temporal separation will
generally lead to a degree of microvascular instability, no matter how slight. This
effect may perhaps be alleviated by formulating a film consisting of two separate
heparinized layers, each layer containing one specific cytokine. The first layer
containing Hp activated VEGF would completely erode, followed by the sequential
erosion of the second layer containing the late stage cytokine (this second layer may
be heparininzed or non-heparininzed according to the demands of the cytokine used).
A similar approach has been used by Chen et al. [56]. This technique allows for the
complete temporal separation of cytokine release, perhaps leading to distinct phases
of microvessel growth and maturation.

99

Chapter 6. CONCLUSION & FUTURE EXPERIMENTS
Elicited levels of microvascular maturity from the implantation of heparinized
HA-based hydrogel films loaded with cytokine growth factors has been investigated
in vivo in a mouse model. Chemically modified HA and/or modified Gtn was
crosslinked with PEGDA after prior addition of heparin and growth factors to form
reversibly hydratable hydrogel films. Round disks cut from these films were then
implanted in the mouse ear pinna. As evaluated by a graded vascular maturity index
(VMI) utilizing double IHC staining for α-SMA and vWF, several conclusions were
reached. The major conclusions were that:

•

An IHC double-staining technique utilizing vWF and α-SMA as constitutive
and late stage markers, respectively, was capable of distinguishing between
mature and immature elicited microvasculature;

•

the VMI, as formulated, was capable of distinguishing between varying levels
of elicited microvascular maturity;

•

the proposed method of characterizing the levels of microvascular maturity
offered considerably better resolution than that offered by the traditional ‘allor-none’ approach.

•

the WSI, as formulated, provided a means of considering both microvascular
maturity and density for an overall determination of film efficacy;

•

the introduction of dual cytokines, one to initiate angiogenesis and the other to
induce maturation, produced microvessels that were more mature than that
produced by the administration of either cytokine independently;

•

the inclusion of heparin in the implanted films did not invariably lead to
increased levels of microvascular maturity relative to the non-heparinized
films as initially hypothesized. Instead, the inclusion of heparin had a
cytokine specific effect, promoting maturity in some treatments and inhibiting
maturity in others;
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•

the most potent activators of microvascular maturity were, in general, the
heparinized VEGF+KGF and VEGF+PDGF dual cytokine treatments;

•

in tissue treated with heparinized, non-heparinized and gelatinized films, the
relative levels of microvascular maturity increased from 7 to 14 days post
implantation suggesting a sustained response;

•

the inclusion of Gtn in the film matrix did not adversely affect the level of
elicited microvascular maturity;
This investigation seemed to raise as many new questions as were answered.

In attempt to answer these new questions, several future experiments may be
warranted, including experiments designed to:

•

probe the heparin dependent KGF activity responsible for the induction of
mature microvasculature by including varying concentrations of Hp in
implanted HA-based hydrogel films;

•

probe the relationship between Ang-1 and VEGF by including varying
concentrations of these two cytokines in implanted heparinized HA-based
hydrogel films;

•

probe the possible advantages of a layered configuration;

•

probe the microvascular maturity response elicited by heparinized and nonheparinized VEGF+PDGF-AA and VEGF+PDGF-BB;

•

probe the levels of microvascular maturity at later time points by including,
for example, a 28 day tissue harvest;

•

probe the pattern of microvessel growth elicited by various cytokine
combinations (i.e., growth within or without the implanted hydrogel film);

•

probe the effects on perceived microvascular maturity caused by utilizing
laminin-10 (α-5 chain laminin isoform) as a late stage IHC marker.
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Chapter 7. Work In Progress: Determining Vascular Maturity
Through Comparative Gene Expression
7.1

RT-PCR Concept
Briefly, another method of determining the maturity of elicited

microvasculature has been proposed in which appropriate maturity related transcripts
are retro-transcribed and quantified using RT-PCR. This is completely analogous to
the IHC based study in which the prevalence of a late stage marker is compared to
that of an early stage marker; only this technique quantifies transcription levels, not
the direct translation into protein. See Appendix G for a brief derivation of the
proposed index.

7.2

Advantages & Disadvantages of RT-PCR
Immunohistochemical analysis is the current method of choice for

determining vascular maturity; however, there seems to exist a considerable level of
subjectivity inherently associated with this technique. Differences may exist between
observers as to what constitutes a vessel, let alone a mature vessel or gradations
thereof. This is one apparent advantage of pursuing an RT-PCR determination of
vascular maturity. The tissue is homogenized, the RNA is extracted and transcript
amounts are quantitatively determined. Furthermore, RT-PCR analysis is relatively
inexpensive. For example, the cost to perform IHC on all samples was approximately
$4000, whereas the projected expense to perform the complementary RT-PCR
analysis is approximately $2000. Perhaps most importantly, once the tissue is
homogenized and the RNA extracted, RT-PCR can be performed in a single
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afternoon. It took approximately one month to prepare and analyze all slides in this
IHC based study. It is worth noting here that depth dependent signal intensity is also
effectively circumvented by using the RT-PCR approach to determining microvessel
maturity.
Of course, the RT-PCR approach as currently devised is not without its
disadvantages. For example, the author was able to determine both VMI and NI from
this IHC based study, which allowed for the formulation of the WSI and the
determination of total implant efficacy. This is a minor point however because proper
endothelial cell proliferative markers (c-jun, mapk, etc.) may be chosen and
incorporated into an RT-PCR based NI analog. In fact, the added cost to include
these markers is insignificant and would essentially involve the price of a few added
primer pairs. The most important disadvantage to the RT-PCR approach is that it is
not an in-situ based procedure. The tissue is homogenized and so the origin of target
transcript is necessarily unknown. This may pose a slight problem for our purposes
due to the abundance of hair follicles in the ear tissue. Hair follicles contain α-SMA
that is obviously not associated with microvessels. Despite this fact, however, the
presence of follicular associated α-SMA signal should be corrected for through our
normalizing indices, assuming that on average, ears from all treatment groups show
comparable follicular development and abundance. As mentioned in Appendix C,
fibroblasts and other non-vascular associated cells may transiently express α-SMA.
This transient expression may be cytokine dependent, in which case normalization
will not rid us of this artifact.
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7.3

Target Gene Rationale

VEGFR1/2
It makes sense to assume that with diminishing VEGF dependence comes the
diminishing need for VEGF receptors, so it seems that VEGFR would have some
temporal pattern of expression during angiogenesis which satisfies target gene criteria
(early stage).
An article by Ross [57] concerning spatiotemporal angiogenic receptor
expression in liver tissue (post partial liver removal) shows a peak VEGFR
expression at around 4 days post surgery (as indicated by western blot technique).
The increase in expression as well as the decrease from peak expression seems to fit
the target gene profile almost perfectly (Figure 82), and the time frame of this
differential expression is also almost perfectly in line with the proposed experimental
time points.

Figure 82. Western blot of VEGFR1/R2 in regenerating liver tissue after 70% hepatectomy
[taken from ref. 57].

The above western blot can be translated into expression profiles through
densitometric analysis. The authors chose not to present their data in this fashion, so
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for illustrative purposes the darkness of the bands were visually estimated and
normalized against each other. The result is shown in Figure 83. Note that although
the western blot appears to show zero Flt-1/Flk-1 expression at day 14 post partial
hepatectomy, it is likely that measurable quantities through RT-PCR (an extremely
sensitive technique) still exist. This is important as comparative expression of early
stage genes is in the denominator of the maturity index.
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Figure 83. Estimated and normalized VEGF receptor expression following partial hepatectomy.

The average VEGFR expression shows an almost ideal profile in the context
of VMI resolution. Of course, we will be using four time points instead of the ten
shown here, so our expression profile will appear to be even more ideal (Figure 84).
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Figure 84. Estimated and normalized VEGF receptor expression following partial hepatectomy.
Expression profile becomes even more ideal when plotted against fewer experimental time
points.

This expression profile was formulated based solely on visual determination
of band darkness, and as such, the profile above is a subjective rendering of the
western blot results. Further support of this profile comes from an in-vitro study of
gene expression during capillary morphogenesis in 3D collagen matrix [58]. In this
study, gene expression was determined by microarray analysis at various times post
cell plating. Five general profiles were observed, with VEGR1 exhibiting an
expression profile consistent with that shown in Figure 85. Note that this is a
generalized profile, and that the actual unique VEGFR1 profile may be even more in
line with our experimental time points than shown here.

Figure 85. Generalized pattern of expression observed during capillary morphogenesis in
collagen matrix [taken from ref. 58]. Time points indicated in figure include 0, 8, 24 and 48
hours post cell plating.
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MMP-9
Another possible early stage marker is matrix metalloproteinase-9 (MMP-9).
MMP-9 belongs to a larger class of enzymes responsible for the degradation of the
extracellular matrix. This degradation is necessary to allow free space for endothelial
cell migration during the early stages of angiogenesis. In an article by Wall [59] the
expression of MMP transcripts were quantified during dermal wound repair in normal
and diabetic mice. A portion of their results are shown in Figure 86. The results for
the non diabetic mice show a nice peak expression at three days post wound followed
by a gradual decline. This profile is almost ideal. Furthermore, in contrast to the
western blot protein expression profile shown in Figure 82 (page 103) for VEGFR1/2,
this profile shows transcript production (which is, of course, what will be measured
directly in the quant-PCR experiment).
Note: The dermis is highly vascularized for the purpose of nurturing cells in
the mitotically active basement layer of the epidermis. It is therefore assumed that
wound healing in this layer is inevitably accompanied by significant levels of
angiogenesis.

Figure 86. MMP-9 mRNA expression profile in normal and diabetic mice during dermal wound
healing response [taken from ref. 59].

107

LAMININ α-5 (A.K.A., LAMININ 511, LAMININ 10/11)
α-SMA is an appropriate late stage marker because it is known to be
expressed in the earlier stages of SMC maturation with monotonic increase, and
SMCs themselves (as well as pericytes) begin maturing after recruitment to nascent
vessels for stabilization (see section 2.8, page 30). Of course, other cell lines
participate in vessel maturation, including the endothelial cells that comprise the
interior surface of microvessels. These cells produce extracellular components that
essentially act as scaffolding for stabilization (and functional interaction); encasing
not only themselves but also any associated SMCs/pericytes. Hallmann [60]
suggests:

“…that although the basic building blocks of basement membranes are similar, a
considerable degree of complexity exists with variability in not only the relative
amounts of components, but also the presence of site-specific isoforms and other
unique components. It is now known that isoforms of type IV collagen, laminins,
heparin sulfate proteoglycans, and even nidogen exist, which have distinct temporal
and spatial distribution patterns, resulting in basement membranes that are not only
structurally but also functionally distinct.”
It can be inferred from this excerpt that an appropriate laminin isoform may
be used to probe temporal variations in basement membrane composition and
therefore the progression of microvessel maturation. Indeed, Hallmann goes on to
say “…only laminin α4 is expressed in the developing endothelium from early stages
of embryonic development, while laminin α5 occurs in endothelial cell basement
membranes of mature vessels, predominantly in capillaries.”
Sorokin [61] supports this idea by performing IHC analysis on embryonic and
mature mouse tissue, using a primary antibody specific for the α5 chain of the
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heterotrimeric laminin molecule. They found that widespread phenotypic expression
of laminin α5 was apparent only in the various tissues of mature mice. Similar results
were obtained by Miner [62], who instead investigated abundance of α5 transcript.
The results are summarized below in Figure 87.

Figure 87. Northern blot of α1-α5 transcripts in embryonic and adult mouse tissue [taken from
ref. 62]. B=brain, I=intestine, H=heart, K=kidney, Li=liver, Lu=lung, M=muscle, S=skin,
P=placenta, Y=yeast.

Although we are looking for differential laminin α5 expression in vascular
associated endothelial cells specifically, it can be argued from the basic trend shown
in Figure 86 that increases in this isoform will be evident upon vessel maturation.
Upon comparing the expression of all α chains between the two developmental
stages, it is apparent that, in general, they all increase slightly from embryonic day
17.5 to adulthood regardless of tissue origin. Of these α chains, α5 undergoes
perhaps the most visibly obvious increase in expression in all tissues. It is therefore
proposed, based mainly on the universal up regulation of this isoform in maturing
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tissues, that the α5 chain of laminin is an acceptable late stage marker for the
determination of vascular maturity.
The anticipated profile of laminin α5 during physiological response was
determined in essentially the same manner that the profile for α-SMA was determined
(refer to Figures 22 & 23 on pages 25 & 26, respectively). An in vitro study probing
laminin expression during proliferation (Figure 88) coupled with an in vivo study
probing expression upon post natal development (Figure 89) allows this hypothetical
profile to be visualized [63, 64].

Figure 88. Immunoprecipitation of laminin chains with incorporated radiolabeled methionine
from in vitro cell culture [taken from ref. 63]. Lanes 2, 3, 4, 5, 6, and 7 represent 1, 2, 3, 4, 6, 8
days post plating, respectively. Note steady increase in alpha subunit (A) from essentially zero
expression.

Figure 89. Western blot analysis of laminin expression in post natal mouse tissue [taken from
ref. 64]. Left, western blot. m=male, f=female, E14 and E18 represent embryonic days 14 and
18, D1=1 day post natal, 6wk=6 weeks post natal. Right, densitometric presentation of western
blot. Left bar in group represents male laminin expression, middle bar represents female
laminin expression and right bar represents average laminin expression between the two sexes.
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Appendix A.
Cytokine Quantity per Gel Preparation
The gels were prepared in a 35 mm diameter petri dish (960 mm2). Upon
gentle agitation, the cytokines were assumed to distribute evenly within the gel, and
therefore within the available dish surface area as well. Upon dehydration, 4 mm
diameter biopsy punches were made for implantation (12.6 mm2). Based off of this
information, it is possible to determine the amount of cytokine needed per gel case to
achieve approximately 100 ng (0.1 μg) cytokine per film implant. This is shown
below in equations 6 & 7.

⎛ 12.6mm 2 ⎞ 01
. μgcytokine
=
⎜
⎟
insert
⎛ 960mm2 ⎞ ⎝ insert ⎠
⎜
⎟
⎝ gel prep ⎠
X

. μgcytokine ⎞ ⎛ 960mm 2 ⎞
⎛ 01
⎟
⎜
⎟⎜
⎝
⎠ ⎝ gel prep ⎠ 7.5μgcytokine
insert
X=
≈
gel prep
⎛ 12.6mm 2 ⎞
⎜
⎟
⎝ insert ⎠

(6)

(7)

If dual cytokines were used then 7.5 μg of each cytokine was added. Cytokines were
reconstituted to 10 μg/μL, thus 7.5 μL cytokine solution was added to achieve
required dosage.
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Appendix B.
X-linking Calculation
In order to determine the number of thiol functionalities in a given mass of
HA-DTPH (repeating disaccharide), it was required to know both the degree of thiol
substitution and the molecular weight of this repeating unit (weighted average of both
thiolated and non-thiolated units). For the purposes of this experiment, it was
assumed that the degree of substitution was 42%. Figure 16 (page 20) was consulted
to determine the molecular weight of the thiolated unit, which ends up being 479.46
grams/mole. The non-thiolated unit (HA) exists as a salt and has a molecular weight
of 399.29055 grams/mole. It was decided that .05 grams (50 mg) HA+HA-DTPH
(referred to as mixed repeat in equation below) was a reasonable quantity to begin the
calculations. Determining number of thiol functionalities was straight forward.

⎛

1molemixed repeat

⎞ ⎛ 042
. molesthiol ⎞

(005. gramsmixed repeat)⎜⎜ (479.46*042. )+ (399.29*(1− 042. )) gramsmixed repeat ⎟⎟ ⎜⎝ 1molemixed repeat ⎟⎠
)
⎝(
⎠

(8)

This yielded a value of 4.85E-5 moles of thiol. Each thiol group becomes
covalently attached to one acrylate group, so it was known that 4.85E-5 moles of
acrylate was needed for 100% crosslinking. For 50% crosslinking, 2.425E-5 moles
acrylate was needed. PEGDA (3400 grams/mole) contains two acrylate groups per
molecule. It was straightforward to determine mass of PEGDA needed for 50%
crosslink.
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⎛

⎞⎛

⎞

mole PEGDA 3400 grams PEGDA
⎟⎜
⎟ = .04123 grams PEGDA
(2.425E − 5molesacrylate)⎜⎝ 21molesacrylate
⎠ ⎝ 1mole PEGDA ⎠

(9)

Therefore 41.23 mg PEGDA was dissolved in .93 mL 1x PBS to achieve 4.4%
PEGDA w/v (g/mL). It was also desired to prepare a 1.25% HA w/v, so in the same
manner we determine that the 50 mg HA must be dissolved in 4 mL of PBS. Hp is
added to achieve 0.3% w/w (Hp/HA), which corresponds to 0.15 mg. Another 70 μL
will be added in the form of NaOH (for pH adjustment) and cytokine solution,
yielding a total volume of approximately 5 mL upon mixing. This corresponds to 1%
HA w/v in final working gel.
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Appendix C.
Counting Techniques and Considerations
All four of the control cases and four of the experimental cases originated
from pre-existing tissue blocks (see Tables I and II on page36), which was of initial
concern. Although protein degradation is minimal in paraffin embedded tissue and
IHC signal intensity should be comparable to more recently prepared samples, the
method of retrieval and tissue preparation can play a drastic part in the quality and
extent of staining. In other words, with all else being equal, it should not matter if
slides were prepared from a ten year old tissue block or a ten day old tissue block;
what matters is how these tissue blocks were prepared. Specifically, formalin fixation
times are known to significantly affect protein antigenicity in IHC based studies [65].
For example, in one study probing immunoreactivity as a function of formalin
fixation time, it was found that signal intensity dropped off exponentially after only
30 hours [66]. Fixation times are understandably not mentioned in previous related
publications, as the length of formalin fixation has little to no effect in the signal
quality for H&E based analysis. However, for our current purposes, even small
deviations in these fixation times may drastically affect signal. It was therefore
decided that signal intensity alone should not be used to construct a graded maturity
scale.
Other important factors also influenced this decision. Thin serial sections are
not guaranteed to be of equal thickness, as slight deviations regularly exist within the
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4-5 μm range. More of the vessel (and hence α-SMA) is included in thicker sections,
resulting in higher signal intensity. Perhaps even more important was the inadvertent
use of antibodies belonging to two different lot numbers. These antibodies seemed to
have different antigen reactivities, which translated directly into differences in
observed signal intensity. In reality, all three of the above factors could conceivably
combine to yield drastic differences in signal intensity despite comparable levels of
vascular maturity.
It was therefore decided that the best method of determining graded levels of
maturity would be by considering the degree of circumferential α-SMA signal.
Consider a vessel completely circumscribed by α-SMA signal. If signal was
randomly deleted from the perimeter, intensity would decrease but the overall
circumferential trend would remain intact. Differences in circumferential signal
would be minimized despite reasonable differences in fixation times, section
thicknesses or antibody lot numbers. Also, the point of establishing maturity levels is
to determine the degree of vessel functionality, which is typically defined by a lack of
extravasated red blood cells. Complete pericyte ensheathement would presumably
limit this extrusion. Investigators have previously employed a similar method for
determining levels of vascular maturity [67]. Figure 90 illustrates the normalizing
effect that a consideration of circumferential signal has on tissue treated with different
antibodies.
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A

B

C

Figure 90. Ear tissue stained with different antibody lot numbers. The most recent lot of
primary α-SMA antibody produced darkly staining chocolate brown bands around mature
vasculature, illustrated in (A) above. The older primary lot produced much less distinct staining
as indicated in (B) above, ostensibly suggesting low maturity levels. However, upon closer
inspection (C), the microvessel indicated by the arrow (B) showed a similar degree of
ensheathement when compared to the microvessel indicated by the arrowhead (A). These two
vessels were therefore considered to be of equal maturity.

The degree of circumferential ensheathement was used primarily to
distinguish between bin 2 and bin 3 microvessels. Many bin 1 and bin 2 vessels
showed similar degrees of circumferential α-SMA signal despite obvious
morphological differences in maturity. Bin 1 ‘hot spot’ networks were hyperfused
with irregular endothelial borders whereas bin 2 endothelial borders were well
defined. It was felt that these drastic morphological differences could not be ignored.
Therefore, when categorizing microvasculature, bin 1 and bin 2 designations were
made primarily according to morphological differences, whereas bin 2 and bin 3
designations were made according to the degree of pericyte ensheathement. Bin 3
microvessels were completely circumscribed and this distinction was essentially
reserved for the most mature vasculature. Bin 1 vessels could exist outside of the
primitive hyperfused networks, and bin 2 vessels could exist within them (Figure 91).
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A

B

Figure 91. BIN 1 and BIN 2 vasculature. Dramatic immature bin 1 neovasculature from HA:HpVEGF 7 days post surgery (A). Bin 2 neovascular response from HA:Hp-VEGF+Ang-1 7 days
post surgery (B) shows slightly increased maturity levels, with bin 2 vessels indicated by arrows
and bin 1 vessels indicated by arrowheads.

It is worth briefly noting that the presence of mature vascular associated
pericytes is not the only possible determinant of mature microvasculature. Of course,
other cell lines participate in vessel maturation, including the endothelial cells that
comprise the interior surface of microvessels. These cells produce differentially
expressed extracellular components that essentially act as scaffolding for vessel
stabilization. This stability is evidenced by clearly intact endothelial borders.
Therefore, by using both bin1/bin2 and bin2/bin3 separations, we effectively include
both aspects of vascular maturity in our determinations.
Performing the counts was not as straightforward as simply assigning each
microvessel to its respective bin, there were many other subjectively established
guidelines used to help ensure consistency from case to case. For example, as an
experiment attempting to determine maturity of elicited microvasculature, a size cutoff had to be established. Typically, in vessels with a rough elliptical geometry
(coaxial orientation), short and long axes of approximately 25 micrometers and under
were counted. For vessels with a radial orientation, a width of approximately 10-15
micrometers were considered. Erythrocytes, when evident, were used to scale the
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vasculature. Figure 92 shows a field in which blood cells were used to exclude, and
include, certain vessels based upon size.

Figure 92. Ear tissue demonstrating variations in vessel size. This experiment involved
determining the maturity of elicited microvasculature, therefore larger vessels such as that
indicated by the arrow above were not considered in the counts. The larger vessel (arrow) has a
long axis containing roughly 15-20 stacked erythrocytes. This translates to a length of roughly
40 microns (RBC thickness ≈ 2 μm, RBC diameter ≈ 8 μm). This is too large. The vessel
indicated by the arrowhead has 2 contiguous RBCs along the short axis, and 3-4 along the long
axis. This translates to lengths of approximately 16 and 24 microns, respectively. This vessel was
counted.

Avoiding false positives was also a concern. For example, Figure 93 shows
hair follicles expressing high levels of α-SMA. Both orientations show what could be
misconstrued as a vascular lumen. Including vWF as a requisite constitutive marker
helps avoid these false positives, as vWF is expressed by all vascular associated
endothelial cells (see page 27). α-SMA, on the other hand, is expressed by all mature
pericytes and smooth muscle cells, regardless of vascular association.
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A

B

Figure 93. Hair follicle. Other considerations included the proper identification of hair follicles
with radial (A) and coaxial orientation (B). The positive α-SMA signal was presumably a result
of erector pili staining (arrow).

As mentioned above, α-SMA signal does not, by itself, indicate a microvessel.
This particular actin isoform is expressed by all smooth-muscle cells to varying
degrees (regardless of vascular association), and also appears temporarily in
fibroblasts during wound healing and permanently during fibrocontractive diseases
and stromal reaction to epithelial tumors [68]. Figure 94 perhaps demonstrates a
cluster of these α-SMA expressing fibroblasts. Regardless of the origin, vWF signal
is absent and therefore no vessels were counted in this entire field.

Figure 94. A rare α-SMA ‘hot spot.’ vWF hot spots illustrate dense neovascularization, whereas
α-SMA hot spots (above) are essentially meaningless for our purposes. Regardless of
appearances, a vessel does not qualify as such unless constitutive marker is present.
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Figure 95 shows an individual cell expressing high levels of α-SMA. Again,
the origin of this cell is unknown, however, as was the case in the figure directly
above, vWF is absent and therefore this purported microvessel was not counted.
Because this non-vascular associated cell was found in a PDGF treatment, it could
perhaps be speculated that non-vascular smooth muscle cells are being stimulated to
produce α-SMA.

Figure 95. Non-vascular associated cell in HA:Hp:Gtn-PDGF 7 days post surgery.

For whatever reason, the images shown in Figures 94 & 95 clearly lacked
vWF signal, as well as any clearly defined borders or vascular lumens. It was not
terribly difficult to decide that these fields were void of true neovasculature. Similar
decisions were not always so unequivocal. For example, the vWF signal, if present,
was often masked by heavy α-SMA. This by itself was not necessarily problematic
because vWF usually exhibits a granular pattern of expression. This expression
pattern, together with other clues such as the presence of a clearly defined lumen, etc.,
may be used comprehensively to identify true vasculature. Figure 96 illustrates this
seemingly subjective consideration. The image at left does not show any distinct
nova red vWF signal, yet the granular expression profile indicative of vWF is present.
In situations like this, other morphological characteristics would be considered
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(lumens, borders, etc.) to help make a final determination. In this particular image, a
lumen seems to exist and so this structure was classified as a microvessel. Again,
vWF signal was tenuous and morphology suspect, but ultimately this qualified as a
counted microvessel.

A

B

Figure 96. A possible microvessel found in ear tissue treated with HA:Hp:Gtn-PDGF 14 days
post surgery (A). Although this case clearly demonstrated considerable microvessel maturity,
several microvessels were of questionable origin. The microvessel at left (A) lacks a clear lumen
and questionable vWF signal (ultimately decided to exist due to granular pattern). A distinct
microvessel found in ear tissue treated with HA:Hp:Gtn-VEGF+PDGF 14 days post surgery (B).
All Bin 3 vessels in this case and time point demonstrated a clearly defined lumen and
considerable vWF (arrow) as well as α-SMA signal (arrowheads denote pericyte nuclei). As it
were, these two vessels were considered to be of equal maturity.

Another interesting development involved the presence of what appeared to be
radially oriented vessels with clearly defined endothelial borders, however, as can be
seen in Figure 97, these “vessels” completely lacked any vWF signal. These channels
were therefore not counted as vessels despite morphological evidence perhaps
suggesting otherwise.
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Figure 97. Possible microvasculature. Although these radially distributed channels appear to be
microvessels (and they very well may be), they were not counted as such due to a lack of
constitutive vWF signal.

The image below in Figure 98 effectively demonstrates the subjective nature
of IHC based studies. That is to say, the indicated structure was counted as a vessel
(bin 3) despite the absence of vWF signal, simply because of its proximity to other
capillaries and the apparent branching from one common vessel. This supports the
idea that following stringent predetermined guidelines can adversely affect the
outcome of IHC based experiments and that, occasionally, subjective determinations
must be made. Incidentally, this image also seems to indicate the importance of
performing counts on serial sections due to depth related variations in both α-SMA
and vWF expression.
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Figure 98. Branching from a common microvessel in ear tissue treated with HA:HpVEGF+KGF 7 days post surgery. This illustrates a possible microvessel that, according to a
rigid protocol, would not be included in the count due to a lack of vWF signal (indicated by
arrow). Examining serial sections often revealed constitutive signal at varying depths. This
vessel was included in the count.

Further evidence for depth related variations in vWF expression is illustrated
below in Figure 99.

Figure 99. A continuous microvessel in ear tissue treated with HA:Hp:Gtn-KGF 7 days post
surgery. The above vessel at left is presumably continued on the right, despite the fact that vWF
signal is not evident (see arrow). This supports the fact that not all vessels exhibit constitutive
marker at ALL depths, and that serial sections should always be considered. Pericyte nuclei are
indicated by arrowheads.

Considerable thought also went into whether or not the hyperfused network
shown at left in Figure 100 below actually constituted microvasculature. Because
vessel density in these fields were amazingly high, and vessel maturity amazingly low
(nearly all bin 1), including these fields in the counts drastically affects both indices.
Upon observing erythrocytes in similarly shaped fields (100B), it was definitively
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decided that these were, in fact, microvessels and should thus be included in the
counts.

A

B

Figure 100. Primitive vascular networks. Considerable debate existed as to whether or not the
honey-comb hot spot (A) constituted true vasculature. This question was dispelled upon
observing erythrocytes (indicated by arrows) within vessel lumen (B).

Another consideration was section size. If a small section contained, for
example, three hot spots, and another larger section also contained three hot spots,
then the smaller section would receive more hot spot fields.
There were also guidelines for the ‘regular’ fields other than that outlined
above. For example, if a field was found that had a good complement of density and
maturity, yet this field was adjacent to a follicle, sweat gland or muscle tissue, then
this field was automatically disqualified from consideration. It was felt that these
structures and their associated vasculature perhaps existed before cytokine treatment,
and would thus not be indicative of neovascularization.
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Appendix D.
VMI Sample Calculation
Table VI shows a spreadsheet used to help calculate the VMI of HA:Hp-V+P
treated tissue 14 days post implantation. Each of the three replicate specimens
received five fields to demonstrate representative microvasculature. Vessels in each
field were assigned to an appropriate bin according to levels of maturity.
Table VI
Spreadsheet used to calculate VMI. Vessels from each of the five fields in each of the
three replicate specimens were assigned to bins according to perceived levels of
maturity
H-V+P
14
FIELD1
BIN1
4
FIELD2
BIN1
FIELD3
BIN1
FIELD4
BIN1
4
FIELD5
BIN1

Replicate1
BIN2
2

BIN3

BIN2
3

BIN3
3

BIN2
3

BIN3
2

BIN2
5

BIN3

BIN2
3

BIN3
3

H-V+P
14
FIELD1
BIN1
3
FIELD2
BIN1
2
FIELD3
BIN1
2
FIELD4
BIN1
20
FIELD5
BIN1
2

Replicate2
BIN2
1

BIN3
3

BIN2
5

BIN3
1

BIN2
3

BIN3

BIN2
6

BIN3

BIN2
2

BIN3
2

H-V+P
14
FIELD1
BIN1
FIELD2
BIN1
FIELD3
BIN1
3
FIELD4
BIN1
4
FIELD5
BIN1
2

Replicate3
BIN2

BIN3
4

BIN2
3

BIN3
1

BIN2
3

BIN3
3

BIN2
5

BIN3

BIN2
3

BIN3
3

In any one replicate specimen, the vessels belonging to a particular bin were
summed across all five fields and multiplied by their bin number. This was
performed for all three bins. These results for bins 1-3 were summed and divided by
the total number of vessels across all five fields. For example, replicate 1 above
yielded 8 bin vessels, 16 bin 2 vessels and 8 bin 3 vessels (32 total vessels). The bin
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1, bin 2 and bin 3 scores were therefore 8, 32 and 24, respectively. The sum of these
bin scores, 64, was divided by the total vessel count, 32, to yield a ratio of 2.0. The
exact same operation was performed on replicates 2 and 3 yielding ratios of 2 and
1.56, respectively. These ratios were then averaged to yield a mean treatment ratio of
approximately 1.85. The corresponding sham and contralateral ratios were
determined to be 1.53 and 2.17, respectively. The mean VMI for this V+P treated
tissue at 14 days post implantation was therefore (1.85-1.56)/2.17 ≈ 0.15. VMIs were
also calculated for each replicate sample according to the individual ratios. These
three VMI values were used in pairwise t-tests to determine statistical significance
(see Appendix E).

126

Appendix E.
Statistical Treatment Sample Calculation
Consider the VMI results for each replicate sample treated with either HA:HpV+K or HA:Hp-V+A films at 7 days post surgery, shown in Table VII.
Table VII
Replicate VMI values for selected cases at 7 days post-op

VMI
HA:Hp-V+K day 7
.1335
.119
.276

HA:Hp-V+A day 7
-.084
-.055
-.125

The mean VMI values (X) for V+K and V+A are 0.176 and -0.088,
respectively. The standard deviations (s) for V+K and V+A are 0.086 and 0.035,
respectively. The sample size (N) is three. Substituting these values into the equation
below yields a t-calculated value of 4.88.

t=

X V /K − X V / A
s 2V / K + s 2V / A
N

=

.176+ .084
.086 2 + .0352
3

= 4.88

(10)

If the t-calculated value is less than the t-critical value at some pre-determined
confidence interval, then the means of the two sample sets are considered to be the
same statistically. Of course, the reverse is also true. If the t-calculated value is
greater than the t-critical value, then the two sample sets are considered to be
statistically different. For a sample size of three, t-critical at 95% confidence is 2.92.
Comparing this with our calculated t-value of 4.88, we see that HA:Hp-V+K and
HA:Hp-V+A are statistically different (t-calculated > t-critical). The difference
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between these two cases at this time point is considered to be ‘statistically
significant,’ with p < 0.05. Manually performing t-tests in this manner is acceptable
yet time consuming. It also fails to give you exact p-values, rather, it simply tells you
whether your p-value is below some threshold level.
In reality, a ttest function in excel was used to determine exact p-values. For
the above comparison, a p-value of 0.0081 was achieved. This indicates that there is
only a 0.8% chance that the means of these two sample sets are the same, a strikingly
conclusive and meaningful result.
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Appendix F.
Overcoming VEGF/Ang-2 Induced Pericyte Regression in
Ears Treated with HA:Hp-VEGF+Ang-1 Films
Ang-1 and Ang-2 are structurally related vasoactive compounds that bind to
the same portion of the Tie-2 receptor and act antagonistically to phosphorylate and
block phosphorylation of this RTK, respectively [21]. As such, Ang-2 has been
referred to as a competitive inhibitor of Tie-2 signal transduction [49], suggesting a
very rudimentary understanding of this system may be achieved using the MichaelisMenten equation for a competitively inhibited reaction:

v0 =

Vmax [ Ang −1]

α K Ang −1 + [ Ang −1]

(11)

where v0 refers to a very generalized rate of pericyte association, Vmax refers to a very
generalized maximum rate of pericyte association, [Ang-1] refers to Ang-1
concentration, KAng-1 refers to the binding affinity of Ang-1 to Tie-2, and α refers to
the affect imparted by Ang-2 on the rate of pericyte association. Specifically, α is
given by:

Ang − 2]
[
α = 1+
K Ang − 2

(12)

where [Ang-2] is the concentration of Ang-2 and KAng-2 refers to the binding affinity
of Ang-2 to the Tie-2 receptor. Maisonpierre et al. have shown that Ang-1 and Ang-2
bind to the Tie-2 receptor with equal affinity (KD = 3 nM) [69], which simplifies
equation 11 into:
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v0 =

Vmax [ Ang −1]

K Ang − 1 + [ Ang −2] + [ Ang −1]

(13)

Equation 13 is introduced here for illustrative purposes only, and is not
intended for use as an accurate predictor of rate/extent of pericyte association. The
actual mechanism responsible for pericyte association is much more complex than
suggested by this single reaction model. Furthermore, pericyte association involves
several cytokines presumably interacting via complicated pathways. Equation 8 has
been introduced solely for the purpose of demonstrating how Ang-1 and Ang-2
concentrations may affect this extremely generalized rate/extent of pericyte
association. With that having been said, this equation suggests that pericyte
association may be increased by increasing and decreasing Ang-1 and Ang-2
concentrations, respectively. As noted earlier, Ang-2 is upregulated by VEGF, so
decreased Ang-2 concentrations may be achieved through decreased VEGF
introduction.
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Appendix G.
Brief Derivation of Proposed Index [70]
The amount of target cDNA present after amplification to threshold cycle is
related to amount of original target cDNA present (X0) and efficiency (Ex) by:
X CT = X 0 × (1 + E X )

CT , X

(14)

The amount of constitutive cDNA present after amplification to threshold cycle is
related to amount of original constitutive cDNA present and efficiency by:
CONSTCT = CONST0 × (1 + E CONST )

CT , CONST

(15)

Normalizing target to constitutive yields:
X CT
CONSTCT

=

X 0 × (1 + E X )

CT , X

CONST0 × (1 + E CONST )

CT , CONST

= K

(16)

Assuming efficiencies are equal (and equal to one), equation 16 becomes:
X CT
CONSTCT

=

C
X 0 × ( 2) T , X
C
CONST0 × ( 2) T ,CONST

(17)

= K

this can also be written as:

X CT
CONSTCT

⎛ X0 ⎞
⎟ × 2(
=⎜
⎝ CONST0 ⎠

CT , X − CT , CONST

)

= K

(18)

What we really want to know is the relative expression of sample, which is reflected
by the ratio of original target cDNA amount to the original constitutive cDNA
amount. This is given by:
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⎛ X0 ⎞
K
−(C − C
)
( C −C )
⎜
⎟ = C −C
= K × 2 T , X T ,CONST TEST = K × 2 T ,CONST T , X TEST
⎝ CONST0 ⎠ TEST 2 ( T , X T ,CONST )TEST

(19)

This is essentially normalized expression in test ear (TEST). We want to compare
this to some calibrator. Arriving at the calibrator expression in this instance would
entail following the derivation above exactly, only using the contralateral ear (CL)
for comparison. This is represented by:

⎛ X0 ⎞
K
−(C −C
)
( C −C )
⎟ = C −C
⎜
= K × 2 T , X T ,CONST CL = K × 2 T ,CONST T , X CL
(
)
⎝ CONST0 ⎠ CL 2 T , X T ,CONST CL

(20)

So, comparative expression is attained by dividing test ear normalized expression by
contralateral ear normalized expression. This yields:

⎛ X0 ⎞
⎜
⎟
⎝ CONST0 ⎠ TEST
⎛ X0 ⎞
⎜
⎟
⎝ CONST0 ⎠ CL

⎛ K × 2 ( CT,CONST − CT,X )TEST ⎞
⎟ = 2 [( CT,CONST − CT,X )TEST − ( CT,CONST − CT,X )CL ]
=⎜
(C − C ) ⎟
⎜
⎝ K × 2 T,CONST T,X CL ⎠

(21)

Note: K’s are equal for both normalizations because threshold fluorescence is set, and
so total final cDNA for any gene is equal. Performing a similar analysis on another
test gene yields the same result as above, that is:

2

(

⎡C
−C
⎣⎢ T ,CONST T ,Y

)

TEST

(

− CT , CONST − CT ,Y

)

⎤

CL ⎦⎥

(22)

A general vascular maturity index can be found by taking the ratio of late stage
expression to early stage expression, that is:

VMI =

2
2

⎡ C
⎢⎣ T , CONST − CT ,Y

(

)

TEST

− CT ,CONST − CT ,Y

(

)

TEST

− CT ,CONST − CT , X

⎡ C
−C
⎣⎢ T ,CONST T , X

(

)

(

)

⎤

CL ⎥⎦

⎤

CL ⎦⎥

(23)
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Incorporating the sham analysis yields a VMI indicative of induced response, instead
of induced response plus natural wound healing response as the above equation may
represent. This IRVMI (induced response vascular maturity index) is given below:

IRVMI =

2

(

⎡C
⎢⎣ T , CONST − CT ,Y

2

(

)

⎡C
−C
⎣⎢ T ,CONST T , X

TEST

)

(

− CT ,CONST − CT ,Y

TEST

(

)

⎤

CL ⎥⎦

− CT ,CONST − CT , X

)

−2
⎤

CL ⎦⎥

(

⎡C
⎢⎣ T ,CONST − CT ,Y

−2

(

)

SHAM

)

(

)

(

)

− CT , CONST − CT ,Y

⎤

CL ⎥⎦

⎡
⎤
⎢⎣ CT , CONST − CT , X SHAM − CT , CONST − CT , X CL ⎥⎦

(24)
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