
RICE UNIVERSITY 

Endothelial Cell and Mural Progenitor Cell Co-culture to 
Promote Angiogenesis in Tissue Engineered Constructs 

by 

April Ann Smith 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

Master of Science 

APPROVED, THESIS COMMITTEE: 

, ^w V, > - ^ 
Jennifer L.West, Professor, Chair, 
Bioengineering, Committee Chair 

K. Jane Grande-Allen, Associate 
Professor, Bioengineering 

Jeffrey W. Hartgerink, Associate 
Processor, Chemistry 

HOUSTON, TEXAS 
AUGUST 2008 



UMI Number: 1466844 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform 1466844 

Copyright 2009 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



ABSTRACT 

Endothelial Cell and Mural Progenitor Cell Co-culture to Promote Angiogenesis in 
Tissue Engineered Constructs 

The need for tissue engineered organs is great since only 15% of those on the 

transplant waiting list received organs in 2006. The ability to vascularize a tissue 

engineered construct is one of the major hurdles for tissue engineering because it can take 

2 weeks for an implanted construct to become vascularized. To produce prevascularized 

tissues, the cellular interactions that occur during vascular formation need to be examined. 

In this work, human umbilical cord endothelial cells (HUVECs) and mural 

progenitor cells (10T1/2 cells) are cultured together for 6 days. Western blotting and 

immunofluorescence are performed to assess SM-specific marker expression. aSM-actin 

and calponin expression was observed in co-cultures seeded at 300,000 cells/well while 

caldesmon and SMMHC expression was observed in co-cultures seeded at 60,000 

cells/well. HUVECs and 10T1/2 cells, seeded at 150,000 cells/gel, encapsulated in 

degradable PEG hydrogels expressed high levels of aSM-actin, calponin, and caldesmon. 



TABLE OF CONTENTS 

INTRODUCTION 1 
MATERIALS AND METHODS 15 

Cell Maintenance 15 
2D Co-Culture Experiments 16 

Cell Seeding 16 
Protein Extract 16 
Total Protein Quantification 17 
Samples Loading for Electrophoresis 18 
Gel Electrophoresis 19 
Protein Transfer 20 
Western Blotting 20 
Immunofluorescence 23 

3D Co-Culture Experiments 24 
Synthesis of PEG-RGDS 24 
Synthesis of Collagenase-sensitive PEG-peptide-PEG 25 
Cell Encapsulation in Collagenase-sensitive PEG Hydrogels .26 
Protein Extraction from Hydrogels 26 

RESULTS 28 
2D Co-Culture Experiments: Western Blots 28 
2D Co-Culture Experiments: Immunofluorescence 31 
3D Co-Culture Experiments: Western Blots .34 

CONCLUSIONS 38 
2D Co-Culture Experiments: Western Blots 38 
2D Co-Culture Experiments: Immunofluorescence 39 
3D Co-Culture Experiments: Western Blots 40 

REFERENCES 43 



INTRODUCTION 

In 2006, there were 8024 organ transplants from deceased donors and 6732 organ 

transplants from living donors (Annual Report 2004). That means that only 14,756 

transplantations were performed in 2006, which is only 15% of the 98,263 people on the 

waiting list at the end of the year (Annual Report 2004). The use of non-autologous 

tissue from cadavers does more than double the available organs, but the potential for 

disease transmission and either the removal of immunogenic substances or the use of 

immune suppressants do not make cadaveric tissue a complete solution (Schmidt and 

Leach 2003). The need for tissue engineered organs is obvious due to the discrepancy 

between the huge need for organs and the number available. 

Currently, the only tissue engineered organs, skin (Dermagraft made by Advanced 

BioHealing Inc.) and bladder (Atala et al. 2006), are those that are thin due to the 100 -

200 um diffusion limitation of nutrients (Carmeliet and Jain 2000). Therefore, the major 

hurdle of tissue engineering is the ability to direct and control angiogenesis (Johnson et al. 

2007) in order for large engineered tissues and organs to be created and sustained. 

In order to address this issue, researchers have tried several approaches to 

increase vascularization of engineered tissues since the natural process of vascular 

ingrowth is on the order of tenths of a micrometer a day (Clark and Clark 1939). At this 

rate, it would take several weeks to vascularize an implant of any usable size (Rouwkema 

et al. 2008). Research groups are looking into changing the scaffold porosity and 

architecture to increase ingrowth, delivering one or more angiogenic factors, and 

prevascularizing the implanted tissue construct (Rouwkema et al. 2008). The goal of 

these approaches is to vascularize the tissue as fast as possible to prevent necrosis. 
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Changing the scaffold and adding angiogenic factors work to promote surrounding vessel 

ingrowth into the tissue engineered construct while prevascularization connects the 

surrounding vessels to the pre-formed vessels in the tissue (Rouwkema et al. 2008). 

Figure 1 illustrates the difference between these two ways of vascularizing tissue using a 

skin graft. 
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Figure 1: Two forms of graft vascularization illustrated with skin grafts. The left column shows 
neovascularization via angiogenesis which can take up to 15 days with the release of angiogenic 
factors. The right column shows a prevascularized skin graft that connects to the wound bed 
vasculature within several days. Note that before vascularization occurs, diffusion is the only method 
of nutrient transport (Adapted from Tremblay et al. 2005; Chen et al. 2006). 

As demonstrated in Figure 1, prevascularization of the tissue construct decreases the 

amount of time the construct goes without direct contact with blood and nutrients and 

increases the survival rate of the implanted construct. 

In order to encourage prevascularization, it is important to understand the 

structure of the vasculature and how it forms. There are 3 major types of vascular 
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structures present in the body: capillaries, arterioles and venules, and arteries and veins 

(Figure 2). Capillaries are the smallest and most abundant vessels in the body. 

Capillaries connect to arterioles and venules which connect to the larger arteries and 

veins. 

Capillaries 

Endothelial tube 
sparsely surrounded 

by pericytes 

Arterioles 

Endothelial tube 
surrounded 

circumferentially by 
SMCs 

Arteries 

Intimal layer of ECs 
surrounded by SMCs 

(media) and fibroblasts 
(adventia) 

LEGEND 
<aa. - Pericytes 

% - Smooth muscle cells (SMCs) 
r-^-3 - Endothelial cells (ECs) 

- Fibroblast 
- Basement membrane 

Figure 2: Schematic of the three types of vascular structures. Capillaries are the smallest and must 
abundant structures and are made up of an endothelial tube sparsely surrounded by pericytes. 
Arterioles and venules are slightly larger and consist of an endothelial tube sparsely surrounded by 
pericytes. Arterioles and venules are slightly larger and consist of an endothelial tube surrounded by 
circumferentially aligned SMCs. Arteries and veins are similar to arterioles and venules except they 
have an outer layer surrounding the SMCs called the advential layer. N 

Capillaries are made up of an endothelial tube followed by a basement membrane 

and a sparse layer of pericytes wrapped around the tube (Jain 2003). Venules and 

arterioles are similar to capillaries except the endothelial cells are more thickly 

surrounded by smooth muscle cells that are circumferentially aligned around the 

endothelial cell tube. In between these two cell types, there is a basement membrane and 

the internal elastic lamina. Veins and arteries are made up of three layers: the intima, 
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media, and adventia. The intimal layer is made up of endothelial cells. There is an 

elastic lamina between these two layers which helps add mechanical strength and the 

ability to dilate and contract. The medial layer is smooth muscle cells aligned 

circumferentially and the advential layer is made up of fibroblasts and the vasa vasorum 

which supplies blood to these large vessels. 

During vascular formation, all three structures begin as a tube of endothelial cells 

that arise from either angiogenesis or vasculogenesis. The difference between 

angiogenesis and vasculogenesis is that angiogenesis is the sprouting of new vessels from 

existing vessels while vasculogenesis is the de novo formation of blood vessels. Both 

types of vascular formation involve the following processes: endothelial cell 

accumulation, recruitment, stabilization, remodeling, and specialization (Jain 2003) 

which is illustrated in Figure 3. 

In vascular formation, endothelial cells accumulate at the area of vascular need by 

either proliferating from existing vessels or differentiating from progenitor cells. 

Pericytes and smooth muscle cells are recruited to the newly formed endothelial tubes to 

stabilize their formation. Remodeling occurs to create the optimal vascular network 

needed for the region. Remodeling includes branching, regression, pruning, and even 

growth. Specialization is the last step of vessel formation in which the vessels become 

one of the three types of specialized vessel structures for their particular purpose and 

specific organ needs (Jain 2003). 
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As shown in Figure 3, angiogenesis and vasculogenesis have many of the same 

processes. Briefly, in angiogenesis, new vessels form after existing endothelial cells 

degrade the basement membrane with proteases, migrate into the new space and 

proliferate. Pericytes or smooth muscle cells are recruited to stabilize the newly formed 

vessel. Angiogenesis in adults occurs in response to an angiogenic stimulus caused by 

tissue injury or remodeling (Hirschi et al. 2002). In vasculogenesis, shown in Figure 4, 

the endothelial progenitors differentiate into primordial endothelia and form a tubular 

structure. Once in this conformation, the endothelial cells recruit mural progenitor cells 

which adhere to the outside of the endothelia tube where they become smooth muscle 

cells. 

# _ 

Adult Stem and WW 
Progenitor Cells t >w Vasculogenesis 

Progenitor 
Mesenchymal Recruitment 
progenitors 

Vessel of 
endothelial cells 
and smooth 
muscle cells 

X 

•a ft' tUSfil^jJJ^?* ' 
# 

Figure 4: Schematic of vasculogenesis starting from adult stem cells and progenitor cells. 
Endothelial progenitor cells become primordial endothelium and form a tube where they then signal 
for mural cell progenitor recruitment and differentiation. Adapted from (Hirschi et al. 2002). 

The interaction between the endothelial cells and the mural progenitor cells is 

important in the formation of blood vessels because without the recruitment of mural 
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progenitor cells, the newly formed vessel will regress (Koike et al. 2004, Au et al. 2008). 

Figure 5 shows cultures of human umbilical vein endothelial cells (HUVECs) alone or 

co-cultured with either human bone marrow derived mesenchymal stem cells (hMSCs) or 

10T1/2 cells, a murine embryonic mesenchymal progenitor cell line encapsulated in 

collagen gels and placed into a mouse cranial window (Au et al. 2008). The hMSCs and 

10T1/2 cells act as mural cells which surround the newly formed endothelial tubes and 

stabilize their structures. Without a mural cell, as in the HUVECs only sample, tube 

formation regresses quickly. 

HUVECs hMSCs & 10T1/2 cells & 
HUVECs HUVECs 

Figure 5: Enhanced green fluorescent protein (EGFP)-labeled HUVECs were encapsulated alone or 
with hMSCs or 10T1/2 cells into a collagen/fibronectin matrix and implated into mouse cranial 
window. HUVECs expressing EGFP are green while the red is rhodamine-dextran used to enhance 
visualization. Adapted from (Au et al. 2008). 

To analyze how the endothelial cells (ECs) cause mural progenitor cells to 

differentiate into SMCs, ECs have been cultured with mural progenitor cells to determine 

which factors are involved in differentiation and how they affect the mural progenitor 

cells (Hirschi et al. 1998; Hirschi et al. 1999; Nishishita and Lin 2004). 10T1/2 cells 

were used as the mural progenitor cell line and bovine aortic endothelial cells (BAECs) 
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or HUVECs were the endothelial cells used. From these co-culture systems it was 

determined that platelet-derived growth factor - B (PDGF-B), transforming growth factor 

- P (TGF-P), angiopoietin 1 (Angl) and its receptor Tie-2, and vascular endothelial 

growth factor - A (VEGF-A) all contribute to SMC differentiation (Hirschi et al. 1998; 

Hirschi et al. 1999; Darland et al. 2003; Jain 2003; Nishishita and Lin 2004). Figure 6 

illustrates where these factors are involved in blood vessel assembly in adults (after 

vascular injury) and embryos. 

• bFGF 

JJLFGFR) Blood Vessel 

*M^ #VEGF-A Assembly 

EC Recruitment off Mural Ceil Progenitors 

Cell-celi communication 
Cell-matrix interactions 

Activation Upreguiation 
of TGF-p -*> ofSRF 

N ^ ^TGF-P 

i i 
/ 

••fr 

(PDGFRp) ~ *f?~ " j SRF 

SMC/Pericyte Differentiation 
Figure 6: Schematic of vasculogenesis, in embryos and adults, showing important receptors and 
signaling molecules involved in EC differentiation and recruitment of mural cell progenitors (Hirschi 
et al. 2002). 

PDGF-B is involved in mural progenitor cell recruitment since it is a 

chemoattractant for smooth muscle cells (Lindahl et al 1997; Nishishita and Lin 2004). 

In PDGF-B knockout mice, very few pericytes were associated with capillaries (Lindahl 

et al. 1997). TGF-P has been shown 'to maintain EC quiescence and induce vessel 
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maturation, promote basement membrane deposition, enhance the interactions between 

ECs and mural cells' (Ma et al. 2007). Angl plays a role in vascular remodeling 

(Nishishita and Lin 2004, Suri et al. 1996) by increasing communication between ECs 

and mural cells (Jain 2003). Angl stabilizes nascent vessels and makes them leak-proof 

(Jain 2003). VEGF-A initiates vessel formation and is also involved in cellular events 

that lead to a mature vascular network forming (Jain 2003). 

Smooth muscle (SM)-specific markers are used to identify if the progenitor cells 

have differentiated into smooth muscle cells or to determine if mural cells are present in a 

co-culture. Some generally used SM-specific markers include aSM-actin, calponin, 

caldesmon, and smooth muscle myosin heavy chain (SMMHC). Table 1 summarizes 

their roles, molecular weights and the stages of development that they are present in. 

These SM markers are all specific for vascular SMCs in adults and/or in development. 

Because one distinct SM marker has not been identified, it is always best to stain for at 

least two SM markers (Owens 1995). 

Table 1: Smooth muscle-specific markers 
Name 
aSM-actin 
Calponin 
Caldesmon 
SMMHC 

MW (kDal 
42 

27-34 
120 -150 

200 & 205 

Role 
Contractile protein 
Contraction regulator 
Contraction regulator 
Contractile protein 

Expressed In: 
Early and late development 
Early and late development 
Late development 
Late development 

The most commonly evaluated SM marker is aSM-actin because it is the most 

abundant protein in SMCs and the first SM-specific protein expressed during 

development (Owens et al. 2004); however, it is also expressed in other cell types 

(Owens 1995). Even so, aSM-actin is expressed in both early and late vascular 

development and is considered "highly specific" for healthy adult vessels (Owens 1995). 
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Calponin, a SMC contraction regulator, is expressed during vascular development as well 

as exclusively in adult smooth muscle (Owens 1995). Caldesmon binds calmodulin and 

actin and is a marker of late stage SM development (Owens 1995). The heavier 

caldesmon, h-caldesmon, which has a molecular weight between 120 and 150 kDa, is 

predominantly expressed in smooth muscle cells while the lighter caldesmon, 1-

caldesmon, which is between 70 and 80 kDa is expressed in many cell types (Ueki et al. 

1987). Only h-caldesmon, just referred to as caldesmon, is specific for smooth muscle 

cells. SMMHC is expressed in both mature and developing SMCs but is considered to be 

a marker for late stage SMC differentiation and maturation (Owens 1995). In fact 

SMMHC identifies a later stage of SMC differentiation and maturation than aSM-actin, 

calponin, h-caldesmon and many other markers (Owens 1995). 

Several groups are looking more directly at the interaction of mural progenitor 

cells and endothelial cells. Darland and D'Amore cultured 10T1/2 cells and bovine 

aorta-derived endothelial cells (BAECs) in Matrigel for 18 hr (Darland and D'Amore 

2001). After 18 hr, they found capillary-like structures throughout the Matrigel matrix in 

which the 10T1/2 cells were located around the endothelial cells (Figure 7). Western blot 

data showed increased aSM-actin expression in the co-culture samples. 

Figure 7: Co-culture of BAECs and 10T1/2 ceUs in Matrigel. BAECs are labeled red and 10T1/2 ceUs 
appear yellow when on top of the red BAECs, indicated by the arrow. The scale bar on the left is 200 
um and the one on the left is 100 urn. (Darland and D'Amore 2001) 
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Koike and colleagues found that a 1:4 mixture of 10T1/2 cells to human umbilical 

vein endothelial cells (HUVECs) encapsulated in a fibronectin-type I collagen gel led to 

the formation of an engineered vascular network in vivo shown in Figure 8 (Koike et al. 

2004). Histochemistry showed that the 10T1/2 cells stained positively for a smooth 

muscle (SM)-actin. The 10T1/2 cells were also located around the endothelial cells. 

These constructs were implanted into cranial windows into SCID mice and visualized 

over a year. As Au et al. found, when HUVECs are encapsulated and implanted alone; 

tube formation begins similar to that of the co-cultures, but soon regresses without mural 

cell stabilization. The co-cultures of HUVECs and 10T1/2 cells remained viable up to a 

year. 

4 days after implantation 4 months after implantation 

Figure 8: HUVECs and 10T1/2 cells seeded in a fibronectin-type I collagen gel were implanted into 
mice. HUVECs are green due to the expression of enhanced green fluorescent protein. Functional 
blood vessels are visualized through the injection of Rho-dextran (red). A: After only four days, 
HUVECs have vacuoles (indicated by arrows) but are not perfused. B: At four months the HUVEC 
tubes are connected to the mice vasculature and are therefore perfused. (Koike et al. 2004) 

In the studies performed by Koike and colleagues, one million cells were 

encapsulated in the gels at a 10T1/2 to HUVEC ratio of 1:4. Koike and colleagues 

performed some preliminary studies to determine which ratio worked best. They found 
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that when a higher ratio of 10T1/2 cells was used, perfusion was attained at a much later 

time point. The increased number of 10T1/2 cells also led to gel shrinkage and 

overgrowth of 10T1/2 cells. When a lower ratio of 10T1/2 cells was used, cell viability 

was poor which led to poor capillary retention over a two week time period. 

For the studies within this work, ratios of 10T1/2 cells to HUVECs from 1:1 to 

1:6 were examined. Total cell numbers of 60,000 cells and 300,000 cells were used. 

Studies were performed on TCPS and cultured for six days. Western blotting was used to 

assess the amount of 10T1/2 cell differentiation into pericytes/SMCs through the probing 

of SM specific markers: aSM-actin, calponin, caldesmon, and smooth muscle myosin 

heavy chain (SMMHC). 

HUVECs and 10T1/2 cells (at the 1:4 ratio) were also encapsulated in degradable 

poly(ethylene glycol) (PEG) hydrogels that contained collagenase sensitive region as well 

as an adhesive peptide. After 6 days in culture, cell lysates were isolated for Western blot 

analysis similar to the TCPS data. PEG hydrogels were chosen because of PEG's 

intrinsic biocompatibility and hydrophilic properties (Merrill and Salzman 1983; 

Gombotz et al. 1991). PEG hydrogels are resistant to both protein adsorption and cell 

adhesion, providing a "blank slate" upon which desired biological interactions can be 

built (Mann et al. 2001; Schmedlen et al. 2003). PEG is useful because it can be 

polymerized, with long wavelength ultraviolet (UV) light under physiological conditions, 

without harming cells or proteins that are encapsulated within the hydrogel or adjacent to 

the hydrogels (Hill-West et al. 1994a; Hill-West et al. 1994b; Sawhney et al. 1994; Mann 

et al. 2001a). 
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Figure 9 shows a schematic of a PEG hydrogel that has been converted from a 

bioinert "blank slate" into a bioactive scaffold through the incorporation of degradable 

peptide sequences, adhesion sequences and signaling factors. Proteolytically degradable 

peptide sequences, such as those susceptible to collagenase or plasmin, can be included in 

the PEG backbone and subsequently degraded when cells release their enzymes for 

migration (Gobin and West 2002; Lee et al. 2005). When cells breakdown the peptide 

sequence, they are able to move more freely which is more similar to their natural, three-

dimensional environments. Adhesive sequences are necessary because PEG is 

intrinsically cell non-adhesive. We can control the types of cells that adhere to PEG by 

incorporating specific adhesion peptide sequences for specific cell types. Elastin-derived 

VAPG is adhesion specific for smooth muscle cells but not for endothelial cells, 

fibroblasts or platelets (Gobin and West 2003) whereas fibronectin-derived RGDS is 

adhesive for many cell types (Ruoslahti 1996). Incorporating signaling factors facilitates 

PEG hydrogel's ability to mimic the extracellular matrix (ECM) for a cell. 

O - Adhesive peptide < Q - Encapsulated cell 

E=J - Degradable peptide sequence A - Signaling factor 

Figure 9: Schematic of a PEG hydrogel with 3 bioactive factors incorporated into the matrix. 
Degradable sequences are present along the PEG backbone and allow for cell migration through the 
hydrogel. Signaling factors and adhesive peptide sequences are located at the ends of PEG chains 
which are flexible. The flexibility makes them more accessible to cells. 
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Cell adhesive peptide sequences (Gobin and West 2003; Gonzalez et al. 2004; 

Gunn et al. 2005), degradable peptides sequences (West and Hubbell 1999; Gobin and 

West 2002), and growth factors (Mann et al. 2001b; DeLong et al. 2005) have been 

integrated into PEG hydrogels with the peptides and growth factors remaining active after 

incorporation into the PEG hydrogels. 

This work looks at determining the co-culture conditions of HUVECs and 10T1/2 

cells that lead to 10T1/2 cell differentiation into pericytes which stabilize the tubule 

formation of the HUVECs. Therefore, this work hopes to optimize the conditions for 

growing vessels in vitro which has a great potential for prevascularizing tissue engineered 

constructs. If all tissue engineered constructs could have a vascular network before being 

implanted, then these constructs could be any size needed. 
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MATERIALS & METHODS 

Cell Maintenance 

10T1/2 cells, mouse embryonic mesenchymal progenitor cells, purchased from 

American Type Culture Collection (Manassas, VA) were maintained in high glucose 

Dulbecco's Modified Eagle Medium (DMEM, Invitrogen Corporation, Carlsbad, CA) 

with 10% heat inactivated fetal bovine serum (FBS) and supplemented with 1% L-

glutamine, penicillin, and streptomycin (Sigma-Aldrich, St. Louis, MO) . 10T1/2 cells 

were used between passages 17 and 19 because under these culture conditions basal 

levels of aSM-actin were reduced (Darland & D' Amore 2001). 

Human coronary artery smooth muscle cells (HCASMCs) from Invitrogen were 

cultured in Invitrogen's Medium-231 with a Smooth Muscle Growth Supplement 

(SMGS) and penicillin, and streptomycin. SMGS contains 4.9 % FBS, 2 ng/ml human 

basic Fibroblast Growth Factor (bFGF), 0.5 ng/ml human Epidermal Growth Factor 

(EGF), 5 ng/ml heparin, 5 |ig/ml insulin, and 0.2 jig/ml bovinve serum albumin (BSA) 

and promotes proliferation. HCASMCs plated for the experiments were grown in 

Invitrogen's Medium-231 with a Smooth Muscle Differentiation Supplement (SMDS) 

and penicillin, and streptomycin. SMDS contains 1% FBS and 30 ng/ml of heparin and 

promotes a contractile phenotype. HCASMCs were not used after passage 8. 

Human umbilical vein endothelial cells (HUVECs), purchased from Lonza (Basel, 

Switzerland), were cultured in Endothelial Cell Basal Medium-2 (EBM-2) (Lonza) and 

supplemented with penicillin, streptomycin, and EGM-2 SingleQuots (Lonza), which 

contain endothelial cell-specific supplements. With all the supplements added, the media 

is called EGM-2. HUVECs were not used after passage 7. AH cells were maintained in a 
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humidified incubator at 37 °C and 5 % C02. A Coulter Counter (Z M, Coulter 

Electronics, Ltd., Luton, Beds., England) was used to determine cell numbers. 

2D Co-Culture Experiments 

Cell Seeding 

10T1/2 cell, HUVEC, and HCASMC monocultures were seeded into 6-well flat 

bottom plates at either 60,000 cells/well or 300,000 cells/well, which is 6,250 cells/cm2 

or 31,250 cells/cm2 respectively. 10T1/2 cell and HUVEC monocultures were cultured in 

EGM-2 and HCASMC monocultures were cultured in Medium-231 with the SMDS 

(differentiation supplement). 

Co-cultures were composed of 10T1/2 cells and HUVECs in ratios from 1:1 to 

1:6. Table 2 shows how many cells of each type were present in each ratio. HUVECs 

were trypsinized, counted, and seeded in wells first. 10T1/2 cells were seeded on top of 

the HUVECs within 45 minutes. HCASMC monocultures were seeded last. Media was 

replenished every two days over the six day culture period. Cells were maintained in a 

humidified incubator at 37 °C and 5 % C02. 

Table 2: Number of 10T1/2 cells and HUVECs in each Ratio 
60,000 cells/well 

1:1 
30k:30k 

1:4 
12k:48k 

1:2 
20k:40k 

1:5 
10k:50k 

1:3 
15k:45k 

1:6 
8.6k:51.6k 

300,000 cells/well 
1:1 

150k: 150k 
1:4 

60k:240k 
1:6 

42.9k:257.4k 

10T1/2 cells:HUVECs 

Protein Extraction 

After 6 days in culture, cells were lysed to remove protein for Western blotting. 

A RIPA lysis buffer was used. The REP A lysis buffer recipe is as follows: 50 mM Tris at 

pH 7.4,150 mM NaCl, 1 % sodium deoxycholate, 5 mM EDTA, 50 mM NaF, 1 % Triton 
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X-100, and 0.1 % sodium dodecyl sulfate (SDS). The protease inhibitors were added 

immediately before use. The concentrations of the protease inhibitors are 1 mM 

phenylmethanesulphonylfluoride (PMSF), 2 ug/ml aprotinin, 10 ug/ml leupeptin, and 0.5 

mM sodium vanadate (NasVCU). Cells were rinsed with ice cold phosphate buffered 

saline (PBS) before the 100 or 125 ul of lysing buffer was added to each well. Cells were 

gently scraped with a cell scraper and then incubated on ice. After 20 minutes of 

incubation, cells were scraped again and the suspension was collected. The cell 

suspension was centrifuged for 10 minutes at 16,000 xg at 4 °C. The supernatant was 

transferred to a chilled tube. 

Total Protein Quantification 

The protein concentration of each sample was determined using the BCA Protein 

Assay (Pierce, Rockford, IL) following the manufacturer's protocol. BSA diluted in 

RIPA lysing buffer (with the protease inhibitors) was used to create a standard curve 

ranging from 25 - 2000 ug/ml. In triplicate, 10 jxl samples of each protein extract were 

mixed with 200 ul of the BCA Assay working solution. 150 ul of each sample were read 

in a 96-well plate on an ELx800 Universal Plate Reader (Biotek Instruments, Inc., 

Winooski, VT) at 570 nm. Protein extract concentrations for all samples ranged from 

800 - 1800 ug/ml. Figure 10 shows a typical standard curve. 
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Figure 10: Typical standard curve showing the standard curve concentrations and the linear 
regression line used to calculate the concentrations of Western blot samples. 

Sample Loading for Electrophoresis 

In order to be able to compare the Western blotting results of the co-culture ratios 

to their respective monoculture controls, the amount of protein added to each lane could 

not be the same for all samples since the fraction of 10T1/2 cells (which will contain the 

smooth muscle specific proteins) varies. Table 3 shows the number of HUVECs and 

10T1/2 cells in each ratio (for 300,000 samples), the amount of protein run on the 

electrophoresis gel for each sample type, and the fraction of 10T1/2 cells within each co-

culture sample. The calculations within Table 3 were used to load equal percentages of 

10T1/2 cells into the control lanes for each of the co-culture ratios. 

To determine how much to load in each of the lanes for electrophoresis, first the 

fraction of 10T1/2 cells was determined by dividing the total number of cells in the well 

(60,000 or 300,000) by the number of 10T1/2 cells used in that ratio. Then, the amount 

of protein to run for the co-culture samples was set at 6 ug per lane, based on previous 

experience with the amount of protein needed per lane in order to obtain dark enough 

bands for analysis. 

18 



Table 3 

Ratio 

1:1 
1:2 
1:3 
1:4 
1:5 
1:6 

: Electrophoresis Loading Amounts 
#of 

HUVECs 
(X1000) 

150 
200 
225 
240 
250 

257.4 

#of 
10T1/2S 
(X1000) 

150 
100 
75 
60 
50 

42.9 

Co-c 
Loaded 

(M9) 
6 
6 
6 
6 
6 
6 

10T1/2 
Loaded 

(M9) 
3 
2 

1.5 
1.2 
1 

0.86 

HUVEC 
Loaded 

(M9) 
3 
4 

4.5 
4.8 
5 

5.14 

Fraction 
10T1/2 
In Co-c 

0.5 
0.33 
0.25 
0.2 
0.17 
0.14 

The HUVEC and 10T1/2 cell monoculture control samples were run with a 

protein amount that corresponded to the amount of that cell type in the co-culture samples. 

To determine the amount of protein to load for the 10T1/2 cell control lanes, 6 ug 

(amount loaded in the lanes for co-culture samples) was multiplied by the fraction of 

10T1/2 cells in the co-cultures. The amount of the HUVEC controls to load was 

calculated by first finding the fraction of HUVECs in the co-culture by subtracting the 

fraction of 10T1/2 cells in the co-cultures from 1. Then that number was multiplied by 

the amount loaded for co-culture samples, 6 ug. The equations for determining the 

amount of monoculture to run for electrophoresis are shown below. 

10T1/2 Loading Amount (ug) = 6 ug * Fraction of 10T1/2 cells 
HUVEC Loading Amount (ug) = 6 ug * (1 - Fraction of 10T1/2 cells) 

Gel Electrophoresis 

All electrophoresis samples contained RIPA lysing buffer with inhibitors, protein 

extract, and a reducing sample loading buffer. The sample loading buffer, made at a 5x 

concentration, contained 500 mM dithiothreitol (DTT), 250 mM Trizma-HCl, 50% 

glycerol, 10% SDS and 0.5% bromophenol blue. Samples were boiled for five minutes 

to denature the proteins, centrifuged to separate out any residual cellular debris and 

cooled before they were added to the electrophoresis gel. 
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Precast Tris-HCl gels were used containing 12% polyacrylamide and 5% 

polyacrylamide (Bio-Rad, Hercules, CA) and run in a Bio-Rad Mini Trans-Blot 

Electrophoretic Transfer Cell Assembly powered by a PowerPac HC (BioRad). The 5% 

Tris-HCl gels were run at 100 V for approximately 1.5 hr and then removed from the 

apparatus to prevent the protein extracts from running off the gels. The 12% Tris-HCl 

gels were run for an additional 15-30 minutes until the leading edge of the dye began to 

run off the gel. The running buffer used to conduct the electrical current consisted of 

3.03 g Trizma Base, 1 g SDS and 14.4 g glycine in deionized water. Protein standards 

(BioRad) containing ten molecular weight markers between 10 kDa and 250 kDa were 

run on the 12% gels as a molecular weight reference. A high molecular weight range 

protein standard (BioRad) containing four proteins from 47 kDa to 202 kDa was run on 

the 5% gels. 

Protein Transfer 

After gel electrophoresis, the protein extracts were transferred to a nitrocellulose 

membrane (0.45 urn, BioRad) using the Mini Trans-Blot cell (BioRad). The protein 

transfer ran for 2 hr at 80 V in a transfer buffer containing 3.03 g Trizma Base, 14.4 g 

glycine, 200 ml methanol and 800 ml deionized water. The membranes were rinsed 

twice in PBS containing 0.05% Tween-20 (called PBST) before being placed in a 

blocking solution containing 5% non-fat skim milk in PBST overnight at 4 °C. 

Western Blotting 

Before incubating the membranes with primary antibodies, they were cut so that 

several SM markers could be probed on one blot. Figure 11 depicts where the 

membranes were cut. Frid et al. showed that SMMHC expression is best visualized when 
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run on a 5% gel (Frid et al. 1992). SMMHC should have bands at 200 and 205 kDa. H-

caldesmon, which has bands at a molecular weight between 120 and 150 kDa, was run on 

both a 5% gel and a 12% gel but the 5% gel also determined to produce the best 

visualization of bands. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

probed on both gels as a reference for protein loading on the gels and produces a band at 

36 kDa. aSM-actin has a band at 42 kDa and calponin has a band at 27 kDa. Because 

aSM-actin, calponin, and GAPDH are so close in molecular weight, the membranes 

could not be cut to accommodate all three proteins. After aSM-actin and calponin were 

probed for, the 12% gel was stripped of antibodies and reprobed for GAPDH (described 

in the Stripping Section below). 

5% Gel Layout 

SMMHC 

H-Caldesmon 

GAPDH 

MWofCut 
(kDa) 

12% Gel Layout 

Below 202 

75 
37 

aSM-actin 

Calponin followed 
by GAPDH 

Figure 11: Schematic of how membranes were cut so that multiple proteins could be probed on one 
membrane. 

After cutting the membranes, the sections were separated into dishes and rinsed 

twice in PBST. The membranes were then incubated on a rocker at room temperature for 

one hour in the primary antibody specific to the membrane section. All antibodies were 

diluted in PBST with 1% BSA. Anti-aSM-actin (mouse monoclonal IgG2a antibody; 

Sigma, St. Louis, MO) is used at 1:3000 and was produced against a synthesized 

decapeptide containing the NH2 terminus of aSM-actin. Anti-calponin antibody (mouse 

monoclonal IgGl antibody; Sigma, St. Louis, MO) was used at 1:500 and is produced 
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against human uterus smooth muscle extract. Anti-caldesmon (rabbit polyclonal IgG 

antibody; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used at 1:600 and is 

produced against amino acids at the C-terminus of H-Caldesmon of human origin. Anti-

human SMMHC (mouse monoclonal IgGi; DakoCytomation, Inc., Carpinteria, CA) was 

used at 1:75 and is produced against crude human uterus extract. Anti-GAPDH (mouse 

monoclonal IgGl; Novus Biologicals, Littelton, CO) was used at 1:1500 on the 

membranes from the 5% gels and at 1:2000 on the membranes from the 12% gels. This 

antibody was produced against the full length native protein from human erythrocytes. 

After incubating in the primary antibodies for 1 hr, the membranes were rinsed 

twice; five minutes each, in PBST. All secondary antibodies were then added and 

incubated for one hour on a rocker at room temperature. A horseradish peroxidase (HRP) 

conjugated goat anti-mouse IgG (Zymed, Invitrogen Corporation) was used on aSM-actin 

(1:2000), calponin (1:1000), SMMHC (1:1000), and GAPDH (1:2000). A HRP 

conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, Inc.) was used at 1:2000 on 

the h-caldesmon membranes. 

The membranes were rinsed four times with PBST for five minutes each to 

remove excess secondary antibody. An enhanced chemiluminescence kit (ECL; 

Amersham Biosciences, Buckinghamshire, UK) was used to detect the presence of 

smooth muscle marker bands. The membranes were exposed for varying amounts of 

time in order to get the best exposure time for each of the smooth muscle marker bands. 

The films were then scanned into TIFF files. Gel-Pro Analyzer software, by Image 

processing Solutions, Inc., was then used to measure the integrated optical density of 
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each of the bands. Figure 12 shows a representative film which was analyzed using Gel-

Pro Analyzer. 

^ ~ siwc Co «-1**" Cs *U}mr |c» *o»re* 

Figure 12: Represenianve iiim proaucea irom "western oioning. inis example snows GAPDH 
expression. 

To compare co-culture samples to each other, data was normalized due to large 

differences in expression. The percent increase of the co-culture sample expression was 

determined compared to 10T1/2 monoculture expression. 

Immunofluorescence 

Co-cultures were immunostained with fluorescent secondary antibodies against 

aSM-actin, calponin and an endothelial cell specific marker, platelet endothelial cell 

adhesion molecule-1 (PECAM-1) to visualize 10T1/2 cell differentiation into pericytes. 

PECAM-1, also known as CD31, is a glycoprotein which is a major component of 

endothelial cell intercellular junctions (Newman 1997). Cells were seeded at 11,875 

cells/ 24 well, which is 6,250 cells/cm2. This seeding density is equivalent to the Western 

samples that were seeded at 60,000 cells/well. Monocultures of HUVECs, 10T1/2 cells 

and HCASMCs and co-cultures from 1:1 to 1:6 were seeded with a starting seeding 

density of 11,875 cells/well. After 6 days in culture, cells were rinsed 1 time quickly in 

PBS before being fixed for 30 mins at room temperature in a 4% paraformaldehyde made 

with PBS. Cells were rinsed again in PBS before a 5 min permeabilization with 0.4% 

Triton X-100 (Sigma-Aldrich) in PBS. Cells were rinsed again before an overnight 

incubation in a blocking solution at 4 °C. The blocking solution was 4% FBS and 3% 

BSA in PBS. 
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The next day, cells were incubated in primary antibodies for 1 hr. Again, the SM-

specific markers probed for were aSM-actin and calponin. Anti-aSM-actin antibody 

(mouse monoclonal IgG2a antibody; Sigma) was used at a 1:900 dilution and anti-

calponin (mouse monoclonal IgG 1 antibody; Sigma) was used at 1:1000. Anti-PECAM-

1 (affinity purified rabbit anti-CD31; Bethyl Laboratories, Inc., Montgomery, TX) was 

used at 1:500. Cells were then rinsed gently 3 times over 5 min in a 0.1% BSA solution 

made in PBS. Cells were then incubated with secondary antibodies for 1 hr. The 

secondary antibody against both SM markers was a goat anti-mouse IgG conjugated to 

Alexa Fluor 546 (Invitrogen Corporation). The secondary antibody against PECAM-1 

was a goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen Corporation). Both 

secondary antibodies were used at a 1:400 dilution. Again, cells were rinsed 3 times 

gently over 5 min in the BSA solution. Fluorescence signal was then captured on a Zeiss 

Axiovert 135 microscope (Thornwood, NY). Images were taken with either a lOx or 20x 

objective. 

3D Co-Culture Experiments 

Synthesis ofPEG-RGDS 

When amine-containing peptides, such as RGDS (Arg-Gly-Asp-Ser) are mixed 

with acryloyl-PEG-N-hydroxysuccinimide (Acryoyl-PEG-NHS, 3400 Da; Nektar), the 

N-hydroxysuccinimidyl group reacts with the primary amine on RGDS to attach to the 

acryloyl-PEG (Figure 13). To create an acryloyl-PEG-RGDS, acryloyl-PEG-NHS was 

reacted with RGDS in 50 mM sodium bicarbonate (pH 8.5) at a 1:1 molar ratio for 2 hr. 

The solution was then dialyzed (MWCO 1,000; Spectrum Laboratories, Rancho 

Dominguez, CA) to remove unreacted RGDS and acryloyl-PEG-NHS, lyophilized and 

stored under argon at -80 °C. 
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Figure 13: RGDS conjugation to monoacrylated PEG forming PEG-RGDS. 

Synthesis of Collagenase-sensitive PEG-peptide-PEG 

The collagenase-sensitive peptide sequence, GGGPQGIWGQGK, was 

synthesized by solid phase peptide synthesis based on the standard DCC activation and 

Fmoc protection using the APEX 396 synthesizer (Aapptec, Louisville, KY). This 

peptide, which is cleaved between the glycine and isoleucine in the center of the 

sequence, has been shown to be fully degraded by matrix metalloproteinases (MMPs) 

when it is incorporated into the polymer backbone of a hydrogel matrix (Lutolf et al. 

2003). The lysine amine group available on the C-terminus and the amine group 

available at the N-terminus of the peptide sequence reacted with the NHS group on the 

acryloyl-PEG-NHS which produced PEG-GGGPQGIWGQGK-PEG. Synthesis of this 

degradable PEG-peptide-PEG has been described in more detail previous (West and 

Hubbell 1999; Mann et al. 2001a; Moon 2008). Briefly, the collagenase-sensitive peptide 
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was reacted with a two molar excess of Acryoyl-PEG-NHS (3400 Da; Nektar) in 50 mM 

sodium biocarbonate buffer (pH 8.5) for 2 hr. This product was then dialyzed (MWCO 

5,000; Spectrum Laboratories), lyophilized, and stored under argon at -80 °C. 

Cell Encapsulation in Collagenase-sensitive PEG Hydrogels 

HUVECs and 10T1/2 cells were encapsulated in collagenase-sensitive PEG 

hydrogels by mixing the cell suspension into the prepolymer solution. After trypsinizing 

the cells to detach them from tissue culture flasks, cells were counted using the Coulter 

counter. Cells were resuspended into the prepolymer solution, which was made in 10 

mM HEPES buffered saline (pH 7.4). The prepolymer solution contained 0.1 g/ml PEG-

GGGPQGIWGQGK-PEG, 3.5 umol/ml PEG-RGDS, and 0.3 mg/ml Irgacure-2969 (Ciba 

Corporations, Basel, Switzerland) which was the photoinitiator. 

The hydrogels were prepared on coverslips that had been cleaned in 70% ethanol 

and sterilized under UV light overnight. 5 ul droplets of prepolymer solution with cells 

were photopolymerized under exposure to long wavelength UV light (365 nm, 10 

mW/cm2) for seven minutes. HUVEC only hydrogels contained 2.4 x 107 cells/ml, 

10T1/2 only hydrogels contained 6 x 106 cells/ml and co-culture hydrogels contained 2.4 

x 107 cells/ml of HUVECs and 6 x 106 cells/ml 10T1/2 cells. All hydrogels were 

covered with EGM-2 media and placed in a humidified incubator at 37 °C containing 5% 

CO2. Media was changed after the first 5 hours of culture and then only every second 

day over the six day culture period. 

Protein Extraction from Hydrogels 

After six days of culture, the cell lysate needed to be collected for Western blot 

analysis. First, the hydrogels were degraded away after 10 min incubation in 2 mg/ml 
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collagenase-1 solution (Sigma) at 37 °C. Cell suspensions from four 5 ul droplets were 

pooled for each sample to produce a high enough protein concentration for Western 

blotting. These suspensions were centrifuged for 5 minutes at 700 xg and then re-

suspended in ice cold RIPA lysing buffer with protein inhibitors (described previously). 

After 30 minutes of lysing on a rocker, the cell lysates were centrifuged at 16,000 xg for 

15 minutes. The supernatants were subjected to electrophoresis, transfer and Western 

blotting as previously described. 
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RESULTS 

2D Co-culture Experiments: Western Blots 

In these studies, HUVECs and 10T1/2 cells were co-cultured at varying ratios and 

concentrations for a 6 day period to assess 10T1/2 cell differentiation into pericytes or 

smooth muscle cells. Newly formed vessels are stabilized by mural progenitor cells, such 

as 10T1/2 cells. SM-specific markers were probed for to determine if 10T1/2 cells had 

differentiated into pericytes. If a better understanding of the conditions for 10T1/2 cell 

differentiation can be identified, then this information can be used to create 

prevascularized tissue engineered constructs. Angiogenesis in tissue engineered 

constructs is a limiting factor for their clinical use so finding information of how to 

increase angiogenesis in these constructs makes them one step closer to attainment. 

After the Western blotting process, films were scanned and analyzed using Gel-

Pro Analyzer. Through Gel-Pro Analyzer, an integrated optical density (IOD) was 

obtained for each band. Figure 14 is a representative blot obtained from Western blotting 

and shows the bands used to obtain an IOD. Blots similar to Figure 14 were produced for 

all SM markers. 

1:1 1:4 1:6 1:2 

„ , ̂  SMC Co EC 10T Co EC 10T Co EC 10T Co 
25 kDa — 

4MBb *•*-*» 4MM tAMto «*••» — 

20 k D a - "_ " " * * " * " " * 
Figure 14: Western blot showing calponin expression in several samples. The lanes are labeled above 
with the sample ratios and cell types. Similar blots were obtained for the other SM markers. 

Figure 15 shows the IODs for the positive controls for the 4 smooth muscle 

markers probed. aSM-actin and calponin HCASMC expression was much stronger than 
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any of the co-cultures expression. Even though there is low expression for caldesmon 

and SMMHC in the positive controls, an increase in expression was seen in the co-culture 

samples. Primary antibodies were selected based on their reactivity to both human and 

mouse cell types, but the low expression may be due to poorer reactivity of the antibodies 

to human cells (positive control) than mouse cells (10T1/2 cells in co-cultures). 
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Figure 15: Integrated optical densities (IODs) for the positive controls, HCASMCs, for aSM-actin, 
calponin, h-caldesmon, and SMMHC. The HCASMC samples were grown on differentiation media 
for 6 days. The seeding density was 300,000 cells/well. Bars represent mean ± SEM. 

In order to better visualize expression differences between groups, the percentage 

increase of the co-culture sample compared to the 10T1/2 sample was calculated using 

the formula below. 

Increase = * 100% 
ion/2 

Graphing the percentage increase of the co-culture samples makes it easier to 

visualize differences in expression between the different ratios. Figures 16 and 17 graph 

these percentage increases for the co-culture samples. The different ratios are shown 
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along with the seeding density on the x-axis. The 4 SM markers that were probed, aSM-

actin, calponin, caldesmon, and smooth muscle myosin heavy chain (SMMHC), were 

separated into 2 graphs. 
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Figure 16: Percentage increase of aSM-actin and SMMHC expression for co-culture samples relative 
to 10T1/2 cell monocultures. # represents a p-value < 0.05 compared to all the aSM-actin samples at 
60,000. * represents a p-value < 0.05 compared to the aSM-actin 1:1 ratio at 300,000 sample. A 

represents a p-value < 0.01 compared to all the aSM-actin samples at 60,000. Bars represent mean ± 
standard error of the mean (SEM). 

For aSM-actin, all 3 of the 300,000 samples have a higher expression than all of 

the 60,000 samples. In fact, none of the 60,000 samples showed any increase in aSM-

actin expression over their corresponding 10T1/2 samples. Looking at the three 300,000 

samples, there is an increase is aSM-actin expression as the ratio increases up to 1:6. The 

1:6 ratio co-culture is 3 times as high as the 1:1 ratio. SMMHC expression was high in 

the lower ratios of both the 300,000 and 60,000 samples. SMMHC expression was 

highest in the 1:1 ratio of the 60,000 samples. 
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Figure 17: Percentage increase of calponin and caldesmon expression for co-culture samples relative 
to 10T1/2 cell monoculture samples. Bars represent mean ± SEM. 

Calponin expression is similar to aSM-actin in that it is higher in the 300,000 

samples versus the 60,000 samples; however, the 60,000 sample at the 1:6 ratio had the 

highest expression in calponin. Caldesmon and SMMHC are similar in that they both 

show expression in the 300,000 samples and have their highest expression at the 1:1 ratio 

for the 60,000 samples. Both SMMHC and calponin have some expression in the 1:6 

ratio of the 60,000 samples. 

2D Co-Culture Experiments: Immunofluorescence 

To confirm that SM marker expression is occurring in the 10T1/2 cells, 

immunofluorescence was performed. Cells were seeded at 6,250 cells/cm2 which is 

equivalent to the 60,000 samples seeding density for the Western data. After 6 days in 

culture, immunofluorescence was performed. Figure 18 shows a panel of images 

displaying aSM-actin and PECAM-1 expression for co-cultures. The images in the right 

column are an overlay of the 2 fluorescence images on the phase contrast image (shown 

in the left column) so that the location of the fluorescences may be observed with respect 
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to each other, In the 1:1 and 1:6 ratios, the fluorescence of both aSM-actin and PECAM-

1 overlap considerably while in the 1:3 ratio, the otSM-actin and the PECAM-1 

expression are next to each other. Figure 19 show the aSM-actin and PEC AM-1 

expression in the monoculture samples. aSM-actin expression is strong in the 

HCASMCs as it should be and is not evident in the 10T1/2 cells. PECAM-1 is highly 

expressed in the HUVEC sample. Figure 20 shows the co-cultures at a higher 

magnification to allow for a closer look at the differential staining. The aSM-actin 

expression is beside the PEC AM* 1 staining showing that the same cells are not 

expressing both aSM-actin and PECAM-L 

Phase Contrast aSM-actin PECAM-1 Overlay 

1.1 

mows 
Figure 18: Co-culture images at 1:1,1:3, attd U6 ratios seeded at 6,250 cells/cm2 (equivalent to 60,000 
Western samples). In the overlay, aSM-actin expression appears blue and PECAM4 expression 
appears fuchsia, the co-culture pictures show both aSM-actin attd PECAM-1 expression, the scale 
bar in all pictures is 100 |itti. 
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Figure 19: aSM-actin and PECAM-1 expression in the monoculture controls. HUVECs only express 
PECAM-1 and HCASMCs only express aSM-actin. 10T1/2 cells do no express either as expected. 
The scale bars are equal to 100 fita. 

Phase Contrast aSM-actin PECAM-1 Overlay 

14 
Figure 20: In the overlay image, aSM-actin (blue) and PECAM-1 (fuchsia) expression in 1:3 and 1:4 
ratios. At these ratios, the aSM-actin expression does not overlap with the PECAM-1 expression as it 
does in the higher and lower ratios. Scale bar in the pictures is 100 urn 

Calponin expression was also examined along with PECAM-1. Figure 21 shows 

the co-culture expression for calponin and PECAM-1. Calponin expression is barely 

visible in the 1:1 ratio. It is only slightly more visible in the 1:3 ratio but is much more 

evident in the 1:6 ratio. In the 1:6 ratio, the calponin expression is located in cells that do 
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not express PECAM-1. Figure 22 displays the monoculture samples and their expression 

of calponin and PECAM-1. The HCASMCs express high levels of calponin while the 

10T1/2 cells do not, as expected. 

Phase Contrast Calponin PECAM-1 Overlay 

1 1 

1:3 ' 

* - < 

' * * j ^ •** 

Figure 21: Calponin (blue) and PECAM-1 (fuschia) expression in co-cultures and controls seeded at 
6,250 cells/cm2 (equivalent to 60,000 samples). The co-culture pictures show both calponin and 
PECAM-1 expression. HUVEC is only PECAM-1 expression and HCASMC and 10T1/2 cells are 
calponin. The scale bar in all pictures is 100 j«n. 
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Figure 22: Calponin and PECAM-1 expression in the monoculture controls. HUVECs only express 
PECAM-1 and HCASMCs only express calponin. 10T1/2 cells do no express either as expected. The 
scale bars are equal to 100 fim. 
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From the organization of the PEC AM-1 staining in the 1:1 ratio for both aSM-

actin and calponin, it appears that there is a layer of HUVECs (expressing PECAM-1) on 

top of other HUVECs that do not express PECAM-1. There is some expression of otSM-

actin and calponin in the same area. Fipre 23 shows the 1:1 ratios for both the aSM* 

actin and calponin expression zoomed in. 

l:J.oSM-actin' 

figure lit The 111 ratio pictures for ttSM-actitt and caiponin (Muej expression with PECAIVH 
(fuchsia). Scale bar in both pictures is lOO^M. 

ID Co-Culture Experiments: Western Blots 

10TI/2 cells and HUVECs (150,000 cells/hydrogel in a 1:4 ratio of 10T1/2 

celkHUVECs) were encapsulated in collagenase-sensitive degradable polyethylene 

glycol) diacrylate (PEGJDA) hydrogels with 3.3 umol/ml PEO-MDS for 6 days. Figure 

11 shows 10T1/2 cells surrounding HUVECs thus stabilization of vessels formed in the 

hydrogels after only 2 days. The hydrogels were degraded and the protein was extracted 

from them for Western blotting. Fipre 24 also shows the raw Western blot data. The 2 

co-culture samples show that smooth muscle specific markers were present in the co* 

cultures but not the monocultures after six days in culture. 
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Figure 24: Results from 3D co-culture. Left: CellTracker Green and Red were used to label 
HUVECs and 10T1/2 cells respectively. After 2 days in culture, 10T1/2 cells (red) surround HUVECs 
(green). HUVECs have vacuoles which are fusing to form a lumen. (Picture adapted from Moon 
2008). Right: Western blot results from 3D co-cultures after 6 days in culture. Both co-culture 
samples showed an increase in aSM-actin, calponin and caldesmon expression. 

Gel-Pro Analyzer was again used to measure the integrated optical density (IOD) 

of the Western blot bands. Figure 25 shows these results. Statistical analysis included a 

one way ANOVA followed by Tukey's post hoc. Figure 26 show the percentage increase 

of the co-culture samples over the 10T1/2 cell monocultures. The co-culture of HUVECs 

and 10T1/2 cells in a degradable PEG-based hydrogel increased SM marker expression 

dramatically over the HUVEC only and 10T1/2 cell controls. 
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Figure 25: IOD values for aSM-actin, calponin, and caldesmon from cells encapsulated in degradable 
PEG-based hydrogels. * represents a p-value < 0.05 compared to HUVECS (aSM-actin). A 

represents a p-value < 0.01 compared to 10T1/2 cells (aSM-actin). # represents a p-value < 0.01 
compared to both controls (calponin). Bars represent mean ± SEM. 
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Figure 26: Percentage increase of co-culture samples relative to 10T1/2 cell monocultures. Bars 
represent mean ± SEM. 
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CONCLUSIONS 

2D Co-Culture Experiments: Western Blots 

The goal of this research was to determine if there are specific culture conditions 

that will influence the differentiation of 10T1/2 cells into stabilizing pericytes or SMCs 

during their co-culture with HUVECs to form capillary-like structures. If these 

conditions can be found, then prevascularization of tissue engineered constructs is closer 

to occurring. When tissue engineered constructs are prevascularized, the time without a 

connection to the host blood vessels is greatly reduced which increases the survival of the 

construct (Tremblay et al. 2005). Prevascularized tissue engineered constructs can 

therefore be thicker than the current tissue engineered tissues which are thin and 

avascular. This work addresses some of the problems associated with creating and 

maintaining prevascularized tissue. 

In the first set of studies, co-cultures were maintained for 6 days and the Western 

blots were done to assess the degree of 10T1/2 differentiation. Two starting seeding 

densities were assessed, 60,000 and 300,000 cells/well. The ratio of 10T1/2 cells to 

HUVECs was varied from 1:1 to 1:6, while maintaining the same starting density. 

According to the percentage increase of the co-culture expression over the 10T1/2 cell 

expression, all SM markers showed some increase of expression in the 300,000 samples. 

SMMHC was the only marker not to show an increase in expression in both the 1:1 and 

1:6 ratios for 300,000. 

Interestingly, none of the SM markers showed an increase in expression in the 1:3, 

1:4, or 1:5 ratios for the 60,000 samples. A possible explanation for his lack of 

expression may be related to the low seeding density and the inability of the HUVECs to 
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form multiple layers. SMMHC was the only SM marker to show any increase in 

expression in the 1:2 ratio for the 60,000 samples while calponin was the only SM marker 

to show an increase in the 1:6 ratio for the 60,000 samples. Both caldesmon and 

SMMHC showed expression in the 1:1 ratio for the 60,000 samples which has the highest 

amount of 10T1/2 cells available to stabilize any tube-like formation. 

2D Co-Culture Experiments: Immunofluorescence 

Co-cultures and monocultures seeded at 6,250 cells/cm2, which is equivalent to 

the 60,000 cells/well samples, were immunostained for otSM-actin, calponin, and 

PEC AM to confirm 10T1/2 differentiation. For aSM-actin expression, as the ratio 

increases, the amount of aSM-actin present decreases as the percentage of 10T1/2 cells in 

culture decreases too. It is easier to visualize individual cells expressing aSM-actin only 

in the 1:3 and 1:6 ratio pictures. Calponin expression is much the same, in that individual 

cells expressing calponin are more visible at the 1:6 ratio. Calponin expression at the 1:3 

ratio is practically non-existent whereas aSM-actin expression at the 1:3 ratio was quite 

evident. 

In both the aSM-actin and calponin 1:1 ratios, the PEC AM-1 and SM marker 

expression overlap in islands on expression. These islands seem to be more densely 

populated that the areas without expression. These islands are not evident in the other 

ratios, which may be an indication of a cell density that is necessary for differentiation. 

Recall that both of the SM markers generally associated with late stage SMC 

development, caldesmon and SMMHC, had high expression in the 1:1 ratios of the 

60,000 samples. Calponin expression from the Western blots showed increased 
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expression in the 1:6 ratio for the 60,000 samples, which was reinforced by the 

immunofluorescence data as well. 

The SM-specific markers were only evident in the co-culture samples and the 

HCASMC samples. The monocultures of 10T1/2 cells did not express aSM-actin or 

calponin, nor did the HUVEC monocultures. In order for the 10T1/2 cells to express 

aSM-actin or calponin, they had to be in the presence of HUVECs. Neither the 

HCASMC or 10T1/2 monocultures expressed any PECAM-1, showing that PECAM-1 is 

specific for endothelial cells. 

3D Co-Culture Experiments: Western Blots 

Co-cultures were encapsulated in degradable PEG hydrogels with PEG-RGDS for 

6 days. In those hydrogels, there were 30,000 10T1/2 cells and 120,000 HUVECs 

encapsulated in 5 ul of hydrogel. Visualization of the cells through the use of 

CellTracker, shows 10T1/2 cells located around the HUVECs which is similar to what 

other research groups have found (Darland and D'Amore 2001; Koike et al. 2004; Au et 

al. 2008). The raw Western blot data shows a strong increase in aSM-actin, calponin, 

and caldesmon expression in the co-culture samples that holds true when the integrated 

optical density (IOD) is found. In fact, the co-culture expression for aSM-actin and 

calponin are statistically significant over the controls. Caldesmon has a p-value < 0.2, 

probably due to high variance in the co-culture values. 

All 3 SM markers examined show a sizable percentage increase of the co-culture 

sample expression over the 10T1/2 sample expression. The aSM-actin expression is 

close to 1100 for the 3D hydrogel samples. The 2D samples ranged in aSM-actin 

expression from approximately 440 - 1450 which puts the 3D expression within range. 
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aSM-actin is the most abundant protein in smooth muscle cells, accounting for 40% of 

the total protein, and is present even in early vascular development (Owens 1995). The 

3D samples, which produced close to the maximum expression observed in the 2D 

samples, suggests that aSM-actin production by cells does not require a very specific set 

of parameters. 

Conversely, calponin and caldesmon were expressed in relatively low levels in the 

3D samples. The calponin expression for the 3D hydrogel samples was around 1240 

while the 2D sample expression ranged from 200 - 9200. Caldesmon expression in the 

3D hydrogel samples was 950 and the 2D sample expression ranged from 120 - 1060 for 

most samples; however, the 1:1 ratio for the 60,000 sample was close to 22,500. The 3D 

hydrogel expressions being within the range of the 2D TCPS samples suggests that 2D 

co-cultures provoke some 10T1/2 cell differentiation. However, for calponin and 

caldesmon, the 3D environment and the cell density used in these studies does not seem 

to be sufficient to provide all the necessary signals for 10T1/2 cell differentiation. 

From these studies, the 300,000 starting density samples had some expression 

from all 4 of the SM-specific markers while the 60,000 samples did not. The 3D 

hydrogel studies started with 150,000 cells and had values within the range of expression 

seen in the 2D studies. The 60,000 samples essentially only showed expression in the 1:1 

ratio, except for calponin expression in the 1:6 ratio which was confirmed with 

immunofluorescence. 

In this work, the ratios and seeding densities of endothelial cells and mural 

progenitor cells were examined in order to obtain a better idea about the culture 

conditions needed for angiogenesis. From these studies, it was shown that 10T1/2 cells 
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do begin expressing SM-specific markers after co-culture with HUVECs. The 300,000 

samples had expression of all of the SM markers, while the 60,000 samples did not 

suggesting that a higher cell density is required. Tube formation occurs more quickly 

when multiple layers of endothelial cells are present so a higher density of endothelial 

cells helps the tube formation (Moon 2008). 

The 2D environment of these studies allows the 2 cell types to communicate with 

each other in a manner similar to that which occurs in vessel formation since the 10T1/2 

cells begin expressing SM markers similar to the stabilizing pericytes and smooth muscle 

cells of capillaries and arteries. The 3D environment of the degradable hydrogel also 

allowed for communication between the cell types, but to a stronger degree, as the 

expression of the SM markers was not as widespread as the 2D studies. One would 

expect stronger expressions since cells in their natural environment are in a 3D space 

surrounded by their ECM which provides structural and organizational stability (Davis 

and Senger 2005). 

Although endothelial cells cultured alone will form tube-like structures, these 

structures are not stable and therefore regress (Koike et al. 2004; Au et al. 2008). When 

mural progenitor cells, in this case, 10T1/2 mesenchymal cells, are present in the culture, 

tube-like structures are stabilized and do not regress (Koike et al. 2004; Au et al. 2008). 

Identifying any information about this relationship can lead to a better understanding of 

angiogenesis in tissue engineered constructs. This information could then be used to 

create prevascularized tissue engineered constructs (e.g. organs) which could help 

alleviate the long waiting list for organ transplants. 
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