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Ett av dagens mest spridda hälsoproblem är urinväginkontinens. Det drabbar unga kvinnor 

och äldre av båda könen. Enbart i USA är 60-80% av befolkningen över 15 år drabbade. 

Anledningen till besvären är oftast en försvagning av muskulaturen i de nedre urinvägarna. 

Behandlingen är vanligen fysiska övningar, injektion av en stödjande gel eller medicin. 

Möjligheten att implantera en så kallad scaffold med patientens egna, urinutvunna stamceller 

för att regenerera en ny fungerande muskelvävnad vore ett effektivt alternativt 

behandlingssätt. 

 Urinutvunna stamceller har tidigare visats ha stamcellsegenskaper genom att t ex 

kunna differentiera till olika typer av celler. Detta tyder på att de skulle kunna användas till 

cellterapibaserad behandling av urinvägsinkontinens. Möjligheten att regenerera vävnad i 

kroppen beror på cellernas överlevnad och tillväxt. För att överleva och tillväxa krävs bland 

annat att cellerna har tillräcklig tillgång till syre. Syre transporteras av blodkärlen och tills 

dessa har bildats är celldöd i mitten av scaffolden ett stort problem. 

 För att förhindra celldöden och öka cellernas tillväxt och differentiering finns 

möjligheterna att förbehandla cellerna i syrefattig miljö eller att så dem i ett syreavgivande 

material vid inplantering i kroppen. Förbehandling av benmärgsstamceller i syrefattig miljö 

har tidigare visat sig förbättra tillväxt och även öka produktionen av VEGF, en tillväxtfaktor 

som är inblandad i bildandet av nya blodkärl. Överproduktion av VEGF kan medföra 

snabbare kärlbildning, vilket ökar syretillförseln och därmed cellöverlevnaden. 

 Syreavgivande material har tidigare visat sig kunna förbättra cellöverlevnad och 

tillväxt både in vivo och in vitro. 

 Syftet med den här studien har varit att studera mänskliga urinutvunna stamcellers 

tillväxt och differentiering i syrefattig miljö med och utan syreavgivande material. 

 

Experiment 

Cellerna, urinutvunna samt kontroller av benmärgsstamceller och muskelceller, odlades under 

9 dagar i syrefattig miljö, 2,0% ± 0,1% O2, samt i normal miljö, 21% O2, med och utan 

material. Båda syrenivåerna höll 37˚C och 5% CO2. Materialet som användes var poly(d,l-

lactid-coglycolid), PLGA (75:25) med 5 vikt% calcium peroxid, CPO. 



 Under de 9 dagarna kontrollerades celltillväxten, differentieringen, samt produktionen 

av VEGF och HIF-1�, ett protein som samverkar med VEGF i bildandet av blodkärl. 

Celltillväxten kontrollerades var tredje dag genom cellräkning. ELISA (enzyme-linked 

immunosorbent assay) användes för att kvantifiera VEGF och HIF-1� och 

immuniflourocerande infärgning och PCR (polymerase chain reaction) användes för att 

undersöka hur cellerna påverkaes med avseende på differentiering. 

 Analys av experimentresultaten visade att cellerna hade bättre tillväxt i syrefattig 

miljö. Den syrefattiga miljön ökade även produktionen av VEGF och HIF-1�. Då cellerna 

odlades med syreavgivande material minskade celltillväxten och vid studier i ljusmikroskop 

visades tecken på differentiering dag 9. Utöver detta kunde ingen skillnad urskiljas med 

avseende på morfologi eller differentiering mellan de olika syrenivåerna med eller utan 

material. 

  

Slutsatser 

Att cellerna visar mer tillväxt i den syrefattiga miljön kan bero på att denna nivå ligger närmre 

cellernas fysiologiska syrenivå än den som vanligtvis används för cellodling. Ökningen av 

VEGF och HIF-1� stämmer överens med tidigare studier som har visat förhöjda nivåer av 

dessa proteiner vid odling i syrefattiga miljöer. Resultaten tyder även på att syreavgivande 

material kan påskynda differentieringen. Kombinationen av förhöjda värden av VEGF och 

HIF-1�, som kan skynda på blodkärlsbildningen, och förhöjd differentiering, med hjälp av det 

syreavgivande materialet, skulle kunna vara ett effektivt sätt att regenerera muskelvävnad för 

behandling av urinvägsinkontinens. Fler studier är dock nödvändiga för att ytterligare bekräfta 

detta. Studier på cellernas beteende i ännu lägre syrenivåer, som kan uppstå i mitten av 

scaffolden, och under längre tidsperiod skulle vara nödvändiga. 
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Abstract

Impact of Oxygen-Release Material on Human
Urine-Derived Stem Cells’ Differentiation and
Proliferation in Hypoxic Condition In Vitro
Marie-Louise Krieg

One of today’s most widely spread health problems is urinary incontinence, affecting
60-80% of the US population from age 15 and up. Treatment based on the possibility
to implant a scaffold seeded with the patients’ own urine-derived stem cells, hUSC, to
regenerate the damaged muscle tissue, would prove effective. A main challenge in
regenerating new tissue from cell-seeded scaffolds is the limited cell survival due to
insufficient oxygen diffusion to the center of the scaffold. Ways of enhancing cell
survival, and thereby, proliferation and differentiation, is by hypoxic preconditioning of
the cells or implantation in an oxygen-release material. Hypoxic preconditioning has
shown to enhance proliferation as well as the expression of vascular endothelial
growth factor, VEGF, in for example human bone marrow derived stem cells, hBMSC.
VEGF is involved in the establishment of vasculature structures and an upregulation of
its expression may therefore help promote quicker angeogenisis, increasing the
oxygen supply and the cell survival. Oxygen-release materials have shown to enhance
cell survival and growth both in vitro and in vivo.
This study aims to investigate the effect of hypoxia on hUSC, during 9 days of hypoxic
culturing (2.0% ± 0.1% O2) with and without oxygen-release material (PLGA 75:25
with 5 w% CPO) in vitro. hBMSC, and human smooth muscle cells, hSMC, have been
used as control groups. Cell proliferation, morphology, differentiation, production of
VEGF, and expression of hypoxia inducible factor HIF-1 alpha have been studied.
According to the results, combining hypoxic preconditioning of hUSC with
implantation in oxygen-release material could be an effective way to regenerate
muscular tissue. Hypoxic preconditioning enhanced cell proliferation, production of
VEGF, and HIF-1 alpha expression. The increase of VEGF and HIF-1 alpha would
promote vascularization when implanted. The oxygen-release material showed
possible promotion of cell differentiation, which would augment the hUSCs’ myogenic
differentiation, while supplying oxygen until the tissue’s vascular structure has been
established.
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1.1 Hypothesis 

Bladder smooth muscle cells, hSMC, among other cell types, have proved to be an oxygen 

dependent cell type.1 The O2-dependency of human urine-derived stem cells, hUSC, is yet 

unknown.2 When cells are implanted in a scaffold in vitro and in vivo, lack of oxygen is one 

of the main challenges for cell survival. The level of oxygen affects cell proliferation and 

differentiation. Studies of cells seeded in oxygen-release materials have shown increased 

viability and proliferation in comparison with when seeded in non-oxygen-release materials.3, 

4 Due to this, and the fact that the body’s tissues are hypoxic environment,1 we believe that 

hypoxic culturing in an oxygen-release material will enhance cell growth and myogenic 

differentiation of hUSC. 

1.2. Aims 

The aim of this project is to determine how hUSC seeded in an oxygen-release material in 

hypoxic condition are affected in terms of cell proliferation, differentiation, production of 

growth factors, and expression of hypoxia inducible factor HIF-1�. The project has been 

focused on two parts. The first part determines the effect of hypoxia on hUSC proliferation, 

differentiation, production of growth factors, and expression of HIF-1� without oxygen-

release material. In the second part, the oxygen-release material has been added to investigate 

if and how this affects the hUSC. 

1.3. Background 

Incontinence is one of today’s most widely spread health problems, affecting many younger 

women and older citizens of both sexes. Of the US population, 60-80 % in the ages 15 and 

above are thought to be affected. As the population becomes older, more people are afflicted, 

causing costs in terms of treatment, medical assistance, and suffering for the afflicted person 

as well as for society.5 

Different factors may be the cause of incontinency. In the case of stress urinary 

incontinence, SUI, and versicoureteral reflux, VUR, the case is most often a weakening of 

the supporting muscular structures in the lower urinary tract. Common treatment methods 

include exercises in order to strengthen the musculature tissue, the possibility to inject a 

supporting gel in the urinary tract, and medications enhancing the impulses to the muscles.6 
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An effective way to treat incontinence would be the possibility to implant a scaffold 

seeded with the patients own urine-derived stem cells, hUSC, in order to generate a new 

functional muscular tissue. hUSC have been shown to express stem cell markers, being able 

to differentiate into myocytes, osteocytes, chondrocytes, and adipocytes in vitro. They have 

also proven to be able to differentiate into bladder smooth muscle cells, bSMC, both in vivo 

and in vitro. This implies that these cells are a possible source for cell-therapy based 

urological treatment of SUI and VUR. 7, 8 

The possibility of regenerating muscular tissue in the body depends on the survival of 

the implanted cells in the body. One of the main challenges in achieving cell survival, and 

thereby proliferation and differentiation, in a scaffold is the insufficient diffusion of oxygen 

to the center of the graft. Until proper vascularization can be established, cells in this region 

therefore suffer from apoptosis. Two ways of overcoming this obstacle is the implantation of 

cells into an oxygen-release material or culturing them in hypoxic preconditions.3, 4, 9 

1.3.1. Oxygen-Release Materials 

A limit to tissue regeneration is not only that the cells are in need of a special level of oxygen 

but also how to deliver the oxygen to the cells before tissue neovascularization. Implantation 

of cells in an oxygen-release material has shown to enhance survival and growth both in vitro 

and in vivo. The material supplies them the necessary oxygen until the tissue has been 

vascularized. A material of poly(d,l-lactide-coglycolide), PLGA, containing calcium peroxide, 

CPO, particles has been shown to enhance cell survival in hypoxic conditions, as the material 

releases the necessary oxygen for the cells to survive. CPO in contact with water decomposes 

and releases O2 via the following reactions:4 

CaO2 + 2H2O � Ca(OH)2 + H2O2 

2H2O2 � O2 + 2H2O 

Hydrogen peroxide, H2O2, a byproduct of the above reaction, is cytotoxic.10 The cytotoxicity 

can be avoided by the addition of bovine catalase to the media.3, 11 

1.3.2. Hypoxic Preconditioning 

Cells cultured in hypoxic conditions start increasing their production of hypoxia inducible 

factor, HIF-1�, which in turn activates the transcription of vascular endothelial growth factor, 

VEGF. The presence of VEGF enhances the vascularization process once the cells are 

implanted in the tissue. VEGF may therefore help promote quicker angeogenisis, and thereby 

increase the oxygen supply and the cell survival.1, 12 
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Besides cell survival and growth, it is also important that they maintain their 

differentiation capabilities in order to be able to differentiate into smooth muscle cells, 

hSMC, once implanted. Previous studies have shown that human bone marrow derived 

mesenchymal stem cells, hBMSC, increase proliferation and maintenance of their 

differentiation capabilities in hypoxic condition.13 

1.3.3. Cells in Hypoxic Conditions 

In the body, tissues’ oxygen tension ranges between 1% and 5% while cell culturing is 

normally done at 21% O2. Therefore, information about cell behavior in terms of growth and 

differentiation, in the center of a scaffold or in the hypoxic condition of the body, cannot be 

obtained. Studies have been done with the results being that some cell types, such as 

cytotrophoblasts and endothelial cells, show increased proliferation but decreased 

differentiation when exposed to hypoxia. Other cell types, including neural stem cells, express 

both increased proliferation and differentiation when exposed to hypoxia.1 However, in 

common for all cell types exposed to hypoxia, is the increased production of HIF-1� and 

VEGF. Both of these factors are involved in the establishment of vasculature structures and 

needed for the continued survival and growth of the tissue.1, 12 Cells cultured in hypoxic 

condition and over-expressing these factors may therefore promote quicker vascularization 

when implanted. Over-expression of HIF-1� and VEGF in combination with cell survival-aid 

from the oxygen-release material, may prove a good combination for regenerating a new 

functional muscular tissue. 

 

There is no known research on the optimal oxygen tension for hUSC proliferation and 

differentiation, nor of how the production of VEGF and HIF-1� is affected. This study aims to 

investigate the effect of hypoxia on hUSC in vitro. Cell growth, morphology, differentiation, 

and production of VEGF and HIF-1� of hUSC, has been investigated during 9 days of 

hypoxic culturing in 2.0 ± 0.1% O2 with and without oxygen-release material in vitro. 

hBMSC and hSMC have been used as control groups. 

1.3.4. Definition of Hypoxia 

In this report the expressions hypoxia and normoxia will be used meaning the following: 

Hypoxia implies that the oxygen tension is very low, between 1% and 6% O2. As 

mentioned previously, many of the body’s tissues normal oxygen tensions do not exceed this 

level. In some cases it is therefore referred to as physiological hypoxia, meaning that it is the 
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normal level of oxygen in the tissue and therefore not true hypoxia.12 However, throughout 

this paper the term hypoxia will be used in reference to these low tensions of oxygen. 

Normoxia is the oxygen tension of air, 21% O2, in which cells are normally cultured 

even though this does not comply with the physiological oxygen tension.  

 

��������������
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2.1. Cell Types 

The primary target for this study was human urine-derived stem cells, hUSC. However human 

bone marrow stromal cells, hBMSC, and human smooth muscle cells, hSMC were used as 

control groups. 

 Urine derived stem cells are extracted from urine. About 0.2 % of the cells in urine are 

found to be hUSC, expressing stem cell markers and characteristics. These cells are easily 

cultured and proliferate well in culture.8 

Bone marrow stromal cells are found in a small amount in bone marrow aspirate and 

show the stem cell characteristics of self renewal, clonogenicity, and the potential to form 

mesenchymal tissues, i e bone, cartilage, and fat. For usage in research they are expanded, 

this, however, reduces their capacity to differentiate which limits their clinical utility in 

comparison to bone marrow stromal cells freshly taken from the bone marrow.14 

There are two types of muscle cells, striated and smooth muscle cells. Smooth muscle 

cells are differentiated cells responsible for the contraction of hollow organs, for example 

blood vessels, gastrointestinal tract, bladder and uterus.15 

All cells used in this study were received from donors to Wake Forest Institute of 

Regenerative Medicine, Winston-Salem, NC and expanded in culture by Dr Shantaram 

Bharadwaj. 

2.2. Cell Culture 

hUSC (passage 4 and 5) were cultured in a medium composed of a 1:1 ratio of keratinocyte 

serum-free medium (GIBCO, Invitrogen, Carlsbad, CA) and progenitor cell medium. To the 

keratinocyte serum-free medium was supplemented 5 ng/ml epidermal growth factor, 50 

ng/ml bovine pituitary extract, 30 ng/ml cholera toxin, 100 U/ml penicillin, and 1 mg/ml 

streptomycin. The progenitor cell medium consisted of ¾ Dulbecco´s modified Eagle´s 

medium, DMEM, ¼ Hamm’s F12, 10% fetal bovine serum, 0.4 �g/ml hydrocortisone, 10-10 
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M cholera toxin, 5 ng/ml insulin, 1.8 x 10-4 M adenine, 5 �g/ml transferrin, 2 x 10-9 M 3,39,5-

triiodo-L-thyronine, 10 ng/ml epidermal growth factor, and 1% penicillin-streptomycin. 

 hBMSC (passage 5 and 6) and hSMC (passage 3 and 4) were cultured in DMEM/high 

glucose medium supplemented with 10% fetal bovine serum, 1% glutamine, and 1% 

penicillin-streptomycin. 

The medium was changed every 3 days and the medium used for hypoxic culturing 

was conditioned in an oxygen-depleted chamber in order for it to deoxygenize. 

All cells were incubated at 37º C and 5% CO2, with varying oxygen tensions. 

2.3. Hypoxic Environment 

To create a hypoxic environment for the cells they were cultured in C-Chambers (BioSpherix, 

Redfield, NY, USA) and all handling, i e addition of cells, medium, and change of medium 

was done in a hypoxic glove box. The C-Chambers were kept at 37ºC and 5% CO2. The 

chamber was connected to a device, ProOx (BioSpherix, Redfield, NY, USA), which 

controlled the oxygen level inside the chamber. The device was set to the desired oxygen 

tension, and an oxygen sensor in the chamber 

monitored the oxygen level in the chamber. If the 

oxygen level was too low, the ProOx infused 

more oxygen and if the oxygen level was too 

high, nitrogen was infused until the desired levels 

were reached. The pressure in the chamber was 

maintained the same as the pressure outside the 

chamber.16 For this study we used a hypoxic 

condition of 2.0 ± 0.1% O2. 

Figure 1. C-Chamber from BioSpherix. Source: Biospherix, Ltd. Cell Culture Incubator, 
Hypoxia Chamber & Animal Modeling Systems http://www.biospherix.com/products/c-
chambers. 15-04-2010. 

2.4. Oxygen-Release Material 

The oxygen-release material used for this experiment was an electro spun sheet of PLGA 

(75:25) with 5 wt% CPO. 15 wt% PLGA was mixed with 20 ml HFP, 5 wt% CPO was added 

and the solution was added to syringes and electro spun at 20 kV and 4 ml/h around a 10 cm 

mandrel. The finished mesh was then removed from the mandrel and cut into 1/8 cm2 and 

1/64 cm2 squares. 
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2.5. Trypan Blue Staining 

Cell viability was assayed using trypan blue staining. Trypan blue stain diluted in PBS (0.8 

mM) was added in a 1:1 ratio to trypsinized cells. Cells were then counted using a 

hemocytometer. As the dead cell membrane is ruptured, dead cells take up the stain and are 

therefore stained blue while the live cells exclude the stain. This allows the determination of 

the amount of viable cells in ratio to the non-viable cells.17 

2.6. Immunofluorescent Staining 

Different methods of staining can be used to analyze cell characteristics. In 

immunofluorescent (IF) staining, cells are stained using fluorescent secondary antibodies and 

their target protein can then be studied with a fluorescent microscope. The first step in 

staining is cell fixation. Cells are fixed, commonly by immersion or coverage in 4% 

paraformaldehyde. After fixation, cells are washed with PBS before a detergent is added. The 

detergent penetrates the cell membrane exposing the proteins, which are to be labeled. This is 

followed by another PBS wash. The cells are then blocked with serum free block before 

addition of the first antibody. The serum free block serves to inhibit nonspecific binding to 

secondary reagents in the cell. The incubation with the primary antibody is followed by PBS 

wash and then the secondary antibody is added before mounting. Immunofluorescent staining 

was used to determine cell differentiation. The staining was done for the myogenic markers 

desmin, myosin, and alpha  smooth muscle actin, �SMA, as well as the progenitor markers 

CD146, platelet derived growth factor receptor beta, PDGF-r�, and NG-2. 

2.7. ELISA 

Enzyme-linked immunosorbent assay, ELISA, is an antibody-based assay for protein 

quantification. Microplates are coated with a protein specific antibody. The sample is added to 

the plate and incubated 1-2 h at room temperature. During this incubation period the protein 

binds to the antibody. All unbound substance is then washed away and an enzyme-linked 

polyclonal antibody is added and, during another 1-2 hours incubation, binds to the protein. 

After all unbound substances are washed away a substrate solution is added. The substrate 

solution consists of 1:1 H2O2 and tetramethylbenzidine. This solution reacts with the enzyme-

linked antibody causing a color development proportional to the amount of bound protein. 

The color development is stopped by the addition of stop solution, 2 N H2SO4, and the 

absorbance at a certain wavelength is determined using a microplate reader. The absorbance is 

proportional to the amount of protein, allowing quantification.18 See Figure 2. 
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 protein 

 antibody 

 

Figure 2. The protein binds to the precoated microplate (1,2), the enzyme-linked antibody 

then binds to the protein (3) and the addition of the substrate solution causes a color 

development (4), which allows the quantification of the protein. 

 

In this study ELISA has been used to quantify the amount of VEGF secreted by the cells as 

well as their continence of HIF-1�. 

2.8. RT-PCR 

Real time quantitative polymerase chain reaction, RT-PCR, is a method for analyzing gene 

expression, genotyping, pathogens and mRNA in cells and tissues. The method has three 

steps: denaturation, annealing, and extension. The steps serve to amplify a target gene in the 

DNA for analyzation. Before starting the PCR, however, it is necessary to extract RNA from 

cells or tissue and to make template DNA, which is what is amplified in the RT-PCR. 

 In the first step of RT-PCR, denaturation, the template DNA (cDNA) fragments from 

the cells or tissues are heated to high temperatures, 94ºC, Figure 3. This reduces the DNA 

double helix to a single strand to allow access for the primers in the annealing step. After 

denaturation, the mixture is cooled to 53ºC and the primers anneal to the complimentary 

regions in the DNA template strands, Figure 4. The primers are chosen to be specific for the 

region of interest, for example at a certain genetic combination. The last step, extension, 

Figure 5, performed at 72ºC, is when the new DNA strands containing the specific genes, 

marked by the primers, are synthesized. These three steps are followed by incubation at 72ºC 

for 5 minutes and then all steps are repeated 35 times. The amplified DNA is then assessed by 

gel electrophoresis.19, 20 

 RT-PCR has been used in addition to IF staining to assay the cells expression of 

myogenic and progenitor markers. 

 

 

 

 

 

1 2 3 4 
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Figure 3. Denaturation: cDNA is heated to high temperatures, reducing the DNA double helix 

to a single strand. 

 

 

 

 

 

 

Figure 4. Anneling: the mixture is cooled to 53 ºC and primers anneal to their complimentary 
regions in the cDNA. 
 

 

 

 

 

Figure 5. Extension: the new DNA strands containing the specific genes, marked by the 

primers, are synthesized at 72ºC. 

 

�

 

Double-stranded template DNA 

Primer 1 

Primer 2 

Primer 1 

Primer 2 
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3.1. Experimental Set-Up 

The aim of this study was to investigate hUSC behavior in hypoxia (2.0 ± 0.1% O2) with and 

without oxygen-release material. To achieve this, all cell types, hUSC and controls of hBMSC 

and hSMC, were expanded in cell culture dishes (10 cm in diameter �) to 75%-80% 

confluence. When confluence was reached, the medium was drained off, the cells were 

washed with 5 ml PBS, and then split using 2 ml of trypsin and incubated for 3 minutes in 37 

ºC. After that, 8 ml of medium was added and cells were centrifuged at 1500 rpm for 5 

minutes. Supernatant was taken away and the cells were resuspended in 10 ml of medium. 

The cells were then counted and suspended to the concentration specified beneath. 

Cells were cultured in two different oxygen conditions, hypoxia (2.0 ± 0.1 % O2), and 

normoxia (21% O2) for 9 days with checkpoints on days 3, 6, and 9. Both of the oxygen 

conditions were kept at 37ºC and 5% CO2. All cell types were plated in 4 wells in 6-well 

plates at a concentration of 1 000 cells/well, with 2 ml total volume. Three wells per cell type 

and oxygen condition were used to collect media and for cell counting on days 3, 6, and 9. For 

day 9, one well per cell type and oxygen condition was used to collect cells for RNA 

purification to be used for RT-PCR. Cells were also collected for an early time point RT-PCR 

on day 3. For this 40 000 cells were plated in 3 cm diameter plates with 2 ml total volume. 

For the assessment of HIF-1�, 10 cm plates were plated with 100 000 cells in 10 ml media, 

one plate per cell type and oxygen condition. These were cultured for 9 days before cell 

collection and assessment. 8-well chamber slides were plated with 50 cells/well and 200 �l 

total volume, 12 wells per cell type and oxygen condition. The chamber slides were used for 

IF staining of smooth muscle cell markers and progenitor markers (8 wells). 

For all cell types and both oxygen conditions, the media was changed every third day. 

Oxygen depleted media was used for the cells in hypoxic condition. The media was depleted 

from oxygen by leaving the media in 0.1% O2 for 8 h. This treatment allowed the media to 

reach a level of 1.5%-1.8% O2. 

The same set up as described above was used when the oxygen-release material was 

added. 1/8 cm2 material was added to each well of the 6-well plates and 3 cm dishes. 1/64 cm2 

material was added to the wells of the 8-well chamber slides. To the 10 cm dishes 5/8 cm2 

material was added. The material did not attach to the cells but was floating in the media. To 
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avoid cytotoxicity from the material the medium was supplemented with 100 U/ml bovine 

catalase (Sigma-Aldrich, St. Louise, MO, USA). 

Figure 6 shows the set up for the experiment. 

 

Figure 6. Experimental set-up for each oxygen condition and cell type. The amount of cells 
and the amount of media and material (for the part of the study this applies) are specified on 
the right. 

1000 cells/well + 1/8 
cm2 material. 2 ml total 
volume. 
Media collection and 
cell counting on days 3, 
6, and 9. 

1000 cells/well + 1/8 
cm2 material. 2 ml total 
volume. 
Cell collection for PCR 
on day 9. 

100 000 cells/well + 5/8 
cm2 material. 10 ml total 
volume. 
Cell collection for HIF 
ELISA on day 9. 

40 000 cells/well + 1/8 
cm2 material. 2 ml total 
volume. 
Cell collection for PCR 
on day 3. 

50 cells/well + 1/64 cm2 
material. 200 �l total 
volume. 
IF staining on day 9. 

hUSC hBMSC 

hSMC 

hBMSC hSMC hUSC 
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3.2. Assessments 

The same assessments were performed both on cells cultured with and without oxygen-release 

material. 

3.2.1. Cell Counting, Morphology, and VEGF ELISA 

On days 3, 6, and 9 viable cells’ morphology was analyzed with a light microscope (Leica 

Microsystems, Bannockburn, IL, USA) and counted using a hemocytometer. Before cell 

counting, 5 ml media was collected from three wells per cell type and oxygen level. The 

media was stored in -80ºC and then assayed for VEGF using ELISA (human VEGF 

Quantikine, R&D Systems, Minneapolis, MN, USA). The ELISA was performed by adding 

50 �l assay dilutent and 200 �l supernatant (media) to each well of the precoated microplate 

(96 well). The plate was then incubated at room temperature for 2 hours. The incubation was 

followed by 3 washes with wash buffer before the addition of 200 �l conjugate. This followed 

by another 2 hours incubation at room temperature, 3 washes with wash buffer, and then 

addition of 200 �l substrate solution. After 20 minutes of incubation away from light at room 

temperature, 50 �l stop solution was added and the plate was read at 450 nm using a plate 

reader (Molecular Devices, Sunnyvale, CA, USA). 

In order to count the cells, 360 �l trypsin was added to each well and incubated in 

37ºC for 3 minutes. The suspended cells were mixed 1:1 with trypan blue and counted. 

3.2.2. HIF-1� ELISA 

For the HIF-1� ELISA, Human/Mouse Total HIF-1� ELISA DuoSet (R&D Systems, 

Minneapolis, MN, USA), was used. Cells were rinsed and solubilized with lysis buffer at a 

concentration of 1 x 107 cells/ml and stored in -80ºC. The lysis buffer contained 50 mM Tris 

(pH 7.4), 300 mM NaCl, 10% (w/v) glycerol, 3% EDTA, 1 mM MgCl2, 20 mM �-

glycerophosphate, 25 mM NaF, 1% Triton X 100, 25 �g/ml leupeptin, 25 �g/ml pepstatin, and 

3 �g/ml aprotinin. This lysate was then analyzed by ELISA. The 96-well microplate for the 

ELISA was prepared by coating each well with 100 �l capture antibody. The plate was sealed 

and incubated overnight at room temperature. The plate was washed 3 times with wash buffer, 

coated with 300 �l/well reagent dilutent, and left at room temperature for 1 hour. Wash buffer 

was then used to wash the plate another 3 times. When the plate was prepared, 100 �l sample 

and standards was added to each well, sealed and incubated for 2 hours  at room temperature. 

The plate was washed 3 times and detection antibody (400 ng/ml) was added to each well, 

sealed and incubated for 2 hours at room temperature. This was followed by 3 washes and the 
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addition of 100 �l/well streptavidin-HRP and incubated 20 minutes at room temperature. The 

plate was washed 3 times and the addition of 100 �l/well substrate solution required another 

20 minutes incubation at room temperature. 50 �l stop solution was added to each well and 

read in a plate reader at 450 nm. 

3.2.3. RT-PCR 

The cells cultured for RT-PCR were also lysated and the RNA was extracted and purified 

using PerfectPure RNA from 5 Prime (Thermo Fisher Scientific, Pittsburg, PA). The 

procedure as follows: the lysate was added to a purification column and centrifuged at 13 000 

rcf for 1 minute. The column was transferred to a new tube and 400 �l Wash 1 Solution was 

added and centrifuged at 13 000 rcf for 1 minute. After transferring the column to a new 

collection tube, 50 �l DNases Solution was added and incubated at room temperature for 15 

minutes. 200 �l DNase Wash Solution was added followed by centrifugation at 13 000 rcf for 

1 minute. Another 200�l DNase Wash Solution was added and centrifuged at 13 000 rcf for 2 

minutes. Before addition of Wash 2 Solution the column was transferred to a new collection 

tube. Wash 2 Solution was added in the same amounts and centrifuged the same way as 

DNase Wash Solution. After the washes, the column was again transferred to a new collection 

tube and 50 �l Elution Solution was added and centrifuged for 1 minute at 13 000 rcf. The 

amount of RNA content was measured using NanoDrop (Thermo Scientific, Wilmington, DE, 

USA) and then stored at -80ºC before making cDNA. 

cDNA was made using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA). The Master Mix was mixed using 2.0 �l 10X RT Buffer, 

0.8 �l 25 X dNTP Mix (100mM), 2.0 �l RT Random Primers, 1.0 �l MultiScribeTM Reverse 

Transcriptase, and 4.2 �l Nuclease-free H2O per sample. This was mixed with equal volume 

sample in PCR tubes, centrifuged, and cycled at 25ºC (10 min), 37ºC (120 min), 85ºC (5 min), 

4ºC (�). The RT-PCR was performed by making the master mix containing 2.0 �l cDNA, 2.5 

�l 10X Buffer (New England BioLabs Inc, Ipswich, MA, USA) 1.0 �l Primer P1, 1.0 �l 

Primer P2, 0.25 �l Taq Polymerase Enzyme (New England BioLabs Inc, Ipswich, MA, USA), 

15.75 �l Nuclease-free H2O, and 2.5 �l dNTP (2mM, New England BioLabs Inc, Ipswich, 

MA, USA) per sample. The mix was then cycled: 94ºC (5 min), then 94ºC (20 s), 53ºC (30 s), 

72ºC (45 s), these steps repeated 35 times and then at 72ºC (10 min) and finally 4ºC (�). The 
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primers used were �SMA (595 bp), desmin (440 bp), myosin (656 bp), CD146 (437 bp), NG-

2 (271 bp), and PDGF-r� (226 bp).* GAPDH was used as control. 

Electrophoresis on the RT-PCR samples was done in a 1.5% agarose gel. 15 �l sample 

was added to each well and the gel was run at 120 V for 45 minutes. The sample was mixed 

5:1 with 6X DNA dye. 

3.2.4. Immunofluorescent Staining 

In addition to RT-PCR, cell differentiation and maintenance of progenitor markers was 

assayed by IF staining. The cells were fixed in 4% paraformaldehyde for 10-15 minutes. They 

were washed 3x 5 minutes with PBS and blocked for 30 minutes in serum free block (Dako, 

Carpinteria, CA, USA). The primary antibodies used were mouse monoclonal Desmin (Dako, 

Carpinteria, CA, USA), mouse monoclonal Myosin (Sigma-Aldrich, St. Louise, MO, USA), 

mouse monoclonal �SMA (Sigma-Aldrich, St. Louise, MO, USA), rabbit monoclonal CD146, 

mouse monoclonal NG-2, and rabbit monoclonal PDGF-r� (abcam, Cambridge, MA, USA). 

Desmin, myosin, and �SMA were diluted 1:100 in antibody dilutent (Dako, Carpinteria, CA, 

USA) and CD146, NG-2, and PDGF-r� were diluted 1:200 in the same dilutent. 200 �l 

dilution was added to each well and left over night in 4ºC. FITC Goat-anti-mouse and FITC 

goat-anti-rabbit (Jackson Immuno Research Laboratories Inc., West Grove, PA, USA) were 

used as secondary antibodies. These were diluted 1:200 in antibody dilutent and 200 �l was 

added to each well and incubated in room temperature for 1h protected from light. Following 

3x 5 minutes PBS washes, the chamber slides were mounted with DAPI mounting medium 

(Vector Laboratories, Burlingame, CA, USA). 

 

�����������

4.1. Cell Proliferation 

After 9 days of culturing, hUSC with and without oxygen-release material showed more 

proliferation in hypoxic condition than normoxic, as seen in Figure 7. Figure 8 shows that the 

same applied for hSMC. It may be deduced from Figure 9 that hBMSC proliferation without 

oxygen-release material is enhanced in hypoxic condition, but after 9 days with oxygen-

release material, normoxic cells proliferate better. Cells cultured with oxygen-release material 

show fewer cells than those without, this in common for all three cell types. 

                                                 
* all primers were made by Dr Shantaram Bharadwaj. 
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Figure 7. hUSC proliferation on day 3, 6, and 9 with (bottom) and without (top) oxygen-
release material. Observe the different scales in the two graphs. 
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Figure 8. hSMC proliferation on day 3, 6, and 9 with (bottom) and without (top) oxygen-
release material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 16

 
 

BMSC P6 in 2.0% and 21% O2

0

50000

100000

150000

200000

250000

0 3 6 9

BMSC 2.0% O2

BMSC 21% O2

BMSC P5 in 2.0% and 21% O2 with oxygen-release material

0

20000

40000

60000

80000

100000

120000

140000

0 3 6 9

day

c
e
lls

/m
l

BMSC 2.0% O2

BMSC 21% O2

 
 

Figure 9. hBMSC proliferation on day 3, 6, and 9 with (bottom) and without (top) oxygen-
release material. Observe the different scales in the two graphs. 
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4.2. Cell Morphology 

It was not morphologically possible to distinguish between the cells cultured in hypoxia from 

those cultured in normoxia. However, a comparison between Figure 10 and 11 shows that, 

after 9 days, hUSC cultured with the oxygen-release material have more cells beginning to 

differentiate than without the material. This is noted especially in the normoxic condition. 

Figure 10 and 11 also show the increased number of cells in hypoxia. 

 

 

Figure 10. Cell morphology for cells cultured without oxygen-release material after 9 days. 
From the top, hUSC, hSMC, hBMSC. The left column show cells cultures in hypoxia and the 
right column those cultured in normoxia. There is no morphological difference between 
normoxic and hypoxic cells. The photos’ width is 160 �m. 
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Figure 11. Cell morphology for cells cultured with oxygen-release material after 9 days. 
Arrows indicate hUSC starting to differentiate. From the top, hUSC, hSMC, hBMSC, The left 
column show cells cultured in hypoxia and the right column those cultures in normoxia. There 
is no morphological difference between normoxic and hypoxic cells. The photos’ width is 160 
�m. 
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4.3. Secretion of Vascular Endothelial Growth Factor 

Cells grown in hypoxia without oxygen-release material secreted more VEGF than cells 

grown in normoxia. The addition of oxygen-release material reduced the VEGF production 

not only in normoxia but also inhibited the production of VEGF in hypoxia as the cells with 

material in normoxia secreted more of the protein. Figure 12 shows the VEGF production of 

hUSC, hBMSC, and hSMC in hypoxic and normoxic condition without oxygen-release 

material. VEGF production of the three cell types in hypoxic and normoxic condition with 

oxygen-releasing material is shown in Figure 13. There is a peak of production on day 6 for 

cells with material in normoxia. 
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Figure 12. VEGF production of hUSC, hBMSC, and hSMC without oxygen-releasing 
material. 
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Figure 13. VEGF production of hUSC, hBMSC, and hSMC with oxygen-releasing material. 
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4.4. HIF-1� Expression 

The expression of HIF-1� on day 9 was increased in hypoxic conditions. hUSC had increased 

HIF-1� only for hypoxic condition with oxygen-release material, Figure 14. hSMC 

production was increased for both hypoxic conditions, with the most production with oxygen-

release material, Figure 15. The hBMSC also increased the production of HIF-1� in hypoxia 

but, in contrast to hUSC and hSMC, showed more production without oxygen-release 

material, see Figure 16. 
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Figure 14. hUSC expression of HIF-1� on day 9. 
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Figure 15. hSMC expression of HIF-1� on day 9 
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Figure 16. hBMSC expression of HIF-1� on day 9 
 

4.5. Cell Differentiation 

As indicated by Figure 17, no visible difference could be deduced on day 9 from the IF 

staining for myogenic markers, neither between the two oxygen conditions nor with or 

without material. Figure 18 shows slightly more expression of progenitor markers on cells 

cultured with oxygen-release material than without. 

 

Figure 17. IF staining for myogenic markers for hUSC. Cell nucleus is stained red and the 
markers are stained green. The scalebar in the lower lefthand corner corresponds to 10 �m. 
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Figure 18. IF staining for myogenic markers for hUSC. Cell nucleus is stained red and the 
markers are stained green. The scalebar in the lower lefthand corner corresponds to 10 �m. 

 

4.6. Gene Expression 

RT-PCR showed that hUSC better maintained their progenitor characteristics on day 9 when 

cultured with oxygen-release material. Figure 19A show progenitor markers for hUSC in 

hypoxia and normoxia without oxygen-release material. 19B show progenitor markers for 

hUSC in hypoxia and normoxia with oxygen-release material. As can be seen, cells cultured 

with oxygen-release material have increased expression of both CD146 and NG-2. The gene 

expression of myogenic markers is shown in 19C for hUSC in hypoxia and normoxia without 

oxygen-release material and in 19D for hUSC in hypoxia and normoxia with oxygen-release 

material. There was no difference in terms of myogenic differentiation for the assayed 

markers. 
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Figure 19. RT-PCR electrophoresis. hUSC in hypoxia and normoxia without oxygen-release 
material in 19A (progenitor markers) and 19C (myogenic markers). hUSC with oxygen-
release material in 19B (progenitor markers) and 19D (myogenic markers). C=CD146, 
N=NG-2, P=PDGF-r�, A= �SMA, D= desmin, M=myosin. The ladder is shown on the far 
right. 

4.7. Summary 

In summary, hypoxic culturing affected hUSC by increasing cell proliferation, expression of 

HIF-1�, and production of VEGF. The addition of oxygen-release material slowed the cell 

proliferation by increasing the rate of differentiation, starting on day 9. The expression of 

HIF-1� and production of VEGF was decreased by addition of the oxygen-release material. 

No difference could be determined concerning morphology and myogenic differentiation. 

Progenitor markers CD146 and NG-2 were genetically expressed in the cells cultured with 

oxygen-release material but not without material. A summary and comparison between cells 

cultured in hypoxia with and without oxygen-release material is presented in Table 1. 

 

 
Table 1. Summary and comparison between cells cultured in hypoxia with and without 
oxygen-release material. 

hUSC hBMSC hSMC  

hypoxia Hypoxia 
and O2-
release 
material 

hypoxia Hypoxia 
and O2-
release 
material 

hypoxia Hypoxia 
and O2-
release 
material 

Proliferation + + + 

Differentiation                          +                          + n/a 

VEGF 
production 

+ + + 

HIF-1� + + + 

Progenitor 
markers 

                         +                          + n/a 

+ = increased 

2.0% O2 21% O2 

C N P C N P 

2.0% O2 21% O2 

C N P C N P 

2.0% O2 21% O2 

A D M G A D M G 

2.0% O2 21% O2 

A D M G A D M G 

A B C D 
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Hypoxic culturing increased hUSC rate of proliferation, which can be explained by that this 

level of oxygen is closer to the cells physiological oxygen conditions than is that of the 

normal culturing conditions. Addition of oxygen-release material slowed hUSC proliferation, 

which may be explained by signs of differentiation shown on day 9. The increase in VEGF 

and HIF-1� complies with previous studies, which have shown higher levels of these proteins 

for cells cultured in low oxygen levels. The decrease in cell number could also be a reason 

why the amounts of VEGF and HIF-1� are reduced when the material is added. The fact that 

hUSC show expressions of progenitor marker on day 9 at the same time as early stage of 

differentiation can be seen in the morphology. No myogenic differentiation could be derived 

from the IF staining or RT-PCR, further explaining that the morphology seen is at a very early 

stage of differentiation. hUSC and the control groups of hSMC and hBMSC showed common 

results for all assessments, indicating that progenitor cells as well as differentiated cells react 

similarly to hypoxic preconditioning and to oxygen-release materials. It should also be noted 

that the progenitor markers assayed in IF staining and RT-PCR are only an indication and not 

alone enough proof that these are progenitor cells. To prove that these are progenitor cells 

they need to be evaluated together with other progenitor markers. 

 To further improve and continue this study, studying cell behavior at lower levels of 

oxygen would allow more conclusions on how cells would behave, not only in their 

physiological conditions, but also in the center of a scaffold. It is also possible that the 

oxygen-release material would have made a bigger difference if the hypoxic condition had 

been lower. This considering that the material would have released an amount of oxygen 

making the difference with and without material relatively larger. Another improvement 

would be to use cells of the same passage for all the experiments to better be able to compare 

the effect of the different culturing conditions. Also studies over a larger period of time and 

more specific studies about cell differentiation and maintenance of progenitor markers, should 

be conducted. 

  

!��	�
������
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In conclusion, an effective way to regenerate muscular tissue for possible cell-therapy based 

urological treatment of SUI and VUR would be combining hypoxic preconditioning of hUSC 

together with implantation in an oxygen-release material. Hypoxic preconditioning enhances 
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cell proliferation, production of VEGF, and HIF-1� expression. The increase of VEGF and 

HIF-1� would promote vascularization when implanted. The oxygen-release material seems 

to promote cell differentiation into muscle cells and supplies oxygen while the tissue’s 

vascular structure is being formed. 
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Thanks to all staff at Wake Forest Institute for Regenerative Medicine. Special thanks to Dr 
Yuanyuan Zhang and Dr Shantaram Bharadwaj. Thanks also to Catherine Ward for providing 
the oxygen-release material. 
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Adipocytes - cells involved in the formation of fat tissue. 

Angiogenisis - vascularization 

Apoptosis - naturally occurring cell death 

�SMA - alpha-smooth muscle actin, actin threads are, together with myosin filaments, 

responsible for muscle contraction. 

Bovine catalase – an enzyme catalysing the reaction 2H2O2 � O2 + 2H2O. 

bSMC – bladder smooth muscle cells. 

CD146 - proteoglycan of the cell membrane, expressed in endothelial progenitor cells. 

cDNA – complementary DNA. A double stranded, more stable version of mRNA. It is 

synthesized from mRNA. 

Chondrocytes - cells involved in the formation of cartilage tissue. 

Clonogenicity – being able to form clones. 

CPO – calcium peroxide. 

Cytotoxic - toxic to cells. 

Cytotrophoblasts - cells which are placental specialized and located near the uterine surface. 

Desmin - muscle cell filament expressed in smooth and skeletal muscles. 

DMEM - Dulbecco´s modified Eagle´s medium. 

Endothelial cells - cells involved in vascularization formation. 

FITC – Fluorescein isothiocyanate, a fluorophore used as a label in fluorescent microscopy. 

GAPDH - glyceraldehyde-3-phosphate dehydrogenase, used as positive control in PCR. 

hBMSC - human urine-derived mesenchymal stem cells. 

HFP – hexafluoropropanol, a solvent. 

HIF-1� –hypoxia inducible factor, protein involved in angeogenisis. 

hSMC - human smooth muscle cells. 

hUSC - human urine-derived mesenchymal stem cells. 

Mesenchymal stem cells – multipotent cells which can differentiate into bone-, cartilage-, and 

fat forming cells.  

mRNA - messenger RNA. mRNA is transcribed from DNA in the nucleus and is transported 

to the ribosomes for protein synthesis.  

Myocytes - cells involved in the formation of muscular tissue. 

Myogenic - of or having to do with muscle 

Myosin - family of proteins responsible for muscle contraction. 
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Necrosis - accidental cell death due to injury. 

NG-2 - a proteoglycan found in the central nervous system expressed mainly on the surface of 

developing and adult oligodendrocyte (brain cell) precursor cells, but also on 

developing chondrocytes, cardionyocytes, pericytes, and human tumors. 

Osteocytes – cells located in the mineralized bone matrix. 

Passage – the cells’ age, the number of times the cells have been split and replated. 

PBS – phosphate buffered saline. 

PDGF-r� - platelet-derived growth factor-receptor beta controls cell proliferation, survival, 

and migration. Expressed in certain progenitor cells. 

Primers - a segment of DNA or RNA that is complementary to a given DNA sequence, and 

that needed to initiate replication by DNA polymerase. 

Progenitor cell - a cell that can differentiate but only to specific cell types and with limited 

replications. 

Scaffolds - a matrix into which cells are implanted. 

Self renewal - the ability to maintain an undifferentiated state while going through numerous 

cycles of cell division. 

VEGF - vascular endothelial growth factor, growth factor involved in angeogenisis. 

 

 


