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Abstract 

of 

THE SAFETY AND EFFICACY OF TIMOLOL TREATED  

MESENCHYMAL STEM CELLS IN A SCAFFOLD ON AN IN VIVO  

DIABETIC WOUND MODEL 

by 

Andrew Adams 

 

 Diabetic foot ulcers (DFU) are chronic, non-healing wounds on the feet of 

diabetic individuals and are the leading cause of non-traumatic amputations in the United 

States. Current treatments have success rates generally below 50%, however novel 

experiments using hypoxia (1% O2) preconditioned mesenchymal stem cells (MSCs) 

show the potential to improve healing rates through the secretion of cytokines that recruit 

cells vital to the healing process to the injury site. In addition, stress-induced epinephrine 

generated within the wound site has been shown to inhibit wound healing by disrupting 

the actions of these key cells through binding and activation of the β2-adrenergic receptor 

(β2-AR). These effects could be reversed by the application of a β2-AR inhibitor. Thus, 

the purpose of this study is to investigate the effects of treating MSCs with the general 

β2-AR antagonist Timolol at varying concentrations to determine if the compound 

improves their therapeutic potential. 

 We analyzed three aspects of MSCs to determine if preconditioning or exposure 

to Timolol improved their therapeutic abilities. We first looked at MSC persistence and 
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distribution throughout mouse wound tissue when delivered using two different collagen 

scaffolds, Integra
™

 and Oasis
®
.  Control samples of MSCs attached to scaffolds and 

wound tissue treated with MSCs delivered in scaffolds were formalin fixed and paraffin 

embedded. After sectioning and removing the paraffin, samples were subjected to either 

fluorescence in situ hybridization (FISH) using a human specific centromeric probe or 

immunohistochemistry (IHC) using a HLA-E human specific antibody to visualize 

human cells within matrices. After repeated attempts, we were unable to distinguish 

MSCs from 3t3 fibroblast using FISH. However we were able to identify MSCs within a 

murine wound sample using IHC, but the conditions will need to be optimized to be able 

to accurately quantify the amount of MSCs persisting in wound tissue.  

 A second goal was to examine the differentiation capacity of preconditioned 

MSCs when exposed to low dose (2μM) and high dose (7.9 mM) concentrations of 

Timolol. The studies showed that MSCs treated with 2μM  Timolol retained their tri-

lineage differentiation capacity in both normoxic (20-22% O2) and hypoxia (1% O2) 

conditioned cell cultures, however we could not determine if there were significant 

differences in the extent of differentiation between conditioned cultures. Lastly, we 

analyzed the effects of low and high dose concentrations of Timolol on the migration 

rates of MSCs cultured under hypoxia or normoxia conditions. We found the migratory 

rate of cells treated with 2μM Timolol moved significantly slower when preconditioned 

with hypoxia versus those cultured in normoxia. Additionally, 2μM Timolol treated cells 

moved significantly slower when hypoxia preconditioned versus normoxia 

preconditioning. This finding is important as it suggests that it is possible that the binding 
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affinity of the β2-AR of MSCs may be affected by hypoxic conditioning and Timolol 

may elicit similar negative effects on the cell as epinephrine in it’s absence. Overall, this 

study presented some insight into the healing potential and behavior of human MSCs 

when exposed to differing amounts of Timolol and suggests possible directions for 

investigators to optimize the therapeutic effects of MSCs delivered into tissue for healing 

chronic wounds.  
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INTRODUCTION 

 

 

 Diabetes mellitus is an endocrine disorder which is classified by the presence of 

high circulating glucose levels due to malfunctions in the uptake or production of insulin.  

In 2011, the CDC projected that the current diabetic population stood at 25.8 million 

individuals in the U.S. with nearly 2 million people newly diagnosed each year with the 

disease (CDC, 2012).
 
The long-term effects of hyperglycemia on the body include 

decreased vascular flow and neuropathy at the extremities which leads to diabetic 

complications which in turn account for about 30% of healthcare spending. This is in 

addition to common complications of diabetes including decreased angiogenesis and 

altered immune functions (Driver et al., 2010).  It has been estimated that the health care 

costs for diabetic patients are about 245 billion dollars globally, 174 million of which is 

domestic, and those inflicted pay 2 times the average person in medical care costs. Thus, 

the serious medical issues and financial burden of diabetes makes it a critical subject that 

must be addressed, especially considering that with every year the percentage of the 

American populous classified as pre-diabetic increases and the average age of the pre-

diabetic and diabetic populations decreases (CDC, 2011). 

 One of the most serious complications from diabetes, causing both financial and 

quality of life burdens, is the persistence of chronic non-healing wounds occurring on the 

feet, commonly referred to as a diabetic foot ulcer (DFU). DFUs are documented as 

having a high recurrence rate in diabetics, and ulcers that are left untreated can become 

infected or necrotic, leading to amputation or death (Hunt, 2009). With complications 

such as lower vascular flow and altered immune functions having  such a great effect on 
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the healing rate of these wounds  in diabetic patients, it stands to reason that restoring the 

normal physiologic conditions could correct the healing process in individuals and reduce 

the financial burdens greatly. 

 Before delineating the multiple effects that diabetes elicits on the wound healing 

process and their disruptions, it is critical to first provide a brief overview of the normal 

process a wound is subject to in healthy individuals. The normal wound healing process 

is divided into four distinct and overlapping stages: hemostasis, inflammation, 

proliferation, and maturation. The first phase of healing, hemostasis, is initiated 

immediately after wounding as the epidermal and dermal barriers are breached. As blood 

and its component fill the wound bed, platelets encounter exposed collagen and clotting 

factor which results in the deposition of an extra-cellular matrix clot of fibrin, critical for 

stopping blood loss and providing an anchor point for cells critical to the healing process. 

These platelets also begin secreting cytokines, attracting neutrophils, mast cells and 

macrophages to the site of injury. 

  The inflammatory phase begins as neutrophils in the wound site consume foreign 

materials, bacteria, damaged host cells and extracellular matrix present in the wound bed. 

Additionally, macrophages accumulate and are activated by cytokines present in the local 

area. From here, the activated macrophages function as directors of the inflammatory 

phase, secreting cytokines to activate other cells important to healing the wound. 

Activated macrophages, being highly phagocytic in nature, also remove any remaining 

foreign, damaged and non-functional cells, including the remaining bacteria and 

engorged neutrophils, filled with debris and foreign material. The end of the 
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inflammatory phase is marked by the removal of all foreign material and neutrophils, as 

their presence is a signal that inflammation is to continue. 

 Closure of the wound is initiated as the inflammatory phase is winding down and 

the proliferation stage begins, with activated macrophages secreting signals for the mass 

proliferation of keratinocytes and fibroblasts to execute their healing functions. 

Keratinocytes physically close the wound through their proliferation and migration under 

the fibrin scab to form the epithelial bridge, allowing the scab to resolve and detach. 

Simultaneously, the process of angiogenesis is stimulated by the secretion of growth 

factor cytokines by epithelial cells, macrophages, and fibroblasts as well as by 

environmental cues including low oxygen tension, nutrient levels and pH. As the 

proliferative phase progresses, fibroblasts produce and process collagen which is 

deposited into the wound to form a new extra-cellular matrix. Once the wound has been 

closed, healing progresses into the final stage, maturation, where the area is remodeled to 

return it to as close to pre-wounding as possible. Here, myofibroblasts in the wound are 

responsible for its contraction, while other cells release cytokines and collagenase into 

the extracellular matrix to further the remodeling and cross linking of the collagen in the 

wound bed to improve tensile strength of the scar tissue. It is important to restate that 

these phases rely on redundant signals which is why each phase may have a distinct start 

and finish but may overlap with another. 

 With this brief overview of the normal process healing is subject to, it is 

important to investigate how injuries can occur and persist. In particular, the focus of our 

attention will be on ulcers, which can be formed through by various mechanisms that our 
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bodies are subjected to everyday, such as pressure and tension applied to the skin on the 

bottom of the foot which normally heal. However, with the additional stress of diabetes, 

dysfunctions can occur during the inflammatory phase which can drive the wound to 

become chronic, primarily brought on by decreased vascular flow and pressure 

(Diegelmann & Evans, 2004; Falanga, 2005). This results in a lower number of 

endogenous immune cells due to lack of nutrients and delivery of cells themselves to the 

wound area (Galkowska et al., 2005). This can result in greater bacterial growth and the 

formation of a biofilm in the wound bed, a common reason DFU patients experience 

amputation and/or death (James et al., 2008). In addition, these bacteria, such as 

Staphylococcus aureus, and their bioflims secrete and contain pro-inflammatory 

cytokines which work to further exacerbate the chronic wound conditions. If left to 

persist, bacteria can invade the vascular system resulting in potentially fatal sepsis.  This 

is why amputations of excessively damaged limbs must occur before this breach occurs, 

however these procedures carry increased risks of complications due to the patient's 

vascular disease (Moulik et al., 2003).  

 In addition, the reduction in blood flow results in a major change in the presence 

and distribution of cytokines in and around the wound and has been shown to change the 

response of cells to these signals as compared to normal patients. Cytokines such as 

transforming growth factor β (TGF- β) and tumor necrosis factor α (TNF-α)  have been 

shown to play a significant role in wound healing, including chemotaxis and activation of 

cells, with many redundancies for efficiency and coordination.(Lawrence & Diegelmann, 

1994).  



5 

 

There are various current therapies used to combat DFUs, however these 

treatments can have drawbacks and do very little to address the problems due to diabetes 

at the wound site. One of the most important aspects of these therapies is vigilance by the 

affected individual at monitoring for wounds that form on their feet so that appropriate 

treatment can be given as quickly as possible. However, this can be troublesome due to 

confounding factors which include the neuropathy experienced in the limbs of diabetics, 

the pressure exerted on the base of the foot, and the difficulties to physically observe the 

area. If these wounds are detected early enough, topical antibiotics and regular dressing 

of the wounds are typically sufficient to assist with healing (Turns, 2015). If a wound is 

allowed to persist then it must be treated with a more aggressive regime, including 

debridement of necrotic tissues and anti-microbial/ fungal agents to prevent infection in 

addition to the previous treatments. However, if a wound is allowed to persist for too 

long, the size of these wounds can decrease the effectiveness of the treatment. In 

addition, these treatments have been shown to have a range of effectiveness, with studies 

estimating healing to be between 50-80% (Vuorisalo et al., 2009). Unfortunately, as most 

afflicted individuals are diabetic throughout their lives, there is a high recurrence rate of 

these injuries and as individuals age the threat of sepsis increases which could require the 

amputation of the limb. 

 To counter these problems, a variety of alternative therapies are currently being 

investigated and some are being evaluated in clinical trials. One such therapy is the 

application of a skin substitute such as Oasis
®
 or Integra

™
 which is comprised of  

collagen based extracellular matrices derived from animal tissues, typically from bovine 
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or porcine sources (Barber et al., 2008).  These skin tissue substitutes have been used for 

the treatment of severe burn wounds and patients and have been shown to exhibit greater 

dermal regeneration with their use. These substitutes have also been applied to murine 

chronic wound models on the lower limbs with moderate improvements to healing by an 

"unknown mechanism" (Hart et al. 2012).  

 Another approach has been to expose the wound to higher concentrations of 

oxygen than is found in the atmosphere by using a hyperbaric chamber to compensate for 

the lack of oxygen in the wound bed. The mechanism by which hyperbaric treatment 

works in the healing process is yet to be defined, and there has been conflicting reports as 

to the extent and effectiveness of this treatment (Murphy & Evans, 2012).  

 In addition, aggressive treatment with anti-microbial and/or anti-fungal agents 

have also been employed without significant improvement in wound healing over 

standard treatment. Apart from the effectiveness of these alternative therapies being 

modest at best, the greatest issue with these treatments is the increase in costs over 

standard care (Murphy & Evans, 2012). Thus, we must look toward more innovative 

approaches that can address healing of chronic wounds in ways these standard and 

alternative treatments can not. 

 The most notable of the novel alternative treatments is the delivery of 

mesenchymal stem cells (MSCs) into the wound bed to naturally stimulate the healing 

process. MSCs are multipotent cells that can self-renew, differentiate into various 

lineages (e.g. adipose, chondrocytes, osteocytes), and can be harvested from various 

sources in the body.
  
While traditionally isolated from bone marrow, these cells have been 
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located in adipose tissue (Zuk, 2010), umbilical cord blood (Rosada et al., 2003), teeth 

(Perry et al., 2008), skin (Toma et al., 2005), and almost every post-natal organ in the 

body (da Silva Meirelles et al., 2006). These cells can also be produced via 

transformation of delineated cells being exposed to specific growth factors and 

differentiation from induced pluripotent stem cells (Stadtfeld & Hochedlinger, 2010).  In 

addition to their ability to become multiple cell types, MSCs are believed to have the 

ability to elicit strong paracrine responses on other cells that can orchestrate the healing 

process which has led to a strong interest in using them for DFU healing. It is yet to be 

fully understood how these cells promote healing or the mechanisms that lead to wound 

healing. One study investigating this found that MSC cultures exhibited a greater amount 

of pro-healing cytokines and chemokines than cultures of dermal fibroblast (Chen et al., 

2008). The study also found that when a concentrated aliquot of MSC culture supernatant 

was applied to acute mouse wound models, significantly enhanced healing rates were 

observed. 

 Additionally, MSCs have a wide variety of benefits that make them ideal for 

regenerative therapies. One such aspect is the fact that these cells are considered 

"immune evasive", due to their lack of cell surface markers required for an immediate 

immune response including CD40, CD40L, CD80, CD86 and the Major 

Histocompatibilty Complex (MHC) class II receptor (Ryan et al., 2005). The MHC gene 

family provides a unique set of surface receptors present on the surface of cells, serving 

as a primary target for host cells to distinguish between host and foreign cells. The 

variation in these receptors is the primary cause of graft-versus-host disease when 
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observing allogeneic transplants of biologic materials, the transplantation of material 

from one subject to another. Additionally, these cells have also been shown to express a 

lower prevalence of the MHC class I receptors on the cells surface. This further decreases 

the immuno-reactivity of the cell, allowing its detection by the host immune system to be 

further delayed, increasing their persistence and the potential to be therapeutically 

beneficial (Aggarwal & Pittenger, 2005; Ryan et al., 2005).  

 It has also been observed that MSCs secrete cytokines with immune suppressive 

and evasive abilities. These cytokines bind to and affect the normal activities of dendritic 

cells, naive and effector T cells, and natural killer cells to induce a more anti-

inflammatory phenotype, causing a decreased secretion of factors such as TNF-α, 

interleukin-6 (IL-6) and interferon γ (IFN-γ) by these cells (Aggarwal & Pittenger, 2005). 

With the reduction of these factors, especially TNF-α, other cytokines present in the 

wound site, like the various interleukin factors, act in a more chemotaxic capacity as 

opposed to pro-inflammatory. This is due to the fact that, as local concentrations of TNF-

α rise, certain associated pathways are activated which prolong the inflammatory state. 

However, blocking these associated pathways have shown to lessen the inflammatory 

state in patients  (Dandona et al., 2004; Popa et al., 2007). The combination of immune-

privileged status and anti-inflammatory effect of the MSC make them ideal for allogeneic 

therapies. 

 While MSCs provide unique opportunities, previous studies have established that 

when the cells are used in vivo to treat both internal and external (abrasive) wounds, even 

in non-diabetic individuals, they experience similar unique challenges. This includes 
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greatly reduced rates of migration, cytokine secretion and survivability in the wound bed, 

which is further exacerbated by the changes to the wound environment due to the effects 

of diabetes. These cells have been shown to be hindered by various cytokines present in 

the wound site, leading to a large loss of the MSC population applied during the 

treatments due to low engraftment or apoptosis in the wound bed (Eggenhofer et al., 

2012).
 

 To compensate for the environment of the wound, one approach that has been 

shown to improve the engraftment and longevity of the MSCs is to seed them into a 

collagen based extracellular matrix, which mimics the dermal layers in humans.  

Advantages of this method is that it allows for the cells to have a surface to securely 

adhere to, and it also provides for a larger, more uniform distribution of the cells prior to 

delivery. This combined approach to treatment has been shown to have a significant 

effect on improving healing (Nakagawa et al., 2005). This method also carries with it the 

guarantee of knowing where the totality of the delivered cells are versus previous 

methods where cells injected into limbs need to migrate to the site of injury, which 

studies have shown to be highly inefficient (Eggenhofer et al., 2012). One commonly 

used scaffold, Integra
™

, has already been shown to be an effective treatment for severe 

burns using the scaffold alone (Burke et al., 1981; Loss et al., 2000), in addition to 

facilitating delivery and migration of cells in the wound bed (Wood et al., 2007). Thus, 

there is great potential for these scaffolds to assist in the treatment of DFUs through their 

ability to provide a non-hostile engraftment area for a large number of MSCs for direct 

application to the area of concern. 



10 

 

 While these scaffolds can improve the number and accuracy of their placement, 

they only assist in the delivery of cells but do not prepare the delivered cells for the other 

environmental factors found in the wound bed. In order to compensate for these, it is 

possible for cells to be preconditioned, cultured in a way so as to closely mimic the 

conditions which they shall face once in the wound as best possible. Additionally, culture 

conditions, including the use of small molecule applications such as pharmaceutical 

compounds, can be used to prepare cells before their delivery to ensure they are as 

biologically active as possible when delivered so that the maximal effect is seen even if 

cells do not persist for long. The DFU wound environment itself often contains cytokines 

that can suppress activity or outright harm delivered cells. It is possible that the 

application of pharmacological compounds could serve to inhibit or counter the damage 

done to the delivered cells at the wound site. Each of these strategies have been shown in 

studies to have positive results on the therapeutic potential of MSCs. 

  One of the most obviously deleterious effects of diabetes in DFUs is the hypoxic 

environment caused by the devascularization of the wound area. Transferring cells 

cultured at atmospheric concentration levels, or normoxia (20-21% O2), to the hypoxic 

wound environment (1-5% O2) would cause an obvious shock, placing added stress on 

the cells and likely hinder their performance. To counter this, it has been shown that 

culturing cells under hypoxic conditions prior to application allows for their acclimation 

to the stress while still in a controlled, nutrient rich setting. While the growth and 

expansion of these cells has been shown to be significantly reduced in culture under 

hypoxic conditions, they have also expressed a higher differentiation capacity (Basciano 
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et al., 2011; Grayson et al., 2007; Holzwarth et al., 2010) which may be due to the fact 

that their natural residence is in tissue that normally receives low levels of oxygen (Shi & 

Gronthos, 2003). In addition to their preparation, hypoxic conditioning has been shown to 

change the cytokine expression patterns of MSCs, possibly adding to their therapeutic 

effect even further. More specifically, this pre-conditioning has been shown to increase 

the secretion of vascular endothelial growth factor (VEGF), a critical signal for 

angiogenesis (Ren et al., 2006). Thus, this approach can address the negative effects of 

diabetes on vascular flow at the wound site while improving the survival and activity of 

cells in the wound. This has been observed in unpublished studies performed by our lab, 

in collaboration with the Nolta lab. 

 Another preconditioning approach is the addition of the pharmaceutical agent 

Timolol, a β-2 adrenergic receptor (β2-AR) antagonist with the potential to improve the 

therapeutic ability of MSCs by countering stressors in the wound. Evidence suggests that 

the chronic wound exhibits a significantly higher concentration of stress hormones, 

particularly catecholamines, which inhibit healing through binding to the β2-AR of 

various cells at the wound site and causing detrimental responses. The presence of the 

catecholamine compound epinephrine (adrenaline) has been shown to lower migration 

and mitosis rates, hindering re-epithelialization of keratinocytes during healing due to 

activation of the β2-AR.  This is compounded in the presence of bacteria and their 

associated biofilms, which not only have the ability to secrete their own catecholamines, 

but are thought to stimulate secretion of catecholamines by surrounding host cells. 

Additionally, catecholamines have been shown to inhibit the recruitment of immune 
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cells, such as neutrophils, into the wound bed (Kim et al., 2014). However, it is possible 

to reverse the effects of these catecholamines by competitively inhibiting the receptors by 

applying a compound such as Timolol, a general β-AR blocker, directly to the wound site 

(Pullar et al., 2006). Given the ability of catecholamines to hinder proper cellular 

functions during the healing process, blocking the β2-ARs of MSCs using Timolol 

appears to be a promising approach to enhance their therapeutic potential.  

 The overarching objective of this project is to determine the safest, most effective 

method to deliver preconditioned MSCs into a DFU in order to improve the rate of 

healing. Experiments being conducted during this experiment involves multiple 

individuals from the Isseroff and Nolta Labs at UC Davis and the Peavy Lab at CSU 

Sacramento. The wound model chosen for this study was the db
-/-

 diabetic mouse, due to 

its condition closely resembling that of a diabetic human wound. The diabetic state is 

achieved in the mouse due to the knockout of the leptin gene, producing induction of 

hyperglycemia due to uncontrolled eating. An 8mm punch biopsy was used to create 

wounds on the backs of mice to represent a DFU and Integra
™ 

scaffolds seeded with 

preconditioned MSCs were placed into the wound bed. Wounds were allowed to heal for 

nine days, with Timolol being applied topically in either a low (2 μM) or high (7.9 mM) 

dosage every 2 days until their sacrifice on day nine. The wound tissue was excised, 

formalin fixed, and paraffin embedded (FFPE) for sectioning and further analysis. 

 From preliminary studies, we hypothesize that a combination of the above 

preconditioning treatments, hypoxic exposure and β2-AR antagonist application, should 

increase the therapeutic potential of MSCs. Therefore, one of the goals for my project 
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was to evaluate the survival and distribution of hypoxia and/or Timolol pre-conditioned 

MSCs, seeded into a collagen scaffold for delivery into the wounds of diabetic (db
-/-

) 

mice. Secondly, I assessed the differentiation capacity of MSCs under various pre-

conditioning effects to see if the was any change to their ability to differentiate into their 

potential lineages. Lastly, the third aim of my project was to determine the effects, if any, 

the preconditioning regimen had on MSC migration. 

 The first goal of my project was to determine the best possible scaffold for the 

delivery of MSCs to the wound bed. The two scaffolds chosen for analysis, the porcine 

based Oasis
®
 matrix and the bovine based Integra

™
 matrix, are commonly used clinically 

for the treatment of burn and chronic wounds. These scaffolds were seeded with cells and 

the distribution of cells in the matrices were to be evaluated using either fluorescent in 

situ hybridization (FISH) or immunohistochemistry (IHC) utilizing a confocal 

microscope. Additionally, samples from experiments with diabetic mice were evaluated 

to determine the survival and distribution of MSCs after the nine day healing period.  

 For the second goal of my project, I evaluated whether the preconditioning of 

MSCs altered their potential to differentiate into its various lineages. To test this, cells 

were cultured in 12-well plates until near confluence (~90%) and then the media was 

replaced with commercially available differentiation media kits from Gibco
®
 to assess 

their differentiative potential into whether the cells could become osteocytes (bone 

producing), chondrocytes (cartilage producing) and adipocytes (fat producing). After 

incubation in normoxic or hypoxic conditions, the differentiation of the cells were then 

evaluated using methods employed in previous studies for the detection of chondrocytes 
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using Alcian blue, osteocytes using Alizarin red to detect calcium deposits, and 

adipocytes through Oil Red O staining of lipid vacuoles.  

The last goal of the project was to determine if our preconditioning treatments had 

an effect on the migration rates of MSCs. This was achieved by seeding 12-well plates 

with a small amount of cells and culturing them to either low or high Timolol 

concentrations or none at all.  It is important to note that we used minimal amounts of 

fetal bovine serum (FBS, 0.5%) to supplement the media rather than the standard 

concentrations used for cell culturing (10-15% FBS) due to previous observations from 

the Isseroff lab indicating detectable levels of epinephrine in the media prior to this study. 

These cells were observed for 12 hours after application using an inverted microscope 

and tracked to quantitatively determine their speed of movement. 
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METHODS 

 

 

 

MSC Isolation 

 Mesenchymal stem cells (MSCs) from purchased human bone marrow aspirate 

(Lonza Inc., Allendale, NJ) were isolated and characterized by the laboratory of Dr. Nolta 

(Institute for Regenerative Cures, Sacramento, CA) using established protocols (Fierro et 

al., 2011; Gruenloh et al., 2011). Briefly, 70 μm cell strainers were used to filter aspirates 

followed by centrifugation at 700g in Ficoll solution (GE Healthcare, Pittsburgh, PA) for 

30 minutes. The mononuclear cell layer at the plasma-Ficoll solution boundary was 

separated and plated in minimum essential medium modification- alpha (MEMα) 

(Invitrogen, Grand Island, NY) supplemented with 10% MSC-grade FBS (Invitrogen) in 

plastic culture flasks. Flasks were incubated in 5% CO2 at 37°C. Non-adherent cells were 

removed by PBS wash after 48 hours. Cells were cultured, with medium being changed 

every day, until MSC culture were 80% confluent. To characterize MSCs, immuno-

fluorescent antibodies to cell surface markers CD14, CD31, CD34, CD45, CD73, CD90, 

CD105 and CD146 were used to tag cells followed by detection using flow cytometry.  

 

Scaffold Seeding 

 Control slides were created using a procedure similar to that used for preparing 

scaffolds for placement into diabetic mice. Mesenchymal stem cells (Lonza) and 3t3 

mouse fibroblast cells were cultured under normoxic conditions as described in the above 

section and expanded to 60-70% confluence. Cells were passaged using Tryp-LE Express 
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(Life Technologies, Grand Island, NY) and a centrifuge at 1500 RPM and 37ºC and 

resuspended in 1 mL of 10% FBS, 1X ABAM supplemented MEM-alpha. Cell 

concentrations were determined using a Cellometer cell counter (Nexcelom Bioscience 

LLC, Lawrence, MA). Punch samples of the extracellular collagen matrices Integra 

(Integra LifeSciences, Plainsboro, NJ) and 4 ply-Oasis (Cook Biotech Inc., West 

Lafayette, In) were created using a #8 circular punch (Integra Miltex, York, PA) and each 

sample was placed in 10% FBS supplemented MEM-alpha medium for ten minutes 

which was then transferred to an individual well of a 12-well plate (Sigma-Aldrich, St. 

Louis, MO). Cells were then seeded into the matrices at a density of 350,000 cells/ 

scaffold by applying cells to one side of the matrix and incubating for one hour at 37 ºC. 

For Oasis scaffolds only, a mixed control sample was created to simulate the presence of 

both cell types, murine fibroblast and human MSCs, similar to that would found in the 

wound site of our animal model since only the Integra matrix has been utilized for live 

animal experiments. These scaffolds were seeded with both 3t3 fibroblast and human 

MSCs at a density of 250,000 cells/ scaffold of each cell type, for a total density of 

500,000 cells/ scaffold.  

 After incubation, samples were then placed in a fixative solution of 4% formalin 

for 30 minutes and then washed in PBS briefly. Samples were stored in a solution of 70% 

ethanol overnight. Samples were then dehydrated in a graded ethanol series (70%, 85%, 

95%, 100% twice) followed by three washes in xylene, after which the samples were 

bisected and embedded in paraffin wax.   
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Immunochemistry 

 Slides with 5µm sections of formalin-fixed, paraffin embedded tissues were de-

paraffinized by being placed on a 40ºC heating block for 20 minutes followed by three 

ten minute treatments with Xylene and a graded Ethanol series (100% once for ten 

minutes, 100%, 95%, 80%, 70%, 30%, DI water for 5 minutes each) to rehydrate the 

sample tissues. Samples were then treated in a DAKO citrate buffer (DAKO, Carpinteria, 

CA) antigen retrieval solution in a pre-heated 95 ºC water bath for 10 minutes. The jars 

containing the solution and the samples were then removed from the water bath and 

allowed to cool while the samples remained in the solution for a further 15 minutes. 

Sample were washed three times using a TBS-Triton X solution, once for 5 minutes with 

slight agitation and twice for 3 minutes without agitation. Slides were then incubated in a 

10% goat serum blocking solution (Life Technologies) for one hour and fifteen minutes 

at room temperature with slight agitation. Blocking solution was aspirated and the 

primary antibody applied (Novus Biologicals, Littleton, CO) at a concentration of 0.25% 

in 5% blocking solution.  

 Samples were allowed to incubate for two hours and forty minutes with slight 

agitation, followed by three TBS-T washes, once for 5 minutes with slight agitation and 

twice for 3 minutes without agitation. After washing, samples were incubated with a Cy3 

conjugated goat anti-rabbit IgG secondary antibody (Jackson Immunoresearch 

Laboratories Inc., West Grove, PA) at 7.5 μg/mL in 10% blocking buffer for one hour at 

room temperature. Samples were then washed three times with TBS-T, twice for 5 

minutes with agitation and once for three minutes, followed by mounting in DAPI 
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supplemented VectaShield Mounting Medium (Vector Laboratories, Burlingame, CA) 

with cover slips and sealed using nail polish to be viewed using a confocal microscope. 

 

Fluorescence in situ Hybridization 

 Slides with 5µm sections of formalin fixed paraffin embedded tissues utilizing the 

Integra bovine extracellular matrix were de-paraffinized by being placed on 40ºC heating 

block for 15 minutes followed by treatment with Xylene and a graded ethanol series to 

rehydrate as above. Samples were treated with an antigen retrieval solution (Dako) in a 

95ºC water bath for 20 minutes at temperature then removed from the water bath and 

placed at room temperature for a further 20 minutes, followed by three washes in PBS for 

three minutes. Samples were then incubated in 0.0004% pepsin diluted with 0.1M HCl in 

37ºC water bath for five minutes to digest proteins, then washed in PBS three times for 

three minutes. Samples were then fixed in 4% PFA at room temperature for 30 minutes 

and washed in PBS, three times for five minutes each. Following the washes, samples 

were dehydrated in a graded ethanol series (70%, 85%, 95%, and 100% for five minutes 

each at room temperature) and a human specific centromere peptide nucleic acid (PNA) 

probe (PNA BIO Inc., Thousand Oaks, CA) was applied to the sample at 50nM and 

incubated for 2 hours at room temperature. Samples were washed twice using a solution 

of 2x SSC in 0.1% Tween-20 at 65ºC, then once more at room temperature for 20 

minutes. Samples were then counter-stained using a nuclear membrane dye (Figure 1) for 

45 minutes at room temperature. Samples were then washed in PBS, 3 times for 3 

minutes each, before mounting using VectaShield Mounting Medium (Vector 
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Laboratories) with cover slips and sealed using nail polish to be viewed using a confocal 

microscope. Alternatively, samples were mounted using DAPI supplemented VectaShield 

Mounting Medium (Vector Laboratories) for the nuclear stain. 

 For slides with 5µm sections of formalin fixed paraffin embedded tissues utilizing 

the Oasis porcine extracellular matrix, the same protocol was used as with the Integra 

matrix with minor modifications. Slides were de-paraffinized by being placed on 40ºC 

heating block for 15 minutes followed by treatment with Xylene and a graded ethanol 

series to rehydrate as above. Samples were treated with an antigen retrieval solution 

(Dako) in a 95ºC water bath for 10 minutes at temperature then removed from the water 

bath and placed at room temperature for a further 15 minutes, followed by three washes 

in PBS for three minutes. Samples were then incubated in 0.0004% pepsin diluted with 

0.1M HCl in 37ºC water bath for three minutes to digest proteins, then washed in PBS 

three times for three minutes. Samples were then fixed in 4% PFA at room temperature 

for 30 minutes and washed in PBS, three times for five minutes each. Following the 

washes, samples were dehydrated in a graded ethanol series (70%, 85%, 95%, and 100% 

for five minutes each at room temperature) and a human specific centromere peptide 

nucleic acid (PNA) probe (PNA BIO Inc.) was applied to the sample at 50nM and 

incubated for 2 hours at room temperature. Samples were washed twice using a solution 

of 2x SSC in 0.1% Tween-20 at 65ºC for 15 minutes, then once more at room 

temperature for 10 minutes. Samples were then counter-stained using a nuclear 

membrane dye (Figure 1) for 45 minutes at room temperature using concentrations 

between 16 nM and 10 nM. Samples were then washed in PBS, 3 times for 3 minutes 
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each, before mounting using VectaShield Mounting Medium (Vector Laboratories) with 

cover slips and sealed using nail polish to be viewed using a confocal microscope. 

Alternatively, samples were mounted using DAPI supplemented VectaShield Mounting 

Medium (Vector Laboratories) for the nuclear stain. 
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Figure 1: Nuclear stains utilized for the visualization of cells in FISH and IHC 

experiments. Three stains were used during experiments to visualize the cell nuclei two 

far red dyes, ToPro-3 and DRAQ5, and the ultraviolet dye DAPI.  
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Osteogenic Differentiation 

 To determine if MSCs retained their capabilities for multilinear differentiation 

when treated with Timolol, under normoxic and hypoxic conditions, we tested cells for 

their osteogenic ability. For osteogenic induction, 2.5 x 10
4
 MSCs/ well were plated on a 

24-well plate and grown in culture medium (MEMα, 10% FBS) and grown until 

confluent. Medium was replaced with StemPro osteogenic induction medium (Life 

Technologies, Carlsbad, CA) supplemented with one of the following treatments: no 

Timolol, 2 μM Timolol or 7.9 mM Timolol. For hypoxic cultures, plates were placed in a 

hypoxic chamber (StemCell Tecnologies, Vancouver, BC, Canada) which was flush with 

a custom gas mixture (1% O2, 5% CO2, 94% N2; Airgas, Radnor, PA) at a flow rate of 25 

liters per minute for 5 minutes, resulting in a hypoxic chamber O2 content of about 1%. 

The medium was replaced every two to three days until day 14. At day 14, cells were 

washed with PBS, fixed with 4% formalin for 25 minutes and washed once again with 

PBS. A solution of 1% Alizarin Red S indicator solution (Ricca Chemicals Company, 

Arlington, TX) was applied (400 μL/well) to detect the prescience of calcium deposited 

by differentiated MSCs, followed by one wash of PBS and at least three washes with 

deionized water. Wells were photographed with an iPhone 4S (Apple, Cupertino, CA) 

camera for evaluation. 

 

Adipogenic differentiation 

 The capabilities of conditioned MSCs treated with Timolol to differentiate along 

the adipogenic lineage was also examined. MSCs were plated at 2.5 x 10
4
 cells/ well and 
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grown until confluence in culture medium (MEMα, 10% FBS). Medium was then 

replaced with StemPro adipogenic induction medium (Life Technologies, Carlsbad, CA), 

supplemented with one of the Timolol treatments. Plates were cultured under normoxic 

(20% O2) or hypoxic (1-2% O2) conditions at 37°C and 5% CO2 for 14 days. Medium 

was replaced every two to three days. At day 14, cells were fixed in 4% formalin for 25 

minutes, PBS washed and stained with an Oil Red O solution (Electron Microscopy 

Sciences, Hatfield, PA) for 30 minutes. Cells were washed with PBS at least two times 

and imaged using a phase contrast microscope (TE-2000, Nikon, Melville, NY) to 

evaluate differentiation capacity. Entire wells were photographed with an Apple iPhone 

4S. 

 

Chondrogenic Differentiation 

 The ability for conditioned MSCs to differentiate along the chondrogenic lineage 

when treated with Timolol was also examined. MSCs were plated at 2.5 x 10
4
 cells/ well 

and grown in culture medium (MEMα, 10% FBS) until confluence. Medium was then 

replaced with StemPro chondrogenic induction medium (Life Technologies, Carlsbad, 

CA), supplemented with one of the Timolol treatments, and incubated for 14 days under 

normoxic or hypoxic conditions. Medium was replaced every two to three days. At day 

14, cells were fixed in 4% formalin, rinsed with water, followed by a wash in 3% acetic 

acid for 3 minutes. Alcian blue staining solution (American MasterTech Scientific, Lodi, 

CA) was applied for 30 minutes followed by at least two washes with water. Entire wells 
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were photographed using an Apple iPhone 4S and cells were visualized using a phase 

contrast microscope (TE-2000, Nikon, Melville, NY) to evaluate differentiation capacity. 

 

Single Cell Migration  

  12-well plates were incubated with 500ul of a solution made of 10% Collagen-I 

(R & D Systems, Minneapolis, MN) in PBS for 60 minutes in a 37ºC incubator to coat 

wells. Mesenchymal stem cells that were cultured under normoxic or hypoxic conditions 

or hypoxic were lifted from flasks after 60-80% confluency using TRYP-LE, centrifuged 

at 1500 rpm for 7 minutes at 37ºC, and then re-suspended in 15% FBS supplemented 

MEM-alpha. A Cell-o-meter Auto T4 Cell Counter (Nexelcom) was used to count cells 

and a portion of the cell suspension was diluted in MSC medium to approximately 60,000 

cells/mL, after which collagen-I was aspirated from the 12-well plate and wells were 

washed once with PBS. Afterwards, 600µl of the diluted cell suspension was added to 

each well of the plate and MSCs were given 2.5 hours to attach in a 37ºC incubator. After 

attachment, MSC medium aspirated and each well was washed once with PBS. CO2 

independent media (Life Technologies) supplemented with either 0.5% FBS, 10% FBS or 

Timolol (Sigma Aldrich) diluted in 0.5% FBS at a low or high dosage, 2μM or 7.9 mM 

respectively, were placed in separate wells.  

 Cells were imaged using an Hamamatsu c10-600 microscope at 10x magnification 

within a humidified chamber at 37ºC. Wells were imaged at 10x magnification and 

images were taken every 60 minutes for 12 hours, producing a total of 13 images per 

stage position. Images were collected and collated into video files using the Velocity® 
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live cell tracking software (Perkin-Elmer, Waltham, MA). Cell migration was tracked and 

quantified using OpenLab. 

 

Statistical Analysis 

 T-tests were utilized to determine whether there was any statistically significant 

difference between treatment groups.  For data to be consider statistically significant, a P-

value of less than 0.05 was required. To control the likelihood of type I errors, α-values 

from data were modified using the Bonferroni correction. 
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RESULTS 

  

 

Identification of human MSCs from mouse cells using FISH  

  

 To determine the presence of human MSCs within murine tissue samples, it was 

necessary to have a technique to discern these two species cell types within Integra™ and 

Oasis
®
 scaffolds. We first performed Fluorescence in situ hybridization (FISH) 

experiments using a specific human centromeric DNA probe on both a positive control, 

scaffolds seeded with only human MSCs, and a negative control, scaffolds seeded with 

only murine 3t3 fibroblasts. For positive and negative controls, MSCs were expanded 

from donor cell lines provided by the Nolta lab which were isolated from patients, 

whereas 3t3 fibroblast were expanded from stock cell lines. Prior to seeding, 8 mm 

diameter disks of both Integra™ and Oasis
®
 scaffolds were created and cells were seeded 

at a concentration of 2.5 x 10
5
 cells/ scaffold. After allowing attachment for 30min, 

matrices were fixed and then bisected to visualize the distribution of cells within seeded 

scaffolds. Scaffolds were embedded in paraffin and then sectioned into 5um slices to 

view the cross sections.  

 The hybridization probe used in these studies was complementary to the pan 

centromeric region of human DNA and had the fluorophore Cy3 conjugated to it which 

emits in the red range of visible light.   This design allowed for multiple target binding 

sites per cell, one hybridization site per chromosome. Furthermore, the probe was 

comprised of peptide nucleic acids (PNAs) in place of traditional deoxyribonucleic acids 

which provides a unique set of biochemical properties designed to improve its 

hybridization characteristics.  In particular, the PNA peptide backbone is not charged 
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whereas the DNA backbone is negatively charged with phosphodiester bonds. These 

properties have been shown to allow the probe to pass through the cell membrane more 

readily, in addition to improving the rate of binding and the binding affinity as indicated 

by the company (www.pnabio.com).   

 In our initial experiments, we found our probe was not binding to human cells as 

expected, which was disappointing based on the previous success of the procedure by a 

former graduate student. Thus, various wash steps were altered in an attempt to remove 

the non-specific binding that was observed. Specifically, the citrate buffer solution (pH 

6.0) washes that follow hybridization were performed over a wide range of temperatures 

(55, 65, 70 , 75, 80 and 90 
o
C) and lengths of time (10, 15, 20, 25 and 30 minutes). In 

addition, the final washes were increased in length from three to five minutes each. In all 

these attempts, the images of the negative control (murine 3t3 cells within scaffolds) still 

showed co-localization of the human PNA probe (red) and the nuclear stain (blue) 

indicating the presence of MSCs which was a false positive signal (Figure 2).  

 During this time, we began to develop an immunohistochemistry (IHC) protocol 

using an antibody directed to the major histocompatability complex (MHC) antigen, 

alpha chain E (HLA-E), which is a surface receptor found on human MSCs. These 

experimental results will be further developed in the next section, but these initial studies 

have bearing on the direction of the FISH experiments.  When ToPro-3 DNA dye was 

used in the IHC protocol to stain human MSCs in scaffolds, the nuclei of both human 

MSCs and murine 3t3 cells appeared to be fluorescing in both the red (Cy3) and blue 

(ToPro-3) channels within the nucleus of each cell, producing a co-localization effect 



28 

 

 
Figure 2: False positive staining of human PNA probe to murine fibroblast cells seeded in 

scaffolds.  Paraffin embedded murine 3t3 fibroblast cells within Integra (panels A-D) and 

Oasis (panels E-H) scaffolds were hybridized to a human centromeric probe (red 

fluorescence) followed by staining of the nuclear DNA with ToPro-3 (blue fluorescence). 

Images are cross-sectional views and depict the following: FITC channel for collagen 

(A&E), ToPro-3 for nuclear staining (B&F), Cy3 for human PNA probe (C&G) and the 

overlay of all channels (D&H). 
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Figure 3: DAPI and ToPro-3 nuclear staining of murine 3t3 cells with human PNA probe.  

Paraffin embedded murine 3t3 fibroblast cells within Oasis were hybridized to a human 

centromeric probe and to either DAPI (panels A-D) or ToPro-3 (panels E-H) for nuclear 

staining. Images are cross-sectional views and depict the following: FITC channel for 

collagen (A&E), nuclear staining (B&F), Cy3 for human PNA probe (C&G) and the 

overlay of all channels (D&H). 
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similar to what should be seen with FISH. This should not have been possible as our red 

Cy3 flourophore should have stained the HLA-E surface receptor and not the nucleus.  

As this was an apparent problem for FISH and IHC techniques, it was decided to 

perform a test to confirm if this was due to spectral overlap (in other words channel 

“bleed over” or cross talk) or symptomatic of a different problem. To determine this and 

in order to confirm that our de-paraffin or probing methods were not interfering with the 

staining process, a set of negative controls were stained, with either ToPro-3 or DAPI 

only and imaged with the confocal microscope (Figure 3). Cells stained with ToPro-3 did 

indeed show spectral overlap into the red fluorescent channel, showing a co-localization 

of red and blue over the nucleus. Conversely, DAPI was able to clearly define cells from 

the collagen scaffold, regardless of the FITC overlap into the DAPI excitation channel, 

but with no red Cy3 channel excitation. 

  Thus, it was deemed likely that the emission wavelengths captured by our 

confocal microscope for the ToPro-3 and Cy3 channels, which are set and thus can not be 

varied, experience too much overlap and leads to a bleed over effect between the two 

channels (Figure 4a).  

  In order to avoid the overlap between the DAPI and the FITC, it was 

decided to use a dye that had a much better separation from the Cy3 channel excitation 

and emission wavelengths such as DRAQ5.  DRAQ5 has one of the farthest separations 

in terms of excitation and emission from the Cy3 spectrum. The maximum excitation and 

emission of the molecule showed minimal overlap between it and the Cy3 channel based 

on spectral graph comparison (Figure 4e). To test whether this resolved the issue, we  
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Figure 4: Excitation and emission spectrums of relevant fluorescent channels of 

fluorophores used for FISH and IHC. Each panel displays the emission (solid line) and 

excitation (dashed line) spectra for the common combinations of fluorophores used in the 

study: Cy3 and ToPro-3 (A), Cy3 and DAPI (B), FITC and ToPro-3 (C), FITC and DAPI 

(D) and DRAQ5 (E). Florescent spectra generated using Life Technologies Fluorescence 

SpectraViewer (A-D) and from Cell Signaling Technology (E). 

 

 



32 

 

 
Figure 5: DRAQ5 nuclear staining of murine 3t3 cells in Oasis. Oasis scaffolds seeded 

with murine fibroblasts were stained with either DAPI or DRAQ5. Images consist of 

cross-sectional views of the following: FITC channel for collagen (A&E), nuclear 

staining with DAPI or DRAQ5 (B&F respectively), Cy3 channel (C&G) and the overlay 

of all channels (D&H). 
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Figure 6: No cell nuclei were detected following FISH protocol using DRAQ5 nuclear 

stain. Imaging following FISH using the DRAQ5 nuclear stain (blue) showed no cells 

within the Oasis scaffold (green) in either positive or negative control samples.  Images 

consist of cross-sectional views of the following: scaffold (A and E), DRAQ5 stained cell 

nuclei (B and F), and human centromeric Cy3 channel (C and G).  
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performed an attenuated procedure on two negative control slides which entailed only the 

treatment with the antigen retrieval (DAKO) wash after removing the paraffin prior to 

application of the DRAQ5 dye per the manufacturer's recommendations (16 nM solution 

for 30 minutes).   This resulted in an image with punctate, dark blue nuclei with no 

detectable fluorescence in the Cy3 (red) channel which seemed promising (Figure 5). 

Thus, we decided to move forward using DRAQ5 for our nuclear stain. 

 We performed our original unmodified FISH protocol utilizing the DRAQ5 

nuclear stain. Reduced incubation times for the antigen retrieval step were used during 

these experiments as it had been noted in prior preliminary experiments that samples 

were observed to detach from slides with over-treatment, due to the cleavage of proteins 

by this solution. Unfortunately, after repeated experiments, both positive and negative 

controls showed no detectable nuclei throughout the scaffolds (Figure 6). Thus, it was 

decided to modify the stain application step by varying incubation times (30, 45 ,60 

minutes), testing the stain at various dilutions (50, 25, 17 and 10 pM), and incubating the 

samples at multiple temperatures (25, 30 and 37 
o
C). However these modifications 

resulted in no detectable nuclei within the samples.  It was thought that PFA fixation 

might be causing an adverse effect due to cross-linking of proteins so we increased the 

DAKO incubation times from 10 to 15 minutes.  Since this did not change the results, we 

added a step to increase the permeability of the membranes by adding various 

concentrations of Triton-X (0.1, 0.2, 0.4 %) but this did not result in stained nuclei either.  

 After careful consideration, we thought that our paraffin embedded negative 

control samples may have been over sectioned and did not contain cells in the portion of 
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the scaffold we were testing. To examine this, we simply de-paraffinized both positive 

and negative control slides and performed the antigen retrieval DAKO washes followed 

by application of DRAQ5, DAPI or ToPro-3. DRAQ5 and ToPro-3 were applied at the 

original dilutions (1/300). DAPI staining showed cells still disperse through the samples 

as did ToPro-3, which still showed the red channel bleed through, however our DRAQ5 

did not show any cells in the samples (Figure 7). In a follow up experiment, we applied 

DRAQ5 (17 nM solution) and DAPI to both live and PFA fixed cell cultures with no 

paraffin embedding, which produced a similar result as before, with DRAQ 5 unable to 

stain the nuclei within the culture whereas DAPI did. In the interest of time, we decided 

to move forward using DAPI for the nuclear stain even though it has some spectral 

overlap (bleed over) in the FITC channel since it consistently identified cell nuclei in our 

samples without excitation of the red channel (bleed over). 
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Figure 7: Staining of murine 3t3 nuclei using different DNA dyes. Cells were stained 

with multiple nuclear dyes to determine the best possible method for the identification of 

3t3 fibroblasts within Oasis scaffolds Images consist of cross-sectional views of the 

following: FITC channel for collagen (A,E&I), nuclear staining with DAPI, ToPro-3 or 

DRAQ5 (B,F&J respectively), Cy3 channel (C,G&K) and the overlay of all channels 

(D,H&L). 
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 We then performed the original FISH protocol with the human centromeric probe 

on our positive and negative control sample slides, this time using DAPI for our nuclear 

stain. While we were now able to get good signal for our nuclei, the human probe did not 

hybridize to the MSCs in our positive control (Figure 8). In an effort to address this issue, 

the hybridization and washing conditions were modified as such: increasing the DAKO 

wash times (20 minutes at 95 
o
C and 20 minutes at room temperature), removal of the 

secondary PFA fixative step used to counter detachment due to additional protein 

digestion using pepsin, and making new hybridization buffer.  To address the potential 

non-specific binding issues of the human probe, we altered the wash conditions following 

the probe hybridization by the following: increasing the wash temperature (from 65 
o
C to 

70 
o
C), duration of the washes (from 5 to 10 minutes and 10 to 15 minutes for room 

temperature and heated washes, respectively), and the addition of another wash step 

(room temperature for 10 minutes).  Unfortunately, none of these alterations resolved the 

issues with the technique and we were unable to continue working to improve the 

protocol due to time constraints. 
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Figure 8: Non-specific binding of the human centromeric probe in Integra scaffold. 

Sections of Integra scaffold (green) seeded with either MSCs or murine 3t3 cells were 

hybridized with a human centromeric probe (red) and nuclei were counter stained with 

DAPI (blue). Panel images display the following: Integra scaffold (A and E), DAPI 

stained nuclei (B and F), human DNA probe (C and G), an overlay of the channels (D 

and H).  
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Identification of human MSCs using Immunohistochemistry 

 Due to the lack of success with the reproduction of FISH identification of MSCs, 

we investigated the use of immunohistochemistry (IHC) to identify MSCs based on 

surface markers specific to human cell types. We decided to target a human specific 

receptor on the surface of the MSCs, the major histocompatability complex (MHC) 

antigen, alpha chain E (HLA-E), a MHC class 1 antigen. We used a rabbit polyclonal 

antibody targeting the HLA-E antigen which supposedly had no cross reactivity to mouse 

cells as indicated by the manufacture.  The secondary antibody used to detect the HLA-E 

antibody was a Cy3 fluorescent probe conjugated goat anti-rabbit antibody. Due to this 

being an extracellular receptor, it carries the advantage of not needing to cross the cell 

membrane as compared to a nuclear specific antibody. For these experiments, we utilized 

the same positive and negative control scaffold samples that was being used for the FISH 

experiments for purposes of comparison. 

 In our initial experiments using seeded Oasis scaffolds, no primary HLA-E 

antibody binding was observed to cells in either the positive or negative controls (Figure 

9). As there was no sign of non-specific binding, it was believed the most likely problem 

was with the dilution of the primary antibody which was initially used at a 0.2% 

concentration. As such, the protocol was re-examined and it was determined the 

experiment would be repeated on only positive control sample, those containing only 

MSCs, this time using concentrations of 0.5, 0.33, 0.25 and 0.2% of the original mixture.  

Similar to before, these experiments failed to produce a signal in any of the samples. 

Upon re-evaluating the manufacturer's recommended guideline for the use of our 
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secondary, the Cy3 conjugated goat anti-rabbit antibody, we believed that our blocking 

and incubation buffer contained a large amount of goat serum (10%) and could be 

conflicting with the binding of the secondary. To remedy this, we made our wash 

conditions more robust, increasing the time from three to five minutes, including more 

vigorous shaking at 65 rpm, reducing the amount of goat serum in the secondary 

antibody's incubation buffer to 5%, and varying the concentration of our secondary at 

concentrations of 1, 0.5, 0.33 and 0.2 % while the primary was held constant at a 0.5% 

concentration. This combination produced limited success in the samples with the 1% 

and 0.5% concentrations of secondary applied, with some MSCs showing surface bound 

antibodies and others did not, with no discerning pattern as to why (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

 

 

 
Figure 9: Initial Immunohistochemistry staining displayed no binding of HLA-E antibody 

to MSCs within the Oasis scaffold. Sections were treated with a HLA-E specific antibody 

(Cy3 red channel) and DAPI nuclear stain (blue channel) to identify cells within an Oasis 

scaffold (green channel) seeded with either murine 3t3 fibroblasts or human MSCs. 

Images were obtained with confocal microscopy. Panels consist of cross-sectional images 

of the following; scaffold (A and E), DAPI stain nuclei (B and F), HLA-E bound 

antibody (C and G), an overlay of the panels (D and H).  
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Figure 10: Inconsistent binding of HLA-E antibody to MSCs seeded in the Oasis 

scaffold. Sections were treated with a HLA-E specific antibody (red) and DAPI nuclear 

stain (blue) to identify cells within an Oasis scaffold (green) seeded with only human 

MSCs. Images are cross-sectional views with cells seeded on the bottom side of the 

scaffold and obtained with confocal microscopy. Panels consist of cross-sectional images 

of the following; scaffold(A), DAPI stain nuclei(B), HLA-E bound antibody(C), an 

overlay of the panels(D). 
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 During these initial experiments we did also observe that our ToPro-3 dye (blue 

fluorescence channel) was providing signal in the red fluorescence channel thereby 

causing signal overlay (co-localization) as mentioned previously. After multiple 

experiments using different nuclear stains, we decided to move forward with IHC using 

DAPI as the nuclear stain. While there was bleed over with the FITC channel, which is 

the channel collagen auto-fluoresces in, the nuclei of each cell was still clearly 

identifiable and the stain produced reliable and consistent labeling. 

 To improve the uniformity of the antibody binding, it was deemed necessary to 

add back in an antigen retrieval step to resolve the cross-linking of proteins induced by 

the PFA fixation. This step was removed previously as the reaction was lifting samples 

from the slides during FISH analysis, leading to cells being washed out or the sample 

itself being completely destroyed. It was decided that, for this procedure, we would forgo 

the DAKO
®
 antigen retrieval solution and substitute a standard sodium citrate buffer, 

with the pH adjusted to 6.0. Initially, samples were immersed in citrate buffer placed in a 

water bath at 95 
o
C for 20 minutes followed by an additional 20 minutes incubation at 

room temperature, however this resulted in lifting of the samples yet again. Thus, the 

times were reduced to 10 and 15 minutes, respectively, which allowed for samples to 

remain on the slide. Imaging of these samples, however showed no cells present in the 

remaining scaffold. After repeating the experiment once, we tested to see if any cells 

were even present in the scaffold as we were concerned there were none.  
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 Both positive and negative control slides containing 5μm sections were de-

paraffined using standard procedures (xylene and ethanol washes) followed by mounting 

with DAPI supplemented Vectasheild and imaging with the confocal microscope. The 

negative controls showed a modest amount of cells contained within the scaffold while 

the positive control showed minimal to no cells present (Figure 11). It was determined 

that new controls would be created, in the same manner as noted above, and the 

experiment would be repeated with the antigen retrieval step, while keeping the 

concentrations of the HLA-E primary and secondary antibodies at concentrations of 

0.33% and 0.5%, respectively. This experiment presented similar results as before, with 

no labeling of the HLA-E antigen on the cell body surface in positive controls despite the 

abundance of cells in the sample. 

 We decided to increase the incubation time of the primary antibody, from 2 hours 

to 2 - 3/4 hours, due to the ambient temperature of our lab being slightly lower than room 

temperature (25 
o
C). This resulted in excellent signal in our positive (MSC only) controls 

and with the DAPI dye for nuclear staining.  The DAPI stain did show some modest 

spectral overlap with the FITC channel due to collagen auto-florescence as expected.  

(Figure 12). Unfortunately, due to the size and shape of the cell bodies, it was difficult to 

determine which cell body belonged to each nuclei unless each cell was well separated 

from the others. Our negative controls also resulted in the expected outcome which was 

no reactivity to the HLA-E antibody but with punctate nuclei observed throughout the 

sample. 
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Figure 11: Oasis scaffolds contained no cells due to over sectioning of sample. Sections 

were treated with a HLA-E specific antibody (red) and DAPI nuclear stain (blue) to 

identify cells within an Oasis scaffold (green) seeded on the bottom side with either 

murine 3t3 fibroblast or human MSCs. Images are cross-sectional views with cells seeded 

on the bottom side of the scaffold and obtained with confocal microscopy. Panels consist 

of the following; scaffold (A and E), DAPI stain nuclei (B and F), HLA-E bound 

antibody (C and G), an overlay of the panels (D and H). 
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Figure 12:  Binding of HLA-E primary antibody to MSCs in an Oasis scaffold using IHC 

staining. Sections of Oasis scaffold (green) seeded with either human MSCs or murine 

fibroblasts (3t3)  were stained with the HLA-E specific antibody (red) and DAPI nuclear 

stain (blue) to visualize cells. Cells were seeded to the left side of the scaffold and images 

are cross-sectional views of sections as analyzed by confocal microscopy. Panels consist 

of the following: Scaffold alone (A and E), DAPI stain nuclei (B and F), HLA-E bound 

antibody (C and G), an overlay of the panels (D and H).  

 

 

 

 

 

 

 

 



47 

 

 

 

 Due to the fact that the Isseroff lab has been using the Integra scaffold for the 

healing experiments using live animal wound models, there were no samples from live 

animals using Oasis to analyze. As a substitute, a mixed cell control slide was used to 

simulate the presence of mouse cells and human MSCs within a single scaffold. This 

mixed control scaffold was seeded, PFA fixed and paraffin embedded in a similar manner 

as the positive and negative control scaffolds. Human MSCs and 3t3 murine fibroblast 

were seeded to the scaffold at a concentration of 1.5 x 10
5
 cells for each cell type. 

Immunohistochemistry staining of 5μm section samples of these controls showed the 

dominant population of cells present to be the human MSCs but there were clearly 

defined fibroblasts seen deeper in the scaffold (Figure 13). Even though these samples 

were seeded at similar concentrations, the discrepancy in their adherent population may 

be due to the displacement of fibroblast as these cells were applied to the scaffold 

followed by MSCs, which may have pushed most of the fibroblast cells to the outer edge 

of the scaffold. Regardless, were still able to see cell nuclei (blue) surrounded by an 

abundance of HLA-E labeled cell bodies (red) indicating the presence of MSCs in 

addition to nuclei lacking the cell body stain indicating the presence of the murine 3t3 

fibroblast. 

 We then attempted to replicate our results using the Integra collagen scaffold 

while retaining the parameters for the experiments performed using the Oasis scaffold. 

Initially, negative controls showed no MSCs present in there scaffolds, as expected, 
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however the positive controls experienced limited success with only a portion of the cells 

within the scaffold showing binding of the antibody. The binding in the positive control 

sample was primarily observed in the center of the scaffold and it was believe to be a 

symptom of the cross linking effects of fixation on the proteins on the cell surface. We 

decided to restore the original duration of the antigen retrieval step to counter this, with 

samples immersed in the citrate buffer and placed in a water bath at 95 
o
C for 20 minutes 

followed by an additional 20 minutes at room temperature. This resulted in a much better 

quality stain, with positive controls showing consistent fluorescence of cell bodies (red) 

surrounding nuclei (blue) throughout the scaffold and no red channel fluorescence in our 

negative controls (Figure 14).  
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Figure 13: Differentiation of human cells from murine cells in an Oasis scaffold seeded 

with MSCs and 3t3 fibroblast. Sections of Oasis scaffold (green) seeded with both human 

MSCs and murine fibroblasts (3t3) were stained with the HLA-E specific antibody (red) 

and DAPI nuclear stain (blue) to visualize cells. Cells were seeded to the left side of the 

scaffold and images are cross-sectional views of sections as analyzed by confocal 

microscopy. Panels consist of the following: Scaffold alone (A), DAPI stain nuclei (B), 

HLA-E bound antibody (C), an overlay of the panels (D).  
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Figure 14: Binding of HLA-E antibody to MSCs seeded to an Integra scaffold using IHC 

staining. Sections of Integra scaffold (green) seeded with either human MSCs or murine 

fibroblasts (3t3) were stained with the HLA-E specific antibody (red) and DAPI nuclear 

stain (blue) to visualize cells. Images are cross-sectional views as analyzed by confocal 

microscopy. Panels consist of the following: Scaffold alone (A and E), DAPI stain nuclei 

(B and F), HLA-E bound antibody (C and G), an overlay of the panels (D and H). 
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 Next, it was decided to attempt IHC on slides mounted with 5μm sections of 

sample tissue obtain from the diabetic mouse model that had undergone treatment with 

MSC seeded Integra scaffolds without topical Timolol applications. To briefly recap, 

diabetic mice had a wound introduced on their back on each side of the spine via punch 

biopsy and seeded scaffold were place within. Mice were allowed to heal for nine days, 

with a solution containing Timolol in either a low (2 µM) or high (7.9 mM) concentration 

being applied every other day to one of the wounds on each subject, until they were 

sacrificed on the final day. Then the wound tissue was excised, PFA fixed and paraffin 

embedded for later analysis. 

 Staining of these samples showed a large number of cells dispersed throughout 

the host tissue and within the Integra scaffold with little indication of any HLA-E positive 

staining cells (Figure 15). Upon closer inspection of the wound site, small clusters of 

antibody bound cell bodies were found across the outermost edge of the wound area, 

where the scaffold was applied to the wound bed (Figure 16). Unfortunately, due to the 

morphology of the cell bodies and the fact that this technique uses a surface marker, we 

cannot discern how many HLA-E positive cells there are given their spread.  

Additionally, some cells were clustered so tightly it was impossible to distinguish one 

cell body from another.  Thus, there was no way to obtain accurate quantitative data for 

samples using this single section technique.  
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Figure 15: Immunohistochemical staining of diabetic murine wound tissue. Sections of a 

tissue sample removed from a murine wound treated with Integra scaffold seeded with 

MSCs and low concentration (2 μM) Timolol applications. Cells in the sample were 

stained with DAPI (blue) and HLA-E antibody (red) to differentiate between cell types 

within the tissue (green) composed of residual Integra matrix and murine collagen. 

Images are cross-sectional views of tissue with residual MSC seeded Integra on the left 

hand side. Panels consist of the following: Scaffold alone (A), DAPI stain nuclei (B), 

HLA-E bound antibody (C), an overlay of the panels (D).  
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Figure 16: IHC Identification of MSCs using the HLA-E primary antibody in a diabetic 

murine tissue sample. Expanded view of a section of a tissue sample removed from a 

murine wound treated with Integra scaffold seeded with MSCs and low concentration (2 

μM) Timolol applications. Cells in the sample were stained with DAPI (blue) and HLA-E 

antibody (red) to differentiate between cell types within the tissue (green). Images are 

cross-sectional views of tissue with residual MSC seeded Integra on the left hand side. 

Panels consist of the following: Scaffold alone (A), DAPI stain nuclei (B), HLA-E bound 

antibody (C), an overlay of the panels (D).  
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Evaluation of MSC differentiation capacity  

 

 To determine if MSCs retained their differentiation capacity when exposed to 

either normoxic or hypoxic conditions, MSC lines were expanded in culture until the 

cells were between passage three to five and seeded to 24-well plates at approximately 

2.0 x 10
4
 MSCs per well. Cells were incubated in the wells with culture media (MEMα, 

10%FBS) until approximately 85-95% confluent. The media in each well was then 

aspirated and replaced with differentiation media supplemented with concentrations of 

either zero, 2μM or 7.9 mM Timolol. In addition to Timolol treatments, MSCs were 

preconditioned either under normoxic (20-22% O2) conditions or under hypoxic (1% O2) 

conditions and then examined as to the effects these treatments have on their 

differentiation capacity. Cells were incubated for 14 days with media changes occurring 

on every third day until completion of the experiment. 

 Our initial experiment suffered from some unforeseen issues. In particular, 8 days 

into the differentiation assay, the hypoxia treated cells were observed to slough off the 

surface of the plate in the center of the well (Figure 17). This was seen in almost every 

well except for those treated with chondrocyte differentiation media and some of the 

culture media (MEMα, 0.5%FBS) control wells. Differentiation was carried to 

completion, but by the end of the experiment a significant portion of cells had sloughed 

off in 16 of the 24 wells. The same problem was observed in our normoxic cultures but to 

a lesser extent. 

 After day 14, media was removed from each well and the cells were fixed in 3.9% 

formaldehyde for 15 minutes followed by application of stains for respective cell types. 
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None of the cells in the control wells, those treated with culture media only, or in the 

wells with Timolol supplemented control media, low or high, were observed to have any 

change in morphology nor did they retain any of the stains. Chondrocyte cultures, stained 

with Alcian blue, did appear blue in tint but there was no definite way to tell if cartilage 

matrix was present in the culture. Alizarin Red S stain was retained in cultures exposed to 

osteogenic media, indicating successful differentiation of MSCs into osteocytes. 

Similarly, the adipocyte differentiation assay showed the presence of lipid vacuoles when 

stained with Oil Red O indicating that the MSCs had differentiated into adipocytes.  
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Figure 17: Cell detachment from well surface during differentiation. Representative 

images show the detachment (sloughing) of cells over the course of the 14 day 

differentiation cycle, at days 6 and 12, representative of both hypoxic and normoxic 

cultures. 
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 The experiment was repeated once more as before but with the exception that the 

media in each well would be replaced every second day instead of every three days.  In 

addition, the application of media was more carefully performed so as to not disturb the 

cultures.  In this experiment there was no sloughing of cells observed at any point for 

each culture, with the exception of those exposed to high Timolol (7.9 mM).  Staining 

was performed in a similar manner as above with the exception of the Alcian blue 

staining method. It was thought that the prior washes may have been too vigorous 

causing cells to lift, thus we reduced the time of the 3% acetic acid washes from 3 

minutes to two.  

 As stated, there was cell sloughing in all high concentration Timolol cultures, 

with a significant amount of cells lifting prior to media replacement. Precautions were 

taken to try and minimize the amount of the cells that were removed during media 

replacements. In normoxic experiments, cultures exposed to no Timolol, low Timolol (2 

µM) and high Timolol (7.9 mM) supplemented with osteocyte and adipocyte 

differentiation media were shown to be successfully differentiated through staining using 

Alizarin Red S and Oil Red O, respectively (Figure 18B and C). Once again, we were 

unable to confirm chondrocyte differentiation in both the normoxic and hypoxic cultures 

as either the stain was not uptaken by the cells or possibly the cells did not differentiate 

(Figure 18A). Similar staining results was observed in the hypoxic cultures (Figure 19). 

Unfortunately, during observation of the adipocyte cultures, large black-red spots were 

observed which covered large sections of lipid vacuoles, which made it impossible to 
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attempt quantification of adipocyte cells within the cultures due to large black spots 

covering major portions of the culture (Figure 20). This may have been due to the stain 

going bad or problems encountered when trying to re-solublize the stain retained by the 

cultures, causing a coagulation or clumping of molecules. Additionally, each of these 

spots may be a mass of cells that lifted from the well surface during the fixation or 

staining of the cultures. 
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Figure 18: Differentiation capacity of Normoxic cultures were unaffected by Timolol 

treatments. Cells were treated with no, low (2 μM) and high (7.9 mM) Timolol treatments 

and differentiated cells visualized with each cell type's respective dye. Control wells were 

not given differentiation medium. Columns show chondrocyte (A), osteocyte (B) and 

adipocyte (C) differentiated cells and control cultures not exposed to differentiation 

medium (D). 
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Figure 19: MSC capacity for tri-linear differentiation remained under hypoxic 

conditioning with Timolol treatment. Cells were treated without, low (2 μM) and high 

(7.9 mM) concentration Timolol treatments and differentiated cells visualized with each 

cell type's respective dye. Control wells were not given differentiation medium. Columns 

show chondrocyte (A), osteocyte (B) and adipocyte (C) differentiated cells and control 

cultures not exposed to differentiation medium (D). 
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Figure 20: Erroneous stain in adipocyte culture made counting cells in culture impossible. 

In both normoxic and hypoxic conditioned cells which were differentiated into 

adipocytes, black spots appeared when attempting to visualize cells under 10X 

magnification. Representative images show the normoxic culture well (A) and cells at 

10X magnification (B); the hypoxic culture well (C) and cells at 10X magnification (D)  
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Effect of Timolol on the migratory rate of preconditioned MSCs 

 

 To determine the effect of Timolol application at different concentrations on the 

migration rates of MSCs in the wound environment, we performed single cell migration 

tracking experiments to quantitatively measure the rates at which cells migrated after 

hypoxic and normoxic conditioning. MSC lines were expanded in culture until the cells 

were between passage four to seven. Twelve-well plates were prepared by applying a 1% 

fetal bovine collagen solution to coat each well to provide an adequate surface for cell 

migration. Prior to seeding, hypoxic cells (1% O2) were prepared within a hypoxia 

chamber for 36-48 hours. Wells were then seeded with approximately 2.0 x 10
4
 cells, 

regardless of hypoxic or normoxic preconditioning, and cells were incubated in culture 

medium (MEMα, 10%FBS) for 2 1/2 hours to allow for adherence. The media in each 

well was either replaced with a low FBS migration media (CO2-independent MEMα, 

0.5%FBS), high FBS migration media (CO2-independent MEMα, 10%FBS), low Timolol 

supplemented migration media (CO2-independent MEMα, 0.5%FBS, 2 μM) or high 

Timolol supplemented migration media (CO2-independent MEMα, 0.5%FBS, 7.9 mM). 

Cells were imaged every hour for twelve hours using a Nikon-T2000 microscope, 

Hamamatsu C-1000 camera and Velocity
©

 tracking software. Cell migration was 

analyzed by OpenLab
®
 software which marks each cell position at every time point. 

Statistical significance of the results were determined using a t-test within Microsoft 

Excel. 

 The concentrations used for low and high Timolol treatments (2 μM and 7.9 mM, 

respectively) were chosen for various reasons. The low Timolol concentration was 
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chosen due to unpublished data from the Isseroff lab showing increased migration in 

MSCs and keratinocytes when exposed to concentrations of this β-blocker ranging from 

100 nM to 10 μM in solution. For the high concentration dose, it is known that in eye 

drops containing Timolol, such as Timoptic
®
 which is an FDA approved product 

currently used to relieve ocular hypertension and glaucoma, the dosage concentration is 

7.9 mM.  Thus, we wanted to examine the effects this high Timolol dosage would have 

on migration. It is also worth noting the reason for only using 0.5% FBS to supplement 

our media during these migration assays.  Previous work in the Isseroff lab has shown 

there to be a significant level of epinephrine and other catecholamines in fetal bovine 

serum which, if allowed to persist, could modulate the effects of the β-blocker timolol. 

Due to this, we reduced the amount of FBS in the media to its minimal level in order to 

maintain the health of the cells while not adversely effecting the conditions of our 

experiments. 

 In terms of results, the most striking observation is seen with the cells in the high 

Timolol supplemented migration media, with cells experiencing apoptosis and 

detachment from the well surface within the first few hours of treatment (Figure 21).  

This was found to occur in both hypoxic and normoxic conditioned cultures. The control 

cells, cultures with no Timolol treatment, experienced a significant increase in the 

migration rate of hypoxia conditioned cultures over normoxic cultures (Figure 22).  

 Similar to unpublished observations in the Isseroff lab, cells in low Timolol (2 

μM ) supplemented migration media that had not been exposed to hypoxic conditioning 

showed no significant difference in their migratory rate when compared to the normoxic 
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controls (Figure 22). In contrast, a significant reduction in the migratory rate was 

observed in low Timolol exposed cells that had been hypoxically conditioned. This was 

repeated across three different cell lines, per standard practice. In addition to the 

experiments using Timolol, we examined the effects that high FBS (10%) had on the 

migration rate. Within normoxic cultures, migration rates were moderately enhanced, 

which is what would be expected considering cells are more robust and healthy when 

provided with an abundance of nutrients (Figure 23). Our hypoxia preconditioned 

cultures showed no change in the rate of migration of cells when exposed to the high FBS 

conditions prior to treatment. Data for hypoxia preconditioned cells could only be 

obtained from one cell line and must be repeated before any conclusions can be made. 
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Figure 21: Detachment of cells treated with 7.9mM Timolol from plates over twelve 

hours. Images were taken over the course of 12 hours. Cells surrounded by a white 

surface, the halo effect, indicate cells detaching from the surface of the plate well. 
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Figure 22: Migration rate of MSCs measured by single cell migration of conditioned 

MSCs treated with 2 μM Timolol. Data was normalized across three lines of donor cells. 

Bars show the average rate of migration for cells treated with or without timolol.  

* indicates p-value ≤ 0.01, ** indicates p-value ≤ 0.05. Error bars are representative of 

standard error. 
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Figure 23: Migration rate of MSCs measured by single cell migration of conditioned cells 

exposed to different concentrations of FBS. Bars show the average rate of cell migration 

of cell in media containing 0.5% (control) or 10% FBS. Data for normoxic cultures was 

normalized across three cell lines. Data for hypoxic cultures was only obtained from one 

cell line. * indicates p-value ≤ 0.01, ** indicates p-value ≤ 0.05. Error bars are 

representative of standard error. 
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DISCUSSION 

 

 
 One of the primary objectives of this project was to find an efficient way to 

identify and quantitate human MSCs within a murine wound tissue sample, in order to 

determine their distribution and persistence. In order to differentiate between the murine 

cells and human MSCs within samples, we first attempted to use a fluorescence in situ 

hybridization (FISH) technique using a human specific DNA centromeric probe. This 

technique affords us a number of advantages when using our formalin fixed and paraffin 

embedded samples. Specifically, steps involved in the process, such as the antigen 

retrieval step and protease treatment, allow for the digestion of proteins to resolve the 

cross-linking due to the fixation of samples. Moreover, our use of a protein nucleic acid 

(PNA) probe, which was utilized by a previous student for similar purposes, theoretically 

provides many advantages over conventional deoxyribonucleic acid (DNA) probes. This 

includes the fact that the backbone of these molecules are uncharged, N-(2-

aminoethyl)glycine peptide (Figure 24) chains which make the probe better at permeating 

membranes with more avidity and specificity to DNA target sites (Ning et al., 1996; 

Lehtola et al., 2005). These properties also allow us to increase the stringency of our 

wash steps to improve specificity even further, varying the temperature and duration our 

scaffolds are exposed to. 
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Figure 24: Illustration showing the chemical backbones of a PNA chain versus a DNA 

chain. Peptide nucleic acid (PNA) backbones consist of repeating N-(2-

aminoethyl)glycine units versus the deoxyribonucleic acid (DNA) consisting of repeating 

sugar-phosphate units. This produces differences in properties, including an uncharged 

backbone and tighter binding affinity in the PNA complex. Image retrieved from PNA 

Bio website. 
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 We also decided to analyze the differences between two collagen scaffolds to 

assess the benefits and drawbacks each could contribute to future treatments; Integra, 

which is currently being used to treat animal wound models in studies by our lab, and 

Oasis. The Integra scaffold is a bi-layered, porous matrix comprised of mostly type I 

bovine tendon collagen with the ability to slow down the breakdown by collagenase, 

present at higher levels in a chronic wound, and an in vivo degradation rate of 30 days. 

Cells seeded into this scaffold tend to disperse throughout the entire porous structure in a 

three dimensional manner allowing the entire volume to be utilized as has been shown by 

confocal microscopy performed by our laboratory. On the other hand, the Oasis scaffold 

is a tri-layered matrix consisting of porcine small intestine sub-mucosa which contains 

multiple components found in human dermis beneficial to the healing process but which 

must be replaced within three to seven days (Oasis, 2012). Cells seeded into this scaffold 

solely adhere to the surface, forming a layer of cells with no dispersion into the matrix as 

shown by our laboratory by confocal microscopy. This could be a disadvantage since 

only the surface area of the top layer is being utilized for adherence whereas the entire 

volume of Integra is used for adherence thereby allowing more cells to be delivered to a 

wound site using Integra.  Both scaffolds have been approved by the Food and Drug 

Administration (FDA) for use in multiple medical instances, including for the treatment 

of chronic ulcers (Integra, 2010; Oasis, 2012). While Integra has been in use for much 

longer, Oasis is a much more inexpensive substitute (costs ~10x less). Each of these 

scaffolds holds benefits and drawbacks, whether they be from a cost perspective or the 
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sheer number of cells potentially delivered which must be fully investigated for studies 

intending to use them for skin substitutes as a delivery mechanism for cells. 

 Our experiments using FISH to identify human MSCs presented a number of 

hurdles to overcome. One problem we faced was the spectral overlap of the fluorescence 

channels of the Cy3-conjugated human specific probe and the ToPro-3 nuclear dye 

(Figure 2), which routinely presented us with false positives. Prior to this project, the 

previous master student was able to correctly hybridize the probe to MSCs within the 

scaffold using the same protocol and probe concentration. This suggest our problem may 

have been a signal-to-noise issue, where not enough probe was binding to human DNA 

making true signal indistinguishable from background fluorescence. One possible way to 

resolve this issue would have been to use DAPI as our nuclear stain. However, it had 

been noted by a previous student to have a substantial overlap in the excitation and 

emission spectra with the FITC fluorescence channel used to detect collagen. To 

overcome this, we decided to use a different nuclear stain, DRAQ5, which had 

considerably less overlap with our probes excitation or emission wavelength (Figure 4). 

This stain worked well in initial experiments with live cells, but in subsequent 

experiments it did not stain the nuclei of cells that were paraffin embedded. After 

attempting to improve the binding by permeabilizing the cells, we were unable to further 

resolve this issue due to time constraints.   This inconsistency may be due to our de-

paraffination/ fixation techniques or a problem with the lot of the stain as this has been 

used for paraffin embedded fixed tissue staining in previous studies, without 

modifications to the protocol provided by the manufacturer (Smith et al., 2004; Edward, 
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2009; Fleskens et al., 2010). We decide to move forward using DAPI, as it showed no 

cross-channel fluorescence with our human specific probe, but still allowed for accurate 

identification of cells. After switching nuclear stains, we encountered additional problems 

including our probe not binding to human MSCs and erroneous fluorescence within the 

positive and negative control samples that, due to time limitations, could not be resolved. 

This is similar to difficulties noted by a previous student. 

 There are a number of possible directions for future experiments to try and 

resolve these problems. The most important problem that must be addressed is the fact 

that at this current point in time, we did not see any binding of our human specific probe 

in our positive controls, which were collagen scaffolds containing exclusively human 

MSCs. Due to the erroneous signal we observed, it would be prudent to confirm that the 

fluorophore is still conjugated to our human specific probe, which could be done using a 

simple polyacrylamide gel separation assay analyzed under a fluorescent microscope. 

Another possibility is that the probe is actually entering and binding DNA within the cells 

in an inconsistent manner, as the shape, position, intensity and punctate nature of the 

signal seen in the final sample that was processed suggests that these are actual cells. 

However, this would not account for the cells that did not show co-localization of the 

nuclear stain and human probe in the positive controls, nor the presence of the assumed 

fluorescing cells within negative control samples. These problems could likely be 

corrected within the different steps of the protocol. For example, the inconsistent binding 

of the probe in positive control samples, scaffold seeded with only MSCs, may be due to 

insufficient binding of the probe during the hybridization step. This may be resolved by 
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altering the duration and temperature of the incubation or changes to the concentration of 

the components in the hybridization buffer. Another related problem we observed was 

significant binding of our probe in our negative samples, scaffold seeded with only 

murine 3t3, which may imply that our wash conditions are insufficient to remove excess 

probe from the samples and require further refinement. There is also the possibility of the 

probe hybridizing with itself  during hybridization forming larger complexes which could 

interfere with its exit from the nucleus when washing thereby trapping it and causing 

erroneous false positive signals. 

 Alternatively, a new probe could be selected since FISH is an established 

technique that should work.  We currently are researching an alternative probe, which 

targets specific repeats in the telomeric region of human DNA (Ning et al., 1996). It 

would also possible, depending on the sex of the mice in the study, to determine the 

presence of MSCs through FISH using probes that target the sex determining region Y 

(SRY) on the Y chromosome, as the MSCs used in our experiments were obtained from 

the aspirate of male patients only. Detection of MSCs using SRY regions of the sex 

chromosomes has been shown to be viable in previous studies (Oliveira et al., 2008). 

Although we encountered multiple problems during our experiments using FISH, there 

are many possible alternative probe approaches that could still used for the detection and 

quantification of MSCs in mouse treated diabetic tissues.  

 As an alternative, we investigated the use of human specific antibodies for an 

immunohistochemistry (IHC) approach to distinguish human MSCs from murine cells. 

From our literature searches, we found a surface marker (antigen) present on human cells 
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but not on murine cells which had been used successfully in previous studies; the human 

leukocyte antigen, alpha chain E (HLA-E), a major histocompatability complex class I 

antigen (Chen et al., 2006; Anzalone et al., 2013). We chose a polyclonal rabbit HLA-E 

antibody instead of the typical mouse monoclonal antibody. This was done to avoid 

having to use an anti-mouse secondary antibody and risk non-specific fluorescence. In 

brief, control slides, those containing either MSCs or murine 3t3 fibroblast, were exposed 

to various condition in the process of getting the antibody to bind properly. This included 

the use of an antigen retrieval step similar to the FISH protocol and various combinations 

of antibody concentrations and length of the incubation steps for both primary and 

secondary antibodies before we were able to get binding within our positive controls 

(MSCs) and no binding in our negative controls (3t3 cells) in both seeded Oasis (Figure 

12) and Integra (Figure 14) scaffolds. This enabled us to perform preliminary studies of 

tissue samples taken from a mouse wound treated with an Integra scaffold seeded with 

hypoxia conditioned MSCs and applications of 2 μM Timolol solution every 2 days. 

  We were successfully able to identify MSCs using IHC within a wound tissue 

sample through conjugation of an HLA-E specific antibody to the antigen on the cell 

surface. Images of the tissue, containing MSCs and murine cells, showed antibodies 

bound to the cell surface surrounding distinct cell nuclei, which indicate the presence of a 

human MSC in addition to nuclei without the marker bound, indicating the identification 

of murine cells (Figure 16). While these pictures were able to identify the presence of a 

mesenchymal stem cell body, due to the shape and size of the cells and the clustering of 

the nearby cells, it was difficult to definitively count the number of MSCs in the tissue. 
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However, since we are using a confocal microscope for our analysis, we should be able to 

perform a z-stack analysis to more completely image the staining pattern of the cells to 

discern individual cells from others.  This would probably be best done in thicker 

sections so that a more thorough z-stack could be performed.  The images that we 

captured were of a singular plane, at a specific depth within the tissue sample, from a 

5μm thick section which may not have an image of both the nucleus and surface stain in 

the same focal plane.  Using a serial imaging approach, MSCs should be able to be 

identified accurately for the quantification of MSCs persisting in the tissue of mice. 

 Just as it is important to be determine the persistence and distribution of MSCs 

after delivery to wound sites, it is equally critical to confirm that any treatment to cells 

delivered do not alter their normal physiological attributes. More specifically, we looked 

to determine if the differentiation or migratory capacities of the cells were affected in any 

manner when exposed to our experimental conditions of hypoxia (1% O2) and 

concentrations Timolol (2 μM and 7.9 mM).  For these studies, we differentiated cells 

using commercially available kits followed by cytochemical staining using Oil Red O 

(adipocytes), alizarin Red S (osteocytes) and Alcian blue (chondrocytes) that are 

commonly used for these types of assays. When staining for adipocytes and osteocytes in 

culture we used premixed solutions of each dye, Oil Red O and Alizarin Red S 

respectively, following a protocol provided by the manufacturer. This had been shown to 

work in previous studies performed by our lab. When determining the presence of 

chondrocytes in culture, we followed a similar method used in a previous study (Stolzel 

et al., 2015) using Alcian blue staining for the presence of sulfated glycosaminoglycans 
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as a marker for the cells. We did see positive signals of the differentiation of the MSCs 

into all three lineages, however we were not able to determine the true effect of 

conditioning and treating the cells with Timolol due to problems which will be discussed 

in the following (Figure 18 & 19).  

Another goal for this experiment was to quantify the amount of cells that 

differentiated within each culture. This was to be done through re-solubilizing the dye in 

each culture followed by spectral absorbance analysis. Unfortunately, we were unable to 

uniformly solublize the dye from the cell cultures to perform this analysis, which may 

have been due to some underlying problems that could not be resolved within the given 

time. In particular, two of the stains used in these experiments, Oil Red O and Alizarin 

Red, had been used with previous success in the lab for identifying cell types, but had 

gone past their expiration dates by 27 months. These stains appeared to have aggregated 

or precipitated into insoluble complexes which made the removal of excess stain during 

washes near impossible leading to unreliably high absorbance readings.  The most 

straight forward attempt to resolve this problem would be to order new reagents and 

repeat the experiment. Alternatively, there are some possible alterations to our protocol 

that could improve adipocyte staining and quantification based on conversations with 

other scientists and literature. In our current protocol, washes to remove the formalin 

fixative used PBS while others use either 60% isopropanol, the dissolving agent for Oil 

Red O, or 85% propyleneglycol. We attempted to solublize and extract our dye using 

60% isopropanol following incubation in our experiments which had limited success. I 

would have liked to have used methods suggested by other researchers which had success 
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using either 85% propyleneglycol or 100% isopropanol solution for extraction of dye 

from cultures, in addition to a previous study using a 2:1 chloroform and methanol mix 

(Swamynathan et al., 2014). 

 Additionally, the Alcian blue used in this study required suspension as it was in a 

powdered form. While the protocol for staining utilized a 1% solution (w/v) in 3% acetic 

acid, we were never able to fully dissolve the powder into solution. Thus, we could not 

stain the chondrocyte culture with the proper concentration which may have produced a 

much lighter staining of cultures than would normally be observed, underestimating the 

true number of chondrocytes in the culture. Again, this could be addressed by ordering 

new reagents, perhaps as a pre-dissolved solution containing the proper concentration of 

Alcian blue. There are possible alterations to our current protocol which could address 

the staining of our cells. This could involve increasing the concentration of the acetic acid 

or changing the solvent used to dissolve the stain, as other studies have utilized 

concentrated sulfuric acid or guanidine-HCL at a very low pH, which is required to 

properly block non-glycosaminoglycans from being stained (Bjornsson, 1993; Frazier et 

al., 2008). This may explain why the control well in the hypoxic cultures (Figure 19) 

experienced staining with the Alcian blue. In addition, there is an alternative method to 

stain chrondrocytes used in other studies that utilizes the dyes Safranin O or Thionin, 

both of which stain the same proteoglycans present in cartilage as the Alcian blue stain 

with a seemingly better distribution throughout cultures (Kiviranta et al., 1985; Kiraly et 

al., 1996).  
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 In addition to problems faced with our stains, we also observed a large portion of 

our cultures exposed to the high concentration of Timolol (7.9 mM) detaching from the 

plate during our experiments. This may have been due to an error in making our high 

concentration media, where Timolol maleate salt was dissolved in either MEMα or a 

differentiation media. Once Timolol maleate salt was dissolved in MEMα, the media 

appeared to have a moderately yellow tint which was the internal pH indicator of the 

media indicating the solution had turned acidic, which was not corrected prior to 

administration to the cells. This may be the most likely cause of the detachment of the 

cultures, as our control wells containing cells only exposed to MEMα did not show any 

detachment of cells from the well surface in either the hypoxic or normoxic cultures. An 

alternative cause of the observed detachment may be due to the high amount of Timolol 

in the solution causing a toxic effect and leading to apoptosis of cells. This may be 

possible as previous studies have noted decreased proliferation and even deformation of 

conjunctival cells and keratinocytes  treated with standard concentrations and dilutions of 

ophthalmic solutions containing β-blockers (Wu et al., 2006; Kawase et al., 2010). 

 Even though we were unable to quantify the amount of stain retained in the 

cultures, it is possible to make some assumptions about the effects of exposing 

preconditioned cells to Timolol as the cultures were stained in tandem. We observed 

similar results to previous studies which have shown there to be no changes in phenotype 

or the differentiative capacities of cells (Liu et al., 2015), as there did appear to be 

increased retention of the cytochemical dyes used to identify differentiated cells in 

hypoxic cultures. We also observed an increased retention of dye in our hypoxically 
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differentiated cultures, similar to previous studies which have shown chondrogenesis and 

osetogenesis to be enhanced when MSCs, grown in normoxic conditions, are 

differentiated under hypoxic conditions (Adesida et al., 2012; Shang et al., 2014).  

 We also tested the migration rate of the MSCs since it important to know whether 

their migration is affected by our treatments since the desire is for them to migrate out 

into the wound tissue and orchestrate the healing process. On the other hand, if cells were 

to experience radical increases in their migratory rate, there is a greater risk for cells to 

disperse, reducing the therapeutic benefit of the cells to the wound. Thus, it was deemed 

beneficial to analyze the migration of cells when exposed to our Timolol treatment using 

these concentrations. For these experiments, we plated cells on 12-well plates at a low 

density and exposed them to either no, low (2 μM) or high (7.9 mM) doses of Timolol 

and measured their movement every hour for 12 hours. For hypoxia conditioned cells, 

cultures were incubated in 1% oxygen for 36-48 hours prior to the experiment. OpenLab
® 

was used to track cells and quantify their average speed to determine the rate of 

migration. 

 When comparing the migration rates of our control cells, those not exposed to 

Timolol, our hypoxia conditioned cultures showed a 14% increase in migratory rate (p≤ 

0.05 ) over normoxic cells (Figure 22). This is similar to observations in a previous study 

which used scratch assays under normoxic and hypoxic conditions, though we did not 

observe as great an increase in migration rate (Rosova et al., 2008). There was no 

significant change observed in the migratory rates between control cells and those treated 

with 2 μM Timolol when grown under normoxic conditions, similar to unpublished data 
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from the Isseroff lab which has shown MSCs culture under normoxia in 1 μM Timolol 

supplemented media had no significant difference in the migration rate of cells. However, 

there was a decrease in the migratory rate of Timolol treated cells preconditioned with 

hypoxia, which was significant when comparing the cells to either their hypoxic controls 

(p≤ 0.001) or the normoxic Timolol treated cell (p≤ 0.001) in Figure 22. Additional 

experiments are necessary to determine the exact reason for these observations, which 

could include investigations as to whether Timolol could act as a negative effector on the 

proliferative pathways, such as the mTOR pathway, or the expression profile of hypoxia-

inducible factor-1α (HIF-1α) which has been found to be up regulated under hypoxic 

conditions (Lee et al., 2015; Peng et al., 2015). Also, as we conducted these experiments 

with minimal FBS (0.5%) in our media, we greatly reduced any potential presence of 

epinephrine being present in our cultures. As Timolol is a competitive inhibitor, the 

compound is still binding the beta-2 adrenergic receptor (β2-AR) and may be suppressing 

migration in a similar fashion as epinephrine. However, as the reduction in the migratory 

rate was not seen in our normoxic cultures, it is unlikely that the compound alone would 

cause this effect. As this compound is meant to counter the effects of β2-AR activation, it 

may be necessary to observe the migratory rate of the cells with both epinephrine and 

Timolol in the cultures. As studies have shown that β2-AR expression is not affected by 

hypoxia, a possible reason for Timolol reducing migratory rate of cells, which has not 

been investigated at this point, is there may be an effect on the binding affinity of β2-ARs 

when cells were preconditioned with hypoxia which may warrant further investigation 

(Ristori et al., 2011). 
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 Additionally, the cells cultured in a high concentration of Timolol (7.9 mM) 

suffered from the same effect as were mention above, as cells were observed detaching 

from the well surface following the application of the media solution. The media 

containing the dissolved Timolol maleate salt was not pH corrected and were exposed to 

elevated acidity levels when cultured during the migration, which may have been the 

cause of the cell detachment. Thus, an important point for future studies using this 

concentration of Timolol on MSCs would be to address the acidity issue that was 

presented in these migrations. It would be important to know if these cells were 

undergoing apoptosis induced by the amount of Timolol present or simply detaching 

from the plate due to the acidity of the solution.  

 Overall, I believe the experiments that were performed over the course of this 

research lends some insight into the behavior of mesenchymal stem cells when exposed 

to low doses of Timolol, but more importantly they serve as a basis to build from for 

future experiments analyzing the interaction of this drug with preconditioned MSCs. 

These are also the first crucial steps to assuring the safety of using the combination of 

Timolol with preconditioned MSCs in a clinical setting. We were able to identify the 

presence of MSCs in a murine wound sample using immunohistochemistry, showing 

MSCs still present in the area of scaffold application. We also observed that MSCs 

retained their tri-lineage differentiation capacity when exposed to Timolol regardless of 

normoxic or hypoxic conditioning. Finally, we found that MSCs conditioned in hypoxia 

had slower migratory rates when exposed to Timolol at a 2 μM concentration. Further 
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experimentation should provide further insight and confirmation of these preliminary 

results. 
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