Capacity to maintain homeostasis

Section I

AN INTRODUCTION TO STEM CELLS

Regeneration and Repair
The ability of an organism to renew and regenerate its own tissue is a significant factor in its capacity to maintain homeostasis. These new tissues originate from within the organism and are generated in response to a stimulus. They are created to repair damage and return an organism to a steady state, thus allowing the organism to continue along its genetically expressed developmental path. In order to gain a greater understanding of the mechanisms underlying tissue development, regeneration and renewal, we must refer to a theory which was proposed[L1] by Schleiden and Schwann (The Cell Theory, 2001) in the early 19th century. This theory is known as ?The Cell Theory? and it conveys three basic postulates:
1. All living things or organisms are made up of cells

2. New cells are created by old cells dividing into two

3. Cells are the basic building unit of life.
The major tenets of ?Cell Theory? combined with the well demonstrated understanding of tissue growth and repair collectively present a strong argument for the fact that cells are central to all these processes within the organism (Xue et al., 2004). Development and repair in tissues and organs has been understood to occur by the augmented size and complexity of a tissue or the recreation of tissue that has been lost or damaged. Using the cell theory, it can be suggested that these structural and functional changes can be attributed to the addition of new cells from a cell source that is ever present.

Every cell has a specific function in order to increase the chances of its host to survive. Some cells, such as skin cells, suggest[L2] organismal protection by a physical barrier (Campbell et and Reece, 2002). Others, such as cells of the endocrine organs, serve as regulators of internal environments via molecular communication. A fully developed, healthy adult maintains these cellular populations through their chemical and physical interactions. Even when a controllable stimulus changes the microenvironments in which these cells exist, cellular populations will work collectively to maintain an internal steady state.
Stem Cell Basics
Distinct from the terminally differentiated cells or cells with a predefined purpose, there are a specialized group of cells, named stem cells. These cells have near endless ability to divide and alter their function in order to suit the need of the organism where they reside and increase survival probability. These stem cells have come to be understood as the critical source of renewal for a majority of cell types in all multicellular organisms (Campbell and Reece, 2002).

Stem cells (SC) have been shown to have great potential to differentiate into many different cell types in the body. Their potential to differentiate could occur during early life and growth. Furthermore, they can serve as a repair system in many tissues by dividing without limit in order to replenish other cell populations. During division, there is a possibility for each SC to become either a different cell type with a specific function or remain a stem cell.

Stem cells are unique and different in comparison to other cell types by having two important and well-defined characteristics. As mentioned above, they are unspecialized cells which are able to renew themselves through cell division and they can be influenced to become tissue or organ-specific cells with determined functions under certain physiological or experimental conditions. Up to date, there are two classifications of SCs. They have been isolated from humans and animals and used for scientific and experimental purposes. These two types of SC are embryonic stem cells (ESC) and adult stem cells. Further discussion on the functions and characteristics of these two different cell types will be presented in the following sections.
Embryonic Stem Cells
Embryonic stem cells (ESC) are pluripotent stem cells derived from embryonic tissue. These cells are distinguished by two distinct properties: their pluripotency and their ability to self-renew themselves indefinitely. Because of their pluripotency, they are able to differentiate into all derivatives of the three primary germ layers and can become any cell type in the body (Saburi et al., 1997). Additionally, under well-defined conditions, ESCs are capable of propagating themselves indefinitely. Because of their plasticity and potentially unlimited capacity for self-renewal, ESC therapies have been proposed for regenerative medicine and tissue replacement after injury or diseases. Nevertheless, laboratory and clinical research using ESCs has been somewhat stunted due to the controversy surrounding ethical considerations.
Adult Stem Cells
Contrasting to ESCs, the use of adult stem cells in research and therapy is not considered to be controversial because, as their name suggests, adult SCs are derived from adult tissue samples. Therefore, various research on adult stem cells has initiated great interest in the scientific community. The interest has again focused on the ability of these cells to divide of self-renew indefinitely, and to generate all the cell types of the organ where they originate. Thus, these cells have been shown to have the promise to regenerate the entire organ from a few cells.

Adult stem cells are found throughout the body after embryonic development and originally are thought to be undifferentiated cells. The main roles of these cells in a living organism are to preserve and repair tissue in which they reside. A number of recent reports have shown that some types of adult stem cell have the ability to differentiate into different cell types noted in organs or tissues other than those anticipated from the original cells? predicted lineage. For example, blood-forming (hematopoietic) cells have been shown to differentiate into retinal blood vessels (Grant et al., 2002). This phenomenon has been referred to as SC transdifferentiation or plasticity. Recent studies have also demonstrated the presence of adult stem cells in many more tissues than originally thought (Han et al., 2009).

Curiosity about adult SCs had spiked in the middle of the 20th century after observations of species ranging from the hydra (cousin of anemones and corals) to particular vertebrates (amphibians). The common feature of these species was the occurrence of ?Substantial Somatic Regeneration? (Marshak et al., 2001). In the case of the hydra, a full organism could be regenerated from a single extraneous piece of tissue (Marshak et al., 2001). Amphibians, though not able to regenerate an entire organism, can reform whole appendages that have been amputated in a sudden fashion (Marshak et al., 2001).

Limb regeneration is not normally observed in higher order mammals, but it is analogous to a process that is now very well understood: wound healing. The body?s ability to create a new tissue thereby replacing damaged tissue requires internal blastemal formations (Marshak et al., 2001). After injury infliction, there is a cascade of events common to both amphibians and mammals requiring blastemal formation to protect nascent tissue and foster its growth. In mammals, repair mechanisms not only resemble that of amphibian limb regeneration but are also reminiscent of stages in early development. For instance, mammal bone fracture repair is followed by an increase in cartilage at the fracture site. This cartilage is eventually replaced by calcified bone. This same process is undergone in endochondral bone formation during maturation of bones (Marshak et al., 2001).

Further evidence supporting the presence of adult SCs includes the rates of cellular turnover. Blood cells, for example, are created at an incredible pace as they are recycled throughout life (Boron and Boulpaep, 2005). The amount of blood cells created [L3]in a life span indicate that it is spatially and temporally unfavored for new cells to have been stored solely as progenitors at birth and maturation. In addition, the locations of erythropoeisis during gestation, birth, and maturation change according to the age of the individual. This hints the presence of reservoirs for SCs in the corresponding tissues of production (Marshak et al., 2001). Cells which have a high turnover rate in normal adult, such as erythrocytes, monocytes, and macrophages, must have a rich source of stem cells to facilitate their rapid replenishment. Moreover, their undifferentiated state allows them to potentially develop into many different cell types. For example, bone marrow stem cells (BMSC) have been understood to develop into tissues like the brain, liver, and lungs. In response to ischemic injury in the brain, BMSCs can travel to both the spleen and the affected area to regenerate damaged tissue and attenuate the inflammatory responses contributing to further necrotic events (Schwarting et al., 2008).

Schwarting et al. are credited with supporting these responses in B6 mice after a lethal irradiation and consequent GFP+ cell transplantation into the tail vein. Using cells expressing Green Fluorescent Protein (GFP), these authors were able to track the location of the stem cells while circulating and at the destination tissue (Schwarting et al, 2008). At 2 and 3 days after the transplantation, Schwarting and colleagues recorded the activity of the bone marrow GFP labeled cells in response to the cerebral occlusion and resultant ischemic injury. They found that the cells were able to populate the damaged areas at day 2 and 3 post transplantation; They quoted ?GFP+ cells were detected at 48 and 72 hours after intravenous injection in the meninges, the perivascular areas, and the parenchyma of the ischemia-affected hemisphere, as well as in the spleen, liver, lung, and lymph nodes?. (Schwarting et al., 2008).

In addition to the above observation, these cells integrated with the damaged cerebral tissue and adopted the quasi-phenotype of microglia like cells to help improve the scaffolding. Shown in figure[M4] 1, as time progressed cells which started out as non-ramified or morphologically round (undifferentiated) cells adapted to their micro-environment and became more ramified or differentiated.
Section II

STEM CELL POTENTIALITY

Microenvironments
The microenvironments in which SCs exist play a large role in signaling and regulating their fates. This microenvironment can be In vivo or In Vitro.[M8] The Drosophila fruit fly is a well understood example of how cellular microenvironments play a significant role in stem cell regulation and the mutual relationship the cell has with its surrounding tissue. Since the genomic code is complete for this species, it is easier to determine cell fates in development and cellular reaction to environmental cues. Gametogenesis, which occurs constantly in a mature fruit fly, is reliant upon stem cell proliferation and differentiation occurring in a simultaneous

To maintain sexual maturity, the fly needs genetic signaling to preserve multipotency, but also must be directed toward the generation of egg cells for future fertilization. Each ovary contains a set number of ovarioles where the gametogenesis takes place. Stem cell renewal occurs here as well through maintaining cell cycle activation. The microenvironment is set up in a parallel manner where there are ?columns? of cells progressing in age and maturity beginning with the primitive somatic stem cells (SSC) and germ-line stem cells (GSC). In the anterior portion, as shown in figure 2, immature GSCs mature into an ovum as they simultaneously move into the posterior portion (Marshak et al., 2001).

Cellular factors in the cap cells (CC) help maintain the GSCs in the cell cycle. Following that stage, they form cytoblasts (CB) which retain some stem cell characteristics but begin their development in response to posteriorly present molecular signals. Thus, the GSCs will asymmetrically divide because of the conflicting signals present on either side during the cell cycle (Marshak et al, 2001). There are also SSCs (somatic stem cells) which start more medially but proliferate and differentiate into follicular cells as the cells move to the posterior end. As these cells begin to mature, there is asymmetrical division because of where they are located. Differentiation progresses as they adopt follicular phenotypes (Marshak et al, 2001). The intricacies of this microenvironment are apparent in observing the gradients of signaling required to preserve a proliferative nature for resident stem cells and to promote the development of the ovum. (Marshak et al, 2001)
The Cell Cycle: Maintenance of Stem Cell Proliferation
Terminally differentiated cells have a set function due to their complete cellular maturity. Since a stem cell is in its most undeveloped stages of life, there is a lack of understanding regarding the path of its development. In this case, the genetic environment as the map for the cell?s fate is the only definitive portion of the cell. It contains the blueprint for the stem cells unique traits of altering proliferation, and differentiating characteristics. For that reason, the cellular cycle is regarded as a useful source for expanding our knowledge of the underlying mechanisms of a stem cell.

There are four phases within a cellular cycle. At the beginning of cellular division, there must be a transition from latency in the G1 phase to the S phase. The initiation of the S phase [M9]marks the start of DNA replication. However, the cycle is not continual. There is a regulatory checkpoint separating each of the active phases. For example, the G1 to S checkpoint requires specific cyclins: Cdk 2, 4, 6 and CycD. Signaling transductions are required to activate the Cdk molecules through regulatory phosphorylation and to individually compartmentalize the molecules into the areas required. While the cell is replicating DNA in the S phase, it is simultaneously recruiting Mitosis (actual division) phase cyclins (i.e. CycB) in order to pass through the checkpoint from the second G phase (Alberts et al., 2008).

The dynamics of these checkpoints are crucial for cell stability, DNA repair, and overall organismal survival. Since the cell cycle is essential for normal organismal development and survival, and SCs share the same logic, it is prudent to hypothesize that potency and differentiation are also modulated at the cell division cycle (Marshak et al., 2001. Though as of now there is limited data as to how this control takes place, some factors support that mitotic control is the defining factor of a stem cells plasticity. Controlling proliferation is multifactorial, and is manipulated by environmental cues, molecular linking, and genetic code. Marshak et al. suggest this quoting:
· Transplantational studies suggest that shortly after S phase, the cell fate of the soon-to-be-born SC progeny is restricted by environmental factors, but passage through the next S phase restores SC multipotency, allowing new cues to dictate the identity of the resulting daughter. How might S phase renew multipotency? One hypothesis invokes changes in chromatin structure during DNA replication that can have dramatic effects on gene expression and therefore cell fate.? (Marshak et al., 2001).
In the past decade, the micro-environmental mechanisms for reentry into the cell cycle have been well studied. Eventually, in a culture of stem cells of an enriched media there occurs a lag or stationary phase. The proliferative maximum in the space allotted prohibits the residing cells from restarting mitosis. This is promoted by the increase of cytokines (molecular messages). One of these messages comes from the wnt/ ?-catenin pathway. The protein Dokkopf-1(Dkk-1) has been shown to be an inhibitor for that particular pathway in the cell cycle (Gregory et al., 2003) .

Cytoskeletal ?-catenin serves as an anchor for cadherins which promote cell to cell adhesion. Furthermore, cell to cell adhesion is a promoting factor for cellular differentiation. Therefore, since the presence of this Dkk-1 in the cell inhibits the translation of the cellular anchor, it will decrease tendencies to stop ?-catenin production and support movement out of the hematopoietic mesenchymal stem cell (hMSC) lag phase. (Gregory et al., 2003).

Gregory et al. carried out immunostaining of the stem cells in media to detect the level of ?-catenin in order to see if there was an evident change after Dkk-1 transfection. The lower amount of observed red fluorescence in figure 3 signifying presence of Dkk-1 supported their hypothesis that Dkk-1 inhibited a differentiating factor. Other tests were conducted to check the levels of wnt, Dkk-1, and ?-catenin after the cell cycle was arrested. The experiment is an accurate example for attempting to explain the control stem cells exhibit on their individual cycles. Since they are the primary source for new stem cells, they must have endogenous feedback mechanisms to internally decide whether they should keep proliferating or differentiate (Gregory et al., 2003).
Section III

The Stem Cell Niche
As stated in the previous segment, the microenvironment harbors a stem cells most determining factor of its fate. It has been shown that extra-medullary tissues aside from the bone marrow harbor these cells (Han et al., 2009). These tissues, like stem cell niches also foster potentiality to aid in the attenuation of injury and maintain normal developmental rates. Until recently, organs like the heart were considered terminally differentiated organs without the possibility of regeneration. This is due to the existence of coagulative necrosis after injury (Heggtveit et al., 1964).

When there is notable scarring due to injury and no signs of mitosis, it is elicited that labile (replicating) cells are not present. On the contrary, due to our understanding of stem cellular microenvironments and their molecular identities, scientists have been able to track down the presence of niches in adult tissues. Though the mechanism of tissue recovery through stem cell is not yet fully understood, there is substantial evidence suggesting that when the resident stem cells are activated they can be differentiated into all cell types including and not limited to muscle cells, endothelial cells, vascular tissues, and even conductive tissue.

Like in the drosophila ovary, microenvironments must consist of an extensive framework of quiescent cells, space for the cells to develop, molecular signals to maintain quiescence and proliferative ability (Zhao et al., 2008), and ways for the cells of the niche to be contacted in a scenario denoting their necessity (i.e. injury). These requirements describe the balance between proliferation and differentiation via asymmetrical and symmetrical division.

Symmetrical division is maintained in order to provide continuity in the cellular pools. The population of cells must be kept at a constant number with the help of mitosis. In asymmetrical division there is the creation of two non-identical daughter cells where one is a more differentiated cell and the other maintains its stemness. These cells also must be able to delay their entrance or expedite their exits from the cell cycle to provide a state of quiescence (Marshak et al., 2001).

Simply the counterpart of proliferation, quiescence must be achievable in the niche to hinder unnecessary division and differentiation. Quiescence can only be initiated or maintained by signaling. Each cell with the ability to proliferate has an inherent program of quiescence that is activated by factors in close proximity to the cells. The activation does not come directly from cell cycle arrest but the exit from the cell cycle through multifactorial changes in gene expression. Exposed to different signals promoting quiescence, the cells showed microenvironment dependant mechanisms by which they manipulated the cycle (Coller et al., 2003).

Quiescent state is extremely dynamic due to the ability to use different mechanisms altering proliferation. With respect to stem cells, quiescence is more advantageous then cell cycle arrest due to its irreversibility. The fluidity of the specific changes in gene expression also make cells in this state much more resistant to differentiating factors (Coller et al, 2003).

Since division and quiescence exist simultaneously from cell to cell in a niche, there must be a complex order of signal coordination from the niche scaffolding and from cell to cell to keep this dynamic environment stable. If the genetic machinery is thrown off it could render the niche useless, or even cause too much proliferation and have cancerous effects (Jordan, 2004). Each microenvironment is tissue particular in that it has mitogenic and differentiating growth factors for specific stem cell fates. There are commonalities among niches throughout the body though, since completely undifferentiated cells require basic regulatory signals to maintain plasticity.

In mammalian adults a main source of stem cells is the hematopoietic stem cells (HSCs). Therefore, the primitiveness of cells in each niche can be measured by common hematopoietic markers. For example, niche existence has been shown through the tracking of specific cell surface proteins with common stem cell sources. The cluster of differentiation (CD) 150 was shown to exist in extra-medullary sinusoids containing multipotent HSCs, but not in progenitors.

FACS (Fluorescence Activated Cell Sorting) analysis depicted by Figure 4 shows that progenitors did not express the cell surface marker CD150. This was due to their progression through differentiation (Kiel et al., 2005). From these figures, one can infer that the HSCs found in the extra-medullary reservoirs (niches) will exhibit specific cell surface proteins, and these are significant identifiers of the microenvironments that control stem cells.

The ratios of differentiation status can be identified by molecular tags on the surfaces of the cells. In this case, the flow cytometric analysis of the existence of the CD150 on the primitive HSC as opposed to the progenitor showed the extra-medullary niches were sites of stem cells ranging from quiescence to progenitor. The progenitor specific markers included Clusters of differentiation 48 and 244 (Kiel et al., 2005).

Clusters of differentiation (CDs) serve as an index for measuring differentiation and proliferation in mammalian stem cell niches. Therefore, one can hypothesize that a stem cell microenvironment will lose its capability to maintain a functional population ratio of stem cells with the loss of those signals. Previous studies of the specific niche of the Drosophila testi have supported that the increase in age has lead to a decreased autocrine and paracrine signals inhibiting self-renewal processes (Boyle et al., 2007). In particular the factor urd was significantly decreased with age. This factor is influential in committing cells to the cell cycle and connects its loss to the prolongation/delay of germinal stem cell progression through the S phase. Also it promotes the expression of adherens (DE-cadherin) which are scaffolding and support molecules holding the cells in close proximity further promoting cell-cell interaction (Boyle et al., 2007).
The Cardiac Niche
In earlier studies, stem cells in the heart were identified as side population cells (Hierlihy et al., 2002). Side population cells exhibit plasticity and have origins in the bone marrow and can transdifferentiate (even if found in different tissues) or are endogenous to the specific tissue and can only differentiate into that tissue (Asakura and Rudnicki, 2002).

In a post-natal rat heart, when the development is stunted using inhibitors of growth, hypertrophy of the myocyte population is still observed. This indicates the possibility of an endogenous source of stem cells or stem-cell like cells. When these cells were extracted from the heart and tested for plasticity, they were unable to transdifferentiate without fusing to other cell phenotypes. Since transdifferentiation is required for stem cell identity, they were labeled as side population cells according to their reactivity to Hoescht staining (Hierlihy et al., 2002).

Recent studies have explained the presence of endogenous cardiac stem cells (CSC) through niche existence. Support between cells throughout a niche stabilizes the position of maintained SCs. Using the tagging of lineage markers and cell interaction molecules, it has been shown in mice that a strong bond using gap junction proteins, adhesion molecules, and extracellular matrix proteins forms the scaffolding of the cardiac niche (Urbanek et al, 2006).

Gap junction proteins connexin 43 and 45 were identified via confocal microscopy between (CSCs), lineage committed cells (LCCs), myocytes and fibroblasts. This is shown in fig 5A/B between c-kit+ CSC, LCC and a cardiac myocyte (Urbanek et al, 2006). The abundant presence of the protein signifies the framework for the niche structure. Gap junctions are responsible for intercellular messaging via the small molecule transport through channels they form between adjacent cells (Salameh and Dhein, 2006). Messaging from the host tissue is paramount to the stability of the microenvironment and can influence self-renewal or mobilization of stem cells (Urbanek et al., 2006).

In addition to the presence of gap junction proteins, there was detection of extracellular matrix protein interaction between the cells of the niche. Specifically ?4 Integrin was located between the surrounding host tissue and cardiac stem cells (Fig 6).

This matrix protein has been previously demonstrated as a key factor in SC homeostasis. Like gap junctions, it also is a contributing factor for the ?maintenance of renewal for hematopoietic stem cells? (Urbanek et al., 2006) due to the apparent mobilization of SCs after disruption to its niche interactions (Qin et al., 2003).

As previously observed in the drosophila ovary niches, aside from necessity for structural support, there is a requirement for symmetrical and asymmetrical division. ?These patterns of cell growth were confirmed by the detection of GATA-4 as a marker of cell commitment? (Urbanek et al, 2003) and can be seen in Figure 7 (K-N). The progression of the symmetric division from K to L shows the absence of the proliferative factor GATA-4 from either daughter cell, maintaining the properties of mitosis (identical progeny). The progression

from M to N shows the appearance of GATA 4 emerging in only one of the two daughter cells signifying asymmetrical division.
Section IV

CARDIAC PROGENITOR CELLS
The presence of cardiac niches has been supported experimentally, and this has been shown through the microenvironment existence of cell to cell connections between stem cells and normal cardiac tissue. Incidence of channels and ECM proteins providing these connections were shown previously to promote structural integrity of the niche and maintenance of stem cell populations.

Molecular interactions of niches also promote the asymmetrical division similar to that shown in fig. 7. ?Asymmetrical division of a stem cell gives rise to a self-renewing stem cell and to a daughter cell, known as the progenitor? (Berger et al., 2005) Since the maintenance of the stem cell through niche interactions has been shown, there must be tissue determinants putting cell fates into action.

Within the heart there are four major types of cells. The majority of these cells in the heart can be referred to as muscle cells (myocardium). Myocardial cells are responsible for the pumping action due to their contractility pattern. This pattern is paced by stimulatory impulses in nerve like bundles located at the Sinoatrial node, Atrio-Ventricular node, and bundle of his. These conductive cells are mostly specialized myocardium with enhanced impulse propagation capability (Boron and Boulpaep, 2005).

Within the conductive bundles of nodes there is cardiomyocyte phenotypic expression (? cardiac actin, and desmin) as well as the presence of smooth muscle actin. This signifies its morphological and developmental difference and similarity to myocytes (Orlandi et al., 2008). Most of these cells are not in direct contact with blood flow, so they must be supplied via vasculature. The other two types of cells predominantly found in the heart, or more specifically outside of it are the endothelial cells and smooth muscle cells of the heart vasculature. Therefore, starting with a very primitive cardiac stem cell, one can guess that the start of differentiation would lead to a progenitor of each type.
Outside Sources of Progenitors
Due to the ability of stem cell and cell progenitors to transdifferentiate, there is potential for many different tissue SCs to become myocardial progenitors in vitro. In order to commit these primitive cells to a myocardial lineage, it is required to culture them in a medium that resembles a cardiac niche. This niche-like environment can promote increases in cardiac cell gene expression and can result in differentiation of cardiomyocytes.

Since the realization that hematopoietic bone marrow-derived stem cells (hBMSCs) are a significant source of stem cells in extra-medullary tissues, there has been research supporting the potential of these cells to be found in adipose tissues (Han et al., 2009). More specifically, brown adipose tissue found in remote areas of the body has previously been shown to transdifferentiate into a cardiac myocyte lineage (Yamada et al., 2006). Yamada and colleagues isolated the brown tissue from interscapular region and white tissue from inguinal regions of the body and cultured them in rich DMEM with nutrient rich solutions. Both of the cells, cultured separately, after 14 days started to form myotubes and expressed markers for cytoskeletal and contractile proteins.

Yamada et al. chose to use the brown cells for the remainder of tests due to their higher progenitor concentrations in culture. After further morphological analysis, they noticed myofibrillar arrangement in accordance with neonatal cardio myocytes. There also was an absence of skeletal muscle determinants myogenin and MyoD. Along with an overwhelming presence of CD29+ cells in the cultured brown fat tissue, they were able to monitor contractility patterns by testing various pharmacological agents (? adrenergic agonists) and electrical stimuli known to increase action potentials in muscle (Yamada et al., 2006).
Myocardial Progenitors Residing in the Heart
The progression from stem cell to progenitor includes the loss of stem cell markers and the gain of partially differentiated ones. For example, in an explanted heart biopsy, and using various plating techniques, one can follow the path of differentiation as time progresses. When the explanted biopsy was plated onto a growth rich medium, multiple CDs and markers were recorded.

To monitor the maturation of the stem cells to primitive progenitors, Tags were placed on the stem cell identifiers: SSEA-1 (Stage Specific Embryonic Antigen), abcg2, and c-kit+. During the 5 weeks, SSEA-1, previously identified as an embryonic stem cell marker (R/D Systems, 2010), disappeared from the tissue sample. Abcg2 and c-kit, markers for early progenitors, showed a marked increase as the stemness was lost from the sample. Figure 9 is a graphical representation of the FACS analysis. The alterations of the three markers show increasing progenitor population and decreasing population of stem cells (Davis et al., 2010).

Along with the progression to progenitors, these maturing cells were shown to secrete VEGF which has angiogenic effects (Tang et al., 2009), hinting at the growth of new blood vessels from this cell source (Davis et al., 2010). From these outgrowth harvests, the conclusion can be drawn that ?these mechanisms may be synergistic with paracrine secretion mediating early survival/salvage of myocardium and/or recruitment of endogenous regeneration? (Davis et al., 2010).

To observe the occurrence of cardiac progenitors residing in the heart, there are certain scientific approaches that researchers have undergone including examining neonatal and early postnatal hearts. In observing the tendencies in a much more underdeveloped heart, as conducted previously by Davis et al (2010), it is evident that primitive stem cells and progenitors are most abundant in fetal and neonatal cardiac tissue.

Using hearts with congenital defects, Amir and colleagues were able to monitor progenitor activity then progression into adult tissue phenotypes (Amir et al., 2008). First, they stained nuclei for Ki-67, which is a nuclear proliferation marker (Garzetti et al., 1995). This would show all the cells in the process of division (asymmetric or symmetric).

Ki-67 was observed to be expressed in varying quantities depending on its location. In the mitotic cells, there was a time dependent decrease in Ki-67 expression. In the post natal stage, Ki-67 expression decreased to less than 1% after 20 days. Within that one percent of proliferative cells, there was also a time dependent co-expression of cardiomyocyte markers SERCA2 and troponin-T. The calcium ATPase pump (SERCA2) and contractile protein (troponin-T) expression increased to over 75% after 20 days. In addition, embryonic marker SSEA-1 levels decreased to a negligible amount signifying cellular maturation. Lastly, Nkx2.5, a marker for early myocytic lineage differentiation had increased expression.

These observations show a presence of proliferation and simultaneous differentiation through the concurrent presence of lineage differentiation markers and the loss primitive stem cell markers. Figure 10 shows the tissues stained for SERCA2 (green) and those stained for c-kit (red). The arrow represents a cell showing both.

These observations were made on underdeveloped and young hearts, therefore it might present difficulty in connection to showing pools of resident stem cells in a fully adult heart. Amir et al acknowledged this limitation but presented positivity stating that the experiment ?demonstrates in neonates the findings of others in adult myocardium: that cells other than fibroblasts escape terminal differentiation in the heart? (Amir et al., 2008).

As mentioned before, Cardiac Progenitors express a combination of markers signifying stemness along with differentiation. The Notch-1 receptor is a major component of the cardiac progenitor cell (CPC). It begins to lose expression after fate markers like GATA-4 are present (Bearzi et al., 2008). After testing the microenvironment of the atria and apex, many CPCs that were c-kit+ also expressed this Notch isoform. Within the niche, the ligand for this receptor was also strategically placed between two CPCs, and CPCs and terminally differentiated myocytes. When the ligand jagged 1 was in contact with notch1 it increased the translocation of the cleaved intracellular domain to the nucleus. Immunofluorescence showed the increased gene expression of Nkx2.5. Also, the presence of the Notch1 modified form showed a marked decrease in GATA6 and Vezf1 (Bearzi et al., 2008). These are mature markers for smooth muscle and endothelial cells respectively (Davis et al, 2001). The increase in myocyte commitment and consequent inhibition of cells with endothelial and smooth muscle is ?a model of selective specification of cell fate that mimics function of Notch in other stem-cell-regulated organs?. (Boni et al, 2008)
Vascular Progenitors for the heart
Promoting the growth of new vasculature is a bit more complicated and requires the generation of two new cell types. The integrity of a small sized artery requires the presence of smooth muscle tissue and endothelial cell adhesion. This helps maintain elasticity and the presence of a continuous lumen, respectively. The vessels found in the heart are physiologically analogous to vessels found elsewhere in the body, and likewise is their generation/regeneration.

To visualize the angiogenic effects of the circulating endothelial progenitor cells or other stem cells transdifferentiating to that phenotype, we must consider the hollow, theoretically cylindrical shape of the vessel. Not only do new endothelial cells need to proliferate, but they must readily form into tubes. Also considering the effect of a microenvironment has on a stem or progenitor cell, there must be a paracrine signal to initiate these events.

Yu and colleagues proposed that the paracrine effects, and the secretions from preexisting mature endothelial cells were the attractants and influential factors of circulating endothelial progenitor cell (EPC) homing and differentiation (Yu et al., 2008). More specifically, they wanted to test the effects of endothelial extracellular matrix protein CCN1 on these physiological events. Through co culturing of ECs and EPCs, and the transfection of adenoviral vectors for CCN1, they examined the effects of different microenvironments on the EPC fate. This study showed that the presence of ECs increased the proliferation of EPCs. CCN1 was found to be upregulated in stimulated quiescent EPCs and was secreted in significant concentrations from ECs (Yu et al., 2008).

When adCCN1 (adenoviral protein) was used in the coculture of both cell ECs and EPCs, it augmented the migration, proliferation, and tube forming of the progenitor cells (Fig 11, black columns). Moreover, when the anti-CCN1 antibody was added, the increased positive effect of the viral protein was diminished (Fig 11, red columns). The realization of the importance of EPCs in forming new vessels has shown to be very promising in future therapies of vascular injury (Yu et al., 2008).

The buildup of toxic metabolites in a hypo or non perfused vessel can damage the vessel wall and render it dysfunctional. For example, occlusion causes acute injury in a vital organ like the kidney and can decrease renal function to dangerous levels. Endothelium can be generated from a variety of tissues as shown by Arriero et Al (2004). These authors compared the attenuating effect of both undifferentiated primitive stem cells and endothelial progenitors from skeletal muscle derived stem cells on renal dysfunction post ischemic injury.

To differentiate the muscle SCs into endothelial progenitors, Arriero and colleagues plated the cells on fibronectin and added an EGM or endothelial growth matrix (bFGF, hydrocortisone, VEGF, ascorbic acid, hEGF, and heparin) to promote maturation into ECs. Four weeks later the proliferating cells were tested for endothelial markers and stem cell markers to assess their progress through differentiation. Most importantly, the authors wanted to test for the presence of Tie-2 (a protein almost exclusively found in cells of developing vascular endothelium (Cytokines and cells online pathfinder encyclopedia, 2010)).

Using the Tie-2 GFP mice the authors were able to show after 4 weeks in the differentiating medium that endothelial and progenitor cells were developing (Figure 12). When these cells were conditioned they were then transplanted into the area with renal dysfunction. This was then compared to the same transplant with uncommitted stem cells. Since differentiation to fully mature ECs takes about 4 wks, the uncommitted cells had no positive effects on the renal dysfunction. Conversely, the endothelial progenitors were able to increase function measured by decreased creatine in the plasma (indicating increased clearance and kidney function) (Arriero et al., 2004).

Vasculature is essential for a majority of tissues in closed circulation organisms. These organisms rely on constant blood flow to maintain oxygenation in vital organs and tissues. This will help prevent injury or necrosis. Since the heart constantly powers the flow of blood throughout the body, it presents a much higher need for blood flow to itself. Therefore, it is reasonable to theorize that vascular progenitor cells exist within the resident stem cell pools of the heart (Bearzi et al., 2009).

?If the human heart harbors phenotypically distinct Progenitor cell (PC) classes, then Vascular Progenitor Cells (VPCs) and Myocardial Progenitor Cells (MyPCs) would be expected to be nested in different anatomical locations and regulated by separate supporting cells?(Bearzi et Al., 2009). Through FACS analysis and immunocytochemistry, Bearzi and colleagues were able to distinguish between the two niches. First, the authors tested for uncommitted stem cell markers in both epicardial and epivascular areas. In the epivascular regions the cells were positive for the markers c-kit and KDR. KDR is found on the earliest of angioblast precursors. The authors also observed the presence of connexin 43, and N-cadherin which denote structural support from mature cells for primitive cells in the cardiac niche.

When both the ?myocardial? and ?vascular? niches underwent induced differentiation, they expressed their specific lineage markers. For myocardial niches there was Nkx2.5, ?-CA, ?SA, and MEF2C expression. For vascular niches there was a positive expression of Ets1, CD31, and vWf (markers for ECs) and GATA6, and TGF-?1 receptor (markers Smooth muscle cells(SMC)). In addition, the notch1 receptor was expressed 3.5fold more in the myocardial precursors than in vascular cells. Contrarily, molecules PPAR-? and Klf5 which are important in vessel homeostasis and repair, respectively, were 10- and 2-fold higher in vascular niches than in myocardial progenitors (Bearzi et al., 2009).

The existence of resident myocardial and vascular precursors in specific microenvironments in the heart suggest strategic placement for development and repair. Furthermore, these cell types required to maintain heart homeostasis can be derived from exogenous tissues. The niches foster these cells as progenitors to further assist in maintaining a steady state. Within the heart there is a higher demand of stability, and these experimental techniques provide evidence of assistance and offer insight to possible therapies for damaged heart tissue.
Section V

Generation of Cardiac Muscle Tissue In Vitro

Stem Cell Protection of Cardiomyocytes
Bone marrow stem cells (BMSC) are a significant source of stem cells for all tissue types. Not only do they show proliferative capability for terminal differentiation, but have they been shown to exhibit protective attributes on already differentiated cells in the heart (Xu et al., 2007). The experiments of Xu and colleagues began with the in vitro assaying of only BMSCs and BMSCs co cultured with cardiomyocytes. The authors? hypothesis was that these BMSCs can protect mature cells from death. These co cultured cells were set up in varying concentration ratios. They were also plated in the presence and absence of a hypoxic (low oxygen) serum. These situations aimed to to mimic the effects of an ischemia and provide a control, respectively. Xu et al proposed that the bone marrow cells would protect the cardiac myocytes via the inhibition of apoptosis (Xu et al., 2007).

Cytokines expression of VEGF, bFGF, SDF-1, and IGF-1 were detected from the BMSC only medium. Then their effects were tested in the co culture of the BMSCs and cardiomyocytes. To quantify this study, Xu and colleagues tested the cardiomyocytes for the expression of annexin-V, which is constitutively displayed in a cellular apoptotic state (Alberts et al., 2008). They also tested for Bcl-2, a well known anti-apoptotic protein expressed in all cell types (Alberts et al, 2008). In the study, immunostaining was done to test the presence of annexin, and Western blotting was used to measure respective Bcl-2 levels with and without co culture with BMSCs. Figure 13 shows the numerical representation of the cells in an apoptotic state via positive annexin-V levels (E) and Bcl-2 expression (A) with or without BMSC co culturing. The results showed significant cardiomyocyte protection in vitro with a fifteen percent drop in annexin levels and a marked increase in Bcl-2 anti apoptotic protein expression after co culturing.

Mesenchymal progenitor cells (MPCs) that are found in bone marrow have also expressed cytoprotective effects in vitro on adult heart tissue (Dai et al., 2008). Generally, progenitors are suggested to be further committed to a cell lineage (Berger et al., 2005). Dai and colleagues compared the protective effects of primitive SCs and progenitors by coculturing MPCs and BMSCs with cardiomyocytes. MPCs, which express the myocyte early differentiation marker GATA-4, showed a significantly greater protective effect on the cocultured cardiomyocytes (Dai et al., 2008).

Since both cell types showed increased Bcl-2 expression in culture, and MPCs had a higher level, Dai and colleagues suggested that GATA-4 was a contributing factor to their augmented cytoprotective nature. To test this they transfected primitive BMSCs with a GATA-4 adenovirus to monitor if increased protective effects occurred. Their results pointed to a greater protective effect of stem cells with the GATA-4 transfection, but still not at the level of the mesenchymal progenitor cells. Expression of GATA-4 was shown to increase synthesis of Bcl-2, and this accounted for the discrepancy between protective effects of MPCs and BSMC (Dai et al., 2008).

Research has suggested that bone marrow derived mesenchymal stem cells (MSC) exhibit a considerable defensive dynamic towards myocytes in culture. Homing to injury sites, these stem cells can protect necrotizing cardiac muscle by inhibiting apoptotic molecular cascades (Dai et al., 2008, Xu et al., 2007). Moreover, the MSC proximity to the injury site facilitates paracrine signaling. It has been shown that existence in a paracrine microenvironment can also enhance the proliferation and differentiation of the stem cells to help regenerate lost tissue (Nakanishi et al, 2008).
Stem Cell Generation of Cardiomyocytes
Nakanishi et al were able to culture and isolate resident CPCs in vitro. CPC positivity was observed via the expression of the cell surface receptors for differentiation inducing cytokines (VEGF receptor, HGF receptor IGF-1 receptor, etc.). These cells were then replated on an MSC-enriched medium and allowed to culture for two weeks. ?Before the transplant onto the MSC medium, cardiac progenitors tested positive for GATA-4 and MEF2c. They did not express any markers for advanced differentiation. During the culture period with the MSC medium, the progenitor cells had considerable increases in transcription of GATA-4, MEF2c, ?-myosin heavy chain (?-MHC) and atrial naturetic peptide (ANP)? (Nakanishi et al., 2008).

Since both ?-MHC and ANP exist in mature cardiomyocytic phenotypes, the conclusion can be drawn that MSC paracrine activity in the microenvironment causes further lineage commitment of resident progenitor cells. In addition, the mesenchymal stem cells used caused migration of CPCs. In the presence of MSC medium, the number of migrated CPCs that passed through a Chemotaxicell filter increased notably. Figure 14 shows the increase with a phase contrast image of the cultures, one without mesenchymal paracrine activity (labeled standard) and the result of co culturing with MSCs (labeled conditioned). MSC culturing in close proximity to the progenitor cells shows their ability of chemoattraction and differentiating influence on resident progenitor cells (Nakanishi et al., 2008). Results in the experiment also propose the retention of MSC plasticity even after the neighboring effects they have on endogenous progenitors (Nakanishi et al, 2008).

There is evidence suggesting that when placed in a cardiogenic microenvironment without direct contact to cardiomyocytes, mesenchymal cells will also transdifferentiate into cardiomyocytes (Li et al, 2007). Li et al isolated and plated mesenchymal stem cells in the same wells as myocytes but prevented direct cell to cell contact with a semi-permeable membrane allowing only the secreted factors to come in contact with the MSCs. After 7 days, Li and colleagues observed single contractile movements. At 10 days they observed cell clusters contracting in unison. In addition, through various methods of analysis, the mesenchymal cells that became committed lineage cells (CLCs) expressed SERCA2 and RyR2 mRNA increases, cardiac troponin I and T, sarcomeric ?-actinin, and desmin. By transmission electron microscopy, they noticed the presence of myofilaments and even sarcomeres. This experiment provides evidence that MSCs have the ability to adapt phenotypes of cardiomyocytes through cytokinetic interaction (Li et al, 2007).

Though it has been shown to be unnecessary, direct cell to cell contact is also supported as a method to induce transdifferentiation. This maturation into cardiomyocytes was shown via interactions with the cellular adhesion molecule E-cadherin (Koyanagi et al, 2005). Koyanagi et al tested for this particular cell-cell interaction between EPCs and cardiomyocytes by immunocytochemistry. EPCs already differentiating exhibited significantly more E-cadherin than those of more underdeveloped EPCs. Koyanagi and colleagues further supported the effects of cadherin by providing data of decreased differentiation after pre-incubation with an E-cadherin antibody. This further suggests the importance of particular cell adhesion molecules in microenvironment induced differentiation.
Section VI

Generation of Conductive Tissue In Vitro
Conductive tissue such as the pacemaker cells in the sino-atrial node or the bundles of purkinje fibers of the heart have been shown to be specialized cardiac muscle cells (Orlandi et al., 2008). These cells will spontaneously fire action potentials in order to maintain a contractile rhythm that will propagate in an atrio-ventricular manner (Boron and Boulpaep, 2005). This pattern allows the staggered contractions and relaxations of the sequential chambers on either side of the heart.

As shown by Orlandi et al., the pacemaker cells are derivatives of cardiomyocytes with the ability to initiate and propagate neuronal signals. This difference is observed morphologically with the expression of additional cell markers on conductive tissue. It is also gauged physiologically with different sensitivities to electrical and pharmacological stimuli. This has been shown in the induced differentiation of cardiomyocyte progenitor cells (Boer et al, 2010), and in vascular mesoangioblasts.

Mesoangioblasts (MAB) are specific progenitors located within vascular tissue of the heart. These cells have multipotency and are able to differentiate into multiple cardiac phenotypes, including normal myocytes, and myocytes with sino-atrial properties (Barbuti et al., 2010). Barbuti and colleagues were able to isolate the MABs in culture by plating them on a growth medium with no fetal calf serum (limiting their nutrition). The layer of round undifferentiated cells that grew on top of the fibroblast layer in culture was then replated to isolate the MABs. To induce spontaneous differentiation without molecular influence the medium was starved (Barbuti et al., 2010). After 5 days in the differentiating medium, the samples were tested for phenotypic properties of cardiac cells. Microscopic analysis was used to observe possible contractile movement, Real-Time Polymerase Chain Reaction (RT-PCR) was performed to test for expression of various transcription factors, and immunofluorescence imaging was used to tag phenotype specific markers. Finally, a patch-clamp method was used to assess the cells? electrical potential (Barbuti et al., 2010).

First, Barbuti and colleagues analyzed the replated tissue with confocal microscopy and noticed spontaneous contractile activity. From this tissue they picked samples with the most activity (2 ventricular samples, 1 atrial sample). In these mesoangioblasts derived progenitor cells (Md-PC) they observed myocyte typical transcription factors (TF) NKx2.5, TBX-2, and ISl-1 via RT-PCR. They also observed the TF TBX-3, which is accepted as a cell fate signal unique to sino-atrial node (SAN) tissue (Barbuti et al., 2010).

During the patch-clamp analysis, there was spontaneous activity correlating to SAN activity because of the proposed presence of funny channels (slow depolarization phase). Funny channel expression was further supported with an immunofluorescent tagging for hyper-polarization cyclic nucleotide-gated channels (HCN). Only isoform 4 expression was observed in the samples. Since HCN4 is understood to be the major isoform of the channel in conductive tissue, the data more closely associated the Md-PC with SAN tissue (Barbuti et al., 2010).

Lastly, the authors tested the physiological effects of pharmacological agents understood to alter autonomic pacemaker activity in the SAN. Figure 15 is a graphical representation of the effects on the electrical activity of the differentiated SAN-like cells after administration of the drugs. These agents directly effect the SAN in vivo. Moreover, target specificity is necessary in the development of drugs affecting conductive activity in the heart (Barbuti et al., 2010). Therefore, observing a physiological change means that the differentiated cells express a near identical if not identical phenotype to regular conduction tissue, and only after 5 days in the medium. Barbuti et al were also able to detect ?-adrenergic recptors and muscarinic receptors on the new conductive progeny via immunocytochemistry. These receptors are also regulators of contractility in cardiac conductive tissue (Boron and Boulpaep, 2005).
Section VII

Cardioangiogenic effects of stem cell In Vitro
As proposed previously, paracrine cytokines in stem cell niches are important governing factors of stem cell differentiation and proliferation. One example of this paracrine mediation is through the peptide prokineticin. Prokineticin is closely related to VEGF in that it activates the same receptors as the endocrine gland-derived VEGF. ?The receptors for these peptides are Prokineticin Receptor 1 and 2 (PKR1/PKR2)? (Urayama et al., 2008). There are a number of physiological effects that they have on the body, and they have also recently been observed as angiogenic and protective factors in the heart (Urayama et al, 2008).

Within the epicardium of a human heart, the resident niches harbor epicardial-derived progenitor cells (EPDC). Urayama and colleagues tested the effects of prokineticin-2 on the differentiation of the EPDCs in culture with cardiomyocytes. Since they observed that PKR1 and prokineticin-2 are down regulated in a tissue sample mimicking advanced heart disease, they suggested a direct connection between them (Urayama et al, 2008; pg. 843).

To test the direct effect of prokineticin-2, they added it to epicardial tissue explants taken from adult mice hearts. One sample had a knockdown of PKR-1 and it was treated with prokineticin-2. The other explant expressed normal levels of PKR-1. The explant samples expressing the receptor significantly higher activity through the increased expression of platelet endothelial cell adhesion molecule (PECAM-1) and ?-Smooth muscle actin. These are markers for endothelium and smooth muscle cells, respectively. Prokineticin-2 was secreted by cardiomyocytes in the same micro-environment as EPDCs, and this was observed as a paracrine signal inducing their vascular differentiation (Urayama et al, 2008).
Progenitor Migration for Vasculogenesis
We have seen the ability of multipotent cells to differentiate, transdifferentiate, and proliferate in vitro. However it is important to consider that stem cells and vascular progenitors in the heart are not omnipresent. Therefore, a rate limiting step in the development of new vascular tissue is cellular migration from cardiac niches and outside stem cell sources. There is a significant requirement for migration factors to assist in stem cell homing and chemoattraction.

Earlier, evidence was provided that resident endothelial cells have the ability to attract and manipulate endothelial progenitor cells. These EPCs play a significant role in neo-vascularization via migration, proliferation, and tube forming (Yu et al., 2008). Additionally, we have seen the effect of circulating stem cells (MSCs and BMSCs) on assistance in ischemic injury attenuation (Schwarting et al., 2008). This was observed via the secreted paracrine effects on the stem cells from the preexisting tissue.

There is supporting data that implicates circulating endothelial progenitor cells in the recruitment of resident vasculogenic progenitor cells from stem cell niches in the heart (Urbich et al., 2005). Urbich and colleagues adopted this hypothesis about EPCs due to their previously understood presence in peripheral tissue undergoing neo-vascularization (Murayama et al., 2002). In order to test their proposal, they compared the angiogenic growth factors secreted in endothelial cells (from umbilical vein and microvasculature of dermal regions), CD14+ monocytes, and endothelial progenitor cells. They then compared the levels in vitro of each cell type to verify that EPCs would be the affecters of new vessel growth.

The culture of the circulating endothelial progenitor cells secreted a host of cytokines contributing to new vessel growth. Most importantly, there was a significant presence of three out of four vascular endothelial growth factor (VEGF) isoforms in the secretion. This exemplified the cells? ability to have paracrine effect on neighboring cells. Though EPCs did not contain the highest expressions of VEGF mRNA for all the isoforms, it did translate the proteins at the highest rate (fig.16, blue column).

The expression of angiogenic factors G-CSF, SDF-1, IGF-1, and VEGF A/B was increased in endothelial progenitor cells (EPC). Urbich and colleagues then wanted to test the effect that EPCs and ECs had on mature endothelial migration, and attraction of c-kit+ cardiac progenitor cells.

The terminally differentiated endothelial cells exhibited a positive effect on the migration of other ECs and CPCs. EPCs had a more significant increased effect on this migration. This may be connected to the elevated translation rates of VEGF, which is understood to ?also induce increased vascular permeability, proliferation, migration and recruitment of EPC from the bone marrow? (Urbich et al., 2005). The compounding of VEGF attracting EPCs and EPCs secreting VEGF is another example of positive feedback of cytokine release, just like that noted by Urayama and coworkers in the prokineticin-2/PK-1 interaction.

VEGF has had similar affects directly on resident cardiac stem cells. Tang et al have shown a direct connection between the cytokine VEGF and CSC recruitment. Like previously mentioned, the method of migration analysis was quantified using a trans-well assay. The VEGF was placed in the bottom well in varying concentrations and the stem cells were put in the top well. The CSCs were later pre-incubated with antibodies for VEGF receptors, and inhibitors of the VEGF proposed transduction pathway: PI3K/Akt (Tang et al., 2009).

There was a direct relationship between increasing concentrations of VEGF and migration of the cultured stem cells. Once the stem cells were pre-incubated with the inhibitors or the antibodies, there was a decrease in the effect of VEGF on the migration. However, after the VEGF had been administered the positive effect on migration could not be completely eliminated by the pretreatment with the inhibitors. This data accumulation ?suggested that additional signaling pathways might be involved in VEGF-induced CSC migration? (Tang et al., 2009). Regardless of the inhibition of the PI3K/Akt signaling, VEGF was still exhibiting a stimulatory effect on stem cell migration.

To induce progenitor migration to desired regions, cells in the blood or in tissue must be able to efficiently maneuver through unique spatial arrangements. Cellular flexibility is demonstrated by the manipulation of cytoskeletal proteins like microfilaments. These manipulations help aid in a cell?s motility. Regulatory proteins within the cell can control the rate and pattern of cytoskeletal rearrangement to influence the change of the cells shape. The change in the shape can also influence regulation of gene expression. Thymosin is an intracellular protein that can regulate the polymerization of actin subunits to create microfilaments. These microfilaments are responsible for cell mobility via creation of stress fibers, strengthening of focal adhesions, and extension of lamellipodia (Alberts et al., 2008).

Along with the established role of thymosin as a microfilament assembly regulator, it has been shown to contribute to progenitor migration, and vascular differentiation. Its effect on tissue generation has been observed in Tie-2+ (marker specifically for vascular differentiation) epicardial-derived cells (EPDC) from epicardial tissue (Smart et al., 2007). Smart and her colleagues showed that through the activity of thymosin-?4, the regulation of microfilaments caused increased physical manipulation of the EPDC via the formation of lamellipodia, and cytoplasmic offshoots. They also observed that the endoproteolytic activity of the thymosin could induce differentiation. Specifically, the endoproteinase of thymosin-?4 cleaves a 4 amino acid peptide (N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP)) off the N terminus. This tetrapeptide was shown to induce differentiation of EPDCs in cardiac explants via the expression of Flk-1. Flk-1 is a marker found on mature endothelial cells.

Thymosin-?4?s (T?4) effect was tested on adult mouse epicardial heart tissue explants. With thymosin treatment the explants showed significant increases in outgrowth of vasculogenic tissue, and creation of new blood vessels, along with protective effects on myocardium via anti-apoptotic activity (Smart et al., 2007). This is shown in the drawn model in figure 17. With a progression from the epicardium, the T?4 influenced the migration of the EPDCs to the neo-vascular area to be consequently influenced by other cytokines (VEGF, PDGF, TGF-?, etc.).

Thymosin-?4 knockdowns were used to examine the degree to which the peptide affected the tissue. Figure 17 shows that without the presence of the T?4, there is a decrease in migration. ?Failure in T?4-induced EPDC migration results insignificantly impaired vasculogenesis, defective collateral growth and vascular regression, which in turn leads to a severe reduction in cardiomyocyte survival? (Smart et al., 2007).

When the T?4 knockdown was incubated with the tetramer AcSDKP separately, migration was decreased, and the epicardial cells just differentiated in the epicardium. This suggests a two-step process to increase the neovascularization and protection of the myocardium by Thymosin. (Smart et al, 2007).

There have been many ideas presented in the previous sections regarding adult stem cells and heart tissue. The relevance of the data provided is towards medical application of various types of stem and progenitor cells in a failing heart. Necrotic tissue build up in a diseased heart causes a marked decrease in the hearts ability to act as a pump. This inability to pump reflects loss of muscle tissue, and more primarily loss of blood flow. Our realization that stem cells residing in the heart or circulating stem cells are able to differentiate into new heart tissue In Vitro may have therapeutic Implications with the proper transplantation techniques.
Section VIII

Stem Cell Therapies for Heart Disease

Heart Disease Introduction
The Center for Disease Control has previously reported that even though numerous attempts to warn the population, heart disease remains the number one killer in America (Heron and Tejada-Vera, 2009). The causes of heart disease can be pathological, hereditary, and/or physiological. Some conditions that cause heart failure due to heart attack are: High blood pressure (hypertension), cardiac arrhythmias, infective endocarditis, and heart attack (Kumar et al., 2007).

The primary physiological progression of heart attack is the necrosis of muscle tissue due to loss of perfusion from the coronary arties and coronary branching small arterioles. Buildup of plaques, or weakened vessel walls can prevent blood flow from reaching a tissue that requires oxygen to continue performing its function which is in this case pumping. When the muscle undergoes coagulative necrosis, it becomes nonfunctional and as a result decreases muscle strength in heart chambers (Kumar et al., 2007).

Ventricular function, more specifically ejection fraction is of the highest importance due to its requirement for moving large volumes of oxygenated blood out of the heart and deoxygenated blood into the lungs. For both conductance and blood flow, the left ventricle is the last of the heart tissue to receive blood to replenish its oxygen demand (Boron et al., 2005). Therefore, if there is an occlusion of the blood vessels it will be the first tissue to die. Moreover, if the ventricle fails it will cause total heart failure and almost imminent death (Kumar et al., 2007).

Acute Myocardial infarction is the death of a localized area of tissue due to loss of upstream blood flow. This type of cell death and ?Injury to the heart muscle causes chest pain and chest pressure sensation. If blood flow is not restored to the heart muscle within 20 to 40 minutes, irreversible death of the heart muscle will begin to occur.? (Heart Attack(Myocardial Infarction)). Coagulative necrosis from prolonged ischemic situation causes Ghost cells which appear as blank spaces due to intracellular digestion of nuclei and crucial organelles, especially in the heart (Kumar et al., 2007). Unfortunately, to date there has been no evidence of substantial heart regeneration, so instead of new muscle tissue, there is scarring and the formation of fibrotic tissues with no conductance or contractile quality (Kumar et al., 2007).

One of the major causes of a myocardial infarct is the buildup and consequent rupture of atherosclerotic plaques. A partial blockage alone caused by the accumulation of macrophage foam cells is not enough to cause damage to the tissue downstream, but once the blockage becomes large enough its structural integrity weakens. The distinction between vessel layers becomes mixed up due to migration of cells from the adventitia and media to the intimae pushing the plaque further into the lumen. Turbulent blood flow caused by the partial occlusion is sometimes strong enough to rupture the plaque (Kumaret al., 2007).

Once the plaque has been ruptured, resultant tissue fragments and cytokines like Tissue Factor initiate the coagulation cascade. This causes the aggregation of platelets, clotting factors, and inflammatory mediators, increasing the probability for a clot to form. If the clot forms in the lumen it will almost certainly create a 100% occlusion of the vessel (Fig. 18). As mentioned before, this occlusion will block blood flow, and ultimately kill the tissue after it. At that point, the only form of treatment is a surgical intervention. Bypassing occlusions with surgical attachment of peripheral veins is the quickest most effective treatment of a patient having a heart attack.

Due to its rate of morbidity in patients with a full blockage, most other treatments of heart attack are preventative. For example, someone with a familial hypercholesterolemia, and/or heart disease will be prescribed medication to prevent the buildup of plaques. Statins are prescribed for cholesterol problems in the family because of their effects on serum cholesterol and triglyceride levels. Inhibiting cholesterol synthesis via the enzyme HMG-CoA Reductase can decrease the potentiality of plaque buildups in smaller arteries (Wierzbicki et al., 2003).

Other ways to help prevent total vessel occlusion are semi-invasive surgical methods to assist in reperfusion of major coronary arteries: the left anterior descending (LAD), right anterior descending (RAD), and circumflex arteries. First, the process of angioplasty is a mechanical process by which an interventional cardiologist enters the femoral artery with a catheter containing a deflated balloon at the tip . The catheter is fed up over the aortic arch and manually maneuvered into the affected blood vessel. The balloon is placed in the middle of the plaque buildup, and inflated then deflated repeatedly to massage the plaque down to a flat surface. This will promote increased flow and further prevention of the down vessel injury (Angioplasty/Stenting).

Usually, after the angioplasty has been completed and there is a sufficient diameter achieved by the balloon inflation and deflation, an instrument called a stent is inserted. A stent is a mechanical brace shaped like a tube (blood vessel) to hold open the previous stenosis (Angioplasty/Stenting). The mechanical support of the stent can help against restenosis of the vessel. However, stents are fairly abrasive to the vessel surface. This contact can further trigger an immune response. Recent studies have shown the migration of smooth muscle cells to the site of angioplasty, and this is caused by the release of cytokines like platelet derived growth factor (PDGF) and fibroblast growth factor (FGF) after the therapy is finished (Zhao H et al., 2008). This presents a threat of restenosis over the stent, so now stents are engineered with anti-inflammatory drugs to prevent the gathering of cytokines and immune mediators.

For pathologies of a disease like atherosclerosis, as stated before, there are many ways to prevent an acute MI through the drug-induced decrease of plaque build ups or mechanical reopening of vessels before a thromboembolic event occurs. Aside from open heart surgery though, there has been very little development on approaches to circumvent actual tissue death caused by an unforeseen MI. Moreover, with open heart surgery there is still a great chance of irreversible damage to heart tissue depending on how long the tissue is in a state of ischemia.

As previously cited, recent experiments have suggested the general potential of stem cells, how a fully developed organism maintains SCs in niches, SCs ability to transdifferentiate into other types of tissue, and stem cells? intrinsic ability to reform resident tissue based on microenvironment signaling. These factors have provided significant evidence to suggest the therapeutic abilities of resident and homed stem cells to increase heart viability, and prevent long-term heart failure post ischemic events.
Stem Cell Therapy in Heart Disease
The promising findings of resident stem cell pools in the heart have exhibited a great deal of hope in treating cell death as a result of MI. Moreover, their stability in epicardial and epivascular niches uncovers a possible approach to influence their migration, proliferation and differentiation. The major targets scientists and physicians alike have focused on are regenerating muscle tissue to increase cardiac output, and also engineering vascular tissue to maintain or reestablish blood supply to new and injured myocardium.

It has been shown with the use of swine hearts that heart function increases after an artificially induce MI (Shake et al., 2002). Shake and colleagues were able to induce a myocardial infarction via surgical ligation of the left anterior descending (LAD) coronary for 60 minutes. This infarct caused severe damage to downstream myocardium. They directly implanted mesenchymal stem cells from bone marrow samples into the damaged areas. Cardiac function as a result of MI was measured by wall thickness in particular damaged areas (Shake et al., 2002).

The effected areas? wall thicknesses were significantly compromised after induced MI. After implantation, there was an attenuation of this dysfunction due to MSC implantation (Shake et al., 2002). The effects of the implantation did not bring the wall thickness back to baseline, but figure 19 shows the decrease in dysfunction with respect to time after the treatment. In addition, the MSCs localized strictly to the damaged tissue, and began to express myocardial proteins such as troponin-I, desmin, and myosin heavy chain (Shake et al., 2002). This is an In vivo correspondence to the previous data suggesting that microenvironments have an influential effect on stem cell division and differentiation (Shake et al., 2002).

Han et al (2009) supported the evidence of stem cells existing in extra-medullary adipose tissue. These stem cells have also been used in therapy for myocardial infarction (Cai et al., 2009). Cai and colleagues used these adipose derived stem cells (ASC) to transplant into peri-infarcted region of mice. The mice were athymic which prevented strong immune responses from occurring within the stem cell transplants. Post infarction, the ASC treated infarct showed a significant increase in cardiac function. Factors such as ejection fraction, end diastolic and end systolic volumes, and fractional shortening were all effected in a positive manner due to ASC treatment.

In addition, there was an increase in peri-infarct blood vessel density, as well as an increase in nervous tissue concentration (Cai et al., 2009). Most of the cells remained in the cell cycle as noted by consistent expression of Ki-67, which has been shown to be a marker for proliferative activity in primitive stem cells (Garzetti et al., 1995). The expression of Ki-67 corresponded to the prolonged survival of the stem cells in the graft for one month after the induced infarct (Cai et al., 2009). These results suggest strong capability for transplanted cells to work in a paracrine manner to attenuate the damage from myocardial infarction.

In animals, implanted stem cells with the capability to transdifferentiate In vitro have attenuating effects on the damage done to myocardium. The progression from animal studies to clinical trials has been stunted due to mixed results of stem cell therapy via stem cell retention changes. Li et al. (2009) approached this issue by presenting a couple of different methods for delivery to test which way is best. The authors used mice to test the efficacy of intra-aortic, intravenous, and intramyocardial delivery of BMSCs by monitoring the retention of the stem cells after injection. Retention of stem cells was the longest in the intramyocardial delivery (Li et al., 2009). In addition, BMSCs showed a greater retention in chronic infracted tissues possibly due to neovascularization of the damaged area, and increased fibrotic tissue preventing the loss of stem cells. This longer retention could also be due to the decrease in inflammatory response due to the mature nature of the infarct (Li et al., 2009).

Human clinical trials are just beginning using various methods of SC delivery to attempt to attenuate MI. Even though it is the most invasive way, intracoronary delivery has been shown to exhibit the best results for this therapy. Strauer et al. ran a clinical trial with 18 patients having an MI that ranged from 5 months to 8.5 years old. They were compared to a control group that did not undergo stem cell transplantation, and hemodynamic features of the heart were measured before, and after the transplantation (Strauer et al., 2005). 3 Months after the transplantation, all patients in the experimental group showed a decrease in the size of the infarction no matter the age, increase in left ventricular ejection fraction, and increase in wall movement velocity (representative of contractile nature). Table 2 is a numerical representation of the data from the trial (Strauer et al, 2005).
Conclusion
In conclusion, stem cells have been shown to exist in all stages of life. Embryonic stem cells have been seen in embryonic tissue and exhibited pluripotency. This entails the ability to develop into any cell originated in the three primary germ layers. In addition, they can divide and proliferate indefinitely. Due to the ethical scrutiny put on research using ESCs, focus has been shifted to the existence of stem cells residing in tissues of partially to fully developed adults. These stem cells according to the cell theory must have come from embryonic cells, and have been proposed to transcend the stages of life. Though losing some of their plasticity stem cells like those of the bone marrow retain the ability to transdifferentiate into other tissues and undergo self-renewal.

Adult stem cells have been tracked down in heart tissue, and exist in specialized microenvironments called niches that allow for them to maintain themselves and generate new tissue. Through scientific analysis, these stem cells and others sourcing from tissues outside the heart, have been shown to retain the ability of developing into mature heart tissue including muscle, conductive, and vascular. Scientists and doctors have been able to harvest these abilities and format the in vitro results to assist in injury attenuation of the heart. There have been many successes in both animals and humans showing the decrease in myocardial infarction injury with stem cell transplantations. Although the treatment approaches are in their primary stages, new developments on artificial niche scaffolding, new methods of delivery, and understanding a recipients reaction to a transplant is brining physicians and scientists alike closer to a tangible use of stem cells to regenerate once lost or necrotic tissue.
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