Overview and motivation

We propose to extend current cell-level computational models for vasculo- and angio-genesis with the goal of conducting in silico experiments towards the treatment of vascularization related disease progression such as in age related macular degeneration (AMD) and tumor vascularization. There have been some successful mathematical modeling of vasculature formation and maturation, mostly via continuum PDE models or deterministic, discrete cellular automata. However, PDE models have inherent limitations, and fundamentally skirt the fact that biological systems have a single intrinsically important scale given by the cell. My mentor and his collaborators have developed a cell-level approach to computational biology which focuses on heuristic cell behaviors such as cell-cell adhesion, cell motility, cell size (spatial extent) and cell orientation, as opposed to mean-field mathematical idealizations of these behaviors. Using this approach they have successfully reproduced many features of developing tissues, including de novo 2-D vascular network formation seen in in vitro experiments (Merks and Glazier 2005; Merks, Brodsky et al. 2006; Merks and Glazier 2006). During my mentorship and training, I will extend this approach in ways necessary to bring make this model capable of accurately representing full 3-D vasculogenesis including lumen formation and even blood flow. With the latter, we will be able to include intussusceptive angiogenesis (Burri, Hlushchuk et al. 2004) in addition to the spouting angiognesis seen in the Merks-Glazier model. We will use this model to build multiscale models incorporating VEGF and MMP signaling leading to ECM breakdown followed by vascularization. These extensions will form the basis of direct disease modeling. Finally, by using a markup-language based, open-source computational system (Cickovski, Huang et al. 2005), we will share our models with other modelers and biolgists who will be able to easily alter and extend them.

Specific Aims

1) Extend existing DLMC vasculogenesis model (Merks & Glazier) to 3-D and include hematopoiesis via cell sorting.

2) Incorporate endothelialization of cells and matrix secretion to stabilize the vascular network after signaling and chemotaxis are turned off.

3) Create a model for intussusceptive angiogneesis based on endothelial buckling within the lumen combined with chemotaxis.

4) Include interaction with ECM so that sprouting can be linked to ECM breakdown.

5) Incorporate cell-cycle to add multiscale element.

Background and significance

Vascularization and related diseases

Vascularization represents, in mammals, a critical moment in developmental biology both for healthy tissue and disease. Prior to vascularization tissues develop and grow using energy which has been stored or arrives via long-range diffusion. Vasculature brings in a steady supply of oxygen and other nutrients. The formation of vascular networks is a fundamental developmental process important in both healthy and diseased tissue, and both in the repair of damaged tissue as well as the invasion of disease into healthy (or benign) tissue. 

One area of particular importance is the vascularization of tumors. Nascent tumors are generally avascular. Without a blood supply, tumors die from the inside out as inner tissue becomes starved of diffusible nutrients. By secreting tumor angiogenic foactors (TAFs) such as vascular endothelial growth factor (VEGF) and matrix angiogenic factors (MAFs)such as matrix metalloprotease (MMP) tumors invite and facilitate vascularization from neighboring tissue. Blocking this process through antiangiogenic therapy is an active and promising field of research. We also feel it is an area well suited to assistance from computational models.


Another important disease resulting from abnormal invasion of vascular tissue is the wet form of age related macular degeneration (AMD) in which the vascular choroid tissue layer breaks through into the retinal pigmented epithelium (RPE) leading to damage of rods and cones. This results in partial or total loss of vision in up to 30% of those 75 to 85 years of age. It is unclear at this time whether this results primarily from mechanical or chemical responses. Combined with more experimental data, cell-level modeling could explore the relative roles of various processes necessary to replicate observed morphologies.

Current Models


Chaplain and Anderson have developed both continuous and discrete models of tumor angiogenesis. These models incorporate motile response to chemotactic and haptotactic signals. Their discrete models are deterministic cellular automata that track individual point-cells. These models verify the importance of various TAFs and MAFs, but do not capture many realistic aspects such as size of blood vessels, which are simply lines of point-size cells. Vasculogenesis has been studied in a series of continuum PDE models recently reviewed by Ambrosi et al. in (Ambrosi, Bussolino et al. 2005). These models have focused on reproducing proto-vascular nets formed in 2-D in vitro experiments using various vascular endothelial cells on Matrigel (Serini, Ambrosi et al. 2003). The authors divide recent efforts into two classes, those which rely primarily on endogenous chemotaxis and subsequent motile persistence of endothelial cells (Gamba, Ambrosi et al. 2003; Serini, Ambrosi et al. 2003; Ambrosi, Gamba et al. 2004). Another class of models focuses on the mechanical properties of and interactions with the surrounding matrix (Manoussaki, Lubkin et al. 1996; Tranqui and Tracqui 2000; Murray 2003).  Both sets of models (once appropriate and stable numerical integration has been achieved) can reproduce realistic network structures with both static and dynamic statistical properties that resemble in vitro experiments.

Taking a different approach, Merks and Glazier (Merks and Glazier 2005; Merks, Brodsky et al. 2006; Merks and Glazier 2006) modeled vascularization using a cell-level semi-agent-based method. Rather than focusing on a particular mathematical idealization, they focus on cell behaviors. They build their simulations from collections of in silico cells that have realistic individual properties such as shape, volume, orientation and spatial extent. They move by lamellipodial extensions. They adhere to substrates or each other at their irregular boundaries. They secrete and respond to diffusible chemical signals.  They know have a distinct front and back.  Merks and Glaziers’ simulations also successfully reproduce static and dynamic statistical properties of neovascular networks. However, the networks they form consist of actual individual cells, rather than regions of abstract cellular density.

In order to fully model disease progression, any of these models will need to be extended in many ways.  They need to be extended into 3-D. The vascular network will need to be able to develop into actual vessels containing blood-filled lumen. They will need to incorporate features from each others models (motile persistence, chemotaxis and a dynamic extracellular matrix).

Accessible Cell Level Modeling

The current volume and throughput of experimental data on the mechanisms of diseases such as cancer suggest two approaches towards turning this data into successful treatments. The traditional approach is to statistically correlate volumes of data to identify patterns and guide future experiments. Increasingly, however, computational power is beginning to make possible realistic and predictive numerical in slico experiments that complement traditional in vivo and in vitro experiments. This holds great promise for complementing traditional methods for understanding where current treatments fail and how new ones can succeed.

Computational modeling of biological systems is a broad field with many approaches. The need for multiscale approaches has been discussed for some time now. However, to most modelers, this still means a continuum PDE model for tissues, possibly coupled to a finer grid of ODEs for signaling pathways. Only recently, however, has the importance of cell-level modeling been explicitly recognized and stated (Merks and Glazier 2005; Quaranta, Weaver et al. 2005). These authors, in addition to stating this need, are also working to bring cell level modeling tools to biologists. Many mathematically trained modelers might be skeptical of this approach. However, just as all technological advances—lasers, micromachinery, electron micrography, MRI, advanced imaging and image processing, etc.—ultimately find their way into the biology lab and are used by biologists, we must expect and indeed facilitate biologists taking up the modeling tools and methods currently in the hands of mathematicians, physicists and computer scientists.

Therefore, the goal of this mentorship is twofold. On the one hand, a biologically accurate and predictive computer model for vascularization and angiogenesis will pave the way for future work leading to treatment and cures for diseases such as cancer and AMD. On the other hand, our modeling work will also further the development of heuristically motivated, cell-level models that are accessible to biologists who will then be able to alter them, extend them, and explore their implications on their own.

Specific Aim 1: Extend the Merks-Glazier model to 3-D and include hematopoesis via cell sorting and chemotaxis.

Merks and Glazier successfully reproduced results from 2-D experiments in which angioblasts aggregate to form a protovascular network. In their DLMC simulations they gave cells the following properties: chemotaxis, shape preference, haptotaxis, chemical signaling.  The next step in this modeling is to allow this network to develop into actual blood vessels. This will require both the rounding of the network chords and incorporation of hematopoietic cells that localize at inside the endothelium. There is evidence for cells aggregating into tubular structures via purely mechanical interactions (Vailhe, Lecomte et al. 1998).  In the Merks-Glazier model, vessel rounding should occur naturally via surface tension minimization when the network chords are allowed to grow in the third dimension. Blobs of cells naturally “round-up” into spheres to minimize surface area. This process has been easily reproduced in similar models models (Mombach, D et al. 2005). Contact-inhibition mediated signaling competes with this rounding leading to a spread out network structure as opposed to a blob. In 2 dimensions this network structure is comprised of linked chords surrounding lacunae. In 3 dimensions the chords should become cylinders. Finally, we propose using a combination of chemotaxis and cell sorting to allow a second cell type representing blood precursers to localize inside the cylinders, making them into tubes.  The method for modeling fluid flow in these models has been previously developed and verified (Dan, Mueller et al. 2005).
Specific Aim 2: Incorporate endothelialization of cells to stabilize the vascular network after signaling and chemotaxis are turned off.
As stated in Specific Aim 1, the network morphology is preserved by ongoing chemotactic response, without which the cells would rather round up into a spherical aggregate. There are a numerous ways in which the network could be stabilized when the signaling is turned off. By differentiating into polarized epithelial sheets, these cell sheets would develop intrinsic curvature. This would maintain the cylindrical structure of vessels even in the absence of chemotaxis. Alternatively we could have cells lay down matrix over time, creating a permanent semi-rigid structure Thus the longer an individual cell is in a specific location, the more strongly it will be held there. This is an especially favorable mechanism since in many disease processes matrix breakdown from VEGF or MMP stimulates angiogenesis.
Specific Aim 3: Create a model for intussusceptive angiogneesis based on endothelial buckling within the lumen combined with chemotaxis.

Mechanical stimulation is the most likely origin of intussusceptive response (Burri, Hlushchuk et al. 2004).  Recently, continuum models of fluid flow in vessels have reproduced realistic morphologies of vascular network reorganization (Djonov and Makanya 2005; Szczerba and Szekely 2005). However, images of intussusceptive angiogenesis show a preference for pillar formation at or near vessel junctions. One possible interpretation is that geometry also plays a role. Although the walls of a cylinder are curved, in a mathematical sense, the total curvature or Gaussian curvature is zero. This is not the case near junctions, where the vessel wall must curve simultaneously in two directions. Physically, this means that endothelial cell proliferation would generate more stress at these locations then in straight runs away from junctions. Perhaps this helps initiate local buckling.

Regardless of the source of bucking, buckling in a cylindrical section would extend along the entire cylindrical portion.  However, a region of locally high total curvature would buckle locally. This buckling, or even just the stress concentration that would precede it, may be part of pillar formation. These stresses may also be coupled to chemotactic signals that would allow cells on opposite sides of the vessel wall to communicate, thus enhancing pillar formation.

We will be able to simulate fluid flow in vessels and also the vessels mechanical response to this flow at the cell level.  We will build simulations that will compare possible mechanism leading to intussusception and subsequent vascular remodeling.
Specific Aim 4: Include interaction with ECM so that sprouting can be linked to ECM breakdown.

As previously mentioned, many vascularization models focus on mechanical interactions with a substrate (Manoussaki, Lubkin et al. 1996; Olsen, Sherratt et al. 1997; Korff and Augustin 1999; Tranqui and Tracqui 2000; Murray 2003; Serini, Valdembri et al. 2006).  Such interactions have not yet been included in the Merks-Glazier model.
Specific Aim 5: Incorporate cell-cycle to add multiscale element.
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