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ABSTRACT
Research using the adult mammalian model shows that regeneration in the limb is limited
to the distal most portion of the terminal phalanx. Recent studies suggest that the cellular
contributions made to the regenerating system are lineage restricted and that the niche bone
marrow hematopoietic stem cell population’s contributions are minimal. These studies however,
do not address other residing populations within the bone marrow, specifically the mesenchymal
and endothelial stem cell populations. One of the residing populations, the reputed pericyte or
perivascular cells, possesses the ability to differentiate into multiple other cell types.
To assess the potential contribution of perivascular cells to the regeneration competency
of the terminal phalanges, we began by identifying perivascular cells within the terminal phalanx
by using two accepted pericyte markers: nerve-glial antigen 2 (NG2) and endosialin (TEM1).
Using NG2 and TEM1 in conjunction with vascular marker Tie2 in the Tie2-EGFP murine
reporter line, we confirm a large number of perivascular cells in the bone marrow’s unusually
well-developed and organized vasculature and a lower density within the connective tissue
microvasculature; implicating a great potential contribution from the bone marrow. Postamputation, we observe a large population of NG2+ and TEM1+ cells within the regenerating
blastema region. Co-immunohistochemical studies reveal the blastema have cells that co-express
osteogenic and pericyte markers; strongly suggestive of a transdifferentiation event.
We attempt to confirm our hypotheses made in our initial assessment by utilizing two
independent cell tracing studies: a DiI labeling of the bone marrow of the terminal phalanx to
identify a marrow derived cellular contribution to the regenerate and a genetic fate tracing study
using transgenic NG2CreERTamR26REYFP mice to confirm a transdifferentiation event. Using a
novel in vivo method , we DiI-label the bone marrow content before amputation and trace DiI

labeled bone marrow derived cellular contributions to the regenerate. DiI labeled cells were
observed within the blastema expressing either endothelial, perivascular, or osteogenic markers,
confirming the bone marrow contributes multiple cell types during the regeneration process.
Using a similar experimental design, we genetically label the terminal phalanx NG2 expressing
cells using systemic tamoxifen induction of NG2CreERTamR26REYFP mice. We fate trace the
initially labeled population during blastema formation and re-differentiation and observed
transdifferentiation events of the perivascular cells into two distinctive lineages, endothelial and
osteoprogenitor cells.
Establishing a direct correlation between peri-vasculature and re-differentiation, we
address NG2/perivascular necessity with a series of temporal loss of function studies using a
blocking antibody (iNG2). We implant iNG2 soaked microcarrier beads into various regions of
the terminal phalanx and during different stages of the regeneration process. The experiments
confirm the necessity of NG2 expression for distal bone elongation, as well as ascertain the
temporal nature of the NG2 expression in different microenvironments. These results establish
the importance of NG2+ cells in the bone marrow during early stages of regeneration, with early
iNG2 bone marrow implantation resulting in a complete failure of the regeneration process.
In an attempt to rescue this iNG2 failed regeneration we employ an established positionspecific fibroblast cell line that displays a surprising plasticity as a cell-based therapeutic.
Through a series of RNAi lentiviral transfection of inhibitors of the TGFβ-BMP pathway we
induce osteogenic plasticity in the line. These results reveal regeneration competency associated
with the mammalian terminal phalanx is in part due to the ability to recruit local perivascular
multipotent populations, which has great translational relevancy.
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GENERAL INTRODUCTION
Regeneration is the ability to re-grow, re-form, and re-develop something that has been
lost. In certain species of animals, like the hydra and planarian complete regeneration is
possible. In the urodeles, the regenerative response to amputative injuries is complete regrowth of the lost limbs or digits. However, in mammalian regeneration, there are severe
limitations. The potential for regeneration in humans has been the focus of much
research. Currently, the number of limb loss injuries in the United States has reached 1.7
million (1999), with 185,000 new amputations yearly, and an estimated one out of every
200 people in the U.S. living with an amputation (Ziegler-Graham et al., 2008). Research
using the mammalian model demonstrates and confirms that epimorphic regeneration in
the limb is limited to the distal most portion of the digit, phalanx 3 (P3). This
regeneration of the terminal phalanx has not been closely examined for specific cellular
contributions. Once cellular contributions are ascertained, researchers can explore
stimulating better regenerative responses targeting specific cell types.

1

Types of Regeneration
Regeneration is the study of an organism’s ability to self-renew. Organisms like
the urodeles have fascinated scientists for generations. In the hopes of generating a better
regenerative response within humans, researchers have examined the gauntlet of various
aspects of different biological systems, from an evolutionary standpoint with regeneration
competent species to pre-existing niche cell populations with pluripotency and
engineering extracellular matrix constructs. In the disciplines of bioengineering, organ
specific regeneration, evolutionarily conserved regeneration, and stem cell regeneration,
these research fields are attempting to identify novel pathways and new mechanism to
generate a better wound healing and potentially, stimulate regeneration.
The definition of regeneration remains simple, the ability to renew or re-grow;
however, the complexity of regenerative response begins with its mere characterization.
Regeneration has been divided into three categories: (1) Autonomous, (2) Physiological,
and (3) Reparative (Carlson, 2007; Morgan, 1901a). These regeneration types are
classified upon how the initial loss occurred and the following response. In autonomous
or self-mutilation regeneration, the loss is intentional and can be best exemplified by the
starfish which will break off its own limb when attacked and re-grow the lost arm. In
physiological regeneration, the loss is constant and part of normal maintenance. The
epidermis of mammals is continuously worn off and renews itself, a type of physiological
regeneration. Lastly, reparative regeneration is categorized as a regenerative event that
occurs when a wound epidermis forms. Commonly observed in urodele models,
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reparative regeneration begins after amputative injuries, followed by the formation of
wound epidermis and the regeneration of the limb.
Based upon the enacted cellular mechanism, regeneration is further organized into
two sub-categories: morphallaxis and epimorphic regeneration. In morphallaxis
regeneration, following an injury rather than re-growing the lost portion, the remaining
cells re-organize and re-establish their cellular identities without greatly increasing cell
population. If the injury is amputative, both portions re-organize and re-establish their
cellular identities with very little to no growth in size, forming two new organisms
(Morgan, 1901a). Planarians and hydra illustrate morphallaxis regeneration best;
following amputative injuries each portion re-differentiates, rather than proliferates to
form a new organism (Morgan, 1901b; Morgan, 1901c). Epimorphic regeneration, unlike
morphallaxis, involves the re-growth of a specific segmented region, a prehensile
appendage, and is not a type of asexual reproduction (Karczmar, 1947; Mikhailov, 1954).
A type of reparative regeneration, epimorphic regeneration re-forms the limb through the
formation of a wound epidermis and blastema, a highly proliferative group of cells.
Studied extensively in amphibian models, the epimorphic regeneration process follows a
temporal dependent set of responses and cues to re-establish the regenerating limb.
Research examining the potential of mammalian reparative epimorphic regeneration has
encompassed the single cell (embryonic stem cell), the stem cell niche populations (bone
marrow derived stem cells), to single morphogenic proteins (BMPs and sonic hedgehog)
and extracellular matrix components (scaffolds) which have or will enhance regenerative
capabilities. The research conducted in our laboratory has focused upon the examining
the only regenerating portion of the limb, the terminal phalanx, the digit tip. This
3

examination of the terminal phalanx’s regenerative capacity attempts to translate this
regeneration and stimulate this regeneration on a larger scale and within other
mammalian models.

Evolution and Reparative Regeneration
In evolutionary developmental biology, studies of planarian, zebrafish, and
amphibian animal models attempt to make parallels between the regenerative responses
in superior regenerate competent species to the less regenerate competent species.
Evolution by definition is the study of inherited traits and characteristics. Begun in 1859,
Charles Darwin published the Origin of Species. This treatise, the theory of natural
selection, hypothesizes that all current living species are modified descendents of earlier
species, and that all species share an ancient common ancestor and making all species
related and that this evolution is driven by a process of natural selection or the -"survival
of the fittest”. Natural selection makes the conjecture that all individuals of a species
struggle to survive on limited resources in their environment, but a few have different
heritable traits that increase their chances of survival. With a higher incident of survival,
these individuals’ mating and progeny rates increase, which increase the percentage of
individuals with the inheritable trait. -- Evolution selects these individuals. Regeneration,
defined as the ability to self-renew, is seen in many species including mammals;
however, the extent of their regeneration is limited. The origin of regeneration seems to
have arisen with multi-cellular animals, seen in the commonalities of the regeneration
process (wound epidermis, upregulation of MMPs, blastema formation, and induction

4

factors, FGFs) across species and evolved from as an epiphenomenon (Bely and Nyberg,
2010).
One of the most basic regenerative animal models, planarian possess a simple
body plan with an amazing capacity to regenerate large portions of their bodies and use
amputative injuries to reproduce asexually. In comparison studies of planarian to the
mammalian system, the conservation of genes in developing and maintaining positional
cues in the body are maintained. Studies of planarian following amputative injuries using
large proteomic studies have implicated the upregulation of these same developmental
genes. If these genes are evolutionarily conserved in development, are these same genes
conserved in regeneration? Of these potential regeneration-developmental genes, an
excellent example of this re-capitulation of translational developmental in regenerative
patterning across species is the Hedgehog family of morphogenic proteins. A member of
the Hh family, which is necessary for the development of the Anterior Posterior axis, is
upregulated in the planarian blastema region by migrating neoblasts (Iglesias et al., 2011;
Mannini et al., 2008; Petersen and Reddien, 2008; Rink et al., 2009). In the more
evolved limb regeneration amphibian models, sonic hedgehog (shh) is necessary for the
regeneration of the limbs. In loss of function studies, the upregulation of shh re-fashions
the anterior-posterior axis in the mesenchymal blastema region, when shh is
downregulated, limb regeneration is lost (Amano et al., 2009). Across species, the
upregulation of a developmental gene was induced to generate a regenerative response.
Shh studies support and provide proof of evolutionarily conserved genes in development
and regeneration can be translated into potential therapeutics to induce improved
“regeneration” and healing in the non-regenerating human model.
5

Conservation of developmental genes in epimorphic regeneration has been closely
examined in species from planarian to mammalian models. Research examining the
conservation of stem cells and their niches within organisms and their participation in the
epimorphic regeneration process has been shown to have validity.

Reparative regenerative models:

1.1 Planarian regeneration
Mentioned in the correlation between evolution and development biology in
regeneration, the bilaterally symmetrical planarian is a non-parasitic type of freshwater
flatworm with amazing regenerative capabilities. Similar to mammals, the planaria or
triclads have the same three germ layers: the ectoderm, endoderm, and mesoderm which
form a very simple body plan which include two eyespots, a primitive central nervous
system with a brain below its eyespots, and an equally primitive digestive system which
includes just a mouth, pharynx, and a gastro-vascular cavity which extends to all the
organism extremities. The excretory system is composed of specialized flame cells and
dorsally localized pores that release waste. Unlike more complex organisms, the
planarian have no circulatory or respiratory systems, rather planarians use diffusion for
oxygen-carbon dioxide exchange and for nutrient transport from the gastro-vascular
cavity. A single opening connected to a pharynx on the ventral aspect along the central
body axis acts as a mouth.
Morphallaxis regeneration is also considered a type of reproduction. After an
amputative injury planarians regenerate the missing portions of their anatomies, creating
6

two separate new planarians. Regeneration for planaria are initiated by a thin layer of
epidermis migrating to cover the wound site. Undifferentiated cells are then recruited to
this injury region and form a region called a blastema. The blastema is composed of cells
called neoblasts which will differentiate to form the missing portions of each planarian.
These neoblasts are highly metabolically active undifferentiated cells that remain
controversial in lineage. Two theories exist on their origins: (1) Neoblasts are totipotent
cells pre-existing with somatic cells that proliferate and migrate to the site of injury, and
eventually differentiate, and (2) Neoblasts are differentiated cells in the remaining
portions, that dedifferentiate to regenerate the planarian. While evidence exists for both
theories, studies on early stages of planarian regeneration implicate that neoblasts are
similar to germ cells, with chromosome numbers similar to germline cells and appear to
be pre-meiotic. Furthermore, after irradiation treatments planarian lose their ability to
regeneration. To test the theory of totipotent stem cells pre-existing before amputation in
the planarian, cells isolated from planarian were separated based upon size; neoblasts
generally smaller than somatic cells. After irradiation, planarian injected with these size
exclusion fraction cells of potential neoblasts survived and were capable of regeneration,
in comparison irradiated planarian treated with the larger cell fractions failed to
regenerate and died (Gabriel and Le Moigne, 1971; Sanchez Alvarado and Kang, 2005).
These data have important implications on the capacity of regeneration. In the
regeneration competent planarian, totipotent cells exist surrounded by somatic,
differentiated cells and are recruited after injury to regenerate missing portions. The
existence of totipotent cells found in the differentiated cell population acting as satellite
cells suggests the conservation of pluripotent stem cells are necessary for regenerative
7

competency. A parallel can be made between these satellite cells/neoblasts and
mammalian stem cell populations localized in niches created by somatic cells that are
activated in specific types of injuries. To improve the regenerative response in nonregenerative species, the case can be made for greater stem cell based therapeutics.

1.2 Limb regeneration seen in urodele models
One of the most extensively studied epimorphic regeneration models, the urodele
model shows excellent regenerative capabilities of not only digits, but of entire limbs and
tails. The urodele regeneration model is the leading example of translational evolutionary
regenerative studies having potential clinical application; the identification of
regeneration specific genes, specific cell sources, and extracellular matrix components
have provided potential therapeutics that can be tested and translated into mammalian
model systems.
Amphibian epimorphic regeneration has been characterized by three distinctive
necessary events: (1) Wound closure by epidermis and formation of apical epidermal cap
(AEC) formation, (2) Histolysis, dedifferentiation, and proliferation to form a blastema,
and (3) Re-establishment positional axis and re-differentiation.
Occurring within hours of the amputative injury, the reparative epimorphic
regeneration process begins with the migrating epidermal sheets form a wound epidermis.
The wound closure by the ectodermal lineage of cells expresses different factors than the
surrounding non-contributing epidermis and does not appear to be proliferating more than
other populations of epidermis. As the healing process proceeds, the wound epidermis
forms with migration and very little proliferation and eventually forms an AEC, a thicker,
8

dense layer of epidermis. In loss of function studies to prove necessity, the AEC or
wound epidermis was not allow to form by suturing the wound or by removal, and
regeneration failed to occur. --Unlike other types of epidermis, wound epidermis induces
the re-expression of developmental genes (Msx2) and recruits other cells to the injury site
through MMP9 actions. Interestingly, a basal lamina is not formed between the epidermis
and dermis, allowing for a more direct interaction between the epidermis and dermal
components (Gardiner et al., 2002; Gardiner et al., 1986).
After the requisite AEC forms, it recruits dermal fibroblasts from the remaining
population to form a primarily, dermal-derived mesenchymal-based blastema. During this
period, necessary nerve innervations, specifically protein expression, help maintain the
formation of the AEC and the blastema. Neuregulins and anterior gradient proteins
(nAG), a type of anterior gradient protein (AGP) have been identified as the necessary
and major neural axon Schwann cell contribution (Kumar et al., 2007a; Kumar et al.,
2007b). Initially expressed by the Schwann cells, nAG interacts with receptor Prod1 in a
gradient manner; and is eventually expressed at a later stage of regeneration by the AEC,
which interacts with Prod expressing blastema cell to maintain the blastema.
While the nAG-Prod1 interaction is necessary for the maintenance of the blastema
and AEC, the blastema and AEC will form with not nerve innervations. The recruitment
of these dermal de-differentiated cells freed from extracellular matrix by MMP activities
appear to be driven by another factor that has yet to be identified. Without nerve
innervations however, these dedifferentiated cells will not proliferate and respond to the
unique microenvironment with the expression of Msx2, FGFs, shh (D-V and A-P axis),
Lmx-1 (D-V axis), and Hoxc10 (global patterning). The upregulation of these early
9

developmental genes stimulate positional axis formations and patterning, which will be
maintained throughout the rest of the regeneration process. During this period, nerve
innervations help maintain the AEC as well as the highly metabolically active blastema
cells and their differentiation. This signaling by the nerve induces the blastema to secrete
growth factors necessary for axon regeneration, suggesting a necessary feedback
mechanism exists between all three necessary components of regeneration: the nerve
innervations, AEC, and the blastema.
Molecular signaling cues by morphogens induce a regenerative response in the
urodele models; however, the cellular source for the blastema formation has been highly
disputed. The dedifferentiation event of surrounding connective tissue has been well
documented in lineage tracing experiments, recent studies have provided evidence for a
“satellite”/ “niche” stem cell populations. Using single GFP-tagged nerve derived glial
cell injections into an amputated tail urodele model; a percentage maintained their innate
positional identity and remained localized to the spinal cord region with no alteration in
function. However, approximately 50% of these injection studies revealed the
pluripotency of this cell source, migrating distally and differentiating into various
lineages: vasculature, Schwann cells, myofibroblasts, and chondrocytes (Echeverri and
Tanaka, 2002; McHedlishvili et al., 2007). These studies reveal peri-neural cells
associated with innervations, possess plasticity that are regeneration-activated.
While these studies reveal an ectoderm to mesenchyme transition, the plasticity
associated with this cell type implicate a stem cell source localized around innervations.
Furthermore, the urodele studies support the theory of conserved niche population of
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pluripotent cells maintained/coupled to terminally differentiated cells (nerve) recruited
and necessary for regeneration competency.

1.3 Mammalian distal digit and regeneration:
While the study of the development of the mammalian limbs has been well-examined,
the regenerative capacity of the limbs has had limited examination due to its obvious poor
capacity. However, the capacity to regenerate has been shown in the distal most region of
the limb, the terminal phalanx (Fernando et al., 2011; Neufeld and Zhao, 1995). In the
mammalian distal digit, both murine and human, the nail, nail matrix, dermis, connective
tissue, microvasculature within the dermis and connective tissue, and cortical bone all
regenerate. Recently, research using this model of regeneration has indicated that some of
these components are lineage restricted and have an inability to differentiate into other
lineages (Lehoczky et al., 2011; Rinkevich et al., 2011). Our lab has characterized the
process of terminal phalanx regeneration into four very specific periods: (1)
Inflammation, (2) Resorption and Wound epidermis formation, (3) Blastema formation,
which supports the potential of multi-potent progenitor cells within this model, and (4)
differentiation.
Immediately following a distal amputation the wound region’s vasculature constricts
to prevent greater blood loss. Following the vasoconstriction, platelets aggregating at the
wound site form a thrombus, or blood clot formed from fibrin, platelets, red and white
blood cells. This thrombus secretes signaling molecules which will recruit immune
response cells as well as continue to induce vasoconstriction at the site.
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Along with the thrombus, blood unable to advance will create a temporary hematoma.
Once the thrombus and hematoma are in place, an inflammation response occurs with the
recruitment of immune cells (macrophages, monocytes, and osteoclasts) occurs at the tip
(0-4 DPA). Once the inflammation response is present at the distal tip, osteoclasts invade
the remaining cortical bone from three possible sources the endosteum, periosteum and
circulating cells. These cells have been shown to partially and/or completely digest the
distal cortical tip (5-9 DPA). During this time period, the epithelial cells from both the
dorsal and ventral surfaces appear to crawl and assist in the ejection of the cortical bone
tip, and form the wound epidermis.
The distal cortical tip ejection exposes the bone marrow directly to the connective
tissue and a regenerative blastema (9-12 DPA) forms. Once the regenerative blastema is
formed adjacent to the exposed bone marrow, the blastema differentiates into new
trabeculated bone with vasculature and perivascular niches that provide circulating
nutrients and O2 to the regenerate bone (12-17 DPA). In the adult digit tip regeneration
model, the blastema has been characterized as a highly proliferative collection of
mesenchymal cells distal to the bone marrow cavity. This blastema, formed 9-12 DPA,
appears to be avascular (Fernando et al., 2011) with the differentiation of the blastema
occurring 12-17 DPA. The differentiation of the blastema into the terminal phalanx bone
occurs surprisingly by direct intramembraneous ossification which is usually only seen in
flat bone formation.
During development and growth, the terminal phalanx, like other long bones
undergoes oppositional endochondral ossification to extend bone length. Endochondral
ossification region has four major zones: (1) Proliferation, (2) Hypertrophy, (3)
12

Calcification, and (4) Ossification. Proximally localized chondrocytes proliferate and
migrate distally forming a cartilage template. The distal migrating chondrocytes become
hypertrophic and apoptotic within the cartilaginous region leaving behind matrix.
Osteogenic progenitors invade the chondrocyte-created template region and differentiate
into osteoblasts mineralizing and ossifying this region. In terminal phalanx regeneration,
there is no direct re-capitulation of the development of long bones rather; the remaining
portion of the terminal phalanx undergoes a very rapid direct ossification process.
The murine terminal phalanx regeneration model has defined limitations, distal
amputations of the terminal phalanx regenerate, however, in proximal amputations in
which more than half the bone marrow is removed and all of the cortical tip is removed,
no regeneration occurs. Studies conducted using the murine neonate digits reveal that
proximal amputations of the terminal phalanx do not regenerate, but proximal amputation
can be rescued using exogenous applications of BMP2 and BMP7 (Yu et al., 2010). In
BMP7 treatments, the digit regenerates via endochondral ossification, seen in the
organized formation of zones: (1) Upregulation of collagen II in the proximal most region
by proliferation cells, (2) Upregulation of ihh in the intermediate zone by hypertrophic
chondrocytes, and (3) Expression of Collagen X by osteoblasts and osteocytes in the
ossification region seen in the distal most region of the regenerating digit. These studies
of BMP2 and 7, reveal that BMPs induce a re-capitulation of the long bone
developmental pathway in a normally non-regenerative amputation.
These BMP studies investigate and provide evidence that exogenous small molecule
application can induce a regeneration response in a non-regenerative competent region.
While this regenerative response shows a recapitulation of development, not the direct
13

ossification regeneration response seen in the distal amputation regeneration model, these
studies use an understanding of the developmental biological mechanisms to
stimulate/imitate these molecular responses in the non-regenerating mammalian systems.
Furthermore, in vivo BMP treatments have shown promise for more proximal
amputations in neonate murine models, adult regeneration models and potential
therapeutics associated with this very limited regeneration require a greater amount of
attention.
The study of the effects of BMP2 and 7 indicate an induced regeneration
response, however, what cells are responding to this stimulation? Are multiple lineages or
a single lineage of cells responding to environmental BMP? Within the murine distal
digit, stem cell populations exist within in the marrow cavity, periosteum and endosteal
wall. Hematopoietic stem cells (HSCs) one of these stem populations has been examined
by irradiating HSCs and amputating; the digit remains regeneration competent, indicating
a lack of necessity (unpublish Marerro and Muneoka). Further supporting innecessity
HSC transplantation studies indicate no HSC derived cellular contribution in the
regenerate (Rinkevich et al., 2011).Other stem cell populations however, remain
intercalated within these niches including mesenchymal stem cells or marrow stromal
stem cells, osteoprogenitors, and endothelial progenitors. Are these cells involved in the
regeneration of the terminal phalanx?

2. Stem Cell Populations within the Murine Terminal Phalanx Model
2.1 Mesenchymal Stem Cells
14

Mesenchymal stem cells or multipotential stromal cells (MSCs) are much disputed
in the research community due to its questionable lineage and localization. A multipotent
stem cell, MSCs have the capacity to differentiate into many other lineages: adipocytes,
chondrocytes, osteoblasts, and support cells for hematopoietic stem cell niche populations
(Crisan et al., 2008; Feng et al., 2012; Lavrentieva et al., 2012; Rodriguez et al., 2004;
Rowlands et al., 2008). In vitro testing of MSC plasticity has yielded impressive results;
cells with the capacity to differentiate into a variety of different phenotypic
characteristics which include endothelial, neural, skeletal myocyte and cardiomyocyte
cells. Unlike the better characterized hematopoietic stem cell lineage which has a
distinctive surface marker profile, the mesenchymal stem cells do not have an accepted
distinctive panel of surface markers. One of the few universally accepted
characterizations of this population is its inability to differentiate into any of the
hematopoietic lineages.
Unlike the pericytes which are characterized based upon their localization with
endothelial cells, MSCs have been isolated in a variety of location from fat deposits to the
bone marrow stromal region, and is not associated with a specific cell type or region.
Recent research has found this cell type in the developing liver, hepatic ducts, and other
organ systems with varying cellular and mechanistic contribution (Baertschiger et al.,
2009; Crisan et al., 2008; Lin et al., 2009; Mouiseddine et al., 2008). Due to their
widespread localization which is surprisingly similar to the “pericyte” which is found in
all organ systems and within the connective tissue, researchers have questioned whether
this population is the same, due to the similarity of surface markers. Similar to the
pericyte population, the plasticity and undefined localization of the MSC populations
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have much larger clinical implication and have made MSCs a potential untapped resource
for regeneration; one found within our murine regeneration model.

2. 2 Pericytes/Perivascular fibroblasts
In the two regeneration competent models of the urodele and planaria, the
potential role of stem cells has been elucidated, however, their necessity as well as
source/lineage has been highly debated. Within the murine terminal phalanx,
perivascular fibroblasts associated directly with vasculature have shown high plasticity in
other regeneration model systems (Doherty et al., 1998; Farrington-Rock et al., 2004;
Kalajzic et al., 2007; Schor et al., 1995; Xueyong et al., 2008). These perivascular
fibroblasts are known by a variety of names, pericytes, mural cells, Rouget cells, and in a
neuronal setting, astroglia cells. These cells act to support and provide rigidity to blood
vessels. In vivo and in vitro models have shown these cells are functional relevance in
multiple steps of angiogenesis: recruitment of surrounding smooth muscle cell,
stabilization of de novo vessels, and inducing in some cases, proliferation of endothelial
progenitors.
The plasticity of this subset of cells has not been fully elucidated. In early studies
by Canfield et.al, retina-derived perivascular cells were isolated and expanded, then
placed into diffusion chamber and re-implanted into the peritoneal of mice. When
harvested, diffusion chambers showed these fibroblast-like cells had differentiated and
self-organized into four types of cells: fibroblasts, adipocytes, chondrocytes, and
osteoblasts. The cells were organized into a bone growth plate with proliferation
chondrocytes, hypertrophic chondrocytes, and osteoblasts organized into stratified layers.
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Advancing these studies of the osteogenic potential of perivascular cells, researchers
isolated the perivascular subset from the retina and after applying osteogenic conditions,
revealed in vitro these cells were capable of calcifying. Expressing the same markers of
the perivascular cells, astroglial cells isolated from the brain, when applied to similar
conditions have shown calcification capabilities (Asashima et al., 2002).
While osteogenesis was induced in an in vitro setting, in vivo, the regulation of
osteogenesis as well as calcification has not been elucidated. Recent research of the
perivascular cells has indicated the extensive TGF1superfamily, PDGF, c-MET, and
HGF as potential protein regulators of the osteogenic pathway.
In regeneration models, the appeal of this reputed stem cell is in its localization. Unlike
other niche populations, perivascular cells are present in high numbers adjacent to
vasculature which is found throughout the body, and would allow for greater ease in
wound healing cell recruitment. To investigate this subpopulation of cells in the
mammalian digit regeneration model, we began by surveying perivascular markers within
the unamputated digit.
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Chapter I:
Expression patterns of endothelial and perivascular markers during terminal
phalanx regeneration
Introduction
Pericytes or perivascular fibroblasts are a population of cells that provide support
and rigidity to vasculature, with the ability to recruit, induce proliferation and
differentiation of other cells. After various types of non-regenerating injury, pericytes are
recruited and participate in the wound healing process (Dore-Duffy et al., 2000;
Lovschall et al., 2007). The mechanism of recruitment and the pericytes’ role in wound
healing has not been elucidated, however their plasticity potential has been tested and
well documented (Collett and Canfield, 2005; Doherty et al., 1998; Schor et al., 1995).
Within the mammalian digit tip regeneration, little research has been conducted to
examine the perivascular cell population contribution. To address their contribution in
this epimorphic regeneration model, we first characterize the pattern of expression of
known pericyte surface markers, chondroitin sulfate proteoglycan 4/nerve glial antigen 2
(CSPG4)/(NG2) and TEM1 (endosialin)/(CD148) within the terminal phalanx.
To be assured of perivascular specific detection, we combined the perivascular
markers with vascular endothelial cell identification by employing the transgenic reporter
murine, Tie2-GFP mice. In these mice the endothelial receptor tyrosine kinase’s (Tie2 or
TEK) promoter drives the expression of the reporter GFP (green fluorescent protein)
gene. Tie2 receptor functions by binding with ligands, Angiopoietin 1-4 (Ang) after
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binding these activated receptors induce angiogenesis, vessel stability, and vascular
hematopoiesis. These interactions has been shown to be necessary for angiogenesis and
thus development (Felcht et al., 2012; Fukuhara et al., 2010; Huang et al., 2011; Patan,
1998; Suda, 2000; Suri et al., 1996; Teichert-Kuliszewska et al., 2001). Furthermore Tie2
or TEK’s interactions with ligands, Ang-2 and Angiopoietin 1 (Ang-1) have been closely
examined in cancer and early developmental models, directly linking both to
angiogenesis and the recruitment of pericytes (Feng et al., 2007; Lemieux et al., 2005;
Pfister et al., 2008). Using the Tie2GFP line in conjunction with NG2 and TEM1
immunohistochemistry, we can identify and verify perivascular cellular identity.
Of the two markers, NG2, an accepted perivascular fibroblast marker has been
examined more extensively in a variety of different systems. NG2 in non-specific
settings, functions in proliferation, differentiation, and migration by interacting with
secreted molecules, the surrounding extracellular matrix (collagen VI), and modulating
the effects of other cell surface receptors (FGFR3/PDGFR) through direct interactions
(Stallcup et al., 1990; Terrile et al., 2010; Wilson et al., 2006). To better understand the
function of NG2, null mice were generated. These mice were and are viable and have no
apparent phenotypic differences from wild type mice besides smaller stature (Grako et
al., 1999). However, while no large gross anatomical physical differences exist, these
mice have two very subtle phenotypes: (1) less branching microvasculature and less welldeveloped and organized vasculature and (2) delayed/altered nerve myelination and brain
development (Ozerdem et al., 2001). The genetic ablation of NG2 indicates alternative
gene compensation for NG2 function and/or a lack of NG2 necessity. In studies targeting
NG2 downregulation temporally using siRNAs and inhibiting antibodies (Dawson et al.,
19

2000; Dawson et al., 2003; Dou and Levine, 1994; Levine and Nishiyama, 1996; Tan et
al., 2006; Tan et al., 2005), NG2 function is better elucidated. In these studies done in
different organ systems, NG2 function is dependent upon the biological system and the
type of injury. In differing regeneration and wound healing environments, NG2 can
function to enhance, prevent, or delay a regenerative response.
In neurological-specific studies, temporal loss of function assays in conjunction
with injury/wounding to test the role of NG2, reveal the importance of NG2+ cells
supporting innervation and brain development. Peripheral nerve axon bundles are
surrounded by NG2+ cells making up the protective portions of perineurium and
endoneurium, similar to the perivascular NG2+ cells surrounding the vasculature. In a
mammalian post-spinal cord injury model and peripheral nerve injuries, NG2+ glial cells
supporting the spinal cord become overactive, proliferating to form a glial fibrotic scar
and preventing proper commissural neuron axon guidance (Hossain-Ibrahim et al., 2007;
Rezajooi et al., 2004). Researchers using a blocking NG2 antibody were able to prevent
glial fibrotic scar formation and induce guided commissural axon regeneration (Ong and
Levine, 1999). In the brain injury models NG2+ cells are recruited and contribute
cellularly to the wound site, however researchers have not reached a consensus on their
role and function once recruited. Astroglial cells form wound scarring (Komitova et al.,
2011; Levine, 1994Komitova, 2011 #2392). These studies reveal an important and
distinctive role of NG2+ peri-neural cells in regenerative and wound healing response.
Expressed by perivascular and peri-neural astrocyte and glial precursors, NG2 is
also found altered in various cancers. Studies have revealed NG2+ involved in
neovascularization of tumor, enhancing metastatic properties of melanomas, and
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gliomagenesis, (Burg et al., 1998; Burg et al., 1999; Huang et al., 2010; Li et al., 2006;
Ozerdem et al., 2002; Stallcup and Huang, 2008; Terrile et al., 2010) implicating
potential parallel functions in regenerative biology.
Endosialin, the other pericyte marker used to characterize the potential pericyte
expression pattern in the terminal phalanx, has marked similarities to NG2 (Lax et al.,
2010; MacFadyen et al., 2007; Tomkowicz et al., 2010). Known also as Tumor
endothelial marker 1(TEM1), it has also been shown to be linked to the cancer stem cell
niche, correlating directly with its other nomenclature. Studies have implicated it as a
potential therapeutic target for cancers. Correspondingly, the endosialin knockout murine
model appears phenotypically normal much like the NG2 null animal with no obvious
direct links to angiogenesis (Nanda et al., 2006). However, recent work has shown it be
an excellent perivascular fibroblast marker and not expressed highly by endothelial cells.
Moreover, it appears to have the similar pattern of expression as NG2 proteoglycan
which is upregulated in the embryo in almost all organ systems and subsequently
downregulated during development (MacFadyen et al., 2007). Endosialin has also been
shown to directly interact with a variety of different components of the extracellular
matrix, collagen VI and fibronectin (Tomkowicz et al., 2007) as well as with angiogenic
cells in the same organ model systems (retina, brain, and lymph nodes), also similar to
the NG2 proteoglycan.
Following the identification of pericytes within the terminal phalanx using the two
markers, TEM1 and NG2, we examine if this population of cells contributes to the newly
formed regenerate. Studies of retinal perivascular cells have shown high plasticity
(Doherty et al., 1998; Schor et al., 1995), to observe if perivascular cells have similar
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potentially plasticity during digit tip regeneration, we will examine the pericyte markers
pattern of expression in conjunction with osteogenic and endothelial markers during
blastema formation and redifferentiation. These co-expression studies will address the
question of perivascular plasticity during regeneration. Well-established osteogenic
markers, Osteocalcin (OCN) and Osterix (OST), a late osteoblast and a mid-point
osteoblast marker respectively, will be used in immunohistochemical analysis conducted
post-blastema formation. Tie2, an accepted endothelial marker will be used to confirm
the bona fide perivascular pericyte population and will be employed in the regeneration
plasticity studies.

Material and methods
Mice and digit amputation
8wk old adult female and male transgenic reporter mice (Tie2-GFP) used in these studies
were purchased from Jackson Laboratories (Bar Harbor, ME- USA) and bred in-house.
Experimental studies were carried out on digits 2 and 4 of both hindlimbs. Distal digit
amputations were carried out as previously described (Fernando et al., 2011). Procedures
for care and use of mice for this study were in compliance with Standard Operating
Procedures approved by the Institutional Animal Care & Use Committee of Tulane
University Health Science Center. Post-amputation, digits were harvested at the
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following days post-amputation (DPA) 3, 5, 7, 9, 12, 14, 17, 21, and 28. Harvested digits
were processed for immunohistochemical analysis.
Immunohistochemistry
For co-immunohistological analysis, digits were fixed with Z-fix (Anatech LTD) at room
temperature overnight, treated with Decalcifier I (Surgipath) for 8hrs, processed for
standard paraffin histology, and cut in the sagittal plane into 4.5um sections. To detect
perivascular cells, immunohistochemical analysis was performed using GFP (Chicken
Millipore 1:800 dilution) to detect Tie2GFP expression in conjunction with one of the
following primary antibodies using proteinase K antigen retrieval: NG2 (Rabbit Abcam
1:250 dilution), vWF (DAKO 1:1000 dilution), and TEM1 (Rabbit BD Pharmingen 1:500
dilution). Alexa fluor labeled secondary antibodies, Donkey anti-Rabbit 568 and Goat
anti-chicken 488 were all 1:500 dilutions. Subsequently, sections were labeled with
nuclear DAPI staining and coverslipped with ProlongGold (Invitrogen).
For immunohistochemistry for co-localization studies, primary antibodies, NG2 (Mouse
BD Pharmingen 1:500 dilution was combined with OCN (Abcam 1:800 dilution) or OST
(Abcam 1:300) were used. Alexa fluor labeled secondary antibodies, Donkey anti-rabbit
568 and Goat anti-mouse 488 (Invitrogen 1:500 dilution) were used with DAPI nuclear
staining represented in blue. Slides were coverslipped with Invitrogen Prolong Gold.
For proliferation analysis heat epitope retrieval was performed for 5 minutes, followed by
combination of primary antibody, Ki67 (monoclonal TEC-3 Rat DAKO 1:50 dilution)
with either GFP, TEM1, OST, OCN, or NG2. Alexafluor labeled secondary antibodies,
23

Goat anti-Rat 488, Donkey anti-Rabbit 568, or Donkey anti-chicken 658 were all 1:500X
dilutions.
Cell counts and statistical analysis
Cell counts were performed on sagittal sections in 200X or 400X magnification using
Photoshop CS4 software. Numbers and basic statistics of mean and standard deviation
were initially tabulated on Microsoft excel. Statistical tests and standard error of mean
were calculated using SigmaPlot v11. Depending upon the number of groups, ANOVA
or TTEST were used to identify statistical significance. Graphs and charts were made
using Microsoft excel and SigmaPlot v11.
Micro-computed tomography (µCT)
Mice were anesthetized and maintained with isofluorane for µCT studies as previously
described (Fernando et al., 2011). Digits were scanned using the scout view positioning
function of a Scanco vivaCT-40 and full scans (55 kVp at 10.5 μm) at high resolution
continuous rotation with an integration time of 380ms. For quantitative volumetric
analysis the serial sections were converted to dicoms and imported into ImageJ plugin
BoneJ software (Doube et al., 2010). Dicoms were threshold optimized, stacked, and
serially reconstructed to form 3D reconstructions. Volumes were assessed using the total
bone volume function and tabulated using Microsoft Excel 2007 and quantified for
statistics using SigmaPlot 11.
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Results
Bone marrow for sub-terminal and terminal phalanges are distinctive
Basic H&E sections revealed the terminal phalanx’s marrow region cellular content and
organization are unique compared to other long bones. The bone marrow of the
regeneration competent terminal phalanx has a greater number of RBCs seen in large
veins and a higher nucleated cell content localized in the adventitia compared to the nonregeneration competent regions. (Figure 1.1A) The veins and arterioles of this region
have well-defined tunica intima, media, and adventitia, and branch into smaller vessels.
(Figure 1.1B) In the marrow of the sub-terminal and proximal phalanges, a large
percentage of the nucleated cellular content is single lipid droplet yellow adipocytes.
(Figure 1.1C, E) Compared to the terminal phalanx with increased adventitial fibroblasts
and greater nucleated cellular content, the sub-terminal and proximal phalanges marrows
are consistently adipocyte rich. (Figure 1.1D) The localization of the yellow,
metabolically, inactivated marrow distal and the red marrow with a higher hematopoietic
cell content proximal, has been well-establish in other long bone marrow models (Knospe
et al., 1966; Maniatis et al., 1971; Tavassoli et al., 1971; Tavassoli et al., 1970). Both the
sub-terminal (P2) and proximal phalanges (P1) abide by this dogma with higher
nucleated cellular content is localized in the growth plate region. Unlike the terminal
phalanges, these bone marrow vascular networks are also difficult to discern with single
endothelial cell lumens and little to no perivascular coverage. (Figure 1.1 F, G)
These finds of vascular content and organization, adipocyte volume, and hematopoietic
stem cell localization support a distinctive and different bone marrow endothelial
microenvironment within the regeneration competent, terminal phalanges.
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Figure 1.1: Difference between sub-terminal/proximal phalanges and the terminal
phalanx bone marrow cavities.

H&E sagittal histological sections oriented in proximal-distal (L-R), dorsal-ventral (topbottom). Top panels : (A) 100X Terminal phalanx marrow with a large vein filled with
RBCs (arrow), (B) Vasculature within the marrow is surrounded by nucleated fibroblasts
adventitia, (C) Vasculature multiple tunicas: intima, media, and adventitia. Middle
panels: (D) 100X Sub-terminal phalanx proximal and distal (E) growth plate with high
nucleated cell content. (F) 100X Proximal phalanx marrow as an identical content to subterminal phalanx, (G) Comparison of sub-terminal and proximal phalanges midpoint and
distal regions both are adipocyte rich with thin microvasculature.
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Expression pattern for NG2 and TEM1 in the adult mammalian terminal phalanx

Immunohistological analysis of the terminal phalanx using perivascular markers, NG2
and TEM1 within the Tie2-GFP reporter mice identified the perivascular population of
cells with the terminal phalanges. We identified the localization of perivascular cells and
confirmed their presence using these well-establish markers. NG2+ and TEM1+
expressing perivascular cells were localized in three regions: the connective tissue
microvasculature, the bone marrow, and to a much lesser degree, the periosteum. In the
dorsal and ventral axis connective tissue microvasculature, Tie2 and NG2/TEM1
expression merge. Microvasculature within the connective tissue possessed a single
tunica of TEM1+/NG2+perivascular cells surrounding thin, flattened single endothelial
cells. (Figure 1.2A) This single layer of pericytes interacts directly with the
Tie2+endothelial cells and has the expected intercalated phenotype. Unlike the
microvasculature which has excellent supporting perivascular coverage of the endothelial
cells, in the endosteum Tie2 cells are supported by less NG2+/TEM1+ perivascular cells
with a similar phenotypic appearance to the flattened endothelial cells. (Figure 1.2B)
Within the bone marrow, the main arteriole and large vein were easily identified. The
main arteriole was well-covered by many perivascular cells and serial sections showed
branching of the arteriole into smaller vessels. Unlike the microvasculature and
endosteum, NG2+ and TEM1+ expressing perivascular cells interact with Tie2 endothelial
cells, however, with better vascular coverage. Discernable contractile compacted Tie2
arteriole vessels are covered by multiple layers of NG2/TEM1 expressing cells including
an adventitial fibroblast layer. (Figure 1.2C)
28
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Endosteal cavit y

Figure 1.2: Co-Immunohistochemistry for Tie2-GFP with perivascular markers,
TEM1 and NG2 identifies perivascular cells in the terminal phalanx

(A) Comparison of connective tissue within the terminal phalanx contains
microvasculature using NG2 (Top) vs. TEM1 (Bottom) perivascular marker. (L-R) Tie2
endothelial (green) single flat monolayer, NG2 or TEM1 (red) encircling endothelial cells
also a single tunica, merged with DAPI nuclear stain.
(B) Comparison of endosteal cavity within the terminal phalanx contains vasculature
using NG2 (Top) vs. TEM1 (Bottom) (L-R) Tie2 endothelial (green) single flat
monolayer, NG2 or TEM1expressing cells (red) encircling endothelial cells provide
complete coverage. The perivascular cells have a different phenotype, very thin and long
extensions around equally thin Tie2 cells, merged with DAPI nuclear stain. White dashed
lines delineate bone and bone marrow cavity.
(C) Comparison of arterial vasculature within the bone marrow using NG2 (Top) vs.
TEM1 (Bottom). (L-R) Tie2 endothelial (green) single flat monolayer, NG2 or
TEM1expressing cells (red) encircling endothelial cells provide complete coverage. The
perivascular NG2 and TEM1 cells are not DAPI nuclear stain.
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Basic histology of the proximal (P1), sub-terminal (P2), and terminal phalanges’ bone
marrow revealed distinctive organization and cellular content. To confirm distinctive
content, we use an additional endothelial marker, von Wilbrand’s factor, vWF. Within the
sub-terminal and proximal phalanges, vasculature remained difficult to discern, with only
the major arteriole and vein identifiable. (Figure 1.3) Tie2+ endothelial cells were located
within the arteriole and vWF+ endothelial cells were more prevalent in the venous vein.
Both major vessels had little to no NG2+ and TEM1+ perivascular cell coverage which is
normally localized directly adjacent to endothelial cells. Ki67, a proliferation
identification protein associated with ribosomal RNA synthesis, was localized primarily
near the fully developed long bone growth plate, proximal-most to the proximal
phalange. Adjacent to large red blood cell populations, indicating potential proliferating
hematopoietic stem cells, proliferating cells were not seen in high levels in the medial or
distal marrow. In the terminal phalanx, Ki67 was not localized to the proximal marrow,
but associated with the adventitia of the perivascular population of the adventitia. (Figure
1.3) In the non-regeneration competent, P2 and P1, we noted NG2+expressing cells were
associated with the mature epiphysis growth plate region adjacent to Ki67+ proliferating
cells and not discernibly associated with vasculature.
The comparison of P2 and P3 regions, confirms the high expression of NG2 and TEM1
expressing perivascular cells within the marrow of the regeneration competent, P3.
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Figure 1.3: The sub-terminal and terminal phalanges have distinctive and different
marrow endothelial organizations
Sub-terminal phalanx (Top to bottom): H&E results indicate low nuclear cellular content,
with high adipocyte content. Vascular markers, Tie2 and vWF outline the main vein and
arterial of the P2, with very few nucleated-cells associated with the vasculature.
Proliferation (Ki67) is limited to the proximal epiphysis bone marrow, where the growth
plate was located. NG2 expression is localized to the few proliferating cells.
Terminal phalanx (Top to bottom): H&E results show high nuclear cellular content.
Vascular marker, Tie2 outlines multiple arterial vessels as well as large vein. NG2
marker for perivascular marker is more highly expressed in P3 marrow than in the P2
marrow. Ki67 is localized in the adventitial surrounding vasculature.
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Tie2-GFP reporter mice were initially assessed for regeneration competency with the P3
following a distal level terminal phalanx amputation. (Figure 1.4B) Using the µCT and
BoneJ software, we show regeneration competency and the expected regeneration
response of the P3 region. (Figure 1.4A) To assess the potential perivascular contribution
between the connective tissue/dermis and bone marrow cavity, NG2 and TEM1
expressing cells were quantified in two regions: the bone marrow and the connective
tissue at the level of the amputations. (Figure 1.4D) TEM1+ and NG2+ cells were
statistically comparable and revealed the bone marrow region had significantly higher
number of TEM1+ and NG2+ cell compared to the connective tissues’ microvasculature.
(Figure 1.4D) We evaluated if NG2+ and TEM1+ expressing perivascular cells have a role
in the terminal phalanx regeneration process by amputating and harvesting various time
points post-amputation and assessing their expression patterns. Previous published work
in the lab established the regenerative blastema which forms 10-12 days post-amputation
(DPA) is avascular (Fernando et al., 2011). We confirm the avascular nature of the
blastema with low Tie2+ endothelial expression. At this same stage of regeneration, the
blastema region contains large numbers of NG2+ and TEM1+ cells without direct vascular
endothelial interactions. (Figure 1.4E) During blastema formation, Tie2 and NG2
expression are co-localized. This co-localization implicates a potential transdifferentiation event of NG2+ cells to endothelial progenitors. As the blastema
differentiates to form trabeculated bone; the upregulation of NG2+and TEM1+ cells
becomes closely associated with an increase of vascular endothelial Tie2 cells and new
bone formation. (Figure 1.4F) Perivascular cells appear to be directly associated with the
new trabeculated bone formation. Based upon the histology and localization of NG2 and
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TEM1, we hypothesized NG2 and TEM1 expressing perivascular cells from the bone
marrow are contributing to form new bone. While this NG2 expression pattern appears
similar to that seen in the growth plate during early development of long bones first
described in 2003 by Fukushi, et al., indicating a recapitulation of long bone development
(endochondral ossification); regeneration of the distal phalange element undergoes direct
ossification. NG2 expression peaks during blastema formation and tapers off as the
regenerative blastema differentiates. This NG2 expression is associated with the
extending/leading distal edge of newly forming trabecular bone. Additionally, TEM1
expression has not been associated with ossification in long bone development, which
supports the upregulation of NG2 and TEM1 is potentially from perivascular cells
migrating from the bone marrow into the blastema, not a temporal upregulation of NG2
by blastema cells.
During mammalian tip regeneration NG2 cells differentiate into osteoprogenitors
To test the hypothesis of NG2+ and TEM1+ expressing perivascular cells differentiating
into osteoprogenitors during distal tip regeneration, we examined the expression patterns
of osteogenic markers, Osterix (OST) and Osteocalcin (OCN) at blastema formation (1014 DPA) and differentiation regeneration (13-18 DPA) time points. Osteocalcin, a late
osteoblast marker seen in the cytoplasm of osteoblasts is also deposited in the bone
matrix outside of the cell body. Osterix or Sp7, a transcription factor is expressed
primarily in the nuclei of osteoprogenitors, co-localizes with nuclear counterstain, DAPI.
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Figure 1.4: A large population of NG2+cells is observed within the formed and redifferentiated blastema
(A):Tie2GFP reporter mice are regeneration competent. µCT of the terminal phalanx at
different DPA reveal the expected regeneration process. (B) 40X Level of amputation of
the terminal phalanx. The cortical tip is removed during amputation while the bone
marrow cavity remains intact. Immunohistology using Tie2 (green) and NG2 (red), reveal
high expression of NG2 and TEM1 within the bone marrow. DAPI nuclear stain (blue)
(C) DuringTie2GFP terminal phalanx regeneration, the regenerative blastema contains a
large number of NG2+ cells. *Note the bone marrow NG2+expression is lower than
unamputated digits. (D) Quantification of TEM1 and NG2 expressing cells in control
digits at the level of amputation for the connective tissue and the bone marrow compared
to TEM1 and NG2 expression in the blastema. Bone marrow content of TEM1 and NG2
cells are significantly higher than connective tissue expression of these two perivascular
markers. Values expressed as mean ±SEM (E) During regeneration, NG2 and TEM1 are
upregulated within the blastema. Quantification of this upregulation is similar to control
bone marrow cell numbers. NG2+ (TEM1+ cells not shown) cells within the blastema are
associated with the newly forming digit tip. (Left to right) 200X 9DPA blastema region:
Tie2 (green) and NG2 (red), 400X inset: Tie2, NG2, and merged show co-localization of
Tie2 and NG2 expression and the avascular nature of the blastema. (F) NG2+ (TEM1+
cells not shown) cells within the differentiating blastema are associated with the newly
forming digit tip. (Left to right) 200X 16DPA Tie2 (green) and NG2 (red), 400X inset:
Tie2, NG2, and merged reveal Tie2 vasculature, and NG2 expression directly associated
with new bone formation.
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Having a cytoplasm and a nuclear osteoblast marker allowed us to confirm
osteoprogenitors and to better quantify the number of osteoprogenitors within the
regenerating blastema. These immunohistochemical assessments of NG2 done in
conjunction with OST and OCN revealed co-localization of NG2-OCN and NG2-OST in
the differentiating blastema associated with the pre-existing cortical bone and within the
endosteal cavity. (Figure 1.5A, B) The percentage of cells co-expressing NG2 and OCN
during blastema formation (9-12 DPA) increases as the blastema differentiates. (Figure
1.5C) In the unamputated digit, only a very small percentage of cells (>1%, n=5) appear
to co-localize NG2+OCN+ and NG2+OST+, these cells appear in the endosteal wall. These
results implicate perivascular cells have osteogenic potential in normal bone
maintenance.
During regeneration, the frequency of nucleated cells co-localizing OCN+NG2+ or
OST+NG2+ is higher than within the unamputated. The temporal blastema consists of a
large number of NG2+ cells, of these cells a percentage of NG2 cells are co-localized
with OCN, ~12% (n=4). Previous work has established these cells as undifferentiated,
and the percentage and total number of cells co-localizing osteogenic markers reflects the
undifferentiated state of the blastema. As regeneration progresses and the blastema
differentiates, the number of co-localized NG2+OCN+ cells increases to ~33%, or 1/3 of
all NG2 expressing cells. The co-localized cell number during 14 DPA is significantly
higher than the unamputated digit (t-test p-value: 0.003). This quantification further
supports the current regeneration model, undifferentiated blastema cells differentiate
within a short timeframe (~4days) into trabeculated bone via direct ossification.
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Figure 1.5: Co-expression of NG2 and OCN/OST in the distal reforming bone
marrow endosteum.
Immunohistochemistry at 17DPA show co-localization the late osteogenic markers,
Osterix and OCN and pericyte marker, NG2. (A) Left-right: Osterix (red), NG2 (green),
and merged. (B) Left-right: OCN (red), NG2 (green), and merged. (C) Quantification of
the regenerate trabeculated bone reveals a trend of upregulation of NG2: OCN in the
blastema. To quantify the expression of OCN and NG2 within the unamputated digit, all
regions of the terminal phalanx were quantified: bone marrow, connective tissue,
endosteum, and periosteum. 9 and 14 DPA were quantified within the regenerate
blastema region. Student t-tests conducted with unamputated, 9 and 14 DPA, revealed a
statistically significant increase in OCN: NG2 expression in 14 DPA blastema compared
to the unamputated digits. (t-test p-value: 0.003) OCN and Osterix cells are indicated
with red arrowheads, NG2 cells are indicated with green arrowheads, and co-localized
osteogenic marker with NG2 are indicated with yellow arrowheads. Values are expressed
as means ±SEM
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Discussion
In this survey study of the expression pattern of pericyte markers: TEM1 and NG2, we
found pericytes exist within the terminal phalanx in three regions: the bone marrow
cavity and endosteum, the periosteum, and the microvasculature within the connective
tissue. Post-amputation, the expression pattern for both markers altered significantly.
Both markers were upregulated in the blastema region of the regenerating terminal
phalanx. This upregulation of TEM1 and NG2 seen in the regenerating blastema,
remained highly avascular with few cells that were Tie2+. This high number of NG2 and
TEM1 cells in the blastema and very low Tie2 expression supports that this population of
NG2+ and TEM1+ cells are not perivascular, and are undifferentiated cells within the
blastema. Based upon the established role for pericytes/perivascular cells is in
angiogenesis, and the lack of vasculature in the blastema region, the increase in NG2+
and TEM1+cells, and the co-localization of differentiation markers with perivascular
markers, we can hypothesize three distinctive possibilities: (1) Perivascular cells recruit
endothelial cells during regeneration, (2) Perivascular cells during regeneration are the
undifferentiated cells within the blastema that differentiate into bone, and (3) NG2 and
TEM1 are temporally expressed by blastema cells and act as a precursor to osteogenesis.
However, during this blastema time point, Tie2 and perivascular markers co-localize on
single nucleated cells supporting another hypothesis: plasticity. Furthermore, in late postamputation time points (DPA12-17), when the blastema begins to differentiate,
osteocalcin and osterix were co-labeled on nucleated NG2+ cells. This co-localization was
seen in the re-formed endosteal wall and in the distal extending walls of the pre-existing
cortical bone. Distally in the elongating phalanx, the co-localization was also seen in the
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trabeculated bone with Tie2 cells intercalated in the bone. In this regeneration model,
osteoblast differentiation markers co-localize with NG2, implicating a transdifferentiation event, pericyte to osteoblasts-- “perivascular support cell” into “bone
making cell”.
Trans-differentiation is defined as the ability of a fully differentiated somatic cell to
differentiate into another type of somatic cell without having to transition into an
undifferentiated state. Previous regeneration studies of xenopus and urodele models have
implicated transdifferentiation in organ regeneration and epimorphic regeneration of the
amputated tail. Within the xenopus retina, retinal pigmented epithelial cells transdifferentiate into various cell types including neuronal-like cells after introduction of
FGF2 (in vitro) and transplanted after complete retina removal (Lopashov and Sologub,
1972; Lopashov and Sologub, 1974; Sakaguchi et al., 1997). In amphibian tail
amputation, spinal cord associated glial cells transdifferentiate into various cell types
(Echeverri and Tanaka, 2002). In the urodele limb regeneration model,
transdifferentiation has never been observed in experimentation. Our observation of colocalization of two separate differentiation markers is the first to show
transdifferentiation in epimorphic regeneration. During blastema differentiation, a new
potential role for the plasticity of pericytes has been discovered; a multipotent cell that
differentiates into osteoprogenitors and eventually osteoblasts.
The plasticity associated with these pericytes has many biological implications. One of
the implications is the importance of environmental cues “activate” the pluripotency of
this niche population. Within vasculature, pericytes support endothelial cells, maintaining
rigidity, aid in relaxation and contraction of arterials, how are these cells separate from
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vasculature and recruited to the injury site? What cues are required within the
microenvironment to stimulate a differentiation event? Are all perivascular fibroblasts
created equal, perivascular fibroblasts were found in three distinctive locations, do all
have the same potential and migratory ability?
To address location and environment, perivascular fibroblasts appear to be highly
concentrated in the bone marrow cavity of the terminal phalanx, with a less dense
population surrounding the microvasculature. Post-amputation, the remaining cortical
bone tip is removed by osteoclast invasion and the bone marrow is exposed. Immediately
following the exposure of the bone marrow, the blastema formation occurs, intrinsically
linking bone marrow exposure to blastema formation. The histology of the terminal
phalanx regeneration process implicates that the upregulation of perivascular fibroblast
markers seen in the blastema originates from a perivascular pericyte population within
the bone marrow migrating into the blastema region. Previous studies have shown that
dermal connective tissue component of the terminal digit does not have the ability to
differentiate into bone (Lehoczky et al., 2011; Rinkevich et al., 2011; Wu et al., 2013),
supporting the osteogenic component of the regenerating system must be derived from
the remaining phalanx bone and bone marrow. MSCs, as well as pericytes have been
shown to reside in the bone marrow niche. Mesenchymal stem cells have been the focus
of much interest for their location and potential plasticity. The temporal upregulation of
pericyte markers in the blastema by blastema cells could easily be associated to the MSC
population found in the bone marrow niche and periosteum. Additionally, as previously
mentioned, NG2 and TEM1 expression may not be from migratory NG+ pericytes from
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the bone marrow, but from migrating cells which due to environmental cues upregulate
NG2 in the blastema region.
To further identify this population of cells and whether or not their lineage was linked to
the bone marrow or the endosteum, a lineage tracing set of experiments were performed
using DiI based experimentation in the adult terminal phalanx regeneration model.
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Chapter II: Lineage tracing indicates a contribution of perivascular and
vascular cells into the regenerative blastema
Introduction
We observed in Chapter 1, a potential perivascular cell transdifferentation and/or
dedifferentiation event during digit tip regeneration. Lineage studies of the regeneration
competent terminal phalanx have indicated a lack of transdifferentiative/dedifferentiative
capacity in specific cell types (Lehoczky et al., 2011; Rinkevich et al., 2011). Closer
examination of the mixed cell population of the connective tissue indicated the
connective tissues contribute to the formation of the blastema and redifferentiation, but
does not contribute osteoprogenitors (Fernando et al., 2011; Wu et al., 2013). These
results support the perception of perivascular cells within the connective tissue
microvasculature not transdifferentiating/ dedifferentiating during the regeneration
process.
Surveys of perivascular markers, TEM1 and NG2 have shown perivascular content
within the bone marrow; however its contribution to the regenerate remains inconclusive.
Previous work in mammalian injury and healing specifically the hindlimb ischemia
models, have indicated the bone marrow vasculature, specifically the endothelial
progenitors do not contribute to the new tissue vasculature (Ziegelhoeffer et al., 2004).
Furthermore, studies of the murine terminal phalanx regeneration have supported the
insignificance of the bone marrow contribution (Agrawal et al., 2011a; Lehoczky et al.,
2011) in endothelial progenitors as well as circulating HSC progenitors. Both studies
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indicate bone marrow derived endothelial progenitors do not contribute to the regenerate,
but do not assess bone marrow derived perivascular contribution.
In our immunohistochemistry analysis of the murine terminal phalanx, a large population
of endothelial and perivascular cells reside in the bone marrow cavity, unlike other long
bone and phalanges marrow cavities. Long bones, including the phalanges, become more
inactive or yellow due to development, aging, and proximity to the trunk (Maniatis et al.,
1971; Tavassoli et al., 1971; Tavassoli et al., 1970). The unique nature of the terminal
phalanges may have implications in its regeneration competency. During blastema
formation, a high density of NG2 and TEM1 expressing cells are found in the relatively
avascular blastema. Due to (1) the proximity of high number of NG2+ cells in the bone
marrow and high number of NG2+ cells within the proximal blastema region
immediately after cortical bone ejection; (2) the unique nature of the terminal phalanx
bone marrow, (3) the lack of connective tissue perivascular content, and (4) the lack of
osteogenicity associated with the connective tissue; we hypothesize the bone marrow
supplies the TEM1 and NG2 expressing perivascular cells within the blastema that
eventually forms the new digit tip.
To test whether NG2+ cells in the marrow contribute to the regeneration, we
began by performing a series of DiI bone marrow lineage trace experiments in
conjugation with immunohistochemical analysis. Before amputation, the terminal
phalanx bone marrow contents were initially labeled using a novel new method. The
terminal phalanges have a unique anatomy, unlike other long bones; the terminal
phalanges have proximally localized large foramens which has direct access to the bone
marrow cavity. We implanted a DiI soaked microcarrier bead into this large foramen to
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label the bone marrow population. After labeling, the terminal phalanges were amputated.
The regenerating digits were collected at two time points: blastema formation and
blastema differentiation in terminal phalanx amputations. This series of experiments
would confirm if bone marrow specific cellular contributions to the regenerate. Coimmunohistochemical analysis studies combining Tie2, NG2, OCN would identify the
lineage of the cells (endothelial, perivascular, and osteoprogenitors) making contributions
to the regenerate.
In the previous chapter, we observed NG2 +OST+, NG2+OCN+, and NG2+Tie2+
cells within the regenerating terminal phalanges. These co-expressing cells suggested
high plasticity of the NG2+ perivascular population and potential transdifferentiation
events. To confirm the plasticity and transdifferentiation potential of these cells,
specifically the osteogenic plasticity of the NG2 population, we employ a series of
lineage-trace experiments using inducible CSPG4-Cre-Esr1 R26R-EYFP mice. Similar to
the DiI labeling studies, we genetically EYFP+ label the pre-existing perivascular cell
population with systemic intraperitoneal injections of 4-hydroxytamoxifen (4OH-Tam).
After labeling, we perform distal amputation on the terminal phalanges and observe
labeled cells during the same two stages of the regeneration process: blastema formation
and blastema redifferentiation. Post-amputation during blastema formation and
differentiation, EYFP+ cells will be examined for co-expression with non-pericyte cell
differentiation markers, specifically endothelial (vWF) and osteoblast (OST and OCN)
markers. These experimental findings will provide evidence that will support or detractor
from bone marrow specific progenitor contribution and transdifferentiation of NG2+
perivascular cells involved in epimorphic regeneration.
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Material and methods
In vivo bead implantations for bone marrow DiI tracing
In vivo DiI lineage tracing studies, 8 week old adult female transgenic reporter mice
(Tie2-GFP) were used. Animals were purchased from Jackson Laboratories (Bar Harbor,
ME- USA) and bred in-house. Procedures for care and use of mice for this study were in
compliance with Standard Operating Procedures approved by the Institutional Animal
Care & Use Committee of Tulane University Health Science Center.
For DiI delivery, we used Affi-Gel Blue Gel beads (Bio-Rad, Hercules, CA, USA) as a
microcarrier for delivery. Beads (~100-150 μm in diameter) were washed twice with
water, de-hydrated, then soaked with CellTracker CM-DiI (C-7000 Invitrogen: Molecular
Probes) stock overnight at 4oC away from light exposure. CM-DiI stock was prepared by
combining 50ug of stock and 10ul of 100%EtOH. 2.2ul of 30% Sucrose in water then
was added and mixed gently. Control beads were soaked in PBS. Bead implantations
were carried out 2 days pre-amputation. DiI coated-Affi-Gel Blue Gel beads were pinned
with a tungsten needle and briefly air dried. The beads were then inserted into the bone
marrow, and then sealed within the bone marrow cavity using a non-DiI microcarrier
bead.(Figure 2.1) Amputations were then performed on control and experimental digits
two days post-implantation and harvested at various time points post-amputation. In vivo

NG2+-Fate tracing studies
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For in vivo lineage tracing studies, 7.5 wk old adult transgenic mice (CSPG4-Cre-Esr1
R26R-EYFP) were used. Male CSPG4-Cre-Esr1Tam and Female R26R-stop-EYFP were
purchased from Jackson Laboratories (Bar Harbor, ME- USA) and bred in-house. (Figure
2.2) Procedures for care and use of mice for this study were in compliance with Standard
Operating Procedures approved by the Institutional Animal Care & Use Committee of
Tulane University Health Science Center. Heterozygous animals were identified by
genotyping alleles, R26R and Cre. Heterozygous animals were induced using 4hydroxytamoxifen (Sigma H7904) in 1:20 Ethanol: Sesame oil solution. 0.5mg of drug
was delivered via 2-3IP injections a day, over four days, for a total of 4mg per mouse.
Following induction, terminal phalanxes were distally amputated 5 days after the last
induction day in studies for 10-14DPA blastema and 1 day after induction in studies for
17-21DPA blastema differentiation. Digits were harvested for immunohistological
analysis with three controls: (1) unamputated 4HO-Tamoxifen treated control, (2) uninduced amputated controls for these time points, and (3) induced control littermates.
Genotyping mice
To genotype mice, DNA was harvested from tails using lysis buffer and PCR was
performed using the below primers. PCR products were then run on a 3% agarose gel
with a DNA ladder to measure products.
R26R Forward
R26R Reverse
R26R Forward
Cre Forward
Cre Reverse

5’ AAG ACC GCG AAG AGT TTG TC
5’ AAA GTC GCT CTG AGT TGT TAT
5’ GGA GCG GGA GAA ATG GAT ATG
5’ GGA CAT GTT CAG GGA TCG CCA GGC G
5’ GCA TAA CCA GTG AAA CAG CAT TGC TG
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Implantation of DiI soaked beads into the bone marrow
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P3

Figure 2.2: DiI bead implantation into the terminal phalanx bone marrow cavity
Top: Sagittal view of terminal phalanx with microcarrier Affi-gel beads (red) soaked in
DiI were injected into bone marrow cavity via the large foramen in terminal phalanx
followed by distal amputation 2 days later. Bottom: 3D µCT reconstructions show
location of large foramen (red arrow), and amputation plane (red dashed line) and the
remaining stump.
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Expression of
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Adapted from Gene Knockout protocols: 2008
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Figure 2.1: NG2-Cre-ER R26R-EYFP genetic-cross schematic for fate trace
experiments
Basic punnett square genetic schematic using NG2CreER male X R26REYFP female,
which should yield 50% NG2CreER R26REYFP mice. Heterozygote mice are treated
with 4-hydroxytamoxifen treatments. This treatment activates Cre, which translocates
into the nucleus, cleave the stop codon expressed by the R26R promoter gene and
activate EYFP expression in NG2 expressing cells.
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Immunohistochemistry
For immunohistological analysis, digits were fixed with Z-fix (Anatech LTD) at room
temperature overnight, treated with Decalcifier I (Surgipath) for 8hrs, processed for
standard paraffin histology, and cut in the sagittal plane into 4.5um sections all away
from light exposure to prevent degradation of DiI label.
DiI immunohistochemistry was done for the following primary antibodies using
proteinase K antigen retrieval: GFP (Chicken Millipore 1:800 dilution), NG2 (Rabbit
Abcam 1:250 dilution), and OCN (Abcam 1:800 dilution). Alexa fluor labeled secondary
antibodies: Goat anti-Rat 568, Donkey anti-Rabbit 568, and Goat anti-chicken 488 were
all 1:500 dilutions. Subsequently, sections were labeled with nuclear DAPI staining and
coverslipped with ProlongGold (Invitrogen).
For co- immunohistochemical analysis for fate tracing co-localization studies, EYFP
detection by GFP antibody (Chicken Millipore 1:1000X) was combined with one of the
following: (1) NG2 (Abcam 1:500), (2) TEM1 (Rabbit BD Pharmingen 1:500), (3)
Osteocalcin (Abcam 1:800), (4) Osterix (Abcam 1:300), (5) von Wilbrand factor (DAKO
1:1000), and (6) α- smooth muscle actin (DAKO mouse 1:500). Alexa fluor labeled
secondary antibodies, Donkey anti-rabbit 568, Goat anti-mouse 568, and Goat anti-mouse
488 (Invitrogen 1:500 dilution) were used with DAPI nuclear staining represented in blue
and cover slipped with Prolong Gold (Invitrogen).
Pictures were acquired on a BX-UCB Olympus camera using Slidebook software on
Olympus BX 51 Fluorescent microscope.
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Results
NG2+ and Tie2+ bone marrow derived cells contribute to form the regenerative blastema
Post-amputation, the distal digit tip goes thru hemostasis (0-4 DPA), resorption (310DPA), and then the formation of the blastema (9-13 DPA). To further investigate the
exact limitations of the bone marrow niche of cells within the regeneration process, a
novel lineage tracing assay was performed. DiI labeling of the bone marrow was done by
inserting a DiI-coated microcarrier bead two days pre-amputation. Control digits were
harvest after 1, 5, and 10 DPI (days post-injection), and DiI remained localized to the
bone marrow and did not affect the general histology of the terminal phalanges. Distal
amputations removed the distal cortical bone tip, but left the bone marrow intact. After
amputation, digits were harvested during blastema (9-14 DPA) formation and
differentiation (14-17 DPA) for immunohistochemistry. Immunohistochemical analysis
indicated that the DiI insertion did not affect the regeneration process with resorption,
blastema formation, and differentiation occurring within the normal timeframe. (Figure
2.3) These results confirmed the DiI labeling method was effective in labeling only the
bone marrow cell population. Regenerating digits did not label the connective tissue
surrounding the terminal phalanx, fat pad, and nail matrix before 5 DPA when the
cortical tip is resorpted. Once resorption (6DPA) began, separate immunohistochemical
studies of NG2 and Tie2 revealed NG2+ and Tie2+ bone marrow cells were DiI-labeled
and present within the marrow cavity proper, but accumulating within the distal most
region of the marrow nearest the amputation plane. (Figure 2.3a, d)
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Figure 2.3: Bone marrow DiI bead implantation does not affect the terminal
phalanx’s regeneration process.
(A-C) 100X Orientation panels. (D-F) 200X Inset squares. (A, D) 5DPA: DiI labeled
cells from the bone marrow involved in resorption and are migrating distally with the
osteoclast digested damaged cortical bone tip. (B, E) 9 DPA: DiI labeled cells localized
in the blastema region, supporting the distal migration of bone marrow cells. (C, F) 16
DPA: DiI labeled cells involved in regenerating distal tip region seen with the
trabeculated bone and within nearby vasculature.
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Immunohistochemical analysis from the blastema time points (9-14 DPA) revealed DiI+
Tie2+ and DiI+ NG2+ were found in blastema and bone marrow during regeneration. In
early regeneration time points (0-5DPA), DiI labeled Tie2 and NG2 cells were found
only within the bone marrow, during blastema formation these two populations were
localized in two distinctive regions, the bone marrow and the blastema. (Figure 2.3b, e)
By 14-17 DPA, DiI+NG2+ and DiI+Tie2+ remained localized within the bone marrow, but
were also embedded within the newly formed regenerate bone tip, confirming bone
marrow contribution to regeneration. (Figure 2.4) Unlike transplant studies and lineage
studies using Tie2, we observed elongated DiI+Tie2+ cells within (1) the regenerate bone
trabeculae with (2) within the interface between the bone and soft connective tissue distal
most. Cell morphology, proximity to red blood cells, and Tie2 expression confirm bone
marrow derived endothelial contribution in the regenerate during re-differentiation.
(Figure 2.4a, c, e, i)
Closer examination of the localization and morphology of the DiI+NG2+ labeled
populations during late stage regeneration (14-17 DPA), provides evidence of a bone
marrow derived perivascular cell contributing osteoprogenitors to the regenerate. (Figure
2.4b,d,f,h,j) DiI+NG2+ cells are found within lacunae-like openings in the trabeculated
bone, not associated with RBCs or vascular lumens. Furthermore the distribution of the
DiI staining localized to the adjacent boney matrix deposition has been observed in
studies of DiI labeling osteoprogenitors, which supports the osteogenicity of our NG2
expressing population. (de Barros et al., 2010) To confirm a bone marrow derived
osteoprogenitor contribution, we performed another evaluation of DiI-labeled bone
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Figure 2.4: DiI tracing identifies NG2+ and Tie2-GFP cells contribution to the
terminal phalanx regeneration process
(A-B) 200X Orientation sections of 18 DPA for Tie2+-DiI nucleated labeled cells (L) and
18DPA for NG2+-DiI labeled cells (R). (C, E, G, I) 400X Left panels: Tie2+-DiI cells
(yellow arrowheads) indicating positive DiI and Tie2 cells outside the bone marrow in
the newly formed distal digit tip. (D,F,H,J) 400X Right panels: Insets for NG2-DiI
(yellow arrowheads) indicating positive DiI and NG2 cells outside the bone marrow in
the newly formed distal digit tip bone matrix. (C-D) DAPI nuclear stain (blue) (G-H) DiI
labeled matrix and cells (red), (I) Tie2-GFP (green), and (J) NG2+ cells (green); merged
RBC=red blood cells
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Figure 2.5: DiI+OCN+ cells contribute to form the re-differentiating digit tip
Clockwise: DAPI, DiI, Osteocalcin (OCN), and merged. Red arrowheads =DiI labeled
bone marrow derived cells; green arrowheads =OCN; and yellow arrowheads=colocalized signals. Co-localized cells are located in bone lacunae and in outer newly
formed periosteum wall.
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marrow trace studies examining OCN expression. Our results show co-localization of DiI
and OCN within the new bone marrow matrix, supporting a bone marrow derived
osteoprogenitors involved in the distal elongation and regeneration of the bone tip.
(Figure 2.5) Furthermore, the localization of these DiI +OCN + cells in the same region as
DiI+NG2+ support the role of multipotent NG2+ bone marrow found associated with Tie2
vascular cells capability of differentiation, specifically into osteoblasts. These results of
three independent studies of cells: DiI+NG2+, DiI+Tie2+, and DiI+OCN+ supports our
hypothesis osteogenic NG2+ bone marrow derive perivascular cell contribution to the
formation of the blastema. It also provides the first evidence of a terminal phalanx
marrow vascular population contributing to the regeneration process.

Lineage tracing experimentation examine cellular contribution of NG2 expressing cells
in terminal phalanx regeneration
To explore the contribution of perivascular cells in digit tip regeneration we
employed an inducible NG2-CreER, R26R-EYFP mouse line (Feng et al., 2011; Zhu et
al., 2011) for cell fate tracing studies. 8wk old mice were tamoxifen induced to YFP label
NG2-expressing cells before amputative injuries. In the terminal phalanx at the time of
amputation, EYFP labeled cells were found largely within the bone marrow and to a
lesser extent associated with the connective tissue microvasculature. (Figure 2.6) Of the
labeled EYFP cells approximately 99.1± 0.9% (mean±SEM) co-expressed NG2.
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Figure 2.6: NG2CreERTamR26REYFP mice label perivascular cells within the
terminal phalanx.
In 4HO-Tamoxifen induced mice, the connective tissue and bone marrow showed colocalization of EYFP and NG2 expression. (A) Within the bone marrow, co-localized
cells surrounded the vasculature. Channels separated left to right: NG2 expression (red),
NG2-EYFP (green), and merged with DAPI nuclear stain (blue). Inset (white box) shows
nucleated NG2+EYFP+ cell. (B) Within the connective tissue microvasculature of the
sub-terminal and terminal phalanges, NG2 expression co-localizes with EYFP labeled
cells. Channels separated top-bottom: NG2 (red), NG2-EYFP (green), and merged. Inset
(white box) of nucleated NG2+- EYFP+ cell neighboring an NG2+-EYFP- cell. (C) TEM1
expression (red) seen in the cell membrane surrounds EYFP labeled cells within
microvasculature. Channels separated top-bottom: TEM1 (red), NG2-EYFP (green), and
merged. Inset (white box) of nucleated TEM1+-EYFP+ cell neighboring a TEM+ cell.
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Of the 99.1% (n=6 digits from 3mice), YFP labeled ~35.2 ± 4.8% (26.6±0.4%, n=3 in the
connective tissue and 43.8%±6.5%, n=3 in the bone marrow) of the NG2 expression
population in the terminal phalanx.
When examining the control unamputated digits which were between 15-18 days after
induction, the percentage of cells labeled decreased. Approximately ~28.6%, ranging
from 15.3-38.7% (n=7, 114/390) of the NG2 expressing cells were co-labeled with
EYFP, and a similar frequency of TEM1 positive cells co-labeled with EYFP.
Of the EYFP labeled cells within the unamputated terminal phalanx, almost all colocalized with NG2 with almost identical frequency for TEM1. However, not all EYFP
labeled cells co-expressed perivascular markers: a few EYFP cells ~1.0% (2/138, n=5)
were found in the endosteum and co-expressed (OCN) and, as well, a few EYFP cells
16% (17/106, n=3) were found in the endothelial layer and co-express the endothelial
marker vWF. These results suggest that perivascular cells represent an endogenous
multipotent cell source for cell maintenance/turnover within the P3 bone marrow. Based
upon the YFP results within the unamputated terminal phalanx, we can conclude that
perivascular cells are a multipotent source for endogenous cell turnover of the digit tip.
To examine the potential of the NG2+ perivascular lineage to participate in blastema
formation, we carried out distal amputation studies to track EYFP labeled cells into the
10-13DPA blastema. Immunohistochemical analyses to identify EYFP expressing cells
within the blastema established that perivascular derived cells participate in blastema
formation, and are localized in the proximal region of the blastema. Approximately 32%
(range: 19-46%, n=4) of the NG2 cells in the proximal region were EYFP positive, thus
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adjusting for the efficiency of EYFP expression in unamputated control digits. Coimmunohistochemical studies to identify EYFP and NG2 co-localization showed that
90% (n=5) of the EYFP positive blastema cells also expressed NG2 (Figure 2.7), and in
separate studies, 87% (n=3) of the YFP positive blastema cells co-expressed TEM1.
These data provide direct evidence that NG2 expressing perivascular cells in the digit are
involved in blastema formation and continue to express perivascular-specific proteins.
It appears, therefore, some aspects of the perivascular phenotype are maintained by
these cells during blastema formation that are not associated with vasculature. Cell
lineage studies carried out during re-differentiation (17-19 DPA) demonstrate that
perivascular-derived cells in the blastema display characteristics of multipotent stem
cells. Co-immunohistochemical studies were again employed to identify if YFP+ cells
remained perivascular using markers, NG2 and TEM1. NG+YFP+ and TEM1+YFP+cells
were found intercalated with newly formed bone and vasculature (Figure 2.7B, E and not
shown). When quantified, the percentages that co-expressed YFP and perivascular
markers, TEM1 and NG2 had significantly decreased compared to early blastema
formation and unamputated digits (Fig. 2.7C, all t-test p-values ≤0.05). The percentage of
cells co-expressing perivascular markers decreased significantly, indicating the initial
population was no longer perivascular in function and had re-differentiated into another
cell type. To determine whether perivascular-derived cells re-differentiate into other cell
types in the regenerate, we carried out co-immunohistochemical studies using YFP
expression to identify the perivascular cell lineage (NG2, TEM1, SMA), and cell type
specific markers for endothelial cells (vWF), or osteoblasts (Osterix, OCN).
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Figure 2.7: Co-Immunohistochemistry of 13DPA of NG2-CreER-R26R-EYFP
confirms labeling of a percent of NG2-expressing cells within the bone marrow and
blastema.
(A)Terminal phalanx amputation level is shown in sagittal section. White dashed line
delineates bone (B), bone marrow (BM), epidermis (E), and nail (N) and connective
tissue (CT). Red line shows level of amputation, leaving bone marrow and fat pad intact.
Within the bone marrow NG2-EYFP concentrated expression. NG2 (red), NG2-EYFP
(green), and DAPI (blue) (B) At 13DPA NG2CreER R26EYFP, the bone marrow is no
longer intact and is contiguous with the newly formed blastema. Bone marrow shows
decreased NG2-EYFP (green) and NG2 (red) cell expression. Blastema region contains
co-localized NG2-EYFP (green) and NG2 (red) cells. White box delineates blastema
region. (C) Within the blastema, many cells express NG2 and a majority co-localize with
EYFP expression. (D) Quantification of the blastema region in comparison to the
unamputated digit (both connective tissue and bone marrow) shows no change in the
amount of co-expression of NG2+ and EYFP+. Analysis of TEM1, a perivascular marker
shows less consistent co-localization in the blastema. During blastema differentiation, the
percentage of co-localization with NG2 and TEM1 compared to unamputated means
decreases significantly. All values expressed as mean ±SEM, 2-tailed t-test p-value ≤ 0.05
(E) Inset of 13 DPA blastema region shows most cells within the blastema express NG2
and EYFP. Channel separation from left to right: NG2-EYFP (green), NG2 (red), and
merged. Red and green arrowheads indicate separated signals, and yellow arrowheads
indicate merged signal.
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The vasculature associated with digit regenerate can be identified histologically and is
associated with red blood cells within the lumen. YFP expressing cells are localized to
the perivascular region of regenerated vessels and these cells are shown to co-express
NG2, TEM1, SMA and vWF in separate studies at various time points during the
regeneration process. (Fig. 2.8 A, B, C) These data provide evidence that perivascularderived cells maintain aspects of the perivascular phenotype (i.e. NG2 and TEM1
expression), and re-differentiate into functional -SMA expressing perivascular cells.
In this way, the perivascular lineage is maintained during blastema formation and digit tip
regeneration. While characterizing the functional perivascular cells, we found cells
derived from the NG+ perivascular lineage appear capable of transdifferentiating into
endothelial cells, based on the co-expression of EYFP and the endothelial marker vWF
(Figure 2.8E, F) in both the bone marrow and the differentiated blastema. During this
time point, -SMA is also co-localized with endothelial marker vWF within the newly
formed digit tip. In cardiac regeneration studies, the aorta and endothelial
microvasculature within the heart will temporally upregulate -SMA (Ando et al., 1999;
Azuma et al., 2009). The co-expression of -SMA and vWF in our regeneration model,
suggest the temporal upregulation of smooth muscle and endothelial proteins during
remodeling is conserved in different organ systems. In these late regeneration time points,
we also observe EYFP+ cells associated directly with red blood cells not expressing
TEM1 and NG2 within the regenerate, from this observation we can conclude that cells
derived from the perivascular lineage down-regulate perivascular-specific protein
expression in association with this re-differentiation into endothelial cells.
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Figure 2.8: Fate tracing with NG2CreERTamR26REYFP mice reveal
NG2+perivascular cells contribute vascular and perivascular cells to the regenerate
Using perivascular markers and an endothelial marker in conjunction with YFP,
vasculature and perivasculature is labeled consistently in the bone marrow and the
blastema region of the regenerate. For A)-F) Red and green arrowheads indicate separate
lineage markers, and yellow arrowheads indicate merged markers. (A) NG2 co-localizes
with NG2-EYFP+ cells with the bone marrow of regenerate. Left to right: EYFP (green),
NG2 (red), and merged. (B) TEM1 and YFP for 13DPA in the bone marrow, shows YFP
cells localized at the lumen interface expressing TEM1 and YFP. Left to right: EYFP
(green), TEM1 (red), and merged. (C)-SMA and YFP for DPA17 bone marrow
vasculature contains good overlap between signals. Green arrowheads indicate cells
interacting directly with the lumen of the vessel and not expressing perivascular
marker,-SMA. Left to right: EYFP (green), -SMA (red), and merged. (D) -SMA and
YFP for DPA13 blastema vasculature co-expresses α-SMA and YFP and contains RBCs
in the lumen. Left to right: EYFP (green), -SMA (red), and merged. (E) vWF and
EYFP for DPA 13 blastema vasculature, (F) vWF and YFP for DPA17 bone marrow
vasculature show EYFP cells co-expressing VWF.
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Our previous studies using co-immunohistochemistry suggests that perivascular cells
display osteogenic potential during digit tip regeneration. To explore the
transdifferentiation of perivascular cells into osteoblasts, we analyzed NG2-CreERR26REYFP digit regenerates at both 10-13 DPA and 17-19 DPA for cells co-expressing EYFP
and previously used osteoblasts markers, Osteocalcin and Osterix. Osteocalcin, a late
osteoblast marker seen in the cytoplasm of osteoblasts is also deposited in the bone
matrix outside of the cell body. Osterix or Sp7, a transcription factor is expressed
primarily in the nuclei of osteoprogenitors, co-localizes with nuclear counterstain, DAPI.
In separate studies, EYFP/Osterix co-expressing cells and YFP/OCN co-expressing cells
were observed directly adjacent to pre-existing stump bone and vasculature with red
blood cells (Fig. 2.9A and 2.10A), indicating the initial YFP-NG2 cells of the
perivascular lineage re-differentiated into osteoblasts during digit tip regeneration.
Furthermore, we observe YFP+Ost+ and YFP+ OCN+ cells within the blastema, not
directly adjacent or associated to pre-existing bone or vasculature. (Figure 2.9B and
2.10B) We had previously noted NG2/Osterix and NG2/OCN co-expressing cells within
the blastema and 14-16 DPA regenerate suggestive of a transitional cell state in which
two different cell type specific marker proteins were present. To explore the validity of
such a transitional cell state, we analyzed genetically labeled NG2+ cells within the
regenerating digit for YFP/OST and YFP/OCN co-expression, and found both
populations. These results provide the first evidence of a re-differentiation of a
perivascular to osteoprogenitors.
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Figure 2.9: In the regenerating digit tip during blastema formation and
differentiation, NG2-EYFP and osteoblast markers consistently co-localize within
the elongating terminal phalanx bone.
White dashed lines outline terminal phalanx bone (B), connective tissue (CT), and
blastema (Bl) (A) Within NG2CreERTamR26REYFP mice at 13 DPA, Osterix and NG2EYFP co-localize in the blastema region unassociated with pre-existing bone. (B) Inset of
EYFP+ osteoprogenitors within the blastema. Left to right: EYFP (green), Osterix (red),
and merged. (C) Osterix and NG2-EYFP co-localize in to distal pre-existing bone. (D)
Left to right: EYFP (green), Osterix (red), and merged. Osterix a transcription factor is
found in nuclei and co-localizes with DAPI (blue) and when merged with EYFP signal is
pink.
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Figure 2.10: In NG2CreERTamR26REYFP induced with 4OH-Tam 13DPA mice
osteocalcin co-localizes with EYFP cells during regeneration.
White dashed lines outline terminal phalanx bone (B), connective tissue (CT), and
blastema (Bl) (A) Within NG2CreERTamR26REYFP mice at 13 DPA, Osteocalcin and
NG2-EYFP co-localize in the blastema region unassociated with pre-existing bone. (B)
Inset of EYFP+ osteoprogenitors within the blastema. Left to right: EYFP (green),
Osteocalcin (red), and merged. (C) Osteocalcin and NG2-EYFP co-localize in to distal
pre-existing bone. (D) Left to right: EYFP (green), Osteocalcin (red), and merged.
Osteocalcin a transcription factor is found in nuclei and co-localizes with DAPI (blue)
and when merged with EYFP signal is pink.
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The mechanism of this transition remain unknown, however, we noted within 1719DPA samples, NG2-EYFP labeled cells not associated with vasculature and no longer
expressing NG2, trapped within the newly formed trabeculated bone. These cells were
found in differentiated proximal blastema and support the completed re-differentiation of
perivascular cell to osteoblast during regeneration. Furthermore in separate experiments
we also found EYFP expression in regenerated bone without co-expression of TEM1.
(Figure 2.11) These studies support the conclusion that during digit tip regeneration,
transdifferentiating perivascular-derived blastema cells pass through a transitional state
where both perivascular and osteoblast characteristics are co-expressed before finally
becoming osteogenic. Together, these studies demonstrate that NG2 expressing
perivascular cells of the terminal phalanx participate in blastema formation
Previous studies of murine neonate and zebrafish regeneration have shown the
significance of the CXCR4-SDF1axis in the migration of future blastema cells (Dufourcq
and Vriz 2006, Jangwoo unpublished). Furthermore, this axis is activated in the
recruitment of bone derived mesenchymal stem cells to the site of injury in adult murine
bone fracture models (Kitaori et al., 2009). In our adult murine regeneration studies
using DiI labeling of the bone marrow, we show the participation of bone marrow
derived cells in distal bone elongation. These studies suggest a migratory event from the
bone marrow to the blastema. We hypothesize bone marrow derived perivascular NG2+
cells use CXCR4-SDF1 to migrate and pattern the regenerate bone. To test this
hypothesis, we examined induced NG2-CreER R26-EYFP for CXCR4 co-localization
during blastema formation and differentiation.
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Figure 2.11: In NG2CreERTamR26REYFP regenerating digits during redifferentiation, a proximal population of EYFP+ cells do not co-localize with
perivascular markers.
In 19-21 DPA, EYFP+ co-localization with TEM1 is dependent upon localization. As the
digit regenerates distally, the EYFP-NG2 (green) population co-localizes more frequently
with TEM1 (red), the other pericyte marker in the distal more regions. The proximal
EYFP population appears to co-localize more frequently with Osterix, an osteoblast
marker. White dashed line outlines terminal phalanx bone.
200X Top: 19DPA sagittal section reveals EYFP+ cells (green) within all regions of the
distal regenerating digit tip. TEM1 (red) is found exclusively in the bone marrow
vasculature and the differentiating blastema.
600X Distal regenerate: Newly formed distal tip with EYFP+TEM1+ cell embedded in the
newly formed bone of the digit tip. Left: EYFP+TEM1+ cell is associated with terminal
phalanx bone, however, the right co-localized EYFP+TEM1+ cell have a discernible
perivascular phenotype.
600X Ventral regenerate: Co-localized EYFP+ TEM1+ within newly formed trabeculated
bone.
600X Proximal regenerate: No co-localized EYFP+ TEM1+ within trabeculated bone,
indicating a differentiation event of perivascular cell into osteogenic cell. Note: Osterix
expression is also considerably lower compared to more distally localized bone
regenerate regions.
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In unamputated digits, CXCR4 expression is limited to the perivascular cells and
endothelial cells of the bone marrow’s main arteriole with no expression in the
connective tissue. (Figure 2.12A) After amputative injury at 4 DPA, CXCR4 is expressed
exclusively by bone marrow cells nearest the amputation site. (Figure 2.12B) In induced
NG2 CreER, R26-EYFP at 10-13DPA, we observed YFP+ cells within the bone marrow
and the blastema expressing CXCR4. (Figure 2.12C) YFP+CXCR4+cells in the two
regions reveal a mechanism for the migration of bone marrow perivascular cells into the
blastema. In the induced 17-19DPA digits, the differentiating blastema shows
YFP+CXCR4+ cells (Fig. 2.12D), as well as YFP+CXCR4- cells within the differentiated
blastema.
Preliminary results of CXCR4 in the digit tip blastema were promising; however
literature on NG2+ cells suggests an angiocrine specific mechanism. The PDGF pathway
has been linked to perivascular recruitment in multiple murine angiogenic models in
development and wound healing (Benjamin et al., 1998; Crisan et al., 2008; Gendron,
1999; Grako and Stallcup, 1995; Rajkumar et al., 2006; Song et al., 2009; Stratman et al.,
2010; Winkler et al., 2010). To test this potential mechanism, we examined PDGFRA
expression in the blastema formation and differentiation time points. We observed an
almost identical pattern of expression to CXCR4. (Figure 2.13) The
immunohistochemical results of PDGFRA and CXCR4 indicate both mechanisms are
employed in regeneration for the migration of cells into the blastema.
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Figure 2.12: EYFP+CXCR4+ cells observed in the bone marrow and blastema cells
during blastema formation.
White dashed lines outline terminal phalanx bone (B), connective tissue (CT), and
blastema (Bl) (A) In unamputated Tie2 GFP digit tips, low expression of CXCR4 is seen
in the bone marrow. CXCR4+ cells are associated with Tie2 GFP endothelial cells (B) At
4-5DPA Tie2 GFP, CXCR4 expression is upregulated in the distal edge closest to the
amputation site and CXCR4 is no longer associated with perivascular cells. Tie2-GFP
(green) and CXCR4 (red) (C) At 10-13 DPA, NG2CreERTamR26REYFP mice have NG2EYFP blastema and bone marrow cells expressing CXCR4. NG2-EYFP (green) and
CXCR4 (red) (D) 17-19 DPA NG2-EYFP cells express CXCR4 within the differentiated
blastema.
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Figure 2.13: EYFP+PDGFRA+ cells are observed in the bone marrow and blastema
region during murine digit regeneration
White dashed lines outline terminal phalanx bone (B), connective tissue (CT), and White
box outlines blastema differentiation region. A)17DPA NG2CreERTamR26REYFP reveal
EYFP cells (green) and PDGFRA cells (red) within the differentiating blastema and
within the bone marrow. B) A high density of PDGFRA (red) cells is found in the
proximal blastema and within the bone marrow. The distal blastema region has little to no
expression of PDGFRA. C) The proximal most blastema differentiation region has
PDGFRA+ EYFP+ cells (arrowhead). Left to right: separated antibody filters. D) Distal
region of the differentiating blastema reveal no PDGFRA cells and no co-expression of
PDGF and EYFP. Scale bars=50µm
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Discussion
The DiI studies reveal bone marrow derived endothelial, perivascular, and
osteoprogenitor cell contribution to the regenerate. Genetic fate tracing experiments using
4-hydroxy-tamoxifen induced NG2CreERTamR26REYFP confirm: (1) a large dense
population of labeled NG2-YFP perivascular cells within the bone marrow and (2) NG2YFP cells derived from the pre-existing NG2+ cells are found in the blastema, and (3)
NG2-YFP cells within the differentiated blastema are osteoprogenitors and osteoblasts.
While these results suggest bone marrow derived perivascular cells differentiate into
osteoblasts during regeneration, we do not confirm migration of this bone marrow
derivation. We however, test two potential mechanisms for NG2 cells migration and
movement. We attempted to address the question of migration by examining the
expression pattern of CXCR4 of the SDF1-CXCR4 axis and PDGFA. CXCR4-SDF1 has
been shown to be involved in diapedsis and the recruitment of hematopoietic stem cells,
endothelial and mesenchymal stem cells (Agarwal et al., 2010; Jujo et al., 2010; Kitaori
et al., 2009). CXCR4 is expressed highly be blastema positive cells, however, the
specifics of whether SDF1 is acting as a gradient are unclear. Furthermore, the
mechanism for the activation, recruitment, and separation of perivascular cells from
vasculature remains unknown.
PDGFand β has been shown to be necessary for the recruitment of perivascular cells to
endothelial progenitors (Benjamin et al., 1998; Crisan et al., 2008; Gendron, 1999; Grako
and Stallcup, 1995; Rajkumar et al., 2006; Song et al., 2009; Stratman et al., 2010;
Winkler et al., 2010). PDGF, a family of mitogenic growth factors that include dimmers
of PDGFA and B that homo- and heterdimerize to form functional ligands. PDGF homo86

and hetero-dimers interact with receptors, homodimers of 2 subunits of PDFR-AA or
PDGFR-BB. Interaction between ligand and receptor were demonstrated to not only
induce proliferation of smooth muscle and fibroblast cells, but to direct the migration of
mesenchymal cells for developmental morphogenesis of different organ systems.
Microarrays of the blastema formation compared to unamputated dermis have shown
PDGFC is highly expressed (2-fold change).latent PDGF ligand that requires
proteolytic cleavage for activation, binds to the both dimerized receptors (Ding et al.,
2000; Gilbertson et al., 2001; Li et al., 2000). In our adult digit tip regeneration model,
the blastema is avascular, with a high number of TEM1 and NG2 non-vasculature
associated cells, indicating the reverse; perivascular cells recruiting angiogenic
endothelial to the blastema. Functionally, this ligand could: (1) temporally upregulate the
proliferation of the NG2+ and TEM1+ cells in the differentiating blastema, creating a
temporary growth region, and (2) induce a controlled angiogenic endothelial cell motility
and invasion. While the microarray data implicates a signal molecule, PDGFC, the source
of the signaling is also unknown. Based upon histology and the resorption of the
amputated cortical tip, the initial population of cells that departs from the bone marrow
provide platelets and matrix to create a platelet fibrin thombus which may be secreting
PDGFC
While we have ascertained this perivascular cells contributes osteoprogenitors to the
regenerate, we have not ascertained how these osteoprogenitors become patterned.
Recruitment and patterning in all bone development is driven by angiogenesis and
vasculature (Kanczler and Oreffo, 2008; Yao et al., 2004). Additionally Work on bone
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fracture models reveal perivascular cells associated with the periosteum are
osteoprogenitors and are recruited to the wound area (Maes et al., 2010). Unlike
development and fracture healing, our regeneration model involved non-appositional
growth, the distal elongation and extension of bone. Our results support these periosteal
derived osteoprogenitors, however, the primary source of the osteoblasts involved in the
regenerative response appear to be primarily bone marrow derived, not solely periosteal.
To validate this we attempt to temporally inhibit NG2 cell interactions using a
commercially available inhibitory antibody.
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Chapter III: iNG2 bead implantation to induce a loss of terminal phalanx
regeneration

Introduction
In earlier experimentation results, the bone marrow was shown to possess
endothelial Tie2+ cells and NG2+-TEM1+ cells. Following distal amputation, NG2 and
TEM1 were upregulated in the blastema region. To address the question of blastema
origin, DiI lineage tracing of the bone marrow and endosteum was conducted. Cells from
the bone marrow and endosteum were labeled with DiI, and these cells were shown to
migrate into the blastema region. These DiI tracing experiments revealed bone marrow
and endosteal cells to be involved in resorption ( 4-7 DPA), blastema formation (8-12
DPA), and blastema differentiation (12-17 DPA), establishing the bone marrow’s cellular
contribution to regeneration. Fate tracing of the NG2+ perivascular population in
NG2CreERTamR26REYFP confirmed osteogenicity and endothelial plasticity. With these
results, the question arises of the necessity of the NG2 expression for our regeneration
model. Little has been done to investigate the role and necessity of other progenitor
populations, specifically, mesenchymal progenitor cells residing within the bone marrow
niche population. To better address the role of not only mesenchymal progenitors, but
pericyte progenitors in this model, the targeting of pericyte marker NG2 through the use
of an inhibitory antibody was used.
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NG2 proteoglycan expression has been used primarily as a marker of the pericyte
population (Crisan et al., 2008; Kucharova et al., 2011; Ozerdem, 2006a; Ozerdem,
2006b; Ozerdem et al., 2001; Ozerdem et al., 2002; Ozerdem and Stallcup, 2004; Pfister
et al., 2008; Stallcup, 2002). In chapter 1, NG2 expression was shown in a variety of
different biological systems, from axon regeneration to metastasis in multiple cancer
models (Levine and Stallcup, 1987). Functionally, NG2+ perivascular cells have been
intrinsically linked to regenerative competent angiogenic vasculature with
NG2+perivascular cells in microvasculature necessary for the induction of proper
angiogenesis after injury (Hughes and Chan-Ling, 2004; Hughes et al., 2006; Wiley et al.,
2005).
In vivo functional targeting NG2 antibodies have been utilized for therapeutics in
carcinoma and neuronal specific models. In 1986, Reisfeld et.al used an un-identified
target antibody (9.2.27) that had been shown to functionally inhibit carcinogenic tumor
models. This antibody was shown to act upon NG2 proteoglycan and target its functional
extracellular domain. Further investigation into CSPG4 in many cancer models has
shown that this proteoglycan can act downstream on proliferation and cell cycle
regulatory genes as well as function in sequestering growth/morphogenic factors (Burg et
al., 1998; Huang et al., 2010; Sato and Kato, 1997; Stallcup et al., 1990). Targeting of
NG2 proteoglycan in the neuronal model has also shown promise. In the PNS and CNS,
NG2+ expressing perineurium and endoneurium cells are in direct contact with neuronal
axon bundles, supporting and protecting signal-receiving axons . As previously briefly
described in spinal cord injuries these protective glial-like NG2+ cells proliferate and
form a fibrotic-like scar which prevent neurite invasion. Researchers used various
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neutralizing NG2 antibodies specific for either the N-terminal extracellular matrix
functional domain or the central domain has induced improved guidance of neurite and
axons, by preventing/inhibiting the proliferation and migration of fibrotic NG2+ glia
cells. In vivo experimentation in murine systems has shown proof of concept, treatment
with neutralizing NG2 inhibitory antibody induced an improved reparative response (Lin
et al., 1996; Makagiansar et al., 2007; Nishiyama et al., 1996).
NG2 function has not been examined or associated with our regeneration model.
In previous chapters, NG2 expressing cells are found in high density within the bone
marrow and the regenerative blastema. Fate tracing reveal NG2+ cells have osteogenic
and endothelial potential and are involved in distal bone elongation during regeneration.
To validate the necessity of NG2 expression within the bone marrow, the application of
antibody 9.2.27 on a microcarrier bead was used for in vivo regeneration studies. This
antibody characterized for in vivo human clinical trials against metastatic cancers, has
98.9% murine protein sequence homologue of the N-terminal, indicating excellent
sequence functional specificity.
The regenerative response is divided into stages: (1) hemostasis, (2) resorption, (3)
wound epidermis and blastema formation and (4) differentiation, to assess the role of
NG2 at different stages, anti-NG2-soaked microcarrier beads (iNG2) were applied into
the terminal phalanx during various stages of the regeneration process. To monitor in
vivo changes in overall bone morphology of the iNG2 treated digits, µCT scanning was
employed at 4-5 day intervals. µCT analysis and immunohistochemical analysis revealed
that consequently after amputative injury, blocking NG2 antibody application at different

91

time points and locations in the regenerate induced dramatically different morphological
responses, including regenerative failure.

Materials and Methods
Bead implantations for loss of function assay
For CSPG4 delivery, we used Affi-Gel Blue Gel beads (Bio-Rad, Hercules, CA, USA) as
a microcarrier for delivery to the amputation wound. Beads (~100-150 μm in diameter)
were washed twice with water, de-hydrated, then soaked with recombinant mouse NG2
(9.2.27 BD Pharmingen, San Diego, CA, USA) 0.5 mg/ml overnight at 4C. Control beads
were soaked in 1% BSA in PBS, 647 Alexa fluor linked secondary antibody, or TEM1
primary antibody. Bead implantations were carried out 2 days before amputation. AffiGel Blue Gel beads were pinned with a tungsten needle and briefly air dried at room
temperature for 10 minutes, then inserted into the bone marrow, and then sealed with
Dermabond in 8 week old Tie2GFP female mice. Amputations were then performed on
control and experimental digits two days later and observed every 4-7 days (2, 6, 10, 13,
17, 24, and 31 DPA) using µCT for 3D imaging and bone volumes. (Figure 3.1A)
Immunohistochemistry for bead implantation study
For immunohistological analysis, digits were fixed with Z-fix (Anatech LTD) at room
temperature overnight, treated with Decalcifier I (Surgipath) for 8 hours, processed for
standard paraffin histology, and cut in the sagittal plane into 4.5um sections. Co92

immunohistochemistry was done for the following primary antibodies using proteinase K
antigen retrieval: (1) GFP (Chicken Millipore 1:800), (2) NG2 (Rabbit Abcam 1: 250),
(3) vWF (Rabbit 1:1000), (4) Osteocalcin (Rabbit Abcam 1:800),
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Figure 3.1: iNG2 bead implantations in the bone marrow cavity and in the blastema
regions for studies of temporal inhibition of NG2 interactions during regeneration
of the distal digit tip.
(A) Pre-amputation bead implantations into the bone marrow via large foramen of
terminal phalanx. Red line denotes amputation plane for all terminal phalanx
amputations. (B), Post-amputation bead implantations localized to the bone marrow and
(C) blastema regions. Blue circles=iNG2 soaked microcarrier beads, P2=sub-terminal
phalanx, P3=terminal phalanx, DPA=Days post-amputation
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(5) SMA α (Mouse DAKO 1:500), and (6) TEM1 (Rabbit BD Pharmingen 1:500).
immunohistochemistry was performed without antigen retrieval for GFP (Chicken
Millipore 1:800 dilution) and Osterix (Rabbit Abcam 1:500 dilution). Alexa fluor labeled
secondary antibodies, Donkey anti-Rabbit 568 and Goat anti-chicken 488 were all 1:500
dilutions. Subsequently, sections were labeled with nuclear DAPI staining and
coverslipped with ProlongGold (Invitrogen).
Proliferation and Cell death quantification
For proliferation analysis the same digits were used that were fixed with Z-fix (Anatech
LTD) and treated with Decalcifier I, heat epitope retrieval was performed for 5 minutes,
then primary antibody, Ki67 (monoclonal TEC-3 Rat DAKO 1:50 dilution) combined
with one the following primary antibodies: GFP, TEM1, OST, OCN, or NG2 (see
Immunohistochemistry for dilutions). Alexa fluor labeled secondary antibodies, Goat
anti-Rat 488, Donkey anti-Rabbit 568, or Donkey anti-chicken 658 were all 1:500X
dilutions. For cell death quantification, in situ cell death assay fluorescein kits (Roche)
were used in conjunction with immunohistochemistry for specific differentiation markers
using 568 labeled secondary antibodies.
Micro-computed tomography (µCT) and Qualitative analysis
Mice were anesthetized and maintained with isofluorane for µCT studies as previously
described (Fernando et al., 2011). Digits were scanned using the scout view positioning
function of a Scanco vivaCT-40 and full scans (55 kVp at 10.5 μm) at high resolution
continuous rotation with an integration time of 380ms. Mice digits were scanned every 496

5 days for bone volume and morphology changes in 20-45 minute scans. For quantitative
volumetric analysis the serial sections were converted to dicoms and imported into
ImageJ plugin BoneJ software (Doube et al., 2010). Dicoms were threshold optimized,
stacked, and serially reconstructed to form 3D reconstructions. Volumes were assessed
using the total bone volume function and tabulated using Microsoft Excel 2007 and
quantified for statistically using SigmaPlot 11.
Quantification and Statistical calculations of bone growth and volume
To quantify bone regeneration, total bone volume values were statistically assess and
expressed as the mean ± one standard error of the mean (±SEM), indicative of the
variation seen in each sampling of controls and experimental groups. The statistical
significance was calculated as p-values comparing the each treatment to the control
groups were performed using SigmaPlot. Student T-tests were performed for two group
(control and treatment) and ANOVA analyses were performed for three group analyses.
For bone length, measurements were taken of length and height of each digit, and then
normalized to the height measurement. In the same manner as bone volume, these
normalized measurements were then expressed as the mean ± SEM at each of the time
points. Individual values were then assessed for significance in changes using ANOVA
and Student T-test depending upon the number of treatment groups.
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Results
iNG2 temporally interacts with NG2 expressing cells in the bone marrow cavity
To test the longevity of the NG2 blocking/inhibition antibody within the bone marrow of
Tie2 GFP female mice, beads were initially implanted and anti-iNG2 antibody levels
were measured using immunohistological secondary antibody (mouse) detection at days
1, 3, and 5 of the implantation. In all days post implantation tested, iNG2 inhibitory
antibody was detected in only the bone marrow, and not within the connective tissue, fat
pad, or nail matrix. Tie2-GFP detection combined with secondary detection inhibitory
antibody reveal iNG2 interacted with vascular and perivascular cells in the bone marrow.
(Figure 3.2A) smooth muscle actin (SMA), a marker for smooth muscle and
perivascular cells was used to re-confirm iNG2 interacts with perivascular cells. Coimmunohistochemical analysis of Tie2-α-SMA and Tie2-NG2 revealed very similar
pattern of expression to Tie2-iNG2. (Figure 3.2B, C)
During blastema formation implantations of iNG2 bead into the blastema and bone
marrow had distinctive responses
To re-affirm/confirm NG2+ cells presence in the blastema, iNG2 antibody soaked
microcarrier beads were implanted into the blastema region at 10 DPA (n=3 mice)
(Figure 3.1c). Within the same animal, 1%BSA treated digits were compared to iNG2
treated digits.
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Figure 3.2: iNG2 delivered in bone marrow cavity and interacts with perivascular
specific cells.
(A) 4 days post implantation (DPI) iNG2 treated terminal phalanx marrow: (a-d) merged,
DAPI-blue, Tie2-green, and iNG2-red. (B) Untreated terminal phalanx marrow: (a-d)
merged, DAPI-blue, Tie2-green, and SMA-red. (C) Untreated terminal phalanx
marrow: (a-d) merged, DAPI-blue, Tie2-green, and NG2-red. The localization of iNG2 in
the bone marrow is identical to the localization of NG2 antibody, confirming perivascular
specificity in inhibitory antibody. Note: Co-labeled signals in merged images are red
blood cells.
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Using µCT to assess for changes in terminal phalanx bone morphology and
volume, iNG2 blastema treated digits did not have distal elongation of the terminal
phalanx (Figure 3.3). Student t-tests comparing1%BSA treatment to iNG2 treatment
groups revealed no statistically significant difference in total bone volume. This loss of
distal extension, but maintenance of total bone volume comparable to 1% BSA treated,
implicates that iNG2 placement into the blastema affected osteoblast movement and
localization. To confirm this loss of distal elongation, we examined bone thickness using
Bone J software. The iNG2 treatment induces not only the failure of regenerates’ distal
elongation, but loss of the terminal phalanx’s distal patterning compared to the 1% BSA
control digits which displayed distal elongation, and a narrowing, triangulation of the tip.
(Figure 3.4)
To examine the function of NG2 in a different microenvironment, iNG2 beads
were implanted into the bone marrow during the same time point, blastema formation 10
DPA (Figure 3.1b). µCT was employed to assess changes in morphology and bone
volume across regeneration time points (n=4 mice). Across all time point measurements
comparing paired iNG2 bone marrow treated to 1%BSA treated digits no change in
morphology or bone volume was found. iNG2 bone marrow treated digits maintained
their capacity to regenerate, with no difference compared to 1%BSA treated digits.
(Figure 3.5) Paired t-test statistical analysis of the treatment group to control confirmed
no statistically significant change in bone volume occurred. From these results, we can
conclude during blastema formation (10DPA), NG2 expression in the bone marrow does
not have a role in the distal bone elongation regenerative response.
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Figure 3.3: iNG2 blastema bead implantation effects distal elongation during digit
tip regeneration.
Top left: Experimental design Top right: Bone digit tip regeneration occurs normally in
1%BSA treated digits, however, iNG2 blastema bead implantation induced a loss of
distal elongation of the digit tips. Bottom: No statistically significant differences were
found between treatment groups: iNG2 treatment, 1% BSA treatment, and control
amputation. Student t-tests (iNG2 vs. 1%BSA) and ANOVA (iNG2 vs. 1%BSA vs.
amputated) were performed with no significant p-values. All bone volume points in graph
are expressed as mean ± SEM. DPA=days post-amputation.
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iNG2
treated

1% BSA
treated

Figure 3.4 iNG2 treatment in the blastema causes loss of the appearance of cortical
bone tip patterning
As the blastema differentiates, the 1% BSA bone tip regenerates normally with no
appreciable difference compared to distal untreated amputation. In the µCT bone
thickness measurements, the bone’s tip takes shape with more ventral bone deposition
and slim narrow deposition in the dorsal region. iNG2 treated digits have disorganized
bone coverage over the entire tip rather than organized and patterned seen in 1% BSA
treated digits. The bone patterning is outlined in white dotted line. Blue lines indicate
normalized length and width. Leftmost: Key thickest bone denoted as white and thinnest
bone denoted as dark indigo.
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B. Bead implantation results from iNG2 in bone marrow during blastema formation

Bone volume does not change in iNG2 implant at ion in t he bone marrow at
blastema formaton

0 .1 6
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Figure 3.5: During blastema formation, iNG2 bone marrow bead implantation had
no affect on distal elongation during digit tip regeneration.
Top left: Experimental design Top right: Bone digit tip regeneration occurs normally in
1%BSA treated digits and in iNG2 blastema bead implantation Bottom: No statistically
significant differences were found between treatment groups: iNG2 treatment, 1% BSA
treatment, and control amputation. Student t-test (iNG2 vs. 1%BSA) and ANOVA (iNG2
vs. 1%BSA vs. amputated) were performed with no significant changes observed with pvalues. All bone volume points in graph are expressed as mean ± SEM. DPA=days postamputation.
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Implantation of iNG2 before amputation/injury:
We can extrapolate based upon previous experimentation iNG2 antibody in the
bone marrow remained presence 4-5 days post-implantation (DPI). When iNG2 was
implanted into the bone marrow at 10 DPA, it remained from 10-14 DPA and did not
affect blastema re-differentiation, indicating no bone marrow contribution after blastema
formation. Immunohistochemical analysis of the bone marrow contents before resorption
(5-7DPA), revealed an increase in Ki67+ proliferative cells. Furthermore, quantification
of NG2+ and TEM1+ cells in the bone marrow before amputation and within the blastema
region post-amputation are similar combined with DiI labeling experimentation, provide
compelling evidence of the migration of this bone marrow population into the blastema.
To better elucidate the necessity and NG2’s role in the bone marrow during earlier time
points post-amputation, iNG2 was placed into the bone marrow 2 days before
amputation, which should affect the bone marrow from 0-3 DPA. (Figure 3.2a)
In the iNG2 treated two days prior to amputation group (n=12 digits), the blastema region
failed to form. The blastema has been characterized in previous studies relatively
avascular and highly proliferative. (Fernando et al., 2011) In the 1%BSA bead and nonspecific secondary antibody treated digits, the blastema region formed as expected
however, in the iNG2 treatment digits a significant increase of Tie2 expression (t-test pvalue: 0.0135) was found in the region nearest to the exposed bone marrow, indicating
this region did not form a putative blastema. (Figure 3.6) This “blastema-like” region was
further tested for proliferation and apoptosis using Ki67 and TUNEL with TEM1, the
other pericyte marker. iNG2- treated digits had a significantly decreased TEM1
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Figure 3.6: iNG2 treatment of the bone marrow causes the loss of the blastema.
(A-B) µCT images of 1%BSA treated P3 bone marrow (top) vs. iNG2 treated P3 bone
marrow (bottom) with no measureable difference in bone volume or length.
(C, D) Immunohistochemistry at 9 DPA for control compared to iNG2. Tie2 (488-green)
NG2 (568 red), RBCs (co-labeled yellowish-orange) iNG2 treatment induced vasculature
within the blastema like region. Far right chart displays statistically significant increase
in Tie2 expression within the blastema-like region of the iNG2 terminal phalanges. (t-test
p-value: 0.0135)
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expression (t-test p-value: 0.00004) in the blastema region. (Figure 3.7 E,F), while the
non- specific secondary antibody treated group had the same well organized upregulated
TEM1 expression seen during normal blastema formation and regeneration. Interestingly,
control digits had less organized expression of TEM1+ cells in the distal most regions
nearest the wound epidermis. While the iNG2 treated group expressed highly organized
expression of TEM1 in the distal most vasculature only and little to no expression in the
blastema-like region. These results are suggestive of a potential connective tissue
perivascular contribution lost with early iNG2 bone marrow application. These results
support the necessity of the iNG2+ cell bone marrow population in terminal phalanx
regeneration, but more importantly indicate the bone marrow contribution marrow is
temporal and earlier than 10 DPA, blastema formation.
To confirm the loss of the blastema, we further tested the blastema-like region for cell
death using TUNEL. The number of cells undergoing apoptosis in the blastema during
the regeneration process has been shown to be very low in many studies. The TUNEL
results revealed a significant apoptosis upregulation (t-test p-value: 0.002) in iNG2
treated compared to 1%BSA treated digits. (Figure 3.7 C, D) The iNG2 treatment
doubled the number of TUNEL+ cells compared to the low number confirmed in the 1%
BSA treated- blastema. The increase of TUNEL+ cells confirms the loss of the blastema
region by early iNG2 antibody treatment, however these results do not ascertain if the
increased TUNEL is a direct or indirect effect of iNG2 treatments. Upon further
immunohistochemical analysis of iNG2 treated digits, 7-9 DPA immunohistochemistry
showed that osteoblasts markers, OST and OCN cells were found within the blastemalike region. Quantification of OST+ and OCN+ cells
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Figure 3.7: The blastema region of iNG2 treated marrow shows a decrease in TEM1
expression and an increase in TUNEL.
Left: Immunohistochemistry results from 9 DPA for 1%BSA treated (B, D, F, H) vs.
iNG2 treated (A, C, E, G) show (A-B) DAPI (C-D) TUNEL, (E-F) TEM1, and (G-H)
merged; DAPI –blue, TUNEL-green, TEM1-red, colocalized-yellow. Right top: Chart of
the quantified total number of TUNEL expressing cells in blastema region of 1% BSA
treated digits. Significant change in TUNEL cells in iNG2 treatment (t-test p-value:
0.002). Right bottom: Chart of the quantified total number of TEM1 expressing cells in
the blastema region compared to iNG2 early bone marrow treated. Significant change in
TEM1 cells in early iNG2 bone marrow treatment (t-test p-value: 0.0004) Results
indicate a loss of proliferative regenerative blastema. Note: RBCs are yellowish-orange.
Cell totals are expressed as mean ± SEM for an area size of ~250µm2
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revealed no significant difference in the experimental group’s distal blastema-like region
in Student two tail t-tests (**one tail t-tests p-values: 0.03 and 0.04 were significant)
compared to the 1% BSA treated groups. (Figure 3.8) Based upon µCT analysis of this
time point, non-stump associated ectopic bone was not observed in iNG2 treated digits.
In conjunction with µCT imaging, immunohistochemistry, and quantification, these
OST+ and OCN+ cells localized in the distal most region of the digit are not associated
with the pre-existing terminal phalanx bone and did not deposit calcifying matrix or
become clonal to form new bone. Based upon the TUNEL results and the cellular and
nuclear morphology of the OCN+ cells, iNG2 appears to have induced apoptosis of these
osteoblasts.
To ascertain if these osteogenic cells remain present in later time points or a delay in the
regenerative response occurs due to iNG2 treatment, immunohistochemistry and µCT
analysis were performed for the re- differentiation time points (14-17DPA). We observed
a continued decrease in osteogenic cells and bone formation in the iNG2 bone marrow
treated digits. During re-differentiation (14 DPA), the blastema for 1% BSA and
secondary antibody treated digits had begun to differentiate with Osterix upregulation
associated with the pre-existing terminal phalange’s bone. In iNG2 early bone marrow
treatment, Osterix and Osteocalcin are present but both were significantly lower (2-tail, ttest p-value: 0.003). (Figure 3.9) In the iNG2 treated digits the re-differentiation region is
considerably smaller than paired 1%BSA treated digits which can be divided into
proximal and distal blastema differentiation regions.
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Figure 3.8: During blastema formation time points (9 DPA), osteoblasts markers are
upregulated in the distal most region of the mesenchyme.
A.)Top: Immunohistochemistry for Osterix and Osteocalcin in 1%BSA treated digits
blastema regions. Osterix and Osteocalcin cells only associated with endosteal walls.
Bottom: Immunohistochemistry for Osterix and Osteocalcin in iNG2 treated digits failed
blastema regions. Osterix and Osteocalcin cells are found individually not associated with
pre-existing bone stump or with each other. RBCs=red blood cells, BM=bone marrow B)
µCT scans at 9DPA reveal no change overall in bone volume. Results support these cells
are not associated with clonal matrix bone formation despite expression of two markers
of Osterix and Osteocalcin. C-D) Quantification for these markers reveals a trend of
increasing osteoblasts markers at this time point. RBCs auto-fluoresce yellow. P-values
for Osterix and OCN 1-tail t-test: 0.04 and 0.03. Cell totals are expressed as mean ± SEM
for an area size of ~250µm2.
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Figure 3.9: In early iNG2 bone marrow treated digits, Osterix and Tie2 expression
are significantly decreased
In iNG2 treated digits, no distal elongation of bone, little to no upregulation of Osterix
(OST-red), and well developed Tie2-GFP (Tie2-green) vasculature from the connective
tissue are compared to 1% BSA treated digits, which show the beginning of elongation
(bottom left) seen during blastema differentiation and well defined, bone marrow derived
Tie2+ vasculature (bottom right) with less Tie2+ vasculature in the distal connective
tissue. RBCs =auto-fluorescence yellow. Quantification of Osterix expressing cells in
iNG2 treated digits compared to 1%BSA treated digits reveal a significant loss of Osterix
cells. (p-value: 0.003) Cell totals are expressed as mean ± SEM for an area size of
~250µm2
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µCT analysis and quantification of 17 DPA confirmed a loss of bone volume and length
of the iNG2 treated group compared to the 1%BSA treated group. (Figure 3.10A and B)
To confirm the loss of osteoprogenitors in the failed blastema formation region,
immunohistochemical analysis of OST and OCN were performed at the later redifferentiation time point, 17DPA. Immunohistochemical analysis of these digits reconfirmed a continued loss of osteogenic expression. In these sagittal sections, iNG2
bone marrow treated digits had greatly altered bone marrow histology and loss of a
blastema differentiation region. To better observe the altered phenotype,
immunohistochemical analysis was performed for two endothelial vascular markers,
Tie2-GFP and vWF. Compared to the control bone marrow the iNG2 treated bone
marrow possessed a disproportionate increased expression of vWF+ compared toTie2+
cells. vWF+ cells were associated with small microvasculature, no discernible large vein,
and disorganized Tie2+ cells. (Figure 3.10K-N vs. O-R) Quantification of Tie2 and vow
cells and vessels confirmed: (1) a large decrease in the Tie2 vessels and an increase in
vWF vessels and (2) an overall decrease in the number of endothelial Tie2+and vWF+
cells. (Figure 3.10 Top right) To address how iNG2 bone marrow treatment affected
NG2+ cells, NG2 and Tie2 immunohistochemistry was performed. iNG2 treated digits
maintained NG2+ cells in the periosteal region, but not in the endosteal or bone marrow
regions. (Figure G-J) In 1%BSA bone marrow treated digits, the blastema differentiation
region appears similar to control amputations with well defined endothelial Tie2 cell
expression and NG2 co-localization in newly formed trabeculated bone. In iNG2 bone
marrow treated digits, this differentiation region does not form; no trabeculated bone
forms. NG2 expression is limited to the periosteal region denoted with thin line and the
119

numbers (DPA 18-21)
• control
o NG2 beac:l

120

Figure 3.10: 17 DPA early iNG2 bone marrow treated digits have a loss of distal
elongation in the expected re-differentiation region and altered vasculature.
Filters for each antibody were separated in the follow manner: (C, G, K, and O) DAPI
nuclear stain; (D, H) NG2 (568-red); (E, I, M, Q) Tie-GFP (488-green); (L, P) vWF (568red); and (F, J, N, R) merged.
(A, B): µCT evaluation of bone morphology of 17 DPA for control 1%BSA bead and
iNG2 treated bead respectively. Large red boxes denote bone marrow regions seen in C-J.
Small red boxes denote blastema differentiation regions seen in K-R (C-F): In 1%BSA
bone marrow treated digits the blastema differentiation region looks similar to control
amputations with well defined endothelial Tie2 cell expression and NG2 co-localization
in newly formed trabeculated bone. Red arrowheads-NG2, Green arrowheads-Tie2 (G-J)
In iNG2 bone marrow treated digits, this differentiation region does not form; no
trabeculated bone forms. NG2 expression is limited to the periosteum region denoted
with thin line and red arrowhead. Tie2 expression in the endosteal region is very limited.
Tie2-green arrowhead. (K-L) 1% BSA marrow possesses well organized Tie2GFP and
vWF expression. Numbers denote each lumen. (O-R) iNG2 treated marrow contains
decreased Tie2 and vWF cell numbers with an increase in total number of vessels within
the bone marrow. Numbers denote each lumen. Top right: Quantification of vWF and
Tie2 expressing cells and vessels show statistically significant losses in total number of
cells and (Top rightmost) statistically significant gains in vessel number. All values
expressed as means ± SEM for 250um2 area.
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endosteal/bone marrow region does not have organized Tie2-GFP cells closely associated
with NG2+ cells.
Loss of regeneration process:
9-17 DPA µCT and immunohistochemical analysis of reveal a significant change in
morphology and osteogenesis, however to confirm the loss of regeneration, we assessed
iNG2 bone marrow treated digits for 4-5days intervals across 33 days. In vivo µCT
assessment of terminal phalanx bone morphology, volume and bone length from the early
treatment of iNG2 into the bone marrow effects later time points of regeneration, and
induced a loss of bone regeneration. (Figure 3.11) In iNG2 treated bone marrows, bone
volumes and lengths across hemostasis and resorption (2-10 DPA) appear comparable to
1% BSA control bead treatments however, by 13 DPA when differentiation of the
blastema begins the NG2 treatment group does not show an increase in bone volume.
Rather, the bone volume continues to decrease (Figure 3.11B), indicating an imbalance in
osteoblast- osteoclast equilibrium. Bone volume measurements of iNG2 treated digits for
all time points post-13 DPA, showed a statistically significant decrease in bone volume;
and in 2 of 16 digits or 1 of 8 mice, regeneration was not only lost, but regression of P3
bone was almost complete. (Figure 3.12) In conjugation with bone volumes, bone length
measurements consistently reveal digits fail to elongate distally (a necessity of
regeneration). After 13 DPA, the mean length increases slightly after resorption, but
never matches the recorded length post-amputation (DPA0-2).
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Temporal N G2 blocking antibody inhibits regeneration/ elongation ofthe mammalian distal digittip
- -;t;-· cont rol
- - NG2

10

Bone length+/ · SEM

_c:

tiD
c
..!!!

s

9

8 .2

"'

..0

.0'

'§

"c
0

"'

6.39

I'-.

6

1

,/ 1

',, 0

7

0

1
T

7~

8 .36

ill

9.5

U2

8 .1 . ----- - -- - - - - - - - - - - - -

-----i:

b
8

.1-------------------------1

..

**p-value o> 0.0001

..

..

11

A

''

--~

'

5

5

''

-.....;

5.44

''

'

v

''

'
''

'

'

...--!

''
T

~

~

7 .8

7.57

5.67

4
4 .60

3
4

DPA

6

10

12

B

14

16

18

20

22

24

26

28

30

Bone volumes+/ · SEM

0.17

--~-· contro l be ad

**

~ NG21J~ e~ U

0 .144

0.15
• p-value; 0.02

*

'EE 0.13

______.......---

0 . 15

Q)

E
:J

g 0.11
"c
0

..0

0.09
0.07

0.05
DPA 2

4

6

8

10

12

14

16

123

18

20

22

24

26

28

30

Figure 3.11: Early iNG2 application in the bone marrow induces a loss of terminal
phalanx regeneration.
(A) Bone length results show that this treatment compared to the 1%BSA treatment
induced a loss of distal elongation that is never comparable to the original amputation
level. P-values support the significance of this length measurement. (B) µCT
reconstructions bone volume results show that iNG2 treatment also induced a loss of total
bone volume, which shows a slight gain in later time points, but again never comparable
to the BSA treated group. All points on graph expressed as means ± SEM. * and **
values indicate statistically significant changes compared to 1%BSA treated digits. (C)
The µCT 3-D images of the regeneration process from 2 DPA thru 31 DPA, showing the
severity of the phenotype associated with the iNG2 early implantation.
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Figure 3.12: Early iNG2 bone marrow application can induce an almost complete
loss of the terminal phalanx.
In 2 of 8 mice, µCT reconstruction analysis of the terminal phalanx revealed an almost
completely resorption event. In the same mouse, from Left to Right: 1% BSA treated
control amputation, iNG2 treated digit 1, and iNG2 treated digit 2. Arrows measure the
length of the control compared to the iNG2 treated digits.
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Using µCT imaging to quantify bone volume and length, as well as bone morphology,
provides direct evidence of the importance and necessity of the bone marrow derived
NG2+ cells in osteogenicity. By blocking NG2 interactions within the bone marrow early,
regeneration of the distal digit tip was lost and never regained comparable bone volume
or length to the initial amputation volumes or the control amputation models.
Bone marrow TEM1 antibody application has no effect on regenerative response
To show the necessity and specificity of NG2 expression in the bone marrow, we tested
another primary antibody, TEM1 on the bone marrow microenvironment. TEM1, our
second marker for perivascular cells, has been shown to have importance in studies of
onco-angiogenesis (Bagley et al., 2008). Interest in inhibitory antibodies for TEM1 has
grown as a potential cancer therapeutic. Morphotek Inc, a biotechnologies group, has
begun clinical trials with MORAb-004 which targets TEM1 and shown similar results to
vasculature as our iNG2 studies on the bone marrow.
Unable to receive the propriety MORAb-004, we use the rabbit polyclonal TEM1 from
LifeSpan Biosciences which has not been used for inhibitory studies. TEM1 primary
antibody was implanted into digits and harvested 2-3 days after implantation. The results
revealed the antibody affected cells within the bone marrow of Tie2GFP 8wk mice for
both time points TEM1 interacts with perivascular cells within the bone marrow. Based
upon a survey of histology, the antibody induced an increase in nucleated cellularity.
(Figure 3.13)
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merged

TEM1

Figure 3.13: iTEM1 delivered in the bone marrow cavity and interacts with
perivascular cells.
TEM1 detection using secondary antibody: 568-red, Tie2: 488-green, DAPI nuclear- blue
counterstain. Top and middle panels: 2 and 3 days post-implantation TEM1 was present
in the bone marrow. (Left top): 2 days post-implantation, TEM1 detection by secondary
antibody was only localized to the bone marrow and affected the histology and the
overall cellularity. (Left middle): 3 days post-implantation, the bone marrow has a less
obvious histological phenotype. (Right top): 2 days post-implantation, TEM1 increased
nucleated cellularity within the bone marrow. (Right middle): 3 days post-implantation,
TEM1 antibody also caused an increase in nuclear cellularity.
Bottom panels: Confirmation of TEM1 presence within the bone marrow cavity
interacting with perivascular cells. Left to right: Tie2, TEM1, and merged. Perivascular
cells were identified using Tie2 endothelial identification which was used for iNG2
assessment.
White dashed lines denote bone. RBCs=red blood cells, dotted outline of Tem1 soaked
microcarrier beads
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TEM1’s longevity, present for minimally 3 days within the bone marrow after
implantation, NG2 inhibition experimentation was repeated using TEM1 antibody. We
implanted TEM1 antibody-soaked microcarrier, performed a distal amputation 1 day
post-implantation and observed bone morphology changes using µCT every 4 days postamputation. (n=6 digits) µCT analysis revealed no loss of distal elongation. (Figure 3.14)
Both bone volume and morphology showed no gross changes compared to control bead
implants. To confirm no loss in bone volume, student t-tests were performed, and these pvalues were not significant.
Early bone marrow iNG2 application alters bone marrow perivascular, vascular, and
osteoprogenitors organization and cell number
Early application of iNG2 into the bone marrow induced high expression of
osteoblast markers, Osterix and Osteocalcin in the early blastema formation period (7-10
DPA), which was subsequently lost by 14-17 DPA when osteoprogenitors underwent
apoptosis between 7-14 DPA. Based upon comparable volumes to control groups (1%
BSA, 2ºAb, and TEM1 antibody), the early treatment of iNG2 to the bone marrow did
not significantly affect the inflammation response or the resorption and ejection of the
remaining cortical tip. 3D imaging shows that the level of amputation performed on all
digits, removed the tip of the cortical bone and left the bone marrow intact for both
experimental bead and control bead implantations.
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Figure 3.14: iTEM1 application in the bone marrow has no effect on the
regeneration of the terminal phalanx
A.)Bone volume not altered by TEM1 application in the bone marrow. Using µCT and
boneJ software to calculate change in bone volume during regeneration, digits go through
all stages of regeneration including distal elongation. To confirm no alteration in bone
volume, a student t-test was performed and no significant difference was found. Values
expressed as mean ± SEM. B.) µCT reconstructions of bone morphology show
regeneration not altered by TEM1 application in the bone marrow

132

To identify more of the mechanistic effects of this antibody on the microenvironment of
the bone marrow, we repeated this iNG2 study and harvested digits during early time
points of regeneration for immunohistochemical analysis. Based upon OST and OCN
immunohistochemical analysis at 9 DPA, the blastema failed to form and OST/OCN+
expressing cells were not patterned or associated with vasculature or pre-existing bone.
These results suggest iNG2 application induced a premature differentiation of
osteoprogenitors in the bone marrow.
To confirm this hypothesis, we performed immunohistochemical analysis of iNG2
treated digits using endothelial marker Tie2-GFP, perivascular marker TEM1 and
osteogenic markers OST and OCN at early regeneration time points (3-5 DPA). The bone
marrow vasculature is greatly altered in histology and in expression of TEM1 and Tie2.
(Figure 3.15A, B) The decrease in vasculature and associating cells is seen not just in cell
number, but in cell phenotype in which Tie2+ cells are unorganized with torturous,
uneven, undefined lumens compared to the well organized vasculature seen in the
1%BSA treated group. Quantification of Tie2 and TEM1 expressing cells supports a
statistically significant loss with 2-tail t-test p-values for Tie2 and TEM1: 0.001 and 0.01.
(Figure 3.15C) In this time point iNG2 treated digits, the bone morphology does not
change compared to 1%BSA treated digits. (Figure 3.15D, E)
These results implicate a loss of Tie2 and TEM1 expression, however, when TUNEL and
Ki67 were performed for cell death and proliferation, we found no significant TUNEL
change in the bone marrow. Unexpectedly, iNG2 treated marrow nucleated cells
expressed significantly more Ki67 antigen (2-tail t-test p-value: 0.001) indicating an
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Figure 3.15: In early stages of regeneration, iNG2 bone marrow treatment induces a
significant decrease in perivascular and endothelial cells in the bone marrow.
5DPA, 6 DPI (days post implantation) Tie2 and TEM1 co-immunohistochemistry of (A)
Secondary antibody treated marrow versus (B) iNG2 treated marrow reveal greatly
altered vasculature. Panels from left to right are DAPI-blue, Tie2GFP-green, TEM1-red,
and merged. iNG2 treated TEM1 and Tie2 expressing cells are disorganized with no
discernible lumens. Dashed line outlines edge of soaked microcarrier bead Arrow head in
2ºAb treated marrow indicates Tie2 positive cells within the lumen of vasculature
undergoing angiogenesis. Note: RBCs are yellow-orange. (C) Cell counts support loss of
Tie2 and TEM1 cells in 5DPA. Chart values are expressed as means ± SEM. 250µm2
areas were used for cell density measurements.
(D-E) µCT reconstructions for 1%BSA and iNG2 treated terminal digit show significant
difference in the amount resorption.
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increase in proliferation. (Figure 3.16 bottom left) These proliferating cells were
associated directly with the iNG2 treated bead, interacting and adhering to the
microcarrier beads surface and nearest the endosteum. (Figure 3.16A, B) In 2ºAb treated
digits, proliferation was primarily seen in the endosteal wall.
To identity where and if osteoprogenitors were affected, immunohistochemistry for OST
was performed for the 5DPA time point. iNG2 treated digits compared to 2ºAb treated
digits showed a significant increase in OST+ cells (2tail t-test p-value: 0.04) which was
not associated with the endosteum or other OST+ expressing cells, but with vasculature,
indicating a pre-mature differentiation of perivascular cells. (Figure 3.16C, D and bottom
right)
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iNG2 treated

Figure 3.16: Early iNG2 bone marrow application induces an increase in
proliferation and unassociated osteoprogenitors
Proliferation Ki67 antigen immunohistochemistry results of (A) Secondary antibody
treated marrow versus (B) iNG2 treated marrow. Panels from left to right are: DAPI-blue,
Ki67-green, autofluorescence-pink, and merged. iNG2 treated Ki67 nuclear expressing
cells are more closely associated with the bead and the endosteum, while in secondary
antibody treated control marrow Ki67 is localized primarily to the endosteal wall. Dashed
line outlines edge of soaked microcarrier beads. Note: RBCs are pink.
Osterix immunohistochemistry results of: (C) Secondary antibody treated marrow versus
(D) iNG2 treated marrow. Panels from left to right are: DAPI-blue, Osterix-green,
autofluorescence-red, and merged. Dashed line outlines edge of soaked microcarrier
beads. Note: RBCs are yellow-orange.
Bottom: Cell counts support significant increase in Ki67 and Osterix expressing cells in
iNG2 treated bone marrows. Chart values are expressed as means ± SEM. 250µm2 areas
were used for cell density measurements.
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Figure 3.17: NG2 null mice terminal phalanx bone marrow show no change in
TEM1 expression.
Top panels: NG2 null terminal phalanx serial sections (n=1:4 animals). Within the bone
marrow cavity, TEM1 is expressed but is not organized around vasculature. Middle
panels: NG2 null terminal phalanx serial sections (n=3:4 animals). TEM1 expression is
well organized around arteriole vessels. Bottom panels: NG2 null littermate’s terminal
phalanx serial sections. Similar localization of TEM1, but with increased overall
expression of TEM1 in the bone marrow cavity.
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Discussion
Bone marrow NG2+ cells are necessary for digit regeneration
To better address the necessity of bone marrow derived NG2+ cells on regeneration, the
temporal loss of function studies using iNG2 antibody, induced different responses at
different times and locations, demonstrating that positional and temporal NG2 expression
is important in the regeneration of the terminal phalanx. Implantation of iNG2 at a later
time point in regeneration within the blastema, showed a non-severe phenotype, with a
lack of distal elongation, but no comparable loss in bone volume. These results indicate
the presence of NG2 in the blastema is necessary for the regeneration of the terminal
phalanx bone, and specific for distal bone elongation and patterning. When iNG2
implantation was performed at the same time point in a different location the bone
marrow cavity, regeneration was unaffected and distal elongation occurred. These
separate results reveal more important information on NG2 localization and function: (1)
Decreased NG2+ cell expression in the bone marrow at 10DPA that has no function
during late stages of regeneration, and (2) Upregulation of NG2 expression in the
blastema which in necessary for distal bone elongation. The lack of a phenotype due to
iNG2 implantation in the bone marrow supports our hypothesis that NG2 expressing cells
in the bone marrow contributing cells to the blastema have migrated distally to the
blastema and that these NG2 cells are necessary for bone elongation. It may be however,
that rather than solely a migratory event, NG2 expression is downregulated in the bone
marrow and temporally upregulated by cells localized in the blastema region. However,
three separate experiments support a distal migration of bone marrow derived cells into
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the blastema region: (1) the decrease in the total number of cells and NG2 expressing
cells within the marrow seen at 9-12 DPA, (2) the increase in proliferating cells and NG2
cells within the blastema at 9-12 DPA, and lastly, the DiI labeling and fate tracing results
seen in Chapter 2, support pre-labeled NG2+ cells localized in the blastema region
originated from the preexisting bone marrow and connective tissue population.
The temporal loss of function experiments convey the necessity of NG2 expression
during the regeneration process for bone patterning and elongation, however the exact
mechanism for the migration as well as the cues for this migration are unknown and
require further investigation. Work within the urodele limb regeneration model suggests
the wound epidermis provides morphogen, specifically shh and FGFs maintain the
proliferating blastema and induce distal elongation. Proteoglycans localized in the
extracellular matrix of the blastema bind to these morphogens, specifically FGFs. We
hypothesize in the murine digit regeneration model, NG2 which has been shown to bind
to FGFs, binds to secreted morphogens and provide the cues for blastema formation and
distal bone elongation.
Bone marrow derived NG2+ and endothelial cells interactions are necessary for distal
bone elongation
We confirmed the necessity of NG2 expression in the blastema region, by
immunohistochemistry and late iNG2 temporal loss of function assays. Early iNG2 bone
marrow application has different implications. Inhibiting NG2 interactions earlier during
the initial stages of regeneration yielded a more severe phenotype. In these studies,
treated digits completely failed to regenerate. To elucidate mechanistically the cause of
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this gross phenotype, examination of treated digits at early and midpoint regeneration
(DPA3-5) time points were examined in histological sections for functional
proteoglycans expressed by perivascular cells: NG2 and TEM1, vasculature: Tie2 and
vWF, and osteogenesis: OCN and Osterix.
During resorption, an early stage of regeneration, the bone marrow is undergoing
remodeling: (1) an increase in proliferation, (2) vascular remodeling, and (3) upregulation
of osteoprogenitor proteins in the endosteum. In the early iNG2 treated digits, OST and
OCN cells are not only associated with the endosteum, but found within the bone marrow
cavity associated with perivascular NG2+cells. The increase of osteoblasts not correctly
localized, is further validated by OCN and OST cells found in the newly formed blastema
(7-9DPA) which is usually found after blastema formation at 14-19 DPA. NG2
expression has been examined well in angiogenesis, however, NG2 upregulated
expression has also been associate with long bone growth and elongation (Fukushi et al.,
2003). The exact cell source for this NG2 expression has never been identified, but the
authors suggest this expression is from proliferating and hypertrophic chondrocytes, not
necessarily osteoblasts. While terminal phalanx regeneration is not a complete
recapitulation of bone growth, these data suggest the upregulated NG2 expression is
intrinsically linked to osteogenesis for long bone growth and elongation. The unique
microenvironment of the bone marrow contains hematopoietic stem cells, mesenchymal
stem cells, and stromal sinusoidal vessels. By blocking NG2 cell interactions, we
prematurely induced differentiation of an osteoprogenitor in the bone marrow cavity. We
also stimulated premature migration of these osteoprogenitors into the regenerating
blastema and induced a failure of regeneration. Based upon previous research, the data
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suggests another aspect of the bone marrow niche. In this microenvironment, endothelial
interactions with the NG2 expressing cells (MSC or perivascular or osteoprogenitor)
maintain perivascular plasticity, and when released from direct angiocrine vascular
signaling are unable to interact directly with other cells (endothelial and perivascular
cells). At this point during normal regeneration, osteogenesis is seen in the endosteal
walls of the bone marrow cavity indicating the microenvironment is osteogenic. In
treated iNG2 digits, osteogenic cells are present in the endosteal walls as well, indicating
these osteoprogenitors are still present and not migrating prematurely. In turn this
supports the hypothesis of another population of pro-osteogenic cells found within the
stromal region, and that are promoted to this osteogenic differentiation state by this
specific microenvironment. We further hypothesize that perivascular NG2+ cells were
induced prematurely into a committed osteogenic state through a loss of endothelial
angiocrine signaling. iNG2 implantation into the bone marrow induced a loss of
discernible endothelial lumens and a loss of co-localization of NG2 expressing cells and
Tie2 endothelial cells, supporting the importance of perivascular cell interactions with
endothelial cells. During this time point, Ost+ cells were found localized within the
marrow cavity, not associated with the endosteal wall, and near but not adjunct to
vascular Tie2+ cells. In our control system at the same time point, proliferation and wellorganized angiogenesis occurs with no expression of Ost+ except on the endosteal walls,
supporting the role of NG2+ cells in angiogenesis and maintaining controlled
osteogenesis in the marrow cavity. Tracing NG2+ cells from the bone marrow into the
blastema region, these cells are unable to prematurely ossify the region, because the
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microenvironment of the blastema (i.e. the extracellular matrix and factors), necessary for
deposition of minerals, did not exist at this regeneration time point.
While early iNG2 within the bone marrow induces a bone loss, the application of iNG2 at
later regeneration time points induced a different bone deposition phenotype with no loss
in bone volume. Overall, these studies evaluating NG2’s role in bone regeneration prove
its necessity, but more importantly display NG2’s role in bone differentiation and
deposition after development. Expression of NG2 during regeneration has several larger
potential implications: (1) During regeneration, NG2 expression from the angiogenic
vasculature in the bone marrow is necessary for osteogenesis, not just for circulation of
O2 and nutrients, but for the maintenance of potential stem cell niche population of
perivascular cell that differentiate into osteoblasts and (2) NG2 expressing cells within
the bone marrow cavity have plasticity which is activated during digit tip regeneration.
The iNG2 induced an osteogenic response in the bone marrow cavity that mobilized into
the connective tissue region.
It should be noted that a NG2 null murine model exists, and that upon examining
expression of NG2 and TEM1 in the terminal phalanx, we could not discern any
significant differences in histology or TEM1 expression for a majority of the digits (n=3
/4 digits tested). NG2 expression was not found in this model, but vasculature (vWF)
appeared to be present and well organized in the marrow cavity, probably due to
compensatory upregulation of other proteins. (Figure 3.17) From immunohistological
analysis, we did discern that vasculature appeared smaller with less developed vascular
tunicas. Interestingly, in one of the four mice, TEM1 immunohistochemical analysis
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yielded a discernible phenotype in the marrow cavity, Rather than having a wellorganized and well-vascularized bone marrow associated with the terminal phalanx, the
bone marrow appeared to have decreased vasculature and increased adipocytes. This
phenotype supports the role of NG2 expression in the bone marrow maintaining the
plasticity of a perivascular niche.
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Chapter IV: iNG2 rescue of the terminal phalanx regeneration using cell
therapy CD1 P3 KO Smurf1/Tob1 local injections.
Introduction
In previous studies, NG2’s function has been identified in a variety of developmental
pathways from endothelial expansion, proliferation, stability, and differentiation to axon
guidance, glial proliferation and expansion. In our studies of regeneration, NG2 has a
direct connection to osteoprogenitor differentiation in the distal phalanx tip regeneration.
In our co-expression studies, osteoblast markers, osteocalcin and osterix were
upregulated by the same cells expression NG2, implying a connection between NG2
expression and the ability of expressing cell to differentiate into an osteogenic cell. Using
DiI to label the bone marrow contents before amputation, post-amputation, we were able
to identify DiI labeled NG2 expressing cells in the blastema region. DiI labeling the bone
marrow established a bone marrow cellular contribution to the regeneration. In our loss
of function using iNG2 to temporally inhibit NG2 interactions in the bone marrow, the
resulting phenotypes were dependent upon localization as well as the specific stage of
regeneration. These phenotypes, however, all showed an alteration in bone formation
and mass. In implantations of iNG2 into the bone marrow cavity during the beginning of
regeneration, the regeneration process fails, with no bone formation, mass, and
elongation. In later stage of regeneration implantations of iNG2, bone formation and
mass occurs, however the distal elongation seen in normal terminal phalanx regeneration
does not occur. In the loss of regeneration studies, bone volume and elongation are
affected differently depending upon the stage or phase of regeneration NG2 interaction
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are temporal downregulated. To address this bone phenotype and NG2’s relation to
osteoblast progenitors, would a rescue be possible using a cell therapy? Would injection
at blastema formation of osteogenic progenitors induce distal elongation of the terminal
phalanx?
In digit regeneration, depending upon the level of injury, varying levels of regeneration
occurs. In the murine model a more distal amputation of the Phalange 3 digit (P3) a more
complete regeneration occurs with nail, connective tissue and bone “filling” in the gap
created by the wound. However, an incomplete regenerative response occurs with a
Phalange 2 digit (P2) amputation. Beyond limited regeneration seen in more proximal
amputations, little has been elucidated. The lab, currently, is looking at inducing a better
regeneration response in limb and digit amputations using a variety of different
techniques with potential clinical applications. One technique is using BMP2 (bone
morphogenic protein 2), a known osteogenic inducing factor, to induce a better
regenerative response in P2 amputations. When BMP2 was applied to the amputated site
using a bead implantation, P2 showed a marked increase in bone mass and length in the
compared to the untreated response. This finding indicated BMP2’s potential as a
therapeutic, but also poses many questions. How is BMP2 inducing this response in the
P2 amputated site? What cells, if any, are being actively recruited by BMP2? Is the
BMP2 response direct or indirect? How is BMP2 involved in inducing growth and
osteogenesis at the wound site?
To better elucidate what is occurring with BMP2 application, specifically, the question of
BMP2 and its induction on the connective tissue, the isolated P2 and P3 fibroblast cells
would give an in vitro model for what is occurring on a molecular level in this sub148

population of cells. These cells have positional cues which would allow for
experimentation testing the plasticity limitations existing in more distal subpopulation of
connective tissue. These cells collected from P2 and P3 have been well characterized
using microarrays, induction assays, and flow cytometry. Using the microarray data to
compare the two cell population, the P2 and P3 fibroblast cells appear to have the ability
to be induced into an osteogenic pathway. Figure 4.1 with a listing of mRNA levels of
some osteogenic markers in the osteocalcin specific upregulation pathway, revealing a
comparable level in both populations. The osteocalcin specific upregulation using OSE2
element through a SMAD pathway has been shown to be upregulated by BMP2 (Frendo
et al., 1998). In this pathway, SMAD1 activation requires phosphorylation and
interactions with co-SMAD4 to translocate into the nucleus and interact with
transcription factor, RUNX2 and bind to OSE2 element. Each step of this process is
regulated by an inhibitory protein which is subcellularly compartmentalized into the
nucleus or cytoplasm. Upon examination of these regulatory proteins in our microarray
results, this BMP2-specific osteogenic pathway, inhibitory proteins Transducer of
ErbB2.1 (Tob1) and Smad specific E3 ubiquitin protein ligase 1 (Smurf1) were
upregulated in both the P2 and P3 population. Tob and related family members in
osteogenic development have been shown to be negatively regulate bone volume and
density through this interaction with SMAD1 (Miyai et al., 2009; Yoshida et al., 2000).
Similarly, Smurf1 has been implicated in the same type of negative regulation of preosteoblast differentiation by targeting osteogenic SMAD1 and 5 for ubiquitination and
eventual destruction (Murakami et al., 2003; Sangadala et al., 2006; Zhao et al., 2004).
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Gene
Bmp2
Bmpr1b
Bmpr2
Bmpr1a
Bglap-rs1
Bglap2
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Smurf1
Smad6
Smad1
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Smad 4
Smad 5

P2-2

P2-3

P3-1

P3-2

20.94
139.2
878.11
1117.01
70.48
65.96
78.68
771.01
166.08
508.08
1744.69
1388.36
716.59

30.44
131.85
896.5
1152.8
104.18
73.27
58.94
743.93
161.83
485.54
1746.79
1436.87
667.44

29.77
108.14
743.74
991.03
85.19
81.21
95.73
730.78
130.37
494.43
1422.95
1374.71
701.89

27.92
121.56
670.48
1008.01
83.23
62.94
87.75
688.67
132.8
523.82
1580.01
1398.13
648.45
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Figure 4.1: Microarray results for CD1 P2 and P3 lines and the BMP2 osteogenic
pathway regulation.
Top: Microarray results show Tob1 and Smurf1 with high mRNA copy numbers, with
levels of co-SMAD high, however SMAD1 and 6 considerably lower. BMP2 levels were
extremely low, suggesting that exogenous addition might further activate this axis of the
TGFβ pathway. Bottom: BMP2 osteogenic pathway as extracellular and intracellular
interactions that become modulated by Smurf and Tob1.
Both populations of connective tissue derived cells in in vitro differentiation assays
showed an inability to differentiate into calcium depositing osteoblasts, however, with
negative regulation on the negative regulatory agents, Tob and Smurf, alter the
pluripotency of this line of cells? To investigate this simple alteration in lines,
downregulation of Tob and Smurf1 using siRNA technologies was performed to see if
the osteogenic pathway could be induced with BMP2 addition and the downregulation of
the regulatory molecules, Tob and Smurf1.
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Materials and methods
Bead implantations for Rescue of regeneration
For CSPG4 delivery, we used Affi-Gel Blue Gel beads (Bio-Rad, Hercules, CA, USA) as
a microcarrier for delivery to the amputation wound. Beads (~100-150 μm in diameter)
were washed twice with deionized water, de-hydrated, then soaked with recombinant
mouse NG2 (9.2.27 BD Pharmingen, San Diego, CA, USA) 0.5 mg/ml overnight at 4C.
Control beads were soaked in one of the following: 1% BSA in PBS, 647 Alexafluor
linked secondary antibody, and TEM1 antibody, to optimize the control. Bead
implantations were carried out 2 days before amputation. Affi-Gel Blue Gel beads were
pinned with a tungsten needle and briefly air dried (10 minutes at room temperature),
then inserted into the bone marrow, and then sealed with Dermabond in 8 week old
Tie2GFP female mice. Amputations were then performed on control and experimental
digits two days later and observed every 4-7 days (2, 6, 10, 13, 17, 24, and 31 DPA)
using µCT for 3D imaging and bone volumes. (Figure 3.1A) These digits were then
injected with osteogenic cells at 10 DPA into the distal mesenchyme region.
Cell culture information
Osteogenic cells were created with primary connective tissue isolations of CD1 P2 and
P3. In previous work conducted by former lab member YuanYuan Wu to identify
positional cues in the connective tissue, cells were isolated from terminal phalanx (P3)
and sub-terminal phalanx (P2); these cells were characterized for pluripotency using
expression patterns of mesenchymal stem cell markers, and microarray mining. These
152

cells were frozen and carried into a cell culture line in MSC culture medium
supplemented with EGF, LIF, and PDGF-beta on fibronectin coated plastic. Their
potential limited to the adipogenesis and chondrogenesis in differentiation assays, and in
vivo analysis establish both lines regeneration competency. For osteogenic differentiation
assays, cells were grown and maintained in MSC osteogenic media kit from Millipore
and combined with human recombinant BMP2 from R&D Biosystems.
Generation of osteogenic CD1 P2 and P3 lines
In microarray results, BMP2 osteogenic inhibitors, Smurf1 and Tob1 were upregulated in
both positional lines. These cultures were then altered genetically using lentiviral
transfections for individually and combined Smurf1 and Tob1, to down regulate both or
one, to better induce osteogenesis. These lines were generated using lentiviral particles
from Santa Cruz Biotechnologies. Lentiviral particles were incubated at 37.5C in 5%
CO2 for 3-6 hours in CD1 P2 and P3 cells Passage 2 in FBS growth factor free medium
using a concentration of 10uM Puromycin to select for transformed cells. Transformed
cells were then expanded in MSC media supplemented with puromycin. After expansion,
cells were frozen down in N2.
Protein isolation
Confluent cells were washed gently thrice with PBS, then harvested using freshly
prepared RIPA buffer with HALT proteinase inhibitor cocktail both from ThermoFisher.
Cells were incubated with lysis buffer on ice for 10minutes and then a cell-scraper was
used to remove lysed cells. Lysed cells were then spun down at maximum speed at 4C for
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15minutes. The supernatant was collected and the nucleic acid pellet was discarded.
Isolated protein was quantified using BCA Assay also from ThermoFisher Scientific.

Western blot
To confirm downregulation of Smurf1 and Tob1 in the lines generated, western blots
were performed. 20ug of each sample was diluted and prepared with Laemmli sample
buffer. Samples were heated to 95C for 5minutes immediately before loading into minigradient gels (4-20%) supplied by Biorad. Gels were run for 2hrs at 20mV, and then wet
transferred using the Biorad apparatus. Transfers were performed using membranes and
filter paper supplied from Biorad for 1hr at 20mV. Transfers were confirmed using
Ponceau Red. Membranes were blocked with 3% BSA in TBST. Primary antibodies
Smurf1 and Tob1 antibodies were supplied by Abcam (Rabbit: 1:200). β-tubulin was
used as an internal reference (1:1000).
RNA isolation and qRT-PCR
Confluent cells were washed thrice in PBS gently. RNA lysis buffer was added directly
to cells and allowed to incubate for 5 minutes at room temperature. Lysed cells were
transferred into 1.5ml centrifuge tubes, then combined with ethanol and mixed gently by
pipetting. Lysates were applied to Qiagen columns. Qiagen Mini RNeasy Kits were used.
Elution volumes were dependent upon the size of culture wells. Immediately following
elution, RNA was quantified and quality-checked using Nanodrop ratios of 260/280 (1.52.0) and 260/310 (1.7-3.0).
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qRT-PCR of mRNA was performed using Invitrogen Superscript III Platinum One-Step
qRT-PCR and Applied Biosystem Taqman primer sets for the following genes: BGLAP,
RUNX2, TOB1, and RPL12 on an Eppendorf Realplex machine.
In vivo cell injections:
Cells (Passage 3) were grown to confluence. Cells were trypsinized for 3min at 37ºC, and
then deactivated with MSC medium. Cells were spun down for 3minutes at 2500RPM.
Once pelleted cells were washed twice with PBS, and then counted with hemocytometer.
Approximately 1X105 cells were re-suspended in 1ml of MSC medium. Cell tracker CM
DiI (Invitrogen Molecular Probes C-7000) was diluted initially to 1mg/ml in DMF for a
stock, and diluted to 2ug/ml in DPBS for a working stock. 5ul of working DiI stock was
added to 1ml of cultured cells and mixed gently. Cells were immediately incubated at
37C for 5minutes away from light exposure. Cells were then incubated at 4C for 20
minutes away from light exposure. Cells were washed twice with PBS. Cells were then
re-suspended in MSC media and put on ice until injections. Microinjections were
performed on 8wk old CD1 on 10 DPA of a distal amputation in the P3 directly into the
blastema.
Immunohistochemistry for DiI injection study
For immunohistological analysis, digits were fixed with Z-fix (Anatech LTD) at room
temperature overnight, and then treated with Decalcifier I (Surgipath) for 8hrs, processed
for standard paraffin histology, and cut in the sagittal plane into 4.5um sections.
Immunohistochemistry was done for the following primary antibodies using proteinase K
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antigen retrieval: GFP (Chicken Millipore 1:800 dilution), Osteocalcin (Rabbit Abcam
1:800 dilution), and TEM1 (Rabbit BD Pharmingen 1:500 dilution). Alexa fluor labeled
secondary antibodies, Donkey anti-Rabbit 568 and Goat anti-chicken 488 were all 1:500
dilutions. Subsequently, sections were labeled with nuclear DAPI staining (Invitrogen
Molecular Probes D1306 lot#949261) and cover-slipped with ProlongGold (Invitrogen).
Micro-computed tomography (µCT)
Mice were anesthetized and maintained with isofluorane for µCT studies as previously
described (Fernando et al., 2011). Digits were scanned using the scout view positioning
function of a Scanco vivaCT-40 and full scans (55 kVp at 10.5 μm) at high resolution
continuous rotation with an integration time of 380ms. Mice digits were scanned every 45 days for bone volume and morphology changes. For quantitative volumetric analysis
the serial sections were converted to dicoms and imported into ImageJ plugin BoneJ
software (Doube et al., 2010). Dicoms were threshold optimized, stacked, and serially
reconstructed to form 3D reconstructions. Volumes were assessed using the total bone
volume function and tabulated using Microsoft Excel 2007 and quantified for statistically
using SigmaPlot 11.
Quantification and Statistical calculations of bone growth and volume
To quantify bone regeneration, we measured the total bone volume and length of P3 thru
µCT across 7 time points during the 31 day regeneration process. These total bone
volume values were then expressed as the mean ± one standard error of the mean,
indicative of the variation seen in each sampling of controls and experimental groups.
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The statistical analysis of the p-values comparing the two treatments and the control
groups was performed using SigmaPlot. Student t-tests were performed for two group
treatments and ANOVA analyses were performed for three groups. For bone length,
measurements were taken of length and height of each digit, and then normalized to the
height measurement. Similarly, these values were then expressed as the mean ± one
standard error of the mean ratio length at each of the time points. Once standard error was
calculated, statistical analysis was conducted in the same manner as described for bone
volume.

Results
We hypothesized that with the downregulation of Smurf1 and Tob, CD1 P3 fibroblasts
should become bone with the positional cues associated with these connective tissue
regions. Cells were infected for 2.5hrs with varying concentrations of lentiviral particles.
After removal of infectious particles, cells were selected with Gentamicin (10ng/ml) in
MSC medium. These selected cells were then grown to confluence and harvested for
RNA and protein for RT-QPCR and western blot confirmation. Both QPCR and western
blots confirmed that Smurf1 and Tob were downregulated in the altered CD1 P3 and P2
cell lines (CD1P3 kd Tob/Smurf1 and CD1P2 kd Tob/Smurf1). (Figure 4.2)
After Western blot and RT-QPCR confirmed the downregulation of Smurf1 and Tob,
these cells were expanded in MSC medium with Gentamicin and treated with BMP2 and
Osteogenic conditions for approximately two weeks. These cells were harvested for RNA
and protein. The QPCR confirmed that with combined treatments of BMP2 and
Osteogenic conditions, CD1P3 KD Smurf1/Tob (CD1P3 KD T/S) were able to
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Figure 4.2: Western blot results show downregulation of protein Smurf1 in
lentiviral treated cell lines.
Downregulation of Smurf1 in both P3 and P2 lines due to lentiviral particle transfection
compared to control “parent” CD1 P2 and P3 cell lines. Bottom panel: α-tubulin was used
as a normalizing protein.
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upregulated the BMP2 osteogenic pathway described in Figure 4.1. In osteogenic assays
using BMP2, the 2 fold upregulation for RUNX2 and 2.3 fold upregulation for BGLAP
compared to CD1 P3 control line showed consistent levels of upregulation in the
osteogenic pathway. Tob1 levels were consistent with these results, downregulated 2 fold
compared to CD1 P3 control lines in the same treatment group, supporting the osteogenic
pathway’s upregulation by the Tob1 downregulation.
To further confirm the osteogenicity of the transformed cells, BMP2 and osteogenic
induction medium treated cells were stained with Alizarin red. In vitro culturing
conditions for osteogenesis induced small clone population of calcium secreting cells
compared to the control, CD1 P3 cells, which were unable to produce any positive results
under any of the osteogenic conditions. (Figure 4.3)
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Figure 4.3: Downregulation of mRNA Smurf1 and Tob1 in CD1 P3 KD ST cells.
(A) Tob1 downregulated in the RT-qPCR results for new transformed cell line and
downregulated in treatments of BMP2 and osteogenic medium (osteo). (B) and (C)
mRNA Runx2 and BGLAP upregulation in CD1 P3 knockdown line compared to P3
control lines in treatments of BMP2 and osteogenic medium. KD=knockdown cell line.
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While in vitro assays support the osteogenic potential of the transformed cells, to test the
in vivo osteogenic potential of these cells, CD1 P3 (control) and CD1 P3 KD
Tob1/Smurf1 cells (experimental) were labeled with DiI and injected into 8wk old CD1
female mice at 10 DPA (n=8).
These experiments were tracked using µCT over the normal regeneration period. Of
n=12 experimental CD1 P3 KD T/S injected digits, n=7 regenerated better than control
amputations and control injections, (Figure 4.4) with an increase in bone volume and
distal elongation quantified by length. Both parameters were statistically significant using
Student t-tests. Treatment with CD1 P3 KD T/S injections at later differentiation time
points (24 DPA), µCT reconstructions revealed a greater amount of induced trabeculation
in the distal elongating bone compared to little or no trabeculation seen in the control
amputation and control injections of CD1 P3 injections at this late time point. When bone
volumes were measured, digits treated with transformed cells had a greater increase of
volume compared to control treated digits.
In studies of CD1 P3 injections, when injections were performed before amputation, cells
were intercalated with newly formed bone, but did not appear to differentiate into bone.
In our new studies, immunohistochemistry tracing these injected cells yielded DiI labeled
cells that were positive for OCN and adherent to pre-existing terminal phalanx bone at
16-17 DPA. DiI labeled cells were able to express OCN a late osteoblasts marker in vivo
after 7 days within the amputated terminal phalanx. Localization of DiI co-labeled with
OCN was not limited to the forming distal phalanx, but at the bone marrow blastema
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Figure 4.4: CD1 P3 KD ST treatments of the regenerating terminal phalanx induces
changes in bone mass.
In comparison to control amputations and control cell injections, DiI labeled CD1 P3 KO
S/T cells treated digits increased in overall bone volume and length. A distinctive
trabeculation in the mid-region of the terminal phalanx was seen in later time points of 20
and 25 DPA which is not usually seen in the regeneration process.

165

junction. In this bone marrow blastema region, a percentage of DiI labeled cells adhered
directly to pre-existing bone and expressed OCN (Figure 4.5 top). Within the
differentiated blastema region, the new bone is trabeculated with OCN and DiI positive
cells adhering to pre-existing bone and forming small bone depositions. (Figure 4.5
bottom)
For rescue studies, we implanted iNG2 coated microcarrier bead into the bone marrow
cavity one day before amputation. After amputation, transformed cells were thawed at
passage 2 and grown to confluence. On blastema formation day (10-11 DPA), cells were
then quantified and labeled with DiI. DiI labeled CD1 P3 KO Smurf1/Tob1 cells were
then micro-injected into the blastema region at 10 DPA. Digits were monitored in vivo
using µCT scans every 4-5days. µCT of the terminal phalanx amputations showed at the
early stages of regeneration, the expected phenotypic loss bone volumes in regeneration.
By 15 DPA, the iNG2 treated bone marrow showed a loss of regeneration, however,
rescued digits showed an increase in bone volume. (Figure 4.6) This increase in bone
volume was comparable to 1% BSA treated digits (n=1/8) and in some cases more than
control digits (n=2/8). These results however, did not appear consistent, with a
percentage of digits remaining non-regenerating (n=5/8). The inconsistencies of the
attempted rescue are seen in statistical analysis with a non-significant p-value associated
with the treatment compare to the iNG2 treated digits. (Figure 4.6) However, DiI
localization supports a differentiation of the cells into osteoblasts.
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Figure 4.5: In vivo injected transformed cells express osteogenic marker
Immunohistochemistry results for 16-17 DPA for 10 DPA injected CD1 P3 KD S/T for
OCN (green) and DiI. DiI labeled cells (red) were able to express OCN a late osteoblasts
marker in vivo after 7 days within the amputated terminal phalanx. Filters separated left
to right: DAPI (blue), OCN (green), DiI (red), merged. Top panels: The bone marrow
endosteal-blastema junction, DiI+OCN+ cells adhere directly to pre-existing bone, with
DiI+ cells within the bone marrow. Bottom panels: Within the differentiated blastema
region, bone is trabecular with DiI+OCN+ cells adhering to pre-existing bone.
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Figure 4.6: Rescue of early iNG2 bone marrow application with injections of CD1
P3 KD ST cells
µCT assessment of rescue experiments for 10 DPA injected CD1 P3 KD S/T. (A) Bone
morphology assessed by µCT at time points 1-25DPA for control amputation with not
treatment (control no treat), iNG2 bone marrow treatment + cell therapy (iNG2 + treat),
and iNG2 bone marrow treatment alone (iNG2). No distal elongation was seen in the
treated group, however bone volume increased to comparable volumes to 1%BSA. (B)
Comparison of iNG2 treatment to iNG2 treatment with cell therapy revealed no
significant statistically significant difference in n=8 digits. Time points are mean ±SEM.
An upward trend can be seen of volume gain for cell therapy treatments.
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Digits harvested at DPA 17 for immunohistochemistry analysis display DiI labeled cells
interacting with the preexisting bone. (Figure 4.7) The DiI labeled cells integration with
the pre-existing bone, however the phenotype of the rescued digits was inconsistent in
localization, with DiI labeled cell interacting and in some cases, intercalating with distal
dorsal and ventral In injections of amputated iNG2 treated digits, studies have shown
some rescue from cellular therapeutic injections, with inconsistencies associate with new
injection methods into an already injuries system. We believe this rescue of bone volume,
but not of bone elongation implies that NG2 expression cells provide more than just
osteogenic progenitors, but PD axis localization and guidance.

Discussion
These studies tested the plasticity of connective tissue cells associated with the terminal
and sub-terminal phalanx. Microarray analysis of two newly generated cell lines associate
with a competent and non-competent regeneration region suggested these lines had the
capacity to differentiate into osteoblasts. To enhance the osteogenic potential of these cell
lines we altered the expression of inhibitors of the TGF-BMP2 axis, and were able to
modify the overall plasticity of these cells. The results of in vitro and in vivo studies
support the osteogenic capacity of these transformed cells. These studies, however did
not address two major aspects of regeneration: (1) Maintained positional-spatial
orientation and (2) Retention of multipotency associated with these cells.
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Figure 4.7: DiI labeled CD1 P3 KO ST cells are integrating with the pre-existing
bone in the iNG2 treated digits.

Top left: µCT reconstruction reveal normal redifferentiation occurs in treated digits.
Bottom left: 200X Immunohistochemistry of DiI labeled CD1 P3 KO ST cells. Cells do
not appear to be present in the bone marrow cavity, but present distal most in the reinitialized regeneration process. DiI (red), DAPI (blue), autofluorescence (green), and red
blood cells (yellow). 400X Right panels: counterclockwise from top DiI labeled cells (red
arrowheads), DAPI (blue nuclear stain), autofluorescence (green), and merged.
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Fibroblast studies have shown positional/ spatial values, i.e. PD and DV cues exist in this
cell population. Comparative microarray analysis of the two cell lines supports the
retention of such cues, specifically the distinctive gradient expression patterns of Hoxa, b
c, and d for each line. (Figure 4.8) Hoxd13, which has been shown to be important in
digit development, expressed in an ascending manner from proximal to distal most
portion of the digit (Brison et al., 2012; Salsi et al., 2008). Interestingly in our array,
Hoxd13 appears highest in the sub-terminal phalange’s connective tissue, supporting
previous development studies. While the high expression of Hoxd13 in the sub-terminal
phalange is unusual, Hoxa7 expression has never been correlated with the development
of the digits, but in our dataset Hoxa7 is the most highly expressed Hox gene in the P3
region. While this Hox gene has not been investigated extensively, recent findings
suggest an expression associated with stem cell differentiation (Bertani et al., 2011).
Speculating on the upregulation of Hoxa7 in the terminal digit, this expression may
correlate to the regenerative qualities of the terminal phalanx. While the microarray
establishes the retention of innate cell identity seen in Hox gene expression, does this
retention of identity prevent these cells from participating in other regions of the body?
Could they be used to re-establish limb identity?
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Figure 4.8: Relative Hox gene cluster expression in P2 and P3 cells.
Relative mRNA levels of Hox gene clusters Top panels: Counterclockwise from top-Hox
a, Hox b, Hox d, and Hox c gene cluster. Microarray data points were done in biological
replicates. Measureable levels of mRNAs Hox clusters are expressed in the P2 and P3
connective tissue cell lines. All show a trend of expression however, yellow highlighted
values show the greatest differences in expression in Hox d and Hox a clusters.
Bottom panels: Hox gene trends seen in the clusters Hox d and Hox a clusters. Top: Hox
a5 and a7 (outlined in red) are 0.5 fold higher in P3 cells. Bottom: Hox d13 (outlined in
red) is more than 10-fold lower in P3 cells. Light blue=P3, dark blue=P2
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In vitro studies for these transformed lines were limited to osteogenic potential and were
not tested for other differentiation potentials (adipogenesis and chondrogenesis). In
differentiation induction medium in conjunction with BMP2 application, P3 cells
differentiated into osteoblasts that deposited calcium and mineralized. In vivo, these cells
expressed osteocalcin in a regenerative model and deposited bone to the pre-existing
terminal phalanx and increased the overall bone volume and length of the terminal
phalanxes. Previous landmark research in pluripotency produced iPSCs. Somatic cells
that had shown limited plasticity were altered genetically to upregulate four master
regulatory developmental genes expression levels. In this study, we have induced on
lesser level a different potency by downregulating the expression of two regulatory genes
to create an osteogenic progenitor cell line (iOPCs). We have not characterized these
cells in a non-osteogenic environment to see if their chondrogenic potency has been lost,
but this research has uncovered the potential plasticity of connective tissue fibroblasts
without an expected prerequisite dedifferentiation event.
When these cells were used to rescue the iNG2 treated terminal phalanx regenerate, the
treatment appeared effective in increasing the bone volume of the terminal phalanx.
However, these digits did not have an increase in bone length seen within the normal
regeneration model; rather the bone deposition appeared to have a disorganized
phenotype. In the control treated digits, the regenerating bone appears more trabeculated,
however in iNG2 rescue digits, the bone deposition seem similar to depositions in flat
bones, and has a very similar appearance to iNG2 treatments in the blastema at DPA10,
where bone volume is maintained but distal elongation is lost. NG2 expression has a dual
role, osteogenesis and scaffolding for osteogenesis. The lack of distal elongation seen in
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both types of treatment reinforces NG2+cells role in more than just osteogenic progenitor,
but a role in morphological scaffolding bone.

178

Chapter V: Summary and general conclusions

During mammalian development, a totipotent cell (fertilized egg) performs a series of
even cell divisions. Through further cell divisions, the single cell forms embryonic
pluripotent stem cells, EPSCs which form various different functional tissues, which
eventually remain terminally differentiated. Pluripotent stem cells have the ability to
differentiate into all lineages and their untapped therapeutic potential has and continues to
be extensively studied. In attempts to tap this clinical potential, researchers have
attempted altering terminally differentiated somatic cells into more potent cell types. The
landmark studies of induced pluripotent stem cells (iPSCs) revealed that terminally
differentiated somatic cell (fibroblast) could be induced back to pluripotency vie four
master transcription factor vector transfections (Takahashi et al., 2007a; Takahashi et al.,
2007b). Later attempts used different induction methods to induce pluripotency or novel
protein and RNAi transfections into a pluripotent state (Ellis and Bhatia, 2011; Rao and
Malik, 2012; Warren et al., 2010). Once in a pluripotent state, iPSCs were able to
differentiate into the three germ lineages (ectoderm, endoderm, mesenchymal) and
terminally differentiate.
While most researchers accept that iPSCs dedifferentiate via transfections, much
controversy exists questioning the ability of cells to dedifferentiate and/or transdifferentiate within an in vivo environment. Dedifferentiation summarized is the ability
of somatic cells to be induced either by self or environment into a more stem-like state
and re-differentiate into another lineage. In trans-differentiation, somatic cells would not
have to transition into a more stem-like state, but move directly into another cell type.
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In recent months, studies of the lineage contributions in the terminal phalanx regeneration
model have been published. The results of these studies have supported that this
regeneration does not involve a mass de-differentiation event of the various mesenchymal
and epithelial cell types present in the terminal phalanx. Our murine studies using DiI
labeling and lineage-tracing experiments concur with these results. Supporting these
murine genetic lineage trace studies done in these publications and our lab are studies of
other very regeneration competent systems, which support blastema formation by
retained niche stem cells. Studies using the highly regeneration competent, planaria and
urodele models suggest that stem cell populations are activated by the injury, recruited to
the site of injury, and differentiate into the regenerating planarian and salamander.
A series of planarian regeneration studies done in the 1980s provide the most substantial
evidence that regeneration is done by totipotent stem cells existing with somatic cells
(Salo and Baguna, 1984; Salo and Baguna, 1985; Salo and Baguna, 1986), supporting no
dedifferentiation in mammalian regeneration. Similarly, while evidence of
dedifferentiation has been observed in the urodele limb regeneration model, a percentage
of the cells within the blastema have been shown to be satellite stem cells from the
remaining tissues. Both animal models of regeneration support the theory that
regeneration requires stem cells that pre-exist within the system.
Our various studies of the regenerating terminal phalanx are in consensus with other
studies; a dedifferentiation event is highly unlikely. In one aspect, however, our studies
do not coincide with previous published literature on the murine tip regeneration process.
These murine terminal phalanx studies indicate that the bone marrow makes minimal/no
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cellular contribution to the regeneration. Other regeneration studies, not in the murine
digit regeneration model, have suggested a small population of cells, which have high
plasticity, the perivascular fibroblast or pericyte contribute (Agrawal et al., 2011b;
Lovschall et al., 2007; Maes et al., 2010; Xueyong et al., 2008). Initially, we hypothesize
that the terminal phalanx regeneration is dependent upon this pericyte population which
are involved in the formation of the blastema and the regenerate. After an initial survey of
the NG2 and TEM1, surface markers of pericytes, we noted cellular expression was
localized on vasculature in the connective tissue, periosteum, and the bone marrow, with
the highest concentrated expression in the bone marrow cavity. During the terminal
phalanx regeneration process, we further identified populations of cells co-localizing
NG2 and TEM1 with osteoblasts markers in the distal endosteal cavity and within the
differentiating blastema, implicating a differentiation of the perivascular population. The
sub-terminal phalanx, less than a millimeter away from the regeneration competent
terminal phalanx, has no regeneration competency. NG2 and TEM1
immunohistochemical analysis shows the same connective tissue expression localization,
but much less NG2 and TEM1within the bone marrow cavity.
While purely speculatively and at odds with recent publications indicating the bone
marrow does not contribute to the regeneration, we hypothesized that the bone marrow of
the terminal phalanx is unique in its content of NG2+TEM1+ perivascular stem cell
population and this population plays an integral role in regeneration. When comparing P2
and P3 bone marrows using the Tie2 reporter mouse line and µCT imaging, we identified
other key differences. The P3 bone marrow has an unusually high levels of progenitor
endothelial and endothelial cell seen in the sinusoids, well-developed main arteriole and
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vein, and within the endosteal walls. Unlike the P3, the P2 bone marrow had considerably
less well developed vasculature and a high content of adipocytes. This increased
vasculature may be due to the large canal/foramen that opens the P3 bone marrow to the
surrounding connective tissue. No foramen, except for the nutrient foramen exists in the
sub-terminal P2 bone. We can further, hypothesize this foramen is providing a greater
amount of nutrients and oxygen to the P3 marrow cavity.
Supporting this hypothesis of a specialized terminal phalanx marrow, DiI labeling studies
of the bone marrow showed DiI labeled cells integrated with the regenerate bone. We
also noted DiI NG2+ cells were localized distal to the bone marrow, providing evidence
that pericytes from the bone marrow cavity were involved in the regeneration process.
Numerous studies of maintaining stem cell populations indicate progenitor endothelial
cell and endothelial populations’ secrete angiocrine factors necessary for maintenance of
the stem cell niche population in regeneration competent organs and long term
hematopoietic stem cells (LT-HSCs) in the bone marrow (Butler et al., 2010; Ding et al.,
2011; James et al., 2010; Kobayashi et al., 2010).
In the bone marrow NG2+ expressing cells necessity studies, NG2 interactions were
inhibited within the bone marrow. Regeneration was completely lost in iNG2 treatment,
supporting the necessity of NG2 interaction in the bone marrow. Further validation of the
importance of the bone marrow cavity in the regeneration was seen in the phenotype
associated with different temporal and localized iNG2 implantations. iNG2 implantation
in the blastema induced only a bone elongation phenotype and iNG2 implantation into
the bone marrow after the blastema had already formed, yielded no phenotype. These
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iNG2 studies not only validated the importance of the niche population, but supported our
theory that NG2+ cells migrated into the blastema region of the regenerating system and
were depleted from the marrow cavity.
To further validate an osteogenic progenitor stem cell population in the bone marrow,
early time point immunohistochemical analysis of iNG2 marrow treatment indicated the
iNG2 treated bone marrow contained high levels of osteoblast expressing cells not
associate with the pre-existing bone, but adjacent to the marrow vasculature. iNG2
experimentation resulted in precocious OCN+ expression by cells associated with the
bone marrow and blastema. This early time point also supported the unique nature of the
endothelial cells within the marrow. Temporal iNG2 bone marrow treatment depleted the
number of Tie2 and vWF expressing cells indicating a loss of endothelial cells
accompanied the blocking of NG2+ interactions and supporting the endothelial cell role in
maintaining our stem cell population.
Hypothesizing the iNG2 treatment in the bone marrow induced premature ossification of
a necessary progenitor stem population within the bone marrow, is an osteogenic rescue
possibly? In previous work, we surmised the connective tissues’ lineage restriction could
be overcome using the TGF-β/BMP superfamily pathways. In these studies, the potential
of these positional fibroblast populations was limited to mesenchymal adipocytes and
chondrocytes. The potential, however, was extended to osteogenesis by altering cellular
transduction of BMP2, a member of the TGF-β superfamily. Through the
downregulation of inhibitors of the SMAD4 or co-SMAD and SMAD1 or R-SMAD, we
were able to induce osteogenesis of a mesenchymal lineage restricted line. These
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transformed lines under osteogenic conditions with the addition of BMP2 were able to
express increased amounts of BGLAP and Runx2. These findings suggest the potency of
connective tissue is not lineage restricted to soft tissue, but can be induced thru the
downregulation or upregulation of transcription factors and their regulators into other
lineages, specifically the osteoblastic lineages.
The rescue experiments using this transformed were successful, a percentage of rescuetreated terminal phalanxes’ bone volume increased, however the localization of the bone
was incorrect. The terminal phalanx never attained equivalent bone lengths to the control,
1% BSA treated, and secondary antibody treated digits. --Morphologically, the digits
were not phenotypically identical to regenerates; bone was added to the dorsal and
ventral aspects of the digits and the large foramen was almost completely covered with
new bone.
Using the terminal phalanx connective tissue fibroblast lineage of cells, we are able to
upregulate a pathway that results in a non-fluid, non-plastic terminal differentiated state,
bone. In some induction studies, researchers have shown induced plasticity in somatic
cells is not permanent, with cases of reversions back into the original cell’s identity
(Quattrocelli et al., 2011; Ramos-Mejia et al., 2012). Reversion to original mesenchymal
connective tissue fibroblast due to innate cellular identity may be limited due to the
nature of bone. In bone, osteoblasts secrete mineralized matrix and become osteocytes
trapped in the bone. Furthermore, osteoblasts and osteocytes are permanently
differentiated, non-proliferative cell types. A greater concern with this genomic alteration
of this mesenchymal cell is osteocarcinoma; an osteogenic, highly metastatic cancer
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which may be observed in long-term studies. Nevertheless, these experiments reveal the
plasticity associate with connective tissue can be altered using what is currently
understood about the TGF-β pathway.
This induced plasticity does not solve the problem associate with spatial guided
osteoblasts. In the terminal phalanx regeneration, NG2 expression localized within the
highly specialized microenvironment of the bone marrow functions in the deposition of
bone distal, elongating the bone. Our experiments validate the terminal phalanx’s bone
marrow as a source of stem cells required for its regeneration and NG2 expression within
the bone marrow as a necessary component of the regeneration.
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