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ABSTRACT 

 In 2005, 1.6 million Americans lived with a debilitating amputation and this figure is 

predicted to double by 2050 (1).  But the ability of a mammal to recapitulate a complex limb 

structure is not impossible.  Evidence of children and mice re-growing digit tips following 

amputation midway through the terminal phalanx (P3) exists.  The hallmark of this phenomenon 

is development of a blastema housing undifferentiated cells capable of being re-programmed to 

replicate the missing part.  Our central goal is to understand specific components of this process 

for application into pro-scarring injuries.   

The mouse digit anatomy is prominently outlined by microfilaments containing ER-TR7, 

and antigen derived from fibroblast reticular cells (FRCs) of the thymus shown to facilitate 

intercellular communication to promote lymphoid organogenesis.  A unique blastema 

characteristic is the upregulation of an ER-TR7+ scaffold stemming from half of the blastema 

population which reverts to its pre-existing pattern after regenerate differentiation concludes.  

We measured a correlation between ER-TR7 and type III collagen (COL3) at the transcriptional 

and protein levels both in vitro during induction of ER-TR7 in primary P3 cells and throughout 

digit regeneration.  Co-expression with COL3 sheds light on ER-TR7 identity and allows testing 

various approaches to manipulation of the scaffold through the better understood mechanism 

of COL3 regulation.  Furthermore, we aimed at determining the origin of ER-TR7+ blastema 

FRCs. 



 
 

Using bone marrow (BM) transplantation, we generated eGFP+ BM chimeras to study 

the fate of BM-derived cells (BMDCs) after amputation based on the hypothesis that in the 

regenerate, multipotent BMDCs contribute to various cellular phenotypes including FRCs.  So we 

tested co-immunolocalization of eGFP with antigens particular to fibroblastic, hematopoietic, 

endothelial, osteoblastic, and mural cells.  Many BMDCs homed to the injury throughout 

regeneration.  But hematopoietic BMDCs were limited to inflammation whereas mesenchymal 

BMDCs expanded and were primed as ER-TR7+ FRCs in the P3 BM niche prior to homing to the 

blastema site, where they amounted to nearly 50% of cells. Moreover, BMDCs differentiated 

into endothelial, osteoblastic, and smooth muscle subpopulations and although diluted by pre-

existing progenitors by the endpoint of regeneration, BMDCs persisted as part of various 

structures thus contributing to long-term function.     
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CHAPTER I:  GENERAL INTRODUCTION AND SPECIFIC AIMS 

1.1  MAMMALIAN REGENERATION AND DIGIT TIP AMPUTATION 

There is substantial evidence that not only invertebrates, but both lower and higher 

vertebrates are able to restore shape, pattern, and function to lost body parts.  We have been 

aware for quite some time that many organisms, including some described in Greek mythology, 

have the potential to regenerate.  Thanks to pioneers in the fields of entomology, zoology, and 

reproductive biology dating back to the early to mid-eighteenth century such as René-Antoine 

Ferchault de Réaumur (crayfish limb regeneration), Abraham Trembley (hydra regeneration 

from its polyps), and Lazzaro Spallanzani (first vertebrate studies) is that regenerative medicine 

has captured the interest of many and advanced to the level of understanding that we have 

about it today.   Modern science has adopted many model organisms which undergo 

regeneration to some extent such as hydra, planarians, annelids, frogs, and urodeles (e.g. 

axolotl, newt) to understand this biological process.   

More recently, attention has been focused on studying regenerative potential at various 

levels of the adult urodele limb (2, 3), embryonic avian limb bud (4), and neonatal mammalian 

digit tip (5-7) model systems.  Studies involving these models agree on three fundamental 

milestones that must be met to deviate from conventional wound healing and acquire 

regeneration status.  The first one involves wound closure through formation of an epithelial cap 

over the underlying inflammatory and connective tissue milieu.  The second is the controlled 

migration of a mesenchymal cell population that aggregates into an undifferentiated cell mass, 
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otherwise known as the blastema, which is rich in positional information at the anatomical level 

and interacts with adjacent tissue layers through time and concentration-dependent cross-talk 

between numerous growth factors, chemokines, cytokines and their receptors.  Finally, 

maturation and patterning of this blastema lead to a functional equivalent of the pre-existing 

appendage (8, 9).  However, in the urodele model, this post-amputation phenomenon yields a 

complete recapitulation of limb architecture and function to include proper skeletal 

segmentation and elongation along with restoration of attached vasculature, nerve, connective 

tissue, muscle, and skin.  It is still unclear whether the mammalian model of regeneration makes 

and attempt to mimic events and production of factors that lead to re-development of a missing 

appendage in some lower vertebrates like the urodele.   

 Although regeneration competency in a mammal may be restricted to the level of the 

digit tip, this model is of great importance due to its relevance in the treatment of human injury.  

Numerous cases of regenerating fingertip injuries in children have been reported in the clinical 

literature (10, 11).  In most cases, the regenerating tip involves regrowth of the skin over the cut 

surface, its underlying connective tissue and vasculature, and nail.  Just a fraction of those 

injuries have involved disruption and severing of part of the terminal phalanx, which eventually 

also takes part in the growth and differentiation mechanics of a regeneration event.  

Regeneration of this bone rudiment occurs through the process of direct ossification (12, 13).  

For the most part skeletal development occurs through endochondral ossification, the process 

by which a cartilage template with a bone collar precedes mature and mineralized bone 

segments.  It is thus possible that the regeneration of a missing part in higher vertebrates such 

as mice and humans skews from the developmental program through a secondary mechanism 

that attempts to replicate development using an alternate subset of genes that compensate for 

the ones that have been rendered inactive after birth.   
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This study will focus on the events and key molecules that attempt to mimic the 

regulators of limb growth and development and lead to restoration of the amputated mouse 

digit tip with focus on the extracellular matrix and cell population dynamics.  Both the adult and 

neonatal mouse digit tip is composed of diverse cell populations organized into compartments 

of bone (terminal phalanx), cartilage, marrow, skin, and tendon integrated within bundles of 

vasculature, nerves, and connective tissue.  The latter is rich in immune cells and fibroblasts, 

which organize and produce the extracellular matrix that provides structural integrity to the 

organ.  When the digit tip is amputated midpoint through its phalanx, the system undergoes an 

inflammatory response, wound re-epithelialization, and growth of a blastema.  Events and cues 

within this blastema lead to migration, proliferation, and differentiation of precursor cells within 

specialized compartments leading to development and recapitulation of the missing part.  

It has been extensively documented in the urodele limb regeneration literature that 

fibroblasts migrate towards an injury site, lose any specialized phenotype through de-

differentiation, and expand as stem cell-like units to form the blastema.  To that effect, it is 

possible that fibroblasts may be the precursor cells that lead to blastema formation in the 

mouse digit tip following amputation.  However, the urodele limb regeneration potential is 

mainly characterized by the re-programming of differentiated cells into embryonic-like 

progenitor cells that eventually contribute, not only to specialized mesenchyme, but also 

ectodermal components (8).  Whether the mammalian digit tip regeneration mechanism 

parallels the events leading to urodele blastema formation, progress, and differentiation is 

currently under investigation. 
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1.2 THE WOUND HEALING CASCADE 

Wound healing mechanisms are often referenced to with regards to tissue restoration 

following a cutaneous injury.  Although many of the processes involved in this complex and 

dynamic cascade have been examined at the level of the skin, its key factors, cellular regulators, 

and sequence of events also apply following injury to other organs.  Even though many of steps 

which define wound healing also take place throughout regeneration, the key distinction 

between both responses is that wound healing closes, protects, and often restores damaged 

tissue layers but at the end, it may not necessarily reestablish function.  There is much 

parallelism on how wound healing and regeneration manipulate the wound microenvironment.  

Hence it is important to understand the sequence of events and factors involved in wound 

healing in order to dissect any subtle variations which make regeneration such a special 

phenomenon. 

The wound healing process requires the coordinated effort of various cell populations to 

release factors during specific times and at precise concentrations to initiate activation, 

proliferation, migration, and differentiation of other cell types.  The local release of growth 

factors, cytokines, and chemokines may proceed in an autocrine or paracrine fashion.  But all 

phases of wound healing are in some way controlled by the cytokines.  It is the balance, and not 

the mere presence or abrogation of these small immunomodulators, which decides the behavior 

of the wound microenvironment and the final outcome of the site (14).  In addition, other 

dynamics such as the intercommunication between cells and the extracellular matrix through 

various cell surface adhesion molecules are also critical for a successful repair.  The conventional 

sequence of wound healing involves a conserved series of events which overlap in time.  These 
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include clot formation; inflammation; epithelialization; neovascularization; granulation tissue 

formation; and matrix remodeling. 

Immediately after injury, hemostasis occurs by means of a clot that aids in minimizing 

blood loss due to vascular disruption.  This blood clot is composed of platelets dispersed within 

a provisional network of cross-linked fibrin strands derived from thrombin-mediated cleavage of 

fibrinogen, fibronectin, vitronectin, and thrombospondin (15).  In addition to plugging the 

wound, the clot functions as a medium for cell migration and as a reservoir of growth factors 

and cytokines released by degranulating platelets.  Examples of these factors include TGF 

(transforming growth factor) - and -, EGF (epidermal growth factor), PDGF (platelet derived 

growth factor), and IGF (insulin-like growth factor) -1.  These promote initial chemotaxis and 

proliferation of inflammatory and connective tissue cells (15). 

Chemotactic cues such as TGF-1 cause circulating neutrophils and monocytes to 

extravasate and home to the wound site (16).  Additional chemoattractants include peptides 

cleaved from bacterial proteins and the by-products of matrix proteolysis.  The initial role of 

neutrophils, which arrive to the wound immediately, is to clear contaminating pathogens and 

release the first surge of pro-inflammatory cytokines which may serve as the earliest activators 

of local fibroblasts and keratinocytes (17).  After a few days, the short-lived neutrophils cease to 

infiltrate and are phagocytized by activated macrophages.  Macrophages accumulate at the 

wound site to resume phagocytosis and coordinate the progression of repair by secreting a 

battery of cytokines and growth factors which amplify the initial response from neutrophils and 

activated platelets (18). 

Initiation of wound re-epithelialization occurs shortly after injury and is marked by 

alteration of the epithelial cells (keratinocytes) and their underlying basal lamina.  Progression of 
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this step requires the binding of keratinocytes to laminin in the connective tissue basal lamina 

by means of integrins.  Integrins are transmembrane heterodimers of and  subunits that 

become tethered to the extracellular matrix through a large extracellular domain.  The integrins 

establish intercellular links with the keratin cytoskeleton of the epithelium.  The keratinocytes at 

the edge of the wound dissolve this attachment using collagenases and trigger expression of 

other integrin types that are more adaptable to the changing wound microenvironment and 

allow easier motility of the epithelium onto the healing wound.  Migration of then epithelial 

cells is driven by chemotactic factors and contact guidance.  Once the epithelial cells cover the 

wound, the components of the basal lamina are deposited underneath.  The main factors which 

stimulate keratinocyte growth are EGF, heparin-binding (HB) EGF, hepatocyte growth factor 

(HGF) and keratinocyte growth factor (KGF) (15, 18).  TGF- on the other hand, has been known 

to suppress this growth (19). 

Concurrent with the inflammatory phase, around four days after injury, the connective 

tissue in the wound appears red and granular with invading capillaries (20).  Therefore, this area 

is referred to as granulation tissue.  These capillaries are critical for the metabolic balance and 

growth of this unpatterned connective tissue layer.  Initiation of angiogenesis at the wound site 

is triggered by the release of basic fibroblast growth factor (FGF-2) and vascular endothelial 

growth factor (VEGF).  VEGF is induced by epithelial cells at the edge of the wound and activated 

macrophages (15).  Macrophages also stimulate the microenvironment by releasing FGF-2.  

Other non-angiogenic factors such as integrins and fibronectin receptor must be upregulated to 

permit endothelial response to the vascular growth factors and allow the movement of 

endothelial precursors through the tissue via extracellular fibronectin (21, 22).  Following 

exposure to FGF-2 and TGF-1, fibroblastic cells fabricate rods with a lumen which aid in 

migration of endothelial precursors along the interior of the tubes and pericytes along the 
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outside of the endothelial layer (23, 24).    Secretion and activation of proteases such as 

collagenase by plasminogen activator also aids in neovascularization by degrading extracellular 

matrix and thus releasing its peptide byproducts which induce recruitment and activation of 

macrophages and fibroblasts (25).  Disruption of basement membranes and fibers by these 

enzymes also facilitate migration of various cell types (20). 

Once the wound granulation compartment fills with fibroblasts supported by capillaries, 

angiogenesis halts and cells which formed the new vessels undergo apoptosis upon upregulation 

of anti-angiogenic factors (e.g. endostatin, angiostatin) and matrix molecules such as the 

thrombospondins (26).  The fibroblasts in this newly formed granulation stroma synthesize the 

extracellular matrix necessary to support numerous types of invading cell precursors and acts as 

a conduit for cell migration.  Aside from matrix components such as fibronectin and hyaluronic 

acid, many secreted cytokines and growth factors remain tethered to this provisional matrix to 

induce chemotaxis, proliferation, and other modulatory functions (18).  Some of the key growth 

factors upregulated in this stroma include PDGF and TGF-1, both of which stimulate fibroblasts 

to proliferate and express integrin receptors to migrate (27, 28).  Since fibroblasts typically 

reside in collagen-rich matrices, their integrin receptors must be differentially expressed prior to 

collagen synthesis to favor adhesion to the macromolecules available at the time within the 

non-collagenous matrix (28).  Type III collagen synthesis is initiated shortly after the first wave of 

fibroblast migration and adhesion, at which time the microenvironment becomes 

interconnected with a mixture of non-collagenous macromolecules and a type III collagen-based 

“provisional matrix” (29).  Although fibroblasts are responsible for matrix deposition, factors 

which bind to the matrix itself can have a positive or negative effect on their ability to fabricate, 

remodel, and interact with it (30).  The movement of fibroblasts within a tightly woven 

extracellular matrix is also achieved by the upregulation of enzymes derived from fibroblasts 
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such as collagenases and matrix metalloproteases (MMPs).  The type of enzyme produced at any 

given point can act as a determining factor in whether the wound heals properly or becomes 

ulcerated (31).  Following activation of pro-collagen genes, in part triggered by the variable 

synthesis of different TGF’s, the provisional matrix is replaced by collagen fibers (18, 30, 32, 

33).  Once the matrix becomes collagen-rich, specifically with type I collagen, many of the 

fibroblasts undergo apoptosis through a signaling mechanism that remains unclear and the site 

becomes a relatively acellular scar (34). 

Overlapping with the process of granulation tissue formation is the remodeling of the 

extracellular matrix.  The fibroblasts in the granulation tissue layer undergo terminal 

differentiation into myofibroblasts, a process which is well known to be modulated by TGF-1 

(35) and PDGF(28), to initiate contraction of the wound (36).  Contraction also occurs by 

attachment of fibroblasts to the collagen matrix through collagen-specific integrin receptors 

with associated cross-links (36).  During the granulation stage of wound repair, fibrillar collagen 

accumulates quite rapidly in the form of type III collagen at which point the wound achieves 20 

percent of its ultimate strength (29, 37).  It is the degradation, synthesis, deposition, and cross-

linking cycle of collagen by fibroblasts and a milieu of growth factors and enzymes that is 

responsible for the ultimate tensile strength of the wound.  Along with collagen-stimulating 

factors such as the TGF’s, there is also an assortment of MMPs and tissue inhibitors of 

metalloproteases (TIMPs) which contribute to this dynamic cycle (38). 

1.3 FIBROBLASTS AND DERIVATIVES 

 Fibroblasts are conventionally defined as specialized mesenchymal cells involved in the 

synthesis of extracellular macromolecules, thus providing stromal integrity, basement 

membrane support, and compartmental definition to all organs.  They are also responsible for 
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secreting a series of proteases and growth factors that aid in definition of the extracellular 

matrix and affect the dynamics of other cells in their surroundings (39).  They are derived from 

the primitive mesenchyme, thus expressing Vimentin (40), and evidence suggests that there is 

phenotypic heterogeneity once they mature, even within the same organ and injury state (41-

43).  There is also evidence that fibroblast subtypes are unique to their host tissue by  activating 

gene subsets specific to that region (41).   

 These connective tissue cells are highly motile due to enhanced filopodial activity and 

are typically spindle-shaped with speckled nuclei containing one or two nucleoli.  The fibroblast 

has been proven critical from embryonic development to adult wound repair in providing 

various amounts and types of ground substance and fibers to layout specific structural 

frameworks in all organs depending on microenvironmental conditions and function of the site.  

These extracellular matrix (ECM) components conventionally include collagens, 

glycosaminoglycans, reticular and elastic fibers, and glycoproteins.  However, the existence of 

additional fibroblast-specific ECM components cannot be ruled out.  Even though synthesis of 

these molecules is one of their primary functions, fibroblastic populations cannot specifically be 

characterized on this attribute alone.  

 Fibroblasts can also be defined morphologically by the physical appearance of their 

organelles.  For example, an activated fibroblast exhibits an extensive rough endoplasmic 

reticulum.  Otherwise, it resides as an inactive fibrocyte.  Fibroblasts can also be subdivided by 

their cellular phenotype in conjunction with any specific ground substances being synthesized at 

a particular time and its physical relation to other cell populations and tissue compartments.  It 

is also possible to further define fibroblasts by their state of proliferation during normal 

conditions and disease state.  Finally, even though fibroblast phenotyping has been widely 
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studied in the literature, there is no reliable specific marker that generally defines them.  So far, 

markers such as the calcium-binding protein S100A4 (also known as fibroblast-specific protein 1 

(FSP-1)), found mostly in cutaneous and cardiac fibroblasts (44, 45), have been used in 

conjunction with markers of the various collagens and associated molecules such as prolyl-4-

hydroxylase (46) to phenotype them.  Taken together, all these characteristics can segregate 

fibroblasts from other cell populations but may not fully set apart, for example, blastema 

fibroblasts from pro-scarring myofibroblasts.  Since myofibroblasts are largely found during the 

granulation and endpoint stages of conventional wound healing, it is of importance to 

differentiate regeneration competent blastema fibroblasts from this subpopulation. 

 Myofibroblasts are large contractile cells with a well-defined cytoskeleton expressing 

high levels of smooth muscle actin (SMA).  The content of actin and myosins in this population is 

largely different from that of typical fibroblasts (47).  They are characterized by large bundles of 

actin microfilaments arranged in a linear fashion along the cytoplasm and membrane and 

between cell-matrix and intercellular links.  Myofibroblasts expand in wounded areas 

undergoing fibrosis where they produce large amounts of type I collagen (COL1), which along 

with increased formation of the actin-myosin complex also defines them as the fibroblast 

subtype of pro-scarring microenvironments.  Eventually these cells will trigger apoptosis and get 

resorbed in the wound.  But in all cases in which the outcome of healing is scar, such as in 

chronic liver injury and fibrosis, they fail to follow this path and persist (48).  The survival of 

these cells at this point depends on the amount and influence of transforming growth factor 

(TGF-), which is very high in fibrotic lesions.  Evidence suggests that the consequence of 

stimulation with TGF-not only leads the fibroblast to become a myofibroblast, but also allows 

for an increase in COL1 production (35).  Conversely, if SMA expression is suppressed, COL1 

expression becomes reduced (49).  The same principle applies to fibrosis of the lung (50)and 
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scarring cutaneous wounds (15, 18).  Similar to the way the conventional fibroblast can be 

manipulated and driven into an even more specialized phenotype such as that of the 

myofibroblast, it can also be stimulated to a phenotype known to contribute to a bone 

regeneration process. 

 Osteoblasts are bone-forming cells of mesenchymal origin which are almost 

indistinguishable from fibroblasts.  These cells play a critical role in bone remodeling and 

participate in a tight control of this process with osteoclasts, which resorb the bone matrix.  

Most genes expressed in fibroblasts are also expressed by osteoblast with the exception of the 

transcription factor Cbfa1 (51) and Osteocalcin (OC), a secreted factor that regulates the 

function of the osteoblast by inhibiting bone formation demonstrated by an increase in the rate 

of bone growth in OC gene-deficient mice (52).  Cbfa1 acts as the activator of osteoblast-specific 

genes in both fibroblasts and myoblasts.  Mice deficient in Cbfa1 lack osteoblasts and albeit 

developing normal skeletons, show a delay and lack of ossification (53, 54).   

 As a final note, just like fibroblast derivatives such as the myofibroblast and osteoblast 

that are morphologically similar to the fibroblast can be found in the blastema, there are also 

structures populated by fibroblasts that can resemble the blastema.  During wound healing, all 

injuries, regardless of anatomical site, undergo an event concurrent with inflammation termed 

the granulation stage.  During this stage, new stroma composed of macrophages, transient 

blood vessels, and fibroblasts migrate into the wound space.  Platelet-derived growth factor 

(PDGF) and TGF-are produced by both activated macrophages and early fibroblasts.  These 

growth factors, along with their regulation at the extracellular matrix level, are the main stimuli 

for the fibroblast population to proliferate and mobilize into the injury (14, 28).  In turn, 

fibroblasts that aggregate in this area are induced to secrete a provisional or transient matrix 
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that can serve as a conduit for further cell migration and either a promoter or repressor of 

differentiation depending on its mechanical properties and the factors that tether to it (28, 30).  

This matrix is composed of fibronectin, hyaluronic acid, fibrin, laminin, and collagen and can be 

altered by collagenases, gelatinases, and matrix metalloproteases also produced by fibroblasts 

(18, 30, 55).  As the wound matures it becomes acellular and fibrous.   The matrix is eventually 

replaced by COL1 and the cells responsible for its deposition, myofibroblasts, undergo apoptosis 

(34).   

 The events leading to granulation of the injury which leads to scar formation during 

wound healing resemble the steps that give rise to initiation and growth of the blastema.  Even 

though the fibroblast subpopulations found during both stages may have some of the same 

phenotypic characteristics, the outcomes are clearly different.  It is possible that the regulation 

and timing of microenvironmental cues at the extracellular level guide the fibroblastic 

components to regeneration competency. 

1.4 COLLAGEN TYPES RELEVANT TO CUTANEOUS INJURIES  

Collagens are extracellular matrix macromolecules found in connective tissue and bone.  

They are the most abundant proteins in the body.  Their main role is to preserve structural 

integrity and tensile strength in most tissue compartments.  Their functionality is based on the 

precise formation and organization of a meshwork.  Such network of fibers is often organized to 

permit tissue flexibility but also to limit the movement of other tissue components.  Collagens 

also have many other biological functions such as providing cell attachment; facilitating 

chemotaxis; and differentially aggregating agonists and repressors secreted by cells into the 

extracellular space (56).  They are subdivided as fibril and non-fibril forming.  Some of the 

collagens relevant to cutaneous wound repair are part of the fibrillar category which is 
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composed of type I, II, III, V, and XI collagens.  These are translated as individual precursor -

chains composed of a globular N-terminus with a short triple helical sequence, an uninterrupted 

triple helical domain of 1000 amino acids, and a globular C-terminal domain.  After final 

assembly and enzymatic cleavage of the propeptides at both terminii, these collagens assemble 

as homotrimers with three equivalent chains or heterotrimers made of two or three different 

chains.  Each chain molecule has an uninterrupted triple helix about 300 nm long and 1.5 

nm in diameter flanked by short extra-helical telopeptides or cross-linking sites (57).  The lateral 

interaction of the homologous regions within the triple helical domains initiates fibrillogenesis.  

Of great importance is the removal of the N- and C-terminus propeptides from the precursor 

molecules by peptidases prior to fibril formation.  It has been suggested that these free 

propeptides aid in regulation of collagen biosynthesis in fibroblasts by interfering with its post-

transcriptional machinery and/or fibril assembly (58). 

The biosynthesis of collagens involves a great number of post-translational 

modifications.  These modifications occur at the intracellular level along with synthesis of the -

chains, to form the triple-helical pro-collagen molecules, and outside the cell to incorporate 

these chains into stable fibrils (59).  There are several enzymes which aid in this process such as 

prolyl 4-hydroxylase and lysyl hydroxylase in hydroxylation of residues; transferases for 

glycosylation; N- and C-terminal peptidases to remove the propeptides at the extracellular level; 

and lysyl oxidase for cross-linking (56).        

Several cytokines and growth factors can promote or inhibit the synthesis of the fibrillar 

collagens.  The main inducer is Transforming Growth Factor (TGF-), which has been shown to 

trigger transcription of various ECM macromolecules in fibroblasts and also disrupt the activity 

of matrix-degradation enzymes by allowing for the production of Tissue Inhibitors of 
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Metalloproteinases (TIMPs)Tumor Necrosis Factor (TNF-) on the other hand, inhibits 

COL1 production in vivo and in vitro (61-63).  Interferon  (IFN-) also inhibits collagen gene 

transcription by interfering with TGF-stimulation (64).   Even though the major fibrillar 

collagens share structural similarities and regulatory dynamics, the main ones being actively 

remodeled at the site of a cutaneous injury and that have a significant impact on the endpoint 

phenotype are COL1 and COL3.  These particular collagens have been widely studied in the 

context of wound healing and fracture repair and how their deposition and persistence help 

define the extent of fibrosis and scar.  Myofibroblasts that accumulate in the wound as early as 

the granulation stage of wound healing are responsible for the contraction of the site to 

facilitate closure and also manipulate the behavior of other cells through both direct contact 

and the extracellular deposition of these macromolecules.    

COL1 is a heterotrimeric fibrillar protein and the most abundant collagen in all mature 

tissues.  It is mostly found in bone and tendon but also in large quantities around blood vessels, 

the dermal layer of the skin, and lung (65).  COL1 can facilitate the adhesion and migration of 

hepatocytes, keratinocytes, and fibroblasts (66).  COL1 gene expression can be found 

throughout most wound healing stages but its synthesis is most prominent as the wound 

matures, where it replaces other collagen types and forms an acellular fibrous scar (67). 

 Normally, COL3, a homotrimeric collagen, is more sparsely distributed COL1 throughout 

soft connective tissues.  It typically coexists within the same regions where COL1 is expressed 

except for bone matrix, in which it is expressed at an almost negligible rate (68).  However, 

higher concentrations of COL3 are found in distensible connective tissue elements such as blood 

vessels (69).  It is also found in abundance in fetal tissue when compared to adult organisms, 

hence it is also called embryonic collagen (70, 71).   In fact, it has been reported that the total 
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quantity of COL3 decreases as tissues age (72).  The disparity of the ratio of COL1 to COL3 in 

fetal versus adult tissues has led to the belief that the increased availability of COL3 can be 

attributed to the scarless phenotype that results in fetal cutaneous wounds (71, 73-76).  The 

expression of COL3 is also increased at the early stages of wound healing, where it fabricates the 

provisional matrix or scaffold during the stage of granulation tissue formation (65, 71).  

Eventually this matrix is proteolytically degraded and replaced by COL1 as part of the dynamic 

extracellular matrix remodeling that occurs throughout wound healing.   

Evidence regarding the overexpression of COL3 in fetal tissue that heals without scar 

and the lower ratio of COL3 to COL1 in aging subjects which are more prone to scarring sheds 

new light into the potential role of COL3 in promoting a regeneration competent environment 

and modulating factors in the repair cascade.  The impact of COL3 overexpression and 

persistence is currently under study using in vitro and in vivo models of cutaneous injury.  

Research on COL1 and COL3 patterns in wound repair suggest that the organization and 

diameter of their fibrils can affect cellular migration, proliferation, and signaling.  But newer 

evidence suggests that collagen type-specific domains exist that can modulate tethering of 

factors to the ECM and thus manipulating their ability to induce or repress various signaling 

cascades (77).  Firstly, it has been found that one of the main roles of COL3 is to regulate the 

diameter of collagen fibrils, including those of COL1, which in turn affects the arrangement of 

tissue layers and compartments (78, 79) and thus having an effect on scar appearance.  There is 

also some evidence suggesting that COL3 modulates integrin expression thus affecting 

myofibroblast differentiation.      COL3 -/- mice serve as a model of vascular Ehler-Danlos 

Syndrome (EDS, type IV); a disease characterized by impaired synthesis of COL3, which results in 

fragile vascular walls and impaired wound healing.  Fibroblasts isolated from COL3 deficient 

mice have been reported to have lower 51 (fibronectin receptor) and 21 integrin 
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expression, the former of which is critical for inducing a myofibroblast phenotype along with 

v3 (vitronectin receptor) (80).                 

1.5 THE MICROFIBRILLAR ANTIGEN ER-TR7 

 In 1984, Els Van Vliet and colleagues at the Erasmus University of Rotterdam 

successfully isolated seven hybridoma cell lines that produced a panel of monoclonal antibodies 

with selective immunoreactivity against targets in both lymphoid and non-lymphoid cells of the 

mouse thymus (81).  These were synthesized with the intention of identifying the heterogeneity 

and complexity of the thymic stroma and its interaction with lymphoid progenitors to promote 

maturation and differentiation of T-cells.  The antibodies were denominated ER-TR (Erasmus of 

Rotterdam Thymic Reticulum) 1 through 7.  Following immunohistological staining of mouse 

thymus sections with all antibodies, the bulk of the expression was represented as fine reticular 

patterns in different regions of the tissue depending on the clone number.  The first group of 

clones, ER-TR1 through 3, bound to thymic cortex, medulla, and B-cells.  A positive co-

localization pattern was measured when co-labeling of these clones was performed with an 

antibody against the major histocompatibility complex I (H2) in thymus sections.  ER-TR4, 5, and 

6 respectively were shown to target cortical epithelia, medullary epithelia, and medullary 

interdigitating (dendritic) cells of the thymus.  The last antibody, ER-TR7, specifically detected 

reticular fibroblasts of the thymus and the support wall of blood vessels (81).  Over the years, 

ER-TR7 has become a very useful marker of the complex network of fibrous extracellular 

meshwork and as an identification tool of reticular stromal cells or fibroblasts not only in the 

thymus, but also the spleen and lymph nodes.   

 Even though the full purpose for the synthesis of the ER-TR7 meshwork by reticular 

fibroblasts is unknown, let alone its origin and induction mechanism in vivo, some studies have 
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suggested that its function in lymphogenesis is to provide a paracortical chord or conduit for 

cell-cell interactions (82, 83).  This conduit acts as a “road system” for T-cells, for example, to 

adhere and move depending on factors such as chemokines tethered to it such as CCL19 and 

CCL21.  These ligands are produced by fibroblast reticular cells and interact with the CCR7 

receptor in naïve T-cells and activated dendritic cells to influence cell motility (84).  The physical 

mechanism of these interactions has been observed by multiphoton microscopy in vivo and in 

vitro (85-87), by which the network allows enough space for microchannels to form through 

which T-cells can migrate. 

 No reports exist of in vivo manipulation of the ER-TR7 antigen and hence the network it 

labels.  This is mainly due to the fact that to this day its genetic origin remains unknown.  

However, a potential mechanism of induction has been proposed in vitro on reticular fibroblasts 

isolated from murine lymph nodes (88).  By themselves, these cell lines do not secrete the ER-

TR7+ meshwork when unstimulated under normal culture conditions.  Once they are co-

cultured with activated helper T-cells (CD4+), the fibroblasts synthesize large amounts of 

filaments which assemble in a network and react to the ER-TR7 antibody.  Following isolation of 

the soluble factors produced by the CD4+ cells under these conditions, it was determined that 

the combinatorial effect of lymphotoxin (LT) and TNF-ligands on the lymphotoxin beta 

receptor (LTR) and TNF receptor, respectively,  of the fibroblasts stimulated this response and 

is critical for proper network formation.  Downstream, this co-triggers the canonical and 

alternative nuclear factor kappa-light-chain-enhancer of activated B cells (NF) pathways to 

activate gene transcription (88).  On the other hand, neutralizing the LTR with an LTR-Ig in 

diabetic CXCL13-RIP mice decreased the amount and efficiency of network formation by 

fibroblasts within pancreatic infiltrates (89).  The importance of stimulating the LTR with 

respect to meshwork synthesis has also been demonstrated when indirectly, the loss of LT due 
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to a depletion of T-cells in HIV infection correlates with lower numbers of reticular fibroblasts 

and inadequate network synthesis (90).              

 Deviations from the normal ER-TR7 expression pattern and amount have been 

implicated in lymphoid organ disorders, architectural anomalies, and diminished efficiency of 

immune-derived signaling mechanisms, especially those involving dendritic or T-cell interactions 

(83, 91).  There is also evidence of network dysregulation in several models of infectious disease 

including HIV, which leads to lymphoid organ fibrosis (92).  Furthermore, overexpression of the 

ER-TR7 meshwork and increased invasion by reticular fibroblasts in vivo has been demonstrated 

in models of cancer immunosuppression (93).    

 The reactivity of this clone has been also described in a limited fashion within the 

structural framework of non-lymphoid organs (94).  In these characterization studies, the 

immunoreactivity of ER-TR7 was sparsely confined to connective tissue elements of many 

organs including, but not limited to the dermal layer of the skin; tendon fibers; lining of liver 

cords; and all blood vessel walls.  In vitro, ERTR-7 can be detected within the cytoplasm of 

several fibroblast cell lines but remains unreactive to endothelial or glomerular epithelial cell 

lines stained through immunocytochemistry (81).  Even though the ER-TR7 staining of cultured 

fibroblasts yields an intracytoplasmic pattern, ER-TR7 expression has been mostly observed as 

membranous and extracellular filaments within the compartments where the same fibroblast 

cell lines exist in vivo.  Moreover, although its labeling pattern suggests similarities and potential 

reactivity with reticulin in all tissue types, it proved unreactive to purified laminin, fibronectin, 

collagens I-IV, heparan sulfate proteoglycan, nidogen, and entactin (94).  Nonetheless, the 

fibrous morphology of the ER-TR7 expression pattern is confined to the extracellular space and 
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any association or reactivity with a portion of well-known matrix components cannot be ruled 

out. 

1.6 BONE MARROW-DERIVED CONTRIBUTORS TO INJURY REPAIR 

 Repair of an amputated limb involves many of the conventional wound healing stages 

observed during cutaneous injury.  The bone marrow facilitates the inflammatory, 

mesenchymal, and endothelial progenitor cells necessary to move this cascade forward.  

Following migration to the injury and initiation of the inflammatory phase, these bone marrow 

derived cells release cues into the local microenvironment that allow for the mobilization and 

guidance of epithelial and mesenchymal precursors to remodel the wound (20). 

 The bone marrow (BM) is composed of two areas within the endosteum of most bones:  

the medulla ossium rubra (red marrow) and the medulla ossium flava (yellow).  The latter is 

mostly composed of fat.  The red marrow contains a milieu of cells produced through 

hematopoiesis which include erythrocytes, platelets, and leukocytes.  There is also another 

population of cells which indirectly supports hematopoiesis by producing growth colony 

stimulating factors (GCFSs), facilitating entry into the circulation, and delivering iron.  This 

population makes up or resides in the stroma of the red marrow.  These cells include fibroblasts, 

macrophages, osteoblasts, osteoclasts, and endothelial cells.  But the BM stroma also houses 

multipotent cells within defined niches that can differentiate into hematopoietic and 

mesenchymal lineages (95).  Due to their capacity for self-renewal, these cells were first referred 

to as BM-derived stem cells (BMSCs) and further divided into hematopoietic and mesenchymal 

stem cells, or HSCs and MSCs.  In the marrow however, both subtypes can be found as a mixture 

of progenitors at different stages of commitment to the hematopoietic or mesodermal lineage. 

In other words, they may not be as naïve as part of the definition of a stem cell suggests.  
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Regardless, it is now accepted to still refer to them as HSCs and MSCs.  The largest amount of 

these progenitor cells can be found in the femur, pelvis, and sternum and may be also isolated 

from umbilical cord blood (96).   

HSCs are known to reconstitute erythrocytes, platelets, myeloid (e.g. macrophages, 

dendritic cells), and lymphoid (e.g. T- and B-cell) subtypes.  Although under debate, there is also 

some evidence that suggests their potential role in contribution to non-hematopoietic organ 

reconstitution such as differentiation into hepatic, skeletal (97), endothelial, and cardiac 

lineages (98).  All HSCs express the leuokocyte common antigen CD45 and only a subset express 

another cell surface marker, CD34.  Due to the potential of these cells to exist at various stages 

of hematopoietic progenitor phenotypes, it is often difficult to measure the full extent of their 

contribution to repair if only using the CD45 and CD34 markers to label them.  Depending on 

their bias to a hematopoietic lineage, HSCs can be subtyped as myeloid, lymphoid, and balanced 

with the lymphoid subtype lacking the capability of self-renewal (99).    

 MSCs, or multipotent mesenchymal stromal cells, are a heterogeneous cell population 

which can self-renew and has been described as fibroblastic because of its morphology, colony 

formation dynamics, and capability to adhere to plastic in vitro.  MSCs can differentiate to 

osteoblasts, chondrocytes, adipocytes (100), fibroblasts (101), cardiomyocytes (102), lung 

pneumocytes (103), hepatocytes (104), and skin (105).  Although originally derived from BM 

(106), MSCs have also been isolated from other tissue types such as adipose, respiratory, 

hepatic, and musculoskeletal (107-110).   In the mouse, and unlike HSCs, there is a general 

consensus that MSCs are negative for CD45, CD11b (myeloid), and CD34 (endothelial) and 

positive for Sca-1 (stem cell antigen 1) and CD106 (111).  Aside from their capability to 

differentiate into various cell populations, evidence exists that MSCs support the HCSs niche in 
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the BM; repress proliferation; and control innate and adaptive immune responses at tissue sites 

compromised by injury or infection. 

Together, both progenitor cell subtypes can reconstitute the bone marrow and 

contribute to repair of non-lymphoid organs (95, 97, 112, 113).  Several experimental models, 

especially those of cardiac injury, suggest that all BMDSCs are able to leave the bone marrow, 

circulate, and migrate across the endothelium to injured sites (114-117).  HSCs have been 

collected from peripheral blood, expanded, and mobilized by factors such as granulocyte 

macrophage colony stimulating factor (GM-CSF), thrombopoietin, and interleukin-8 (IL-8) to 

treat a number of malignancies and non-malignant diseases such as myocardial infarction (98).  

In the latter however, transdifferentiation into cardiomyocytes has not been observed (118, 

119), which suggests a different mechanism of repair and/or influence of these cells on the local 

progenitor population.  A progenitor lineage derived from HSCs, the endothelial progenitor cells 

(EPCs) are CD34+ and have been implicated in repair of ischemic sites (114, 120).   

The capability of MSCs to circulate and migrate to injury sites has also been addressed.  

Secretion of the small cytokine stromal cell derived factor-1 (SDF1) or CXCL12 is induced as a 

result of pro-inflammatory stimuli in most injuries.  Since MSCs express its corresponding 

receptor, CXCR4, on their surface, it has been proven that most of the migration of MSCs to the 

injury site is dependent on the SDF1/CXCR4 axis (121). Infusion of MSCs into animals suffering 

from strokes, lung fibrosis, and cardiac infarction has improved the outcome of the injury by 

contributing to the neuronal population as NeuN+, MAP2+, and GFAP+ cells (122); modulate the 

inflammatory reaction to bleomycin treatment (123); and differentiating into cardiomyocytes 

(115), respectively.   
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Many studies on cutaneous wound repair have not only demonstrated that BMDCs 

contribute to a large percentage of skin cells under normal circumstances but also that many of 

these cells, which are CD45-, are actively involved in the regeneration of skin (124, 125).  A 

fraction of these cells have been detected in the bulge of the hair follicles within the epidermis, 

thus suggesting a contribution to an epithelial phenotype (124).  This is supported by evidence in 

vitro which shows that differentiation of MSCs into keratinocytes can be achieved after being 

co-cultured with lung airway epithelia (126).  But the most compelling evidence about the 

migration and differentiation of MSCs within different skin compartments comes from studies 

involving enhanced green fluorescent protein (eGFP) chimeric mice.  The BM of C57BL/6 mice is 

ablated by lethal irradiation and then reconstituted with BMDCs from eGFP+ transgenic mice.  

This donor population would include both HSCs and MSCs (124, 127).  Following recovery, 15-

20% of the eGFP+ BMDCs in the skin were found as cells with a fibroblastic phenotype.  Using 

this same approach on a mouse model of skin fibrosis, a significant percentage of eGFP+ spindle-

shaped cells have been found expressing type I collagen within fibrotic lesions (128).   

Based on observations from the skin of the eGFP chimera model of BM transplantation, 

several studies have suggested that, other than their differentiation potential, BMDCs play 

various roles in cutaneous wound healing and regeneration.  In addition to proliferating and 

localizing to known niches such as the bulge of hair follicles (124), engraftment of BMDCs is 

increased in wounded skin (129).  In the wound, EPCs release protective angiogenic factors to 

the local endothelium such as vascular endothelial growth factor (VEGF), platelet derived 

growth factor (PDGF), and GM-CSF (130).  In addition to pro-angiogenic factors such as VEGF, 

MSCs also release basic fibroblast growth factor (FGF-2); pro-inflammatory interleukin-6 (IL-6); 

and chemoattractants such as macrophage chemotactic protein (MCP-1) (131).  In another 

study, mesenchymal stem cell (MSC) conditioned medium has been found to aid in proliferation 
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and migration of endothelial cells in a dose-dependent manner; enhance blood flow and tissue 

remodeling in a mouse hind limb ischemia model; and modulate healing by recruiting 

inflammatory cells (132).  Due to their differentiation potential into fibroblasts and adipocytes, 

MSCs may also regulate re-epithelialization of the skin and the proper dynamics between 

epidermis and the underlying dermal integumentary tissue.  Co-incubation of mesenchymal cells 

with keratinocytes promotes survival of the latter and formation of epidermal ridge-like 

structures (133).        

   In the same manner by which BMDCs, specifically MSCs, contribute to cutaneous injury 

repair, they may also play a critical role in coordination of growth and patterning of the digit tip 

following amputation.  Studies addressing this phenomenon would likely focus on the role of 

BMDCs with respect to the local mesenchymal cells arising from the injured site.  Organ-specific 

mesenchymal cells are those derived from the embryonic mesoderm and contribute to a great 

majority of the cells in the adult connective tissue.  Many of these cells are lineage committed 

but there is still a fraction of them that remains as progenitors.  Precursors such as the skeletal 

muscle satellite cells and pre-adipocytes presumably participate in repair and regeneration.  

Following isolation, endogenous organ-specific uncommitted mesenchymal cells have been 

found to produce other types of tissues such as skeletal muscle (109)  and bone (134) around 

their vicinity in vitro hence their potential to contribute to that organ’s repair.  In a similar 

fashion to BM-derived MSCs, MSCs isolated from the skin have shown a potential to contribute 

to repair and regeneration by demonstrating a capability to differentiate into chondrocytes, 

osteoblasts, adipocytes, and GFAP+/NCAM+ neuronal precursors (135).  Furthermore, 

cutaneous MSCs express the same surface markers as BM-derived MSCs.  Whether the BM is the 

original source of these region-specific MSCs under normal circumstances; the BM-derived MSCs 

directly or indirectly aid in regeneration; and/or the local MSCs constitute the bulk of the repair 
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population, strong evidence exists of their shuttling; homing to injury; control of the immune 

response; and plasticity.        

1.6 SUMMARY AND RATIONALE 

 The number of individuals living with any given sort of amputation is estimated to reach 

3.6 million by the year 2050 (1).  In many cases, extension and renewal of lost limb components 

from a stump would aid in restoring conventional form and function.  But as opposed to many 

invertebrates and lower vertebrates such as the salamander, mammals are unable to regenerate 

missing organs and limbs.  Exceptions to conventional mammalian wound healing exist, 

specifically with respect to turnover of cutaneous injuries; sloughing and renewal of intestinal 

epithelia; and compensatory hyperplasia of the liver following partial resection (136).  An 

amputated digit tip also undergoes an unconventional repair mechanism that involves various 

tissue compartments including marrow, bone, peripheral nerve, and vasculature with 

surrounding connective tissue and skin.  This level specific regeneration, starting with formation 

of a blastema, is limited to amputations at the distal half of the terminal phalanx (6, 7, 12) in 

both adult and neonatal subjects. 

 Following inflammation and concurrent with the granulation phase of conventional 

wound healing (20), fibroblasts migrate and expand to populate the bulk of the blastema after 

amputation of adult mouse digit tips (6, 137). The fibroblast provides various types of ground 

substance and fibers to layout specific structural frameworks in all organs. These ECM 

components include collagens, glycosaminoglycans, reticular and elastic fibers, and 

glycoproteins.  Historically, some of these have been utilized to engineer treatment scaffolds 

designed to house cells contributing to fracture repair (138, 139), angiogenesis (140), and whole 

organ development (141).  Depending on their location, function, and substances they produce, 
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fibroblasts can be subdivided into several phenotypes.  The major subtypes of fibroblasts which 

exist in the mouse digit include myofibroblasts, adventitial fibroblasts of the vasculature, and 

fibroblastic reticular cells which also exist in the stroma of the BM (142).  General detection of 

these different phenotypes is mostly based on cytology combined with histological analysis of 

compartment-specific localization.  More specific detection is hampered by the lack of specific 

probes against the few proteins, and thus their regulation, which make them different from 

each other.     

 In 1984 however, Els Van Vliet and colleagues at the Erasmus University of Rotterdam 

isolated seven hybridoma cell lines that produced a panel of monoclonal antibodies 

immunoreactive to non-lymphoid cells of the mouse thymus in an effort to characterize by 

immunolocalization the fibroblasts which build the lymphoid stroma (81).  The antibodies were 

designated Erasmus of Rotterdam thymic reticulum (ER-TR) 1-7.  ER-TR7 detects reticular 

fibroblasts of the thymus and the support wall of blood vessels (94) and since then, has been 

used to study numerous lymphoid organ disorders, architectural features, and signaling 

mechanisms, especially those involving dendritic or T-cell interactions in the spleen and lymph 

nodes(83).  ER-TR7 is unreactive to ECM molecules such as laminin, fibronectin, collagens I-IV, 

heparan sulfate proteoglycan, nidogen, and entactin (81).  Preliminary studies in our lab indicate 

that ER-TR7 is also expressed by reticular fibroblasts of the mouse digit, where it outlines tissue 

compartments. 

 During repair of an amputated neonatal digit tip, ER-TR7 is overexpressed as a scaffold 

that holds together the blastema region of the regenerating structure.  At the endpoint of 

regeneration it regresses to an outlining expression pattern.  These observations give rise to the 

hypothesis that during the early stages of neonatal or adult mouse blastema formation, a 
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scaffold is induced by local fibroblasts to serve as a supportive structure that may facilitate the 

migration, adhesion, and positioning of regeneration-competent precursor cells.  Since the 

development of the blastema occurs around the same time as granulation tissue would develop 

in a regeneration-incompetent wound and that stage of conventional wound healing is 

characterized by upregulation of collagen type III over type I (29, 71), we also hypothesize that 

ER-TR7 expression in the blastema is the counterpart of collagen type III expression in 

granulation tissue.  Moreover, since the granulation or proliferative phase of wound healing is 

characterized by the migration of fibroblasts into the wound to further expand, we hypothesize 

that even though blastema cells have been shown to proliferate at the wound site (137), the 

initial precursors to the blastema at its onset migrate from BM-derived precursors to directly or 

indirectly repair wounds as shown previously in simple models of cutaneous injury (124, 125, 

143).  

 Many studies have confirmed that the bone marrow (BM) houses both hematopoietic 

and mesenchymal cells that give rise to a variety of tissues including bone, cartilage, muscle, 

vessels, and fat.  The self-renewal and plasticity of these cells has been examined within the 

context of tissue repair in models of cardiac restoration (141); bone fracture fusion (139);  liver 

regeneration (144); pancreatic beta cell renewal (145, 146); cystic fibrosis (112); and cutaneous 

injury (147, 148).  The origin, contribution, and plasticity of BM-derived progenitors into the 

mammalian digit blastema have never been studied.  We have performed digit tip amputations 

on adult chimeric mice of C57BL/6 background reconstituted with enhanced green fluorescent 

protein (eGFP)-positive BM cells.  A time-course analysis of eGFP expression following 

amputation was performed coupled with detection of the CD45 surface antigen.  Consistent 

with the wound healing cascade, circulating BM-derived hematopoietic cells (CD45+) begin 

infiltration shortly after amputation as part of hemostasis and early inflammation.  However, 
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preliminary data reflect that starting at 14 days post amputation (DPA), and concurrent with the 

onset of blastema formation in this strain, 45-50% of the blastema cells express eGFP with only 

a small fraction co-expressing CD45.  These data are consistent with the hypothesis that many 

BM-derived cells colonize the injury site as inflammatory cells of hematopoietic lineage, but at 

the onset of blastema formation most of the population is composed of cells from the 

mesenchymal lineage.  Therefore we propose that some of these BM-derived cells may be 

responsible for engineering the transient blastema scaffold that we observed labeled with ER-

TR7 and will incorporate into the final stages of the regenerated site as functional components 

of various tissue layers as ER-TR7+ cells or other cellular phenotypes.  

1.7 SPECIFIC AIMS 

 A small fraction of tissues in the mammalian system such as liver, epidermis, intestinal 

epithelium, and fingertips can undergo renewal.  Amputated human or rodent digit tips 

experience a level-specific response that results in a fully functional replica of the damaged 

region.  This response has been compared to the regeneration sequence followed by 

amphibians such as the salamander with respect to a mass of progenitor cells supported by a 

loose connective tissue network which together mold the precursor of the regenerate, the 

blastema.  This project targets analysis of the identity, origin, and function of a blastema 

extracellular matrix (ECM) network component which may serve as a conduit for migration, 

positioning and/or differentiation of regeneration competent cells.  We believe this 

macromolecule complex plays a role in mammalian digit tip regeneration but its expression and 

dynamics can only be studied via an antibody derived from reticular fibroblasts named ER-TR7.  

 Preliminary data support that the ER-TR7 antigen is a filamentous extracellular protein 

that compartmentalizes the digit anlagen.  If the regeneration blastema is populated either by 
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mass migration or in situ expansion of fibroblastic progenitors, we hypothesize that ER-TR7 will 

be transiently overexpressed at that stage.  Once differentiation and patterning of the renewed 

structure progresses, we predict ER-TR7 expression will regress to basal levels.  There is a 

temporal similarity between the onset of the blastema and the proliferative phase of wound 

healing which is known to transiently express various matrix macromolecules.  We will address 

any correlation which ER-TR7 may have with other extracellular proteins regulated during that 

phase in an attempt to find the identity and potential association of ER-TR7 with other 

extracellular components of the blastema. 

 We also aim at addressing the cellular origin of this scaffold in vivo.  Circulating bone 

marrow (BM) cells home to cutaneous injuries.  We will use a BM transplantation approach to 

test if the primary role of homing BM cells is immunological (hematopoietic) or structural 

(mesenchymal).  Since we have found that half of the fibroblast-rich blastema is composed of 

BM-derived cells, we will prove that the majority are non-hematopoietic and participate in 

engineering of the ER-TR7 positive matrix template as reticular cells of mesenchymal origin.  

Furthermore, using this same approach, we will also test for various tissue specific 

differentiation markers to assess if the contribution of BM-derived cells is limited to the 

blastema phase and engineering of the scaffold or if they expand their potential for plasticity in 

the regenerate as components of different structures with a long-term fate. 

 Fibroblasts subpopulations have been found to possess variable genetic activity 

depending on anatomical origin.  So finally, as an introduction and preliminary data to our 

future work, we hypothesize that the synthesis and organization of the ER-TR7 framework 

following activation of the TNF and LT receptors in fibroblasts isolated from terminal (P3) and 

second (P2) phalangeal elements of the same adult mouse digit will vary. We expect fibroblasts 
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isolated from the regeneration competent region around P3 to organize a scaffold that mimics 

the spatial and architectural organization of the distal P3 post-amputation blastema following 

induction of ER-TR7 microfilament production in vitro.  On the other hand, we predict P2-

derived fibroblasts will respond differently to the same induction regimen by secreting an ER-

TR7 positive, but densely packed and diffuse extracellular matrix consistent with that seen in 

granulation tissue.  We have begun testing this hypothesis and will report preliminary findings as 

one of the foundations for future directions.  In additional regard to proposing that P3 and P2 

cells are programmed to respond differently to ER-TR7 induction cues, we have observed 

consistently different structural organization of regenerating P3 and pro-scarring P2 wounds by 

routine histopathology particularly with respect to extracellular matrix fiber density and cellular 

components within that matrix.  Therefore, we also hypothesize that different temporal and 

organizational dynamics of ER-TR7 positive microfilament deposition exist between P3 and P2 

amputation sites only to corroborate distinct responses of P3 and P2 cells to our in vitro 

induction approach and this can be initially tested by the same means as those applied to 

characterize the P3 regenerate-specific events presented in this dissertation.          
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CHAPTER II:  IN VIVO EXPRESSION AND REGULATION OF A 
NOVEL EXTRACELLULAR MATRIX COMPONENT DURING 
REGENERATION OF AMPUTATED RODENT DIGITS 

2.1 INTRODUCTION 

The mouse digit tip consists of a diverse group of cells and extracellular components 

organized in tissue compartments such as bone, articular cartilage, marrow, tendon, blood 

vessel s, and nerve surrounded by connective tissue, epidermis, and a nail rudiment.  The main 

difference between this region and other similar mammalian extremities is that the digit tip can 

regrow following amputation midway through its terminal phalanx (5-7).  This phenomenon has 

been observed in neonatal and adult mice (12, 137) as well as in humans, which makes it of 

significant clinical relevance (5, 11).  Similar to the epimorphic regeneration that occurs in an 

amputated urodele limb, a severed digit tip will undergo a cascade of events leading to 

replication of damaged tissue layers.  Following clotting and concurrent with the inflammatory 

cascade and re-epithelialization of the epidermis, the wounded digit tip will become populated 

with a dense mass of propagating spindle-shaped cells whose genetic profile resembles that of 

the developing embryonic digit (149) to form a blastema (137, 150).  At the cellular level in this 

mammalian system, this structure parallels the blastema that forms at the early stages of 

urodele limb regeneration.  In the urodele, the cells responsible for this site of regenerative 

activity have been described as de-differentiated fibroblasts. 
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The process of mammalian regeneration in this particular model is different from typical 

wound healing.  It is a level specific response that cannot be replicated by neighboring segments 

as close as the second phalanx, which resolves amputation by activating the typical wound 

healing approach to become a stump.  The conventional repair process involves a series of 

highly specific cues involved in preventing blood loss; addressing invasion of pathogens and 

gathering information from infectious agents; protecting the site with an adequate epidermal 

layer; restoring blood flow; and re-establishing neural cues.  However, the scar that 

accompanies all these different repair events is not suitable to form a replica of the pre-existing 

part (3).   In order for a regeneration competent event to take place, a complex set of 

microenvironmental factors must be present at both the cellular and extracellular level.  The 

system must be provided with both regeneration-competent cells that are capable of expanding 

and the proper cues in a time and concentration dependent fashion to position and differentiate 

themselves.  This concerted effort must be in the presence of an extracellular environment that 

is devoid of cues that will inhibit a regenerative response.  Ironically, some of these regeneration 

inhibitory cues may be found as driving forces of the wound healing cascade and in deep 

association with the extracellular matrix. 

The role of fibroblasts in the mammalian regenerative and wound healing response has 

been underestimated, especially when it comes to their capability of synthesizing and sustaining 

the extracellular microenvironment.  During the proliferation stage of tissue repair, fibroblasts 

invade the wound in overlap with the initial inflammatory response.  Their participation in 

matrix remodeling begins at this time, when they synthesize a transient matrix mostly 

composed of collagen type III (COL3) (20, 29, 71).  The matrix has been long viewed as a reticular 

network of fibers that allows for adhesion and motility of other cell types mainly including those 

with immunological activity.  Due to the wound tissue gritty, soft, and red appearance at this 
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point, this particular event has been also denominated as the granulation phase of wound 

healing.  This matrix is eventually replaced by a dense fiber network made of collagen type I 

(COL1) macromolecules which becomes the hallmark of scar tissue formation.  At the 

granulation stage, this same reticular network produced by a subset of fibroblasts has been 

linked to T-lymphocyte interactions with their surrounding stroma (83, 151, 152)in the lymph 

nodes and as a template in organogenesis of the spleen (153-155).  In this context, the cells 

responsible for generation of this network are referred to as fibroblast reticular cells (FRCs) (82, 

88, 91, 93, 94, 152, 156). 

 In this study, we would like to address the contribution of FRCs to the 

regeneration competent environment specifically with respect to their regulation of a transient 

reticular network thus far observed during lymphoid organogenesis.  This ECM component is 

labeled with an antibody against an unknown antigen cloned from stromal cells of the spleen 

labeled Erasmus of Rotterdam Thymic Reticulum 7 or ER-TR7.  This antibody targets an epitope 

specific to FRCs and the extracellular meshwork of fibers they secrete (88, 94).  One the main 

aims of this study was to analyze the expression of this framework in a complex non-lymphoid 

organ.  We achieved this by labeling neonatal and adult mouse digit tips with an ER-TR7 

antibody by indirect immunofluorescence which enabled analysis of its content, organization, 

and regulation at different timepoints throughout the regeneration process following a level-

specific amputation.  Cutaneous sites have been described to contain FRCs which produce 

reticular fibers (reticulin) similar to those in lymphoid organs (94, 157, 158).  Since the 

connective tissue content around the terminal phalanx of the digit is nearly identical to the one 

in most cutaneous sites, we expected anti-ER-TR7 to bind targets associated with FRCs 

throughout the uninjured digit connective tissue mesenchyme to prominently define its various 

tissue layers and structures.  Furthermore, since blastema formation parallels in many regards 
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the events that define granulation tissue such as fibroblast accumulation, limited capillary 

formation, and synthesis of a transient matrix (20, 137), we hypothesize that the FRCs 

endogenous to the digit expand to form the blastema and engineer  the reticular framework 

that can be detected by immunolocalization of ER-TR7.  

2.2 MATERIALS AND METHODS 

Mice and tissue harvest 

All neonatal and adult subjects consisted of outbred CD1 mice supplied by Charles River 

Laboratories (Wilmington, MA).  Post-natal day 3 (PN3) neonates and 8 week old adults were 

anesthetized with an intraperitoneal injection of Ketamine and Xylazine at 80 and 8mg per kg of 

body weight, respectively, followed by distal amputation of digits 2 and 4 from each hind limb 

using microdissection scissors (neonate) or a scalpel (adult) under a stereomicroscope.  The 

distal amputation target region was measured at midpoint of the clearly visible terminal 

phalangeal (P3) element so approximately 50% of the bone remained in the proximal stump 

after transection.  Digit tissues were harvested for histological, immunohistochemical (IHC), and 

whole mount analysis at day post amputation (DPA) 0, 4, 8, 12, and 16 for neonate and 0, 5, 10, 

14, 21, 28, and 35 in adults.  Procedures for care and use of mice for this study were performed 

in accordance with standard operating procedures approved by the Institutional Animal Care 

and Use Committee of Tulane University and LSU Health Sciences Center in New Orleans, LA. 

Fluorescence immunohistochemistry on thin paraffin sections 

Tissues were collected in zinc-buffered formalin (Anatech Ltd, Battle Creek, MI) to fix no 

longer than 48 hours, decalcified in formic acid-based solution (Decal II; Surgipath, Richmond, IL) 

for paraffin histology and thin section IHC staining and analysis.  Serial tissue sections were 

collected at 5m onto charged, glass slides and heated for 45 minutes at 60oC.  One set of slides 
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was chemically treated to stain for reticular fibers by the modified Gridley reticulin method 

(159) or hematoxylin and eosin staining.  The remaining slides were deparaffinized in xylene and 

rehydrated through an ethanol series to distilled water.  All washes were performed with Tris-

buffered saline (TBS).  Depending on the antigens to be detected, sections were pre-treated 

with either enzymatic (Proteinase K) or heat induced epitope retrieval (Citrate buffer, pH 6.0) 

and washed.  This was followed by blocking for non-specific protein binding with 5% goat serum 

diluted in 1% bovine serum albumin.  It should be noted that if using a primary antibody derived 

from mouse for subsequent tagging with an anti-mouse secondary antibody, an additional goat 

anti-mouse Ig Fab fragment (Jackson Immunoresearch, Westgrove, PA) was added to the 

protein block step at a 1:100 dilution to bind endogenous immunoglobulins.  Sections were 

further treated with sodium borohydride (0.5 mg/mL in PBS) to limit autofluorescence from red 

blood cell porphyrins and elastic fibers for example.  Following washing, sections were single or 

co-incubated overnight at 4oC with a variety of primary antibodies:  anti-ER-TR7 (5g/mL; Abd 

Serotec, Raleigh, NC), anti-SMA (2g/mL; Dakocytomation, Carpinteria, CA); anti-VWF (1g/mL; 

Dakocytomation); anti-Osteocalcin (1g/mL Takara, Otsu, Shiga, Japan); anti-Ki67 (2g/mL; 

Labvision, Fremont, CA); anti-Caspase-3 (5g/mL; Cell Signaling, Danvers, MA); anti-Vimentin 

(Labvision, Fremont, CA); anti-COL1A1 (1g/mL; Novus Biologicals, Littleton,CO); anti-COL3A1 

(2g/mL; Abcam, Cambridge, MA); anti-FSP1 (1g/mL; Abcam); anti-Fibronectin (2g/mL; 

Abcam); and anti-gp38 (5g/mL; Abcam).  Labeling of antibodies bound to their targets was 

achieved by indirect immunofluorescence using secondary antibodies against the primaries’ 

host species conjugated to Alexa dyes (Molecular Probes, Eugene, OR) at a concentration of 

4g/mL each.  All preparations culminated in several washes followed by nuclear 

counterstaining with 4', 6-diamidino-2-phenylindole, otherwise known as DAPI, (300mM; 
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Molecular Probes), and mounted under a coverslip with Prolong Gold Antifade (Molecular 

Probes) for epifluorescence deconvolution or confocal microscopy. 

Primary cell isolation and tissue culture 

Adult male (8 week) CD1 (Charles River, Wilmington, MA) or C57BL/6-TGN(ACTB-eGFP) 

transgenic (The Jackson Laboratory, Bar Harbor, Maine) mice for untagged or eGFP-tagged lines, 

respectively, were euthanized and hind digits collected in 30mm dishes with 1 ml of 20% (v/v) 

fetal bovine serum (FBS) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

60% glucose, 40% Ham’s F12, 250g/mL Amphotericin B, and 1X Zonker (penicillin, neomycin, 

bacitracin, HBSS).  The nail, skin, fat pad, blood vessels, nerve, tendons, and ligaments were 

removed under a stereomicroscope and the denuded terminal (P3) phalangeal elements 

isolated.  The bone segments were treated overnight at 37C in liberase blendzyme (Roche 

Applied Science, Indianapolis, IN) followed by removal of the remaining loose connective tissue.  

The bones were then resuspended in DMEM in fibronectin-coated dishes and re-fed every third 

day.  After 6 days, fibroblast-like adherent cells migrated from the bone segments, at which time 

the bones were removed from the dish and the cells trypsinized and counted.  All cell 

populations grew at a very slow rate initially and doubling was calculated assuming an initial 

outgrowth of 250 cells per phalanx.  The cells were passaged every 3-5 days at which time the 

rate of proliferation was relatively fast, especially on those isolated from the second phalanx.  

Cells originating from the terminal phalanx were labeled P3 and those from the second phalanx 

P2. 

NIH-3T3 fibroblasts (American Type Culture Collection, Rockville, MD) were grown in 

100mm dishes with 3mL of DMEM containing 10% (v/v) FBS, 25 U penicillin G sodium, 25 mg 

streptomycin, and 4mM L-glutamine.  Cells were grown to confluency and passaged every third 

day.  
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ER-TR7 induction 

3T3 and P3 cell lines were plated on fibronectin-coated chamber slides (Corning, 

Corning, NY) at a concentration of 1 x 105 for primary cells and 1 x 104 for 3T3 per chamber.  The 

3T3 line was plated at a lower concentration due to their fast proliferation rate and avoiding 

overconfluency for the extended period of treatment.  All cell lines were stimulated according to 

the procedure described by Katakai et al. (88).  Briefly, cells were allowed to adhere and recover 

from trypsinization for 24 hours at which time they were co-treated with 100 ng/mL of 

recombinant TNF (R&D Systems, Minneapolis, MN) and anti-LTR (R&D Systems) at a 

concentration of 5g/mL.  This treatment was reapplied at days 3, 6, and 9.  For concentration-

dependent induction assays, all reagents were either diluted 50% or doubled.   At day 11, cells 

were collected for RT-PCR or fixed for immunocytochemistry. 

RNA extraction and Quantitative RT-PCR 

Total RNA was isolated from control and experimental 3T3, P3, and P2 cells using Trizol 

Reagent (Invitrogen, Carlsbad, CA).  Following DNase treatment, RNA was purified using the 

Qiagen RNeasy Mini kit (Qiagen, Valencia, CA) and its quality determined using a Nanodrop 2000 

(Thermo Fisher Scientific, Inc., Waltham, MA).  cDNA was synthesized by RT2 First Strand kit 

(SABiosciences, Frederick, MD) following manufacturer’s instructions.  Expression profile was 

assessed using a Mouse Fibrosis RT2 Profiler PCR Array and labeled with RT2 qPCR SYBR green 

PCR Master Mix (SA Biosciences, Valencia, CA) according to the manufacturer's recommended 

protocols.  Quantitative PCR was performed with a LightCycler 480 system (Roche Applied 

Sciences, Indianapolis, IN) and its software used to determine a critical threshold (CT), which 

was the cycle number where the linear phase for each sample crossed the threshold level.  

Relative gene expression was determined using CT methods.  Data were further analyzed by 
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SABiosciences PCR array data analysis online tools 

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).  

Immunocytochemistry 

Cell preparations were washed in pre-warmed PBS and fixed in pre-warmed 4% 

methanol-free formaldehyde (Polysciences, Warrington, PA) and washed in PBS.  Samples were 

permeabilized in acetone at -20C, washed, and treated with 5% normal goat serum in 1% 

(w/v) BSA in PBS to reduce nonspecific binding.  Subsequently, cells were co-incubated for 3 

hours at room temperature with rat anti-ER-TR7 (Abcam; 5 g/mL) and rabbit anti-COL3A1 

(Abcam; 2 g/mL).  After a series of PBS washes, primary antibodies were conjugated by 

indirect immunofluorescence using goat anti-primary antibody source species conjugated to 

Alexa dyes (Molecular Probes) all at 4 g/mL for 45 minutes with added 4’6-diamidino-2-

phenylindole, otherwise known as DAPI (Molecular Probes) at 300mM.  Samples were 

mounted under coverglass with Prolong Gold Antifade medium (Molecular Probes). 

Imaging 

Tissue sections were imaged using a Leica DMRXA upright microscope equipped with a 

Sensicam QE CCD (Cooke Corporation, Romulus, MI); xyz motorized stage (Prior Scientific, 

Rockland, MA); an Hg source; and filters suitable for DAPI, Alexa 488, Alexa 568, and Alexa 647 

fluorophores.  Additional photomicrographs from tissue sections and immunocytochemical 

preparations were captured with a Fluoview FV1000 laser scanning confocal system 

(Olympus of America, Center Valley, PA) equipped with Nomarski (differential interference 

contrast or DIC) and visible excitation light sources including a multi-line Argon laser and 

diodes covering 405, 561, 592, and 635 nm wavelengths. 
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No Neighbors and Constrained Iterative deconvolution algorithms were applied to 2D 

and 3D sets, respectively.  Post-imaging measurements included protein expression profiles 

based on detection areas (both in vitro and in vivo samples) and cell counts.  Area 

measurements of expression of ER-TR7 and other markers were performed with Slidebook 

software by masking images with a binary layer encompassing specific minimum and 

maximum fluorophore detection intensities.  The areas were automatically calculated by the 

software in pixel values and these in turn were divided over the total nuclear area, which 

was masked using the DAPI intensities.  For cell number analyses, events were manually 

measured with a cell counter and annotated over total nuclei per field.  Co-localization 

analyses including Pearson’s and Mander’s correlation coefficients were calculated within 

thresholded areas of co-stained antigens.  All renderings and analyses were driven by Slidebook 

software (Intelligent Imaging Innovations).   

Statistical Analysis 

Data are represented as means ± SE. Group differences were determined via the 

unpaired Student’s t test.  P < 0.05 is considered significant. 

2.3 RESULTS 

ER-TR7 outlines tissue compartments of the neonatal and adult digit anlagen 

The terminal phalanx of the mouse digit (P3) is first identified as a chondrogenic skeletal 

element at E14.5 and ossification initiates at E18.5 (12).  By postnatal day 8, the major 

specialized compartments of the digit tip, such as the skeletal element, the marrow cavity, the 

proximal growth plate, the ventral tendon, and the joint between the second phalangeal 

element (P2) and P3 are well defined and remain, aside from growth, unaltered throughout 

adulthood (Figure 2.1 A).  The digit tip is grossly characterized by a nail organ that surrounds the 
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P3 element dorsally and laterally, and a bulbous ventral pad called the “fat” pad.  The nail organ 

consists of a proximal multi-layered nail matrix that extends distally to a single layer of 

keratinocytes termed the nail bed underlying the nail plate.  The “fat” pad is composed of 

continuous epidermis, dermal connective tissue and eccrine glands.  The interstitial cells of the 

digit tip appear as a loose mesenchyme primarily composed of fibroblasts with blood vessels 

coursing throughout the tissue.  

Studies of the interstitial or stromal cells of other systems, primarily of lymphoid source, 

identify a subpopulation of fibroblasts called fibroblast reticular cells (FRCs) (82, 88, 91, 93, 94, 

152, 156).  One antibody called Erasmus of Rotterdam Thymic Reticulum 7 or ER-TR7 (94) 

identifies FRCs.  It was generated against an antigen exclusively found in splenic stromal cells 

and is routinely used in studies of organogenesis of lymphoid tissue.  This antibody targets the 

meshwork of fibers secreted by FRCs during lymph node organogenesis that compartmentalizes 

the organ into distinct zones (82).  ER-TR7 immunohistochemical staining of mouse digit tips 

sections was used to determine whether there is a subpopulation of FRCs in the neonatal and 

adult mouse digit. ER-TR7 staining identifies a subset of fibroblasts that produce a framework of 

spindle-shaped cells outlining major anatomical components of the terminal phalanx and 

surrounding tissues (Figure 2.1B).  Cells that secret the ER-TR7 antigen can be identified because 

they exhibit moderate cytoplasmic antigen localization as well as well-defined reticular staining 

(Figure 2.1C). 
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Figure 2.1:  ER-TR7 delineates tissue compartments of the digit anlagen and its cellular sources can be 

identified by high resolution confocal microscopy.  (A) Representative section of a PN11 mouse digit tip 

stained by H&E.  Both neonatal and adult digit tips are divided into diverse compartments including a nail 

bed (nb); ventral epithelium (ve); eccrine glands (eg) inside the ventral fatpad; and a phalanx composed of 

trabecular (tb) and cortical (cb) bone (adult) or chondrocytes (c; neonate) enclosing the bone marrow 

(bm) and ending at the synovial joint (jt) area.  The phalangeal element (P3) is surrounded by loose dorsal 

and ventral mesenchyme (dm, vw) mainly composed of blood vessels, immune cells, and connective 

tissue fibroblasts within a collagen-rich matrix.  (B)  A serial section through this sample stained against 

the ER-TR7 antigen reveals that the extracellular macromolecules this protein is related to 

compartmentalize the digit anlagen.  (C) A region of interest captured from panel B (white outlined 

rectangle) exhibits red fluorescent staining associated with spindle-shaped cells in the connective tissue 
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layer limited by the nail bed (nb) and trabecular bone (tb) compartments.  These cells have been 

described as fibroblast reticular cells (FRCs) and can be identified (yellow asterisks) by cytosolic, 

membranous, and extracellular filament expression of ER-TR7. Scale bars (A-B): 50 m; and (C): 10 m. 

 

 

 

Prominent ER-TR7 expression lines the interphalangeal joint cavity and extends to the 

resting zone of articular cartilage where it outlines the lacunae of most chondrocytes (Figure 2.2 

A).  Upon close examination of the loose connective tissue mesenchyme surrounding the P3 

bone, ER-TR7+ cells are closely associated with the vascular endothelium identified by FVIII 

staining and are also distinct from SMA positive perivascular cells (Figure 2.2 B).  A high number 

of ER-TR7+ cells moderately stratify over OC+ osteoblasts in the periosteum clearly outlining the 

phalangeal bone (Figure 2.2 C).  A similar pattern is seen in the endosteum layer lining the bone 

marrow cavity (not shown).  The second most abundant layer of ER-TR7+ FRCs delineates the 

boundary between the papillary layer of the loose connective tissue mesenchyme and the 

stratum basale of the epidermis (Figure 2.1 B).  The flexor tendon, which extends ventrally past 

the sesamoid bone to the proximal end of this phalangeal element, exhibits intercalating 

staining within tenocyte bundles and more abundantly at the fibrocartilage-rich enthesis (arrow, 

Figure 2.1B).  A similar pattern of ER-TR7 staining is observed in adult digits (see Figure 2.6 J).  

These observations show that ER-TR7+ FRCs are present in the mouse digit and exist as a subset 

of mesenchymal fibroblasts that appear to compartmentalize structural components of the 

digit.  Thus, ER-TR7 staining identifies a network of FRCs within the connective tissue stroma of 

the digit tip that appears analogous to FRCs described during the organogenesis of lymphoid 

organs (94, 152, 160, 161). 
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Figure 2.2:  ER-TR7+ cells outline structures with diverse phenotypes, function, and differentiation 

markers.  Unamputated neonatal digits at PN11 were co-immunostained for ER-TR7, von Willebrand 

Factor (FVIII), Smooth Muscle Actin (SMA), and/or Osteocalcin (OC). (A) At the P3-P2 interphalangeal 

level, ER-TR7 expression can be found outlining the lacunae of most chondrocytes in the resting zone of 

the joint (yellow arrows); bar = 50 m.  (B) Supportive ER-TR7+ fibroblasts (f) line the endothelium (e) of 

blood vessels and intermingle with smooth muscle cells (s); bar = 10 m. (C)  ER-TR7+ fibroblasts (f) 

stratify above OC+ osteoblasts (o) at the bone (b) periosteum; bar = 10 m.  

 
 
 
ER-TR7 is dynamically regulated during digit tip regeneration 

One of the values of focusing attention of the mouse digit tip is that it is the only region 

of the limb that has regenerative capabilities.  An amputation midway through the P3 skeletal 

element in neonates or adults undergoes a healing response that forms a blastema of 

proliferating cells and these cells eventually re-differentiate to regenerate the pre-existing 

structure of the digit (12, 137).  On the other hand, an amputation through the proximal level of 
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P3 or any region of the proximal phalangeal elements (P1 or P2) undergoes a healing response 

that does not involve blastema formation and results in a truncated digit stump.  To determine 

the anatomical differences and expression profile of ER-TR7 during the regeneration response, 

neonatal and adult mice were amputated and tissues harvested for ER-TR7 immunolocalization 

at various timepoints during the regeneration response (Figure 2.3).  The difference between 

regeneration of neonatal and adult digits is largely one of timing, neonatal digits are immature 

and regenerate at a faster rate.  What underlies this difference is that mature digits of the adult 

display a longer period of tissue degradation that precedes blastema formation, and also 

requires a longer period for the redifferentiation of the larger digit structure.  

The maturation of the unamputated neonatal digit is associated with a progressive 

reduction in the relative amount of ER-TR7 staining in the loose connective tissue from 

approximately 30-35% of the total area at PN3 to approximately 15-20% at PN19 (Figure 2.3 E).  

This level of ER-TR7 expression remains stable in adult connective tissue (Figure 2.3 J).  In 

neonates there is a decline in relative ER-TR7 staining during the healing response following 

amputation that parallels the normal post-natal decline (Figure 2.3 A, B, E), whereas in adult 

digits this decline is significantly different from unamputated control digits (Figure 2.3 F, G, and 

J).  During blastema forming stages in both neonates and adult digits, there is a dramatic 

increase in ER-TR7 staining that is not observed in control digits (Figure 2.3 C, E, H, and J).  In 

adult digits this increase is most dramatic and represents a 3-fold increase in ER-TR7 staining.  In 

both neonatal and adult regenerating digits, the relative level of ER-TR7 staining declines from 

its peak during blastema formation and returns back to control levels as the digit structures re-

differentiate (Figure 2.3 D, E, I, and J). 
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Figure 2.3:  ER-TR7 is discreetly expressed in unamputated neonatal and adult digits but overexpressed 

in the mature blastema of regenerates.  ER-TR7 (red) expression timeline following neonatal (P3) and 

adult (8w) distal (P3) digit amputations was detected by indirect immunofluorescence counterstained 

with DAPI (gray), captured at 100X magnification (bar = 50 m), and quantified from selected days.  The 

amputation level for both neonatal and adult digits is marked by a yellow line in the (A and F) 

unamputated controls at D0.  The neonatal amputated digit at (B) D4 shows signs of inflammation and 

disrupted ER-TR7 pattern at the tip.  This is followed by ER-TR7 upregulation within the growing blastema 

by (C) D8 and regression of ER-TR7 pattern and content by full recapitulation at (D) D16.  (E) ER-TR7 

expression ratio was quantified from ER-TR7+ area over total connective tissue (ct) around each skeletal 

A B C D 

F G H I 

J 

E 
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segment.  Adult P3 amputations at selected timepoints (F) unamputated control, (G) D5, (H) D14, and (I) 

D28 demonstrate a steps towards regeneration that are consistent with the neonatal model.  In the adult, 

the peak of ER-TR7 overexpression occurs at D14.  (J) The (J) adult regeneration timeline is longer than the 

neonate’s, therefore not only is the initial period of damaged tissue degradation and inflammation longer, 

but the overexpression of ER-TR7 in the growing blastema is extended well into the period of 

differentiation and patterning.  Data are presented as mean ± SE (n = 4 per timepoint).  Scale bars (A-D) 

and (F-I): 50 m. 

 

 

 

During the regeneration response, ER-TR7 staining is most prominent in the blastema.  

ER-TR7 staining identifies a loose extracellular framework of fibers produced by a large 

population of FRCs that are evenly distributed within the blastema (Figure 2.4 A).  Differentiated 

structural components of the digit tip are absent in the blastema and the ER-TR7 staining 

pattern is relatively uniform.  The network of ER-TR7+ fibers appears to be organized along the 

proximodistal digit axis and parallel to the direction of regenerative outgrowth (Figure 2.4 A).  

Sections of the blastema stained with the Gomori silver impregnation method (94, 157) for 

reticular fibers identifies a similar network of extracellular fibers. However, the proximodistal 

organization of fibers is not evident (Figure 2.4 B).  Thus, FRCs represent major cellular 

constituents of the regenerating digit blastema which appear to produce a prominent 

extracellular framework associated with the regenerative response. 
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Figure 2.4:  ER-TR7 labels an organized network of reticular fibers in the blastema.  (A) Following 

amputation of the neonatal digit tip midway through P3, ER-TR7 is overexpressed in the resulting 

blastema structure growing distal from the pre-existing phalangeal fragment and underneath the nail bed 

(nb) by day 8.  (A) The 200X projection capture (bar = 50 m) of the region stained by indirect 

immunofluorescence of ER-TR7 (red) and counterstained with DAPI (gray) demonstrates the organization 

of the ER-TR7+ fiber network.  The reticular fibers extend parallel to the proximodistal axis and cell growth 

is directed towards the wound epithelium (we).  (B) The ER-TR7 protein expression in panel A closely 
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resembles the pattern observed in a serial section stained with the Gomori silver impregnation technique 

for reticular fibers under 400X brightfield microscopy (bar = 50 m). 

 

 

 

ER-TR7+ cells are growth responsive particularly around the blastema stage  

Differential regulation of cell proliferation and death are typically observed in any injury 

response. We carried out a quantitative analysis of cell division and apoptosis during neonatal 

digit tip regeneration using immunohistochemical localization of Ki67 as a proliferation marker 

and cleaved   Caspase-3 (C3) as an indicator of cell death.  Tissues were analyzed at 4-day 

intervals from the time of amputation (DPA0) to include the wound healing period (DPA4), 

blastema formation (DPA8), and redifferentiation stages (DPA12 and 16).  The data are 

restricted to the loose connective tissue of the unamputated digit and a similar region plus the 

blastema of the regenerating digit, and normalized to age matched control unamputated digits 

(Figure 2.5).  There are a number of trends that are evident from the data.  First, there is a 

transient rise in apoptosis during the healing period that returns to baseline levels by blastema 

formation.  The rise in cleaved Caspase-3 expression is largely localized to the amputation 

wound itself, but is also elevated  in the proximal digit mesenchyme as well (Figure 2.5 A).  Most 

of the cells expressing cleaved C3 have condensed nuclei and are morphologically 

indistinguishable from non-expressing cells.  We note that there are cleaved C3 positive cells 

with distinct tri-lobed nuclei indicative of a granulocyte phenotype.  The data indicate that 

apoptosis during digit tip regeneration is transient and largely restricted to the wound healing 

phase.  

Changes in cell proliferation during the regeneration response are more dynamic.  

During the wound healing phase there is a relative decrease in Ki67+ cells as compared to 

unamputated controls that is followed by a dramatic rise during blastema formation (Figure 2.5 
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A, B).  The decline in proliferating cells is coincident with the transient rise in apoptosis and the 

quantitative increase of proliferating blastema cells is similar to previously published studies on 

regenerating adult digits (137, 162).  Following blastema formation there is a gradual decline in 

cell proliferation associated with the redifferentiation of digit structures.  Even though our 

observations and measurements were focused on the connective tissue mesenchyme, we must 

note that the leading edges of the wound epithelium retained Ki67+ nuclei at DPA4 (Figure 2.5 

D).  We also observed that the bone marrow (BM) region becomes hypercellular and displays a 

high level of Ki67 expressing cells throughout the regeneration process, particularly around 

DPA8, (Figure 2.5 E) when compared to day-matched controls.  
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Figure 2.5:  The neonatal stages of digit tip regeneration can be defined by upregulation of proliferation 

around the blastema stage and decreasing apoptosis after the resolution of inflammation.  (A-C) 

Representative control (D0, 4, 8, 12, 16) and (D-F) age-matched amputated digits (DPA0, 4, 8, 12, and 16) 

were co-labeled with anti-Ki67 (green) and anti-cleaved Caspase-3 (red).  Epidermis (e), bone (b), cartilage 

(c), and bone marrow (bm) are outlined by white dotted lines and bar = 50 m.  These were discriminated 

by histological features and anatomical location.  Ki67+ and C3+ cells were counted from the 

mesenchymal area outlined between the basal epidermis and the periosteal/perichondrial layers.  (G) The 

ratios of Ki67+ or C3+ cells to this area were normalized to controls. Data are presented as mean ± SE (n = 

4 per timepoint).  Shortly following amputation and by (D, G) DPA4 there is a sharp increase in apoptosis 

as labeled by cleaved C3.  This is especially notable towards the wound epidermis, where damage to the 

system is more evident.  Also at this timepoint, Ki67 staining is below baseline.  However, active 

* 
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proliferation is evident at the (D, white arrows) leading edges of the wound epidermis.  (E, G) DPA8 is 

characterized by growth of the regeneration blastema (white asterisk) and consequentially a significant 

increase in proliferation in contrast with apoptosis levels reaching baseline.  A gradual decrease in 

proliferation combined with histological evidence of bone formation at the blastema site indicates 

differentiation and patterning is underway by (F, G) DPA12. 

 
 
 
We next addressed the relative proliferation index of ER-TR7+ versus ER-TR7- cells 

during postnatal digit formation and digit tip regeneration by co-detecting Ki67 and ER-TR7 

immunofluorescence of paraffin sections.  Regenerating digits were analyzed at DPA 0, 4, 8, 12, 

and 16 and compared to neonatal stage matched control unamputated digits (PN 3, 7, 11, 15 

and 19).  This analysis involved direct cell counts of random fields within the connective tissue of 

unamputated digits and within the connective tissue and blastema of the regenerating digits.  

Approximately 500 cells were counted per sample.  In unamputated control digits the 

proliferation index steadily declines over the course of this study.  At all timepoints the 

proliferation index of the ER-TR7- subpopulation is significantly higher than the ER-TR7+ 

subpopulation (Figure 2.6 E).  Both subsets display a decline in proliferation rate; ER-TR7- cells 

decline from 27% at PN3 to 14% at PN19 whereas ER-TR7+ cells decline from 17% at PN3 to 2% 

at PN19. This study provides evidence that there is a dynamic proliferation profile that is 

possibly cell type specific during the neonatal development of the mouse digit tip.  

During the regeneration response we find that the ER-TR7+ subpopulation of cells at the 

blastema formation stage appear to be selectively growth responsive (Figure 2.6 C).  The 

proliferation index of the ER-TR7+ cells initially declines from 18% at the time of amputation in 

parallel with unamputated control digits to 8% during wound healing, but then increases to 28% 

by the blastema formation stage.  At this time (PN 11), control unamputated digits display a 

labeling index of 5% so the regeneration response is associated with a greater than 5-fold 

increase in FRC proliferation. This labeling index declines to less than 5% during the 
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redifferentiation phase, and this level is not statistically different than stage matched 

unamputated control digits. The ER-TR7- cells display an initial decline in labeling index from 

28% at the time of amputation to 20% during wound healing (Figure 2.6 D).  This similar decline 

in the labeling index of stage matched unamputated control digits is also observed.  During 

blastema formation the ER-TR7- cells display a subtle, 1.5-fold increase in labeling index to 25% 

and this elevated labeling index is maintained during early redifferentiation (DPA12) before it 

declines to stage matched unamputated control levels by DPA16. The results indicate that a 

large number of both ER-TR7+ and ER-TR7- cells are proliferating during the regeneration 

response, however there is a dramatic growth response by the ER-TR7+ FRCs. Since the ER-TR7- 

subpopulation of cells is heterogeneous (e.g. endothelial, osteoblastic, ER-TR7- fibroblasts) we 

cannot determine at this time whether there are additional cell types that display a similar 

proliferative response. 
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Figure 2.6:  Quantitative analysis of Ki67+ and ER-TR7+/- coexpression in regenerating digit tips with 

post-natal (PN) day-matched unamputated controls at selected days post amputation (DPA) provides 

evidence that ER-TR7+ FRCs are growth responsive.  A total of 500 cells were counted from random fields 

restricted to the dorsal mesenchyme (dm) or distal blastema mesenchyme (dbm) of controls and 

regenerates, respectively.  These areas are restricted by the nail bed (nb) of the control or wound 

epidermis (we) of the amputated digits and the trabecular bone (tb) of the P3 phalanx.  The bone marrow 

(bm) was excluded from these analyses.  Proliferating (Ki67+) cells were grouped by ER-TR7+ or ER-TR7- 

expression. ER-TR7+/Ki67+ or ER-TR7-/Ki67+ cell nuclei are labeled with (A, insert) white + and – signs, 

respectively.  (A) In the regeneration blastema at DPA8, there is a significant increase in proliferating cells 

and most of these cells are ER-TR7+ FRCs (bar = 50 m).  When compared to (B) age-matched 

unamputated control connective tissue mesenchyme regions, there is a general decrease in proliferation 

with both ER-TR7+ and ER-TR7- cells indices significantly lower than in the blastema mesenchyme (bar = 

50 m).  However, (E) the ratio of proliferating ER-TR7- cells to ER-TR7+ cells in the control remains higher 

throughout all timepoints.  Data were segregated by index of proliferation comparison between (C) ER-

TR7+ cells in unamputated and regenerating digits; (D) ER-TR7- cells in unamputated and regenerating 

digits; and (E) ER-TR7+/- cells in unamputated controls.  Data are presented as the mean ± SE (n =4 per 

group).  (C) The overall ratios indicate a surge in proliferation activity after 8 days of amputation.  The 

mature blastema is evident during this timepoint and expression of Ki67 is the highest in ER-TR7+ cells, 

thus providing evidence that one of the hallmarks of the regeneration response following an amputation 
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is expansion of FRCs. (D) ER-TR7- cell proliferation increases shortly after the blastema stage at DPA8 and 

is concurrent with early redifferentiation and patterning characterized by a more heterogeneous cellular 

microenvironment.  (C) Proliferation at this tissue level is dynamic over the course of development and 

gradually decreases as the system matures.  Overall, a significant portion of dividing cells are ER-TR7-, 

indicating a population specific expansion.   

 
 
 
ER-TR7 can be induced in fibroblast cell lines.  

In order to further explore the fibrillar network identified by ER-TR7 immunolocalization 

in vivo, we investigated whether the same ER-TR7+ network could be induced in immortalized 

and primary fibroblast cell lines. A previous study by Katakai et al (2004) established lymph node 

stromal cell lines and demonstrated that the ER-TR7+ framework could be induced by treatment 

with tumor necrosis factor (TNFα) in combination with an agonistic antibody to lymphotoxin-

receptor (LTR) and this induction occurred in a nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-B) pathway–dependent manner.  We used an identical strategy to 

stimulate NIH-3T3 cells.  Cultures of NIH-3T3 cells are minimally reactive to the ER-TR7 antibody 

(Figure 2.7 A).  In the uninduced state, the antigen was detected in a small region of the cytosol 

close to the nucleus of a small number of cells.  However, following treatment with 100 ng/mL 

of recombinant TNF and 5 g/mL of anti-LTR, the cultures produced membranous and 

extracellular ER-TR7+ fibrils which formed a loose network between cells (Figure 2.7 B).  The ER-

TR7+ network was not uniformly distributed in the culture, but was associated with densely 

packed cell aggregates that displayed prominent intercellular expression and intense peripheral 

staining (Figure 2.7 F).  ER-TR7 was mostly detected within these aggregates, which increased in 

size over the induction timeline of 10 days.  Not only did the high treatment frequency facilitate 

aggregate formation with increased ER-TR7 fibril accumulation as shown here and in previous 

studies (88), but it also promoted a similar response as the reagent concentration was increased 

(Figures 2.7 C-E).  Incubation of 3T3 cultures with half, one, and double the dose of TNF and 
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anti-LTR within the same time period induced changes in aggregate mass and ER-TR7 densities 

directly correlating with dose and without an adverse effect to the culture.  In other words, 

doubling the induction dose for the same treatment period enhanced the production of the ER-

TR7 antigen by 11%.       

 

Figure 2.7:  NIH-3T3 cells can be manipulated to synthesize and secrete ER-TR7+ microfilaments.  (A, B) 

Confocal microscopy at 1000X magnification (bar = 10 m) of uninduced and treated 3T3 cultures 

demonstrate that (A) a fraction of control NIH-3T3 cells co-stained by indirect immunofluorescence of ER-

TR7 (red) and DAPI (gray) express intracellular ER-TR7+ antigen only but can be (B) induced to produce the 

ER-TR7+ fibrillar network by co-treatment with 100 ng/mL of recombinant TNF-and 5 g/mL of an 

agonistic antibody against LTR. (C-E)  3T3 cells were co-incubated with a (C) half, (D) one, and (E) double 

the dose of induction reagents throughout the 10 day period, labeled with ER-TR7 (red) and imaged at 

100X  (bar = 100 m) magnification to provide evidence of  aggregate and protein content changes 

consistent with a dose-dependent response reported as mean±SE (n = 8) fluorescence intensity values of 

(C) 682.5±42.9, (D) 880.3±57.3, and (E) 978.4±25.5.  Regardless of induction time and reagent 

concentration, the ER-TR7+ extracellular fibrils were never organized in this cell line. (F)  Following 

confocal imaging at 200X  (bar = 50 m) and optical sectioning over the z-plane of these aggregates and 

surrounding area  increased ER-TR7 expression was found to be prominently and almost exclusively 

localized to the dense cell aggregates which spread within the horizontal (xy) but also towered over the 

vertical (z) axis. 

 
 
       

Cells derived from the blastema retained membranous and extracellular ER-TR7 fibril 

formation for one week after isolation for in vitro analysis (Figure 2.8 A).  The shape of blastema 

cells during this period ranged from spindle to stellate shape containing large nuclei with 
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prominent nucleoli.  But mostly they were characterized by interconnecting filaments reactive 

to the ER-TR7 antibody.  Since fibroblastic cells derived from the terminal phalanx (P3) of adult 

mice under normal conditions have been shown to participate in blastema formation (162), we 

decided to test ER-TR7 induction on this cell line.  In order to better characterize cellular 

morphology, organization, and changes with respect to the treatment, The P3 cell line was 

derived from the terminal phalanges harvested from mice expressing enhanced green 

fluorescent protein (eGFP) (Figure 2.8 B). Untreated P3 fibroblast cultures displayed random 

cells that produced ill-defined ER-TR7+ fibers (Figure 2.8 C-E).  Most of these control or 

uninduced cells portrayed a spindle phenotype with medium sized nuclei and generally grew 

parallel to each other in confluency to form sheets. However after TNF/anti-LTR treatment 

(Figures 2.8 F-H) many of the cells favored a stellate morphology with larger nuclei and 

positioned themselves at an angle or perpendicular with respect to one another.  In agreement 

with the progression of treatment and what was reported by Katakai et al. (2004), the ER-TR7 

fibrils between these cells grew more intense while maintaining a loose but organized network 

throughout the culture. At the endpoint of treatment, the induced P3 culture was less cellular 

than control but the ER-TR7 staining pattern was well-defined and uniform, thus differing from 

the cell aggregates which progressively formed in NIH-3T3 cultures (Figures 2.7 D-F).  

Nevertheless, both cell lines could be induced to form the ER-TR7+ network of fibers in vitro. 
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Figure 2.8:  Similar to freshly plated blastema cells, primary fibroblastic cells isolated from the P3 

phalanx synthesize the ER-TR7 framework in a pattern that resembles the blastema in vivo.  (A) 

Blastema cells retain ER-TR7+ expression (red) shown as membrane-bound and intercellular fibrils for up 

to one week following isolation.  Co-staining with DAPI illustrates the nuclear features of these cells while 

superimposition of differential interference contrast outlines the overall stellate morphology of the cells 

(630X; bar = 10 m).  (B) Imaged by stereomicroscopy (bar = 50 m), adherent fibroblastic cells (green 

halo) migrate from a P3 phalanx source harvested from an adult GFP+ transgenic mouse.  The GFP label 

makes cellular features, organization, and changes more prominent as the induction treatment 

progresses.  (C-E) The isolated P3 cells were split into (C-E) untreated control and (F-H) induced line.  (C, E) 

Representative 400X field (50 m bar) of control shows a hypercellular culture with cells containing 

medium sized nuclei (stained with DAPI) growing in parallel.  (D) The ER-TR7 (red) expression in controls 

ranges from focal diffuse at the extracellular level to scarce and ill-defined fibrils extruding from the 

membrane of some isolated cells. (F, H) The induced population was characterized by cells with stellate 

appearance and large nuclei.  (G) ER-TR7 content following TNF/anti-LTR treatment for 10 days is 

abundant.  Fibrils bundles are dense yet form a loose network with “honeycomb” organization.       
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Using the induction of ER-TR7 we employed a RT-PCR array to analyze expression of 84 

key genes associated with mouse fibrosis (163).  Gene expression was analyzed from RNA 

extracted from lysates of NIH-3T3 and P3 fibroblasts at days 4, 7, and 10 following induction 

with TNF and anti-LTR.  Using the manufacturer’s recommended restrictions for analysis and 

a >2-fold change in expression, we identified 5 genes that were down-regulated and 12 genes 

that were up-regulated in NIH-3T3 cells at all timepoints (Table 2.1). For P3 fibroblasts, the same 

array analysis identified 4 down-regulated genes and 4 up-regulated genes at all timepoints.  Of 

particular interest is that there were only 2 genes that were reasonably upregulated in both cell 

lines at all timepoints and they were NFkb1 and Col3a1.  Up-regulation of NFkb1 was predicted 

since recombinant TNF coupled with anti-LTR stimulation of lymphoid FRCs induces ER-TR7 in 

an NF-B pathway-dependent manner and this response is completely abrogated by 

overexpressing IB, a dominant inhibitor of this cascade, via retroviral transduction of the cells 

(88).   On the other hand the up-regulation of Col3a provides a potential avenue to explore the 

specific relationship between ER-TR7 staining and ECM production during digit tip regeneration.  

We also note that only 2 genes were found to be consistently down-regulated in the 2 cell lines 

and they were Acta2 or -smooth muscle actin (SMA) and Thbs1 (thrombospondin 1).   
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Table 2.1:  Selective factors modulated following ER-TR7 induction include upregulation of Col3a1 

(COL3) and downregulation of Acta2 (SMA).  A mouse gene array consisting of 84 fibrosis-related 

transcripts was used to analyze modulation of gene expression in 3T3 and P3 cell line lysates following 

treatment with recombinant TNF and anti-LTR shortly after days 4, 7, and 10 of the 10 day ER-TR7 

induction treatment period.  Listed is the subset of genes that yielded >2-fold change from uninduced 

control cell values.  Overall, only two genes were upregulated in both cell lines:  Col3a1 and NFkb1, thus 

supporting an association of COL3 with ER-TR7 expression and activation of an NF-B dependent pathway 

throughout induction.  Conversely, only two genes were downregulated at all timepoints in both lines:  

Acta2 and Thbs1.  Housekeeping genes are listed below the dotted line. 

 
 

  
To determine whether there is a relationship between ER-TR7 and COL3A1 we carried 

out co-immunohistochemical localization studies in TNF/anti-LTR treated NIH-3T3 and P3 cell 

cultures grown and induced at the same time as the samples for RNA isolation and qPCR.  

Colocalization analysis based on the Pearson’s Correlation Coefficient (PCC or rp) approach over 

eight high resolution photomicrographs at 400X magnification from each culture was 

performed.  We have evidence indicating that the trends in localization and intensity level for 

these two antigens in both uninduced (Figures 2.9 A-C, G-I) and treated (Figures 2.9 D-F, J-L) cell 

lines were almost identical gauged by our qualitative observations and strong pixel correlation 

measurements with overall mean rp values above 0.8 on a scale of 1 (perfect correlation) to -1 
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(perfect but negative correlation) and 0 equal to no relationship.  These data support the 

conclusion that the ER-TR7 antigen is linked either directly or indirectly to the expression of 

COL3A1 in digit FRCs.   

 

Figure 2.9:  ER-TR7 staining correlates with COL3 expression following induction of 3T3 and P3 primary 

cell lines.  (A-L) 3T3 and P3 cells were treated with TNFand anti-LTR over 10 days to stimulate the ER-

TR7 network production.  At the endpoint of induction, treated cultures and day matched uninduced 

controls were fixed and co-stained for ER-TR7 (red) and COL3A1 (green) for 2D confocal microscopy 

imaging at 400X magnification (bar = 10 m) and colocalization analysis of multiple fields (n=8) using a 

Person’s Product Correlation (PPC) calculation (expressed in rp  values ± SE on merged images).  (A-C) 

Control and (D-F) induced 3T3 cells display the typical ER-TR7 distribution before and after the 10 day 
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induction treatment with strong correlation between antigens.  Although displaying different organization 

and network engineering dynamics, the colocalization values of P3 cells under either (G-I) control and (J-L) 

induction circumstances agree with the strongly positive trend between ER-TR7 and COL3A1 in the 3T3 

line. 

 
 
    

ER-TR7 expression and regulation correlates with COL3+ reticular fibers in vivo    

To explore the role of fibroblasts in the regeneration response we carried out 

immunolocalization studies of a number of known fibroblast-specific markers to survey their 

regulation in unamputated and regenerating digits with respect to the changes observed with 

regards to ER-TR7 production and organization. We were particularly interested in exploring the 

relationship between COL3 and ER-TR7 staining based on our in vitro studies, so we followed 

these experiments with co-labeling of ER-TR7 and COL3 on fixed samples of control and 

amputated neonatal digits.  The stained samples were imaged by confocal microscopy and 

subjected to the non-bias colocalization PCC test applied to the cultured cells.  As expected, all 

sample sets yielded a strong correlation between both antigens, with mean rp values of 0.845 ± 

0.024 and 0.825 ± 0.011 for day 8 control (Figures 2.10 A-D) and amputated (Figures 2.10 E-H) 

digit tips, respectively, thus serving as supporting evidence that regulatory mechanisms of ER-

TR7 and COL3 expression in the regenerating digit are linked. 
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Figure 2.10:  ER-TR7 and COL3 signals in control and regenerating digits yield strong correlation 

measurements in agreement with in vitro experiments.   Individual fluorescence channels of 

representative (A-C) unamputated control and (E-G) regenerate at day 8 were co-stained for (A,E) DAPI 

(gray), (B,F) COL3 (green), and (C, G) ER-TR7 (red) to confirm correlation of the antigens in vivo as 

measured by PCC-based analysis with mean±SE values (n = 4) shown on corresponding (D,H) merged 

channel images (bar = 50 m). 

 
 
 

Since we observe a measured correlation between ER-TR7 and COL3 regulation during 

regeneration, we decided to investigate if other markers relevant to FRCs and/or proven to be 

co-regulated with COL3 had a similar relationship with ER-TR7 expression in our model and 

whether they follow its trend in upregulation.  Unfortunately, a majority of these antigens could 

not be co-incubated on the same sections with ER-TR7 due to conflicting tissue pretreatment 

requirements.  Therefore in these studies, immunolocalization of fibroblast associated markers 

was carried out in serial paraffin sections of unamputated digits and regenerating blastemas to 

screen for similarities to the ER-TR7 and COL3 staining patterns (Figures 2.11 A-D, G-H, and Q).  

A specific area of the dorsal connective tissue mesenchyme from both control and regenerating 

samples harvested at day 8 was captured at 400X magnification for quantitative analysis based 

on ratios between each marker and total tissue area housing these proteins (Figure 2.11).  

Representative serial fields between all markers included the dorsal connective tissue or 

blastema mesenchyme (dm or dbm), nailbed epithelium (nb), and underlying trabecular bone 
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(tb) for control (Figures 2.11 C, E, G, I, K, M, and O) and regenerating (Figures 2.11 D, F, H, J, L, N, 

P).  Aside from ER-TR7 and COL3, the panel of markers included Collagen 1a1 (COL1), 

Fibronectin (FN1), Fibroblast-specific protein 1 (FSP-1), Podoplanin (GP36), and Vimentin (VIM).   

VIM is a cytoskeletal protein present in most cells derived from the embryonic 

mesenchyme such as fibroblasts.   Its main function is to provide structural integrity to tissue 

layers which is the case for most intermediate filaments (164, 165).  VIM has been shown to be 

non-critical for progression of normal development although transgenic VIM knockout mice 

have been shown to  experience inadequate wound healing due to impaired fibroblast 

contractile function (164).  Since VIM is ubiquitously expressed by all cells derived from the 

mesoderm such as connective, vascular, cartilage, and bone tissue (165), we decided to use it as 

a housekeeping protein in this assay.  VIM abundantly immunolocalized as ultrastructural 

filaments in the cytosol of all digit cells within the normal connective tissue mesenchyme (Figure 

2.11 O) in addition to most non-epithelial or connective tissue digital regions including the 

phalanx, joint, bone marrow, vascular endothelium, and Langerhans cells of the epidermis.  VIM 

expression in regenerating digits (Figure 2.11 P) increased in unison with the overall connective 

tissue area as the dorsal blastema mesenchyme expanded, so no significant changes in ratio of 

marker to connective tissue area were recorded when compared to controls (Figures 2.11 O,P, 

and Q).   

To discriminate the fibroblast population from other VIM+ cells and at the same time 

screen for changes in regulation of proteins exclusive to fibroblasts such as ER-TR7, we decided 

to include FSP-1 in our panel. FSP-1, also known as S100A4, belongs to the S100 superfamily of 

calcium-binding proteins.  By subtractive and differential mRNA hybridization, FSP-1 was 

originally classified as a gene expressed in fibroblasts but not epithelial cells and therefore used 
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as a marker of epithelial cells undergoing transdifferentiation during epithelial-mesenchymal 

transition (EMT) events (166). Although mostly expressed at the intracellular level, FSP-1 is also 

secreted to act as a ligand to an unknown cell surface receptor (167) to promote metastasis 

(168)and angiogenesis (169) in some neoplasms; regulate apoptosis (170); and induce EMT 

(166).  Moreover, FSP-1 has been found to be expressed and secreted by cell populations other 

than fibroblasts in normal tissue including macrophages (171),  lymphocyte subsets (172), 

endothelium (173), and smooth muscle cells lining vessels (174) possibly due to potential cross-

reactivity of its antibodies to homologous members of the S100 family .  Expression in the digit 

localized to the cytosol of most connective tissue cells including scattered fibroblasts and those 

lining vessels; macrophages; osteoblasts surrounding the phalanx; and endothelial cells in the 

lumen of blood vessels in both control and blastema regions (Figures 2.11 K,L).  We were unable 

to observe any differences between extracellular FSP-1 staining between controls and 

amputated samples.  Even though the FSP-1+ fibroblast population gradually increases at the 

onset of blastema growth, changes from its ratio to connective tissue area compared to control 

remain insignificant (Figure 2.11 Q) since the connective tissue space grows in tandem with the 

expanding fibroblasts.  Therefore in the context of the regeneration area, FSP-1 only serves as a 

marker of increased cellularity and due to its non-specificity to FRCs it only resembles a VIM+ 

type of staining.  

In search for additional FRC specific markers to match with ER-TR7+ pattern and 

regulation, we further dissected studies on stromal contribution to lymphoid dynamics and 

decided to examine mouse gp38.  This transmembrane glycoprotein is also known by different 

names depending on the cell source where it was extracted from:  osteoblasts (OTS-8) (175); 

kidney podocytes (podoplanin) (176); type I pneumocytes (T1alpha) (177); and peripheral 

lymphoid tissue from human (gp36) and mouse (gp38) (178, 179).  Therefore, depending on the 
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particular immunogen used to generate the antibody, homologs of this protein could be 

detected in the ciliary epithelium of the eye, kidney podocytes, alveolar lung cells, osteocytes, 

osteoblasts, and lymphatic endothelium (180, 181).  The gp36/gp38 variant, which is what the 

antibody we used targets, has been associated with FRCs and/or co-labeled with ER-TR7 only at 

the lymphoid level (88, 93, 180, 182).  In addition to coordination of lymphoid compartment 

organization from the adjacent stromal layer in several organs (88, 182), it has been 

characterized in the lymphatic endothelium and demonstrated to have a role in adhesion, 

migration, and tube formation of lymphatic vasculature in both normal and neoplastic tissue 

(93, 180, 182, 183).  In the non-lymphoid model of the mouse digit tip we found no significant 

difference between control connective tissue (Figure 2.11 M) and regeneration blastema (Figure 

2.11 N).  In fact, the expression of gp38 was the most limited in comparison to the other 

markers.  It was diffuse but restricted to the area between the stratum basale and the papillary 

dermis of the nail bed region (Figure 2.11 M; white arrow) with low cytosolic expression in a low 

percentage of fibroblastic cells.  The strongest staining was observed in osteoblasts lining the 

periosteum of the P3 trabecular bone (Figure 2.11 M, N; yellow arrows), which indicates that in 

addition to gp38, the antibody also targets the originally characterized OTS-8 gene homolog 

(175) of this glycoprotein. 

So far we had performed analysis on a subset of fibroblast related markers that seemed 

to be mostly geared towards portraying an increase in the fibroblast population in the 

regenerate with the exception of gp38.  Even though these proteins may have a role in 

fibroblast cell structural and motility dynamics during regeneration, the evidence suggests a 

trend in their expression, localization, and specificity that does not directly correlate with the 

intracellular and extracellular pattern of ER-TR7 regulation before and after an amputation 

injury.  Therefore we thought about adding to the immunolocalization studies secreted factors 
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in comparison to ER-TR7 which are well known to contribute to extracellular matrix composition 

and function during injury repair such as FN1 and COL1 to the previously measured COL3 co-

expression study. 

FN1 is a glycoprotein secreted by a variety of cell types, mainly fibroblasts, which 

interacts with fibrin to promote platelet aggregation during clot formation at the early stages of 

wound healing (184) (158, 185) but also factors into modulation of cell adhesion (186), 

proliferation (187), migration (188), and apoptosis (189).  At the granulation and later stages of 

tissue repair, the three-dimensional FN1 structural assembly serves as a fundamental building 

block of the ECM.  It has been shown to regulate both composition of the ECM (190) and 

deposition of macromolecules such as COL1 and COL3 (191-193).  Some studies of granulation 

tissue have demonstrated co-expression of FN1 fibrils with COL3 bundles, otherwise known as 

reticulin (158).  Since ER-TR7 and COL3 had a high correlation of expression, we predicted that 

FN1 may follow a similar trend in amount of staining of the digit samples.  FN1 staining in 

control digits was diffuse but prominent at the papillary level of the connective tissue (basement 

membrane) below the stratum basale of the epidermis (Figure 2.11 I, white arrows), which has 

been previously described (194, 195), and in a layer over the osteoblasts lining the periosteum 

of P3 (Figure 2.11 I, yellow arrow).  These areas are consistent with a larger accumulation of 

FRCs within the connective tissue mesenchyme layer under normal conditions as we described 

earlier (Figures 2.1 and 2.2).  In between these areas of substantial FN1 staining, we detected 

isolated cells and focal areas with mild positivity that may have corresponded to fibroblasts 

outlining endothelium.  Following amputation (Figure 2.11 J)  a similar blastema area 

corresponding to the region captured from control exhibited profuse, homogeneous staining 

throughout, with many of the occupying cells expressing FN1, thus significantly increasing the 

ratio of FN1 to connective tissue mesenchyme by  nearly a 10% mean (Figure 2.11 Q).  This 
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indicates that even though the FN1+ pattern does not correlate with ER-TR7+ fibrils, it is co-

expressed around the same regions where ER-TR7+ FRCs are housed and regardless of tissue 

area expansion, its expression is upregulated in the blastema.  This is consistent with wound 

healing studies showing that during repair, specifically at the granulation stage of wound 

healing, FN1 is upregulated (14, 22, 55, 158, 196-198). 

Along with COL3, COL1 is a fibril-forming collagen mainly synthesized and secreted by 

connective tissue fibroblasts.  It is the most abundant structural protein in higher vertebrates 

and is found in extensible and non-extensible connective tissue of many organs, tendon, and the 

organic portion of bone.  Many studies have concluded that COLI fibers can vary in size 

depending on organ type; throughout development; and during wound healing and in general 

correlate thinner fibers to less distensible tissues; younger age; and injuries at a stage when they 

have the least tensile strength (199, 200).  It has also been documented that COL3 can 

copolymerize with COL1 fibers and thus regulate their diameter (78).  During embryogenesis, for 

example, it has been found that the ratio of COL3 to COL1 is higher than in adult organisms and 

also inversely proportional to the diameter of collagen fibrils (76, 201).  This ratio is also very 

dynamic during wound healing with a higher COL3 to COLI value around the proliferative phase 

which then reverses within scar (29, 71, 74, 202).  In the unamputated digit, anti- COL1 localizes 

to the entire bone structure and is moderately expressed in the cytosol of fibroblasts and as 

extracellular fibrils throughout the connective tissue around it (Figures 2.11 E).  Its expression is 

relatively homogeneous throughout.  The corresponding dorsal in the day-matched blastema 

also shows moderate staining in the cytosol of fibroblasts but the extracellular fibers, although 

homogeneously spread, are overall thinner than those in the control digit connective tissue 

(Figure 2.11 F).  This observation is consistent to previous findings with regards to smaller COLI+ 

fibril diameter in areas co-expressing COL3.  Taken together, even though COL1 is highly 
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expressed in the blastema mesenchyme, the difference in ratios of COLI expression to total 

connective tissue area between control and blastema soft tissue is insignificant due to larger 

COL1+ fibrils occupying less connective tissue area in the control and a larger amount of smaller 

fibrils occupying more total blastema area in the regenerate (Figures 2.11 E-F, Q).  Incidentally, 

COL1 is co-expressed within the location range of ER-TR7 and COL3 staining.  However, the 

similar expression patterns of ER-TR7 and COL3 do not match the anatomical 

immunolocalization of COL1 and its uneven fibrillar arrangement between control and 

amputated digits. 

Of the marker proteins that show prominent staining in the blastema, most of the 

fibroblast-related proteins displayed quantitatively similar levels of staining when comparing the 

connective tissue of unamputated control digits to regenerating digits at the blastema formation 

stage, whereas ER-TR7 staining displayed a significant enhancement during regeneration 

(Figures 2.11 B, D). Quantitation of the ratio of protein expression of the various markers versus 

connective tissue area revealed that COL3 and FN1 share overexpression dynamics with ER-TR7 

(Figures 2.11 C-D, G-J, and Q).   These data provide further evidence that the ER-TR7 antigen and 

COL3 are similarly regulated during postnatal digit development and digit blastema formation.  

In addition, these data suggest interplay between ER-TR7, COL3, FN1, and COLI in a bed of 

VIM+/FSP-1+ FRCs with positive coexpression of COL3 and ER-TR7 in amount and spatial 

arrangement; a positive correlation with FN1 potentially facilitating their overexpression in the 

blastema based on previous studies; and a negative proportionality with respect to the size of 

COL1+ fibrils and the amount of COL3 and ER-TR7 macromolecules.             
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Figure 2.11:  ER-TR7 is co-regulated with COL3 and FN1 in control and regenerating digits but only COL3 

mimics its expression pattern.  Various antibodies against macromolecules and cytoskeletal proteins 

relevant to injury response from fibroblasts were tested on serial sections of day 8 (A, C, E, G, I, K, M, and 

O) unamputated control (D8) and (B, D, F, H, J, L, N, P) amputated digit tips (DPA8).  The targets were 

labeled by indirect immunofluorescence using a secondary antibody conjugated to Alexa 594 (red) 

followed by DAPI counterstaining (gray).  At 100x magnification, (A) unamputated controls and (B) 

regenerating digits express a dynamic regulation of the ER-TR7 antigen with an increase in staining 

particularly at the blastema site (bar = 50 m).  Regions between the trabecular bone (tb) of P3 and the 

nailbed (nb) (white outlined rectangle on A-B) were captured at (C-P) 630x magnification (bar = 10 m) for 

analysis of pattern and localization in addition to (Q) non-biased quantitation of marker expression per 

total connective tissue area (n=3 per marker).  Representative images from the dorso-distal portion of the 

samples, there is (Q) significant upregulation of ER-TR7 (D) at the dorsal blastema mesenchyme (dbm) 

when compared to (C) the control dorsal mesenchyme (dm).  The discreet ER-TR7 staining in the (A, C) 

controls mostly outlines vessels and basement membranes as opposed to the (B, D) regenerate, which 

shows a ubiquitously dispersed network between blastema FRCs.  Regardless of these differences, the size 

of ER-TR7+ fibers remains unchanged.  The only two markers that show direct co-regulation with ER-TR7 

are (G-H) COL3 and (I-J) FN1 consistent with our in vitro and in vivo co-expression analysis and the fact 

that FN1 has been linked to upregulation at sites of fibroblast accumulation and collagen deposition 
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during injury repair, respectively.  However, COL3 regulation and spatial fibrillar expression in both (G) 

control and (H) blastema is nearly identical to ER-TR7.  On the other hand, although (Q) FN1 is significantly 

upregulated in the regenerate its staining is (J) diffuse at the dbm and (I) below nailbed keratinocytes 

(white arrows) and over the periosteum (yellow arrow) in controls.  We found no significant difference in 

(Q) COL1 regulation between (E) control and blastema (F) mesenchyme other than an overall decrease in 

the size of its fibers in the regenerate.  This indirect regulation is consistent with cited evidence indicating 

that COL3 co-polymerizes with COL1 fibers thus limiting an increase in their diameter.  The smaller but 

expanded expression of COLI+ fibers in the (F) blastema makes COLI quantitation proportional to the 

otherwise thicker but more limited COLI+ fibrils in the (E) unamputated samples.  Based on fibril diameter 

alone, the expression of COLI does not resemble that of ER-TR7.  Furthermore, in disagreement with ER-

TR7 and COL3 expression, COLI staining is heavily localized to the (F) P3 bone (yellow arrow).  Since GP38 

has been implicated in co-existence with the ER-TR7 antigen, we decided to also detect and measure its 

expression under these circumstances.  GP38 staining mostly exists around isolated fibroblasts 

throughout the mesenchyme and at the base of the nailbed in both (M) dorsal control and (N) blastema 

mesenchyme.  Its minimal expression, localization, and (Q) insignificant difference between groups makes 

it ineligible for pursuing a direct correlation with ER-TR7.  (K-L) FSP-1 and (O-P) Vimentin were also 

analyzed and provide evidence that these proteins are expressed on a bed of cells derived from the 

mesoderm.  Since FSP-1 is mostly expressed by fibroblasts as the name implies, we measured a (L, Q) 

small but significant increase in its ratio with respect to the dbm of the regenerate.  This correlates with 

the evidence that there is an increase in FRCs at the blastema site and thus FSP-1 positive cells must 

increase compared to (K, Q) control. 

 

 

 

2.4 DISCUSSION 

We have used the model of neonatal and adult mouse digit tip regeneration to initiate 

characterization and understanding of the ECM macromolecule dynamics that participate in this 

type of repair mechanism after amputation.  In this study we focused on the antigen ER-TR7 

which was initially isolated from stromal cells of the spleen (94).  The monoclonal antibody 

against this epitope targets a specific and infrequent population of fibroblasts which are found 

within areas containing reticular fibers and thus are denominated fibroblast reticular cells (FRCs) 

(88, 94, 152, 156, 161).  In addition to confirming previous observations about the level specific 

regeneration response that occurs after digit tip amputation in neonatal and adult mice with 

regards to proliferation, chemotaxis, angiogenesis, direct ossification, and re-epithelialization 

dynamics (6, 12, 137, 203-206), we have gained additional knowledge about a key extracellular 
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matrix component specific to FRCs that may act as a platform for these events.  First, we 

demonstrated that ER-TR7 can be detected in a non-lymphoid microenvironment with an 

expression pattern consistent with the discreet compartmentalization demonstrated in 

lymphoid tissue.  Consistent with our hypothesis, ER-TR7 is upregulated at the blastema stage of 

digit tip regeneration, thus indicating an underlying function of the target it labels in facilitating 

a regeneration competent microenvironment.  Second, by applying previous in vitro 

experiments performed on stromal cells of lymphoid tissue (88)to immortalized NIH-3T3 cells 

and primary fibroblasts derived from the P3 region of the digit, we have demonstrated that non-

lymphoid stromal cell lines can be induced to produce an ER-TR7+ network of fibers, and thus its 

function, in an NF- pathway-dependent.  In search for the potential target of anti-ER-TR7, we 

generated evidence that ER-TR7 staining is positively co-expressed with COL3 fibers after 

induction in vitro, thus providing a base for characterization of ER-TR7 and functional and 

molecular studies revolving around COL3 regulation from the transcriptional to the post-

translational stage in gain and loss-of-function wound models.  Also, we have confirmed that the 

in vitro co-expression between ER-TR7 and COL3 can also be observed in vivo before amputation 

and throughout the regeneration process and that this expression is directly or indirectly linked 

to other markers such as COL1 and FN1 to further convey a correlation between ER-TR7 and 

COL3 in our model. 

 The most distinguishing feature of the mouse digit tip model of mammalian 

regeneration is the blastema structure that arises by day 8 in the neonate and day 10 in the 

adult.  The morphology and arrangement of cells distributed in the mammalian blastema mimic 

those of the blastema in urodele regeneration models and these cells have been considered to 

be mostly fibroblastic.  Whether at a blastema stage of regeneration or granulation phase of 

wound healing, fibroblasts along with other cells types in this arrangement must be held by a 
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connective tissue stroma.  Under normal circumstances, this stroma is composed of many 

ground substances.  Our goal was to find a subcomponent of the extracellular matrix that was 

specific to regeneration competent fibroblasts.  So we found ER-TR7 as an ECM antigen that was 

derived from stromal cells of the spleen denominated FRCs and has been documented to 

participate in organogenesis of lymphoid organs and contribute to intercommunication between 

stromal and lymphoid cells.  ER-TR7 was detected by indirect immunofluorescence in FRCs 

prominently outlining structures of the digit including the basement membrane of the skin, the 

intima of blood vessels, the resting zone of chondrocytes at the joint interphase, and a layer of 

cells over the periosteum of the phalanx.  Since FRCs have been documented to be in direct 

interaction with other cell populations, especially in lymphoid organs (207), the role of FRCs and 

ER-TR7 under normal conditions is clearly that of preserving structural integrity and boundaries 

but other functions cannot be ruled out.   

Following amputation, ER-TR7 expression regressed at the early stages of wound healing 

(i.e. clotting and inflammation) but was progressively upregulated to peak at the blastema 

stage.  At this stage, the ER-TR7 antigen was localized to the membrane of a large population of 

FRCs which also secreted thin and discreet ER-TR7+ fibers arranged in a loose “honeycomb” 

pattern following the proximodistal axis of the anlagen.  Following the onset of direct 

ossification of the blastema, or the future site of the regenerated P3, ER-TR7 gradually began to 

recess to basal levels leading to an endpoint replica of the pre-existing structure with discreetly 

localized ER-TR7 expression. This phenomenon occurred in both neonatal and adult groups, with 

the adult being delayed by its more prolonged inflammatory response and additional bone 

degradation mechanics.  Otherwise, there is an overall parallelism in structural mechanics and 

cellular dynamics between adult and neonatal responses as shown by evidence, for example, of 

the similarities in bone regrowth following injury of adult and neonatal mouse digits (206).  In 
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the neonatal group and parallel to the expansion of the ER-TR7 meshwork, we furnished 

evidence of an increase in the proliferation of ER-TR7+ cells around the blastema stage.  This is 

an indication of a possible cell type and growth specific response during the window of 

regeneration which we would expect in the adult model due to its parallelism with the neonatal 

response and previous reports (137).  In lymph node paracortical regions, FRCs have been 

shown to shape T and B cell morphology; facilitate their motility; and enable migration into the 

marginal zone, for example,  based on the extent and boundaries of the ER-TR7+ network within 

and between those areas (151).  Furthermore, in the spleen, the ER-TR7 network acts as a 

conduit for factors in the blood to reach the lymphocytes in periarteriolar lymphoid sheaths to 

allow for growth and preserve homeostasis (91, 152, 208).  Because of its loose nature and 

transient upregulation at a critical stage of regeneration, it is not unlikely to conclude that, 

similar to lymphoid tissue dynamics between FRCs and lymphocytes, the network labeled by ER-

TR7 in the blastema could be serving as a scaffold that facilitates motility, expansion, and 

intercommunication of various cell populations. 

One of the most distinctive features of granulation tissue formation, or the proliferative 

phase of wound healing, is the expansion of fibroblasts which have been thought to arise from 

both resident cells and bone marrow progenitors (209, 210).  Similar to this phase, one of the 

hallmarks of the blastema stage of regeneration in both neonatal and adult models is the 

proliferation of fibroblasts.  So we analyzed the Ki67 index of FRCs (ER-TR7+ cells) in our model 

to not only demonstrate the temporal specificity of their expansion, but to also show where the 

proliferation of FRCs takes place.  During the neonatal timeline of regeneration, changes in cell 

survival were expected as measured in the connective tissue mesenchyme expression of the 

proliferation marker Ki67 and the cleaved form of the apoptosis enzyme C3.  Cell death was 

limited to the initial stages of wounding, specifically around the inflammatory phase, prior to the 
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overexpression of ER-TR7.  An initial increase in C3 activity can be mostly contributed by 

polymorphonuclear lymphocytes or neutrophils which are known to live for a few hours (211) 

and thus we attributed most of this expression to the inflammatory phase of repair.  This also 

means that since cell death is marginal during later timepoints, patterning of the tissue layers in 

the regenerate are not sculpted by apoptotic elimination as in the case of embryonic skeletal 

segmentation or tissue layers and organs with a high cellular turnover such as the skin, 

intestines, and hair follicles (212).   

On the other hand, proliferation events over the course of regeneration were very 

dynamic.  Concurrent with increased C3 activity, the ratio of Ki67 to connective tissue 

mesenchyme is dramatically lower than baseline age-matched control levels, a change 

consistent with ongoing wound proteolysis and hypoxia.  However, we do not interpret these 

data as impaired healing, since in contrast, the leading (distal-most) edges of the epithelium in 

the DPA4 timepoint showed consistent Ki67 activity in agreement with re-epithelialization and 

initiation of wound closure.  Furthermore, we observed an increase in Ki67+ nuclei at the site of 

the emerging bone marrow cavity, which becomes hypercellular with cells of stromal phenotype 

by DPA8.  Of interest is that many stromal cells in the amputated digit bone marrow that 

remains open to the wound connective tissue express the receptor CXCR4 for the 

chemoattractant stromal cell derived factor-1 (SDF-1) found at the edge of the wound (205).  It 

is then possible that the expanded bone marrow stromal cell population is a source of blastema 

cells.  The significant increase in proliferation at the blastema site compared to the control 

connective tissue mesenchyme is consistent with published results from adult blastemas at 

DPA10 (137).  The gradual decrease in proliferation to nearly baseline levels by DPA16 indicates 

that a balance between proliferation of progenitors and differentiated cells is being reached at 

the connective tissue mesenchyme level.   
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In brief, we found that cells in the connective tissue mesenchyme of the amputated 

neonatal digit tip undergo an increase in proliferation specifically revolving around the time of 

blastema formation.  By co-staining Ki67 with ER-TR7 we were able to generally segregate 

proliferating FRCs over the time-course of regeneration hypothesizing that if ER-TR7+ FRCs 

prepare the ground for invasion of ER-TR7- progenitors and differentiation events in the 

blastema, then we would see an increasing trend of Ki67+ cells actively expressing ER-TR7.  We 

provide evidence that the proliferation index of FRCs is very dynamic and significantly elevated 

around the time of blastema formation while continuously expressing the ER-TR7+ framework.  

Later on, ER-TR7- cells undergo an increase in proliferation consistent with growth and 

patterning of various organ compartments.  This indicates that FRCs are a growth responsive 

population that acts as the groundwork for patterning and re-differentiation of ER-TR7- 

populations in the anlagen.  Since ER-TR7+ cells begin expansion during the end stages of the 

initial inflammatory response, growth factors, mitogens, and chemokines at this later phase of 

conventional wound healing must play a role on the behavior of FRCs. 

In vitro studies involving FRCs isolated from lymphoid organs have demonstrated that 

the ER-TR7 network of fibers can be induced under treatment with TNF and an LTR receptor 

agonist antibody.  These ligands and their receptors both belonging to the TNF superfamily have 

been known to trigger a milieu of pro-inflammatory factors during injury and host defense in an 

NFB-dependent manner (88, 213, 214) as well as stimulating pro-angiogenic factors during 

tumorigenesis and homeostasis during lymphoid organogenesis (90, 215-218).  We found that 

immortalized embryonic mouse Swiss NIH-3T3 fibroblast cultures can also be induced to 

synthesize the ER-TR7 antigen using this treatment, which directly or indirectly promoted them 

to build massive cell aggregates associated with overexpression of the framework.  The 

aggregates are consistent with colony formation reported in various studies involving various 
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fibroblast and mesenchymal pluripotent stromal cells, especially those derived from the bone 

marrow (106, 219, 220).  On the other hand, we found that primary fibroblasts derived from the 

P3 region of the mouse digit can also be induced but the endpoint phenotype of the cells is a 

uniform monolayer with ER-TR7 fibril expression consistent with that found at the blastema site 

in vivo.   

The multi-TNF receptor activation in these fibroblast subtypes elicits progression of the 

canonical (RelA (p65)-p50 complex) and alternative (RelB-p52 (p100) complex) NFB  cascades 

(88) and we show that even though both cultures synthesized ER-TR7 fibrils, the overall 

biological response of each cell line to the same induction treatment is unsurprisingly different.  

The activation of NFB by any given plethora of stimuli can have a profound effect in a wide 

variety of physiological processes such as inflammation, proliferation, differentiation, and 

development (221).  However, different NFB species (e.g. RelA, RelB, cRel) can be highly 

selective on the target genes they regulate and this can be cell type-specific (222).  Upstream 

from that, the regulation and binding dynamics of a particular TNF receptor type (i.e. TNFRI, 

TNFRII, or LTR) to TNFcan vary between and within cell types (223, 224).  Cytotoxicity, cell 

growth, apoptosis, upregulation of adhesion molecules, expression of colony-stimulating 

factors, and activation of NFB are mainly coordinated by the main effector TNFRI (225).  When 

co-activated, TNFR2 can either enhance the activity of TNFRI or exert an opposite mechanism 

(226).  In fibroblasts, the pleiotropic nature of TNF is portrayed by in vitro studies which 

demonstrate opposite phenotypes on the synthesis and regulation of ECM macromolecules 

following activation of TNF receptor(s) suggesting that these events vary in a cell or tissue 

specific manner (224).  As a justification for further investigation, it is possible that the 

differences in survival and organizational dynamics between 3T3 cells and primary FRCs can be 

attributed to their particular sensitivity to certain NFB species and/or members of the TNFR 
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superfamily in a fibroblast subtype-specific manner.  Regardless, we have managed to 

upregulate ER-TR7+ fibrils in vitro in a manner that is consistent with the pattern and extent that 

we have documented in the digit blastema and this phenomenon is specific to digit FRCs. 

Using the induction protocol on 3T3 cells and primary digit FRCs, we achieved further 

characterization of the ER-TR7+ network by (1) analyzing the transcription of a group of genes 

known to be active during tissue repair and (2) comparing the co-expression of targets of anti-

ER-TR7 to targets of antibodies against fibroblast specific factors based on our RT-PCR results 

and evidence found in the wound healing and regeneration literature.  Consistent with the 

results shown by Katakai et al. (2004), induction of FRCs and 3T3 cells to produce ER-TR7 is NFB 

dependent and this is shown by the consistent upregulation of NFB transcripts on both cell 

lines at all collected timepoints throughout the 10 day induction treatment.  In addition, the 

only gene that was consistently upregulated throughout induction was Col3a1 or COL3.  Since 

COL3 is a fibril-forming collagen which is transiently upregulated during repair, specifically at the 

granulation tissue stage of wound healing, and has been shown to control COL1 deposition and 

impair myofibroblast differentiation (29, 78, 79) we pushed protein localization assays forward 

with the idea that if ER-TR7 fibers are  directly or indirectly co-regulated during in vitro induction 

and at the blastema site, then both must share pro-regeneration characteristics at the level of 

the extracellular matrix.  Using indirect immunofluorescence co-detection of antibodies against 

ER-TR7 and COL3 and co-localization analysis of the signals, we provide evidence of a direct, 

physical relationship and co-regulation of ER-TR7 and COL3 fibers.  Furthermore, we 

demonstrate this positive correlation in vivo and relate this expression to additional fibroblast 

related markers.   
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FRCs are localized to the pool of VIM and FSP-1 positive cells in the digit connective 

tissue and their expression is proportional to the area of connective tissue space in 

unamputated controls and regenerates alike.  Given the extended distribution of both markers 

to other cell types of mesodermal origin and fibroblastic source, we cannot establish a 

correlation in pattern or amount with ER-TR7.  At the other end of the spectrum we have 

demonstrated that even though expression of GP38 has been reported to co-exist with ER-TR7 

in stromal FRCs of lymphoid tissue (88), only a small subset of fibroblastic cells and osteoblasts 

express this glycoprotein in the digit connective tissue and at the cellular level its pattern is 

inconsistent with ER-TR7 staining.  At the end, we observe co-regulation but not co-expression 

of ER-TR7 and COL3 to FN1, consistent with other studies regarding  the dependency of collagen 

fibrillogenesis to FN1 and the general role of FN1 deposition during the expansion and migration 

of fibroblasts within granulation tissue (55, 158, 190, 193, 197).  But FN1 has been shown to 

facilitate transforming growth factor beta-mediated myofibroblast differentiation, survival, and 

wound contraction mechanics (227).  Moreover, myofibroblasts upregulate COL1 but not COL3 

(228).  If FN1 is overexpressed at the blastema stage along with ER-TR7 and COL3 but COL1 

levels are lower in the regenerate, then there must be an antagonistic mechanism that controls 

the unfavorable factors that myofibroblasts exert on regenerating tissue and this may be a tight 

control of COL1 fibrillogenesis.  If this is true, then we can conclude that wherever ER-TR7 is 

expressed, incorporation of COL1+ fibrils will be regulated by co-polymerization with COL3 (78) 

and there will also be regulation of local myofibroblast differentiation and survival (29) which 

otherwise would heavily contribute to COL1 production, increased tensile strength, and wound 

contraction (229), all of which are unfavorable to the regeneration process (229, 230).  Whether 

the ER-TR7 and COL3 antigens are related at the amino acid or at the structural level, the better 
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characterized COL3 protein can be used as a base to pursue gain and loss of function studies 

about the regeneration competency particulars of the ER-TR7+ blastema scaffold.     
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CHAPTER III:  CONTRIBUTION OF BONE MARROW DERIVED CELLS 
TO THE ER-TR7+ REPAIR SCAFFOLD AND OTHER TISSUE LAYERS 
DURING REGENERATION 

3.1 INTRODUCTION 

 During wound repair, the granulation or proliferative phase begins before the initial 

inflammatory response is resolved and occurs in unison to angiogenesis of transient capillaries 

(15, 20).  This phase is characterized by the accumulation of fibroblasts at the wound site which 

become the main cell population there (231) to function as the coordinating force behind 

extracellular matrix (ECM) remodeling and wound contraction (209).  These granulation 

fibroblasts (GFs) were thought to originate from the local recruitment and expansion of 

connective tissue fibroblasts surrounding the wound (209).  However, newer evidence suggests 

that fibroblast precursors enter circulation from other anatomical sites such as the bone marrow 

(BM) to home and participate in repair of damaged tissue (232).  Regardless of their origin, GFs 

initiate and upkeep the synthesis of a loose provisional ECM that is transient (209) and 

resembles the network of fibers that we have observed in the blastema of regenerating mouse 

digit tips. 

In previous studies we demonstrated that the great majority of cells which contribute to 

growth of the regenerating digit tip blastema are fibroblast reticular cells (FRCs).  FRCs maintain 

a high proliferation index at this stage of regeneration while exhibiting cytosolic expression and 

secreting fibrils marked by an antigen reactive to a monoclonal antibody called ER-TR7 (94).  The 
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loose ER-TR7+ fibrillar network that is gradually organized by FRCs has been implicated in 

stromal-immune interactions, homeostasis, and organogenesis of lymphoid organs (83, 88, 151, 

152).  We have measured this network shows to have a trend in expression over space and 

intensity with collagen type III (COL3), the main collagen subtype found in granulation tissue.  In 

addition, the transient upregulation of ER-TR7 throughout the regenerating tissue is mostly 

limited to the blastema stage, gradually regresses throughout re-differentiation, and reaches 

basal levels once recapitulation of the digit anlagen is complete.  This transient scaffold of FRCs 

with prominent fibers is comparable to the one that forms during the granulation stage of 

wound healing, with the exception that the digit tip area regenerates while other wounds 

remain stunted and scarred.  We consider FRCs to be one of the hallmarks of growth and 

maturity of the regenerate and thus would like to investigate their ontogeny and fate once 

incorporated into the regenerated digit tip cell population with specific emphasis on the 

contribution of BM-derived cell (BMDC) precursors to FRCs and other populations in a 

regeneration-competent wound.   

The plasticity of progenitors in the pool of BMDCs has been extensively studied in 

models of cardiac restoration (141); bone fracture fusion (139);  liver regeneration (144); 

pancreatic beta cell renewal (145, 146); cystic fibrosis (112); and cutaneous injury (147, 148).  

The mammalian digit tip amputation model is a prime example of a complex regeneration-

competent injury model that has never been studied with respect to the origin, contribution, 

and plasticity of these progenitor population(s) and we believe that some of them give rise to 

mesenchymal FRCs.  But the BM of adult animals fosters precursor cells that are able to follow 

either hematopoietic or mesenchymal lineages (95, 233, 234).  Both progenitor subtypes are 

constitutively present in various niches throughout the body to aid in tissue reconstitution, 

defense, and healing (97, 235).  Following injury, these cells migrate via circulation and arrive to 
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wound areas to regulate a milieu of processes including differentiation, cell proliferation, and 

migration of other immunological, epithelial, and mesenchymal subtypes (97, 236).  BM-derived 

hematopoietic progenitor cells (HPCs) are most abundantly found as mediators of the 

immunological response following insult (237).  HPCs express the leukocyte surface antigen 

CD45 and will ultimately differentiate into components of the innate immune response such as 

neutrophils and macrophages or cells with phenotypes characteristic of the adaptive immune 

response such as T-lymphocytes and dendritic cells (237, 238).  CD45+ HPCs have also been 

shown to transdifferentiate into other immune cell subtypes (237, 239) and even contribute to 

non-immunological phenotypes, such as vascular cells (240) and fibrocytes(241).  For example, 

during the first week of wound healing, an endothelial precursor subset of HPCs initiates 

angiogenesis as CD34+ cells to vascularize the mass of repair fibroblasts that originates during 

the granulation stage (120, 242).  Although the fibrocyte has been characterized as an important 

bm-derived cell acting on ECM remodeling, similar to fibroblasts, and serving as professional 

antigen presenting cells, just like CD45+ dendritic cells and macrophages, their surface CD45 

expression can only be detected when in circulation and is lost in culture and after they 

extravasate into tissue (243).  Otherwise in general, non-hematopoietic BM-derived precursors 

or mesenchymal progenitor cells (MPCs) are CD45 negative throughout their lifetime (244) and 

have been implicated in differentiation into cells of mesodermal lineages, mostly in vitro, such 

as osteoblastic, chondrocytic, tendon, muscle, peripheral nerve, endothelial, and fibroblastic 

(113, 210, 245-247)    Fairly recently, the identification of MPCs and their plasticity has propelled 

research on their role in homing, engraftment, and participation in sites of injury as cells whose 

phenotype goes beyond the differentiation range of the hematopoietic precursors.  The ability 

of MPCs to enter circulation and engraft into layers of radiation damage-induced bone, 

cartilage, and lung airway has also been demonstrated (248).  
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  We employed a chimeric mouse model in which normal C57BL mice BM is replaced 

with the BM of enhanced green fluorescent protein (eGFP) transgenic mice (127) to investigate 

the contribution of MPCs to the adult mammalian digit blastema and their fate as either FRCs or 

cells with vascular, osteoblastic, or myofibroblastic phenotype.  Using antigen coexpression 

techniques, we demonstrate that much of the eGFP+ population of cells invading the wound 

during the inflammatory phase of repair is hematopoietic.  However, by the time the blastema 

peaks in growth, half of the cells that occupy the site are eGFP+ spindle-shaped cells lacking 

CD45 expression and are thus related to BM-derived MPCs.  We also discovered that many of 

the CD45-/eGFP+ cells which occupy the blastema contribute to deposition of a rudimentary but 

organized ECM scaffold which expresses ER-TR7 consistent with the upregulation of ER-TR7 by 

FRCs in our previous studies.  Finally, following analysis of lineage-specific markers throughout 

the repair timeline, we provide evidence that MPCs have a long-term presence at the endpoint 

of regeneration.  Together we propose that in addition to participation in the early inflammatory 

phase and temporary angiogenic response during the proliferative phase as hematopoietic lines 

(124), BM-derived progenitors significantly contribute to the regenerating microenvironment of 

the amputated digit tip by expanding a subpopulation of MPCs that migrates to the blastema 

site as differentiated FRCs.  In agreement with other studies regarding the fate of mesenchymal 

cells of various phenotypes in cutaneous wounds and bone fractures (124, 139, 143, 210, 248, 

249), we also propose that MPCs that enter the digit tip wound participate in long-term 

reconstitution of various tissue layers of the regenerate as resident fibroblasts, vascular, and/or 

osteoblast cells.  
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3.2 MATERIALS AND METHODS 

Mice and tissue harvest 

BM donors consisted of six-week-old male GFP-transgenic (C57BL/6 background) mice 

purchased from The Jackson Laboratory (Bar Harbor, Maine).  In this strain, control of eGFP 

transcription is mediated by a chicken -actin promoter and a CMV enhancer.   Outbred female 

C57BL/6 mice supplied by Charles River Laboratories (Wilmington, MA) served as BM recipients.  

Eight week old BM chimera mice were anesthetized by intramuscular injection of Ketamine and 

Xylazine at 80 and 8mg per kg of body weight, respectively, followed by distal (P3) amputations 

of digits 2 and 4 from each hind limb using a straight-edge scalpel blade under a 

stereomicroscope.  The amputation target region was measured at midpoint of the clearly 

visible terminal phalangeal (P3) element so approximately 50% of the bone remained in the 

proximal stump after transection.  Digit tissues were harvested for histological, 

immunohistochemical (IHC) analysis at day post amputation (DPA) 0, 5, 7, 10, 14, 16, 21, 28, and 

35.  Procedures for care and use of mice for this study were performed in accordance with 

standard operating procedures approved by the Institutional Animal Care and Use Committee of 

Louisiana State University Health Science Center in New Orleans, LA. 

Bone marrow transplants 

Four week old C57BL/6 mice underwent bone marrow transplant (BMT) one month 

prior to digit amputation in order to create chimeric animals with marked (eGFP) bone marrow 

cells.  Recipient female wild type C57Bl/6 animals were conditioned by whole body irradiation at 

a rate of 139cGy/min using a 137Cs source for a total dose of 1000cGy.  This is a lethal dose 

without BMT.  Bone marrow cells were harvested by the centrifugation technique as described 

previously (145) from male eGFP-transgenic mice with a C57BL/6 background.  Briefly, donors 
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were anesthetized with Ketamine/Xylazine then the fur saturated with 70% alcohol.  The 

peritoneal cavity was opened & the animal exsanguinated via IVC transaction.  The femur & tibia 

were removed by blunt dissection and BM cells extracted from the medullary cavity by 

centrifugation.  After rbc lysis and filtering using Ficoll-Paque Plus (GE Healthcare, Pittsburgh, 

PA), 1x107 BM donor cells mixed with 1x106 splenocytes (adoptive transfer) were administered 

via tail vein injection into recipients in 300 L saline under isofluorane anesthesia.  Following 

recovery, a group of recipients were set aside to monitor BM reconstitution percentage 

fluctuations once a week for five weeks (end of regeneration timeline following amputation).  

The percentage of eGFP+ BM cells from all recipients undergoing amputations and the group set 

aside for reconstitution standardization was measured by fluorescence activated cell sorting 

(FACS) analysis using a FACSCalibur controlled with CellQuest software (BD Pharmingen, Franklin 

Lakes, NJ).    

Immunohistochemistry 

Adult digits were harvested in zinc-buffered formalin (Anatech Ltd, Battle Creek, MI) to 

fix no longer than 48 hours for paraffin histology and thin section IHC analysis.  Fixation was 

followed by pretreatment in Decalcifier II (Surgipath, Richmond, IL) solution for 8 hours and 

processing for paraffin embedding.  Serial tissue sections were collected at 5m onto charged, 

glass slides and heated for 45 minutes at 60oC.  Slides were deparaffinized in xylene and 

rehydrated through an ethanol series to distilled water.  All washes were performed with 0.05% 

Tween-20 in Tris-buffered saline (TBST).  Depending on the antigens to be detected, sections 

were pre-treated with either enzymatic or heat induced epitope retrieval and washed.  This was 

followed by blocking for non-specific protein binding with 5% goat serum diluted in 1% bovine 

serum albumin in PBS (w/v).  It should be noted that if using a primary antibody derived from 

mouse for subsequent tagging with an anti-mouse secondary antibody, an additional goat anti-
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mouse Ig Fab fragment (Jackson Immunoresearch, Westgrove, PA) was added to the protein 

block step at a 1:100 dilution to bind endogenous immunoglobulins.  Sections were further 

treated with sodium borohydride (0.5 mg/mL in PBS) to limit tissue autofluorescence.  Following 

thorough washing, sections were co-incubated overnight at 4oC with chicken anti-eGFP (Novus 

Biologicals, Littleton, CO) and a variety of lineage-specific primary antibodies.  For contribution 

to vascularization, smooth muscle support, and myofibroblasts, samples were co-incubated with 

chicken anti-eGFP, anti-SMA (2g/mL; Dakocytomation, Carpinteria, CA) and anti-VWF (1g/mL; 

Dakocytomation, Carpinteria, CA) followed by washing and treatment with goat anti-chicken 

IgG(H+L) Alexa 488 (Molecular Probes, Eugene , OR), goat anti-mouse IgG(H+L) Alexa 647 

(Molecular Probes), and goat anti-rabbit IgG(H+L) Alexa 568 (Molecular Probes), at 4g/mL each 

for 45 minutes at room temperature.  Chicken anti-eGFP co-incubation with anti-ER-TR7 and 

anti-Osteocalcin (1g/mL Takara, Otsu, Shiga, Japan) followed by goat anti-rat IgG (H+L) Alexa 

568 (Molecular Probes), goat anti-rabbit IgG (H+L) Alexa 647 (Molecular Probes), respectively, 

and goat anti-chicken IgG (H+L) Alexa 488 (Molecular Probes) for anti-eGFP detection was 

applied to ECM and osteogenesis-related analyses.  Rat anti-CD45 (2g/mL; Biolegend, San 

Diego, CA) and chicken anti-eGFP followed by goat anti-rabbit IgG (H+L) Alexa 568 (Molecular 

Probes) and goat anti-chicken IgG (H+L) Alexa 488 (Molecular Probes) were co-incubated to 

determine HPCs vs. MPCs lineage ratios.  Anti-Ki67 (2g/mL; Labvision, Fremont, CA) and 

chicken anti-eGFP followed by goat anti-rabbit IgG (H+L) Alexa 568 (Molecular Probes) and goat 

anti-chicken IgG (H+L) Alexa 488 (Molecular Probes) were co-incubated to assay proliferation.  

All preparations culminated in washing following secondary antibody application, nuclear 

counterstaining with 4', 6-diamidino-2-phenylindole, otherwise known as DAPI, (300mM; 

Molecular Probes), and mounted under a coverslip with Prolong Gold Antifade (Molecular 

Probes) for epifluorescence deconvolution microscopy. 
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Imaging and morphometry 

Tissue sections were imaged at 200X in 2D and 630X in 3D using a Leica DMRXA upright 

microscope equipped with a Sensicam QE CCD (Cooke); xyz motorized stage (Prior); an Hg 

source; and filters suitable for DAPI, Alexa 488, Alexa 568, and Alexa 647 fluorophores.  No 

Neighbors and Constrained Iterative deconvolution algorithms were applied to 2D and 3D sets, 

respectively.  Probe signals were measured by ratioing specific marker signals with respect to 

total nuclear (i.e. DAPI-counterstained) areas within the connective tissue paired with manual 

counting.  All renderings and analyses were driven by Slidebook software (Intelligent Imaging 

Innovations).  For high resolution microscopy, we used a Fluoview FV1000 laser scanning 

confocal system (Olympus of America, Center Valley, PA) equipped with high end PLAN-

FLUOR objectives including a 100X with an N.A=1.38, Nomarski (differential interference 

contrast or DIC) optics and visible excitation light sources including a multi-line Argon laser 

and diodes covering 405, 561, 592, and 635 nm wavelengths.  

Statistical analysis 

Data are represented as means ± SE. Group differences were determined via the unpaired 

Student’s t test.  P < 0.05 is considered significant.  

3.3 RESULTS 

The BM chimera model of digit amputation 

Four week old C57BL/6 mice were exposed to a lethal dose of gamma irradiation 

immediately followed by intravenous infusion of 1x107 BM cells from eGFP transgenic donor 

mice.  Following reconstitution, we determined the percentage of recovery by eGFP+ cells by 

means of harvesting bone marrow cells and analyzing single cell suspensions by flow cytometry.  

We gated the cells by forward scatter and determined the reconstitution average of 78.2 % of 
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the total preparation.  Consistent with similar studies (124), weekly flow cytometry analysis of 

blood from unamputated chimeras revealed no significant changes in reconstitution percentage 

throughout the five week experimental timeline.  To track the fate of these cells in our 

amputation models, we generated a total of 35 chimeras with only one death shortly after 

transplantation.  Six weeks after irradiation and donor cell transfer, measurement of circulating 

eGFP+ cells by flow cytometry yielded a range of 65-83%.  The animals had normal CD45+ cells 

counts as measured by flow cytometry and did not show any signs of rejection.   Consistent with 

methods described here and in other studies (137), the chimeras were subjected to amputations 

of digits 2 and 4 at the regeneration-competent level of the mid-terminal phalanx (P3).  Digit 

number three of each hind leg served as the unamputated control.  The animals were 

subdivided into four groups to measure progress at days (D) 0, 5, 10, 14, 21, 28, and 35.  The 

remaining animals were set aside for engraftment efficiency measurements by flow cytometry 

over the course of the study.  During each timepoint, digits from a small group of chimeras (n=3) 

were imaged under a stereomicroscope for eGFP expression over the course of repair.  The 

digits from these mice were then collected at the 35 day timepoint.  All amputated and control 

digits were eventually harvested for hematoxylin and eosin (HE) staining and 

immunofluorescence labeling of eGFP co-expressed with other markers. 

Cytopathology and quantitation of eGFP+ BMDCs was optimized by labeling sections 

from paraffin processed digits at all timepoints with anti-eGFP indirect immunofluorescence.  

BMDCs were counted from of a total of one thousand cells found within random connective 

tissue mesenchyme fields captured at 400X magnification.  Since our main goal was to 

determine the general phenotype of BMDCs once they enter the wound CT microenvironment 

and their fate outside the BM microenvironment at the endpoint of regeneration, the marrow, 

mineralized bone, and epidermis were excluded.  The results are summarized in Figures 3.1 A-I.  
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Prior to amputation, eGFP was detected in 3-5% of all CT cells and these were randomly 

distributed within the stroma engulfing the dorsoproximal axis between the nailbed and P3 

(Figures 3.1 A, D).  DPA0 samples were collected immediately following injury and prior to visible 

signs of clotting; therefore the change in eGFP expression was insignificant when compared to 

controls (Figure 3.1 D).  The eGFP+ population that enters or expands in the wound dramatically 

increases to 23-27% from DPA0 and accounts for over 43% of the cells in the mature blastema 

by DPA14 (Figure 3.1 D).   This is consistent with previous studies which indicate that between 

DPA10 and DPA14, the adult P3 blastema is known to experience a substantial increase in cell 

growth and migration towards the wound epidermis as measured by the Ki67 proliferation index 

and dynamics of SDF-1 mediated chemotaxis (137, 205).  This is an indication that blastema 

growth is dependent on expansion or migration of BMDCs at the wound site and we observed 

this to be a heterogeneous population.   

Based on their cytological features and location, we were able to segregate the general 

population of eGFP+ BMDCs into multiple subtypes and all subtypes were present 

simultaneously during the DPA14 blastema stage (Figures 3.1 B, E-I).  We must note that 

different cellular phenotypes were color coded to mark the location of representative cells in 

Figures 3.1 and 3.2.  Scattered cells with multi-lobed nuclei were found in the same relatively 

small amounts around the CT of unamputated controls, the blastema of amputated digits, and  

the endpoint of recapitulation at DPA35 (Figures 3.1 A-C, E white arrows).  We also detected 

small numbers of giant multinucleated cells around the blastema connective tissue but nowhere 

near the pre-existing phalangeal structure (Figures 3.1 B, F blue arrows).  However, intimately 

associated with the methodical direct ossification distal to the P3 fragment at DPA14 and full 

regeneration at DPA35 we found large numbers of cuboidal cells, of which a small percentage 

exhibited diffuse and somewhat granular eGFP signal (Figures 3.1 B, C, and I pink arrows).  



89 
 

 

Dispersed in the stroma of the blastema and more frequently at its distal end near the wound 

epidermis, we identified small vessels resembling venules with distinct endothelial, smooth 

muscle, and fibrous layers.  Some eGFP+ elongated BMDCs were detected in the periphery of 

these venules and others of simple squamous appearance lining the vessel lumen (Figure 3.1 B, 

H red arrows).  Although these eGFP+ cell types associated with vascular structures were not 

found in unamputated controls, they persisted as such in the CT of the DPA35 regenerate 

(Figure 3.1 A, C red arrows).  But overall, the bulk of eGFP+ BMDCs in the DPA14 blastema was 

large groups of spindle and stellate-shaped cells (Figure 3.1 G) growing along the proximodistal 

axis of the CT stroma.  Cells with this particular phenotype decreased by the endpoint of 

recapitulation but were present in larger detectable amounts when compared to the 

unamputated control and these, along with other eGFP+ phenotypes observed at DPA35, 

account for the significant presence of eGFP+ BMDCs at this endpoint (Figures 3.1 C, D).  

Although we cannot confirm that BMDCs arrive to the injured digit tip through circulation or by 

expansion and migration of the pre-existing P3 BM, these data indicate that BMDCs actively 

participate in blastema formation and the development of diverse cellular phenotypes within its 

immune, bone, vascular, and stromal compartments.  Furthermore, these data also 

demonstrate that even though the percentage of BMDCs significantly increases by the blastema 

stage only to gradually regress over time, the remaining BMDCs ultimately become part of well-

defined structures in the regenerated tip.  
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Figure 3.1:  Quantitative and cytological analysis of BMDCs in control digits and regenerates harvested 

from eGFP BM chimeras yields progressive cellular contribution peaking at the blastema timepoint with 

regression after differentiation but endpoint counts significantly higher than baseline.  Representative 

images were captured by confocal microscopy at (A-C) 100X (bar = 50 m) and (E-I) 1000X (bar = 5 m) 

magnification.  (D) eGFP+ BMDCs were counted and expressed as a percentage of total connective tissue 

area (n=4).  Several different cellular phenotypes were recorded and representative examples were 

labeled with color-coded arrows.  (A) Day-matched unamputated controls (CTRL) had a hypocellular bone 

marrow (bm) in P3 mostly composed of eGFP+ cells scattered throughout the bm cavity and tethered to 

the endosteum.  Resident eGFP+ cells outside the marrow compartment of controls were scarce and 

dispersed throughout the connective tissue layer between the nail bed (nb) epithelium and periosteum of 

P3.  (B) Day post-amputation (DPA) 14 samples encased more eGFP+ cells in the marrow than controls 

and their blastema regions experienced the largest influx of BMDCs with most of these having a spindle 

morphology.  (C) At the DPA35 endpoint of regeneration the percentage of eGFP+ cells is 2-fold lower 

than in the blastema stage and the labeled BMDCs appear scattered within most compartments of the 

regenerate.  (D) Quantitative analysis of eGFP+ BMDCs in the connective tissue of amputated digits over 

time shows a gradual increase in the percentage of eGFP+ cells from DPA0 to the peak of expression at 

DPA14.  This is followed by a steady decline by DPA21 and somewhat of a plateau between DPA 28-35.  

(E-I) Study on the location, morphology, and occurrence of the general eGFP+ BMDC population at 1000X 

magnification allowed us to segregate it into different phenotypes and label their location on the 100X 

magnification views. (E, white arrows) Some BMDCs had multilobed nuclei and were scattered in low 

amounts throughout the connective tissue and marrow of controls, DPA14, and DPA35 digits. (F, blue 
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arrows)  Particular to the blastema stage, we found giant multinucleated cells distal to the pre-existing P3 

fragment. (G, unmarked) eGFP+ spindle cells were more frequently observed in the regenerate when 

compared to control digits whereas an overwhelming amount populated the blastema.  (H, red arrows) At 

least two different cell phenotypes were in close association with vascular walls in both the DPA14 and 

DPA35 stages and these were either tethered to the tunica media or inside the lumen of small vessels.  (I, 

pink arrows) Another cell type with cuboidal shape and more granular and diffuse eGFP labeling than 

others was found in association with areas undergoing direct ossification at DPA14 and in both the 

periosteum and endosteum of the regenerated P3 at DPA35.  This cell type was not observed in controls. 

 
 

 
So far we have shown evidence that the BM eGFP chimera model of digit amputation 

results in recapitulation of the missing segment by means of a blastema intermediary.  Some of 

the BM derived lineages that were observed in the blastema were not detected in unamputated 

controls but present in at various levels of the DPA35 regenerate and therefore have a long term 

fate inside repaired tissue. But to record any potential variations at the anatomical and cellular 

level during specific steps throughout the course of regeneration due to BM depletion by 

irradiation and cell transplantation and study the structural changes at the pre- and post-

blastema stages, we employed stereomicroscopy and careful microscopic analysis of all 

timepoints (Figures 3.2 A-R) and compared histological changes to similar digit tip amputation 

models which had not experienced manipulation prior to injury (6, 137, 206). Day-matched 

unamputated digits appeared anatomically normal under stereomicroscopy with almost 

undetectable eGFP fluorescence.  Histology of these control digits by H&E showed no signs of 

fracture, inflammation, or any other structural deviation from standard examination (250).   

DPA0 digits displayed an immediate response to injury with an increase in eGFP 

intensity (Figures 3.2 A-C) as a result of rapid clotting and invasion by polymorphonuclear cells 

(Figure 3.1 E) consistent with hematopoietic BMDCs of granulocyte origin.  Most of these eGFP+ 

granulocytes had multi-lobed nuclei consistent with a neutrophil subtype which infiltrated into 

the fibrin cap at the wound edge and formed a “plug” between the opposing endosteum layers 

of the open BM cavity (Figure 3.2 B, C red asterisks).  We must note that the eGFP signal 
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increase was restricted to this fibrin clot at DPA0 and that region was discounted from counts 

based on CT area.  Gross atrophy of the wound edge, cell debris and condensed nuclei 

characteristic of apoptosis in multiple tissue compartments such as the epidermis, connective 

tissue mesenchyme, and bone was more evident by DPA5 (Figures 3.2 D-F) and this is consistent 

with the consequences of platelet derived growth factor release and hypoxia (209).  As a result, 

there was an increased presence of eGFP+ monocytic phagocytes or macrophages which could 

be somewhat identified by cytological features but confirmed by ingested debris.  Along with 

neutrophils, these infiltrated the proximodistal axis of the connective tissue areas surrounding 

the damaged P3 (Figures 3.2 E, F), a response consistent with the pro-inflammatory phase of 

wound healing.  Due to the capacity of these hematopoietic BMDCs to migrate and infiltrate 

within a large radius of the tissue stroma adjacent to the wound, intense eGFP expression 

accumulated within the entire P3 segment and the distal end of the adjacent phalangeal 

segment (Figure 3.2 D).  The neutrophil “plug” observed in DPA0 became enlarged but was still 

restricted to the distal opening of the BM cavity (Figures 3.2 E, F red asterisks).  Altogether, this 

means that critical steps which define the inflammatory phase of cutaneous wound healing such 

as immune cell accumulation and migration in the CT were progressing at a reasonable rate.  

Interestingly, there was a parallel response in the BM.  The BM cavity became reasonably 

hypercellular with these hematopoietic cells and large multinucleated cells (Figures 3.1 F, 3.2 E, 

F blue arrows).  The features of these giant polykaryons are consistent with bone-resorbing 

osteoclasts which are known to be a product of the fusion of multiple macrophages stimulated 

by factors produced by stromal cells (251). 

Expansion of a spindle-shaped population of cells in the marrow and a larger 

accumulation of osteoclasts in both the endosteum and periosteum of P3 characterizes DPA10 

(Figures 3.1 F, G and 3.2 G-I, blue arrows).  Not surprisingly, extensive bone degradation was 
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seen midway through P3 and although these changes are delayed by three days, they run 

parallel to recent published descriptive data on adult digit amputation (137).  The extent of bone 

resorption through the dorsoventral axis of this midline and the amount of abscess at the by the 

neutrophil “plug” indicate that eventual extrusion of the P3 fragment distal to points of 

significant degradation is about to occur (Figures 3.2 H, I blue asterisks).  Concurrent with these 

changes we observed a decrease in the immune cell infiltrate in both the CT and marrow, which 

can be interpreted as a step in resolution of the initial inflammatory cascade (Figure 3.2 I white 

arrows).  On the other hand, we noted the formation of venules scattered mainly along the 

proximodistal axis of the CT region dorsal to P3 and some of these had eGFP+ BMDCs associated 

with them (Figures 3.1 H and 3.2 H, I red arrows).  These vessels may be the initiation of the 

transient neovasculature characteristic of the granulation stage of wound healing and may be 

precursors to the ones observed at DPA14 and previously described (Figure 3.1 B, H and 3.2 L 

red arrows).  Interestingly, at DPA10 and DPA14, most of these structures generally remain 

proximal to the mass of blastema cells and close to the wound epidermis. 

Although mostly composed of a heterogeneous group of cells, the blastema was mostly 

composed of scattered spindle cells around minute foci of immune cells, small aggregates of 

leftover osteoclasts, and extravascular space (Figures 3.1 B, E-I and 3.2 J-L).  But most 

importantly, at this stage we described cuboidal cells seated along the endosteum and 

periosteum of P3 shortly after an evident loss of osteoclast activity (Figures 3.1 B, I).  The shape 

and location of these cells are indicative of an osteoblast phenotype and thus provide the 

backdrop for direct ossification with a possible shift in a cell ratio that favored bone forming 

cells to bone degrading cells.  By DPA28, the regenerating organ acquired better definition with 

evidence of a hypocellular BM cavity and distal ossification of the P3 fragment.  There was 

persistence of cuboidal cells, some of which were eGFP+, tethered to the periosteum and 
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endosteum of P3 and seeded into the mineralized matrix (Figure 3.2 N-O, pink arrows) which 

began occupying the area formerly populated by blastema cells.   It is partly for this reason that 

detection of eGFP at DPA28 in the whole digit was partially hindered under stereomicroscopy 

when compared to previous timepoints.  Furthermore, we observed that even though the soft 

tissue area around the bone remained hypercellular by H&E (Figure 3.2 N), eGFP+ cells seemed 

displaced by eGFP- cells (Figure 3.2 O), which means that the local cell population must be 

propagating throughout the different tissue layers as well and thus further diluting the eGFP 

signal.  By this timepoint the only prevalent cell types are cuboidal around the bone; vascular 

related; and spindle throughout thus confirming the end of the inflammatory stage and bone 

resorption.  Patterning and definition are clear by DPA28 and only a small area resembling the 

undefined blastema remains at the distal tip (Figures 3.2 P-R).  We also observed the long term 

fate of a percentage of eGFP+ BMDCs in contributing to bone, vessels, and stroma of the 

shaping regenerate as described previously (Figure 3.1 C and 3.2 R, pink and red arrows).  Once 

again, results from eGFP+ cell counts at DPA28 indicate a 2-fold dilution of the eGFP+ population 

from the blastema stage and 21% over unamputated controls (Figure 3.1 D).  This reiterates that 

invasion of BMDCs reaches a limit shortly after blastema maturity, concurrent with direct 

ossification and growth of the local cell population which co-occupy the area (137). 
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Figure 3.2:  BMDCs contribute and localize to diverse tissue layers in regenerating digits.  Representative 

timepoints in the adult digit tip regeneration sequence visualized by (A, D, G, J, M, and P) 

stereomicroscopy (macro view; bar = 1 mm), (B, E, H, K, N, and Q) brightfield microscopy of H&E stained 

sections (bar = 200 m), and (C, F, I, L, O, and R) epifluorescence of anti-eGFP indirect immunolabeling of 
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adjacent sections (bar = 200 m). The eGFP label, nuclear morphology, cell shape, and localization aided 

in segregating and color-coding various cell phenotypes corresponding to immune (white arrows), bone 

resorbing (blue arrows), vascular (red arrows), bone-tethered cuboidal (pink arrows), and spindle 

(unmarked).  (A) Immediate inflammatory response of hematopoietic BMDCs to insult at DPA0 caused 

diffuse eGFP detection throughout the digit with enrichment of polymorphonuclear cells visualized by (B) 

H&E and (C) epifluorescence in the distal CT and marrow (bm) of the P3 phalanx, which was sealed by a 

mass of eGFP+ neutrophils (red *) and fibrin clot.  (D)  DPA5 amputations appeared atrophied at the gross 

level with a greater influx of eGFP+ signal spreading to the neighboring P2 element. (E)  By H&E, The distal 

nail bed (nb) and ventral epithelium (ve) appeared contracted but viable to become the wound epithelia 

(we) over the exposed distal portion of P3 which remained plugged by neutrophils.  Apoptosis and edema 

shared the distal CT space with neutrophils and other monocytic phagocytes with ingested debris and 

basophilic cytosol.  The bm cavity at DPA5 was also invaded by immune cells but also marked the 

initiation of bone resorption with the appearance of a few osteoclasts in the endosteum. (F) Most eGFP+ 

BMDCs at DPA5 were classified into the hematopoietic lineage for having multi-lobed nuclei, ingested 

debris, or multiple nuclei consistent with neutrophil, macrophage, and osteoclast differentiation, 

respectively.  BMDCs of hematopoietic phenotype were mostly restricted to the CT stroma below the nb 

and above the ve.  We note that in the representative picture of the eGFP label and most of DPA5 

sections pretreated for immunohistochemistry, the dorsal CT was especially susceptible to detaching from 

the P3 bone (gray curved arrow).  The bm at DPA5 becomes hypercellular with the hematopoietic lineages 

mentioned above. (G)  DPA10 has more localized eGFP expression at the digit tip and marks a turning 

point in the cellular constitution of the regenerating tip. (H) By H&E, there is evidence of bone resorption 

by osteoclasts around the bone and inside the P3 marrow.  Bone degradation is more prominent through 

the P3 fragment midline (blue asterisks) indicating separation of the distal osseous half of P3 for 

extrusion.  The cellular phenotype of the bm population undergoes a dramatic change with spindle-

shaped cells replacing most of the area previously occupied by cells of hematopoietic phenotype.  The 

neutrophil “plug” described in the previous timepoints remains but at a lower density.  (I) The serial 

section stained for eGFP reveals a less cellular CT with scattered venules containing eGFP+ cells closely 

associated with them (red arrows).  On the other hand, the cells derived from the bm compartment are 

mostly eGFP+ to include osteoclasts, spindle cells, and a few cuboidal cells tethered to the endosteum.  (J) 

The blastema (green asterisk) stage in this model occurs around DPA14 and eGFP expression under 

stereomicroscopy is more prominent and intense at the tip.  (K) The blastema seems to be composed of a 

homogeneous mass of cells with intercalating zones of mineralization protruding distally and fused with 

the pre-existing bone leftover after extrusion at DPA10.  The bm at DPA14 has more definition and is less 

hypercellular.  (L) eGFP expression in the blastema is high and the cells that express it have the most 

heterogeneous phenotypes with spindle cells being the most abundant.  The other phenotypes exist as 

either foci leftover from previous timepoints’ hallmark events or arrange in layer-specific fashion.  (M) The 

eGFP signal is gradually diluted by DPA21 and by (N) H&E stain we were able to discriminate patterned 

zones such as the bm with arterial blood supply; direct ossification of P3 into trabecular bone; and a 

better organized dorsal stroma below the nb.  However the distal most tip of the regenerating structure 

remains undefined (green asterisk), which means that patterning occurs in a proximodistal fashion.  (O) 

The immunolocalization of eGFP is more scattered throughout the soft tissue at DPA21, indicating the 

increased presence of eGFP- cells possibly derived from local precursors.  Moreover, the cellular 

phenotypes that could be identified were more restricted to spindle throughout the stroma; cuboidal at 

the edges of the bone; and vessel-related.  This is an early indication that eGFP+ BMDCs have a long-term 

survival in different tissue layers as patterning occurs.  (P) By DPA28, the eGFP signal is almost 

undetectable by stereomicroscopy which by (Q) H&E seems to be the consequence of increased bone 
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surface area and co-occupation of eGFP- cells with (R) eGFP+ cells still scattered in the stroma and within 

bone trabeculae.                       

 
 
 
BM-derived hematopoietic progenitor cells (HPCs) are mostly limited to inflammation  

We found that the great majority of BMDCs in the connective tissue of unamputated 

controls and those that invade the amputation site starting at DPA0 through DPA10 are of 

hematopoietic phenotype and we determined this by their location, nuclear phenotype, H&E 

dye uptake, and/or evidence of ingested cellular debris.  All hematopoietic immune cells, 

including their progenitors, are characterized by their expression of surface CD45, which can 

regulate their maturation (252).  Since the cytology of some of these cells may be unclear by 

standard pathologic observation, we labeled serial sections from all unamputated and 

amputated digits with anti-CD45 indirect immunofluorescence and counted nucleated objects 

co-labeled with both CD45 and eGFP (CD45+/eGFP+) in relation to total eGFP+ cells.  The 

purpose of this experiment was to add a more precise level of discrimination between the 

extent and presence of immune response elements and HPCs in relation to that of mesenchymal 

components thus initiating proof that the inflammatory phase of wound healing must be 

resolved prior to blastema growth and for repair to proceed with non-hematopoietic 

regeneration-competent cells. 

When discounting the fibrin clot and neutrophil “plug” at the wound edge, the average 

percentage difference of CD45+/eGFP+ cells in CT regions of control and amputated digits was 

negligible and of no significance (Figure 3.3 E).  However, from our selected timepoints, DPA5 

experienced an influx of eGFP+ cells at the CT level of which 70-80% had prominent membrane 

expression of CD45 (Figures 3.3 A, B, and E) and many of these fit the earlier cytological 

description.  Also from this point forward, CD45+/eGFP- cells were difficult to find and thus we 
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concluded that pre-existing resident cells do not play a major role in the overall inflammatory 

process and were not counted.  DPA10 marked the turning point in the ratio of CD45+/eGFP+ to 

CD45-/eGFP+ populations where we observed roughly the same amount of eGFP+ cells in the CT 

but in average, a decrease in cells that expressed CD45.  Even though the difference in the 

CD45+/eGFP+ percentage of cells between DPA5 and DPA10 is not statistically significant, we 

must note that, as described previously, a large amount of cells in the periosteum of P3 are large 

osteoclasts which retain CD45 expression (253) from their macrophage sources and thus may 

account for a large percentage of the measured CD45 signal in the CT.  Regardless, the number 

of CD45-/eGFP+ cells increases without increase of the hematopoietic marker in this timepoint 

which we conclude is the initiation of a population shift that favors BM derived MPCs and other 

non-hematopoietic lineages.  Concomitant with the mature blastema stage at DPA14 we have 

shown a peak in the percentage of eGFP+ cells in the wound and most of these populate the 

blastema mesenchyme (Figures 3.3 C, E, and F).  At the same time, we witnessed a dramatic 58% 

decrease in the percentage of CD45+/eGFP+ cells from DPA10, especially midway through the 

blastema, signaling the resolution of the HPCs of healing guided by leukocytes differentiated 

from BM CD45+ HPCs (Figures 3.3 C, D, E, and F).  The remaining cells typically gathered in foci 

and had the appearance of monocytic phagocytes including macrophages and neutrophils 

(Figure 3.3 F, white arrows).  From DPA21 through DPA35, which are mostly characterized by 

the presence of differentiating cells and patterning of different tissue layers, we only observed 

baseline levels of CD45+/eGFP+ cells. 
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Figure 3.3:  Quantitation and localization data of the CD45+ HPC subset of BMDCs following amputation 

demonstrate it is restricted to the inflammatory phase.  Digit sections were co-labeled with anti-eGFP 

(green) and anti-CD45 (red) immunofluorescence to measure the extent of the hematopoietic fraction of 

BMDCs involved in regeneration.  A strong presence of immune cells was observed during the 

inflammatory response at (A) DPA5.  The involvement of CD45+ cells in the CT and BM compartments can 

be better observed in the (B) extracted raw CD45 channel.  In contrast, the immune response is mostly 

resolved around (C) DPA14 or mature blastema stage and in contrast with DPA5, (D) the extracted CD45 

channel from DPA14 shows the bulk of hematopoietic expression is mostly restricted to the CT proximal 

to the blastema proper. (E)  The entire CT area or blastema mesenchyme were analyzed for percentage of 

CD45+/eGFP+ versus CD45-/eGFP+ cells and shows that the increasing number of eGFP+ BMDCs up to the 

mature blastema stage is independent from CD45 expression, which is mostly restricted to the earlier 

stages of regeneration which fall around the inflammatory phase of healing. (F)  A closer view of the 

DPA14 blastema marked with a rectangle on panel C shows a relatively low number of CD45+/eGFP+ cells 

surrounded by a greater amount of CD45-/eGFP+ cells with a spindle and stellate phenotype. Data are 

presented as mean ± SE (n = 4 per timepoint).  Scale bars, (A-D) 200 m; and (F) 10 m.     
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 Even though our intention was to focus on the changes occurring at the CT level during 

the regeneration process, we must note that dynamic changes also occurred in the bm with 

regards to content of HPCs and MPCs which led us to believe that a major part of the 

mesenchymal component of the blastema is derived from the remaining BM compartment of 

P3.  So we performed a qualitative comparison of cellular changes within dorsodistal regions of 

interest from the CT or blastema mesenchyme analyzed earlier to those in the BM by capturing 

the representative ratio of CD45+/eGFP+ versus CD45-/eGFP+ cells over time in both 

compartments.  The individual amount of eGFP and CD45 expression was represented as high 

(+++), moderate (++), and low (+) scale (Figures 3.4 A-H).  As previously described and measured, 

the CT of DPA0 digit houses a low percentage of eGFP+ cells, most of which are CD45+.  The 

marrow at DPA0 was mostly occupied by a large arterial blood supply with many tunica media 

(tm) cells under a layer of tunica adventitia (ta) fibroblasts, some of which were negative for 

eGFP.  Alongside the vessel and scattered throughout the BM cavity, we found a similar number 

and prevalence of eGFP+ cells as in the DDCT that mostly tested positive for CD45 (Figures 3.4 A, 

E).  Both the CT and BM at DPA5 became hypercellular with mostly CD45+/eGFP+ cells which 

indicates that the BM was not excluded from the inflammatory milieu (Figures 3.4 B, F) which 

was extensive enough to thwart the architectural definition of the arterial blood supply and 

occlude visualization of the cells that make up its tm and ta layers.  At this point, the ratio of 

CD45+/eGFP+ cells to CD45-/eGFP+ cells was the highest of all timepoints but began to change, 

especially in the BM at DPA10.   

The CT at DPA10 was enlarged compared to DPA5 and earlier due to sprouting vessels 

displacing the stroma which caused CD45+/eGFP+ cells to scatter throughout a larger surface 

area (Figure 3.4 C). We must note that representative cross sections from many of these vessels 

displayed a one cell thick endothelial layer and were thus mostly labeled as capillaries but we 
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also observed simple vessels characteristic of venules and arterioles.  After discounting the 

vascular lumina from the total CT area measurements, the percentage of CD45+/eGFP+ cells 

remained significantly higher than controls and both eGFP and CD45 levels low enough from the 

DPA5 CT to grant it a moderate (++) amount of expression (Figure 3.3 E).  On the other hand, we 

observed that in the hypercellular BM at DPA10 there was a dramatic shift in expression 

favoring CD45-/eGFP+ cells suggestive of concurrent expansion of MPCs and resolution of 

inflammation specific to the BM compartment during this timepoint (Figure 3.4 G).  With the 

exception of the presence of osteoclasts, the overall cellular content and arrangement of the 

blastema at DPA14, including representative DDBL regions (Figure 3.4 D) resembled that of the 

BM at DPA10.  Notably, we observed that the BM components at DPA14 had already begun 

patterning better defined subcompartments and this was more evident around the re-emerging 

large arterial wall which hallmarks the BM vasculature of unamputated controls.  In this instance 

however, the lumen was instead supported by CD45-/eGFP+ cells and some of these cells were 

arranged in a similar fashion to the prominent CD45-/eGFP- tm and ta cells identified in the 

early timepoints. 

 

Figure 3.4:  The co-expression of CD45 with eGFP+ BMDCs was dynamically and differentially regulated 

between digit BM and CT compartments and throughout regeneration timepoints. A shift in the ratio of 

HPCs to MPCs gated by CD45 expression was observed in the (A-D) dorsodistal connective tissue (DDCT) 
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or dorsodistal blastema (DDBL) below the nailbed (nb) and the (E-H) bone marrow (BM) cavity of D0 

controls and regenerating digits at DPA5, 10, and 14. General concentrations of eGFP and CD45 were 

assigned a qualitative score of low (+), moderate (++), and high (+++).  We must note that at DPA10, 

BMDCs scattered throughout the DDCT as the tissue layer was displaced by small newly formed vessels.  

Also, the BM cavity in particular was characterized by an arterial blood supply with a large lumen 

immediately lined by tunica media (tm) and tunica adventitia (ta) cells and both vascular layers were ill 

defined by the mass accumulation of eGFP+ cells mostly around DPA10 and thus could not be labeled.  

Definition of these tissue layers re-emerged by DPA14 as BM compartmentalization was underway.  Scale 

bars, 10 m.      

 

 

 
These data suggest that the fundamental clotting and inflammatory phases of wound 

healing take place in a regenerating wound and, due to the scarcity of pre-existing resident 

CD45+/eGFP- cells, these early events are mostly orchestrated by BMDCs that differentiated 

into monocytic phagocyte lineages.  The sudden decrease in CD45+/eGFP+ cells in the mature 

blastema not only indicate that the bulk of immune responders are limited to the inflammatory 

phase of repair but also that upkeep of the blastema structure is not dependent on persistence 

of a large number of immune cells.  However, indirect triggering of blastema formation and 

growth by certain cytokines, chemokines, and growth factors produced by these CD45+/eGFP+ 

cells cannot be ruled out.  Since only baseline percentages of CD45+ cells are measured in the 

later stages (DPA21-35) of regeneration and CD45- phenotypes prevail, we conclude that factors 

immediately derived from leukocytes do not have a direct effect in differentiation and 

patterning of the regenerate.  Moreover, we have demonstrated that the turnover of 

CD45+/eGFP+ to CD45-/eGFP+ cell content in the CT and BM compartments is very dynamic but 

asynchronous.  Although small vessel accumulation in the DDCT may facilitate circulating 

progenitor with access to the wound site, expansion of MPCs in the BM of P3 by DPA10 prior to 

blastema growth suggests a direct role of the pre-existing P3 BM as a major source of blastema 

cells. 
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Differential survival of BMDCs in the regenerate 

 So far our findings indicate that BMDCs occupied the wounded digit tip with cells of 

hematopoietic and mesenchymal features.  Not surprisingly, the presence of most HPCs was 

restricted to the inflammatory phase of repair.  Turnover of the cellular population was mostly 

observed by DPA10, where CD45- BMDCs  prevailed, thus changing the ratio of CD45+/eGFP+ to 

CD45-/eGFP+ cells and these BMDCs had spindle morphology.  Because of this lack of CD45 

expression, we described the bulk of eGFP+ spindle-shaped cells as non-immunological and 

mesenchymal.  To begin examining the survival rate and fate of these MPCs over the course of 

regeneration, we co-labeled control and amputated digits from the defined timepoints by 

indirect immunofluorescence of Ki67, a nuclear marker  present in all phases of the cell cycle 

except G0 (254), and the executioner of apoptosis, cleaved C3 which localizes to the cytosol 

(255).  The differential expression of each antigen was recorded at the cellular level and the 

percentage of eGFP+ or eGFP- cells expressing either one was calculated from the total CT or 

BM area and normalized to the almost negligible level of expression in control CT and BM.  

Emphasis was placed on DPA10, since based on our observations this period marked the turning 

point in both turnover of general cell phenotypes and enrichment of eGFP+ MPCs.  We must 

note that, specifically in the BM of amputated digits, we were able to detect a small percentage 

of eGFP- cells which expressed either Ki67 or C3 and these eGFP- cells may be either the result 

of variations in sensitivity of the anti-eGFP staining and detection threshold of the CCD; inclusion 

of cells belonging to the tunica media of the major artery feeding the BM which survives 

irradiation and thus was negative for eGFP; or simply not achieving absolute BM reconstitution 

of the marrow exclusively with eGFP+ populations of HPCs and MPCs which can be explained by 

reports on the radioprotection to  rays  that characterizes a subset of BM stromal 

components(256, 257).  
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Expression of Ki67 in unamputated controls was mostly restricted to the proximal 

nailbed (nb) and ventral epithelium (ve) which were excluded from the analysis (Figure 3.5 A).  

We were unable to detect but one or two proliferating cells in either the CT or BM of control 

digits at any given point.  Beginning at DPA0 through DPA5, a 3.1% increase of total Ki67 staining 

was observed in the CT when compared to controls and one fourth of these co-expressed eGFP 

(Figure 3.5 E).  This indicates that during the inflammatory phase of repair during which CD45+ 

cells comprise the bulk of eGFP+ cells (Figures 3.3 A, B, E and 3.4 B), proliferation in the CT was 

not completely abrogated and this might have been due to recent evidence showing that 

accumulation of macrophages in the wound during inflammation is partially due to proliferation 

of local pre-existing monocytic phagocyte precursors rather than by recruitment of those 

derived from the BM in circulation alone (258).  Cells continued to expand at an increased rate 

by DPA10 to an average of 13.0% of which 39.5% were eGFP+ (Figures 3.5 B, E, and I).  

Interestingly, of the total proliferation index peak of 21.2% at DPA14 in the blastema 

mesenchyme, less than one third of these cells also stained for eGFP (Figures 3.5 C, E, and J), 

which is consistent with blastema growth but does not explain why the highest yield of CD45-

/eGFP+ cells is measured around the mature blastema stage (Figures 3.3 C, D, E and 3.4 D).  

However at DPA21, we observed a significant 26.5% decrease in total proliferation with a steady 

percentage of Ki67+/eGFP+ BMDCs compared to DPA14, thus indicating a decrease in 

proliferation of eGFP- cells (Figure 3.5 E).  The total proliferation index decreases 2-fold to 8.4% 

at DPA28 from DPA21 with a simultaneous 62.9% decrease in Ki67+/eGFP+ cells.  By DPA35, 

Ki67 staining almost reverted to DPA0 measurements and with a similar trend in eGFP and 

Ki67staining ratio we conclude that terminal differentiation had occurred for most cells (Figure 

3.5 E).  After the resolution of inflammation based on earlier CD45 expression studies (Figure 

3.3), the dramatic deviation of eGFP- cells at the level of the wound CT at DPA14 combined with 
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the steady state of eGFP+ cells marks a possible support role of BMDCs in the survival of pre-

existing local precursors. 

The proliferation dynamics in the BM compartment of the regenerating digit portray a 

different profile.  Consistent with BM reconstitution and expression of eGFP on most cells, Ki67 

staining was mostly associated with donor BMDCs housed in the marrow cavity throughout the 

regeneration timeline.  No significant deviations from the stable ratio between Ki67 to eGFP 

staining were detected before DPA21 (Figure 3.5 F).  Most of the total Ki67+ fraction of cells was 

eGFP+ at DPA0 and DPA5, during which a 5.1% increase was measured (Figure 3.5 F) and based 

on the high expression of CD45 in the BM at this timepoint (Figures 3.3 A, B and 3.4 F) we 

conclude that these are proliferating monocytic phagocytes as previously observed within the 

CT of DPA5 amputations.  At DPA10, prior to blastema onset in this model, we measured a 

24.8% increase of proliferating cells in the bm of which an average 81.9% expressed eGFP 

(Figures 3.5 B, F, and I).  Even though sampling error between total Ki67+ and Ki67+/eGFP+ at 

DPA10 was insignificant (Figure 3.5 F), we must note that we did find a number of eGFP- cells 

proliferating in the marrow and these were mostly associated with the endosteum (Figure 3.5 I, 

arrows).  Since we described a drop in CD45 expression in the BM of DPA10 digits (Figure 3.3 G), 

it is unlikely that this dramatic increase in eGFP staining is due to expansion of the 

hematopoietic lineage.   

By the time the blastema mesenchyme is saturated by an increasing number of actively 

replicating CD45-/eGFP- cells and CD45-/eGFP+ cells with lower but steady proliferation index, 

we detected a significant decrease in overall Ki67 reactivity by one third of DPA10 expression in 

the more patterned BM compartment during DPA14 (Figures 3.4 H and 3.5 C, F, and J).  We also 

measured a significant average increase in the number of Ki67+/eGFP- cells of 32.8% and 43.3% 
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from the total dividing cells in the marrow at both DPA14 and DPA21, respectively, and these 

were continually associated with the endosteum layer of P3 (Figures 3.5 F and J, arrows).  It is 

well documented that most cells lining the endosteum are osteoblasts and these undergo cell 

cycle arrest following marrow radioablation in an NF pro-survival signaling-dependent 

manner, which protects them from radiation-induced apoptosis and upholds their role as 

modulators of progenitor niches in the BM (259).   Therefore we cannot rule out that the source 

of the increase in eGFP- cells in the BM at DPA14 and DPA21 is an expanding eGFP- subset of 

radioprotected osteoblasts from the pre-existing P3 fragment that gradually reconstitutes that 

tissue layer within the BM of the regenerating P3.  The steady decrease in Ki67 expression 

returned to baseline levels by DPA28 and DPA35 (Figures 3.5 D and F) without significant gaps in 

the ratio between total dividing cells and those that were eGFP+ and this signals the end of 

growth of the regenerate with a focus on differentiation. 

Unlike the index of proliferation, the trend in expression of cleaved C3 was less 

asynchronous between compartments and timepoints and an almost undetectable fraction of a 

percentage of cells were positive in unamputated controls.  In general, the total number of cells 

undergoing apoptosis decreases as regeneration progresses with near baseline counts occurring 

after DPA28 in the CT and BM compartments alike and only significant changes were measured 

between eGFP+ and eGFP- subpopulations (Figures 3.5 G, H).  In both the CT and BM there was 

an overall increase of apoptosis in 7.6% of total cells by DPA5 (Figures 3.5 A, B, G, and H).  Since 

previously we measured that most eGFP+ cells in both the CT and BM at DPA5 co-expressed 

CD45+ and conversely very few cells were measured or observed to be CD45+/eGFP- (Figures 

3.3 A, B, E and 3.4 B, F), we attributed the increase in staining for apoptosis to inflammatory 

eGFP+ HPCs with a short lifespan thus, along with a decrease in CD45 staining, the elevated level 

of C3 served as an indicator of resolution of the inflammatory phase.  Based on this, we report 
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that while half of the C3+ cells at DPA5 co-expressed eGFP in the CT, 71.3% were eGFP+ in the 

BM and the difference between total and eGFP+ cells in the BM expressing C3 was insignificant 

(Figures 3.5 G and H).  In both compartments, apoptotic eGFP+ cell content by DPA10 

significantly decreased by 2-fold from DPA5 while changes in the total C3+ fraction remained 

insignificant, indicating an increased amount of apoptotic eGFP- cells (Figures 3.5 B, G-I).  We 

could not rule out that C3+/eGFP- cells up to DPA10 belonged to a pre-existing non-BM derived 

cell phenotype still responding to death cues brought on by damaged vasculature, inflammation, 

matrix degradation, or a combination of these events.   

Following blastema onset at DPA14, apoptosis remained at an average 2.5% higher than 

baseline and only a fraction of a percentage of these were eGFP+, especially in the BM 

compartment.  Therefore, at DPA14 the majority of dying cells in both sites were eGFP- and 

since we ruled out most of these from being of a hematopoietic origin, an alternative is that 

they were part of short-lived support structures derived from pre-existing compartments similar 

to the transient sprouts of endothelial cells that arise during the granulation phase of wound 

healing.  Along with a peak in proliferation index measured in the BM prior to that of the CT 

(Figures 3.5 B-C, E-F, and I-J), the earlier clearance of C3 activity suggests that the BM is one of 

the first compartments of the regenerate to undergo microenvironmental modifications 

conducive to increased survival of BMDCs.  We were unable to detect significant changes in C3 

staining in neither compartment following DPA14 nor a significant difference in apoptosis 

percentages between eGFP+ and eGFP- cells from the CT in this regard (Figures 3.5 G-H).  

However C3 staining was still detectable in an average of 1.75% of eGFP- cells in the BM.  Along 

with the proliferation index results of the eGFP- fraction in the BM between DPA14 and DPA21, 

the moderate presence of eGFP- cells, a fraction of which expresses C3, not only confirms the 
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ongoing presence of radioprotected cell types in the marrow but also suggests a prolonged 

turnover of this population in a compartment-specific manner.      

 

Figure 3.5:  Sections of control and amputated digits at defined timepoints were stained for Ki67 and 

cleaved-Caspase-3 (C3) to show that apoptosis is restricted to the early stages of repair, proliferation of 

eGFP+ cells in the BM precedes blastema formation, and BMDCs in the blastema are progressively 

diluted by proliferating local cells.  Analyses were restricted to the bone marrow (bm) cavity and the 

connective tissue (ct) areas between the nailbed (nb) or ventral epithelium (ve) and the P3 phalanx. (A-D) 
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Low magnification (100X) views of unamputated control and DPA10, 14, and 28 timepoints of 

regeneration co-express Ki67 and C3 with DPA10 and 14 showing the most dynamic differences in survival 

between timepoints and compartments.  Indices of both proliferation and apoptosis returning to baseline 

levels by DPA28 mark the end of growth and, paired with histological analysis, an ongoing focus on 

differentiation. (E-H) Cells expressing nuclear Ki67 or cytosolic C3 were counted and graphed as a 

percentage of total CT or BM area.  Data are presented as mean ± SE (n = 4 per timepoint).  (I-J)  Higher 

magnification photomicrographs from DPA10 and 14 regions of interest marked by the yellow rectangle in 

the (B-C) lower magnification composites to include the dorsal ct (dct) or dorsal and ventral blastema (dbl 

or vbl, respectively) and bm compartments demonstrate the localization and distribution of proliferating 

and apoptotic cells.  Most eGFP- cells associated with the bm expressing either both or neither marker 

(white arrows) were localized to the endosteum thus suggesting that a population of pre-bm transplant 

cells resilient to irradiation undergo dynamic turnover specifically detected throughout bone remodeling 

but not in the pre, early or post-regenerate bm microenvironment.  Scale bars, 50 m.             

 
 
 
BMDCs differentiate into FRCs and participate in blastema scaffold engineering and 
long-term structural support of regenerated structures  

According to our results so far, amputated digit tips proceed through an initial response 

that involves an inflammatory phase which is driven by a large number of CD45+ BM-derived 

HPCs and these cells comprise the bulk of the eGFP+ population of BMDCs in the CT up to 

DPA10.  However, concurrent with a decrease in CD45+ HPCs, a large percentage of eGFP+ cells 

which tested negative for CD45 aggregate in the blastema at DPA14.  Based on the large ratio of 

proliferation index to apoptosis potential, we concluded that the blastema microenvironment 

can sustain these cells.  We have also demonstrated that a moderate amount of FRCs in the CT 

of unamputated digits retain exclusive expression of the ER-TR7 antigen and detection of this 

protein by immunolabeling with a monoclonal antibody results in prominent staining which 

outlines digit structures such as vessels, bone, and epithelial basement membranes.  Moreover, 

we also measured that along with accumulation of fibroblasts in the blastema comes the 

overexpression of this antigen at the subcellular level of the cytosol and membrane of FRCs and 

as secreted filaments in the blastema extracellular space.  So we next tested the ER-TR7 

antibody in coexpression with eGFP on our control and amputated digits from the BM chimeras 
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to determine if BMDCs of CD45- and mesenchymal phenotype differentiate into FRCs in the 

regenerate. 

On average, a fourth of total CT cells in controls from all timepoints and digits at DPA0 

stained positive for ER-TR7 but consistently less than half a percent of these were eGFP+ (Figure 

3.6 F) thus suggesting that under normal conditions the grand majority of eGFP+ cells in the 

control CT were CD45+ resident cells or non-hematopoietic ER-TR7- cells (Figure 3.4 A).  As 

previously described, ER-TR7+ cells and associated extracellular filaments in the CT are 

predominantly found tethered to basement membranes of the skin, extravascular linings, and 

the periosteum of P3.  In the BM, ER-TR7 reactivity is limited to the endosteum and tunica 

adventitia of the main arterial blood supply (Figure 3.6 A).  Since most ER-TR7+ cells in sub-

compartments of the CT and BM from control digits and DPA0 did not express eGFP, these data 

also suggest a strong baseline presence of resident FRCs which either experienced a slow 

turnover frequency or were not derived from the BM after transplantation. 

During the inflammatory phase at DPA5, we observed apoptosis (Figure 3.5 G) and 

indications of matrix degradation mostly at the level of the CT dorsal to P3 with total extinction 

of FRCs distal from the midline of the pre-existing digit tip thus lowering the percentage of ER-

TR7+ resident cells in the total CT over 2-fold from controls (Figure 3.6 A, B, and F).  Along with 

initial enrichment of the BM with CD45+/eGFP+ cells during DPA5 (Figures 3.3 A and 3.4 F), we 

observed an unexpected increase in ER-TR7 staining beyond the normal endosteum and tunica 

adventitia layers described earlier therefore potentially identifying the BM as the primary site of 

homing and/or expansion of blastema FRCs (Figure 3.6 B).  By DPA10, the total ER-TR7+ 

population in the CT dorsal and ventral to the phalanx recovered to levels measured in 

unamputated and DPA0 digits and 42.61% of these expressed eGFP (Figures 3.6 C and F) which 
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points to a correlation with the gradual accumulation of ER-TR7+/eGFP+ cells in the BM from 

DPA5 to DPA10 (Figures 3.6 B and C) along with the displacement of the dorsal CT at DPA10 by 

newly formed vessels described previously (Figure 3.4 C).  This indicates that those vessels, 

along with the exposed distal BM compartment are facilitating migration of BMDCs to the injury 

site.   

The results from DPA14 regenerating digits in the BM chimeras were consistent with our 

previous findings indicating that the blastemas of neonatal and adult mice become enriched 

with ER-TR7+ FRCs around this timepoint.  In the present study we measured a 3-fold increase 

from DPA10 in the amount of FRCs co-expressing eGFP to encompass half the population of ER-

TR7+ FRCs in the total CT area of the regenerate at DPA14 excluding the BM (Figures 3.6 D and 

F).  Alongside ER-TR7+ BMDCs, there was also expansion of eGFP negative FRCs, which 

comprised 41.7% of the total population of ER-TR7+ FRCs in the CT at DPA14, an increase of 1.6 

fold from DPA10.  But then we measured a simultaneous decrease in both eGFP+ and eGFP- FRC 

populations beginning at DPA21 with a total decrease of 24.5% of total FRCs and 13.5% from 

those expressing eGFP+ by DPA28.  However, at DPA28 we observed that most of the blastema 

area is occupied by trabecular bone and many of the cells within the trabeculae are negative for 

eGFP.  Furthermore, we noticed that the eGFP+ population in the remaining soft tissue portion 

of the blastema was not as prolific, thus indicating that cells which were not derived from the 

BM progressively diluted the eGFP+ cells (Figures 3.6 E and F).  Near the endpoint of 

regeneration at DPA35, the percentage of total ER-TR7+ cells in the CT approximated control 

levels and less than half of those remaining cells expressed eGFP and this subpopulation 

encompassed 10.5% of the total cellular content.  Nonetheless, we not only found that many of 

the remaining eGFP+ cells had active ER-TR7 expression but that they had also become part of 

basement membranes and supporting stroma.  For example, we observed this long-term 
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presence in the regenerated dorsal CT.  Unlike the age-matched control chimeras, which 

exhibited scarce eGFP+ cells randomly distributed throughout the CT without direct association 

with structures such as vessels (Figure 3.6 G), similar regions in DPA35 regenerates housed 

spindle ER-TR7+/eGFP+ cells outlining below the stratum basale of the nailbed and within the 

tunica adventitia surrounding vessels (Figure 3.6 H).     

 

Figure 3.6:  Immunohistochemical co-expression and quantitation of eGFP with ER-TR7 indicate that 

BMDCs differentiate into FRCs in the BM and these FRCs and expression are propagated to the wound 

site to initiate blastema growth and scaffolding. (A-E) Representative photomicrographs including 

dorsodistal connective tissue (CT) and marrow (bm) regions encased by the nailbed (nb) or P3 bone (b), 

respectively, of control (CTRL) and amputated digits at days post amputation (DPA) 5, 10, 14, and 28. 

Scale bar, 50 m.  Imaging of stained digit sections (n=4 per timepoint and control) was followed by 

objective digital quantitation of cells in the CT expressing cytosolic eGFP with membranous and/or 

cytosolic ER-TR7 staining. The bm was excluded from these measurements.  (F) Results were graphed as 

total ER-TR7+ versus ER-TR7+/eGFP+ subtotal percentages and show that a subset of BMDCs have the 

ability to synthesize and become part of the majority of the ER-TR7 scaffold by the mature blastema stage 

at (D, F) DPA14.  However, even though the CT area increases over time, the eGFP signal, along with ER-
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TR7+ expression becomes gradually diluted in the CT by an increase in eGFP- cells and emerging 

trabecular bone (tb) more prominent by (E, F) DPA28.  Regardless, in comparison with age-matched (G) 

controls, we observed that eGFP+/ER-TR7+ cells have a long-term presence in the (H) DPA35 regenerate 

as support cells mainly in the stratum basale of the epidermis and the tunica adventitia of a few vessels 

(white arrows). (G, H) Scale bar, 10 m.  Merged with all images is the DAPI nuclear counterstain (gray).   

 
 
 
Combined with our regenerating adult BM chimera survival studies (Figures 3.5 C, E, and 

F) and the proliferation dynamics of ER-TR7+ cells during matched timepoints of neonatal digit 

tip regeneration (Figures 2.6 A, C, ad D), these data so far suggest that enrichment of blastema 

FRCs is dependent on both expansion of eGFP+ FRCs inside the BM followed by migration 

towards the distal wound and expansion of eGFP- precursors of FRCs originating from the local 

CT.  Experiments involving digit tip amputations following in vivo labeling of P3 marrow cells 

with DiI in situ or engraftment of tagged fibroblasts into the P3 BM provide evidence that cells in 

that compartment migrate to the blastema site (162).  Regardless of eGFP reporter expression, 

blastema FRCs with secreted and membrane-bound ER-TR7+ fibers (Figure 3.7 B) aggregated 

and stretched parallel to the proximodistal axis of the DPA14 blastema towards the wound 

epidermis, which is consistent with prior observations (Figures 2.4  A and 3.7 A).  Based on our 

observations and measurements, we hypothesize that (I) BM-derived mesenchymal precursors 

of FRCs become enriched and are primed to secrete ER-TR7 in the BM prior to onset of the 

blastema; followed by (II) distal outflow of FRCs into the immature blastema site with 

consequential increase in ER-TR7 expression but decreasing BM cellular content; and 

colonization of the blastema space thus promoting its growth alongside further decellularization 

and differentiation of the BM compartment (Figure 3.7 C).  In other words, initial outgrowth of 

the blastema structure is directly linked to in situ expansion of MPCs in the P3 BM source 

followed by migration towards the wound epidermis.  Circulating BMDCs were ruled out from 

being the primary contributors to the general blastema population since observations at the 
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level of the dorsoproximal CT which we described as sprouting with young vessels at DPA10 

indicate similar availability of eGFP+ cells between DPA10 and DPA21 (Figures 3.7 D-F).  On the 

other hand, in addition to early hypercellularity, more dynamic changes were recorded between 

DPA 10 and DPA21 in the BM cavity such as decreasing cellularity over time with patterning of 

structures (Figures 3.7 G-I) and without evidence of apoptosis based on our survival studies, 

thus supporting that many of the cells which had previously expanded there migrated out.          

Figure 3.7:  A major source of blastema cells is the P3 BM and these occupy the blastema site along the 

proximodistal axis towards the wound epithelium as FRCs.  (A) Further microscopic analysis of DPA14 

blastemas reveal ER-TR7+/eGFP+ cells in agreement with following a proximodistal growth pattern from 
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the marrow (bm) towards the wound epithelium (we).  (B) Many eGFP+ cells were encased by ER-TR7+ 

membranous expression (white arrows) with secreted ER-TR7+ microfilaments into their immediate 

extracellular space.  (C) Hypothetical diagram of the basic steps followed by BMDCs capable of expressing 

ER-TR7 and colonization of the blastema depicts: I. Ongoing expansion of eGFP+ mesenchymal 

progenitors primed to become ER-TR7+ FRCs in the bm between DPA5-10; II.  Migration of these cells in 

the immature blastema site with further priming to generate the ER-TR7+ scaffold with initiation of 

decreasing cellular content of the bm and more patterned ER-TR7 expression between DPA10-14; and III.  

Colonization and growth of the blastema site with organized but upregulated ER-TR7+ scaffolding and 

further decellularization and patterning of the bm between DPA14-21.  (D-F) We found little evidence of 

contribution of circulating eGFP+ FRCs to the blastema from the small newly formed vessels in the 

dorsoproximal region of the CT above the bone (b) during the timepoints in which we had measured the 

greatest blastema onset and growth. (G-I) On the other hand, qualitative analysis of the bm at the same 

timepoints demonstrate a gradual decrease in ER-TR7+/eGFP+ cells with increasing evidence of discreet 

patterning such as the outlining of vasculature within the bm.  Scale bars (A): 50 m; (B): 10 m; and (D-I): 

50 m.    

 
 

 

BMDCs remodel bone and integrate into phalangeal membranes 

We have provided evidence that BMDCs of mesenchymal phenotype which expand in 

the pre-existing BM of regenerating P3 participate in onset and growth of the blastema by 

differentiating into FRCs and expanding the ER-TR7 network of fibers.  Even though an average 

of over half of the eGFP+ cells housed in the mature blastema at DPA14 were ER-TR7+, there 

was a large percentage of BMDCs remaining with undetectable ER-TR7 and therefore unknown 

fate.  Since the endpoint neonatal or adult regenerate is largely composed of mineralized bone 

matrix arising from direct ossification (12, 13) stemming from the pre-existing P3 stump (137) - 

blastema interface, we decided to employ co-labeling of eGFP and ER-TR7 with Osteocalcin (OC).  

Quantitation was limited to the CT around the phalanx thus excluding the BM cavity.  

Assessment of osteoblasts in the endosteum was limited to qualitative observation.  Although 

limited to the periosteum and trabeculae in the remodeled bone of the regenerate, the assay 

would serve three purposes: (1) to determine if any osteoblasts coordinating bone remodeling 

are derived from the BM; (2) to demonstrate that potential OC+/eGFP+ cells and ER-TR7+ FRCs 

follow a pattern consistent with periosteum and endosteum layers described previously (Figure 



116 
 

 

2.2 C); and (3) to answer if the fate of these OC+/eGFP+ cells is long-term.  Since we observed 

the presence of eGFP+ cuboidal cells tethered to both the endosteum and periosteum of P3 

during preliminary analysis of the amputated chimera digits (Figures 3.1 B, C, I, and 3.2 I, L, O, 

and R) we were inclined to believe that a percentage of total OC+ cells or osteoblasts would 

stain positive for eGFP. 

We were unable to detect definitive OC+/eGFP+ co-expression in the periosteum of age-

matched unamputated digits (Figure 3.8 E) and DPA0 samples.  However, we do note that in 

several control samples we were able to find OC+/eGFP+ cells scattered in the endosteum layer 

of the BM (Figure 3.8 I, white arrows).  We attribute this to direct repair after irradiation-

induced damage of the marrow and its lining with donor osteoblastic precursors and this was 

our first indication that the OC+/eGFP+ phenotype and the extended presence of this phenotype 

after injury were possible.  This plausible explanation has been demonstrated in ganciclovir and 

radiation induced damage of host bone lining followed by engraftment and integration of donor 

BM-derived osteoblast progenitors from total and calvaria BM to repair the injury (260).  On an 

average, the total number of OC+ cells in the periosteum comprises 5.5 to 6% of the total cell 

population in the CT space.  Along with a gradual decline of half the population originally found 

in controls and DPA0 digit due to bone resorption and degradation, rare occurrences of 

OC+/eGFP+ events began to be detected at DPA10, during which roughly one fifth of the 

osteoblasts expressed eGFP (Figure 3.8 D).  And this subpopulation doubled by DPA14, where 

we also measured overall gradual recovery of OC+ cells as evidence of bone regrowth which was 

expected around this timepoint consistent with previous studies (137, 261).  A significant spike 

in osteoblast numbers of an average 1.5% above control was measured at DPA21 (Figure 3.8 D).  

It was during this timepoint in our model that direct ossification and growth of trabecular bone 

were the most prominent (Figure 3.8 A) and even though there is evidence suggesting that 
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osteoblasts participating in digit tip regeneration come from lineage-restricted progenitors (261, 

262), we were able to detect scattered OC+/eGFP+ cells lining trabeculae and regenerated 

continuation to the pre-existing endosteum (Figure 3.8 B, C, white arrows).  With exclusion of 

the BM cavity and thus the endosteum OC+/eGFP+ cells added to an average of nearly one third 

of the osteoblast population and the great majority of these cells were housed within the 

trabeculae.  Consistent with the stratification of neighboring ER-TR7+ and OC+ cell layers which 

encase the mineralized bone matrix and lines the BM and trabeculae as periosteum or 

endosteum (Figure 2.2 C), we were also able to identify cells co-expressing ER-TR7 and eGFP in 

close association and conventional pattern with OC+/eGFP+ cells and the overall osteoblastic 

linings (Figures 3.8 B, C, yellow arrows).   

Overall, these data so far hint at a notable contribution from BMDCs to the osteoblast 

phenotype during regeneration and their incorporation into patterned subcompartments.  Even 

though the overall OC+ percentage changes are insignificant between after DPA21, the 

OC+/eGFP+ population counts significantly decrease over 2-fold into DPA28 but plateau near the 

endpoint of regeneration by DPA35 (Figure 3.8 D).  The significant decrease in DPA28 can be 

attributed to dilution of the OC+/eGFP+ cells by truly fate-restricted pre-amputation niche or 

lineage (262) and the overall decline in eGFP staining with sudden takeover of eGFP negative 

cells is most prominent within the direct ossification zone or new forming trabecular bone after 

DPA21 (Figures 3.6 E and 3.8 A).  Nonetheless, the persistence of OC+/eGFP+ cells even at less 

than one fifth of the total OC+ population excluding the BM compartment alludes to the long-

term commitment of BMDCs to regenerated bone and the possibility of an additional lineage 

restricted population originating from the P3 BM.  Events suggestive of the incorporation of 

OC+/eGFP+ cells in the periosteum of the regenerate were more detectable near the endpoint 

of regeneration at DPA35 (Figure 3.8 F).  We found scattered OC+/eGFP+ cells tethered to the 
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regenerated trabecular bone of P3 (Figure 3.8 H, white arrows) co-existing with OC+/eGFP- 

osteoblasts.  The same elongated or cuboidal cell phenotype was found in unamputated cortical 

bone of P3 without evidence of eGFP signal (Figure 3.8 G).  Not surprisingly, we were able to 

observe OC+/eGFP+ cells in the endosteum of the BM in both unamputated and regenerated 

samples (Figures 3.8 I and J, white arrows) but it was there that we were able to capture an 

overlying layer of ER-TR7+ cells of which some expressed eGFP (Figures 3.8 I and J, yellow 

arrows) and thus providing further evidence of multilayer patterning.  It has been known that 

osteoblasts can remain inactive, undergo apoptosis, or slow down matrix production to become 

embedded in the mineralized bone matrix as osteocytes following bone growth (263).  

Interestingly, we were also able to observe in the bone underlying both the periosteum and 

endosteum layers of P3 eGFP+ cells embedded in the trabecular bone matrix of the regenerate 

only (Figures 3.8 H and J, gray arrows), which only adds to evidence of the long-term 

commitment and functional preservation of the OC+/eGFP+ lineage derived from the BM. 
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Figure 3.8:  A fraction of BMDCs in the blastema actively participate in bone remodeling as osteoblasts. 

We co-labeled digit sections from age-matched unamputated controls and all regeneration timepoints 

using antibodies against eGFP, ER-TR7, and OC.  The signals were subsequently cross-matched to count 

eGFP/OC co-localization events and observe if the patterning of OC+ cells with ER-TR7+ cells correlated 

with conventional architecture following regeneration.  (A)  The influx of osteoblasts in the regenerate 

peaked at DPA21 and these are mostly detected outlining the periosteum, endosteum of the marrow 

(bm), and trabeculae of the regenerating trabecular bone (tb) portion of P3.  Scale bar, 50 m.  (B)  The 

subpopulation of OC+/eGFP+ cells was mostly detected lining the trabecular spaces (white arrows) and 

co-existing with ER-TR7+ or ER-TR7+/eGFP+ FRCs (yellow arrows). (C) Many OC+/eGFP+ osteoblasts 

integrated in the endosteum lining of the bm (white arrows) and surrounded by ER-TR7+ or ER-

TR7+/eGFP+ FRCs (yellow arrows) in most controls and regenerates, thus indicating a direct participation 

of eGFP+ donor BMDCs in general homing, restoration, and repair of the bm after irradiation damage 

prior to amputation injury.  Scale bars for B and C, 10 m.  (D) OC+ only and OC+/eGFP+ cells were 

counted within the connective or blastema tissue area with exclusion of the bm (n=4 each for age-

matched control and amputated timepoints) and these data show a progressive percentage of OC+ cells 

invading the tissue with a peak at DPA21 and insignificant changes from that percentage towards the 
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endpoint of regeneration.  A similar trend was measured with the OC+/eGFP+ fraction with nearly one 

sixth of the total OC+ population expressing eGFP which means that a long-term presence of a fraction of 

BMDCs with an osteoblastic phenotype is active in the endpoint regenerate.  (E) Age-matched 

unamputated and (F) DPA35 regenerate low magnification views show direct ossification of the 

regenerate near completion as tb no longer subcompartmentalized by many trabecular spaces and thus at 

this point any OC+/eGFP+ events were mainly detected in the periosteum and endosteum.    Scale bars for 

(E-F):  50 m.  (G) Control cortical bone (cb) and (H) regenerated trabecular bone (tb) periosteum at day 

35 is composed of a monolayer of flattened OC+ osteoblasts surrounded by ER-TR7+ FRCs.  OC+/eGFP+ 

co-labeled cells were only detected in the regenerate (white arrows) and some cells embedded in the 

bone matrix or osteocytes by definition, were also labeled with eGFP in the regenerate only (gray arrows).  

(I)  Day 35 controls and (J) DPA35 regenerates consistently co-expressed OC and eGFP in the bm 

endosteum (white arrows) in a patterned layer with integrated ER-TR7+ and ER-TR7+/eGFP+ FRCs (yellow 

arrows) which is one of the main reasons why we excluded it from quantitative analyses.  We could not 

rule out if these events in the regenerate were brought on by pre-amputation radioablation, amputation 

injury, or both.  (J, gray arrow) Similar to the bone matrix areas adjacent to the periosteum, we also noted 

eGFP+ osteocytes near the vicinity of the bm cavity in the regenerate only which may be an indication of a 

more prolific eGFP+ osteoblast presence in the regenerate’s endosteum thus making eGFP+ osteocyte 

events more frequently detectable.  Scale bars (G-J): 10 m.     

 
 
 
BMDCs actively participate in transient blastema contraction and angiogenesis but are 
limited in permanent vascular layers 

 To study the participation of BMDCs in the regenerate’s vasculature, we employed 

immunohistochemical labeling of age-matched unamputated controls and amputated digits at 

the specified timepoints with a primary antibody against the blood glycoprotein von Willebrand 

Factor (VWF) exclusively biosynthesized by endothelial cells and megakaryocytes (264, 265) 

which forms a complex with a platelet-derived co-profactor glycoprotein Factor 8 (FVIII) to 

promote platelet adhesion and coagulation in wounds (266).  For practical purposes, the VWF-

FVIII complex detected in endothelial cells by immunolabeling was labeled and referred to FVIII 

in this study.  In previous studies we co-labeled FVIII with -smooth muscle actin or SMA, a 

marker of smooth muscle cells in various organs especially in the tunica media cells and 

pericytes of the vasculature (267, 268) but also non-smooth muscle cells such as myofibroblasts 

(269). 
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 As independent markers of the vasculature, FVIII and SMA are specifically localized to 

the endothelial layer and surrounding tunica media of all vascular subtypes of arteries and veins 

of the unamputated digit CT and BM with the exception of capillaries, which are one endothelial 

cell thick and devoid of a defined smooth muscle layer.  Only the CT from all samples was 

analyzed and measured for the labeled markers.  Typical FVIII immunolabeling was expressed in 

a globular pattern within the lumen of most vessels showing portions the tunica intima or 

endothelium.  Only cells with direct membranous and/or cytosolic FVIII signal were counted and 

these comprise an average 4% of the total population in representative sections.  But following 

analysis of all timepoint-matched unamputated controls, we found no direct correlation 

between eGFP staining and FVIII within the endothelium (Figures 3.9 A and E).  As expected, we 

measured a sharp 2-fold decrease in FVIII staining following amputation without significant 

recovery until DPA21 (Figure 3.9 E).  Between DPA10 and DPA21 however, we counted an influx 

of FVIII+/eGFP+ co-labeled cells within the recovering vasculature which amounted to half a 

percentage of the total CT population and one fourth of FVIII labeled endothelial cells (Figures 

3.9 B, C, and E).  After DPA21, FVIII+ cells were more detectable and steadily recovering to 

baseline levels as early as DPA28.  Following the co-expression peak at DPA21 on the other 

hand, the percentage of FVIII+/eGFP+ cells was diluted to control levels (Figures 3.9 D and E).  

These findings suggest an active role of BMDCs in angiogenesis of the regenerate but this 

contribution is limited to the initial stages of the process or to the evolution of the transient 

vasculature which is known to develop between the inflammatory and granulation stages of 

wound healing in this case to support the bulk of colonizing blastema cells. 

 Another well-defined layer of the vasculature is the tunica media composed of SMA+ 

cells but in digit sections careful examination of signal counts were carefully recorded because 

the interface between SMA+ and FVIII+ cells was complex, especially around tangential cuts of 
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venules and arterioles and their respective bifurcations and interfaces with major veins and 

arteries (Figures 3.10 A and B).  The SMA+ signal in these cells was observed and measured at 2 

to 3-fold stronger arbitrary light units than that in non-vascular SMA+ cells.  In general, SMA+ 

cells in timepoint-matched controls were restricted to the vascular compartments and these 

accounted for an average 4-5% of the total CT cellular area (Figures 3.9 A and F).  Even during 

the tissue degradation and resorption around the wound that is typically observed at DPA5, we 

did not record any negative changes in the concentration of SMA signal, which remained at 

baseline counts.  This means that even though we measured a decline in vascular area by FVIII 

staining, non-vascular SMA+ signal compensates for vascular-related SMA+ staining potentially 

in the form of early migration of SMA+ cells and this is confirmed by the average increase of this 

SMA+ subtype of 13% and 20% at DPA10 through DPA14, respectively, from controls (Figure 3.9 

F).  We observe that non-vascular SMA+ cells permeate the blastema at DPA14 (Figure 3.9 B).  

And a fraction of these cells expressed eGFP in parallel increase to peak at nearly half of the 

overall SMA+ population at DPA14 (Figure 3.9 F).  So far these data provide evidence of a 

significant rise in the SMA+ population composed of both BM and non-marrow derived cells 

which colonize the wound concurrent with blastema growth.  Although insignificant, we began 

measuring an overall decline in SMA staining at DPA21, with signal becoming better defined and 

distributed (Figure 3.9 C).  Progressive and significant decrease to nearly 36% and 60% from the 

peak of expression followed at DPA28 and DPA35, respectively, with SMA+ cells mostly re-

assigned to vascular structures (Figures 3.9 D and F).  This means that SMA expression is 

transient and mostly restricted to the pre-differentiation stages of the regenerate and due to its 

function in tissue contractility, active molding of the blastema structure.  Beginning at DPA21, 

cells co-expressing eGFP also followed a significant and steady decrease around this period to 

end at DPA35 with less than half that of the co-expression peak measured at DPA14 (Figures 3.9 
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D and F).  Overall, these data indicate an active multi-tissue compartment role of different 

subsets of smooth muscle cells in both transient soft tissue contraction between DPA10 and 21 

during undefined blastema expansion followed by restructuring of the regenerate’s vasculature 

around the endpoint of regeneration.                     

 

Figure 3.9:  Detection and quantitation of total and eGFP+ subpopulation of FVIII+ and SMA+ cells in 

representative unamputated control, DPA14, DPA21, and DPA35 regenerating digit tips show 



124 
 

 

reasonable contribution of these cells during the blastema and early regenerate differentiation stages 

but limited persistence by the endpoint of regeneration. (A-D) 100X magnification photomicrographs of 

triple immunolabeling of eGFP, FVIII, and SMA.  Major tissue compartments such as the nailbed (nb), P3 

phalanx (P3), bone marrow (bm), and ventral epithelium (ve) were outlined by dotted lines using 

histological landmarking with DAPI counterstain which is not shown to enhance multicolor contrast. (E 

and F) Cell counts expressed as percentage of total CT area graphed as (E) total FVIII+ and FVIII+/eGFP+ 

co-expression or (F) total SMA+ and SMA+/eGFP+ co-expression in control and regenerating digit tips at 

all timepoints.  (A) Co-expression signals were undetectable in age-matched unamputated controls.  Only 

discreet baseline FVIII and SMA labeling was detected associated with endothelium and smooth muscle 

layers of vessels.  All eGFP+ cells in controls, if any, were negative for the markers. (B and E) The mature 

blastema at DPA14 marks the beginning of FVIII upregulation with incorporation of cells co-expressing 

eGFP. (B and F) Many SMA+ cells express eGFP+ in the blastema indicating actin fiber-mediated 

contraction.  (C) The DPA21 regenerate provides evidence of differentiation and patterning by distal 

remodeling of the P3 bone but also by more defined vascular structures with multicellular endothelium 

with a (E) higher incidence of incorporated FVIII+/eGFP+ cells and (F) downregulation of extravascular 

SMA signal in both eGFP+ and eGFP- cells.  (D) DPA35 show the end result of the progressive and long-

term rescue of the vasculature with (E) a small percentage of integrated FVIII+/eGFP+ cells and (F) a larger 

percentage of total SMA+ cells mostly restricted to vascular structures and SMA+/eGFP+ cells 

incorporated within and close to vascular layers.  Scale bars (A-D): 50 m.  

  
 
 

High resolution histological analysis of representative regions of interest from control 

and regenerating tissue demonstrate that we can identify vascular layer interfaces and further 

expands insight into the dynamic differentiation and positioning of SMA+ cells along vasculature 

and non-vascular layers.  In general, SMA expression can be attributed to elongated cells with 

small to medium nuclei within the tunica media of vessels outlining FVIII+ luminal endothelium 

in tangential and cross-sectional slices of most vessels (Figures 3.10 A and B).  As previously 

described, eGFP+ cells were located in the extravascular space or very close to vessels, 

indicating a phenotype limited to immune or fibroblastic (Figure 3.10 C, G, K, and O).  We also 

found few instances of SMA+ cells not associated with vascular layers and none of these were 

labeled positive for eGFP.  At the peak of blastema formation at DPA14 we found however more 

SMA+ cells in the extravascular space than those in the tunica media and many of these tested 

positive for eGFP (Figures 3.10 D, H, and P).  This confirms a large emerging subpopulation of 

cells in the blastema which are positive for SMA and this overexpression is specific to the 
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mature blastema.  We also observed isolated events of FVIII+/eGFP+ cells in luminal spaces 

lacking well-defined SMA+ walls  (Figure 3.10 D and L) within random blastema regions and 

these were consistent with capillaries.  By DPA21, SMA staining seemed to be downregulated in 

many cells within the extravascular space yet many of the remaining SMA+ cells retained eGFP 

labeling (Figures 3.10 E, I, Q).  In addition, we were able to find more evidence of well-defined 

vasculature with eGFP+ cells within both endothelial (Figures 3.10 E, I, M) and smooth muscle 

(Figures 3.10 E, I, and Q) layers.  Similar to unamputated controls, we found very few instances 

of SMA+ or SMA+/eGFP+ non-vascular cells in the CT of the DPA35 regenerates.  Conversely 

during this timepoint, we were able to detect SMA+/eGFP+ or FVIII+/eGFP+ cells integrated into 

vascular structures in and around well-defined layers (Figures 3.10 F, J, N, and R).  In some cases, 

SMA+/eGFP+ cells were detected in the tunica adventitia typically composed of fibroblasts and 

during adventitial remodeling, occasional myofibroblasts with low SMA expression (270) 

(Figures 3.10 F, J, and R, blue arrow).  These data point to additional roles of BMDCs in digit tip 

regeneration during contraction and vascularization of the injury and these events are more 

detectable following the onset of blastema formation.  We have demonstrated that 

FVIII+/eGFP+ co-expression is not only limited to transient vascular structures when the 

abundance of BMDCs in the regenerate is at its peak at DPA14, but that they also remain in the 

endothelium of more complex vessels in DPA35 regenerates.  In addition, we have shown that 

even though the presence of SMA+ BMDCs increases analogous to growth of the 

undifferentiated blastema and downregulate SMA during its differentiation, some SMA+/eGFP+ 

cells experience long-term integration into the tunica media and adventitia of more complex 

vessels as early as DPA21. 
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Figure 3.10:  The integration of FVIII+ BMDCs is limited in both transient and permanent endothelium 

and eGFP+/SMA+ events are abundant around the blastema stage but regress to extravascular layers at 

the end of regeneration.  High resolution confocal imaging of CT or blastema regions of interest co-

labeled for eGFP, FVIII, SMA, and DAPI and captured at 1000X magnification.  (A) Longitudinal and (B) 

cross-sectional slices of control vessels rendered with FVIII, SMA, and DAPI only show the degree of detail 

that can be obtained from vascular layer interfaces to show the FVIII+ endothelial (e) cell-lined lumen with 

red blood cells (rbc) surrounded by elongated smooth muscle (s) cells of the tunica media and fibroblasts 

or monocytic phagocytes flanking that layer as the tunica adventitia.  (C-R)  Representative regions of 

interest from selected control, DPA14, DPA21, and DPA35 timepoints showing quadruple labeling with 
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eGFP, FVIII, SMA, and DAPI.  (C-F) Merged channels with FVIII+/eGFP+ co-expression (yellow arrows) and 

SMA+/eGFP+ co-expression (white arrows).  (G-J) Extrapolated eGFP channel with eGFP+ cells co-

expressing either FVIII or SMA in corresponding merged channel marked by green arrows.  (K-N) 

Extrapolated FVIII channel with cells co-expressing eGFP in corresponding merged channel marked by red 

arrows. (O-R) Extrapolated SMA channel with eGFP+ cells co-expressing eGFP in corresponding merged 

channel marked by blue arrows.  Scale bars (A-R): 10 m. 

 
 
 
3.4 DISCUSSION 

 The amputated digit tips of mice undergo a complex process of repair including many 

stages which mimic, at least chronologically and histologically, steps of the conventional wound 

healing cascade including clotting, inflammation, re-epithelialization, fibroblast proliferation, 

matrix reorganization, and angiogenesis.  During either process of regeneration or wound 

healing, and in a stage-specific manner, a diverse number of hematopoietic and mesenchymal 

precursor and differentiated cells home to sites of injury and participate in their repair in a 

transient or persistent manner.  And one specific step in regeneration in which we observed 

progressive cellular content is the blastema stage.  Even though the blastema resembles the 

area of granulation tissue in a wound, in which fibroblasts are well known to deposit scarring 

fibers, its end result is a site continuous with the undamaged tissue and segmented into 

patterned layers composed of various cell lineages consistent with the lost tissue layers.  Based 

on the numerous reports on the homing, plasticity, and contribution of both hematopoietic and 

mesenchymal progenitors to organ injury, we hypothesized that the digit tip regenerate is no 

different and that one of the main sources of these regeneration-competent cells is the BM and 

these cells can integrate and differentiate inside several tissue compartments with temporal 

variations in stage of repair and overall lifetime.  We thus incorporated the BM transplantation 

model using transgenic eGFP donors and, combined with immunohistochemical co-expression 
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technique; we tested and measured the major anatomical source, fate, and persistence of 

BMDCs during the blastema stage and beyond. 

 First and foremost, by means of the BM eGFP chimera model, were able to conclude 

that the grand majority of eGFP+ cells in the amputation wound were derived from the marrow 

regardless of migration route.  Occurrences of eGFP+ cells increased to nearly 50% of the total 

cells in the blastema by DPA14 but slowly decreased until the endpoint of regeneration at 

DPA35.  Yet eGFP+ cell counts remained five-fold higher than unamputated controls which we 

interpreted as part of a long-term commitment from BMDCs to reconstitution of digit 

structures.  Moreover, because we did not achieve absolute reconstitution of the BM after 

transplantation and recovery, the amount of BMDCs that contribute to the regenerate may be 

much higher than our data show.  Even without the co-expression of phenotypic markers, we 

were able to measure and observe changes in the amount and cytology of these eGFP+ cells 

throughout the course of regeneration and these changes correlated with the onset of specific 

events and resurgence of various structures identified by histopathology.  First, we used the cell-

surface marker CD45 to tag inflammatory cells and those that conserve it in tissue, mostly in the 

form of granulocytes and macrophages, which are known to be derived from the BM and initiate 

the repair process, and most of these tested positive for eGFP.  Presumably, these cell types 

have a relatively short lifetime and either undergo apoptosis or revert back into circulation once 

chemotactic signals from the wound dissipate.  Even without CD45 labeling, many neutrophils 

and macrophages were detected by either their multi-lobed nuclei or the presence of ingested 

debris, respectively.  However, CD45 staining was instrumental in showing that most eGFP+ 

BMDCs in normal unamputated digits are CD45+ and therefore integrate as resident immune 

cells in the steady-state after transplantation.  In addition, based on CD45 staining, we are able 

to conclude that most BMDCs at the early stages of repair are inflammatory and most 
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CD45+/eGFP+ cells and CD45+ hematopoietic cells in general are restricted to the inflammatory 

phase and excluded from the site by the time the blastema forms.  This means that the 

persistence of an inflammatory milieu is not necessary to sustain the blastema and this reminds 

us of how cutaneous wound repair is unaffected in the PU.1 null mouse even though it lacks 

functional neutrophils and macrophages (271).  Therefore, cues to maintain a regenerative 

response and promote differentiation must be derived from non-inflammatory cells which do 

not express CD45 in tissue.   

Along with the degradation of damaged bone that followed, BMDCs also presented 

themselves as multinucleated osteoclasts, which we expected since these are believed to be 

derived from the fusion of macrophages from the BM (251).  Simultaneously, we observed the 

first potential evidence of non-hematopoietic or CD45- cells in the shape of fibroblasts invading 

the BM cavity and the future blastema space by DPA10, which supports the general consensus 

that fibroblasts derived from the BM participate in wound repair by promoting fibroplasia 

during the proliferation stage of healing (124).  Some of our CD45/eGFP co-labeling results 

support that the BM becomes invaded by CD45-/eGFP+ cells prior to any indication of a 

blastema structure and becomes hypercellular with these cells starting at DPA5.  Conversely, the 

BM becomes more decellularized by the mature blastema stage of DPA14.  Based on the 

asynchronous order of these events we began to label the P3 BM as one of the main sources of 

blastema BMDCs.  But before examining the differentiation phenotype of these cells, we 

measured the overall survival of BMDCs throughout the regeneration timepoints by dual Ki67 

and C3 immunostaining to determine if once inflammation is resolved, the mass of CD45- non-

hematopoietic cells which accumulates in the blastema afterwards has a more prolonged 

presence in the regenerate. 
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When comparing the survival dynamics of the BM versus the CT or blastema, our data 

show similar trends between both tissue compartments with regards to apoptosis and between 

C3+/eGFP- and C3+/eGFP+ cells, which are between one fourth up to one third of the total C3+ 

population.  Total C3 activity increases roughly 8-fold, of which 2 to 4-fold of its signal co-

expresses with eGFP, at the early regeneration timepoints and sharply declines to nearly a 

fourth of that response by DPA14.  This indicates that active C3 is mostly limited to the 

inflammatory phase of repair and its detectability increases due to the high content of damaged 

soft tissue, degrading bone, and short lifespan of immune responders regardless of local CT or 

BM origin.  The low C3 levels following that, especially in the CT, indicate that blastema cells and 

those reconstituting various compartments including the BM are protected from tissue 

reorganization and committed to long-term existence.  On the other hand, our proliferation 

index data does not show a straightforward trend between compartments.  The peak of cell 

expansion arrives first in the BM at DPA10 followed by the CT at DPA14 and while proliferation 

drops by DPA28 in the BM, it continues nearly 5% above baseline in the CT.  Moreover, while 

most proliferating cells in the BM expressed eGFP, only a fraction were eGFP+ in the CT 

including only a fourth of total Ki67+ cells during the peak of proliferation at the DPA14 

blastema stage.  Since proliferation of eGFP+ cells is triggered and peaks in the BM prior to 

blastema formation then we propose that a BM niche is enriched to be the main source of 

blastema cells.  In addition, since the proliferation rate of eGFP+ cells is significantly lower than 

the total Ki67+ population in the CT and the blastema, we interpret the colonization of eGFP+ 

cells in the space outside the BM as a migration event, given that BMDCs can freely travel to and 

from the BM cavity driven by chemotactic signals such as SDF-1, which in this model is mainly 

derived from the wound epidermis distal to the BM opening and within the BM itself (205, 272).  

And a major bulk of these eGFP+ BMDCs which evidently pre-expanded in the BM populated the 
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blastema only to be subsequently diluted by eGFP- cells dividing nearby throughout the later 

timepoints, thus adding to the supportive role of eGFP+ BMDCs to the rescue of local or non-BM 

derived cells in the digit capable of expansion and differentiation in the regenerate. 

Our current and previous studies show that compartments such as the lining of the 

terminal phalanx in unamputated digits of the neonatal, adult, and the BM chimera mouse 

model are outlined by ER-TR7+ FRCs also known as reticular fibroblasts.  In general, fibroblasts 

also exist in the BM as reticular and adventitial stromal cells (273) and can be derived from 

MPCs or a subset of HPCs denominated fibrocytes which are found in the marrow and in 

circulation (274) and many of these, especially the reticular subtype, are capable of expressing 

ER-TR7.  But we found no evidence of such cells co-expressing eGFP in the CT of the 

unamputated digit.  On the other hand, many eGFP+ BMDCs in the regenerating digit begin to 

overexpress ER-TR7 in the immature blastema site by DPA10.  But this overexpression, mainly 

caused by the mass accumulation of primed FRCs is not restricted to the blastema stage.  The 

first evidence of ER-TR7 microfibril synthesis in the regenerate was observed coming from the 

hypercellular BM starting at DPA5, which indicates that many cells in the BM compartment are 

capable of becoming ER-TR7+ FRCs and the factors which induce this differentiation affect the 

BM first.  We must note that since the presence of ER-TR7+/eGFP+ cells in the pre-existing 

dorsoproximal and dorsoventral CT remained moderate throughout regeneration we ruled out 

this region as a niche of eGFP+ FRCs.  Even though we believe the BM is the main niche of FRCs 

in the blastema, one phenomenon that we still cannot rule out is if many of these BMDCs 

migrate outside the marrow niche to the blastema site already primed to become differentiated 

FRCs.  This is especially intriguing when observing progressive decellularization of the BM from 

ER-TR7+ cells and ER-TR7+ fibers while simultaneously measuring blastema growth with ER-TR7+ 

cells and microfibrils in matched timepoints.  We have shown previously that ER-TR7 
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microfobrils co-express COL3 and there are data in cutaneous wound injuries from BM eGFP 

chimera models which suggest that COL3 transcription and deposition in wounds is exclusively 

orchestrated by fibroblastic BMDCs while resident fibroblasts lean more towards production of 

COL1 (124).  Our data supports this evidence since most ER-TR7+ cells counted co-expressed 

eGFP throughout the regeneration timeline.  However, also throughout the regeneration 

timeline we quantified a progressive number of ER-TR7+ cells which tested negative for eGFP, 

especially towards the end of repair, where more than half of the ER-TR7+ population were 

devoid of eGFP.  And this indicates that, since the bulk of CD45-/eGFP+ BMDCs are limited to the 

blastema site between DPA14 and DPA21 and serve as supporting predecessors to the 

recovering local population which later outnumbers it, pre-existing resident CT FRCs are 

responsible for the expansion of ER-TR7+/eGFP- cells.  ER-TR7 was also instrumental in labeling 

general areas of patterning and compartmentalization in the regenerate.  Not only did some ER-

TR7+/eGFP+ FRCs remain in the progressively decellularizing BM cavity to flank the endosteum 

and encase blood supplies but we also found more evidence of ER-TR7+/eGFP+ cells becoming 

part of regenerated structures outside the BM such as, for example,  the stratum basale of the 

nailbed and the tunica adventitia of various vessels.   

Overall, our data indicate that a major portion of BMDCs differentiates into FRCs which 

build the blastema extracellular framework through upregulation of ER-TR7+ microfibrils to 

become intermediary support tissue during the recovery of pre-existing cells.  Although an 

increasing population of FRCs with the same phenotype as those found later in the blastema 

was detected in the BM and the onset of increased microfibril formation is often associated with 

BM anomalies and neoplastic disease (273), the hypercellularity and fibrosis of the BM at early 

timepoints is transient and may be labeled as a contribution to the regenerative response.   

Moreover, even though this scaffold regresses towards the endpoint of repair, the same BMDCs 
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also integrate in the regenerate as long-term FRCs to discreetly outline various compartments in 

a similar fashion as the lost structure and thus can be viewed as functional rather than fibrotic 

cells.  In addition to the differentiation of BMDCs into ER-TR7+ scaffold producing and 

compartmentalization FRCs, data involving co-expression with other lineage differentiation 

markers furnished evidence of the multilineage plasticity of BMDCs and integration into the 

regenerate as other functional cell phenotypes other than FRCs. 

 Similar to FRCs, another subset of BMDCs which can be derived from subsets of MPCs or 

fibrocytes are osteoblast progenitors (275-277).  In fact, when comparing active genes in human 

trabecular bone osteoblasts to dental fibroblasts by microarray technique, for example, most 

transcript levels related to structural and signal transduction processes are the same (278).  

Since this evidence suggests that both lineages are derived from similar mesenchymal 

progenitors, we also considered osteoblasts as one of the endpoint cell populations of 

differentiating BMDCs in the regenerate.  We found that the pre-amputated BM cavity of our 

chimeras was lined with eGFP+ cuboidal cells in direct contact with the mineralized surface of 

the P3 bone many of which tested positive for OC which means that the endosteum lining is 

susceptible to radioablation injury and is partially repaired by BM donor cells.  Based on this 

capability, we anticipated renewal of the damaged P3 bone with the aid of BMDCs following 

amputation.  Following the end of bone and rise of the blastema structure between DPA10 and 

DPA14 (137) we measured a progressive influx of OC+ osteoblasts surrounding mineralized 

trabeculae as a result of direct ossification of the blastema soft tissue.  But onward from the 

peak of osteoblast counts at DPA21, there was no significant change in osteoblast numbers 

within areas outside the BM cavity proper and most of these did not express eGFP.  A possible 

explanation to the lower percentage of OC+/eGFP+ cells in the regenerate stems from the 

recent discovery that the majority of osteoblasts in regenerating P3 trabecular bone are the 
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descendants of pre-amputation osteoblasts (261).  Regardless, we measured that generally one 

sixth of the total osteoblasts from the blastema stage onward were labeled with eGFP, except 

for a peak to one third during DPA21, yet we could not determine by our means if the source of 

OC+/eGFP+ cells was the pre-amputated portions of the BM lining reconstituted with eGFP-

labeled osteoblasts or osteoblast progenitors in the general population of BMDCs not localized 

to the endosteum layer.  At the end, eGFP+ osteoblasts reconstitute the lining of trabeculae 

starting at DPA21 and extend their presence to the periosteum of the regenerated trabecular 

bone portion of P3 by DPA35.  In addition, these cells were consistently localized to the edge of 

mineralized areas and generally flanked by ER-TR7+ FRCs, thus indicating that not only do these 

eGFP+ osteoblasts contribute to the regenerating bone, but also promote the normal tissue 

pattern associated with it.  But the integration of BMDCs as osteoblasts around the bone is not 

limited to the periosteum and endosteum lining.   Interestingly, we also observed eGFP+ 

osteoblasts encased in the mineralized bone matrix, thus suggesting that not only do eGFP+ 

osteoblasts potentially participate in continuous bone remodeling of the regenerated P3 and 

release osteoid, but also add functionality to the regenerate as osteocytes, which sense 

mechanical stress and strain signals and convert them into chemical stimuli to ultimately change 

and maintain bone structure (279). 

 In conjunction with the onset of direct ossification of the regenerate following the 

relatively hypoxic blastema structure, an increase in angiogenesis measured by CD31 staining 

has been reported (137).  Therefore we felt that the abundant population of BMDCs in the 

regenerate around this period must have some implications into the local sprouting of 

endothelial cells or extension of the pre-existing vasculature.  Following IHC co-staining of FVIII 

and SMA in the amputated chimera digits, we employed high resolution confocal microscopy to 

pair the co-expression of these proteins to careful histopathology of vascular structures 
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throughout the regeneration timeline.  The potential participation of circulating BMDCs into 

neovasculature as EPCs and eventually endothelial cells has been widely documented in models 

of ischemic repair and tumor growth but recent dispute over the temporal, quantitative, and 

phenotypic assessment of these events has made this subject controversial (280-283) and focus 

has been diverted to how BMDCs, mainly from the hematopoietic fraction, exert a paracrine, 

mainly VEGF-mediated, pro-angiogenic effect on tissues undergoing repair and/or growth (284-

286).  Our experiments confirm that BMDCs have a limited but direct contribution as endothelial 

cells in the regenerate but we cannot rule out if other subtypes of BMDCs such as macrophages 

and fibrocytes derived from HPCs or stromal cells derived from MPCs facilitate elongation of the 

pre-existing vasculature with paracrine signals.  The highest detection of FVIII+/eGFP+ cells 

clearly within the lumen of vascular structures and therefore in the tunica intima was 

experienced between DPA14 and DPA21, but these were overall simple vessels mostly one-

endothelial cell thick, especially at DPA14, and thus labeled as capillaries.  And studies in similar 

models with healing cutaneous wounds have found that any significant integration of BMDCs in 

the tunica intima is transient and restricted to the proliferative phase of repair characterized by 

temporary vascular structures which feed granulation fibroblasts and eventually regress as the 

wound matures (124, 125).  But consistent with the same studies, we were able to measure co-

labeling of FVIII and eGFP within the tunica intima of scarce vessels towards the endpoint of 

regeneration at a rate of less than 4% of the total FVIII population.  Therefore, a subset of 

BMDCs has the ability to differentiate into endothelial cells of the transient vasculature of the 

blastema at DPA14 but have limited potential towards the long-term contribution in the 

endothelium of more complex and permanent vessels. 

 Excluding capillaries, most vasculature in the digit is composed of three tunica layers 

and we found no evidence of contribution of BMDCs to any of them in unamputated controls, 
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thus further supporting that resident cells tagged with eGFP in the steady state are of 

hematopoietic origin and must have an immunological role.  Other than the contribution to the 

tunica intima of transient capillaries and venules during the blastema stage and a more limited 

incorporation in complex vessels towards the endpoint in regeneration, there is a significant 

contribution to the tunica adventitia and media.  Earlier we demonstrated that during 

differentiation of the regenerate, eGFP+ spindle cells localize to the perivascular adventitial 

space and basal lamina of the epithelium.  Even though resident macrophages integrate into 

these regions, we were able to rule out a monocytic phagocyte phenotype because these cells 

co-expressed ER-TR7.  And this not only supports that BMDCs can integrate into the regenerate 

as functional fibroblastic cells but that they also express ER-TR7 and thus can be included in the 

pool of FRCs.   

From the blastema stage onward in the BM and CT, we also observed BMDCs 

assimilating in capillary walls and into the tunica media of larger vessels which stain positive for 

SMA due to their content of vascular smooth muscle cells (VSMCs) and/or pericytes tethered to 

the abluminal side of the endothelium (287).  Both of these cell types have a similar morphology 

of small prominent nuclei with small cytoplasmic volume and long processes (288); are derived 

from common mesenchymal precursors in various anatomical niches of diverse developmental 

origins ranging from the embryonic neural crest to the adult BM (289, 290); and have similar 

functions in regulation of blood flow, endothelial permeability, vascular stabilization, and 

basement membrane deposition  (288, 291-294).  And with the current lack of practical 

distinguishing markers, VSMCs and pericytes are collectively categorized as mural cells and 

segregated by location within the vasculature, that is, capillaries versus larger vessels, 

respectively, and density around the vessel (295).  We were able to detect SMA+/eGFP+ BMDCs 

associated with the outer layer of capillaries mostly within the blastema at DPA14 through 
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DPA21 and paired with their location in the vasculature and cytology, made an educated 

decision to label them as eGFP+ pericytes.  On the other hand, it was difficult to detect 

SMA+/eGFP+ mural cells as part of the tunica media of larger vessels in the CT at the later stages 

and endpoint of regeneration.  Interestingly, our combined data on SMA+ cell counts does not 

follow a trend with the progression of endothelial FVIII expression.  Beginning at DPA10 and 

peaking at DPA14, we measured a significant spike in the total number of SMA+ cells only to 

undergo sudden regression to nearly baseline percentage by DPA35 and the SMA+/eGFP+ 

subset also follows this trend.  We attribute this to that along with BMDCs tethered to the 

basement membrane of capillaries; we detected a significant number of eGFP+/SMA+ cells in 

the extravascular blastema space, especially at DPA14.  Since we observed that the cytology of 

cells outside vascular structures contradicts the fundamental morphological description of 

pericytes, we cannot rule out a myofibroblast phenotype. 

Similar to pericytes, one of the primordial markers of the myofibroblast phenotype is 

also SMA (27).  The functional hallmark of myofibroblasts is wound contraction accompanied by 

deposition of proteoglycans, matrix-remodeling enzymes , and extracellular matrix collagens, 

mainly COL1 at pathological levels, which can lead to fibrosis (229).  Studies on the ontogeny of 

myofibroblasts are mixed and hypothesize that these fibroblast-like cells are derived from either 

resident stellate fibroblasts (296, 297), circulating BM-derived fibrocytes (274, 298), 

mesenchymal BMDCs (299), epithelial cells following epithelial-mesenchymal transition (300), 

endothelial cells following endothelial-mesenchymal transition (301), and/or pericytes (268).  

Other than promoting fibrosis in the lung (50) and liver (48) for example, myofibroblasts 

influence the wound environment by coordinating inflammation via IL-6 (229); and inducing 

proliferation and differentiation through release of TGF-skeratinocyte growth 

factor (KGF) (229), and hepatocyte growth factor (HGF) (48, 229) among others.    Due to a lack 
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of better markers, we cannot rule out that the bulk of SMA+ cells at the undifferentiated DPA14 

stage and differentiating DPA21 is the result of a mass colonization by myofibroblasts.  

Furthermore, similar to the downregulation  we measured in the later stages of our 

regeneration timeline, SMA in these cells can be downregulated in vitro when exposed to TNF- 

(303)or FGF-2 (304) by antagonizing TGF--induced SMA expression.  Since both of these 

proteins are known to participate in blastema scaffold induction and upkeep of Msx1-mediated 

mammalian blastema growth and differentiation (149), respectively, these are likely active 

during the blastema stage in our model.  But due to their biological function and general 

propensity in pro-scarring microenvironments, we believe that the enrichment of the blastema 

with myofibroblasts would be counterproductive to the regeneration process.  Moreover, the 

myofibroblast phenotype is one of  terminal differentiation (302) thus making it unlikely for 

these cells to be a large fraction of  SMA+ counts that our data yield in the relatively 

undifferentiated environment of the blastema.   Instead, their presence in the steady state in 

cutaneous and cardiac models has been limited to support and remodeling of the vascular 

adventitia (270), which is very similar to what we detected in the CT of the  late regeneration 

timepoints. 

On the other hand, SMA+ pericytes have been shown to give rise in vitro to some of the 

differentiated populations found in the digit not only as vSMCs of the vasculature (287) but also 

various fibroblast subtypes including myofibroblasts (288), osteoblasts (305, 306) and 

chondrocytes (307), thus sharing the plasticity of MPCs derived from the BM that we have been 

referring to all along.  SMA expression in pericytes is relative to their differentiation state and 

similar to myofibroblasts, can be positively modulated by TGF and conversely, 

downregulated as a response to FGF-2 or after transdifferentiating into a non-contractile lineage 

such as the osteoblast (288, 306, 308).  Although we did not pursue further assessment of the 
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large influx of SMA+ cells with additional validated pericyte markers such as NG2, PDGF, and 

Desmin (309-311), based on review of the literature, our knowledge of the secreted factors 

active around blastema formation, and our data we can propose that many cells in both eGFP+ 

and eGFP- fractions of the transient SMA+ population influx in the blastema at DPA14 and 

DPA21 are pericytes from a subclass of MPCs which dedifferentiate or transdifferentiate into the 

other lineages we measured, especially osteoblasts and even FRCs.  In addition, we also propose 

that local pericytes or progenitor cells are responsible for the SMA+ mural cell population in the 

tunica media of vessels, since we were only able to detect SMA+/eGFP+ cells associated with the 

outer tunica adventitia in the DPA35 endpoint regenerate and these may be myofibroblasts.  We 

can also hypothesize that regeneration incompetent sites will experience a similar influx of 

these progenitor cells but only to be surrounded by microenvironmental cues which induce an 

endpoint myofibroblast phenotype that would promote over deposition of collagen to build 

scar. 

We conclude that both hematopoietic and mesenchymal progenitor pools of BMDCs 

significantly contribute to digit tip regeneration.  The presence of differentiated HPCs is robust 

but limited to the clotting and inflammatory phases of repair and during this early response we 

observe the bulk of apoptosis.  Overlapping the late stages of inflammation and bone 

degradation and specific to the onset of the blastema, we measure a massive response from 

MPCs stemming from expansion in the BM with distal migration towards the wound epidermis.  

Most cells in the blastema are derived from the marrow and are capable of differentiation into 

FRCs to build a regeneration competent network of extracellular fibers that may serve to 

provide structural support, migration pathways, and tethering of various factors in the 

immature blastema.  Furthermore, the invasion of BMDCs is specific to the undifferentiated 

blastema since along with initial histological evidence of differentiation, we observed an 
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increasing influx of local precursors which also means that the BMDCs in the blastema act as 

transient support until the local population is able to take over.  Although the content of BMDCs 

was progressively diluted over the course of differentiation of the blastema, we measured their 

consistent presence in the regenerate contributing to various extents to the long-term 

reconstitution and functionality of missing structures.  Other than mass differentiation into ER-

TR7+ scaffold engineering FRCs with subsequent incorporation into basement membranes, 

adventitia of vessels, and subperiosteum layers, another major bulk of MPCs expressed SMA 

mostly at the blastema stage, but this expression was transient and we propose a pre-

differentiation pericyte phenotype for these cells.  Ultimately, upkeep of SMA expression by 

BMDCs was restricted to eGFP+ myofibroblasts in the adventitia of vessels and thus most mural 

cells were derived from the local population.  Similarly, we noted a limited contribution to the 

endothelial phenotype and this may be due to evidence suggesting that the intima or 

endothelial lining of vessels is mostly derived from circulating EPCs from various sources other 

than the marrow even though conflicting view exist regarding this matter (282-284). So we do 

conclude that although limited, BMDCs have the potential of endothelial differentiation in a 

regenerating environment.   Although many BMDCs tested positive for OC in the BM endosteum 

prior to injury and this phenomenon is likely related to radiation-induced injury, many BMDCs 

during the regeneration response also tested positive for OC in the periosteum and lining of 

trabeculae in direct ossification areas of the regenerating P3 bone.  And it is possible that many 

of these OC+ BMDCs were once part of the transient SMA+ pericyte population specific to the 

earlier stages.  Overall, the mouse digit houses all cells capable of reconstituting it after 

amputation.  We must focus our attention then in understanding how to modulate the 

extracellular factors in a temporal and concentration-specific manner to modify the migration, 
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differentiation, and positional dynamics of BMDCs in tandem with the local population to 

promote a similar response in regeneration incompetent sites.           
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CHAPTER IV:  DISSERTATION SUMMARY, CONCLUSIONS, AND 
FUTURE DIRECTIONS 

 

4.1 SUMMARY 

The mouse digit tip undergoes a level-specific regeneration response following 

amputation midway through its terminal phalanx unlike any other segment of limb.  One of the 

defining features of this response is the progressive accumulation of fibroblasts at the wound 

site to form an undifferentiated and unpatterned cellular mass referred to as the blastema.  In 

order to understand the ontogeny, differentiation, and function of blastema fibroblastic cells, 

we labeled digits by indirect immunofluorescence with an antibody against ER-TR7, an antigen 

derived from splenic stroma FRCs which has been shown to serve as a medium for cell 

interactions in lymphoid organs.  In past studies, ER-TR7 was reported to outline the 

compartments of multiple lymphoid organs in the steady state and with these data we have 

demonstrated that it can also outline structures in non-lymphoid organs such as the mouse 

digit.  Baseline localization of ER-TR7 is similar at all stages of postnatal development into 

adulthood but is more profusely distributed in neonates.  Moreover, when comparing the 

neonatal versus adult regeneration timelines, ER-TR7 regulation is asynchronous.  However, its 

expression trend is consistent following amputation regardless of age.   

Since ER-TR7 is produced by a subset of fibroblasts, the blastema is mostly composed of 

fibroblastic cells, and the endpoint of regeneration yields a functional replica of the missing part, 

we hypothesized dynamic expression of ER-TR7 during repair with upregulation at the blastema 
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stage followed by regression concurrent with cellular differentiation and structural patterning of 

the regenerate.  Indeed our data show that ER-TR7 is not only upregulated in the blastema but is 

arranged as an organized network of microfilaments extending parallel to the growth axis of the 

regenerate.  And at the blastema stage, this growth is mostly associated with proliferation of ER-

TR7+ FRCs within this scaffolding matrix without evidence of apoptosis at the increased levels 

measured in the preceding phases.  But similar to the transient upregulation of ER-TR7, 

proliferation as the scaffold regresses shifts to ER-TR7- cells indicating that both growing FRCs 

and the ER-TR7 framework prepare the ground for the differentiation and patterning that is 

known to follow. 

 Primary adherent cells isolated from the P3 phalanx can be induced in vitro to become 

growth responsive FRCs which produce an ER-TR7+ blastema scaffold through binding of surface 

TNF and LT receptors in these cells that stimulates downstream activation of the canonical and 

alternative NF pathways in agreement with studies by Katakai et al (2004) on stromal cells of 

the lymph node.  Primary fibroblastic cells isolated from the terminal phalanx have the 

capability of becoming ER-TR7+ FRCs and since FRCs comprise most of the population that 

occupies the immature blastema and blastema cells express ER-TR7 both in vivo and in vitro, 

these P3-derived cells can be considered by definition blastema cells.  In addition, similar to the 

blastema scaffold in vivo, the induced primary cells engineer a loose arrangement of ER-TR7+ 

microfibrils with an organized “honeycomb” appearance.  Transcriptional analysis of these cells 

throughout the induction timeline revealed reasonable downregulation of the smooth muscle 

actin gene Acta2, which is considered one of the hallmark cytoskeletal molecules of pro-scarring 

myofibroblasts.  Conversely, we measured consistent upregulation of Col3a1, or type III collagen 

(COL3).  Therefore we postulate that treated primary P3 cells lose actin-mediated contractility in 
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exchange for an FRC phenotype which secretes ER-TR7+ scaffold microfilaments in tandem or 

association with synthesis of COL3.   

Our protein data based on indirect co-immunolabeling of induced cell lines and in vivo 

blastema with primary antibodies specific for ER-TR7 and COL3 further corroborate the co-

regulation of these two antigens at the post-translational level.  Analysis of additional 

cytoskeletal and extracellular markers related to fibroblasts were also analyzed and their 

expression was either proportional to the number of fibroblastic cells in the wound at any given 

timepoint or remained constant relative to control tissue.  Furthermore, trends in localization 

and concentration of these markers did not match the tight correlation between ER-TR7 and 

COL3 at the intracellular and matrix levels.  Whether the COL3 macromolecule is directly linked 

to the ER-TR7 antigen or they are simultaneously expressed around the same microfilaments, 

we are now aware that both outline tissue compartments and their upregulation is an indication 

that fabrication of a potentially regeneration competent microenvironment is in progress.  But 

along with expansion of the extracellular scaffold in the blastema comes a significant influx of 

multipotent cells which we hypothesized to be partly derived from the BM niche. 

To test if BMDCs contribute to the blastema scaffold and the regenerate as a whole, we 

infused eGFP transgenic BMDCs into gamma-irradiated wild type hosts to generate BM chimeras 

with significant reconstitution of all marrow compartments with labeled donor cells.  Our data 

serve as evidence that BMDCs are indeed major contributors to various key events throughout 

the regeneration process.  During the inflammatory phase of healing, BMDCs of hematopoietic 

origin, or HPCs, present themselves mainly as eGFP+ polymorphonuclear cells, monocytic 

phagocytes, and osteoclasts.  Interestingly, the colonization of the wound by these pro-

inflammatory and pro-histolytic subtypes is transient and mostly terminated by the time 
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initiation of the blastema is observed.  And this is an indication that an active presence of cells 

which promote an innate or adaptive immune response is not necessary to sustain progression 

and differentiation of the blastema.  However, based on these data we cannot rule out if the 

early blastema is permeated with cytokines, chemokines, and growth factors secreted by the 

CD45+ inflammatory surge and tethered to the extracellular space to promote blastema-specific 

responses.  CD45+ cells typically encompass most of the cellular area in the unamputated 

marrow compartment of the P3 phalanx.  Changes in the ratio of HPCs and BMDCs of 

mesenchymal phenotype, or MPCs, are dramatic following the inflammatory phase and we were 

able to trace a higher content of CD45- MPCs to CD45+ HPCs originating in the P3 marrow 

compartment extending to the soft tissue space distal to the bone stump. 

The shift in a higher cellular ratio favoring MPCs over HPCs based on detection of CD45 

prompted us to look at the survival dynamics of BMDCs and location-specific expansion and 

death profiles of the progressing regenerate.  First, by measuring the levels of the apoptosis 

effector cleaved caspase-3 (C3) we determined that the majority of programmed cell death 

occurs at the early stages of repair with similar location-based response curves between the BM 

and CT of the regenerate as well as analogous response curves at the cellular level between 

BMDCs and local cells.  We conclude that apoptosis is mostly limited to hypoxia, shock, and 

degradation related to tissue damage along with the known fast turnover, short lifespan, and 

clearance of inflammatory cells.  In contrast with apoptosis, the proliferation index throughout 

regeneration is very dynamic and manifested as Ki67 expression with location and cell type-

specific temporal variations.  In the BM, proliferation peaks prior to blastema formation in the 

distal CT space, which indicates that the BM cavity is either protected or recovers earlier from 

the trauma and is thus able to facilitate expansion of BMDCs.  Subsequently, there is a massive 

colonization of BMDCs in the blastema space, but interestingly we measured a lower index of 
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proliferation in these cells.  Instead at this point, in the blastema CT, the proliferation index of 

local non-BM derived or eGFP- cells quadruples to that measured during the late inflammatory 

phase causing a peak in Ki67 expression which is also four times higher than that of eGFP+ cells.  

These data therefore implicates the P3 BM as a niche for contributors to the blastema 

population which pre-expand in the marrow, home towards the distal wound epidermis, and 

prime the blastema for future expansion of the recovering local digit soft tissue progenitors.  

Following the differential proliferation of marrow versus local CT, Ki67 counts become 

progressively lower overall down to baseline levels near the end of recapitulation, which can be 

interpreted as a progression into differentiation and patterning of the blastema. 

One of the first events that we can truly define as being part of the blastema 

differentiation process is that of MPCs acquiring a phenotype of FRCs as marked by their 

membrane expression of ER-TR7 and its secretion as extracellular microfilaments.  In the steady 

state, we found no definitive evidence of eGFP+ FRCs in neither the CT or BM compartments of 

the chimeric digit tips.  Interestingly, the initial bulk of BMDCs capable of producing the ER-TR7 

network is derived from the BM at its hypercellular state prior to blastema formation and in the 

blastema; over half of ER-TR7+ cells are positive for eGFP and thus derived from the BM.  This 

leads us to conclude that the BM is the primary niche of both differentiated FRCs and 

progenitors of FRCs in the blastema.  Since apoptosis events are rare in this stage and the BM 

becomes more depleted of FRCs as the blastema becomes enriched with them, we also 

conclude that BMDCs destined to be FRCs home to the wound regardless of FRC differentiation 

stage.  Once in the blastema, BM-derived FRCs build the ER-TR7 scaffold along with the 

progressively expanding eGFP- local CT FRCs.  And local FRCs continue to become enriched in 

the regenerate while the presence of BM-derived FRCs becomes more dilute.  Overall, from 

these findings we can conclude several events.  First, that many of the eGFP+ cells initially 
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proliferating in the BM and ceasing to expand once they arrive at the wound site are imported 

FRCs whose role is to initiate the blastema scaffold.  Second, those cells that we found 

proliferating in the blastema which test negative for eGFP are destined to become FRCs which 

upkeep the scaffold and amplify its growth and that of the blastema in general.  Although 

limited later on during the differentiation and patterning phases many eGFP+ FRCs retain this 

phenotype and remain long term structural components of the regenerate.  Early indications of 

this phenomenon can be first observed concurrent with blastema growth in the differentiating 

BM cavity where eGFP+ FRCs allocate to the adventitia of the blood supply and the fibrous layer 

of the endosteum.  As expected, these eGFP+ FRCs are distributed in the tunica adventitia of 

mature vasculature in the CT and can also be detected around basement layers of the stratum 

basale of the epidermis and the periosteum around the phalanx in agreement with our 

characterization of the normal anatomical distribution of FRCs and ER-TR7 fibers secreted by 

these FRCs. 

One of the hallmark events in blastema differentiation is the osteogenesis of the missing 

P3 fragment by means of direct ossification, which overlaps with continuous lengthening of the 

distal blastema scaffold thus suggesting that the scaffold is also an active anatomical template 

of the future phalangeal area.  We generated evidence that BMDCs also contribute to the 

osteoblast lineage in the regenerate and this probability was initially postulated during analysis 

of unamputated chimeras, whose endosteum was occasionally reconstituted by eGFP+ donor 

osteoblasts as part of the repair process following irradiation damage.  During regeneration, we 

found evidence of eGFP+ cuboidal cells similar to those found lining the endosteum associated 

with the trabeculae in areas undergoing direct ossification.  These cells tested positive for OC in 

a similar fashion as eGFP- osteoblasts.  However, this eGFP+ phenotype was relatively scarce in 

both the trabecular lining and the periosteum of the newly formed bone and mostly limited to 
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DPA21.  Altogether these data support that regeneration osteoblasts are mostly derived from 

pre-existing lineage restricted osteoblast progenitors but nevertheless, to a lesser extent, 

BMDCs are also capable of incorporating into these regenerating tissue compartments as bone-

forming cells.  In addition, we observed rare occurrences of eGFP+ osteocytes, indicating that 

this small percentage of eGFP+ osteoblasts not only contribute to direct ossification but further 

participate in ongoing functionality of the regenerated P3 by extending their life cycle as 

osteocytes embedded in the bone matrix to maintain bone structure. 

Another example of the added level of persistent functionality that BMDCs provide to 

the regenerate besides blastema scaffolding with endpoint outlining of structures and basement 

membrane support and bone growth and remodeling is the multilayered process of 

vascularization.  During digit tip regeneration, we observe anywhere from transient, simple 

vascular structures that support blastema cells to late stage development of more complex 

permanent vessels tied to the pre-existing blood supply.  We were able to detect BMDCs 

participating throughout these events at different structural and functional levels.  Using co-

immunodetection techniques, we were able to measure co-expression of FVIII with eGFP within 

the lumen of vascular structures as early as DPA10 but most prominently in the mature 

blastema and during the early differentiation stage of DPA21.  During this period, we monitored 

an increase in the occurrence of eGFP+ endothelial cells but these were mostly associated with 

capillaries or vessels without complex tunica layers.  Towards the endpoint of regeneration 

however, FVIII+/eGFP+ events were diminished to near unamputated baseline counts and only 

associated with more complex vessels composed of multiple tunica layers.  These data mostly 

support that even though BMDCs have the ability to persist in the long-term reconstitution of 

damaged endothelium; their main activity as vascular endothelial cells in the regenerate is to 

provide functionality to the transient capillaries which are known to feed intermediary 
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structures such as granulation tissue and the blastema.  But generally, vessels are also 

characterized by a tunica media and adventitia mainly composed of mural cells and fibroblasts, 

respectively, and we found that the contribution of BMDCs to these layers was limited to 

adventitial fibroblasts.   

             In order to further understand the role of BMDCs in angiogenesis of the 

regenerate, we co-labeled FVIII and eGFP with SMA found in precursor pericytes, mural cells, 

adventitial fibroblasts, and myofibroblasts.  In control tissue, SMA expression is very prominent 

and mostly restricted to the tunica media of complex vasculature.  In the regenerating digit tip 

on the other hand, we detected a significant rise in SMA+ cells from both eGFP+ and untagged 

cell populations beginning at DPA10 and peaking at DPA14, or around the mature blastema 

stage in this model.  But we observed that many of these cells were neither incorporated in 

vascular layers nor had the morphological characteristics of mural cells.  Much like ER-TR7 

levels, SMA overexpression is transient and gradually declines and becomes more restricted to 

the growing vasculature in future timepoints.  And based on our survival studies, we can 

conclude that regression of SMA levels occurred without exclusion of this phenotype by 

apoptosis.   

Other than VSMCs, cells with SMA+ phenotype include myofibroblasts, fibrocytes, and 

pericytes.  Since we ruled out that once in the blastema, a marginal number of cells express 

effector of apoptosis C3 and the SMA+ myofibroblast is a phenotype of terminal differentiation, 

we agree that SMA expression in the blastema is not related to the typical wound contraction 

which eventually leads to scarring.  However, since we learned that SMA expression can be 

downregulated in cells exposed to FGF-2 in vitro and this factor is present in the blastema, we 

must be open to the possibility that these cells could be myofibroblasts which undergo 
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dedifferentiation.  We demonstrated that many of the cells that home to the blastema site 

around this stage of SMA overexpression stem from expansion in the BM of P3 and 

subsequently migrate in the direction of the wound epidermis.  Since the fundamental definition 

of a fibrocyte is that of a CD45+ circulating cell, we are unable to establish a direct connection 

between the fibrocyte phenotype and this SMA+ pool of cells.  At the same time, we cannot rule 

out that the precursors of these cells were once fibrocytes which circulated to the P3 BM and 

thus we could state that fibrocytes indirectly contribute to accumulation of SMA+ cells in the 

blastema.  So even though these SMA+ cells do not resemble pericytes, altogether this leaves us 

with the pericyte as being the phenotype with the most direct, early contribution to this pool of 

SMA+ blastema cells. 

Almost half of the SMA+ cells in the blastema tested positive for eGFP.   Therefore the 

source of the remaining SMA+ population must be derived from local pre-existing tissue 

compartments.  Towards the end of regeneration, many eGFP+ cells mostly persist as 

subpopulations of FRCs including those incorporated in the tunica adventitia of vessels which 

also test positive for SMA.  Conversely, even though a limited fraction of BMDCs also contribute 

to the osteoblast and endothelial lineages, the majority of cells with these phenotypes are 

derived from non-marrow sources including pre-existing tissue compartments and even 

circulation.  We could then postulate that since SMA+ pericytes have been shown to be 

multipotent, then SMA+ BMDCs in the blastema differentiate to engineer the template and 

become support cells of regenerating vascular sprouts and local cells are more susceptible to 

pro-osteogenic cues, therefore acquiring a leading role in regeneration of the P3 bone.                        
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4.2 CONCLUSIONS 

Similar to published studies involving organogenesis, compartmentalization, and 

extracellular dynamics of lymphoid organs, the mouse digit is also divided into specialized 

structures outlined by FRCs which secrete extracellular microfilaments positive for the ER-TR7 

antigen.  Following amputation of neonatal or adult digit tips at a specific level which induces a 

regenerative response, the wound site is populated by numerous FRCs which are growth 

responsive and progressively upregulate secretion of ER-TR7+ microfilaments arranged in an 

organized, loose network with a peak of expression during the mature blastema stage.  

However, this network is transient and quickly replaced by compartment specific differentiated 

cells and structures discreetly outlined once again by FRCs and ER-TR7 by the endpoint of 

regeneration which indicates that ER-TR7 can specifically label an intermediate scaffolding 

stroma around blastema cells that is conducive to a regeneration-competent microenvironment. 

 Production of the ER-TR7+ microfilaments by stromal FRCs of lymphoid organs has been 

induced by co-activation of the TNF and LT receptors on the surface of these cells to trigger both 

canonical and alternative NFpathways.  Primary fibroblastic cells derived from the digit tip of 

mice can also be expanded and treated in a similar manner to promote secretion of ER-TR7+ 

microfilaments and engineer a scaffold in vitro which mimics the organizational distribution of 

that in the regeneration blastema in vivo.  Enrichment of ER-TR7 in these cells provides a 

relevant model for characterizing and manipulating the ER-TR7 antigen.  RNA analysis from 

these cultures following induction we were able to identify dynamic transcriptional expression 

of genes specific to wounding and fibrillogenesis including the predicted upregulation of 

NFBut in addition, we found progressive upregulation of COL3 and due to this collagen’s 

participation as the provisional matrix of granulation tissue; its higher proportion over COLI in 

scar-free embryonic versus adult  pro-scarring wound healing; and involvement in reticular 
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fibers, data from transcripts were paired with co-immunolocalization studies between  COL3 and 

ER-TR7 in the same cultures and these resulted in a strong correlation between both antigens.  

To further understand the relationship between these proteins, expression of fibroblast-related 

markers was measured in serial control and blastema tissue sections to reveal that the only two 

markers that were significantly upregulated in the blastema and followed a trend in location, 

pattern, and concentration were indeed ER-TR7 and COL3.  Therefore from these data we 

conclude that ER-TR7 is related to COL3 and this is primordial to explore the specific ties 

between the ER-TR7 antigen and ECM production during digit tip regeneration by means of loss 

of function and rescue experiments with models of COL3 deficiency.  Moreover, we have gained 

further understanding that, even in regeneration-incompetent areas, ER-TR7 and COL3 

overexpression in sites undergoing repair is an indication of a region with plausible potential for 

pro-regenerative manipulation at that specific time. 

Other than engineering the ER-TR7+ scaffold through FRCs, the regenerate requires an 

influx of multipotent cells that differentiate to reconstitute the various cellular phenotypes in 

the digit and many of these cells are imported from the BM.  Following distal P3 amputations of 

eGFP BM transplant chimeric mice, we determined that many BMDCs home to the wound site at 

various stages of the regeneration timeline.  Cells of hematopoietic origin home to the injury as 

inflammatory cells such as granulocytes and macrophages and are mostly restricted to the 

immunological component of the repair.  This response is shortly followed by a massive 

accumulation of proliferating mesenchymal cells stemming from the BM cavity of P3.  This 

particular event leads us to believe that the BM is the primary source of the initial influx of 

blastema cells into the wound.  At the blastema stage, the inflammatory milieu is mostly cleared 

from the wound, yet nearly half the cells in the blastema tested positive for eGFP, so we 

determined that most of this population is of mesenchymal origin rather than hematopoietic.  
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Interestingly, we measured that the initial bulk of proliferation occurs in the BM prior to 

blastema initiation, thus making the BM hypercellular and as expected, most of these expressed 

eGFP.  Proliferation in the CT distal and around the P3 bone progressively increases over the 

blastema formation period but contrary to earlier events in the marrow, the majority of dividing 

cells were negative for eGFP.   Since proliferation in the BM undergoes a sharp decline following 

blastema formation and eGFP+ cells in the blastema tissue do not expand as much as eGFP- 

cells, we conclude that the massive presence of BMDCs in the blastema CT from its initiation 

forward is due to migration from the BM rather than in situ expansion in the blastema. 

A great fraction of the hypercellular BM is composed of FRCs actively producing ER-TR7+ 

microfilaments and similar to proliferation events in the overall regeneration timeline, ER-TR7 

overexpression occurs first in the BM.  This indicates that BMDCs capable of differentiation into 

FRCs are primed in the BM to differentiate into ER-TR7+ FRCs prior to involvement in the 

blastema CT.  Mobilization of the majority of marrow-derived FRCs seems mostly limited to the 

proximodistal axis running from the BM cavity towards the wound epithelium since only a small 

fraction of eGFP+ FRCs can be detected along the dorsal and ventral proximal CT flanking the 

phalanx.  The migration of active FRCs into a regeneration competent wound site re-enforces 

the notion that the ER-TR7 scaffold is a pro-regeneration event which stems from the local BM 

but is linked and assimilated into the developing blastema.  Moreover, ER-TR7 levels begin to 

regress to baseline and defined structures are more discernible in the BM while blastema 

growth is underway, which suggests that differentiation of the BM precedes differentiation of 

the remainder of the regenerate. 

Differentiation of the blastema is marked by declining ER-TR7 expression and thus a 

lower number of activated FRCs.  Likewise, BMDCs become diluted with eGFP- precursor cells 
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which, according to our proliferation studies, progressively expand from local populations.  

Many of these local precursors have been shown to be lineage restricted and one of these is the 

osteoblast.  And the integration of new osteoblasts immediately around the pre-existing bone 

and throughout the ER-TR7 framework around this bone is a well-defined differentiation event 

around this time as well.  A subset of BMDCs is evidently capable of progressing into the 

osteoblast phenotype as a response to damage as that incurred following radioablation of the 

BM to generate the chimeras or as a response to factors such as bone morphogenetic proteins 

around the bone matrix which are active during digit tip regeneration.  But BMDCs 

differentiated into osteoblasts remain a small fraction of the total osteoblast population in the 

regenerate.  This also holds true for endothelial cells.   

The majority of endothelial cells co-stained for eGFP and FVIII were limited to the 

transient capillaries which sprout to support the undifferentiated blastema structure.  By the 

endpoint of regeneration, integration of eGFP+ endothelial cells was a rare event.  New vessels 

are known to originate from two sources: the BM and the injured pre-existing vessels, with the 

latter being the major source.  We conclude that this holds true in our model.  But in regards to 

vessel differentiation, we also conclude that even though we counted many BMDCs which 

expressed SMA, a marker of mural cells, pericytes, and myofibroblasts, the majority of tunica 

media from mature vessels at the endpoint of regeneration did not include BMDCs.  Instead, 

SMA+ BMDCs were largely found scattered throughout the undifferentiated blastema and 

integrated within the tunica adventitia of complex vessels in the regenerated digit tip.  The large 

counts of SMA+ BMDCs in the undifferentiated blastema cannot be attributed to a 

myofibroblast population because this would be accompanied by higher levels of cleaved C3 

associated with terminal differentiation in the matched timepoints of our survival study and 

accumulation of thick collagen fibers at the end of repair, neither of which was observed.  Since 
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the SMA expression in these cells was transient, we must propose that the prevailing phenotype 

at the undifferentiated blastema stage is the pericyte.  And the pericyte has been documented 

to have additional functions other than becoming peri-endothelial cells and maintain vessel 

integrity such as differentiating into osteoblasts.  Furthermore, the peak of SMA+ expression in 

both eGFP+ and eGFP- populations precedes the one in OC+ counts.  Therefore it would seem 

reasonable not to rule out that SMA+ cells in this current state, whether derived from the 

marrow or the local soft tissue population, are part of the lineage-restricted precursor 

population of new P3 osteoblasts that we observe to take part into most of the direct 

ossification of the regenerating P3 bone.  Otherwise, we conclude that eGFP+/SMA+ cells at the 

endpoint of regeneration persist only as outer extravascular support cells in the tunica 

adventitia of complex vessels.      

The bulk of the participation of BMDCs in differentiation events such as scaffolding, 

direct ossification of P3, and formation of layers in neovasculature is restricted to initiating or 

transient events of the blastema and in the early stages of regenerate differentiation.  

Nonetheless, subsets of BMDCs have high plasticity and are capable of differentiating into FRCs, 

osteoblasts, endothelial cells, and support fibroblasts of the regenerating digit structure and 

their integration in the regenerate, although limited on occasion, persists to provide long-term 

functional support to its basement membrane, connective tissue, vascular, and skeletal 

elements. 
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4.3 FUTURE DIRECTIONS 

We plan to expand our studies utilizing the models outlined in this work in order to 

broaden answers regarding: (1) the identity of ER-TR7 and its relation to COL3; (2) the fate and 

behavior of BMDCs in the regeneration incompetent P2 following amputation (3) the 

requirement and function of the ER-TR7+ blastema scaffold with respect to support of the 

regeneration competent microenvironment and cells in adhesion, migration, survival, and 

differentiation dynamics; and (4) the potential anti-fibrotic effect of the extracellular 

microenvironment around the blastema stage and its application to pro-scarring models in vivo 

and in vitro. 

 We have demonstrated that control of the ER-TR7 antigen in the digit tip amputation 

model is tightly controlled and co-expressed along with COL3.  We would like to strengthen 

these findings by expanding our RT-PCR results to statistically significant figures showing 

increasing transcriptional levels of COL3 in response to the induction of ER-TR7 in primary 

fibroblasts in vitro.  Since the ER-TR7+/COL3+ scaffold can be produced in large amounts 

following induction, we expect this material to be useful in pairing our co-immunolocalization 

and transcriptional co-regulation measurements of these two proteins by semi-quantitative 

western blot analysis under denaturing conditions.   

Since we are as interested in the characterization of the interaction between these two 

proteins as the scaffold which the antibodies against them tag, we also plan in vivo gain and loss 

of function studies using our injury model.  Existing evidence suggests that COL3 is critical during 

wound healing due to its increasing expression early in the process.  Other than housing 

granulation fibroblasts in a wide variety of wounds, COL3 is known to regulate the extent of 

collagen fibrillogenesis and thus the strength of the resulting fibers.  This role in structural 
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integrity of several organs including the skin and cardiovascular system has been demonstrated 

in loss of function studies involving COL3 -/- mice which serve as a model of the Ehler-Danlos 

syndrome of COL3 deficiency during which, primarily, the vascular system of affected individuals 

gradually collapses.  And this phenotype has also been observed in the skin, which loses 

integrity when lacking COL3, thus giving rise to studies of healing cutaneous injury which 

demonstrate that COL3 is not only necessary for proper granulation tissue formation but that a 

lack of it enhances myofibroblast differentiation and thus endpoint fibrosis.  We have also cited 

studies which implicate COL3 in scarless healing in fetal wounds partly based on evidence that 

COL3 content is four times higher than COLI in embryonic and fetal tissues and this ratio is 

reversed into adulthood.  So based on our cited literature in this matter and the upregulation of 

ER-TR7+ microfibrils in the regeneration blastema, we hypothesize that the ER-TR7+ scaffold 

although transient and, if related to COL3, similarly engineered during the granulation phase of 

healing, is a requirement for regeneration and given the potential link that we have established 

between ER-TR7 and COL3, mice deficient in COL3 production will experience impaired 

regeneration of the digit tip if none at all.  But since COL3 -/- are embryonic lethal, we would 

perform digit tip amputations on COL3 +/- heterozygous mice, which have been shown to 

produce half the amount of COL3 without major pathological conditions (Liu 2007).  Since we 

have shown that prior to blastema formation the P3 marrow becomes hypercellular with 

fibroblastic cells primed in situ to behave like FRCs secreting ER-TR7+ microfilaments which 

transfer to the wound site, we postulate that local infusion of primary fibroblasts from age and 

strain-matched wild-type mice into the BM of COL3 deficient mice will rescue impaired 

regeneration of the digit tip.  The local delivery of cells into the P3 BM has been previously done 

in our lab (Karen Wang, Muneoka Lab) and briefly, the fibroblasts would be introduced by micro 



158 
 

 

CT-guided stereotactic injection through the ventral proximal foramen of the amputated P3, 

which connects the ventrolateral CT to the BM of the digit. 

We have also provided evidence that in addition to the FRCs that build the ER-TR7+ 

scaffold, other cells which are required by the regenerate are available as native progenitors in 

the BM and local , possibly lineage-restricted cells in the pre-existing soft tissue outside the BM.  

We hypothesize that in a regeneration incompetent environment such as an amputation 

midway through the second phalanx, or P2, progenitors participating in the repair response are 

not level-specific and become as available as in the P3 model but the local microenvironment of 

the P2 wound is unable to sustain regenerative capability and instead uses alternative 

stimulation to skew these progenitors into favoring myofibroblast differentiation thus resulting 

in a scarring wound healing endpoint.  Using the same approach as that shown with the BM 

eGFP chimeras in P3, we have gathered preliminary data indicating that BMDCs and local 

progenitors in the CT of P2 also contribute to various cellular phenotypes which could possibly 

participate in a regeneration response.  Nonetheless, at the end, our preliminary data also 

indicate persistent, increased reactivity to CD45 and SMA in P2, the former of which has been 

duplicated by others (Jennifer Simkin, Muneoka Lab), and thus differences in P2 compared to P3 

regeneration may stem from persistence of the inflammatory CD45+ response, enhanced TGF 

activity by inflammatory cells, and/or repression of TGF inhibitors.  And these differences can be 

tested by harvesting the extracellular matrix from P3 and P2 injuries and measuring the 

concentration of analytes enzymatically released from these areas and  immobilized by protein 

microarray technology.  We believe this to be a positive step towards realizing that many 

differences between regenerating P3 and scarring P2 amputation sites are not completely cell 

based.  But in regards to different cellular contribution to P2 in contrast with P3 we would also 

like to elucidate the phenotype of the cells which we have shown to transiently express SMA in 
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the CT around the blastema stage.  We discussed the possibility that these cells could be 

pericytes building a template and/or acting as predecessors for both differentiated vascular and 

bone structures.  Therefore we propose to label regenerating and non-regenerating P3 and P2 

amputations, respectively, around the timepoints of blastema development with establishes 

markers of pericytes such as NG2 and its co-expression with ER-TR7, OC, and SMA.  And this will 

test the hypothesis that many SMA+ cells in the P3 blastema are reactive to NG2 while SMA+ 

cells in the P2 granulation tissue are not, and thus assume an earlier role as pro-scarring 

myofibroblasts during this period.   

To rule if the differences between P3 and P2 injury sites are related to alternate 

responses depending on anatomical origin of the cells, we have gathered preliminary data on 

the regulation of a subset of transcripts during induction of cell lines derived from the P2 site 

assayed in tandem with the induced P3 cell arrays.  Similar to P3 results, we identified 

reasonable upregulation of NFkb1.  However, we did not measure consistent upregulation of 

Col3a1.  We also measured downregulation of Acta2 but this trend did not last towards the end 

of the induction period.  Differences in the regulation pattern of these genes between P3 and P2 

cells means that first, even though cells may be responsive to the induction regimen by 

triggering activation of NF, the downstream effect on Col3a1 production and therefore 

possibly ER-TR7 is impaired in P2 cultures.  Second, the resurgence of Acta2 after an extensive 

period of downregulation indicates a higher propensity of the P2 population to have an 

alternate mechanism for SMA recovery and upkeep following transient repression through a 

mechanism in need of further investigation.  Interestingly, other transcripts of interest that 

yielded consistent positive fold changes beyond steady state levels in P2 cell lines and not P3 

were Mmp3/13/19 and Grem1.  Conversely, we measured reasonable downregulation of 

Timp2/3/4, and Lox.  Based on the function of these genes, the results suggest that, in P2 cells, 
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MMP-guided extracellular material degradation is enhanced; differentiation into bone cells by 

paracrine production of BMPs is compromised by upregulation of one of their inhibitors; and the 

lysyl oxidase-based cross-linking step in collagen fibrillogenesis is potentially hindered.  Overall 

this means that differences in critical genes driving extracellular matrix reorganization and 

differentiation potentially exist between induced P3 and P2 cells and these differences may 

negatively impact the ability of P2 cells to fully contribute to the regenerate.  But since we 

cannot assign any significance to any of these results, it is our goal to repeat these experiments 

in order to decrease variability and strengthen that P3 and P2 subpopulations are segment 

specific and respond differently to the regeneration scaffold induction process. 

Finally, it would be interesting to follow up on our preliminary observation that P3 and 

P2 cells undergo dramatic changes in phenotype following response to the induction treatment.  

Following co-immunolocalization of ER-TR7, COL1, and SMA in P3 and P2 induced cell cultures, 

we counted almost 25% of the cells reacting to SMA and COL1 prior to treatment in both 

groups.  This suggests that following isolation, the cultures are composed of a heterogeneous 

group of fibroblastic cells.  Although stellate and spindle-shaped, cells co-staining for these two 

markers on average appeared to have larger cytosolic and nuclear areas.  Conversely once 

induction was underway, the cells responsive to the treatment and actively producing ER-TR7+ 

microfilaments were markedly smaller with a more elongated shape.  This phenomenon was 

more evident in P3 cultures.  In addition, even though they also responded to the induction with 

upregulation of ER-TR7, P2 cultures exhibited a more diffuse and disorganized scaffold pattern 

and had a higher incidence of SMA and COL positive cells than P3, which mostly correlates with 

our data indicating higher transcription of genes related to extracellular matrix degradation such 

as MMPs and late recovery of Acta2 or SMA activation by an unknown mechanism but one 

possibly linked to TGF regulation and bioavailability in each of these cultures.  However, 
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differences in the responses from P3 and P2 cells may stem from differential expression of the 

receptors responsible for triggering the induction cascade and even those that are required to 

upkeep integrity and pattern of the scaffold after induction.  The agonistic response of TNFRs is 

required for initiating engineering of the scaffold.   However, we do not have any control over 

which TNF receptor our recombinant TNF ligand would bind to:  TNFRI or TNFRII.   These two 

receptors have been shown to be independently regulated and trigger different cellular 

cascades and functions.  For example, TNFRI has been shown to be an initiator of programmed 

cell death and TNFRII an inducer of proliferation (312).  Differential expression of these 

receptors may explain the heterogeneous nature of our fibroblastic cultures particularly with 

regulation of Acta2 and the responses to TNF in models of fibrosis, specifically regarding its 

antagonistic effect on TGFand COLI synthesis (61, 63, 224, 313-315).  So we would like to test 

the hypothesis that TNFRs may be differentially regulated and thus mediate different 

phenotypic changes such as TGF-mediated expression of SMA and scaffold induction responses 

in P3 compared to P2 cells.  In addition, a lower exposure of cells to COL3 has been inversely 

correlated to myofibroblast differentiation and COL3-driven differential regulation of integrin 

receptors in fibroblasts has been determined a critical factor in promoting or discouraging a 

myofibroblast phenotype (29, 80, 316).  In lieu of these findings then we would postulate that 

the reason why P3 and P2 respond somewhat differently to the induction of the ER-TR7 and 

COL3 positive scaffold is because of the heterogeneity in the fibroblast subpopulations with 

respect to being primed with differential receptor availability specifically in the integrin 

superfamily and this receptor distribution may be segment specific.  

Taken together, we hope to improve the understanding of how the P3 blastema scaffold 

can be stimulated to become a regeneration competent microenvironment in otherwise 

pathological fibrosis and regeneration incompetent wounds.  From what we have discovered so 
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far and what we attempt to pursue in the future, our central aim is to manipulate endogenous 

populations of progenitor cells derived from the local and BM niches around the wound and in 

circulation to build, populate, and differentiate this extracellular scaffold in a manner consistent 

with how the P3 microenvironment behaves and thus translate this response into traumatic 

limb amputations and general organ disease in humans  which conventionally favor the wound 

healing cascade to culminate in hypertrophic scar deposition  and loss of function.                   
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