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ABSTRACT

DEVELOPMENT OF A MUSCLE PROGENITOR CELL-BASED THERAPEUTIC APPROACH FOR
THE TREATMENT OF STRESS URINARY INCONTINENCE

Ronald Jay Jankowski, PhD

University of Pittsburgh, 2003

The urethra serves a dual function by maintaining continence during bladder filling and aiding the release
of urine during micturition. Within the urethra, a sphincter region containing both smooth and striated muscle layers
normally prevents involuntary leakage of urine. However, patients with stress urinary incontinence lose this ability
upon sudden increases in intravesical pressure (i.e. from coughing, straining, etc.). This condition has been
associated with a decline in striated muscle, which may be susceptible to direct muscle or associated nerve damage.
Cellular uromyoplasty proposes to augment this muscle layer through the transplantation of myogenic progenitors.
The goal of this work was to address current deficiencies regarding the isolation and identification of efficient
progenitors, and the urethral biomechanical consequences of striated muscle restoration. Both issues are essential
for effective clinical implementation of this therapeutic approach.

The ability of various progenitor populations to regenerate skeletal (striated) muscle was assessed in a
dystrophic mouse model. Both cell surface protein expression and behavioral characteristics were investigated for
their potential use as indicators of regenerative efficiency. The results demonstrate the limited utility of surface
proteins due to fluctuations in expression and lack of regenerative consistency between directly-isolated and
cultured cell populations. Behavioral characteristics related to the ability of cells to maintain a proliferative
phenotype under differentiation-inducing conditions appears more promising in this regard, and indicates that in vivo
expansion of transplanted cells may be a critical variable in the regeneration process.

A new ex vivo method to assess the regional biomechanical function of the intact urethra, under physiologic

loading conditions, was introduced and validated. Quantitative characterization and comparison of tissue responses
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to applied intralumenal pressures was performed in the presence or absence of selected muscle activity. The
dominant smooth muscle influence observed suggests that a large degree of striated regeneration may be necessary
to impart functional changes in urethra mechanics. Importantly, these results also indicate that muscle fiber
orientation may significantly impact urethra closure function.

Together, this information will be useful in progressing uromyoplasty therapy toward clinical utility, and

aid the broader scientific community investigating myogenic cell transplantation and lower urinary tract function.
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1.0 INTRODUCTION

The information presented is intended to facilitate the development of an effective method to augment or
generate new functional striated (skeletal) muscle to improve the continence securing mechanism of the urethral
sphincter through myogenic cell transplantation; an experimental therapy termed ‘cellular uromyoplasty’. One of
the main targets for such therapy is a segment of the urethra containing a striated muscle layer that has been shown
to be vital in maintaining continence under both normal and stress-inducing conditions. Importantly, damage to this
muscle layer, through various mechanisms, is suspected in the development of stress incontinence conditions.
Implementation and evaluation of this therapy requires an understanding of the cell isolation, transplantation, and
regeneration processes as well as the functional consequences of the intervention in terms of its effects on the ability
of the tissue to perform its intended mechanical function.

The following background information provides the interested reader with a scientific basis behind this
investigational therapy as well as updated information in the relevant areas of myogenic progenitors, myogenic cell
transplantation, stress urinary incontinence pathophysiology and treatment options, and evaluation of urethral
function. Current deficiencies in this knowledge that limit the progression of this experimental treatment are
highlighted, and subsequently serve as the foundation for the experimental investigations performed to address these

deficiencies.

1.1 Myogenic Progenitors

1.1.1 Role in Growth, Homeostasis and Regeneration Following Injury

Skeletal, or striated, muscle is comprised of a latticework of connective tissue surrounding bundles, or

fascicles, of multi-nucleated myofibers. A complex structural organization exists within each myofiber (Figure 1.1),

which individually contains the contractile sarcomeric proteins that interact to shorten the cellular structure, leading

to the generation of force. The majority of these myofibers are formed postnatally, during development, from the



interaction of committed myogenic cells which fuse together to form new multi-nucleated myofibers or contribute to
the growth of already existing fibers by providing additional nuclei and cytoplasmic content, as needed. The
primary source of these committed myogenic precursors, often referred to as myoblasts, are a population of
progenitors termed satellite cells. These satellite cells maintain their own cellular structure and typically reside in a
position outside the sarcolemma but beneath the protective basal lamina surrounding the myofibers [1], as shown in
Figures 1.2 and 1.3. They have been given this name due to their sustained position near the perimeter of the
myofiber, and do not actively participate in generating force. In fact, they have been shown through microelectrode
studies to develop no electrical coupling with their associated myofiber [2]. Rather, they function only to produce
the cellular progeny necessary to provide nuclei to form new myofibers or to augment growing fibers [3]. Not
surprisingly, they are most abundant during early development and decline in relative number concomitant with
increases in myofiber-associated nuclei, although there is also evidence that actual satellite cell number may decline
as well within specific muscles and with senility. Under normal conditions these cells remain mitotically-quiescent
but can become stimulated to enter the cell cycle, through as yet undefined paracrine or autocrine locally-released
growth factors, during the need for perceived growth or during post-natal reparative responses to stress or damage.
Such conditions exist during both normal function and through overwork of muscles, although it is not yet clear
whether their responses are primarily mediated by the work itself or rather as a consequence of exercise-induced
myofiber damage [2].

As skeletal muscle contains several fiber types, identified primarily by the selective expression of several
forms of the contractile myosin heavy chain protein and defining their relative fatigue-resistance, it is important to
note that satellite cells are associated with the maintenance of all fiber types. In vivo labeling studies have
demonstrated the satellite cell’s ability to contribute myonuclei to more than one myofiber during growth, and

particularly during repair, in a manner independent of fiber type [4].
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Figure 1.2 Schematic representation of satellite cell
positioning in relation to the myofiber and its
surrounding extracellular matrix. Reproduced with
permission from The McGraw-Hill Companies [2].

Figure 1.3 Scanning electron micrograph of a single
isolated myofiber in vitro, in which the extracellular
basal lamina matrix has been enzymatically-digested.
The arrow indicates the presence of a satellite cell
outside of the fiber plasmalemma. Reproduced with
permission from The McGraw-Hill Companies [2].



1.1.2 Myogenic Differentiation

A family of four transcription factors, termed the myogenic regulatory factors (MRF), has been
demonstrated to direct the myogenic differentiation process and has been useful in defining the developmental
relationship and fundamental differences among the various myogenic cells. Fortunately these factors appear to be
highly conserved among species, and thus such regulational relationships have been developed over the years as a
composite of information gathered from a number of animal models. These MRFs (Myf-5, MyoD, myogenin,
MRF4) and other proteins that have been associated with various stages of cellular maturation are shown in Figure
1.4, which presents a simplistic overview of skeletal muscle progenitor/precursor cell hierarchy and differentiation
within the myogenic compartment [6-10]. It has been shown that these four proteins are expressed in a relatively

defined sequence within all myogenic cells and can be divided into two separate groups: early stage and late stage
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Figure 1.4 Proposed model of skeletal muscle differentiation and progenitor hierarchy, based on
current published literature.



factors [11]. Myf-5 and MyoD are typically expressed at earlier stages of myogenic progression and are considered
to play a role in specifying commitment to the muscle lineage, although their exact sequence of expression in
relation to the progression of differentiation is still under debate [6, 12, 13]. By consensus, myogenin expression
represents the earliest known event of myogenic commitment to cell cycle withdrawal and terminal differentiation
followed by MRF4 which is thought to be involved in myotube maturation, and which consequently leads to the
expression of all four MRFs simultaneously [8, 14].

As might be inferred, both differentiation and cell cycle processes are regulated in a coordinated fashion.
One proposed overview of early stage MRF expression in relation to the regulation of such transitions is provided in
Figure 1.5 [15]. Although many other proteins are involved, MyoD activity is currently considered to be one of the
key mediators in the interrelation between these cellular processes. Evidence of myogenic inhibition by pro-mitotic
cell cycle regulatory proteins, such as cyclin D1, has been reported. For instance, it has been observed that cyclin
DI acts to promote the nuclear translocation of cyclin-dependent kinase 4 which in turn subsequently disrupts
MyoD DNA-binding activity [16]. Expression of cyclin D1 can be induced through the actions of locally released
combinations of known potent myogenic inhibitors of differentiation such as transforming growth factor-f and
fibroblast growth factor, to name a few [17]. Conversely, differentiation processes are coincident with both the

down -regulation of cell cycle activators and the up-regulation of competitive inhibitors. In particular, expression
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Figure 1.5 Proposed model of myogenic cell MRF expression in relation to alternative
proliferation or differentiation pathways, from [15].



and activation of certain cyclin-dependent kinase inhibitors (such as p21 and p57) and the retinoblastoma protein
have been shown to be induced by high levels of MyoD expression, leading to cell cycle arrest [15]. Researchers
are now just beginning to understand and define this complex regulational control and many reviews detailing the
numerous biochemical interactions coordinating this activity, that have been revealed thus far, are available for the

interested reader [18-21].

1.1.3 Cellular Heterogeneity

Satellite cells appear to be distinct from their progeny, at the least, with regard to their self-renewal
capacity. Demonstrations of this quality have been provided by assessments of satellite cell frequency, which has
been shown to be relatively maintained within regenerated muscle following repeated challenges of induced
regeneration by the administration of myotoxic agents [2]. Traditionally, maintenance of this cell compartment
during growth and repair has been attributed to asymmetric divisions, such that a committed myoblast and a
conserved satellite cell are generated following an induced cell cycle [4]. These myoblast progeny, while capable of
limited proliferation, are destined to withdrawal from the cell cycle and fuse into multi-nucleated myotubes in
relation to the specific sequences of MRF gene expression that regulate their progression toward terminal
differentiation [22, 23].

Aside from the differences that exist between satellite cells and their myoblast progeny, compelling
evidence for heterogeneity within the satellite cell compartment itself exists. /n vivo proliferation studies have
described at least two different satellite cell progenitor populations, one seemingly limited in the number of mitotic
divisions and the other capable of generating larger cell populations through asymmetric cell divisions [24, 25].
Additional evidence is presented by in vitro studies that have reported variations in the size of colonies generated by
individual satellite cells, as well as observed proliferative heterogeneity upon exposure to differentiation conditions
[8, 26-28]. Interestingly, a reduction of satellite cell proliferative potential has also been observed coincident with
increasing age and following numerous rounds of regenerative responses to injury [29, 30], suggesting an exhaustive
quality which may contribute to this observed heterogeneity. It has been suggested that the age-induced loss of

muscle mass, referred to as sarcopenia, is reflective of this diminished satellite cell capacity [31].



1.1.4 Muscle Derived Stem Cells

In addition to the satellite and myoblast cells described, recent evidence has suggested the existence of yet
another distinct myogenic progenitor, the muscle-derived stem cell (MDSC). Adult stem cells have been
traditionally defined by their self-renewal and multi-lineage differentiation capacity. Thus, it is important to
conceptually distinguish between the MDSC and the conventional satellite cell, often referred to as ‘muscle stem
cells’. Satellite cells are indeed capable of regenerating skeletal muscle and demonstrate self-renewal properties,
however they are considered to be restricted progenitors of the myogenic lineage only. Although such traditional
concepts regarding satellite cell differentiation capacity are currently being challenged [32], the MDSC, which may
represent a predecessor of the satellite cell, is currently considered to be distinct in that its ability to produce progeny
may not be restricted to the myogenic or mesenchymal tissues [33].

The existence of MDSCs remains somewhat controversial; however developmental models have recently
emerged attempting to address their potential origin and function. One such model is based upon the finding that
satellite-like cells, sharing both myogenic and endothelial markers, can be obtained from the dorsal aorta of murine
embryos [34]. This suggests that at least some portion of the myogenic progenitor cell population may develop
independently of embryonic myogenesis and instead may be rooted in vascular development. Such a model predicts
that progenitors associated with the vasculature may differentiate in a capacity directly related to the tissue with
which the vasculature is associated [9, 34, 35]. Other evidence is supportive of a clear distinction between
conventional satellite cells and MDSCs, distinguished through examination of the differential expression of the
transcription factor Pax7. Pax7”" mice demonstrate a complete absence of satellite cells, whereas the number of
MDSCs remains unaffected. Such evidence suggests that MDSCs represent satellite cell progenitors with Pax7
expression signaling commitment to the myogenic lineage [10]. [Considering the fact that Pax7” mice display
normal-appearing skeletal muscle further implies that embryonic myoblast and muscle development may occur
independently of satellite cell development.]

In terms of differentiation capacity, investigators have recently demonstrated the MDSCs potential toward
both the hematopoietic and osteogenic lineages [36-39]. Such differentiation ability has also sparked debate over
the potential bone-marrow origin of MDSCs, and has called to question whether these cells may actually be present

within the circulation and become inadvertently obtained along with the heavily-perfused muscle biopsy during



isolation. The idea of a circulating cell competent in the repair of skeletal muscle is not new [40]. However, more
recent experiments utilizing localized high-dose irradiation to block myogenesis confirm that such non-muscle
derived cells or compensatory mechanisms do not contribute to any significant repair or regeneration [41, 42]. In
addition, at least one population of MDSC has been localized within the basal lamina of the myofiber in a position
similar to the satellite cell, but also in a much lower frequency and lacking expression of at least identifying satellite
cell protein [43]. Regardless of origin, and in addition to this remarkable mulitilineage differentiation capacity,
perhaps the most intriguing and promising application for their potential use in clinical therapies involves the
regeneration of skeletal muscle. This will be further discussed within the historical perspective of myogenic cell

transplantation for the treatment of Duchenne Muscular Dystrophy in the following sections.

1.2 Myogenic Cell Transplantation

1.2.1 Duchenne Muscular Dystrophy

Much of what is known regarding myogenic cell transplantation has evolved from studies investigating the
therapeutic potential of this form of cellular therapy for the treatment of the most severe form of muscular
dystrophy, Duchenne muscular dystrophy (DMD). DMD is a lethal X chromosome-linked recessive disorder
characterized by an absence or marked deficiency of the cytoskeletal protein dystrophin [44], shown
immunohistochemically in Figure 1.6. Clinically, patients present symptoms of progressive skeletal muscle
weakness within the first three years of life which primarily affect the lower limbs and later affect the upper limbs,
respiratory and cardiac muscles. The latter of these symptoms contribute to patient fatality within the second decade
of life. Morphologically, dystrophic muscle appears to be in a constant state of spontaneous necrosis and
regeneration, with a concomitant gradual replacement of muscle fibers by fibrous tissue [45].

Dystrophin is part of a complex of cytoskeletal glycoproteins that interconnect actin with the sarcolemmal
membrane, shown in Figure 1.7 [45, 46]. This membrane-association, along with other evidence of abnormal
membrane function in its absence, have led to the conclusion that dystrophin is integral in maintaining the

mechanical stability of the muscle cell membrane by anchoring and supporting the sarcolemma during exercise [47].



Contraction-induced sarcolemmal damage has been correlated with the magnitude of mechanical stress endured by

the membrane during contraction [48, 49]. In the absence of dystrophin, it is now believed that myofiber
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Figure 1.7 Dystrophin’s role in the structural protein
complex of the myofiber and connection to the
extracellular matrix, from [45].

Figure 1.6 Immunohistochemical dystrophin labeling
of skeletal muscle biopsies, taken from a normal
individual (L) and from a patient with Duchenne’s
muscular dystrophy (R) [from Dr. Johnny Huard].

membranes are highly susceptible to the formation of small lesions in the plasmalemma, resulting in leakage of
proteins and ions into the sarcoplasm and disruption of homeostasis, leading to fiber necrosis [50, 51]. Moreover,
restoration of muscle strength, protection from contraction-induced damage, and histological alleviation of damage
and necrosis has been observed in dystrophic animal models following viral-based gene transfer studies to restore

dystrophin expression [52, 53].

1.2.2 Animal and Human Studies

The necessity of restoring dystrophin expression to alleviate the progression of DMD and its associated
debilitating symptoms has led to proposed experimental therapies involving both viral and cell-based gene delivery.
At the present time, viral delivery remains purely experimental. However, cell-based transplantation approaches
have been investigated extensively in both animals and humans. In 1989, investigations involving the direct

injection of myogenic cells derived from a normal donor into the skeletal muscle of the mdx mouse, a widely-used



dystrophin-deficient animal model for DMD, revealed that restoration of dystrophin expression could be achieved
[54]. In the years that followed, a number of cell-based clinical trials were performed and were met with a very
limited degree of success [55-58]. As a whole, little evidence of significant contribution to myofiber regeneration
and dystrophin expression by the donor cells was observed. Poor restoration was encountered despite matching of
donor-host major histocompatibility loci [59], even in a case in which donor cells were harvested from a
monozygotic twin [60]. In spite of these apparent clinical failures, ongoing investigations in the mdx mouse
continued. Such studies have since revealed several inherent limitations that are thought to impede the use of the
direct-injection cell transplantation approach toward the treatment of DMD. These include the low migratory
capacity of the cells from the injection site and potential specific and non-specific immune responses to both donor
cells and the dystrophin protein itself [61]. More importantly, significant evidence for a large and rapid donor cell
demise following injection had also been implicated as one of the primary reasons for the lack of clinical success
[56, 62-65]. This donor cell demise, which cannot be attributed to specific cellular immune responses, has yet to be
clarified by animal model experimentation and has since been observed within immunocompromised and
immunosuppressed, normal and mdx models, under conditions considered optimal for muscle cell transplantation.
Such conditions include pretreatment of the host muscle with myonecrotic agents and irradiation to prime the
muscle for a regeneration response and reduce host cell competition with donor cells [62, 66-70]. Interestingly, the
results of these studies revealed considerable regenerative competition from host cells, which additionally serves to
lessen the degree of dystrophin restoration that may be achieved [55, 71].

It is apparent that the initial transplantation environment, which includes non-specific inflammatory
reactions along with other necrotic and possibly yet undefined influential factors, certainly influences initial cell
survival [35, 72, 73]. Improvement in transplantation efficiency within animal models has been achieved through
delivery of anti-inflammatory or anti-complement agents [70, 74]. However, experimental observations regarding
cell survival have forced researchers to more closely examine muscle precursor cell biology and have led to the
suggestion that the success of certain transplanted cells does not appear to be by default; rather, specific populations
of muscle precursor cells may be more suited to not only survive but to also flourish in the initial post-
transplantation environment and contribute to the regeneration process [68, 75]. Even still, in combination with
current delivery techniques, the estimated yield of new muscle and its associated nuclei formed by transplanted cells

falls well short of parity and is currently not amenable to treating the major muscle groups of body, as would be

10



required for any genetically-inherited muscle disease [76]. The need to define and isolate efficient progenitor
populations in terms of regeneration ability and dissemination quality has recently led to a focus on the MDSC.
Recently, isolated populations of MDSCs have demonstrated a remarkable ability to regenerate myofibers
following transplantation into dystrophic host skeletal muscle [43], and appear to overcome several previously
observed obstacles [39, 68]. Perhaps more importantly, in several studies donor-derived satellite cells are apparent
within regenerated myofibers, suggesting their potential to repopulate the myogenic progenitor compartment and
further supporting the claim of MDSCs as satellite cell progenitors [36, 43]. Particular attention has been paid to the
systemic deliverability of such populations, and although proof of principle has been established in several cases the
clinical utility of this approach still manages to fall short by orders of magnitude [36, 38]. In addition, one of the
main obstacles to their continued experimental investigation remains their consistent isolation and identification,
even within the mouse model in which they have originally been described. Variable isolation techniques and the
lack of a commonly accepted set of identifying surface proteins, or markers, have made direct comparison of the
various populations of MDSCs described within the literature difficult. Traditionally, isolation and identification of
stem cell populations have relied upon a distinguishing set of characteristic proteins. In an effort to emulate this,
characterization of surface protein expression is now commonly performed in MDSC studies in a manner similar to
that used to describe hematopoietic stem cells. However, clear differences or similarities between the populations
identified thus far have yet to be established. A summary of the defining characteristics and major findings of

recently described MDSC populations is presented in Table 1.1.

Table 1.1 Summary of recent investigations and experimental results utilizing MDSC populations.

Investigators

Isolation Technique

Cell Phenotype

Major Finding/Conclusions

Gussoni, et al.[36]

FACS (Hoechst 33342
exclusion)

Sca-1+, CD34+/-, c-
kit-, CD45-

Hematopoietic reconstitution,
partial dystrophin restoration
following intravenous
delivery

Jackson et al. [37]

Brief culturing (1-24 hr
adhesion) followed by
FACS (Hoechst 33342
exclusion)

Sca-1+, c-kit+,
CD45-

Efficient hematopoietic
reconstitution of irradiated
host, in competition studies

Lee et al. [39]

Preplate (variable cell
adhesion)

Sca-1+, CD34-, c-
kit-, CD45-, desmin+

Osteogenic differentiation,
enhanced muscle
regeneration, and intravenous
dissemination capacity
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Table 1.1 Summary of recent investigations and experimental results utilizing MDSC populations, continued.

Investigators Isolation Technique Cell Phenotype Major
Finding/Conclusions
Hematopoietic
Torrente et al. [38] Preplate (variable cell Sca-1+, CD34+, desmin- differentiation and
adhesion) enhanced
dissemination

characteristics via
arterial delivery

Preplate with additional

Sca-1+/-, CD34-/+, c-kit-,

Exceptional muscle

Qu-Petersen et al. low density and long-term | CD45-, desmin-/+ regeneration,

[43] culture multipotent
differentiation,
immune-priveleged
behavior

1.3 Urinary Incontinence Overview

The controlled storage and release of urine from the bladder is a complex process that requires the
integrated and coordinated actions of the bladder, the urethra and its internal and external sphincters, the
musculature of the pelvic floor, and a neural component comprising afferent and efferent signaling of both
autonomic and somatic nerve pathways [77]. Uncontrolled or involuntary leakage of urine defines a condition
called urinary incontinence. Incontinence syndromes can occur as the result of a loss of coordination or dysfunction
of both the bladder and the urethra, and include: overflow, stress, and urgency incontinence. Combinations of stress
and urge can occur and are often referred to as mixed incontinence.

Overflow incontinence arises from a failure of the bladder to contract adequately, resulting in urine
accumulation within the bladder until it reaches an overflow pressure. This form is relatively uncommon and is
frequently the result of spinal cord injury, affecting the lower motor neurons, or other disease conditions affecting
bladder contraction. More common are stress and urge incontinence, particularly in the elderly population. Urge
incontinence, characterized by an extremely brief warning or urge followed by immediate urination, is caused by
hyperactive bladder detrusor muscle. The exact causes of stress urinary incontinence (SUI), also referred to as

genuine stress incontinence, are less well-defined. SUI is characterized by the leakage of urine in the absence of

bladder detrusor activity upon an increase in abdominal pressure such as from a cough, sneeze, or other source of
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abdominal straining [78]. SUI is most common in elderly women but can present itself in younger women, typically
following childbirth and/or menopause. This type of incontinence can also be observed in men following surgical
procedures on the lower urinary tract which may damage the urethral sphincteric mechanism, such as radical
prostatectomy [79].

Differences in anatomy, direct physical insult from childbirthing events, and hormonal changes associated
with pregnancy and menopause, leading to alterations in the distribution of neuronal receptors, have all been
suggested to contribute to the prevalence of incontinence conditions within the aging female population [80].
Incontinence conditions have been estimated to afflict 15-35% (of which 70% are female) of the non-
institutionalized population over the age of 60, and over 50% of nursing-care facility residents [81]. However, due
to the embarrassing nature of this condition, these figures are believed to be vastly underestimated. Direct annual
costs associated with the care, not the treatment, of these patients was previously estimated at over 16 billion dollars
(based on 1994 dollars) [81]. Perhaps a more devastating impact stems from indirect psychological costs, as patients

often lack self esteem and have even described their symptoms as rendering life intolerable [82].

1.4 Stress Urinary Incontinence

1.4.1 Urethral Anatomy, the Role of Striated Muscle, and Pathophysiology

The urethra is a dynamic tube-shaped tissue comprised of both circumferential and longitudinally-oriented
smooth and striated muscle within a connective tissue matrix. It serves a dual function by maintaining continence
during bladder filling and aiding in the release of urine from the bladder during micturition, in coordination with the
activities of the bladder. Both passive and active mechanisms are thought to play a role in maintaining closure of
the urethra. Understanding the causes of incontinence conditions and devising potential therapies requires an
understanding of the anatomical construction and function of the urethral components. Owing to the prevalence of
such conditions, investigations and therapeutic strategies are often geared toward the female patient population. The
following focuses on the female urethral anatomy and, in particular, how it may relate to urethral dysfunction and

SUL
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Prolonged muscle tone, and the bulk of the permanent lumenal closure force, is thought to be generated
from circumferentially-arranged smooth and striated urogenital sphincter muscles which are intrinsic to the urethral
tissue and originate just below the base of the bladder. Unlike the smooth muscle layer, which is relatively uniform
and continuous throughout the entire axial length, the circumferentially-arranged and predominately slow-twitch
striated muscle layer (in humans) becomes much more dense within the mid-urethral region which has been termed
the rhabdosphincter (see Figure 1.8) [83-85]. The location of the rhabdosphincter, which is separate from the
periurethral skeletal muscle of the pelvic floor, corresponds with the area of highest urethral closure pressure [84]
and its presence leads to a convenient anatomical separation of the urethra into three distinct regions: the proximal
urethra (continuous with the bladder neck), the high stress zone (mid-urethra) containing the rhabdosphincter, and
the distal urethra. The striated muscle within the proximal and mid regions is generally referred to as the external
urethral sphincter and, in cooperation with the smooth muscle, the sphincteric mechanism as a whole is not
considered a solitary structure or point but rather a region comprising nearly the proximal two-thirds of the urethra.
Aside from permanent closure mechanisms occurring during normal resting conditions, adjunctive closure forces are
also generated during conditions of increased physical activity or other events necessitating increases in these forces.
The increased intraurethral pressure, shown to be highest near the mid urethral region, is attributed to both the intra

and peri-urethral striated muscles as well as from passive pressure transmission from the abdominal cavity [86].
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Figure 1.8 Longitudinal section of female guinea-pig urethra, illustrating the concentration
of striated muscle near the mid-region in reference to the axial length. Image from [87].
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With regard to pathophysiology the vast majority of the literature pertaining to incontinence conditions is
clinical in nature, as gold-standard animal models have yet to be established. With respect to SUI, clinical evidence
is suggestive of a weakening in the resting and dynamic mechanical and functional properties of the urethral tissue.
Symptoms such as low resting urethral pressure, an inability to voluntarily increase intra-urethral pressure, and an
inability to discontinue micturation midstream are clinical hallmarks of SUI [78]. Through experimental studies
involving pharmacologic or neuromuscular blockage it is clear that the muscle tone provided by each muscle layer
significantly contributes to closure pressure, although the quantitative contribution of each layer to the overall
maintenance of the continence securing mechanism remains a subject of debate [86]. Nonetheless, it has become
increasingly apparent that the striated muscle layer plays a vital role in securing continence and may be more
susceptible to damage or dysfunction than other constituent urethral components. Indirect evidence of its
importance is implied through measured decreases in the relative volume of striated muscle, but not smooth muscle,
associated with increasing female age [88]. A 65% loss of striated myofiber number has been observed to occur
between the third and eighth decade of life [89, 90], coincident with over a 50% loss in urethral closure pressure
during a similar period observed in separate studies [91]. In addition, functional urethral length and closure pressure
measurements are noticeably decreased by 8 weeks post-partum and implicate an inherent weakness in the urethral
sphincter mechanism in the development of SUI following vaginal delivery [92]. The birthing process has long
been suspected of causing either direct damage to the sphincter and/or pelvic floor muscles, or indirect damage
through the compression of their associated nerves; the severity of which may impact the immediate or future
development of SUI [93, 94]. Indeed, needle muscle biopsies taken from women with SUI have demonstrated a
lower striated muscle content and subsequently higher connective tissue content within muscle fascicles in
comparison to those taken from normal women, and combined with electromyographic parameters further suggests
neurogenic damage coincident with incomplete muscle regeneration and fibrosis [95].

Studies performed on healthy women using pudendal nerve blockage, through local anesthesia or
administration of somatic neuromuscular blocking agents to suppress striated muscle function, provide further
evidence that the striated muscle layer’s contribution to closure force is paramount both at rest and during physical
or strenuous activities [86, 96, 97]. In addition, electromyography studies have demonstrated steady striated muscle
firing at rest, with increases in the number of active firing units occurring concomitantly with increases in abdominal

pressure [87]. Direct evidence of its role in the pathogenesis of incontinence is more elusive, although changes in
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mechanical properties have been observed specifically in SUI patients. Measurement of parameters associated with
changes in pressure and cross-sectional area (dP/dCA) in the resting urethra of normal and SUI patients has revealed
significant differences between the respective tissue responses. Interestingly these changes were prevalent in both
the mid-urethra, containing the striated rhabdosphincter, and also in the less-muscular proximal urethra [98].
Although this is suggestive of changes occurring in both the active (tension generating) and passive urethral
components in association with this condition, it is generally accepted that an insufficient proximal urethra alone is
not predictive of incontinence and thus shifts the focus to the mid-urethral region for devising potential therapeutic

applications [98, 99].

1.4.2 Current Treatments

Since a large portion of incontinent patients suffer from some form of SUI, and as this condition is most
relevant to the experimental therapy considered here, discussion will be limited to its treatment. The interested
reader can find additional information regarding specific treatments of urge or overflow incontinence, typically
aimed at reducing bladder activity through anti-cholinergic medications or other measures, within a number of
clinical reviews [100, 101]. Despite the lack of detailed knowledge underlying the SUI condition, a number of
therapies have been adopted and have been modestly successful. Such therapies can be divided into non-invasive,
minimally-invasive, and surgical.

Incontinence conditions are typically treated first using conservative therapy, and thereafter using more
invasive and surgical procedures. Non-invasive pelvic floor muscle exercise training programs (aimed at
strengthening the striated sphincter), biofeedback, and electrostimulation, have all been suggested as potential
therapies. However, only pelvic floor exercises have been shown to be effective through objective assessment of
outcome data [102]. Even so, this form of treatment is usually limited to treating milder cases, as only modest
increases in muscle strength can be expected and patient compliance often becomes a factor [103, 104].
Pharmacologic strategies to treat SUI include attempting to increase urethral smooth muscle and mucosal tone
through the use of alpha-adrenergic agonists, in combination with estrogen therapy in post-menopausal women, or
beta-adrenergic antagonists. Beta,-adrenergic agonists have also been used to stimulate urethral striated and/or

pelvic floor muscles. Unfortunately, little controlled clinical data to support their use is currently unavailable, risk
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to benefit ratios have not been assessed and, in the case of alpha-adrenergic agonists, the drugs lack specificity for
urethral tissue and thus cause a number of unwanted systemic side-effects [105]. As a whole, no effective non-
invasive interventions are currently available to treat SUI.

In terms of minimally-invasive treatments, one of the most widely-used modalities involves the periurethral
or transurethral injection of substances intended to add bulk to the submucosal layer, situated between the
urothelium and the inner smooth muscle layer. This procedure is most often performed when SUI is believed to be
caused by intrinsic urethral sphincter deficiency and/or in cases in which the patient cannot or does not wish to
undergo a major surgical operation. In theory, the amount of volume occupied by the non-contractile bulking
submucosal layer will directly determine the length change required by the surrounding circumferential muscle
fibers to shift the tissue between the open and closed states. Thus, through simple geometry, reduction of the
effective urethral luminal area will require a smaller change in fiber length by the outer muscle layers in order to
facilitate closure [106]. Both autologous and non-autologous agents are currently in use or under investigation,
aiming to achieve both safety and long-term conservation of augmented volume. Non-autologous agents include
gluteraldehyde cross-linked bovine collagen, pyrolitic carbon-coated beads, calcium hydroxylapatite, and
polytetrafluoroethylene [107-109]. Autologous agents that have been investigated include fat and chondrocytes,
harvested from the abdominal wall and the external pinna or articular cartilage surface, respectively [110].
Although this outpatient procedure is associated with numerous obvious advantages, such as the lack of patient
exposure to the pain and risk associated with surgery and hospitalization, unfortunately all of these injectable
substances fail to meet clinically acceptable standards of both safety and long-term effectiveness. For example,
polytetrafluoroethylene has been associated with observed distant particle migration and granuloma formation [111],
and autologous fat is subject to considerable reabsorption and inflammatory and fibrous reactions at the site of
injection [112, 113]. Bovine collagen currently remains the most popular agent and studies have shown
improvement rates up to 70% (30% significant improvement/40% partial improvement) following treatment [114].
However the use of collagen often requires frequent injections due to reabsorption, and is not devoid of undesirable
side effects such as allergic reactions [108, 115, 116].

More invasive surgical procedures, including anterior colporrhaphy, needle suspension, colposuspension,
and the suburethral sling procedure are aimed at elevating the bladder neck and proximal urethra, thereby providing

a platform for compression of the urethral wall and bladder neck in the presence of increased abdominal pressure.
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These are often performed in cases in which anatomic descent of the bladder neck may have occurred or in which
other treatment options have failed. A tension-free vaginal tape procedure, which provides support to the mid-
urethra, is also attracting recent interest. In general, however, long-term results of surgical procedures have been
disappointing, often require revision, and are more dependent upon the severity of the condition as well as the

medical fitness and expectations of the patient [109].

1.4.3 Previous Work Involving Cellular Uromyoplasty

A major advantage of the bulking therapies is that they can be repeated with both relative ease and minimal
irritation to the patient in order to maintain clinical efficacy. This is particularly important with this form of therapy
due to the aforementioned temporal decreases in continence which are typically observed with many currently
available bulking agents [109]. Using the same periurethral-injection platform, the use of autologous myogenic
progenitor cells has been proposed as a new method to overcome the limitations currently observed with injectable
agents. This strategy has been termed cellular uromyoplasty and aims to augment urethral sphincter muscle through
the regeneration and integration of new and functional muscle. If successful, such a therapy would lead to the
formation of new tissue that may be able to actively participate in the generation of closure forces, in addition to
passive bulking properties. It is envisioned that this type of therapy would be applicable, at the least, to SUI patients
presenting with underlying intrinsic sphincter deficiency.

Thus far, experimental observations in the mouse and rat models are very limited but have demonstrated
the feasibility of this approach as well as the persistence of injected muscle-derived cells within both the urethral
wall and within the bladder [113, 117-119]. Comparison of primary autologous cells to commercially-available
collagen demonstrate a similar degree of persistence at 3 days post-injection, as detected by cell mass or collagen
nodule formation. However, significantly larger degrees of cell persistence are observed by the 30 day timepoint.
Importantly, it was further estimated through measures of reporter gene expression that approximately 88% of the
cells present 3 days following treatment were also present at day 30, with no histologic evidence of inflammation or
tissue damage at the injection site [118]. Donor cell-generated myofiber persistence has also been observed within
the bladder and urethra of allogeneic-transplanted immunodeficient mice at 6 months post-injection, with an

estimated 60% of reporter gene expression remaining at the 70 day timepoint [113].
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Regenerative capability following simulated sphincteric injury has also been examined. Injection of
muscle precursor cells was found to accelerate the recovery of striated muscle mass, with respect to both myofiber
number and diameter, following sphincteric damage initiated by the injection of a myotoxic agent [120]. Using a
sciatic nerve transection model, which denervates the striated muscle layer of the sphincter, injection of MDSCs was
found to significantly improve a clinically-relevant leak point pressure parameter [121] (this parameter will be
discussed in more detail in the following section). More detailed evidence of muscle functionality is currently
unavailable, although some promising evidence of regenerated muscle integration has been observed in separate
lower urinary tract studies. MDSC injection into the cryo-injured bladder revealed innervated donor-derived
myofibers as early as two weeks post-implantation, and importantly improved the contractility of the tissue as

determined through strip force measurements [122].

1.5 Evaluation of Urethral Function

1.5.1 In vivo

In the absence of a previous indication of surgical or other trauma, patients with SUT are often diagnosed as
having intrinsic sphincter deficiency. However, defining the pathological changes in urethral function or the
surrounding support structures that result in a deficiency are difficult to obtain in the clinical setting. Thus, at the
moment, it is not possible to tailor a treatment to directly address the underlying cause of the deficiency.
Nonetheless a number of standard and experimental clinical techniques have emerged to aid in diagnosis and to
possibly assist in judging the severity of the condition. It should be mentioned however that these currently
available techniques have shown limited value in predicting competence of urethral closure mechanisms and are
often used in an integrated approach to ascertain the functional condition of the urethral mechanism.

One of the most popular urodynamic measurements is the urethral pressure profile for the assessment of
sphincter function in relation to a rise in bladder pressure. As shown in Figure 1.9, both intravesical (bladder) and
urethral pressures are measured as a catheter is withdrawn from the urinary tract at a set rate, resulting in a pressure
profile along the axial length (shown in upper left inset). Such measurements are taken while at rest and/or during a

stress event such as straining or coughing. In theory, leakage occurs when closure pressure, the subtraction of
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intravesical from urethral pressure, becomes negative. It is evident that the urethral pressure is an idealized concept,
in the sense that it is the hypothetical fluid pressure that would be required in order to open the intralumenal space of
the urethra. Thus, applications utilizing fluid pressure measures would best reflect this concept [123]. In this
regard, fluid-perfused catheter systems with side-holes have been used, along with a variety of other catheter styles

such as direct-pressure microtip-transducers and intraluminal balloon catheters [124].
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Figure 1.9 Diagram of urethral pressure profile apparatus, from [124].

Regardless of catheter style this technique has been shown to be extremely sensitive to the orientation of the
catheter, and thus is associated with reproducibility problems and is particularly susceptible to experimental artifacts
relating to the patient. In particular, the local interaction between the catheter and the inhomogenous inner tissue
wall, known to contribute a large degree of such error, is difficult to assess and worsens as measurements during
stress events are being attempted [106, 123, 125]. A less common variation of this technique has also been reported
utilizing a specially-designed catheter to allow simultaneous recording of both pressure and cross-sectional area.
Using this system, parameters such as compliance and resistance to dilatation have been reported, resulting in
additional information used in identifying potential changes in pathologic conditions [96-98]. Such studies represent

the only real effort to date to investigate urethral mechanical properties.
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A variety of imaging techniques, such as ultrasonography and dynamic fastscan magnetic resonance
imaging, have also been used to visualize movement of various physiologic structures during stress events.
However, such studies remain descriptive rather than quantitative and are limited in most cases by resolution issues.
Neurophysiologic assessment via electromyograms of sphincter striated muscle can be obtained through direct
insertion of needle electrodes. Using this technique, SUI has been found to be associated with a decline in the
electrophysiologic activity of the pudendal nerve, striated sphincter, and pelvic muscles [94]. However such
measurements are also painful and more difficult to obtain during important physiological events such as initiation
of voiding. Leak point pressure measurements are also performed in which the direct or indirect assessment of urine
leakage is observed in relation to various physiologic straining events. Such measurements however lack precision,
as correlation and synchronization of leakage with any definite value of pressure remains an unresolved issue [106].

Many of the same in vivo procedures are also performed in various animal models, with the addition of
increased experimental flexibility permitting the collection of more detailed information relating to structure-
function relationships. Measurements can be performed in concurrence with manipulation of physiologic
components through surgical means or administration of neuromuscular blockers or other agents, which would not
be ethically acceptable in humans, permitting a more direct assessment of urethral sphincter function. In addition,
unlike in humans, tissue may be conveniently removed and assessed for structural or neurologic changes relating to
man-made or naturally-occurring deficiencies [126, 127]. Additional advantages are seen in a method-specific
manner. For instance, leak point pressure studies performed in the animal model allow for more precise control over
administered intravesical pressures through the insertion of surgically-placed catheters within the bladder, as well as
the elimination of contributions from intrinsic neural pathways that may lead to error in urethra-specific

measurements.

1.5.2 In vitro

In vivo measurements benefit from obvious advantages in terms of physiologic significance, but also are
limited in terms of the ability to gather detailed experimental information without the presence of confounding
variables such as influences from surrounding structures. Although somewhat limited in scope, in vitro preparations

using isolated segments of tissue benefit from greater experimental control and flexibility to address specific
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questions. For studying urethral function, strip or ring preparations are most commonly performed, as depicted in
Figure 1.10. In this setting, force displacement measurements are made in response to either electrical field or
pharmacologic stimulation as a determinant of contraction and relaxation of muscle components. Such studies have
been extremely instrumental in identifying receptors and pathways involved in urethral neuromuscular control, and
this method continues to be the gold standard for assessing in vitro urethral behavior.

An in vitro preparation utilizing whole-mounted urethral tissue has also been previously reported. This
system, shown in Figure 1.11, allows for the characterization of overall urethral closure through measured
parameters such as fluid flow resistance and opening pressures. This system has been used in describing such
processes as the role of calcium modulation in urethral tone as well as the effects of anoxia on closure function [128,
129]. Importantly, results obtained using this system have also been shown to be comparable to those obtained

using more conventional strip methods [130].
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Figure 1.10 In vitro mounted longitudinal and Figure 1.11 Whole-mounted, perfusion-based, urethral
circular strip preparations, from [131]. preparation. Image from [130].

22



1.6 Summary and Limitations of Previous Research

As discussed, cellular uromyoplasty as a treatment for SUI or mixed incontinence remains purely
experimental. In order for this therapy to progress toward becoming an effective alternative clinical strategy to treat
such conditions, a number of experimental issues must be addressed. These involve both the isolation and selection
of appropriate transplantable cell populations, as well as identifying the downstream tissue effects that the
generation of new striated tissue may impart. Currently, neither of these issues has been appropriately addressed by

researchers in their respective fields.

1.6.1 Myogenic Cell Transplantation Efficacy

Autologous cellular regeneration efficiency is an issue of particular relevance for the treatment of
incontinence, particularly when considering the documented effects of ageing on satellite cell proliferation capacity
and the target patient base, which will be largely drawn from the adult and elderly populations. Practical
considerations will also limit the size of the muscle biopsy that can be reasonably obtained, thus limiting the number
of cells that will be available for either immediate use or in vitro expansion prior to transplantation. In terms of
myogenic cell isolation and transplantation, nearly all of the current information available has resulted from
potential applications for the treatment of muscular dystrophy. Thus, we are limited to drawing upon information
gathered with regard to its application for dystrophin restoration almost exclusively, and independent of its use in
the treatment of incontinence conditions. Nonetheless, the dystrophic transplantation model represents a convenient
system for evaluating the regenerative response of isolated myogenic progenitor populations, since transplanted cell
participation in these responses is readily identified through the appearance of dystrophin expression. Upon review
of the current literature it is clear that information regarding myogenic cell transplantation, although extensive, fails
to adequately address the issue of cell selection in the efficacy of this process. The transplantation process itself has
traditionally been referred to as ‘myoblast transplantation’ in both the experimental animal and clinical trial
literature. However, the term myoblast used in this context is misleading when considering that the vast majority of
studies that have been performed to date have utilized cell populations in which little or no effort has been made to

characterize them (i.e. MRFs, or other proteins). As described through numerous in vitro and in vivo studies, a
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number of distinct myogenic cells, defined by differentiation state and with variable levels of myogenic gene
expression and behavioral identities, have been demonstrated to exist. Despite this myogenic progenitor
heterogeneity, previous cell transplantation efforts have failed to incorporate such considerations into their
experimental protocols, and to the contrary, have utilized relatively uncharacterized and undefined populations.
Further, this lack of information has made comparison of results between studies unrealistic, and collectively these
studies have yet to identify desirable donor cell characteristics for transplantation purposes.

As described, satellite cells may be identified in vivo based upon their quiescence and defined location.
However once they are placed in culture and replication is initiated, satellite or MDSC progenitors become rather
indistinguishable from their more limited myoblast counterparts. MRFs have been useful thus far as molecular
biology tools to assist in defining myogenic hierarchy and to elucidate underlying genetic differentiation processes.
However, expression of such proteins cannot be easily exploited for clinical applications such as cell transplantation.
The use of surface-localized proteins to characterize subpopulations of myogenic progenitor cells, particularly
MDSCs, is gaining momentum within the scientific community who are hopeful that such efforts will eventually
lead to more definable cell populations or provide reliable indicators to detect primitive progenitors. In contrast to
nuclear-localized MRFs, these proteins may be utilized for viable cell isolation purposes through a number of
sorting methodologies. However, identification of a specific protein or expression profile within any myogenic
population has yet to be directly associated with differential regenerative qualities. Whether through protein
expression or behavioral qualities, knowledge regarding the identification of desirable cell populations for
transplantation is currently lacking but nonetheless is essential for clinical implementation of effective myogenic

cellular therapies.

1.6.2 Cellular Uromyoplasty

Although a number of feasibility studies have been performed to suggest that such a therapy may provide
long-term beneficial effects through transplanted-cell persistence, evidence has yet to be presented that clearly
demonstrates that its intended mechanism of action, the physiologic improvement of closure force through
augmented sphincteric muscle function, has been attained. Indications of clinical improvement, through in vivo leak

point measures, cannot be attributed to a specific mechanism of cellular influence within the urethral tissue. Further,
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it is currently unknown to what degree the addition of functional striated muscle tissue may impart. While it is
evident from the collection of in vivo evidence that deficits in this muscular component result in a decreased ability
to maintain continence, there is currently a lack of quantifiable experimental evidence conclusively defining its
relative contribution to normal closure forces. Such information would provide a more realistic outlook as to the
effectiveness of successful striated muscle augmentation therapy within the urethra when considered in combination
with expected regeneration outcomes.

Currently available in vivo techniques, while clinically-relevant, are deficient in their ability to accurately
describe structure-function relationships. Experimentation at the in vitro level is required to clarify such issues and
will be particularly instrumental in determining the source of improved physiologic urethral function as a result of
regional-specific treatments, such as the one discussed here. Strip or ring methods have proven to be very valuable
for evaluation and quantification of urethral muscle contractility. They also offer the ability to investigate segmental
regions of interest along the axial length of the tissue. This quality is essential for the evaluation of localized
treatments, and is particularly relevant considering the possibility that such local effects may be diluted in larger-
scale tissue measurements. However, force measurement techniques alone do not allow for the complete
characterization of relevant tissue properties, and additionally would not adequately address the potential need for
detection of non-contractile changes in tissue behavior. Furthermore, in theory, whole preparations offer advantages
over conventional strip methods owing to the retention of natural tissue structure with minimal damage and
disruption of muscle or structural fibers, as well as exposure of such structures to more physiologic loading
conditions. Previously described whole-mounted systems have only been able to characterize the overall urethral
closure function through the measurement of flow parameters that relate to whole tissue function, not unlike
parameters that can be obtained through in vivo methods. While it is evident that each previously-utilized in vitro
technique offers some unique experimental advantages, neither is equipped to properly address the unresolved issues
at hand. Specifically, neither offers the ability to quantifiably characterize both passive and active regional
mechanical characteristics of whole urethra tissue. Such information is critical for evaluation of uromyoplasty

which aims to elicit a specific change in such properties through the local addition of functional muscle mass.
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1.7 Specific Aims

This study aims to directly address current deficiencies in the knowledge of applied myogenic
transplantation therapies for the treatment of SUI. As discussed, unresolved issues regarding the isolation and
selection of cell populations and the consequences of cellular injection at the localized tissue biomechanical level
must be addressed before proceeding with a reasonable assurance of success.

Currently no consensus exists as to distinguish the identity of myogenic cells that may be reliably used for
transplantation and subsequent striated muscle regeneration purposes. The current study aims to address this
existing gap between muscle progenitor cell biology and regeneration efficiency. This will be accomplished through
direct comparison and quantification of regeneration characteristics of more homogenous and defined cell
populations, in terms of both protein expression and fundamental behavioral qualities. Further it will be determined
whether any such definable qualities can be exploited in order to identify and/or separate efficient populations of
progenitor cells in a species-independent manner. With regard to cellular uromyoplasty, isolation and identification
of efficient cell populations is of necessary practical importance for its effective clinical implementation. However,
additional understanding of the underlying mechanism(s) behind enhanced cellular regenerative capacity is critical
to the advancement of the myogenic cell transplantation field as a whole and the continued development of therapies
directed toward other muscular deficiencies and related diseases.

With regard to urethral evaluation, experimental strategies have been devised to more adequately address
questions relating to the structure-function consequences of cellular uromyoplasty therapy. It is proposed that an
accurate evaluation of regional tissue properties can be obtained using a novel ex vivo urethral biomechanics system
that combines many of the advantages of currently utilized in vitro methods. Validation of this system is performed
by investigating regional contraction and relaxation responses in relation to naturally-occurring axial variations in
urethral anatomy. This system is then utilized to investigate the normal role of the striated muscle component within
the urethra to elucidate potential changes in both the passive and active biomechanical properties that may be
incurred upon its manipulation through regeneration strategies.

The culmination of such experimental information will directly aid in the progression of cellular
uromyoplasty therapy towards effective clinical utility, as well as aid a broader scientific community by: 1)

enhancing the knowledge underlying the effective utilization of myogenic cell transplantation for therapeutic
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purposes, as a whole, and 2) establishing new experimental methodologies that can be used by the urologic

community to assess the functional properties of the lower urinary tract.
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2.0 ISOLATION AND IDENTIFICATION OF EFFICIENT MYOGENIC
PROGENITORS

As described in section 1.2.2, results of myoblast transplantation studies performed thus far suggest that the
heterogeneity of donor myogenic cells may be a contributing factor to both the variability and inefficiency of the
transplantation and regeneration processes. Surprisingly, isolation and separation techniques to further investigate
this heterogeneity have received little attention. Only one such method, the preplating technique, has been
previously shown to result in the separation of primary myogenic cells which subsequently demonstrate variable
rates of reporter gene expression, along with concomitant myofiber formation, following transplantation [75]. This
method was adapted from original efforts to quickly separate the majority of myogenic from non-myogenic cells
(i.e. fibroblasts, endothelial cells, etc.) following the enzymatic digestion of muscle biopsies [132, 133], and utilizes
an apparent variability in myogenic cell adhesion or settling characteristics to generate a number of distinct and
viable cultures. This method has since been used to isolate a number of myogenic cultures and most recently has
been utilized in the isolation of several MDSC candidates from the late adhering cultures [38, 39, 43]. Given its
background and usage thus far, it is logical to exploit the preplating technique as a platform for further examining

the potential for identification of heterogeneous cellular characteristics.

2.1 Surface-localized Protein Identification

2.1.1 Introduction

At the present time, one of the most common techniques for distinguishing and separating subpopulations
of hematopoietic and other cells is through identification of cell-specific surface-localized proteins in combination
with a number of sorting methodologies. In this manner, viability is maintained during the identification and
separation process and cultures may be readily screened or purified for pre-determined desirable subpopulations.
Proof of concept of this methodology in the myogenic community was demonstrated in previous studies
investigating CD56 (neural cell adhesion molecule) expression, which was used to purify human myogenic cultures

through the elimination of non-myogenic cells [134, 135]. However, expression of this protein corresponds to all
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cells of myogenic origin and therefore does not prove useful in further identification of subpopulations. Recent
curiosity in the isolation of MDSCs has led to enhanced interest in the characterization of myogenic cells through
proteins that previously have been used to define murine bone marrow-derived hematopoietic stem cells, such as
CD34, stem cell antigen-1 (Sca-1), and c-kit (CD117)[136, 137]. All of these proteins have been found to be
expressed by various muscle-derived cells [37], however Sca-1 and CD34 are increasingly becoming associated with
myogenic progenitor cells [36, 38, 39]. In particular, CD34, a transmembrane glycophosphoprotein known to be
expressed by human hematopoietic progenitor cells [138], has recently been associated with both the quiescent and
activated states of murine myogenic satellite cells [7]. Therefore, it was of interest to screen the various preplate
cultures for characteristic patterns of expression of these proteins to first determine if they might be useful as
identifying markers, which could then be subsequently used to purify targeted populations for transplantation
evaluation. It was also essential to screen the MDSC population, which can be obtained utilizing this technique, to

determine if a unique protein profile exists to identify it from the remainder of the preplated muscle-derived cells.

2.1.2 Methods

2.1.2.1 Cell Isolation: Preplate Technique. A modified version of the preplate technique [132, 133] was utilized

to obtain various myogenic cultures from dissociated skeletal muscle, as previously described [75]. A single cell
suspension was obtained by enzymatic dissociation of gastrocnemius muscles from adult-aged normal mice (7-9
weeks of age, C57 BL/10J; Jackson Laboratories). Muscles from four mice were digested and combined for each
experiment, in order to obtain the appropriate number of cells for immediate flow cytometric analysis. Enzymatic
dissociation was performed by serial digestion of hand-minced muscles in 0.2% (by weight) collagenase-type XI
solution (Sigma) for 1 hour, 0.3% dispase (Gibco-BRL) for 45 minutes, and 0.1% trypsin (Life Technologies) for 30
minutes. The final cell suspension was re-suspended in serum-supplemented Dulbecco’s modified Eagle’s medium
(DMEM, containing 10% fetal bovine serum, 10% horse serum, 0.5% chick embryo extract by volume, and also 100
U/mL penicillin and 100 pg/mL streptomyocin; Gibco-BRL), which was also used for subsequent culturing, and
added to a T-75 collagen-coated flask (collagen Type I, Sigma). After 1 hour, non-adherent cells contained within
the supernatant were removed and transferred to a second T-75 flask for a period of 2 hours. Fresh medium was

added to the first set of adherent cells (termed preplate 1, or PP1) and this procedure was continued for PP3 through
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PP6 at subsequent 24 hour periods. A smaller surface area flask, T-25, was used for PP6 as the number of
remaining non-adherent cells by this point was comparatively lower. This process resulted in six primary cultures of
adherent cells with increasing initial adhesion times that were subsequently used for surface protein and desmin
analysis. An overview of this process and the cell populations used in the experimental investigations is shown in

Figure 2.1.
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Figure 2.1 Overview of the preplating technique for the isolation of muscle-derived cell populations.

Also mentioned in Figure 2.1 is a process that can result in the isolation of MDSC candidates, obtained
through extended low-density culturing of the PP6 culture. By plating 50-100 PP6 cells/well in a 12-well plate, the
vast majority of cells contained within the culture perish over a 2 week period, however a few cells survive
(MDSCs, < 10) and begin to form colonies during this period. Thus, delayed activation and expansion behavior is
seen in the MDSC isolation process, which involves their identification and expansion only following the demise of
the other progenitors contained within the mixed primary culture. These cells can then be expanded to larger

quantities through extended culturing and thus have also been termed ‘long-term proliferating’ cells [43].
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2.1.2.2 Immunofluorescence Evaluation of Desmin. Evaluation of desmin expression, an intermediate filament

protein restricted to the myogenic lineage [139], was performed following fixation of cells in cold methanol for 2
minutes. Cells were then pre-incubated with 5% goat serum in PBS and were incubated at room temperature for 1
hour with rabbit IgG anti-desmin (D-8281, 1:250; Sigma) antibody diluted in 5% goat serum. Following thorough
rinsing with PBS (Dulbecco’s phosphate buffered saline, 1x; Mediatech), cells were incubated with biotinylated goat
anti-rabbit IgG (1:250; Sigma) antibody for 30 min. Finally, cells were washed and incubated with streptavidin-Cy3
(1:500; Sigma) and the percentage of cells exhibiting positive staining was used to determine the percentage of
myogenic cells within each culture through analysis of 10 random culture fields (representing >200 total cells).
Control staining was performed in an identical fashion with omission of the primary antibody.

2.1.2.3 Flow Cytometry. Flow cytometry analysis of cell populations contained within the preplate cultures was
performed for five separate isolations. For each separate isolation, cells were harvested from the culture flasks
within 24 hours after initial adherence for flow cytometric analysis to limit potential changes in protein expression
that may be induced by culturing. Cells from individual preplates were removed from the flasks with a
trypsin/EDTA solution (0.25 % trypsin/2.6 mM EDTA; Life Technologies), which was quickly neutralized with
cold DMEM containing 20% serum (as described). They were then centrifuged and washed in a cold PBS solution
containing 0.1% sodium azide (Sigma) and 0.5% bovine serum albumin (ICN Biomedicals), to prevent cell
clumping, and counted. The cells were then divided into four equal aliquots: three receiving combinations of
various monoclonal antibodies, and one for control labeling. Following centrifugation, cell pellets were resuspended
in a 10% mouse serum (Sigma) in PBS solution, also containing Fc Block (rat anti-mouse CD16/CD32;
Pharmingen), and incubated for 10 minutes on ice. Fc Block reduces non-specific binding of antibodies via the
conserved Fc region, as opposed to the specific antigen-recognizing sequence (Fab). Predetermined optimal
amounts of rat anti-mouse monoclonal antibodies (Sca-1, CD34, c-kit, and CD45) were then added directly to each
tube for 30 minutes. Each non-control tube received FITC-conjugated anti-CD45 antibody (Pharmingen), and one
of the following combinations of monoclonal antibodies: 1) R-phycoerythrin (PE)-conjugated anti-Sca-1 and biotin-
conjugated anti-CD34, 2) PE-conjugated anti-CD117 (c-kit) and biotin-conjugated anti-Sca-1, or 3) PE-conjugated
anti-CD117 and biotin-conjugated anti-CD34 antibodies (all from Pharmingen). A control tube received equivalent
amounts of FITC-conjugated, biotin-conjugated and PE-conjugated isotype antibody standards (Pharmingen).

Following primary antibody incubation, each tube was washed in cold PBS solution and centrifuged. 20 pL of
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streptavidin-allophycocyanin conjugate (SA-APC, 1:300 dilution in PBS; Pharmingen) was used to resuspend the
cell pellets, including controls, and incubated on ice for 20 minutes before washing. Just prior to analysis, 7-amino-
actinomycin D (7-AAD, Via-Probe; Pharmingen) was added to each tube for dead cell exclusion during analysis. A
minimum of 10,000 live cell events were collected using a FACSCalibur flow cytometer (Becton Dickinson) and
analyzed with CellQuest software (Becton Dickinson). Initial compensation levels were adjusted using single-
labeled samples to eliminate spectral overlap in the emission wavelengths between FITC, PE, and 7-AAD labeled
samples (corresponding to FL1, FL2, and FL3 detectors). Surface protein expression analysis was performed on
viable and hematopoietic lineage (as recognized by CD45) negative cells by appropriate gating. Dot plot intercepts
used for analysis were set using the isotype control samples obtained for each individual preplate culture. Leftover
control percentages (approximately 1%) falling within the positive-staining regions were subsequently subtracted
from each labeled sample during analysis.

2.1.2.4 Animals. All animals were housed in the Rangos Research Center Animal Facility of the Children’s
Hospital of Pittsburgh. The policies and procedures of the animal laboratory are in accordance with those detailed in
the guide for the “Care and Use of Laboratory Animals” published by the US Department of Health and Human
Services. Protocols used for these experiments were approved by the Animal Research and Care Committee of the
Children’s Hospital of Pittsburgh (Protocol 7/00).

2.1.2.5 Statistical Analysis. Percentages of each population expressing a particular protein or profile were

compared among preplates by one-way analysis of variance (ANOVA), and using Student-Newman-Keuls post-hoc
pairwise comparisons. This less-conservative post-hoc test, and therefore more likely to declare an observation
statistically significant, was chosen for comparison of the relatively small sample sizes that were able to be
realistically obtained. Analysis was performed using SigmaStat (v2.0, Jandel Scientific) statistical software.

For all analyses, results demonstrating p<0.05 were considered statistically significant. Data is presented

as mean * standard error of the mean (SEM).

2.1.3 Results

Many of the results and figures, where indicated, have been previously published [140] and are reproduced

here with permission from Mary Ann Liebert, Inc. Publishing.
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2.1.3.1 Desmin Expression. As shown in Figure 2.2, and as previously described [75, 133], application of the

preplate technique results in a purification of myogenic (desmin-expressing) cells from murine dissociated skeletal
muscle. The average percentage of myogenic cells, determined through visual immunofluorescence, within each
preplate population from PP1 to PP6 used in this study was 4£2, 10+1, 38£8, 76+5, 94+2, and 95+1, respectively.
Morphological differences in the myogenic cells isolated in the later preplates (PP4-6) were apparent as well. Later
preplate myogenic cells tended to be generally round in shape, whereas the myogenic cells contained within the
early preplates were more spindle-shaped (as seen in Figure 2.3). Cells within MDSC cultures displayed a round
morphology similar to PP6, with no apparent fibroblast-like cells present; however only 15-30% of these cells

expressed desmin
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Figure 2.2 Murine muscle-derived cell cultures obtained via the preplate technique
contain increasing initial percentages of myogenic cells, as determined by desmin
expression. Time from isolation until initial cell adhesion is indicated.
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Figure 2.3 Typical morphology of myogenic cells displaying early and late adhesion
characteristics.

2.1.3.2 Flow Cytometry Analysis. A typical flow cytometry profile used for analysis of the surface-expressed

proteins Sca-1, CD34, and c-kit is shown in Figure 2.4. Similar profiles for each of the six preplate populations
were generated and analyzed. Four-color fluorescence analysis allowed for the inclusion of only live cells (Figure
2.4B, R1) in the analysis, as well as the exclusion of hematopoietic cells (Figure 2.4C), while also permitting the
detection of two surface proteins simultaneously (Sca-1/CD34, c-kit/Sca-1, or c-kit/CD34; Figure 2.4D-F). Separate
labeling of identical aliquots taken from the same preplate cell population permitted the analysis of both the total
percentage of cells expressing a specific protein and the percentage of cells co-expressing each combination of the

three proteins analyzed.
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Figure 2.4 Four color flow cytometric analysis of preplates (PP6 shown), allowing the selection of viable
and non-hematopoietic cells. The viable cell gate (B, R1) was first used to generate the hematopoietic
lineage profile (C). Gating for non-hematopoietic cells (C, R2) was then set. The profiles and
percentages for each of the three combinations of surface proteins analyzed, c-kit/Sca-1 (D), c-kit/CD34
(E), and Sca-1/CD34 (F) were then generated from an R1 and R2 boolean determination [140].

Considering each protein individually, the percentage of cells within each preplate expressing the various
proteins was observed to be variable (Figure 2.5). The total percentage of cells within PP4 and PP5 expressing
CD34 was found to be significantly higher when compared to all other preplates, except PP2. Expression of CD34
within PP6 was significantly lower than all other preplates. It was also observed that PP3 contained a significantly
higher percentage of cells expressing c-kit, although the percentage of cells within all other preplates expressing this
protein was very low (PP3, 8+1%; all other preplates, < 2%). The lack of appreciable c-kit expression by the vast
majority of preplated cells resulted in a focus towards Sca-1 and CD34 expression for phenotypic characterization,
particularly for the later preplates (PP4-6) which were observed to be purified for myogenic cells. Within these

later-adhering cultures, the phenotypic heterogeneous nature of myogenic cells is demonstrated by the Sca-1 vs.
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Figure 2.5 Average percentage of preplated cell populations expressing cell surface
proteins Sca-1, CD34, and c-kit, determined from single color histograms (*c-kit
expressed by PP3 vs. all preplates; ** CD34 expressed by PP4/PP5 vs. all preplates,
except PP2) [140].

CD34 profiles shown in Figure 2.6A. Quantitative analysis of all preplates (Figure 2.6B) reveals the presence of
distinct subpopulations which are found to reside exclusively within the purified myogenic cultures. A
subpopulation expressing CD34 only (Sca-1-/CD34+) was found enriched within PP4 and PP5, while a population
expressing Sca-1 only (Sca-1+/CD34-) was found almost exclusively within PP6. This CD34-only population was
found to be significantly higher in PP4 and PP5 versus all other preplates, with the exception of PP2, and the Sca-1-
only phenotype within PP6 was significantly higher in comparison to all other preplates. Statistical analysis also
revealed that the percentage of cells co-expressing CD34 and Sca-1 (Sca-1+/CD34+) was found to be significantly
decreased within PP6 and, consequently, cells expressing neither (Sca-1-/CD34-) were found in the highest
percentage within this preplate (not shown).

The MDSC population was also analyzed for expression of these proteins, although it was not statistically
compared to the primary preplates as these cells were cultured for many weeks in order to obtain adequate numbers
for experimentation. As shown in Figure 2.7, these cells also did not express c-kit but did express combinations of

Sca-1 and CD34 in a profile similar to that of PP6, from which it was derived.

36



PP5 PP6

10!

10°

B Sca-1+/CD34-
80 - O Sca-1-/CD34+
B O Sca-1+/CD34+
70 4 el
i
B0 4
_—r_ .
@ 50 - * *k
= *
ﬁ 40
o
& Mo
20 4
10 | |
0+ T T T T T \
PP1 PP2 PP3 PP4 PP5 PP
Preplate #

Figure 2.6 Representative Sca-1/CD34 profiles for purified myogenic preplate populations, demonstrating their
phenotypic heterogeneity (A). Figures in (A) show average values of expression. (B) Subpopulations of myogenic
cells expressing CD34 only and Sca-1 only are significantly higher within these myogenic cultures (*PP4/PP5,
CD34 only vs. all other preplates; **PP6, Sca-1 only vs. all other preplates) [140].
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Figure 2.7 Representative protein expression profiles of an MDSC population obtained from additional purification
of PP6. This population also does not express c-kit (middle, right), but does express varying degrees of CD34 and
Sca-1 (left).
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2.1.4 Discussion

Although preplating purifies myogenic cells that are homogeneously positive for desmin, through initial
variable adhesion characteristics, distinct subpopulations of myogenic cells can be identified by flow cytometry on
the basis of their phenotypic display of the surface proteins Sca-1 and CD34. The distinct patterns of expression of
these two proteins within later-adhering cultures, previously described to display enhanced regenerative capabilities,
merits their further investigation as efficient progenitor cell markers. c-kit was not useful in identifying myogenic
cells nor was it present to any appreciable degree within the various muscle-derived cell populations.

Interestingly, a population of non-hematopoietic muscle-derived cells expressing c-kit and displaying
hematopoietic differentiation capacity has been previously described [37]. In agreement with this study, these cells
were also found to adhere to culture flasks within approximately 24 hours. Thus we have confirmed the presence of
this population of cells based on adhesion and protein characteristics and, to the extent possible, validated our
analysis through agreement with previously reported findings. However the ability of PP3, containing this c-kit-
expressing population, to contribute to muscle regeneration has previously been shown to be very limited and
therefore does not warrant further investigation into c-kit for our purposes of identifying efficient muscle progenitors
[75].

Other similarities to previously reported muscle-derived cell populations should be mentioned. The
presence of a Sca-1-positive subpopulation within skeletal muscle, identified here by the preplating technique, has
been reported by others. Gussoni et al. isolated a phenotypically similar population from muscle using a sorting
procedure identical to that used for hematopoietic stem cell isolation, the so-called ‘sp’ (side-population) isolation
technique [36]. The rare sp population of muscle-derived cells described in this study displayed both hematopoietic
potential and the ability to form muscle fibers in vivo, albeit only to a small degree, when injected intravenously into
lethally irradiated dystrophic mice. In addition, they were found to lack expression of c-kit, CD45 and CD34, and
therefore are phenotypically similar to the purified subpopulation found enriched within PP6 and also found within
the MDSC population described here. These sp cells also display similar in vitro characteristics to the PP6 and
MDSC populations, as they demonstrate prolonged initial adhesion times and maintain a round morphologically in

culture.
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It should not be completely surprising that we observe both Sca-1 and CD34 expression within the early-
adhering, and largely non-myogenic, cultures as well. Cells from the vasculature, connective tissue, and adipose
tissue are all found within skeletal muscle and primarily adhere within the first several preplates (PP1-3), as
indicated by identifying morphological characteristics and their lack of desmin expression. Fibroblasts from various
tissue sources have been previously shown to express CD34 [141, 142], and endothelial cells are known to express
both CD34 [138] and constituitively low levels of Sca-1 [143]. In addition, a population of cells residing within the
interstitial spaces of skeletal muscle, that display both vascular and myogenic characteristics and express both Sca-1
and CD34, has also been recently described [144].

Of particular interest to this evaluation are the later preplate cultures (PP4-6), containing slowly-adhering
cells. These cultures have been previously shown, as a whole, to exhibit greater regenerative qualities as inferred
from increased reporter gene expression [75]. Interestingly, many of these slowly-adhering cells have also
traditionally been discarded by the vast majority of the myogenic transplantation community. Based on the
phenotypic results of the early preplates it may be concluded that cell isolation based exclusively on the expression
of only Sca-1 or CD34 will most likely yield a mixture of myogenic and non-myogenic cell types, unless a method
such as the preplate technique is employed prior to separation in order to purify the myogenic fraction. Nonetheless,
the heterogeneous nature of expression of these two proteins within myogenic cultures, and their expression to
varying degrees within MDSC cultures, suggest that it is advisable to further pursue their value as identifying

markers for cell identification and isolation purposes.

2.2 Evaluation of Surface Proteins as Indicators of Regenerative Capacity

2.2.1 Introduction

From the results of the preplate surface protein analysis, it was reasonable to proceed with further
investigation of the regenerative qualities of the preplated populations in terms of the proteins Sca-1 and CD34. It
was of particular interest to evaluate the expression of these proteins within the late preplates, as characteristic
patterns of expression were found suggesting that distinct subpopulations of myogenic cells may be present within

these cultures. Therefore, these late-adhering cell cultures were used to isolate various phenotypically-pure
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subpopulations of myogenic cells, and were subsequently compared to the MDSC and early preplate populations. In
addition, since the protein expression profiles were obtained through analysis performed less than 24 hours
following initial cell adhesion to the culture flasks, it is reasonable to expect that such profiles may also be useful in
identifying cells for sorting directly from the original dissociated cell suspension. Although direct isolation and
rapid utilization of cells without culturing and expansion may not be appropriate for therapies requiring massive
regeneration (i.e. muscular dystrophy), such techniques may not be as unrealistic for smaller scale regenerative
applications such as uromyoplasty. Their isolation in this manner also does not preclude their potential in vitro
expansion post-selection, if necessary.

Cells separated in both of these manners based on the expression, or lack thereof, of the two candidate
proteins are therefore further investigated and compared in terms of their ability to participate in skeletal muscle
regeneration within dystrophic animals. However factors that may influence protein expression, such as length of

time spent in culture, are also considered within the context of their use in identifying efficient progenitors.

2.2.2 Methods

2.2.2.1 Cultured Cell Preparation and Magnetic Antibody Cell Sorting (MACS). For each separate isolation

and transplantation experiment, primary cells were obtained from the combination of four gastrocnemius muscles of
normal male mice (C57 BL/10J; Jackson Laboratories) between 6 and 9 weeks of age, utilizing the identical preplate
procedure as described in Section 2.1.2.1. The results presented represent data collected from over 25 separate cell
isolations. For convenience, PP1 through PP3 (<27 hour initial adhesion) are referred herein as EP, for early
preplate. Likewise, cells obtained from PP4 and beyond (>27 hour initial adhesion) are referred to as LP, for late
preplate. Due to the difficulty in obtaining them, MDSCs however were prepared as described in Section 2.1.2.1
from separate animals (<1 week old, female, C57 BL/6J), and cultures used for transplantation were between
passages 30 and 35.

For primary cell transplantation purposes, it was appropriate to compare relatively pure myogenic cell
populations with initial adhesion time being the only controlled variable among the EP and LP populations.
Therefore, myogenic cells were further purified from the EP cultures through an additional processing step. As
described in Section 2.1, adhesion of murine non-myogenic cells to the collagen-coated culture flasks occurs at a

faster rate as compared to myogenic cells, and thus EP cultures initially contained a higher percentage of non-
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myogenic cells. Therefore, prior to their use, the myogenic cells found within the EP cultures were purified through
a re-plating process, also described elsewhere [43, 145]. This procedure involves standard trypsinization and plating
of the EP cultures, allowing the majority of the fibroblasts to adhere within the first 20-30 minutes while removing
the myogenic-enriched supernatant. Using this technique, EP cultures can be purified to 80-90% desmin-positive.
Although this additional step was performed to enrich the EP cultures, the time from initial cell isolation to their use
in the experiments was similar for both EP and LP populations (within 2 days following initial adhesion), to
eliminate any potential variability in results due to increased culture times.

LP myogenic cells were trypsinized and sorted for the presence or absence of the cell surface proteins Sca-
1 and CD34, in separate experiments, using a magnetic antibody cell sorting separation system (Miltenyi Biotec
Inc.) as follows, and as shown in Figure 2.8. Following trypsinization, cells were separated into labeled and control
fractions and maintained on ice throughout the procedure. Both fractions were resuspended in a blocking solution

(identical to that described for flow cytometry labeling in Section 2.1.2.3) for 10 minutes. For CD34 separation

magnetic bead-conjugated
antibody

™ Y

separation column
suspended in
magnetic field

/ e positive fraction
flushed from column

negative fraction

Figure 2.8 Magnetic antibody separation system.
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cells were then incubated an additional 20 minutes with biotinylated rat anti-mouse CD34 monoclonal antibody
(RAM34; Pharmingen), washed in Hank’s Balanced Salt Solution (HBSS; Gibco), and incubated with anti-biotin
antibody conjugated with magnetic microbeads per manufacturer’s instructions (80uL HBSS/20uL antibody;
Miltenyi Biotec). It is important to note that the antibody used recognizes both the truncated and full-length CD34
isoforms. Labeled cells were then washed and resuspended in HBSS containing 0.5% bovine serum albumin and
passed through Large Cell Separation Columns (Miltenyi). Both the negative and positive fractions were collected
and again passed through fresh columns, separately, in order to ensure a good separation. Purity of separation and
expression of other proteins was assessed by labeling portions of both positively-selected and negative fractions with
SA-APC conjugate, PE-conjugated Sca-1 (Ly-6A/E), and FITC-conjugated CD45 rat anti-mouse antibodies
(Pharmingen) in an identical manner to that described in Section 2.1.2.3.

Sca-1 separation was performed in a manner similar to that described for CD34 separation. Cells however
were labeled with directly-conjugated microbead rat anti-mouse Sca-1 monoclonal antibody (Miltenyi Biotec).
Purity of separation and expression of other proteins was assessed by labeling portions of positive and negative
sorted fractions with PE-conjugated Sca-1, biotinylated CD34 and FITC-conjugated CD45 rat anti-mouse
monoclonal antibodies (Pharmingen), followed by SA-APC.

For both separations, control cell fractions used to determine background fluorescence levels were labeled
with appropriately-conjugated isotype control antibodies (Pharmingen) and were treated in an identical fashion, with
the exception of passing through the magnetic separation column. Separation purity was assessed using the same
instrumentation as for the flow cytometry analysis (FACSCalibur flow cytometer and CellQuest software), and 7-
AAD was added to all tubes for exclusion of nonviable cells in the analysis (as shown in Figure 2.9). A portion of
non-injected cells was also placed back into culture and evaluated for the percentage of desmin-expressing cells, as

described in Section 2.1.3.1.
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Figure 2.9 Overview of experimental procedure used for evaluating cultured LP cells sorted by MACS. LP cells
were sorted based on either Sca-1 or CD34 expression, in separate experiments, prior to their utilization.
Representative plots of sorted cell populations, analyzed by flow cytometry to ensure separation following sorting,
are shown. These LP subpopulations were subsequently compared to EP and MDSC populations in terms of
regeneration ability.

2.2.2.2 Direct Cell Isolation and Fluorescence Activated Cell Sorting (FACS). Sorting of phenotypic

populations directly from dissociated cell suspensions, without culturing, was also performed using enzymatically-
digested gastrocnemius muscles of normal adult-aged mice (7-9 weeks old; C57 BL/10J; Jackson Labs). A
summary diagram of the experimental setup is provided in Figure 2.10.

Enzymatic dissociation was consistent with that previously described for the preplate technique in Section
2.1.2.1. In addition however, due to size limitations of the cell sorter and the presence of larger undigested
connective tissue masses that are typically present despite the digestion procedure, cell suspensions were also passed
through a 100 pm nylon mesh cell-strainer (Becton Dickinson). The filtered cell suspension was maintained on ice

throughout the remainder of the labeling procedure. Red blood cells were removed using a lysis buffer solution
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(containing 150 mM ammonium chloride in Tris-HCI buffer), followed by a washing step to remove lysed cells,
prior to antibody labeling. Cells were incubated with the same blocking solution as described for flow cytometry
and magnetic separation lableling (found in Section 2.1.2.3), and then labeled with pre-determined optimal amounts
of rat anti-mouse CD45 (FITC-conjgate), Sca-1 (PE-conjugate) and CD34 (biotin-conjugate) monoclonal antibodies
(Pharmingen). A separate cell portion received equivalent amounts of isotype control antibodies (also Pharmingen).
Both fractions were then washed and labeled with SA-APC as described (Section 2.1.2.3). For non-sorted
evaluation of the Sca-1/CD34 profile obtained from the directly-isolated cells, 7-AAD was added to exclude non-

viable cells from analysis. This viability probe was not included in the sorted cell fractions, as it may become toxic

to the cells over extended periods of time.
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Figure 2.10 Overview of the experimental procedure used for evaluating directly-isolated muscle-derived cells by
FACS.
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During the sorting procedure, cells were maintained and collected in serum-supplemented DMEM culture
medium (defined in Section 2.1.2.1). Appropriate gating was performed to exclude hematopoietic (CD45-positive)
cells, while the remaining cells were sorted based on Sca-1/CD34 phenotype using a FACStar Plus (Becton
Dickinson) flow cytometer. In general, it was observed that muscle-derived viability was influenced by the rate at
which the cells were sorted, indicating an apparent shear-sensitive nature, and that viability was typically enhanced
by lowering the sorting pressure.

In separate experiments, either four phenotypically-purified populations were collected using combinations
of both Sca-1 and CD34 proteins (Sca-1-/CD34-, Sca-1+/CD34+, Sca-1-/CD34+, and Sca-1+/CD34-), or two
populations were collected using just one of the proteins for separation, while ignoring expression of the other. A
portion of each sorted population was evaluated by immunocytochemistry for the expression of desmin, similar to
that described in Section 2.1.3.1, with the exception that the cells were dry-fixed with methanol immediately to glass
slides. This was done to eliminate changes in the desmin percentages of each population that may occur over the
time for initial cell adhesion to occur, which in some cases takes up to 4-5 days based on knowledge of the
preplating process. The remaining viable cells were counted using a hemacytometer with Trypan Blue exclusion,
and washed twice in HBSS to minimize any remaining serum. The average number of myogenic cells transplanted
for each phenotype was 122+16, 133421, 51+11, and 148422 for Sca-1-, Sca-1+, CD34-, and CD34+, respectively.

2.2.2.3 Cell Transplantation. For transplantation into dystrophic mice, both MACS- and FACS-sorted cell

populations were washed twice in HBSS, resuspended to a final volume of 10uL in HBSS, and transplanted using a
single injection into the gastrocnemius muscle of age-matched female dystrophic mice (7-9 weeks old, C57
BL/10ScSn-DMD™®; Jackson Laboratory) using a Hamilton fixed-needle syringe (26 Gauge). Animals were
sacrificed at 7, 14 or 28 days following injection and evaluated for dystrophin expression, as described in the
following section. Due to the availability of an mdx/SCID cross-bred mouse at the time of experimentation, these
animals were utilized for FACS transplantations intended for sacrifice at the 28 day evaluation timepoint only. A
description of this breeding scheme is provided in section 2.2.2.8. It should be noted that data from several
injections were excluded based on the presence of blood emanating from the injection site following removal of the
needle.

For LP MACS-sorted populations, paired injections were performed with the negative-sorted population

transplanted into one limb and the positive-sorted population into the other. Additional injections were also
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performed in a non-paired fashion dependent upon the number of cells obtained from the isolation and separation
process, which was observed to be somewhat variable.

2.2.2.4 Dystrophin Immunohistochemistry. Harvested gastrocnemius muscles were flash frozen in liquid
nitrogen-cooled 2-methylbutane and serial-sectioned at 8-10 um. Tissue was stored at -80°C until processing.
Sections were fixed in cold acetone for 2 minutes, incubated with a blocking solution of PBS containing 5% horse
serum for 30 minutes, and then incubated with a rabbit anti-dystrophin antibody (1:1000 dilution in blocking
solution; gift from Dr. Terry Partridge). Sections were then washed in PBS and incubated with biotinylated anti-
rabbit IgG antibody (1:250 in PBS; Vector), followed by additional washing and incubation with SA-Cy3 or SA-
FITC (1:500; Sigma). Slides were mounted in VectaShield media (Vector), to reduce quenching of the fluorescence

signal during analysis.

2.2.2.5 Regenerative Index. As mentioned, portions of all cell populations utilized in the transplantation
experiments were evaluated to determine the percentage of myogenic cells through desmin expression. The
isolation and processing of the cells may result in variations with regard to the percentage of non-myogenic,
contaminating, cells. This was of particular concern for fair comparison of cultured and directly-isolated
populations, as a means for eliminating non-myogenic murine cells was not readily available (antibodies against
murine CD56 were not commercially accessible at the time of experimentation). Thus, in order to more accurately
assess the ability of each myogenic population to contribute to the myofiber regeneration process, the number of
desmin-positive cells injected rather than the total number injected was used to define all transplanted populations.
The only exception to this was the MDSC population, which may not express traditional myogenic markers but is
considered a myogenic progenitor.

From dystrophin immunohistochemically-labeled sections, areas identified as containing the maximum
number of dystrophin-positive myofibers for each injection were used to determine the regeneration capacity of the

various myogenic cell populations, defined below.

# dystrophin - positive myofibers 5

Regenerative Efficiency Index = [2.1]

# viable and desmin - positive cells injected X

46



Thus, this index represents the number of dystrophin-positive fibers that can be generated for every 100,000
myogenic cells injected. Dystrophin-positive myofibers were manually counted from acquired immunofluorescence
images using ImageView software (Automated Cell Technologies, Inc.).

2.2.2.6 Regenerated Myofiber Size Distribution. Dimensional analysis of immunohistochemically-labeled

dystrophin-positive myofibers generated by the injection of the various donor myogenic cell populations was
performed on digital images using Northern Eclipse software (v6.0, Epix Imaging, Inc.). Using a manually-set
threshold to delineate the immunofluoresence signal from background, the software identifies individual myofiber
boundaries and uses them to provide dimensional data for each fiber separately. An example of this is shown in
Figure 2.11. Fiber size data was generated from the same images used in calculating the regenerative efficiency

index, and the reported values represent the actual myofiber

Figure 2.11 Dystrophin-positive myofiber boundaries identified from immunofluorescence
images were used to evaluate size distributions generated from each transplanted progenitor
population (EP and MDSC examples shown here; 200x images). A bounding box is placed
around the centroid of each individual myofiber identified (bottom panels).
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cross-sectional area and the maximum cross-sectional diameter. For comparison, analysis of myofiber sizes taken
from non-injected areas of the same mdx muscle was also performed.

2.2.2.7 Evaluation of in vitro Protein Expression Changes. Non-injected portions of LP-sorted populations were

also placed back into culture under growth conditions (high-serum DMEM as defined in Section 2.1.2.1) and their
phenotype, relative to the initial sorted phenotype, re-evaluated at 2 and 5 days. Cell labeling and flow cytometry
analysis procedures used were identical to that described in Section 2.1.2.3.

2.2.2.8 Animals. All animals were housed in the Rangos Research Center Animal Facility of the Children’s
Hospital of Pittsburgh. The policies and procedures of the animal laboratory are in accordance with those detailed in
the guide for the “Care and Use of Laboratory Animals” published by the US Department of Health and Human
Services. Protocols used for these experiments were approved by the Animal Research and Care Committee of the
Children’s Hospital of Pittsburgh (Protocol 7/00).

Dystrophic and immune deficient mice (mdx/SCID), utilized for the 28 day FACS transplantations only,
were specially bred by Jim Cummins of the Growth and Development Laboratory under Protocol 33/00. In order to
obtain mice that were homozygous for both the mdx and SCID mutations, the following abbreviated breeding
scheme and testing regime was performed. Male C57BL/6J-Prkdc*¥/Sz] mice were crossed with female
C57/10ScSn-Dmd™/J mice (both from Jackson Laboratories). Brothers and sisters from the F1 generation were

sid mutation. This

next crossed, and all F2 generation animals were tested for their homozygosity for the Prkdc
mutation results in the blockage of T and B lymphocyte development. DNA for these tests was obtained from each
of the F2 pups via a tail snip, and homozygosity of the scid mutation was evaluated using a PCR/Restriction Enzyme
assay outlined by The Jackson Laboratory. If mice were found homozygote for the scid mutation, dystrophin

d™* mutation. An

expression was evaluated to determine which of these mice were homo/hemizygous for the Dm
additional tail snip was obtained, snap frozen and cryosectioned. These sections were histologically stained with
hematoxylin and eosin to establish the location of the muscle fibers, and then immunofluorescently labeled similar
to that described in section 2.2.2.4. F2 mice that were both homozygyote for the scid mutation and negative for
dystrophin expression were then inbred to expand the colony.

2.2.2.9 Statistical Analysis. Separate comparisons of regeneration indices within LP MACS-sorted subfractions

and FACS-sorted fractions were made by Student’s t-test or the non-parametric equivalent, Mann-Whitney Rank

Sum test, for comparisons in which non-equal variance was detected. For multiple group comparisons among
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cultured EP, LP-sorted, and MDSC populations, non-parametric distributions and unequal variance were detected.
Therefore, comparisons were performed using Kruskal-Wallis one-way ANOVA on ranks, with Dunn’s test for
pairwise comparisons. Additionally, the Pearson Product Moment Correlation was used to examine the relationship
between injected LP cell subfraction number and the number of myofibers generated.

All comparisons and data descriptions were performed using SigmaStat (v2.0, Jandel Scientific) statistical
software, which examines both sample variance and normality of the data distributions, using the Kolmogorov-
Smirnov test, prior to performing parametric comparisons. For all analyses, results demonstrating p<0.05 were
considered statistically significant. Exact p-values are given for non-significant comparisons. Data is presented as

mean + SEM, unless otherwise noted.

2.2.3 Results

Some of the results and figures, where indicated, have been previously published [146] and are reproduced

here with permission from The Company of Biologists Ltd.

2.2.3.1 Cultured Progenitor Cell Separation (MACS). The effectiveness of the separation process and the

phenotypic-purity of the sorted populations can be assessed by describing the percentage of each population that
emits fluorescence above or below that of the isotype control-labeled fraction. Collective results of the MACS-
separated LP characteristics are described in Table 1, as well as some comparative EP and MDSC population
characteristics. Separation of the Sca-1 fractions often resulted in the elution of cells expressing low levels of Sca-1
within the negative fraction (as shown previously in Figure 2.9). However, when examining the fluorescence
intensity for each sorted population, it was observed that the separation occurred such that the Sca-1-positive
fraction (Sca-1+) contained cells with a mean fluorescence intensity ten times greater than that of the negative
fraction (Sca-1-). Separation CD34-negative and positive populations was cleaner, based on percentages above and
below background levels. In either case, comparison of mean channel fluorescence between negative and positive
fractions for both Sca-1 and CD34 separations was highly significant (p<0.001).

Overall, there was no difference in either morphology or size between the negative and positive sorted LP

fractions, as seen in the forward scatter profiles in Figure 2.9. The number of cells in the positive and negative
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fractions that could be obtained from sorting was variable for all isolations, however, on a consistent basis only a
low number of the Sca-1+ population was able to be obtained.

For several sorts, additional characterization of expression of both sorted and non-sorted proteins was
performed. For Sca-1-sorted cells, the negative fraction (Sca-1-) contained an average of 26.7+1.1% CD34-positive
cells (CD34+), while the Sca-1+ fraction contained 29.6+5.2% CD34+ cells. For CD34-sorted cells, the negative
fraction (CD34-) contained 49.3+3.1% Sca-1+ cells, while the CD34+ fraction contained 69.9+2.9% Sca-1+ cells.

The expression profile of the unsorted MDSC population is described in section 2.1.3.2. EP cells used in
these comparison studies were also evaluated by flow cytometry and shown to express 20-30% of both the Sca-1

and CD34 proteins.

Table 2.1 Characteristics of transplanted cell populations, including sorting characteristics of LP myogenic cells
separated based on either Sca-1 or CD34 expression.

EP MDSC LP Sca-1-sorted cells LP CD34-sorted cells
) ) Negative Postive Negative Postive
Non-sorted | Non-sorted Fraction Fraction Fraction Fraction
(Sca-1-) (Sca-1+4) (CD34 -) (CD34 +)
% Viability 949+ 1.3 100" 93.0+1.1 98.7 +0.8 92.1+2.2 942 +2.1
% Purity n/a n/a 72.7+£2.0 93.3+1.6 91.1+1.7 88.3+1.3
- Mean n/a n/a 169+1.0 | 171.8+16.5 | 123+24 | 217.4+25.6
uorescence
% Desmin 84.1+4.2 14.4° 82.1+24 90.6 1.5 82.2+1.5 78.4+2.4
Positive

*MDSC experiments performed using cells derived from single isolation (thus no standard error); n/a, not applicable

2.2.3.2 Cultured Progenitor Cell Dystrophin Restoration. In order to ensure that the number of cells injected

relative to the area of injury created by the syringe needle did not limit the degree of regeneration observed, and to

examine the predictability of the regeneration responses obtained with the purified LP subpopulations, the
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relationship between the cell number injected and the number of dystrophin-positive myofibers generated was
examined. As shown in Figure 2.12, myofiber number increased in relation to the number of transplanted cells in a
relatively linear fashion for all sorted LP populations. A significant linear relationship was observed between cell
number and myofibers generated for both the CD34- and Sca-1- subfractions (CD34+, p=0.0507; Sca-1+, p=0.054).
Even though the number of data points collected was not extensive, these responses indicate that estimations of the

regeneration response that may be expected can be made.
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Figure 2.12  Relationship between LP cells injected and
dystrophin-positive myofibers generated by 7 days post-injection.
A positive linear association was observed for all populations
(linear regression R% 0.676, 0.758, 0.736, and 0.497 for Sca-1-,
Sca-1+, CD34-, and CD34+, respectively) [146].

As indicated by visual inspection of these relationships, quantitative comparison of LP subpopulations,

defined by the regeneration index, revealed a variable regenerative efficiency. As shown in Figure 2.13, those
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expressing the CD34 protein were significantly more efficient in generating dystrophin-positive myofibers at 7 days
post-injection compared to their CD34- counterparts (n=9 and n=8, respectively; 193£30 vs. 87+10, respectively;
p<0.05). Comparison at 28 days post-injection did not alter this finding, although the efficiency of both sharply
decreased presumably due to host responses against the allogeneic cells or the dystrophin protein itself (n=5, each;
56+15 vs. 1247, p<0.05). Infiltration of lymphocytes, identified by CD4 and CD8 immunostaining, within the graft
site was noted by this time period. When comparing the Sca-1-sorted fractions at 7 days, there was a non-significant
trend toward increased dystrophin restoration utilizing Sca-1+ cells (n=6 and n=12 for Sca-1+ and Sca-1-,
respectively; 15772 vs. 96+22, p=0.306). When comparing these Sca-1-sorted fractions at the 28 day timepoint,
only a small number of dystrophin-positive fibers were observed for the Sca-1+ fraction (n=3 for Sca-1+ and n=8 for
Sca-1-; 2+2 vs. 54+24). However, this result may be misleading due to the comparison between fractions on a per
cell basis rather than absolute myofiber number, as the Sca-1+ fraction actually resulted in a lower number of
dystrophin-positive myofibers at 7 days. As mentioned, an active reduction in myofiber number due to cellular
responses is observed by 28 days, and thus a constant rate of elimination by host responses would facilitate a more
rapid elimination of the Sca-1+ generated graft preferentially. In order to examine this further, an additional
comparison at 14 days post-injection was performed, a duration in which graft rejection would be less severe. These
14 day results were indeed found to be similar to the 7 day post-injection results (n=3 for Sca-1+ and n=5 for Sca-1-;
157445 vs. 125+13, p=0.422).

Efficiencies of the remaining cultured populations, EP and MDSC, at 7 days post-injection are also shown
in Figure 2.13. The EP myogenic population and the MDSC population demonstrated the lowest and highest
regenerative abilities, respectively (6314 and 556+94 for EP and MDSC; n=5 and n=4). Multiple comparisons
including these populations and the CD34-sorted LP subfractions showed significantly higher regeneration through
utilization of the MDSCs versus all other cultured cell populations. Comparison between the EP and the CD34-
sorted LP cells alone showed a significant difference between the EP and CD34+ LP fraction, but not in comparison

to the CD34- fraction.

52



% 700 - *
- D |
- QO
C o
500 —

88
=8 400 -
&< *

e  — -
S 3 300 .
b ——
S% 20 ‘ i _—

>
c
e E 100 ' —
D = |'—‘—| | |
= 0 T T T T T 1

EP CD34 - CD34 + Sca-1 - Sca-1 + MDSC
I |
LP

MDSC

Figure 2.13 (top) Efficiency of dystrophin restoration among the myogenic progenitor populations at 7 days
post-injection. CD34+ LP cells were significantly more efficient than their CD34- counterparts. MDSCs were
the most efficient in comparison to all other isolated populations (*, p<0.05). Representative cryosections, with
dystrophin expression revealed by immunohistochemical staining, following injection of EP (220,000 cells), LP
CD34- and CD34 + (approximately 95,000 cells each), and MDSC (200,000 cells) are shown. All images were
acquired at 200x, except MDSC which was taken at 100x to emphasize the larger graft size.
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Size distributions of dystrophin-positive myofibers generated by each cell population were monitored at the
7 day timepoint, and are presented in Table 2.2. A non-parametric distribution weighted toward smaller myofiber
sizes was apparent. Overall, the dimensions of myofibers among donor populations were similar, although those
generated by the EP population were significantly larger in both cross-sectional area and maximum myofiber
diameter. In particular, of the four progenitor populations examined, the EP population generated the lowest
percentage of fibers within the 10-20 um diameter and 0-100 pm? area ranges, representative of small newly-formed
myofibers. The upper range of size parameters from EP-generated myofibers is seen to overlap with the lower range

of that of native mdx myofibers.

Table 2.2 Dimensional characteristics of dystrophin-expressing myofibers generated by
each injected myogenic progenitor cell population.

Fiber Diameter (pm) Fiber Area (pmz)
Median Percentiles Median Percentiles
25%-75% 25%-75%
mdx 46.3 32.9-63.1 842.0 413.6 — 1661.8
(non-injected)

EP 22.7 16.5-35.0 184.7 89.4 — 450.9

LP 16.5 10.4 - 22.7 108.2 43.4 - 220.3
CD34-

LP 17.5 11.4-25.9 121.7 47.6 —273.0
CD34+

LTP 18.5 13.4 -26.7 121.3 64.6 — 250.9

2.2.3.3 Direct Progenitor Cell Separation (FACS) and Dystrophin Restoration. For evaluation of the candidate

surface proteins from directly-isolated progenitors, the FACS sorting technique allowed for the comparison of cells
based on the expression of a single protein similar to the MACS sorting (Sca-1- vs. Sca-1+ or CD34- vs. CD34+).

However, FACS also permitted separation such that regeneration based on expression of both proteins could be

54



evaluated simultaneously (Sca-1+/CD34+ vs. Sca-1+/CD34- vs. Sca-1-/CD34+ vs. Sca-1-/CD34-). Figure 2.14
shows a typical muscle-derived cell Sca-1/CD34 expression profile, along with average percentages obtained from
all isolations, of whole gastrocnemius muscle following enzymatic dissociation into a single cell suspension. This
profile contains both non-myogenic and myogenic cells, however hematopoietic cells have been excluded based on
the selection and analysis of CD45-negative cells. The percentage of excluded hematopoietic cells found within the
dissociated suspension represented 26.5+9.5% of the total cells isolated. Although the remaining percentage of non-
hematopoietic cells used for sorting was un-evenly distributed among the four phenotypic quadrants, this profile was
fairly consistent between cell isolations.

The percentage of myogenic cells contained within sorted fractions, based only on expression of either
CD34 or Sca-1, was somewhat similar (36+4% vs. 48+£3% for Sca-1+ and Sca-1-, and 52+5% vs. 39+4% for CD34+
and CD34-, respectively). However, when accounting for both of these proteins simultaneously the percentages
were widely variable, ranging from a very low percentage within the Sca-1+/CD34- subfraction (15-20%) to a
relatively high percentage within the Sca-1-/CD34+ subfraction (>75%). Immunofluorescent desmin-labeling of
non-injected portions of these sorted populations and their relative percentage of myogenic cells are displayed in

Figure 2.15.
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Sca-1

Figure 2.14 Representative Sca-1/CD34 profile of viable
(7AAD-negative) and non-hematopoietic (CD45-negative)
cells obtained from dissociated whole skeletal muscle.
Average values from all sorts presented in each quadrant.
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Figure 2.15 The percentage of myogenic (desmin-expressing) cells contained within each of the
four sorted fractions of enzymatically-dissociated muscle (200x magnification).
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Transplantation of cells into dystrophic host muscle was first performed following separation of dissociated
muscle into each of the four possible Sca-1/CD34 phenotypes. Regeneration capacity was assessed at 7 days post-
injection, again with respect to the number of transplanted viable and myogenic cells. As shown in Figure 2.16,
variable regeneration responses were evident, with the highest degree of dystrophin restoration resulting from the
utilization of the Sca-1-/CD34+ fraction (n=2 each). From these preliminary results, it was observed that cells
lacking Sca-1 expression (Sca-1-/CD34+, Sca-1-/CD34-) displayed, in common, a higher regeneration response
compared to their Sca-1+ counterparts (Sca-1+/CD34-, Sca-1+/CD34+). In contrast, more modest differences based
on CD34 expression were apparent.

To further investigate these observations, and for a more appropriate comparison to the MACS-sorted
cultured-cell results, additional transplantation experiments were performed in which dissociated cell suspensions
were sorted into only two fractions based on either Sca-1 or CD34 expression. In agreement with the earlier four-
fraction separation results, Sca-1- cells demonstrated a higher regeneration efficiency when compared to their Sca-
1+ counterparts at 7 days post-injection (148+61 vs. 18+15, respectively; n=2 each). Also in agreement with the
earlier results, two-fraction separation based on CD34 expression resulted in a similar regeneration efficiency
(139£28 vs. 101+49, for CD34- and CD34+, respectively; n=3 and n=2). Taken together with the results of the
four-phenotype separation, it was thus observed that Sca-1- cells displayed a significantly higher regeneration
capacity compared to their Sca-1+ counterparts at 7 days post-injection (141£32 vs. 13+4; n=6 each, p<0.05). No
significant difference was observed between CD34-sorted populations (92+£29 vs. 98434, for CD34- and CD34+,
respectively; n=7 and n=6, p=0.890).

Continuing with the two-fraction separation, results from additional Sca-1-based transplantations evaluated
at both the 14 day (107£28 vs. 46£25, for Sca-1- and Sca-1+, respectively; n=3 each) and 28 day (225+30 vs. 2144,
for Sca-1- and Sca-1+; n=3 each) timepoints did not deviate from the 7 day findings. It should be noted that unlike
the MACS-sorted 28 day results, the use of the mdx/SCID host for the transplantations performed here allowed for
retention of dystrophin-positive myofiber number. Nonetheless, this did not alter the observed discrepancy in
regeneration between the Sca-1-separated populations. Additional CD34-based transplantations evaluated at the 14
day timepoint (231428 vs. 244424, for CD34- and CD34+, respectively; n=2 each) also agreed with the 7 day
findings. Due to the consistency of these observations, 28 day evaluation was not performed. A summary of these

results and representative dystrophin immunofluorescence-labeled sections are provided in Figure 2.17.
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Figure 2.16 Transplantation results of four-fraction separation based on expression of both Sca-1
and CD34, evaluated at 7 days post-injection.
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Figure 2.17 Transplantation results of two-fraction separation based on either Sca-1 or CD34. Images acquired
at 100x magnification.




2.2.3.4 Stability of Protein Expression in vitro. The inconsistency in the transplantation results between the

cultured (MACS) and directly-isolated (FACS) cell fractions obtained through surface protein sorting led to the
investigation of the stability of expression of these proteins by myogenic cells. Since directly-isolated FACS cells
may take extended periods of time to initially adhere to culture flasks, and are not purified for myogenic cells, LP
MACS-sorted cells were used to re-evaluate surface protein expression at various timepoints following their
cultivation under normal growth conditions. Overall, high levels of Sca-1 expression appeared to not be retained
with time in culture, as cell populations maintained either a low level or a lack of Sca-1 expression within either
purified or mixed cultures (Figure 2.18). Changes in CD34 expression were noticeably more apparent and were
investigated more rigorously. In contrast to Sca-1, re-examination of expression within cultures containing a mixed
population of CD34-expressing cells (Figure 2.19A) or populations either depleted (B) or purified (C) for CD34
revealed that this expression does appear to be relatively maintained over extended periods in culture (n=4). A fairly
consistent level of expression was observed within mixed or CD34-purified cultures, and this expression is also

quickly re-established in depleted populations and remains a mixed population within culture.
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Figure 2.18 Changes in Sca-1 and CD34 expression by LP cells in culture,
evaluated by flow cytometry [140].
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Figure 2.19 CD34 expression by cultured myogenic LP cells is maintained within purified (C) and mixed
(A) cultures, and is rapidly re-established in depleted cultures (B). Values given represent averages of
multiple experiments [146].

2.2.4 Discussion

The transplantation results obtained from directly-isolated (FACS) and cultured (MACS) sorted cells do not
conclusively identify a single protein or expression profile, based on the two candidate surface proteins investigated
here, that is exclusive to efficient myogenic progenitors. For cultured cells, CD34 expression discriminated between
myogenic populations with varying regenerative efficiencies. However, for directly-isolated cells, Sca-1 expression
rather than CD34 was a significant determinant in this regard. Observed shifts in expression of both of these

proteins by cultured cells further suggests their lack of stability, and may help to explain the discrepancy in results
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between cultured versus directly-isolated cells. Nonetheless, CD34 expression appears to have some utility with
regard to cultured cell discrimination. Inclusion of CD34 expression criteria within the LP cultures allowed the
identification of three separate cell populations with consistent and variable regenerative responses (EP, CD34+ LP,
and MDSC). Use of these defined populations will permit an investigation into various myogenic cellular
characteristics that may be considered to play a role in regenerative outcomes, as discussed in detail within the
following section (2.3).

Importantly, the transplantation results presented here confirm previous observations regarding the
preplating isolation technique. Specifically, myogenic cells adhering within early time points post-isolation (EP)
were less capable in regenerating skeletal muscle than their later adhering (LP) counterparts [75]. Further, the
MDSC population, isolated from the LP cultures, displayed a remarkable regeneration capacity [39]. Based on the
size distribution of the myofibers within the dystophin-positive grafts that were generated, we can be relatively
confident that the associated dystrophin expression resulted primarily from the formation of new myofibers and not
the fusion of donor cells with mature host fibers. This is worth mentioning as although dystrophin restoration is an
important endpoint for dystrophic therapies, regardless of the route taken by the donor cells, uromyoplasty therapy
may also be reliant upon the cells’ ability to form new muscle. These results may also be suggestive of variable in
vivo behavior post-injection. Both the reduced number and larger overall size of the myofibers generated by the EP
population could indicate a more preferential degree of fusion with already-existing host myofibers and/or a more
rapid degree of fusion between donor cells. As fusion is associated with a post-mitotic state, such scenarios would
compromise the potential for in vivo expansion of donor cells. With this in mind, fusion behavior is more closely
examined in the following section (2.3) along with other cell characteristics that may influence regenerative
capacity.

An important experimental consideration in examining regenerative quality is the post-injection evaluation
period, particularly in an allogeneic transplantation setting. Unfortunately, autologous transfer is rarely feasible in
the murine model, and the immunodeficient dystrophic animal model has only very recently become available.
Thus, several considerations relating to the utility of extended evaluations become relevant to the conclusions drawn
from these experiments. Such considerations limit the timepoints in which we are able to make realistic
comparisons between populations to relatively short intervals post-injection. Aside from cellular allogenicity, over

extended time periods expression of the dystrophin protein itself within dystrophic animals may serve as an
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adequate antigen for antibody production and eventual myofiber destruction [61, 147]. Here the elimination of
dystrophin-expressing myofibers was evident within the immunocompetent hosts, as demonstrated by both the
decreased myofiber number coincident with increased duration post-injection (MACS) as well as the appearance of
lymphocytes at the injection site. In addition, it has been suggested that potential differences in immunological
reactions against transplanted myogenic versus non-myogenic cells may be expected [148], although we also cannot
exclude potential heterogeneity among myogenic progenitor populations with regard to major histocompatibility
complex antigens (investigated further within section 2.3). Thus, at least theoretically, the percentage of non-
myogenic cells within each of the injected populations could potentially act as a confounding variable in the
regeneration responses observed. This is obviously more relevant to the results of the FACS-isolated
transplantations, as larger variations in the percentage of contaminating non-myogenic cells were inherent to the
methodology. With this consideration in mind when examining the FACS regenerative responses, in relation to the
number of non-myogenic cells contained within the cell injection, it was generally observed that populations with
lower percentages of non-myogenic cells displayed the highest regeneration responses on a myogenic per cell basis.
However, this association between regeneration and the percentage of non-myogenic cells did not appear to hold
true across all populations examined (e.g. Sca-1-/CD34- vs. Sca-1+/CD34+). Additionally, previous results would
suggest that through examination of early post-injection timepoints such potentially confounding immunological
variables may be limited. Pavlath et al [149] previously demonstrated, in completely mismatched hosts, that
allogenic myofibers are capable of being formed and visualized by 5-7 days, with little evidence of rejection. By
10-14 days a mononuclear infiltrate is observed with concomitant loss of donor myofibers. Thus, the 7 day
evaluation period used in this study would limit specific cellular responses but importantly would be considered
long enough to allow donor cells to be exposed to non-specific inflammatory responses, which are also thought to be
extremely important in the early survival and eventual success of myogenic donor cell grafts [70, 72]. Further, the
extended MACS- and FACS-sorted transplantation evaluations typically corresponded with the shorter 7 day results,
and therefore the shorter evaluation period seems in most cases to be reasonably indicative of longer term results.

It is also worth mentioning that although limited to relatively short evaluation periods, the studies
performed may be considered somewhat more realistic, in terms of clinical application, than many previous
transplantation investigations. In the regeneration model used there was no attempt to artificially enhance the

regenerative response or create host environmental conditions optimal for myogenic cell transplantation. Methods
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previously described to ensure optimal transplantation efficiency include attempts to block the host regenerative
responses by pre-irradiation of the muscle to be injected [55], or prior injection of necrotic agents to stimulate the
regenerative response, or both [62, 150]. Additionally, the myogenic donor cells used in this study were obtained

from primary cultures, as opposed to clonal cell lines, and further were derived from adult-aged skeletal muscle.

2.3 Evaluation of Cell Behavioral Characteristics as Indicators of Regeneration

2.3.1 Introduction

In the previous section the ability to separate myogenic populations with differential regeneration
characteristics was shown. Building upon the information gathered with regard to the separation of what can be
considered more definable myogenic progenitor populations, investigations into other potentially useful identifying
characteristics of these cell populations were performed. The goal of these investigations was to further establish
cellular traits that may be used to more easily identify efficient progenitor cells within culture prior to their use in
regenerative therapies, and also to generate potential mechanisms that may be used to explain why discrepancies in
efficiency are observed. From the myofiber distribution results following transplantation, it follows that one
possible explanation for the variation in regenerative efficiency stems from heterogeneity in the proliferative and/or
fusion behavior of the donor populations. Thus, a primary focus of this section is to examine the possibility that
variations in inherent expansion capabilities may exist within these various myogenic progenitor populations by
investigating relevant characteristics, including their: 1) differentiation status, as defined through expression of
myogenic regulatory proteins, 2) stage of the mitotic cell cycle at the time of injection, 3) cell division time, 4)
fraction of mitotically-active cells, and 5) their ability to proliferate and/or resist terminal differentiation when
challenged with differentiation-promoting conditions. In addition, the expression of antigens associated with
cellular immune recognition was examined, as this may relate to the cells ability to evade host detection prior to
fusion. The LP CD34-/+ sorted populations described within the previous section were used as the focus of these
investigations since they are relatively more definable, although inclusion of the EP and MDSC populations within
many of these characterizations allowed for comparisons to be made across a broader range of progenitor

populations with observed regenerative discrepancies.
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2.3.2 Methods

2.3.2.1 Immunofluorescence Evaluation of Myogenic Commitment. Each myogenic population (EP, LP CD34-,

LP CD34+, MDSC) was evaluated by immunofluorescence antibody staining for expression of the MRF proteins
Myf5, MyoD and myogenin, as well as m-cadherin, in order to gauge their respective progression towards end-stage
myogenic differentiation. Analysis was performed on methanol-fixed cells pre-incubated with 5% goat serum in
PBS. The cells were incubated with primary antibodies at room temperature for 2 hours at the following dilutions in
PBS containing 5% goat serum: mouse IgG anti-MyoD (1:250; Pharmingen), mouse IgG anti-myogenin (1:250;
Pharmingen), rabbit IgG anti-Myf5 (1:300; Santa Cruz Biotechnology), rabbit IgG anti-M-cadherin (1:50; gift of Dr.
Anthony Wernig). Following thorough rinsing with PBS, cells were incubated with either biotinylated goat anti-
mouse IgG or biotinylated goat anti-rabbit IgG secondary antibodies (both 1:250; Vector) for 30 minutes. Finally,
cells were washed and incubated with SA-Cy3 (1:500) for 10 minutes. Negative control staining was performed
using an identical procedure, with omission of the primary antibody. Positive staining is indicated by nuclear
fluorescence for Myf-5, MyoD and myogenin as these transcription factors are localized within the cell nucleus. M-
cadherin, a cell adhesion molecule, is localized to the cell surface. As in the regeneration experiments, cells were
evaluated at identical timepoints from initial adhesion to time of fixation, in order to control for differences in
protein expression that may arise with time in culture. The percentage of cells exhibiting positive staining was
determined within each culture through analysis of 10 random culture fields (representing a minimum of >200 total
cells). Staining was performed for cell populations obtained from at least five separate isolations to determine the
final range of expression of the various proteins, with the exception of the MDSC population which was derived
from a single isolation but was investigated for multiple passages used in the various studies (passages 30-37).

2.3.2.2 RT-PCR. Additional evaluation of the myogenic proteins interrogated through immunofluorescence was
performed for the LP CD34-/+ populations. Total RNA was isolated using TRIzol reagent (Life Technologies) and
1 pg of RNA for each cell type was used for reverse transcription (RT). RT was performed using the SuperScript™
First-Strand Synthesis System (Invitrogen) according to the manufacturer’s instructions. PCR primer sequences
(Integrated DNA Technologies) and reaction parameters were utilized as previously described: myogenin and MyoD
[151], M-cadherin and Myf5 [6]. PCR products were obtained following 35 cycles and separated on agarose gels.

Expected base pair (bp) product sizes were observed for all reactions: myogenin, 86 bp; MyoD, 147 bp; M-cadherin,
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446 bp; and Myf5, 352 bp. Genomic DNA contamination was excluded by the fact that all primers spanned an
intron, as well as parallel RT controls that were performed without reverse transcriptase. C2C12 cells, used as a
positive control, were obtained from the American Type Culture Collection, and PP1 cells were obtained through
the preplate technique as described previously within section 2.1.

2.3.2.3 Cell Cycle Status. CD34- and CD34+ LP sorted cell suspensions were centrifuged, washed in PBS and the

cell membranes permeabilized by addition of 0.05% saponin (Sigma) in PBS. 20 uL of a nucleic acid dye (7-AAD;
Pharmingen) was added to each cell suspension for 20 minutes prior to washing with PBS. Flow cytometry analysis
was performed on histograms using a linear scale, by first gating for singlets in the forward/side scatter profile. The
peak channel fluorescence for cells in the G,/M region was confirmed to be twice that of the G(/G, region.

2.3.2.4 MHC-1 Expression. Major histocompatibility complex class I (MHC-I) expression was assessed for all

four progenitor populations using similar labeling and gating techniques as those described within section 2.1.2.3,
and previously [43]. PE-conjugated anti-mouse H-2K® monoclonal antibody (clone AF6-88.5; Pharmingen) was
utilized and reacts specifically with the MHC-I alloantigen expressed by the C57BL/10J mouse haplotype (H-2K)
and allelic specificity (b). PE-conjugated isotype controls were used for determining background fluorescence.

2.3.2.5 Division Time and Mitotic Fraction. A novel microscopic imaging system was used to acquire data

pertaining to LP CD34-/+ cell population division and mitotic fraction characteristics through time-lapsed
brightfield imaging [152, 153]. As shown in Figure 2.20, this system houses cell culture plates within a mini-
incubator, termed the biobox, which is mounted to the stage of an inverted microscope and linked to a CCD camera
to track cell behavior (Automated Cell Technologies, Inc.). In order to generate time-lapsed images, user-
determined coordinate positions were selected that corresponded to multiple view fields within the cultures. Each
view field was recorded by the CytoWorks software program that subsequently controlled both the time and position
of the microscope stage movement, allowing the system to retrieve original pre-established view field positions
within the cultures. Images of the selected view fields were acquired at 10-minute intervals using a 20x objective
(approximately 10 cells/field at t=0 hrs) over a period of 4 days.

For cell division analysis, cells were plated at an initial density of 1,000 cells/well on a collagen Type-I
coated 12-well plate in high serum growth medium, described in section 2.1, with medium changes every other day.
In terms of proliferation kinetics the total cell number is dependent upon two parameters, the division time (DT) and

the mitotic fraction (o). DT was measured directly from the acquired images through individual observations of
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cytokinesis. o, defined as the fraction of cells within the population actively entering the mitotic cell cycle, was
calculated from experimental data using a previously described non-exponential growth model [153, 154]. This

model requires experimentally-determined values for cell number and a DT determined for each population

[2.2]

5, (UDT)+1
N=N, {0.5 +L}

2(1-2a)

where N is the number of cells at any time t, N, is the initial number of cells, and both DT and cell number at each
time point are determined through image analysis. A brief derivation of this model, including assumptions inherent
to its use, is provided in Appendix A. A non-linear least squares regression was used to determine the best fit to the
growth model equation, performed using a statistical software package (SigmaStat v2.0). DT data was collected
from observations of individual cell divisions within all view fields examined and was combined for statistical
comparison between populations. Median DTs, determined for each cell population, along with corresponding cell
counts were then used to determine an o value for each view field and well interrogated. Data from multiple wells
were used for statistical comparison and are the result of duplicate experiments.

2.3.2.6 Proliferation and Differentiation/Fusion Characteristics. The same microscopic imaging system and

imaging parameters described in the previous section were used to examine cell proliferation and both the rate and
degree of cell fusion and differentiation, when challenged in a low serum assay, for each of the four progenitor
populations. Cells were plated at an initial density of 1,250 cells/cm” in multi-well plates containing high-serum
growth medium. A period of 3-4 hours was allotted for cell adhesion, at which time the growth medium was
replaced with a low serum fusion-medium consisting of DMEM containing 1% each of fetal bovine and horse serum

along with penicillin/streptomycin, as described previously.
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Figure 2.20 Schematic representation of the bioinformatic cell culture imaging system, allowing time-lapse
image analysis of myogenic cell behavior, including cell division time and fusion behavior.

Medium changes were conducted every other day. It has been previously shown using mixed cultures of myogenic
progenitor cells that induction of fusion occurs within the first two to three days in culture [155]. Therefore, cell

fusion into multinucleated and elongated myotubes was monitored over a 96 hour period, along with total
cell number. As individual nuclei counts within the myotubes were difficult to assess by brightfield, each myotube
was counted as a single cell. Individual values for each well were determined through manual scoring of time-
lapsed images (ImageView software; Automated Cell Technologies). As the actual starting cell number within each
view field varied slightly, cell numbers for the first time point and each subsequent timepoint were adjusted by the
appropriate factor to achieve a normalized starting number of 20 cells per field. The actual starting cell number in
each field was not significantly different among the four groups.

Immediately following this 96 hour imaging observation period, dual immunofluorescence staining was
performed for evaluation of desmin and myosin heavy chain (1:250; clone MY-32, Sigma). Myosin staining was
performed first though incubation of the primary antibody (mouse anti-myosin) for 1 hour in 5% goat serum
followed by utilization of biotinylated goat anti-mouse IgG secondary antibody (1:250; Vector) for 30 minutes and

incubation with SA-Cy3 (1:500) for 10 minutes. Desmin staining was performed as described in 2.1.2.2, with the
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exception of SA-FITC (1:500; Sigma) for immunofluorescent labeling. The potential existed for undesired cross-
labeling of SA-FITC to the biotinylated myosin antibodies, and thus myosin labeling was performed first. As all
cells that express myosin must also express desmin, but not necessarily the reverse of this statement, this potential
dual-labeling is rendered irrelevant. All cells were also counterstained with Hoechst (33328; Sigma) dye to reveal
nuclei. Random fields in each well were evaluated at 200x magnification for: the total number of myogenic nuclei
(determined though desmin expression), the number of mononuclear myogenic cells, the number of myotubes
(determined through dual criteria of myosin heavy chain expression and displaying >2 nuclei), and the number of
nuclei comprising these myotubes. This information was used to generate a fusion index, described below, as

previously defined [156].

# of nuclei within myosin - expressing myotubes
X

Fusion Index = 100 [2.3]

total # of myogenic nuclei

Thus, the fusion index represents the percentage of myogenic nuclei that have undergone terminal differentiation
and have participated in myotube formation. Individual fusion indices were generated for each well through the
averaging of values obtained from 5 fields/well viewed under 200x magnification (representing approximately 75-
100 myogenic nuclei/well for EP and LP populations). Ratios of the number of mononuclear myogenic cells to the
number of myotubes are also reported. In all, for both time-lapsed and immunofluorescence investigations, data
was generated from over 20 individual wells for the EP, CD34- and CD34+ cell types from experiments that were
performed in triplicate. For MDSCs, data was generated from 10 different wells from experiments performed in
duplicate.

In a separate immunofluorescence labeling protocol, LP CD34-/+ populations were evaluated for desmin
and CD34 (biotin conjugated mouse anti-CD34; clone RAM34) expression. Following incubation with the primary
CD34 antibody (1:250), expression was revealed with SA-Cy3. Desmin staining was performed as described,
however FITC-conjugated anti-rabbit IgG was utilized as the labeling antibody to avoid dual-staining. Cells were
also counterstained with Hoechst to reveal nuclei.
2.3.2.7 Statistics. As one of the main focuses of the studies performed was further delineation of the CD34-sorted

LP subfractions, direct comparison between these populations was performed for each parameter by paired or
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unpaired Student’s t-test, where appropriate. However, non-parametric distributions for both division times and
mitotic fraction were observed, both of which were subsequently compared using the Mann-Whitney Rank Sum test.
Multiple comparisons between all four cell populations (EP, LP CD34-/+, MDSC) were performed by ANOVA,
with Student-Newman-Keuls post-hoc pairwise comparisons for cases in which a significant F-value was obtained.
Comparison of myotube percentages from brightfield observations revealed unequal variance for several timepoints,
and thus were subsequently compared by Kruskal-Wallis one-way ANOVA on ranks, with Dunn’s test for pairwise
comparisons. Unequal variance was also detected for the ratio of mononuclear cells to myotubes during comparison
of immunofluorescence data and was therefore compared non-parametrically as well.

The Pearson Product Moment was used to determine the strength of association between the regeneration
index and the parameters obtained from the fusion assay. This test determines if a linear relationship exists between
the variables, without regard to the assignment of a specific independent and dependent variable. All data is
expressed as mean = SEM. P-values less than 0.05 were considered statistically significant, and exact p-values are
given for non-significant differences. All comparisons were made using SigmaStat (v2.0, Jandel Scientific)

statistical software.

2.3.3 Results

2.3.3.1 Myogenic Commitment. As shown in Figure 2.21, results of MRF immunofluorescence labeling
demonstrate clear differences in the myogenic phenotype expressed by the various progenitor populations. The EP
myogenic population (top rows) is observed to contain a high percentage of cells expressing both early-stage Myf-5
and MyoD proteins, as well as at least half typically expressing the late-stage regulatory factor myogenin. The
CD34- and CD34+ subfractions of the LP cultures displayed a similar degree of expression of these proteins, and
thus are represented only as LP in the figure (CD34+ images displayed for representative staining). In contrast to
the EP progenitors, LP cells (middle rows) displayed lower percentages of both early and late-stage MyoD and
myogenin regulatory proteins. The MDSC population (bottom rows), while expressing a high percentage of Myf-5,

did not express MyoD or myogenin to any appreciable extent. M-cadherin expression, a traditional satellite cell
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Figure 2.21 Immunofluorescence evaluation of MRF protein expression by myogenic progenitor populations
(200x).
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marker, was also examined (not shown) within the EP and LP cultures and found to be expressed by the majority of
these cells (EP, 70-80%; LP, >90%).

2.3.3.2 RT-PCR. As both CD34- and CD34+ LP subfractions were found to express similar levels of the myogenic
proteins, by immunofluorescence staining, RT-PCR was also performed to verify these results (Figure 2.22). C2C12
cells and PP1 cells were included as positive and negative controls, respectively. Although non-quantitative, both
LP subpopulations expressed similar levels of all of the MRF mRNA examined as well as the satellite cell-
associated m-cadherin, thus confirming the immunofluorescence observations. C2C12 cells are shown to express
similar levels of all MRFs. PP1 cells, containing primarily fibroblasts (>90%), did not express m-cadherin but did
display some level of expression of the MRFs, presumably due to the presence of the small percentage of desmin-

expressing cells found within these early-adhering cultures.

M-cadherin
(446 bp)

Myf5
(352 bp)
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Figure 2.22 RT-PCR performed on both CD34- and CD34+ LP cells, along with PP1 and C2C12 clonal
cells as controls. Lanes in which reverse transcriptase (RT) was added (+) or omitted (-) are indicated.
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2.3.3.3 Cell Cycle Status. As the LP CD34- and CD34+ populations displayed a very similar degree of myogenic

commitment, additional cell characteristics were examined to determine if any underlying behavioral differences
could be detected. In this section and the next, their proliferative behavior was further examined in an attempt to
further delineate potential differences between these two cell populations.

Results of the cell cycle analysis show no statistical difference between the CD34-sorted LP subfractions in terms of
the percentage of cells in any particular stage of the mitotic cycle (p=0.505, p=0.921, and p=0.436 for Go/G, S, and
G2/M; n=4 each). The percentage of cells in the Gy/Gy, S, and G2/M stages, respectively, for CD34- cells was
found to be 75.9+1.4, 12.1£2.2, and 12.0+1.2. Similarly, for the CD34+ population the percentage of cells in each
stage was found to be 73.4£3.2, 11.8+1.4, and 14.843.0.

2.3.3.4 Population Division Characteristics. Information regarding individual cell DTs under normal growth

conditions (high serum) was collected from analysis of the time-lapsed videos obtained from the microscopic
imaging system. Median observed division times for dividing cells within each CD34 fraction were determined to
be 14.1 (n=64) and 13.8 (n=48) hours for the CD34- and CD34+ fractions, respectively (p=0.988). In addition, from
information gathered regarding the total cell numbers present at 12 hour intervals, the mitotic fraction of each
population was calculated using the non-exponential growth model described by equation 2.2. A relatively good fit
to the growth model was observed (R*=0.90+0.05 and 0.86+0.04 for CD34- and CD34+), and no difference in the
estimated mitotic fraction could be determined between the two populations (p=0.455; median o=0.425 and 0.393
for CD34- and CD34+ respectively; n=7 each).

2.3.3.5 Proliferation and Differentiation/Fusion Characteristics. Although still not completely understood,

growth factor signals play a significant role in the maintenance of myogenic cells within a proliferative, rather than a
differentiated, state. Thus, removal or reduction of such factors from media serum supplements is a common
method to induce cell cycle withdrawal and differentiation [157]. Under such low serum (2%) conditions,
brightfield observations regarding both proliferative capacity and cellular fusion and formation of multinucleated
myotubes were also made using the time-lapsed imaging system for each of the four progenitor populations. An
example of such images at 12 hour intervals is provided in Figure 2.23 for the EP, LP CD34+, and MDSC
populations.

Averaged normalized cell number and myotube formation for each cell type over the 96 hour observation

period is shown in Figure 2.24. Direct comparison between the CD34 LP subpopulations revealed a significantly
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higher percentage of CD34- cells fusing into myotubes at all timepoints beyond 72 hours when compared to the
CD34+ population, (from 72 to 96 hours; n=26 and n=22 for CD34- and CD34+). However, a significantly higher
number of total cells were also observed for the CD34- population at 84 and 96 hours.

Multiple comparison of all four progenitor populations in terms of cell number during this 96 hour
evaluation period revealed a significant expansion of the MDSC population above all other cell groups at the 12
hour timepoint and at all subsequent timepoints examined (with the exception of CD34+ at the 12 hour timepoint
only; n=10 and n=22 for MDSC and EP, respectively). Concomitantly, myotube formation was also found to be
significantly lower within the MDSC cultures when compared to EP (for all timepoints beyond 36 hours) as well as
CD34- LP cells (for all timpoints beyond 72 hours). MDSC myotube formation was not significantly different from
that of CD34+ LP cells at any timepoints evaluated.

Further evaluation of these cultures, at the conclusion of the 96 hour time-lapsed observation period, was
performed by immunofluorescent antibody labeling. This was done to verify the final results obtained through the
brightfield imaging as well as to provide more accurate data pertaining to the differentiation state of the myogenic
cells, as expression of proteins confirming myotube formation could not be assessed through evaluation of
brightfield images alone. As shown in Figure 2.25, immunofluorescence analysis of desmin and myosin heavy
chain (MHC) expression allows easy identification and quantification of individual myogenic nuclei and their fusion
state. In agreement with the brightfield observations, comparison of the LP subpopulations by immunofluorescent
staining at the 96 hour timepoint revealed that the fusion index (% of total myogenic nuclei contained within
myotubes) was significantly higher for the CD34- population compared to its CD34+ counterpart (Fig. 2.26; 47+4
and 36=£3 respectively, n=12 each). Correspondingly, the ratio of mononuclear myogenic cells to the number of
myotubes formed was significantly lower for the CD34- population (Fig. 2.26; 7+1 and 13+2 for CD34- and

CD34+).
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Figure 2.23 Representative time-lapsed images of EP, LP CD34+, and MDSC progenitor populations in culture
under low serum ‘fusing’ conditions. Images were obtained from the bioinformatic cell culture system (200x
magnification).
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Figure 2.24 Cell expansion and fusion behavior of each progenitor population under low serum conditions, as
determined from brightfield observations. Note the normalized cell number scale change for the MDSC population,

demonstrating a large degree of expansion under these differentiation-inducing conditions.
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Figure 2.25 Representative images of EP, LP CD34+ and MDSC progenitor populations following 96 hour culture
under low serum conditions. Cultures were immunofluorescently-labeled to reveal individual nuclei, cells of
myogenic origin (desmin), and terminally-differentiated multinuclear myotubes (myosin heavy chain, MHC).
Images taken at 200x magnification.
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Figure 2.26 From immunofluorescence analysis, comparison of fusion indices revealed significant differences (*)
between all populations examined (left). Ratios of the number of unfused myogenic cells compared to the number
of multinucleated myotubes were significantly different in direct comparison between the LP subfractions (right).
This ratio was also significantly higher for MDSCs when compared to all other populations.

Also shown in Figure 2.26, comparison of all four populations revealed that the EP and MDSC cells
displayed the highest and lowest extent of cell fusion (fusion indices, 58+2 and 6+1 for EP and MDSC respectively;
n=10 and n=12). The MDSC population fusion index was significantly lower than all other populations, and
significant differences were also detected in comparison between all other populations as well. MDSCs also
displayed a significantly higher ratio of mononuclear cells to myotubes in comparison to all other populations
(MDSC, 5249; CD34+, 13£2; CD34-, 7+1; EP, 4+1) corresponding to the significantly larger degree of expansion
of this population observed over the 96 hour evaluation period.

Based on the differential fusion characteristics displayed by the LP subpopulations, and on earlier
observations of changes in CD34 expression in culture, the CD34 status of the non-fused cells remaining in culture
at the conclusion of the 96 hour fusion study was also examined through immunofluorescence. As may be expected,
the non-fused myogenic cells within the CD34+ LP cultures were found to express CD34 (>95%). Interestingly
though, in cultures comprised initially of CD34- LP cells it was observed that the majority (>90%) of unfused
myogenic cells that remained following 4 days of low serum conditions expressed CD34 (Figure 2.27). Thus,
within CD34-depleted cultures, the CD34+ subpopulation that is re-established represents the majority of the non-

terminally differentiated, mononucleated fraction.
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Figure 2.27 CD34 immunofluorescence labeling of mononuclear myogenic cells found within CD34-depleted LP
cultures exposed to low serum ‘fusion’ conditions. The majority of the undifferentiated myogenic cells were found
to express CD34 (left), although some CD34- cells are present (right, arrows; 200x magnification) [146].

2.3.3.6 Correlation Between Regeneration and Fusion Parameters. Associations between the regeneration

properties and the fusion parameters, obtained from the fluorescence observations, were subsequently examined. A
significant negative linear relationship between the regeneration and fusion indices was observed (correlation
coefficient, r=-0.985), as well as a highly significant positive linear relationship between the regeneration index and
the mononuclear to fused cell ratio (p<0.01, correlation coefficient, r=0.993).

2.3.3.7 MHC-I Expression. Since the transplantation experiments described within section 2.2 were performed in

an allogenic setting the various cell populations were examined for expression of MHC-I, which is known to play a
dominant role in the success or failure of allografts [158]. Statistical differences in MHC-I expression between the
LP subpopulations could not be detected by flow cytometric analysis; the percentage of cells with detectable levels
of expression were 13.0+6.3 and 19.1£8.3 for the CD34- and CD34+ subfractions, respectively (p =0.594, n=4
each). Interestingly, examination of all four populations revealed heterogeneity in expression, with the EP
population containing the highest percentage of cells with detectable levels of expression (65+9, n=2). In contrast,
the MDSC population contained less than 2% of cells expressing MHC-1, as shown in Figure 2.28 (n=2). Due to

the limited number of evaluations however, no statistical comparisons among all groups were performed.
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Figure 2.28 Flow cytometry histogram of MHC-1 expression by EP and MDSC progenitor populations.

2.3.4 Discussion

Among the various cellular characteristics examined, variations in expression of proteins known to
influence myogenic differentiation (MRFs) were evident among the cellular populations examined. These variations
in protein expression translated into measurable differences in cellular behavior as assessed through simple
quantifiable parameters defining cellular proliferation and progression toward terminal differentiation. Taken
together with previous knowledge of transplantation outcomes, these results suggest that proliferation and fusion
behavior may have a significant impact upon a given myogenic progenitor population’s ability to efficiently
regenerate skeletal myofibers.

In terms of MRF expression, myogenin has previously been shown to be a key indicator of cell cycle
withdrawal and coinciding obligate terminal differentiation, as supported by both in vitro and in vivo observations
[159, 160], and was demonstrated to be highly variable among the populations examined here. Interestingly,
although the MDSC population displayed a very low percentage of cells expressing the generic myogenic
intermediate filament protein desmin, it displayed a very high percentage of the myogenic-specific early stage MRF
protein Myf-5. This contradiction in expression is currently unresolved, although the lack of expression of the

remainder of the MRF proteins examined further implies that this population is relatively primitive in terms of
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myogenic lineage commitment. Taken together in context to the patterns of expression of these proteins and their
relation to the progression of the myogenic differentiation program, as discussed in greater detail within section
1.1.2, these data suggest that on a relative scale the cells contained within the EP population display the highest
degree of myogenic commitment. This is evident by the coexpression of multiple MRF proteins and a larger
percentage of cells that have entered the terminal differentiation phase as signaled by myogenin expression [8, 14,
161]. While the majority of the LP cultures do coexpress the early stage regulatory proteins, importantly, a smaller
percentage of cells appear to be reaching the terminal differentiation stage within culture compared to those found
within EP cultures. MDSC cultures express only one early-stage regulatory protein and thus can be considered as a
whole to be the least myogenically-committed among the progenitors examined here.

Observations with regard to the myogenic cell separation that occurs during the preplating process suggest
that early adhesion is associated with a more progressive state of differentiation, as defined by MRF expression. It
is tempting to speculate that differentiation status could be responsible for changes in cellular density, which in turn
would directly affect cell settling rate following isolation. Other differences that may account for the preplating
effect, such as variable cell surface protein expression, also cannot be ruled out at this time. However, it should be
noted that expression of CD29, a surface integrin ; chain responsible for cellular adhesion to collagen, does not
correlate with the observed variable adhesion, and further the preplating process is also observed in the absence of a
collagen-coating on the culture flasks (personal observations and communication with other lab personnel).

As mentioned in section 1.1.2, MRF-regulation of myogenic differentiation has also been shown to
influence expression of proteins regulating cell cycle status [15]. Aside from myogenin, MyoD expression, which
has been positively linked to the up-regulation of cell cycle inhibitors, was variable among the four populations
examined. Confirmation of proliferation and differentiation behavior among these populations, through in vitro
analysis, was found to coincide with MyoD expression. This reaffirms previous observations of MRF-determined
levels of myogenic commitment in association with both variable rates of fusion and cell expansion characteristics,
as expected. Indeed, large disparities in differentiation status can result in drastic behavioral differences, as
observed here between the EP and MDSC populations. However, within the LP cultures there appears to be
subpopulations of cells that can be identified by differential CD34 expression with seemingly similar levels of
myogenic commitment, but with variable fusion characteristics. Although mechanisms to explain this differential

regulation require further investigation, similar observations have been reported previously in the literature.
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Through in vivo proliferation studies, Schultz [25] described two different satellite cell progenitor populations: one
termed the reserve population and the other the producer population. According to this model, a producer
population is identified as providing nuclei directly to growing myofibers through fusion following a limited number
of mitotic divisions. In contrast, a reserve population is believed to generate the producer population through
asymmetric cell divisions. Additional evidence is presented by in vitro studies that have reported variations in the
size of the colonies generated by individual satellite cells and behavioral heterogeneity upon induction of
differentiation [8, 27-29]. Here it is demonstrated that CD34 expression, within mouse LP cultures displaying
satellite cell characteristics, may be useful in identifying such subpopulations. Furthermore, taken together with the
transplantation results involving all four progenitor populations, these variations in fusion characteristics may be
implicated in the regenerative abilities of such cells following transplantation into dystrophic hosts. Corroborating
evidence of such an effect is implied from a previous study in which pre-treatment of myoblast cultures with basic
fibroblast growth factor, a potent myogenic differentiation inhibitor, resulted in up to four-fold increases in donor-
labeled myofiber regeneration [162]. Taken together, it is logical to envision a scenario in which transplanted
populations demonstrating both a rapid and high degree of fusion would limit donor cell availability to proliferate
and further enhance the regeneration process, as myogenic cells that have participated in the formation of a myotube
are considered terminally differentiated and permanently withdrawn from the cell cycle [2, 155]. In combination
with potentially poor survival rates, as mentioned within section 1.2.2, such behavior would severely compromise
the donor regenerative response. In contrast, cells that remain in an undifferentiated mononuclear state may retain
the potential to proliferate and thus increase the yield of myogenic nuclei derived from an initial donor injection
once exposed to host growth factors. Ironically, high fusion capacity within culture has previously been considered
a desirable trait within cellular preparations for previous muscular dystrophy clinical trials [64, 65].

Potential deleterious effects of delayed fusion in the in vivo allogeneic setting must also be considered. It
has been previously suggested that the rate of donor cell fusion in vivo, may play a role in host recognition of non-
self antigens [163]. Following transplantation, the antigen which dominates the graft rejection process is the integral
membrane glyocoprotein MHC-I [164], which both inhibits the action of natural killer cells and mediates the T-cell
immune responses seen in allograft rejection [72]. Constituitive expression of this histocompatibility antigen has
been previously demonstrated on human myogenic precursors [165-167], and is subsequently down-regulated with

the formation of mature myofibers in normal muscle [148, 168]. Even though regenerating myofibers within
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diseased tissue (such as those observed within dystrophic muscle) display some increase in MHC-I expression [169,
170], the fusion of donor cells could serve to protect them from host immune destruction. Indeed, even in fully
mismatched hosts, transient immunosuppressive treatment has been found to be effective in the long-term retention
of donor-host hybrid myofibers [149]. An ability to proliferate for extended periods prior to fusion would seemingly
enhance the regenerative response; however, it could subsequently lead to exposure to cytotoxic host cell responses
as well. Interestingly, the variation in MHC-1 expression observed corresponded with the transplantation results,
such that low expression coincided with increased regeneration. Changes in MHC expression with exposure to
tissue culture conditions has been described [72] although this alone would not appear to account for the differences
in EP and LP expression reported here, since both were maintained in culture for a similar period of time. It should
also be noted that a variable regenerative response was observed even when transplantations were performed in
immuno-deficient dystrophic mice (i.e. FACS-sorted Sca-1-/+), and thus specific immunological responses alone do
not seem to account for these discrepancies. Further, as variable levels of MHC-1 expression could theoretically
have both advantageous and deleterious short-terms and long-term effects, it is difficult to ascertain the potential
role of such expression without a properly controlled investigation. Nonetheless, the balance between proliferation
and exposure to host defenses would appear to be critical only within early timeperiods post-injection, unless future
damage and regeneration is initiated. From the transplantation results presented in section 2.2, it is apparent that the
substantial degree of regeneration and myofiber formation occurs within the first week, a result that has been
confirmed previously [133]. Thus, it appears that if a donor cell proliferation phase is taking place, it is occurring
within this time frame. At least one other report of a myogenic population demonstrating highly prolific behavior
upon engraftment and within this time frame has been described previously, through an elaborate in vivo labeling
technique that allowed quantification and tracking of transplanted precursors [68].

The CD34+ phenotype investigated here has been recently described as representative of the majority of
satellite cell progenitors within murine skeletal muscle [7]. Our findings demonstrate some important similarities
with those previously described; primarily the satellite cell description of these populations by the observed
expression of both Myf5 and M-cadherin, and their relatively low level of fusion into myotubes within culture.
However some important differences must be discussed as well. Association of the CD34+ state with quiescence is
not consistent with our observations. According to this previous model, activation from a quiescent state causes the

CD34 isoform to switch from the truncated to the full-length transcript, followed by complete transcriptional
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shutdown. Although our surface antibody labeling could not distinguish between these two isoforms, the observed
shutdown of CD34 transcription (reported to occur within approximately 24 hours in culture) was not observed.
This is demonstrated by maintenance of the CD34+ phenotype with extended culturing, described in section 2.2.3.3.
In addition, the description of a satellite cell minority that lacks both CD34 and Myf5 expression is inconsistent with
both the quantity of CD34- cells that were able to be isolated as well as the immunofluorescence and RT-PCR
results described here. Thus, it is apparent that we are just beginning to uncover the intricacies in the regulation of
CD34 expression by myogenic progenitors.

Although yet to be fully understood, observed phosphorylation of the cytoplasmic domain in other cell
systems suggests that CD34 plays a role in signal transduction. In addition, with respect to various hematopoietic
cells, CD34 has also been suggested to play a role in cellular adhesion to the endothelium [171, 172]. Interestingly,
CD34 function with regard to the myogenic lineage is currently unknown. It has been previously suggested that the
timing of its upregulation and downregulation may play a role in the prevention of myogenic differentiation [173].
In a non-myogenic setting, CD34 expression has also been suggested to play a role in the inhibition of hematopoietic
differentiation [174]. Such observations are in agreement with the results of the in vitro differentiation studies
presented here, and would support the hypothesis that the CD34+ cells may be associated with delayed myogenic
differentiation and fusion upon injection in vivo. The association of the CD34+ phenotype with undifferentiated
primary myogenic cells, exposed to differentiation-inducing conditions in vitro, has also been observed in studies
utilizing myogenic cell lines [7]. However, it was further shown here that in a growth culture setting, a dominant
CD34 phenotype seems to be relatively conserved. This does not appear to be the case with CD34-depleted
cultures, which quickly re-establish a CD34-expressing subpopulation. This emerging CD34 subpopulation also
seems to display delayed fusion characteristics when challenged to differentiate in vitro, further suggesting a
potential role for either direct or indirect CD34 involvement in the regulation of differentiation within myogenic
cells.

As a final thought, it is worth mentioning that even though the difference in the apparent fusion rate
between CD34- and CD34+ cells was statistically significant, it is difficult to interpret the in vivo biologic
significance that such relatively small in vitro detected differences may impart. It is much more reasonable to
envision major in vivo behavioral differences between cell populations on either end of the observed in vitro fusion

spectrum, such as the EP and MDSCs described here. Such large discrepancies in behavior do not require the
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scientific leap of faith needed to connect in vitro and in vivo findings, and it would thus be logical to perform more
in depth in vivo experimentation utilizing such cell populations to further strengthen the hypothesis connecting

fusion behavior to regeneration capacity.

2.4 Species-Independent Evaluation of Cell Behavior and Regeneration

2.4.1 Introduction

From the results of sections 2.1-2.3, the preplating technique has been shown to be useful in separating
various myogenic populations, distinguishable by combinations of their: surface protein expression, abilities to
regenerate dystrophin-expressing myofibers, and proliferation and fusion characteristics when challenged in a low-
serum differentiation assay. Specifically, from these observations it is proposed that the ability of a myogenic
progenitor population, as well as their progeny’s ability, to expand in number while consequently maintaining an
undifferentiated and unfused state is reflected in their capacity to regenerate new myofibers following
transplantation. However, application of the techniques and isolation strategies discussed thus far toward eventual
clinical utilization requires that such observations not be limited in a species-dependent manner. Thus, within a rat
animal model evaluation of both regeneration and fusion parameters, as previously established for the murine model,
are presented. The presence of CD34 expression was also examined to determine the degree of conservation within
the myogenic lineage, as this marker was useful to some extent within the murine setting in distinguishing
subpopulations of progenitors with the proposed desirable cellular characteristics and enhanced regenerative

qualities.

2.4.2 Methods

2.4.2.1 Cell Isolation: Preplating. Both hindlimb gastrocnemius muscles from a single female rat (Sprague

Dawley, 6-10 weeks old; Harlan Sprague) were combined for enzymatic digestion and cell isolation. The preplating

cell isolation technique, including adhesion times and supplemented culture medium, was performed using the same
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materials and in an identical fashion to that described within section 2.1.2.1. However, for PP1 and PP2, larger
flasks (T-175) were used to accommodate the number of cells adhering during these time periods. Evaluation of the
percentage of myogenic cells initially contained within each preplate culture was performed via desmin
immunocytochemistry, in an identical manner to that described within section 2.1.2.2. For transplantation and
fusion assay experiments, some preplate cultures were replated in order to obtain desmin percentages of greater than
70%, also as described previously within 2.2.2.1.

A previously prepared rat MDSC population was thawed from liquid nitrogen-stored frozen stock and also
utilized in the experiments (prepared by Zhuqing Qu-Peterson). This cell population was obtained following a
similar isolation procedure from newborn hindlimb muscle (<2 weeks old) and derived from a PP6 culture using the
method described within section 2.1.2.1. MDSC cells were cultured in a similar manner as the primary cultures,
using identical medium and collagen-coated flasks.
2.4.2.2 Flow Cytometry. Flow cytometry analysis of CD34 expression within each preplate was performed similar
to that described in 2.1.2.3. In addition to the mature rats used for cell isolation, preplated cells derived from a
single newborn (7-10 days old) female rat were also analyzed. Labeled cell aliquots and controls were prepared and
incubated with a blocking solution, as previously described, prior to addition of primary antibodies. Cell
suspensions were labeled directly with both mouse IgG FITC-conjugated anti-rat CD34 and mouse IgG PE-
conjugated anti-rat CD45 antibodies, or equivalent amounts of isotype control antibodies (all from Pharmingen). 7-
AAD was added for dead cell exclusion and live cell events were collected and analyzed using identical settings and
methods as previously described. For some cell populations, forward scatter settings were adjusted to accommodate
differences in cell size. Surface protein expression analysis was performed on viable and hematopoietic lineage (as
recognized by CD45) negative cells by appropriate gating. Consistent with the mouse cell analysis, rat-derived cells
were analyzed within 24 hours of initial adherence to the culture flasks. However, for several isolations, cells were
also re-analyzed following culture for 5-7 days.

2.4.2.3 Immunofluorescence Evaluation of Myogenic Commitment. FEach preplate population was also

evaluated by immunofluorescence labeling for expression of the MRF proteins Myf5, MyoD and myogenin in order
to gauge myogenic differentiation status. Analysis was performed on methanol-fixed cells exactly as described

within section 2.3.2.1. Staining was performed on preplates obtained from three separate isolations to determine the
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final range of expression of the various proteins, with the exception of the MDSC population which was derived
from a single isolation but was investigated for multiple passages used throughout the various studies.

2.4.2.4 Cell Transplantation and Dystrophin Restoration. As a dystrophic rat model does not currently exist,

evaluation of myofiber regeneration through dystrophin restoration was performed by rat cell transplantation via
single direct injection into gastrocnemius muscles of dystrophic and immune deficient mice (mdx/SCID), described
within section 2.2.2.8.

MDSC:s or individual preplates, containing greater than 70% desmin expression through direct isolation or
replating, were utilized for transplantation experiments. Transplantation and evaluation of dystrophin restoration
was performed at 7 days post-injection, as previously described within sections 2.2.2.3-2.2.2.5. Similar to the
mouse-derived MDSCs, the regeneration index reported for the rat MDSC population was based on the total number
of cells injected rather than the number of desmin-expressing cells. The data presented represents cumulative results
obtained from six separate isolation procedures.

2.4.2.5 Proliferation and Fusion Characteristics. The bioinformatic cell culture system described within section

2.3.2.5 was utilized to evaluate the proliferation and fusion characteristics of the various myogenic populations
under low serum (2%) conditions. Brightfield observations regarding both proliferative capacity and formation of
multinucleated myotubes were made using the time-lapsed imaging system, and followed by the
immunofluorescence evaluation of myogenic status at the conclusion of the 96 hour culture period. Experiments
and analysis were performed exactly as described within section 2.3.2.6, however it was observed that an initial cell
density of 2,500 cells/cm® (twice that of the mouse experiments) was required to prevent massive cell death within
culture. Immunofluorescence data is again presented through the fusion index and the ratio of the number of
mononuclear myogenic cells to the number of myotubes.

For time-lapsed brightfield observations, data was generated from 8 separate wells for each preplate from
experiments performed from two separate isolations, or from data performed in duplicate for MDSCs.
Immunofluorescence data was generated from 9 individual wells for each preplate from experiments that were
performed from four separate isolations. MDSC data was generated from 9 different wells from experiments
performed in duplicate.
2.4.2.6 Animals. All animals were housed in the Rangos Research Center Animal Facility of the Children’s

Hospital of Pittsburgh. The policies and procedures of the animal laboratory are in accordance with those detailed in
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the guide for the “Care and Use of Laboratory Animals” published by the US Department of Health and Human
Services. Protocols used for these experiments were approved by the Animal Research and Care Committee of the
Children’s Hospital of Pittsburgh (Protocol 24/01).

2.4.2.7 Statistics. Multiple comparisons were made between all four cell populations in terms of regenerative
efficiency and proliferation and fusion behavior from brightfield and immunofluorescence observations. All
comparisons were made by one-way ANOVA, with Student-Newman-Keuls post-hoc pairwise comparisons for
cases in which a significant F-value was obtained. For comparisons in which unequal variance or a non-parametric
distribution was detected, Kruskal-Wallis one-way ANOVA on ranks was used, with Dunn’s test for subsequent
pairwise comparisons. The Pearson Product Moment was also used to determine the strength of association between
the regeneration index and the parameters obtained from the fusion assay. All data is expressed as mean = SEM,
and p-values less than 0.05 were considered statistically significant. All comparisons were made using SigmaStat

(v2.0, Jandel Scientific) statistical software.

2.4.3 Results

2.4.3.1 Preplating, Desmin Expresesion, and CD34 Evaluation. Similar to the mouse, application of the preplate

technique results in a purification of myogenic cells from dissociated rat skeletal muscle. The average percentage of
myogenic cells, as determined through desmin expression, within each preplate population from PP1 to PP6 was
14£2, 34+13, 58+4, 86+4, 86+2, and 81, respectively. Interestingly, morphological differences between myogenic
cells isolated in the earlier and later preplates were apparent, similar to that observed in the mouse, with late
adhering myogenic cells displaying a round morphology as opposed to the spindle-shaped earlier adhering myogenic
cells. MDSC cultures contained an average percentage of 66+1 desmin-expressing cells, displaying both types of
morphologies.

In contrast to the mouse, flow cytometric evaluation of non-hematopoietic cells contained within the rat
cell cultures revealed very little CD34 expression. Less than 2% of the cells within each preplate (PP1-PP6)
expressed CD34, regardless of donor age (7-10 days or 6-10 weeks) or the length of time spent in culture (less than
24 hours or 5-7 days). Further, within the positive fraction, CD34 expression was very low and only slightly above

background fluorescence. Such levels of expression would be difficult to assess through visual
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immunofluorescence. Both of these observations were consistent with the results of the analysis performed on the
rat-derived MDSC population as well.

2.4.3.2 Evaluation of Myogenic Commitment. PP3 through PP5, as well as the MDSC population, were further
examined for their respective expression of MRF proteins. Ranges for the percentage of myogenic cells within each
population expressing the protein of interest are provided within Table 2.3. It is seen that Myf-5 expression, unlike
the other MRF proteins, was more variable among the various preplates. Overall, the MDSC population
demonstrated a comparatively low myogenic commitment, with a small percentage of cells expressing both early
and late stage MRF proteins MyoD and myogenin. The remaining preplates contain cells which are similar in their
expression of these proteins, however PP4 contains slightly higher percentages of cells expressing early stage MRFs
Myf-5 and MyoD. Thus, unlike the mouse, clear EP and LP population differences were not evident within the rat
cultures, and each preplate was subsequently evaluated on an individual basis for their respective regeneration and
fusion characteristics. Only on one occasion were enough cells present within PP6 to perform any experiments, and
thus such cultures were omitted from the remaining analyses. In addition, a high percentage of myogenic cells could
not be obtained from PP1 and PP2 through replating, and thus were also omitted from MRF expression analysis and

further evaluations of transplantation and fusion characteristics.

Table 2.3 Expression of MRF proteins by various rat myogenic populations isolated

via the preplate method.
Myf-5 MyoD myogenin
PP3 40-90 50-60 20-30
PP4 60-90 60-80 20-30
PP5 60-70 50-60 20-30
MDSC 80-90 <5 <1

2.4.3.3 Dystrophin Restoration. Utilizing the same regeneration evaluation strategy for the rat, the number of

dystrophin-positive myofibers generated following injection of the various myogenic populations was used to

generate a regeneration index. As shown in Figure 2.29, the efficiency of regeneration among the preplates and the
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MDSC population was again highly variable. The MDSCs (392455, n=5) demonstrated a clear and significantly
greater efficiency when compared to all other preplate populations examined (PP3, 81+18, n=9; PP4, 40+10, n=9;
PP5, 62460, n=4). No other significant differences were detected through multiple comparisons.

2.4.3.4 Proliferation and Fusion Characteristics. From brightfield time-lapsed video observations, average

normalized cell number and myotube formation was tracked for each cell population over the 96 hour observation
period and is shown in Figure 2.30. Initial raw cell numbers (at t=0 hours) within each field were not significantly
different among the four groups. MDSC normalized cell number was significantly higher than all other preplates
(PP3-PP5) at both the 12 and 24 hour timepoints, indicating a rapid MDSC population expansion, and was also
significantly higher than both PP4 and PPS5 for all timepoints beyond 24 hours. Only one other difference was
revealed, as PP3 cell number was also significantly higher than PP5 for all timepoints beyond 72 hours. In terms of
cellular differentiation and fusion, MDSCs displayed a significantly lower percentage of myotube formation
compared to both PP4 and PP5 at the 60 hour timepoint and beyond, and versus PP3 for the 60 through 84 hour
timepoints. By 96 hours, PP3 myotube formation was also significantly lower than PP4.

Results of the immunofluorescence analysis at the 96 hour timepoint further confirmed these brightfield
observations, as shown in Figure 2.31. The percentage of myogenic nuclei contained within myotubes, as indicated
by the fusion index, was significantly lower for MDSCs (6£1, n=9) when compared to all other preplate populations
(PP3, 1543; PP4, 2543; PPS, 194£2; n=9 each). In addition, this index was also significantly lower for PP3 in
comparison to PP4. It followed that the ratio of mononuclear to fused cells was significantly higher for MDSCs
(62+10) compared to both PP4 and PP5 preplates (13+2 and 1442, respectively), reflective of the combined
discrepancies in their respective expansion and fusion behavior.

2.4.3.5 Correlation of Regeneration and Fusion Parameters. The results of the regeneration and fusion assays

again appeared to parallel each other, similar to that observed for the mouse model, such that increased dystrophin
restoration was observed with populations exhibiting increased proliferative capacity while maintaining a low level
of terminal differentiation. Some discrepancies in the significant findings between these parameters are noted, such
as the non-significant relationship between PP3 and MDSC with regard to the ratio of mononuclear to fused cells,
and the significant difference between PP3 and PP4 with regard to the fusion index.

The linear statistical association between the regeneration and fusion parameters was subsequently examined. From

the results obtained utilizing the rat populations alone, no significant relationship between the
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Figure 2.29 (top) Efficiency of dystrophin restoration among preplated rat myogenic populations at 7 days
following injection. MDSCs were the most efficient in comparison to all other populations (*, p<0.05).
(bottom) Representative cryosections with dystrophin expression revealed by immunohistochemical staining
following injection of PP3 (400,000 cells), PP4 (300,000 cells), PP5 (100,000 cells), and MDSC (300,000 cells)
populations. All images are 100x magnification.
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Figure 2.30 Cell expansion and fusion behavior of each rat myogenic progenitor population under low serum
conditions, as determined from time-lapsed brightfield observations. Note the normalized cell number scale change
for the MDSC population, demonstrating the large degree of cell expansion even under these differentiation-
inducing conditions.
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Figure 2.31 (top) From immunofluorescence analysis, comparison of fusion indices revealed a significant
difference (*) between MDSCs and all other preplate populations examined. Ratios of the number of unfused
myogenic cells to multinucleated myotubes were also significantly higher for MDSCs compared to both PP4
and PP5. (bottom) The contrast in cellular expansion and fusion behavior is clearly seen in the representative
PP4 and MDSC images (all images taken at 40x magnification).

regeneration and fusion indices was observed (p=0.08). However, the mononuclear to fused cell ratio did correlate
significantly to the regeneration index (correlation coefficient, =0.987).

Combining both the mouse and the rat data together, a non-significant linear relationship between the
fusion and regeneration indices was again observed (p=0.105). Likewise, a strong positive linear relationship
between the regeneration index and the mononuclear to fused cell ratio was evident (p<0.01; correlation coefficient,

r=0.865), such that increasing regeneration correlated with increases in this ratio.
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2.4.4 Discussion

Smaller discrepancies in regeneration efficiency among the preplate populations examined were evident,
mirroring the subtle differences in MRF expression. It followed that myogenic determination as predicted by MRF
expression again corresponded to regeneration capacity such that, overall, cellular populations that were within
earlier stages of the differentiation pathway demonstrated higher efficiency. The most noticeable example of this
relationship was seen through the characterization and transplantation of the MDSC population, which again
displayed the highest level of regeneration among the populations examined. Utilizing the same parameters
obtained from the low serum assay, established within the mouse model, it was seen that MRF expression patterns
generally paralleled fusion behavior as predicted through accepted MRF differentiation models. In addition,
description of cellular expansion and differentiation behavior through the mononuclear to fused cell ratio again
displayed a significant correlation with regeneration, thus independently confirming this association within a second
animal model.

Application of the preplating method to rat dissociated skeletal muscle, in comparison to mouse, resulted in
several important similarities and differences with regard to isolation of efficient progenitors. A similar delayed
adhesion of myogenic cells resulted in an enrichment of such cells within later adhering cultures. However, in terms
of perceived differentiation status, no clear EP and LP distinction could be drawn based on initial adhesion time
corresponding to differential patterns in MRF expression. Wide ranges in preplate cellular percentages of
expression were observed for early MRF proteins, MfyS and MyoD, with only PP4 cultures containing a higher
portion of cells in what could be considered a more progressed differentiation state. Analysis of the MDSC
population, isolated from PP6 are similar in behavior to that obtained from the mouse, clearly indicated a less
myogenically-committed and distinct phenotype from the preplated populations. Isolation of the MDSC thus
provided an opportunity for comparisons of regeneration and fusion to be made across populations exhibiting a
broader range of cellular characteristics, which was critical for challenging the observations made within the mouse
model.

In contrast to the mouse-derived cultures, CD34 expression was almost entirely absent within all rat
preplate cultures examined. Thus, no further partitioning of cell cultures or investigation of CD34 potential

involvement in myogenic cellular differentiation and fusion processes was possible. This observation is also
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significant in terms of future isolation strategy as it suggests that investigation of surface protein expression as a
means for identification and rapid selection of specific myogenic progenitor populations, for a given species, may
need to be performed on an individual basis.

Evaluation of MHC-I expression by the four rat populations investigated was not performed. As the rat cell
injections were performed within a SCID model, more appropriate for xenogenic transplantation, variable
expression of MHC-I presumably would not impact specific lymphocytic cellular recognition and longer-term
regenerative outcomes. However shorter-term variable responses to donor cells due to interactions with NK cells,
although present at lower levels, are possible within the SCID host and thus potential effects due to variations in
MHC-I expression in this regard cannot be excluded. In addition, inflammatory cellular constituents and mediators
are also functional within the SCID model [175]. Taken together with the regeneration results, longer-term
regeneration outcomes would not be expected to deviate significantly from those obtained using the short-term
evaluation performed, and these short-term results should be representative of those that would be expected within a
non-SCID host. These results also provide further evidence that factors influencing differential regeneration are

acting within the first week following transplantation, and in all likelihood within the first few days.

2.5 Conclusions

Strategies for the identification and separation of rare or desirable cells from within a mixed population
have traditionally focused on the use of cell-specific surface proteins. Historically CD34 has been utilized, at least
in part, as an identifying marker found on subsets of both murine and human hematopoietic progenitors [176, 177]
as well as in combination with Sca-1 and c-kit with regard to specific murine long-term reconstituting stem cells
[137, 178]. Among these three candidate surface proteins investigated here as potential isolation markers, only Sca-
1 and CD34 were expressed by murine myogenic progenitors. Among these two proteins, lack of Sca-1 expression
by directly-isolated populations and CD34 expression by cultured cell populations were found to be associated with
a significant difference among progenitors in terms of their ability to regenerate skeletal myofibers and restore
dystrophin expression within the dystrophic transplantation model. Although CD34 expression has now been
confirmed to be associated with at least a subset of murine myogenic ‘satellite cell’ progenitors, its potential

function within this microenvironment has yet to be specifically investigated. Characterization of both the
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differentiation and regeneration capacity of myogenic progenitors distinguishable only by their CD34 status (and
indistinguishable in their initial adhesion, division time, mitotic status, and MRF differentiation status) suggest that
its involvement within the myogenic compartment may impact cellular fusion and myotube formation. Although
future elucidation of such involvement remains, it is becoming increasingly apparent that continued investigation of
CD34 expression within the murine model of progenitor hierarchy may play a future role in expanding the
knowledge of both fundamental myogenic development and regeneration processes. Unfortunately, in contrast to
hematopoietic progenitors, it is also unlikely that such a marker will be useful for the identification and isolation of
efficient adult human myogenic progenitors. Conservation of CD34 expression among myogenic cells isolated from
the mouse and the rat was not observed, and reports of human myogenic expression have thus far been limited
almost entirely to fetal-derived tissue [179, 180]. Further, discrepancies in the regeneration results obtained through
utilization of both cultured (MACS) and direct (FACS) cell selection methods, as well as confirmed alterations of
surface protein expression within sorted cultures, further suggest that such proteins may also be subject to temporal
changes.

In the quest to identify a usable surface marker(s) associated with efficient myogenic progenitor
populations, experimental observations from both animal models examined suggest that differential cell behavior,
likely dictated by intrinsic disparities in regulated MRF protein expression, may impact regeneration outcomes by
up to ten-fold or more (eg. murine EP vs. MDSC and rat PP4 vs. MDSC). A low cellular density and serum assay
exposed these disparities and allowed for direct measures (brightfield and immunofluorescence) of cellular behavior
to be made through simple parameters defining cellular progression toward differentiation. These parameters
proved valuable in describing each isolated population’s overall differentiation status, analogous to MRF expression
patterns dictating myogenic progression. Specifically, the ratio of mononuclear to fused cells, which is reflective of
a given cell populations ability to both expand in number while at the same time remain in an undifferentiated state,
allowed for accountability of cell proliferation potential not readily evident through MRF analysis alone. Significant
correlation between this parameter, obtained from an in vitro assay, and the regeneration index, obtained through in
vivo transplantation, suggests that proliferation and fusion behavior may potentially be used as an a priori indicator
of a donor population’s regenerative quality. This association spanned both animal species investigated and implies

that from a therapeutic standpoint isolation strategies aimed toward obtaining efficient myogenic progenitors should,
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in the absence of a reliable surface marker, focus on identifying cell populations displaying the desirable
combination of both high expansion capacity and low fusion behavior.

From a scientific standpoint, results taken from both the in vitro and in vivo experimentation provide
further evidence of the decidedly heterogeneous nature of myogenic progenitors in terms of their behavior as well as
their gene and antigen expression. Correlation of in vitro behavior with transplantation outcomes provides for a
convenient and straightforward explanation for the disparities in regeneration efficiency. However, this process is
most likely the culmination of a number of interrelated factors that allow the transplanted cells to interact with the
host and respond in a variable manner when placed within the injury-induced environment imposed by their
transplantation. Thus, a more complete understanding of the myoblast transplantation process requires that the
impact of all such factors on donor cell regenerative performance be investigated in an appropriate manner through

further experimentation.
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3.0 FUNCTIONAL AND BIOMECHANICAL CONSEQUENCES OF CELLULAR
UROMYOPLASTY

The ability to properly characterize fundamental mechanical tissue properties can be very powerful in
understanding normal tissue function as well as in elucidating underlying causes of dysfunction and the pathological
progression of disease states. Despite the principal mechanical function of the urethra, in particular the generation
of controlled resistance for the prevention of urine leakage from the bladder, its biomechanical properties have
remained largely unexplored. As mentioned previously, in section 1.4, only a few studies attempting to characterize
the mechanical behavior of this tissue have been performed to date. Further, the anatomical basis for previous
physiological studies remains unclear because, to date, the mechanical contributions of the various components of
the urethra have yet to be clearly defined [106]. This lack of characterization may be attributed, at least in part, to
the lack of appropriate experimental systems to perform these kinds of investigations. Ex vivo experimental systems
have been extensively utilized to examine the relationship between tissue microstructure and mechanical function of
vascular segments, and have assisted in the development of working hypotheses regarding the initiation and
progression of vascular diseases [181-184]. Application of such experimental devices, modified specifically for the
study of the urethra, could yield similar success. Specifically, this may permit a more thorough investigation of
structure-function relationships compared to that attainable through current methodologies. Such information is
essential to adequately address currently unresolved issues pertaining to the consequences, and ultimately the

potential clinical effectiveness, of cellular uromyoplasty therapy.

3.1 Exvivo Assessment of Regional Contractile Function

3.1.1 Introduction

The fundamental goal of the work that follows was to develop, validate, and utilize an ex vivo model to

evaluate both the physiological and biomechanical properties of the intact urethra. Model development was

achieved through utilization of the female rat urethra and modification of a well-established ex vivo vascular
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perfusion system. The female rat is often utilized for experimental urological studies as a model for the human
female and, in particular, for studies focused on investigation of urethral function due to similarities in anatomical
structure [185, 186]. In particular, the clinical utility of the female rat model has been demonstrated through
simulations of SUI, showing both decreasing striated muscle volume and development of stress incontinence
symptoms following pudendal nerve injury [187, 188].

As a first step toward validation, the initial goal of the experiments described within this section was to first
explore the utility of this model to detect variations in contraction and relaxation responses against applied
intalumenal pressures in relation to regional variations in local tissue structure. As described previously in section
1.4.1, natural axial variations in the degree of muscle content are inherent to the urethra and are exploited here for
this purpose. Control over individual muscle contractile responses was also explored through various routes of
pharmacologic manipulation. Importantly, in addition to their validation of the experimental model, these studies
provide the physiologic foundation for the characterization of urethral properties in the presence or absence of active

contributions from the various muscle components, described within the following section.

3.1.2 Methods

3.1.2.1 Urethra Isolation. Whole and intact urethras were isolated from halothane-anesthetized (4%), adult

female, Sprague-Dawley rats (260-320g, corresponding to approximately 8-10 weeks of age; Harlan). The bladder
and urethra were exposed via a lower midline incision and catheter tubing (PE-50, OD=0.965 mm) was inserted into
the urethral lumen, extending the entire urethral length, and exiting from a hole placed in the bladder dome. The
tissue was secured to the tubing with sutures at the mid-bladder and at the most distal portion of the urethra, in order
to maintain in vivo length following dissection. The ureters were ligated with sutures and served as anatomic
landmarks by which the in vivo length was measured (typically 21-22 mm). This measured length was also used for
positioning of the laser for regional measurements as described below. The pubic bone was cut at a position lateral
to the urethra, and then separated and resected. The exposed urethra was gently removed from the ventral vaginal
wall and the whole bladder-urethra unit was immediately placed into cold Medium 199 (Sigma) that had been
bubbled with oxygen (95% 0,/5% CO,) until same-day testing could be performed.

3.1.2.2 Experimental Apparatus. Prior to testing, the sutures securing the dissected urethra at in vivo length were

cut and the catheter removed. The urethra was then secured with 4-0 sutures to stainless steel tubing and restored to
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in vivo length inside the experimental apparatus, which was a modification of an ex vivo vascular perfusion system
previously described [189]. Specifically, this system, used to accommodate a range of larger vascular tissue
segments under continuous perfusion, was modified to accept the small-diameter urethras and to provide controlled
fixed intraluminal pressures via an adjustable static fluid reservoir (Figure 3.1A). Zero pressure was set with the
fluid reservoir level to the top of the bathing chamber, thus the applied pressure reported is equal to the transmural
pressure. The mounted urethra (Figure 3.1B,C) was enclosed within an 800 mL bathing chamber for maintenance of
temperature and oxygenation via a 37°C circulation loop and connection to a physiologic blood-gas mixture (21%
03, 5% CO,, 74% N,). Samples of bathing medium were periodically monitored for pH and oxygenation (pH, 7.34-
7.55, pO,, 165-187 mmHg, and pCO, 20-30 mmHg; Radiometer ABLS), and tissues were allowed to equilibrate for
a minimum of 30 minutes prior to testing. Medium 199 was utilized for both the bathing medium and to fill the
hydrostatic pressure column. Air was removed from the urethral lumen by briefly unclamping the distal tubing and
applying a small proximal pressure (typically 6-8 mmHg for visual fluid flow in the distal tubing) before returning
to 0 mmHg pressure. A laser micrometer (Beta LaserMike) was positioned to measure urethral outer-diameter (OD)
at chosen locations along the axial length, and was calibrated to provide measurements accurate to a thousandth of a
millimeter. Proximal, mid, and distal regional measurements were performed by positioning the laser at axial
positions 25%, 50%, and 75%, respectively, from the apex of the bladder (assumed to start 3 mm below the ureters),
based on in vivo length. Both pressure and OD measurements were recorded simultaneously using LabView data
acquisition software.

3.1.2.3 Pharmacologic Testing Protocols. Tissue responses were measured following addition of muscle agonists
or antagonists. For these experiments, the urethra was exposed to a fixed intraluminal pressure of 8 mmHg, which
caused the tissue to be pre-dilated and allowed for contraction. The deformation caused by this 8 mmHg applied
pressure was measured at a single axial location (proximal, mid, or distal) 30 minutes following pressurization, and
was subsequently used in determining the relative percentage change in OD measured following the addition of
muscle-responsive agents, added consecutively: Nw-Nitro-L-arginine, a nitric oxide synthase (NOS) inhibitor,
100uM; phenylephrine (PE), a nonselective alpha-adrenergic receptor agonist, 40 uM; acetylcholine (ACh), a
nicotinic receptor agonist, 10 mM; and ethylenediamine tetraacetic acid (EDTA), a calcium chelator, 3 mM (n=5-14;
all chemicals obtained from Sigma). Dilation caused by EDTA was determined relative to the original 8 mmHg

baseline.
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Figure 3.1 (A) Schematic of ex vivo experimental system. The urethra is secured within the physiologic
bathing chamber at in vivo length and applied intralumenal pressure is controlled via a height-adjustable fluid
reservoir connected to the proximal portion of the tubing. The distal tubing is clamped. (B-C) Viewing the
whole-mounted urethra from the top of the chamber, it is positioned such that left is proximal (with a portion
of the bladder remaining) and right is distal. The laser can be seen cutting perpendicular to the axial length of
the tissue. Obvious differences in outer diameter are seen in induced contracted (B) and relaxed (C) states.
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Additional studies were also performed with the following agents to examine their ability to block the
chemically-evoked contractile responses: sodium nitroprusside, a nitric oxide (NO) donor, 10uM (n=5); atropine
sulfate, a nonselective muscarinic antagonist, 1luM (n=12); hexamethonium, a ganglion blocking agent, 100uM
(n=12); and d-tubocurarine, a selective nicotinic antagonist, 100uM (n=2) (all from Sigma). All concentrations
were used at or near maximal responsive levels based on previous in vitro urethral studies [131, 190-193], and each
solution was prepared on the same day of use.

All agents were added to the bathing medium circulation loop via an injection port and allowed 30-minutes
to equilibrate prior to measurement of a new OD, as follows. The last 100 OD data points (collected at 1 Hz) of this
equilibration period were averaged in the calculation of each representative OD change, as follows:

AOD

% OD change = 20D
0-8

[3.1]

where AOD is the difference between the new averaged OD following the addition of an agent and the previous
averaged OD, and AODy is the initial dilation of the tissue caused by the application of the 8 mmHg intralumenal
pressure. In addition, a 50 data point average OD change was calculated in response to ACh, taken at the peak OD
inflection point observed immediately following its addition to the bath. The lower number of data points averaged
here was reflective of the shortened duration of the sustained peak contraction observed, typically lasting only 1% -
2 minutes. The % OD change reported is a quantitative measure of the ability of each agent to induce the tissue to
contract toward the original pre-dilation OD baseline.

3.1.2.4 Immunohistochemistry. Following diameter measurements, the urethra tissue was removed from the

stainless steel cannulae and again restored to in vivo length by securing it to the catheter tubing with 4-0 sutures
under non-pressurized conditions. It was then placed in a 2% paraformaldehyde (in PBS) solution for 24 hours,
rinsed briefly in PBS and placed in a 30% sucrose solution for an additional 1-2 hours. Samples from the region of
interest were then cut perpendicular to the axial length and the tubing removed from the lumen of each tissue
segment. Each segment (approximately 2 mm axial length) was placed in cryomolds containing TBS Tissue
Freezing Medium (Triangle Biomedical Sciences), carefully removing the air from the lumen, and flash frozen into
blocks for sectioning by immersing directly in liquid nitrogen for 15 seconds. Frozen sections, 8 um in thickness,
were cut transverse to the longitudinal urethral axis using a cryostat (HM 505E, Microm) and mounted onto

microscope slides for immunohistochemical labeling.
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Striated and smooth muscle composition was determined from serial sections as follows. Sections were
blocked with 5% goat serum and incubated with 1:250 dilutions of either mouse IgG anti-skeletal slow myosin
heavy chain (clone N0Q7.5.4D; Sigma) or a mixture of both anti-skeletal slow and fast (clone MY-32; Sigma)
myosin heavy chain monoclonal antibodies for 2 hours. For smooth muscle, sections were blocked with 5% goat
serum and incubated with a 1:250 dilution of mouse IgG anti-alpha smooth muscle actin (Sigma) monoclonal
antibody, also for 2 hours. All sections were then washed with PBS, incubated with a Cy3-conjugated anti-mouse
IgG antibody (1:250; Sigma) for 30 minutes and washed again prior to immunofluorescence imaging. Negative
control sections were treated in an identical fashion, with omission of the primary antibody.

3.1.2.5 Muscle Volume Fraction. For determination of total muscle area and fractional composition of each tissue

region, digitized immunofluorescence images were acquired (Spot; Diagnostic Instruments, Inc.) at low
magnification (40x; Nikon E800) and analyzed using Northern Eclipse software (v6.0; Epix Imaging, Inc.). Actual
tissue cross-sectional area (CSA) for each section was calculated as the difference in the areas enclosed by
manually-drawn borders of the lumenal and ablumenal surfaces. Prior calibration of the software, performed for
each magnification, allowed the conversion pixel number to real length units. A threshold parameter was applied to
the image in order to distinguish the labeled-muscle immunofluoresence signal from background. Both smooth and
striated muscle area fractional composition was determined by dividing the immunofluorescent-labeled muscle area
by the actual tissue CSA. The percentage of each striated muscle fiber type was also determined individually from
serial sections labeled with either slow or fast myosin heavy chain antibodies. For smooth muscle, areas occupied
by large blood vessels were visually identified and excluded. For each region (proximal, mid, distal), values from
individual sections (one from each end and one from the middle of the tissue segment; n=3) were averaged to obtain

a single volume fraction representative of each tissue specimen and corresponding region.

n
Z (Section Area Fraction);

Specimen Regional Volume Fraction = =, [3.2]
n

Individual specimen values were then averaged for all analyzed tissues (m=4-6) to obtain the single reported value

for each region.

m
Z (Specimen Regional Volume Fraction);

Regional Mean Volume Fraction = Hl [3.3]
m
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3.1.2.6 Animals. All animals were housed in either the Rangos Research Center Animal Facility of the Children’s
Hospital of Pittsburgh or at the University of Pittsburgh Biomedical Science Tower under the supervision of the
Department of Laboratory Animal Resources. The policies and procedures of the animal laboratory are in
accordance with those detailed in the guide for the “Care and Use of Laboratory Animals” published by the US
Department of Health and Human Services. Protocols used for these experiments were approved by the Animal
Research and Care Committee of the Children’s Hospital of Pittsburgh and the Institutional Animal Care and Use
Committee of the University of Pittsburgh (Protocols 24/01 and 0208766, respectively).

3.1.2.7 Statistics. Multiple comparisons of % OD tissue changes, induced by the various pharmacologic agents,
between the three tissue regions was performed using one-way ANOVA with Student-Newman-Keuls post-hoc
pairwise comparisons, or an equivalent nonparametric test (ANOVA on ranks with Dunn’s post hoc analysis).
Direct comparison between ACh-evoked contractions in the presence or absence of antagonists (atropine and
hexamethonium) was performed by unpaired Student’s t-test. P-values less than 0.05 are reported as significant, and
data is expressed as mean £ SEM. All comparisons were performed using SigmaStat (v2.0; Jandel Scientific)

statistical software.

3.1.3 Results

3.1.3.1 Pharmacologic-induced Contraction, and Relaxation. Examples of tissue contraction, reflected as

decreases in OD, in response to smooth and striated muscle stimulation are shown in Figure 3.2. Contraction results
obtained from the cumulative pharmacologic protocol are provided in Figure 3.3.

The initial tissue dilation caused by the applied 8 mmHg pressure was similar between regions (26+4%,
18+2%, and 16+3% for proximal, mid, and distal, respectively; p=0.147). Addition of a NOS inhibitor (N®-Nitro-
L-arginine) resulted in a nonsignificant trend toward contraction at the proximal and mid regions (-19+11% and -
16£7%, respectively) which was not apparent within the distal region (5+10%; p=0.212). Following inhibition of
NOS, stimulation with PE caused a similar degree of contraction within all three regions of the urethra (p=0.732),
which was sustained over the entire 30 minute evaluation period. Subsequently, a biphasic response to ACh was
observed, as both immediate (< 2 minutes) and sustained (30 minutes) contractions were apparent for the majority of

the tissues. A significantly greater degree of contraction was observed within the mid region at both timepoints

105



(immediate, -36+4 %; sustained, -17+4 %) compared to that observed in both the proximal (immediate, -8+3 %;
sustained, -2+5 %) and distal (immediate, -3+2 %; sustained, 10+3 %) regions. The degree of tissue strain at the
time of ACh addition, as determined through changes in OD relative to the 0 mmHg baseline, was not significantly
different among the three regions (p=0.332) and thus reduces the possibility of variations in contractile ability due to
length-tension considerations. At the conclusion of this contraction protocol, addition of EDTA resulted in a rapid
abolition of all contractile function with a relaxation of the tissue above the pre-established 8 mmHg baseline
condition at all three regions, indicating a level of basal muscle tone prior to stimulation with the various agonists

(p=0.129).
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Figure 3.2 Examples of changes in measured urethral OD, at the mid region,
following nitric oxide inhibition and adrenergic stimulation (A), as well as
separate cholinergic stimulation (B).
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Figure 3.3 Comparison of regional contractile and relaxation responses against an applied 8 mmHg pressure
within a cumulative and consecutive pharmacologic preparation (*p<0.05, mid vs. proximal and distal).

3.1.3.2 Smooth and Striated Muscle Inhibition. The ability of drugs to modulate smooth or striated muscle

activity, as well as the biphasic ACh-induced contractile response, was examined. Addition of sodium nitroprusside
(Figure 3.4A) eliminated 90+8% of the basal muscle tone, through comparison of subsequent OD changes following
the addition of EDTA. In the presence of sodium nitroprusside (see Figure 3.4B), ACh-evoked immediate
contractions were reduced and sustained contractions were almost completely eliminated within the mid region (-
11+4% immediate and -3+4% sustained; compared to ACh-alone; see Figure 3.3).

The nature of these reduced responses in the absence of smooth muscle activity, and the elimination of the
normal biphasic response to ACh stimulation, was further investigated in separate studies within the mid region. In
particular, the role of muscarinic or ganglionic neuronal nicotinic receptor activation in the ACh-induced
contractions was examined through the use of specific inhibitors to these receptors. Prior addition of atropine
(muscarinic) and hexamethonium (ganglionic) (Figure 3.4C) reduced the immediate ACh-evoked contractions (-
36+4%, ACh alone vs. -25+4%, blocked; p=0.111) and almost completely eliminated the sustained contractions (-
17+4%, ACh alone vs. -1£5%, blocked; p=0.061). ACh-induced contractions were completely eliminated by

blocking both nicotinic and muscarinic receptors with d-tubocurarine and atropine, respectively (Figure 3.4D).
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3.1.3.3 Smooth and Striated Regional Content Immunohistochemical staining revealed a similar amount of total
smooth muscle within each region (Figure 3.5, left column). However, when accounting for differences in tissue
thickness, the smooth muscle component represented a larger fractional percentage of the tissue within the distal
region. In contrast, a heterogeneous distribution of striated muscle was observed in terms of both total muscle and
fractional composition within each region (Figure 3.5, right column). The largest amount (0.33+0.02 mm?) was
contained within the mid region, and the vast majority of this muscle was circumferentially-oriented. The smallest
amount (0.08+0.01 mm?) of striated muscle was found within the distal region, which also demonstrated a
discontinuous and mixed arrangement of myofibers oriented in both the circumferential and longitudinal directions.
Results of immunolabeling performed with mixtures of both slow and fast myosin heavy chain antibodies (Figure
3.6) revealed that the striated myofibers contained within each of the three regions predominantly expressed the fast

myosin heavy chain isoform (proximal and mid, <10% slow; distal, 15-30% slow).
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(©).
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Figure 3.5 Anatomical changes in muscle composition along the urethral axial length. Total smooth muscle content
(left column) remains relatively constant, while its fractional area varies between regions. Striated muscle (right
column) is most prominent within the mid region, in terms of both total and fractional area. All images taken at 40x
magnification.
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Figure 3.6 Immunofluorescence labeling of serial sections within the mid region. The striated muscle
layer is primarily composed of myofibers expressing fast myosin heavy chain (MHC), as demonstrated
by the sharp reduction in the number of myofibers labeled by slow MHC antibodies (left, arrows
highlight labeled fiber) as compared to simultaneous labeling with both fast and slow MHC antibodies
(right). Images taken at 400x magnification.

3.14 Discussion

An experimental technique that had been previously employed for the investigation of blood vessel
mechanics was adapted for similar study of the urethra, and the feasibility of this approach was demonstrated. In
validating this model, tissue tone as well as induced smooth muscle- and striated muscle-contractile responses,
against applied intralumenal pressures, were recorded. Blocking studies demonstrate pharmacologic control over
specific activation or inactivation of these constituent muscle elements. Differential physiologic responses were
observed between the three axial regions examined, and these regional responses are consistent with respective
variations in local tissue structure.

Despite removal of the surrounding external tissue support structure and neuronal input, our whole-
mounted urethral preparation demonstrated a substantial basal muscular tone in the absence of applied stimulation.
This tone was primarily identified by the dilation of the tissue OD above the original baseline, established following

initial pressurization and prior to addition of muscle agonists. The smooth muscle nature of this tone was
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demonstrated through its near complete elimination following addition of the NO donor, sodium nitroprusside.
Additionally, the EDTA-induced relaxation responses observed in each of the regions corresponds to the histological
findings of smooth muscle fractional composition, which was largest within the distal region. Although not
statistically significant, that this region subsequently displayed the largest average degree of relaxation again
implicates the smooth muscle as the source of this tone. This however also assumes that variations in passive
structural components did not contribute to this variable relaxation effect, which cannot be eliminated at this time.

Aside from this endogenous smooth muscle tone, intrinsic smooth and striated muscle tissue components
also demonstrated distinct and measurable abilities to contract against applied intralumenal pressures when
pharmacologically-stimulated, either jointly or independently. Smooth muscle activity in this model was
demonstrated by tissue responsiveness to NOS inhibitors and NO donors (Nw-Nitro-L-arginine and sodium
nitroprusside, respectively) and an alpha-adrenergic agonist (PE). Homogeneity in contractile function in response
to PE stimulation corresponded with immunohistochemical observations of a constant and continuous smooth
muscle component throughout the female rat urethral axial length. Similar histological findings have also been
reported elsewhere [194]. In regard to the observed contractile effects of NOS inhibition (Nw-Nitro-L-arginine),
prior in vivo studies in the female rat have shown that urethral smooth muscle relaxation during reflex bladder
contractions is at least partially mediated through the actions of NO [195]. NOS has been localized within several
different cell types of the lower urinary tract and neurons innervating the smooth muscle [196, 197], and thus should
be intrinsic to our whole specimen preparation. However, contractile responses to NOS inhibition observed here,
within the proximal and mid region, would suggest a constituitive release of NO within these regions in the absence
of bladder activity and neuronal input from the spinal cord. This is inconsistent with previous in vivo work
demonstrating stable baseline urethral pressures in the presence or absence of NOS inhibitors, which thus could not
detect tonic NO inhibition of urethra smooth muscle activity [198]. However for many of the specimens examined
here, responses to NOS inhibition were also not observed (5 out of 11 for proximal, and 5 out of 14 for mid), even
though subsequent responses to both PE and ACh were detected. The source of this inconsistency, which
contributed to a large degree of variability in the reported responses to NO inhibition in this study, is currently
unresolved.

Striated muscle activity in this model was demonstrated by tissue responsiveness to a nicotinic receptor

agonist (ACh) alone, and in the presence of both muscarinic (atropine) and ganglionic neuronal (hexamethonium)
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antagonists. Further, prevention of contractile activity was demonstrated in the presence of both specific nicotinic
(d-tubocurarine) and muscarinic (atropine) blockers. Results of the blocking experiments, taken together with the
observed biphasic response following ACh stimulation alone, suggest a combined ACh-evoked smooth and striated
activation. It follows that the immediate contractile response was the result of nicotinic receptor-mediated striated
contraction superimposed upon muscarinic-mediated smooth muscle contraction. Following subsequent fatigue of
the striated muscle and/or nicotinic receptor desensitization, only the sustained smooth muscle activity remained
(visible at the 30 minute time point). In agreement with the results presented here, cholinergic-mediated excitatory
mechanisms of both urethral striated and smooth muscle has also been demonstrated in previous in vivo studies in
the rat [198]. Interestingly, although smooth muscle composition was relatively constant, variability in sustained
contraction between regions was also observed here and may be indicative of distinct regional neuro-
pharmacological excitatory properties. A separate report of axial variations in smooth muscle contractility in the
presence of muscarinic blockage (atropine) has also been described in the male greyhound urethra [199].

Heterogeneity in immediate ACh responses corresponded with total striated muscle content and fractional
composition within the local axial regions of the tissue, as demonstrated histologically here. Interestingly, previous
histologic observations in older (12-36 months) female rats generally verify these striated volume fractions, although
slow-type fibers were found to predominate [194]. Conversion of skeletal (striated) myofiber protein expression
from fast to slow myosin has been previously observed in response to normal muscle development, and with
prolonged alterations in muscle usage, and thus may help to explain this conversion in the urethra with age [200,
201]. Although the slow and fast myofibers generate approximately the same amount of peak force [201], the
predominantly fast (fatigueable) nature of the myofibers within the urethra may have additionally contributed to the
abbreviated duration of peak contraction observed here (<2 minutes).

Taken together, these results demonstrate the ability to pharamacologically-manipulate contraction of both
the smooth and striated intrinsic muscle components of the urethra within the novel experimental system developed.
Importantly, this may be performed in a regional manner, as detected through local measures of tissue diameter.
This information provides a foundation for the use of this system in the basic characterization of both active and

passive urethral tissue properties in relation to both natural and therapeutically-induced structural changes.
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3.2 Ex vivo Biomechanical Assessment of Urethra Properties

3.2.1 Introduction

Several theoretical issues, essential to the effective clinical implementation of the proposed cellular
uromyoplasty therapy, remain unresolved. It is proposed that the ex vivo experimental system developed, and
validated within section 3.1 using intact urethral tissue, will be useful in addressing each of these issues.

Foremost, it is fundamentally-essential to determine the magnitude of the effect caused by alterations of the
striated muscle component with regard to the overall mechanical properties of the tissue. Previous urodynamic
studies intended to examine the contributions of the various urethral components toward overall urethral closure
pressure have not provided a sound anatomical basis for their observations, primarily due to the fact that the
mechanical properties of the constituent components of this tissue have not yet been clearly defined [103, 106]. The
relative importance of each active muscle component in this regard remains a subject of continued debate within the
urologic community [86]. Thus, in terms of uromyoplasty therapy, estimates of the clinical impact imparted by
increases in striated muscle cannot be gauged simply from evaluation of the currently available literature. This leads
to considerable uncertainty concerning the expectations of such a therapy in relation to the amount of regeneration
which can be realistically attained through current cellular transplantation techniques.

Up to this point, it has been theoretically assumed that the regenerated tissue will act in a manner similar to
the native striated tissue. However, the confirmed mechanism of action of newly-created tissue remains an
important issue. Primary active or passive functions of such tissue may have important implications as to the proper
method and placement of the cellular injections. For example, although not readily discussed in the literature, the
intended function of injectable agents and their subsequent success may be highly dependent upon their radial
placement within the tissue. Physiologically, the most efficient manner in which to create sphincter-like closure
function is for the muscle fibers to be arranged near the perimeter of the cylindrical-shaped tissue. Arranged in such
a manner, smaller changes in relative circumferential fiber length will result in larger changes in lumen cross-
sectional area. If muscle layers were to be positioned near the inner circumference they would be required to
shorten to a much larger extent, and most likely to unrealistically short lengths, in order to achieve complete lumenal

closure [106]. In this manner, bulking agents are most efficiently placed within the inner submucosal layer which
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normally fulfills a ‘space-filling” function in the native tissue. In contrast, regeneration or augmentation of
circumferentially-arranged functional muscle tissue would provide the most benefit through placement at positions
furthest away from the inner submucosal layer. In any case, through currently available tissue-strip force
measurement techniques, passive contributions of new tissue could not be directly measured. Rather, they could
only be implied through the lack of improvement in contractile force generated by treated tissues.

As a first step toward addressing these issues, experiments were performed to characterize both the passive
and active mechanical properties of normal, untreated female rat urethra. Active characterization was performed
following induced contraction of either smooth or striated components alone, or collectively. Prior to delving into
the study of cellular-transplanted tissue, it appeared more reasonable, at least from a theoretical standpoint, to first
examine potential structure-induced changes in measured parameters through exploitation of the naturally-occurring
variations in striated composition that occur along the axial length of normal tissue (see Figure 3.5). Parameters
derived from P-D responses, and subsequent incorporation of tissue thickness measurements, allowed investigation
into the mechanical properties of the tissue to determine effects of activation of each of the active muscle elements.
This study was thus intended to enhance the overall understanding of the structure-function relationship of the
individual components comprising the urethra and, in relation to cellular uromyplasty therapy, to further examine

the relative importance of the striated muscle layer.

3.2.2 Methods

3.2.2.1 Urethra Isolation and Experimental Apparatus. Tissue source, isolation procedure, and experimental

equipment utilized in the following studies were identical to that previously described within sections 3.1.2.1 and
3.1.2.2, with the following exceptions. Time intervals for subsequent data collection following addition of
pharmacologic agents were adjusted in some instances, and not standardized to the 30 minute incubation period,
since previous experience indicated that many agents did not require this extended time in order to exert their
maximal effects on the tissue. In addition, to more adequately ensure oxygenation of the muscle layers, and to more
closely mimic standardized physiological strip studies, a 95% 0,/5% CO, gas mixture was used to perfuse the bath
media. Periodic samples drawn from the bathing media confirmed this increased oxygenation but also revealed

slightly acidic conditions (pH, 7.1-7.33, pO,, 613-760 mmHg, pCO,, 43-70 mmHg). However, previous studies
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have demonstrated normal contractility of both smooth and striated muscle within this pH range [202, 203].
Additional discussion of this issue is provided within section 4.4.2.

3.2.2.2 Active and Passive Pressure-Diameter (P-D) Measurements. P-D responses for both active and passive

states of the excised urethra were evaluated. For simplicity, an active tissue state herein refers to that following
induced contraction of the urethral muscle components in either a separate or concurrent fashion. The passive state
refers to the subsequent elimination of all induced contractions, as well as any endogenous tissue tone that may have
also been present.

Activation of smooth and striated muscle components was based on the pharmacologic responsiveness of
the tissue observed within section 3.1, resulting in three separate muscle activation protocols. For smooth muscle
activation alone (n=9 total), Nw-Nitro-L-arginine (100uM) was first added to the tissue bath in order to eliminate
endogenous NOS activity, which was previously observed within some isolated tissues. Following a 20 minute
incubation period PE (40uM) was added to specifically stimulate smooth muscle contraction, which was verified
through stabilization to a new and lower OD value. For tissues in which concurrent smooth and striated muscle
activation was desired (n=8 total), an identical smooth muscle protocol was followed by the addition of ACh (5mM)
immediately after verification of the PE-induced contraction. For striated muscle activation alone (n=10), sodium
nitroprusside (10uM) was first added to the tissue bath for a period of 30 minutes, and dilation of the tissue to a new
stable baseline OD was confirmed. To further eliminate the possibility of previously observed (section 3.1)
cholinergic-induced smooth muscle activation, both atropine (1uM) and hexamethonium (100uM) were also added
along with the sodium nitroprusside, prior to stimulation with ACh (SmM). In the presence of these antagonists,
nicotinic-mediated striated muscle activation alone is ensured. A schematic of the various cholinergic-induced
pathways is provided within Figure 3.7.

For all active tissue experiments, immediately following confirmation of contraction, the intralumenal
pressure was increased from 0 to 20 mmHg at 2 mmHg increments. P-D data was collected at a 20 Hz sampling rate
over a 10 second period for each 2 mmHg pressure step. The OD data was then averaged (20 Hz x 10 seconds = 200
data points) at each incremental pressure step to obtain discrete values associated with each applied pressure. The
20 mmHg pressure range utilized was selected based on previous reported mean values of female rat bladder
pressure (3.4 kPa =~ 25 mmHg) [204]. Pressure steps were applied through manual height adjustment of the fluid

reservoir based on calibration markings (2 mmHg = 1.07 inches water), which were also separately verified with a
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manometer. As the sensitivity of the pressure transducers could not accurately measure low pressure readings, the

actual pressure values collected were only used to verify where step increases had occurred.

Acetylcholine
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Nicotinic Muscarinic
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Muscle Type Neuronal Type
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Figure 3.7 Mechanisms of potential ACh-induced muscle activation.
Previous use of the blocking agents, detailed within section 3.1, confirm the
specific nicotinic-mediated striated muscle activation produced by the
protocol used to examine striated mechanics.

Immediately following collection of active-state data, a passive state devoid of muscle tone was induced by
addition of EDTA (3mM final concentration) to the bath, allowing a 30 minute equilibration period for elimination
of muscle activity based on previous observations. In order to minimize viscoelastic effects, a mechanical
preconditioning protocol, consisting of 10 pressure cycles from 0 to 4 mmHg at 5 second increments, was performed
prior to collection of the passive P-D data only (see Figure 3.8). Note that preconditioning was not performed prior
to the collection of active-state data, and is commonly avoided in studies of active mechanics due to concerns of
compromising contractile function with repetitive stretching [205-207]. Based on previous studies, this concern is
greater for the striated muscle component than for smooth muscle [53, 208]. However, for studies involving striated
muscle contraction, both preconditioning and subsequent testing would not be possible due to the limited duration of
chemically-evoked maximal contraction (see Figure 3.9). Thus, aside from previous concerns reported in the
literature, appropriate comparison of mechanics between smooth and striated muscle components dictated the

omission of such a protocol in the active state.

117



0D {mm)

15 T T T T
o 2000 4000 BOOO 2000 10000

Figure 3.8 Preconditioning of passive tissue minimizes the viscoelastic stress relaxation
effect, reflected as a shift toward a stable increased tissue OD with progressive pressure
cycles.

Paired active and passive data was collected in this manner primarily within the mid region (laser
positioned at 40-60% of axial length; corresponds to positioning within a region ~ 4-5 mm in length) for comparison
between smooth and striated muscle responses. Several tissues were also evaluated at the distal region (laser
positioned at 75% of axial length) in a deliberate attempt to obtain active responses corresponding to a wide range of
striated muscle content (based on previous histological findings demonstrating decreased striated volume fraction
from mid to distal axial locations; see Figure 3.5). All experiments were performed separately, in that tissue

samples were used in the collection of only one set of paired active and passive P-D data.
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Figure 3.9 Typical duration of acetylcholine-induced
maximal striated muscle contraction.

3.2.2.3 Muscle Volume Fraction and Tissue Thickness. Immediately following collection of P-D data, and prior

to tissue removal for histological processing, the location at which the laser was positioned for OD measurements
was identified by marking the outside of the tissue with a permanent ink pen. The local content of smooth and
striated muscle at the axial point of measurement was determined through immunofluorescent labeling of fast and
slow myosin heavy chain and o-smooth muscle actin, identical to that described in section 3.1.2.4. For each
specimen, local muscle content and tissue thickness were determined by averaging values obtained from three
cryosections taken near both ends and the middle of the marked segment of tissue (approximately 1 mm axial
length), as described in equation 3.2 in section 3.1.2.5. Also in an identical manner, the actual tissue cross-sectional
area (CSA) for each section was determined from the difference in the areas enclosed by manually-drawn borders of
both the lumenal (CSAynen) and ablumenal (CSA,) surfaces. Tissue thickness, h, was calculated as the difference
between the estimated outer radius (R,) and inner radius (R;) based on these CSA measurements and an

approximation of the tissue to a cylindrical geometry, as described in the following equations.
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R, =.CSA, Iz [3.4]
R =.CS4, Iz 3.5]

h=R —R [3.6]

This tissue thickness, obtained at a reference pressure of 0 mmHg, was subsequently used in calculating the inner
diameter and inner radius from OD data collected for each pressure step, as described in the following section.

3.2.2.4 Estimation of Innner Radius. The tissue inner radius, R;, cannot be measured directly using the
experimental apparatus described here. Therefore, application of the incompressibility assumption, which has
previously been proven valid for similar arterial mechanics studies [209], allows for the estimation of R; at each
pressure step (Py) based on corresponding OD measurements and from known tissue dimensions taken at a reference
pressure (P,= 0 mmHg). The outer radius (R,) at this reference pressure was obtained directly from experimental
OD measurements, and a corresponding R; value was determined as the difference between this R, and the tissue
thickness, which was obtained from histology (tissue fixed at the 0 mmHg reference pressure) as described in
section 3.2.2.3. Since the tissue was tethered at both ends, changes in axial length were not permitted. This constant
tissue length, along with conservation of tissue volume, dictate that the tissue maintain a constant wall cross-
sectional area (i.e. WCSAp, = WCSAp,). Thus, assuming an approximate cylindrical geometry yields the estimation

of R; at any pressure (Rj,x) based on the following equations.

2 2 2 2

2 2 2
R. = |R -R + R: 3.8
'px \/ °Px " °Po 'Po B3-5]

Previous estimations of R; using these assumptions, specifically examined for various blood vessels over a wide
range of pressure conditions, were found to be within a mean of less than 1% of actual R; measurements [210].
Knowledge of R; (estimated) and R, (measured) for each pressure allows for additional characterization of tissue
material properties, as discussed within sections 3.2.2.8-9.

3.2.2.5 Urethra Compliance. The bulk elastic tissue compliance was calculated for both the active and passive

states. Compliance (C) is defined as the fractional change in lumenal volume that occurs in response to changes in

pressure, approximated as

120



C=|Pon =P l(p - p,,)" [39)
min

where D, and Dy;, represent the measured diameters corresponding to the maximum and minimum pressures, Py
and P, used to define the range over which the compliance is calculated. Based on the true mathematical
definition, the diameters used in this calculation should represent those of the inner lumen (ID). However, it has
been previously established that the use of OD in these calculations, which is more amenable to direct measurement,
does not result in significant deviations when compared to those obtained using ID; specifically, for cases in which
the tissue thickness to radius ratio is small (t/R < 0.05) [211]. Compliance was calculated from both OD and ID
separately, and this thin-wall assumption was investigated based on estimations of this ratio for the urethra.

For calculation of overall tissue compliance, diameters correspond to the maximum (P, 20 mmHg) and
minimum (P,,;,, 0 mmHg) applied pressures, respectively. However, since the overall compliance parameter does
not account for the differential responses seen at lower pressures, stepwise compliance over smaller pressure ranges
was also examined. These stepwise compliance values were determined in an identical manner, where the diameters
correspond to the maximum and minimum pressure values taken at 4 mmHg incremental pressure ranges (0-4
mmHg, 4-8 mmHg, etc.).

3.2.2.6 Beta (B)-Stiffness. Compliance can be used to quantitatively express the relative level of tissue stiffness,

but must be carefully defined according to the pressure range over which it applies. This is due to the highly non-
linear nature of soft tissue P-D responses that generally result in rapid changes in such values. In an attempt to
overcome this non-linearity, a dimensionless stiffness parameter () has been defined and has been frequently used
in the study of blood vessel biomechanics [181]. This single parameter has been used to describe the structural
stiffness of vessels and, unlike compliance, incorporates all of the measured P-D values over the range of
physiologic pressure examined. It is defined as follows:
P D
ln(st = ,B(D—b - lj [3.10]

where P and Dy are a user-defined standard pressure and corresponding diameter, respectively, which is chosen by
the investigator to be within the average physiologic pressure range. P and D are the paired pressure and
corresponding measured diameter. Ln(P/Py) is plotted versus (D/Ds -1), and B-values are determined from the fitted

slope of this linearized data. For the B-stiffness values presented, standard pressure and corresponding OD were
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taken at 8 mmHg, and linear regression was performed using Excel. This standard pressure generally resulted in the
best linear fit, as determined by r* values. It should be noted that the first pressure step (from 0-2 mmHg) has no
influence on the estimation of this parameter (since In 0 is undefined).

It is apparent that, as a consequence of the logarithmic transformation of the P-D data, reasonable B-values
can only be obtained for tissues that exhibit exponential P-D responses (based on reasonable fit to linear regression).
This limited the use of the B-stiffness parameter primarily to comparison of passive tissue state responses. For
tissues in which muscle activity was evoked, a generally poor fit was observed due to the tissues ability to resist
deformation at the lower applied pressures.

3.2.2.7 Muscle Contraction Parameters. Parameters descriptive of the relative contractile function of the active

muscle element(s) over the entire applied pressure range were also obtained from the P-D data. A measure of
muscle contraction capacity can be obtained from areas related to the respective active and passive P-D data curves
(Figure 3.10A). The ratio of the area between the active and passive curves (A1) to the area under the passive curve
alone (A2), termed the total contraction capacity (TCC), may be considered as the relative ratio in the work
performed by the activated muscle to the elastic energy stored by the passive elements of the tissue alone [207]. In
order to calculate these areas, the OD data was normalized to the initial diameter value (i.e. D/Dy=1.0 at P=0 mmHg)
to obtain a common starting point. Each set of active and passive P-D data was then fit separately to a third-order
polynomial function (y=ax’+bx*+cx+d) using non-linear regression (SigmaStat, v2.0). This regression uses an
iterative algorithm (Marquardt-Levenberg) resulting in the ‘best-fit” values for each coefficient (a,b,c,d) through the
minimization of the sum of the squared differences between the observed and predicted values for the dependent
variable (y, pressure). Fitting to an exponential function was also attempted, particularly for the passive data, but
often did not converge and displayed a lower overall fit compared to the polynomial function (1’<0.96 vs. r*>0.99).
Once the coefficients were determined the function describing the P-D curve was integrated, over the same
normalized-diameter range for each paired passive and active data set, to obtain the representative areas under each
respective fitted-curve. The lower limit was taken to be the initial normalized diameter starting point (i.e. 1.0), and
the upper limit taken to be the maximum active normalized diameter value (at P=20 mmHg). Since the active tissue
deformed to a lesser degree than the passive, this maximum active normalized diameter was chosen as the upper

integration limit so that the active curve did not have to be extrapolated.
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Figure 3.10 Illustration of two measures of contractile function obtained from pressure-diameter data. The
contraction capacity (A) is a single dimensionless value representative of the ratio of the total area produced by
muscle contraction (A1) to the total area produced by the passive tissue alone (A2) over the entire pressure range.
The functional contraction ratio (B), computed separately for each applied pressure, defines the dimensionless
ratio of the normalized distance between the active and passive tissue created by the muscle contraction relative to
the passive distance. Adapted from [207].

A separate measure of relative contraction was also obtained from the P-D responses. The difference
between the measured passive and active diameters, for a given pressure, provides an indication of the relative
degree of isobaric contraction for a given muscle component(s). The functional contraction ratio (FCR) was
previously defined as the difference between the passive and active diameters (D,-D,) relative to the passive
diameter (D,) [207], as shown in Figure 3.10B. This ratio (D,-D,/D,) was calculated for each pressure step from the
normalized P-D data for each tissue activation state as a measure of the relative pressure dependence on the
contraction capacity.

3.2.2.8 Conversion to Stress/Strain and Estimation of Maximum Stress Generation. The parameters described

in sections 3.2.2.5-7 may provide useful information for characterizing relative tissue specimen properties, such as
active- and passive-state stiffness. However, these descriptive parameters do not account for the thickness of the
tissue wall, and as a consequence are not rigorous representations of the inherent material properties of the tissue. In
the experimental system described here, variations in tissue thickness from both known (axial position) and potential
(tissue dissection technique) sources may influence the value of such parameters. Thus, a more complete

biomechanical characterization is obtained by accounting for changes in specimen geometry for all applied stress
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(pressure) conditions. This allows for the description of the innate material properties of the tissue and associated
stress-strain behavior which, by mathematical definition, are independent of such concerns.

As briefly mentioned in section 3.2.2.5, a number of simplifying assumptions can be made for cases in
which t/r <0.05-0.1. For such cases, the tissue may be treated mathematically as a thin-walled vessel in which
variations of tissue stresses in the radial direction (i.e. within the wall of the tissue) may be neglected. However, for
the urethra preparation described here t/r was generally greater than 0.5, and thus appropriate characterization
requires that stresses be defined with respect to their radial position. Circumferential stress (o) within a thick-
walled, linearly elastic, isotropic cylinder as a function of any radial position (r) within the wall has been previously

derived and is given below:

R2
l

c,=P [3.11]

R2 —R.2 r
o) i

where P is the internal (transmural) pressure and R; and R, are the previously defined estimated and measured inner
and outer radius, respectively. Along with the equation describing radial stress distribution, these relationships are
collectively known as the Lame equations [211]. Derivation of equation 3.11 from a force balance in the radial
direction is provided within Appendix A. Circumferential engineering strain, €y, is defined from the change in a

given radius (Ar) from its initial position (r,) as follows.

27z(ro + Ar) —2m, Ar
— -2 [3.12]
27, .

€y

Using these equations, urethra mid-wall oy/gy responses were calculated and this information was
subsequently used to determine the maximum stress generated by each activated muscle component. Since
conversion of the data did not result in coinciding active and passive values for either 6y or €, non-linear regression
was used to fit the data to either an exponential (y=a*exp™; active striated and all passive responses) or a third-order
polynomial function (y=ax’+bx’+cx; active smooth and smooth-striated responses), again using SigmatStat.
Maximum cg generated by the active muscle component alone for each tissue was determined as the maximum
difference between the active and passive fitted oy values, determined at 0.02 strain intervals. Fitted oy/gy responses,

and subsequent estimation of maximum oy, were performed within the limits of the experimentally-observed strain

range (i.e. no extrapolation).
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3.2.2.9 Incremental Elastic Modulus. Due to the large and non-linear deformations exhibited by the urethra,

adequate mechanical descriptions of o/e behavior may be appropriately performed using incremental parameters.
Incremental elastic moduli can be used to relate smaller changes in strain with corresponding changes in stress using
classic linear theories of mechanics by segmenting the overall large deformation response into a series of small
deformations. An expression for incremental elastic modulus was developed by Hudetz [212] in order to
characterize the elastic stiffness of an axisymmetric, cylindrical orthotropic and incompressible vessel in which the
axial length is held constant:

AP 2R’R,  2PR’
L= +
" ARO Rf _Riz Roz _Ri2

[3.13]

where AP and AR, are the incremental changes in transmural pressure and outer radius. R;, R, and P are the inner
and outer radius and pressure at the beginning of the increment, respectively. Importantly, this expression
incorporates a necessary correction (second term) for the presence of initial stress when defining the moduli, which
was absent from earlier incremental models based solely on Young’s modulus as defined by classic linear theory
[213] Absence of this term can lead to underestimation of stiffness [212]. The modulus defined by equation 3.13
complexly characterizes both the radial and circumferential stiffness as a single material constant. It is used here to
quantify the effect of muscle activation on the composite stiffness of the urethra with regard to 2 mmHg incremental
increases in intralumenal pressure.

3.2.2.10 Animals. All animals were housed in either the Rangos Research Center Animal Facility of the Children’s
Hospital of Pittsburgh or at the University of Pittsburgh Biomedical Science Tower under the supervision of the
Department of Laboratory Animal Resources. The policies and procedures of the animal laboratory are in
accordance with those detailed in the guide for the “Care and Use of Laboratory Animals” published by the US
Department of Health and Human Services. Protocols used for these experiments were approved by the Animal
Research and Care Committee of the Children’s Hospital of Pittsburgh and the Institutional Animal Care and Use
Committee of the University of Pittsburgh (Protocols 24/01 and 0208766, respectively).

3.2.2.11 Statistical Analysis. Comparison of parameters between active and corresponding passive tissue states

was performed using paired Student’s t-test, or the equivalent non-parametric Wilcoxon signed rank test. This
included comparisons between the following measured and calculated parameters: OD and ID at each pressure,

overall and stepwise compliance, and incremental modulus at specified pressure ranges. Comparison of parameters
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among active tissue states (smooth, striated, and smooth-striated), or separately among passive tissue states, were
performed using using one-way ANOVA with Student-Newman-Keuls post-hoc pairwise comparisons, or the
equivalent nonparametric ANOVA on ranks with Dunn’s post hoc analysis. This included comparisons of: overall
and stepwise compliance, B-stiffness, total contraction capacity (TCC), functional contraction ratio (FCR) at each
applied pressure (separately), and incremental modulus at each pressure range (separately). The Pearson Product
Moment was used to determine the strength of association between local striated muscle content and the TCC and
maximum generated stress. p-values less than 0.05 are reported as significant, and data is expressed as mean +

SEM. All comparisons were performed using SigmaStat (v2.0; Jandel Scientific) statistical software.

3.2.3 Results

3.2.3.1 Pressure-Diameter Responses. Average P-D plots displaying responses collected within the mid region

for all three active muscle states (smooth only, n=8; striated only, n=6; and smooth-striated, n=6), and their
corresponding passive state, are provided within Figures 3.11 and 3.12. Plots based on measured OD responses
(Figure 3.11) are qualitatively similar to those based on estimated ID responses (Figure 3.12), however they are
quantitatively distinct in terms of the relative deformation occurring at the outer and inner surfaces of the tissue
respectively. Significantly lower measured OD values were observed for tissues in which the smooth muscle
component was activated for all applied pressures in comparison to paired passive responses (Figure 3.11A).
Striated muscle activation alone (Figure 3.11B) resulted in significantly lower values from 4-16 mmHg (p=0.058, 2
mmHg; 0.063, 18 mmHg; 0.156, 20 mmHg), and combined smooth and striated activation (Figure 3.11C) resulted in
significantly lower values at all applied pressures with the exception of the lowest applied pressure (p=0.063, 2
mmHg). Examining these same responses in terms of estimated ID, activation of smooth muscle (Figure 3.12A)
exerted a significant influence over the 0-14 mmHg pressure range (p=0.139, 16 mmHg; 0.229, 18 mmHg; 0.293, 20
mmHg). However with striated muscle activation alone (Figure 3.12B), a significant difference was observed only
at 4 mmHg (p=0.053, 2 mmHg; and 0.063, 0.063, 0.313, 1.00, 0.688, 0.563, 0.438, 0.438 from 6-20 mmHg,
respectively). Activation of both muscle components (Figure 3.12C) demonstrated significant differences in ID

from 4-12 mmHg (p=0.063, 2 mmHg; 0.057, 0.362, 0.657, 0.679 from 14-20 mmHg, respectively).
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Figure 3.11 Average pressure versus normalized outer diameter (OD) responses. Active

tissue responses in the presence of smooth muscle activity alone (A), striated muscle activity
alone (B), and combined smooth and striated muscle activity (C). (*p<0.05, **p<0.01)
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3.2.3.2 Compliance. It is apparent that the mid region P-D responses in either state are highly non-linear, an
expected response from soft tissue. With the muscle components activated, the P-D curve is sigmoidal in shape as
the tissue resists deformation at the initial applied pressure steps. This response is much more pronounced in the
presence of smooth muscle activation. In contrast, following elimination of muscle-induced tone with calcium
chelation (EDTA), an immediate and large deformation is seen even at the low applied pressures, with a progressive
stiffening as pressure is increased. Quantitative description of these P-D responses can be performed by comparing

measures of tissue compliance (Tables 3.1-3.3).

Table 3.1 Overall (0-18 mmHg) and stepwise compliance (4 mmHg increments) values for urethra tissue
with smooth muscle activated (active), and following elimination of all muscle activity (passive). Values
listed are means + SEM (x 10 mmHg™).

i’;:;oc;z Outer Diameter Inner Diameter | Significance
(OD) (D)

Pressure Significance (p-value)
Range Active | Passive | Activevs. | Active | Passive | Active vs.

(mmHg) Passive Passive
0-20 1442 17+1 <0.01 7917 84+15 0.332
0-4 1+1 31+5 <0.01 15+7 194448 <0.01
4-8 16+5 2342 0.240 119443 | 66+10 0.266
8-12 21+4 10+£2 <0.05 75+15 22+6 <0.01
12-16 16+3 612 <0.01 4248 1343 <0.01
16 - 20 9+3 6+1 0.547 2148 11£3 0.109
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Table 3.2 Overall (0-18 mmHg) and stepwise compliance (4 mmHg increments) values for urethra tissue
with striated muscle activated (active), and following elimination of all muscle activity (passive). Values
listed are means + SEM (x 10° mmHg™).

Striated Outer Diameter Inner Diameter | Significance
Muscle (OD) (ID)
Pressure Significance (p-value)
Range Active | Passive | Active vs. Active | Passive | Active vs.
(mmHg) Passive Passive
0-20 14+1 15+1 0.156 63+5 6243 0.438
0-4 2547 41+6 <0.01 123+28 | 183+15 <0.05
4-8 18+4 16+1 0.438 54+14 4244 0.482
8-12 12+4 6+1 <0.05 45424 1442 <0.05
12-16 6+2 4+0.4 <0.05 1545 8+l <0.05
16 - 20 4+0.4 3+0.1 <0.05 9+1 6+0.4 <0.05

Table 3.3 Overall (0-18 mmHg) and stepwise compliance (4 mmHg increments) values for urethra tissue
with both smooth and striated muscle activated (active), and following elimination of all muscle activity
(passive). Values listed are means + SEM (x 10° mmHg™).

Smooth/Striated Outer Diameter Inner Diameter | Significance
Muscle (OD) (ID)
Pressure Significance (p-value)
Range Active | Passive | Activevs. | Active | Passive | Active vs.
(mmHg) Passive Passive
0-20 1443 1643 <0.05 60+16 | 61«15 0.533
0-4 0.1£1 | 45+10 <0.01 =712 | 194+£59 <0.05
4-8 10+6 1542 0.406 82+65 35+4 0.563
8-12 36+6 6+1 <0.01 12018 | 11+1 <0.01
12-16 16+2 3+0.3 <0.05 36£5 71 <0.01
16 - 20 5+0.4 3+0.2 <0.05 10=+1 6+0.3 <0.01

As mentioned in section 3.2.2.5, the use of OD measurements in determining compliance is dependent
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upon an assumption of a thin tissue wall (t/r ratios <0.05-0.1). Estimated t/r ratios for tissues investigated here are
well beyond the thin-walled assumption limits (by data set: smooth, 0.60+0.04; striated, 0.5340.02; smooth-striated,
0.56+0.02; estimates based on passive R, at p=0 mmHg). As a result, the OD and ID calculated compliance values

differ by as much as an order of magnitude, although this only minimally influenced statistical comparisons between




the passive and active tissue states (differences noted: smooth, 0-20 mmHg, and smooth-striated, 0-20 mmHg;
changed from significant to non-significant in each case). Nonetheless, the ID-based compliance values are more
representative of the true mathematical definition, and thus are used for statistical comparisons. No difference in ID
overall (0-20 mmHg) compliance values were observed between the paired active and passive states regardless of
muscle component activation. In addition, no difference in these overall values were observed through multiple
comparison of the various active tissue states (p=0.596). Stepwise compliance demonstrates a differential response
between all active and corresponding passive states within the 0-4 mmHg range. Also within this range, by multiple
comparison, a significantly lower compliance is observed for tissue in which both smooth and striated muscle were
activated compared to striated activation alone. No difference in stepwise compliance between any active and
passive states were observed for the 4-8 mmHg range, although it is obvious from the P-D curves that significant
differences exist in the degree of deformation that has occurred to this point. The net negative value for the smooth-
striated tissue is representative of the tissue decreasing its ID in response to the initial applied pressures. By
multiple comparison, there was no difference among active tissue compliance within the 4-8 mmHg range
(p=0.598). By 8-12 mmHg of applied intralumenal pressure the passive tissue, which has already undergone a large
deformation, continues its rapid stiffening while the active tissue begins to rapidly lose its ability to resist
deformation (particularly for both smooth muscle-activated sets of tissues). Thus compliance values within this
range are significantly lower for the passive tissue compared to paired active responses for all muscle activation
states. This behavior continues for the remainder of the pressure ranges, as tissues in both the active or passive
states exhibit decreases in compliance. Significantly lower values are observed within each compliance range for
the passive state for comparisons above 8 mmHg (with one exception, active smooth muscle alone from 16-20
mmHg). Multiple comparisons among all active tissues revealed only a significant difference between smooth
muscle alone and striated muscle alone within the 12-16 mmHg range.

Comparison of passive compliance values among the three muscle activation protocols used was performed
as a measure of the uniformity of the passive state responses, regardless of prior muscle activation. No difference in
overall compliance was observed among passive tissues (p=0.429), however a few significant differences among
stepwise comparisons were noted (smooth vs. smooth-striated passive tissues for 4-8 and 8-12 mmHg).
3.2.3.3 p-stiffness. The average B-stiffness parameters, which incorporate all of the P-D data points over the

pressure range examined, were not different among passive tissues regardless of prior muscle activation (p=0.226;
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smooth muscle only, 10.1+1.1; striated muscle only, 11.6+£0.4; and smooth-striated muscle, 12.7+1.2). The
transformed passive data from which the B-stiffness was obtained exhibited a good linear fit (r*; smooth,
0.966+0.013; striated, 0.957+0.006; smooth-striated, 0.9614+0.007) which passed through the origin, corresponding
to the chosen standard pressure (§ mmHg). In contrast, attempts to transform the active state data, particularly in
the presence of smooth muscle activity, was less successful (rz; smooth, 0.797+0.057; smooth-striated, 0.790+0.018)
due to the overall non-exponential P-D responses caused by the strong initial resistance to deformation at low
pressures (Figure 3.13). An optimal linear fit would pass through the origin, occurring at the reference pressure data
point. A more reasonable fit was observed for striated muscle activity alone (r’, 0.932:+0.030), however the

influence of the muscle seen at low pressures was not reflected in this stiffness parameter ( = 9.7+0.8).
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Figure 3.13 Transformation and linear regression of P-D data from a
smooth muscle-active and corresponding passive tissue state, for estimation
of B-stiffness.

3.2.3.4 Contraction Capacity. The relative difference between the mid region P-D passive and active responses

(Figures 3.11-3.12) is not easily appreciated through description of the data by compliance values, and further could
not be reasonably obtained from B-values with its requisite exponential response. From the P-D data, a single
quantitative parameter (TCC) representative of contractile function over the entire pressure range was examined. In
order to obtain this parameter, non-linear regression to fit the active and passive data to a third-order polynomial
function was performed (r2: striated, 0.977+0.020 and 0.996+0.001; smooth, 0.954+0.013 and 0.994+0.002; smooth-

striated, 0.941£0.015 and 0.993+0.002, for active and passive data fits, respectively). By multiple comparison a
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significant difference in contraction, as defined by TCC (Figure 3.14A), was observed between tissues in which
striated muscle alone was activated compared to those in which both smooth and striated muscle was activated
(striated, 0.43+0.19; smooth, 1.35+0.29; smooth-striated, 1.82+0.46). No such difference was apparent for smooth
muscle-activated tissues in the presence or absence of striated muscle activity.

The FCR parameter allows comparison of contractile function between the activated muscle elements at
each applied pressure step (Figure 3.14B). Defined by this parameter, both striated and smooth muscle exhibit their
maximal influence within approximately the same pressure range (from 4 to 8 mmHg). However smooth muscle
activation, either with or without concomitant striated activity, resulted in a significantly increased contraction
within the 4 to 14 mmHg range, and again at 20 mmHg, in comparison to striated activation alone (non-significant
multiple comparisons: p=0.141, 0.051, and 0.055 at 2, 16, and 18 mmHg, respectively). No detectable difference for

smooth muscle activated tissues in the presence or absence of striated muscle activity was observed.
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Figure 3.14 P-D-derived measures of relative muscle contractile function within the
mid region over the entire applied pressure range (A), or at each pressure
individually (B). (A: *, p<0.05 striated vs. smooth striated; B: *, p<0.05 striated vs.
smooth-striated, and **, p<0.05 striated vs. smooth)

133



3.2.3.5 Maximum Stress Generation. Mid-wall ocg/ey responses obtained directly from experimental

measurements (at both mid and distal regions) for all activated, and corresponding passive, tissue states are provided
within Appendix B. The mid region data was used to calculate the maximum circumferential stress generated by
each muscle component through a fit of these responses to either exponential or third-order polynomial functions.
The best fit for tissue with active striated muscle, as well as all passive tissues, was obtained using an exponential
function (r2: striated active, 0.994+0.003; striated passive, 0.996+0.001; smooth passive, 0.993+0.002; smooth-
striated passive, 0.995+£0.001), whereas the best fit for smooth and smooth-striated active tissues was obtained using
the polynomial function (0.985+0.007 and 0.9874+0.004). An example of fitted passive and active /gy data for each
of the activation protocols is shown in Figure 3.15. Also shown is the difference between these responses, which is
representative of that which would be observed from the activated muscle component alone. From the striated-only,
smooth-only, and smooth-striated tissues, the average maximum oy determined in this manner was 748+379,
22294409, and 23354239 N/m?, occurring at a similar degree of mid-wall strain for each (£,=0.42£0.04, 0.47+0.08,
and 0.40+0.10, respectively). In addition, the presence of active smooth muscle allowed the tissue to generate a

substantial amount of stress at a low, and wider range of, strain.
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Figure 3.15 Examples of fitted passive and active mid-wall circumferential
stress(cy)-strain (&) responses, and corresponding active muscle-only responses,
for the three activation protocols: smooth only (top), striated-only (middle), and
smooth-striated (bottom).
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3.2.3.6 Incremental Elastic Modulus. From examining the cg/gy responses (contained within Appendix B), it is

apparent that the muscle-activated tissues exhibit a stiffer response at low strains when compared to their
corresponding induced passive states. In fact, in several instances, contraction of the tissue against the lower applied
pressures resulted in a net negative slope seen in both the P-D and corresponding cg/ey plots. This resulted in a
negative incremental modulus (E;,) for these tissues, which does not correspond to any physical meaning in terms
of mechanical properties. For this reason, average modulus values for the first 8§ mmHg are excluded from this
discussion.

Average E;,, determined at 2 mmHg pressure increments, was lower for active tissues compared to
corresponding passive tissues regardless of the muscle component activated for all pressures greater than 8 mmHg
(Figure 3.16). This reflects the rapid stiffening of passive tissues at higher pressures, also observed in measures of
compliance presented earlier. The presence of activated striated muscle significantly affected the E;,. of the tissue at
pressures up to 14 mmHg (p=0.327, 0.144, 0.889 vs. passive tissue at 14-16, 16-18, and 18-20 mmHg, respectively).
In contrast, the presence of activated smooth muscle had a significant influence on E;,. values up to 16 mmHg for
smooth muscle alone, and up to 18 mmHg for both smooth and striated activation (p=0.315, 0.084 for smooth only
at 16-18 and 18-20 mmHg; p=0.398 for smooth-striated at 18-20 mmHg). Striated muscle-activated tissues
demonstrated significantly higher values than both smooth and smooth-striated activated tissues from 8-14 and 18-
20 mmHg (p=0.393 and 0.874, at 14-16 and 16-18 mmHg, respectively). This is representative of the more rapid
stiffening of the striated activated tissues, due to the lower initial resistance to deformation imparted by the striated
component. Multiple comparison of E;,. values among all passive tissues demonstrated the uniformity of these
responses regardless of prior muscle activation (only significant difference, smooth vs. smooth-striated from 10-12
mmHg; p=0.110, 0.314, 0.109, 0.112, 0.338 for remaining pressure increments, respectively). This verifies that the
differences observed between the various activated muscle states of the tissue was not due to underlying differences

in passive responses.
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Figure 3.16 Incremental elastic modulus, E;,., for smooth (top), striated (middle),
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3.2.3.7 Regional P-D Responses and Muscle Orientation. Thus far, only the mid region has been considered in

the biomechanical characterization of the urethra. Experiments utilizing the three muscle activation protocols were
also performed at the distal axial region of the urethra, to examine potential consequences from changing anatomical
structure (specifically, striated muscle content).

In response to increasing intralumenal pressure within the distal region, activation of striated muscle alone
again resulted in some initial resistance to deformation (Figure 3.17A), similar to that seen at the mid region.
However, a shift in this response to that of active dilation, reflected as a crossing of the active and passive P-D
curves, was observed near 4-6 mmHg. Subsequent examination of distal region responses for tissues in which
smooth muscle alone (Figure 3.17B), or in which both smooth and striated muscle (Figure 3.17C) was activated,
revealed a similar behavior. The switch from active closure to active opening for these tissues occurred at an
applied pressure near 10 mmHg. It should also be noted that the distal passive responses appear to be somewhat
stiffer, reaching maximum normalized diameters of ~1.2, compared to those within the mid region.

Due to the highly variable responses observed between the mid and distal regions, muscle fiber orientation
was examined more closely. As demonstrated in Figure 3.18, and as previously discussed within section 3.1, the
striated muscle layer within the mid region contains a prevailing alignment of myofibers in the circumferential
direction. In contrast, the striated myofibers found within the distal region are a mixture of those aligned in both the
circumferential and longitudinal (axial) directions. Inspection of the smooth muscle layers within the mid region
also reveals a predominant circumferentially-oriented muscle layer, along with some longitudinally-distributed
fibers closer to the lumen of the tissue. Within the distal region however, this circumferential smooth muscle layer
is less prevalent, while longitudinally-arranged fibers appear to comprise an increasing portion of the smooth muscle
content.

3.2.3.8 Striated Muscle Influence on Measured Urethral Properties. The variable responses observed within the

distal region, both active and passive, along with the mixed orientation of the muscle fibers contained within this
region precluded the use of such data in obtaining biomechanical parameters to be used in combination with those
obtained at the mid region. Thus, comparison of such parameters based on the degree of striated muscle content

alone was limited to the mid region, displaying a considerably more uniform alignment of myofibers, but which

138



Al =
m Passive
20 O Active ] o
g u a
E 15 e
E | O
"; m 0O
S04 = o
0 mO
> o
o 51 o m
o n
1] i1 T T T
0.4a0 1.00 1.10 1.20 1.30 1.40
Normalized Diameter (OD)
B[ =
m Passive
0] oactive m B
% - o
E 15 i
E " O
"E mo
a 10 ]
g om
el a
o 51 o =
a
1] o T T T
0.90 1.00 1.10 1.20 1.30 1.40
Normalized Diameter (OD)
C| =
= Passive
20 o Active ] o
‘a n [m}
I
£ 15 4 ] o
E n o
‘d—; n o
S 10 om
[ o u
8 o .
o 74 -
o n
1] T T T
0.90 1.00 1.10 1.20 1.30 1.40
Normalize d Diameter (OD)

Figure 3.17 Pressure-normalized diameter responses obtained at the distal
region of the urethra for tissues in which striated muscle alone (A), smooth
muscle alone (B), or smooth-striated muscle together (C), were stimulated.
Corresponding passive tissue responses are also shown, which demonstrate
the active muscle conversion from a net closure to a net opening response.
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Figure 3.18 Immunofluorescent-labeled cross-sections of mid and distal portions of the
female rat urthera, representative of the muscle orientations found within each region.
Predominant circumferential layers of both smooth and striated muscle are apparent
within the mid region, while the distal region displays a circumferential/longitudinal

mixture.

Striated muscle revealed with both fast and slow myosin heavy chain and

smooth muscle with a-smooth muscle actin. Images taken at 40x (left), and 400x (right).

140




also consequently limited the range over which such a determination could be made. The influence of this volume
fraction on the tissue to generate maximum circumferential stress and to assist in maintaining closure over the range
of applied intralumenal pressure, as defined by the total contraction capacity (TCC), is provided within Figure 3.19.
Within the mid region, increases in these experimentally-derived parameters are more apparent for tissues in which
only the striated muscle was activated. A significant positive correlation is observed between volume fraction and
TCC (for maximum stress, p=0.061). For tissues in which both smooth and striated muscle were activated
simultaneously, little influence of striated activation is observed (p=0.678 and 0.859, for TCC and maximum stress,

respectively).
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Figure 3.19 Experimentally-determined dependence of local striated
muscle content with regard to maximum circumferential stress
generated (o) and the total contraction capacity index (TCC). Tissues
in which striated muscle was activated alone (top) or in which striated
muscle was activated in addition to smooth muscle (bottom) are shown.
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3.2.4 Discussion

Various parameters characterizing the biomechanical properties of the intact urethra were obtained from ex
vivo experimental measures of changes in tissue diameter (OD) in response to increases in intralumenal pressure.
These included compliance, B-stiffness, total contraction capacity (TCC), functional contraction ratio (FCR),
incremental elastic modulus, and maximum circumferential stress generation. Experiments performed in the
presence or absence of selected muscle activity permitted the determination of the relative influence of each muscle
component, smooth or striated, in regard to each of these parameters. Results of these experiments demonstrate that
the smooth muscle exhibited a greater influence on the functional responses of the urethra tissue, which in turn
resulted in significant changes in tissue mechanical properties. The striated muscle also affected these responses,
although to a lesser degree. Attempts to investigate the influence of variations in the amount of local striated muscle
on these parameters revealed that the orientation of these muscle fibers, as well as those of the smooth muscle, may
have a significant impact upon the urethral closure mechanism. The influence of striated muscle content on local
urethra closure function was only revealed in the absence of overshadowing smooth muscle activity. Together these
results enhance the overall understanding of the structure-function relationship of the individual components
comprising the urethra. In addition, with regard to uromyoplasty therapy, they also establish a mechanism for
further investigating the relative importance of the striated muscle layer and for evaluating local changes in
biomechanical properties that may result from localized cellular transplantation.

Overall, biomechanical parameters previously used to characterize vascular tissue responses may also be
applied to investigate urethra tissue properties. One exception to this was the B-stiffness, which could not be
adequately utilized for active tissues due to the lack of exponential P-D responses and subsequent poor fit of the
transformed data. Nonetheless, comparison of f-values obtained from passive urethra tissues provided an assurance
that changes in these underlying responses were not responsible for the observed differences between the active
states with regard to the other parameters. Similar multiple comparisons of compliance and incremental modulus
also verified the reproducibility of the passive responses and measurements within the mid region. Although no
similar data exists for urethra tissue, the passive urethra B-values obtained in this study are similar to those reported
for carotid and other large-conduit human arteries (i.e. thoracic and abdominal aortas) within their respective

physiologic pressure ranges [181].
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Utilization of the three experimental muscle activation protocols allowed for direct comparison of
parameters associated with either striated or smooth muscle activation alone, as well as an indirect measure of the
relative effects that could obtained through the addition of the second muscle component. In comparison to passive
tissues, induction of either muscle component acting alone resulted in significant changes in the biomechanical
properties of the tissue. This is reflected in measured changes in compliance and incremental modulus, although
striated muscle had a minimal effect on the latter. However, in comparing all activated tissue states, the addition of
an active striated component to smooth muscle-activated tissues had little additional effect on the observed
responses. This is reflected in the lack of significant differences in many of the parameters examined (TCC, FCR,
and incremental modulus) when comparing smooth-only to smooth-striated activated tissues. In contrast,
comparison of striated-only to smooth-striated activated tissues reveals the significant influence of smooth muscle
supplementation, as demonstrated by significant differences in these same parameters. Not surprisingly, the average
maximum circumferential stress generated by the striated component alone was approximately one-third of that
generated by the smooth muscle. Addition of the striated component resulted in only a 5% increase, on average, in
the maximum stress above that which could be generated through the smooth muscle alone. These maximum stress
values are considerably less than those previously reported for skeletal muscle (~50x less; 2.0-2.5 x 10° N/m? [201])
and for arterial vascular smooth muscle (~15-30x less; 1 x 10° - 3.5 x 10> N/m” [206, 214]), when corrected for
actual muscle volume occupied. Arterial vessels are however exposed to a physiologic pressure range that is an
order of magnitude higher than that of the urethra which may help to explain, at least in part, these deviations. It
should also be mentioned that although no similar data exists with regard to the urethra, the incremental elastic
modulus values obtained within this study for both the passive and active tissue states compares favorably with
passive and active values obtained for rat carotid and tail arteries at similar pressures from similarly aged animals (<
50 mmHg; < 2-3 x 10° N/m? [205, 215, 216]). In addition, reported compliance (distensibility) values based on
external diameter measurements for passive human cerebral and carotid arteries also compares favorably with the
passive state urethral values reported here following exposure to similar pressures (~8-10 mmHg ™' up to 25 mmHg
[217], compared to <17 mmHg" up to 20 mmHg). Such comparisons provide us with some assurance that the
values obtained here are within the range of those previously described for other tubular biologic structures obtained

using similar methodology.
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From the TCC index, which provides a measure of muscle responsiveness over the entire applied pressure
range, the striated muscle was approximately one-third as effective as the smooth muscle in resisting deformation.
Correspondingly, in reference to smooth muscle alone, the TCC index increased by one-third following the addition
of the striated component. Previous in vivo investigations attempting to define the relative contribution of the
striated musculature in the generation of urethral closure pressures have varied greatly. Estimates of striated
contribution to the urethral pressure profile (for UPP methodology see section 1.5.1), performed in the canine, have
ranged from one-third [218] to over one-half [219]. In contrast, others have been unable to detect any significant
influence by this component [220]. The results presented here suggest that the striated muscle is contributing no
more than one-third of the urethra’s ability to maintain closure at the mid-region. However, it should also be
mentioned that inherent experimental factors in the chemical activation of the striated muscle may have contributed
to the comparatively low impact of this component in the responses observed. The use of alternative methodology
for inducing contractions, along with other concerns over the experimental measurements performed, is discussed in
greater detail within section 4.4.2.

Of direct importance to uromyoplasty therapy is the dependence of urethral mechanical properties with
regard to the local content of striated muscle. Originally, the natural changes in striated volume fraction that were
observed along the axial length were intended to be exploited in order to gauge the magnitude of this dependence.
However, as shown within the distal region, corresponding changes in fiber orientation coinciding with axial
position likely cannot be ignored in determining this association. It may be rather unrealistic therefore to not only
estimate the fraction of circumferentially-oriented fibers within a mixture of various fiber alignments but to also
account for potential counteracting effects of the non-circumferential fibers as well; even at the lower pressure
ranges in which resistance to dilation was observed. As a result, in attempting to determine this association,
observations were limited to variations seen over a small axial length (~4-5 mm) located within the mid region.
From these experiments, correlation between the amount of striated muscle present and the TCC index was observed
for tissues in which the striated muscle alone was stimulated. There was no such correlation for tissues in which
both smooth and striated muscle were activated simultaneously. In the presence of smooth muscle this may be
reflective of the limitations in the sensitivity of the current experimental apparatus and protocol to detect smaller

changes in such responses.
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The effect of muscle fiber orientation was not initially a subject of experimental inquiry. However, the
results of the distal experiments presented here suggest that alignment may be an important variable to consider,
particularly for regenerated tissues. A number of suggested mechanisms of assisted urethral opening during
micturition have been proposed. One such mechanism is that the urethra is normally maintained in the closed
position through spontaneous smooth and striated muscle activity, and is then actively relaxed for micturition
primarily through the actions of NO [199]. Also, based on differences in observed maximal myofiber shortening
velocity, it has also been previously hypothesized that the longitudinally-oriented smooth muscle layer actively
participates in the opening of the urethra during micturition [221]. Conversely, it has been argued that the
contraction of this longitudinal muscle layer would be counteractive to lumenal opening due to an increase in
myofiber thickness associated with its shortening, and therefore this layer also assists in closure [106]. The P-D
results presented here, along with the corresponding histology documenting muscle fiber alignment, suggest an
active role for both smooth and striated muscle in urethral opening, as detected within the distal region. The
crossing of the active and passive P-D curves was somewhat unexpected and may potentially be explained, at least
in part, by the simultaneous activation of both circumferential and longitudinal fibers by virtue of the non-selective
pharamacologic stimulation utilized. Activated simultaneously, the forces generated by the longitudinal myofibers
would not directly oppose those generated by the circumferentially-oriented fibers, however they presumably would
alter the net orientation of force development. It is interesting that the conversion from active closure to active
opening corresponded with the same pressure range in which a decline in the FCR parameter for each muscle
element was observed (~4-6 mmHg for striated, ~10 mmHg for smooth and smooth-striated activation). This further
suggests that some mechanism of active opening may become evident once the circumferentially-generated force is
overcome. Under such a scenario, the sequence of activation of the various muscle layers may have significant
physiologic consequences. In vivo studies in the greyhound have suggested a separate innervation of longitudinally-
and circumferentially-oriented smooth muscle, with the former primarily under the control of cholinergic
innervation and the latter under control of adrenergic innervation [199]. Active opening in the distal region was
observed here in preparations involving joint or independent cholinergic and adrenergic stimulation. Longitudinal
muscle fibers are also present to some extent throughout the axial length of the urethra, although in relative terms
appears to be greatly reduced within the sphincter-like mid region. Within this region the presumed effects of the

longitudinal muscle, which may act on the entire length of the urethra, does not appear to be sufficient enough to
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alter the active closure observed over the entire pressure range. However, it cannot be excluded that the

simultaneous activation of these muscle fibers may have acted to reduce these closure responses.

3.3 Conclusions

A new method of evaluating the ex vivo physiologic function and biomechanical properties of specific
segments of the intact urethra has been validated, and subsequently utilized in the investigation of smooth and
striated muscle contributions to overall urethral mechanical properties. Due to the ability of the experimental system
to perform regional evaluations, validation of chemically-evoked muscle responses was first examined with respect
to axial variations in urethral muscle composition. Smooth and striated muscle responsiveness to specific agonists
resulted in isobaric contractions that corresponded with local histologic observations regarding the quantity of each
muscle component present. The ability to pharmacologically control smooth muscle activity was demonstrated
through nitric oxide-mediated manipulations (Nw-Nitro-L-arginine and sodium nitroprusside) as well as direct
alpha-adrenergic receptor stimulation (phenylephrine). Likewise, striated muscle activity was demonstrated through
direct nicotinic receptor stimulation (acetylcholine), although coinciding muscarinic-mediated smooth muscle
activation was also observed. Nonetheless, the ability to specifically activate or inactivate either of these
components was confirmed through additional blocking studies. Aside from validating the experimental model,
these controlled responses permitted pharmacologic protocols to be established in which specific activation of either
muscle component could be ensured.

From measurements of pressure-diameter responses a number of parameters representing the
biomechanical properties (compliance, B-stiffness, incremental modulus) or contractile ability (total contraction
capacity, functional contraction ratio, maximum circumferential stress) of the isolated urethra tissue, within a
physiologic range of incrementally-applied intralumenal pressures, were examined. These allowed the quantitative
characterization and comparison of urethral responses in the presence or absence of selected muscle activity,
specifically within the mid-urethra. From these investigations, both smooth and striated muscle significantly
influenced the urethra’s ability to resist deformation when compared to passive tissue, devoid of muscle activity.

However, smooth muscle had a significantly larger effect on this ability as reflected in each of the parameters
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examined. This was further confirmed through examination of tissues in which both muscles were activated
simultaneously. Results indicate an association between the local content of striated muscle and the ability of the
tissue to perform work to actively resist deformation. Additional attempts to more accurately define this association
were diminished by concerns over muscle fiber orientation with axial position, particularly within the distal region
in which this alignment became less dominated by circumferentially-aligned fibers. Within this region an apparent
shift from active closure to active opening occurred, in the presence of both smooth and/or striated muscle
activation, coincident with increasing intralumenal pressure. Importantly, these results indicate that the relative

orientations of the muscle layers may have a significant impact upon the closure function of the urethra.
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4.0 DISCUSSION

4.1 Clinical Significance

The clinical significance of the results presented can be viewed from both a pre-injection and post-injection
standpoint. Previous experience in myogenic cell transplantation for the treatment of muscular dystrophy has taught
a valuable lesson to those undertaking a similar approach for the treatment of other muscle or non-muscle disorders
(i.e. through gene therapy): cell selection is critical in achieving a successful clinical outcome. This is particularly
evident within the myogenic lineage, which contains its own progenitor cell pool that has been demonstrated by
numerous investigators to be highly heterogeneous. Here it is further demonstrated that this heterogeneity can result
in a greater than ten-fold difference in skeletal myofiber regeneration following transplantation into dystrophic
animals. However, the positive identification of the most efficient progenitors cannot rely solely on in vivo
outcomes. For translation of experimental animal results to clinical application, reliable in vitro selection criteria
must be established and must be non-species specific. The results presented here demonstrate that the use of cell
surface markers, while clinically attractive and currently accepted within the hematopoietic community, may not be
dependable for use in the myogenic lineage. In particular, lack of conserved protein expression between species,
inconsistent regeneration results within the same animal model, and temporal fluctuations in surface protein
expression may limit their utility. As an alternative, cell behavioral properties appear to be more promising in this
regard. [In vitro behavioral characteristics under imposed conditions which challenge the propensity of a myogenic
progenitor cell to choose either a proliferation or differentiation pathway may provide a means for distinguishing
cells that retain their mitotic capacity following transplantation. This in vivo expansion of donor cells may indeed be
a critical variable, along with survival, in the regeneration process. Incorporating such behavioral criteria into cell
isolation and/or purification schemes, within a timely fashion, may yield significant returns in the clinical myogenic
transplantation setting.

While the amount of striated regeneration may be dictated through cell selection, the extent of
biomechanical influence imposed by this new muscle will dictate the urethra’s ability to maintain closure when
challenged by increases in stress. Although further work is required in this area, results of the biomechanical

analysis performed here coincide with previous findings suggesting that the striated layer acts as an adjunct closure
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mechanism to the more influential smooth muscle layer. It follows that a significant amount of striated regeneration
may be necessary in order to have a significant clinical impact in improving active closure function. This places
additional emphasis on the ability to identify adult donor populations that will efficiently and effectively regenerate
this muscle layer. Further, the results presented indicate that the proper circumferential alignment and innervation
of newly-created myofibers may be critical variables to the success of urethral muscle regenerative strategies.

In the clinical setting, devising effective therapeutic strategies relies upon first understanding the
underlying cause(s) of dysfunction. Subsequent evaluation of such of therapies should be performed at the level and
manner in which the treatment exerts its influence. With regard to SUI and uromyoplasty treatment, this involves
performing investigations at the urethral tissue level to understand biomechanical changes occurring in a regional
manner. Currently, the experimental means to perform such investigations are lacking. It is believed that the ex
vivo experimental model described here fill this void and presents researchers with a new tool to investigate local
physiologic and related biomechanical function. Importantly, the results presented demonstrate this model’s utility
in understanding how each constituent component affects the overall ability of the tissue to perform its intended
task; thus making it applicable to a wide range of investigations seeking to gain insight into urethra function,

dysfunction, and progression of disease states.

4.2 Advantages of Methodology

Aside from those already briefly discussed within their respective methods and discussion sections, some

particular advantages associated with the methods used are worth mentioning.

4.2.1 Isolation and Evaluation of Efficient Myogenic Progenitors

In order to investigate sources of variable regenerative efficiency, one must first be able to obtain
populations displaying heterogeneous regenerative behavior. Use of the preplate technique permitted such

populations to be obtained, displaying this heterogeneity in terms of their relative myogenic commitment toward
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differentiation. The isolation of the MDSC populations from the late preplates allowed for a wide range of
regenerative behavior to be investigated.

Combining the time-lapsed microscopic imaging system with immunofluorescence labeling provided both
temporal information on cell population expansion and fusion capacity, as well as more detailed information on the
differentiation status of individual myogenic nuclei, respectively. From brightfield observations alone it is
inherently difficult to determine the actual number of nuclei comprising the multinucleated myotube structures.
Immunofluorescence nuclear labeling, together with MHC labeling, provided a clear, definitive and easily-
identifiable measure of population differentiation status. Together these methodologies allowed a more detailed
distinction in cell behavior to be made between the various myogenic populations. Other advantages of the novel
imaging system used, particularly with regard to myogenic cultures, became apparent. It is often assumed that,
within myogenic cultures, cellular elongation is a consequence of prior mononuclear cell fusion and subsequent
myotube formation. However in many instances, as was made possible only through the use of the time-lapsed
imaging system described here, the appearance of such elongated structures was not necessarily the result of cellular
differentiation and fusion. Through standard brightfield imaging, transient observations of cultures at discrete
sampling intervals would not permit the accurate evaluation and scoring of cellular fusion events. Using the
bioinformatic cell imaging system (although reported at 12 hour intervals for brevity) permitted the monitoring of
each selected image field at 10 minute sampling intervals, allowing a greater discrimination of cell division and
fusion behavior to be made and in a temporal fashion within the same image field. This is reflected in the
conformity between the 96 hour fusion data obtained through both brightfield and immunofluorescence imaging
methodologies. Further, this imaging system also permitted cellular division times to be measured through direct

observations, rather than through calculations which are often based on numerous assumptions.

4.2.2 Ex vivo Urethra Biomechanical Evaluation

In vivo administration of agonists and antagonists to ascertain functional contributions of constituent
urethral components can affect surrounding muscular support structures, which makes it inherently difficult to
attribute responses to specific urethral components. In vitro observations allow examination of urethral tissue

specifically, the majority of such investigations utilizing strip or segmented ring preparations (section 1.5).
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However, in theory, whole preparations offer advantages over conventional segmented tissue methods owing to the
retention of the natural tubular tissue structure with minimal damage or disruption of muscle and structural fibers, as
well as exposure to physiologic loading conditions (i.e. pressure applied radially outward from the lumen). As the
muscle contracts, both it and the associated connective tissue shorten until a new equilibrium between the distending
and retractive forces are reached. Considering the geometry of an idealized cylindrical urethra segment (Figure 4.1),

these forces can be described by the following equations:

Fdistending = RdA = PtzrlAZ [41]
Fretmct[ve = GHdA = O-H 2hAZ [42]

in which h is thickness, 1; is inner radius, P; is transmural pressure, and Az is axial length. In such a configuration,
changes in circumferential length will result in simultaneous changes in radius, thickness and circumferential
stresses. Thus, at any given distending pressure, the establishment of a new equilibrium is a complex process that is
dependent upon both the strength of the active contraction of the muscle and the specific geometry and dimensions

of the tissue [214]. These same relationships cannot be realized when utilizing strip studies, and may be

Figure 4.1 Forces acting on a segment of cylindrical
tissue. Adapted from [211].
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compromised when using small tissue segments. One previously described whole-mounted system has been used to
characterize overall urethral closure function through the measurement of parameters that are based on fluid flow
resistance through the entire urethra [80, 128, 130]. This overall characterization, however, is not unlike that which
could be obtained in the in vivo setting. In contrast, strip or ring studies offer the ability to investigate specific axial
regions of interest, which is critical for the study of regional functional responses as well as, for example,
determining potential effects of therapies targeted to a particular segment of tissue. This is particularly relevant for
the evaluation of the experimental regionally-targeted therapy discussed here. However, one potential concern
regarding conventional strip preparations is the size of the strip in relation to the treated area of tissue, which could
result in a dilution of the measured potential beneficial effects occurring at one specific location along the tissue.
Unlike any of the previous systems described in the literature, the ex vivo experimental system described here
permits regional measurements to be made, by precise adjustments in the positioning of the laser micrometer, while
also retaining the whole tissue configuration. Furthermore, unlike conventional measurements of force, the
currently described system permits contractile function of the tissue to be assessed, via diameter measurements,
during application of a wide range of applied intralumenal (transmural) pressure loads. This allows various
mechanical parameters of the tissue to be readily derived from these responses, as demonstrated within section 3.2.
In contrast, by performing only force measurements as in conventional strip or ring studies, one would only be able
to infer to what extent a therapeutic-induced change in force may impart on the functional ability of the tissue to
withstand increases in loading. Such responses are indeed due to the mechanical properties of the tissue that are
imposed by the constituent passive and active elements that comprise it, and current force-only measurement
systems are not designed to define either whole tissue or constituent mechanical properties. Defining the relative
contributions of each of these elements, both passive and active, allows for a more complete understanding of the
function of the tissue, particularly in situations in which one of these elements has been compromised (eg. disease or

injury) or is manipulated for therapeutic benefit (eg. uromyoplasty).
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4.3 Disadvantages and Limitations of Methodology

4.3.1 Isolation and Evaluation of Efficient Myogenic Progenitors

Overall, both MACS and FACS cell separation techniques resulted in a surface protein-specific isolation of
viable myogenic progenitors capable of skeletal myofiber regeneration. In terms of the cell separation processes
themselves however a more distinct, or cleaner, separation between positive and negative selected fractions was
accomplished through the use of FACS separation. This technique affords the ability to eliminate cell populations
that are expressing a lesser degree of the protein of interest, such as those in the process of upregulating or
downregulating the protein. Consequently, when labeling such cells with antibodies, these cells fall close to the
thresholds established to discriminate between clear positive and negative fractions. In contrast to FACS, the nature
of the MACS separation dictates that all of the cells passing through the separation column must be collected into
either the positive or negative fraction. As shown in Figure 2.9, for the MACS Sca-1 evaluation, these ‘borderline’
positive cells were retained within the negative fraction. This lack of clean separation has the potential to contribute
to the inability to detect differences in regenerative efficiencies, although admittedly there is also a considerable
degree of unknown variability in the transplantation process itself. (It should be mentioned however that several
advantages in using the MACS technique were also observed, such as increased cell viability and cell yield, which
became particularly important when working with smaller cell numbers.)

Aside from the technical aspects of the cell separation methods selected in this study, several factors make
identification and comparison of directly-isolated cells versus tissue-cultured cells inherently difficult. Patterns of
expression of both proteins examined here have been observed to change rapidly in culture, as demonstrated in
section 2.2.3.3 [140, 146]. Thus, it cannot be excluded that other variations in protein expression not examined are
also occurring that may have a direct effect on cell behavior. When placed in vitro, expansion and/or activation of
quiescent progenitor populations may likely occur, potentially through co-culturing effects, and subsequently may
have important implications in terms of regeneration. Evidence for such an effect is provided by the emergence and
expansion of the MDSC population within culture, which appears to initially remain in a quiescent state until
stimulated by, as yet, unknown factors. Further, no directly-isolated population approached the level of regenerative

efficiency of the MDSC population obtained through culturing, even though by all reasoning this population of cells
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should have been included in at least one of the directly-isolated cell fractions. Finally, it has also been suggested
that potential histocompatibility alterations of donor cells may be caused by exposure to tissue culture and
proteolytic harvesting conditions [72]. Thus, myogenic progenitors obtained from either direct or cultured isolation
methods may need to be evaluated independently.

The method of evaluating regenerative efficiency should be discussed with regard to its ability to
characterize the regeneration process. An efficiency index was assigned through measures of regenerated myofiber
number, independent of size, as opposed to accounting for the area occupied by the myofibers. Conversion of
histological data from myofiber number to area is not likely to significantly alter the results presented, since
myofiber size distributions were very similar among cell populations. However neither method, based on
histological sectioning, is easily amenable to accounting for the length of the new or restored myofibers and thus
provides only a two-dimensional view of the regenerative process. Factors such as individual myofiber length
would be extremely difficult to estimate, even from tightly controlled serial histology sections, and would require a
sophisticated three-dimensional reconstruction. This would not be practical for larger-scale studies with multiple
group comparisons such as those performed here. Alternative methods, such as Western-blotting, to determine the
total amount of dystrophin contained within injected muscles could be used to quantitatively assess regeneration.
However, this method is indirect and may be subject to potential variations in dystrophin gene expression, not unlike
that which may be encountered when attempting to use an inducible-reporter gene. Measurements based on the
presence of dystrophin expression, such as the currently-used methodology, provide a measure of transplanted cell
participation in the regeneration process as a whole, since the appearance of dystrophin-competent myofibers may
result from both the conversion of already existing myofibers, through donor-host fusion, as well as the formation of
new myofibers from both donor-donor and donor-host cell fusion. Comparison of the size distribution of dystrophin
myofibers relative to those of control non-injected muscle provides us with an indirect and relative assessment of the
probable route taken by the injected cells (i.e. new myofiber formation). In either case, at this point it would be
difficult to argue whether augmentation of muscle mass through addition of nuclei to existing fibers, or alternatively
the generation of new myofibers, would be most beneficial in the urethral physiologic setting. Since muscle cross-
sectional area is proportional to the potential force that may be generated, either mechanism may be beneficial.

Aside from the number of dystrophin-positive myofibers, the determination of the regeneration index was

based on an estimation of the number of transplanted myogenic cells through concomitant assessment of desmin
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expression. This assumes that desmin-negative cells are not capable of participating in this process. However, it is
obvious that transplantation of the primarily desmin-negative MDSC population described here indeed results in
robust regeneration. It is currently unclear which population(s) within the MDSC cultures may or may not directly
participate in myofiber formation and thus regeneration capacity, for this population only, was based upon the entire
number of MDSC cells injected. Thus this may actually result in an underestimation in the efficiency of the
responsible cells within this population. For the other muscle-derived populations examined, both cultured and
directly-isolated, the presence of myogenically-competent desmin-negative cells also cannot be excluded and
therefore may result in an artificially-high estimation of their apparent efficiency. Other observations of skeletal
muscle-derived cells, expressing various combinations of both Sca-1 and CD34, which do not appear to be
myogenic (desmin-negative) but are capable of regenerating myofibers have been reported [38, 144]. Nonetheless,
while possible, this most likely occurs at a very low frequency.

The particular method(s) selected to assess protein expression is often based on the detection sensitivity
required and the degree of quantitative information that is desired. MRF protein expression within the cell
populations examined here was assessed primarily through immunofluorescence labeling and microscopic imaging.
While this method permits an estimation of the percentage of cells within a population expressing the particular
protein of interest, it does not readily permit distinctions in the level of such expression to be made. As mentioned
previously, within section 1.1.2, relative levels of early-stage MRF expression are thought to play an important role
in the balanced regulation between differentiation and proliferation.  Therefore, in combination with
immunofluorescence, methods which provide a quantitative measure of such expression may provide further
distinction between progenitor populations beyond that which was reported here. A more rigorous evaluation of
expression may include combinations of Western blotting (transcribed protein), RT-PCR (mRNA), and flow

cytometry (transcribed protein).

4.3.2 Ex vivo Urethra Biomechanical Evaluation

The pressure range used in this study corresponded with previously reported ranges of voiding pressures in

the female rat. However, in the physiologic setting the urethra is surrounded by numerous external support

structures, which are obviously not present during ex vivo testing. Through previous knowledge of maximum flow

155



rate and intrabladder pressure in the female rat (14.6 mL/min and 33 mmHg, respectively [204]), and based on
measures of in vivo length obtained in this study (20 mm), maximum internal radius during micturition (viscosity of
urine ~ 1 cP) can be estimated through the Hagan-Poiseuille Law assuming a cylindrical lumen geometry. Under
these idealized conditions, this law (r*=8LuQ/nAP) predicts that the urethra lumen opens to a radius of
approximately 0.23 mm. Examination of the P-D (ID) data for each muscle activation protocol revealed that this
inner radius was generally achieved through application of approximately 0-4 mmHg for striated muscle-activated
tissues, and 4-6 mmHg for smooth muscle-activated tissues. From examination of FCR data, a decline in the
muscle-induced contractile function of the tissue corresponds with an increasing strain beyond this predicted
physiologic range. These experimental results, together with the estimated maximal physiologic urethral radius,
suggest that the surrounding tissues play a significant supportive role in the deformation of the tissue. Thus, future
ex vivo investigation of the isolated urethra using this experimental system should be performed using lower
pressures to ensure that the tissue remains within the relevant physiologic strain range.

Slow-twitch striated muscle fibers within the urethra are traditionally considered to aid in the generation of
sustained tone during bladder filling while the fast-twitch are considered more likely to be recruited in a reflex
manner, such as in response to transient increases in intravesical pressure. Although the female rat is an acceptable
model to perform functional urethra studies, the predominantly fast nature of the striated muscle observed in the
young rats utilized here is contradictory to histological findings in both the human and in older rats [87, 194], as
discussed in section 3.1. The abbreviated duration of ACh-induced contractions from several notable sources,
presumably a rapid fatigueability of fast striated muscle in combination with desensitization of nicotinic receptors,
may have contributed to a large underestimation of the striated muscle contribution within functional mechanical
assays reported in this study. Preliminary experiments (presented in section 3.1) demonstrated the length of
maximal striated contraction to be on the same order of time required to complete the incremental pressure testing
(Figure 3.9). This left little room for error in the initiation of the P-D measurements. Further, no method of
assessing uniform strength of contraction during application of these pressures was possible. The large priming
volume of the system, together with the chemically-evoked receptor desensitization, precluded the possibility of
challenging the contractile function of the tissue prior to initiation of the mechanical testing protocol. As an
alternative to chemical stimulation, modification of the current experimental apparatus for electrical stimulation of

muscle may significantly reduce the possibility of variability, particularly for striated muscle experimentation, with
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regard to both of these issues. Previous studies of greyhound urethra strip preparations using electrical field
stimulation demonstrate the ability to induce repeatable striated contractions through both intermittent or continuous
stimulation over extended periods of time, with minimal or no dropoff in force production [222]. Further, these
contractions were shown to be relatively maintained despite the striated layer being comprised of over 90% type II
(fast, glycolytic) fibers within this particular animal model, similar to the histological findings in the rat model
presented here.

There are several sources of experimental error that are inherent to the experimental system in its current
form. The incremental pressure steps used in ultimately determining urethra mechanical properties (section 3.2)
were performed by manual adjustment of a fluid reservoir (such that 2 mmHg=1.07 inches increase in reservoir
height). Unfortunately, this variability could not be accounted for in the present system as the pressure transducers
were not sensitive enough to distinguish small variations in pressure (<1-2 mmHg). This variability however is
most likely small compared to that generated between-samples from a number of sources related to the dissection
and handling of the tissue and, perhaps most importantly, mounting the urethra into the experimental testing system.
Following dissection, in vivo axial length of the tissue must be measured prior to its removal from the transport
catheter and then duplicated by re-securing it to the tubing contained within the tissue bath. This introduces error in
re-establishing the correct axial length, and hence the correct axial strain of the tissue. It has been shown previously,
for arterial segments, that longitudinal stretch can alter both the basal muscle tone of the tissue as well as the
compliance [184]. Alternatively, securing the tissue to a mountable apparatus at the time of dissection may
significantly reduce this associated error. Experiments that were performed to compare axial regions of the urethra
could not be performed on the same tissue, and thus each measurement was subject to all sources of between-
specimen variability. A measurement system to examine all three regions simultaneously would allow for paired
comparisons, while at the same time also reduce the number of animals needed to generate significant sample sizes.
Additionally, a computer-controlled stepper mechanism could be added to the system to increase the precision of the
applied pressure increments over a smaller range (e.g. 0-10 mmHg at 1 mmHg increments) which, as mentioned
previously, would expose the urethra to a more physiologic strain range in the absence of external supporting tissue.
Automated control of pressure steps should also allow the time interval between step increments to be reduced

significantly, which would additionally reduce the potential for muscle fatigue during testing and provide a more
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physiologically-relevant simulation of transient stress episodes. In its present form, longer time intervals (10
sec/step) were used to minimize the error associated with manual pressure increases.

As briefly mentioned within section 3.2.2.1, the pH range under which the biomechanical experiments were
performed was slightly acidic. Intracellular pH has been shown to change at a ratio of 0.73 per unit of extracelluar
pH change and thus provides some buffering [202]. However, severe acidosis may interfere with increases in
intracellular calcium and lead to hyperpolarization of membranes by increasing potassium conductance, which
subsequently would interfere with voltage-dependent calcium channels. Thus, either of these mechanisms could
lead to decreased muscle contractile function. That being stated, under similar experimental acidic conditions, and
even more severe (pH, 6.9), changes in PE-induced contractions of trabecular smooth muscle were only noticeable
within a very low concentration range (<10puM) [202]. In addition, studies performed utilizing striated muscle under
acidic conditions, through the addition of large amounts of lactic acid, failed to demonstrate an inhibitory effect on
contractile function [203]. Concerns over proper oxygenation appear to be more relevant when examining
contractility, as both smooth and striated muscle has been shown to be sensitive to ischemia [223]. Nonetheless,
appropriate adjustments to buffering of bathing media, or use of alternative buffer solutions (eg. Krebs-Ringer) to
control shifts in pH should be taken into consideration when performing future studies with this system and when
altering gas perfusion.

Evaluation of the intact urethra represents a major advantage over current methodologies. However, one
initial concern in attempting to evaluate potential functional differences within relatively small regions along the
axial length is the potential effect of tension transition from neighboring regions, which could interfere in such
measurements. In an attempt to alleviate such concerns, a pilot study was performed to examine distal region
contractile function following crush damage to the mid region (performed with a hemostat). It could be expected
that strong contractions within the sphincter-like mid region may potentially have an effect on measurements made
on the distal portion of the tissue. However, the distal contraction results following mid-crush were within the range
obtained from the non-crush experiments; while the crushed mid region demonstrated a large dilation with applied
pressure. While these initial observations are reassuring, at this time such potential effects cannot be totally
excluded.

Aside from issues related to experimental and data collection methodologies, many of which may be

reduced through the implementation of new procedures and improvements to the experimental apparatus as
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described, errors in data analysis and estimation of non-directly measured parameters must also be considered at this
time (e.g. thickness and inner radius, which directly impact estimations of stress and incremental modulus). As
mentioned in section 3.2.2.4, error associated with the calculation of the inner radius from an assumption of
incompressibility has been shown to be small (<1%). However, the validity of such an assumption has only been
challenged for vascular tissues, and further was examined at lower strains than those observed here. Further, such
an estimation of inner radius is also reliant upon an accurate determination of tissue thickness, obtained from
histology. This thickness value utilized in this estimation was obtained through manual determination of outer and
inner tissue boundaries, and represents an average wall thickness obtained through an assumption of an idealized
cylindrical geometry. Further, this histology-based parameter is reliant upon an accurate re-establishment of in vivo
length following removal of the tissue from the experimental apparatus, as discussed previously.

We must also consider the estimation of circumferential stress from experimental pressure-diameter data
through the use of the Lame equation, which is subject to a number of simplifying assumptions. For the sake of
comparison such data is only presented here at one idealized radial position within the tissue wall (mid-wall).
Alternatively, other simplified determinations of circumferential stress have also been performed using thin-walled
theory (cg = P*ry/h; where h=thickness), resulting in an estimated stress averaged over the entire wall thickness [205,
216]. It is noted that in either case such equations are based on linear mechanics theory and assume that the tissue is
composed of a single homogenous isotropic material. In reality, each of the constituent layers of the urethra, and
biologic tissues in general, are most likely anisotropic or orthotropic. Further these equations are based upon an
assumption of a uniform cylindrical shape, which is also clearly an idealized situation. Each of these assumptions
simplifies the derivation of the equations and results in expressions for stress dependent only upon the tissue
geometry and the applied pressure. However, the idealized situations represented by these equations are far from
reality in most cases when describing biologic tissues, and thus the validity of values obtained should be taken in
this context. In addition, in future studies, we should consider other attempts in the literature to perhaps more
closely represent the biologic situation.

It is obvious through examination of histology that the urethra is composed of various distinct muscle and
non-muscle layered components, each with discrete material properties. Indeed, the mechanical behavior of multi-
component structures like the urethra will ultimately depend upon the individual mechanical properties of its

constituent components, their relative content, and the manner in which they are coupled. Accounting for such
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heterogeneity throughout the tissue wall requires more rigorous modeling of stress distribution. One such model,
found within the vascular biomechanics literature, attempts to define the changes in stress distribution of
bioresorbable vascular prostheses that occur as the healing process elicits changes in the thickness and elastic
modulus of the various constituent layers [224]. Use of such a model most likely results in a more realistic
interpretation of stress distributions throughout the wall of the tissue, through the representation of the tissue as a
heterogeneous three-layer composite. However, it too is based upon the Lame equations, which were derived using
classical infinitesimal linear deformation theory (generally valid for strains <10%). As demonstrated here for the
urethra many biologic tissues readily deform in a finite and non-linear manner, thus again restricting the application
and validity of such models. More complicated two-layer models have been proposed to account for this non-
linearity through inclusion of more complicated descriptions of finite deformations [225]. While such non-linear
models may in theory allow more accurate representations of tissue responses, it is also important to mention that
the inclusion of additional parameters come at a cost of potential exposure to additional experimental error and
assumptions. For instance, incorporation of material non-linearity requires inclusion of an assumed form of the
strain energy density function. In addition, in either the linear or non-linear case, utilization of such models requires
prior definition of mechanical properties for each of the representative layers of the tissue. For the linear model, this
requires a single elastic modulus to be defined for each component. For the non-linear model, extensive
experimentation to accurately define mechanical properties over the large deformation range would be necessary.
Future attempts to make more accurate and detailed biomechanical evaluations of urethral tissue responses
should also include evaluation of potential residual stresses and strains within the tissue. In the estimation of stress
performed here it was assumed that the no-load and zero-stress states were equivalent. The no-load condition
defines the tissue state in which the applied transmural pressure is zero. The zero-stress state defines the stress-free
state of the tissue, which does not implicitly occur under no-load. In fact, for vascular tissues, this is demonstrated
by the fact that segments of vessels cut in the axial direction expand to varying characteristic opening angles
depending upon the strain distribution that exists in the no-load state. It has been shown that vessels exhibiting this
behavior are under a compressive residual strain near their inner surface and a tensile residual strain near the outer
surface, thus explaining this opening characteristic in the absence of any applied forces. By ignoring residual
stresses/strains, Fung et al. [226] demonstrated that an overestimation and underestimation of strain will occur at the

inner and outer radii, respectively (with the inner an outer surfaces demonstrating the largest degree of error; this
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effect is minimized near the mid-wall). It is not currently known whether the urethra is similar to blood vessels in
this manner. However this issue should be pursued to eliminate the potential error associated with the presence of
residual stresses/strains, particularly for cases in which detailed stress distribution information throughout the

urethra wall is desired.

4.4 Future Work

4.4.1 Isolation and Identification of Efficient Myogenic Progenitors

Aside from those already mentioned within previous sections, further experimentation is necessary to
validate the hypothesis generated here regarding the influence of progenitor cell differentiation and proliferation
behavior in their capacity to regenerate skeletal muscle. This includes both general experimentation, to further
corroborate the evidence presented, as well as more specific studies to address the mechanisms behind the
differential control of such processes. Obviously, translation of such work toward clinically meaningful outcomes
will require the use of human-derived myogenic populations in future experiments.

As a follow-up to the work described here, in vivo experimentation has already been initiated to further
investigate the temporal sequence of donor cell behavior following injection. As an example, although semi-
quantitative, tracking cellular position and mitotic cycle status in vivo may be accomplished through the
combination of inducible reporter-gene techniques and specific labels of cell division. Following implantation of
transduced donor cells, the host animal can be injected systemically at timepoints of interest with
bromodeoxyuridine, which is incorporated into the DNA of dividing cells during the S phase of the cell cycle.
Double-labeling of muscle tissue sections for both donor cell and dividing cell markers would reveal the location
and mitotic status of the injected population of interest. Additionally, a more direct study of in vivo proliferation
characteristics and its subsequent effects on regeneration outcomes could be performed through similar
transplantation experiments to those described here, but in combination with exposure to substances known to limit
or prevent cell proliferation. As an example, exposure of myoblasts to the protein myostatin, a member of the
transforming growth factor-beta superfamily, has been shown to drastically decrease proliferation through arrest of

the cells in the G, phase of the cell cycle [227]. A similar effect may be achieved through the transduction of cells
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with vectors designed to induce constituitively high levels of MyoD or, perhaps more directly, specific cyclin-
dependent kinase inhibitors. Implantation of the various progenitor populations both with and without imposed
limitations on expansion capacity would allow perhaps a more direct assessment of the importance of in vivo
expansion to myofiber production. If this cellular characteristic were indeed influential, as has been suggested by
the results presented here, it would follow that such limitations would have a significant impact on the regeneration
ability of the most efficient populations (e.g. MDSC) and little impact on the least efficient (e.g. EP).

Additional experimental work to study the link between myogenic differentiation status and regeneration
capacity, in a more direct fashion, would build upon and presumably strengthen the work presented here.
Unfortunately, as many regulational transcription factors (i.e MRFs) are nuclear-localized, it is not possible to utilize
antibody-mediated sorting methods to separate viable myogenic cells based on expression of these proteins.
However, construction of viral vectors encoding for fluorescent proteins under the control of MRF-specific
promoters would permit the utilization of FACS to achieve such separation. Results of transplantations performed
utilizing such populations might enable the identification of specific points within the sequence of myogenic
regulatory gene expression beyond which effective regeneration may not be achievable. Taken together with
previous in vitro studies that have provided a clear linkage between MRF expression and cell cycle entry, described
within section 1.1.2, all of these future experiments may provide evidence of such a linkage in the in vivo setting
within the context of myogenic regeneration.

Aside from these MRF relationships, the biochemical effects of CD34 expression on proliferation and
differentiation pathways invites further investigation. Although MRF regulation of protein expression controlling
the myogenic differentiation program is no doubt a central determinant of cell fate, the observed behavioral
differences between the CD34 sorted populations in the absence of discernable differences in MRF expression
suggest that there may be still other unknown influential pathways involved. Examining possible biochemical
connections between CD34 and cell cycle regulators, also interconnected with differentiation, would be a logical
first step.

Although the experiments performed here became focused on the effects of differentiation, it is also
acknowledged that a number of other potential variables may additionally affect regeneration outcomes. In order to
fully examine the cause(s) of differential regeneration, further experimentation must be performed to more

adequately weigh the influence of all such variables. As previously mentioned in section 1.2.2, a rapid demise of
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donor cells has been previously observed and has been implicated as one of the reasons for the lack of success in
myoblast transfer therapy for the treatment of muscular dystrophies. A number of causes of short-term cell loss are
possible, involving non-specific inflammatory, necrotic, or apoptotic pathways. However, performing such
investigations is challenging, as many potentially influential factors are interrelated. For example, evidence of
positive effects on survival are seen following the induction of heat shock proteins and their associated upregulation
of anti-apoptotic proteins (e.g. Bax/Bcl-2), which has resulted in increased myogenic cellular survival and
engraftment by up to two-fold [228]. It has also been shown that induction of certain cyclin-dependent kinase
inhibitors, such as p21, also result in the induction of anti-apoptotic proteins, thus implying that cell survival is
negatively linked to proliferation and positively linked to differentiation [229]. However, in contrast to this
association, efficient MDSC populations which readily proliferate have also been shown to express what appear to
be high levels of anti-apoptotic proteins [39]. This is also in contrast to the experimental results presented here,
since a mechanism of improved regenerative performance coinciding with delayed differentiation and proliferation
would seemingly also lead to exposure of cells to possible mechanisms of apoptotic destruction. Nevertheless,
preliminary results indicate that apoptosis does occur at the site of transplantation shortly following injection (Figure
4.2), emphasizing the need for further dissection of early cell survival mechanisms and their subsequent influence on
transplantation outcomes. Indeed, separating such effects from specific host immune elimination is more relevant to
the application of the proposed uromyoplasty therapy, which is at least initially intended to be applied in an
autologous fashion. However, aside from these short-term survival effects, the potential for donor-derived myofiber
innervation may also have a significant impact on the longer-term survival of newly formed myofibers.
Interestingly, this dependence appears to vary widely among different muscle types and locations, to an extent such
that predictions of myofiber survival within a particular tissue based solely on this criterion would not be realistic
[230]. The presence of both sensory and motor neurons, as well as Schwann cells or their released proteins, are
thought to be essential for successful innervation and therefore may contribute to this spatial dependence [231]. In
this regard, independent confirmation within the urethral environment must be established through continued study
of myofiber persistence in relation to innervation before any conclusions regarding the long-term outcome and

functionality of new tissue resulting from cellular uromyoplasty therapy can be made.
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Figure 4.2 Evidence of apoptosis at the site of donor cell (EP)
transplantation, 48 hours post-injection. Apoptotic cells (dark)
are revealed by peroxidase staining following the labeling of
DNA fragments generated by activated endonucleases
(TUNEL method). Image taken at 200x magnification.

4.4.2 Ex vivo Urethra Biomechanics

As mentioned, certain modifications to the experimental system would most likely reduce the overall
variability associated with the P-D measurements and improve control over muscle activation, and as such should be
implemented prior to further experimentation. This includes outfitting the experimental system with mechanisms to
provide precise applied pressure increments over a smaller range as well as switching from chemical to electrically-
evoked muscle stimulation.

Further study of the relative influence of urethra constituent muscle components would build upon the work
presented here, and would aid the urologic community in better understanding continence mechanisms. More
specifically, in regard to uromyoplasty, the issue of regenerated striated muscle functionality is a scientific priority
as it provides the foundation for applying this type of therapy to restore tissue function rather than alternative
passive bulking options. Therefore, it follows that future experimentation be performed with the intent of resolving
the mechanism of observed improvements in leak point measures, as well as to further investigate whether

characterization of urethral mechanical responses can be utilized in a predictive fashion to estimate the potential
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clinical benefit of cellular therapy. With this in mind, experiments to better understand and correlate the dependence
of urethral biomechanics on the amount of local striated muscle would be beneficial. Unlike other currently
available techniques, the methodology described here may be capable of delineating passive and active contributions
to overall urethra mechanical properties. Urethral tissue resistance to deformation may be thought of as a composite
of the individual contributions from the various constituent tissue components. Attempting to break down total
tissue responses into the sum of those contributed by all of the individual passive and active constituent components
of the tissue assumes a somewhat straightforward, or linear, interaction between these constituents. In contrast to
this reductionism approach, it may be more realistic to initially attempt to predict the mechanical response of whole
tissues following changes in a single component under specific loading conditions. For the purpose of predicting the
mechanical benefit of augmenting a specific component within the tissue, in this case striated muscle, it may be
beneficial to initially start with simplistic models involving minimal constituent terms. Using circumferential stress
and strain parameters, obtained through similar methodology as already described, we can attempt to apply material
composite theory to account for individual material contributions to the overall stress response. Assuming a no
slippage condition between the components of the composite material, equal strain will be experienced by the
composite as a whole and subsequently by each individual component. Thus, the load carried by the composite (P.)
is shared between the separate components (indicated as 1 and 2) and is additive. The total load carried by the
composite, written in terms of the individual stress components and their corresponding cross-sectional areas (CSA),

is given by the equation below.
P =0, *CSA =0, *CSA, + 0, *CSA, [43]
By assuming that the fibers that run through the composite are homogeneous, in the circumferential direction, the

volume fraction (V) is equal to the area fraction such that this relationship can now be written as follows.

o.=0,*V,+o0,*V, [4.4]

c
With respect to the strain, which is assumed to be experienced equally for each component of the composite, the
differentiation of the stresses with respect to the strain gives the material properties of each of the composite

components:

do, do, do,
de, de, s de,

c

v, [4.5]
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E =E*V, +E,*V, [4.6]
where E is the material elastic modulus, in this case in the circumferential direction [232]. As a first attempt,
application of composite theory to urethral tissue can be applied using similar simplified forms as described above.
For example, in the active tissue state, the tissue components can be broken down to include the passive ECM
(component 1) and the active striated muscle (component 2). In this simplified form it could initially be assumed
that these ECM and the active cellular contributions dominate the response. Passive cellular cytoskeletal
contributions from smooth muscle and its interactions with the ECM can be included as part of the generalized ECM
component rather than considered separately. Similarly, in the passive state, the total tissue response can be thought
of as resulting from contributions of the passive ECM/smooth muscle (component 1) and the passive striated muscle
(component 2). For both cases, this type of model is based on small strain linear elastic behavior and thus should be
applied to regions of the stress/strain response corresponding to <10-15% strain. In this region, based on
preliminary results, a relatively linear response can be expected. Modifications to the experimental system to reduce
the pressure range applied, and use of smaller pressure increments, will allow more experimental data to be collected
within this small strain range. However, even in this simplified form, additional assumptions must be made in order
to perform this type of analysis. The muscle fiber arrangement is considered to be preferentially circumferential and
does not vary from sample to sample. In addition, it must be assumed that the fibers are uniform in their individual
strengths. Statistical models to account for the cumulative weakening of composite structures, as individual fibers
fail at increasing loads, have been proposed to account for stress redistribution in composites, but would be difficult
to apply in this setting. As mentioned, other stress generating components can be considered negligible or lumped-
in with other terms for simplification. Direct measures of the interaction of cytoskeletal components with the ECM
would require additional experimentation using agents that disrupt the cytoskeletal structure of the cells, perhaps by
destruction of the cellular actin filament structure [233].

The benefit of applying the type of analysis described above is that it may help us to better understand the
relative passive and active influence of the striated muscle layer. Measurements made in the presence of variations
in local striated composition would be required to effectively determine this influence. However, as demonstrated
here, variations in striated myofiber orientation likely prohibit the use of the natural axial variations in striated
muscle content that occur within the urethra to be used for this purpose. Alternatively, injury models to reduce the

amount of striated muscle could allow such a determination to be made at a single axial location, most logically the
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mid region. Fortunately, such injury models have been previously investigated by researchers attempting to create
conditions to mimic SUI in animal models. Common models to induce loss of striated muscle in the female rat
involve transection [187], crush [234], or cauterization to damage the pudendal nerve which specifically innervates
this muscle layer. Other methods involve direct administration of myotoxic agents [120]. This type of study may
potentially be effectively combined with in vivo measures of continence function in the investigation of
uromyoplasty therapy. As outlined in Figure 4.3, correlation of in vivo physiologic measures such as leak point
pressure with ex vivo biomechanical parameters and histological evidence of tissue structural changes would provide
a solid foundation for delineating the role of the striated muscle and the subsequent consequences of cell injection
therapy. However, a major assumption for extension of such results to cases in which the striated muscle is
regenerated through transplantation requires that the new tissue be as functionally-integrated as the native tissue.
Experimentally-obtained data utilizing treated tissue would be needed to verify the validity of such assumptions and
determine whether simplistic determinations of muscle area can be translated into models to predict physiologic
outcomes.

For the composite model discussed above, an account of heterogeneity in material properties throughout the
tissue wall is accomplished simply through an inclusion of the relative volume fraction of each separate material
component. This would imply that the individual components are evenly distributed throughout the wall thickness.
Through examination of histology it is obvious that the various major urethra components (striated muscle, smooth
muscle, inner submucosa) are arranged in a concentrically layered manner. As mentioned within 4.3.2, alternative
models accounting for material heterogeneity in a layered cylindrical model have been proposed, and may permit a
more accurate physiologic representation of the urethra. Using this model, presented by Vorp et al. [224], the stress
distribution throughout the thickness of the wall is dependent upon the inner and outer pressures acting on the
complex and on the mechanical properties and thickness of each layer. This type of a model, based upon histologic
measurements and previously reported material property values (elastic moduli) of muscle and similarly-structured
connective tissue components, could be beneficial at the least with regard to estimating the hypothetical effects of
increased striated muscle layer thickness on overall stress distribution. Incorporation of measured material values of
the various urethral components, obtained through future direct experimentation, could be added later to improve

upon the model’s quality.
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Figure 4.3 Proposed experimental protocol for establishing the influence of striated muscle in the
biomechanical properties of the urethra, in relation to physiologic measures of continence.
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5.0 CONCLUSIONS

The prevalence of SUI among the aging female population is so high that it is often considered inevitable.
Development of this condition, while not life-threatening, can be associated with severe psychological distress and
represents a considerable financial burden to the health care community in caring for the elderly population. The
importance of the urethral striated muscle layer in maintaining continence has been previously demonstrated through
numerous physiologic studies, and damage to this muscle has been implicated in the immediate and delayed onset of
SUI. Thus, methods to restore or augment this muscle layer have the potential to create functional improvements in
urethral continence securing ability, as opposed to other therapeutic options leading to the creation of bulking
obstructions which may or may not persist and which do not address the underlying pathology of the condition.

Regeneration of striated (skeletal) muscle fibers in response to injury is made possible by the presence of
resident myogenic progenitor cells. Previously, transplantation of these progenitors has been proposed as a potential
treatment for muscle diseases. From a research standpoint, the overwhelming majority of such investigations have
focused on the regeneration of motor skeletal muscle to augment the expression of a missing and crucial structural
protein, dystrophin, resulting in the pathogenesis of muscular dystrophy. It follows that previous knowledge and
experience gained from the use of such technology in the field of muscular dystrophy could be applied for the
successful treatment of SUI. ~ Although this concept seems relatively straightforward, and the smaller scale
regenerative task at hand seems significantly easier, a number of relevant scientific concerns remain unaddressed.
Despite the tremendous amount of research performed in the field of myogenic cell transplantation, little progress
has been made in the isolation and identification of progenitors that are capable of tolerating the initial
transplantation environment and effectively regenerating clinically-relevant quantities of muscle. Moreover, as
opposed to motor skeletal (striated) muscle with a clearly defined and measurable physiologic function, the
quantitative role of striated muscle within the urethra remains unclear.

To address the first of these deficiencies, the preplating isolation technique was used to obtain populations
that displayed variable abilities to regenerate skeletal myofibers, assessed through the appearance of dystrophin
within dystrophic animals following transplantation. A wide range of regeneration ability between isolated
populations was observed, however the most efficient population was also the most difficult to obtain, through a

laborious culturing procedure. Variable surface protein expression was confirmed among the isolated populations
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and provided the basis for investigating whether such proteins had a predictive value in identifying the most efficient
progenitors prior to their implantation. However, the proliferation and differentiation behavior of cells within these
isolated populations was observed to be superior to these surface markers in this regard. Further, associations
between behavior and regenerative quality spanned cells obtained from several species. These results contribute to
the growing evidence of underlying behavioral differences that exist between various myogenic progenitors, while
also providing evidence that these differences may significantly impact their functional capabilities post-
transplantation and thus their utility in regenerative therapies. Further understanding of variability in proliferation
and differentiation processes may allow their exploitation for therapeutic benefit. This may indeed represent a
significant advancement in an otherwise relatively stagnant field that has struggled to understand the critical
variables controlling successful regeneration.

Using an ex vivo urethra preparation in combination with an experimental apparatus that had been
specifically designed for investigating vascular biomechanics, characterization of regional urethral mechanical
properties was performed. It is believed that this represents the first study of its kind, and as such represents a
significant advancement in the field by providing a tool in which to relate local urethral tissue structure to
mechanical function. Indeed, it was shown that local contractile function could be related to quantitative
histological measurements of regional muscle content. Establishing pharmacologic protocols that would allow the
specific activation or de-activation of the smooth and/or striated muscle constituents was fundamental to performing
studies in which passive and active element contributions to such responses could be evaluated. Measurement of
tissue deformation resulting from increasing applied intralumenal pressures allowed quantitative and descriptive
parameters describing the contractile capability of each muscle component and its subsequent influences on regional
mechanical tissue properties to be obtained. From these measurements, smooth muscle exerted a significantly
greater influence on these responses within the mid region in comparison with striated muscle, which corresponded
with smooth muscle’s ability to generate a higher degree of circumferential stress over a wider range of strain. This
would suggest that, in relative terms, a large degree of striated muscle regeneration may be required to elicit
significant biomechanical changes. However, the relatively small size of the urethra as a whole, and specifically the
functional sphincter region, provides hope that regenerative strategies will be sufficient enough to achieve clinically-
relevant outcomes. Not to be overlooked, these outcomes may be highly dependent upon the placement of the

cellular grafts and the relative orientation of the regenerated muscle fibers. It should also be mentioned that, as with
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most experimental endeavors, the methodology used in the collection of the biomechanical data is currently not
without limitations. The most relevant of which was the activation of the striated muscle which may have led to the
underestimation of its mechanical relevance to the urethra. Improvements in the system, as suggested, should permit
future urethra biomechanical investigations to solidify the structure-mechanical function relationship of normal and

therapeutically-treated tissue.
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APPENDICES
Appendix A

Non-exponential Growth Model

Within many primary and non-primary cell cultures, a fraction of the cell population often remains in a
non-dividing state. To account for this fraction in describing cell population growth, a non-exponential growth
model has been proposed by Sherley. This model uses two characteristics of mitotically-active cells to describe the
grow kinetics of a cell population, the mitotic fraction (o) and the cell division time (DT). To simplify the
mathematical description of non-exponential growth, the following assumptions are made: 1) cells undergo
asymmetric divisions, such that the probability of a dividing cell giving rise to a non-dividing cell is constant (i.e. o
remains constant), 2) DT of the mitotically-active fraction remains constant over the period of interest, and 3) non-
dividing cells do not re-enter the cell cycle. The validity of these assumptions has been discussed within the
myogenic cell compartment [235]. Starting with an initial number of cells, N,, the number of cells at any

subsequent doubling time interval can be described by the following:
N, =2aN,+(1-a)N, [A1]

where the first term represents the mitotically-active fraction and the second term represents the non-mitotically-
active fraction. With the assumptions outlined above in mind, it follows that subsequent intervals may be described

as follows.

N, =2a(2aN,)+(1-a)2aN,)+(1-a)N, [A2]
N, =2a'N,+(1-a)2a'N, +(1-a)’N, [A3]

Expansion of the terms and simplification leads to the following expression.

i=0

N, =N, {0.5 + 0.52(204)’} [A4]
The following identity (A5) can be used to put the equation into its final form, equation A6.

; 1-x
'=q—— AS
aZx a 1—x [AS]
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Appendix B

Thick-Walled Circumferential Stress

Variation of stresses in the radial direction (i.e. og(r), o,(r)) cannot be neglected with thick-walled vessels
[211]. A force balance in the radial direction, on a differential element of thickness dz and with radial and
circumferential stresses acting upon the element contained within a thick cylindrical-shaped tissue wall (see Figure

A.1), yields the following equation.

(o, +do, \r+dr)dédz — o,rddz - 20 ,drdz sind—z‘g =0 [A7]

Figure A.1 Stresses acting on a differential element within a
cylindrical-shaped tissue segment. Adapted from [211].

This equation is expanded and simplified from discarding higher-order differential terms, and by applying an

approximation of sin d6/2 = 6/2 for a small differential element (e.g. small 6). Dividing all terms by rdrdfdz yields

the simplified equilibrium equation.
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do—r + (Gr _GH)ZO [AS]
dr r

For displacement, du, in the radial direction, the radial (g,) and circumferential (gg) strains are given by the following

equations.
& = @ [A9]
" dr
2n(r+u)—2mr u
9 = =— [A10]

27r
Further, the stress-strain relationship can be represented by the following generalized Hooke’s law relationships for

an isotropic material

g, =—t——C——= [A11]

g, =—L——L = [A12]

where E is the elastic modulus and v is the Poisson’s ratio (lateral strain/axial strain; such that deformation in one
direction will result in corresponding balancing deformations in the transverse directions). These equations also
incorporate an assumption of homogeneity such that E is the same at every point in the material (allowing for the
principle of superposition to be applied). Rearranging A11 and A12 and simplifying (c,=0) yields the following

expressions.

o, =E¢ +vo, [A13]
o, =FE¢, +vo, [Al14]

Substituting equation A14 into A13, and similarly A13 into A14, yields

= (e, vos,) [Al5]

and similarly o, = (e, +vs,) [Al6]

2

Substitution of equations A9 and A10 into equations A15 and A16 yields the following stress-strain relationships.
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o = E_[(du + o [A17]
"o 1=p?\dr r
o, = E “ +0 du [A18]
1 r dr
Substitution of A17 and A18 into the equilibrium equation, A8, yields A19.
J du+uu du+uu u+Udu
dr r dr r r dr
+ -0 [A19]
dr r

Not that the constants E and v (which is taken to be a constant 0.5 for incompressible materials) are eliminated from

the equation. Expansion of the terms in A19 lead to the following generalized equations for radial displacement,

u=u(r).
du’ ldu u _ [A20]
dr* rdr oy’
hich can b itt d1d (wr)|=0 [A21]
which can be re-written as ——— =
dr|rdr
Integrating equation A21 yields
6
u(ry=cr+— [A22]
r
Substituting A22 into the stress-strain relationships given by equations A17 and A18
E 1-v)]
o, =——|c(+v)-c, (—2) [A23]
1-v° | ro |
E [ 1-0)]
o, =——|c(l+v)+c, (—2) [A24]
I-v" | re

Evaluation of the integration constants c¢; and c, is performed by applying boundary conditions at the inner (i) and

outer (o) cylinder surfaces; 6,=-P; at R=R; and 6,=-P, at R=R,. These conditions state that the radial stress at each
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surface is equal to the pressure acting at each respective surface, and both are negative since the pressures are acting

into the surface. Substituting the boundary conditions into equation A23

E I-v

e 23
E I-v

—PZ:I_U2 {cl(lﬂ))—cz?} [A26]

these equations can be solved to yield expressions for the integration constants. For simplification, let A=E/1-v?,

B=1+v, and D=1-v. Subtraction of A26 from A25 yields

1 1
P2 _f)l :ADCZ(R—OZ—R—Izj [A27]
Rearranging A27 yields
1 | R'R}(R-P,) [A28]
C =
’ 4D Roz - Ri2
and substitution of A28 back into A25 results in a similar expression for c;.
1 ( PR? - PR’
¢, = 1 ’2 22 0 [A29]
AB Ro - Ri
Substitution for A,B, and D results in the final expressions for the integration constants.
_1-v| PR} -PR;
¢ = g Rf —Riz [A30]
1+v[ RZR}(P,~P)
and c, = > 3 [A31]
E Ro - Ri

We can now substitute A30 and A31 into equation A24 to obtain an expression for radial ¢ distribution throughout

the thickness of the cylinder wall.

R’ R’ R’ R’
7o) = P(ﬁj(l = jP(ﬁIl —] A

This equation may be simplified further for cases in which transmural pressure (P) is specified as the internal

pressure, P;. Thus, P,=0 may be substituted, resulting in the simplified form.

177



R’ R?
O'H(I’):P—Rz : 1+—2

Y 2 [A33]

o l

As predicted by the equation A33, o4 decreases with increasing radial position toward the outer cylindrical surface

(increasing r). This is intuitive since the circumferential strain is the largest near the inner surface and the smallest

near the outer surface of the cylinder.
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Appendix C

Pressure-Diameter and Stress-Strain (Mid-wall) Responses
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Figure A.2 Smooth muscle only pressure-diameter and mid-wall stress-strain responses.
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Figure A.3 Smooth muscle only pressure-diameter and mid-wall stress-strain responses, continued.
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Figure A.4 Smooth muscle only and smooth-striated muscle pressure-diameter and mid-wall stress-strain responses.
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Figure A.5 Smooth-striated muscle pressure-diameter and mid-wall stress-strain responses, continued.
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Figure A.6 Smooth-striated and striated muscle only pressure-diameter and mid-wall stress-strain responses.
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Figure A.7 Striated muscle only pressure-diameter and mid-wall stress-strain responses, continued.
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Figure A.8 Striated muscle only pressure-diameter and mid-wall stress-strain responses, continued.
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