PREFACE

Implanted man-made foreign bodies as substitutes for damaged or
poorly functioning tissue structures have been a goal of physicians and sur-
geons for most of recorded history. The use of aforeign body for drainage of
the urinary tract has been known and described for more than 5000 years.
Metal bladder cathetersintroduced through the urethra were described by the
Romans, evidence of which was found in Pompeii. Only in the past three
decades, however, have materials been available for permanent implantation
that are accepted by the body, infrequently extruded, and uncommonly
affected by device infection. These materials, developed through research
begun by the space program in the 1960s, have been fashioned into prosthe-
sesfor usein plastic surgery, orthopedics, otorhinolaryngology, vascular sur-
gery, cardiac surgery, and urologic surgery. Owing to the host acceptance of
these materials and modern antibiotic prophylaxis to decrease the incidence
of infection, urologic conditions can be treated with increasing success using
these prosthetic devices. Useof prosthetic devicesand material have now become
anintegral part of most surgical specidties, and continue to be moreimportant in
reconstructive substitute surgery in urology aswell asfor urinary drainage.

The first widely used and accepted prosthetics in urologic surgery
were the testicular prostheses. Although currently there is some controversy
about the long-term effects of silicone gel-filled and silicone foam-filled tes-
ticular prostheses designed similar to breast prostheses, a large number of
testicular prostheses of various designs have been implanted with excellent
cosmetic results and few reported complications. After a hiatus of almost a
decade, these prosthetic devices are back, providing excellent prosthetic and
cosmetic support for patients who have lost or not developed normal testes.

Prosthetic implants to restore erectile function werefirst attempted in
the 1930s. Because of material difficulties, however, acceptable prostheses
were not available until the 1970s. These devices are currently in worldwide
use for restoring erectile function in patients with significant erectile dys-
function. Early prosthetic implants using rib cartilage and acrylic implanted
beneath Buck’ s fascia were poorly tolerated and resulted in inadequate erec-
tile function. These early prostheses were fraught with infection, extrusion,
and pain, and functioned poorly in restoring the ability for patientsto be sexu-
ally active. The creation of intracorporal cylinders of both semirigid and
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inflatable type in the early 1970s revolutionized the implantation of penile
prostheses. With continued devel opment and refinement, these prostheses are
currently available in different forms. The modern penile implant can be ex-
pected to provide excellent function, satisfactory cosmetic results, and long-
term reliability. Not only are these prostheses satisfactory for routine
implantation, but they are also useful for penile reconstruction, the treatment
of Peyroni€' s disease, priapism, and other complex penile conditions.

The use of prosthetic devicesfor the treatment of urinary incontinence
has been long dreamed of . The introduction of several artificial urinary sphinc-
tersin the early 1970s has now narrowed to asingle currently availableinflat-
able artificial urinary sphincter aswell as two injectable bulking agents. The
refinement of this device over the past thirty years has resulted in areliable,
effective device for the management of intractable urinary continence from a
variety of etiologies. The artificial urinary sphincter has been modified,
refined, and perfected such that the reliability is excellent and the versatility
of the device allowsimplanting surgeonsto usethe artificial urinary sphincter
for incontinence in males and females of all ages, aswell asin bladder recon-
structive surgery. New uses in fecal incontinence are beginning to demon-
strate effectiveness.

The cornerstone of prosthetic devices in the urinary tract, however,
are those used for urinary drainage. Indwelling urinary stents have only been
available for the past 20 years. Stents, modifications of the original urethral
catheters, can now drain the kidneys, ureter, and bladder, and can beleft indwelling
in the prostate and urethra. These stents are now refined to a point where they
are comfortable for patients, resistant to incrustation, resistant to infection,
and yet provide excellent short- and long-term drainage of the urinary tract
without external appliances or tubes.

Urologic Prostheses was compiled to provide a broad view of pros-
thetic devices used in urologic surgery. In keeping with the recent advances
in urologic prosthetic surgery, contributors of recognized authority have been
assembled to write expert articles for this book. Each contributing group has
been able to bring to their subject significant experience in that area of pros-
thetic urology to share this experience with the readership and their demon-
strated skill inaparticular area. Although the reader will note some repetition
of subject matter, there will be benefit of this repetition because differences
of opinion among various authors in approaching the choice of prosthetic
devices and management of specific problemsin urologic prosthetic surgery
will provide the reader with a complete view of this subspecialty. The clear,
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concise, and compl ete discussion of prosthetic urology in this book was made
possible by the fine work of the individual contributors, each of whom pro-
vided material that isinstructional and valuableto all practitioners of urologic
prosthetic surgery whether they are at the beginning of their practice or
experts in the field of reconstructive and prosthetic surgery. Owing to the
wide variety of prosthetic devices available and the recent introduction of some
of these technologies, authors have skillfully placed the newer technologies
of prosthetic surgery in their proper perspective to assist the reader in assess-
ing their placesin urologic surgical practice.

Culley C. Carson |11, mp
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INTRODUCTION

Numerous urologic tissue substitutes have been attempted with both
synthetic and organic materials (1). Thefirst application of afree-tissue
graft for bladder replacement was reported by Neuhoff in 1917, when
fasciawas used to augment bladders in dogs (2). Since that first report,
multiple other free-graft materials have been used experimentaly and
clinically, including skin, bladder submucosa, omentum, dura, perito-
neum, placenta, sero-muscular grafts, and small intestinal submucosa
(3-8). Synthetic materials, which have been tried previously in experi-
mental and clinical settings, includepolyvinyl sponge, tetrafluoroethylene
(Teflon), gelatin sponge, collagen matrices, vicryl matrices, resin-sprayed
paper, and silicone(9-15). Some of theaf orementioned attemptshavenot
gained clinical acceptance owing to either mechanical, structural, func-
tional, or biocompatibility problems. Permanent synthetic materialshave
been associated with mechanical failure and calculusformation. Natural
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materialsusually resorb with time and have been associated with marked
graft contracture.

Some of the free grafts utilized for bladder replacement have been
able to show atrilayered histologic distribution in terms of aurothelial
layer, amidlayer composed of connectivetissue, and amuscular layer,
all of which have varied in terms of their full development. It has been
well established for decades that the bladder is able to regenerate gen-
erously over free grafts (16,17). Urothelium is associated with a high
replicativecapacity. However, themusclelayersarelesslikely toregen-
erate in a normal fashion. Both urothelial and muscle ingrowth are
believed to beinitiated from the edges of the normal bladder toward the
region of the free graft (18). Usually, however, contracture or resorp-
tion of the graft has been evident. We have hypothesized that the
inflammatory response toward the matrix, and the paucity of normal
muscle regeneration may contribute to resorption of the free graft
when used alone.

TISSUE-ENGINEERING STRATEGIES

Theoverall failureinthestrategiesattempted for genitourinary tissue
replacement in the past led us to apply the principles of cell transplan-
tation, materials science, and engineering toward the development of a
biological substitute that would restore and maintain normal function.
Céll transplantation has been proposed for the replacement of avariety
of tissues, including skin, pancreas, and liver. However, the concept of
urothelial-associated cell transplantation had not been formerly
approached inthe laboratory setting until earlier this decade because of
theinherent difficulties encountered in growing urothelial cellsinlarge
guantities. Our laboratory was successful in culturing and greatly
expanding urothelial cells from small biopsy specimens. Using our
methods of cell culture, we estimate that it would be theoretically pos-
sible to expand a urothelial strain from a single specimen that initially
coversasurfaceareaof 1cm?to onecovering asurfaceareaof morethan
4000 m?within8wk (19-21). Thiswouldresultinacell yield that woul d
be sufficient to cover an entire football field. Bladder, ureter, renal
pelvis, and corporal cavernosal muscle cells can be equally harvested,
cultured, and expanded easily. Based on these observations, we pro-
posed an approach to tissue regeneration by patching isolated cells to
support structures that would have a suitable surface chemistry for
guiding cell reorganization and growth.

CELL DELIVERY MATRICES

It is known from previous studies that artificial permanent support
structures are lithogenic (Teflon, silicone) (1). Investigators havetried
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permanent homograft or heterograft support structures such as dura,
however, these contract with time and are problematic in a clinical
setting. Natural permanent support structures, such as denuded bowel,
retain their inherent properties and mucosal regrowth invariably occurs
withtime. A variety of synthetic polymers, both degradabl e and nonde-
gradable, have been utilized to fabricate tissue engineering matrices
(22). Bladder submucosawas proposed as ameatrix for tissue regenera-
tion in 1961, and there has been a recent resurgence of interest in this
material for bladder replacement (3,4). Intestinal submucosa has also
been proposed as a scaffold for the regeneration of urologic tissue (8).
All of thematerialsused until recently intheurinary tract, both synthetic
and natural, were applied without the use of cells. A common finding
with these materials was usually an adequate histological result, but
with a paucity of muscle tissue and subsequent graft contraction and
shrinkage (23,24).

Synthetic polymers can be manufactured reproducibly and can be
designed to exhibit the necessary mechanical properties (22). Among
synthetic materials, resorbabl e polymersare preferable because perma-
nent polymerscarry therisk of infection, calcification, and unfavorable
connective tissue response. Polymers of lactic and glycolic acid have
been extensively utilized to fabricate tissue engineering matrices (22).
These polymers have many desirable features; they are biocompatible,
processable, and biodegradable. Degradation occurs by hydrolysis and
the time sequence can be varied from weeksto over ayear by manipu-
lating the ratio of monomers and by varying the processing conditions.
Thesepolymerscanbereadily formedinto avariety of structures, includ-
ing small diameter fibers and porous films.

The porosity, pore size distribution, and continuity dictate the
interaction of the biomaterials and transplanted cells with the host
tissue. Fibrovascular tissue will invade a device if the pores are
larger than approx 10 um, and the rate of invasion will increase with
the pore size and total porosity of a device (25,26). This process
results in the formation of a capillary network in the developing
tissue (26). Vascularization of the engineered tissue may berequired
to meet the metabolic requirements of the tissue and to integrate it
with the surrounding host. In urologic applications, it may also be
desirable to have anonporous luminal surface (e.g., to prevent leak-
age of urine from the tissue).

The direction that we have followed to engineer urologic tissue
involvesthe use of both synthetic (polyglycolic and/or poly-lactic acid
and alginate) and natural (bladder submucosa, intestinal submucosa,
peritoneum, and reconstituted collagen) biodegradable materials with
and without cells.
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TISSUE ENGINEERING OF UROLOGIC STRUCTURES

Ureter and Urethra

Urothelial and muscle cells can be expandedinvitro, seeded onto the
matrix, and allowed to attach and form sheets of cells. The cell-matrix
scaffold can then be implanted in vivo. We have performed a series of
invivourologic associated cell-matrix experiments. Histologicanalysis
of human urothelial, bladder muscle, and composite urothelial and blad-
der muscle-matrix scaffolds, implanted in athymic mice and retrieved
at different time-points, indicated that viable cells were evident in all
three experimental groups (27,28).

Implanted cells oriented themselves spatially along the matrix sur-
faces. Thecell populationsappeared to expand from onelayer to several
layers of thickness with progressive cell organization with extended
implantation times. The matrix al one evoked an angiogenic response by
5d, which increased with time. Matrix degradation was evident after
20 d. Aninflammatory response was also evident at 5 d, and its resolu-
tion correlated with the bi odegradati on sequence. Cell-matrix compos-
ite implants of urothelial and muscle cells retrieved at extended times
(50d) showed extensiveformation of multilayered sheet-like structures
andwell-defined musclelayers. Matri ces seeded with cell sand mani pu-
lated into atubular configuration showed layers of muscle cellslining
the multilayered epithelial sheets. Cellular debris appeared reproduc-
ibly in the luminal spaces, suggesting that epithelial cells lining the
lumina are sloughed into the luminal space. Cell matrices implanted
with human bladder musclecellsal one showed almost compl eterepl ace-
ment of the polymer with sheets of smooth muscleat 50 d. Thisexperiment
demonstrated, for thefirst time, that compositetissueengineered structures
could be created de novo. Prior to this study, only single-cell-type tissue
engineered structures had been created. The mallesbility of the synthetic
matrix alowed for the creation of cell-matrix implants manipulated into
preformed tubular configurations. The combination of both smooth muscle
and urothelial cell-matrix scaffoldsisableto provideatemplatewhereina
functional ureter or urethramay be created de novo.

In the studies performed for tubularized structures, such as ureters
and urethras, if an entire segment was replaced, cells were needed in
order to prevent contracture. However, if theareareplaced wassmall in
at least one of its dimensions, i.e., an onlay graft for urethral replace-
ment, the cellswere not essential for adequate healing (29-31). A col-
lagen-based matrix has been used successfully for urethroplasty in
patients requiring re-do hypospadias repair (see Fig. 1) (31).
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Fig. 1. Radiographic urethrogram of a patient with a reconstructed urethra
using a collagen matrix shows maintenance of a wide caliber without any
evidence of stricture.

Bladder Engineering

In other sets of experiments, bladder tissue was engineered and used
for augmentation using similar techniques as aforementioned (32).
Partial cystectomies were performed in beagles. Both urothelial and
smooth muscle cells were harvested and expanded separately. Allo-
genic bladder submucosa obtained from sacrificed animal s was seeded
with muscle cells on one side and urothelial cells on the opposite side.
All beaglesunderwent cruci ate cystotomieson thebladder dome. Augmen-
tation cystoplasty was performed with the allogenic bladder submucosa
seeded with cells, and with the allogenic bladder submucosa without
cells. Bladdersaugmented with theall ogeni ¢ bladder submucosaseeded
with cells showed a 99% increase in capacity compared to bladders
augmented with the cell-free allogenic bladder submucosa, which
showed only a 30% increase in capacity.
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In all of the studies performed at our laboratory, whenever entire
segmentsof tissuewererepl aced, therewasadifferenceevident between
matrices used with autologous cells and those used only as aregenerat-
ing scaffold. Matrix-cell composites retained most of their implanted
diameter, as opposed to matrix only, wherein graft contraction and
shrinkage occurred (33).

Theresultsof al our prior studies showed that the creation of artifi-
cial bladders may be achieved in vivo, however, much work remained
to be done in terms of the functional parameters of these implants. In
order to address the functional parameters of tissue-engineered blad-
ders, an animal model was designed that required asubtotal cystectomy
with subsequent replacement with a tissue-engineered organ (34).

A total of 18 beagledogsunderwent atrigone-sparing cystectomy. The
animals were randomly assigned to one of three groups. Group A (n=6)
underwent closure of the trigone without a reconstructive procedure.
Group B (n=6) underwent reconstruction with acell-free bladder-shaped
biodegradable polymer. Group C (n=6) underwent reconstruction using
a bladder shaped biodegradable polymer that delivered autologous
urothelia cells and smooth muscle cells. The cell populations had been
separately expanded from a previously harvested autologous bladder
biopsy. Preoperative and postoperative urodynamic and radiographic
studies were performed serially. Animalswere sacrificed at 1, 2, 3, 4, 6,
and 11 mo postoperatively. Gross, histological, and immunocytochemi-
cal analyses were performed (34).

The cystectomy-only controls and polymer-only grafts maintained
average capacities of 24% and 46% of preoperative values, respectively.
An average bladder capacity of 95% of the original precystectomy vol-
ume was achieved in the tissue-engineered bladder replacements. The
subtotal cystectomy reservoirsthat were not reconstructed and polymer-
only reconstructed bladders showed a marked decrease in bladder com-
pliance(10% and 42%). Thecomplianceof theti ssueengineered bladders
showed almost no difference from preoperative values that were mea-
sured when the native bladder was present (106%). Histologically, the
polymer-only bladders presented apattern of normal urothelial cellswith
a thickened fibrotic submucosa and a thin layer of muscle fibers. The
retrieved tissue-engineered bladders showed anormal cellular organize-
tion, consisting of atrilayer of urothelium, submucosa, and muscle(Fig. 2).
Immunocytochemical analyses for desmin, a-actin, cytokeratin 7,
pancytokeratins AEX/AE3 and uroplakin Il confirmed the muscle and
urothelia phenotype. S-100 staining indicated the presence of neural
structures. The resultsfrom this study showed that it is possible to tissue
engineer bladders that are anatomically and functionally normal.
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Fig. 2. Histological analysisof canine bladders 6 mo after surgery. Hematoxy-
lin and eosin histological results (orig. magnif. X100) are shown for (A) blad-
der control; (B) thebladder domeof thecell-free polymer reconstructed bladder
showing extensivefibrosis, and (C) the bladder dome of the cell-seeded poly-
mer reconstructed bladder showing a normal architecture.

Genital Tissues

PeNiLE AND CLITORAL CorPORA CAVERNOSA

A largenumber of congenital and acquired abnormalitiesof the geni-
tourinary system, including ambiguousexternal genitalia, theextrophy-
epi spadias complex and impotence, would benefit from the availability
of transplantabl e, autol ogouscorpuscavernosumtissuefor useinrecon-
structive procedures. Given the mgjor structural and functional impor-
tance of corpora cavernosal tissue, it is clear that the availability of
autologous corpora smooth muscletissuefor usein reconstructive pro-
cedureswould beof great clinical utility, facilitating enhanced cosmetic
result, while providing the possibility of de novo, functional erectile
tissue.

Experimentsperformedinour laboratory weredesignedtodeterminethe
feasihility of using cultured human corporal smooth muscle cells seeded
ontobiodegradablematrix scaffol dsfor theformation of corpuscavernosum
muscle in vivo. Primary cultures of human corpus cavernosum smooth
muscle cells were derived from operative biopsies obtained during penile
prosthesis implantation and vaginal resection. Cells were maintained in
continuous multilayered cultures, seeded onto polymers of nonwoven
polyglycoalic acid, and implanted subcutaneously in athymic mice. Ani-
mal swere sacrificed at varioustime-pointsafter surgery and theimplants
were examined via histology, immunocytochemistry, and Western blot
analyses (35).
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Corporal smooth muscletissue was identified grossly and histologi-
cally at thetimeof sacrifice. Intact smooth musclecell multilayerswere
observed growing along the surface of the polymers throughout all
retrieved time-points. There was evidence of early vascular in-growth
at the periphery of the implants by 7 d. By 24 d, there was evidence of
polymer degradation. Smooth muscle phenotype was confirmed
immunocytochemically and by Western blot analyses with antibodies
to a-smooth muscle actin.

Further studies were performed wherein corpora cavernosal muscle
cellswere co-cultured with endothelial cells. The co-cultured cellswere
seeded on polymersandimplantedinvivo. At retrieval, by 42d, therewas
tissueorganization similar tonormal corpora(36). Thesestudiesprovided
thefirst evidencethat cultured human corporal smooth musclecellscould
be used in conjunction with biodegradable polymer scaffolds to create
COrpus cavernosum tissue de novo.

Inthefuture, it could beforeseen that corpora cavernosal tissue could
be safely and easily obtained under local anesthesia in a percutaneous,
office-based procedure. Onceharvested, thistissuecoul d beused to estab-
lish explant cultures of autologous human corporal smooth muscle cells,
fibroblasts, and endothelial cells. These cells, after expansion in vitro,
could be seeded onto biodegradable polyglycolic acid polymer scaffolds
where they would attach and multiply. Once delivered to the in vivo
environment as an autograft in a reconstructive procedure, they might
reorganize and resume their highly specialized physiologic function.

PENILE PROSTHESES

Currently, the principal method of reconstructing a phallus when
insufficient tissue is present, is to utilize silicone rigid prostheses.
Although silicone penile prostheses has been an accepted treatment
modality since the 1970s, issues with biocompatibility remain (37).
Creation of anatural penile prostheses composed of vascularized auto-
logous tissue may be advantageous. We had previously demonstrated
that autologous chondrocytes suspended in biodegradable polymers
would form cartilage structures when implanted in vivo (38,39). We
recently investigated the possibility of creating a natural phallic pros-
thesis consisting of autologous chondrocytes, which, if biocompatible
and elastic, could be used in patientswho requiregenital reconstruction.

Cartilage was harvested from the articular surface of calf shoulders.
Chondrocytes were isolated, grown, and expanded in vitro. The cells
were seeded onto preformed cylindrical polyglycolic acid polymer
rodsat a concentration of 50 x 106 chondrocytes/cm?. Cell-polymer
scaffolds were implanted in vivo. Each mouse had two implantation
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Fig. 3. Penile rod made from autologous cartilage cells.

sites consisting of a polymer scaffold seeded with chondrocytes and a
control (polymer alone). The engineered rods wereretrieved at 1, 2, 4,
and 6 mo after implantation. Stress-relaxation studies to measure bio-
mechanical properties, including compression, tension, and bending,
were performed on the retrieved structures. Histological analyseswere
performed with hematoxylin and eosin, aldehyde fuschin-alcian blue,
and toluidine blue staining (40).

Grossexamination showed the presence of well-formed milky-white
rod-shaped solid cartilage structureswhichwereapproximately thesame
sizeastheinitial implant (seeFig. 3). A seriesof stress-rel axation tests
were performed in order to determine whether the engineered cartilage
rods possessed the mechanical properties required to maintain penile
rigidity. Biomechanical analysesof all specimensdemonstrated similar
patterns. The compression studies showed that the retrieved cartilage
rodswere able to withstand high degrees of pressure. A ramp compres-
sion speed of 200 pm/s, applied to each cartilage rod up to 2000 pm in
distance, resulted in 3.8 kg of resistance. Thetension relaxation studies
demonstrated that the retrieved cartilage rods were able to withstand
stressand wereabletoreturntotheir initial statewhile maintainingtheir
biomechanical properties. A ramp-tension speed of 200 um/sapplied to
each cartilage rod created atensile strength of 2.2 kg, which physically
lengthened the rods an average of 0.48 cm. Relaxation of tension at the
same speed resulted in retraction of the cartilagerodsto their initial state.
The five cycles of bending studies performed at two different speeds
showed that the engineered cartilage rods were durable, malleable, and
were able to retain their mechanical properties. None of the rods was
ruptured during the biomechanical stress relaxation studies, which
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showed that the cartilage structureswerereadily elastic and could with-
stand high degreesof pressure. Histochemical analyseswith hematoxy-
lin and eosin, aldehyde fuschin-alcian blue, and toluidine blue staining
demonstrated the presence of mature and well-formed chondrocytesin
all the implants. There was no evidence of cartilage formation in the
controls.

Inasubsequent study, autol ogouscartilage seeded rodswereimplanted
into rabbit corporas. The scaffolds were able to form cartilage rods in
vivo, in the corpora. The engineered penile prostheses were stable, with-
out any evidence of infection or erosion (41).

Thesepreliminary studiesindicatethat creation of apenileprosthesis
composed of chondrocytes can be achieved using biodegradabl e poly-
mer scaffolds as a cell-delivery vehicle. The engineered tissue formsa
cartilaginous structure that resists high pressures. The use of an autolo-
goussystemwould preclude animmunol ogic reaction. Thistechnology
could be useful in the future for the creation of a biocompatible mal-
leable prosthesis for patients undergoing penile reconstruction.

Formation of Renal Structures

End-stagerenal failureisadevastating diseasethat involvesmultiple
organs in affected individuals. Although dialysis can prolong survival
for many patients with end-stage renal disease, only renal transplanta-
tion can currently restore normal function. Renal transplantation is
severely limited by a critical donor shortage. Augmentation of either
isolated or total renal function with kidney cell expansion in vitro and
subsequent autol ogoustranspl antation may beafeasiblesolution. How-
ever, kidney reconstitution using tissue-engineering techniques is a
challenging task. Thekidney isresponsiblenot only for urine excretion,
but for several other important metabolic functions in which critical
kidney byproducts, such asrenin, erythropoietin, and vitamin D, play a
large role. We explored the possibility of harvesting and expanding
renal cellsin vitro and implanting them in vivo in a three-dimensional
organizationin order to achieveafunctional artificial rena unitwherein
urine production could be achieved (42,43). Studies demonstrated that
renal cellscanbesuccessfully harvested, expandedinculture, andtrans-
planted in vivo wherethe single suspended cellsform and organizeinto
functional renal structuresthat areableto excretehighlevelsof uricacid
and creatininethrough ayellow urine-likefluid. Thesefindings suggest
that this system may be able to replace transplantation in patients with
end-stage failure.

Other approacheshaveal so been pursuedfor renal functional replace-
ment. Polysul phonehollow fibershavebeen prelined with variousextra-
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cellular matrix (ECM) components and seeded with mammalian renal
tubular and endothelial cells(44). Permsel ective convectivefluid trans-
fer and active transport of salt and water were demonstrated. Using this
approach, prototypic biohybrid constructs have been devel oped that are
able to replicate the renal excretory functions. In addition, this system
isableto facilitate gene and cell therapies by modifying the cells prior
to seeding.

I njectable Therapies
URINARY |NCONTINENCE AND V ESICOURETERAL

Both urinary incontinence and vesicoureteral reflux are common
conditions affecting the genitourinary system, wherein injectable bulk-
ing agents can be used for treatment. There are definite advantages in
treating urinary incontinence and vesicoureteral reflux endoscopically.
The method is simple and can be completed in less than 15 min, has a
low morbidity, and can be performed in an outpatient basis.

The goal of several investigators has been to find an ideal implant
material for the endoscopic treatment of reflux and incontinence. The
ideal substance should be injectable, nonantigenic, nonmigratory, vol-
umestable, and safefor humanuse. Towardthisgoal, we had previously
conducted long-term studies to determine the effect of injectable
chondrocytesinvivo(38). Weinitially determinedthat alginate, aliquid
solution of gluronicand mannuronic acid, embedded with chondrocytes,
could serveasasynthetic substratefor theinjectabledelivery and main-
tenanceof cartilagearchitectureinvivo. Alginate undergoeshydrolytic
bi odegradation and its degradation time can be varied depending on the
concentration of each of the polysaccharides. The use of autologous
cartilage for the treatment of vesicoureteral reflux in humans would
satisfy al the requirements for an ideal injectable substance. A biopsy
of the ear could be easily and quickly performed, followed by chondro-
cyte processing, and endoscopic injection of the autologous chondro-
cyte suspension for the treatment reflux.

Chondrocytes can be readily grown and expanded in culture.
Neocartilage formation can be achieved in vitro and in vivo using
chondrocytescultured on synthetic biodegradabl e polymers(38). In our
experiments, the cartilage matrix replaced the alginate as the polysac-
charide polymer underwent biodegradation. We then adapted the sys-
tem for the treatment of vesicoureteral reflux in a porcine model (39).

Six miniswine underwent bilateral creation of reflux. All six were
found to have bilateral reflux without evidence of obstruction at 3 mo
following the procedure. Chondrocytes were harvested from the left
auricular surface of each miniswine and expanded with afinal concen-
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tration of 50-150 x 10° viabl e cell s/animal . Theanimal sthen underwent
endoscopic repair of reflux with theinjectable autologous chondrocyte
solution on the right side only.

Cystoscopic and radiographic examinations were performed at 2, 4,
and 6 mo after treatment. Cystoscopic examinations showed a smooth
bladder wall. Cystograms showed no evidence of reflux on the treated
sideand persistent reflux intheuncorrected control ureterinall animals.
All animalshad asuccessful cureof reflux intherepaired ureter without
evidenceof hydronephrosison excretory urography. The harvested ears
had evidence of cartilage regrowth within one month of chondrocyte
retrieval.

At the time of sacrifice, gross examination of the bladder injection
site showed a well-defined rubbery-to-hard cartilage structure in the
subureteral region. Histologic examination of these specimens using
hematoxylin and eosin stains showed evidence of normal cartilage for-
mation The polymer gelswere progressively replaced by cartilagewith
increasing time. Aldehyde fuschin-alcian blue staining suggested the
presence of chondroitin sulfate. Microscopic analyses of the tissues
surrounding theinjection site showed no inflammation. Tissue sections
fromthebladder, ureters, lymph nodes, kidneys, lungs, liver, and spleen
showed no evidenceof chondrocyteor alginate migration, or granuloma
formation.

Our studies showed that chondrocytes can be easily harvested and
combined with alginate in vitro, the suspension can be easily injected
cystoscopically and the elastic cartilage tissue formed is able to correct
vesicoureteral reflux without any evidence of obstruction (39).

Using the samelineof reasoning aswith the chondrocytetechnol ogy,
our group investigated the possibility of using autologous muscle cells
(45). In vivo experiments were conducted in minipigs and reflux was
successfully corrected.

The chondrocyte technology is currently being used in FDA-sanc-
tioned studies for in-patients with reflux and incontinence (see Fig. 4)
(46). In addition to its use for the endoscopic treatment of reflux and
urinary incontinence, the system of injectabl e autologouscellsmay also
be applicable for the treatment of other medical conditions, such as
rectal incontinence, dysphonia, plastic reconstruction, and wherever an
injectable permanent biocompatible material is needed.

TEsTicULAR FUNCTIONAL REPLACEMENT

Leydig cellsare the major source of testosterone production in males.
Patients with testicular dysfunction require androgen replacement for
somatic development. Conventional treatment for testicular dysfunction



Chapter 2 / Tissue Engineering 21

rESS SRS

SESNEEN
. B B I S

Fig. 4. (Top) Preoperative VCUG in a patient shows bilateral vesicoureteral
reflux. (Bottom) Postoperative radionuclide cystogram after endoscopic treat-

ment with autologous engineered chondrocytes shows resolution of reflux
bilaterally.
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consistsof periodicintramuscular (im) injectionsof chemically modified
testosterone, or more recently, of skin patch applications. However,
long-term nonpul satil e testosterone therapy isnot optimal and can cause
multiple problems, including erythropoiesis and bone density changes.
The possibility of using leydig cell microencapsulation for controlled
testosterone replacement was evaluated (47). Microencapsulated leydig
cells may offer several advantages, such as serving as a semipermeable
barrier between the transplanted cells and the host’ simmune system, as
well as allowing for the long-term physiological release of testosterone.

Purified leydig cells from rat testes were prepared on a Percoll gra-
dient. Cell viability and identification was performed by Trypan blue
and 3b-hydroxysteroid dehydrogenase (3b-HSD), respectively. Leydig
cells were suspended in 1.2% sodium aginate solution and extruded
through an air-jet nozzleinto a1.5% CaCl, solution werethey gelled, and
werefurther coatedwith0.1% poly-L-lysine. Theencapsulated cellswere
pulsed with human chorionicgonadotropin (hCG) every 24 h. Themedium
was sampled at different time-pointsafter hCG stimul ation and analyzed
fortestosteroneproduction. M TT assay wasperformed every day toensure
cell viability. Control experimentswereperformed using nonencapsul ated
purified leydig cells under the same conditions (47).

M orethen 90% of thecellsrecovered fromthePercoll gradient stained
positively for 3b-HSD. Both Trypan blue exclusion and MTT assays
showed that 95% of the cellswere viable. Biochemical measurements,
which were performed every 4 h, showed that the microencapsul ated
leydig cells produced testosterone. Testosterone levelsin the presence
of hCG ranged between 35-60 ng/dL/10(6)/24 h. Testosterone levels
measured from nonencapsul ated leydig cellsranged between 45-50 ng/
dL/10(6)/24 h.

Microencapsulated leydig cells are viable and are able to produce
high levels of testosterone. The microencapsulation system rendersthe
cells nonimmunogenic. These studies suggest that microencapsul ated
leydig cells may be able to replace or supplement testosterone in situ-
ations were anorchia or testicular failure is present.

FETAL TISSUE ENGINEERING

The prenatal diagnosis of patients with bladder disease is now more
prevalent. Prenatal ultrasonography allows for a thorough survey of
fetal anatomy. Theabsence of bladder filling, amassof echogenictissue
on the lower abdominal wall, or alow set umbilicus during prenatal
sonographic examination may suggest the diagnosis of bladder exstro-
phy. These findings and the presence of intraluminal intestinal calcifi-
cations suggest the presence of a cloacal malformation.
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The natural consequence of the evolution in prenatal diagnosisled to
the use of intervention before birth to reverse potentially life-threatening
processes. However, the concept of prenatal intervention itself is not
limited to this narrow group of indications. A prenatal, rather than a
postnatal, diagnosis of exstrophy may be beneficial under certain cir-
cumstances. There is now a renewed interest in performing a single-
stage reconstruction in some patients with bladder exstrophy. Limiting
factorsfor following asingle- or multiple-stage approach may include
thefindingsof asmall, fibrotic bladder patch without either el asticity or
contractility, or a hypoplastic bladder.

Thereare several strategiesthat may be pursued, using today’ stech-
nological and scientific advances, which may facilitate the future pre-
natal management of patients with bladder disease. Having a ready
supply of urologic-associated tissue for surgical reconstruction at birth
may be advantageous. Theoretically, once the diagnosis of bladder
exstrophy isconfirmed prenatal ly, asmall bladder and skin biopsy could
be obtained viaultrasound guidance. These biopsy materialscould then
beprocessed andthedifferent cell typesexpandedinvitro. Using tissue-
engineering techniques developed at our center and described previ-
ously, reconstituted bladder and skin structures in vitro could then be
readily available at the time of birth for a one-stage reconstruction,
allowing for an adequate anatomic and functional closure.

Toward this end, we conducted a series of experiments using fetal
lambs. (48,49). Bladder exstrophy was created surgically in 10 90-95-d
gestationfetal lambs. Thelambswererandomly dividedintotwo groups
of five. In Group |, asmall fetal bladder specimen was harvested via
fetoscopy. The bladder specimen was separated and muscle and
urothelial cells were harvested and expanded separately under sterile
conditionsin a humidified 5% CO, chamber, as previously described.
Seven to ten days prior to delivery, the expanded bladder muscle cells
were seeded on one side and the urothelial cells on the opposite side of
a 20-cm? biodegradable polyglycolic acid polymer scaffold. After
delivery, al lambsin Group | had surgical closureof their bladder using
the tissue engineered bladder tissue. No fetal bladder harvest was per-
formed in the Group Il lambs, and bladder exstrophy closure was per-
formed using only the native bladder. Cystograms were performed 3
and 8 wk after surgery. The engineered bladders were more compliant
(p=0.01) and had a higher capacity (p=0.02) than the native bladder
closure group. Histologic analysis of the engineered tissue showed a
normal histological pattern, indistinguishable from native bladder at
2mo (42). Similar prenatal studieswere performed inlambs, engineer-
ing skin for reconstruction at birth (49).
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These studies show that the potential for replicating thistechnology
in humans is possible. Other tissues, such as cartilage, corpora
cavernosa, and skeletal muscle can also be harvested and expanded in
the same manner. Similar studies addressing these tissues are now in
progress in our laboratory.

In addition to being able to manage the bladder exstrophy complex in
utero with tissue-engineering techniques, one could al so manage patients
after birth in a similar manner, whenever a prenatal diagnosis is not
assured. In these instances, bladder tissue biopsies could be obtained at
the time of the initial surgery. Different tissues could be harvested and
stored for future reconstruction, if necessary. A tissuebank for exstrophy
complex patients could preserve different cell types indefinitely.

Inadditionto having an exstrophy complex tissuebank serveasareposi-
tory of cellsfor futuretissuereconstitution, it could also serveasaresource
to eucidatethecellular, molecular, and genetic mechanismsrequired for the
development and future prevention of these anomalies.

GENE THERAPY AND TISSUE ENGINEERING

Based on the feasibility of tissue-engineering techniques in which
cells seeded on biodegradable polymer scaffolds form tissue when
implanted in vivo, the possibility was explored of developing a neo-
organ system for in vivo gene therapy (50).

In aseries of studies conducted in our laboratory, human urothelial
cells were harvested, expanded in vitro, and seeded on biodegradable
polymer scaffolds. Thecell-polymer complex wasthentransfected with
PGL3-luc, pCMV-luc, and pCMV (3-gal promoter-reporter gene con-
structs. The transfected cell-polymer scaffolds were then implanted in
vivo and the engineered tissues were retrieved at different time-points
after implantation. Resultsindicated that successful genetransfer could
be achieved using biodegradable polymer scaffoldsasaurothelial cell-
delivery vehicle. The transfected cell/polymer scaffold formed organ-
like structureswith functional expression of the transfected genes (50).

This technology is applicable throughout the spectrum of diseases
that may be manageabl e with tissue engineering. For example, one can
envision the use of effecting in vivo gene delivery through the ex vivo
transfection of tissue engineered cell/polymer scaffolds for the genetic
maodification of diseased corporal smooth muscle cells harvested from
impotent patients. Studiesof human corpus cavernosum smooth muscle
cellshave suggested that cellular overproduction of the cytokine, trans-
forming growthfactor-1 (TGF-1) may |lead to the synthesisand accumu-
|ation of excesscollagenin patientswith arterial insufficiency resulting
in corporal fibrosis. Prostaglandin E1 (PGE1) was shown to suppress
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this effect in vitro. Theoretically, the in vitro genetic modification of
corporal smooth musclecellsharvested from animpotent patient, result-
ing in either a reduction in the expression of the TGF-1 gene, or the
overexpression of genesresponsiblefor PGE1 production, couldlead to
the resumption of erectile functionality once these cells were used to
repopul ate the diseased corporal bodies.
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