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The field of tissue engineering is devoted to the development of strategies for the recon-
stitution of diseased, injured, or congenitally absent tissues and organs. The large number
of preclinical studies that have been conducted in this field have utilized animal models that
mimic naturally occurring disease states in most domestic species. The purpose of the
present review is to provide an overview of the field of tissue engineering with emphasis on
its applications to veterinary medicine and surgery and the use of naturally occurring
extracellular matrix as a bioscaffold for tissue and organ reconstruction. Examples are
provided for the application of tissue engineering to three body systems; skin, musculo-
tendinous tissues, and lower urinary tract structures.

Clin Tech Equine Pract 3:173-181 © 2004 Elsevier Inc. All rights reserved.

KEYWORDS tissue engineering, regenerative medicine, extracellular matrix (ECM), bioscaffold,
urinary bladder matrix (UBM), small intestinal submucosa (SIS)

Tissue engineering has been defined as the application of
the principles of engineering to the life sciences for the
purposes of understanding normal anatomic and physiologic
relationships and developing methods for the repair and res-
toration of injured or missing body parts. The field of tissue
engineering, as a defined discipline, is approximately fifteen
years old and has generated a 4.5-billon dellar industry con-
sisting of start up companies and separate divisions within
major medical device and pharmaceutical companies.! Sig-
nificant percentages of available research dollars are directed
toward tissue engineering efforts by the National Institutes of
Health (NIH), National Science Foundation (NSF), Defense
Advanced Research Programs Agency (DARPA) and private
foundations such as the Juvenile Diabetes Research Founda-
tion (JDRF). Virtually every one of these efforts involves a
highly interdisciplinary collaboration of basic scientists and
clinicians. All tissue engineering applications involve preclin-
ical studies with animal models of disease and injury. Despite
the extraordinary investment of resources, the hundreds of
published manuscripts describing findings in both large and
small animal models, and signs of clinical success now be-
coming evident in human medicine, there is an almost com-
plete absence of tissue engineering awareness and application
in veterinary medicine. The purpose of the present manu-
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script is twofold: (1) to provide a brief background to the
field of tissue engineering, and (2) to discuss several efforts
that have direct clinical application in veterinary medicine,
including the use of extracellular matrix as a tissue engi-
neered scaffold for skin, musculotendinous and lower uri-
nary tract reconstruction.

Overview of Tissue Engineering

Strategies for the engineered reconstitution of tissues and
organs are typically centered around one of three fundamen-
tal approaches; cell-based therapy, scaffold-based therapy or
bioactive molecule-based therapy. These approaches are not
mutually exclusive and in fact, all three concepts must even-
tually coexist in the final product or application for a success-
ful effort.

Cell-Based Tissue Engineering

Cell-based approaches to tissue reconstruction involves the
harvesting of cells, usually autologous, that are either ex-
panded ex vivo for subsequent application within the host/
patient or applied immediately to a site of interest in vivo for
subsequent proliferation, differentiation and organization
into functional tissue. Examples of such cell-based ap-
proaches include the use of autologous keratinocytes (ie, cul-
tured epithelial autografts) for burn patients, expanded pop-
ulations of autologous chondrocytes for patients with large
focal articular cartilage defects (Carticel, Genzyme Tissue Re-
pair, Inc., Cambridge, MA), and the use of autologous pro-
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genitor cells (stem cells) for replacement of tissues such as
myocardium, skeletal muscle, tendon and bone marrow. In
fact, in the broadest consideration, even blood transfusions,
split-thickness skin grafts, tendon grafts and bone grafts are
examples of cell-based tissue engineering. These latter exam-
ples represent attempts to provide deficient tissues with “re-
placement” cell populations that can hopefully fulfill the
originally intended structure and function of selected tissues.
More recently, the use of cardiacumyoblasts for myocardial
replacement? and repair, the use of transfected cells for the
treatment of Parkinson’s disease,®” and the use of genetically
altered myoblasts for muscular dystrophy®!? have resulted
from tissue engineering efforts. These more sophisticated
cell-based approaches have encountered the following prac-
tical obstacles, all of which generally preclude or severely
limit their use in veterinary medicine on a wide scale:

e The need for autologous cells

e The sophistication of manufacturing procedures re-
quired to provide selected cell populations in large
numbers

¢ The short “shelf life” of harvested and expanded cell
populations

e The high expense

e The use of pure cell-based therapy alone is, in reality,
not very common. More often, autologous cells are com-
bined with scaffolds and/or bioactive molecules (eg,
specific growth factors) in an attempt to recreate struc-
turally and functionally normal tissue in an ex vivo bio-
reactor system followed by transplantation to the host.

The cell-based tissue engineering approach will be covered
in no more detail here because of its lack of practicality for
veterinary medicine. With the exploding interest in stem cell
manipulation and therapy however, it is expected to be only
a matter of time before this approach shows affordable clin-
ical utility in the field of veterinary medicine.

Bioactive
Molecule-Based Tissue Engineering

During the past two decades, a host of cytokines and growth
factors have been identified, isolated and purified. These
molecules are typically very powerful mediators of cell activ-
ity including attachment, migration, proliferation and differ-
entiation. For example, vascular endothelial cell growth fac-
tor (VEGF) is a potent mediator of vasculogenesis and
angiogenesis; processes that are vitally important for normal
tissue and organ development and also for wound heal-
ing.1315 Basic fibroblast growth factor (bFGF)!¢ is a powerful
promoter of connective tissue (fibroblast) proliferation and
also a critical mediator of vasculogenesis.!” Epidermal
growth factor (EGF)'®! induces the migration and prolifer-
ation of a variety of epithelial cell populations. Such mole-
cules have been injected in purified forms or attached to
various carriers to promote wound healing in many different
tissue engineering applications.

There are commercially available forms of some of the
growth factors such as platelet-derived growth factor (PDGF)
(Regranex, Ethicon Products, Somerville, NJ) for treatment of
chronic nonhealing ulcers?®-?2 and bone morphogenetic pro-
tein (BMP) for stimulation of calcification of boney structures

(OP-1, Stryker Biotech, Hopkinton, MA). Unfortunately, the
clinical use of these bioactive agents has not been nearly as
robust as would be expected based on their known physio-
logic effects. One of the reasons for this less than expected
clinical use (in human medicine) has been the high expense
of the products. Regranex sells for approximately $400 per
15 g tube and OP-1 sells for approximately $5000 per injec-
tion (1 g/vial). A second and perhaps equally important rea-
son for the limited use has been the lack of complete under-
standing of the mechanism of action of these factors in vivo.
Growth [actors typically are bound to matrix molecules, of-
ten in an inactive form, and released at times of need in
response to local tissue cues. Growth factors also work in
concert, both temporally and spatially, with other growth
factors in normal mammalian systems. The use of isolated
purified growth factors invariably alters their in vivo efficacy.
With regard to veterinary medicine, both of the above men-
tioned factors would certainly limit the widespread use of a
bioactive molecule approach to tissue engineering. In addi-
tion, although there is likely a high degree of crossover in
terms of bioactivity among species for most growth factors,
there is a lack of comprehensive and readily available data in
this regard for domestic animals. The future of an isolated
bicmolecule approach for tissue engineering applications re-
mains uncertain in both human and veterinary medicine.
Platelet rich plasma (PRP) (Lacerum, Little Rock, AK; Sym-
phony, DePuy, Warsaw, IN) represents a concentrated form
of multiple growth factors that are stored in nature within
blood platelets and released at times and locations where
platelet plugs are formed; specifically, at sites of tissue injury
with hemorrhage and clotting. The growth factors released
from the platelet granules on activation include platelet-de-
rived growth factor (PDGF), transforming growth factor beta
(TGF-P), and insulin-like growth factor 1 (IGF-1). The prin-
ciple difference between the therapeutic use of PRP versus
isolated purified growth factors is that the concentration and
ratio of the various stimulatory and inhibitory factors present
within PRP represent a physiologically natural mixture of
these molecules designed to have biologic effects in a wound-
healing environment. Although most reports of the clinical
efficacy of PRP tend to be anecdotal at the present time, these
effects include less hemorrhage at the surgical site and en-
hanced fibroblastic ingrowth in the early postoperative pe-
riod. PRP should not be expected to alter the eventual tissue-
remodeling outcome except in a temporal fashion.

Scaffold-Based
Approaches to Tissue Engineering

Scaffolds for tissue repair and reconstruction are available in
many forms and configurations. Scaffold materials can be
naturally occurring such as purified collagen derived from
bovine sources or intact extracellular matrix derived from
either bovine or porcine sources. Alternatively, scaffolds can
be synthetic such as polyglycolic acid/polylactic acid copol-
ymers (PLGA), polycaprolactone (PCL) or polytetrafluoro-
ethylene (PTFE). The scaffolds can be resorbable (eg, non-
crosslinked collagen, or PLGA) or nonresorbable (PTFE or
Dacron). The naturally occurring scaffolds such as purified
collagen or extracellular matrix (ECM) can be chemically
crosslinked or they can be used in their native state. Each of
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Figure 1 Extracellular matrix derived from
the porcine urinary bladder is shown as a
sheet of thin, white material. This ftrinary
bladder matrix (UBM) contains the native
composition and ultra-structure of the ECM
with the exception of the cellular compo-
nent that has been removed by processing
techniques.

these forms and methods of preparation of scaffolds can have
significant impact on their in vivo performance for different
clinical applications.

Each type of tissue scaffold has its advantages and disad-
vantages with regard to wound healing, and more specifi-
cally, a tissue engineering/regenerative medicine approach to
wound healing. The mechanical strength, rate of degradation
in vivo, and biocompatibility with adjacent host tissues are all
factors that define the clinical utility of a scaffold material for
each clinical application. In many respects, the principles of
biomaterials engineering that determine biocompatibility
and host tissue response have clear applicability to the scal-
fold-based approach to tissue engineering. The present
manuscript will focus on the use of naturally occurring ex-
tracellular matrix as a tissue engineering scaffold.

Extracellular Matrix

The extracellular matrix (ECM), either intact or as an isolated
purified component (eg, type I collagen or hyaluronic acid) is
available for use in the treatment of a variety of medical/
surgical conditions (eg, ACell Vet, Jessup, MD; Vet BioSist,
Global Vet Products, New Buffalo, MI; Perigard, lotano Ser-
vices, Houston, TX; RESTORE, DePuy, Warsaw, IN; Surgi-
SIS, Cook Biotech, West Lafayette, IN; Synvisc, Genzyme
Biosurgery, Cambridge, MA). An understanding of both
ECM biology and the host response to “off-the-shelf” ECM is
necessary for the appropriate utilization of these devices in
the clinical setting.

The extracellular matrix represents a collection of struc-
tural and [unctional molecules that are organized in a three-
dimensional ultrastructure and that are unique for each tis-
sue and organ (Fig. 1). The ECM is secreted by the resident
cell population and provides not only the structural frame-
work for each tissue and organ but also provides a source of
information that contributes to cell phenotype and cell be-
havior. The ECM is not a static structure but rather exists in a

state of “dynamic reciprocity” with its resident cells.?>2* Fac-
tors that contribute to change in ECM composition and struc-
ture include environmental forces such as mechanical load-
ing, oxygen tension and pH. Within a short time, the resident
cells respond to environmental cues and secrete appropriate
molecules to accommodate new and changing environments,
thus modifying the existing ECM. For example, in response
to uniaxial loading tissues become “stronger” as a result of
increased amounts and reorganization of the collagen mole-
cules. Similarly, tissues subjected to chronic hypoxia develop
an increased microvascular profile in response to angiogenic
factors secreted into the local ECM environment. Stated dif-
ferently, the ECM represents Mother Nature's idealized bio-
scaffold material that is custom manufactured for each tissue
and organ in the body and for each set of environmental
conditions to which the tissue or organ is subjected. For
tissue engineering applications therefore, the ECM can be
considered as a biocompatible and conducive environment
for host tissue repair or reconstruction. The clinical implica-
tions of the influence of mechanical and environmental fac-
tors on ECM scaffold remodeling will be discussed later in
this manuscript.

The major components ol the ECM are the collagens, pro-
teoglycans, glycoproteins and growth factors. These major
components are mentioned briefly below in the context of
tissue repair and reconstruction.

Collagens

By far the most abundant component of the ECM is collagen.
There are currently more than 20 distinct collagen types that
are recognized and categorized based on the various combi-
nations of the alpha chain subunits. These collagen types can
he roughly grouped into two main classes of molecules, the
fibril-forming collagens such as collagens I, 11, IIL. V, and VI
and the nonfbrillar collagens. The nonfibrillar collagens can
be further subdivided into subfamilies such as network-
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forming collagens such as basement membrane collagens (eg,
types 1V, VIII and X) and fibril-associated collagen with in-
terrupted triple helix (FACIT) (eg, IX, XlII, X1V, XV1 and
XIX).?>% These various collagen subtypes have specific dis-
tributions within tissues and organs and their sheer number
and variability exemplify the challenge faced when attempt-
ing to create the ideal scaffold for each clinical application. In
the context of use of collagen as a scaffold for tissue engineer-
ing applications, perhaps it is natve to expect scaffolds de-
rived from purified collagen types (such as type I) to serve as
dermal substitutes or blood vessel equivalents. On the other
hand, these purified forms may provide an acceptable start-
ing point that will allow the host/patient to rebuild a new
tissue equivalent with the appropriate mixture of collagenous
and noncollagenous components.

Proteoglycans

Proteoglycans (PG) can be considered as a distinct subset of
noncollagenous glycoproteins that contain glycosaminogly-
can sidechains and are distinguished from each other by their
protein core. Proteoglycans tend to control the hydration of
the ECM and thus also affect the intermolecular spacing that
exists for cell migration. Decorin, biglycan, fibromodluin,
lumican and epiphycan are small leucine-rich PGs that are
compact molecules likely involved in protein-protein inter-
actions.*® Perlecan on the other hand is a nonhyaluronan-
binding modular PG that tends to be specific for basement
membranes. The PGs are important as binding molecules
within the ECM and can serve as a reservoir for bound
growth factors. The ability of the PG sidechains to bind water
is important from the standpoint of providing friendly path-
ways for cell migration. Stated differently, PGs are critical
components of naturally occurring ECM and are important
determinants of the host response to injury. By maintaining
or incorporating such PGs into a scaffold for tissue engineer-
ing applications, a more favorable constructive host response
might be expected than with purely collagen-based scaffold
materials.

Glycoproteins

Glycoproteins (GP) are essential components of the ECM that
serve both structural and functional roles. By far the most
widely recognized GP of this family is fibronectin (FN). Fi-
bronectin is a dimeric molecule with extensive capacity for
alternative gene slicing that gives rise to at least 20 variants of
this molecule.?!3 The favorable cell adhesion properties of
FN have been long recognized and this molecule has been
often suggested as a “coating” molecule for biomaterial sur-
[aces because of its cell- friendly properties. Peptide subunits
of FN such as the RGD peptide have been shown to have
chemotactic and cell adhesion properties that facilitate host
biomaterial interactions.?>3*

An interesting molecule that has large amountis of the
ENIII module is tenascin and although tenascin is not cate-
gorized as a structural component of the ECM, it is found
early in embryogenesis and its production is switched off in
mature lissues. Interestingly, tenascin tends to reappear in
healing wounds and for this reason may be worthy of con-
sideration in the design of artificial scatfold materials for tis-
sue engineering applications.?>>®

Some members of the glycoprotein family such as laminin,
entactin and fibulin have been identified as basement mem-
brane glycoproteins. Laminin is the most abundant noncol-
lagenous glycoprotein in basement membranes.*” Does this
mean that ideal scaffolds for epithelial structures that contain
a basement membrane surface such as urinary bladder, skin
and blood vessels should contain a rich glycoprotein rich or
laminin rich component to be effective? If so, then how
would such scaffold materials be manufactured on a large
scale, with acceptable shelf life, and be readily available to
surgeons for the reconstruction of such tissues? Issues such as
these are faced by tissue engineers attempting to create the
ideal scatfold for clinical use.

Growth Factors

The wide variety of growth factors that are essential compo-
nents of ECM remodeling, tissue growth and differentiation,
and cell behavior will not be reviewed here. However, their
relationship to the ECM is important to recognize because of
the role the ECM plays in binding, storing, and releasing
these growth factors during both homeostatic conditions as
well as during states of wound healing. Proteoglycans tend to
control the hydration of the ECM and thus the intermolecular
spacing that exists for cell migration. Proteoglycans such as
decorin, biglycan and fibromodulin bind transforming
growth factor beta (TGF-3)*%3 and the heparan sulfate PGs
bind bFGF* and VEGF. Thus, during ECM degradation as
would occur during states of inflammation or following im-
plantation of ECM as a bioscaffold, these growth factors are
released in manner that represents a natural mode of growth
factor delivery to sites of tissue repair.

In summary, the ECM is an extraordinarily complex nat-
urally occurring polymer that is not only tissue and organ
specific, but specific for structures within each tissue and
organ such as the basement membrane. In addition, the ECM
is a dynamic structure that is constantly being replaced, re-
vised and restored in nature. The challenge and recent his-
tory of using the ECM as a scaffold for the replacement of
injured or missing tissues will be reviewed below for selected
clinical applications.

Extracellular Matrix As a
Scaffold for Tissue
Repair and Reconstruction

The ECM has been evaluated [or its ability to support the
repair and reconstruction of a large variety of tissues in the
field of tissue engineering including cardiovascular struc-
tures,**>  musculotendinous  structures,***® urogenital
structures,”*-* skin,®%% nerve®® and portions of the gastro-
intestinal tract.®”*® The studies conducted to evaluate these
applications have involved the use of animal models, many of
which have direct applicability to veterinary medicine. The
uses of ECM scalfolds for the repair and reconstruction of
dermatologic structures, musculotendinous structures, and
urogenital structures are briefly reviewed below as examples
of a scaffold-based tissue engineering approach for veterinary
applications.
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ECM Bioscaffolds for the Repair
of Acute and Chronic Skin Wounds

Extracellular matrix scaffolds derived from both the porcine
urinary bladder (UBM) and porcine small intestinal submu-
cosa (SIS) have been evaluated for their ability to serve as
substrates for keratinocyte growth or as dermal replacements
for partial-thickness and [ull-thickness skin wounds.%%-%* The
use of these two ECM bioscaffolds, for full-thickness skin
(dermal) wounds is notable for one significant difference be-
tween the two ECM devices. The UBM bioscalfold consists of
ECM that contains an epithelial basement membrane on one
surface and the connective tissue of the underlying tunica
propria on the opposite surface (Fig. 1). This bimodal micro-
structure provides an ideal environment for attachment to
the underlying wound bed by the tunica propria surface
while providing a natural substrate [or keratinocyte growth
on the outer (basement membrane) surface. SIS in contrast
consists of an accumulation of ECM molecules derived from
the submucosal layer and basilar mucosal layer of the porcine
small intestine. In vitro studies have shown that keratino-
cytes, fibroblasts, endothelial cells, and other cell types tend
to invade the S1S material. While cellular invasion is desirable
from the underlying wound bed surface, invasion of the sur-
face by keratinocytes could potentially lead to the formation
of inclusion cysts. This one reservation being stated, both
ECM materials provide excellent bioscaffolds for dermal
wound repair given their angiogenic potential, mitogenic po-
tential, and their ability to support the development and
organization of a variety of cell types both in vitro and in vivo.

Various forms (as a result of processing) of ECM bioscal-
folds have been evaluated for [ull-thickness skin (dermal)
wound reconstruction, including hydrated forms, lyophi-
lized forms, and multi-laminate forms of the materials. Al-
though the hydrated form of the ECM bioscaffolds generally
provide the most consistent and favorable substrate for cell
growth in vitro, the lyophilized and dehydrated (air-dried)
forms of material also provide a suitable surface for cell
growth following rehydration. Most skin wound studies have
used both hydrated and lyophilized forms of ECM in a full-
thickness skin wound model in pigs. The SIS bioscatfold has
been shown to provide very good results in both animal
models and in human patients with recalcitrant wounds, di-
abetic ulcers, and venous stasis ulcers.

Studies of wound healing in healthy animals are unlikely
to show a beneficial effect of ECM bioscaffolds. For example,
injection of particulate ECM into the internal urinary sphinc-
ter of dogs with normal urinary function and full continence
failed to show any effect on either the morphology or internal
urinary sphincter function in normal animals (unpublished
data). However, injection of the same material into dogs with
spontaneous incontinence that is refractory to medical treat-
ment showed return of function with excellent remodeling.®
Similarly, the use of an ECM bioscaffold in primary tendon
repair where good apposition is possible and the tissue is
healthy is neither needed nov effective in promoting normal
tendon healing. However, if tendinous tissue is either missing
(preventing normal apposition) or severely damaged or de-
generate, then ECM bioscaffolds shows significant ability to
augment tendinous repair. Along these same lines, it is not
surprising that the use of an SIS-ECM bioscaffold in an 8 mm

soft tissue wound in healthy dogs would show no differences
in wound healing response versus controls in which no ECM
bioscaffold had been used.®!

In summary, ECM bioscaffolds are not intended for appli-
cations in which natural wound healing results in normal or
near normal tissue structure and function. These hioscaf-
folds, however, have significant benefit in situations where
natural wound healing either results in unacceptable scar
tissue formation (eg, stricture) or shows a complete inability
to heal (eg, decubiti, degloving injuries, or musculotendi-
nous injury with severe loss of tissue).

Perhaps one of the most appropriate uses for the ECM
bioscaffolds in veterinary medicine is following traumatic
injury in which large denuded areas of skin exist, for example
with degloving injuries or “fan belt” injuries (Fig. 2A and B).
The ECM bioscaffolds provide not only a protective barrier
against dehydration, but also provide a first line of antibac-
terial defense,® a source of angiogenic and mitogenic growth
factors, and a favorable surface for accelerated keratinocyte
coverage.

It should be noted that the use of ECM bioscaffolds does
not provide for the reconstitution of adnexal structures or
pigmentation in most cases of full-thickness wounds. Stated
differently, ECM bioscaffolds do not cause perfect regenera-
tion of skin. Rather, the ECM changes the default mechanism
of skin wound healing in adult mammals (ie, scar tissue for-
mation) and provides a mechanism for accelerating wound
closure, minimizing contracture, and promoting rapid and
complete epithelialization in wounds that would not other-
wise heal in an acceptable manner.

ECM Bioscaffolds for
Musculotendinous Repair

One of the most widespread uses of ECM bioscaffolds in
regenerative medicine is for the repair and reconstruction of
injured or missing musculotendinous tissues. ECM bioscal-
folds have been used in more than 20,000 human patients for
rotator cuff tears, acute or neglected ruptures of the Achilles
tendon, and replacement of large capsular defects involving
the hip and knee (in humans). Musculotendinous injuries are
common in veterinary medicine. Bioscaffolds that can pro-
vide mechanical support while simultaneously promoting a
constructive remodeling response (ie, reconstitution of near
normal muscle, tendon and ligamentous tissue) have obvious
value for the surgical treatment of these injuries.

A tissue engineering approach (as opposed to primary re-
pair) that utilizes an ECM bioscaffold for the repair and re-
constitution of musculotendinous structures in both humans
and domestic animals involves the following fundamental
concepts:

1. The ECM bioscallold should be engineered to have suit-
able mechanical properties to replace the normal function
of the injured tissue immediately [ollowing surgery.

2. ECM bioscaffolds are rapidly degraded and replaced by
host connective tissues that organize along the lines of
stress, therefore, mechanical loading of the remodeling
tissue is important for the reconstructive process (ie, early
and aggressive rehabilitation).

3. The sequence ol wound healing events caused by the
presence of the ECM scaffold is different than the default,
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native wound healing response, especially in the follow-

ing aspects:

a. abundant angiogenesis persists for three to six weeks

b. early (days 1-14) and aggressive cellular infiltration
consisting almost exclusively of mononuclear cells oc-
curs (Fig. 3).

¢. there is a rapid host deposition of new ECM

d. rapid degradation of the ECM bioscalfold occurs that is
typically complete by 60 10 90 days

e. and finally, there is replacement of the bioscaffold with
site-appropriate tissue (eg, muscle, tendon, ligament)
instead of scar tissue (Fig. ).

A tissue engineering/regenerative medicine approach to
musculotendinous repair requires rethinking of traditional
wound healing events. Aggressive and prolonged angiogen-

Figure 2 (A) 1Llarge [ull-thickness skin
wound on the back of a cne-year-old cat
following a “fan belt injury.” An ECM matrix
has been placed on the surface of this
wound and held in place by sutures. (B)
Three months following initial injury and
treatment with an ECM bioscalffold, there is
almost complete restoration of the full-
thickness skin. The ECM bioscaffold de-
grades very quickly in this application with
disappearance of the scaffold by 7 10 14
days.

esis at the wound healing site, monecnuclear cell infiltration
with deposition of host new ECM, and the dependency of
constructive wound healing on appropriate stressors (“use it
or lose it") do not necessarily follow guidelines provided in
standard textbooks for medicine and surgery. However, il a
nontraditional end result is to be expected, that is, reconsti-
tution of normal tissue structure and function rather than
scar tissue deposition, then it is not surpris}ing a nontradi-
tional sequence of events must occur to achieve this end
result. For example, hyperemia with swelling at the site of an
Achilles tendon repair four weeks after surgery would nor-
mally be cause for concern. However, if understood in the
context of ECM-induced angiogenesis and host new ECM
deposition, the findings are not surprising and in fact should
be expected. Similarly, the removal of all external fxation
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Figure 3 Photomicrograph showing a dense
infiltration of mononuclear cells within an
ECM bioscaffold (blue staining material)
three days after replacement ofa 2.0 cm seg-
mental defect of an Achilles tendon in a dog
model. Early angiogenesis (red staining
structures) is also evident at this early time
point (Masson’s Trichrome stain, X20).

within four weeks following repair of a ruptured Achilles
tendon is not the present day standard of care. However, if an
ECM bioscaffold is used and the scaffold is infiltrated by a
population of host progenitor cells that are dependent on
appropriate mechanical signals for differentiation and orga-
nization, then this type of rehabilitation becomes not only
logical but necessary for tissue reconstruction.

The introduction of ECM bioscaffolds in human orthope-
dic surgery has significantly changed postoperative patient
care. Rotator cull replacement with ECM bioscatfolds is now
followed by immediate active mobilization and loading
against resistance, whereas traditional postoperative care
would have limited rehabilitation to passive range of motion
for four to six weeks followed by a gradual return to active

motion. Similarly, repair of neglected Achilles tendon rup-
tures in humans with ECM bioscaffolds is now followed by
immediate placement of the patient in a walking boot (as
opposed to a cast) with removal of all external fixation after
four weeks. These prosmperative regimens represent a signif-
icant departure from present day standard of care.
Preclinical studies conducted in dogs and rabbits with
Achilles tendon segmental resection of the Achilles tendon
have shown a rapid remodeling response with reconstitution
of structurally and functionally normal tendon tissue.*® More
recent studies have shown that the ECM bioscalfold is rapidly
and completely degraded within 60 days when used as an
Achilles tendon repair scalfold (unpublished data).
Meniscal replacement with ECM bioscaffolds has received

Figure 4 Photomicrograph of a completely
remodeled ECM bioscaffold 90 days follow-
ing replacement of a 2.0 cm segment of
Achilles tendon in a dog model. Organized
dense accumulations of tendinous tissue
can be seen aligned along the normal axis of
load bearing for the Achilles tendon. There
is no evidence for the originally placed ECM
at this time (Masson's Trichrome stain,
X20).
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considerable attention in recent years.’® Preclinical studies
using a dog model of medial meniscal resection have shown
a rapid and complete replacement of the ECM bioscaffold by
virtually normal meniscal cartilage within three to six weeks.
Although meniscal replacement in the dog is not a clinical
need, the principle of site- specific tissue reconstitution with
an ECM bioscalfold is demonstrated with these studies.
Compressive loading of a remodeling ECM bioscalfold re-
sults in cartilaginous dilferentiatien of the cells that populate
the scaffold as opposed to musculotendinous differentiation
as occurs with the Achilles tendon studies.

Numerous studies in the dog model have shown the utility
of ECM scaffolds for muscular repair and replacement 67
These studies have shown the partial reconstitution of orga-
nized skeletal muscle instead of simple scar tissue deposition.
Veterinary applications of abdominal and thoracic wall, con-
genital hernias, and diaphragmatic hernias are evident,

In summary, the application of tissue engineering princi-
ples to the surgical repair o musculotendinous structures in
veterinary medicine provides the opportunity for significant
advancement in the quality of care. However, this same op-
portunity is accompanied by a need for a thorough under-
standing of the biology of ECM scaffold remodeling.

ECM Bioscaffolds for Repair and
Reconstruction of the Lower Urinary Tract

Perhaps in no other surgical field has the use of ECM bioscaf-
folds received more attention than the repair and reconstruc-
tion of lower urinary tract structures. A large majority of these
studies have been conducted in dogs and rabbits. These stud-
ies have shown that ECM bioscaffolds derived from the uri-
nary bladder?? and the small intestine>*¢ can be used to
reconstruct the urinary bladder,?3-*% internal urinary sphinc-
ter,’”% and urethra.?

A large number of studies showing the ability of single-
layer sheets to reconstitute a structurally and functionally
acceptable urinary bladder have been conducted.->* These
studies have involved the use of ECM scaffolds alone and the
use of the ECM scalfolds seeded with autologous cells. Al-
though contracture of the scaffold of up to 20% has been
noted in some studies, the ability to replace up to 70% of the
dome of the urinary bladder has been shown. These studies
have included the trigone area, the common site of transi-
tional cell carcinoma in the dog, These studies have shown
the reconstructed urinary bladder tissue to be innervated and
have mechanical and physical properties very similar to na-
tive urinary bladder tissue.

One of the most common uses of ECM scalfolds for lower
urinary tract reconstruction in the human involves its use in
the treatment of stress urinary incontinence in postmeno-
pausal women. Stress urinary incontinence as a result of in-
ternal urinary sphincter deficiency in dogs in not uncom-
mon.®*7° A recent study has shown that injection of an ECM
particulate suspension into the internal urinary sphincter of
dogs that have failed medical therapy for urinary inconti-
nence resulted in complete resolution of the incontinence for
amean period of greater than six months following a single
injection.®

The surgical reconstruction of the lower urinary tract in ~

velerinary medicine is usually not attempted in cases of se-

vere trauma, advanced neoplasia (without metastasis), or
congenital anomalies. The reasons these are considered “non-
operable cases” is typically not a lack of surgical expertise, but
rather a lack of enough native tissue to fashion a functional
reconstruction. Tissue engineering efforts are directed at pro-
viding structural and functional tissue [or such cases. An
ECM bioscaffold approach at the present time represents the
simplest, most straightforward method.

Summary

The field of tissue engineering/regenerative medicine is in its
infancy. The ability to reconstruct tissues and organs will be
developed around one of three approaches: the cell-based
approach, the bioactive molecule-based approach, and a
scaffold-based approach. It is likely that combination ap-
proaches will eventually prove the most effective. Fach tissue
and organ is likely to have a different approach that will be
optimized for given clinical scenarios. Veterinary medicine is
the benefactor of the field of tissue engineering by the fact
that almost all of the preclinical studies are conducted in
animal models that mimic naturally occurring disease states.
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