
Regenerative biology and engineering : strategies for tissue
restoration

DAVID L. STOCUM, PhD

Over the past 50 years, we have made remarkable advances in the use of bionic devices and solid organ transplants
as replacement parts for failing tissues and organs . These approaches to tissue restoration, however, have a number of
drawbacks . Thus, a new approach, regenerative biology and engineering, has been developed, consisting of the strat-
egies of cell transplantation, bioartificial tissue constructs, and stimulation of regeneration in vivo . Cell transplants have
been successfully used to restore articular cartilage and to treat Parkinson's disease in humans . In rats, transplanted
fetal and embryonic stem cell line-derived cardiomyocytes have been shown to differentiate and integrate well with
the ventricular myocardium, suggesting the feasibility of using such transplants to restore damaged cardiac muscle .
Diabetic symptoms in humans have been alleviated by implanting a bioartificial pancreas consisting of islet cells mi-
croencapsulated in alginate . Hydroxyapatite matrixes can stimulate the regeneration of bone across large gaps . Col-
lagenous artificial matrixes can stimulate the regeneration of dermis, and peripheral nerve grafts embedded in a fibrin
clot containing fibroblast growth factor-1 stimulate some regeneration of spinal cord axons in adult rats . Future research
in regenerative biology will focus on several issues : (1) providing adequate sources of cells for transplantation and bio-
artificial tissue construction and determining ways to prevent these cells from coming under attack by the immune sys-
tem, (2) developing new and better materials to build better bionic devices and bioartificial constructs and to stimulate
regeneration in vivo, (3) determining how many tissues of the body might contain reserve cells for regeneration in vivo,
(4) analyzing the molecular differences between cells and environments of regenerating versus nonregenerating tis-
sues, and (5) understanding the factors and mechanisms involved in the proliferation and patterning of regenerating
tissues . (WOUND REP REG 1998;6:276-290)

A number of tissues are regenerated throughout the
human life cycle, either continuously to maintain tis-
sue integrity in the face of normal cell turnover or in
response to acute or chronic damage caused by
trauma, disease states, or both . Blood, epithelia of
skin and tubular organs, hair and nails, and bone
marrow are examples of human tissues that regener-
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ate continuously, as well as in response to damage .
Bone, muscle, adrenal cortex, and kidney epithelium
also regenerate in response to damage, and bone is
continually remodeled in response to stress vectors . 1-4
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The response of many other tissues to damage,
however, is not regeneration, but repair by the for-
mation of collagenous scar tissue .5 Scar tissue inter
rupts the normal tissue architecture, compromising
its function to varying degrees, depending on the se-
verity ofthe injury or disease process. Some examples
ofdiseases and injuries that cause serious impairment
by scarring are third-degree burns, spinal cord inju-
ries, diabetes, macular degeneration ofthe neural ret-
ina, and myocardial infarction . These injuries and
diseases are costly in terms of healthcare dollars and
potential decline in quality oflife . Thus, a major goal
of biomedical science is to be able to restore the struc-
ture and function ofdamaged or dysfunctional tissues
that do not regenerate naturally.

Over the past 50 years, we have made remarkable
progress in our ability to replace body parts with
bionic devices, solid organ and tissue transplants, or
both . Such replacement parts, however, still pose sig-
nificant biological problems, and they are not useful
in all situations . Now, basic and applied research in
the rapidly emerging field ofregenerative biology and
engineering offers several new strategies for restoring
tissue structure and function . These strategies in-
clude transplantation of cells to form new tissue in
the transplant site, the implantation of bioartificial
tissues constructed in vitro, and the stimulation of
regeneration from healthy residual tissues in vivo .s,7
All involve the partial recapitulation of embryonic
development; thus, regenerative biology and engi-
neering draw heavily on basic research in cell and
developmental biology. In this article, these strategies
are described, andsome contemporary research issues
associated with each are discussed.

CELL TRANSPLANTATION
In humans, cell transplants have been used clinically
to successfully repair the articular cartilage of the
knee and as therapy for Parkinson's disease . Cells
have been transplanted in experimental animals as
potential treatments for Alzheimer's disease and for
the replacement of damaged cardiac muscle .

Brittberg et al . g have described the autoplastic
transplantation of chondrocytes to fill in limited full-
thickness defects of kneejoint articular cartilage . In
their technique, a small biopsy of normal cartilage is
taken by arthroscopy from a healthy area of the joint
surface and is cultured, and chondrocyte clones are
expanded in vitro. Dissociated chondrocytes from
these clones are then implanted under a flap of pe-
riosteum sutured over the lesion site . Within the de-
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feet, new cartilage is formed that stains with
metachromatic dyes and with fluorescent antibodies
to type II collagen . Although the new cartilage is
presumably derived from the transplanted cells, its
origin from chondrocytes at the edges of the defect or
from osteogenic cells of the periosteal flap has not
been ruled out. A major question about the regener-
ated cartilage is how long its integrity is maintained .

Parkinson's disease results from the death of
dopaminergic neurons in the substantia nigra that
project to the putamen and caudate (basal ganglia)
that, in turn, project to the motor cortex and control
motor function . Neurons of the putamen and caudate
require dopamine from the substantia nigra to fire
properly, so death of substantia nigra neurons results
in loss of motor control and the muscle rigidity and
tremor characteristic of the disease. Suspensions of
dopaminergic ventral mesencephalic cells from 8- to
9-week human fetuses have been injected into the
putamen of patients to treat severe Parkinson's dis-
ease .9 Dopamine production by the transplanted cells
was assessed by positron emission tomography scan
following the injection of 6L-18F-fluorodopa. Five
months after transplantation, dopamine levels in the
caudate and putamen had increased, and symptoms
of the disease were dramatically alleviated . Cholin-
ergic tissue from a variety of sources (fetal basal fore-
brain, nodose ganglion, intracortical adrenal
chromaffin cells, and differentiated neuroblastoma
cells) survived when injected into the terminal areas
of the forebrain cholinergic projection system of rat
models ofAlzheimer's disease . The transplanted neu-
rons exhibited axonal outgrowth, formed extensive
synapses with host neurons, and significantly re-
versed deficits in cognitive behavior. 10-12

To test the feasibility of using cell transplants to
replace damaged cardiac muscle, suspensions of fetal
cardiomyocytes from mice bearing a lac-Z reporter
transgene driven by the cardiac heavy myosin pro-
moter were injected into the uninjured ventricular
myocardium of genetically identical hosts. 13 The
transplanted cells proliferated and differentiated into
mature cardiac muscle, as indicated by expression of
the lac-Z reporter. Electron microscopic analysis
showed that the differentiated cells formed interca-
lated discs, suggesting their probable electrical cou-
pling with host cardiac myofibers . Similar results
have been obtained after transplanting fetal cardi-
omyocytes into the ventricular myocardium of dogs .14

None of the transplanted cells described earlier
here elicited an immune response because none were
"seen" by the immune system . The donor cartilage
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cells were autogeneic (from the same individual). The
donorcardiac cells were syngeneic (from a genetically
identical individual), and the brain is an immuno-
privileged site .

Stem cells have also been used as sources of cells
for transplantation. Mouse embryonic stem cells that
differentiate into cardiomyocytes have been selected
in vitro and transplanted into the ventricular myo-
cardium ofmdx dystrophic mice .15,16 Thetransplanted
cells were stably integrated into the host cardiac mus-
cle, asjudged by antidystrophin immunostaining . De-
velopment of a human embryonic stem cell line as a
source of cardiomyocytes would avoid the ethical con-
troversies associated with transplantation offetal car-
diomyocytes, but such a cell line is not yet available.

Anotherpromising strategy is thetransplantation
of multipotential mesenchymal stem cells (MSCs),
which reside in the bone marrow. 17 In vitro, these
cells are capable of differentiating into chondrocytes,
osteocytes, adipocytes, fibroblasts, and skeletal mus-
cle in response to dexamethasone, 1,25 dihydroxyvi-
tamin D3, or growth factors such as bone
morphogenetic protein (BMP)-2.18,19 In vivo, MSCs
would be expected to differentiate according to the
microenvironment in whichthey find themselves . The
use of MSCs for tissue restoration has several poten-
tial advantages. They are easy to isolate from small
aspirates of bone marrow and are easy to expand in
vitro, and because they can be obtained from the pa-
tient's own marrow, they elicit no immune rejection.
Afurther advantage is their ease of transfection with
exogenous genes, making them potentially useful in
gene therapy protocols involving either the infusion
of genetically engineered cells or their implantation
in an encapsulating material allowing the diffusion
of secreted proteins . 19

Bone marrow-derived MSCs have been tested for
their ability to restore cartilage, bone, and muscle in
experimental animals and human beings . Implanted
MSCs restored the normal pattern of bone and car-
tilage in full-thickness defects made in the articular
surface of rabbit femoral condyles, but the long-term
integrity of the cartilage in this repair has not been
followed . 17 A clinical trial is underway in which hu-
man leucocyte antigen (HLA)-matched donor bone
marrow is transplanted into children with osteogen-
esis imperfecta caused by mutations in the genes for

type I collagen . 19 The idea is that the transplanted
marrow will provide MSCs that will become osteo-
blasts, then osteocytes secretingnormal collagen, thus
lessening the severity of the defect . Bone marrow-
derived MSCs injected into the tibialis anterior mus-
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cle of mdx dystrophic mice resulted in a small but
significant increase in muscle mass and dystrophin-
positive myofibers. 20

Stem and progenitor cells capable of differentia-
tion into the same phenotypes as bone marrow MSCs
when treated with dexamethasone, BMP-2 and 4, in
sulin-like growth factor I and II, or muscle morpho-
genetic protein have been isolated from theconnective
tissue compartments of virtually all mammalian or-
gans . 21-24 The relation between these cells, bone mar-
rowMSCs, andknownreserve cells such as osteogenic
cells of the periosteum, satellite cells of muscle, and
pericytes of capillaries is unclear, as is their function
in vivo . Bone marrow MSCs might serve as a con-
tinuing source of any or all of these peripheral stem
and progenitor cells. Marked marrow MSCs infused
into x-irradiated isogenic mice or into nonirradiated
mice with severe combined immunodeficiency disease
have been detected months later in marrow, spleen,
bone, cartilage, lung, liver, and thymus . 19

BIOARTIFICIAL TISSUES
A variation of the cell transplantation strategy is to
construct bioartificial tissues in vitro from cells and
a support matrix and to implant the construct into
the body in place of the original. The cells can be
autogeneic, allogeneic, or xenogeneic, depending on
the type of construct. They can be differentiated cells
or stem/progenitor cells, andthey canbe either normal
or genetically modified . The advantage of allogeneic
or xenogeneic cells is that they can be cultured and
banked in advance for use in cases in which there is
not enough time to expand a patient's own cells to
construct the tissue, but allogeneic and xenogeneic
cells will elicit rejection if seen by the immune system .
The support matrix must be able to maintain the
functions of differentiated cells or to promote the dif-
ferentiation of stem or progenitor cells. The ideal sup-
port matrix is biodegradable so that it is replaced
over weeks andmonths with the natural matrix made
by the cells. Collagens are the predominant proteins
ofsupport matrixes in the body. Collagen I is plentiful,
is easy to extract and mold into a variety of shapes,
and is biodegradable. It is thus the most widely used
matrix biomaterial for both bioartificial tissues and
stimulation of regeneration in vivo, either by itselfor
in combination with various glycosaminoglycans such
as chondroitin 6-sulfate. Other frequently used matrix
materials are alginate, polydioxanone, poly-Ecapro-
lactone, polyglycolic acid, and polylactic acid . All ex-
cept alginate (in cross-linked form) are biodegradable.
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Some matrix materials, such as polylactic acid fibers,
can be molded into the shape of the tissue or organ
to be constructed.

A number of investigators have devised cultured
skin substitutes.26 The basic strategy is to seed allo-
geneic dermal fibroblasts into an artificial matrix of
polylactic or polyglycolic acid mesh or a matrix of
collagen supplemented with other ECM molecules
such as chondroitin sulfate and/or elastin and to over-
lay this artificial dermis with a meshed split-thick-
ness skin graft or cultured allogeneic keratinocytes .
The construct is then applied to an excisional wound.
The cells are only slowly rejected as host fibroblasts
and keratinocytes replace those of the construct. In
essence, these skin equivalents act as biological dress-
ings until host skin has regenerated (see later here).
The quality of the regenerated skin is not perfect,
however, and it lacks completely normal histological
structure, hair, and glands.

Bioartificial tissue implants made of allogeneic
or xenogeneic cells can avoid immune rejection if they
are constructed as a closed system, that is, if the cells
are encapsulated in immunoprotective devices or ma-
trix materials that allow nutrient and gas exchange .
A closed bioartificial pancreas using a nonbiodegrad-
able matrix has been clinically tested in a 38-year-
old male patientwho had been diabetic for 30 years.27

This construct consisted of high-guluronic acid algi-
nate microcapsules containing islets harvested by col-
lagenase digestion from eight cadavers. The patient
received a total dose of 15,000 encapsulated islets per
kg body weight implanted into the intraperitoneal
cavity in twodoses of 10,000 and5,000 islets 6 months
apart. Three months after the second implantation,
diabetic symptoms were markedly abated, and the
patientwas able to discontinue insulin injections . Pro-
insulin levels, however, were high, suggesting that
the dose of islets per kg body weight should be in-
creased. How long the structural integrity of the mi-
crocapsules can be maintained andhow long the islets
can survive within the capsules are two important
questions that have not yet been answered . Because
of the shortage of human donor tissue, xenogeneic
cells may be useful in making such microcapsules.

A closed xenogeneic bioartificial pancreatic device
has been tested in dogs .28 The device consists of a
disc-shaped acrylic housingcontaining a single-coiled
membranous tube attached to a vascular graft, which
forms an arteriovenous shunt between the iliac artery
and vein . Within the housing of the device, pig islets
are distributed around the coiled tube in an agar or
alginate matrix . The islets are nourished by blood
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circulating throughthe tube . Thedevice hasremained
patent for up to 3 1/2 years in normal dogs, demon-
strating its excellent biocompatibility. It controlled
the hyperglycemia of two pancreatectomized dogs for
more than 8 months, as judged by normal levels of
blood glucose and porcine C-peptide, low exogenous
insulin requirement, and normal body weight . How-
ever, late vascular thrombosis was encountered in the
majority of dogs used in the study.

Huntington's disease is a genetic disorder in hu-
mans that results from the degeneration of striatal
neurons, particularly those containing the neu
rotransmitter y-aminobutyric acid, and results in a
marked retrograde degeneration of cortical neurons
in a region that projects to the striatum . The result
is progressive and irreversible motor, cognitive, and
psychiatric deterioration. The neuropathology of the
disease can be mimicked in monkeys by injecting
quinolinic acid (QA) into the striatum . Ciliary neu-
rotrophic factor (CNTF) is able to provide striatal
neurons some protection from QA. Baby hamster kid-
ney cells genetically engineered to secrete human
CNTF have been encapsulated in hollow fibers of poly-
acrylonitrile-covinyl chloride, and the fibers have
been implanted into thecaudate and putamenof mon-
keys . One week after implantation, the monkeys re-
ceived injections of QA into the implant sites. As
judged by histology, immunocytochemical visualiza-
tion of choline acetyltransferase, glutamic acid decar-
boxylase, and dopamine and cyclic-AMP-regulated
phosphoprotein, QA injection resulted in a significant
reduction of immunoreactive neurons in control ani-
mals, which was moderately attenuated in experi-
mental animals by implant-secreted CNTF.

Autogeneic stem cells have been used to make
bioartificial cartilage andbone . Bone marrow-derived
MSCs were seeded into ceramic matrixes, and the
construct was implanted to bridge gaps made in adult
rat bones. 17,30 The MSCs differentiated into osteo-
blasts, probably through the action of growth factors
in the marrow or secreted by osteoblasts migrating
into the ceramic from the periosteum and endosteum,
and then differentiated into osteocytes, which se-
creted new bone matrix as the ceramic was degraded
by osteoclasts. Multipotential cells isolated from rab-
bit skeletal muscle have been used to repair defects
in the articular cartilage of rabbit knee joints .31 The
cells were seeded into porous polyglycolic acid ma-
trixes, and the constructs were implanted into the
defects . By 12-weeks postimplantation, the matrix
had dissolved, and the cells had formed a well-inte-
grated surface layer of cartilage in the defect that
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was approximately the same thickness as the normal
articular cartilage . How durable the articular carti-
lage formed in this way might be is unknown.

REGENERATION IN VIVO FROM RESIDUAL
TISSUES
The advantage of regeneration in vivo from residual
tissues is that the new tissue would be autogeneic
and regrow with the same histological and morpho-
logical architecture as the original .

There are three prerequisites for regeneration .
First, regeneration-competent cells must be available .
Second, local and systemic environments must be able
to guide these cells into regenerative, as opposed to
scar tissue, pathways, and third, factors inhibitory to
regeneration must be absent . Depending on the tissue
and species, vertebrate regeneration is achieved by
four different mechanisms : compensatory hyperpla-
sia, activation of reserve stem or progenitor cells set
aside in tissues during embryogenesis, formation of
injury-induced progenitor cells from differentiated
cells, andreversible epithelial-mesenchymal transfor-
mation .

The mammalian liver regenerates by compensa-
tory hyperplasia. The process involves the partial de-
differentiation of hepatocytes and their proliferation
while maintaining their critical differentiated func-
tions . Compensatory hyperplasia increases the mass
of the liver, but does not restore its original lobular
architecture . Hepatocyte growth factor/scatter factor
appears to be the primary stimulator ofhepatocyte mi-
tosis, but epidermal growth factor (EGF) and trans-
forming growth factor (TGF)-a are also important
mitogens in hepatocyte proliferation .32 Newt cardi-
omyocytes also undergo partial dedifferentiation and
proliferation to restore ventricular muscle mass fol-
lowing amputation of the tip of the ventricle, but it is
not known whether this process is simply compensa-
tory hyperplasia, as in the liver, or involves re-estab-
lishment of the original ventricular morphology as
well . 33,34

The most common regenerative mechanism in
vertebrates is regeneration by reserve stem or pro-
genitor cells, such as the osteogenic cells of the peri
osteum and endosteum, which regenerate bone, the
satellite cells, which regenerate muscle, the pericytes
of capillaries, which regenerate smooth muscle, and
the epithelial stem cells and hematopoietic stem cells,
which maintain tissue integrity in the face of contin-
ual cell turnover. Recently, stem cell populations have
also been found in the mammalian brain, liver, and
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pancreas,35-37 although their function in vivo is
largely unknown. Liver stem cells are known to be
activated when hepatocyte destruction is so extensive
(e .g, by carbon tetrachloride poisoning) that the liver
cannot regenerate by compensatory hyperplasia of
hepatocytes. As mentioned earlier, bone marrow
MSCs are potential precursors for satellite and os-
teogenic reserve cells and perhaps for other stem and
progenitor cells in connective tissue compartments .

Larval and adult urodele amphibians and larval
anuran amphibians can regenerate a broader spec-
trum of tissues and complex structures than other
vertebrates because of their unique ability to form
progenitor cells by injury-induced histolysis and
cell dedifferentiation. The tissues of these animals
that are able to regenerate include the neural
retina, lens, spinal cord, upper and lower jaws,
limbs, and tails .38-40 Following injury or amputa-
tion, the extracellular matrix (ECM) is degraded
at the site of damage, liberating the cells of the
tissue . The liberated cells lose their phenotypic
characteristics and revert to embryonic-like mes-
enchymal cells, which re-enter the cell cycle and
proliferate to form a growing blastema . As the
blastema grows, it autonomously patterns itself to
redifferentiate precisely the missing structures . 6

Histolysis and dedifferentiation have been most
extensively studied in the regenerating limbs of sala-
manders and newts. After amputation of a limb, the
tissue matrix at the amputation site, which is pre-
dominantly composed of collagens, elastins, and sul-
fated proteoglycans, is degraded and replaced with a
more embryoniclike matrix that is much richer in
fibronectin, hyaluronic acid, and tenascin .6 The deg-
radation is accomplished by lysosomal acid hydro-
lases, particularly acid phosphatase and members of
the matrix metalloproteinase (MMP) family, of which
11 have been identified in mammals and chickens .
MMP-9 (gelatinase b; hydrolyzes gelatin, proteogly-
can, and collagen types IV, V VII, and X) is upregu-
lated within a few hours of amputation in
regenerating axolotl limbs41 and as early as 2 days
in the adult newt limb .42 In both axolotl and newt,
its expression declines after the formation of a conical
blastema. MMP3/l0a and MMP3/10b (stromelysins
1/2; degrade fibronectin, laminin, proteoglycan, and
collagen types II, IV, V IX, and X) are also strongly
upregulated as early as 2 days in the regenerating
newt limb . MMP3/l0a is weakly transcribed up to 8-
days postamputation then disappears by 15 days,
which is when blastema cells are just beginning to
accumulate, whereas expression of MMP3/10b con-
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tinues through the palette stage.42 The different ex-
pression patterns of these three MMPgenes suggest

that they may have different roles in degradation of

the limb ECM. Acid phosphatase is most strongly
expressed during the period of dedifferentiation and

blastema formation.43 The cell types producing these
proteases, however, have not yet been identified .

The cells of healing mammalian wounds also em-
ploy proteases to remodel ECM. Like the regeneration
blastema, the early wound matrix is dominated by
hyaluronate and fibronectin, but unlike the blastema,
it is replaced not by normal matrix but by a matrix
enriched in cross-linked collagen I. With theexception
of the minimal dedifferentiation exhibited by hepa-
tocytes in regenerating liver, mammalian cells are
not known to dedifferentiate in vivo after injury, al-
though some cell types, such as chondrocytes, will
dedifferentiate under certain in vitro conditions .

How injury or amputation triggers dedifferentia-
tion and re-entry into the cell cycle and the mecha-
nism by which phenotypic-specific structure is
dismantled is unclear. The act of liberation from the
mature ECM itself, which likely involves the breaking
ofECM ligand-cell surface receptor contacts,may play
a role in starting the process. Tenascin and two other
antiadhesive proteins, SPARC (osteonectin) and
thrombospondin, promote reorganization of the actin
cytoskeleton in bovine arterial endothelial cells by
modulating adhesive contacts." Whether these pro-
teins are expressed in amputated urodele limbs is not
known. Neither is it clear whether, or how, dediffer-
entiation and re-entry into the cell cycle are mecha-
nistically linked . Factors in serum can drive cultured
newt myotube nuclei into S phase in the absence of
any overt dedifferentiation, but they do not progress

further in the cell cycle, as is discussed later.45,46

Interestingly, although the bone and muscle of
urodele limbs contain osteogenic and satellite progen-
itor cells that are the source of regenerated bone and
muscle following a nonamputational injury, there is
no direct evidence that these cells participate in the
regeneration of appendages following amputation .

The fourth mechanism, reversible epithelial-mes-
enchymal transformation, is used by urodeles and
larval anurans to regenerate the spinal cord .47,4a In
the injured mammalian spinal cord, a number of cy-
totoxic and inhibitory molecules are released, and
fibrous astrocytes are activated that secrete pro-
teoglycans and form scar tissue .49,50 In the injured
urodele spinal cord, these inhibitors either are not
present in sufficient amounts to prevent axon regen-
eration or are neutralized. Fibrous astrocytes do not
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enter the lesion, and the damaged or severed axons
regenerate . Theependymal cells (also called radioglial
or ependymoglial cells) lining the spinal canal play
an important role in urodele spinal cord regeneration .
In the intact cord, these epithelial cells send out pro-
cesses through the gray and white matter to the pia
mater. The processes branch within the white matter
and terminate in expanded end-feet to form the glia
limitans on the inner surface of the pia mater. This
structural network distinguishes the mature urodele
cord from that ofbirds andmammals. Urodeleependy-

mal cells may be structurally more akin to the ra-
dioglial cells found in the mammalian embryonic and
fetal central nervous system than to the ependymal
cells in the adult mammalian central nervous sys-
tem.48

Following transection of the urodele spinal cord,
the ependymal cells on the proximal and distal edges
of the transection appear to transform to mesenchy
mal cells, with characteristic shifts in intermediate
filament profile from cytokeratins to vimentin .4' The
cells proliferate to form a blastema that bridges the
lesion. EGF promotes the migration and proliferation
of ependymal mesenchyme cells in vitro, but it is not
known whether this is also true in vivo. The mesen-
chyme cells in vivo secrete MMPs that remodel the
ECM in the vicinity of the lesion and probably secrete
neurotrophins, which promote axon survival in
vitro.47 They may also secrete factors that neutralize
inhibitory agents and block the entry of fibrous as-
trocytes into the lesion . After bridging the lesion, the
ependymal cells reform an epithelium and re-extend
processes to the pia mater, forming channels that
provide an environment favorable to the survival and
regrowth of damaged axons and the establishment of
functional synapses on either side of the lesion.

The molecular analysis of regenerating urodele
spinal cord has only recently gotten underway.47,48 In
addition to changes in intermediate filament expres
sion, tenascin, fibronectin, and polysialated neuronal-
cell adhesion molecule, which are prevalent in em-
bryonic spinal cord and downregulated in adult cord,
are upregulated during cord regeneration .

Stimulation ofregeneration where it does notoccur
naturally
There are two reasons, not mutually exclusive, that
most human tissues fail to regenerate . First, these
tissues may have cells or axons capable of engaging
in regeneration, but their environment may not con-
tain the signaling molecules that stimulate regener-
ation, and/or there may be inhibitory signals that
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divert the cells into a repair pathway. This includes
situations in which regeneration mayoccurunder one
set of physical circumstances but not another, such
as a bone fracture versus regeneration of bone across
a large gap. Alternatively, nonregenerating tissues
may have the appropriate molecular environment for
regeneration but may lack regeneration-competent
cells capable of responding to this environment. In
either case, the tissues cannot recapitulate their em-
bryogenesis. Thus, achieving regeneration of dam-
aged tissues in vivo requires recreation of the
embryonic environment in terms of cells, signaling
molecules, or both .

A current strategy to stimulate the regeneration
of nonregenerating tissues in vivo is to bridge lesions
with natural or artificial matrixes that promote the
migration, proliferation, and differentiation of local
regeneration-competent cells or that promote the re-
growth of severed axons. The ultimate goal of this
strategy is to stimulate regeneration with easily man-
ufacturable artificial matrixes that neutralize inhib-
itory factors and reproduce the molecular
environment that guided the initial development of
the tissue . There has been some success in applying
this strategy to the regeneration of bone, dermis, pe-
ripheral nerve, and spinal cord .

Bone
Although bone will regenerate to restore continuity
after a fracture, it is unable to regenerate across a
gap, such as that created by surgical removal of a
bone tumor, because the sources of osteogenic cells,
the periosteum andendosteum, do nothave theproper
substratum on which to migrate and fill the gap. Cal-
cium phosphate-based hydroxyapatite matrixes pro-
mote bone regeneration . 11,5' The freshly made
matrixes are malleable pastes and can be pressed
into a defect in which they harden into a scaffold
capable of temporarily substituting for bone . These
scaffolds are osteoconducting as opposed to osteoin-
ducing (i .e ., the matrix supports the migration of os-
teoblasts from the injured host periosteum and
endosteum rather than inducing osteogenic cells in
these tissues to become osteoblasts). The migrating
osteoclasts secrete growth factors that promote their
differentiation into osteocytes, which in turn secrete
natural bone matrix that gradually replaces the hy-
droxyapatite scaffold .

Hydroxyapatites have a high affinity for BMPs,
which are members of the TGF-R family. BMPs are
osteoinductive (i .e ., they act as a signal to commit
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osteogenic precursors, such as bone marrow MSCs,
to become osteoblasts).53 An osteoinductive ceramic
matrix hasbeen prepared by adsorbingBMPfractions
onto porous hydroxyapatites. This BMP-hydroxyapa-
tite composite induces rapid bone differentiation in
skull defects of adult baboons.52 Only porous hy-
droxyapatite in block form, as opposed to particulate
hydroxyapatite, is effective, showing the importance
of matrix geometry in facilitating osteoblast induc-
tion .

Ceramic scaffolds must be degraded by osteoclasts
as new bone forms, but some do not degrade ade-
quately enough to be completely replaced with bone .
Experiments have therefore been made with various
biodegradable polymer matrixes, with or without in-
corporating growth factors of the TGF-(3 family or
fibroblast growth factor (FGF) into the matrix . These
matrixes have successfully promoted bone regenera-
tion in several animal models .5158 The optimum ma-
trix for bone regeneration has not yet been devised,
however.

Dermis
Biodegradable artificial matrixes can induce dermal
regeneration in excisional skin wounds, although the
regeneration is imperfect. These matrixes typically
consist of collagen or gelatin sponges to which other
ECM components, such as chondroitin 6-sulfate or
elastin, are added.5s-s2 The matrix is overlaid with
either a meshed split-thickness epidermal graft or a
suspension of dissociated keratinocytes . Fibroblasts
from the surrounding dermis migrate into the artifi-
cial matrix and replace it with a matrix that resem-
bles, but is not identical to, normal dermal matrix .
These results show clearly that, given the appropriate
environment, the adult dermis has the capacity for
regeneration . However, it is not known whether the
responding cells are the same dermal fibroblasts that
normally form scar tissue or a subpopulation of re-
generation-competent reserve cells that are normally
suppressed in favor of repair. There is some evidence,
based on differences in thymidine incorporation and
pattern of cell association in vitro, that hypodermal
fibroblasts form the granulation tissue of repair,
whereas dermal fibroblasts mightbe the cells capable
of regeneration .63 The presence of an artificial dermal
matrix in a wound might suppress wound contraction
and proliferation of hypodermal fibroblasts and pro-
mote proliferation of dermal fibroblasts, leading to
regeneration . The nature of the factors that suppress
either dermal fibroblast proliferation after wounding
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or hypodermal fibroblast proliferation in the presence
of an artificial dermal matrix is unknown but could
be investigated in vitro with an artificial matrix sys-
tem.

Fetal skin regenerates perfectly. Several studies
suggest that differences between fetal and adult
skin in the proportions of ECM molecules and
the relative concentrations of TGF-R isoforms are
important in determining whether a wound scars
or regenerates .6166 Changing the relative concen-
trations of TGF-R isoforms of mouse fetal skin
toward those of the adult and vice versa increases
and decreases scarring, respectively.67,68 Thus, fetal

for the design of an
promote the perfect

skin is an important model
artificial dermal matrix to
regeneration of adult skin.

Peripheral and central axons
Regeneration of cut peripheral nerve axons in mam-
mals is promoted by factors resident in the Schwann
sheath .69,70 However, if a segment of peripheral nerve
is removed, the axons proximal to the cut sprout ran-
domly to form a neuroma, and the gap is invaded by

fibroblasts that form scar tissue . Nerve guides have
been designed that promote regeneration across such
a gap and into the distal Schwann sheath . Tubes

made of silicon, porous or nonporous collagen, poly-
lactic acid, and polyglycolic acid, with and without
incorporation of various ECM molecules and growth
factors, have been used with some success .7,71

Mammalian spinal cord axons do not normally
regenerate, although they have the intrinsic capacity
to do so . Their failure to regenerate is due to inhibitory
factors such as toxic proteins in degenerating myelin,
oligodendrites, and axonal surfaces ; calcium influx
and associated toxic reactions; glutamate excitotox-
icity; cholesterol depletion (arachidonic acid path-
way) ;

	

and

	

astroglial

	

scar formation.47,49,72

	

Toxic
axonal damage can be prevented by cell membrane-
protective agents such as methylprednisolone and laz-
aroids, which increase the chances for functional re-
covery in humans if administered within the first 8
hours after injury to the cord . 73,74

A number of investigations have shown that the
mammalian spinal cord has extensive powers of re-
generation under the appropriate environmental cir-
cumstances.5o Extensive sprouting of severed axons
following transection of the corticospinal tract in
young adult rats has been observed after intracerebral
administration of a monoclonal antibody to two my-
elin proteins, although the ultimate number of axons

srocum 283

that regenerate successfully is small. Combining an-
timyelin antibody treatment with injection of neu-
rotrophin-3 enhanced corticospinal axon regeneration
so that 5%-10% of the corticospinal fibers were re-
generated in successful cases.75,76 The cord was only
partially transected in these experiments, however,
and the regenerated axons went through the intact
part of the cord, not through the lesion itself.

Functional axonal regeneration across spinal cord
lesions in neonatal rats occurs after transplanting
fetal cord to bridge the lesion, as demonstrated by
anterograde and retrograde labeling of axons with
fluorescent dyes and by the recovery of righting re-
flexes and walking ability. 77 Fetal spinal cord im-
plants, however, do not induce the functional
regeneration ofadult cord . Partial functional recovery
has been achieved in adult rats by bridging cord le-
sions with grafts of intercostal nerves stabilized by a
fibrin matrix impregnated with FGF-1.78 The rats
could support their weight on the previously para-
lyzed hind limbs and displayed movement in all leg
joints but did not recover coordinated locomotion . The
inclusion of FGF-1 in the matrix was essential; no
functional regeneration took place in rats implanted
with intercostal nerve/fibrin alone.

Other tissues
An interesting resorbable biomaterial for the promo-
tion of regeneration is pig small intestine submucosa
(SIS) processed to eliminate antigenicity. This mate-
rial has been shown to promote the regeneration of
blood vessels, urinary bladder, ligament, and ten-
don.7,79 SIS grafts consist entirely ofextracellular ma-
trix, composed mainly of collagen, but also containing
hyaluronic acid, heparin, heparan sulfate, chondroitin
sulfate A, and dermatan sulfate.80 Further studies on
the range of tissues in which SIS can promote regen-
eration and further qualitative and quantitative anal-
ysis of its composition may give valuable clues for the
optimum molecular design of artificial matrixes that
can promote regeneration . Partial regeneration of
rabbit Achilles tendon across a gap has also been
achieved by bridging the gap with a porous collagen-
glycosaminoglycan matrix.81

RESEARCH ISSUES IN REGENERATIVE
BIOLOGYAND ENGINEERING
Contemporary research issues in regenerative biology
and engineering center around sources of cells, reg-
ulation of cell proliferation and differentiation, biom-
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aterials, evasion ofthe immune system, andmolecular

differences in the cells and environments that char-
acterize regenerating versus nonregenerating tissues.
These issues overlap among the three strategies used
in regenerative biology and engineering. Here, the
major issues for each strategy are discussed.

Cell transplantation and bioartificial tissue
construction
Providing reliable sources of cells for cell transplants
and bioartificial tissue construction is a crucial issue
that requires establishing culture banks of prolifer-
ating stem, progenitor, or differentiated cells that can

be drawn on as required, as well as culture media

that support the proliferation and differentiation of
these cells. The cells can be in their natural condition

or be genetically engineered to produce desired mol-
ecules . Many types of differentiated cells, such as
liver hepatocytes and pancreatic islet cells, are diffi-

cult to expand in vitro. Stem and progenitor cells are

often difficult to identify and purify. Furthermore, not

all the factors essential for their proliferation and

differentiation are understood . Thus, research on the

factors that control the entry of stem, progenitor, and

differentiated cells into and progression through the

cell cycle and the factors that control the differenti-
ation of specific cell phenotypes will be of prime im-
portance for the design of media that allow cell

expansion anddifferentiation.A defined medium con-
taining hepatocyte growth factor, EGF, and TGF-(31
has been found to support the proliferation of mature
ratandhuman hepatocytes.82 Thestem cells harbored

by the adult rat brain were identified as stem cells
because they proliferate in vitro in response to EGF
to form neurospheres .35,83 Single cells of these neu-
rospheres plated in medium without EGF will dif-

ferentiate into neurons, astrocytes, or oligodendro-

cytes.a3 ° s4 The ability to culture these cells and dif-
ferentiate them into the three major cell types of the
central nervoussystem makes them apotential source
for both neural cell transplantation and for inducing
the regeneration ofnewcentral nervous system tissue

in vivo .

Biomoterials science
Advances in biomaterials science are essential for ad-

vances in the construction of bioartificial tissues and

for stimulation of regeneration in vivo.85,86 Such ma-

terials must meet several criteria . They must be

"smart" (i .e ., contain and/or be able to release appro-

priate biological signaling information to promoteand
maintain cell adhesion, differentiation, and tissue or-

WOUND REPAIR AND REGENERATION
JULY-AUGUST 7998

ganization) . In essence, we want to develop polymers

that mimic the functions of the embryonic or adult

ECM. Thus, research on polymer chemistry must be
coupled with research on the molecular biology of
ECM signaling systems that regulate cell morphology
and function and how to incorporate biological mole-
cules into synthetic polymer matrixes. For example,
selective cell adhesion to substrates could be achieved
by linking specific oligopeptide or carbohydrate rec-
ognition sequencesto nonadhesive artificial polymers .
Such adhesive selectivity would be desirable, for ex-
ample, in artificial blood vessels, where the materials

used should support the adhesion and migration of

endothelial cells but not the adhesion of platelets,
which could trigger thrombosis . Growth factors might
also be bound to polymer matrixes and released as
the polymers degrade.87 If the matrix materials form
a closed bioartificial system, they must allow the
ready exchange of oxygen, nutrients, waste products,
and molecules that regulate the metabolic and syn-
thetic activities of the cells, while immunoprotecting
cells.

Directional alignment is another matrix property
that would be useful in bioartificial tissue construc-
tion or regeneration in vivo . Controlled alignment of
the elements of the biomaterial would allow it to ori-
ent cells, by contact guidance, in particular directions
essential for the function of the tissue . For example,
circumferential orientation of smooth muscle cells
(which would be important for construction or regen-
eration of tubular tissues such as blood vessels) en-

trapped in a forming collagen matrix has been
achieved in vitro by using a strong magnetic field to
orient the collagen fibrils as they form .88 Copolymers
of collagen I and chondroitin 6-sulfate in which the
pore channels were aligned longitudinally produced
superior regeneration of peripheral nerves within

guide tubes compared with other directions of align-

ment .69
One of the most important properties of matrix

materials is controlled biodegradability. The most
widely used matrix material, collagen 1, is susceptible
to rapid degradation in vivo andtherefore is thermally
or chemically cross-linked to increase its stability be-

fore use. Glutaraldehyde is the most commonly used
chemical cross-linking agent because it provides the
highest stability, but biomaterials cross-linked with
glutaraldehyde also induce cytotoxicity. Recent exper-
iments suggest that collagen I cross-linked with car-
bodiimide or acyl azide is more biocompatible than
collagen I cross-linked by glutaraldehyde .89 Only a
few other biodegradable polymers, such as poly(gly-
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colic acid), poly(lactic acid), polydioxanone, and their
copolymers, are available today to make artificial ma-
trixes . These polymers have the disadvantages of be-
ing relatively stiff and lacking chemically active side
chains for easy attachment of biologically active mol-
ecules, cross-linkers, or drugs . New matrix biomate-
rials based on tyrosine-derived polycarbonates and
polyarylates have been devised in whichthe backbone
and side-chain composition and length can be varied
to change thermal behavior, mechanical properties,
hydrophobicity, and cell-polymer interactions .90

These materials are hydrophobic and degrade slowly,
over months to years. Currently, they appear to be
most useful in situations in which a long-term deg-
radation profile is desired, such as in bone regener-
ation.

Experimental biomaterials are also being inves-
tigated that will undergo phase transformation at
body temperature.91 For example, outside the body,
such a material might be a liquid that occupies only
a small volume, but when injected into the body, it
would transform at the higher temperature into a
semisolid or solid. If the transformation involved ex-

pansion in volume, only small apertures would be
required to implant large constructs .

Evasion of the immune system
Wider use of cell transplants and bioartificial tissue
implants, particularly open constructs, will require
the ability to avoid immune rejection. Several inno-
vative and promising methods have been explored for
evasion of the immune system without compromising
its infection-fighting function . Donor transgenic ani-
mals have been created that express immune regu-
latory molecules that inhibit the activation or
synthesis of key proteins involved in rejection. One
of these is human decay acceleration factor, which
inhibits the hyperacute rejection caused by the en-
dothelial cell damage and vascular ischemia triggered
by activation of complement.92 Immunosuppressed
monkeys, which would normally hyperreject donor
pig hearts within a matter of minutes, survived for
a median of 40 days after receiving pig hearts trans-
genic for human decay acceleration factor.93

Another strategy has been to mimic immunopriv-
ileged sites, such as the anterior chamber of the eye.
'I~ransplants are not rejected at these sites because
cytotoxic T cells entering them are killed . T-cell apop-
tosis is mediated by a protein, FasL, produced by cells
at the immunoprivileged site, which binds to the Fas
receptor expressed on T-cell surfaces . 94 Syngeneicmy-
oblasts transfected with the FasL gene were cotrans-

srocum 285

planted with allogeneic pancreatic islet cells under
the kidney capsule of mice rendered diabetic with
streptozotocin .95 These fused to form myotubes ex-
pressing FasL, which killed infiltrating T cells, thus
preventing rejection of the islets . The production of
animals carrying transgenes that regulate or inhibit
the immune system is also a potential way to solve
the problem of renewable sources of donor cells, tis-
sues, and organs.

Finally, perhaps the most intriguing strategy to
pursue would be the production of antibodies directed
at T-cell receptors that recognize foreign cell surface
major histocompatibility antigens (MHCs) and the
genetic engineering of "stealth" cells that do not ex-
press surface MHC antigens . In either case, T cells
would be blind to foreign cells transplanted alone or
as part of a bioartificial construct.

Regeneration in vivo
A number of questions about reserve stem or progen-
itor cells need to be answered, in addition to the ques-
tion of what specific sets of factors control their
differentiation into different phenotypes . How ubiq-
uitous are such cells in mammalian tissues? Do they
exist in every tissue?What are the molecularmarkers
and/or morphological characteristics that identify
them? What is their normal function in tissues that
do not regenerate in response to injury? Do they take
part in the formation of scar tissue? Do the tissues
in which they are located turn over slowly, and do
these cells function to replace the cells that turn over?

Factors stimulatory and inhibitory to
regeneration
If stem or progenitor cells actually exist in every body
tissue but are inhibited from participating in regen-
eration in most tissues because of the presence of
inhibitory molecules and/or the absence of the appro-
priate stimulating molecules, the question of stimu-
lating tissue regeneration becomes largely one of
determining how to identify and neutralize inhibitors
and/or identify and apply stimulators ofregeneration
to nonregenerating tissue .

One way to identify stimulatory and inhibitory
molecules might be to construct cDNA libraries from
regenerating tissue mRNA and subtract them with
mRNA from uninjured tissue or tissue that responds
to injury by repair. The subtracted libraries would
then be transfected into cells, such as Chinese ham-
ster ovary cells, that would express and secrete the
proteins encoded by the cDNAs. The conditioned me-
dium from the culture of aliquots of these cells in
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multiple wells could then be tested on bioassay sys-
tems for their regeneration-promoting ability. Positive
samples would be sequenced and their human coun-
terparts identified for use as regenerative agents .

Physical factors are equally important for ad-
equate regeneration to take place, and their roles
in regeneration need to be carefully analyzed . For
example, mechanical load (tension, compression)
is an important factor that triggers the synthesis
and/or release of molecular signals important to
regeneration, differentiation, and hypertrophy, par-
ticularly in musculoskeletal tissues. In some ver-
tebrates, such as the chicken or rat, muscle can

regenerate from a remaining short muscle stump.

In the rat, for example, regeneration from the
stump of the gastrocnemius muscle is correlated
with the regeneration of an Achilles tendon, which
connects to the regenerating muscle . The tension
exerted on the muscle stump by the Achilles
tendon is thought to be an important factor in
regeneration of the muscle .96 Mechanical stress
causes hypertrophy of cardiac and skeletal muscle
and increases collagen synthesis in cardiac fibro-
blasts . In human skeletal muscle, hypertrophy is
associated with increased release of FGF-2.97 In
cultured fetal rat cardiac fibroblasts, the increase
in collagen synthesis is correlated with an enhanced
response to TGF-(3 and IGF-1 .98 A transition from
tendon to fibrocartilage in bovine deep flexor
tendon is associated with increased expression and
accumulation of two proteoglycans, aggrecan and

biglycan . The levels of mRNAs for these proteogly-
can and of TGF-(3 are increased by compression
of fetal tendon, suggesting that fetal tendon cells
respond to compression by increasing TGF-(3 syn-
thesis, which, in turn, stimulates proteoglycans
characteristic of fibrocartilage .99

Knowledge ofthe factors that inhibit or stimulate
regeneration is equally essential for the design of
artificial matrixes that can induce regeneration of
tissues in vivo .

Differences between regeneration and repair
Achieving a wider range and greater degree of regen-
eration in mammals requires that we acquire adeeper
understanding than we currently have of the cellular
and environmental differences between tissues that
undergo repair and those that undergo regeneration .
The best way to analyze such differences is to compare
and contrast tissues that exhibit a difference in their
ability to regenerate at different stages of their life
cycle or take advantage of mutations that affect either
regeneration or wound repair or to compare and con-

WOUND REPAIRAND REGENERATION
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trast the basic biology of tissues in high-regeneration
animals such as the urodeles with the same tissues
in lower regeneration animals such as the mammals .

Such studies are just getting underway at the
cellular and molecular level. Current evidence indi-
cates that there are two important properties of
urodele limb muscle cells not exhibitedby mammalian
muscle cells that are potentially correlated with the
ability to regenerate .45,46 The first is the ability of
cultured urodele myotube nuclei to re-enter the cell
cycle in response to high (10%-20%) concentrations
of serum, something that normal mammalian myo-
tube nuclei cannot do . loo Several lines of evidence

indicate that the target for the serum factor(s) is the
retinoblastoma (Rb) protein. First, the newt Rb pro-
tein is expressed and is hyperphosphorylated by cy-
clin-dependent kinase (CDK) 4/6. This would cause
Rb to dissociate from E2F transcription factors, al-
lowing these factors to activate genes that drive the
nuclei into S phase. 101 Second, newt myotubes trans-
fected with a plasmid expressing a mutant Rb lacking
sites of CDK4/6 phosphorylation cannot re-enter the
cell cycle in response to serum factors. Third, trans-
fection of newt myotubes with a plasmid expressing
p16 (which inhibits CDK4/6) also blocks cell cycle re-
entry in response to serum .loo The response of newt
myotubes to serum is dependent on the degree of
contact of the myotubes with other cells. High-density
cultures of myoblasts surrounding the myotubes pre-
vent them from synthesizing DNA, whereas low-den-
sity cultures do not. loo This suggests that contact
inhibition normally inhibits newt myotubes from see-
ing the stimulatory factors in serum and that ampu-
tation and matrix remodeling relieves this inhibition .
The nature of the serum factor(s) is unknown. The
factor(s) is not FGF-2, EGF, or other standard growth
factors such as platelet-derived growth factor and
IGF, because none of these growth factors elicited
DNA synthesis in cultured newt myotubes .loo

The second difference is the apparent immortality
ofurodele limb cells. Mammalian cells can be immor-
talized with oncogenes such as that encoding the SV40
T-antigen, but newt limb cells appear to be naturally
immortal . They can be propagated in culture for at
least 200 generations without undergoing senescence
orcrisis . 102 Blastema cells cultured for 100generations
and implanted back into an amputatedlimb stump are
incorporated into different tissue types of the regen-
erate.46 The property that confers immortality may be
linked to the ability of myotubes to enter S phase in
response to serum factors and thus is worth pursuing
in the context ofinducing mammalian cells to do like-
wise when they ordinarily would not. Rodent embryo
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fibroblasts were transfected with anewt cDNA library
carrying a drug-resistance marker and drug selected
for stably transfected colonies retaining newt se-
quences. Two such colonies containing the same se-
quence (designated h4)were isolated . Theh4 sequence
complemented the activity of a mutant T-antigen se-
quence that lacks immortalizing activity when trans-
fected into rodent embryo cells by itself. Interestingly,
the h4 sequence does not encode a protein but resides
in the 3' untranslated region of a newt a glucosidase-
related mRNA.46 Transcripts of such regions have
been shown to mediate a variety of regulatory pro-
cesses, including myogenic differentiation, 103

We also need to understand how limb cells reor-

ganize their internal architecture to assume an em-
bryonic-like mesenchymal morphology, how the
dedifferentiated state is maintained throughout
growth ofthe blastema, and what factors are involved
in the progression of dedifferentiated cells through
the cell cycle beyond S phase. The serum factors that
cause newt myotube nuclei to synthesize DNA are
not sufficient to drive them through the G2/M tran-
sition .1oo Other factors provided by the wound epi-
dermis and nerves, not yet unequivocally identified,
are essential for complete cell cycling and blastema
growth . 104,105 The ability to respond to these factors
and progress through the cell cycle might require the
breakdown of myotubes into single cells and their
dedifferentiation . The embryonic-like ECM is thought
to be instrumental in maintaining blastema cells in
an undifferentiated state, 106 probably by the nature
of the contacts between cells and matrix . The ho-
meobox gene Msx-1 is expressed in blastema cells107

and maybe important in repressing genes responsible
for differentiated function . The forced expression of
Msx-1 in mouse myoblasts downregulates MyoD,
which maintains terminal muscle differentiation and
prevents them from differentiating. 108

Finally, we need to understand the mechanisms
by which the differentiation patterns of stem or pro-
genitor cells are specified during regeneration . Pat
terning of regenerate tissues has been most
intensively studied in regenerating urodele limbs .7,109

It is clear that many of the same genes involved in
patterning of the structure of the embryonic chick
limb bud are also expressed in the limb regeneration
blastema,109-112 giving reason to believe that regen-

erate pattern may be controlled by interdependent
proximodistal, anteroposterior, and dorsoventral or-
ganizing regions, as in the chick limb bud.113 These
organizing centers may act as boundaries specifying
the perimeter of the regenerate, within which the
positional values of each axis are intercalated in each

axis . 114-116 It will be interesting to know whether the
genes expressed in association with these organizing
regions are expressed in all cases of tissue regener-
ation or even during wound repair by scar tissue, as
opposed to being expressed only during the regener-
ation of a complex structure such as a limb .
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