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Abstract
Tissue restoration is the process whereby multiple damaged cell types are replaced to restore
the histoarchitecture and function to the tissue. Several theories have been proposed to explain the
phenomenon of tissue restoration in amphibians and in animals belonging to higher orders. These
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theories include dedifferentiation of damaged tissues, transdifferentiation of lineage-committed
progenitor cells, and activation of reserve precursor cells. Studies by Young et al. and others
demonstrated that connective tissue compartments throughout postnatal individuals contain
reserve precursor cells. Subsequent repetitive single cell-cloning and cell-sorting studies revealed
that these reserve precursor cells consisted of multiple populations of cells, including tissue-speciﬁc progenitor cells, germ-layer lineage stem cells, and pluripotent stem cells. Tissue-speciﬁc
progenitor cells display various capacities for differentiation, ranging from unipotency (forming
a single cell type) to multipotency (forming multiple cell types). However, all progenitor cells
demonstrate a ﬁnite life span of 50 to 70 population doublings before programmed cell senescence
and cell death occurs. Germ-layer lineage stem cells can form a wider range of cell types than a
progenitor cell. An individual germ-layer lineage stem cell can form all cells types within its
respective germ-layer lineage (i.e., ectoderm, mesoderm, or endoderm). Pluripotent stem cells can
form a wider range of cell types than a single germ-layer lineage stem cell. A single pluripotent
stem cell can form cells belonging to all three germ layer lineages. Both germ-layer lineage stem
cells and pluripotent stem cells exhibit extended capabilities for self-renewal, far surpassing the
limited life span of progenitor cells (50–70 population doublings). The authors propose that the
activation of quiescent tissue-speciﬁc progenitor cells, germ-layer lineage stem cells, and/or
pluripotent stem cells may be a potential explanation, along with dedifferentiation and transdifferentiation, for the process of tissue restoration. Several model systems are currently being investigated to determine the possibilities of using these adult quiescent reserve precursor cells for
tissue engineering.
Index Entries: Adult; pluripotent; stem cells; mammals; humans; embyonic; mesenchymal;
neurodegenerative; diabetes; infarction.

DEFINITIONS
Precursor cells are the three general categories of reserve cells present within the connective tissue compartments of organs and
tissues throughout the adult (postnatal) body.
These three general categories of precursor
cells are tissue-specific progenitor cells, lineage-committed (ectodermal, mesodermal,
and endodermal) germ-layer lineage stem
cells, and lineage-uncommitted pluripotent
epiblastic-like stem cells.
Progenitor cells are precursor cells that have
a finite life span of less than or equal to
Hayﬂick’s limit of 50–70 population doublings
before programmed cell senescence and cell
death. In addition, particular progenitor cells
are committed to form particular tissue types.
For example, a myogenic progenitor cell has
the potential to only form myogenic tissues
(i.e., skeletal muscle, smooth muscle, and/or
cardiac muscle). A chondrogenic progenitor
cell has the potential to only form chondro-
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genic tissues (i.e., hyaline cartilage, articular
cartilage, elastic cartilage, growth plate cartilage, and/or fibrocartilage). In addition, an
adipogenic progenitor cell has the potential to
only form adipogenic cell types (i.e., unilocular
fat cells and/or multilocular fat cells). Also,
progenitor cells may be unipotent, forming a
single cell type; bipotent, forming two cell
types; tripotent, forming three cell types; or
multipotent, forming multiple cell types.
Stem cells are precursor cells that have
extended capabilities for self-renewal, far
exceeding Hayflick’s limit of 50–70 population doublings, and are telomerase-positive.
There are two subgroups, with one subgroup
of stem cells committed to the primary germlayer lineages of ectoderm, mesoderm, and
endoderm. But these particular (ectodermal,
mesodermal, or endodermal) germ-layer lineage stem cells will not form a select few cells
within that lineage but rather will form all cell
types within their respective embryonic germlayer lineage.
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Mesodermal germ-layer lineage stem cells
will form skeletal muscle, smooth muscle, cardiac muscle, unilocular adipocytes, multilocular adipocytes, fibrous connective tissues,
dermis, tendons, ligaments, dura mater, arachnoid mater, pia mater, organ capsules, organ
stroma, tunica adventitia, tunica serosa, ﬁbrous
scar tissue, hyaline cartilage, articular cartilage,
elastic cartilage, growth plate cartilage, ﬁbrocartilage, endochondral bone, intramembranous bone, arterial endothelial cells, venous
endothelial cells, capillary endothelial cells,
lymphoidal endothelial cells, sinusoidal
endothelial cells, endothelial cells, erythrocytes,
monocytes, macrophages, T-lymphocytes, Blymphocytes, plasma cells, eosinophils,
basophils, Langerhan cells, dendritic cells, natural killer (NK) cells, bone marrow stroma,
adrenal cortex zona fasciculata, adrenal cortex
zona glomerulosa, adrenal cortex zona reticularis, the proximal convoluted tubule, the distal
convoluted tubule, the loop of Henle,
podocytes, juxtaglomerular cells, mesangial
cells, the transitional epithelium, seminiferous
tubules, tubuli recti, the rete testis, Sertoli cells,
interstitial cells of Leydig, efferent ductules, the
ductus epididymis, the ductus deferens, the
seminal vesicle, ejaculatory ducts, ovarian
stroma, follicular cells/granulosa cells, fallopian tube tissues, the uterine endometrium, uterine glands, the upper two-thirds of the vagina,
and so forth. Thus far, we have tentatively identiﬁed 40 of the above cell types and developed
assay procedures to objectively verify 25 of
them within induced clonal rodent mesodermal
germ-layer lineage stem cell lines, cell-sorted
human mesodermal germ-layer lineage stem
cell lines, and induced human and rodent
pluripotent epiblastic-like stem cell lines.
Ectodermal germ-layer lineage stem cells
will form epidermis, hair, nails, sweat glands,
sebaceous glands, Apocrine glands, salivary
gland mucous cells, salivary gland serous cells,
gonadotrophs, somatotrophs, thyrotrophs, corticotrophs, mammanotrophs, the lens, the
corneal epithelium, enamel, neurons, astrocytes, oligodendrocytes, dorsal root ganglion
cells, sympathetic ganglion cells, parasympa-
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thetic ganglion cells, ependyma, the olfactory
epithelium, retina, the iris, smooth muscle
(sphincter and dilator pupillae), the ciliary
body, pituicytes, the hypothalamus, the thalamus, pinealocytes, spinal nerves, Schwann
cells, motor nerve endings, Meissner’s touch
corpuscles, Merkel’s disks, Krause end bulbs,
free nerve endings, Pacinian touch corpuscles,
melanocytes, odontocytes, cementocytes, amine
precursor uptake decarboxylase (APUD) cells,
chromafﬁn cells, enterochromafﬁn cells, adrenal
medulla, pheochromocytes, parafollicular Ccells, heart valves, the cardiac skeleton, the pulmonary trunk, chorda tendinae, the ascending
aorta, cardiac cushions, the membranous atrial
septum, the membranous ventricular septum,
and the corneal endothelium. Thus far, we have
tentatively identiﬁed 20 of the above cell types
and developed assay procedures to objectively
verify 10 of them within induced clonal rodent
ectodermal germ-layer lineage stem cell lines
and induced human and rodent pluripotent
epiblastic-like stem cell lines.
Endodermal germ-layer lineage stem cells
will form thyroid follicular cells, brush cells,
goblet cells, Clara cells, type I alveolar cells,
type II alveolar cells, the epithelium of the
esophagus, gastric mucous cells, gastric parietal
cells, gastric chief cells, cardiac glands, gastric
glands, pyloric glands, Brunner’s glands, the
epithelium of the small intestine, the epithelium
of the large intestine, the epithelium of the
appendix, the epithelium of the rectum, the
epithelium of the gallbladder, goblet cells, hepatocytes, biliary cells, canalicular cells, oval cells,
acinar cells, α-cells, β-cells, δ-cells, polypeptide
P-cells, the epithelium lining of pharyngeal
pouches, the lining of the middle ear, pharyngeal tonsils, the thymus, parathyroid oxyphil
cells, and parathyroid chief cells. Thus far, we
have tentatively identiﬁed 18 of the above cell
types and developed assay procedures to objectively verify 11 of them within induced clonal
rodent endodermal germ-layer lineage stem cell
lines and induced human and rodent pluripotent epiblastic-like stem cell lines.
Pluripotent epiblastic-like stem cells will
form any somatic cell of the body, crossing all
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three primary germ-layer lineages (ectoderm,
mesoderm, and endoderm). Thus far, we have
tentatively identiﬁed almost 80 cell types and
developed assay procedures to objectively verify 46 of them within induced clonal rodent cell
lines and induced cell-sorted human pluripotent epiblastic-like stem cell lines.

THEORIES CONCERNING TISSUE
RESTORATION
Restoration of tissue histoarchitecture and
function is the Holy Grail for tissue engineering. Limb regeneration in amphibians is a classic example of tissue engineering that occurs
naturally. Transection of the amphibian limb
initiates reepithelialization of the distal tip to
form an epidermal cap/ridge and formation of
the blastema, a mass of undifferentiated cells
that underlie the epidermal cap/ridge. Signals
emanating from the epidermal cap/ridge
direct the subsequent proliferation, outgrowth,
and differentiation of the blastema into the
missing tissues of the limb, forming a fully
functional appendage (Figs. 1A–N).
Dedifferentiation is one of several theories
that have been proposed to explain the phenomenon of tissue restoration. Toole and Gross
(1) reported that blastema formation in the
juvenile aquatic salamander occurred by the
process of dedifferentiation of the transected
tissues. The dedifferentiation theory is predicated on the assumption that stem cells either
do not exist within the tissues or do not function in the process of tissue restoration. The
theory of dedifferentiation proposes that differentiated cells damaged during the initial
trauma revert to a more primitive undifferentiated state to form the blastema, prior to their
proliferation and subsequent redifferentiation
to restore the missing tissues (2,3).
The theory of transdifferentiation of tissuespecific progenitor cells offers an alternate
explanation of the events leading to tissue
restoration. This theory proposes that each
tissue within the postnatal individual contains only its own unique contingent of tis-
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sue-specific progenitor cells. The theory further proposes that the normal function of
these progenitor cells is limited to the maintenance and repair of the tissue in which they
reside (4). Transdifferentiation is proposed to
occur during tissue restoration when tissuespecific progenitor cells derived from one
organ are “reprogrammed” to form tissues of
another organ (5,6). For example, cells
derived from bone marrow have been
reported to form neurons and neural supportive tissues (7–9), as well as hepatic oval
cells (10–12) and muscle cells (13,14). Cells
derived from neuronal tissues have been
reported to form blood elements (15,16) and
muscle cells (17–19). In addition, cells
derived from skeletal muscle have been
reported to form blood (20). These investigators proposed that the tissue-specific progenitor cells they isolated from one organ were
reprogrammed or transdifferentiated to form
cells and tissues of another organ.
The activation of quiescent reserve precursor cells offers another theory to explain the
phenomenon of tissue restoration in postnatal
individuals. This hypothesis proposes that
connective tissue compartments in postnatal
individuals contain multiple populations of
reserve precursor cells and that these precursor cells consist of tissue-specific progenitor
cells, germ-layer lineage stem cells, and lineage-uncommitted pluripotent stem cells.
Tissue-specific progenitor cells residing in the
tissues of the body are postulated to be
involved in the routine maintenance of those
tissues. Examples of tissue-specific progenitor
cells demonstrating this function include the
basal epithelial cells of gastrointestinal
mucosa (21) and the myosatellite cells of
skeletal muscle (22,23). Heretofore unrecognized populations of germ-layer lineage stem
cells and pluripotent stem cells (24–60) are
postulated to undergo activation, proliferation, and differentiation to assist the progenitor cells in the replacement or restoration of
the damaged and/or missing tissues. We will
now examine this third proposed hypothesis
in more detail.
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RESERVE PRECURSOR CELLS
Limb Regeneration
in Adult Terrestrial Salamanders
Urodeles in the aquatic phase, such as the
juvenile and adult newt, juvenile and adult
axolotl, and the juvenile larval salamander, have
the capacity to regenerate completely a functional appendage after traumatic or surgical
amputation (61–64). In these species, complete
restoration of the missing tissues was observed
during a relatively short period of time: 40 d for
the newt (65), 30+ d for the axolotl (66,67), and
44 d for the juvenile larval salamander (68). In
salamanders, metamorphosis appeared to be
critical for the process of regeneration. In metamorphosis, the juvenile aquatic salamander is
transformed into the adult terrestrial salamander. Complete absence of limb regeneration or
the formation of only heteromorphic regenerates was reported to follow limb transection in
adult terrestrial salamanders (69). Thus, it was
generally accepted that the adult terrestrial form
had lost its intrinsic ability to regenerate any
appendage. The mechanism for the loss of
regenerative ability in the adult urodele salamander was unknown (70,71).
Young et al. reported that adverse laboratory conditions and length of time examined
accounted for the apparent loss of regenerative ability in adult terrestrial salamanders
(24–27,31). When the laboratory environment
was adjusted for terrestrial conditions, adult
salamanders (i.e., Ambystoma annulatum,
Ambystoma maculatum, Ambystoma texanum,
and Ambystoma tigranum) completely regenerated functional limbs within 155 to 370 d after
amputation (Figs. 1A–N) (32–35). Because of
the increased time for complete regeneration
to occur (i.e., 155–370 d for terrestrial salamanders vs 30–44 d for aquatic species) and the
increased number of time-points examined
(i.e., 62–148 for terrestrial salamanders vs
12–18 for aquatic species), additional studies
(36,72) noted that the transected tissues of the
limb did not undergo dedifferentiation into
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more primitive cells (73). Rather, the damaged
tissues were completely removed by a
debridement/inﬂammatory response by neutrophils and macrophages (Fig. 2A,B). The
cells forming the blastema were present in the
adult salamanders as quiescent stem cells. The
reserve stem cells were located in the proximal
connective tissues of the skeletal muscle, dermis, fat, cartilage, bone, and loose ﬁbrous connective tissues of the limb (Fig. 2C–E). Upon
activation, these putative stem cells released
themselves from the supporting connective
tissues and migrated to the apical epidermal
ridge to form the blastema. The spatial and
temporal scenario for posttraumatic blastema
formation and subsequent outgrowth of the
limb is as follows. Before amputation, no morphological or histochemical differences were
detected between the quiescent stem cells and
the other differentiated cells of the connective
tissues. Immediately following amputation, a
select population of cells began synthesizing
heparan sulfate proteoglycan (HS-PG). These
cells demonstrated a transient shift from intracellular to pericellular HS-PG. Glycoproteins
(GP) emanating from the forming epidermal
cap (Fig. 2F) bound to the pericellular HS-PG.
The select population of cells exhibiting pericellular HS-PG bound to the GP then migrated
along a concentration gradient (Fig. 2G) of glycoproteins and hyaluronic acid emanating
from the apical epidermal cap (Fig. 2H,I). This
select population of cells formed the subepidermal ridge blastema (SERB) and blastema
(BL) (Fig. 2I,J). Once formed, the two blastemal
populations proliferated to increase the length
of the limb. During this process, the proximal
blastemal cells located near the differentiated
tissues acquired cell surface coats consisting of
HS-PG and acidic, neutral, and basic glycoproteins. The proteoglycans of the extracellular
matrix then developed tissue-speciﬁc compositions indicative of skeletal muscle, fat, cartilage, bone, connective tissues, and dermis
(35,36,72,74). In the process of forming the
missing tissues, alterations in proteoglycan
proﬁles of the extracellular matrix preceded
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Fig. 1. (A) Wound healing stage, dorsal oblique view, shows a slight swelling in the regenerate
epidermis at the distal tip and the ﬁrst evidence for the bud outgrowth, Ambystoma annulatum,
×100. (B) Early bud stage, ventral view, shows the rounded outgrowth of the blastema with the epidermal ridge at its distal tip, A. annulatum, ×70. (C) Middle bud stage, dorsal view, shows a demarcation line separating the stump tissues from a symmetrical cone-shaped blastemal outgrowth, A
annulatum, ×94. (D) Middle bud stage, ventral view of the same bud as in C. Tension lines are visible from the epidermal ridge to the stump tissues, A. annulatum, ×90.
(E) Late bud stage, dorsal view of a ﬂattened cone-shaped outgrowth. The demarcation line continues to separate the blastemal outgrowth from the remaining portion of the limb, A. annulatum,
×60.(F) Early palette stage, dorsal view of a paddle-shaped outgrowth that can be segregated into
two regions: region 1 comprises the area of the future digits; region 2 comprises the area of the
future “hand,” A. annulatum, ×70.
(G) Middle palette stage, dorsal view of an elongated palette-shaped outgrowth. The apical
palette epidermis covers the outgrowth, and a demarcation line separates the stump tissues from
regenerate outgrowth tissues. Along the distal ridge of the outgrowth, slight swellings begin to
replace the epidermal ridge, A. annulatum, ×70. (H) Late palette stage, dorsal view of an elongated
palette-shaped outgrowth. A demarcation line separates proximal stump tissues from the distal
regenerate tissues. Distinct swellings are visible along the distal border and are indicative of forming digits, A. annulatum, ×90. (I): Early digit stage, dorsal view of the regenerate structure that has
the distinct appearance of a forming “hand” containing digits. The forming digits are beginning to
separate from each other, A. annulatum, ×60. (J) Middle digit stage, dorsal view of a deﬁnitive
“hand”-like regenerate structure consisting of separated digital regions, A. annulatum, ×70. (K) Late
digit stage, a dorsal view showing continued separation of the digits, A. annulatum, ×70. (L) Late
digit stage, a ventral view of the same regenerate as seen in K. Patches of chromatophores
(melanocytes) are appearing along this surface. Transverse crease lines overlie future joint areas,
such as those for the interphalangeal joints, A. annulatum, ×70. (M) Complete limb regenerate stage,
a dorsal view of all digits separated from each other, with the regenerate forelimb indistinguishable
from either the original or sham-operated control limbs. Within the regenerated limb, the demarcation line remains and marks the spot of the original amputation site, A. annulatum, ×60. (N)
Complete regenerate stage, a ventral view of M. At the beginning of this stage, patches of chromatophores appear along the ventral surface, but by the end of this stage, the pigmentation pattern
assumes that of its respective species (i.e., annular rings for A. annulatum, spots for A. maculatum, a
mottled appearance for A. texanum, and stripes for A. tigranum), A. annulatum, ×60. APE, apical
palette epidermis; C, chromatophores; CL, crease lines; DE, dorsal regenerative epidermis; DL,
demarcation line; ER, epidermal ridge; FD, forming digits; FL, ﬁnger-like digits; IG, interdigital
grooves; IW, interdigital wedge; LD, lateral digits; MD, middle digits; R1, distal one-third of outgrowth, region 1; R2, proximal two-thirds of outgrowth, region 2; RGE, regenerate epidermis; SE,
stump epidermis; SW, swellings; TH, thumb-like digit; TL, tension lines; VE, ventral regenerate epidermis. (Reproduced with permission from Young, H. E., Bailey, C. F., and Dalley, B. K. [1983] Gross
morphological analysis of limb regeneration in postmetamorphic adult Ambystoma. Anat. Rec. 206,
295–306. Copyright 1983, Alan R. Liss, Inc.)
overt changes in cellular morphology. These
results suggested that the blastema in adult
terrestrial salamanders originated from quiescent stem cells located within the more proximal connective tissues of the limb. During
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subsequent differentiation, the blastemal cells
formed an intermediate tissue-specific (lineage-committed) phenotype prior to overt differentiation into the adult form. The inductive
agents for these events were endogenous
Volume 40, 2004

8

Cell Biochemistry and Biophysics

Young et al.

Volume 40, 2004

Adult Reserve Stem Cells

9

Fig. 2. (A) Limb tissues transected by amputation 18 to 20 h after amputation. Arrowheads
denote degenerating tissues along amputation surface, ×450. (B) Postaxial border of stump tissue
area just proximal to amputation site, 18 to 20 h after amputation. Stump epidermis adjacent to
amputation site demonstrates intracellular staining for hyaluronic acid and glycoproteins. Dermis
consists of dense ﬁbrous connective tissue. Inﬂammatory cells (macrophages and neutrophils)
located within and around blood vessel periphery and interspersed within connective tissues,
×900. (C) Proximal area of stump tissues between two cartilage masses 5 d after amputation.
Arrowheads demonstrate cells with intracellular heparan sulfate glycosaminoglycans, pericellular
heparan sulfate glycosaminoglycans and glycoproteins, and extracellular hyaluronic acid. This ﬁgure reveals putative (mesenchymal-like) blastemal cells associated with the perichondrial sheath
covering the cartilage and within the connective tissues between the cartilage masses, ×600. (D)
Area of the stump tissues proximal to the amputation site 6 d after amputation. Arrowheads denote
cells with intracellular heparan sulfate glycosaminoglycans, pericellular heparan sulfate glycosaminoglycans and glycoproteins, and extracellular hyaluronic acid. These cells are the putative
(mesenchymal-like) blastemal cells that are associated with the perichondrium and associated connective tissues adjacent to the cartilage mass, ×1200. (E) Area of the connective tissues located
between skeletal muscle and adjacent cartilage 6 d after amputation. This area is within the tissues
proximal to the amputation site. Putative (mesenchymal-like) blastemal cells containing intracellular heparan sulfate glycosaminoglycans, pericellular heparan sulfate glycosaminoglycans and glycoproteins, and extracellular hyaluronic acid (arrowheads) interspersed within the connective
tissue, ×1200. (F) Histological view of wound closure by regenerate epidermal cuff across surface
of stump tissues 10 d after amputation. Intracellular staining for hyaluronic acid and glycoproteins
occurs within middle layers of regenerate epidermis (double arrowheads), absent in basal layers of
regenerate epidermis (B) and present extracellularly within adjacent underlying wound tissues
(single arrowhead), ×1200. (G) Regenerate epidermis overlying wound surface 22 d after amputation. An increase in intracellular staining for both hyaluronic acid and glycoproteins occurs in all
layers of the regenerate epidermis. Increased extracellular staining for both hyaluronic acid and
glycoproteins is located within underlying stump tissue matrices, ×550. (H) Distal regenerate portion of the stump-regenerate complex, sectioned perpendicular to the preaxial/postaxial axis 25 d
after amputation. Regenerate epidermis begins to thicken, forming a “cap” of epidermis covering
the wound site. This structure is designated as the apical epidermal cap. The “pioneering” cells and
the “trailing” cells become the cell population beneath the forming apical epidermal cap. This
region is designated as the subregenerate epidermal blastema. Hyaluronic acid is present intracellularly within all layers of the apical epidermal cap and extracellularly within the subregenerate epidermal blastema, ×600. (I) Stump-regenerate complex 30 d after amputation. All layers of the apical
epidermal cap stain intracellularly for hyaluronic acid and glycoproteins, whereas the subregenerate blastema stains extracellularly for the same material. Future blastemal cells (arrowheads) are
visible near the subregenerate epidermal blastema. These blastemal cells stain intracellularly for
heparan sulfate glycosaminoglycans, pericellularly for heparan sulfate glycosaminoglycans and
glycoproteins, and extracellularly for hyaluronic acid, ×550. (J) Regenerate portion of stump-regenerate complex 35 d after amputation. The individual mesenchymal-like cells have congregated into
a large mass of cells, designated the core blastema, which lies deep (internal) to the subregenerate
epidermal blastema, and the apical epidermal cap, ×600. AEC, apical epidermal cap; B, basal layers of regenerate epidermis; C, cartilage; CB, core blastema; CT, loose connective tissues; D, dermis;
E, epithelial-like cells; F, free cell population; FM, ﬁne ﬁlamentous material; G/GM, granulated
wound surface matrix; I, inﬂammatory cells (macrophages and neutrophils); N, nerve; RE, regenerate epidermis; SREB, subregenerate epidermal blastema; ST, stump tissues; TP, trailing cells; WE,
wound epidermis. (Reproduced with permission from Young, H. E., Dalley, B. K., and Markwald,
R. R. [1989] Glycoconjugates in normal wound tissue matrices during the initiation phase of limb
regeneration in adult Ambystoma. Anat. Rec. 223, 231–241. Copyright 1989, Alan R. Liss, Inc.)
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bioactive factors (glycosylated compounds)
emanating from the regenerating epidermis.

Reserve Precursor Cells
in Higher Order Animals
Previous studies demonstrated the existence
of tissue-speciﬁc unipotent, bipotent, tripotent,
and multipotent progenitor cells in differentiated tissues. For example, unipotent myosatellite myoblasts were reported for skeletal muscle
(22,75,76); unipotent adipoblasts for adipose
tissue (77); unipotent chondrogenic cells and
osteogenic cells for the perichondrium and
periosteum, respectively (78); bipotent adipoﬁbroblasts for adipose tissue (79); bipotent chondrogenic/osteogenic cells for marrow (80–83);
tripotent chondrogenic, osteogenic, and adipogenic cells for marrow (84); and multipotent
hematopoietic cells for marrow (85–87).
On the basis of previous studies in adult terrestrial salamanders (32–35), Young et al.
(36,72) postulated the existence of reserve stem
cells among the connective tissues of animals
belonging to higher orders. They postulated
that quiescent stem cells (i.e., lineage-restricted
germ-layer lineage stem cells and lineageuncommitted pluripotent stem cells) having
the capacity to form multiple cell types also
resided within the connective tissue compartments of postnatal individuals. Three years of
empirical experiments led to the determination
of the optimal conditions for the isolation, cultivation, and cryopreservation of these putative stem cells (38,39). A quantitative bioassay,
consisting of histochemical, immunochemical,
and biochemical procedures, was developed to
measure and quantify biological activity (40).
This assay, coupled with morphological, pharmacological, physiological/functional, and
molecular assays, was used to assess phenotypic expression markers characteristic of differentiated and undifferentiated cells (41–47).
Veriﬁcation for the existence of these reserve
precursor cells required isolating clonal populations, in which the cells under study were all
derived from a single cell. Clones generated
were derived by repetitive single-cell clonogenic
analysis (41,42,44,46). The precursor cells used
Cell Biochemistry and Biophysics
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for cloning were isolated from the connective tissue compartments of dermis, skeletal muscle,
and heart, and 1158 clones of cells were generated in the initial cloning experiments (41). All
clones displayed contact inhibition at conﬂuence. Approximately 70% of the clones demonstrated the ability to generate multiple cell types
within the mesodermal germ-layer lineage.
These clones formed skeletal muscle, smooth
muscle, unilocular (white) fat, multilocular
(brown) fat, hyaline cartilage, articular cartilage,
elastic cartilage, growth plate cartilage, ﬁbrocartilage, endochondral bone, and intramembranous bone (41). The remaining 30% of the clones
demonstrated the ability to form cells belonging
to one or more cell types. Some clones were
tripotent, forming chondrogenic, osteogenic,
and adipogenic cells. Others were bipotent,
forming cells belonging to two lineages. Some of
these cells belonged to the myo-ﬁbrogenic lineage (forming cells of the myogenic and ﬁbrogenic lineages). Others formed cells of the
adipo-ﬁbrogenic lineage (forming cells of the
adipogenic and ﬁbrogenic lineages). Still others
formed cells of the chondro-osteogenic lineage
(forming cells of the chondrogenic and
osteogenic lineages). Other clones were unipotent, forming cells limited to a single cell lineage,
such as the adipogenic, myogenic, ﬁbrogenic,
chondrogenic, and osteogenic lineages (41).
Other differences were noted between the
populations of precursor cells. Clones displaying tripotency, bipotency, or unipotency would
proliferate through 30 to 50 population doublings and then senesce and die. In other
words, they conformed to Hayﬂick’s limit of
50–70 population doublings, the characteristic
life-span for lineage-committed progenitor cells
(88). Furthermore, these clones were unresponsive to a general inductive agent, such as dexamethasone. They also failed to respond to
speciﬁc inductive agents whose actions were
directed at a different cell type. For example,
clones that would only form skeletal muscle
were unresponsive to bone morphogenetic protein–2 (BMP-2), which induces the formation of
cartilage and bone (43,44). However, progenitor
cell clones were responsive to progression
agents, which accelerated the time frame for
Volume 40, 2004
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Table 1
Distribution and Age of Donor Tissue
Human

Age
Fetal
Newborn
Adolescent
Adult

Avian

Mouse

Rat

+

+
+
+
+

+
+
+
+

Geriatric

Rabbit

+

+

Goat

+

Sheep

+

Pig

+

30 mo

expression of their particular cell type. For
example, clones that would only form cartilage
demonstrated the chondrogenic phenotype in
2–3 wk in the presence of a progression agent
(insulin, insulin-like growth factor–1, or
insulin-like growth factor–2), whereas 4 or
more wk were required to express the cartilage
phenotype in the absence of a progression
agent (28,43).
Mesodermal germ-layer lineage stem cell
clones displayed the ability to form skeletal
muscle, smooth muscle, unilocular fat, multilocular fat, hyaline cartilage, articular cartilage,
elastic cartilage, growth plate cartilage, ﬁbrocartilage, endochondral bone, and intramembranous bone from a single cell. These clones
proliferated well past 200 population doublings
without any apparent effect on their differentiation potential. They were responsive to both a
general nonselective inductive agent (such as
dexamethasone) that would induce their full
range of mesodermal cell types, as well as speciﬁc inductive agents, such as BMP-2. However,
these same clones were unresponsive to progression agents, which had no effect on the
clones as long as they remained tissue/cell
uncommitted. Once these multifunctional
clones committed to a particular tissue or cell
type, they assumed all the characteristics of
progenitor clones for that respective tissue.
Their life span before senescence and death was
Cell Biochemistry and Biophysics

Dog

Male

Female

24 wk
+

25 wk

37 yr
48 yr
67 yr

+
17 yr
25 yr
36 yr
40 yr
77 yr

50–70 population doublings. They were unresponsive to induction agents outside their lineage but were responsive to progression agents.
Clones having extended capabilities for selfrenewal and the capacity to form multiple (more
than four) distinct mesodermal cell types from a
single cell were originally designated (ca. 1992)
as “pluripotent mesodermal stem cells” (39).
Because of current deﬁnitions for stem cells,
they will be designated herein as mesodermal
germ-layer lineage (GLL) stem cells. They
received this designation because of their
extended capabilities for self-renewal and their
ability to form multiple tissues and cells originating from the embryonic mesodermal germlayer lineage. The repetitive single-cell
clonogenic studies were repeated with putative
mesodermal GLL stem cells derived from mice
and rats, and similar results were noted
(44,46,57).

Phylogenetic Distribution
We postulated that if mesodermal GLL stem
cells were involved in tissue restoration, they
should be present throughout phylogeny, even
in higher order mammals, such as humans. We
have addressed this hypothesis by isolating and
examining putative stem cell populations from
various species. Putative quiescent stem cells
with characteristics identical to the original
mesodermal GLL stem cell clones have been
Volume 40, 2004
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Table 2
Source Tissue for Reserve Stem Cells

Source tissue

Avian

Mouse

Rat

Rabbit

Dog

Goat

Sheep

Pig

Human

+
+
+

+
+
+

+
+
+
+
+

+

+

+

+

+

+

Skeletal muscle CT
Dermis
Heart CT
Granulation tissue
Other sitesa

+

+
+

aAssociated connective tissues of periosteum, perichondrium, fat, ligaments, tendons, nerve sheaths, meninges, blood
vessels, blood, bone marrow, trachea, esophagus, stomach, duodenum, jejunum, ileum, large intestine, liver, pancreas,
spleen, kidney, and urinary bladder.

isolated from mice, rats, rabbits, dogs, sheep,
goats, pigs, and humans (Table 1) (29,43,45–47,
53,56,57,59, unpublished observations).

Age of Donor
We postulated that if mesodermal GLL stem
cells were involved in tissue restoration, they
should be present at all stages of life. This
hypothesis was examined in mice using the
National Institute of Health (NIH) mouse
aging model CBF-1 (89) through 30 mo of age
and in humans through 77 yr of age (Table 1).
In both mice and humans, no differences were
detected with respect to age or the differentiation potentials of these cells. The differentiation potentials examined were the ability to
induce phenotypic expression markers for
skeletal muscle, smooth muscle, cardiac muscle, unilocular (white) fat, multilocular (brown)
fat, hyaline cartilage, articular cartilage, elastic
cartilage, growth plate cartilage, ﬁbrocartilage,
endochondral bone, intramembranous bone,
tendon, ligament, dermis, scar tissue, endothelial cells, and hematopoietic cells using dexamethasone as a general nonselective inductive
agent (Table 1) (28,29,45,47).

Location of Reserve Stem Cells
We further postulated that if mesodermal
GLL stem cells were involved in tissue restoration, they should be present throughout all body
Cell Biochemistry and Biophysics

organs and tissues. Using the same protocols for
isolation, propagation, and testing as above, precursor cells from 26 different tissues and organs
were isolated and examined. Cells with the same
characteristics as mesodermal GLL stem cells
were located in all tissues or organs examined
possessing connective tissue compartment(s)
(Table 2) (28–30,38,42,45–47,53,56,57,59, unpublished observations).

Novel Bioactive Activities
In recent years, considerable attention has
focused on the isolation and characterization of
endogenous bioactive factors and their importance in inﬂuencing aspects of tissue development, maturation, aging, replacement, and
repair. Demineralized bone matrix has been
shown to contain a number of factors that inﬂuence proliferation, chemotaxis, angiogenesis,
chondrogenesis, and osteogenesis (90–93). Of
particular interest has been the family of bone
morphogenetic proteins (BMP) in the transforming growth factor–beta (TGF-β) superfamily (94–96), cartilage morphogenetic protein
(97), TGF-β, basic ﬁbroblast growth factor (bFGF), insulin, insulin-like growth factor–1 (IGF1), and insulin-like growth factor–2 (IGF-2)
(91,98). On the basis of the presence of these
compounds in bone matrix, we fractionated a
water-soluble extract from a demineralized
bone matrix (Fig. 3A,B) and assayed for additional bioactive activities. We discovered activVolume 40, 2004
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Fig. 3. (A) Protocol for the isolation of skeletal muscle morphogenetic protein (Sk-MMP) and scar
inhibitory factor (SIF) from a water-soluble extract of demineralized bovine bone. (B) Coomassie
Blue stained sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) of water-soluble extracts derived from demineralized bovine bone. Lane 1, molecular weight standards; lane 2,
water-soluble proteins containing Sk-MMP and SIF activities postdialysis to remove 4 M guanidine
hydrochloride (4 M HCl); and lane 3, 0.0 to 0.8 M NaCl salt gradient fractions, containing Sk-MMP
and SIF activities, from SP-Sephadex ion-exchange chromatography column. (C) Northern dot-blot
hybridization analysis of induced myogenin expression in a mesodermal GLL stem cell clone (44).
The following bioactive factors were examined: control (10% SS10), 2 µg/mL insulin (insulin), 200
ng/mL insulin-like growth factor–1 (IGF-1), 200 ng/mL insulin-like growth factor–2 (IGF-2), 10–8
M dexamethasone (dex), and 200 ng/mL dry weight Sk-MMP.
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ity corresponding to two factors within the
water-soluble fractions (29,30,43,51). These
activities were designated as skeletal muscle
morphogenetic protein (Sk-MMP) and scar
inhibitory factor (SIF). These designations were
made based on their ability to stimulate myogenic gene expression (Sk-MMP) (Fig. 3C) and
inhibit ﬁbrogenesis (SIF) (Table 3), as well as
their combined activity in vivo in a model system for skeletal muscle repair in the adult
mouse (Sk-MMP and SIF) (see Skeletal Muscle
Repair section). We postulated that the bioactive
factors isolated from demineralized bone
matrix—that is, BMPs, TGF-β, IGF-1, IGF-2,
insulin, Sk-MMP, SIF, and so forth—were produced by cells not belonging to the osteogenic
lineage. The cells producing these factors would
presumably secrete the compounds into the
blood. We therefore began analyzing various
lots of commercially available serum to determine if these serum lots contained other inductive activities. On the basis of their respective
interaction with mesodermal GLL stem cells in
vitro, we identiﬁed the following activities from
serum and designated the compounds responsible for their activity as platelet-derived growth
factor (PDGF)-like (proliferative) activity, SkMMP (Fig. 4A), smooth muscle morphogenetic
protein (Sm-MMP) (Fig. 4B), adipocyte morphogenetic protein (AMP) (Fig. 4C), ﬁbroblast morphogenetic protein (FMP) (Fig. 4D), SIF,
leukemia inhibitory factor (LIF)-like (inhibitory)
activity, and antidifferentiation factor (ADF)like (inhibitory) activity (Tables 3 and 4) (29,43).

Effects of Bioactive Factors
We compared the effects of various combinations of bioactive factors on clones of tissue-speciﬁc progenitor cells and tissue-uncommitted
mesodermal GLL stem cells (Table 4). We mixed
equal quantities (20%) of ﬁve progenitor cell
clones, each expressing a unipotent capability
for the myogenic, adipogenic, chondrogenic,
osteogenic, or ﬁbrogenic lineage (41). This mixed
population of unipotent progenitor cell clones
was then compared to a single clone of mesodermal GLL stem cells. The clone of mesodermal
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Fig. 4. Reserve stem cell clones induced with novel inductive compounds. (A) A mixed culture
containing equal quantities of a mesodermal GLL stem cell clone (St), a unipotent myoblast progenitor cell clone (Bp), and a unipotent ﬁbroblast progenitor cell clone (Sp) (41) was used. Cells were
plated in medium containing PDGF-like (proliferative) and ADF-like (inhibitory) activities (28,29).
After an initial 48 h, cultures were switched to basal medium containing FMP, Sk-MMP, and SIF
(28,43) and incubated for an additional 12 d. Cultures were halted, processed, and stained with
toluidine blue. The nuclei in ten ×40 ﬁelds were counted. Approximately 95% of the nuclei resided
in multinucleated structures (MT). Parallel immunostained cultures demonstrated positive staining for sarcomeric myosin, skeletal muscle fast myosin, myosin heavy chain, and myosin fast chain,
all indicative of a multinucleated skeletal muscle phenotype. (B) A Lac-Z-transfected adult rat
pluripotent epiblastic-like stem cell clone (29,49) was plated in medium containing PDGF-like (proliferative) and ADF-like (inhibitory) activities (28,29). After 48 h, the cultures were switched to
medium containing smooth muscle morphogenetic protein activity (Sm-MMP) (28) and incubated
for 14 d. Cultures were halted, processed for ELICA using an antibody to β-galactosidase, and
costained with an antibody to smooth muscle α-actin (IA4) (40). The nuclei in ten ×40 ﬁelds were
counted. Approximately 90% of the nuclei residing in cells demonstrated intracellular staining for
the IA4 antibody. (C) A Lac-Z-transfected adult rat pluripotent epiblastic-like stem cell clone (29,49)
was plated in medium containing PDGF-like (proliferative) and ADF-like (inhibitory) activities
(28,29). After 48 h, the cultures were switched to medium containing AMP (28) and incubated for
an additional 14 d. Cultures were halted, ﬁxed (46), and photographed. Approximately 60% of cells
contained intracellular refractile vesicles. Parallel experiments generated similar structures demonstrating intracellular staining for saturated neutral lipids using Oil Red-O and Sudan Black-B histochemistry (46,47). (D) A mixed culture containing equal quantities of a mesodermal GLL stem cell
clone (St), a unipotent myoblast progenitor cell clone (Bp), and a unipotent ﬁbroblast progenitor
cell clone (Sp) (41) was used. Cells were plated in medium containing PDGF-like (proliferative) and
ADF-like (inhibitory) activities (28,29). After 48 h, the cultures were switched to medium containing ﬁbroblast morphogenetic protein activity (FMP) (28,43) and incubated for an additional 12 d.
Cultures were halted, ﬁxed, and stained with toluidine blue. The nuclei in ten ×40 ﬁelds were
counted. Approximately 98% of the nuclei resided in mononucleated spindle-shaped cells (Sp).
Parallel experiments using human pluripotent mesodermal stem cell lines (CD10+, CD13+, CD34+,
CD56+, CD90+, MHC-I+) (47) generated similar-appearing spindle-shaped structures demonstrating staining for ﬁbroblast-speciﬁc protein.

GLL stem cells contained the capacity to generate phenotypic markers for the same ﬁve mesodermal tissue lineages (i.e., the myogenic,
adipogenic, chondrogenic, osteogenic, and ﬁbrogenic lineages) (41). We used the enzyme-linked
immunoculture (ELICA) bioassay (40) to quantify phenotypic expression in the treated cultures. The bioactive factors examined, both
individually and in combination, included
recombinant human platelet-derived growth
factor–AA (rh-PDGF-AA), platelet-derived
growth factor–BB (rh-PDGF-BB), plateletderived growth factor–AB (rh-PDGF-AB),
Cell Biochemistry and Biophysics

platelet-derived endothelial cell growth factor
(rh-PD-ECGF), basic ﬁbroblast growth factor
(rh-b-FGF), transforming growth factor–beta
(rh-TGF-β), dexamethasone (dex), Sk-MMP,
bone morphogenetic protein–2 (BMP-2), cartilage morphogenetic protein (CMP), FMP,
AMP, insulin, IGF-1, IGF-2, recombinant
murine–ESGRO (rm-LIF), leukemia inhibitory
factor (rh-LIF), SIF, and antidifferentiation factor (rh-ADF). Examples of single and combinatorial experiments performed are given in
Table 4. Those studies demonstrated four basic
types of biological activity expressed by the
Volume 40, 2004
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Table 3
Inhibitors of Induction and/or Differentiation

Species
Affect
postconﬂuent cells
Affect
postconﬂuent cells
Titration
Amount
Inhibition
of inductive
factorsa
Inhibition
of progression
factorsb

SIF

ESGRO

h-LIF

ADF

All
Yes

Murine
Yes

Human and rat
Yes

All
Yes

Yes

No

No

Yes

Quantity per
Quantity per
inductive factor
cell number
2 ng/mL
2000 U/mL
(FMP)
(106 cells)
FMP (only)
All

Quantity per
cell number
2000 U/mL
(106 cells)
All

Quantity per
inductive factor
2 U/mL
(MMP)
All

None

None

All

None

aInductive factors examined: dexamethasone, bone morphogenetic protein-2, skeletal muscle morphogenetic protein,
smooth muscle morphogenetic protein, adipocyte morphogenetic protein, ﬁbroblast morphogenetic protein.
bProgression factors examined: insulin, insulin-like growth factor–1, insulin-like growth factor–2.
SIF, scar inhibitory factor (not puriﬁed); ESGRO, murine-leukemia inhibitory factor (recombinant murine protein); hLIF, human-leukemia inhibitory factor (recombinant human protein); ADF, antidifferentiation factor (recombinant
human protein).

bioactive factors examined on both the mixed
population of progenitor cell clones and the single mesodermal GLL stem cell clone. The four
activities were proliferative (initiating and/or
accelerating proliferation), progressive (accelerating differentiative phenotypic expression),
inductive (committing cells to one or more tissue
lineages or cell types), and/or inhibitory (preventing induction and/or progression [acceleration of phenotypic marker expression for
differentiated cell types]) (28,30,43,51,54,55,58).

Windows of Inductive Activity
Our previous studies examining the differentiative capabilities of mesodermal GLL stem
cell clones (41,43,44,57) demonstrated that
myogenesis and adipogenesis would occur
within 2 wk after incubation with dexamethasone, chondrogenesis would occur after 4 wk
Cell Biochemistry and Biophysics

of incubation, and osteogenesis would occur
after 6 wk of incubation. These time periods for
phenotypic expression could be sharply
reduced by the addition of a progression factor
(such as insulin) to the culture medium. These
results suggested that the process of induction
(gene activation) might occur earlier within the
incubation time period necessary for the complete expression of the phenotype. Using novel
(Sk-MMP) and recombinant (BMP-2) factors,
Lucas et al. (50–53,99, unpublished observations) determined that myogenesis, chondrogenesis, and osteogenesis could be induced
during the first week of incubation. The
remaining time period was necessary for the
progression and expression of differentiative
phenotypic markers. Next, Lucas et al. initiated
a series of studies to determine whether the
entire 7-d time period was necessary for induction or whether there might be discrete winVolume 40, 2004
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Table 4
Percentage of Phenotypic Expression in Mixed Progenitor Cell Clones
and a Mesodermal Germ-Layer Lineage Stem Cell (MGLLSC) Clone
Bioactive
factors

INS
MMP
FMP
SIF
MMP + INS
MMP + FMP
MMP + SIF
FMP + INS
FMP + SIF
SIF + INS
MMP + INS
+ FMP
MMP + INS
+ SIF
MMP + FMP
+ SIF
MMP + INS
+ FMP + SIF
MMP fb INS
INS fb MMP
MMP fb FMP
FMP fb MMP
MMP fb SIF
SIF fb MMP
FMP fb INS
INS fb FMP
FMP fb SIF
SIF fb FMP
SIF fb INS
INS fb SIF
MMP +
INS fb FMP
MMP +
SIF fb FMP
MMP + INS +
SIF fb FMP
FMP + INS fb
MMP
FMP + SIF fb
MMP
FMP + INS +
SIF fb MMP
FMP + SIF fb
MMP + INS

Adipogenic

Chondrogenic

Osteogenic

Fibrogenic

MGLLSC
clone

20
20
0
0
20
0
20
0
0
20
0

20
0
0
0
20
0
0
0
0
20
0

20
0
0
0
20
0
0
0
0
20
0

20
0
0
0
20
0
0
0
0
20
0

20
0
20
0
20
95
0
20
0
0
20

0
80 (Myo)
95 (Fibro)
0
95 (Myo)
95 (Fibro)
80 (Myo)
95 (Fibro)
0
0
95 (Fibro)

20

0

0

0

0

95 (Myo)

20

0

0

0

0

80 (Myo)

20

0

0

0

0

95 (Myo)

0
20
0
20
0
20
0
0
0
0
0
20

0
20
0
0
0
0
0
0
0
0
0
20

0
20
0
0
0
0
0
0
0
0
0
20

0
20
0
0
0
0
0
0
0
0
0
20

0
20
0
20
0
0
20
0
20
0
0
20

0
95 (Myo)
0
95 (Fibro)
0
80 (Myo)
95 (Fibro)
0
95 (Fibro)
0
0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

20

0

0

0

20

95 (Fibro)

20

0

0

0

0

80 (Myo)

20

0

0

0

0

80 (Myo)

20

0

0

0

0

95 (Myo)

Myogenic

INS, insulin. Sk-MMP, skeletal muscle morphogenetic protein: a novel compound that induces the expression of transcription factors MyoD and myogenin in vitro (44), induces formation of multinucleated spontaneously contracting structures demonstrating crossstriations and staining with antibodies to skeletal muscle myosin in vitro (28,44), and induces skeletal muscle regeneration in vivo.
FMP, ﬁbroblast morphogenetic protein: a novel compound that induces expression of ﬁbrogenic phenotype in vitro (28) and stimulates
scar tissue formation in vivo. SIF, scar inhibitory factor: a novel compound that inhibits ﬁbrogenic induction and progression in vitro
(28) and inhibits scar tissue formation in vivo. fb, followed by: initial experiments used a 3-d incubation for the ﬁrst agent(s) followed
by a 24-h incubation in control medium, followed by a 3-d incubation with the second agent(s). The combination/reciprocal experiments
demonstrated overlapping windows of activity for FMP (1–3 d), AMP (2–4 d), BMP-2 (3–5 d), and Sk-MMP (4–6 d) bioactive factors.
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dows of activity for the tissue-speciﬁc induction factors. The experimental design was a
twofold reciprocal experiment. Both series of
experiments consisted of seven sets of identical
cultures. In the ﬁrst series, seven sets of cultures were fed inductive factors on d 1, six sets
on d 2, and so forth, ending with one set on d
7. The second series of inductive factor incubations was the reciprocal experiment. In this
series, one set of cultures was incubated with
inductive factors on d 1, a second set of cultures was started on inductive factors on d 2,
and so forth, ending with a seventh set of cultures that was started on inductive factors on d
7. Their results showed that BMP-2 induced
chondrogenic and osteogenic activity in the
cultures during a 3- to 5-d window and that SkMMP induced myogenesis in the cultures during a 4- to 6-d window. We have repeated those
experiments using BMP-2, Sk-MMP, FMP, and
AMP with a clone of mesodermal GLL stem
cells. We noted that, once activated, the mesodermal GLL stem cells exhibited overlapping
windows of activity with respect to inductive
compounds acting on the mesodermal lineage.
In sequential order, the windows of inductive
activity were ﬁbrogenic (d 1–3), adipogenic (d
2–4), chondrogenic/osteogenic (d 3–5), and
myogenic (d 4–6) (28,43).

Unique Cell Surface Markers
We are involved in strategies designed to
facilitate the immediate isolation of puriﬁed
populations of reserve stem cells from the connective tissues of human subjects for potential
use in transplantation therapies. We are analyzing cell surface cluster of differentiation
(CD) markers (100) coupled with ﬂow cytometric analysis to determine if we can identify
unique marker combinations on these stem
cells. The following 58 CD markers have been
examined thus far: CD1a, CD2, CD3, CD4,
CD5, CD7, CD8, CD9, CD10, CD11b, CD11c,
CD13, CD14, CD15, CD16, CD18, CD19, CD20,
CD22, CD23, CD24, CD25, CD31, CD33, CD34,
CD36, CD38, CD41, CD42b, CD44, CD45,
CD49d, CD55, CD56, CD57, CD59, CD61,
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CD62E, CD65, CD66e, CD68, CD69, CD71,
CD79, CD83, CD90, CD95, CD105, CD117,
CD123, FLT3 (CD135), CD166, Glycophorin-A,
HLA Class-I, HLA-DRII, FMC-7, Annexin-V,
and LIN antigens (45,47,48). Six CD markers
(i.e., CD10, CD13, CD34, CD56, CD90, and
MHC-I) were identiﬁed as forming a unique
“ﬁngerprint” for mesodermal GLL stem cells
using cell lines generated from human fetal,
newborn, adult, and geriatric donors (Fig.
5A–F) (29,45,47).

Reserve Stem Cells Residing in Tissues
Procedures designed specifically for the
immediate harvest of mesodermal GLL stem
cells from connective tissue compartments,
coupled with CD cell surface marker analysis,
were used to analyze stem cells within postnatal human connective tissue compartments. On
the basis of our previous studies, we had
hypothesized that a single population of mesodermal GLL stem cells would be present in
adult connective tissues of mesodermal origin.
Much to our surprise, we found ﬁve separate
populations of putative stem cells, each with
their own unique proﬁle of CD markers. We
are currently characterizing two of these ﬁve
populations—the mesodermal GLL stem cells
(28,30,46,47) and pluripotent epiblastic-like
stem cells (29,48,49).

Mesodermal Germ-Layer
Lineage Stem Cells
The ﬁrst population characterized expressed
the CD10+, CD13+, CD34+, CD56+, CD90+, MHCI+, CD1a–, CD2–, CD3–, CD4–, CD5–, CD7–, CD8–,
CD9–, CD11b–, CD11c–, CD14–, CD15–, CD16–,
CD18–, CD19–, CD20–, CD22–, CD23–, CD24–,
CD25–, CD31–, CD33–, CD36–, CD38–, CD41–,
CD42b–, CD45–, CD49d–, CD55–, CD57–, CD59–,
CD61–, CD62E–, CD65–, CD66e–, CD68–, CD69–,
CD71–, CD79–, CD83–, CD95–, CD105–, CD117–,
CD123–, CD135–, CD166–, Glycophorin-A–,
HLA-DRII–, FMC-7–, Annexin-V–, and LIN– cell
surface proﬁle. This population displayed all the
characteristics seen previously for mesodermal
GLL stem cells isolated from both human cell
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Fig. 5. Human pluripotent mesodermal stem cells analyzed by ﬂow cytometry for cluster of differentiation markers. X-axis and Y-axis noted on ﬁgure. Cell line derived from 25-yr-old adult
human female dermal biopsy specimen propagated to 30 cell doublings and analyzed with antibodies to cell surface cluster of differentiation markers. (A) CD19 and CD10. (B) CD13 and CD14.
(C) CD34 and CD45. (D) CD56 and CD45. (E) CD45 and CD90. (F) CD56 and Class-I. (Reproduced
with permission from Young, H. E., Steele, T. A., Bray, R. A., Detmer, K., Blake, L. W., Lucas, P. A.,
et al. [1999] Human pluripotent and progenitor cells display cell surface cluster differentiation
markers CD10, CD13, CD56, and MHC Class-I. Proc. Soc. Exp. Biol. Med. 221, 63–71. Copyright 1999,
Society for Experimental Biology and Medicine, Blackwell Science; Young, H. E., Steele, T., Bray, R.
A., Hudson, J., Floyd, J. A., Hawkins, K. C., et al. [2001] Human reserve pluripotent mesenchymal
stem cells are present in the connective tissues of skeletal muscle and dermis derived from fetal,
adult, and geriatric donors. Anat. Rec. 264, 51–62. Copyright 2001, Wiley-Liss.)
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lines and nonhuman clones. The stem cells were
shown to be 10–20 µm in size by ﬂow cytometric
analysis of unﬁxed cells. The stem cells displayed extended capabilities for self-renewal
well past Hayﬂick’s limit, propagating past 200
population doublings without loss of differentiative potential (28,46,47). These stem cells
remained quiescent in serum-free deﬁned
medium lacking leukemia inhibitory factor or
antidifferentiation factor (Fig. 6A). They did not
express embryonic stem cell markers, such as
stage-speciﬁc embryonic antigen–1, –3, –4; carcinoembryonic antigen; or carcinoembryonic antigen-cell adhesion molecule (Table 5) (29). In
serum-free deﬁned medium without proliferation factors, inductive factors, or inhibitory factors (i.e., leukemia inhibitory factor or
antidifferentiation factor), the stem cells existed
in a quiescent state. They displayed no proliferation, no spontaneous differentiation, and no cell
death. In the presence of proliferation factors,
these stem cells displayed contact inhibition at
conﬂuence, ceasing cell proliferation once a single layer of cells covered the culture surface (Fig.
6B) (46). This occurred even in the presence of
known proliferation agents such as plateletderived growth factors (28,43). These stem cells
were responsive to both general and speciﬁc
inductive factors (28,30,43), but only with respect
to cells of the embryonic mesodermal germlayer lineage, demonstrating the ability to form
18 or more exclusively mesodermal phenotypes
(29,46–49) (Table 5, Figs. 6C–G, 7A–Z). These
stem cells were unresponsive to speciﬁc inductive factors for ectodermal or endodermal lineage cells (Table 5). Mesodermal GLL stem cells
were unresponsive to progression factors (28,43)
in the undifferentiated tissue-uncommitted state.
Mesodermal GLL stem cells formed progenitor
stem cells limited to the embryonic mesodermal
germ-layer lineage following induction of tissue/cell commitment (Tables 4 and 5). Once
committed to a particular tissue or cell type, the
new lineage-speciﬁc progenitor cells were unresponsive to inductive factors outside their
respective tissue or cell type. Thus, newly
formed progenitor cells committed to form myogenic tissues were unresponsive to BMP-2, and
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cells committed to form chondrogenic tissues
were unresponsive to Sk-MMP (28). However,
these same newly formed progenitor cells
responded to progression factors (such as
insulin, IGF-1, or IGF-2) by accelerating the
expression of their differentiated phenotype.
They also assumed Hayﬂick’s limit of 50 to 70
population doublings before programmed cell
senescence and cell death occurred (28–30,
43,45–47).

Pluripotent Epiblastic-Like Stem Cells
The second population of putative reserve
stem cells derived from adult human connective tissues expressed a CD10+, CD66e+, CD1a–,
CD2–, CD3–, CD4–, CD5–, CD7–, CD8–, CD9–,
CD11b–, CD11c–, CD13–, CD14–, CD15–, CD16–,
CD18–, CD19–, CD20–, CD22–, CD23–, CD24–,
CD25–, CD31–, CD33–, CD34–, CD36–, CD38–,
CD41–, CD42b–, CD45–, CD49d–, CD55–,
CD56–, CD57–, CD59–, CD61–, CD62E–, CD65–,
CD68–, CD69–, CD71–, CD79–, CD83–, CD90–,
CD95–, CD105–, CD117–, CD123–, CD135–,
CD166–, Glycophorin-A–, MHC-I–, HLA-DRII–,
FMC-7–, Annexin-V–, and LIN– cell surface
proﬁle. We also cloned putative stem cell populations with similar characteristics from postnatal rats. Both the sorted adult human cells
and cloned postnatal rat cells show similarities
and differences with respect to the mesodermal
GLL stem cells. Similarities include extended
capabilities for self-renewal, quiescence in
serum-free deﬁned media without inhibitory
agents, responsiveness to inductive factors,
unresponsiveness to progression factors, and
assumption of progenitor cell status once committed to a particular tissue or cell type. The
induced tissue-speciﬁc progenitor cells derived
from CD10+ and CD66e+ cells exhibited contact
inhibition at conﬂuence, lack of responsiveness
to induction factors outside their respective tissue or cell type, responsiveness to progression
factors accelerating their phenotypic expression, and conformance to Hayﬂick’s limit of
50–70 population doublings before programmed cell senescence and cell death
occurred.
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Table 5
Induction of Phenotypic Expression in Native and Induced Adult Precursor Stem Cell Lines
Phenotypic
markers

Embryonic
Alkaline phosphatase
SSEA-1
SSEA-3
SSEA-4
CEA
HCEA
CD66e
CEA-CAM
Ectoderm
Neuronal progen cells
Neurons
Ganglia
Oligodendrocytes
Astrocytes
Radial glial cells
Keratinocytes
Mesoderm
Skeletal muscle
Smooth muscle
Cardiac muscle
White fat
Brown fat
Hyaline cartilage
Articular cartilage
Elastic cartilage
Growth plate cartilage
Fibrocartilage
Endochondral bone
Intramembrane bone
Tendon/ligament
Dermis
Scar tissue
Endothelial cells
Hematopoietic cells
Endoderm
Endodermal progenitor cells
Gastrointestinal epithelium
Liver oval cells
Liver hepatocytes
Liver biliary cells
Liver canalicular cells
Pancreas progenitor cells
Pancreas ductal cells
Pancreatic β-cells
Pancreatic α-cells
Pancreatic δ-cells

ELSCs

EctoGLLSCs

MGLLSCs

EndoGLLSCs

PanPCs

3D-ILS

+
+
+
+
+
+
+
+

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

+
+
+
+
+
+
+

+
+
+
+
+
+
+

–
–
–
–
–
–
–

–
–
–
–
–
–
–

–
–
–
–
–
–
–

–
–
–
–
–
–
–

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–

–

+
+
+
+
+
+
+
+
+
+
+

–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–

+
+
+
+
+
+
+
+
+
+
+

–
–
–
–
–
–
+
+
+
+
+

–
–
–
–
–
–
–
+
+
+
+

–
–
–
–
–

PPELSCs, pluripotent epiblastic-like stem cells (isolated and cloned). EctoGLLSCs, ectodermal germ-layer lineage stem cells
(induced). MGLLSCs, mesodermal germ-layer lineage stem cells (isolated and cloned). EndoGLLSCs, endodermal germ-layer
lineage stem cells (induced). PanPCs, pancreatic progenitor cells (induced). 3D-ILS, 3D-islet-like structures (induced). CEA, carcinoembryonic antigen. HCEA, human carcinoembryonic antigen. CD66e, carcinoembryonic antigen. CEA-CAM, carcinoembryonic antigen-cell adhesion molecule (29,48,49).
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Fig. 6. Postnatal rat mesodermal GLL stem cell clone demonstrating mesodermal morphologies.
Clone Rat-A2A2 incubated in stem cell medium (SCM), testing medium-6 (TM-6), or TM-6 with 10–6
M Dexamethasone (dex) for 1 to 42 d (46). SCM contained PDGF-like (proliferative) and ADF-like
(inhibitory) activities (28,29). TM-6 contained Sk-MMP-like, AMP-like, and BMP-2-like inductive
activities (28). Cultures were grown in SCM (A), TM-6 only (B), or TM-6 with dex (C–G) for 24 h (A)
or 6 wk (B–G). Morphologies and histochemical and immunochemical staining as noted.
Photographed with phase contrast (A, B) and brightﬁeld (C–G) microscopy; original magniﬁcations
×200 (A, B) and ×100 (C–G). (A) Small mononucleated cells with large ratios of nucleus to cytoplasm.
(B) Single layer of nondescript contact-inhibited cells. C: Dark structures stained with antibody to sarcomeric myosin (MF-20) (arrow). Most of the unstained cells in background are adipocytes (fat cells)
(asterisks). (D) Cells with multiple Oil Red-O stained intracellular vesicles indicative of saturated
neutral lipid-containing adipocytes (arrow). (E) Aggregating nodules of rounded cells with pericellular matrix halos staining with antibody to type II collagen (CIIC1) (arrow). (F) Aggregating nodule
of cells overlaid with horseshoe-shaped extracellular matrix staining with antibody to bone sialoprotein (WV1D1) (white asterisk). Unstained refractile intercellular vesicles belong to adipocytes (single
arrows). A diagonally oriented smooth muscle cell stained with an antibody to smooth muscle α-actin
(1A4) (double arrows) is located in the upper left-hand corner of photograph. (G) Aggregating nodule of cells (single arrow) with pericellular matrix halos staining with antibody to type IX collagen
(D1-9). Also note aggregation of unstained adipocytes (double arrows) and individual cells (asterisk)
stained with antibody to smooth muscle α-actin (1A4). (Reproduced with permission from Young, H.
E., Duplaa, C., Young, T. M., Floyd, J. A., Reeves, M. L., Davis, K. H., et al. [2001] Clonogenic analysis
reveals reserve stem cells in postnatal mammals: I. Pluripotent mesenchymal stem cells. Anat. Rec.
263, 350–360. Copyright 2001, Wiley-Liss.)

However, differences existed between the
mesodermal GLL stem cells expressing the
CD10+, CD13+, CD34+, CD56+, CD90+, and
MHC-I+ cell surface markers and the putative
stem cells expressing the CD10+ and CD66e+
cell surface markers. These differences strongly
suggested the existence of a separate and
unique category of stem cells. This second category of stem cells, expressing a CD10+ and
CD66e+ CD marker cell surface profile and
derived from adults, was shown to consist of
small stellate cells (Figs. 8A, 9A) of 6–8 µm in
size by flow cytometric analysis of unfixed
cells. These stem cells did not exhibit contact
inhibition at conﬂuence but rather formed multiple conﬂuent layers in vitro (Figs. 8B, 9B).
These adult-derived cells expressed embryonic
stem cell markers—that is, alkaline phosphatase; stage-specific embryonic antigen–1,
–3, and –4; carcinoembryonic antigens; carcinoembryonic antigen-cell adhesion molecule

Cell Biochemistry and Biophysics

(Table 5, Figs. 8C–H, 9C–D), and Oct-4 gene
expression (Fig. 10A,B) in a quiescent undifferentiated state. These stem cells, either sorted
(using CD10+ and CD66e+) or cloned from single cells by repetitive single-cell clonogenic
analysis, have formed more than 36 distinct
cell types thus far from all three primary germ
layers: 7 or more ectodermal cell types (i.e.,
neuronal progenitor cells, neurons, ganglia,
astrocytes, oligodendrocytes, radial glial cells,
keratinocytes) (Table 5, Figs. 11A–L, 12A–I), 18
or more mesodermal cell types (i.e., skeletal
muscle, cardiac muscle, smooth muscle, white
fat, brown fat, hyaline cartilage, elastic cartilage, growth plate cartilage, articular cartilage,
ﬁbrocartilage, cortical bone, trabecular bone,
loose ﬁbrous connective tissues, tendon, ligament, scar-connective tissue, endothelial cells,
hematopoietic cells) (Table 5, Figs. 13A–DD,
14A–U), and 11 or more endodermal cell types
(i.e., endodermal progenitor cells, gastroin-
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Fig. 7. Human mesodermal GLL stem cell lines: NHDF2 cells, derived from 36-yr-old human
female dermal biopsy specimen, at 80 cell doublings (A–I, K–O, R–T, V–Z) and PAL3 cells, derived
from 67-yr-old human male skeletal muscle biopsy specimen, at 150 cell doublings (J, P, Q, U).
Cells were grown for 14 (B, G, I), 28 (O), 42 (J, P, Q, T, U), or 56 (A, C, D–F, H, K–N, R, S, V–Z) d
in testing medium (TM) containing Sk-MMP-like, AMP-like, and BMP-2-like endothelial inductive
activities (28) (A–I, K–P, R–T, V–Z), Sm-MMP-like activity (28) (J, Q, U), and 10–6 M dex (A–P, R–T,
V–Z) or 10–10 M dex (Q, U) (47). Morphologies and histochemical and immunochemical staining
as noted. Cells were photographed at ×25 (O), ×40 (T, Y), ×50 (Q, U), ×100 (A–E, G, H, J–N, P–S,
U–Z), or ×125 (I) magniﬁcation in either brightﬁeld (A–E, G, H, J–N, P–S, U–Z) or phase contrast
(F, I, O, T) microscopy. (A) Mononucleated cells staining intracellularly for myogenin (F5D). (B)
Mononucleated cells staining intracellularly for sarcomeric myosin (MF-20). (C) Trinucleated cells
staining intracellularly for skeletal muscle fast myosin (MY-32). (D) Mononucleated cells staining
intracellularly for myosin heavy chain (ALD58). (E) Mononucleated cells staining intracellularly
for myosin fast chain (A4.74). (F) Two linear structures (arrows) containing multiple nuclei. (G)
Mononucleated cells staining intracellularly for smooth muscle α-actin (IA4). (H) Binucleated cell
costaining intracellularly for sarcomeric myosin (MF-20) and smooth muscle α-actin (IA4). (I)
Mononucleated cells with intracellular refractile vesicles. (J) Mononucleated cells with intracellular vesicles stained for saturated neutral lipids (Sudan Black-B). (K) Mononucleated cells with
intracellular vesicles stained for saturated neutral lipids (Oil Red-O). (L) Mononucleated cell staining intracellularly for type II collagen (CIIC1). (M) Mononucleated cells staining intracellularly for
type II collagen (II-4CII). (N) Mononucleated cells staining intracellularly for type IX collagen (D19). (O) Aggregation of cells with pericellular matrix halos. (P) Nodule stained for chondroitin sulfate and keratan sulfate glycosaminoglycans (Alcian Blue, pH 1.0). (Q) Nodule stained for sulfated
moieties (Perﬁx/Alcec Blue). (R) Mononucleated cells staining intracellularly for bone sialoprotein
II (WV1D1). (S) Mononucleated cells staining intracellularly for osteopontine (MP111). (T) 3D
matrix (arrow) overlying cell cluster. (U) Nodules stained for calcium phosphate (von Kossa). (V)
Mononucleated cells stained for ﬁbroblast-speciﬁc protein (1B10). (W) Mononucleated cells stained
for human endothelial cell surface marker (P1H12). (X) Mononucleated cells stained for peripheral
cell adhesion molecule (P2B1). (Y) Mononucleated cells stained for vascular cell adhesion molecule
(P8B1). (Z) Mononucleated cells stained for E-selectin (P2H3). (Reproduced from Young, H. E.,
Steele, T., Bray, R. A., Hudson, J., Floyd, J. A., Hawkins, K. C., et al. [2001] Human reserve pluripotent mesenchymal stem cells are present in the connective tissues of skeletal muscle and dermis
derived from fetal, adult, and geriatric donors. Anat. Rec. 264, 51–62. Copyright 2001, Wiley-Liss.)

testinal epithelium, liver oval cells, liver hepatocytes, liver biliary cells, liver canalicular
cells, pancreatic progenitor cells, pancreatic
ductal cells, and glucagon-secreting α-cells,
insulin-secreting β-cells, and somatostatinsecreting δ-cells of pancreatic islets) (Table 5,
Figs. 15A–K, 16A–R). We propose that the second population of stem cells is a sequestered
embryonic-like stem cell existing within an
adult. We have designated this population as a
pluripotent epiblastic-like stem cell because of its
capacity for extended self-renewal and the
Cell Biochemistry and Biophysics

ability to form cell types from all three primary
germ-layer lineages (29,48,49).

Capacity for Extended Self-Renewal
One of the hallmarks of embryonic stem
cells is their capacity for extended self-renewal
(101,102), enabling them to proliferate well
past Hayﬂick’s limit of 50–70 population doublings (88). We hypothesized that if the adult
stem cells discussed herein were similar to
embryonic stem cells in their ability to propaVolume 40, 2004
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Fig. 8. Human (CD10+, CD66e+) postnatal
pluripotent epiblastic-like stem cell line
(PPELSC) demonstrating embryonic markers.
Multiple PPELSC lines were grown for 24 h to
8 wk in serum-free testing medium (TM) only
(49) (A), TM with PDGF-like (proliferative)
and ADF-like (inhibitory) activities (28,29) (B),
or TM with 2 µg/mL insulin (C–H) for 24 h (A)
or 7 d (B–H). Morphologies and immunochemical staining as noted. Photographed
with phase contrast (A, B) and brightfield
microscopy (C–H). Original magnifications,
×200 (A, B, G) and ×250 (C–F, H). (A) Very
small cells with high nuclear to cytoplasmic
ratios. (B) Multilayered conﬂuent cells maintaining stellate morphology. (C) Moderate to
heavy staining for stage-specific embryonic
antigen–1 (SSEA-1). (D) Moderate staining for
stage-speciﬁc embryonic antigen–3 (SSEA-3).
(E) Moderate to heavy staining for stagespecific embryonic antigen–4 (SSEA-4). (F)
Moderate to heavy staining for human carcinoembryonic antigen (HCEA). (G) Moderate
staining for carcinoembryonic antigen cell adhesion molecule–1 (CEA-CAM1). (H) Moderate
to heavy staining for human carcinoembryonic
antigen (CD66e).

gate past Hayﬂick’s limit, then they should display telomerase activity. Thus far, we have
examined clones of mesodermal GLL stem
cells and pluripotent epiblastic-like stem cells
derived from adult rats. Both sets of clones displayed telomerase activity (Fig. 10C) (29,49).
The presence of telomerase activity is therefore
consistent with the capability for extended selfrenewal, as demonstrated by embryonic stem
cells (101,102), mesodermal GLL stem cells,
and pluripotent epiblastic-like stem cells
(29,46,49).

Paradigm Shift
Recently, there has been an apparent paradigm shift regarding stem cell biology and
embryogenesis, particularly with respect to the
Cell Biochemistry and Biophysics

source of the precursor cells derived from adult
tissues. In the past few years, researchers have
reported that tissue-specific progenitor cells
derived from one organ are “reprogrammed”
to form tissues of another organ. For example,
cells derived from bone marrow have been
reported to form neurons and neural supportive tissues (7–9), hepatic oval cells (10–12), and
muscle cells (13,14). Cells derived from neuronal tissues have been reported to form blood
elements (15,16) and muscle cells (17–19). In
addition, cells derived from skeletal muscle
have been reported to form blood (20). These
investigators proposed that the tissue-speciﬁc
progenitor cells they isolated from one organ
were reprogrammed or transdifferentiated to
form cells and tissues of another organ.
Volume 40, 2004
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Fig. 9. Adult rat pluripotent epiblastic-like
stem cell clone (PPELSC) demonstrating
embryonic markers. Multiple PPELSC clonal
lines were grown for 24 h to 8 wk in serum-free
testing medium (TM) only (49) (A), TM with
PDGF-like (proliferative) and ADF-like
(inhibitory) activities (28,29) (B), or TM with 2
µg/mL insulin (C, D) for either 24 h (A) or 7 d
(B–D). Morphologies and immunochemical
staining as noted. Photographed with phase
contrast (A, B) brightﬁeld microscopy (C, D).
Original magniﬁcations, ×200. (A) Very small
cells with high nuclear to cytoplasmic ratios. (B)
Multiple conﬂuent layers of cells maintaining
stellate morphology. (C) Mononucleated cells
demonstrating moderate to heavy staining for
stage-speciﬁc embryonic antigen–4 (SSEA-4).
(D) Mononucleated cells demonstrating moderate to heavy staining for carcinoembryonic antigen cell adhesion molecule–1 (CEA-CAM1).
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However, none of these studies addressed
either the identity or differentiative capabilities
of their isolated “progenitor” cells prior to
experimentation.
Our studies (24–50, 53–59, see Transdifferentiation vs Mixed Cell Populations section) and those of others (103,104) support
another hypothesis to account for the previous
results. We observed that the connective tissue
compartments of many organs and tissues contain a variety of different categories of reserve
precursor cells. This concept has been substantiated through the use of morphological, histochemical, immunocytochemical, molecular,
clonogenic, pharmacological, and physiological-functional analyses; isolation studies; repetitive single cell clonogenic analyses; cell-sorting
studies; and phenotypic expression studies
across nine different species, including humans.
These studies demonstrated that approx 50% of
the resident precursor cells residing in a speciﬁc
connective tissue compartment are tissue-speciﬁc progenitor cells speciﬁc for that particular
cell type. Approximately 40% of the resident
precursor cells are tissue-speciﬁc unipotent,
bipotent, tripotent, and multipotent progenitor
cells for other ectodermal, mesodermal, and
endodermal cell types. Approximately 9% of the
resident precursor cells are stem cells belonging
to the ectodermal, mesodermal, and/or endodermal germ-layer lineages. Also, approx 1% of
the resident precursor cells are pluripotent epiblastic-like stem cells, capable of forming any
somatic cell of the body. Using the precursor
cells derived from skeletal muscle connective
tissue as an example, approx 50% consist of
progenitor cells speciﬁcally are committed to
the myogenic lineage (i.e., myoblasts, myosatellite cells, etc.). Approximately 40% are progenitor cells committed to other speciﬁc tissue
lineages (i.e., adipoblasts, ﬁbroblasts, osteoblasts, chondroblasts, endothelioblasts, hematoblasts, neuroblasts, glioblasts, hepatoblasts,
etc.). Approximately 9% are germ-layer lineage
stem cells (i.e., ectodermal GLL stem cells,
mesodermal GLL stem cells, and endodermal
GLL stem cells). In addition, approx 1% are
pluripotent epiblastic-like stem cells. Precursor
Cell Biochemistry and Biophysics
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cells from the connective tissue compartments
of such diverse tissues as dermis of the skin, fat,
bone marrow, blood, brain, perichondrium,
periosteum, and viscera appear to follow the
same pattern of progenitor cell, germ-layer lineage stem cell, and pluripotent stem cell distribution (28,29,41–43,46–49).
Our work suggests that the reports supporting cell reprogramming (i.e., transdifferentiation) might also be explained by the presence of
unrecognized quiescent pluripotent stem cells,
germ-layer lineage stem cells, and/or tissueCell Biochemistry and Biophysics
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speciﬁc progenitor cells that are speciﬁc for
other tissue lineages as resident cell populations
within the differentiated tissues. For example,
we propose that pluripotent stem cells, mesodermal GLL stem cells, and/or hematopoietic
progenitor cells present in skeletal muscle could
give rise to the blood cells reported by Jackson
and Goodell (20). Indeed, McKinney-Freeman et
al. (105), in an elegant study, demonstrated that
CD45+ (hematopoietic) stem cells residing in
skeletal muscle gave rise to blood cells, whereas
the CD45– (nonhematopoietic) stem cells residVolume 40, 2004
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Fig. 10. Molecular analysis of Oct-4 expression and telomerase activity in Lac-Z-transfected adult
rat pluripotent epiblastic-like stem cell clone (29,49) (β-PPELSC) and Lac-Z-transfected adult rat
mesodermal GLL stem cell clone (47,49) (β-PPMSC). (A) Presence of Oct-4. Oct-4 was detected by
the electrophoretic mobility shift assay using the oligonucleotide 5′-TGTCGAATGCAAATCACTAGA-3′ containing the Oct-1 consensus binding site. A β-PPELSC clone at 52 passages and 234 cell
doublings was used. Cells were thawed, plated, and expanded in medium containing PDGF-like
(proliferative) and ADF-like (inhibitory) activities (28,29). Cells were harvested (45), processed for
whole-cell extracts (244), and aliquoted to 5000 cell equivalents. Cell aliquots were incubated for 30
min at room temperature with lane 1, no competitor; lane 2, 100-fold excess of unlabeled Oct-1
oligonucleotide; and lane 3, Oct-4-speciﬁc antibody in 20 mM Tris (pH 7.5), 4% glycerol 0.5 mM
dithiothreitol, and 2 µg poly dIdC. 32-P-labeled Oct-1 oligonucleotide (1 ng) was added and the mixture incubated for 30 min at room temperature before electrophoresis through a 5% polyacrylamide
gel. After drying, bands were visualized with a phosphorimager and quantiﬁed using the accompanying software. Two bands that represent binding by members of the Oct family of transcription
factors were obtained, as shown by the competition for binding by unlabeled Oct oligonucleotide.
(B) Densitometric analysis of the area contained in the sidebar of the electrophoretic mobility shift
assay in A. Lane 1, solid line; lane 2, long dashes; and lane 3, short dashes. Incubation with Oct-4speciﬁc antibody substantially decreased the formation of the upper band and slightly decreased the
formation of the lower band, indicating the presence of Oct-4. (C) Polyacrylamide gel electrophoresis of telomerase activity in pluripotent stem cells. β-PPELSC clone, at 52 passages and 234 cell doublings, and β-PPMSC clone, at 31 passages and 151 cell doublings, were used. Cells were propagated
as described in A, harvested (45), and processed for telomerase activity as described (TRAPeze
Assay, Intergen). Lane 1 +, extract of telomerase-positive cells (control), 1 –, extraction buffer; lane 2
+, test extract of β-PPELSC clone, 2 –, heat-inactivated extract of β-PPELSC clone; lane 3 +, test
extract of β-PPMSC clone, 3 –, heat-inactivated extract of β-PPMSC clone. Note the presence of ladders of bands denoting the presence of telomerase activity; compare + lanes 1–3. (Reproduced with
permission from Young, H. E., Duplaa, C., Yost, M. J., Henson, N. L., Floyd, J. A., Detmer, K., [2004]
Clonogenic analysis reveals reserve stem cells in postnatal mammals: II. Pluripotent epiblastic-like
stem cells. Anat. Rec. Manuscript accepted for publication. Copyright 2004, Wiley-Liss.)

ing in skeletal muscle formed muscle.
Unfortunately, these investigators did not completely examine the CD45– stem cells isolated
from skeletal muscle to determine their full differentiation potential (i.e., whether they would
form other cell/tissue types in addition to skeletal muscle). Several possibilities exist. The
CD45– stem cell could be a progenitor cell committed to the myogenic lineage. Alternatively,
the CD45– stem cell could be a mesodermal GLL
stem cell or a pluripotent epiblastic-like stem
cell. The CD45– cells could also be a combination of all three types of precursor cells because
all of these types of cells are CD45– by ﬂow cytometric analysis (28,29,47,48).
Cell Biochemistry and Biophysics

Similarly, we propose that pluripotent stem
cells, ectodermal GLL stem cells, mesodermal
GLL stem cells, endodermal GLL stem cells,
and/or neuroblasts, glioblasts, hepatoblasts, or
myogenic progenitor cells in bone marrow
could give rise to neurons and neural supportive tissues (7–9), hepatic oval cells (10–12), and
muscle cells (13,14). Likewise, pluripotent stem
cells, mesodermal GLL stem cells, and/or
hematopoietic progenitor cells or myogenic
progenitor cells in neuronal tissues could form
blood elements (15,16) and muscle cells
(17–19). We believe that the experimental
results that appear to require transdifferentiation or dedifferentiation of progenitor cells
Volume 40, 2004
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Fig. 11. Human (CD10+, CD66e+) postnatal
pluripotent epiblastic-like stem cell (PPELSC)
line induced to express neuroectodermal and
surface ectodermal phenotypic expression
markers. Multiple PPELSC lines were grown
for 24 h to 8 wk in testing medium (TM) only,
TM with dex, TM with ectodermal inductive
activity, or TM with dex and 10 ectodermal
inductive activity. In this particular series,
PPELSC were grown for 7 d in TM with 10–6 M
dex and ectodermal inductive activity.
Morphologies and immunochemical staining
as noted. Photographed with brightﬁeld microscopy, original magnifications, ×200 (A–D,
G–L), ×100 (E, F).
(A) Mononucleated cells moderately stained
for neural precursor cell expression marker
(FORSE-1). (B) Mononucleated cells showing
moderate to heavy intracellular staining for neuroﬁlaments (RT-97). (C) Mononucleated cells
showing moderate intracellular staining for
neurons (8A2). (D) Mononucleated cells showing moderate to heavy intracellular staining for
neuronal nestin (Rat-401). (E) Mononucleated
cells showing moderate intracellular staining for
nestin (HNES). (F) Mononucleated cell showing
heavy intracellular staining for nestin
(MAB353). (G) Mononucleated cells showing
moderate to heavy intracellular staining for btubulin III (T8660). (H) Mononucleated cells
showing moderate intracellular staining for
neuroglia (oligodendrocytes and astroglia)
(CNPase). (I) Mononucleated cells showing
moderate to heavy intracellular staining for
oligodendrocytes (Rip). (J) Mononucleated cells
showing heavy intracellular staining for neuronal expression marker (S-100). (K) Mononucleated cells showing moderate to heavy
intracellular staining for neuronal vimentin for
radial cells and radial glial cells (40E-C). (L)
Mononucleated cells showing moderate staining for keratinocytes (VM-1).

may actually be caused by contamination of
the tissue isolate by unrecognized progenitor
cells, germ-layer lineage stem cells, and/or
pluripotent stem cells that are stimulated to
Cell Biochemistry and Biophysics

form new progenitor cells of a different tissue
type. Based on the proposed theory of activation of quiescent precursor cells, no reprogramming of either differentiated cells or
Volume 40, 2004
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Fig. 12. Adult rat pluripotent epiblastic-like stem cell clone (PPELSC) clone (49) induced to
express ectodermal lineage phenotypic expression markers. Multiple PPELSC clonal lines were
grown for 24 h to 8 wk in testing medium (TM) only, TM with dex, TM with ectodermal inductive
activity, or TM with dex and 10 ectodermal inductive activity. In this particular series, the clone was
incubated for 7 d in TM with 10–6 M dex and ectodermal inductive activity. Morphologies and
immunochemical staining as noted. Photographed with brightﬁeld microscopy. Original magniﬁcations, ×100 (A, B, D, E, G–I), ×200 (C, F). (A) Mononucleated cells staining for neural precursor
cell expression marker (FORSE-1). (B) Mononucleated cells showing intracellular staining for neuroﬁlaments (RT-97). (C) Mononucleated cells showing intracellular staining for neurons (8A2). (D)
Mononucleated cells showing intracellular staining for neuronal nestin (Rat-401). (E) Mononucleated cells showing intracellular staining for b-tubulin III (T8660). (F) Mononucleated cells
showing intracellular staining for oligodendrocytes (Rip). (G) Mononucleated cells showing intracellular staining for neuronal expression marker (S-100). (H) Mononucleated cells showing intracellular staining for neuronal vimentin for radial cells and radial glial cells (40E-C). (I)
Mononucleated cells showing intracellular staining for ganglion cells (TuAg1).

lineage-committed stem cells would thus be
required to explain the results obtained by
these investigators.

Transdifferentiation vs
Mixed Cell Populations
In an ongoing series of studies (28,29,41–44,
unpublished data), we have attempted to verCell Biochemistry and Biophysics

ify transdifferentiation as the hypothesis of
choice to explain tissue restoration. These
experiments were performed using fully characterized tissue-speciﬁc progenitor cell clones,
mesodermal GLL stem cell clones, and pluripotent epiblastic-like stem cell clones, all derived
by repetitive single-cell clonogenic analysis.
We postulated that if transdifferentiation were
a reality, then we could induce a unipotent tisVolume 40, 2004
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Fig. 13. Adult human (CD10+, CD66e+) pluripotent epiblastic-like stem cell (PPELSC) lines
induced to express mesodermal phenotypic expression markers. Multiple PPELSC lines were grown
for 24 h to 8 wk in testing medium (TM) only; TM with 10–10 M to 10–6 M dex; TM with Sk-MMPlike, Sm-MMP-like, AMP-like, BMP-2-like, and endothelial inductive activities (28); or TM with 10–10
M to 10–6 M dex and Sk-MMP-like, Sm-MMP-like, AMP-like, BMP-2-like, and endothelial inductive
activities. In this particular series, PPELSCs were grown for 7 d (A, B), 1 wk (I, J, L), 2 wk (C–H), or
4 wk (K) in TM with 10–8 M dex (A–L); 2 wk (M, P–S) or 4 wk (N, O) in TM with 10–7 M dex (M–S);
and 2 wk in TM with 10–6 M dex (T–DD). Morphologies and immunochemical staining as noted.
Photographed with brightﬁeld microscopy; original magniﬁcations, ×40 (J, N–P), ×100 (A–H, K–M,
Q–S, U, V, Y, Z, CC), ×200 (I, T, W, X, AA, BB, DD). (A) Mononucleated cells showing moderate
intracellular staining for MyoD (OP-137). (B) Mononucleated cells showing moderate to heavy intracellular staining for myogenin (F5D). (C) Mononucleated and binucleated cells showing moderate
to heavy intracellular staining for sarcomeric myosin (MF-20). (D) Mononucleated and binucleated
cells showing moderate to heavy intracellular staining for antiskeletal muscle fast myosin (MY-32).
(E) Mononucleated and multinucleated cells showing moderate to heavy intracellular staining for
skeletal myosin heavy chain (ALD58). (F) Mononucleated cells showing moderate to heavy intracellular staining for skeletal myosin fast chain (A4.74). (G) Mononucleated cells showing heavy
intracellular staining for smooth muscle α-actin (IA4). (H) Mononucleated cells showing moderate
intracellular staining for calponin (Calp). (I) Mononucleated and binucleated cells showing moderate intracellular staining for cardiotin (cardiac myocytes, MAB 3252). (J) Mononucleated cells
demonstrating heavy intracellular staining for bone sialoprotein II (WV1D1). (K) Nodular mass
demonstrating extracellular staining for bone sialoprotein II (WV1D1). (L) Mononucleated cells
demonstrating heavy perinuclear staining for osteopontine (MP111). (M) Mononucleated cells with
moderate to heavy intracellular staining for cartilage-speciﬁc collagen pro-type II (CIIC1). (N)
Nodules of cells demonstrating heavy extracellular staining for cartilage-speciﬁc collagen pro-type
II (CIIC1). (O) Nodule of cells demonstrating heavy extracellular staining for cartilage-speciﬁc collagen type II (HC-II). (P) Nodule of cells demonstrating heavy extracellular staining for cartilagespecific collagen type IX (D1-9). (Q) Mononucleated cells demonstrating moderate to heavy
intracellular staining for cartilage link protein (9/30). (R) Mononucleated cells demonstrating moderate intracellular staining for cartilage proteoglycan-hyaluronate binding region (12/21). (S)
Mononucleated cells demonstrating moderate intracellular staining for versican hyaluronate binding region (12C5). (T) Mononucleated cells demonstrating heavy staining for human ﬁbroblast-speciﬁc protein (IB10). (U) Mononucleated cells demonstrating heavy staining for CD31 (PECAM),
peripheral endothelial cell adhesion molecule (P2B1). (V) Mononucleated cells demonstrating moderate staining for CD146, endothelial cells (H-endo). (W) Mononucleated cell demonstrating heavy
staining for VCAM, vascular (endothelial) cell adhesion molecule (P8B1). (X) Mononucleated cells
demonstrating moderate staining for CD62e, (endothelial) selectin-E (P2H3). (Y) Mononucleated
cells demonstrating moderate staining for CD34, endothelial sialomucin (CD34). (Z) Mononucleated
cells demonstrating moderate to heavy staining for CD11b, indicating granulocytes, monocytes,
and/or natural killer cells (H5A4). (AA) Mononucleated cells demonstrating moderate to heavy
staining for CD44, hyaluronate receptor (H4C4). (BB) Mononucleated cells demonstrating moderate
to heavy staining for CD44, hyaluronate receptor (Hermes-1). (CC) Mononucleated cells demonstrating moderate staining for CD45, staining all hematopoietic cells except erythrocytes (H5A5).
(DD) Mononucleated cells demonstrating heavy staining for CD63, indicating macrophages, monocytes, and/or platelets (H5C6).
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sue-specific progenitor cell clone to exhibit
phenotypic expression markers for an alternate
cell or tissue type. In one series of experiments,
we used ﬁve separate unipotent progenitor cell
clones speciﬁc for ﬁbrogenic, myogenic, adiCell Biochemistry and Biophysics
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pogenic, chondrogenic, and osteogenic tissues,
respectively. Next, we incubated these clones
individually for 7 d with recombinant or novel
inductive factors outside their respective tissue
types, removed the inductive factor, and then
Volume 40, 2004
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Fig. 14. Adult rat pluripotent epiblastic-like stem cell clone (PPELSC) clones induced to express
mesodermal lineage phenotypic expression markers (49). Multiple PPELSC clonal lines were
grown for 24 h to 8 wk in testing medium (TM) only; TM with 10–10 M to 10–6 M dex; TM with SkMMP-like, Sm-MMP-like, AMP-like, BMP-2-like, and endothelial inductive activities (28); or TM
with 10–10 M to 10–6 M dex and Sk-MMP-like, Sm-MMP-like, AMP-like, BMP-2-like, and endothelial inductive activities. In this particular series, cells were incubated for 1 wk (A, G, H, J), 2 wk
(B–F, M, O, P, T, U), 4 wk (N, Q), 6 wk (I, K, R, S), or 8 wk (L) in TM and 10–8 M dex (A–L, T, U)
or TM and 10–7 M dex (M–S). Photographed with brightﬁeld microscopy; original magniﬁcations
×200 (A, C, F, H, J, M, P, T), ×100 (B, D, E, G), or ×40 (I, K, L, N, O, Q–S, U). (A) Mononucleated
cells showing heavy intracellular staining for myogenin (F5D). (B) Mononucleated and binucleated
cells showing moderate to heavy intracellular staining for sarcomeric myosin (MF-20). (C)
Mononucleated and binucleated cells showing moderate to heavy intracellular staining for antiskeletal muscle fast myosin (MY-32). (D) Mononucleated cells showing moderate to heavy intracellular staining for skeletal myosin heavy chain (ALD58). (E) Mononucleated and binucleated cells
showing heavy intracellular staining for skeletal myosin fast chain (A4.74). (F) Mononucleated cells
showing heavy intracellular staining for smooth muscle α-actin (IA4). (G) Mononucleated cells
showing moderate intracellular staining for cardiotin (cardiac myocytes, MAB 3252). (H)
Mononucleated cells demonstrating heavy intracellular staining for bone sialoprotein II (WV1D1).
(I) Nodule of cells demonstrating extracellular staining for bone sialoprotein II (WV1D1). (J)
Mononucleated cells demonstrating moderate to heavy intracellular staining for osteopontine
(MP111). (K) Nodule of cells demonstrating extracellular staining for osteopontine (MP111). (L)
Nodule of cells demonstrating extracellular staining for calcium phosphate using the von Kossa
procedure (vK). (M) Mononucleated cells with intracellular staining for cartilage-speciﬁc collagen
pro type II (CIIC1). (N) Three nodules demonstrating intense extracellular staining for cartilagespeciﬁc collagen pro type II (CIIC1). (O) Single nodule of cells demonstrating moderate extracellular staining for cartilage-speciﬁc collagen type II (HC-II). (P) Mononucleated cells demonstrating
moderate intracellular staining for cartilage-speciﬁc collagen type IX (D1-9). (Q) Three nodules
demonstrating extracellular staining for sulfated glycosaminoglycan chains of proteoglycans
(Perﬁx/Alcec Blue). (R) Nodule demonstrating extracellular staining for sulfated glycosaminoglycan chains of proteoglycans (Safranin-O, pH 1.0). Individual nuclei stained with antibody to βgalactosidase (Gal-19) and visualized with 3, 3′-diaminobenzidine (DAB). (S) Two nodules
demonstrating extracellular staining for sulfated glycosaminoglycan chains of proteoglycans
(Alcian Blue, pH 1.0). (T) Mononucleated cells with moderate to heavily stained intracellular vesicles demonstrating saturated neutral lipids (Oil Red-O), indicative of adipocytes. (U)
Mononucleated cells with moderate to intensely stained intracellular vesicles demonstrating saturated neutral lipids (Sudan Black-B), indicative of adipocytes.

incubated the cells with insulin to accelerate
phenotypic expression. For example, a unipotent myogenic progenitor cell clone was incubated separately with FMP to induce
ﬁbrogenesis, AMP to induce adipogenesis, and
BMP-2 to induce chondrogenesis and osteogenesis. In all cases examined, the myogenic
clone maintained its original myogenic tissuespeciﬁc programming and exhibited myogenic
Cell Biochemistry and Biophysics

phenotypic expression markers, even in the
presence of FMP, AMP, or BMP-2 (Table 4).
In a second series of experiments, we
induced the formation of unipotent tissue-specific progenitor cells from a lineage-unrestricted mesodermal GLL stem cell clone using
the same tissue-specific induction factors as
above (i.e., FMP, AMP, Sk-MMP, and BMP-2).
After establishment of the unipotent progeniVolume 40, 2004
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Fig. 15. Adult human (CD10+, CD66e+)
pluripotent epiblastic-like stem cell (PPELSC)
lines induced to express endodermal phenotypic markers. Multiple PPELSC lines were
grown for 24 h to 8 wk in testing medium
(TM) only, TM with 10–10 M to 10–6 M dex, TM
with endodermal inductive activity, or TM
with 10–10 M to 10–6 M dex and endodermal
inductive activity. In this particular series,
cells were grown for 7 d in TM, 10–6 M dex,
and
endodermal
inductive
activity.
Morphologies and immunochemical staining
as noted. Photographed with brightfield
microscopy, original magniﬁcations, ×100. (A)
Mononucleated and binucleated cells showing moderate intracellular staining for
human-specific α-fetoprotein (HAFP). (B)
Mononucleated cell showing heavy intracellular staining for gastrointestinal epithelium
(HESA). (C) Mononucleated cells showing
moderate to intense intracellular staining for
glucagon of endocrine pancreas (α-cells). (D)
Mononucleated cells showing light to moderate intracellular staining for bile canalicular
cells of liver (HA4c19). (E) Mononucleated
cells showing light to moderate intracellular
staining for progenitor cells and biliary
epithelial cells of liver (OC3). (F) Mononucleated cells showing light to moderate
intracellular staining for progenitor cells and
biliary epithelial cells of liver (OC5). (G)
Mononucleated cells showing moderate to
heavy intracellular staining for progenitor
cells and biliary epithelial cells of liver
(OC10). (H) Mononucleated cells showing
moderate intracellular staining for cytoplasm
of liver hepatocytes (H.4). (I) Mononucleated
cells showing moderate to intense staining for
liver hepatocyte cell surface marker (H.1). (J)
Mononucleated cells showing moderate to
intense staining for progenitor cells, canalicular cells, and biliary epithelial cells of liver
(DPP-IV). (K) Mononucleated cells showing
light to heavy staining for biliary epithelial
cells, oval cells, and hepatocyte canalicular
cell (HCC) of liver (OV6).
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tor cell lines, we repeated the above experiment using these same speciﬁc inductive factors with a 7-d incubation schedule, removal of
the inductive factor, and then incubation of the
cells with insulin to accelerate phenotypic
expression. In all experiments performed, the
induced unipotent progenitor cell lines maintained their originally induced tissue-speciﬁc
programming (Table 4).
In a third series of experiments, we incubated a lineage-unrestricted mesodermal GLL
stem cell clone with FMP followed immediately by AMP, BMP-2, or Sk-MMP; AMP followed by BMP-2 or Sk-MMP; and BMP-2
followed by Sk-MMP. The second inductive
factor was then removed and the cells incubated with insulin to accelerate their phenotypic expression. These particular sequences
were chosen based on the speciﬁc windows of
inductive activity (see Windows of Inductive
Activity section). In all instances, the first
inductive factor was allowed its entire inductive window (i.e., d 1–3 for FMP and d 2–4 for
AMP or d 3–5 for BMP-2). These results
demonstrated that the ﬁrst inductive factor dictated the phenotypic markers expressed by the
resultant cultures (Table 4).
Throughout our 16 yr of study, we have been
unable to replicate the transdifferentiation
ﬁndings reported by others (3,5,6) using fully
characterized tissue-specific progenitor cell
clones, germ-layer lineage stem cell clones,
pluripotent stem cell clones, or their induced
progeny. However, several possibilities exist
that might explain these adverse ﬁndings. The
isolation and expansion procedures used to
derive germ-layer lineage stem cells and
pluripotent stem cells select against differentiated cells and progenitor cells. Thus, the cell
populations directly affected by transdifferentiation may have been lost. Also, during extensive examinations of commercially available
and novel growth factors in the stem cell–progenitor cell bioassay, only four activities were
noted (i.e., proliferation, progression, induction, and inhibition). It is conceivable that a
unique, as yet unrecognized, bioactive factor
expressing a ﬁfth activity is present in the tis-
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sue: transdifferentiation. This ﬁfth activity is
necessary to “dedifferentiate” tissue-specific
progenitor cells or differentiated cells prior to
their induction and differentiation into another
tissue type (i.e., transdifferentiation).
In contrast, the previous experiments
demonstrated that the ﬁrst inductive factor initiated tissue induction and expression of a particular cell type. The second factor was without
effect. Based on our ﬁndings, the “transdifferentiation” ﬁndings reported by others (3,5,6)
suggested the potential for unrecognized contaminant precursor cell(s) within their tissue
isolates. We therefore proposed an alternate
hypothesis to transdifferentiation. We hypothesized that a tissue isolate may contain a mixture of tissue-specific progenitor cells,
germ-layer lineage stem cells, and/or lineageuncommitted pluripotent stem cells. To test
this hypothesis, we ﬁrst mixed clones of tissuespecific progenitor cells together and then
repeated the above experiments with tissuespeciﬁc induction factors and insulin. In the
initial series of experiments, we mixed two,
three, four, or ﬁve unipotent clones of progenitor cells together. The results showed that a
mixed population of two, three, four, or ﬁve
progenitor clones would express their respective phenotypic markers, based on the inductive factors or progression factors present.
However, mixed progenitor clones would not
cross tissue lineages. For example, if a myogenic clone was mixed with a chondrogenic
clone and incubated with FMP (to induce ﬁbrogenesis) and insulin, only myogenic and chondrogenic phenotypic markers would be
expressed (Table 4).
In the second series of experiments, we
mixed a clone of mesodermal GLL stem cells
with one or more clones of tissue-speciﬁc progenitor cells. We then incubated these mixed
cultures with one or more tissue-speciﬁc induction factors with and without a progression
factor. The results demonstrated that the progenitor cells were responsive to a progression
factor and would express their tissue-speciﬁc
phenotype in the presence of the progression
factor or their respective tissue-speciﬁc induc-
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tion factor. In contrast, the mesodermal GLL
stem cell clone responded to the tissue-speciﬁc
induction factor but would not respond to the
progression factor. For example, a myogenic
clone was mixed with a chondrogenic clone
and a mesodermal GLL stem cell clone. The
mixed culture was then incubated with FMP
(inductive factor) with and without insulin
(progression factor). The mixed culture incubated with FMP and insulin demonstrated
Cell Biochemistry and Biophysics
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phenotypic expression markers for myogenesis, chondrogenesis, and fibrogenesis. The
mixed culture incubated with FMP alone
demonstrated only phenotypic expression
markers for ﬁbrogenesis (Table 4).
Transdifferentiation is proposed to occur
during tissue restoration when progenitor cells
derived from one organ are “reprogrammed”
to form tissues of another organ (3,5,6). On the
basis of our studies (28,29,43,44,48,49) and
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Fig. 16. Adult rat pluripotent epiblastic-like stem cell clone (PPELSC) clone (49) induced to
express endodermal lineage phenotypic markers. Multiple PPELSC clonal lines were grown for 24
h to 8 wk in testing medium (TM) only, TM with 10–10 M to 10–6 M dex, TM with endodermal inductive activity, or TM with 10–10 M to 10–6 M dex and endodermal inductive activity. In this particular series, cells were incubated for 1 wk (A, B, E), 2 wk (D, K, L), 3 wk (C, F, I, M, N, R), 4 wk (G,
H, O, Q), or 5 wk (J, P) in TM, 10–6 M dex, and endodermal inductive activity. Morphologies and
immunochemical staining as noted. Photographed with brightﬁeld microscopy, original magniﬁcations, ×200 (A), ×100 (B, D, H, K–N, P), or ×40 (C, E, I, J, Q, R). (A) Mononucleated and binucleated cells showing intense intracellular staining for rat-specific α-fetoprotein (RAFP). (B)
Mononucleated cells showing moderate to intense intracellular staining for rat-speciﬁc liver epithelial growth factor receptor (151-Ig). (C) Nodular aggregations showing moderate intracellular
staining for pro-insulin of endocrine pancreas (β-cells). (D) Cellular aggregation showing moderate to heavy intracellular staining for glucagon of endocrine pancreas (α-cells). (E) Cellular aggregation and individual diffuse mononucleated cells showing moderate to intense intracellular
staining for somatostatin of endocrine pancreas (δ-cells). (F) Cellular aggregation and individual
diffuse mononucleated cells showing moderate to intense intracellular staining for ductal cells of
exocrine pancreas (CK-19), ×100. (G) Cellular aggregation and individual diffuse mononucleated
cells showing moderate to intense intracellular staining for bile canalicular cells of liver (HA4c19).
(H) Nodule showing heavy intracellular staining for progenitor cells, biliary epithelial cells, and
oval cells of liver (OC2). (I) Diffuse mononucleated cells showing moderate to heavy intracellular
staining for progenitor cells and biliary epithelial cells of liver (OC3). (J) Cellular aggregation and
individual diffuse mononucleated cells showing moderate to intense intracellular staining for
progenitor cells and biliary epithelial cells of liver (OC4). (K) Diffuse mononucleated cells showing
moderate to heavy intracellular staining for progenitor cells and biliary epithelial cells of liver
(OC5). (L) Diffuse mononucleated cells showing moderate to intense intracellular staining for progenitor cells and biliary epithelial cells of liver (OC10). (M) Diffuse and aggregated cells showing
moderate to intense intracellular staining for cytoplasm of liver hepatocytes (H.4). (N) Diffuse
mononucleated cells showing moderate to intense intracellular staining for liver hepatocyte cell
surface marker (H.1). (O) Diffuse and aggregated cells showing moderate to heavy intracellular
staining for progenitor cells, canalicular cells, and biliary epithelial cells of liver (DPP-IV). (P)
Nodular aggregate shows heavy to intense intracellular staining for endodermal epithelial marker
of liver (DESMO). (Q) Nodular aggregate and diffuse cells showing moderate to heavy intracellular staining for biliary epithelial cells, oval cells, and HCC of liver (OV6). (R) Nodular aggregate
and diffuse cells showing moderate to intense intracellular staining for canalicular cell surface protein of liver (LAP), ×100.

those of others (103,104), we believe that the
starting populations of tissue-speciﬁc precursor cells reported in the transdifferentiation
studies may have also contained unrecognized
populations of tissue-speciﬁc progenitor cells
for other cell types, germ-layer lineage stem
cells, and/or pluripotent stem cells that were
responsible for the formation of the cells and
tissues observed in their experiments. Thus,
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based on the proposed theory of activation of
quiescent precursor cells, it is not necessary to
invoke the concept of transdifferentiation to
explain the results obtained by these investigators. For investigators who still maintain transdifferentiation as a valid hypothesis, we would
propose a thorough characterization of the differentiation potential of their cells prior to the
onset of experimentation.
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TISSUE ENGINEERING
Limb regeneration in amphibians is the ultimate expression of tissue engineering, restoring both histoarchitecture and function to the
limb. Young and colleagues (24–27,31–37) discovered that an interplay existed between tissue-resident quiescent reserve stem cells and
glycosylated bioactive factors. They postulated
that successful tissue engineering in humans
would require knowledge of the stem cells
residing in the tissues, the identity of the
endogenous bioactive factors acting on these
cells, and the nature of their interaction.
Young et al. discovered the existence of
reserve mesodermal germ-layer lineage stem
cells and pluripotent stem cells—ﬁrst in adult
terrestrial amphibians, next in fetal avians, and
then in mammals of all ages, including humans.
They discovered that proliferation agents, inductive agents, progression agents, and inhibitory
agents were involved as regulatory elements in
the interactions underlying tissue restoration
(24–59,106, unpublished observations).
Lucas et al. (30,51–59,97,106–117) discovered
and engineered biocompatible controlledrelease delivery vehicles for stem cells and
bioactive factors, thus allowing for directed tissue repair. But probably most important of all,
they identiﬁed key issues for understanding the
interplay between tissue-specific progenitor
cells, lineage-committed germ-layer lineage
stem cells, lineage-uncommitted pluripotent
stem cells, and bioactive factors during the tissue restoration process. Lucas et al. demonstrated that the majority of the granulation cell
population initially present at a wound site was
composed of activated uncommitted stem cells,
not tissue-specific fibrogenic and myo-fibrogenic progenitor cells as previously reported.
They also demonstrated that the initial inﬂammatory response was critical for a successful
regenerative response. This inflammatory
response allowed for the debridement and
removal of damaged tissues, activation of quiescent stem cells, migration of the activated
stem cells to the site of injury, and also migration of cells containing bioactive factors to the
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site of injury. They discovered that the ﬁnal histoarchitecture of the tissue was not preprogrammed but rather was dictated by the action
of particular growth factors at the wound site.
They discovered that the introduction of any
exogenous bioactive factors or cells would lead
to their destruction by the inflammatory
response, unless they were incorporated into
protective biocompatible biomatrices. Once
activated, the mesodermal GLL stem cells
exhibited overlapping windows of activity with
respect to inductive compounds acting on the
mesodermal lineage. In sequential order, the
windows of activity were as follows: ﬁbrogenic
(d 1–3), adipogenic (d 2–4), chondrogenic/
osteogenic (d 3–5), and myogenic (d 4–6). This
correlated with earlier data obtained after cessation of the inﬂammatory response in vivo or
after initial plating in vitro. Under these circumstances, ﬁbrogenic factors were active only
between d 1 and 3, adipogenic factors were
active only between d 2 and 4, chondrogenic/osteogenic factors were active only
between d 3 and 5, and myogenic factors were
active only between d 4 and 6. If ﬁbrogenic factors were present between d 1 and 3, the mesodermal GLL stem cells would become
ﬁbrogenic and express a scar-connective tissue
phenotype. If, however, the ﬁbrogenic factors
were absent or inhibited between d 1 and 3 or
did not appear until d 4 and beyond, then no
ﬁbrogenic response occurred. Similarly, if myogenic factors were present only during d 1–3 or
7 and beyond, no myogenesis occurred. The
mesodermal GLL stem cells would only
respond to myogenic inductive factors between
d 4 and 6 (Table 3).
On the basis of these observations, Young
and Lucas proposed a working model (Fig. 17)
for successful tissue engineering in postnatal
animals, including humans. This working
model is based on a three-component morphogenetic system, with each component used
singly or in combination with the other component(s). The three components of this morphogenetic system are reserve stem cells,
bioactive factors, and biocompatible controlled-release biomatrices.
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In this model, the reserve stem cells and
bioactive factors may be endogenous, being
supplied by the host in vivo, or may be delivered from an exogenous source. Exogenously
delivered allogeneic, syngeneic, or autologous
reserve stem cells may be delivered as naive
stem cells. They may also be altered ex vivo by
pretreatment with bioactive factors or transfected with genes. The components, either cells
and/or factors, must be incorporated into a
protective biomatrix if they are to be delivered
exogenously into a site that is subject to an
inflammatory response. This is necessary to
prevent their destruction and elimination from
the area before they can inﬂuence the repair
process. Failure to protect these components
leads predominantly to scar tissue formation at
the site of delivery.
We propose that tissue engineering can be
performed using autologous, syngeneic, or
allogeneic germ-layer lineage stem cells or
pluripotent stem cells. This process will require
that the stem cells be made to undergo lineage/tissue induction to form speciﬁc tissue
types. We have begun to study the process of
lineage/tissue induction of pluripotent stem
cells and germ-layer lineage stem cells in several model systems. These model systems, discussed below, incorporate one or more of the
components of our proposed tricomponent
morphogenetic model (Fig. 17) for tissue engineering.

Neuronal Therapy
Neurodegenerative diseases, such as
Parkinson’s and Huntington’s diseases, and the
degenerative changes observed following
stroke have no known cure. Because pharmacological treatments are palliative at best, other
potential treatments have been examined. One
treatment strategy proposed the use of adult
neuronal progenitor cells (118,119). However,
the location and quantity of harvested tissue,
coupled with limited progenitor cell proliferation, relegated this therapy to a secondary role.
Recent clinical evidence indicates that transplantation of fetal brain tissue might be a viable
therapy for some neurodegenerative diseases
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Fig. 17. Three-component morphogeneticpharmaceutical system. The morphogenetic
component to this model is the reserve stem
cells. Characteristics of these reserve stem
cells would include extended capabilities for
self-renewal far surpassing Hayflick’s limit
and the ability to form any somatic cell(s) of
the body using either germ-layer lineage stem
cells or pluripotent epiblastic-like stem cells.
The pharmaceutical component of this model
encompasses both bioactive factors and biocompatible controlled-release biomatrices.
Examples of bioactive factors would include
agents that induce proliferation (i.e., plateletderived growth factors -BB, -AA, -AB, etc.),
agents that induce lineage commitment (i.e.,
BMPs, Sk-MMP, Sm-MMP, AMP, FMP, cartilage morphogenetic protein, TGF-β, FGF,
nerve growth factor, keratinocyte growth factor, hepatocyte growth factor, vascular
endothelial cell growth factor, etc.), progression agents that accelerate phenotypic differentiation (i.e., insulin, IGF-1, IGF-2, etc.), and
agents that inhibit lineage commitment and
differentiation (i.e., leukemia inhibitory factor,
scar inhibitory factor, antidifferentiation factor, etc.).
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(120). Allogeneic embryonic stem cells have
also shown promise for the production of neuronal tissues for transplant (101,102). However,
these experimental therapeutic approaches are
limited by the restricted availability of human
embryonic and fetal tissue, ethical rules, and
moral issues concerning the use of human fetal
tissues and embryonic stem cells in the United
States and other countries, as well as the need
to use toxic immunosuppressant drugs. Clearly,
an alternative to the use of human tissues from
fetal and/or embryonic sources would be beneﬁcial in the treatment of neurodegenerative diseases and stroke.
Recent studies demonstrated that adult animals, including humans, contain quiescent
reserve precursor cells capable of differentiating into multiple cell types. These precursor
cells
reside
within
skeletal
muscle
(20,28,29,46–49,53,56,60,104,121–123), dermis
(28,29,47,48,124), and bone marrow (8,9,13,83,
84,103,104,125–131). These studies demonstrate the existence of precursor cells that have
capabilities for extended self-renewal. They
can differentiate into cells belonging to the
ectodermal lineage (e.g., neuronal progenitor
cells, neurons, ganglia, oligodendrocytes,
astrocytes, radial glial cells, and keratinocytes)
(Figs. 11A–L, 12A–I), the mesodermal lineage
(e.g., skeletal muscle, cardiac muscle, smooth
muscle, white fat, brown fat, hyaline cartilage,
elastic cartilage, growth plate cartilage, articular cartilage, ﬁbrocartilage, cortical bone, trabecular bone, loose ﬁbrous connective tissues,
tendon, ligament, scar-connective tissue,
endothelial cells, and erythropoietic and lymphopoietic cells) (Figs. 13A–DD, 14A–U), and
the endodermal lineage (e.g., endodermal
progenitor cells, gastrointestinal epithelium,
liver oval cells, liver hepatocytes, liver biliary
cells, liver canalicular cells, pancreatic progenitor cells, pancreatic ductal cells, and glucagonsecreting α-cells, insulin-secreting β-cells, and
somatostatin-secreting δ-cells of pancreatic
islets) (Figs. 15A–K, 16A–R). Autologous precursor cells can be isolated from adult animals,
including humans. These cells have the capacity to form neuronal cells that could be used in
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the treatment of neurodegenerative diseases.
Using these inducible precursor cells derived
from the individual human patient rather than
allogeneic fetal brain tissue or embryonic stem
cells would avoid histocompatability mismatches and the need to use immunosuppressants with their attendant risk of infection.
Recent studies have shown that cells derived
from bone marrow can be lineage directed to
differentiate into neurons in vitro (9,128,130).
Similar results are obtained when the cells are
transplanted into the brain (8,125–127).
However, the use of cells from bone marrow
has its own limitations. An alternate source of
stem cells that could be easily and safely harvested from the patient would be highly desirable. Young et al. (29,48,49) demonstrated that
pluripotent stem cells can be readily derived
from adult skeletal muscle and dermis by cell
sorting and have the capacity to undergo
extended self-renewal. These cells can form
cells from all three primary germ layer lineages
(i.e., ectoderm, mesoderm, and endoderm)
(Figs. 11A–L, 13A–DD, 15A–K).
Recent data suggest that pluripotent stem cells
derived from the skeletal muscle of adult rats can
be lineage directed to express neuronal phenotypes (60). These pluripotent stem cells were
induced to form both ﬂoating neurospheres and
adherent neuroectodermal cells located in a
monolayer (60). Cells were able to form neurospheres by repeated 7- to 15-d treatments with
a mixture of B27, epidermal growth factor (EGF),
and b-FGF. When desired, whole neurospheres
could be cryopreserved. For neuronal induction,
neurospheres were plated for 1–2 d in media
supplemented with EGF and b-FGF, followed by
either brain-derived neurotrophic factor (BDNF)
or NT3 (60,132,133). Directed lineage induction
to form an adherent monolayer neuroectoderm
was accomplished by 5 h of incubation in basal
medium without serum containing dimethyl
sulfoxide (DMSO), KCl, valproic acid, hydrocortisone, forskolin, butylated hydroxyanisole, and
insulin followed by incubation for 2 d in
Neurobasal A medium supplemented with N2,
penicillin G, streptomycin, glutamine, laminin,
EGF, and b-FGF (9,60).
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Table 6
Directed Induction of Ectodermal Germ-Layer Lineage Stem Cells into the Neurogenic Lineage
Phenotypic
markers

Isolated ectodermal
germ-layer
lineage stem cells

Oct-4
Pax6
CD90
CD45
CD34
Vimentin
Myogenin
MyoD
Smooth muscle
α-actin
Nestin
NG2
b-Tubulin III (Tuj1)
tau protein
Neuroﬁlament 145 kDa
Neuroﬁlament 68 kDa
MOSP
GFAP
MBP
CNPase

Differentiated cells
(from neurospheres)

Differentiated cells
(monolayer conditions)

+
+
+
–
+/–
+
–
–
–

+/–
+

+

–
–
–
–
–
–
–
–

+
+
+

–

+
–
–

+
+
+
+
+

+
+
+
+
+
+
+
+ (transient, at 2 d)
+
+

Oct-4, a gene directly involved in the capacity for self-renewal and totipotency of mammalian embryonic stem cells (141).
Pax6, a homeobox gene encoding for a transcription factor expressed from early developmental stages in embryo to adulthood
in the neuroectoderm, central nervous system (CNS), and eye and also related to dopaminergic fate determination (142,
249–251). CD90, a cluster of differentiation (CD) marker, also known as Thy-1, that is positive for bone marrow–derived mesenchymal progenitor cells (84) and skeletal muscle–derived mesodermal germ-layer lineage stem cells (47). CD45, hematopoietic cell marker (100). CD34, a sialoprotein present on hematopoietic stem cells, endothelial cells, and mesodermal germ-layer
lineage stem cells (47,100) and absent on mesodermal progenitor cells derived from bone marrow stroma (84). CD34 marker was
absent by Fax analysis but detected on a subpopulation of ectodermal germ-layer lineage stem cells by immunocytochemistry.
CD34-negative and -positive cells had similar differentiation potential (Chivatakarn and Chesselet, unpublished observations).
Vimentin, a marker for early muscle cells and early glial progenitor cells (134). Myogenin, marker speciﬁc of skeletal muscle
(252). MyoD, marker of myogenic cells (253). Smooth muscle α-actin, marker of smooth muscles (254). Nestin, an early marker
for brain cells that is present in neuronal progenitor cells and muscle precursor cells (135,136). NG2, a proteoglycan present in
the membrane of progenitor cells, as well as differentiated oligodendrocytes, and in newly generated cells of the adult hippocampus (138, 140). b-Tubulin III (Tuj1), an early neuronal marker (255). Tau protein, a neuronal marker (256). Neuroﬁlament
145 kDa, a neuronal marker (257). Neuroﬁlament 68 kDa, a neuronal marker (258). MOSP, myelin oligodendrocyte-speciﬁc protein, which is a marker of mature oligodendrocytes (259). GFAP, glial ﬁbrillary acid protein, which is a marker of astrocytes (260).
MBP, marker of mature oligodendrocytes (261). CNPase, marker of oligodendrocytes (262).

The resulting cells were characterized as
being either predifferentiated pluripotent stem
cells or postdifferentiated neuroectodermal
cells formed by induction. The analysis was
performed using morphological, immunocytochemical, and molecular procedures (Table 6)
(60). The cells were grown in suspension or
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monolayer cultures and assayed for the appropriate morphological characteristics distinguishing them as either belonging to the
neurogenic or myogenic lineage (Fig. 18A–F)
(46–49,60,132).
Next, predifferentiated and postdifferentiated
cells were stained with antibodies to cell surface
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Fig. 18. Pluripotent stem cells (PPSCs) induced to form neuronal lineage cells. (A–F) Pre- and
postdifferentiation morphology of PPSCs grown in monolayer or as neurospheres. (G–J) Antigenic
properties of undifferentiated PPSCs. (K–M) Intense staining of PPSC-derived neurospheres. (N–P)
Staining of PPSCs 6 d after plating the dissociated neurospheres. (Q–V) Staining of PPSCs after 2
d in maturation medium in monolayer conditions. (W–Y) Expression of oligodendroglial markers
in PPSCs after 2 d in maturation medium. Scale bar: 20 µm for A–L and N–X, 10 µm for M, and 40
µm for Y.
(A) Undifferentiated PPSCs: polygonal ﬂat cells (*) predominated, with a few cells with round
or triangular cell body (arrows). (B) Detail of a PPSC-derived neurosphere; note the cilia extension
at the perimeter of the cluster (arrows). (C) PPSC-derived neurospheres observed after 10 d in the
neurosphere’s medium. (D) Morphology of cells isolated from neurospheres and plated on coverslips after 3 d. Bipolar (arrowheads), tripolar (large arrows), and large ﬂat cells (small arrows) were
observed. (E) Morphology of PPSCs grown as a monolayer after 5 h in the differentiation medium:
most cells had round, small cell bodies and processes (arrows). (F) Representative ﬁeld after 2 d in
the maturation medium showing a majority of round cells with processes (arrows) when PPSCs
are grown as a monolayer. (G) CD90 positive cells represent the majority of the population. Both
intensely (large arrow) and moderately stained cells (arrowheads) were observed, and negative
cells were very rare (top small arrow). (H) PPSCs showed no staining when immunocytochemistry
for CD45 was carried out (arrows). (I) Immunolabeling for CD34: moderate-intensity (arrows) and
low-intensity (arrowhead) immunostaining was found. (J) Immunolabeling for vimentin: the
entire cell population was intensely immunoreactive for this cytoskeleton protein. Nuclei in blue
were stained with 4,6-diamidino-2-phenylindole (DAPI). (K) Nestin. (L) NG2. (M) Tuj1, insert
(upper right corner) shows cell nuclei counterstained with DAPI. (N) When plated, the neurospheres gave rise to round cells with numerous processes. These cells were positive for β-tubulin III (large arrows) and were surrounded by negative cells (bottom small arrow). In addition,
some ﬂat cells stained positively for β-tubulin III (arrowhead). (O) Cells immunostained for
myelin oligodendrocyte-speciﬁc protein (MOSP) (large arrows); cells were counterstained with
DAPI; small arrows point to nuclei of negative cells. (P) Large ﬂat cells were positive for GFAP
immunostaining. (Q) Cells of diverse morphology were immunostained for nestin: large ﬂat cells
(top right arrow), large round multipolar cells (left arrow), and small cells with processes (bottom
right arrow). (R) Positive cells with round bodies and processes (arrows) immunostained for
vimentin and intermingled with negative cells (arrowheads). (S) Cells with a neuronal-like cell
process morphology were positive for β-tubulin III (Tuj1; arrows) and surrounded by negative
cells whose cell nuclei were counterstained in blue with DAPI (arrowheads). (T) Cells with a neuronal-like cell process were positive for β-tubulin III (Tuj1; arrows) and surrounded by negative
cells whose cell nuclei were counterstained in blue with DAPI (arrowheads). (U) Scattered cells
show intense staining for NF145. (V) Scattered cells show intense staining for NF145. (W)
Membrane of cells immunostained for NG2 (arrows). Cell nuclei were counterstained in blue with
DAPI. Arrowheads point to negative cells for NG2. (X) Typical multipolar cells positive for
CNPase (arrows) surrounded by negative cells (arrowheads). Counterstained with DAPI for
nuclei. (Y) Cells immunostained for MOSP were usually round with very short processes (arrows).
They were scattered among negative cells (arrowheads). Counterstained with DAPI for nuclei.
(Reproduced with permission from Romero-Ramos, M., Vourc’h, P., Young, H. E., Lucas, P. A., Wu,
Y., Chivatakarn, O., et al. [2002] Neuronal differentiation of stem cells isolated from adult muscle.
J. Neurosci. Res. 69, 894–907. Copyright 2002, Wiley-Liss.)
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(CD34, CD45, CD90) markers (47,100) and intracellular differentiation markers for cells of the
neurogenic lineage (vimentin, nestin, NG2, Tuj1,
NF145, astrocyte and oligodendrocyte marker
[CNPase], myelin oligodendrocyte-speciﬁc protein [MOSP], and glial ﬁbrillary acid protein
[GFAP]) (9,48,49,60,134–140) or the myogenic
lineage (myogenin and smooth muscle α-actin)
(46–49). Predifferentiated cells displayed
CD34+/–, CD45–, CD90+, and vimentin+ staining
(Fig. 18G–J). After forming neurospheres, the
cells displayed staining for nestin, NG2, and
Tuj1 (Fig. 18K–M). After plating the dissociated
neurospheres in conditions with NT3 or BDNF,
the cells expressed Tuj1, MOSP, and GFAP (Fig.
18N–P). Postdifferentiated cells under adherent
monolayer conditions displayed staining for
nestin and vimentin (Fig. 18Q,R), Tuj1 and
NF145 (Fig. 18S–V), and NG2, CNPase, and
MOSP (Fig. 18W–Y). None of the cells assayed
displayed staining for myogenin or smooth
muscle α-actin (data not shown) (60), indicative
of induction into the mesodermal lineage.
Last, pre- and postdifferentiated cells were
screened for messenger ribonucleic acids
(mRNAs) characteristic of undifferentiated (Oct4) (141), neurogenic (Pax6, nestin, β-tubulin III,
NF68, GFAP, and oligodendrocyte marker
[MBP] (135,136,142), and myogenic (myogenin
and MyoD) (46–49) cells. Predifferentiated cells
from neurospheres displayed mRNAs for Oct-4,
Pax6, and nestin (Fig. 19A). Postdifferentiated
cells from neurospheres and adherent neuroectoderm displayed mRNAs for Pax6 and nestin
(Fig. 19A,B), β-tubulin III, NF68, GFAP, and
MBP (Fig. 19C,D). The mRNAs myogenin and
MyoD speciﬁc for muscle were not detected by
reverse transcriptase polymerase chain reaction
(RT-PCR) in the cells at any time-points in this
study (60).
Previous studies by Young et al. (28,29,41–49)
noted a plethora of pluripotent stem cells, germlayer lineage stem cells, and progenitor cells
located within the connective tissue matrices of
dermis and skeletal muscle. Young and Black
(48) proposed that a continuum of precursor
cells, from the most primitive pluripotent epiblastic-like stem cells to the most differentiated
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unipotent progenitor cells, existed within the
connective tissue compartments of organs and
that these precursor cells contributed to the normal maintenance and repair of postnatal tissues.
Exhaustive analyses by Young et al. using repetitive single-cell clonogenic analysis, CD marker
analysis, and induced differentiation, coupled
with morphological, histochemical, immunochemical, molecular, pharmacological, and
physiological-functional analyses, have identiﬁed at least two discrete populations within this
adult precursor stem cell continuum: mesodermal GLL stem cells and pluripotent epiblasticlike stem cells. The mesodermal GLL stem cells
demonstrated the capability for extended selfrenewal, contact inhibition at conﬂuence, and
the capacity to form cells restricted to the mesodermal lineage. These cells displayed a CD34+,
CD45–, and CD90+ marker proﬁle (see
Mesodermal Germ Layer Lineage Stem Cells
section for complete proﬁle). The pluripotent
epiblastic-like stem cells demonstrated the capability for extended self-renewal and growth past
conﬂuence. These cells could form cells from all
three primary germ-layer lineages (ectoderm,
mesoderm, and endoderm). The cells displayed
a CD34–, CD45–, and CD90– marker proﬁle (see
Pluripotent Epiblastic-Like Stem Cells section
for complete proﬁle).
In contrast, the cells isolated in the current
neuronal study formed cells apparently solely
of the ectodermal neurogenic lineage. These
cells displayed a CD34+/–, CD45-, CD90+, and
vimentin+ proﬁle (60). These results, based on
both the expressed CD marker proﬁle and the
expressed differentiation potential, suggest
that this cell population consists of a different
population of stem cells than those previously
identiﬁed by Young et al. The cells reported
herein may be ectodermal GLL stem cells or
neuroectodermal stem cells. However, additional studies are needed to further characterize the differentiation potential of these newly
isolated stem cells.
These results conﬁrm our ability to selectively induce reserve stem cells to undergo
directed lineage induction to form cells of the
neuroectodermal lineage. Although the expresVolume 40, 2004

Adult Reserve Stem Cells

47

Fig. 19. RT-PCR analysis of gene expression in PPSCs and PPSC-derived neurospheres (A), differentiated cells from neurospheres (C), and PPSCs and differentiated PPSCs in monolayer conditions (B, D). Total ribonucleic acid (RNA) was extracted from undifferentiated PPSCs after the 5-h
differentiation step (Dif.) and after 2 d in a maturation medium (Mat.) (B, D). M: 100-bp DNA ladder (A–D). The expression of the β-actin gene was used as an internal control (A–D).
(A) RT-PCR analysis of Oct-4, Pax6, and nestin mRNA expression in PPSCs and in neurospheres
after 2 d (NP 2d) and 10 d (NP 10d). (B) Analysis of the expression of the genes Pax6 and nestin.
(C) Analysis of β-tubulin III, NF68, GFAP, and MBP mRNA expression after differentiation of neurospheres. Cells from neurospheres were plated in two different media (Nb-B27 or Nb-N2) supplemented with BDNF or NT3. Total RNA was extracted after 4 d in these differentiation media.
(D) Analysis of the expression of the genes β-tubulin III, NF68, GFAP, and MBP. (Reproduced with
permission from Romero-Ramos, M., Vourc’h, P., Young, H. E., Lucas, P. A., Wu, Y., Chivatakarn,
O., et al. [2002] Neuronal differentiation of stem cells isolated from adult muscle. J. Neurosci. Res.
69, 894–907. Copyright 2002, Wiley-Liss.)

sion markers observed depend on culture conditions, no stem cell population previously isolated matches these characteristics. In addition,
this population can be harvested from very
accessible tissues, making these cells an excellent source for autologous transplantation
therapies.
Cell Biochemistry and Biophysics

Hematopoietic Therapies
Red blood cells and leukocytes or white
blood cells make up the cellular elements of the
peripheral blood. These cells are important for
delivering oxygen to the tissues and providing
host defense against infectious disease. It has
been estimated that 5 × 1011 cells, including 200
Volume 40, 2004
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billion red blood cells, must be replaced in the
human body daily. To produce the needed red
and white blood cells, specialized cells called
bone marrow hematopoietic stem cells are
induced to differentiate into the various cell
types. Bone marrow hematopoietic stem cells
compose approx 0.1% to 0.01% of the cells found
in the human bone marrow. These stem cells
have the highest proliferative potential of any
hematopoietic cell type and are capable of selfrenewal and differentiation (143,144). To produce cells of the various lineages, cytokines are
used to drive the stem cells to differentiate along
the various speciﬁc pathways. Progenitor cell
cytokines, such as stem cell factor, act on immature cells types, whereas end-stage cytokines act
on the more differentiated cell types and induce
lineage-speciﬁc differentiation (145). Examples
of end-stage cytokines and the cells types that
are produced (in parentheses) include interleukin (IL)-3 (basophils), IL-5 (eosinophils), IL-7
(B lymphocytes), IL-2/IL-7 (prothymocytes that
further differentiate into T lymphocytes in the
thymus), IL-15 (natural killer cells), thrombopoietin (megakaryocytes/platelets), erythropoietin
(red blood cells), granulocyte colony-stimulating
factor (neutrophils), and monocyte/macrophage
colony-stimulating factor (monocytes).
According to the National Blood Data
Resource Center (146), nearly 14 million units
of whole blood are collected from donors
annually in the United States. In 1999, approx
8 million volunteer donors provided whole
blood that was fractionated into 26.5 million
units of blood components, such as cells and
plasma, to provide the needs of almost 4.5
million patients. Blood or blood components
are often needed to treat patients who have
suffered burns or traumatic injury or have
undergone organ transplantation or heart
surgery. In addition, patients who are treated
for cancer may need transfusion with blood or
blood components. It is anticipated that in the
future, seasonal and regional shortages of
blood may occur more often than they currently do as the demand for blood increases.
In addition to blood, bone marrow has the
potential to cure patients with numerous dis-
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orders involving blood cells (147). According
to the National Marrow Donor Program (148),
more than 12,000 bone marrow and stem cell
transplants have been performed using unrelated donors since its founding in 1986. More
than 4 million potential volunteer bone marrow and blood stem cell donors have been
recruited to the donor registry, yet a significant number of patients cannot find an acceptable histocompatability match with those on
the donor registry. In summary, there is an
urgent need to have readily available blood
cells and bone marrow stem cells for the
increasing number of patients that need them
and for those who cannot find an acceptable
match with an unrelated donor for bone marrow transplantation (149).
To address the deﬁciencies inherent in the
current system for blood transfusion and bone
marrow transplantation, researchers are beginning to explore the use of stem cells derived
from tissues other than bone marrow
(150–152). Stem cells have the capability to
undergo self-renewal and to differentiate to
form functional tissue. Stem cells from various
tissues have been shown to be able to differentiate into blood cells. Most studies to date have
been performed in mice; therefore, the results
are difﬁcult to extrapolate to humans. In one
study, intravenously injected stem cells
derived from the skeletal muscle of mice were
able to reconstitute the bone marrow compartment following whole-body irradiation (14). In
another study, stem cells derived from the
skeletal muscle of adult mice were shown to be
able to repopulate the hematopoietic compartment in mice subjected to lethal irradiation
(20). Stem cells derived from neural tissues of
mice were found to differentiate into bone marrow stem cells, which then produced cells of
the hematopoietic lineage (15). These blood
cells could be detected as long as 12 mo after
injection of stem cells derived from neural tissue, demonstrating long-term engraftment.
Interestingly, stem cells derived from the bone
marrow of adult mice were also able to differentiate into cells that shared characteristics
with neurons (127).
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Some evidence suggests that these results
observed in mice can be replicated in humans.
Woodbury et al. (9) were able to induce stem
cells derived from human marrow stroma to
differentiate into neuron-like cells in vitro.
These investigations demonstrated that a certain amount of plasticity exists in marrow
stromal stem cell populations. Another investigation showed that women who had
received bone marrow transplants from male
donors produced liver cells that contained the
Y-chromosome (153). There is a high probability that the liver cells were derived from
pluripotent stem cells, endodermal GLL stem
cells, and/or hepatogenic progenitor cells
residing in the donor marrow. Much more
work is required to begin translating the
results from mouse models to the treatment of
human patients.
Clinically, the advantages of using pluripotent stem cells or mesodermal GLL stem cells
to produce blood components or replenish
bone marrow are numerous. In vitro culture of
either stem cell population may provide a virtually unlimited supply of cells for transfusion.
There is obviously a need for the formation of
banks of stem cells, which could serve the
needs of patients whose histocompatability
proﬁles are difﬁcult to match. In addition, in
vitro culture of pluripotent stem cells or mesodermal GLL stem cells would allow a high
level of quality control to diminish the likelihood of transmission of infectious agents to the
recipient of the cells. Also, it is possible that
human reserve stem cells from patients with a
disease originating from a single enzyme
defect could be isolated and genetically manipulated in the laboratory to provide a cure (154).
Last, in those patients with malignant disease,
such as leukemia or other cancers that have
metastasized to the bone marrow, pluripotent
stem cells or mesodermal GLL stem cells isolated from tissues other than bone marrow
could provide a source of stem cells uncontaminated by tumor cells. These stem cells could be
used to reconstitute the bone marrow after
lethal irradiation or destruction of the bone
marrow by chemotherapy.
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Preliminary studies were performed to determine whether adult human reserve stem cells
could be used in induced blood transfusion and
bone marrow therapies. In the ﬁrst series of
experiments, sorted adult human mesodermal
GLL stem cells expressing the CD10+, CD13+,
CD34+, CD56+, CD90+, MHC-I+, CD1a–, CD2–,
CD3–, CD4–, CD5–, CD7–, CD8–, CD9–, CD11b–,
CD11c–, CD14–, CD15–, CD16–, CD18–, CD19–,
CD20–, CD22–, CD23–, CD24–, CD25–, CD31–,
CD33–, CD36–, CD38–, CD41–, CD42b–, CD45–,
CD49d–, CD55–, CD57–, CD59–, CD61–, CD62E–,
CD65–, CD66e–, CD68–, CD69–, CD71–, CD79–,
CD83–, CD95–, CD105–, CD117–, CD123–,
CD135–, CD166–, Glycophorin-A–, HLA-DRII–,
FMC-7–, Annexin-V–, and LIN– cell surface proﬁle were incubated in serum-free medium only
(control) or in serum-free medium containing 50
ng/mL stem cell factor, 10 ng/mL granulocyte
macrophage-colony stimulating factor, 10
ng/mL granulocyte-colony stimulating factor,
10 ng/mL macrophage-colony stimulating factor, 50 ng/mL IL-3, 50 ng/mL IL-6, 2.5 U/mL
erythropoietin, and 2 µg/mL insulin (experimental). The media were changed three times
per week for 2 wk. The cells were released and
examined for the expression of cell surface
markers indicative of hematopoietic phenotypic
expression using CD markers with ﬂuorescentactivated cell surface (FACS) analysis (47).
Experimental treatment induced the phenotypic
expression of CD4, CD36, CD38, CD45 (lymphopoietic), and Glycophorin-A (erythropoietic)
cell surface markers in induced adult human
mesodermal GLL stem cells (Table 7). Further
experiments are needed to determine the optimum conditions for blood cell induction, especially with respect to directed induction into
individual cell types. However, these results
suggest the potential for induction of blood elements ex vivo using adult human mesodermal
GLL stem cells.
In a second set of experiments, a clonal population of naive noninduced adult rat pluripotent epiblastic-like stem cells (49), previously
transfected with a gene for β-galactosidase
(29,49), was injected into the tail vein of adult
rats. After 2–4 wk, the rats were euthanized
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Table 7
Percentage of Induced Cluster
of Differentiation (CD) Marker Expression
in Adult Human Mesodermal Germ-Layer
Lineage Stem Cells Treated with Stem Cell
Factor, IL-3, IL-6, and Erythropoietin
Markers
CD4
CD34
CD36
CD38
CD45
Glycophorin-A

Control

Experimental

0.17
26.10
0.24
0.17
0.35
0.15

11.36
73.20
5.60
16.12
6.21
97.54

and the organs and tissues removed and analyzed for the presence of β-galactosidase. The
results showed viable β-galactosidase-stained
cells resident within the bone marrow (Fig. 20).
Additional experiments are needed to determine the optimal conditions for stem cell
engraftment and expression of differentiated
cells in the periphery. However, although these
results are very preliminary, they suggest the
possibility that adult pluripotent epiblastic-like
stem cells may have the potential to repopulate
hematopoietic organs.

Therapy for Diabetes Mellitus
Diabetes mellitus is a metabolic syndrome
with a diversity of etiologies, clinical presentations, and outcomes. It is characterized by
insulinopenia, fasting or postprandial hyperglycemia, and insulin resistance. Type 1 diabetes mellitus, referred to as juvenile or
insulin-dependent diabetes mellitus (IDDM), is
typically characterized by insulinopenia,
hyperglycemia, and secondary insulin resistance (155). Type 2 diabetes mellitus, referred
to as adult onset or non-insulin-dependent diabetes mellitus (NIDDM), is characterized by
hyperglycemia and varying degrees of primary
insulin resistance with elevated plasma insulin
concentrations but a decreased insulin
response to challenge by a secretagogue (156).
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Fig. 20. Systemic injection of Lac-Z-transfected adult rat pluripotent epiblastic-like stem
cell clone (PPELSC) clone with incorporation
into bone marrow. Cells were expanded in
medium containing PDGF-like (proliferative)
and ADF-like (inhibitory) activities (28,29).
Cells were processed for injection as described
by Asahara and colleagues (245–248). Adult
Sprague-Dawley rats were anesthetized and
the transfected stem cells injected into the systemic circulation via the tail vein. Two weeks
post injection, the animals were euthanized
and the tissues processed for β-galactosidase
histochemistry (49). The marrow cavities of the
radius and ulna demonstrate heavy staining
for the Lac-Z reaction product.

Diabetes mellitus need not be overt and grossly
hyperglycemic to induce detrimental metabolic changes. A growing body of evidence
suggests that there are detrimental consequences to normal physical challenges such as
aging, which may be inherently linked to alterations in body composition. Such challenges
may result in subclinical diabetogenic changes.
It is becoming increasingly clear that loss of
physical strength, functional status, and
immune competence are related to decreases in
lean body mass observed in diabetogenic states
(157–159).
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In 1933, Walsh and colleagues illustrated that
protein wasting in type 1 diabetes mellitus
could be eliminated by administration of insulin
(160). Later studies suggested that the degree of
protein wasting might be related to the degree
of pancreatic function and insulin availability
(161). A single mechanism of action, which
describes the effect of insulin on proteolysis or
proteogenesis, remains to be clearly elucidated.
Decreased lean body mass in diabetes mellitus
may result from the decreased number and
translational efﬁciency of ribosomes (162,163),
as well as alterations in peptide chain elongation and termination (164). Several studies also
suggest that these effects may be modulated in
part by modiﬁcations in IGF-1. Streptozotocin
diabetic rats that are insulin deﬁcient lack IGF-1.
Growth retardation in diabetic infants has been
ascribed to a lack of proper insulinization (165).
More recent studies suggest that protein nutrition, insulin, and growth may be modulated via
IGF-1 (166,167). Tobin et al. (168–171) demonstrated that transplantation with normal islets of
Langerhans completely restores normal body
protein levels in rats.
Islet transplantation, rather than wholeorgan transplantation, has been investigated as
a possible treatment for type 1 diabetes mellitus in selected patients unresponsive to exogenous insulin therapy (172). Recently, the
Edmonton group (173–177) reported that sufﬁcient islet mass from as few as two pancreases,
in combination with a new regimen of glucocorticoid-free immunosuppressive protocol,
engendered sustained freedom (> 1 yr) of
insulin independence in 8 of 8 (173) and 12 of
12 (176,177) patients with type 1 diabetes mellitus. Their ﬁndings indicated that islet transplantation alone was associated with minimal
risk and resulted in good metabolic control
(173,174). However, as a result of the paucity of
cadaveric organ donors, less than 0.5% of
patients with type 1 diabetes mellitus could
receive an islet transplant at the present time.
Thus, alternative sources of insulin-secreting
tissue are urgently needed (175).
Recent reports (178–180) suggest that reversal of insulin-dependent diabetes mellitus
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could be accomplished using chemically
induced islets generated in vitro from pancreatic ductal endodermal stem cells. In addition,
Lumelsky et al. (181) reported the formation of
3D insulin-secreting pancreatic islets that spontaneously differentiated from embryonic stem
cells. We began preliminary in vitro studies to
ascertain the ability of adult pluripotent epiblastic-like stem cells to form insulin-secreting
pancreatic islet-like structures. A clone of adult
rat pluripotent epiblastic-like stem cells (29,49)
was used for these studies.
One of the major differences we noted
between reports of embryonic stem cells and
the adult pluripotent epiblastic-like stem cells
is their respective activities in serum-free
deﬁned media in the absence of an induction
and/or differentiation inhibitory agent. In
serum-free medium in the absence of leukemia
inhibitory factor or a ﬁbroblast feeder layer,
embryonic stem cells will spontaneously differentiate into all the somatic cells present in
the body (101,102). Indeed, Soria et al.
(182,183), Assady et al. (184), and Lumelsky et
al. (181) used spontaneous differentiation
directly or in combination with directed differentiation to generate pancreatic islets from
embryonic stem cells. In contrast, reserve
pluripotent epiblastic-like stem cells remain
quiescent in serum-free deﬁned media in the
absence of either leukemia inhibitory factor or
antidifferentiation factor (Figs. 8A, 9A). In
other words, these adult pluripotent epiblasticlike stem cells are not preprogrammed to form
any type of cell. Furthermore, pluripotent epiblastic-like stem cells remain quiescent unless a
speciﬁc lineage, tissue-, or cell-inductive agent
is present in the medium (28,29,43,46–49).
Because reserve pluripotent epiblastic-like stem
cells do not exhibit spontaneous differentiation,
we attempted to use direct lineage induction to
generate 3D pancreatic islet-like structures (3DILS). The initial population of reserve stem
cells consisted of a clone of pluripotent epiblastic-like stem cells. In a sequential fashion,
we induced these undifferentiated stem cells to
commit to form endodermal GLL stem cells
and then pancreatic progenitor cells. As the
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stem cells became increasingly lineage committed, there was a concomitant loss of pluripotentiality within the cell line (Table 5).
Next, we used the islet-inductive mixture of
Bonner-Weir et al. (180) in an attempt to induce
3D-ILS in the three stem cell populations:
pluripotent epiblastic-like stem cells, endodermal GLL stem cells, and pancreatic progenitor
cells. For each cell line, 103 stem cells were
plated per well (n = 96) and treated with serumfree deﬁned medium containing the islet-inductive mixture (49). The mean number of induced
3D-ILS formed per well (± SEM) was 0.364 ±
0.066 for the induced pluripotent epiblastic-like
stem cells, 1.177 ± 0.117 for the endodermal GLL
stem cells, and 10.104 ± 0.480 for the pancreatic
progenitor cells. The increase in the number of
constructs formed by the pancreatic progenitor
cells was statistically signiﬁcant compared to
that induced in the pluripotent epiblastic-like
stem cells or the endodermal GLL stem cells (p <
0.05, analysis of variance). After treatment with
the islet-inductive cocktail, the cultures were
stained with antibodies to insulin, glucagon,
and somatostatin. Induced pluripotent epiblastic-like stem cells showed minimal intracellular
staining for any of the antibodies used (Fig.
21A–C). Induced endodermal GLL stem cells
showed a diffuse distribution of individual cells
stained for insulin, glucagon, and somatostatin
(Fig. 21D–F). Induced pancreatic progenitor
cells also demonstrated 3D-ILS that exhibited
staining for insulin, glucagon, and somatostatin
(Fig. 21G–I).
We next examined the biological activity (i.e.,
insulin-secreting ability) of the 3D-ILS (Fig.
22A,B) generated from the induced-pancreatic
progenitor cells in response to a glucose challenge. For comparative purposes, we isolated
200 × 150 mm native pancreatic islet equivalent
units (Fig. 22C,D) from Wistar Furth rat pancreases (168–171) for each trial (n = 8 for native
islets and n = 12 for 3D-constructs). Each well of
native islets and 3D-ILS was incubated sequentially, ﬁrst with testing medium (TM) only for 24
h, followed by TM + 5 mM glucose for 24 h, followed by TM + 5 mM glucose for 1 h, followed
by TM + 25 mM glucose for 1 h. This sequence
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was performed in each of the respective wells
examined. The media were removed and analyzed for insulin using a rat-speciﬁc insulin
radioimmunoassay (RIA) (Table 8). The induced
3D-ILS secreted 22% of the amount of insulin
secreted by native islets during incubation with
5 mM glucose for 24 h. When this was followed
in each well by incubation in 5 mM glucose for
1 h, the 3D-ILS secreted 49% of the amount
secreted by the native islets. A subsequent incubation with 25 mM glucose for 1 h resulted in
secretion by the 3D-ILS of 42% of the amount of
insulin secreted by the native islets (Table 8).
A series of positive and negative controls
was performed to ensure that the RIA only
measured rat insulin secreted into the media
(49). The positive controls consisted of a concentration range of rat insulin standards
included with the kit. The negative controls
consisted of serum-free deﬁned medium with
and without the insulin secretagogues in a cellfree system. Because our testing medium also
contained a small amount of bovine insulin, its
presence was monitored using the same concentration range as rat insulin standards in the
RIA kit. No insulin was detected in any of the
negative controls analyzed.
The direct lineage induction of cloned
reserve pluripotent epiblastic-like stem cells to
form insulin-secreting 3D-ILS proves the capabilities of these stem cells to form islet-like
structures. However, use of cloned pluripotent
stem cells as the starting material to generate
islet-like structures for transplantation into
patients is impractical at this time. First, the
generation of clones by repetitive single-cell
clonogenic analysis requires a minimum of 2 yr
to complete. Second, use of immunosuppressants for allogeneic stem cells is mandatory as a
result of potential donor-host human leukocyte
antigen (HLA) mismatches. A practical alternative procedure is available. The patient’s own
reserve pluripotent epiblastic-like stem cells
can be isolated from a small dermal or skeletal
muscle biopsy and expanded in cell culture.
They can then be induced to form 3D constructs
that secrete insulin. These autologous constructs can then be transplanted into the

Volume 40, 2004

Adult Reserve Stem Cells

53

Fig. 21. Expression of insulin, glucagon, and somatostatin in adult rat pluripotent epiblastic-like
stem cell clones (PPELSCs), induced endodermal GLL stem cells (EndoGLLSCs), and induced pancreatic progenitor cells (PanPCs). (A–C) PPELSCs (29,49) were expanded in medium containing
PDGF-like (proliferative) and ADF-like (inhibitory) activities (28,29). Twenty-four hours after plating, the cultures were switched to islet-inductive medium (180), including endodermal inductive
activity (49). Cultures were incubated for 2 wk and processed for ELICA (40) using primary antibodies to insulin, glucagon, and somatostatin. Original magniﬁcations, ×100. (A) Minimal intracellular staining for insulin. (B) Minimal intracellular staining for glucagon. (C) Minimal
intracellular staining for somatostatin. (D–F) EndoGLLSCs were generated from PPELSCs by
directed lineage induction. PPELSCs (29,49) were expanded in medium containing PDGF-like (proliferative) and ADF-like (inhibitory) activities (28,29). Twenty-four hours after plating, PPELSCs
were switched to medium containing endodermal inductive activity (EIM) for two passages. By the
end of the second passage in EIM, the cells increased to a uniform size and shape and assumed contact inhibition, forming a single confluent layer of cells. Twenty-four hours after replating
EndoGLLSCs, the cultures were switched to islet-inductive medium (IIM) (49,180). Cultures were
incubated for 2 wk and processed for ELICA using primary antibodies to insulin, glucagon, and
somatostatin. Original magniﬁcations, ×100. (D) Diffuse distribution of individual cells stained
intracellularly for insulin. (E) Diffuse distribution of individual cells stained intracellularly for
glucagon. (F) Diffuse distribution of individual cells stained intracellularly for somatostatin. (G–I)
PanPCs were generated from EndoGLLSCs by directed lineage induction. EndoGLLSCs were
expanded in EIM. Twenty-four hours after replating, EndoGLLSCs were switched to a pancreatic
progenitor cell induction medium (49). A minimum of two passages was required for the induction
process. Twenty-four hours after replating, the cultures were switched to the islet-inductive medium
(49,180). Cultures were incubated for 2 wk and processed for ELICA using primary antibodies to
insulin, glucagon, and somatostatin. Visualization of bound antibody occurred with DAB. Original
magniﬁcations, ×400 (G), ×300 (H), and ×200 (I). (G) 3D nodular islet-like structure and surrounding
mononucleated cells showing moderate to heavy intracellular staining for insulin. (H) 3D nodular
islet-like structure with a few centrally located cells showing heavy intracellular staining for
glucagon. (I) 3D nodular islet-like structure and some surrounding mononucleated cells showing
moderate to heavy intracellular staining for somatostatin. (Reproduced with permission from Young,
H. E., Duplaa, C., Yost, M. J., Henson, N. L., Floyd, J. A., Detmer, K., et al. [2004] Clonogenic analysis
reveals reserve stem cells in postnatal mammals: II. Pluripotent epiblastic-like stem cells. Anat. Rec.
276A, in press. Copyright 2004, Wiley-Liss.)
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Table 8
Glucose Challenge: Nanograms of Secreted Insulin per Well
Testing medium
only 24 h

5 mM for 24 h

5 mM for 1 h

25 mM for 1 h

0±0
0±0

2215 ± 282
482 ± 81

658 ± 36
325 ± 35

308 ± 51
136 ± 26

Native islets
3D constructs

patient. This procedure would eliminate the
need for the use of immunosuppressant drugs
based on donor-host HLA mismatches. As an
adjunct to the above proposal, a set of experiments was performed to determine the amount
of time needed to generate transplantable
insulin-secreting 3D-ILS after receipt of a tissue
biopsy specimen. Studies were performed with
biopsy specimens from adult rats (to parallel
the conditions of the rat clonal studies), adult
mice, and adult humans. Depending on the
species, the entire process, including receipt of
the biopsy specimen, isolation of the stem cells
directly from the tissue by CD marker cell sorting, stem cell expansion, and induction of transplantable islet-like structures, required 8–12 wk
under nonoptimized conditions.

Articular Cartilage and Bone Repair
The existence of quiescent reserve stem cell
populations involved in the repair of mesodermal tissues suggests the potential for using
stem cells for the repair and/or regeneration
of tissues following their loss as a result of
trauma and/or disease. Indeed, use of allogeneic and autologous progenitor cells for the
repair and regeneration of chondrogenic and
osteogenic tissue defects is currently being
investigated. For example, osteochondral allografts (185,186) or engraftment of cultured
allogeneic chondrocytes (187–190) have been
pursued to increase the amount of tissue available for grafting. However, these studies have
encountered difﬁculties, including unexpected
morbidity and mortality. The rejection of allogeneic cell grafts (in an environment presumed to be protected from immunologic
Cell Biochemistry and Biophysics

attack), low degree of tissue union, and
increased risk of disease transmission
(82,191–193) have restricted these techniques
to the treatment of individuals with large
chondral or osteochondral defects (193,194).
In contrast, other studies have shown that
grafts of autologous perichondrium (195,196)
or periosteum (197–199) can be used to repair
damaged sites. These techniques depend on
the presence of chondrogenic progenitor cells
in the perichondrium and periosteum (42,200).
Because these procedures initially resulted in
the formation of a material resembling hyaline
cartilage, it was suggested that the chondrogenic progenitor cells underwent metaplasia to
form a chondroid tissue. These procedures are
limited by the lack of available tissue for grafting, as well as poor graft integration and the
strong possibility that the grafted tissues will
eventually undergo calciﬁcation (201).
The use of differentiated autologous chondrocytes (202–205) or autologous osteochondral progenitor cells (82,206), with subsequent
expansion ex vivo prior to engraftment into the
site of a chondrogenic defect, has been examined in both animals and humans with mixed
results. No significant differences between
experimental and controls were found in dogs
(207). However, successful regeneration was
reported in both rabbits and humans (206). Use
of mature chondrocytes is particularly advantageous in treating young, healthy, active
patients with clinically significant injuries
(>2–3 cm2). Unfortunately, this age group represents only a small proportion of the general
population with clinically signiﬁcant injuries.
In addition, there are several disadvantages to
using differentiated chondrocytes and chonVolume 40, 2004
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Fig. 22. 3D islet-like structures (A, B) induced from an adult rat pluripotent epiblastic-like stem
cell clone (PPELSC) clone and native rat pancreatic islets (C, D) (49). Cultures were photographed
with phase contrast microscopy, original magniﬁcations ×100. (A, B) 3D islet-like structures (3DILS) were induced from the PPELSC clone by sequential directed lineage induction (i.e., PPELSCs
to EndoGLLSCs, EndoGLLSCs to PanPCs, and PanPCs to 3D-ILS) (49). For an abbreviated induction protocol, see legend to Fig. 21. The induced transition from PPELSCs to EndoGLLSCs to
PanPCs to 3D-ILS was monitored by changes in phenotypic lineage expression markers (see Table
5). Cultures were photographed with phase contrast microscopy, original magniﬁcations ×100. (A)
Induced single 3D islet-like structure. (B) Induced group of 3D islet-like structures. (C, D)
Pancreatic islets from 9- to 10-wk-old male Wistar Furth rats (approx 220 g) were isolated as
described (49). Cultures were incubated for 24 h and photographed with phase contrast
microscopy, original magniﬁcations ×100. (C) Native Wistar-Furth pancreatic islet. (D) Native
Wistar-Furth islet grouping. (Reproduced with permission from Young, H. E., Duplaa, C., Yost, M.
J., Henson, N. L., Floyd, J. A., Detmer, K., et al. [2004] Clonogenic analysis reveals reserve stem cells
in postnatal mammals: II. Pluripotent epiblastic-like stem cells. Anat. Rec. 276A, in press. Copyright
2004, Wiley-Liss.)

drogenic progenitor cells. These disadvantages
include limitation in the amount of autologous
tissue that can be harvested for cell isolation
and the limited capability for expansion ex
vivo because these cells undergo programmed
senescence and cell death as they approach
Hayﬂick’s limit (50–70 population doublings
before senescence and death). Moreover, damage to the parts of the joint used for tissue harvest could have a negative impact on joint
function (82,201,208).
Cell Biochemistry and Biophysics

The potential for using reserve stem cells isolated from nonadjacent connective tissues to
repair full-thickness cartilage defects within an
articulating joint was examined in a series of
studies by Lucas and colleagues (53,209).
Previous studies had demonstrated the potential of mesodermal GLL stem cells derived from
connective tissues to form a number of different
mesodermal tissues, including cartilage and
bone (41,43,56). Lucas et al. allowed local environmental cues (i.e., endogenous bioactive facVolume 40, 2004
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tors speciﬁc for chondrogenic and/or
osteogenic tissues) to direct the differentiation
of these stem cells after their placement in situ.
Syngeneic mesodermal GLL stem cells were isolated from the connective tissues of adult rabbit
skeletal muscle (including the epimysium, perimysium, and endomysium) (38,39,53,56),
expanded ex vivo, incorporated into a polygly-
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colic acid (PGA) delivery vehicle, and placed
into a full-thickness cartilage defect in syngeneic
rabbits. The defect was created by drilling a hole
through the articular cartilage, the underlying
subchondral bone, the trabecular bone, and into
the marrow cavity (Fig. 23A). After 12 wk, control animals implanted with the PGA delivery
vehicle alone exhibited only ﬁbrous tissue in the
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Fig. 23. (A–F) Use of skeletal muscle-derived mesodermal GLL stem cells to repair a full-thickness cartilage defect within the articulating joint of a rabbit knee. (A) Twenty-four hours after fullthickness cartilage defect created in articulating surface of knee joint. Areas: 1, articular surface; 2,
subchondral bone; 3, trabecular bone with marrow-ﬁlled spaces; and 4, defect area. The defect
area was created by drilling a hole through the articular cartilage, the underlying subchondral
bone, and into the trabecular bone containing marrow spaces. (B) Twelve weeks after implantation of polyglycolic acid (PGA) delivery vehicle without cells (control). Note ﬁbrous tissue–ﬁlling
implant area and forming border along implant area. Histology of ﬁbrous tissue does not match
surrounding articular cartilage, subchondral bone, or trabecular bone with marrow-ﬁlled spaces.
(C) Twelve weeks after implantation of PGA delivery vehicle containing connective tissue-derived
syngeneic mesodermal GLL stem cells. Note regeneration of articular cartilage-like tissue covering joint surface of implant area, the regeneration of underlying subchondral bone, and the regeneration of trabecular bone with marrow-ﬁlled spaces in the lower portions of the implant area
adjacent to uninjured trabecular bone. Note complete annealing of regenerated articular cartilage,
subchondral bone, and trabecular bone with adjacent noninjured tissues. (D) Higher magniﬁcation of control region of articular cartilage overlying subchondral bone and trabecular bone with
marrow-ﬁlled spaces. Note ﬁve zones of articular cartilage: (1) tangential zone, chondrocytes
within lacunae between type II collagen bundles lying parallel to surface; (2) transitional zone,
chondrocytes within lacunae between interwoven type II collagen bundles lying at 45-degree
angles to the surface; (3) radial zone, chondrocytes in lacunae stacked in columns between type II
collagen bundles lying perpendicular to surface; (4) tide water mark, acellular zone containing
interlaced-interwoven type II collagen bundles and sulfated proteoglycans; and (5) zone of calciﬁed cartilage, chondrocytes in lacunae stacked in columns between bundles of type II collagen.
Carbohydrate histochemistry demonstrated chondroitin sulfate proteoglycans, keratan sulfate
proteoglycans, and chondroitin sulfate/keratan sulfate proteoglycans within the extracellular
matrix. The histology and histochemistry are consistent with articular cartilage. The underlying
subchondral bone layer (6) shows osteocytes within lacunae between concentric lamellae surrounding marrow-ﬁlled spaces (7). Histochemistry shows type I collagen ﬁbers and chondroitin
sulfate proteoglycans within the extracellular matrices, which is consistent with subchondral compact bone. (E) Higher magniﬁcation of site of injury after treatment with mesodermal GLL stem
cells in PGA delivery vehicle 12 wk after transplantation. Joint surface layer, composed of all ﬁve
layers (1–5), although layers (3), (4), and (5) are not as thick as in control articular cartilage. Note
the residual mesodermal stem cells within the transitional layer (2). Type II collagen bundles,
chondroitin sulfate proteoglycans, keratan sulfate proteoglycans, and chondroitin sulfate/keratan
sulfate proteoglycans within the surface layer consistent with articular cartilage. Underlying bony
tissue (6) with marrow-ﬁlled spaces (7). Cells in lacunae within concentric lamellae surrounding
marrow-ﬁlled spaces. Histochemistry revealed type I collagen bundles with chondroitin sulfate
proteoglycans. Morphology and histochemistry consistent with subchondral compact bone. (F)
Higher magniﬁcation of site of injury after treatment with PGA delivery vehicle only 12 wk after
transplantation. Morphology shows tangential (1) and transitional (2) zones of same approximate
size as control, whereas radial zone (3) is thicker than control. Histochemistry shows cells within
lacunae surrounded by type I collagen bundles and chondroitin sulfate proteoglycans.
Morphology and histochemistry are suggestive of an expanded articular cartilage structural
framework ﬁlled with ﬁbrocartilage. (Reproduced with permission from Young, H. E. [2000] Stem
cells and tissue engineering. In: Gene Therapy in Orthopaedic and Sports Medicine (Huard, J. and Fu,
F. H., eds., Springer-Verlag, New York, NY. Copyright 2000, Springer-Verlag.)
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site of the defect (Fig. 23B). After 12 wk, experimental animals implanted with stem cells in the
PGA vehicle exhibited the formation of cartilage and bone resembling that of the normal
adjacent tissues (Fig. 23C). Stem cell incorporation was assessed by the surface appearance of
the regenerated tissue, in combination with the
histological appearance of longitudinal sections of the tissue. In addition, the collagen
and glycosaminoglycan contents of the tissue
were assessed by histochemistry. Good integration of the implant with the adjacent articular cartilage was observed (Fig. 23C), with
restoration of the underlying osseous elements complete with trabecular bone and
hematopoietic tissue (Fig. 23C,D). The regenerating surface layer displayed all five layers
normally found in articular cartilage (transitional zone, tangential zone, radial zone, tidewater mark, and calcified cartilage) (cf. Fig.
23D,E). However, the inner two zones (tidewater mark and calcified cartilage) were
much thinner than those observed in normal,
fully formed adult articular cartilage (cf. Fig.
23D,E). The regenerating articular cartilage
contained islands of apparent residual mesodermal stem cells between the tangential zone
and radial zone (Fig. 23D). In some areas,
there was no histologically apparent subchondral bone beneath the regenerating articular
cartilage. In these areas, trabecular bone with
marrow-filled spaces was found directly adjacent to calcified articular cartilage (cf. Fig.
23D,E). In other areas, subchondral bone was
present (Fig. 23C). Control implant animals
displayed a fibrocartilaginous tissue within
the area of the defect (cf. Fig. 23E–F).
There are at least two possible explanations
for the results. First, the implanted syngeneic
stem cells, directed by local environmental
cues, differentiated to form articular cartilage
and underlying bone. A second possibility is
that the implanted stem cells released a chemotactic agent that caused a directed ingrowth of
stem cells from adjacent tissues. These stem
cells subsequently affected the repair process
that resulted in regenerating the surface articular cartilage and underlying bone.
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Lucas et al. attempted to determine whether
the regenerated tissue arose from implanted
syngeneic stem cells or host stem cells. They
killed syngeneic stem cells by freezing and
thawing them prior to their incorporation into
a PGA delivery vehicle. Killing the stem cells
led to the development of fibrous tissue, a
result comparable to that seen in the PGA controls (Fig. 23F). In another series of experiments, syngeneic smooth muscle cells were
incorporated into the PGA delivery vehicle
prior to implantation. Fibrous tissue was found
in the implantation site in these experiments, a
result comparable to that seen in the PGA controls (Fig. 23F). The donor stem cells used in
the experiments of Lucas et al. were not manipulated experimentally by either biochemical or
molecular techniques prior to implantation.
Rather, naive stem cells responded to local
environmental cues (i.e., endogenous bioactive
factors) to effect regeneration. These studies
suggest that viable tissue-uncommitted stem
cells are required to produce the regenerative
response seen here. Further studies are needed
to ascertain the interplay between exogenous
reserve stem cells and endogenous bioactive
factors in the repair process.

Skeletal Muscle Repair
Considerable attention has focused on the
isolation and characterization of endogenous
bioactive factors and their importance in inﬂuencing aspects of tissue development, maturation, aging, replacement, and repair. In this
regard, demineralized bone matrix has been
shown to contain a number of such factors that
inﬂuence proliferation, chemotaxis, angiogenesis, chondrogenesis, and osteogenesis (90–93).
Of particular interest has been the family of
BMP in the TGF-β superfamily that induce
mesodermal stem cells to differentiate into cartilage and bone (94–96). As of 1990, there were
no reports of efforts to determine if bone was a
repository for factors that could induce mesodermal stem cells to differentiate into phenotypes other than cartilage and bone. Therefore,
we examined protein extracts from demineralVolume 40, 2004
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stem cell–progenitor cell culture system
(28,29,43). We also implanted the protein
extracts in situ within adult wound repair models to ascertain if additional differentiativeinductive activities were present.
Water-soluble proteins were prepared from an
extract of demineralized bovine cortical bone following published protocols (97,210,211) (Fig.
3A). This material was then analyzed by sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (212,213). The original extract was a
crude mixture of proteins that contained at least
100 bands (Fig. 3B). Further chromatographic
separation resulted in retention of both Sk-MMP
and SIF activities in the fraction > 50 kDa (Fig.
3B,C; Tables 3 and 4). We next examined the
effects of Sk-MMP and SIF activities on induced
phenotypic expression in our mixed mesodermal GLL stem cell–progenitor cell culture system
(Fig. 24). Before treatment, all cultures contained
an even mixture of a stellate mesodermal GLL
stem cell clone, a bipolar myoblast clone, and a
spindle ﬁbroblast clone (Fig. 24A). Both control
medium (CM) and experimental medium (EM)
contained FMP activity. EM-1 contained SkMMP, and EM-2 contained Sk-MMP and SIF.
CM-1 and CM-2 contained bovine serum albumin (BSA) to control for the bovine-derived proteins. A 6-d culture with CM-1 elicited a shift of
morphology toward predominantly spindle
ﬁbroblasts (Fig. 24B), and a 6-d culture of EM-1
elicited a shift in morphology toward predominantly fused bipolar cells forming multinucleated structures (Fig. 24C). A 12-d incubation in
CM-2 elicited approx 98% mononucleated spindle ﬁbroblasts (Fig. 24D), and a 12-d incubation
with EM-2 elicited approx 95% of the nuclei
residing within multinucleated, spontaneously
contracting structures, indicative of a myogenic
phenotype (Fig. 24E). The results suggest that
SIF inhibited FMP induction of the cells, thus
allowing Sk-MMP to induce myogenic-expressing cells within the culture.
Previous studies (214–219) demonstrated
that insulin, IGF-1, and IGF-2 were potent
stimulators of skeletal muscle cell growth and
differentiation in cultured myogenic lineage-

Cell Biochemistry and Biophysics

59
committed stem cells. Because these factors
have been previously isolated from bone
(91,98), insulin, IGF-1, IGF-2, and isolated SkMMP were examined to compare their efﬁcacy
for inducing a myogenic response in our mixed
mesodermal GLL stem cell–progenitor cell culture system (28,29,43). Sk-MMP at 200 ng/mL
elicited the highest induced myosin content at
60.2 ng myosin/µg deoxyribonucleic acid
(DNA) (Fig. 25). Insulin and puriﬁed recombinant IGF-1 and IGF-2 expressed considerably
less myosin-inductive activity (4.6, 9.6, and
12.8 ng myosin/µg DNA, respectively) (Fig.
25) at their maximal myogenic-inductive concentrations of 2000 ng/mL (insulin) and 200
ng/mL (IGF-1 and IGF-2). Combinations of
insulin, IGF-1, and/or IGF-2 were then examined to determine if synergism between two or
more of these growth factors would mimic the
myogenic-inducing activity of MMP (28,29).
The results revealed levels of myogenic-inducing activity for insulin/IGF-1, insulin/IGF-2,
IGF-1/IGF-2, and insulin/IGF-1/IGF-2 that
were lower than their individual maximal
myogenic-inductive values (data not shown).
These results suggest that Sk-MMP activity
within the preparation of water-soluble proteins and independent of, or synergistic with,
insulin, IGF-1, and IGF-2 is responsible for the
increased level of induced myogenic response
in the cultured mesodermal stem cells.
Previous studies (220–223) have shown that
although mammalian skeletal muscle will
undergo a repair process after trauma,
restoration of physiological function is compromised because of the increased proliferation of the surrounding connective tissues,
eventually forming a nonfunctional fibrous
scar. One method proposed to increase skeletal muscle function was to sever the neurovascular connections of homologous or
autologous grafted muscles. The reported
maximal values for restoration of function
were greater than operated controls but significantly less than nonoperated controls
(224–226). We were intrigued with the possibility that selective inhibitory factors such as
SIF could prevent the differentiation of
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Fig. 24. (A–E) The myogenic-inductive potential of
skeletal muscle morphogenetic protein (Sk-MMP)
and ﬁbrogenic-inhibitory potential of scar inhibitory
factor (SIF) in the presence of fibroblast morphogenetic protein (FMP). (A) A mixed culture containing equal quantities of three clonal cell
populations—that is, a mesodermal GLL stem cell
clone (St), a unipotent myoblast progenitor cell clone
(Bp), and a unipotent ﬁbroblast progenitor cell clone
(Sp) (41) were used. Cells were plated and expanded
in medium containing ‘PDGF-like (proliferative) and
ADF-like (inhibitory) activities (28,29). Cultures were
grown for 48 h and photographed with phase contrast microscopy, original magnification ×200. (B)
After the initial 48 h, experimental cultures were
switched to basal medium containing Sk-MMP, SIF,
and FMP (28,43). Cultures were incubated for an
additional 6 d and photographed with phase contrast
microscopy. Note the large branched multinucleated
structure (MT) surrounded by a majority of stellate
and bipolar cells. Original magnification ×200. (C)
After the initial 48 h, control cultures were switched
to basal medium containing BSA and FMP (28,43).
The BSA was added to the medium to control for the
bovine-derived proteins Sk-MMP and SIF. Cultures
were incubated for an additional 6 d and photographed with phase contrast microscopy. Note a
majority of spindle-shaped cells (Sp), a few stellate
cells (St), and an absence of bipolar cells. Original
magniﬁcation ×200. (D) Experimental cultures from B
were incubated for an additional 6 d with Sk-MMP,
SIF, and FMP. Cultures were halted and processed for
staining with toluidine blue. The nuclei in ten ×40
ﬁelds were counted. Approximately 95% of the nuclei
resided in multinucleated structures (MT). Parallel
experimental cultures generated similar structures
and demonstrated positive staining for sarcomeric
myosin, skeletal muscle fast myosin, myosin heavy
chain, and myosin fast chain, all indicative of a multinucleated skeletal muscle phenotype. (E) Control
cultures from C were incubated an additional 6 d
with BSA and FMP. Cultures were halted and
processed for staining with toluidine blue. The nuclei
in ten ×40 ﬁelds were counted. Approximately 98% of
the nuclei resided in mononucleated spindle-shaped
cells (Sp).
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Fig. 25. Ability of various bioactive factors to induce sarcomeric myosin expression in a clone of
mesodermal GLL stem cells. A mesodermal GLL stem cell clone (41) was used. Cells were plated in
medium containing PDGF-like (proliferative) and ADF-like (inhibitory) activities (28,29). Cultures
were grown for 24 h and then switched to basal medium containing 0.00 ng/mL control, 100
ng/mL rh-PDGF-BB, 200 ng/mL rh-PDGF-AA, 5 ng/mL rh-PD-ECGF, 2 µg/mL insulin, 10–8 M
dexamethasone, 200 ng/mL IGF-1, 200 ng/mL IGF-2, and 200 ng/mL Sk-MMP. Cultures were incubated for an additional 5 d, halted, and processed for quantitative ELICA using the MF-20 antibody
to quantify sarcomeric myosin per microgram DNA (40,43). Data points represent means ± SD, n =
18 for for each bioactive factor, n = 144 for control. Asterisk (*) denotes statistically signiﬁcant differences from control. p < 0.05.

reserve stem cells into fibroblasts, whereas
factors such as Sk-MMP could induce the
reserve stem cells to form skeletal muscle.
This combined pharmacological approach
could potentially minimize scar tissue formation while stimulating skeletal muscle regeneration, thus resulting in a much stronger muscle
than trauma-induced regeneration.
Therefore, we next examined the ability of SIF
to inhibit ﬁbrogenesis and Sk-MMP to induce a
myogenic response within an adult in vivo
mammalian skeletal muscle repair model. SkMMP with and without SIF was incorporated
into either a collagen-based controlled-release
delivery vehicle (CDV) or a polyanhydridebased controlled-release delivery vehicle (PDV)
(99) and implanted into the posterior thigh musCell Biochemistry and Biophysics

culature of adult mice. Harvested implants were
processed for light microscopy and assayed
morphologically (35,36,72).
Control implants, containing either no additional material or an equivalent amount of BSA,
demonstrated the appearance of small regenerating myotubes at the interface between the
scar and transected tissues (Fig. 26A), whereas
the remaining operational ﬁeld area consisted
of a dense interwoven connective tissue scar
(Fig. 26B). In contrast, experimental implants
revealed the presence of small regenerating
myoblasts (Fig. 26C) and linear multinucleated
myotubes embedded within the conﬁnes of a
connective tissue scar (Fig. 26D).
The results from these in vivo studies suggested that although Sk-MMP was acting on
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the reserve stem cells, additional factors were
active as well, inducing a fibrogenic response
in the majority of these reserve stem cells.
This necessitated a potential regimen to
decrease or inhibit abnormal fibrogenesis
leading to scar tissue formation while allowing induced myogenesis to occur. In the next
series of experiments, we included SIF with
Sk-MMP in both the collagen-(CDV + SkMMP + SIF)- and polyanhydride-(PDV + SkMMP + SIF)-based delivery vehicles. The
addition of SIF to Sk-MMP induced intact
regenerating muscle fascicles in both delivery
vehicle implantations. Myofibers with centrally located nuclei located within the regenerating muscle fascicles were surrounded by a
thin layer of endomysial-like connective tissue; each fascicle was surrounded by a perimysial-like connective tissue covering, and
the collection of muscle fascicles were surrounded by a thin epimysial-like sheet of connective tissue (Fig. 26E,F). In the PDV +
Sk-MMP + SIF implantation (Fig. 26F), a neurovascular triad (nerve, artery, and vein) was
also embedded within the perimysial connective tissue compartment of the regenerating
muscle. The presence of the neurovascular
triad suggests the potential for restoration of
physiological function.
Relative measurements were performed to
compare myoﬁber size between BSA-treated
control implants and Sk-MMP/SIF-treated
experimental implants. As shown (Fig. 27),
myoﬁber size was considerably smaller in the
Sk-MMP/SIF-treated animals than in the BSAtreated animals. These results suggest that a
greater number of myoﬁbers were undergoing
a regenerative process in the Sk-MMP/SIFtreated experimentals than in the BSA-treated
controls.
These in vitro and in vivo observations suggest that SIF inhibits scar tissue formation,
whereas Sk-MMP induces the differentiation of
reserve stem cells to commit to a myogenic
phenotype. These observations also encourage
further experiments aimed at examining additional factors that may induce or inhibit stem
cell differentiation.
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Therapy for Myocardial Repair
Death and disability from cardiac dysfunction cost the United States nearly 750,000 lives
per year. The annual cost of ischemic heart disease is approx $100 billion (227). In most cases
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Fig. 26. Implantation of novel inductive compounds to induce skeletal muscle restoration in the
muscle gap model in the adult mouse. Adult male mice were anesthetized, shaved along their dorsal surface, and a small skin incision made on their lower extremities. The hamstring musculature
was dissected free and incised to create a muscle ﬂap. A 1-mm3 piece of skeletal muscle was
removed from the hamstring musculature, deep to the muscle ﬂap, creating a muscle pouch. This
was performed bilaterally. The removed piece of skeletal muscle was replaced with the following:
(1) either nothing (operation control) or delivery vehicle only (DV control) on one side and (2)
delivery vehicle incorporated with either Sk-MMP (DV + Sk-MMP experimental) or Sk-MMP and
SIF (DV + Sk-MMP + SIF experimental) on the contralateral side. The particular bioerodible, biocompatible delivery vehicles used were composed of either type I collagen or polycarboyxphenoxypropane (PCPP). After placement of the implant material, the muscle ﬂap was sutured shut to
maintain the implant material in situ, and the skin was closed with staples. Mice were allowed to
recover in a warmed heating area and then fed and watered ad libitum until termination of experiments. At termination, mice were euthanized, shaved, the skin incised, and the lower extremity
removed by disarticulation at the hip. The hindlimbs were skinned, washed with DPBS, and ﬁxed
with either 10% formalin containing 10% cetylpyridinium chloride for retention of glycosylated
compounds for glycoconjugate histochemistry (36) or Zenker’s formol solution for collagen histochemistry (74). Am, adult muscle myoﬁbers; Rm, regenerating muscle myoﬁbers; Sc, scar tissue;
arrow, regenerating myoﬁbers; Af, adult fat; Rf, regenerating fat; P, perimysium; Ep, epimysium.
Original magniﬁcations, ×100 (A–D, F) and ×50 (E). (A) Collagen-DV only. Transected adult musculature with relatively large-diameter adult myoﬁbers (lower left), connective scar composed of
type I collagen, and regenerating myoﬁbers interposed between adult muscle and connective tissue scar. Absence of regenerating myoﬁbers within scar tissue. (B) PCPP-DV only. Transected adult
musculature appears adjacent to connective tissue scar. However, note the absence of myoﬁbers
interposed between the two tissues and absence of myoﬁbers within scar tissue. (C) Collagen-DV
+ Sk-MMP. Regenerating myotubes within connective tissue scar at some distance from transected
adult musculature. (D) PCPP-DV + Sk-MMP. Note regenerating myotubes within connective tissue
scar at some distance from transected adult musculature. (E) Collagen-DV + Sk-MMP + SIF. Note
scar tissue intervening between adult fat and regenerating muscle fascicle and between regenerating muscle fascicle, regenerating fat, and adult muscle. (F) PCPP-DV + Sk-MMP + SIF. Portion of
regenerating muscle displaying normal skeletal muscle histoarchitecture (i.e., regenerating
myoﬁbers surrounded by endomysium, fascicles surrounded by perimysium, and entire muscle
surrounded by epimysium). Note the presence of an intact neurovascular triad consisting of nerve,
artery, and vein within regenerating muscle perimysium. The restoration of skeletal muscle histoarchitecture and the presence of a neurovascular triad suggest the potential for restoration of the
physiological function of the muscle.

of myocardial infarction, an area of the heart
muscle becomes ischemic and proceeds toward
dysfunctional scar tissue. Technology leading
to repair of damaged myocardium in situ
would enable the medical community to
change the current treatment modality of medical management to one of regeneration (228).
Tremendous advances in stem cell technology indicate that it might be possible to effect
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repair of damaged myocardium via injection of
autologous cells. Numerous cell sources have
been tried in the effort to repair injured
myocardium, including skeletal myoblasts
(229,230), fetal and neonatal cardiomyocytes
(231,232), and embryonic stem cells (233). The
current strategy is to inject live naive pluripotent stem cells into and around the area of
infarction. It is anticipated that the microenviVolume 40, 2004
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Fig. 27. Histogram of mean diameter of muscle fascicles in control implants vs implants
containing Sk-MMP and SIF. Controls consisted of operational controls and delivery
vehicle controls (DV-controls) (see Fig. 26).
Experimentals consisted of implants of type I
collagen-delivery vehicle containing Sk-MMP
and SIF (collagen-DV + Sk-MMP + SIF) and
polycarboxyphenoxypropane-delivery vehicle
containing Sk-MMP and SIF (PCPP-DV + SkMMP + SIF) (see Fig. 26). Microscopic ﬁelds
were photographed per implant, printed at the
same magnification, and measured. Results
demonstrate that muscle fascicles (solid) from
control implants are of larger overall mean
diameter than muscle fascicles (diagonals)
from Sk-MMP and SIF implants.

ronment of the healing myocardium will direct
the naive pluripotent stem cells to integrate
with the existing tissue and to differentiate to
form the appropriate phenotype. Studies have
shown that injection of cardiomyocytes leads
to improvements in systolic performance,
compliance, peri-infarct perfusion, and global
ventricular function (234–236). Injected cardiomyocytes have been shown to form gap junctions with the existing tissue (237). These
results indicate that this is a promising area for
further investigation. The focus of this study
was to investigate the possibility of injecting
adult-derived pluripotent epiblastic-like stem
cells to repair the damage produced by
myocardial infarction.
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A Lac-Z-transfected adult rat pluripotent
epiblastic-like stem cell clone was injected into
normal and myocardial infarcted hearts of 200to 300-g rats. Myocardial infarction was
induced by cryoinjury along the course of the
left coronary artery. Injection of the stem cells
occurred directly into the left ventricle through
a subxiphoid window or systemically via tail
vein injection (49, 238). There were ﬁve different groups of rats: (1) sham-operated heart control (n = 3), (2) ischemic heart control (n = 3), (3)
pluripotent stem cell–implanted normal heart
(n = 12), (4) pluripotent stem cell–implanted
ischemic heart (n = 7), and (5) pluripotent cells
injected in the tail vein of a rat that underwent
myocardial infarction (n = 7). Normal hearts
implanted with pluripotent stem cells were harvested from 1 d to 4 wk later. Ischemic hearts
implanted with pluripotent stem cells were
injected from immediately to 1 wk postinjury.
These hearts were harvested from 1 d to 4 wk
later and processed for immunocytochemistry
and confocal microscopy (239).
Stem cells readily attach and grow on the
gelatin-coated tissue culture plastic. The anti-βgalactosidase antibody reacted with the Lac-Z
protein both within the nucleus and, to a lesser
extent, within the cell cytoplasm (Fig. 28A).
This demonstrates that all of the cells that were
injected were positive for β-galactosidase and
could be readily detected following injection
into the animals. One week after injection of
the cells into the normal heart, β-galactosidasepositive cells could be located in the
myocardium (Fig. 28B). Cryogenic infarction
caused the cardiac tissue to become whitish
gray in color in contrast to the normal deep red
of the heart tissue under gross inspection.
Tissue obtained from animals into which
pluripotent stem cells had been injected into
ischemic myocardium demonstrated groups of
living cells positive for β-galactosidase incorporated into the myocardium (Fig. 28C). Many
of the β-galactosidase-positive cells may be
seen in cross-section in Fig. 28C. These cells are
smaller in diameter than the endogenous
myocytes but similar in appearance. Inspection
of normal myocardium immediately adjacent
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to infarcted tissue demonstrated the ability of
the cells to home in on the damaged
myocardium after tail vein injection (Fig. 28D).
A thorough inspection of the infarcted area
revealed few, if any, β-galactosidase-positive
cells in the surrounding noninjured tissues
(data not shown).
Our study reports that pluripotent stem cells
derived from adults survived in normal and
infarcted hearts following direct injection.
Following injection of the tail vein, the cells
were able to home in on the damaged heart
after ischemic injury. The cell line used in this
study was derived from adults and therefore
different from other cell lines reported to date
in the literature. In previous reports, fetal stem
cells and autologous myoblasts have been
shown to engraft in the heart, but these cell
lines have limited therapeutic application in
humans. This work raises the possibility that
adult pluripotent stem cells could be isolated
from a patient, expanded in culture, and reinfused back into the patient. Such autologous
transplantation would have the potential for
wide application, as the cells are readily available. Moreover, this approach would obviate
the need for immunosuppression with its
attendant dangers.

Gene Therapy
We have proposed the use of pluripotent
stem cells as HLA-matched delivery vehicles
for gene therapy (45). This proposal is predicated on the hypothesis that the insertion of an
exogenous gene will not alter the developmental potential of the pluripotent stem cells.
As an initial test of this proposal, a pluripotent
epiblastic-like stem cell clone was transfected
with Lac-Z and then analyzed both in vitro
and in vivo for retention of pluripotent capabilities (49).
LacZ expression was evaluated by histochemical and immunochemical procedures
(240).
The transfected stem cell clone was examined in our standard insulin/dexamethasone
bioassay. Incubation with insulin did not alter
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the phenotypic expression of the cells compared to untreated controls. This suggested
that the stem cells had not converted to progenitor cells as a result of either the transfection
procedure itself or incorporation of Lac-Z into
its genome. In contrast, dexamethasone incubation induced the expression of morphological phenotypes consistent with >30 cell types
from all three germ-layer lineages. Immunochemical and histochemical analyses conﬁrmed these cell lineages (Figs. 4B, 10, 12, 14,
16, 21, 22). In addition, these same morphologies coexpressed the reaction product for βgalactosidase (Fig. 29). These results suggest
that gene-transfected pluripotent epiblasticlike stem cells retain pluripotent capabilities
without loss of the expression of the transfected gene.
In vivo transplantation studies were performed to examine incorporation of transfected stem cells into various mesodermal
tissues in the body with subsequent coexpression of the gene product. As shown, naive
pluripotent epiblastic-like stem cells previously transfected with Lac-Z were found incorporated into both bone marrow (Fig. 20) and
myocardial infarcted tissues (Fig. 28). These
results suggest that transfection of these
pluripotent epiblastic-like stem cells did not
alter their subsequent differentiation capabilities. These results also suggest the potential use
of autologous pluripotent epiblastic-like stem
cells as delivery vehicles for gene therapy.

CONCLUSIONS
The development of an individual proceeds
from the totipotent zygote. The zygote begins
dividing, and the resultant blastomeres differentiate and segregate by lineage commitment
into two pluripotent layers—the trophoblast,
which eventually forms the extra-embryonic
membranes of the placenta, and the inner cell
mass, which will eventually form the embryo.
The inner cell mass continues its development
by segregating into the hypoblast and epiblast.
These layers further segregate into the pluripo-
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Fig. 28. Laser confocal microscopy of Lac-Z-transfected pluripotent epiblastic-like stem cell
(PPELSC) clone. (A) Laser-scanning confocal micrograph of PPELSC in culture on gelatin-coated
tissue culture plastic. The f-actin in the cytoskeleton has been stained using rhodamine phalloidin
(arrowhead). The β-galactosidase has been immunohistochemically labeled green (arrow) using an
ﬂuoresceine isothiocyanate (FITC) ﬂuorophore. (B) β-galactosidase-positive (β-gal +) cells localized
in normal heart tissue 1 wk after direct injection of cells into the left ventricle (arrows). End views
of myoﬁbril bundles stained with rhodamine phalloidin can be seen (asterisk, *). Cell nuclei (arrowhead) are stained with topro-3 (a DNA intercalating dye). (C) The β-gal + cells localized in ischemic
heart tissue 1 wk after direct injection of cells into the left ventricle (arrow). The cells were injected
through a subxiphoid window 3 d after cryoinjury. (D) The β-gal + cells (arrow) localized in normal heart tissue immediately adjacent to the site of cryoinjury. Cell nuclei are stained with topro-3
(arrowhead). These cells were injected systemically into the tail vein of the rat following injury.
(Reproduced with permission from Young, H. E., Duplaa, C., Yost, M. J., Henson, N. L., Floyd, J. A.,
Detmer, K. [2004] Clonogenic analysis reveals reserve stem cells in postnatal mammals: II.
Pluripotent epiblastic-like stem cells. Anat. Rec. 276A, in press. Copyright 2004, Wiley-Liss.)
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Fig. 29. Induced phenotypic expression in Lac-Z-transfected PPELSCs. A β-galactosidase-transfected adult rat PPELSC clone (29,49) was used. Cells were plated in medium containing PDGF-like
(proliferative) and ADF-like (inhibitory) activities (28,29,49). (A) Cultures were expanded for 2 d
and processed for β-galactosidase immunocytochemistry (49), original magniﬁcation ×200. (B)
Cultures were expanded for 4 d and processed for β-galactosidase immunocytochemistry (49),
original magniﬁcation ×100. (C) After expansion for 2 d, the cultures were switched to serum-free
medium containing Sm-MMP (28). Cultures were incubated for an additional 3 d and processed for
both β-galactosidase and smooth muscle α-actin (IA4) immunocytochemistry (49), original magniﬁcation ×100. (D) After expansion for 2 d, the cultures were switched to serum-free medium containing Sm-MMP (28). Cultures were incubated for an additional 14 d and processed for both
β-galactosidase and smooth muscle α-actin (IA4) immunocytochemistry (49), original magniﬁcation ×200. The nuclei in ten ×40 ﬁelds were counted. Approximately 90% of the nuclei resided in
cells demonstrating intracellular staining for the IA4 antibody. (E) After expansion for 2 d, the cultures were switched to serum-free medium containing AMP (28). Cultures were incubated for an
additional 14 d, processed for β-galactosidase immunocytochemistry followed by counterstaining
in Sudan Black-B to demonstrate intracellular vesicles containing saturated neutral lipids, indicative of adipocytes, original magniﬁcation ×100. (F) After expansion for 2 d, the cultures were
switched to serum-free medium containing BMP-2 and 10–7 M dexamethasone to induce chondrogenesis (28). Cultures were incubated for an additional 14 d and processed for β-galactosidase
immunocytochemistry, followed by counterstaining in Alcian Blue at pH 1.0 to identify cartilagespeciﬁc sulfated proteoglycans (41,42,44,46,47). A large nodule costains for nuclear β-gal and pericellular chondroitin sulfate/keratan sulfate glycosaminoglycans, indicative of a cartilage nodule,
original magniﬁcation ×40.
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tent primary germ layers of the ectoderm,
mesoderm, and endoderm. Segregation
through lineage commitment into multipotent,
tripotent, bipotent, and eventually unipotent
progenitor cells further deﬁnes the differentiation pathways of the cells and their ultimate
function.
We propose that although most cells
progress through this sequence in forming the
intact individual, a few cells leave this pathway to become sequestered as quiescent
reserve precursor cells. On the basis of previous and current studies (9,17,24–47,49–60,
103–105,123,200,241–243), Young and Black
(48) proposed a model of quiescent precursor
cells within postnatal animals, including
humans. The model encompasses precursor
cells from the most primitive pluripotent epiblastic-like stem cell to the most differentiated
unipotent progenitor cell. Tissue-committed
progenitor cells, lineage-restricted germ-layer
stem cells, and lineage-uncommitted pluripotent stem cells are present throughout the
postnatal individual as reserve populations of
precursor cells. Results from our isolation,
cloning, and cell-sorting studies confirm the
presence of these precursor cells within adult
tissues. Similarly, results from our neuronal,
hematopoietic, diabetic, chondrogenic, osteogenic, myogenic, and cardiogenic studies confirm our ability to selectively induce adult
pluripotent stem cells to undergo directed lineage induction. Thus, our studies support the
hypothesis that the activation of quiescent
precursor cells is a potential component of tissue restoration. During tissue replacement,
quiescent stem cells also may become activated, proliferate, differentiate, and assist the
tissue-committed progenitor cells in forming
the missing tissues.
There are potential advantages for using
adult reserve stem cells for autologous transplantation. Reserve stem cells can be directly
isolated from newborn to geriatric individuals,
including patients awaiting treatment. Adult
reserve stem cells can be derived from a small
biopsy of skeletal muscle or dermis. Reserve
stem cells are telomerase positive, indicating

Cell Biochemistry and Biophysics

Young et al.
that vast quantities of cells can be produced
from a few harvested cells. Reserve stem cells
can be stored for long periods with minimal
loss of cell viability, pluripotentiality and/or
function. Adult pluripotent stem cells can be
induced to form cells from the three primary
germ-layer lineages (i.e., ectoderm, mesoderm,
and endoderm). Adult germ-layer lineage stem
cells can subsequently form all somatic cell
types within their respective germ-layer lineages. These results suggest that reserve stem
cells derived from skeletal muscle and/or dermis comprise a potential source for the production of neurons and glia, hematopoietic
cells, pancreatic islets, cartilage, bone, skeletal
muscle, blood vessels, heart tissue, and other
somatic cells of the body. Additional studies
are planned or currently under way to determine whether adult reserve stem cell transplants can be used in the treatment of
Parkinson’s disease, blood transfusions, bone
marrow transplants, diabetes, resurfacing
articular cartilage, bone repair, muscular dystrophy, ischemia, and myocardial infarctions.
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