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FOREWORD

The Yamada Science Foundation was established about 8 years ago
in Osaka by the good offices of the late Kiro Yamada, the founder and
the former president of Rohto Pharmaceutical Company Limited, in
order to promote research in the basic natural sciences. Since then, the
foundation has provided generous support fo promote innovative re-
search projects in a variety of natural science disciplines, to provide
travel funds for scientists, and to organize international conferences.

The past seven conferences sponsored by the Yamada Science
Foundation have covered a range of subjects in chemistry, physics, and
biology. This year, “Transdifferentiation and Instability in Cell Com-
mitment” was selected simply because this is one of the most exciting
and rapidly developing subjects in cell and developmental biology. The
presentations from the conference form the basis for this volume of
Current Topics in Developmental Biology. It has been a pleasure to
acknowledge the efforts of Professor Okada and the other members of
the organizing committee for arranging such a stimulating and excit-
ing program. I am sure that the fruits of this meeting and the volume
will be a great source of inspiration and stimulation of scientists work-
ing in the field of developmental biology.

Osamu Hayaishi
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PREFACE

Diverse cell types can arise without alteration of genomic constitu-
tion. Animal cells are characterized by the stable nature of their dif-
ferentiated state, in spite of preservation of the genome throughout
development. Convertibility of differentiated cells is considered to be a
rare and exceptional occurrence. But, looking back on the history of
developmental biology, we note that the discovery of instability of
differentiated cells was one of the earliest findings to stimulate the
interest of many investigators of embryonic development. In 1891,
Colucci discovered that adult Triturus can regenerate lens from the
iris epithelium. This definitive, historically first example of trans-
differentiation highlights the potential instability of differentiated
cells.

The main aim of the present volume is to give an overview of recent
studies on instability of the differentiated state of cells, with emphasis
on description of representative systems (experimental and normal)
for investigating cell type modification. The publication of this volume
is timely; it is now clear that events such as DNA rearrangements and
modification occur during differentiation in certain cell types; at the
same time, it is becoming evident that in other cells differentiation
does not completely foreclose their potential to change. Thus, a com-
prehensive, general theory of cell differentiation requires a critical
evaluation of evidence for the instability of the differentiated state.

The special volume editor is most grateful to Drs. Moscona and
Monroy, the editors of Current Topics in Developmental Biology, for
the opportunity to collaborate with them on this special volume. He
also thanks the contributors and the staff of Academic Press and of
Academic Press Japan for expert cooperation in producing this vol-
ume. Finally, he is indebted to the Yamada Science Foundation,
Osaka, Japan, for sponsoring the conference at which the contribu-
tions to this volume were presented.

T. S. Okada
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INTRODUCTION: CAN SPECIALIZED CELLS
CHANGE THEIR PHENOTYPE?

T. S. Okada

I. Examination of Convertibility of Differentiated Cells

It has been established that in the immune system gene reorganiza-
tion accompanies cell differentiation (cf. Joho et al., 1983). However,
the view that differentiated cells retain most of the genomic DNA
present in the fertilized egg without any structural changes is still
valid for most cases of embryonic cell differentiation (cf. DiBerardino
et al., 1984). Since differentiated cells are, as a rule, stable, most of
their genomic information must be inactive or in a latent condition. To
understand the nature of the differentiated state in terms of gene
expression, two approaches can be considered. First, we can ask about
the mechanisms of selective inactivation of genomic information in
the course of cell differentiation (cf. Caplan and Ordahl, 1978). Sec-
ond, we can inquire whether it is possible to reactivate latent informa-
tion in differentiated cells and convert them into alternative cell types
(Moscona and Linser, 1983).

In appropriate test systems, the second approach has certain advan-
tages over studies starting with uncommitted cells. Here, we deal with
cells that already are differentiated and investigate if they can change
into another phenotype. In favorable situations, we might expect to be
able to identify sets of genes which become newly reactivated and/or
inactivated. Fortunately, as described in chapters in this volume, ex-
perimental and other systems are now available that permit the ap-
pearance of new cell types from populations of other well-identified
cells {e.g., chapters by Eguchi, Moscona, Nathanson, Schmid and Al-
der, Rao et al.). There is excellent probability that such systems might
bring closer the ultimate goal of understanding mechanisms of cell
differentiation and modification.

XXv
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Early embryonic cells are generally pluripotent, with several op-
tions as to their future commitment and differentiation, Even in adult
organisms pluripotent cells are present as so-called stem cells. In this
respect, the situation is especially remarkable in plants in which some
types of differentiated cells retain a potentiality for further changes of
phenotypic medification. Differentiation of stem cells (or development
of unexpected cell types from minor cell populations) can obscure oe-
currence of cell type conversion, as pointed out in several chapters in
this volume (e.g., by Weston, Nakamura and Ayer-Le Liévre).

In the present volume, several topics related to commitment of
pluripotential cells are also included for more comprehensive docu-
mentation of the unstable nature of cell differentiation. It seemed
particularly important and worthwhile to compare the plasticity of the
differentiated state of plant cells with that of animal cells. In fact,
readers may find that recent studies on invertebrates (e.g., chapter by
Schmid and Alder) are beginning to link these two situations which
previously appeared irreconcilable.

ll. Systems of Cell Type Conversion or Transdifferentiation

Instability of phenotypic cell characteristics has been observed at
different levels, not only with respect to the prospective fate of un-
differentiated cells, but also with respect to conversion of differenti-
ated cells into another type distinct in morphology, function, and mo-
lecular constitution from the original type. In the present volume, the
plasticity of phenotypic expression in differentiated neurons is demon-
strated by examining the synthesis of various neurotransmitters as
molecular markers (chapters by Jonakait and Black, Ziller, and
Weston). These studies provide evidence for potential instability of neuro-
transmitter phenotypes that are normally expressed late in differ-
entiation, when the cells had already become committed to a definite
type. Conversion of pigment cells provides an example at still another
level of cell changes. Different kinds of pigment cells differ func-
tionally and morphologically, but they share many common properties
both structural and metabolic (Bagnara et al., 1979). As reviewed in
the chapter by Ide, the convertibility between different types in the
pigment cell class is most evident in cell culture systems.

There are several well-established examples of cell conversion into
other types which belong to the same cell lineages in normal develop-
ment. The transdifferentiation of chromaffin cells into neurons (as
described by Ogawa et al.) is a representative case in that it is an
example of conversion of a neural crest-derived cell into another type
that normally originates from the neural crest. Melanogenesis in
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cultures of peripheral nervous tissues is another example of conver-
sion representing cell types normally of neural crest origin (Nicholas
et al., 1977). In fact, it has been suggested that marker molecules
which characterize different cell types of neural crest origin share
common initial metabolic steps in their biosynthesis (Bagnara et al.,
1979). The conversion of muscle into cartilage, reviewed by Nathan-
son, is also an example of a switch between two distinct cell types with
a common mesodermal origin. Although these two cell types are very
different in morphology and function, some similarity exists in their
molecular constitution. Reddy et al. describe the presence of
hepatocytes in rat pancreas, a conversion affecting different cell types
both of which normally originate from embryonic endoderm.

Cell type conversion (or cellular metaplasia, in classical termi-
nology) is known to occur in ocular tissues during regeneration of eye
parts in certain amphibians. Such cell type conversion has been re-
peatedly demonstrated also in cell cultures from ocular tissues of other
vertebrates (Moscona, 1957; Eguchi, 1979; Okada, 1980, 1983). In
these situations, conversion can occur not only between developmen-
tally related cells, as in the transformation of the pigment epithelium
cells into neural retina cells, but also between cell types which early in
development segregate into different cell lineages. An example of the
latter is modification of neural retina cells and pigment epithelium
cells (both of neuroepithelium origin) into lens-type cells (normally of
ectodermal origin). Recent in vitro studies on this kind of cell conver-
sion are reviewed in the chapters by Eguchi and by Moscona. In these
studies, the phenotypes of the original and of the modified cells have
been convincingly identified by several markers. The changes de-
scribed occur in cell culture systems started with homogeneous cell
populations. Thus, these results provide unequivocal demonstration
that definitive cell types can change, under appropriate conditions,
into other phenotypes.

Except in the case of regeneration of amphibian eye tissues, there
are few convincingly documented examples of cell transdifferentiation
in the organism (cf. Slack, 1980; Stocum, 1984). However, utilizing
refined techniques of cell marking, cell type conversion was reported
to occur in the course of amphibian limb regeneration, including trans-
differentiation of muscle into cartilage (cf. Steen, 1973; Namenwirth,
1974).

The source of cells for regeneration in invertebrates has long been
controversial (Slack, 1980). As in vertebrates, also in invertebrates,
there are not many critical studies demonstrating occurrence of cell
type conversion during regeneration, mainly due to a lack of proper
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techniques to identify the origin of particular cells. In recent studies
on planaria, Gregmini and Miceli (1980) utilized naturally occurring
cell mosaics and demonstrated that, during regeneration in this orga-
nism, germ cells can give rise to muscle cells. As summarized by Slack
(1980), in several of these systems, some cells can dedifferentiate and
their progeny appears in the regenerates as different histological
types.

Instability of differentiated cells in invertebrates is highlighted by
regeneration studies in the medusa Podocoryne. In this organism, a
nearly complete manubrium (including germ cells) can be restored
from a cultured piece of striated muscle (Schmid and Alder, this vol-
ume). This is, undoubtedly, an extreme example of capacity of differ-
entiated animal cells to express a wide repertoire of diversification;
conceptually, it provides a link between the generally limited plas-
ticity of differentiated vertebrate cells and the greater plasticity of
plant cells. In this context, it should be stressed that irreversible com-
mitment occurs also in some plant cells as discussed in the chapters by
Meins and by Osborne and McManus. All of this speaks against as-
suming that there are fundamental differences between plant and
animal cells in the nature and stability of the differentiated state.

Phenotype instability has been observed not only under experimen-
tal conditions of cell culture or regeneration, but also in normal develop-
ment. In the hepatopancreas of the crayfish Procambarus, cells
originating from the same precursors and belonging to the same cell
series regularly change phenotypes. The term “cellular ontogeny” was
used to denote such serial conversion in the life history of cells (Davis
and Burnett, 1964). In the silkworm, Antheraea polyphemus, cuticle-
producing cells in the larval silk gland transdifferentiate into salt-
secreting cells during metamorphosis into the adult moth (Selman and
Kafatos, 1974). In the present volume, regular changes in cell phe-
notypes during normal development are described in cellular slime
molds, Dictyostelium (Takeuchi et al.), and hydra (Bode ef al.). In sum-
mary, there is growing evidence from diverse systems (experimental
and also normal) that the outcome of differentiation in animal cells
may be less stable than conventionally assumed.

Reversible interconversion between two different cell types is un-
common. Conversion occurs as a one-way progressive change from A to
B, but rarely from B to A. In the case of ocular cells, a two-step se-
quence of transdifferentiation was proposed, starting with neural reti-
na cells and terminating in a lens phenotype (Okada et al., 1975). In
this respect, the situation appears to resemble transdetermination of
imaginal discs of Drosophila; it is well-known that changes in the
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state of determination in this system occur sequentially (Hadorn,
1978). This is obviously another example of instability of differentia-
tion, but it could not be included in the limited space of the present
volume.

We can assume that cells, which had attained definitive phenotypes
of particular kind, nevertheless retain “options” for potential conver-
sion into another cell type. However, it should be emphasized that the
range of options appears to be generally limited in animal cells. It is
likely that most cells can express only a certain set of specific phe-
notypes, although they arrest at a stage of nonterminal commitment
(cf. discussion by Osborne and McManus, this volume).

lll. Gene Expression in the Process of Cell Type Conversion

Studies on expression of genes coding for so-called lens-specific
proteins during transdifferentiation of ocular tissue cells revealed
that the appearance of lens cells in nonlens cell cultures is preceded
by a change at the transcriptional level (cf. Okada, 1983, for review).
Recent studies suggested that the change is not qualitative but quan-
titative. As reported by Clayton et al. in this volume (see also Agata et
al., 1983), a low-level transcription of genes coding for 3-crystallin, one
of the representative marker proteins of lens differentiation, is de-
tected in several nonlens tissues in situ in chick embryos, many of
which have been known to transdifferentiate into lens-like cells. Fur-
ther study will be required to determine whether such low-level tran-
scription is actually prerequisite for options for further changes which
differentiated cells retain.

Results from a different approach, i.e., transfer of cloned genes
coding for 3-crystallin, are also relevant to discussion of molecular
basis of phenotype instability. The chapter by Kondoh and Okada
describes that expression of 3-crystallin genes xenoplastically intro-
duced into a variety of mammalian cells differs quantitatively depend-
ing on the recipient cell type; it is particularly high in lens cells, but
also in retinal glial cells and epidermis.

Finally, we have to ask what are the cues that elicit cell conversion.
Significantly, there is general agreement among authors in this vol-
ume studying systems that range from transdifferentiation of medusa
muscle cells (Schmid and Alder) to conversion of retinal glia into lens-
like cells (Moscona). The concensus view is that disruption of original
tissue relationships of cells triggers a cascade of reactions that termi-
nates in the appearance of new cell types. There seems little doubt that
subtle changes at the cell-surface level may initiate the activation of a
set of latent, if not completely inactive, genes, thus leading to a change
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of phenotype (see chapter by Moscona). The future challenge is to
identify the nature of these cell-surface changes, in addition to charac-
terizing the various steps in the subsequent cascade and their
interrelationships.

In spite of the fundamental importance of this problem, the in-
stability of the differentiated state of cells has so far not been inten-
sively investigated, particularly in animal cells. This is largely due to
difficulties in establishing suitable systems to be probed for in-
terpretable results. These difficulties are now being rapidly overcome
and this problem will soon be ready for new approaches utilizing con-
temporary techniques of molecular biology.

ACKNOWLEDGMENT

I'thank Dr. R. Kelley for reading the original manuscript and providing constructive
advice. Original investigations from the author’s laboratory on the instability of differ-
entiation have been supported by a Special Research Grant, Multicellular Organization,
and a Cancer Research Grant from the Japan Ministry of Education, Science and
Culture.

REFERENCES

Agata, K., Yasuda, K., and Okada, T. S. (1983). Dev. Biol. 100, 222-226.

Bagnara, J. T., Matsumoto, J., Ferris, W, Frost, S. K., Turner, W. A., Jr., Tchen, T. T.,
and Taylor, J. D. (1979). Science 203, 410-415.

Caplan, A. 1, and Ordahl, C. P. (1978). Science 201, 120-130.

Davis, L. E., and Burnett, A. L. (1964). Dev. Biol. 10, 122-153.

DiBerardino, M. A., Hoffner, N. J., and Etkin, L. D. (1984). Science 224, 946-954.

Eguchi, G. (1979). In “Mechanisms of Cell Change” (J. D. Ebert and T. S. Okada, eds.),
pp. 273-291. Wiley, New York.

Gregmini, V., and Miceli, C. (1980). Wilhelm Roux’s Arch. Dev. Biol. 188, 107-113.

Hadorn, E. (1978). In “The Genetics and Biology of Drosophila” (M. Ashburner and T. R.
F. Wright, eds.), Vol. 2, pp. 556—617. Academic Press, New York.

Joho, R., Nottenburg, C., Coffman, R. L., and Weisman, I. L. (1983). Curr. Tap. Dev. Biol.
18, 15-58.

Moscona, A. A. (1957). Science 125, 598-599.

Moscona, A. A., and Linser, P. (1983). Curr. Top. Dev. Biol. 18, 155-188.

Namenwirth, M. (1974). Dev. Biol. 41, 42-56.

Nicholas, D. H., Kaplan, R. A,, and Weston, J. A. (1977). Dev. Biol. 60, 226-237.

Okada, T. S. (1980). Curr. Top. Dev. Biol. 16, 349-380.

Okada, T. S. (1983). Cell Differ. 13, 177-183.

Okada, T. S,, Itoh, Y., Watanabe, K., and Eguchi, G. (1975). Dev. Biol. 45, 318-329.

Selman, K., and Kafatos, F. C. (1974). Cell Differ. 3, 81-94.

Slack, M. W. (1980). Nature (London) 286, 760.

Steen, P. (1973). Am. Zool. 13, 1349.

Stocum, D, L. (1984). Differentiation 27, 13-28.



ACKNOWLEDGMENTS

Yamada Science Foundation was established in February 1977 in
Osaka through the generosity of Mr. Kiro Yamada. Mr. Yamada was
president of Rohto Pharmaceutical Company Limited, a well-known
manufacturer of medicines in Japan. He recognized that creative, un-
constrained, basic research is indispensable for the future welfare and
prosperity of mankind and he has been deeply concerned with its pro-
motion. Therefore, funds for this Foundation were donated from his
private holdings.

The principal activity of the Yamada Science Foundation is to offer
financial assistance to creative research in the basic natural sciences,
particularly in interdisciplinary domains that bridge established
fields. Projects which promote international cooperation are also
favored. By assisting in the exchange of visiting scientists and encour-
aging international meetings, this Foundation intends to greatly fur-
ther the progress of science in the global environment.

In this context, Yamada Science Foundation sponsors international
Yamada Conferences once or twice a year in Japan. Subjects to be
selected by the Foundation should be most timely and stimulating.
These conferences are expected to be of the highest international stan-
dard so as to significantly foster advances in their respective fields.

The editor wishes to acknowledge the executive members of
Yamada Science Foundation, including Leo Esaki, Kenichi Fukui, Os-
amu Hayaishi, Noburo Kamiya, Jiro Kondo, Takeo Nagamiya, Shun-
taro Ogawa, Sy0z6 Seki, Tomoji Suzuki, Jin-ichi Takamura, and
Yasusada Yamada.

xxxi



This Page Intentionally Left Blank



CHAPTER 1

CONVERSION OF RETINA GLIA CELLS INTO LENSLIKE
PHENOTYPE FOLLOWING DISRUPTION OF
NORMAL CELL CONTACTS
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l. Introduction

One of the dominant principles in contemporary developmental bi-
ology is that communication and interactions among cells play a cru-
cial role in embryonic differentiation and morphogenesis. There is
growing evidence that contact-mediated interactions between cells are
involved in regulation of gene expression, and that, in turn, the ge-
nome controls processes which determine cell contact, cell associations,
and interactions of cells (Moscona, 1974; Moscona and Linser, 1983;
Moscona et al., 1981). Sequences of such outside—inside regulatory
reciprocities are considered to be of principal importance in driving
cell differentiation and morphogenesis during embryonic develop-
ment. Here I propose to take this concept a step further and suggest
that cell contacts and contact-dependent cell interactions may function
also in stablizing the phenotype of differentiated cells. This suggestion
is based on our evidence that, if differentiated glia cells of the retina
are removed from their normal contact relationships in the tissue,
their phenotype characteristics become altered (Moscona and Linser,
1983). The specific conditions and results discussed here are not ex-

1
CURRENT TOPICS IN Copyright © 1986 by Yamada Science Foundation and

DEVELOPMENTAL BIOLOGY, VOL. 20 Academic Press Japan, Inc.
All rights of reproduction in any form reserved.



2 A. A. MOSCONA

pected to apply rigidly to all other types of cells, but the proposed
concept may turn out to be quite generally valid, at least in its key
aspects, and deserves consideration.

Except in cases of DNA loss, differentiated cells retain much, per-
haps most, of the genomic information present in the original zygote,
albeit in a latent form (DiBernardino et al., 1984). Nevertheless, cells
in the organism ordinarily persist in their specialized states and do not
change their established phenotypes (significant exceptions are found
in certain pathological conditions and neoplasias). This indicates exis-
tence of mechanisms which keep the phenotype of differentiated cells
stable and safeguard it from modification. This is an important prob-
lem, with broad biomedical significance. However, its experimental
investigation has been hindered by paucity of systems in which it is
possible to alter phenotypic characteristics of differentiated cells under
conditions amenable to analysis. Information gained from such sys-
tems would advance knowledge not only of phenotype controls in spe-
cialized cells, but also of cell differentiation, and of cell modification in
pathological conditions.

There are only a few well-documented experimental examples of
phenotype conversion. Among the best-known classical cases are
transdetermination of imaginal discs in Drosophila (Hadorn, 1966)
and lens regeneration from the iris and from the pigment epithelium
in some species of newts (Yamada, 1977; Reyer, 1977). The discovery of
these systems drew attention to the problem of phenotype control, but
their inherent complexity limited their detailed analysis. Our work
has been concerned with two other cases of phenotype modification.
The first will be described briefly; the second represents the main sub-
ject of this chapter.

Il. Keratogenesis in the Chorioallantoic Membrane

The chorioallantoic membrane (CAM) is the respiratory organ of
the chick embryo. The outer surface of the CAM consists of a single
layer of cells which are in contact with the eggshell and are specialized
for CO, and O, transfer, and for transport of calcium from the shell
into the embryo (Terepka et al., 1976; Tuan, 1984). However, if this
epithelium is detached from the shell and is exposed to a higher than
normal oxygen level, the cells undergo a striking transformation; they
multiply rapidly, make keratin, and in 48 days form a stratified and
keratinized skinlike structure (Fig. 1). Thus, cells which are normally
specialized for respiratory functions can become converted into a ker-
atogenic phenotype (Moscona, 1959). The transformation is elicited by
two sets of changes, and both are essential: detachment of the CAM
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Fic. 1. Transformation into keratinocytes of the respiratory epithelial cells of the
chorioallantoic membrane (CAM), 8-day chick embryo. For description of experimental
conditions see text. () CAM epithelium (top) detached from the eggshell. (b) CAM
epithelium exposed for 5 days to higher than normal Oy level. Extensive proliferation,
stratification, and keratinization of the epithelial cells. On top, parakeratotic cells;
lower, keratinizing cells. (c) After 8 days: layers of keratin and keratinizing cells; CAM
epithelium transformed into keratinized structure. X360. (Modified from Moscona, 1959;
Moscona and Carneckas, 1959.)

from the shell without simultaneous exposure to an altered CO,:0,
ratio (and vice versa) does not cause keratinization. Apparently, a
synergistic action of both stimuli triggers changes in these respiratory
cells conducive to their conversion into keratinocytes (Moscona and
Carneckas, 1959). It is possible that still other stimuli may cause this
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end effect in these cells. But the principal point here is that, under
appropriate conditions, specialized cells can drastically alter their
growth characteristics and macromolecular synthesis and convert into
a different phenotype.

lll. Modification of Retina Cells into Lenslike Phenotype

A. BACKGROUND

It has long been known that cells dissociated from the neural retina
of chick embryo can form in vitro lenslike structures or lentoids
(Moscona, 1957, 1960). Since retina and lens pursue very different
programs of differentiation in the embryo and have very different
structural and biochemical characteristics and functions, such a strik-
ing change in cell type raised a puzzling problem. Indeed, when this
finding was first reported in 1957, it met with considerable skepticism,
since it did not conform to the then-prevailing view which was that cell
differentiation represented a stable and irreversible commitment. It
had been known that some species of newts can regenerate lens from the
iris, a tissue which is contiguous with the retina; however, such re-
generation does not occur in higher vertebrates and, moreover, the
neural retina is a much more complex structure than the iris. At that
time, there were no satisfactory methods for identifying in the retina
the exact cellular precursors of these lentoids, or for investigating this
system in biochemical detail.

This problem attracted renewed interest some years later, when T.
S. Okada, G. Eguchi, and their associates confirmed by immunohisto-
chemical and other methods that cultured retina cells of chick embryo
can, in fact, give rise to a cell type which accumulates lens proteins
(Okada et al., 1975). These workers used retina cells from very early
chick embryos and cultured them in monolayer. After several weeks
they noted spontaneously arising clusters, referred to as “lentoid
bodies,” that consisted of cells which contained §-crystallin, a protein
characteristic of chicken lens. Their appearance was designated as
“transdifferentiation,” meaning conversion of a differentiated cell into
another cell type (Okada, 1980),

This work raised further questions. The cultures were started with
cells from early (3- to 4-day-old) embryonic retina, which is only in the
beginning stages of development; the cells are undergoing growth,
programming, and diversification, and most have not yet attained de-
finitive-type characteristics. This, and the very long culture time it
took before lentoid bodies began to appear, prevented resolution of two
prime issues: (1) whether the lentoid bodies in these cultures arose



1. CONVERSION OF RETINA GLIA CELLS 5

from differentiated or from undifferentiated retina cells and (2) which
of the several cell types in the retina was the progenitor of the lentoid
bodies. Without answers to these questions, a convincing case for
“transdifferentiation” was difficult to make, and it could not be decided
whether this system was suitable for investigating the broader prob-
lem of phenotype stability and modifiability.

B. MuLLER GLiA CELLS

In order to examine these issues, my associates and I chose to work
with differentiated cells from postmitotic retina of 13- and 16-day
chick embryos. By the thirteenth day of development the retina had
completed its growth and overall histological organization (Moscona
and Moscona, 1979); neurons and glia are phenotypically defined and
are already in the process of functional maturation. Our first objective
was to find out if such cells would give rise to lentoids.

The avian retina contains several kinds of neurons, but only one
type of glia, known as Miiller cells. As will become apparent, these glia
cells are of special interest here. Definitive Miller glia cells in 13- and
16-day retina are distinguished by several characteristics: they are
postmitotic, they contain carbonic anhydrase-C (CA-C) (Linser and
Moscona, 1981b), they are inducible for glutamine synthetase (GS), and
they are susceptible to the gliatoxic effect of a-aminoadipic acid
(Linser and Moscona, 1979, 1981a). Both glia and neurons express a
retina-specific, cell-surface antigen in the retina, R-cognin (Moscona,
1980), that determines mutual recognition among retina cells and me-
diates their adhesive affinity for each other (Hausman and Moscona,
1979; Ben-Shaul et al., 1979; Ophir et al., 1983).

The induction of GS in Miiller glia cells requires a comment (for a
review, see Moscona, 1983). GS is induced by 11p-hydroxycorticoster-
oids (we use cortisol); the hormone elicits accumulation of GS mRNA,
and this results in de novo synthesis of GS. However, the important
point here is that, in addition to the hormonal inducer, induction and
expression of GS in Miiller cells also require contact (contact-mediated
interactions) between the glia cells and neurons (Linser and Moscona,
1983). Thus, if the retina is dissociated and the cells are cultured
monodispersed in monolayer or in suspension, GS is not inducible.
However, if the dissociated cells reassemble into multicellular clusters
or are reaggregated, GS can be induced in the glia cells, but only if the
glia and neurons restore close contacts or reconstruct retinotypic tissue
architecture (Linser and Moscona, 1979, 1983).

The lesson from GS induction is that specific cell-cell contacts (con-
tact-mediated cell interations) function in sustaining phenotypic char-
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acteristics in differentiated cells, in this case in maintaining Miller
glia cells inducible for GS. We suggested (Moscona and Linser, 1983)
that contact with neurons maintains the glia cell surface in a particu-
lar condition which is prerequisite for GS inducibility. According to
this suggestion, “signals” relayed from the cell surface into the glia
cell capacitate it for GS induction, and contact with neurons is essen-
tial for generating these signals. Disruption of normal cell contacts
abrogates the signals and renders the glia cells not inducible. We fur-
ther suggested that continued cell separation might lead to further
changes in the cell surface and within the glia cells that could result in
phenotype modification. There is no evidence for gap junctions between
neurons and glia in chicken retina at the ages used here, nor is there
evidence that a diffusable neuronal substance renders the glia cells
inducible for GS (Linser and Moscona, 1983). Apparently, the glia—
neuron contact interactions required for GS induction depend largely
on membrane molecules which mediate the mutual adhesion and asso-
ciation of these cells, molecules such as R-cognin (Linser and Moscona,
1983).

C. MopIFICATION OF RETINA GLIOCYTES INTO LENTOIDAL CELLS

It has long been known that, if freshly dissociated embryonic retina
cells are immediately reaggregated (by rotation in flasks; Moscona,
1961), glia and neurons restore a retinotypic architecture in the multi-
cellular aggregates and reestablish histological relationships that
closely resemble those in the retina (Fig. 3a). To accomplish this, the
cells “regenerate” recognition—adhesion mechanisms on the cell sur-
face that normally hold them together in the tissue and which are
degraded during cell dissociation (Ben-Shaul et al., 1980). It has been
demonstrated that R-cognin is depleted from the cell surface during
cell dissociation and that its reexpression on the cell surface is essen-
tial for restoration of retinotypic cell associates and cell organization
in the aggregates, i.e., for restitution of neuron—glia contact relation-
ships (Hausman and Moscona, 1979; Ben-Shaul et al., 1980).

Very different results are obtained if dissociated retina cells are
maintained dispersed in monolayer culture for several days and then
are reaggregated. Before describing the results, some of the conditions
should be explained. In these experiments (Moscona and Degenstein,
1981), we used cells from postmitotic retina of 13-day chick embryos
for the reasons detailed above. In monolayer culture, the dispersed glia
cells flatten out, assume the shape of large epithelioid gliocytes, re-
initiate DNA synthesis, and multiply; we refer to them as large epi-
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thelioid retinal (LER) gliocytes. The neuronal cells remain nondivid-
ing, form small clusters, and extend elongated processes. After 5-7
days, the culture consists of a carpet of LER gliocytes and neuronal
clusters (Fig. 2). CA-C, an enzyme marker of Miller glia cells, con-
tinues to be expressed in the LER gliocytes (Linser and Moscona,
1983), which confirms their derivation from Miller cells. We also
showed that, if Miiller cells are selectively destroyed in the retina,
monolayer cultures prepared from such glia-depleted retina contain no
LER cells (Moscona and Degenstein, 1982). It was important to identi-
fy the progenitors of LER gliocytes because, as explained below, LER
gliocytes give rise to lentoids.

After 57 days, the monolayer culture was dispersed, and the cells
were aggregated by rotation in flasks. In the numerous small aggre-
gates that formed, there was no restoration of retinotypic tissue archi-
tecture. Instead, the cells segregated in two distinct regions: in each
aggregate LER gliocytes (identified by immuneostaining for CA-C) as-
sembled in the center into a compact spherical core, and the neuronal
cells were localized externally as a loosely adhering outer zone (Fig.
3b—d) (Moscona and Degenstein, 1981). Therefore, these two kinds of
cells no longer were mutually adhesive, i.e., the contact affinities of
one or both had become altered during separation in monolayer
culture. In the retina, glia cells are associated with neurons; in these
cell aggregates, the glia-derived LER cells segregated from the neu-
rons and displayed preferential adhesiveness to each other. The overall
structure of these aggregates is shown in scanning electron micro-
graphs (Fig. 4), which clearly demonstrate the segregation of the large
core cells that closely adhere to each other from the much smaller
neuronal cells which surround the core almost completely (Fig. 4a) or
partly (Fig. 4b). The neuronal cells were so weakly attached to the
inner core that they could be dislodged with ease. The “naked” cores
were translucent (Fig. 3d).

From earlier studies it had been known that such a distinct cell
segregation occurs typically and consistently in composite aggregates
made up of cells obtained from different tissues (Moscona, 1956, 1962,
1974; Steinberg, 1964); cells of each tissue segregate from the rest and
assemble in a distinct region. Tissue-specific cell assortment demon-
strates that cells belonging to the same tissue express self-recognition
and mutual contact affinity, whereas cells from different tissues recog-
nize their disparities and display a “disaffinity” (Moscona, 1980). Ac-
cordingly, LER gliocytes and neuronal cells reacted in the aggregates
as if they had originated in different tissues. This suggested that one or
both had acquired a new phenotypic (histotypic) identity and no longer
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recognized the other as belonging to the same tissue (retina) (Moscona
et al., 1983).

That the LER gliocytes had indeed become modified was further
suggested by finding that the inner core cells in these aggregates
strongly immunostained with antiserum to chicken lens proteins; the
neuronal cells did not immunostain with this antiserum (Fig. 5). For
this reason (and others to follow), the cores were designated as “len-
toids” and their constituent cells referred to as “lentoidal” cells. These
lentoidal cells are identical with the LER gliocytes which, in turn, are
directly derived from definitive postmitotic Miiller glia cells of 13-day
retina. Therefore, under these experimental conditions, the separated,
cultured Miiller cells became modified into a lenslike lentoidal cell
type. In fact, lens antigens can be immunocytochemically detected in
LER gliocytes while these cells are still in monolayer culture (Moscona
et al., 1983). This indicates that gliocyte modification begins shortly
after the cells are separated from the tissue and plated in culture.

Gliocytes from 16-day retina also give rise to lentoidal cells when
cultured in monolayer for 5-7 days and form lentoids in aggregates
(Moscona and Degenstein, 1981). Therefore, Miiller cells at an ad-
vanced stage of specialization can become lentoidal as a result of dis-
ruption of cell contacts and continued separation in culture.

As mentioned above, the derivation of LER and ler.toidal cells from
Miiller glia was initially determined by showing that they contained
the enzyme CA-C which, in 13-day chicken embryo retina, is a typical
Miiller glia marker. Expression of CA-C in lentoidal cells is not sur-
prising, since this enzyme is also present in normal embryonic lens
cells (Linser and Moscona, 1981b). However, there is additional evi-
dence for glial origin of lentoidal cells. Definitive Miller glia in chick-
en retina can be selectively destroyed by the gliatoxic agent a-ami-
noadipic acid (Linser and Moscona, 1981a). Monolayer cultures
prepared from 13-day or 16-day retina tissue that had been pretreated
with this agent consisted mostly of neuronal cells and contained only a
few LER gliocytes. When cells from these cultures were aggregated,
they formed no lentoids, or only a few minute ones (Moscona and De-
genstein, 1982). Thus, selective destruction of Miiller glia in the retina

Fic. 2. Monolayer cultures of dissociated neural retina cells from 13-day chick em-
bryo [in Medium 199 with 10% fetal bovine serum (FBS)I. (a) At 2 days: clusters of
neuronal cells. Miiller glia cells begin to spread out and assume the shape of large
epithelioid retinal gliocytes (LER gliocytes). (b) At 4 days: area of expanding and multi-
plying LER gliocytes and clusters of neuronal cells. (c) At 7 days: carpet of LER gliocytes
with neuronal cell clusters. x260.
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Fi1c. 3. (a) Tissue reconstruction in aggregate of freshly dissociated embryonic retina
cells. Restoration of retinotypic tissue architecture characterized by formation of retinal
rosettes that consist of neuronal and glia cells. The culture medium contained cortisol to
induce GS. This histological section was immunostained with anti-GS antiserum and
FITC-GAR. GS immunofluorescence localized in Miller glia cells (the white cells in this
figure), which are seen to have assumed in the aggregate characteristic position. (For
details, see Linser and Moscona, 1979.) (b—d) Aggregates of monolayer-precultured reti-
na cells; compare with Fig. 3a. Dissociated retina cells of 13-day chick embryo were
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FiG. 4. Scanning electron micrographs of lentoid-containing cell aggregates, obtained
as in Fig. 3b and c. (2) The core (lentoid) surrounded almost completely by loosely
attached neuronal cells. X172. (b) Lentoid with a few neuronal cells. x387. (Details in
Ophir ef al., 1985.)

depleted it of cells that can give rise to LER gliocytes and, hence, to
lentoids.

In other experiments, neurons in monolayer cultures of 13-day reti-
na cells were selectively destroyed by short treatment with the quinol-
ine compounds chinoform (Shinde and Eguchi, 1982) or broxyquinoline
(Moscona et al., 1983); such cultures contained only LER gliocytes.
When these cells were aggregated, they formed lentoids that incorpo-
rated virtually all the gliocytes; because of absence of neurons, such
lentoids were devoid of the outer zone cells (Moscona ef al., 1983).

Taken together, the above results provide conclusive evidence that,
in this experimental system, lentoids arise from Miiller glia-derived
LER gliocytes. Therefore, definitive, postmitotic Miiller glia cells from
13-day or 16-day retina can undergo modification into a lentoidal phe-
notype. It is not yet clear if reinitiation of DNA replication and cell

cultured in monolayer for 7 days and then were dispersed and aggregated by rotation. (b)
Histological section of cell aggregates (48 hours). Note segregation of LER gliocytes from
neuronal cells. Each aggregate contains a compact core (lentoid) composed of LER glio-
cytes, surrounded by loosely attached neuronal cells. x160. (¢c) Higher magnification of
aggregates obtained as in Fig. 3b, showing core (lentoidal) cells and loosely attached
neuronal cells. X1060. (d) “Naked” cores (center) obtained by removing the neuronal
cells; live culture. x460.
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F1c. 5. Immunostaining with antiserum to lens proteins of cell aggregates similar to
those shown in Fig. 3b. FITC-fluorescence. (a) Immunostaining with antiserum to chick-
en whole lens. Immunofluorescence localized in core cells (lentoid); no reaction in sur-
rounding neuronal cells. X376. (b) Immunostaining with anti-a-crystallin antiserum
localized in lentoidal (core) cells; in this specimen a few siraggling LER gliocytes re-
mained outside the lentoids. xX376.

divisions are obligatory for this modification. Since virtually all the
LER cells become lentoidal, it is highly unlikely that the lentoids arise
by selection or clonal growth from some small subpopulation of Miiller
glia cells.

D. CHANGE IN CELL ADHESIVENESS: Loss oF R-CoGNIN

An important and striking feature of gliocyte modification into len-
toidal cell type is the change in contact affinity: loss of adhesiveness to
neurons and acquisition of mutual adhesivity. An explanation for this
change is suggested by recent evidence that LER gliocytes no longer
express R-cognin, a cell-surface antigen implicated in the mechanisms
of mutual recognition and adhesion of retina cells (Hausman and
Moscona, 1979). Loss of R-cognin was discovered by treating mono-
layer cultures of retina cells with antiserum to R-cognin and comple-
ment; this treatment caused rapid lysis of neuronal cells, while LER
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gliocytes remained intact (Linser and Moscona, 1983). The same treat-
ment applied to noncultured retina cells resulted in lysis of virtually
all the glia and neuronal cells (Hausman and Moscona, 1979). Cell
immunolysis (in the presence of complement) by antibodies specific for
a surface antigen is acceptable evidence for the presence of this anti-
gen on these cells. Accordingly, lysis of neurons in the monolayer
cultures demonstrated that these cells continued to express R-cognin,
whereas nonlysis of LER gliocytes indicated that these cells no longer
displayed this antigen on the cell surface. This conclusion was further
strengthened by a more recent observation (Ophir et al., 1985): by
means of immunolabeling and scanning electron microscopy of 7-day
monolayer cultures of 13-day retina cells, R-cognin was detected on
neurons, while on LER gliocytes this antigen was absent or greatly
reduced (Fig. 6). It is not yet known whether the absence of R-cognin is
due to its actual loss, or to its “masking,” or to modification of its
antigenic sites.

In view of the role of R-cognin in mediating the mutual affinity and

F16. 6. Scanning electron micrographs of neuronal cells (a) and LER gliocytes (b} in 7-
day monolayer culture of retina cells from 13-day embryo. Immunolabeled for R-cognin
with R-cognin antiserum and with GAR-hemocyanin. Labeling evident on neuronal cells
(a), but almost completely absent on LER gliocytes (b). x9600. (Details in Ophir et al.,
1985.)
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adhesivity between retina cells, its absence from the modified LER
gliocytes (lentoidal cells) offers a likely explanation for their loss of
contact affinity for neurons. While we cannot state that the neuronal
cell surface does not become modified in monolayer culture, the dif-
ference between neurons and LER cells with respect to immunodetec-
tion of R-cognin is very striking. Since R-cognin is a retina-specific
cell-surface marker, loss of this antigen is consistent with modification
of the glial phenotype into a different, nonretinal cell type. The fact
that these modified gliocytes (lentoidal cells) preferentially adhere to
each other and form compact lentoids raises the possibility that they
now express some other affinity-recognition molecule(s), perhaps char-
acteristic for lens cells. This possibility remains to be tested. In any
case, it is already known that the modified gliocytes and lentoidal cells
newly express a membrane antigen normally found in differentiated
lens cells (see below).

E. MP26: A LENs CELL MEMBRANE ANTIGEN

The intrinsic cell membrane protein MP26 (M, 26K) is charac-
teristic of differentiated lens cells (Waggoner and Maisel, 1978; Kib-
belaar and Bloemendal, 1979). MP26 (also known as MIP26) is not
detectable immunohistochemically in the retina of 13-day chick em-
bryo (Moscona et al., 1983). However, in monolayer cultures of retina
cells this antigen begins to appear in the cell membrane of LER glio-
cytes and can already be detected in some of these cells on the third day
by immunostaining with anti-MP26 antiserum (Moscona et al., 1983).
After 5 days in culture, virtually all the LER gliocytes express MP26;
neurons do not (Fig. 7a). Following cell aggregation, MP26 is present
in the cell membrane in the lentoids (Fig. 7b—d). The de novo ap-
pearance of this lens membrane antigen in lentoidal cells provides
persuasive evidence of their phenotypic similarity to normal lens cells
and thus reinforces the conclusion that definitive Miiller glia cells can
undergo phenotype modification into a lenslike cell type.

It is not yet known if the appearance of MP26 in LER gliocytes is
due to gene activation or to expression of gene products that are inac-

Fic. 7. Immunostaining for MP26. (a) Section of stripped 5-day monolayer culture of
13-day retina cells, immunostained with anti-MP26 antiserum and FITC-RAM. Reac-
tion with antiserum in cell membrane of LER gliocytes (upper part of figure), not in
neuronal cells. X512, (b—d) MP26 in lentoids; immunofluoresence in cell membrane of
lentoidal cells. Elongated shape of lentoidal cells outlined by staining for MP26. (b, c)
x485; (d) x1160. (e) Retina tissue of 13-day embryo immunostained for MP26, showing
absence of reaction with the antiserum. x270. (Modified from Moscona et al., 1983.)
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tive in normal glia cells. In any case, its appearance is part of the
syndrome of modifications elicited in these glia cells by changes that
follow disruption of normal cell contacts and cell separation. This un-
derscores again the importance of cell contacts in maintaining phe-
notype stability of Miiller cells in the retina.

F. COMMENTS AND SUMMARY

The exact nature of the changes in regulatory processes and in
macromolecular synthesis that lead to the modification of Miiller glio-
cytes into lentoidal cells remains to be elucidated. Detailed analysis
may shed light on the mechanisms that stabilize the phenotype of
these glia cells, and on the relations of cell-contact and cell-surface
properties to these mechanisms.

Another important and semmingly puzzling question is, why do
Miiller glia convert into lenslike cells? Among conceivable possibili-
ties, a likely one is that Miiller glia normally express a low level of
(some) lens gene products; this might predispose them to a lens-type
change following destabilization of their original phenotype. In fact, it
has been known that antisera to lens crystallins cross react with non-
lens tissues, and there is evidence of crystallin mRNA in the retina
(Clayton, 1982; Agata et al., 1983). However, the exact cellular lo-
calization of these products in retina tissue has not been reported.

Recently we began to investigate this question by immunostaining
sections of retina with antiserum to a lens fraction highly enriched for
a-crystallin. The antiserum reacted with Miiller glia cells; neurons
showed no reaction. We cannot yet conclude with certainty that the
reacting antigen in Miller cells is a-crystallin and not another protein
with homologous antigenic sites, or some other product which is coan-
tigenic with a contaminant present in the original immunogen
(Moscona et al., 1985).

These preliminary observations raise the possibility that Muller
glia cells normally express a low level of lens gene products, possibly
a-crystallin. If confirmed, this finding might suggest a basis for the
tendency of these cells to assume lenslike characteristics following
decontrol of their original phenotype. It now becomes of interest to
determine at what embryonic and postembryonic stages such lens gene
products are found in Miller cells (Moscona et al., 1985).

Finally, a comment is needed about the lentoid bodies which arise
in long-term monolayer cultures of early embryonic retina cells
(Okada, 1980). These structures have been identified mainly by immu-
nostaining with antiserum to 8-crystallin, and the identity of their
cellular progenitors in the retina is not clear. Nomura et al. (1980)
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suggested that the progenitors may be neuronal. In light of our find-
ings, it becomes important to determine if these lentoid bodies contain
still other lens markers, especially if they express the lens cell mem-
brane antigen MP26, or if their only characteristic is accumulation of
3-crystallin. The same questions apply also to the lentoid bodies which
appear in monolayer cultures of pigmented epithelium (tapetum) cells
from chick embryo eye (Eguchi, 1979). These lentoid bodies were also
identified by immunostaining with antiserum to 3-crystallin. Since
this antiserum cross reacts with various nonlens cells (Kodama and
Eguchi, 1982), it would be of interest to find out if pigment epithelium
cells normally contain low levels of 8-crystallin, and if the lentoid
bodies derived from these cells express also other lens cell markers.
Such information would help to comparatively characterize and classi-
fy the lentoidal structures described by various workers and would
advance our understanding of the biochemical changes that accom-
pany phenotype modification in separated retina cells.
In summary, the following working hypothesis is proposed.

1. Phenotype stability of definitive Miiller glia cells in the retina
is dependent on contact with neurons (contact-mediated interactions).
Since Miiller cells are associated in the retina with several types of
neurons, these interactions may involve multiple heterotypic cell
contacts.

2. Disconnection and persistent separation of these glia cells can
lead to their modification into a lenslike type (lentoidal cells). We
suggest that changes in the cell surface resulting from cell separation
are “signaled” internally and alter regulatory processes, which results
in phenotype modification.

The suggestion that cell-cell contacts and contact-mediated cell
interactions play an important role in stabilizing and controlling phe-
notype characteristics of differentiated cells may not apply equally to
every type of cell and situation; however, it is supported by evidence
from other systems (e.g., Sidman, 1974; Holton and Weston, 1982;
Fisher, 1984). This concept may also be heuristically useful in investi-
gations of pathological cell transformations and of phenotype modifi-
cation in metastases of neoplastic cells. The importance of cell contacts
and contact-mediated cell interactions focuses increased attention to
the cell surface as the site of cell affinity and cell association mecha-
nisms, and as a source of signals that influence phenotype controls in
differentiated cells (Moscona, 1974, 1980; Edelman, 1983). The ob-
vious future task is to identify such signals.
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l. Introduction

Considering potential for growth and differentiation, animal
tissues can be classified into three groups: renewing, stable, and static
(Hay, 1974). Fully differentiated functional cells in renewing tissue
are periodically replaced by differentiating progenitor cells which are
produced by continual growth of their stem cells. This phenomenon is
observed in the epidermis, as one of clear examples. In static tissues,
such as nerve and muscle, differentiated functional cells lose their
growth potential and maintain their differentiated functions through-
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out life. Stable tissues, represented by various glandular and connec-
tive tissues, maintain certain functions but retain proliferative abili-
ties as well. Many functional parenchymal cells, e.g., hepatocytes,
exhibit dormant growth potential. Such tissues are classified as stable
tissues (Goss, 1964).

The pigmented epithelium of vertebrate eyes can be classified as a
stable tissue. Pigmented epithelial cells (PECs) readily synthesize
DNA and express high growth potential when exposed to selected
pathological or culture conditions. However, this growth potential is
completely repressed by regulatory mechanisms which are in effect
when the same cells form tissues in situ. PECs of urodelean amphibia
have been widely studied as a particularly interesting example of this
phenomenon. The PECs of dorsal iris and the pigmented epithelium of
the retina of newts can regenerate both lens and neural retina, respec-
tively, by cellular metaplasia (transdifferentiation) (reviewed in Sche-
ib, 1965; Reyer, 1977, Yamada, 1977, 1982). The dorsal retinal pig-
mented epithelia of newts and some frogs also have the ability to
transdifferentiate into lens (Sato, 1951, 1953). The ability to regene-
rate lens is also observed in fish and in avian embryos (Sato, 1961;
reviewed in Scheib, 1965).

Since 1970, studies of lens regeneration and transdifferentiation of
PECs in vitro have been extensive (see reviews in Eguchi, 1976, 1979,
1983; Eguchi and Ito, 1981, 1982; Clayton, 1978, 1979, 1982; Okada,
1980, 1983; Yamada, 1982). In 1973, Eguchi and Okada first demon-
strated, using clonal cell culture, that the progeny of retina PECs
isolated from older chick embryos could switch their specificity to lens
cells (Eguchi and Okada, 1973). Similar in vitro switching of cell type
in PECs has also been observed in newts (Eguchi et al., 1974) and in
human fetuses (Yasuda et al., 1978). Thus, evidence so far accumulated
substantiates the assumption that a dormant ability of PECs to switch
their differentiated state is widely maintained in vertebrates.

More recently, we have succeeded in establishing a new culture
system to study the mechanism of transdifferentiation of chick embry-
onic PECs to lens cells (Eguchi, 1983; Eguchi and Itoh, 1981, 1982;
Eguchi et al., 1982; Itoh and Eguchi, 1981, 1982, 1985a,b). In this
system, we can obtain a large number of dedifferentiated, multipotent
PECs which can readily and synchronously redifferentiate into either
lens or pigment cells under given culture conditions.

In this chapter, our recent studies of cellular and molecular events
during stabilization and transdifferentiation of chick embryo PECs in
vivo and in vitro will be reviewed.
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Il. Stable Differentiated State of Pigmented Epithelial Cells (PECs)

A. THE STABLE STATE OF PIGMENTED EPITHELIUM AS A MONOLAYER
EprirueLIUM oF PECs IN THE EYE in Situ

During development of vertebrate eyes, when mesenchymal cells
cover the surface of the optic cup, cells in the posterior pole of the outer
layer of the optic cup begin to synthesize melanin pigment and differ-
entiate into pigmented epithelial cells (PECs). These cells constitute
the pigmented epithelium. Differentiation of the pigmented epi-
thelium, which starts at the posterior pole of the optic cup and is
directed by the ectomesoderm of the choroid, continues to propagate
centrifugally toward the equatorial region.

" PECs of the well-differentiated eye in situ adhere firmly to the
collagen layer at their basal surface and keep close contact with each
other at their apex to form a simple epithelium with hexagonal cel-
lular arrangement. The shape of PECs is maintained both by cell-cell
contact and cell-substrate adhesion, and, in addition, by circumferen-
tial actin bundles which are organized just underneath the opposed cell
membrane at the apical border of each PEC. Under normal conditions
in the eye in situ, PECs never express their growth potential, but
maintain a stable, functional differentiated state.

B. STABILIZATION OF THE DIFFERENTIATED STATE OF PECs

By the 8- to 9-day stage of development, PECs in the posterior pole
of the eye of chick embryos have differentiated and their growth poten-
tial is repressed. However, these cells readily proliferate and de-
differentiate when dissociated and maintained in vitro. When cultures
of PECs reach confluence, dedifferentiated cells form a simple epi-
thelial sheet with a polygonal cellular pattern and redifferentiate to
pigment cells (Eguchi and Okada, 1973). When such cultures of PECs
are maintained further, they stabilize as a monolayer epithelium with
typical hexagonal arrangement of pigmented cells (Fig. 1) (Honda and
Eguchi, 1980; Honda et al., 1984).

Electron microscopy of ultrathin sections cut perpendicularly
through a monolayer revealed that differentiated PECs in vitro devel-
op and adhere to settle on a thick layer of collagen at their basal
surface. In addition, cells form close association with each other at the
apical boundary. Many cytoplasmic processes project from the free sur-
face of each PEC, and bundles of actin microfilaments form circum-
ferential rings at the apical boundary of each cell (Figs. 1 and 2)
(Owaribe et al., 1981; Owaribe and Masuda, 1982). These ultrastruc-
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Fic. 1. A schematic representation of well-differentiated PECs which form a typical
monolayer of simple epithelium in vitro. Each PEC differentiated in vitro retains struc-
tural characteristics identical to those of the same cell type differentiated in the eye in
situ. BAF, Bundle of actin filaments; CL, collagen layer synthesized by PECs monolayer;
CP, cytoplasmic process; PS, plastic substrate of culture dish.

tural characteristics are all identical to those observed in PECs differ-
entiated in the normal eye in situ. Experimental and theoretical analy-
ses suggest that these circumferential actin bundles participate both
in the formation of a monolayer epithelial pattern by PECs and in the
structural and functional stabilization of each cell in the monolayer
(Honda and Eguchi, 1980; Honda et al., 1984),

I. Transdifferentiation of PECs in Vitro

A. Apurt Newt PECs

We have clearly demonstrated by clonal culture analysis that PECs
dissociated from the pigmented epithelia of both the iris and the retina
of fully grown newts transdifferentiate into lens cells (Abe and Eguchi,
1977; Eguchi et al., 1974, 1982; Eguchi, 1976, 1979, 1983; Eguchi and
Itoh, 1982). In spite of the fact that the lens-regenerating potential ir
situ is restricted to the dorsal half of the pigmented epithelium, the
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Fic. 2. Electron micrographs showing circumferential bundles of actin filaments in
differentiated PECs in vitro. (A) Thick bundles of actin filaments (baf) along the cell
boundary (cb) are clearly revealed in an ultrathin section through the apical border of
glycerinated PECs. m, Melanosome. x27,000. (B) Filaments decorated with heavy mer-
omyosin develop an arrowhead-like appearance, confirming their actin composition.
x75,000.
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ventral PECs can transdifferentiate into lens cells in a manner similar
to that of dorsal PECs when dissociated and cultured in vitro. This
suggests that the differentiated state of the ventral PECs is more sta-
ble than that of the dorsal PECs in sitz and that they must be un-
stabilized when dissociated in vitro.

B. Avian EmBrYO PECs

Retinal PECs of 8- to 9-day-old chick embryos grow vigorously
when dissociated and cultured with medium supplemented with fetal
bovine serum (FBS). Although PECs in cultures can maintain their
original specificity as pigment cells through at least two generations in
culture, completely dedifferentiated PECs (which no longer express
melanogenic properties) appear usually at the end of the third culture
generation (the second subcultivation or passage). These dedifferenti-
ated cells still continue to grow and eventually develop into lentoid,
spherical aggregates of fully differentiated lens cells with a full com-
plement of crystallin proteins, 60—-90 days after the primary inocula-
tion. Evidence for the transdifferentiation of lens cells from retinal
PECs in chick embryos has been obtained in clonal culture (Fig. 3)

Fic. 3. A typical, well-differentiated lenteid exhibiting a full complement of lens-
specific characteristics. This structure developed in the culture of clonal progeny derived
from a single PEC of an 8.5-day-old chick embryo. X100. (From Eguchi and Okada,
1973.)
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(Eguchi, 1979; Eguchi and Okada, 1973). A similar study showed that
retinal PECs of 8- to 9-day-old quail embryos can transdifferentiate
into lens cells faster than chick embyro PECs (Eguchi, 1976).

C. Human Fetus PECs

After demonstrating transdifferentiation of PECs to lens cells in
vitro in 8- to 9-day-old chick and quail embryos (which can no longer
regenerate lens in vivo), we have extended our studies to human fetal
PECs.

Clean pieces of pigmented epithelium were isolated separately from
the iris and the retina of human fetal eyes at approximately 12 weeks
after conception and were dissociated into single cells for culture.

When PECs were isolated from iris and cultured, tiny lentoid
bodies consisting of several elongated cells with crystallins were
formed in some colonies about 30 days after inoculation. When PECs
were isolated from retina and cultured, the center of each colony of
once-depigmented cells started repigmentation about 30 days after in-
oculation. No lentoid formation was observed by this stage. At 20 days
following the secondary inoculation at clonal cell density, two types of
colonies were distinguished; the first type consisted of only fibroblastic-
shaped cells and the second consisted of central epithelial cells with
peripheral fibroblastic-like cells. In many of the latter colonies, len-
toids were formed at the boundary between the epithelial center and
peripheral fibroblastic zone from about 35 days onward (Yasuda et al.,
1978). Thus, PECs of both iris and retina in human fetuses are able to
transdifferentiate into lens cells in vitro when cultures are started
from dissociated cells.

IV. Dedifferentiated State of Chick Embryo PECs

A. MICROENVIRONMENTS REGULATING THE
TRANSDIFFERENTIATION OF PECs

As described previously, PECs in the eye in situ settle on a suppor-
tive collagenous substrate and are in close contact with each other,
forming a cohesive simple epithelium with typical polygonal cellular
pattern. Under in vivo and in vitro conditions, the differentiated state
of PECs is stably maintained and their growth potential is repressed.
In fact, transdifferentiation of PECs to lens cells was effectively sup-
pressed by a collagen extracted from rat tails and applied to plastic
culture dishes prior to seeding PECs into the dish (Eguchi, 1976;
Yasuda, 1979). From these results, we speculated that cell-surface
properties of PECs might be modified during the process of trans-
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differentiation by factors both intrinsic and extrinsic to the cell which
affect both adhesion and motility.

An effective inhibitor of melanogenesis, phenylthiourea (PTU), sig-
nificantly enhances the lentoid differentiation of chick embryo PECs
cultured in vitro (Eguchi, 1976). This substance was also found to pro-
mote cell membrane permeability for divalent cations by chelating
Cu2* ions (Masuda and Eguchi, 1984). When PECs are cultured in
standard culture medium containing PTU (PTU medium), depig-
mented PECs constituting the confluent cell sheet no longer develop
melanosomes and do not redifferentiate as do cultures in standard
culture medium without PTU. It is characteristic for dedifferentiated
cells (dePECs) in PTU medium that they continue to grow and even-
tually form multicellular layers. Lentoid differentiation always takes
place in such multicellular layers, even in primary cultures which are
maintained for only 25 days (Fig. 4) (Eguchi and Itoh, 1981, 1982; Itoh
and Eguchi, 1981). In this context, PTU can actually enhance lens
transdifferentiation of PECs without suppressing cell growth.

We assume that PTU affects the stability of the differentiated state
of PECs by altering cell-surface properties. Based on this assumption,
PECs were cultured for 20 days in PTU medium. The completely depig-

FiG. 4. A phase micrograph of primary cultures of PECs maintained for 25 days in
the presence of PTU (1.0 mM). Lentoids (LT) are developing from multilayered areas in
the culture (closed triangles) x50.
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mented area which formed in the monolayer was cut out with a stain-
less-steel tube of 1.0- to 3.0-mm diameter. These disks dissected from
the monolayer, after the treatment with Dispase II, detached readily
from the plastic substratum without losing cell-to-cell adhesion and
turned into a tiny vesicle. These vesicles were cultured on soft agar for
5 days with the PTU medium. All vesicles developed into lentoids with
well-differentiated lens fibers surrounded by epithelium. This interest-
ing result strongly suggests that the effect of PTU in enhancing trans-
differentiation of PECs can be amplified by controlling the microen-
vironment of dePECs (Eguchi and Itoh, 1982; Eguchi et al., 1982).

B. TesTiICULAR HYALURONIDASE AMPLIFIES THE EFFECT OF
PTU oN TRANSDIFFERENTIATION OF PECs

To modify the microenvironment of PECs cultured in vitro, we have
introduced testicular hyaluronidase (HUase) into our culture system
to selectively decompose hyaluronate and proteoglycans. The applica-
tion of HUase to our culture system of PECs was based on the findings
by Itoh, who demonstrated that this enzyme remarkably promoted lens
transdifferentiation in cultures of neural retina cells of chick embryos
(Itoh, 1978).

Freshly inoculated PECs were maintained in standard medium and
then transferred to PTU medium containing HUase (PTU-HU medi-
um). Differentiation of lentoids was remarkably amplified by HUase
in the presence of PTU, depending upon the concentration of the en-
zyme. In contrast, HUase alone induced the loss of differentiated prop-
erties of PECs, but inhibited their transdifferentiation into lens. Semi-
quantitative analyses estimating the number of lentoids developed in
a unit area of the culture dish have revealed that the efficiency of lens
transdifferentiation in PTU-HU medium in optimum concentrations
was amplified more than 50-fold when compared with control cultures
maintained in PTU medium (Eguchi and Itoh, 1982; Eguchi et al.,
1982; Itoh and Eguchi, 1981, 1982, 1985a).

C. ESTABLISHMENT OF THE BIPOTENT DEDIFFERENTIATED
StaTE oF PECs

It is likely that the serum supplementing our culture media con-
tains a number of unknown factors which may influence the growth
and differentiation of tissue cells and directly or indirectly affect the
range of transdifferentiation. Itoh (1976) clearly demonstrated that
transdifferentiation of neural retina cells from chick embryos into lens
and pigment cells can be remarkably enhanced by supplementing
MEM with dialyzed fetal bovine serum (dFBS) in place of fetal bovine
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serum and with ascorbic acid (AsA). On the basis of his discovery, we
have tested the effects of dFBS and AsA on transdifferentiation from
PECs to lens cells.

When PECs were cultured in medium (PTU-HU-dFBS medium)
which was prepared by supplementing Eagle’s minimum essential me-
dium (MEM) with dFBS (6%), PTU (0.5 mM), and HUase (150-250
U/ml medium), the cells dedifferentiated rapidly, grew vigorously,
and eventually formed dense, multilayered cell sheets within about 2
weeks (Eguchi, 1983; Eguchi and Itoh, 1982; Eguchi et al., 1982; Itch
and Eguchi, 1981, 1982, 1985). These dePECs with epithelial mor-
phology could be maintained in the dedifferentiated state as long as
they were cultured in this medium. However, dePECs readily ex-
pressed lens cell specificities when dissociated, inoculated at especially
high cell density, and maintained with PTU-HU-dFBS medium con-
taining AsA. Almost all the dePECs began to differentiate very syn-
chronously to lens cells, forming numerous transparent lentoids with-
in about 10 days. In contrast, sister populations of dePECs redifferenti-
ated into pigment cells when cultured in medium without PTU and
HUase (Fig. 5). Quantitative estimation of lens specificity by measur-
ing &-crystallin content revealed that at the final stage of lens cell
differentiation from dePECs cultured in PTU-HU-dFBS medium, more
than 50% of the total protein of cultures is 3-crystallin (the major
specific protein for the developing chick lens) (Eguchi and Itoh, 1982;
Eguchi et al., 1982; Eguchi, 1983). These results show that the de-
differentiated state of PECs is bipotent and the expression of either of
two different phenotypes can be readily manipulated by changing en-
vironmental conditions (Fig. 6).

V. Gene Expression in the Process of Transdifferentiation

To approach the mechanisms which control transdifferentiation,
molecular studies are needed for each cell change during lens trans-
differentiation of PECs in vitro. In the first step toward this goal, we
have attempted to describe the transcriptional patterns of genes which
should be specifically expressed by both lens cell and the pigmented
cell, using our established culture system of chick embryo PECs. Re-
cent results on the transcription of the 3-crystallin gene during trans-
differentiation of the PEC in vitro are relevant not only to characterize
the bipotent dedifferentiated state but also to understand modulation
in cell phenotype in terms of gene expression.

A large number of primary cultures of PECs isolated from 8- to 9-
day-old chick embryos were prepared using standard culture medium
supplemented with 6% FBS. After 1 week of culture, cells were dissoci-
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F1c. 5. Expression of either pigment or lens cell specificities by bipotent dedifferenti-
ated pigmented epithelial cells (dePECs) of chick embryos in vitro. (A) Dedifferentiated
PECs in culture. x200. (B) PECs in a monolayer epithelium, redifferentiated from
dePECs shown in (A). x200. (C) Lentoids developing in high-density cultures of dePECs
a week after culturing. x35.

ated and transferred to the PTU-HU-dFBS medium. After at least two
additional subcultivations (passages) a large number of dePECs were
collected. These cells were dissociated and cultured under two differ-
ent conditions: one permissive for transdifferentiation into lens and
the other permissive for redifferentiation into pigment cells as pre-
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Fic. 6. Transdifferentiation in vitro of retinal PECs from chick embryos. Pigmented
epithelial cells (PECs) maintain their differentiated properties when cultured with Ea-
gle’s minimum essential medium (MEM) supplemented with fetal bovine serum
MEM(FBS). They dedifferentiate readily when cultured with MEM supplemented with
dialyzed fetal bovine serum MEM(d¥BS), phenylthiourea (PTU), and testicular
hyaluronidase (HUase). Dedifferentiated cells (dePECs) transdifferentiate into lens cells
(LCs) when cultured at high cell density under permissive conditions. In addition, the
same population of dePECs readily redifferentiates to PECs under conditions of culture
which lack both PTU and HUase. AsA, Ascorbic acid.
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viously described. Lens transdifferentiation in cultures in PTU-HU-
dFBS medium with AsA was observed within 1 week after initiation of
cultured dePECs in this medium (Fig. 5), whereas redifferentiation of
pigment cells was achieved much faster. Cells were harvested at each
state in the process of dedifferentiation, transdifferentiation, and re-
differentiation for analyses of transcripts of 8-crystallin genes.

Poly(A)* RNAs were extracted from cells harvested from cultures
and isolated by binding to oligo(dT)-cellulose. They were separated by
electrophoresis on 1.0% agarose gels and then blotted onto nylon filters
(Agata et al., 1983). The RNAs thus blotted were hybridized with a 32P-
labeled Pst¢l fragment of cloned 8-crystallin cDNA (pB311) (Yasuda et
al., 1984).

In our Northern blot analysis, transcripts hybridizing with §-
crystallin ¢cDNA were detected in RNAs extracted from dePECs, al-
though no mature mRNA in lens cells was detected (Fig. 7, lane 2). A
clear band at the level of 9.5 kb and a diffuse smear were observed in
dePECs RNAs. The 9.5-kb transcript was also found in lens RNAs (Fig.
7, lane 4). We interpret this to be a precursor RNA of 8-crystallin
mRNA. In contrast to dePECs, RNAs extracted from cultures main-

1 2 3 4
R I B

9.5kb~ - -

2.0kb—‘ - —&-crystal-
lin mRNA

Fic. 7. Northern blot analysis of poly(A)* RNAs purified from PECs during in vitro
transdifferentiation into lens cells. Pstl fragments of 3-crystallin cDNA (pB811) were
used as a probe. (1) 5 ng of RNA from PECs freshly dissected from 8.5-day-old chick
embryos. (2) 5 ng of RNA from dePECs in culture. (3) 0.5 ug of RNA from transdifferenti-
ated lens cells from dePECs. (4) 0.5 pg of RNA from lens cells freshly dissected from
lenses of 8.5-day-old chick embryos (control). P, Precursor of 3-crystallin mRNA.
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tained in conditions permissive for transdifferentiation into lens cells
were found to contain only small amounts of the 9.5-kb transcript, in
addition to mature mRNA for 3-crystallin as the major component
(Fig. 7, lane 3). In addition, we have observed the rapid disintegration
of the 9.5-kb transcript in cells placed in the conditions permissive for
the redifferentiation. In contrast, we have also demonstrated the grad-
ual accumulation of 3-crystallin mRNA in dePECs which were sup-
posed to be committed to transdifferentiation into lens cells (K. Agata
and G. Eguchi, unpublished). Neither 8-crystallin mRNA nor the 9.5-
kb transcript was detected in both freshly dissociated PECs of 8- to 9-
day-old chick embryos and PECs redifferentiated from dePECs.

These results indicate that (1) the 8-crystallin gene is transcribed,
but not processed to the mature 8-crystallin mRNA in dePECs; (2) 8-
crystallin transcripts detected in the dePECs are rapidly processed to
the mature 8-crystallin mRNA soon after exposure of the cells to condi-
tions permissive for transdifferentiation into lens cells; and (3) §-
crystallin transcripts in dePECs are rapidly disintegrated during re-
differentiation of dePECs into pigment cells.

V1. Concluding Remarks

Although the cell type conversion of PECs can be abserved in the
process of Wolffian lens regeneration and of neural retina regenera-
tion in a limited number of species, results of cell culture works since
1973 (Eguchi, 1976, 1979; Okada, 1980, 1983; Clayton, 1979, 1982)
permit us to conclude that the population of PECs capable of trans-
differentiation is widely conserved in vertebrates including humans,
at least in the embryonic period. However, this multipotential proper-
ty is well stabilized in physiological conditions in situ. That close cell-
cell contact may be one of the requisites for the stabilization of PECs is
revealed by observations of a cohesive epithelial cell sheet supported
by a continuous collagen substrate (Eguchi, 1979; Yasuda, 1979).

We have now established a culture system in which a pure popula-
tion of dePECs can be maintained, by introducing PTU, HUase, and
dialyzed fetal bovine serum in an appropriate way. With this system,
we are able to investigate cellular properties of dePECs in detail.
These cells exhibit properties similar to neoplastic cells. Dedifferenti-
ated PECs do not suppress growth at confluence and continue to pro-
liferate to form multilayers. Under such conditions, significant reduc-
tion of cell-cell and cell-substrate adhesion is observed (Okada et al.,
1973). In addition, it has been shown that dePECs consume glucose in
place of oxygen and release lactate as a metabolic product (Y. Itoh and
G. Eguchi, unpublished). Furthermore, dePECs are bipotent cells with
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the ability to become either lens cells (transdifferentiation) or PECs
(redifferentiation). These two directions can now be reversibly manip-
ulated by regulating culture conditions. The conditions which permit
differentiation into given directions have been clearly identified.

Preliminary efforts to elucidate mechanisms of transdifferentiation
in terms of the regulation of gene expression have been started. Our
culture system fulfills conditions necessary for such studies, since it is
possible to collect large numbers of both bipotent cells and cells in the
process of commitment to either lens or pigment cells. Northern blot
analysis showed that the 3-crystallin gene, specifically expressed in
lens cells in situ, is transcribed in bipotent dePECs, although the tran-
seripts are not processed to the mature mRNA in the dePECs. These
results clearly show that dePECs, which are bipotent and do not ex-
press any other differentiated trait of lens cells, have been partially
committed to becoming lens cells by initiation of the specific gene
expression.

It has been demonstrated that 8-crystallin mature mRNA can be
detected in some nonlenticular tissues such as pigment epithelium,
neural retina, and others in early chick embryos in situ (Bower et al.,
1983; Agata et al., 1983). The ectopic translation of 8-crystallin at a low
level is observed also in tissues at early stages in their development
(Baravanov, 1977; Clayton, 1979, 1982; Kodama and Eguchi, 1982),
On the basis of these observations Clayton has advanced the hypoth-
esis that such a preexistence of the 8-crystallin mRNA should be one of
the necessary conditions for cells to transdifferentiate into lens cellsin
vitro (Clayton, 1982; and Clayton, this volume). Experimental evalua-
tion of this hypothesis is in progress, since the behavior of dePECs may
be explained if such a suggestion is valid.

Finally, to further understand the multipotent dedifferentiated
state of PECs at the level of gene expression, it is necessary to extend
investigation to the transcription of genes which are specifically ex-
pressed in the melanogenic cell and to determine whether the tran-
scripts are also present in dePECs. Further analysis of the molecular
and cellular mechanisms of transdifferentiation using the culture sys-
tem described in this chapter will contribute further to our under-
standing the molecular basis of phenotypic instability and cell commit-
ment in differentiation.
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I. Introduction

The great variety of experimental systems in which differentiated
cells modulate their phenotype, patterns of biosyntheses, or both (this
volume) suggests that “stability” may not characterize the process we
call differentiation. Rather, the “acquisition of stability” appears to be
a more accurate definition of this process. One may envision a given
cell, in a defined microenvironment, exhibiting a major biosynthetic
pattern, with alternative syntheses held in abeyance for lack of an
appropriate stimulus (i.e., a permissive microenvironment). The work
discussed in this chapter utilizes the well-characterized bone-inductive
system to study the mechanism whereby skeletal muscle apparently
“transforms” into cartilage. A brief review of the state of differentia-
tion of the source skeletal muscle precedes this discussion. It is not
possible to cite all of the outstanding reports in each subject, although
it is acknowledged that a large group of scientists have made contribu-
tions on which this work is based.

39
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Demineralized bone-mediated formation of cartilage from skeletal
muscle and the regeneration of amphibian lenses and neural retina
from iris and retinal pigmented epithelium, respectively (see Urist,
1965; Okada, 1980, for review), are two major examples of phenotypic
alteration (metaplasia). The occurrence of metaplasia is rare but high-
ly instructive in that it cautions developmental biologists that condi-
tions external to a differentiated cell are capable of imposing a bias
toward one phenotype or another. To understand development, then,
one must understand (1) the morphological and biochemical differ-
entiation of a tissue in situ, (2) the metabolic needs of a tissue in situ,
(3) the development of a tissue under standard and nonstandard condi-
tions, and (4) the embryology of a tissue in relation to its neighboring
tissues. In most cases we understand 1 and 2 above and have only a
limited understanding of 3 and 4. This is due, in part, to a lack of
knowledge regarding the means to elicit a particular phenotype and, in
part, from a bias toward regarding a particular tissue as the descen-
dant of a committed precursor cell type. The problems inherent in this
view are twofold. First, this view of development requires that an
organism have a wide variety of precursor cell types, each requiring its
own “inductive” agent. It additionally requires a means of “inducing”
the inducers, and gives rise to a level of complexity which this investi-
gator finds cumbersome and uncharacteristic of development. Second,
the inducer must be of short range, be inactivated at the outer limits of
this range, or it must interact with specific receptors. The development
of such receptors gives rise to a level of complexity similar to that
discussed above. This investigator’s studies suggest that a more real-
istic view of development is that cells are capable of displaying a range
of phenotypes, depending upon limited criteria, such as its class as
ectodermal, endodermal, or mesodermal, and that environmental in-
fluences select from the range of phenotypes available to each class.

Il. Skeletal Muscle Differentiation

Whether or not embryonic limb mesenchymal cells are predeter-
mined remains a viable question in developmental biology, because
investigators have yet to agree on an adequate definition of differentia-
tion. The results of investigations in separate laboratories may vary
depending upon the conditions under which the experiment is con-
ducted. For example, it has been shown that myogenic cells will delay
fusing into syncytial myotubes and, in some cases, enter an additional
cell cycle if fresh culture medium is added or if initial inoculum densi-
ties are low (Konigsberg, 1971; O’'Neill and Stockdale, 1972a). The
quality of the resulting skeletal muscle also depends upon its sub-
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stratum (Hauschka and Konigsberg, 1966; Konigsberg, 1970) and nu-
tritional environment (Coon and Cahn, 1966; White and Hauschka,
1971; Yaffe, 1971; Konigsberg, 1971; Ramirez and Aleman, 1972;
Hauschka, 1974; de la Haba et al., 1975).

Investigations of developing avian and mammalian limbs have led
to the formulation of several hypothetical mechanisms regarding the
differentiation of skeletal muscle and cartilage. One hypothesis sug-
gests that early limb mesenchyme contains precursor cells, which are
already committed to a myogenic or chondrogenic fate (Holtzer and
Sanger, 1972; Holtzer et al., 1974). The myogenic stem cell, or pre-
sumptive myoblast, is viewed as a cell with only two developmental
options: (1) to replicate, giving rise to other presumptive myoblasts, or
(2) to undergo a critical or “quantal” mitosis, which prepares the
daughter cells (now termed myoblasts) to become postmitotic and com-
petent to fuse with other myoblasts into syncytial myotubes. The exis-
tence of a presumptive myoblast is inferred from experiments in which
blocks of chick limb mesenchyme, from stages of chick development
prior to overt myogenesis, are cultured in vitro and analyzed for the
appearance of differentiated progeny. In these experiments, stage 17—
18 (2—3 days of embryonic development) was the earliest stage at
which skeletal muscle could be detected (Dienstman et al., 1974). Sim-
ilar mesenchyme in monolayer culture (Dienstman et al., 1974) and in
clonal culture (Bonner and Hauschka, 1974) failed to yield differenti-
ated progeny until stages 21-22 (3.5—4 days in vivo). Insofar as these
stages occur prior to the appearance of skeletal muscle in the embryon-
ic chick limb in vivo (stage 25, 4.5-5 days), these data are interpreted
to mean that an element of predetermination exists with respect to the
differentiation of limb mesenchyme (Dienstman et al., 1974). Howev-
er, the precursor cell type (presumptive myoblast) does not display a
definitive morphology, nor does it synthesize specific products, and
cannot be precisely identified. Its identity can only be inferred as part
of a hypothetical scheme. It must also be remembered that in each case
the tissues are cultured in vitro for varying periods of time, such that
stage 17-18 chick limb mesenchyme is no longer 2-3 days old, but
actually 5-6 days old in the experiments reported by Dienstman et al.,
and thus follow the in vivo schedule quite closely. Investigators rarely
document the initial appearance of differentiated cells in these types
of experiments and data are clearly lacking with regard to aging in
vitro prior to differentiation. In the single study dealing with this
point, of which this investigator is aware, older myogenic cells prefer-
entially fused with myogenic cells of a similar age, rather than young-
er myogenic cells (cells cultured for a lesser period of time) (Yaffe,
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1971; see below). In light of these data it may be argued that limb
mesenchymal cells are not predetermined, but acquire differentiated
traits over a period of time, in response to presently unknown factors,
and only create the impression that undifferentiated limb mes-
enchyme contains “determined” cells.

The “quantal” mitosis is viewed as a critical event which, via pres-
ently unknown means, prepares the presumptive myoblast to become a
true myoblast, postmitotic and fusion competent. This hypothesis is
based upon the finding that [2H}thymidine-labeled cells, from 11-day
chick breast muscle, delay fusing for up to 5-8 hours past the end of
mitosis (Okazaki and Holtzer, 1966). Insofar as myogenic cells are not
found to fuse in either the G,, S, or M phases of the cell cycle, these
cells would be in the G, phase. G, typically lasts 2—3 hours in vitro
(Bischoff and Holtzer, 1969) or approximately 4 hours in vivo (see
Herrmann et al., 1970), suggesting that the cells are in an extended G,
phase (or G, since they are thought to have withdrawn from the cell
cycle). In contrast, other investigators detected fusion as early as 3
hours after pulsing myogenic cultures with [*H]thymidine (O’Neill
and Stockdale, 1972b) and failed to detect myogenic cells which with-
draw from the proliferative pool (Buckley and Konigsberg, 1977). It is
well known that the G, phase lasts for longer periods in older embryos
(Herrmann et al., 1970), and there remains some doubt whether myo-
blasts actually withdraw from the cell cycle prior to fusion. The valid-
ity of the quantal mitosis concept remains unproven.

An alternative hypothesis contends that each mesenchymal cell is
endowed with the potential for a limited number of cellular programs
and that its final position in the limb determines how this potential is
realized (stabilized) (Wolpert, 1969). For example, a program for “limb
mesenchyme” may be expressed as skeletal muscle, fibrous connective
tissue, or cartilage, depending upon the location of a cell within the
developing limb. The factors which evoke these phenotypes are un-
known. In vivo experiments suggest that limb mesenchymal cells are
initially phenotypically unstable and become stabilized shortly after
definitive myogenic and chondrogenic regions appear (Zwilling, 1966;
Searls and Janners, 1969). A considerable body of data suggests that a
cell’s immediate environment plays a large part in determining its
ultimate fate (for review see Hall, 1970). The subsequent acquisition of
phenotypic stability has also been noted in vitro (Coon, 1965; Konigs-
berg, 1963; Richler and Yaffe, 1970) and is agreed upon by all investi-
gators, irrespective of the early mode of differentiation.

An elegant series of experiments, using transplants of quail somite
tissue into a chick host, has shown that limb musculature derives
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primarily from somitic tissue (Christ et al., 1977; Chevallier et al.,
1977) and indicates separate lineages for muscle and cartilage. Limb
musculature could form in the absence of a somitic contribution, albeit
to a limited extent (McLachlan and Hornbruch, 1979), and some of the
somite-derived cells were able to form cartilage (Kiney et al., 1981). It
is clear that, in the absence of experimental intervention, development
proceeds according to a clearly defined pattern and provides the im-
pression of distinct lineages for muscle and cartilage. However, experi-
mental data suggest that at least all mesenchymal cells may have
equivalent differentiative potential.

Several lines of evidence suggest that myogenic cells do not remain
completely unchanged prior to fusion: (1) fusion is blocked by inhibi-
tion of protein synthesis prior to its onset (Shainberg et al., 1969); (2)
older myogenic cultures exhibit fusion very shortly after subculture,
whereas younger cultures delay fusion until they have been cultured
for approximately as long as the older cultures (Yaffe, 1971); and (3)
when fusion is blocked by culturing myogenic cells in media contain-
ing lowered calcium (Shainberg et al., 1969), subculturing at intervals,
and returning to media containing adequate calcium, the myogenic
cells still fuse at approximately the same time as parallel cultures not
exposed to lowered calcium (Yaffe, 1971). These results suggest that
the subcultured cells have memory of previous time in culture. Most
likely they underwent some changes, as yet undefined, which precede
fusion and these changes need only be elaborated upon rather than.
begun anew.

It is evident from the above discussion that there is little likelihood
of detecting a myogenic precursor cell population, since by definition,
and in the absence of discrete populations within limb mesenchyme
(Hilfer et al., 1973), it cannot be identified by criteria which define
differentiated skeletal muscle. The overwhelming weight of evidence
suggests that limb mesenchyme is composed of similar cells, which
respond to external cues and begin a sequence of events which lead to
fusion.

ill. Formation of Cartilage by Skeletal Muscle

The experimental system used in this investigator’s studies was
first discovered by Dr. Marshall Urist of the University of California.
Dr. Urist found that embryonic rat skeletal muscle forms hyaline car-
tilage in vitro and bone in vivo, when exposed to demineralized bone
(bone matrix; Urist, 1965; Nogami and Urist, 1974). These data were
subsequently verified by Reddi and Huggins (1973). In this investiga-
tor’s laboratory, bone matrix reproducibly elicits cartilage from skel-
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etal muscle in vitro. The occurrence of phenotypic alterations in vitro
demonstrates that hyaline cartilage arises from the explanted tissue
and not from a migratory, precursor cell type. Insofar as skeletal mus-
cle contains myoblasts, fibroblasts within fibrous connective tissue,
and syncytial myotubes, the hyaline cartilage may arise from either of
these sources. Either source will never form cartilage in vivo.

This investigator’s initial studies asked two questions: (1) Does
hyaline cartilage arise from skeletal muscle or from its associated
fibrous connective tissue? and (2) Does the ability to form cartilage
reside solely within somatic mesoderm or is it a property common to
other mesodermal cell types? To answer these questions, skeletal mus-
cle and fibroblasts from skeletal muscle were grown in clonal culture
and explanted onto bone matrix substrata. For technical reasons, skel-
etal muscle was isolated from 11-day chick embryos and fibroblasts
from 19-day rat embryo skeletal muscle. On bone matrix, both cell
types formed hyaline cartilage (Nathanson et al., 1978; Fig. 1). Insofar
as cells were derived from animals well past the stage at which these
tissues are considered to be “terminally” differentiated, the results
demonstrate that differentiated cells are capable of altering their phe-
notype when presented with an appropriate stimulus. Additionally, it
clearly demonstrates the ability of selected cell types to alter biosyn-
thetic patterns which have previously been considered to be a fixed
property of the particular cell type.

The mesodermally derived connective tissue capsules of embryonic
chick thyroid and lung were also found to form hyaline cartilage,
whereas their endodermally derived parenchyma did not. These re-
sults demonstrate that somatic and visceral mesenchyme are identical
with respect to their developmental potency and that “cartilageness” is
not a unique property of certain cells predetermined for the phenotype.

The above data show the genetic similarity of cells in an unique
fashion and provide (1) a means of eliciting the formation of cartilage
at will, (2) a means of characterizing the development of the tissue
from its outset, (3) a means of investigating the biosynthetic potential
of skeletal muscle, and (4) a means of describing cartilage differentia-
tion in a biochemical fashion.,

Fic. 1. Formation of cartilage by cloned fibroblasts and myoblasts. (A) Pooled fibro-
blast clones derived from 19-day embryonic rat thigh muscle. (B) Pooled skeletal muscle
clones from 11-day embryonic chick thigh muscle. Preliminary experiments demon-
strated that rat muscle myoblasts proliferated at a low rate and would yield insufficient
tissue for these experiments. Each pool was centrifuged into pellets and transferred to
substrata of bone matrix. Cultures were grown for 25—30 days in vitro. (Figure 1B from
Nathanson et al., 1978.) (A) X80; (B) x240.
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The differentiation of cartilage on bone matrix in vitro has been
investigated at both the light and electron microscopic levels, using 19-
day embryonic rat skeletal muscle as the source tissue (Nathanson and
Hay, 1980a). As a control, an aliquot of skeletal muscle used for
cultures onto bone matrix was explanted onto gels of type I collagen
and cultured identically. The trauma of mincing skeletal muscle prior
to cultivation in vitro causes syncytial myotubes to degenerate and
nuclei of mononucleate cells to enter a heterochromatic “resting” state
{Fig. 2). As the cells develop heterochromasia, it becomes increasingly
difficult to distinguish myoblasts from fibroblasts. No cell death was
detected among mononucleate cells. Heterochromasia was rapidly re-
versible under favorable culture conditions, and by 24 hours in vitro
the explanted cells were again euchromatic. However, myoblasts and
fibroblasts were still not readily distinguished. Cells having some
characteristics of myoblasts appeared essentially fibroblast-like (Fig.
3A and B). Acquisition of fibroblast-like characteristics gradually en-
compassed the entire mononucleate population and was found to per-
sist through 4 days in vitro (Fig. 3C). This is significant in that skeletal
muscle cells do not transform directly into chondrocytes, but via a
fibroblast-like intermediate. The intermediate is presumably not an

FiG. 2. Electron micrograph of skeletal muscle held in vitro and on ice for 4 hours. The
early response of skeletal muscle to excision and mincing was found to be degeneration
of myotube nuclei (N1, N2) and myofilaments (df) and acquisition of heterochromasia by
mononucleate cells (N3, N4). Euchromasia is rapidly regained in organ culture. (From
Nathanson and Hay, 1980a.) x3520.
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Fic. 3. Ultrastructure of cells in organ culture. Euchromasia was regained within 24
hours in vitro, and by 2 days surviving mononucleate cells appeared as myoblasts (A) or
as cells with myoblast and fibroblast characteristics (B). Degenerate myofilaments are
still present (df). In (B), the slightly heterochromatic nucleus and large ratio of nuclear-
to-cytoplasmic area are reminiscent of myoblast morphology as shown in (A). Dispersed
nucleoli (nuc), prominent Golgi apparatus (ga), and granular endoplasmic reticulum (er)
in (B) resemble fibroblast morphology as shown in (C). Note the presence of abundant
free ribosomes (r) in (A). (C) The entire mononucleate population appears fibroblast-like
by 3-4 days in vitro. (From Nathanson and Hay, 1980a.) (A) x10,200; (B) x9200; (C)
x13,900.
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Fic. 4. Differentiation of cartilage on bone matrix. Chondroblasts appear by 6 days in
vitro on bone matrix and increase in number thereafter. Note the presence of abundant
secretory organelles, ga, er (abbreviations as in the legend to Fig. 3), and lipid (L). The
extracellular matrix contains beaded, type II collagen fibrils. (From Nathanson, 1983a.)
x13,137.

additional phenotype, but one step in a series of steps during the devel-
opment of a secretory morphology (i.e., as chondrocytes secrete extra-
cellular matrix macromolecules). These morphological data add
weight to the hypothesis that both skeletal muscle and cartilage derive
from a common precursor cell type. Beginning on the sixth day, a few
cells acquired phenotypic characteristics of chondrocytes and by 10
days masses of cartilage were found (Fig. 4). Control cultures initially
regained euchromasia, but myoblasts and fibroblasts were easily dis-
cernible. These mononucleate cells began to regenerate skeletal mus-
cle by 4 days in vitro. No cartilage formed.

IV. Skeletal Muscle Differentiation and
Relationship to Satellite Cells

Even though cartilage has been repeatedly documented to arise
from skeletal muscle grown on bone matrix in organ culture, and dem-
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onstrated in clonal culture, these studies cannot rule out the occur-
rence of a myoblast which has the properties of a progenitor cell type.
Repeated passage of cloned chick myoblasts failed to yield evidence of
undifferentiated myoblasts; the only other myogenic cell type which
has putative progenitor properties is the satellite cell. Most investiga-
tors would agree that satellite cells are myoblasts, but by definition
these myoblasts retain “reserve cell” properties long after the majority
of myoblasts fuse to form syncytial myotubes. To resolve the question
whether cartilage derives from reserve myoblasts (satellite cells), an
ultrastructural study of 11-day embryonic chick skeletal muscle was
undertaken. As a working hypothesis it was assumed that all myo-
blasts are initially identical and that some fuse and some are left
behind as satellite cells. The question asked was, at what stage do
satellite cells appear? The results of this study demonstrated that sat-
ellite cells appear rather late in development, at approximately 14-18
days of development in the chick (Nathanson, 1979). A survey of the
literature also failed to reveal evidence of the occurrence of satellite
cells until hatching or shortly thereafter (Nathanson and Hay, 1980a).

The relatively immature appearance of 11-day chick skeletal mus-
cle, discovered during the above studies, was accompanied by a large
amount of free space between myotubes and relatively few fibroblasts.
Furthermore, cells were loosely arranged within the tissue, which ap-
peared to be disorganized on both the light and electron microscopic
levels. Since syncytial myotubes begin to form at approximately 5 days
of development, and since fibroblasts are thought to proliferate faster
than myoblasts, the tissue would be expected to be compact and con-
tain well-developed myotubes and connective tissue. Further study
revealed that young myotubes were arranged tangentially with re-
spect to the epimysium. Few myoblasts were found in the mid-myo-
tube regions (Nathanson, 1979). This arrangement is reminiscent of
an unipennate morphology and not of the longitudinally arranged pat-
tern associated with the thigh musculature (source tissue). It is un-
clear whether the embryonal nature of this tissue is a result of its
manner of morphogenesis, but it appears that myotubes form by the
preferential fusion of myoblasts at the ends of myotubes. A limited
number of fusion sites would cause the tissue to develop slowly. This is
in contrast to in vitro studies in which morphogenesis of the tissue
occurs by a burst of fusion, and this fusion is not related to position of
the fusing cells with respect to the myotubes.

Myoblasts withdraw from the cell cycle prior to fusion, but this may
not be so if the myoblast was destined to become a satellite cell. Could
the nonfusing myoblasts in the mid-myotube regions be the first ap-
pearance of satellite cells? An autoradiographic study was undertaken
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to study this question further. Preliminary data demonstrated that all
of the myoblasts surrounding a myotube are capable of incorporating
tritiated thymidine and therefore do not withdraw from the cell cycle
(M. A. Nathanson, unpublished observation). All of the available evi-
dence supports the hypothesis that single myogenic cells are myo-
blasts, a cell type which normally forms only muscle.

V. Synthesis of Cartilage Extracellular Matrix

A. SULFATED GLYCOSAMINOGLYCANS

One of the principal components of cartilage extracellular matrix are
the sulfated glycosaminoglycans (GAG-S). GAG-S are a family of sulfated,
high-molecular-weight, linear polysaccharides and two of them account for
the majority of the polysaccharide of cartilage matrix: chondroitin 4-
sulfate (Ch-4-S) and chondroitin 6-sulfate (Ch-6-S). Since chondrocytes are
specialized for matrix secretion, synthesis of GAG-S would be an accurate
indication of the extent of chondrogenic differentiation. Furthermore,
preliminary experiments indicated that Na,35S0, was specifically incor-
porated into GAG-S (Nathanson and Hay, 1980b). Using 19-day embryonic
rat skeletal muscle as the source tissue, newly synthesized polysaccharide
was labeled for the last 24 hours in vitro on bone matrix and on gels of
type I collagen as a control. Synthesis of GAG-S was also investigated in
the source tissue and in authentic hyaline cartilage from embryos of the
same gestational age. As expected, skeletal muscle incorporated very
little sulfate into Ch-4-S, whereas cartilage incorporated quite a lot, the
ratio of Ch-4-S to Ch-6-S being 0.28 for skeletal muscle and 13.09 for
hyaline cartilage.

On bone matrix, sulfate incorporation into GAG-S exceeded that of
control cultures as early as 24 hours in vitro (Fig. 5). Sulfate incorpora-
tion leveled off from days 2 to 3 and rose dramatically to 22 times that
of control cultures between days 3 and 10. This pattern correlates well
with the morphological data described above; the initial increase oc-
curs as explanted cells regain euchromasia, elaborate rough endo-
plasmic reticulum, and begin to acquire a fibroblast-like morphology.
A plateau in sulfate incorporation coincides with the acquisition of
fibroblast-like characteristics, and the subsequent rise coincides with
the appearance of chondrocytes.

Quite unexpectedly, it was found that as early as 24 hours after
initiation of the cultures, those on both bone matrix and collagen gels
synthesized increased proportions of Ch-4-S in comparison to Ch-6-S
(Fig. 6). Synthesis of Ch-4-S would be expected to correlate with
chondrogenesis. These data demonstrate that a specific inducer is not
necessary to alter the biosynthetic potential of skeletal muscle and
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FiG. 6. Analysis of GAG-S composition. GAG-S was enzymatically depolymerized and
isolated by descending paper chromatography as modified from Saito et al. (1968). In-
creases in Ch-4-S are thought to be elicited by trauma. However, only on bone matrix is
this synthesis maintained. Increases in Ch-4-S parallel the appearance of chondrocytes
on bone matrix. (From Nathanson and Hay, 1980b.)
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that an environmental trauma, such as mincing of the skeletal muscle
prior to placing it into culture, is sufficient to do so. This has been
verified by additional experiments with traumatized skeletal muscle
in vivo (Nathanson and Hay, 1980b). This finding is profound in that if
trauma merely increases GAG-S synthesis, then levels of total sulfate
incorportion should rise, but not the ratio of Ch-4-S to Ch-6-S. Cul-
tures on bone matrix maintained high levels of Ch-4-S synthesis,
whereas cultures on collagen gels did not. The effect of bone matrix is
therefore not to induce Ch-4-S synthesis, but to sustain and augment
it. These data should not be interpreted to mean that injured muscle
undergoes similar biochemical changes in control and experimental
cultures. Controls maintained a low and nearly constant sulfate incor-
poration, which was only approximately equivalent to that of explants
onto bone matrix at 24 hours (Nathanson and Hay, 1980a). However,
of this low sulfate incorporation, Ch-4-S represented the greatest ini-
tial proportion of the chondroitin sulfates. Regenerating skeletal mus-
cle progressively decreased its synthesis of Ch-4-S and it would pre-
sumably return to initial levels when this process is complete. Thus,
skeletal muscle normally holds Ch-4-S synthesis in abeyance, but re-
tains a surprising readiness for its synthesis.

The experiments described above were performed in nutrient medi-
um CMRL-1066, essentially as described by Nogami and Urist (1974).
However, if an external factor, such as trauma, is sufficient to elicit the
expression of cartilage in a biochemical sense, it is also likely that the
composition of the nutrient medium plays a part in aiding or inhibiting
this response. To test such an hypothesis, nutrient medium CMRL-1066
was tested against the commonly used media F-12 and Eagle’s mini-
mum essential medium (MEM) (Nathanson, 1983a). At 1, 2, 3, 4, 5, and
10-12 days in vitro, cultures were labeled with Nay3°SO, and
[3Hlglucosamine (to identify nonsulfated glycosaminoglycan) for the
final 24 hours prior to harvesting. No differences in GAG-S synthesis
were detected. With respect to nonsulfated glycosaminoglycan (GAG),
MEM altered GAG synthesis such that it remained at high levels for 24
hours past the time at which its synthesis decreased in medium
CMRL-1066 (Fig. 7A). Medium F-12 was found to inhibit synthesis of
GAG (Fig. 7B). Histological analysis demonstrated that MEM was
inefficient in eliciting chondrogenesis and that F-12 did not support the
appearance of chondrocytes within the 12-day experimental period.
GAG may be either chondroitin or hyaluronic acid. Following en-
zymatic depolymerization of GAG, it was determined that little or no
chondroitin was synthesized in these cultures. Hyaluronic acid syn-
thesis, however, was dramatically increased in MEM and decreased in
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Fic. 7. Incorporation of labeled glucosamine into nonsulfated glycosaminoglycan
(GAQ). (A) Culture media CMRL-1066 and MEM supported incorporation of the label
into GAG. Histological data demonstrated that MEM was inefficient in the production of
cartilage on bone matrix. The major difference between these media lies in elevated
levels of GAG synthesis between days 2 and 5. (B) Medium F-12 depressed incorporation
of the label into GAG and failed to elicit chondrogenesis during the experimental period.
(From Nathanson, 1983b.)

F-12 (Fig. 8). These results suggest that nutrient media are capable of
altering a cell’s metabolic balance, resulting in altered levels of GAG
production. These data point out the care with which in vivo levels of
GAG synthesis should be inferred from in vitro levels.

B. HyaLuroNIC AcID

It has become apparent that synthesis of hyaluronic acid (HA) may
be a controlling factor in the production of cartilage extracellular
matrix (Toole et al., 1972). Several investigators have determined that
de novo hyaluronidase synthesis promotes a decrease in HA prior to
chondrogenesis (Toole and Gross, 1971; Toole et al., 1972; Solursh et al.,
1974; Smith et al., 1975). In the present experiments also, CMRL-1066
promoted a decrease in HA just prior to the onset of chondrogenesis (~6
days; Fig. 8), and these data are consistent with the removal of preexist-
ing HA. Perhaps the remaining HA acts to inhibit chondrogenesis?
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Fi1c. 8. Synthesis of hyaluronic acid (HA) in culture media shown in Fig. 7. Increased
HA synthesis with MEM and depressed synthesis in F-12 represent divergent effects
upon chondrogenesis. Data on proteoglycan synthesis suggest that increased HA syn-
thesis and depressed chondrogenesis in MEM is correlated with the presence of mo-
lecular forms which cannot form cartilage extracellular matrix. Decreased HA gynthesis

in F-12 is thought to reflect altered cellular glucosamine metabolism. (From Nathanson,
1983b.)

Such an inhibition may be due to (1) synthesis of HA which cannot
participate in formation of cartilage matrix or (2) feedback inhibition of
high-molecular-weight HA synthesis. In an attempt to distinguish be-
tween the above alternatives, proteoglycans were isolated from a sim-
ilar series of cultures, grown for 12 days in the above media, and
fractionated by molecular sieve chromatography on Sepharose CL-2B,

C. CARTILAGE PROTEOGLYCAN

An extract of cartilage proteoglycan can be separated into three
fractions by molecular sieve chromatography. The fraction of highest
molecular size elutes at the column void volume and has been identi-
fied as an aggregate of hundreds of proteoglycan monomers with high-
molecular-weight HA (Hardingham and Muir, 1972; Hascall and
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Heinegard, 1974). The intermediate molecular size fraction elutes in
the included volume and is generally believed to be composed of unag-
gregated proteoglycan monomers. The fraction of lowest molecular size
is also an unaggregated monomer; however, its occurrence and chem-
ical composition are not unique to cartilage, and it has been designated
as a ubiquitous monomer (Levitt and Dorfman, 1973; Palmoski and
Goetinck, 1972). The ubiquitous monomer occurs in very low con-
centration, typically 5% of a cartilage extract (Nathanson, 1983b); ex-
perimental analysis is difficult and little evidence is available concern-
ing its structure. However, data from this investigator’s laboratory
have shown that the ubiquitous monomer may resemble proteoglycans
of the cartilage type. To avoid confusion among proteoglycans, this
material will be referred to as “low molecular size.”

Embryonic sternal cartilage served as a control for these studies.
This cartilage contained (1) proteoglycan aggregate, which eluted at
the column void volume and comprised 15% of total proteoglycan, (2)
proteoglycan monomer, which eluted in the included volume, and (3)
material of lower molecular size, which contained greater amounts of a
glucosamine label than a sulfate label (i.e., GAG-S poor). Cultures
grown in CMRL-1066 produced the greatest amounts of proteoglycan
aggregate, as expected. Cultures grown in MEM produced proteogly-
can aggregate in amounts intermediate between those grown in
CMRL-1066 and F-12. However, cultures grown in both MEM and
F-12 incorporated less glucosamine than sulfate into this proteoglycan.
In MEM, labeled glucosamine that would be expected to appear in the
aggregate fraction appeared to comigrate with material of lower mo-
lecular size. These data establish that less high-molecular-weight HA
is elicited in MEM than in other media and support the hypothesis that
environmental factors impact upon the differentiation of cartilage.

The initial observation that decreases in HA synthesis correlate
with chondrogenesis must now be reinterpreted. It is clear that de-
creases in low-molecular-weight HA favor chondrogenesis. But, how
does this explain the data with medium F-12? Proteoglycan profiles
from F-12 based cultures were quite similar to those of CMRL-1066,
with only small amounts of proteoglycan aggregate and no apparent
increase in “low-molecular-size” proteoglycan. This divergent altera-
tion appears to be related to decreased uptake of the [3Hlglucosamine
precursor. Thus, environmental factors may exhibit pleiotropic effects
upon cellular metabolism.

Proteoglycan synthesis was investigated further at prechondrogen-
ic (6 days in vitro) and postchondrogenic (6—12 days) stages using
standard culture conditions in medium CMRL-1066 (Nathanson,
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1983b). The data demonstrated that cultures on bone matrix contained
cartilage-typical proteoglycan monomer as early as 5 days (Fig. 9).
Approximately 65% of the GAG-S occurred as monomer and 5% as
aggregate. However, 12-day cultures contained no greater amounts of
GAG:-S in either proteoglycan pool. This finding contrasts markedly
with the expectation that a more extensive extracellular matrix, which
histologically separates 12- from 5-day samples, would contain greater
amounts of proteoglycan aggregate. Proteoglycan of authentic rat car-
tilage incorporates 15% of a sulfate label into aggregate. Perhaps ag-
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s ;

6 5-DAY EXPLANT

20
/‘\\ ‘
/
- / \

% 6-DAY EXPLANT / \ dis =
= b / =3
= / \ =
& - Hl ‘\ o’.
o /_/ ~=/ \\ ﬂ 10 =
2 Vel y -
£ -~ ' |
’ |‘ |
[ g \ ~os ¢

20

15

0 0.2 04 06 0.8 10
MOBILITY (K gy}

Fic. 9. Sepharose CL-2B chromatogram of proteoglycans extracted from the source
skeletal muscle and cultures on bone matrix. Proteoglycan monomer (arrow at K, of
0.34) was present prior to chondrogenesis. However, proteoglycan aggregate (eluting at
K, of 0) was present in only low amounts until later stages (note increased amounts of
sulfate label at K, of 0 at 12 days). (From Nathanson, 1983c.)
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gregation of monomer with HA is not well advanced, even in 12-day
cultures. Figure 9 shows that glucosamine-labeled material occurs at
the position of monomer and in material of low molecular size. Fur-
ther, the label never comprises a significant proportion of void volume
material. Here again the data suggest that in vitro samples are limited
in their ability to aggregate by the availability of high-molecular-
weight HA. When HA was added to identical proteoglycan samples,
33% of the GAG-S appeared at the void volume. While the lack of HA
synthesis is presently not understood, bone matrix clearly elicits the
rapid and de novo synthesis of cartilage extracellular matrix compo-
nents from a nonchondrogenic source tissue. Analyses of GAG-S chain
length and chemical composition have shown that the proteoglycan is
chemically indistinguishable from that of authentic cartilage.

The existence of a large pool of low-molecular-size proteoglycan
deserves further comment. These fractions, isolated by guanidine ex-
traction of freshly isolated embryonic skeletal muscle, are composed of
species which label primarily with [3H]glucosamine. This observation
and their small size correlate with the occurrence of glycopeptides
rather than proteoglycan. However, after 12 days in culture on a col-
lagen gel, GAG-S comprises one-half to one-third of its total sulfate
label and the GAG-S is composed primarily of chondroitin 6-sulfate;
this environmentally induced change appears to be an enhancement of
previous biosyntheses. On bone matrix, GAG-S of low-molecular-size
material is chondroitin 4-sulfate, and increasing proportions bind to
HA between 5 and 12 days. Thus, the stimulus to form cartilage af-
fects all classes of GAG-S-containing material. It is likely that the
aggregating low-molecular-size material is a small proteoglycan and
responsible for a portion of the heterogeneity of newly differentiating
proteoglycans. Heterogeneity may reflect a functional change in the
extracellular matrix from one which mediated cell attachment to one
of a supportive role.

VI. Origin of the Stimulus to Form Cartilage

The data presented above demonstrate that bone matrix clearly
elicits formation of cartilage from a nonchondrogenic source tissue. It
is appropriate to consider whether bone matrix contains a discrete
factor which “induces” cartilage or whether it merely provides a mi-
croenvironment which favors secretion of extracellular matrix. A
large body of data from the laboratory of Urist and colleagues sug-
gested that bone matrix contains a diffusible substance responsible for
the “activity” of bone matrix. The data were based largely upon trans-
filter experiments, in which bone matrix was implanted in vivo in a



Fia. 10. Reconstitution of chondrogenic activity of bone matrix. (A) Bone matrix (M)
can be inactivated by treatment with 6.0 M guanidine hydrochloride. (B} Alcoholic
precipitation of guanidine extracts of bone matrix results in complete restoration of
activity. (C) Precipitation of guanidine extracts on gels of type I collagen converts a
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diffusion chamber. Under these conditions, adjacent host skeletal
muscle formed regions of new bone (Nogami and Urist, 1975; Urist et
al., 1977). More recent data from a number of laboratories showed that
guanidine extraction of bone matrix results in an inactive, residual,
collagenous matrix and a complex extract, which retains the ability to
elicit cartilage and bone when reconstituted with its residue or pre-
sented in an insoluble form (Takaoka et al., 1981; Sampath and Reddi,
1981; Urist et al., 1982; Mizutani and Urist, 1982; Yoshikawa et al.,
1984). A number of extracellular glycoproteins such as chondronectin,
laminin, and fibronectin have been shown to mediate chondrogenesis
or interactions between cells and a collagenous extracellular matrix
(see Hay, 1983). Thus, it is equally likely that components of the ex-
tract mediate attachment to collagen and that this novel environment
leads, via a presently unknown mechanism, to chondrogenesis.

Interactions between skeletal muscle, bone matrix, and the well-
characterized glycoproteins listed above were tested by adding them to
the growth medium of skeletal muscle in the standard in vitro system.
At a concentration of 40 pug/ml, no effect of any glycoprotein was noted,
irrespective of the presence of bone matrix or its substitution with a
collagen gel (M. A. Nathanson, unpublished data). Further, identical
concentrations of their corresponding antibodies were also without ef-
fect. If a guanidine extract acts in a similar fashion, its activity is not
additive and it appears immunologically distinct from chondronectin,
laminin, and fibronectin.

Perhaps, guanidine extracts do not bind to the collagen of cartilage
extracellular matrix. Several laboratories have shown that extractable
components of bone matrix are able to elicit sulfate incorporation into
GAG-S and immunoreactive cartilage proteoglycan when the extract
is simply added to a culture medium (Seyedin et al., 1983; Sato and
Urist, 1984; Styftestad and Caplan, 1984). In this fashion, the extract
may act as a novel growth factor (see Urist et al., 1983, for a discussion
of growth factors). Additional experiments with collaborators T. K.
Sampath and A. H. Reddi of the National Institutes of Health were
designed to test the ability of soluble extracts to elicit chondrogenesis
(Sampath et al., 1984). In the in vitro assay, the chondrogenic activity
of bone matrix residue could be completely restored by precipitation of
the guanidine extracts upon the residue (Fig. 10A and B). Fractiona-
tion of the extract by molecular sieve chromatography resulted in four

previously negative control substratum (G, collagen gel) into one with chondrogenic
activity. The data suggest that the “activity” of bone matrix is separable from and
unrelated to the presence of bone collagen. (From Sampath ef al., 1984.) (A) x320; (B)
Xx260; (C) x320.
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fractions, with activity residing in the last peak (peak IV; Sampath
and Reddi, 1983). Precipitation of peak IV upon the residue appeared
equally as effective in restoring activity. Activity in the present con-
text was defined as the ability to elicit cartilage in sectioned and
stained material. These results confirm and extend the data of pre-
vious reports.

In order for the extracted material to be a removable activity, it is
also necessary to show that it is active in the absence of the residue.
Thus, guanidine extracts were precipitated directly upon a control sub-
stratum of type I collagen. Under these conditions, the extract was
capable of eliciting chondrogenesis (Fig. 10C), although we were un-
able to duplicate the data with Sepharose-fractionated material. In
addition to a histological demonstration of chondrogenesis, the recon-
stituted collagen gels were shown to contain proteoglycan which had
the chromatographic profile of cartilage extracellular matrix.

VH. Conclusions

Bone matrix has been shown to be a vehicle for the transmission of
a factor or factors which cause nonchondrogenic cells to apparently
transform into chondrocytes, “Transformation” is not used in the clas-
sic microbiological sense in that bone matrix appears not to impart
genetic information. Rather, it appears to activate genes which are
present, but not expressed. The observation that all cell types are not
responsive (i.e., ectoderm and endoderm) is consistent with this view.

A more rigorous definition of the observed effect is that responsive
cells “differentiate” into chondrocytes. But here again the term is not
used in the classical sense, insofar as a diverse array of respondent cell
types (cells derived from somatopleure, splanchnopleure, and somite)
are previously differentiated. This poses a dilemma; reference to the
mode of action of the signal may be of use in its resolution. Extracts of
demineralized bone contain a material with the chemical properties of
a glycoprotein, although final characterization must await further pu-
rification of extracted material. The extracts “stabilize” a response
(synthesis of GAG-S) which appears to be nonspecific, even though the
source tissue is differentiated to the extent that it will never form
cartilage in the absence of extract. Stabilization, then, reflects the
acquisition of histological and/or biochemical characteristics which
indicate differentiation of the tissue. In the final analysis it is clear
that responsive cells do not actually transform, and they may be dif-
ferentiated long prior to the application of a signal to change their
phenotype. The most appropriate definition of their response is that
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they have continued to differentiate within constraints imposed by an
early and generalized primary stimulus.
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l. Introduction

Cell differentiation involves the process by which progenitor cells
having a common genotype give rise to a spectrum of cells with differ-
ent morphological and biochemical properties that characterize the
fully developed organism (Jacob and Monod, 1963). Once the cells are
fully differentiated they acquire the ability to synthesize specific pro-
teins and perform specialized functions. It is generally believed that
cell differentiation is accomplished through the differential recruit-
ment of genes and the expression of their products, since nuclei of all
the cells in a multicellular organism possess the same complement of
genes as the fertilized ovum (Schmid and Alder, 1984). Although ear-
lier investigators (Grobstein, 1959) postulated that the process of dif-
ferentiation is an irreversible phenomenon, recent evidence strongly
suggests that fully differentiated cells can, with the proper stimulus,
change their commitment and convert into an entirely different phe-
notype. The process of conversion of one differentiated cell type into a
totally different cell type is termed “transdifferentiation” or “meta-
plasia” (Okada, 1980). Classical examples of transdifferentiation in-
clude conversion of pigmented epithelial cells of iris into lens in the
newt, fish, and human fetal eye tissue (Yamada, 1982; Eguchi et al.,
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1981; Yasuda et al., 1978) and conversion of connective tissue or mus-
cle into cartilage (Reddi and Huggins, 1975; Nathanson, this volume).
A more frequently encountered example of in vivo transdifferentiation
is the squamous metaplasia affecting the lining epithelium of mucous
glands or that of the major branches of the respiratory tree which
undergo squamous change in response to protracted physical or chem-
ical injury (DiBerardino et al., 1984). An unusual type of in vivo trans-
differentiation in the pancreas of adult Syrian golden hamsters, lead-
ing to the emergence of cells resembling normal hepatocytes, was first
described by Rao and Scarpelli (1980). These cells possess the charac-
teristic morphology of liver cells and contain glycogen and albumin
(Scarpelli and Rao, 1981). Rao and co-workers (1982) have shown that
the hepatocyte-like cells induced in hamster pancreas also respond to
the peroxisome proliferators by synthesis of peroxisomal enzymes and
proliferation of peroxisomes. Further, these cells regenerate following
partial hepatectomy and respond to phenobarbital by augmented syn-
thesis of arylhydrocarbon hydroxylase and proliferation of smooth en-
doplasmic reticulum as do normal hepatocytes (Rao et al., 1983).

The presence of hepatocyte-like cells in rat pancreas was first noted
by Lalwani et al. (1981) in a rat treated with Wy 14643, i.e., [4-chlo-
ro-6-(2,3-xylidine)-2-pyrimidinylthiolacetic acid, a peroxisome pro-
liferator. Recently, we observed that ciprofibrate, i.e., 2-[4-(2,2-di-
chlorocyclopropyl)phenoxy]2-methylpropionic acid, another perox-
isome proliferator, also induces the development of hepatocytes in the
pancreas of adult male rats (Reddy et al., 1984). During the course of
these studies, it was found that hepatocytes were induced in the pan-
creas of all rats during reversal of experimentally induced copper-
depleted pancreatic acinar cell atrophy, following 4-hydroxyamino-
quinoline 1-oxide injection (Rao et al., 1985a). In this chapter, we brief-
ly review the model of hepatocyte conversion in rat pancreas and pre-
sent morphological and some functional aspects of these cells.

Il. Induction of Pancreatic Hepatocytes in Rats

The induction of hepatocytes in the pancreas of adult rats has been
achieved by using the following experimental procedures.

A. CIPROFIBRATE MODEL

Transdifferentiated hepatocytes in the pancreas were observed in
rats fed ciprofibrate, a peroxisome proliferator (Reddy et al., 1984).

Fic. 1. An island of hepatocytes (HC) in the pancreas of a male rat fed ciprofibrate for
60 weeks. The hepatocytes, each with a prominent central nucleus and large eosinophilic
cytoplasm, are surrounded by exocrine acinar (AC) tissue. Hematoxylin—eosin. x211.



Fic. 2. Pancreas of a rat at 15 weeks of recovery from copper depletion. Atrophy of
exocrine acinar tissue and fatty infiltration are prominent. The transdifferentiated
hepatocytes (HC) form a two-to five-cell-layer-thick collar around an islet of Langerhans.
Hematoxylin—eosin. x182.
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When ciprofibrate was added to the diet at a dosage of 10 mg/kg body
weight, ~25% of the rats developed one or several foci of hepatocytes
in the pancreas at 60 weeks (Fig. 1). The induced hepatocytes persisted
in animals that were killed 12 weeks after the withdrawal of drug at
60 weeks. The hepatocytes were usually localized adjacent to islets of
Langerhans with extensions into the surrounding acinar tissue. Un-
like in the copper depletion—repletion model (see below), the remain-
ing pancreas showed no evidence of acinar atrophy or fatty infiltra-
tion. The islands of hepatocytes in the pancreas can be easily identified
by examination, under the dissecting microscope, of glutaraldehyde-
fixed tissues incubated in alkaline 3,3'-diaminobenzidine (DAB) medi-
um (Reddy et al., 1984).

B. CopreER DeEPLETION—REPLETION MODEL

In the copper depletion—repletion model of hepatocyte trans-
differentiation (Rao et al., 1985a), male rats were placed on a copper-
deficient diet for 10 weeks, 22 weeks after a single iv injection of 4-
hydroxyaminoquinoline 1l-oxide (4-HAQQ). The surviving rats were
then placed on a normal diet. Groups of rats were sacrificed at 3-week
intervals following their return to the normal diet for a subsequent 18-
week period. The pancreas showed a marked loss of acinar tissue and
severe fatty infiltration. Pancreata of all rats killed at 6 weeks or later
during repletion contained at least several foci of hepatocytes (Fig. 2).
At 6 weeks only a few foci of hepatocytes were present; however, the
number and size of the foci increased with time. No hepatocytes were
present in the pancreas of rats treated with 4-HAQO alone. A detailed
characterization of this model may elucidate the role of copper defi-
ciency in the development of pancreatic hepatocytes. Recent evidence
clearly demonstrates that a simple copper depletion and repletion,
without 4-HAQQO administration, results in the induction of
hepatocytes in rat pancreas (Rao ef al., 1986).

lll. Morphology of Pancreatic Hepatocytes

The hepatocytes observed in the pancreas of rats fed ciprofibrate or
seen during recovery from copper depletion are morphologically indis-
tinguishable from hepatic hepatocytes. They are usually arranged in
groups of a few cells to several cells (Figs. 1 and 2). No obvious single
cell trabecular pattern, such as that seen in adult rat liver, is discern-
ible. The hepatocytes are polyhedral and measure about 30-35 pm in
diameter. These cells display a centrally located round nucleus con-
taining a prominent nucleolus. The cytoplasm is eosinophilic and
finely granular. The majority of the hepatocytes stain strongly positive
with the periodic acid—Schiff (PAS) stain for glycogen (Fig. 3). These
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Fic. 3. Hepatocytes in the rat pancreas (arrows) are intensely stained by the periodic
acid—Schiff (PAS) stain, whereas the endocrine cells (EC) and acinar cells (AC) are
negative. Hematoxylin—eosin—PAS stain. x198.

FiG. 4. Indirect immunofluorescence microscopy with antibody against albumin of rat
pancreas at 15 weeks of recovery from copper depletion. Clusters of transdifferentiated
hepatocytes show positive staining for albumin. X139.



Fic. 5. Rat pancreas with transdifferentiated hepatocytes (HC). The animal was
killed 12 weeks after the discontinuation of ciprofibrate treatment. The induced phe-
notype appears irreversible. The tissue was incubated in alkaline 3,3'-diaminobenzidine
medium for the cytochemical localization of peroxisomal catalase. EC, Endocrine cell.
Peroxisomes (P) reveal positive reaction product.
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cells also contain albumin, as shown by strong immunofluorescence
staining with anti-albumin antibodies (Fig. 4). Peroxisomal catalase is
also demonstrable in these hepatocytes. Pancreatic secretory proteins,
such as a-amylase and carboxypeptidase A, are not detectable in pan-
creatic hepatocytes by indirect immunofluorescence, whereas the adja-
cent acinar cells yield an intensely positive immunofluorescence
staining.

By electron microscopy, the pancreatic hepatocytes show all the
morphologic features characteristic of adult rat liver parenchymal
cells. The nuclei contain evenly dispersed heterochromatin with a
prominent centrally placed nucleolus. The cytoplasm contains short
stacks of rough endoplasmic reticulum, a prominent Golgi complex,
vesicles of smooth endoplasmic reticulum, many oval to round mito-
chondria, glycogen particles, lysosomes, and peroxisomes with the
characteristic rat hepatocyte-specific nucleoids (Fig. 5). Well-devel-
oped bile canaliculi, with projections of microvilli, are seen between
adjacent hepatocytes; the remaining intercellular surface is smooth
without any complex cytoplasmic projections. However, the plas-
malemmal surface exposed to vascular spaces has multiple microvilli.
Between some vascular spaces and hepatocytes a prominent basement
membrane is visible, while in others no basement membrane is noted.

Kupffer cells and other nonparenchymal cells of the liver such as
Ito cells are not observed in the foci of pancreatic hepatocytes.

IV. Induction of Peroxisome Proliferation in Pancreatic Hepatocytes

Administration of peroxisome proliferators, a group of structurally
unrelated xenobiotics, to rodents results in marked hepatomegaly, pro-
liferation of peroxisomes, induction of peroxisome-associated enzymes,
such as catalase, fatty acid B-oxidation enzymes, and carnitine acetyl
transferase, and hepatocellular carcinomas (Reddy et al., 1980, 19823;
Reddy and Lalwani, 1983). Since the induction of peroxisome prolifera-
tion is a tissue-specific phenomenon (Reddy and Lalwani, 1983; Rao et
al., 1984Db), it appeared particularly relevant to assess the ability of
pancreatic hepatocytes to recognize and respond to a peroxisome pro-
liferator. Administration of ciprofibrate to rats containing pancreatic
hepatocytes resulted in a 9-fold increase in the volume density of per-
oxisomes in pancreatic hepatocytes (Fig. 6). After discontinuation of
ciprofibrate feeding the peroxisome volume density returned to normal
level. Peroxisomes in pancreatic hepatocytes showed typical crystal-
loid nucleoids (inset, Fig. 6), characteristic of peroxisomes of
hepatocytes of rat liver. Immunofluorescence staining with appropri-
ate antibodies showed intense staining for catalase and peroxisomal
enoyl-CoA hydratase (Fig. 7), signifying specific induction of perox-
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isome-associated enzymes. Rao et al. (1982) have previously demon-
strated that pancreatic hepatocytes in hamsters also respond to the
peroxisome-proliferative effect of methyl clofenapate. Pancreatic
hepatocytes in rats continuously maintained on a ciprofibrate-contain-
ing diet (60 weeks) revealed an excessive amount of lipofuscin (Fig. 6)
together with a significant increase in the volume density of perox-
isomes, similar to that observed in the hepatocytes of liver of rats after
chronic peroxisome proliferator treatment (Reddy et al., 1982b).

V. Stability of Pancreatic Hepatocytes

Once the pancreatic hepatocytes develop, the resulting phenotype
appears to be permanent and does not revert back to pancreatic cells.
In experiments in which pancreatic hepatocytes were induced by
ciprofibrate, the number and size of hepatic foci in pancreas persisted
even after 12 weeks of drug withdrawl. Similarly, in the copper deple-
tion—reversal model, hepatocytes in the pancreas emerge as early as 6
weeks after the rats are placed on a normal diet, and these hepatic foci
continue to increase in number and size for up to several weeks. Based
on these observations, it is reasonable to assume that the induced
pancreatic hepatocytes in the rat are stable and apparently retain the
induced phenotype indefinitely. However, lifelong animal studies are
required to corroborate this assumption. In the hamster pancreas, the
hepatocytes developed as early as 3 weeks after a single injection of V-
nitrosobis(2-oxopropyl)amine during pancreatic regeneration and per-
sisted up to 50 weeks (Scarpelli and Rao, 1981; M. S. Rao, unpublished
results).

VI. Histogenesis of Pancreatic Hepatocytes

Transformation of one cell type to another type, although it seems
to be a rare event, is a well-established phenomenon. The question
whether the second cell type is arising from a stem cell or from a well-
differentiated stable cell is not satisfactorily answered. The cells in a
multicellular organism are divided into three types: “labile,” “stable,”
and “permanent” cells, depending on their regenerative capacity. In
organs such as gastrointestinal tract, bronchus, bone marrow, where
stem cells have been demonstrated, it may be argued that a trans-
differentiated cell may arise from a stem cell although “true” cellular

Fi1G. 6. Pancreatic hepatocyte in a rat fed ciprofibrate for 60 weeks. Note the presence
of numerous peroxisomes (P) and accumulation of lipofuscin (LF) in these hepatocytes.
The presence of lipofuscin in these cells reflects possible oxidative stress resulting from
sustained proliferation of peroxisomes and the induction of HyOg-generating perox-
isomal enzyme(s). EC, Endocrine cell.
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Fic. 7. Pancreatic hepatocytes induced by copper depletion—repletion protocol. Indi-
rect immunofluorescence localization of peroxisome proliferation-associated 80,000-MW
polypeptide (peroxisomal enoyl-CoA hydratase—dehydrogenase, the bifunctional en-
zyme of the peroxisomal fatty acid B-oxidation system) in the pancreatic hepatocytes of a
rat fed ciprofibrate for 4 weeks to induce peroxisome proliferation. The intense fluores-
cence is localized exclusively to the hepatocyte cytoplasm. x260.
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transdifferentiation is generally envisioned as a direct conversion of
cell types that are well differentiated (Okada, 1983). In an organ such
as the pancreas which consists of only well-differentiated stable cells
that undergo cell division only after experimental manipulation
(Fitzgerald et al., 1968; Reddy et al., 1975; Longnecker et al., 1975;
Scarpelli et al., 1981; McGuinness et al., 1984) and which apparently
lacks stem cells (Leblond, 1964), it is conceivable that hepatocytes
arise as a result of conversion of one of the component differentiated
cell types, i.e., acinar cells, centroacinar cells, ducts cells, or endocrine
cells. Alternatively, the hepatocytes may be derived from a change in
commitment of a rarely observed intermediate cell (Melmed et al.,
1972) or of a stem cell, as yet unidentified, in this organ. Whether the
pancreatic hepatocytes arise from a differentiated cell or from an un-
differentiated cell type, it is appropriate to consider this phenomenon
as an example of transdifferentiation since the pancreatic rudiments
never differentiate into hepatocytes during development (Rutter et al.,
1973). Intermediate cells in the pancreas are characterized by the pres-
ence of features of both the acinar cells and different types of islet cells.
The intermediate cells have been identified in normal pancreas of dif-
ferent species (Melmed et al., 1972). Rat pancreatic hepatocytes in-
duced by ciprofibrate (Reddy et al., 1984) are commonly seen in associa-
tion with islets. Transmission electron microsccpic examination
reveals cell junctions between the hepatocytes and islet cells (Fig. 8).
Some of the cells around the islets show transitional forms displaying
features of both hepatocytes and acinar/endocrine cells (Fig. 9). The
identifying marker for hepatocytes is the presence of peroxisomes with
hepatocyte-specific urate oxidase-containing crystalloid nucleoids {(in-
set, Fig. 9). In these transitional cells the matrix of peroxisomes yields
a positive reaction for catalase when incubated in alkaline DAB
cytochemical medium, whereas zymogen granules and islet cell gran-
ules are nonreactive. In addition, the immunochemical labeling for the
hepatocyte-specific mitochondrial protein, carbamoyl-phosphate syn-
thetase (ammonia), revealed specific labeling of some mitochondria in
transitional cells (Fig. 10), suggesting that these cells contain hepato-
cyte-specific mitochondria (Rao et al., 1985b). Carbamoyl-phosphate
synthetase is a liver-specific protein that is localized strictly in the
mitochondria of hepatic parenchymal cells (Clarke, 1976; Bendayan
and Shore, 1982; Gaasbeek-Janzen et al., 1984). The presence of liver
cell markers in cells with transitional cell features provides a strong

Fic. 8. Portion of a rat pancreatic hepatocyte (HC) with numerous peroxisomes (P)
and in contact with endocrine cells (EC). Note the presence of cell junctions (arrows)
between a transdifferentiated hepatocyte and endocrine cells.



74 M. SAMBASIVA RAO ET AL.




4. TRANSDIFFERENTIATED HEPATOCYTES IN THE RAT 75

indication that acinar/intermediate cells are precursor cells for
hepatocytes.

If the intermediate cell is the precursor for hepatocyte conversion
in rat pancreas, the transdifferentiation from intermediate cell to hep-
atocyte could be a single-step process (i.e., it is direct and proceeds
without an intervening cell cycle) (Fig. 11). However, the origin of
intermediate cells is controversial. Becker et al. (1978) suggested that
the intermediate cells result from abnormal differentiation of endo-
crine cells, whereas Kobayashi (1966) hypothesized that these cells
result from cell fusion during fetal development. Melmed (1979) postu-
lated that the “mass of exocrine pancreatic tissue contains an endo-
crine potentiality.” In a recent study, Cossel et al. (1983) have observed
intermediate cells (acinar A cell type) in diabetic patients and con-
cluded that these cells are derived from acinar cells. It is conceivable
that intermediate cells with exocrine and endocrine potential can arise
either from cell division involving a putative stem cell or from cell
division with the possible instability or destabilization of transcrip-
tional controls of a fully differentiated pancreatic cell such as an
acinar cell (Fig. 11). This multistep process involving DNA replication,
intermediate cell formation, and transdifferentiation into hepatocytes
may be operating in the adult rat pancreas during recovery from se-
vere atrophy of exocrine acinar tissue resulting from copper deficiency.
Additional studies are needed to determine whether the process of
hepatocyte transdifferentiation involves a single step or multiple ones.
Evidence indicates that the transdifferentiated hepatocytes are capa-
ble of undergoing cell division, thereby leading to the expansion in size
of hepatic foci in the pancreas. Accordingly, the number of hepatocyte
foci may depend upon a one-to-one conversion of a pancreatic cell (e.g.,
intermediate cell) into a hepatocyte, but an increase in the size of foci
requires cell division of transdifferentiated hepatocytes.

In hamster pancreas the origin of hepatocytes is considered to be

Fi1c. 9. Transitional cell with features of hepatocyte and pancreatic acinar cell. Per-
oxisomes (P) reveal the 3,3'-diaminobenzidine reaction product indicative of catalase.
This cell also shows zymogen granules (Z) and endocrine granules (E). The round mito-
chondria represent the hepatic mitochondria (HM) and elongated ones represent acinar
cell mitochondria (AM). Some of the acinar cell mitochondria are degraded (arrowhead).
Inset shows the urate oxidase-containing crystalloid nucleoids that are specific for per-
oxisomes of rat liver.

Fic. 10. Protein A—gold immunocytochemical procedure using the antibodies against
carbamoyl-phosphate synthetase (ammonia), showing the localization of this enzyme
(gold particles) in round to oval hepatocyte-type mitochondria (HM). The adjacent elon-
gated mitochondria (AM) lack the gold particles, indicating that they are of pancreatic
type. These features strongly indicate the “switching on” of dormant hepatocyte-specific
genes and “switching off” of pancreatic genes in these transitional cells.
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FiG. 11. Schematic drawing with suggested pathways of hepatocyte transdifferentia-
tion in the rat pancreas. The conversion may be direct, requiring only a single step
without the necessity of DNA replication, if there is a substantial pool of “intermediate
cells” in the pancreas. The second, and most likely, possibility is that intermediate or
transitional cells are formed as a result of DNA replication involving a “pluripotential”
stem cell or a mature cell such as an acinar cell. Such intermediate cells as a result of
destabilization of transcriptional controls could become transitional cells and thus give
rise to hepatocytes. The expansion of hepatocyte colonies is the result of cell division of
transdifferentiated hepatocytes.

from acinar cells (Scarpelli and Rao, 1981) for two reasons: (1) the
carcinogen N-nitrosobis(2-oxopropyllamine was administered when
acinar cells are in the DNA-replicative phase, at which stage they are
most susceptible to heritable changes (Holtzer et al., 1972); and (2)
when acinar cell atrophy of the gastric segment of the pancreas was
induced by ligation of the duct draining that segment, hepatocytes
developed only in the splenic segments and duodenal, i.e., nonligated,
segments in which acinar cells were intact (Scarpelli and Rao, 1984).
Transitional cells showing hepatocyte and pancreatic acinar or endo-
crine elements have not yet been identified in the hamster pancreas
(Scarpelli et al., 1984).

VIl. Concluding Remarks

These studies clearly show that a specialized exocrine pancreatic
cell can transform into a different phenotypic cell, i.e., the hepatocyte.
Although in an adult animal the pancreatic and liver cells are fune-
tionally and morphologically different, both organs arise from gut
endoderm, thus sharing a common ancestry. Under proper conditions
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repressed liver-specific genes in pancreatic cells are probably de-
repressed. The way in which such dormant genes are activated is not
clear. Although some carcinogens such as N-methyl-N-nitroso-
guanidine were shown to induce transdifferentiation (Tsonis and
Eguchi, 1981; Clayton and Patek, 1981), the possibility that 4-HAQO-
induced genetic alterations may lead to hepatocyte conversion, when
subjected to the added stress of copper depletion and repletion, can be
excluded in view of the recent observation that a simple copper deple-
tion—repletion regimen can lead to the development of pancreatic
hepatocytes (Rao et al., 1986). As pointed out by DiBernardino et al.
(1984), the stability of a differentiated cell could be due to various
molecular mechanisms, such as DNA methylation, chromatin struc-
ture, DNA protein interactions, and DNA rearrangements. Modifica-
tion of any of these could initiate transdifferentiation. Further studies
are required to evaluate the mechanism(s) involved in the induction of
pancreatic hepatocytes. By utilizing a variety of molecular techniques
it is possible to analyze the control mechanisms of tissue-specific gene
regulation in pancreatic hepatocytes. Studies with transdifferentiated
hepatocytes may be expected to yield considerable new information
about the mechanism(s) of cell differentiation and the attendant tran-
scriptional controls.
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1. Introduction

Chromatophores are specialized cells for animal coloration. These
cells are of neural crest origin, and the precursor cells of the chro-
matophores (chromatoblasts) migrate to various regions of the body
surface and differentiate there to form characteristic pigment gran-
ules. Further, the chromatophores change the morphology and intra-
cellular distribution of the pigment granules, a process corresponding
to the background adaptation of lower vertebrates. Thus, the ca-
pabilities of changing cell morphology and of translocating pigment
granules are also markers of differentiation.

Three types of chromatophores are known in amphibians. Melano-
phores contain melanosomes and disperse the granules in response to
melanocyte-stimulating hormone (MSH). Iridophores, iridescent chro-
matophores, contain reflecting platelets (purine crystals) and contract
the cell body and dendrites in response to the same hormonal stimula-
tion. Xanthophores laden with pterinosomes and carotenoid vesicles
show no response to MSH (Bagnara and Hadley, 1973).

We have succeeded in the cell culture of these chromatophores (Ide,
1974, 1978; Ide and Hama, 1976) and observed that conversions from
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iridophores and xanthophores into melanophores occur during cell
proliferation.

In this chapter, we will briefly review the conversion of cultured
chromatophores of the bullfrog (Rana catesbeiana). This system is a
good example of transdifferentiation and provides a good opportunity
for further studies on the instability in cell differentiation.

Il. Stability of Cell Commitment in Cultured Melanophores

The melanophores of bullfrog tadpoles were isolated by the meth-
ods of trypsin digestion and Ficoll density gradient centrifugation and
cultured in a medium consisting of neuroretina-conditioned and di-
luted L-15 and fetal calf serum (Ide, 1973, 1974). Only chromatophores
survived and proliferated under these conditions. The melanophores
commenced cell proliferation within 3 weeks and doubled their num-
ber every 3-5 days. During the proliferation, the melanophores re-
tained the activity of melanin formation and reactivity to MSH (Ide,
1974). Recently, we have established several cell lines of melanophores
(Kondo and Ide, 1983). Some of them continued cell proliferation for
over 6 years (more than 200 passages) without loss of melanin forma-
tion activity and MSH responsiveness. Thus, it was demonstrated that
the commitment of melanophore was stable, at least under these
culture conditions.

lll. Transdifferentiation from lridophores into
Melanophores in Clonal Culture

The iridophores of bulifrog tadpoles were isolated and cultured un-
der the same conditions mentioned above. By taking serial pho-
tographs of the iridophores in clonal culture, the conversion from the
iridophores into melanophores was demonstrated (Ide and Hama,
1976). After cell proliferation, the melanized cells dispersed melanin in
response to MSH. All the proliferated iridophores converted into
melanophores, and no reverse conversion from the melanized cells into
iridescent cells was observed during further cultivation.

Initially, the iridophores were filled with a large number of reflect-
ing platelets (Fig. 1A), and neither melanosomes nor premelanosomes
were observed in the cytoplasm. No melanized structures were de-

FiG. 1. Horizontal sections of iridophores before (A and B) and after (C and D)
proliferation in vitro. (A) 1-Day culture; (B) 1-day culture, dopa reaction; (C) 45-day
culture, melanized iridophore; (D) 45-day culture in the medium containing 10% tadpole
serum; iridescent iridophore. R, Reflecting platelet; M, melanosome; P, premelanosome;
D, electron-dense granule; N, nucleus. Bar, 1 um. (D from Ide, 1984.)
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tected after dopa reaction, although a small number of small electron-
dense granules were detected (Fig. 1B). After cell proliferation, the
melanized cells were filled with melanosomes and premelanosomes
(Fig. 1C). The reflecting platelets were completely lost from the
melanized cells. Thus, transdifferentiation from differentiated irido-
phores into melanophores was demonstrated.

IV. Transdifferentiation from Xanthophores into
Melanophores in Clonal Culture

The xanthophores of bullfrog tadpoles were also isolated and
clonally cultured as above. The xanthophores also converted into
melanophores in clonal culture (Ide, 1978), and the resultant
melanophores dispersed melanin in response to MSH. As in the case of
iridophores, all the proliferated xanthophores converted into
melanophores, and the conversion was irreversible. Nonproliferated
xanthophores remained yellowish in color and unresponsive to MSH.
Although the original xanthophores were filled with pterinosomes, the
proliferated cells included a large number of melanosomes, indicating
transdifferentiation into melanophores.

V. Proliferation of Iridophores without Transdifferentiation
into Melanophores

As mentioned above, iridophores and xanthophores transdifferenti-
ate into melanophores during in vitro proliferation. However, in the
tadpole skin, there are many iridophores and xanthophores, in which
no, or very few, melanosomes were detected. At least in the case of
iridophores, we can trace cell proliferation in the tail skin in vivo,
without conversion into melanized cells (Fig. 2). Thus, it seems that
the conversion was induced in the present culture conditions.

We have attempted to identify the factor(s) in the tadpole skin in
vivo that inhibit the conversion by modifying the components of the
culture medium. First, we supplemented the culture medium with tad-
pole serum (Ide, 1984). When the iridophores were cultured in a medi-
um containing 5—20% tadpole serum, many colonies of iridescent cells
appeared that never occurred in cultures with tadpole serum-free me-
dium (Fig. 3). These cells were dendritic in shape and surrounded by
melanophores, xanthophores, and other unidentified cells of skin ori-
gin. Although it is difficult to count the iridophore number precisely,
these cells seem to proliferate actively since cells in mitosis were fre-
quently observed (Ide, 1984). These iridescent cells responded to MSH
by contracting the cell bodies, as the iridophores in vivo in the skin and
those immediately after in vitro cultivation did (Fig. 4). Thus, the
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FiG. 2. Proliferation of iridophores in tadpole tail skin. (A) Day 0. An iridophore is
indicated by the arrow. (B) Day 5. The iridaphore in (A) proliferated into four cells. (C)
Day 10. (D) Day 15. No melanization occurred in the proliferating iridophores. x49.

iridescent cells were identified as iridophores on the basis of the re-
sponsiveness to MSH stimulation.

Electron microscopic observation of the iridophores revealed the
presence of many reflecting platelets in the cytoplasm, although a
considerable number of melanosomes were also observed (Fig. 1D).
Xanthophores were frequently observed in the iridophore colony, al-
though it was difficult to count the number of xanthophores in these
mixed cultures. Further, in the xanthophores, immature pterinosomes
(Yasutomi and Hama, 1972) were predominant, suggesting the forma-
tion of pterinosomes during xanthophore proliferation (Ide, 1984).

When pure cultures of iridophores or xanthophores were prepared
at clonal cell density, they converted into melanophores even in the
presence of tadpole serum. To retain the original phenotypes of these
chromatophores, the cells must be surrounded by some unidentified
cells of skin origin. Actually, these bright-colored chromatophores al-
ways coexisted with each other and with melanophores and the other
unidentified cells (Ide, 1984). In our culture conditions without tadpole
serum, only chromatophores survive and proliferate. Thus, it is possi-
ble to consider that the tadpole serum permits the survival and pro-
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Fic. 3. A colony of iridescent iridophores, 40-day culture. At the time of planting (day
0), the culture contained two iridophores and a small number of melanophores. (A)
Reflecting light. (B) Phase contrast. Many intermingling melanophores and other cells
are observed in the iridophore colony. x149.

liferation of nonpigment cells of skin origin and then supports the
proliferation of bright-colored chromatophores without conversion
into melanophores. FT cells, a fibroblastic cell line of bullfrog tongue
(Wolf and Quimby, 1964), however, could not support the proliferation
of iridophores without conversion, although the fibroblastic cells
proliferated actively in tadpole serum-free medium.

Tadpole serum was effective for the maintenance of iridophore phe-
notypes at concentrations of 5—20%, and the effect was dose dependent.
The serum factor was nondialyzable and heat labile, suggesting a pro-
tein nature (Ide, 1984).

VI. Reflecting Platelet Formation in Cultured Melanophores

As described above, melanophores continuously form melanin dur-
ing proliferation. However, when guanosine, a precursor of platelet
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F1G. 4. Effects of a-MSH on proliferated iridescent iridophores. The iridophores were
collected with a capillary pipette from the colony after trypsinization and inoculated
onto a new dish, since dispersed melanosomes in contaminating melanophores prevented
the observation of iridophore morphology after MSH stimulation. (A) Phase contrast. (B)
Reflecting light. In C and D, the same material was used as in A, but treated with 0.1
pg/ml o-MSH for 60 minutes. The iridophores contracted the cell body. (C) Phase con-
trast. (D) Reflecting light. x191.

component, was added in the culture medium, some clones of melano-
phores formed typical reflecting platelets other than melanosomes
(Ide, 1979). These iridescent melanophores, however, showed melanin
dispersion in response to MSH stimulation, and no cell body contrac-
tion was observed. Thus, the transdifferentiation from melanophores
to iridophores is incomplete, at least in the present culture conditions.

VII. Concluding Remarks: Conversion between
Different Chromatophore Types

The possibility of chromatophore metaplasia has been repeatedly
indicated since the classical work of Niu (1954). However, due to the
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difficulty of tracing single chromatophores completely in vivo or in
explant culture, definite evidence has not been demonstrated. We have
succeeded in clearly demonstrating conversion between chromato-
phores. The commitment of iridophores and xanthophores is relatively
labile, and these cells are convertible, at least in culture conditions. As
mentioned above, original iridophores, filled with reflecting platelets,
contained no or very few melanosomes and were tyrosinase negative,
The converted cells included a large number of melanosomes and pre-
melanosomes, indicating active melanin synthesis. Thus, the switch-
ing of the pathway of pigment formation was demonstrated to occur
during the course of in vitro proliferation (Fig. 5).

Bagnara et al. (1979) proposed a model on the origin of various
pigment granules, in which they hypothesized a primordial organelle
derived from endoplasmic reticulum. This indicates that the various
pigment granules were closely related to one another. Actually, the
presence of tyrosinase activity has been suggested in amphibian
iridophores (Frost ef al., 1984) and demonstrated in amphibian xantho-
phores (Yasutomi and Hama, 1976). The problem of the presence of a
small number of tyrosinase molecules and tyrosinase mRNA in the
iridophores and xanthophores remains to be solved.

Recently, the proliferation of fish iridophores has been reported
(Yasutomi, 1984). The iridophores isolated from fry of Gambusia af-
finis proliferated in vitro without conversion into melanophores. Two
explanations for the absence of conversion in fish iridophores are possi-
ble. First, fish iridophores, which show no response to MSH, are differ-
ent from amphibian iridophores, which show cell body contraction in
response to MSH, and the commitment of fish iridophores may be sta-

SV ONNES
T T

IRIDOPHORE MELANOPHORE XANTHOPHORE

Fic. 5. Conversion between different chromatophore types in vitro. Iridophores (A)
and xanthophores (B) convert irreversibly into melanophores during proliferation in the
medium without tadpole serum. The phenotypes of melanophores are stable during
proliferation (C). In medium containing tadpole serum, the iridophores (D) and probably
the xanthophores (E) retain their original phenotypes during proliferation. Some
melanophores form reflecting platelets during the cultivation in medium containing
guanosine (F).
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ble in in vitro proliferation. Second, the fish iridophores proliferated
only in the presence of nonpigmented cells of the fry. Thus, the coexist-
ing cells may support iridophore proliferation without conversion into
melanophores, as suggested in the present study.
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I. Introduction

The pineal complex of lower vertebrates is a photoreceptive organ
known as the “median eye” that furnishes function and morphology
comparable with two lateral eyes (Eakin, 1973). In the course of phy-
logenic development, the pineal has changed its major function from
photoreceptive to endocrine. A number of pinealogists have suggested
repeatedly that photoreceptive cells in the pineal of lower vertebrates
are direct ancestors of endocrine pinealocytes of higher vertebrates
{Collin, 1971; Oksche and Hartwig, 1979).

It has been well demonstrated that nonlenticular cells of vertebrate
eyes can convert their cell types, or transdifferentiate, into lens in cell
culture conditions (reviews by Okada, 1980, 1983). Therefore, it
seemed interesting to us to examine whether pineals of higher verte-
brates still retain the potency to differentiate into their ancestral phe-
notypes, into lens and various other ocular cells, when cultured in
vitro. Qur recent results along this line indicate that pineals of higher
vertebrates are provided with an unexpectedly wide repertoire of dif-
ferentiation. This system may not only offer another interesting exam-
ple of transdifferentiation but will also give us a unique opportunity to
analyze the nature of an exogenous cue by which multipotent cells can
select a given pathway of differentiation. In this chapter, studies on
the multiplicity of differentiation of pineals will be reviewed.
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Il. “Oculopotency” in Pineal Cells

Cell components of the “median eye” in lower vertebrates are pho-
toreceptor cells, neurons, pigment cells, and lens cells (Eakin, 1973).
These cells, which are relevant to photoreceptive function, have disap-
peared or changed remarkably in their characteristics during on-
togeny and phylogeny. For example, photoreceptor cells of the median
eye in cold vertebrates have a stacked membrane structure, i.e., outer
segment, similar to the cone cells of retinae (Eakin, 1970). Rudimen-
tary photoreceptor cells observed in the pineal of early stage avian and
mammalian animals have inner segments rich in mitochondria and a
cilium associated with swirled membrane (Zimmerman and Tso, 1975).
Pinealocytes of adult avian and mammalian animals have no such
appendices (Clabough, 1973). Pinealogists have often considered that
photoreceptor cells, rudimentary photoreceptor cells, and pinealocytes
are closely related cells, and all belong to a single category known as
the photoneuroendocrine cell line (Oksche and Hartwig, 1979). No one,
however, has explained what factors evoke interspecies diversification
of this cell line and determine the different differentiation states char-
acteristic of each species and particular developmental stage.

The median eye is a vesicle pinched off from the brain wall during
embryonic development (Eakin, 1970). Lens cells constitute a part of
the vesicular wall, which faces the head skin. Lens cells of the median
eye of the American chameleon are of tall epithelium and contain
crystallins, which are usually considered to be specific proteins of lat-
eral eyes (McDevitt, 1972). Though lens cells have never been observed
in the pineal of avian and mammalian animals ir situ, its potentiality
for lens differentiation has recently been demonstrated by cell culture
experiments with avian pineal cells (Watanabe et al., 1985). Pineal
cells of 8-day-old quail embryos were cell cultured for a prolonged
period. After about 4 weeks’ cultivation, transparent cell masses were
sometimes observed (Fig. 1A), which resembled “lentoid bodies” from
cultured ocular cells (Okada, 1980). Immunological methods using spe-
cific antibodies against crystallins showed the presence of all three
classes of crystallins (a, B, and 3) in these lentoid bodies derived from
cultured pineal cells.

5-Crystallin is detected in cell cultures of avian nonlenticular cells
such as neural and pigmented retinae (Okada, 1980; Eguchi and Itoh,
1981), pineal cells (Watanabe et al., 1985), brain cells (Nomura, 1982;
Takagi et al., 1983), and limb bud cells (Kodama and Eguchi, 1982,
1983), as well as in the hypophysis in situ (Barabanov, 1977, 1982),
However, cultured brain cells of older embryos (Takagi et al., 1983)
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Fic. 1. (A) The formation of a lentoid body (L) after 30 days of cultivation of pineal
cells. (B) Some of polygonal cells were pigmented around 14 days of cultivation of pineal
cells and they resembled pigment cells of retinae of lateral eyes. Bar, 100 um.

and limb bud cells neither form lentoid bodies nor produce a- or B-
crystallins. The situation is the same in the hypophysis in situ. There-
fore, pineals are the only example of nonocular tissues that perform
lentoidogenesis accompanied by the synthesis of all three classes of
crystallins.

Pigment cells have been found in the retina of the median eye and
in the pineal of gulls (Wetzig, 1961), sheep (Jordan, 1921), cows (San-
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tamarina, 1958), and humans {(Quast, 1931). Wetzig (1961) investigat-
ed the cytology of the pineal of embryonic gulls and found that pig-
ment cells increased once in number in the embryonic life, but tended
to decrease around the time of hatching. He suggested that pigment
cells are not functional components of the pineals in the gull, but
rudimentary ones, related to the median eye of lower vertebrates. The
in situ presence of pigment cells in the pineals of 8-day-old quail em-
bryos has been discussed (K. Watanabe et al., unpublished observa-
tion). Pigmentation of pineals in these materials was observed under
stereomicroscopy at a frequency of roughly 50%. Cell cultures of
pineals with and without pigments separately revealed that both were
provided with a similar potentiality for melanogenesis under in vitro
conditions. Pigment cells differentiated in vitro were polygonal epi-
thelial cells (Fig. 1B) and similar to pigment cells found in cell
cultures of the pigmented retina.

Tyrosinase is an enzyme that hydrolyzes tyrosin to dopa and then
synthesizes melanin. Its activity is shown histochemically by applying
dopa as a substrate to the cells. After dopa reaction, all the pineals of 8-
day-old quail embryos were darkened as a result of producing dopa
melanin (unpublished data). Therefore, all pineals at this stage possess
cells containing tyrosinase, although the enzyme in about half of the
pineals is inactivated by unknown factors.

lll. Myogenic Potency in Pineal Cells

A few immature muscle fibers are very rarely observed in the in
situ pineals of several mammalians (cf. Watanabe et al., 1981). Howev-
er, a number of well-developed muscle fibers were invariably differ-
entiated from pineal cells of newborn rats when they were dissociated
and cultured (Freschi, 1979; Watanabe et al., 1981). This suggests that
the expression of myogenic cells in the pineal is more or less sup-
pressed in situ, but they can fully manifest myogenic potency if condi-
tions surrounding the cells are changed, perhaps so as to derepress the
suppressing mechanisms (Fig. 2).

Pineal cells of 8-day-old quail embryos are also able to differentiate
into muscle fibers in vitro (Fig. 3; Watanabe et al., 1984a). This infor-
mation gave us the unique chance to investigate the origin of myogenic
cells in pineal cultures and to determine the exogenous conditions
favorable for the myogenesis of pineal cells as well. Pineals in situ
consist of cells derived from two major different origins. The one is
neural epithelium, from which pineal parenchyma is developed
(Clabough, 1973; Calvo and Boya, 1978), and the other is mesoec-
toderm (neural crest) derived from the lower level of brain, which will
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Fic. 2. Skeletal muscle fibers developed in a 5-week culture of pineal cells of newborn
rats. They were multinuclear cells with regular striations. Bar, 20 pm.

form the pineal stroma (Weston, 1970). Cells derived from these two
origins are intermingled in adulthood, but are separated in the embry-
onic period. It is possible to make embryonic pineals almost free from
mesoectoderm by adequate treatment with collagenase and Dispase.
Such tissue still retained myogenic potency when dissociated and
cultured. The result shows that the neuroepithelium derived from
pineal parenchyma contains myogenic cells.

A high ionic condition of the culture medium was critical for exten-
sive myogenic differentiation of embryonic pineal cells. The standard
culture condition was a basal medium (Eagles’ MEM with several sup-
plements) under 5% CO, atmosphere. The myogenic culture condition
was a basal medium with an additional 25 mM NaCl under 12% CO,
atmosphere. To quantify the extent of myogenecity of pineal cells un-
der two different conditions, a specific antibody was raised against
skeletal muscle type creatine kinase (MM-CK) and used in enzyme-
linked immunoassay and immunohistochemistry for MM-CK. The
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F1G. 3. An electron micrograph of multinucleated muscle fibers developed in 4 weeks
of cultivation of pineal cells of quail embryos under high ionic condition. The charac-
teristics of a mature muscle fiber, such as arrayed myofilaments with Z lines, elongated
mitochondria, and an eccentric nucleus in the muscle fiber, are shown in this pho-
tograph. Bar, 2 um.

quantity of MM-CK in soluble fractions of the cultured pineal cells
remained low (about 1 ng/mg protein) up to 20 days under the stan-
dard condition, whereas it was much higher (30 ng/mg protein) under
the “myogenic” condition. MM-CK-positive cells revealed by immu-
nohistochemistry were epithelial at the early stage (Fig. 4) and
elongated at a later stage of the culture period. Differentiation of
myoblasts from pectoral muscle was not affected by the difference in
these two conditions, and myoblasts stained by immunohistochemistry
in the early stages of culturing were spindle shaped.

What types of cells are related to myogenic potency in pineals? The
rare appearance of muscle fibers in pineals in situ may suggest that
such cells are quite immature or are committed to other pathways of
differentiation. Lenon and Peterson (1979) and Wier and Lenon (1981)
reported that muscle fibers could be differentiated from a glial cell line
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Fic. 4. Pineal cells after 14 days of cultivation, immunostained for MM-CK. (A) The
appearance of positive cells in the epithelial island, which are in the initial stage of
muscle differentiation. (B) A phase micrograph of the same field as A. Bar, 100 pm.

(B9) and also from cells of optic nerve, probably glia cells. As glia cells
are also cell components of the pineal of avian and mammalian ani-
mals (Collin, 1971), these can be considered to be candidates for myo-
genic cells.

IV. Repertoire of Differentiation of Pineals

In this chapter the multipotential nature involved in the differ-
entiation of pineals has been reviewed. In the avian and mammalian
pineals, a major function of which is endocrine in normal development,
two pathways fundamentally different from the normal course seem to
be immanent when studied in cell culture. These are (1) the manifesta-
tion of oculopotency and (2) the expression of some repertoire of differ-
entiation normally belonging to neural crest. The differentiation of
pigmented epithelium as well as lentoid bodies in cultures of pineals is
an example of the first, whereas the appearance of glia-like cells and
skeletal muscle may be an example of the second pathway.

The pineal complex of lower vertebrates is a photoreceptive organ
often known as the “median eye.” The demonstration of oculopotency
in avian and mammalian pineals seems to indicate that the ancestral
potency is still retained in pineals of higher vertebrates. If so, trans-
differentiation of pineals into ocular directions provides an interesting
example of the manifestation of ancestral differentiation characters in
culture.

The differentiation of skeletal muscle, possibly via glia-like cells,
can be interpreted differently. We assume that pineals retain a devel-
opmental potentiality similar to that of the neural crest. Neural folds
are a common origin in the development of both the neural crest and
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pineals (Le Douarin, 1982; Kamer, 1949). It has now been demon-
strated that neural crest has a myogenic potency, as reviewed in
another chapter in this volume (see Chapter 8, Nakamura and Ayer-
Lievre).

It should be noted here that both pathways have hardly been ex-
pressed in a single culture plate. As stated before, the differentiation of
muscle fiber requires different culture conditions than those for ocular
differentiation. The problem of cell commitment is to ask how a partic-
ular pathway of differentiation is selected and stabilized in multipo-
tent cells. As indicated in the present case of pineals, there is little
doubt that there is an exogenous cue that leads to cell commitment and
to differential gene expressio, through cascade reactions occurring
inside cells. The present situation of studies on avian and mammalian
pineals seems to prime another promising system for understanding
the instability of cell differentiation, together with studies on the
transdifferentiation of eye tissues.
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