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Without Joe Gabel, I would not be writing a dissertation.
Joe was Chair of the Anestheéiology Department at UCLA. He
had the courage to extend his vision for the department
beyond the next fiscal reports, and his encouragement to
train as a scientist made my time at Caltech possible.
Joe’'s feistiness often overstepped the boundaries of good
judgment but his support for me never flagged, despite the
advice of his senior research people that I was meant to be
a clinician and never a bench researcher. The grace with
which he handled his last days was a surprise to me. In
our last meeting, when his death was just a few days away,
he didn’'t rail at the injustice—-He wanted to talk about
where my science was going! It really saddens me that he
is not around to celebrate and get some credit for whatever

I‘'ve managed to accomplish at Caltech.

Luckily, Joe has a successor, and at a time when academic
anesthesiology departments around the country are
crumbling, I have found a place where my colleagues believe
in the importance of my ideas and are willing to invest in
the future of those ideas. So I thank my new colleagues in
Ann Arbor, as well as my anesthesiology friends on the UCLA

liver transplant service, Drs. Gundappa Neelakanta, Michele
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Braunfeld, Randy Steadman, Michael Sopher, and Susan Chan.

I know your workload increased with my departure.

One of the good things about graduate school at Caltech is
the committee system in the Biology Division. Instead of
reading theses (or not reading them) at the 1last minute,
the committee serves as a balanced feedback mechanism. My
committee was thought-provoking and no-nonsense. Though
Scott Fraser never managed a committee meeting in real
time, I appreciated his input as well as that of the other
committee members: Drs. Jim Strauss, Paul Sternberg, and

David Baltimore.

Jim and Ellen Strauss provided an oasis for me throughout
grad school. I knew I could say anything in their office,
and I'd get a reasoned response, and usually come out
laughing. I also travelled wvicariously and enjoyed their
delicious stories about exotic destinations. Thank vyou,
Jim, for your common sense and honest approach to the

world.
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And then there 1s Ray...Dr. Ray Owen taught me that
successful scientists can actually operate by emphasizing
the good in others. He has a genius for match-making and
through Ray, I met collaborators, friends, and saw the
future of our best and brightest medical students. Ray'’s
meticulous hand-written notes in my box, his clippings of
interesting articles (both scientific and amusing) and
cartoons, and his refusal to let me pay for lunch all made
me feel incredibly special, though I know he lavishes his

care on many others.

I have had the good fortune to learn from a number of
talented scientists during short collaborations. I thank
them all for teaching me the details of their systems and
becoming friends in the process: Drs. Gabriela Hernandez-
Hoyos, Pam Eversole-Cire, Randy Walikonis, and Carol
Readhead were all superb teachers during our work together.
Part of the work with Pam Eversole-Cire, a post-doc in
Prof. Mel Simon’'s 1lab, is presented in Chapter 3.
Collaboration with Sean Morrison (then a post-doc in Prof.
David Anderson’s lab, now at the University of Michigan)
also contributed to Chapter 3. I also appreciated the

considerable, informal wisdom of post-docs in the Wold lab:
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Drs. Sonya Zabludoff, Jeong Yoon, and Brian Williams. I
thank Dr. Ron McKay at the National Institutes of Health
for hosting me in his laboratory and for introducing me to

Dr. Lorenz Studer, now an Assistant Member at Sloan-

Kettering. Ron’s skepticism and then enthusiasm were rites
of passage for me. Lorenz 1is a committed, creative
researcher and I was honored to interact with him. Our

work together constitutes Chapter 3 of this thesis, and he
also contributed to the work in Chapter 5. Lorenz and I
were assisted by Nadine Kabbani (now a grad student in
Hershey) and Sang-Hun Lee at the NIH, a post-doctoral

fellow in the McKay lab from Hanyang University in Seoul.

The work in Chapter 5 was done in collaboration with Randy
Walikonis, a post-doc in Prof. Mary Kennedy'’'s lab. Randy
isolated the hippocampal neurons necessary for this work

and produced the beautiful confocal images.

My advisor, Prof. Barbara Wold, knows more facts than I
will ever imagine, and that knowledge is both intimidating
and inspiring. I am grateful to Barbara for allowing me to
go in a direction she would not have chosen for me—It’s the

right path for me to have chosen and the right path for me
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to build on. I learned a lot from Barb, and though both of
us would probably not choose to repeat much of the last
four vyears, her scientific talents and insights will leave
a lasting impression. I particularly appreciated Barb’s
willingness to hear the “medical” interpretation of
biological literature, allowing me to integrate my new

education with my old one.

The work in Chapter 4 grew out of discussions with Prof.
John Doyle (CDS) and Mark Borisuk, Ph.D., a CDS post-doc.
The models were derived by John and Mark after discussions
based on my results in a variety of stem cell systems, some

not discussed in this work.

Thank you to Jean Walikonis for your attention to all our
experiments and for your significant input into this thesis
work, as well as the sparkle you brought into our shared
space. I was incredibly fortunate to have you as a working
partner at the end of graduate school. Jean contributed to

the work of Chapters 2, 3, and 5 of the thesis.
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To love 1is not to gaze steadfast at one another: it is to

look together in the same direction.

St. Exupery, Terres des Hommes

And especially...a million thanks to the one and only John

Doyle
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Abstract

Recent vears have witnessed an explosion in the
identification and understanding of stem cells, affording
new cellular reagents for the study of regeneration in
vitro. Traditionally, regeneration is studied in tissue
culture in which the gaseous environment surrounding the
cells contains about 20% oxygen. Cells in our bodies are
never exposed to such high levels of oxygen, well out of
normal physiologic range.‘ In this work, stem cell
regeneration in several systems was studied in traditional
20% oxygen culture and in oxygen levels more reflective of
normal physiology. These lower oxygen-cultured progenitors
behaved differently than those cultured in traditional
environments. In several stem cell systems low oxygen
significantly increased proliferation of progenitor
populations, and in central nervous system stem cells, also
decreased apoptotic death. More physiologic levels of
oxygen in culture also led to regeneration of different
daughter progeny populations with a distribution of
phenotypes distinct from that generated in 20% oxygen. For
example in CNS stem cells, a significantly greater yield of
dopaminergic and serotonergic neurons was generated in low

oxygen compared to 20% oxygen. Skeletal muscle satellite
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stem cells in high oxygen were significantly more likely to
assume an adipocyte phenotype than those cultured in low
oxygen. Furthermore, genes expressed during regeneration
in physioclogic wvs. 20% oxygen were different from each
other in timing and in abundance. These data suggest that
oxygen manipulations will Dbe wuseful to increase the
survival and expansion of progenitor populations for
research and possible transplantation, as well as for the
survival and expansion of selected regenerated progeny.
Furthermore, oxygen levels are a useful manipulation to
help isolate and identify pathways used during regeneration

and differentiation.
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“We receive most of our oxygen from the air around us, but

breathing isn’t always enough. With the new
bio-oxidative therapies you can actually generate more
oxygen in your body to achieve optimum health

and longevity.”

From Oxygen Healing Therapies-2™0 edition by Nathaniel

Altman. As featured on www.ozoneservices.com

“Until recently, the only forms of oxygen that have been
available to the public have been either highly caustic or
potentially toxic. But now, thanks to a revolutionary
technological breakthrough, science has found a way to
harness oxygen and make it available to us in a form that
is completely safe and easy to use.

LIFETRONIX OXYBUILD 1200 represents a twenty-first century
solution to the challenge of providing our cells with one
of the fundamental elements we all need for optimum health
and performance. After years of research and development,
LifeTronix i1is proud to be releasing the FIRST and ONLY
STABILIZED OXYGEN (pH balanced) SUPPLEMENT.

The effects of oxygen at the cellular level are well known
and well documented. But you don't have to take our word
for it. LIFETRONIX OXYBUILD 1200 is not only the FIRST
oxygen supplement of its kind, it is also 100%
DEMONSTRATABLE! ”

From www.uslink.net/~johnb/lifetrnx



http://www.ozoneservices.com
http://www.uslink.net/~johnb/lifetrnx

Chapter 1. Physiologic Oxygen and Stem Cells

Standard conditions for culture of mammalian cells are 37OC

in a gas mixture of 5% CO2 + 95% air. Thus temperature is
adjusted to reflect core mammalian levels, and CO2 to

reflect approximate venous concentrations, while in

striking contrast 0O levels in culture are not physiologic.
At sea level, room air contains 21% 02, and a 5% CO2 + 95%
air mix contains 20% 0. Alveolar air is 14% 03, arterial
07 1is 12%, wvenous 032 levels are 5.3%, and mean tissue
intracellular O3 concentration is 3% (Guyton and Hall,

1996) .

Stem cells are generally hard to find in adult tissue.
They are rare cells but part of the difficulty in finding
them is that we don’t know their addresses. A presumption
running throughout the stem cell literature is that these
cells home to an environment in which their quiescence is
maintained, but where signals for regeneration can be
received and processed, a specialized stem cell
microenvironment. An enormous research effort is now

devoted to understanding the hematopoietic stem cell



3

microenvironment. But what is meant by microenvironment?
Most attention has been given to stroma surrounding
hematopoietic stem cells. In fact, in animal models stroma
has been co-transplanted to increase the success of
hematopoietic bone marrow transplants (Almeida-Porada et
al., 1999). Stromal-stem cell jagged-notch pathway
interactions are recognized to be important in
hematopoietic stem cell regulation of cell cycle kinetics
an suppression of myeloid differentiation (Carlesso et al.,
1999) and stroma also selectively binds secreted proteins
for presentation to stem cells. Thus cell-cell
interactions are the “microenvironment” discussed in stem
cells biology. Even 1in review articles, inducible and
constitutive locally secreted factors, as well as matrix
proteins and surface receptors presented by stromal cells
(Torok-Storb et al., 1998) are eguated with the

microenvironment.

The in vivo gaseous microenvironment of the best
characterized stem cells (hematopoietic stem cells) 1is
given a vague nod, but has in fact been very scantily
studied. Nonetheless, these are the only stem cells for
which the consequences of changing oxygen levels have been

examined at all. Marrow presents a particular problem
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because of its bony encasement, so blood flow is often
measured, but direct measurement of oxygen in various
regions of marrow is simply quite inaccessible because of
its bony encasement. Consequently, blood flow to marrow
has often been measured but direct assessment of oxygen
levels in marrow is rarely reported in humans. In adult
humans, oxygen levels in the femoral head just below the
bony surface were measured at 63 torr (or 8.3% oxygen) and
subchondral oxygen levels were significantly lower in
patients of similar age with ostecarthritis (Kiaer et al.,
1988) . This number is in general agreement with other
studies suggesting that overall marrow oxygenation is
similar to that in jugular venous blood (Grant and Root,
1947) . In dog 1long bone medulla, oxygen was directly
measured at 23.5-27.7 .ﬁérr (3.1-3.6%) (Tondevold et al.,
1979) . Newer indirect measurements of oxygen, based on
oxygen-dependent drug binding to marrow components, suggest
that some marrow elements may normally be exposed to even
lower oxygen tensions than those cited above (Allalunis et
al., 1983, and Allalunis-Turner, 1990), and that these
regions of low oxygen tension may contain clonogenic
potential. However, the gold standard of microregional
measurement of oxygen using established Clark electrode

techniques coupled with functional assessment of
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hematopoietic stem cell potential has not been done, nor

is it likely to be feasible.

All work citing measures of marrow oxygenation concentrates
on global marrow blood flow, and not regional distribution
of blood in the marrow microenvironment. Overall, marrow
accounts for approXimately 1-2.5% of total body weight
(Donahoe et al., 1958) but receives about 2-4% of the
cardiac output (Lahtinen et al., 1982). Acute increases in

overall marrow blood flow are induced by acute anemia (Chen

et al., 1986), Dbut chronic compensated anemia, systemic
hypoxemia, or exogenous erythropoietin do mnot induce
increases in marrow flow .(Schoutens et al., 1990) .

Although there i1s a general presumption that increased
blood flow to marrow occurs in parallel to increased marrow
cellularity (Iverson, 1997), there are no hard data to

support this conclusion.

Since variations in the local gaseous environment in bone
marrow have not been directly measured, the location of
hematopoietic stem cells in marrow vis-a-vis oxygen supply
is largely a matter of conjecture from indirect data. For
example, progenitor cells that reside in compact bone,

where capillary density is less than in marrow core, are
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thought to prefer a relatively T“hypoxic” environment
(Allalunis-Turner and Chapman, 1986), but oxygen levels in
these two environments have not been directly measured and
compared. Oxygen delivery may be equivalent despite the

difference in capillary density.

It should also be noted that the normal physiologic,
protective environment of hematopoietic stem cells that
continue to carry out regeneration may be low in oxygen
compared to other sites in the body, but should not be
deemed “hypoxic” since this term denotes cellular stress.
The term “hypoxia” has led to major confusion in the
literature since it is used to denote both relatively low
levels of physiologic oxygen availability as well as to
denote true oxygen limitation. The term should be, for the
sake of clarity, limited to situations in which a lack of
oxygen initiates cellular stress responses (Murphy et al.,

1999).

Oxygen availability is a direct function of distance from
the capillary supply of oxygen-carrying erythrocytes.
(Very 1little oxygen 1is delivered 1in solute; the vast
majority 1is delivered by red <cells.) Thus, capillary

density in relation to cellular density in each organ is a
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prime determinant of the localized oxygen milieu, but
oxygen availability is also regulated by other factors.
Arterioles in some vascular beds may contribute
significantly to oxygen delivery (Torres Filho et al.,
1996) complicating the direct relationship between
capillary density and oxygen availability. Oxygen
availability and delivery are extremely complex processes
dependent on red cell spacing, viscosity, hemoglobin
concentration, other gases that bind heme proteins, and
myriad other factors. Furthermore,'both capillary density
and cellular density are dynamic processes 1in marrow.
Increased capillary density 1is initiated by 1localized
hypoxia in marrow as elsewhere. Capillaries can also
regress in normal and pathological responses. Local tissue
pH also changes as a function of distance from a capillary
source: At 10 micrometers away from a capillary with
internal pH 7.4, pH falls to about 7.25 and at 30
micrometers, pH falls to about 7.1 (Martin and Jain, 1994).
It is likely that pH and oxygen levels are tightly related
in tissue, and pH may play an independent role in
hematopoietic differentiation. In cell 1lines, erythroid
differentiation is inhibited or slowed by low pH (McAdams

et al., 1998).
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In marrow, cellular density changes dramatically with
response to physiologic stress, such as anemia (McClugage
et al., 1971), with both hematopoietic cellular
proliferation and fat proliferation. Cellular density in
part determines oxygen utilization and therefore impacts
local oxygen availability. Again, access to information
about physiologic wvariation 1in cellular density and
capillary density is limited by the bony surface. (Compare,
for example, retina in which gross capillary density is
directly visible on ophthalmoscopic examination.) So it is
not surprising that little hard evidence about the gaseous

microenvironment for hematopoietic stem cells exists.

Technical limitations are largely responsible for the lack
of information about the. gaseous environment inside bone.
Noninvasive techniques give some information, but in
general these techniques have not gained wide acceptance or
are not applicable to marrow. For example, NITP, a
nitroimidazole with a theophylline ligand, was developed to
label hypoxic fractions of tumors (Hodgkiss et al., 1991).
The drug 1is taken up by “hypoxic” cells and the
theophylline ligand can then be labelled
immunocytochemically. However, the drug is not absolutely

specific for hypoxic (stressed) cells (Levin M et al.,
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1999%). Furthermore, in normal rats, as much as 15% of the
marrow can take up this drug (Mortensen et al., 1998).
When bone marrow is infiltrated by Ileukemic cells, the
marrow environment becomes both acidic (by direct pH
measurement) and increasingly “hypoxic” as assessed by NITP
uptake. Successful treatment of the leukemia results in
recovery of hematopoietic function, indirect evidence that
stem cells in the marrow may be relatively insensitive to

low oxygen levels (Mortensen et al., 1998).

Another new technique, oxygen-dependent phosphorescence
quenching, has been better calibrated to actual high-
accuracy electrode measurements of tissue oxygen levels (Lo
et al., 1996). After injection of the phosphor probe, the
tissue of interest 1is illuminated with flashes of 1light
(630 nm) , then emitted  phosphorescence is imaged
(Vinogradov et al., 1996). Unfortunately, this technique
requires relatively transparent tissue for imaging of

oxygen profiles (Torres Filho et al., 1994).

Electron paramagnetic resonance 1is also used to measure
oxygen directly in vivo. This technology 1s based on
changes 1in spectral patterns of paramagnetic probes to.

oxygen concentration, independent of local changes in pH
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and redox status (Swartz et al., 1991). Regional
measurements of marrow oxygenation have not been published

with this technology.

Although the exact nature of the stem cell microenvironment
in bone marrow (or elsewhere) has yet to be defined, tissue
oxygen levels are 1likely to be closer to 2% than 20%
oxygen, and this order of magnitude difference is rarely

reflected in tissue culture models of stem cell

regeneration. One group with long-term clinical marrow
transplant experience estimates the marrow oxgyen
environment to vary between 1.3 to 6.6% (Smith and

Broxmeyer, 1986) and has shown that culture of cord blood

in low oxygen benefits in vitro hematopoiesis.

Hematopoietic stem cells are the only stems for which some
attempt has been made to examine the influence of Ilower
oxygen on maintenance and proliferation (see chapter 2).
Although difficult to interpret because of the variety of
culture conditions and additives, the different lineages
assayed and the exact end-points of assay, there is some
suggestion that low oxygen culturing may help to maintain
marrow repopulating ability, and therefore may be a useful

manipulation before bone marrow transplantation (Reykdal et
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al., 1999; Ivanovic et al., 2000). Cytokine regulators of
hematopoiesis may be more effective in the presence of
physiologic oxygen . in culture (vs. traditionally 20%
oxygen) (Koller et al., 1992), but cytokine inhibitors of
hematopoietic progenitor growth may also be more effective
in physiologic oxygen levels (Broxmeyer et al., 1985). The
major limitation of these and other studies demonstrating
potential beneficial effects of low oxygen culturing on
hematopoietic stem cells or progenitors is that they were
not followed up with long-term transplantation studies
(Bradley et al., 1978; Rich et al., 1982; Lu and Broxmeyer,
1985; Maeda et al., 1986; Pennathur-Das and Levitt, 1987;
Broxmeyer et al., 1990; Cipolleschi et al., 1997; Laluppa

et al., 1998).

Outside of stem cell biology, low oxygen culturing has been
used in the analysis of vasculogenesis/angiogenesis, a
process known to be significantly regulated by oxygen
levels surrounding the tissue. Yet, even when low oxygen
is used for these purposes, the controls are cultures grown
in aphysiologic, 20% oxygen (Tufro-McReddie et al., 1997).
The results presented in this thesis make a strong case for
considering the oxygen environment of in vitro disease

models more carefully. Depending on the end-points of
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analysis, cultures grown in 20% oxygen vs. mid-range
physiologic oxygen vs. hypoxic conditions are all likely to
have distinct patterns of message and protein expression
patterns as well as overtly distinct behavior. Although
not every parameter is changed by the oxygen environment,
significant proliferative, cell death, fate choice, and
gene expression pattern differences can be dramatically
affected by oxygen Ilevels. Physiologic gases, then,
deserve a basic reconsideration as part of tissue culture

models of regeneration.
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Chapter 2. A new satellite trajectory

Introduction

Satellites as stem cells. Skeletal muscle satellites are
ubiquitous but rare mononucleate cells in adult human
skeletal muscle. For many vyears, satellites were presumed
to be the only source of regenerated postnatal skeletal
muscle. Satellites were also assumed to be relatively
homogeneous cells, destined only to become skeletal muscle
when stimulated to exit their normal gquiescent state.
Satellite cells are considered stem-like, despite the

assumption of monopotentiality, because of their large

proliferative capacity, because they do not express
skeletal muscle-specific transcription factors when
quiescent (Cornelison and Wold, 1997), and because they are

thought to self-renew (Beauchamp et al., 1999).

Self-renewal can imply ©population-level mechanisms to
retain stem cell potency (a subset of stem cells is set
aside to remain in a quiescent state or to generate other
stem cells). These mechanisms of self-renewal do not
necessarily imply asymmetric division of individual stem

cells. At the population level, self-renewal implies that
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some cells are functionally reserved which have the
capacity to execute all the differentiation pathways of a
particular stem cell. At the single cell (clonal) level,
self-renewal implies asymmetric division into one daughter
identical to the original stem cell and another more

differentiated progeny.

Lessons from hematopoietic stem cells (HSC), much more
extensively studied than satellite stem cells, highlight
the difficulty in demonstrating self-renewal at either
level. HSC may Dbe heterogeneous with regard to self-
renewal while maintaining the same differentiation
potential. For HSC, functional self-renewal was
demonstrated by 1long-term marrow reconstitution after
transplantation of a single pluripotent stem cell (Osawa et
al., 1996). Asymmetric division may or may not occur in
this in vivo model. In theory HSC may first divide into
other HSC which are reserved for future regeneration; the
subsequent regeneration episodes follow the same pattern of
symmetric division succeeded by differentiation from some
pluripotent cells. Elegant time-lapse studies demonstrate
asymmetric division < of early hematopoietic progenitors
(Huang et al., 1999), but still fall short of demonstrating

asymmetric division of the HSC.



Tissue culture models for studying HSC self-renewal have
been problematic: Over time, the cells generally lose
their repopulating- capacity (van der Loo, 1995), most
likely because the environment that maintains stem cellé in
vivo cannot be completely replicated in vitro.
Considerable effort has gone into mimicking‘ the in vivo
environment of HSC, for example by co-culture with stroma
(Szilvassy et al., 1996) and/or addition of complex mixes
of growth factors (Yagi et al., 1999). Stroma is critical
in providing notch-jagged interactions that are involved in
maintaining early progenitor populations (Varnum-Finney,
1998). Cytokines ©play complex permissive roles in
hematopoiesis, and further, are modulated by the stromal
environment. It may be possible to create a tissue culture
model that replicates a marrow supportive of HSC survival,
but the localized fluctuations in physiologic conditions
likely to play a role in stem cell fate will be difficult
to replicate. Microenvironmental physiologic fluctuations
are cited as one basis for the stochastic model of HSC

differentiation (Ogawa M, 1599).

By comparison to HSC, the demonstration of satellite stem

cell self-renewal 1is even more indirect. In transplant
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models of a single HSC, some self renewal is necessary to
account for long-term repopulation of blood progenitors
that are continually turned over. Skeletal muscle models
of transplantation do not have the luxury of similar end-
points for analysis. Skeletal muscle is not normally
continually turned over. Furthermore, in models of
skeletal precursor transplants, the classical satellite
identity  of the transplanted cells is usually not
established, largely for technical reasons. For example,
skeletal muscle progenitors for transplantation are often
derived by enzymatic digestion of muscle such that
satellites are likely to be mixed in with other muscle
cells and potentially other non-muscle (endothelial and
blood) cells (Beauchamp et al., 1999 and Rando and Blau,
1997). Self-renewal in these models 1is assumed by the
demonstration of a small population of transplanted cells
that selectively survive, proliferate slowly in the
immediate post-transplant period, but then contribute
significantly to regenerated muscle (Beauchamp et al.,

1999).

Other evidence for self-renewal of satellites derives from
observations during development: Myonucleil increase in

number dramatically but the number of satellite stem cells
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stays relatively constant in developing rats (Gibson and
Schultz, 1983). These numbers are based on microscopy of
particular muscle subsets, which may or may not be
statistically representative of all muscle populations.
Models to induce continuous regeneration also suggest that
satellites, at least functionally, self renew.
Intramuscular injection of concentrated (0.75%), large
volumes of bupivicaine (a commonly used local anesthetic)
causes myonecrosis, and repeated injections into the same
rat leg muscle at weekly intervals have been reported to
cause a continuous regeneration cycle with regenerative
capacity maintained over many such cycles (Sadeh et al.,
1985). In light of recent findings that satellites orx
other skeletal muscle precursors (below) can be recruited
from other-than-local muscle sources, self-renewal
potential as the only explanation for thesé observations

requires re-evaluation.

Satellites are not alone: Other sources of postnatal
skeletal muscle regeneration. Recently, - the demonstration
that cells other than classical satellites can contribute
to skeletal muscle regeneration raises new questions about
relationship of satellites to these other potential stem

cells. The demonstration of bone marrow derived muscle



6

progenitors may have been anticipated by muscle biologists
who suggested that the number of resident satellite cells
was below the number of committed myogenic progenitors
(Grounds et al., 1992). Multipotent mesenchymal stem cells
resident in murine bone marrow, that can differentiate into
connective tissue, cartilage and bone, were demonstrated in
marrow . transplant studies after culture manipulation
(Pereira et al., 1995). Stromal or bone marrow derived
cells with chondrocyte, osteocyte, adipocyte and myoblast
potential have been known, in fact, for decades (Prockop,
1997), but their functional in vivo myogenic potential was
only recently demonstrated. Transplantation of marked bone
marrow cells into mice with chemically damaged skeletal
muscle (to induce differentiation) demonstrated that
marrow-derived cells can also contribute to muscle
regeneration (Ferrari et al., 1999). Whether these two
populations of marrow-derived cells are the same (and the
mesenchymal stem cells become restricted in culture), or
whether the two populations are distinct, cannot Dbe
established from available data. (In fact there is
considerable confusion about whether “mesenchymal stem
cells” in marrow are 1indeed a uniform pluripotent

population or whether multiple types of progenitors live in
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marrow. Their identity independent of stroma which support

hematopoietic stem cell growth is not yet clear.)

Functional myoblasts can also be explanted from murine
dorsal aorta. These cells of paraxial mesoderm origin
retain a rounded morphology (like satellites) in culture,
and fuse to become myotubes when cultured in a muscle
differentiation medium. They express MyoD, myf—S; desmin,
MNF, c-Met and M-cadherin like satellites, but also express
the endothelial/smooth muscle markers VEGF-receptor 2, OM-
integrin, VE-integrin, B3 integrin, P-selectin, PECAM and -
actin (De Angelis et al., 1999). Again the relationship of
these cells to the bone marrow-derived myoblast/satellites
is not clear. The cells have migratory potential, and so,
may migrate to a protected marrow environment. These cells
could also be endothelial-myoblast stem cells that are
distinct both from satellite cells in muscle and from bone
marrow-derived mesenchymal cells. However, the same sets

of markers have not been examined 1in the wvarious cell

populations (marrow-derived myoblasts and aorta-derived
myoblasts), nor has migration from aorta to marrow been
followed. Such studies will be necessary to clarify the

relationship between these non-satellite sources of
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skeletal muscle and the classical muscle-associated

satellites.

So though the somite was presumed to be the original source
of adult satellite cells, the options have been expanded.
Cells which traffic from aorta, marrow, the systemic
circulation and skeletal muscle must now be considered

potential sources of satellites.

Satellites may be pluripotent after all. Coﬁsiderable
excitement has been generated by reports that satellites
may also be able to produce hematopoietic daughters.
Jackson et al. reported that cells derived from minced
adult murine skeletal muscle displayed remarkable
hematopoietic stem cell potential (Jackson et al., 1999).
However, the acknowledged weakness of this report was that
the cells with hematopoietic stem cell potential were not
tested for myogenic differentiation capability (Lemischka,
1999), and so are only assumed at this point to be
satellite cells. Formally, the possibility that these are
satellites distinct from the classical satellites
intimately associated with muscle fibers or are other cells
altogether (endothelial cells, perhaps) remains open.

Nonetheless further support that muscle-derived cells have
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hematopoietic potential was demonstrated when muscle
preparations of sorted mononuclear cells were also
demonstrated to have hematopoietic potential (Gussoni et
al., 1999). Again the satellite identity of these cells
was not established but these mononuclear cells undergo

myogenic differentiation.

Central nervous system stem cells were also recently

demonstrated to have hematopoietic potential (Bjornson et

al., 1999) in transplantation experiments using mice
transgenic for LacZ. Thus transplantation experiments,
rather than clonal in vitro analyses, have been

particularly successful in expanding our understanding of
the repertoire of genetic programs that can be activated in
stem cell populations. | Culture systems, with progressive
loss of ©potentiality, may Dbe inherently limited in
demonstrating these less wellQused genetic programs, simply
because they require so much time to be expressed. Or
culture systems may not adequately replicate the normal
environmental influences that preserve or promote

pluripotency.

The reports of muscle stem cells that make blood and CNS

stem cells that make blood raise the gquestion of whether
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all organ-specific stem cells have hematopoietic capacity.
If an organ is to be properly reconstituted, after all, it
requires a circulatory system to develop side by side with
parenchyma. Or the hematopoietic programs may simply be
remnants of development without significant functional
physiologic input. Furthermore, it 1is possible that only a
subset o0f CNS stems and muscle/mesenchymal stems have

hematopoietic potential.

Reports of a *“new” potential for stem cells allow a
rethinking of approaches for analyzing how stem «cells
determine their differentiation fate. The muscle-blood
common progenitor analysis will be facilitated by the well-
characterized surface markers of hematopoietic stem cells.
In this work, I observe cells with distinct adipocyte
phenotype emerging from fibers in the normal position of
skeletal muscle satellites. This observation may represent
a new fate for satellites which has been anticipated by
muscle biologists (Seale and Rudnicki, 2000). Mesenchymal
stem cells derived from bone marrow can be induced to
differentiate into adipocytes as well as myotubes (Wakitani
et al., 1995). Various mesenchymal stem cell lines have
multipotent <capacity including adipocyte and skeletal

muscle plus other daughter cell types (Taylor and Jones,
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1979). Myoblast lines and myoblasts subjected to forced

co-expression of the adipocyte differentiation factors PPARy

and C/EBPO undergo adipogenesis (Hu et al.,1995). However,
satellites resident in adult muscle fiber have to date only
been determined to execute a muscle (and now,
hematopoietic) fate. In our work, environmental influences
(in this case high oxygen) may be facilitating the
unmasking of a phenotype (fat) rather than influencing a
true stem cell fate choice. Verification of the hypothesis
that satellites can take at least two fates, muscle and
fat, will require clonal analysis. Single ‘cell tracing
experiments done in vivo with retroviral markers have been
powerful tools to analyze stem cell potential in a variety
of other systmes including CNS (Morshead et al., 1998).

Clonal analyses in vitro have also been powerful tools to
analyze stem cell potehtial in other systems including
spinal cord (Kalyani et al., 1997) and keratinocyte stem

cell proliferation (Kolodka et al., 1998).

The choice of daughter type by a stem cell 1is often
attributed to microenvironmental influences (Seale and
Rudnicki, 2000) . The major environmental influences
examined in regeneration fate choices are growth factors

and cell-cell interactions (Torok-Storb et al., 1999). The
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gaseous microenvironment has been largely ignored in tissue
culture models of regeneration. In fact, wvirtually all
cell culture is performed in a gaseous environment (20%
oxygen) that exposes cells to high 1levels of oxygen
completely out of phsyiologic range. Our results indicate
that the oxygen environment is important in regulating both
stem cell proliferation and the generation of specific
daughter cell types. For satellite stem cells and
mesenchymal stem cell lines, high oxygen enhances
adipogenesis and physiologic oxygen levels in culture blunt

this fate choice.

Satellite aging. The absolute number of satellites resident
in skeletal muscle fibers is thought to diminish with aging
in rodents and humans (Bischoff, 1994). A simplistic
interpretation of this observation is that the pool of
satellites established after skeletal muscle development is
complete (about age 10 in humans) are gradually “used up”
with sequential injuries to muscle. (An analogy is the
apparent depletion of hepatocyte proliferative potential
after massive hepatectomy and regeneration (Palmer et al.,
1999). But newly regenerated skeletal muscle and its
neighboring satellite donor muscle has not been

systematically examined for satellite density over time.
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In addition, satellites from different muscle groups may
initiate regeneration and self-renewal in quantitatively
different ways, and very few muscles {(mostly rodent 1leg
muscles) have Dbeen examined. Furthermore, localized
satellite counts are only part of the story since some
contribution to muscle regeneration is 1likely made by a
circulating pool of cells from marrow, which may home

selectively to only certain muscle groups.

Satellite proliferative potential also decreases with age
in rodents (Schultz and Lipton, 1982).> In muscle fibers,
satellites are normally quiescent, located Dbetween the
fiber plasmalemma and basal lamina (Schultz, 1976). In
cultures of adult single muscle fibers, satellites are
easily observed emerging from this fiber microenvironment,
pulling basal lamina behind them, then completely breaking
away from the fiber. This process mimics the migration of
satellites across basal lamina during muscle development
(Hughes and Blau, 1990) and during postnatal regeneration

(Bischoff, 1997).

Tissue culture models of regenerative capacity of skeletal
muscle suggest that aging is 1indeed associated with

decreased regeneration potential or at least a regeneration
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delay (Yablonka-Reuveni et al., 1999, and Lescaudron et
al., 1997) though other transplant studies suggest that
environment determined by host age is a major determinant
of skeletal muscle regeneration potential (Carlson and
Faulkner, 1989). As satellites age, they may lose the
potential to respond to mitogens released locally by muscle
fibers (in addition to an age-associated generalized growth
factor decline), thus both arms of normal muscle paracrine
responses are blunted with aging. Not  surprisingly,
skeletal muscle mass generally declines with age, and this
aging-related atrophy is likely due to both satellite and

myofiber changes.

Proliferation decreases with aging in many cell types
including vascular smooth muscle(Ruiz-Torres et al., 1999),
hepatocytes (Palmer et al., 1999), osteoblasts (Bergman et
al., 1996), and fibroblasts (Cristofalo and Pignolo, 1993).
The relationship between aging and loss of proliferative
potential is based largely on tissue culture models and in
culture, the relationship between proliferative potential
and life-span is not that clear-cut. Without their normal
environmental cues, cultured cells may differentiate or
cycle more than they would in vivo (Bell et al., 1978).

Furthermore, aged cells are subject to an aged environment
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including profound hormonal changes such that cellular
explants from aged animals may reflect systemic changes
rather than intrinsic changes 1in cellular proliferative
potential. Tissue culture models may be less able to

clarify this distinction than transplant models.

A major hormonal influence on muscle aging is insulin-like
growth factor-1, which is produced at maximal levels in
puberty then circulating levels decline steadily thereafter
(Hall et al., 1999). IGF-1 has multiple effects of
skeletal muscle growth and development, differentiation,
and hypertrophy and illustrates the complexity of analyzing
satellite contributions to post-natal regeneration and
muscle preservation. In culture systems IGF-1 induces both
satellite proliferation and differentiation (Allen and
Boxhorn, 1989) . In fully differentiated cardiac and
skeletal muscle, IGF-1 induces hypertrophy wvia calcineurin
(Musaro et al., 1999), and prevents aging-related atrophy
of muscle in mouse models. The mechanism by which IGF-1
prevents age-induced atrophy was attributed largely to
satellite activation, based on interpretation of gross
histologic changes after viral-mediated delivery of the
hormone. However, some hypertrophy of skeletal muscle

occurs in response to IGF-1 after satellite proliferation
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is abrogated by irradiation (Barton-Davis et al., 1999).
Increased fiber protein synthesis independent of satellite
proliferation also contributes to IGF-l-induced muscle
hypertrophy. Although satellites are not cited as part of
this independent fiber response, they may well play a role
in local production of survival or proliferative factors.
For example, in single cell PCR analyses of satellites we
found that many express vascular endothelial growth factor
(below). A possible precedent for satellite involvement in
fiber restructuring is bone formation: VEGF is expressed
by chondrocytes, plays an important role in longitudinal
bone growth, with VEGF receptors expressed on osteoblasts.
The role of VEGF in bone growth is integrated with rather
than confined to its role in local angiogenesis (Gerber et

al., 1999).

More directly relevant to this work, longterm exposure to
oxygen radicals plays an important role in the
pathophysiology of aging in all cell types (Beckman and
Ames, 1998). Largely post-mitotic tissues such as muscle
and central nervous system may be most susceptible to
accumulation of oxidative damage (Mecocci et al., 1999).
Oxygen radicals are the necessary byproducts of normal

cellular metabolism, particularly mitochondrial metabolism,
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but also accumulate with radiation and chemical/xenobiotic
exposure (Collins, 1999). The free radical theory of aging
is supported by evidence that oxidative damage is

cumulative with aging and that the usual defenses against

oxidative stress (free radical scavenging and
detoxification systems) are gradually diminished with
aging.

RESULTS

Differentiation of mesenchymal stem cell lines into fat is
oxygen dependent

Both 10T1/2 and 373 cells grown in standard laboratory
incubator gas conditions (20% 0O, 5% CO0O,;) demonstrated
significant ~adipocyte differentiation »when exposed to
standard  differentiation paradigms. Differentiated
adipocytes were easily identified by morphologic criteria
(Figure 1A) or with o0il red O staining (Figure 23).
However, adipocyte differentiation was markedly reduced
when the same cells were grown in 6% 0O, (Figures 1B and 2B).

Furthermore, 3T3 cells stained with antibody against the
adipogenic nuclear receptor PPARY after a week in

differentiation conditions revealed significantly more

cells with distinct nuclear signals in 20% (Figure 33A) vs.
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6% oxygen cultures (Figure 3B). In 20% 0;, 36.0% of the

cells were O-PPARY positive and in 6% 0, 12.1% of the cells
were positive (Chi2=64, p<<0.001). Anti-myf5 staining
after a week of differentiation revealed occasional cells
with a myoblast appearance in 6% O; cultures (not shown).
Surprisingly, the antibody also labelled many cells with a
distinct adipocyte morphology under 20% 0, conditions

(Figure 4).

Human myoblasts can become adipogenic

Human myoblasts were expanded and serxially passaged after
reaching 60-80% confluence. Several attempts to induce
terminal differentiation of these cells by culturing in
0.5%, 1% or 2% horse serum (with and without added insulin
and dexamethasone) failed to induced myotube formation.
After the cells were confluent for several weeks in
culture, they were still able to re-enter the cell cycle
and proliferate when passaged. After 4 or more weeks in
culture in 20% 0,, occasional adipocytes were seen in the
cultures, confirmed by o0il red O staining (Figure 5).
Parallel 6% 0O, cultures did not reveal adipocytes, but the

conversion in 20% O; was a rare event.

adult murine satellites are adipogenic
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After a week in culture at either 6% or 20% O0,, single
muscle fibers were stained with o0il red O to identify
adipocytes. In 20% 0O; conditions, adipocytes were intensely
stained in an anatomic location that suggested that they
were satellite cells (Figure 6). In 6% O, conditions, some
adipocytes were similarly identified but they were
significantly less frequent on gross examination. Because
of the formal possibility that these cells could represent
adipocytes that had adhered to the fiber, single fibers
were plated on Matrigel, such that all cells which migrated
from the fiber were captured on the coating. The fibers
were scanned by eye twice daily. After a week in 20% O
cultures, clear adipocytes were seen emerging from the
fiber, still adherent to the fiber basal lamina (Figure 7).
Two of 24 such fibers that survived for a week in 20% 0, had
apparent adipocytes emerging from the fiber, and none of 24

fibers cultured in 6% O;.

When these single fiber preparations were grown for about 2
weeks, 20% 0, cultures had prominent fat cells scattered
over the culture plate (Figure 8A) whereas 6% 0O; cultures
contained few (Figure 8B) or extremely rare (Figure 8C)

adipocytes.
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Mrf expression in individual satellites from adult muscle
fibers

Single-cell PCR was used to determine the frequency of
expression of individual mrf family genes in cultured
satellites at 24, 48, and 96 hours after culture in either
6% or 20% O,. The percentage of cells expressing these
genes over time is shown in Table 1 below. At 24 hours,
all four mrf’'s were more likely to Dbe expressed in
satellites grown in 6% than in 20% 0. At that time 13% of
the cells grown in 6% oxygen expressed three mrf’s
simultaneously vs. 6% of the cells in room air cultures
(p<0.05). By 96 hours in culturé, the satellites grown in
20% 0, were more likely to express mrf4 and myf5 than those

grown in 6% O;.
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Table 1. Expression of individual mrf genes in single
adherent skeletal muscle satellite cells in single fiber
cultures. Data for each gene in a cell from cultures at
either 6 or 20% oxygen are expressed as the percentage of

satellite expressing the gene (raw data in parentheses).

24 hr chi? p value

MyoD 20% 52 (24/46) 4.25 <0.05
% 72 (43/60)

mrfd 20% 4 (2/46) 0.02 ns
6% 5 (3/60)

my£f5 20% 24 (11/46) 6.61 <0.03
6% 48 (29/60)

mgn 20% 15 (7/46) 1.52 ns
6% 25 (15/60)

48 hr Chi? p value

MyoD 20% 81 (21/26) 2.01 ns
6% 92 (28/30)

mrfd 20% 23 (6/26) 1.77 ns
6% 10 (3/30)

myf5 20% 58 (15/26) 0.01 ns
6% 55 (17/30)

mgn 20% 16 (4/26) 3.21 ns
6% 35 (11/30)
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Table 1, cont. Expression of individual mrf genes in single
adherent skeletal muscle satellite cells in single fiber

cultures.

96 hr Chi? p value

MyoD 20% 71 (39/55) 2.71 ns
6% 84 (43/51)

mrfd4d 20% 52 (29/55) 8.20 <0.005
6% 25 (13/51) ‘

myf5 20% 35 (31/55) 4.72 <0.05
6% 35 (18/51)

mgn 20% 61 (34/55) ; 0.09 ns

6% 65 (33/51)
An alternative approach to analysis of the single cell data
is to look at the distribution of the 15 ©possible

combinations of mrf expression:
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Table 2. mrf expression pattern combinations in individual
adherent satellite cells from single fiber cultures over

time in 6% or 20% cultures.

24-20% 24hxr-6% 48-20% 48-6% 96-~20% 96-6%

(n=46) (n=60) (n=26) (n=30) (n=55) (n=51)

mrfs

4 0 0 0 0 2 0
5 0 0 0 1 1 2
D 3 4 3 5 4 7
G 3 2 1 0 4 1
4+5 0 0 0 0 0 0
44D 0 0 0 0 2 0
4+G 0 1 0 0 0 0
5+D 2 6 ' 1 5 2 2
5+G 0 0 Y 0 0 0
D+G 1 0 0 3 2 7
4+5+D 0 1 0 0 1 0
4+5+G 0 0 0 0 1 0
5+D+G 0 2 0 2 3 i

4+D+G 0 1 0 0 1 3

4+5+D+G O 0 0 i 6 5
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These data, 1in a general way, recapitulate the temporal
expression patterns of mrf’s during embryonic development,
with early expression of myf5 and MyoD most prominent and
mrf4 and myogenin expression delayed. In addition, when
only two mrf genes are expressed, a pairing of one early
and one late gene is unlikely. Myf5 and mrf4 are not
expressed together as the only two mrf’s in any cell, and

myf5 and myogenin are also never similarly paired.

The absence of myf5 expression 1in many satellites early
during regeneration is somewhat unexpected because myf5 is
prominently expressed in early somitic myogenesis (Ott et
al., 1991) and in postnatal models of regenerating muscle
(Cooper at al, 1999). Variability in myf5 expression in
satellites just emerging from adult cultured fibers was
confirmed at the protein level by observation of similar
fibers obtained from a myf5-LacZ knock-in mouse (courtesy
of Dr. Margaret Buckingham) . Emerging satellites that did
not stain for LacZ were seen throughout culture (Figure 9).
Furthermore, satellite pairs in which one cell stained for

LacZz and the other did not were also common (Figure 10).
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Occasional asymmetric expression patterns in apparent
satellite ©palirs were also seen for myogenin using

immunohistochemistry (Figures 11 and 12).

Satellite cell and myoblast proliferation are enhanced in
6% vs. 20% 0O, cultures

Because differentiation and cell cycling are coordinately
regulated, proliferation of satellites and myoblasts in
lowered vs. 20% 0O, conditions was examined using BrdU uptake
and labeling. Human myoblasts in these experiments were
grown in 2% 0, or 20% O,. After a BrdU pulse of 3.5 hr,
3.5% of the myoblasts grown in 20% stained with [U-BrdU vs.
10.3% of the cells in low oxygen (Chi®*=9.73, p<0.005).
After a 25 hr BrdU pulse, 26.6%‘of myoblasts grown in 20% O,

were BrdU-positive vs. 64.1% of myoblasts grown in 2% O; .

Proliferation of satellites in single muscle fiber cultures
was similarly enhanced in 6% vs. 20% 0O, conditions (Table
3). At each 12-hour interval in culture over the first
three days, more proliferating satellites were present on
fibers cultured in 6% than 20% 0;. The greatest statistical
difference in proliferation Dbetween the two oxygen

conditions was in the first 24 hours in culture.
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Table 3.

BrdU-positive adherent satellites per unit lengthof
cultured fiber after serial 12-hour BrdU pulses. Data were
not normally distributed, and are expressed as median with
range in parentheses. Comparisons between oxygen

conditions were made using Mann-Whitney U testing.

Time of BrdU+cells/U length

BrdU pulse 20% O, 6% 0, conf. Interval p value
0-12 0 rare

12-24 0.6 (0-1.1) 1.6 (1.1-4.0) 95.1% (0.6-1.4) 0.0001
24~-36 0.4 (0-1.8) 1.2 (0-3.2) $5.6% (0-2.7) 0.056
36-48 2.8 (0-14.0) 4.0 (0-28.0) 95.1% (-0.4~>4.0) 0.20
48-60 2.0 (0-10.0) 6.0 (1-16.0) 95.0% (0-6.0) 0.009

Survival of single skeletal muscle fibers in culture is
greater in 6% vs. 20% O,.

Survival of single adult muscle fibers was assessed in both
floating cultures and in single fiber assays with the

individual fibers adherent to Matrigel. For floating
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cultures, 5 fibers were transferred into each well of a 24-
well Primaria plate after isolation, and were scored daily
for live vs. dead fibers. After 48 hr in floating culture,
70% of the fibers were alive in 6% 0O, vs. 31% alive in 20%
0, (n=80, Chi®=24.03, p<<0.001). After 10 days in 6% 0Oy, 30%
of the fibers were still alive vs. only 5% in room air
cultures (n=80, Chi®=17.32, p<<0.001). Among single
adherent fibers after 48 hr in 6% 0,, 74% of the fibers were
alive (n=72) wvs. 22% in room air (n=96, Chi®=44.68,

p<<0.001) .

DISCUSSION

The optimal oxygen concentration for skeletal muscle
regeneration cannot be determined from our data. Oxygen
levels significantly above and significantly below
physiologic norms can induce production of reactive oxygen
species. It is likely, then, that optimal culture
conditions will be close to physiologic norms, but further
oxygen dose-response curves in specially constructed
laboratory facilities will be necessary to determine the
best gas conditions for satellite growth and
differentiation. Physiologic norms for skeletal muscle

vary over a fairly wide range. In adult mice, one group
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estimated skeletal muscle tissue oxygen levels at 3.3%

using both microelectrode and EPR measurments (Goda et al.,

1997). In anesthetized rats, crural muscle 02 was 2.5%
(Seekamp et al., 1997) and cremasteric muscle 4.7% (Kunert
et al., 1996). In anesthetized dogs, mean skeletal muscle

oxygen tension has been reported at 3.7% (Hutter et al.,
1999), 4.0% (McKinley et al., 1998) and 5.5% (McKinley and
Butler, 1999). In resting rabbit anterior tibialis muscle,
mean 02 1s 2.4% but varies widely depending on electrode

placement in the muscle from 1.8-10.5% (Greenbaum et al.,

1997). In adult human extremities normal skeletal muscle
(specific muscle not specified) tissue 02 has been
estimated at about 3.1% (Seekamp et al., 1995). In human

anterior tibialis at rest p02 has been measured at 2.1%
(Heinrich et al., 1987) and 2.5% (Evers et al., 1997), and
5.0% (Kunze, 1976) . Newer methods of measuring
intracellular muscle oxygen such as phsophorescence
quenching appear to work well in skeletal muscle (Hogan,
1999), but have not vyet been used to report mnormal

physiologic levels.

The direct observation of satellite stem cells apparently
emerging from adult skeletal muscle and assuming an

adipocyte phenotype is novel. Several reasons why this
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observation has not been made before may relate to
technical details of the culture systems. In floating
single muscle fiber preparations, the adherent cells that
stained with o0il red O as they emerged from the fiber were
grossly indistinguishable from other satellites. Partly
because these small, early-emerging cells have a grossly
uniform appearance, they have been presumed to be myogenic
(only) precursors. Furthermore, single fiber preparations
are often maintained for less than a week or are prepared
from rat rather than mouse (Yablonka-Reuveni and Rivera,
1994) and adipogenesis was a late phenomenon in our
cultures. Direct observation of adherent single fibers was
necessary to indisputably catch adult satellites in the act
of adipogenesis. These particular assays are not common,
but when done, the fibers may be isolated from younger mice

than those used in this study (Rosenblatt et al., 1996).

The pattern of o0il red O staining in the cultured single
fibers suggests that the stained fat was not a function of
fatty degeneration of the fiber, as reported in muscular
dystrophies (Bachmann, 1996). Staining was confined to
cells which appeared to be emerging from the fiber (or were
perhaps adherent to the fiber), and was never seen in

myonuclei or the body of the fiber itself. Furthermore,
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degenerating fibers stained with the same

cellular/satellite pattern as live fibers.

Adipogenesis from satellites has been anticipated by
previous work. Adipocyte transdifferentiation of a

myoblast cell line was induced by forced co-expression of

the adipogenic factors PPARY and C/EBPo (Hu et al., 1995).

Ectopic expression of either PPARY or C/EBPU alone in these
cells inhibited myogenesis but did not induce adipogenesis.
Treatment of the cz2c1z2 nmyogenic cell line with
thiazolidinedione (a high affinity ligand for PPARY) and
fatty acids induced adipogenesis. Furthermore, primary
myoblasts/satellites isolated from newborn mice (satellite
identity was not formally established) exposed to the same
treatment also became adipogenic, but this phenomenon could

not be replicated in vivo (Hallakou et al., 1998).

Future plans include analysis of these cells for expression
of developmental regulators of adipogenesis as well as for
other regulators of muscle differentiation. During human
fetal development, adipocytes are not seen on pathologic
sections until the second trimester. At that time the

primitive fat lobules are organized in groups with early
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vascular cells. Areas of proliferation of the wvascular
cells appear to mark areas in which adipocyte proliferation
will soon follow (Poissonnet et al., 1983). Foci of fat
development appear 1in various parts of the body (head
first) starting as early as week 14 of development. Animal
surgical work demonstrates that the morphogenetic link
between vasculogenesis and adipogenesis is maintained in
adult animals (Roth et al., 1981). Based on pathologic
observations of mammary gland development, the immature
ends of early mammary ducts may be hypoxic, which initiates
a vasculogenic response followed by accumulation of
capillaries and adipocytes around mature mammay ducts
(Hausman, 1982). Adipocytes and capillaries may share a
common precursor, at least in mammary gland: Cultured
mammary stromal cells can differentiate into either
adipocytes or capillary structures (Zangani et al., 1999).
Furthermore, leptin, one of the few secreted products of

adult fat cells, is angiogenic (Bouloumie et al., 1998).

Transcriptional control of adipogenesis is dominated by two
gene families, C/EBP’'s (CCAAT/enhancer binding proteins are
bZIP transcription factors) and PPAR’S (peroxisome
proliferator-activated receptor family of nuclear hormone

receptors). Both families contribute not only to adipocyte



32

development and differentiation, but also to adipocyte
metabolism and energy homeostasis after fat cell maturation
(Fruchart et al., 1999; Wang et al., 1995). Furthermore,
throughout adipocyte differentiation the two families
mutually cross-regulate (Mandrup and Lane, 1997; Wu et al.,
1999), in addition to the basic time course of

transcriptional events described below.

The most important early transcriptional regulators of
adipogenesis are C/EBPa, C/EBPB and the bHLH/leucine zipper
transcription factor ADD1/SREBP1. PPARYy is expressed in low
abundance during early in vitro adipogenesis. Although

ADDl/SREBPl can independently induce adipogenesis in

permissive cells, it also plays a role in adipogenesis by

inducing transcriptional activation of PPARY/RXRU
heterodimers (Kim and Spiegelman, 1996). PPAR’s act with
retinoid X receptors as heterodimers to activate

transcription on target genes containing PPRE response
elements (Ijpenberg et al., 1997). Similarly, C/EBPB and
C/EBP8 work in part by inducing expression of PPARy and

C/EBP0.



33

A critical component of adipocyte differentiation is
coordinated control of cell cycle exit. In vitro quiescent
preadipocytes are characterized by E2F binding
predominantly to the Rb-related protein pl30. Just before
differentiation, a round of mitosis is initiated, and E2F
becomes bound predominantly to pl07 (Richon et al., 1997).
E2F transcription factors play a complex regulatory role in
cell cycle progression and in many differentiation pathways
(DeGregori et al., 1995). PRB (retinoblastoma protein) in
turn controls the transition from Gl to S by repressing
E2F. In adipocytes Rb may play a role opposite of its
usual function, by interacting with C/EBP’'s to promote
adipocyte terminal differentiation (Chen et al., 1996).
However, transactivation of PPARY is not dependent on pRB

(Hansen et al., 1999).

In preadipocytes, PREF-1 (preadipocyte factor) is an
important negative regulator of adipocyte differentiation
(Smas and Sul, 1993). PREF-1 is similar to delta-like and
.secreted dlk variants functionally substitute for PREF-1 in

adipocyte differentiation suppression(Garces et al., 1999).

Late transcriptional mediators of terminal differentiation

are C/EBPO and PPARYy2. (PPARY1 1is widely expressed whereas
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PPARY2 expression is adipocyte specific.) Shortly after
activation of these genes, the adipocyte specific genes

such as leptin, adipsin, and angiotensinogen are expressed.

This outline of adipogenesis points out some but not all
features shared in common with skeletal myogenic pathways.
C/EBP family members, like bHLH family members involved in
myogenesis, have DNA binding domains as well as domains
that mediate homo- and heterodimerization. Thus the
functional overlap of C/EBP in adipogenesis is similar to
the functional overlap of myogenic bHLH factors in
myogenesis, related to their ability to interact
dynamically with each other and with other partners.
Furthermore, Id family members, HLH transcription factors,
are negative regulators of both myogenesis and
adipogenesis. Id proteins (particularly Id2 and 1Id3)
interact with ADD1/SREBP1 to negatively regulate both
adipogenesis and later expression of adipocyte terminal
differentiation markers partly under the control of

ADD1/SREBP1 (Moldes et al., 1999).

The “master regulator” genes of both adipogenesis and
myogenesis have independent cell cycle regulatory effects.

MyoD is an inhibitor of cell cycling (Crescenzi et al.,
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1990) through interaction with multiple cell cycle
regulators (Skapek et al., 1995; Zhang et al., 1999;
Cenciarelli et al., 1999). Similarly PPARy inhibits cycling

by dramatically decreasing DNA binding of E2A/DP complexes

(Altiok et al., 1997).

Both pathways use the transcriptional coactivator p300. In
myogenesis p300 interacts with MyoD to enhance muscle
differentiation (Sartorelli et al., 1997). PPARY was
recently reported to interact with p300 as well, such that
docking of PPARY to its DNA binding site 1s part of a
process that traps p300 to enhance transcription from that
site (Puigserver et al., 1999). In the context of this
work, it should be noted that p300 is induced under hypoxic
conditions (Arany et al., 1996) and plays an important role
in regulating HIF-1a function under hypoxic conditions

(Carrero et al., 2000).

Finally overlapping growth factors including IGF-1 and PDGF
induce proliferative responses in both muscle and adipocyte
precursors (Butterwith et al., 1991). Furthermore, IGF-1
induces similar signal transduction pathways in myoblasts

and adipocytes (Petley et al., 1999).
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The data presented here indicate that high oxygen
conditions support a “spontaneous” adipocyte phenotype in
adult satellites as well as mesenchymal stem cell lines and
human myoblasts. Low oxygen culturing (2.5% 0;) was
reported to increase myogenesis in b5-azacytidine-treated
10T1/2 cells (Storch, 1990) as assessed by counting of
unstained myocytes. No mention of adipocytes is made in

this report.

The high levels of oxygen implied by usual laboratory
conditions (20%) are never encountered by cells in vivo
such that wusual culture conditions may actually represent
oxygen-toxic levels. Thus, “spontaneous” differentiation
of adipocytes from satellites may |Dbe initiated Dby
pathologic responses to aphysiologically high oxygen levels
in cell culture. One hypothesis to explain these findings
is that usual laboratory conditions are associated with
high levels of oxidative activity from reactive oxygen
intermediates (Tanaka et al., 1998). Oxidative stress may
in turn selectively activate and inhibit a variety of

transcriptional pathways (Adler et al., 1999).
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Aphysiologic, high oxygen standard cultures may, in fact,
mimic the cumulative free radical damage associated with
cellular aging (Beckman and Ames, 1998) rather than
adequately reflecting the microenvironment in which normal
development takes place. Furthermore, the reactive oxygen

species can independently promote proliferation in 373

(Shibanuma et al., 1990) and other cells. Mn-superoxide
dismutase (antioxidant) overexpression in 3T3 cells
inhibits cell c¢ycling (Li et al., 1998). Antioxidant

defenses in skeletal muscle are developmentally regulated,
and differentiated myotubes may be more susceptible to
oxidative stress than undifferentiated myoblasts (Franco et
al., 1999). Furthermore, humans accumulate markers of
oxidative DNA damage, lipid peroxidation and oxidative
damage to proteins in skeletal muscle as they age (Mecocci
et al., 1999). Pro-oxidants may also independently promote
differentiation in some cells (Chenais et al., 2000).
Glycation of proteins followed by oxidation in the presence
of transition metals produces superoxide radicals in a
variety of cells (Loske et al., 1998). In mesangial cells

such advanced glycation end products induces expression of
PPARy, and antioxidants block this response (Iwashima et

al., 1999). Thus, specific pathways related to

adipogenesis may be affected in satellites by perturbations
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in environmental oxygen sufficient to induce oxidant

stress.

The pattern of decreased proliferation of satellites in the
20% oxygen conditions also parallels the decreased
proliferative potentiai or delay in proliferation
characteristic of aging satellites (Yablonka-Reuveni et
al., 1999). Nonetheless, differences 1in gene expression
patterns in satellite cells exposed to low or 20% oxygen
conditions may v