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Preface

Stem cells are of great interest to scientists and clinicians due to their unique
ability to differentiate into various tissues of the body. In addition to being a
promising source of cells for transplantation and regenerative medicine, they
also serve as an excellent model of vertebrate development. In the recent years,
the interest in stem cell research has spread beyond the scientific community to
the public at large as a result of heated political and ethical debate.

There are two broad categories of stem cells — “embryonic” and ‘“‘adult.”
Embryonic stem cells — also known as “pluripotent’” stem cells — are derived from
preimplantation-stage embryos and retain the capacity to grow in culture in-
definitely, as well as to differentiate into virtually all the tissues of the body. Adult
stem cells are found in most tissues of the adult organism; scientists are begin-
ning to learn how to isolate, culture, and differentiate them into a range of
tissue-specific types (and are thus considered multipotent).

Growing stem cells in culture and differentiating them on demand requires
specific skills and knowledge beyond basic cell culture techniques. We have
tried to assemble the most robust and current techniques (including both
conventional and novel methods) in the stem cell field and invited the world’s
leading scientists with hands-on expertise to write the chapters on methods they
are experts in or even established themselves. Volume 418, “Embryonic Stem
Cells,” offers a variety of know-how from derivation to differentiation of
embryonic stem cells, including such sought-after methods as human embryo-
nic stem cell derivation and maintenance, morula- and single blastomere-
derived ES cells, ES cells created via parthenogenesis and nuclear transfer, as
well as techniques for derivation of ES cells from other species, including
mouse, bovine, zebrafish, and avian. The second section of this volume covers
the recent advances in differentiation and maintenance of ES cell derivatives
from all three germ layers: cells of neural lineage, retinal pigment epithelium,
cardiomyocytes, haematopoietic and vascular cells, oocytes and male germ
cells, pulmonary and insulin-producing cells, among others.

Volume 419, “Adult Stem Cells,” covers stem cells of all three germ layers
and organ systems. The methods include isolation, maintenance, analysis, and
differentiation of a wide range of adult stem cell types, including neural, retinal,
epithelial cells, dental, skeletal, and haematopoietic cells, as well as ovarian,
spermatogonial, lung, pancreatic, intestinal, throphoblast, germ, cord blood,
amniotic fluid, and placental stem cells.

Xiil



Xiv PREFACE

Volume 420, “Tools for Stem Cell Research and Tissue Engineering,”” has
collected specific stem cells applications as well as a variety of techniques,
including gene trapping, gene expression profiling, RNAi and gene delivery,
embryo culture for human ES cell derivation, characterization and purification
of stem cells, and cellular reprogramming. The second section of this volume
addresses tissue engineering using derivatives of adult and embryonic stem cells,
including important issues such as immunogenicity and clinical applications of
stem cell derivatives.

Each chapter is written as a short review of the field followed by an easy-to-follow
set of protocols that enables even the least experienced researchers to successfully
establish the techniques in their laboratories.

We wish to thank the contributors to all three volumes for sharing their
invaluable expertise in comprehensive and easy to follow step-by-step protocols.
We also would like to acknowledge Cindy Minor at Elsevier for her invaluable
assistance assembling this three-volume series.

IRINA KLIMANSKAYA
ROBERT LANZA



Foreword

As stem cell researchers, we are frequently asked by politicians, patients,
reporters, and other non-scientists about the relative merits of studying em-
bryonic stem cells versus adult stem cells, and when stem cells will provide
novel therapies for human diseases. The persistence of these two questions and
the passion with which they are asked reveals the extent to which stem cells
have penetrated the vernacular, captured public attention, and become an icon
for the scientific, social, and political circumstances of our times.

Focusing first on the biological context of stem cells, it is clear that the
emergence of stem cells as a distinct research field is one of the most important
scientific initiatives of the ‘post-genomic’ era. Stem cell research is the con-
fluence between cell and developmental biology. It is shaped at every turn by
the maturing knowledge base of genetics and biochemistry and is accelerated
by the platform technologies of recombinant DNA, monoclonal antibodies,
and other biotechnologies. Stem cells are interesting and useful because of their
dual capacity to differentiate and to proliferate in an undifferentiated state.
Thus, they are expected to yield insights not only into pluripotency and differ-
entiation, but also into cell cycle regulation and other areas, thereby having an
impact on fields ranging from cancer to aging.

This directs us to why it is necessary to study different types of stem cells,
including those whose origins from early stages of development confers ethical
complexity (embryonic stem cells) and those that are difficult to find, grow, or
maintain as undifferentiated populations (most types of adult stem cells). The
question itself veils a deeper purpose for studying the biology of stem cells,
which is to gain a fundamental understanding of the nature of cell fate decisions
during development. We still have a relatively shallow understanding of how
stem cells maintain their undifferentiated state for prolonged periods and then
‘choose’ to specialize along the pathways they are competent to pursue.
Achieving a precise understanding of such ‘stemness’ and of differentiation
will require information from as wide a variety of sources as possible. This
process of triangulation could be compared to how global positioning satellites
enable us to locate ourselves: signal from a single satellite tells us relatively
little, and precision is achieved only when we acquire signals from three or
more. Similarly, it is necessary to study multiple types of stem cells and their
progeny if we are to evaluate the outcome of cellular development in vitro in
comparison with normal development.

XV



xvi FOREWORD

An answer to the question of when stem cells will yield novel clinical out-
comes requires us to define the likely therapeutic achievements. Of course,
adult and neonatal blood stem cells have been used in transplantation for many
years, and it is likely that new sources and applications for them will emerge
from current studies. It is less likely, however, that transplantation will be the
first application of research on other adult stem cell types or of research on the
differentiated progeny of embryonic stem cells. This reflects in part the degree
of characterization of such progeny that will be needed to ensure their long-
term safety and efficacy when transplanted to humans. It is their use as in vitro
cellular models that is more likely to pioneer novel clinical applications of the
specialized human cell types that can be derived from stem cells. These cells,
including cultured neurons, cardiomyocytes, kidney cells, lung cells, and nu-
merous others, will imminently provide a novel platform technology for drug
discovery and testing. The applications of such cellular models are likely to be
extensive, leading to development of new medicines for a myriad of human
health problems. The wide availability of these specialized human cells will also
provide an opportunity to evaluate the stability and function of stem cell
progeny in the Petri dish well before they are used in transplantation. Finally,
we should not overlook the importance of stem cells and their progeny as
models for understanding human developmental processes. While we cannot
foresee the impact of a profound understanding of human cellular differentia-
tion, it has the potential of transcending even the most remarkable applications
that we can imagine involving transplantation.

Despite the links of stem cell research to other fields of biology and to
established technologies, growing and differentiating stem cells systematically
in culture requires specific skills and knowledge beyond basic cell and develop-
mental biology techniques. These Methods in Enzymology volumes include the
most current techniques in the stem cell field, written by leading scientists with
hands-on expertise in methods they have developed or in which they are recog-
nized as experts. Each chapter is written as a short review of outcomes from the
particular method, with an easy-to-follow set of protocols that should enable less
experienced researchers to successfully establish the method in their labora-
tories. Together, the three volumes cover the spectrum of both embryonic and
adult stem cells and provide tools for extending the uses of stem cells to tissue
engineering. It is hoped that the availability and wide dissemination of these
methods will provide wider access to the stem cell field, thereby accelerating
acquisition of the knowledge needed to apply stem cell research in novel ways to
improve our understanding of human biology and health.

ROGER A. PEDERSEN, PH.D.
PROFESSOR OF REGENERATIVE MEDICINE
UNIVERSITY OF CAMBRIDGE
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[1] Neural Stem Cell Isolation and Characterization

By RoDpNEY L. RIETZE and BRENT A. REYNOLDS

Abstract

Throughout the process of development and continuing into adulthood,
stem cells function as a reservoir of undifferentiated cell types, whose role is to
underpin cell genesis in a variety of tissues and organs. In the adult, they play
an essential homeostatic role by replacing differentiated tissue cells ““worn
off” by physiological turnover or lost to injury or disease. As such,
the discovery of such cells in the adult mammalian central nervous system
(CNS), an organ traditionally thought to have little or no regenerative capaci-
ty, was most unexpected. Nonetheless, by employing a novel serum-free
culture system termed the neurosphere assay, Reynolds and Weiss demon-
strated the presence of neural stem cells in both the adult (Reynolds and
Weiss, 1992) and embryonic mouse brain (Reynolds et al., 1992). Here we
describe how to generate, serially passage, and differentiate neurospheres
derived from both the developing and adult brain, and provide more technical
details that will enable one to achieve reproducible cultures, which can
be passaged over an extended period of time.

Introduction

Although originally debated, it is now clear that neurogenesis continues
in at least two regions of the adult mammalian brain, namely, the olfactory
bulb and hippocampal formation (Gross, 2000). This continuous and robust
generation of new cells strongly argues for the existence of a founder cell
with the ability to proliferate, self-renew, and ultimately generate a large
number of differentiated progeny, that is, a stem cell (Potten and Loeffler,
1990). One of the difficulties in identifying and studying stem cells is their
poorly defined physical nature, which affects our ability to directly measure
their presence and to monitor their activity. This problem has been over-
come by defining stem cells on the basis of a functional criterion such that
stem cells, in general, are defined by what they do, not by what they look
like. This creates a number of problems, both conceptual and practical,
with the most obvious being that a stem cell must first be forced to act in
order to determine its presence; hence, questions are raised concerning
whether the action of imposing an action accurately reflects the original or

METHODS IN ENZYMOLOGY, VOL. 419 0076-6879/06 $35.00
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true nature of the cell in question. Clearly what is needed is a specific
selective positive marker that will allow us to definitely identify stem cells
both in vivo and in vitro. In this review we discuss and detail a culture
methodology that allows for the isolation, propagation, and identification
of stem cells from the mammalian brain and provide practical advice on the
use of flow cytometry to isolate a relatively pure population of putative
stem cells.

Although their presence was suggested indirectly in a number of previ-
ous studies, elucidation of the appropriate culture conditions that permit-
ted the functional attributes of a stem cell to be demonstrated enabled the
unequivocal demonstration of a neural stem cell, for the first time, in 1992.
To isolate and expand the putative stem cell from the adult brain, Reynolds
and Weiss employed a serum-free culture system known as the neuro-
sphere assay (NSA), wherein most of the primary differentiated CNS cells
harvested would not be able to survive. Although this system caused the
death of the majority of cell types harvested from the periventricular
region within 3 days of culture, it allowed a small population (<0.1%) of
epidermal growth factor (EGF)-responsive stem cells to enter a period
of active proliferation, even at low cell densities (Reynolds and Weiss,
1992). By using such a system, Reynolds and Weiss were able to demon-
strate that a single adult CNS cell could proliferate to form a ball of
undifferentiated cells they called a neurosphere, which in turn could
(1) be dissociated to form more numerous secondary spheres, or (2) be
induced to differentiate, generating the three major cell types of the CNS. In
doing so, they showed that the cell they had isolated exhibited the stem cell
attributes of proliferation, self-renewal, and the ability to give rise to a
number of differentiated, functional progeny (Hall and Watt, 1989; Potten
and Loeffler, 1990). Subsequent studies have since demonstrated that by
following a well-defined protocol, and by using EGF, basic fibroblast
growth factor (bFGF), or both as mitogens, it was possible to produce a
consistent, renewable source of undifferentiated CNS precursors (a portion
of which are stem cells), which could be expanded as neurospheres, or
reliably differentiated into defined proportions of neurons, astrocytes, and
oligodendrocytes (Gritti et al., 1995, 1996, 1999; Reynolds and Weiss, 1996;
Reynolds et al., 1992; Weiss et al., 1996a,b).

The more than 1000 citations to date that have employed the NSA
attest to the robust and reliable nature of the assay, and its value in
studying developmental processes and elucidating the role of genetic and
epigenetic factors in triggering the potential of CNS stem cells and in
determining CNS phenotypes. Although the methodology seems relatively
simple to carry out, strict adherence to the procedures described here is
required to achieve reliable and consistent results. Here we describe in



[1] NEURAL STEM CELL ISOLATION AND CHARACTERIZATION 5

detail the protocols for the isolation and culture of neural stem cells
harvested from various regions of the embryonic and adult murine brain.
These protocols assume a basic knowledge of murine brain anatomy. The
reader is referred to O’Connor et al. (1998) for information on this topic,
which is essential to perform the procedures for culturing murine neural
stem cells outlined in this chapter.

Reagents and Instrumentation

Dissection Equipment

Large scissors

Small fine scissors

Ultrafine spring microscissors (cat. no. 15396-01; Fine Science Tools,
Vancouver, BC, Canada)

Small forceps (cat. no. 11050-10; Fine Science Tools)

Small fine forceps (cat. no. 11272-30; Fine Science Tools)

Ultrafine curved forceps (cat. no. 11251-35; Fine Science Tools)

Bead sterilizer (cat. no. 250; Fine Science Tools)

Dissection microscope

Tissue Culture Equipment

Flasks
25 cm?, 0.2-um vented filter cap [cat. no. 9026; Techno Plastic
Products (TPP), Trasadingen, Switzerland]
75 cm?, 0.2-um vented filter cap (cat. no. 90076; TPP)
175 cm?, 0.2-um vented filter cap (cat. no. 90151; TPP)
Tubes
17 x 100 mm polystyrene, sterile (cat. no. 91015; TPP)
50-ml polypropylene, sterile (cat. no. 91050; TPP)
Fluorescence-activated cell-sorting (FACS), sterile (Falcon, cat. no.
352054; BD Biosciences Discovery Labware, Bedford, MA)
Petri dishes: 100 and 35 mm (Nunc cat. nos. 351029 and 174926,
respectively; Nalge Nunc International, Rochester, NY)
Tissue sieve, 70-um pore size (Falcon, cat. no. 352350; BD Biosciences
Discovery Labware)
Tissue culture (TC) plates: 6, 24, and 96 well (Falcon, cat. nos. 353046,
353047, and 353072, respectively; BD Biosciences Discovery Labware)
8-well coated chamber slides
Poly-D-lysine/laminin (BD BioCoat, cat. no. 35-4688; BD Biosciences
Discovery Labware)
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Human fibronectin (BD BioCoat, cat. no. 35-4631; BD Biosciences
Discovery Labware)

Growth Factors

EGF (human recombinant, cat. no. 02633; StemCell Technologies,
Vancouver, BC, Canada): For a stock solution of 10 pg/ml add
10 ml of hormone-supplemented neural culture medium to each vial
of EGF. Store as 100-ul aliquots at —20°

bFGF (human recombinant, cat. no. 02634; StemCell Technologies):
For a stock solution of 10 ug/ml add 999 il of hormone-supplemented
neural culture medium and 1 pl of bovine serum albumin (BSA) to
each vial of bFGF. Store as 100-ul aliquots at —20°

0.2% heparin: Mix 100 mg of heparin (cat. no. H-3149; Sigma, St.
Louis, MO) in 50 ml of water. Filter sterilize. Store at 4°

Medium Solutions

These cultures are extremely sensitive to contaminants present in water
or glassware. If medium is being made in the laboratory, use only tissue
culture-grade components. We strongly suggest that as many components
as possible be purchased, as this will minimize batch-to-batch inconsisten-
cies and provide greater consistency of results overall. Optimized reagents
for the culture and differentiation of neurospheres are available from
StemCell Technologies (www.stemcell.com).

Commercial Medium Components

Phosphate-buffered saline (PBS, cat. no. 37350; StemCell Technologies)

Basal medium (NeuroCult NSC basal medium, cat. no. 05700; Stem-
Cell Technologies)

10x hormone mix (NeuroCult NSC proliferation supplement, cat. no.
05701; StemCell Technologies)

Differentiation medium (NeuroCult differentiation supplement, cat.
no. 05703; StemCell Technologies)

Preparation of complete NSC medium is thoroughly described at www.
stemcell.com/technical/manuals/asp.

As with the in-laboratory preparation of medium components de-
scribed in the next section, combining 450 ml of NeuroCult NSC basal
medium with 50 ml of NeuroCult NSC proliferation supplement will
produce the hormone-supplemented growth medium described in Stock
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Solutions (item 4). As described in Stock Solutions, complete NSC growth
medium is produced by the addition of EGF and/or bFGF.

Medium Preparation Components

For the in-laboratory preparation of tissue culture media and hormone
mix, a set of glassware to be used only for tissue cultures should be prepared.
Bottles, cylinders, beakers, and so on, should be accurately rinsed several
times with distilled water before being sterilized in an autoclave that is used
for tissue culture purposes only. We strongly suggest that all media and stock
solutions be prepared only in sterile disposable tubes and/or bottles, thereby
avoiding contamination caused by cleaning solution residue or poor autoclav-
ing techniques. Whenever possible, commercial stock solutions should also be
employed.

30% glucose (cat. no. G-7021; Sigma): Mix 30 g of glucose in 100 ml of
distilled water. Filter sterilize and store at 4°

7.5% sodium bicarbonate (cat. no. S-5761; Sigma): Mix 7.5 g of
NaHCOj; in 100 ml of water. Filter sterilize and store at 4°

1 M HEPES (cat. no. H-0887; Sigma): Dissolve 238.3 g of HEPES in
1 liter of distilled water. Store at 4°

3 mM sodium selenite (cat. no. S-9133; Sigma): Add 1.93 ml of
distilled water to a 1-mg vial of sodium selenite. Mix, aliquot into
sterile tubes, and store at —20°

2 mM progesterone (cat. no. P-6149; Sigma): Add 1.59 ml of 95%
ethanol to a 1-mg vial of progesterone. Mix, aliquot into sterile
tubes, and store at —20°

200 mM vL-glutamine (cat. no. 25030-024; Invitrogen GIBCO, Grand
Island, NY)
Apotransferrin (cat. no. 820056-1; Serologicals, Atlanta, GA): Dissolve
400 mg of apotransferrin directly into 10x hormone mix solution
Insulin (cat. no. 977420; Roche, Indianapolis, IN): Dissolve 100 mg of
bovine insulin in 4 ml of sterile 0.1 N HCI, and then add 36 ml of
distilled water to this solution. Transfer the entire volume to 10x
hormone mix

Putrescine (cat. no. P-7505; Sigma): Dissolve 38.6 mg of putrescine in 40 ml
of distilled water. Transfer the entire volume to 10x hormone mix

0.1% DNase I (cat. no. 704159; Roche, Mannheim, Germany):
Dissolve 100 mg of DNase I in 100 ml of Hanks’ Eagle medium
(HEM). Mix thoroughly, filter sterilize, aliquot into sterile tubes
(1 ml/aliquot), and then store —20°

Propidium iodide (cat. no. P-4170; Sigma)
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Trypsin (Calbiochem, cat. no. 6502; EMD Biosciences, San Diego, CA)

Trypsin inhibitor (T-6522; Sigma): Combine 14 mg of trypsin inhibitor,
1 ml of 0.1% DNase I, and 99 ml of HEM. Mix well, filter sterilize,
and store at 4° for a maximum of 14 days

Minimal essential medium (cat. no. 41500-018; Invitrogen GIBCO)

Stock Solutions

Preparation of 10x Dulbecco’s modified Eagle’s medium (DMEM)-
F12: Combine five 1-liter packages of DMEM (cat. no. 12100-046;
Invitrogen GIBCO) and five 1-liter packages of F12 powder (cat.
no. 21700-075; Invitrogen GIBCO) in 1 liter of water under gentle
continuous stirring. Filter sterilize and store at 4°

Preparation of 10x hormone mix: Combine individual components in
the following order: (1) 300 ml of ultrapure distilled water, (2) 40 ml
of 10x DMEM-F12, (3) 8 ml of 30% glucose, (4) 6 ml of 7.5%
NaHCOs;, and (5) 2.5 ml of 1 M HEPES. Mix well, and then add
(1) 400 mg of apotransferrin, (2) 40 ml of 2.5-mg/ml insulin stock,
(3) 40 ml of 10-mg/ml putrescine stock, (4) 40 ul of 3 mM sodium
selenite, and (5) 40 ul of 2 mM progesterone. Mix all components
thoroughly, filter sterilize, and then aliquot into 10- or 25-ml
volumes in sterile tubes and store at —20°

Preparation of basal medium (for 450 ml): Combine individual
components in the following order: (1) 375 ml of ultrapure distilled
water, (2) 50 ml of 10x DMEM-F12 stock, (3) 10 ml of 30%
glucose, (4) 7.5 ml of 7.5% NaHCOs3;, (5) 2.5 ml of 1 M HEPES, and
(6) 5 ml of 20 nM L-glutamine. Mix thoroughly, filter sterilize, and
store at 4° for a maximum of 3 months

Preparation of hormone-supplemented growth medium (for 500 ml):
Combine 50 ml of 10x hormone mix with 450 ml of basal medium,
mix thoroughly, and store at 4° for a maximum of 1 week. Add 1 ml
of 0.2% heparin, 20 pl of EGF, and/or 10 pl of bFGF stock (final
concentrations: EGF, 20 ng/ml; bFGF, 10 ng/ml)

Preparation of complete NSC medium: Add 2 ul of EGF for every 1 ml of
hormone-supplemented growth medium and/or 1 pl of bFGF and 1 ul
of heparin for every 1 ml of hormone-supplemented growth medium

Preparation of tissue dissociation medium (for 200 ml): Add 476 mg
of HEPES, 40 mg of EDTA, 50 mg of trypsin, and 1 ml of 0.1%
DNase I to 200 ml of Ca*"/Mg*" Hanks’ balanced salt solution
(HBSS). Mix well, filter sterilize, and then aliquot (3 ml/aliquot)
and store at —20°
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Preparation of Hanks’ Eagle medium (HEM): (for 8.75 liters): Add
the contents of one 10-liter packet of minimal essential medium to
3 liters of distilled water in a S-liter flask. Combine 160 ml of 1 M
HEPES and 175 ml of penicillin-streptomycin (1:50 dilution) in a
separate flask containing 3 liters of distilled water. Combine and
adjust to pH 7.2 with 10 M NaOH. Filter sterilize and aliquot into
100-ml portions. Store at 4° for a maximum of 3 months

Miscellaneous

10x PBS: Without calcium, without magnesium (cat. no. 14200-067;
Invitrogen, Carlsbad, CA)

Penicillin-streptomycin (cat. no. 15140-114; Invitrogen)

Trypsin-EDTA (cat. no. E-6511; Sigma)

Matrigel (growth factor reduced, cat. no. 40230; BD Biosciences
Discovery Labware)

Laminin (cat. no. 1243217; Roche)

Poly-L-ornithine (cat. no. P-3655; Sigma)

Fetal bovine serum (cat. no. 10106-151; Invitrogen)

Methods

Establishment of Primary Embryonic Neurosphere Cultures

Neurospheres have been generated from various regions of the embryonic
CNS and from numerous strains of mice. As such, the protocol that we
describe here has been made sufficiently broad so as to increase its applic-
ability, yet most accurately reflects the methodology required to generate
neurospheres from the lateral and medial ganglionic eminences of embryonic
day 14 (E14) mice, as originally described by Reynolds et al. (1992).

Dissection of Embryonic Tissue

Mice (e.g., CD1 albino) are typically mated overnight and then sepa-
rated the next morning and checked for the presence of a gestational plug.
This will count as embryonic day 0 (EO). Alternatively, time-pregnant
animals can be purchased from specialized animal care facilities. For the
establishment of embryonic neurosphere cultures we typically harvest pups
at E14 to E15 (note that dissection of embryonic CNS is much easier on
E15), killing the mother in accordance with rules dictated by the animal
ethics committee. Perform the dissection as quickly as possible (within 2 h),
as tissue becomes soft and sticky over time and may be difficult to dissect.
If it is estimated that more than 2 h is required, remove and dissect 8-10
brains at a time, keeping the remaining embryos at 4°.
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Setup

1. Add cold sterile HEM to two 100-mm sterile plastic Petri dishes.

2. Sterilize dissection tools immediately before use by using a glass
bead sterilizer, or well in advance by autoclaving (120° for 20 min).
Tools needed for the gross dissection include the following: large
scissors, small pointed scissors, larger forceps, and small curved
forceps. Ultrafine forceps and scissors will be used for the
microdissection of CNS tissue.

3. Place gauze on the bottom of a small glass beaker and then fill the
beaker with 70% ethanol. This is where forceps and scissors are
stored during the dissection so as to reduce contamination.

4. Prepare a gross dissection area on a laboratory bench by laying
several absorbent towels flat, and then soaking the towels with 70%
ethanol. Place gross dissection tools to the side.

5. Arrange the dissecting microscope, two Petri dishes containing
HEM, and the ultrafine dissection tools within a laminar flow hood.
As a precaution, keep some sterile Petri dishes and HEM ready at
hand.

6. Warm culture medium to 37° in a thermostatic water bath.

Harvesting of Embryonic Brain Tissue

1. Anesthetize the pregnant mother by an intraperitoneal injection of
pentobarbital (120 mg/kg) and, on deep anesthesia, sacrifice the mother by
cervical dislocation.

2. Lay the pregnant mother on its back on the absorbent towels, and
then liberally rinse the abdomen with 70% ethanol so as to sterilize the
area.

3. Grasp the skin above the genitalia, using large forceps, and then cut
through the skin and fascia with large scissors so as to expose the
peritoneal cavity sufficiently to view the uteri.

4. Remove the uteri with small forceps and scissors and transfer them
into a 100-mm dish containing HEM. A litter size of 8-12 pups is typical;
however, only 2 or 3 are needed to establish a bulk culture. Ensure that
tools are rinsed frequently in ethanol, so as to exclude fur. On completion
of the dissection, dispose of the carcass immediately.

5. Transfer uterine tissues to the laminar flow hood and then rinse once
or twice by placing them in 100-mm Petri dishes containing fresh sterile
HEM.

6. Cut open the uterine horns and transfer the pups to a new 100-mm
dish containing HEM, using small forceps. At this point, check the age of
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the pups and discard those that appear malformed, or too small with
respect to gestational age.

7. Separate the head(s) of the pup(s) at the level just below the cervical
spinal cord, discarding the skulls.

8. Transfer each tissue culture dish to a dissecting microscope and,
under x10 magnification, begin to remove the brain by positioning the
head side up. Hold it from the caudal side at the ears, using fine curved
forceps. Use microscissors to cut a horizontal opening above the eyes and
tease the brain out of the opening by gently pushing on the head from the
side opposite to the cut.

9. After removing all of the brain, increase the magnification (x25) and
dissect out the desired brain region(s) to be used for establishing the culture.
Typically the lateral and medial ganglionic eminences are removed, but refer
to a rodent brain atlas for details on how to dissect the specific areas.

10. Transfer harvested brain regions to a 15-ml Falcon tube containing
2 ml of ice-cold HEM.

Establishing Primary Embryonic Cultures

1. Several methods may be used to mechanically dissociate the
dissected tissue, including a fire-polished glass pipette or 200-ul plastic
tips together with a Gilson pipette (we routinely use a Pipetman P200;
Gilson, Middleton, WI). In either case wet the plastic tip or glass pipette by
sucking (and discarding) a small amount of sterile medium, and then
proceed to triturate the tissue approximately 10 times until a milky single-
cell suspension is achieved. Make sure to avoid generating air bubbles, as
this reduces the number of viable cells and makes for inefficient trituration.
Also, the expulsion of cells during the trituration should not be too
vigorous, as this will also significantly reduce viability.

2. If undissociated pieces of tissue are still present in the suspension
after the initial trituration, wait 2 min, which will allow the undissociated
cells and tissue to settle, and then transfer the majority of the supernatant
containing single cells into a fresh tube, leaving the undissociated tissue
behind. Add an appropriate volume of complete NSC medium to the
undissociated cells so as to bring the total volume to 0.5-2 ml (depending
on the volume of tissue and method of dissociation). Repeat step 1.

3. Pool the two suspensions that have been created and then centrifuge
the resulting suspension at 800 rpm (110g) for 5 min. Aspirate the
supernatant and gently resuspend the cells to achieve a final 2-ml volume
of complete NSC medium.

4. Combine a 10-ul aliquot of the cell suspension with 90 pul of
trypan blue in a microcentrifuge tube, mix, and then transfer 10 ul to a
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hemacytometer so as to determine the number of viable cells in the
suspension.

5. For primary cultures, seed cells at a density of 2 x 10° cells per 10 ml
(25-cm? flask) or 8 x 10° cells in 40 ml of medium (175-cm? flask), in
complete NSC medium. Please note that the cell density for plating
primary cells harvested directly from the E14 CNS is higher than that
prescribed for subsequent subculturing conditions.

General Comments

e On plating primary cells, individual cells will become hypertrophic and
adhere to the substrate, while the majority of cells will either die or
differentiate. After 2-3 daysin culture, proliferative cells will lift off the base of
the tissue culture vessels. Aggregates of cells resembling neurospheres will
most likely be observed within the first 48 h of culture. These should not be
mistaken for primary spheres. The prevalence of aggregates is directly related
to the amounts of debris and/or dead cells in the cultures. Typically,
these pseudo-spheres are quite large, but are composed of unusually small,
phase-dark, and irregularly shaped cells.

e Bona fide neurospheres will appear phase bright and exhibit a
somewhat spherical form to begin with, becoming more spherical as size
increases. As shown in Fig. 1, small microspikes should be apparent on the
outer surface of viable spheres by day 3.

e Primary neurospheres are often associated with cellular debris;
however, subculturing will effectively select for proliferating precursor
cells and remove cell aggregates, debris, and dead cells.

Establishment of Primary Adult Neurosphere Cultures

De novo neurogenesis has been reported to occur within discrete areas of
the adult brain, namely the olfactory bulb, hippocampus, and cortex. Here, we
describe how to isolate adult murine neural stem cells and to establish con-
tinuous stem cell lines by means of growth factor stimulation. This protocol
may also be applied to rats, and implies the use of enzymatic predigestion
before mechanical dissociation. Note that although stem cells isolated from
many different mouse strains display similar general features, differences
regarding their growth rate and differentiation capacity may also be observed.

Setup

Killing of animals, and removal and dissection of brain and/or spinal
cord, are performed outside the laminar flow hood. Particular caution
should be exercised to avoid contamination. Have all the materials and
instrumentation ready before starting the dissection procedure.
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Fic. 1. EGF-responsive murine neural stem cells, isolated from E14 striatum, were grown
for 7 days in culture and then passaged. Small clusters of cells may be identified 2 days after
passaging (A). The shape and opacity of the sphere, along with the presence of microspikes
(arrows), assist in identifying a young, healthy neurosphere. Microspikes are still present in
neurospheres after 3 days in vitro (DIV) (B) and 4 DIV (C). By 6 DIV the neurosphere is
ready to be passaged. Original magnification: x200.

1. Add cold HEM to sterile plastic Petri dishes: one or two 100-mm
dishes to hold tissue, several 60-mm dishes to wash tissues, and some
35-mm dishes to hold dissected tissues.

2. Dissection tools may be sterilized in a hot bead sterilizer, in a
preheated oven (250° for 2 h), or by autoclaving (120° for 20 min).

3. Select the tools needed to remove the brain and spinal cord (large
scissors, small pointed scissors, large forceps, small curved forceps,
and a small spatula) or for tissue dissection (small forceps, curved fine
forceps, small scissors, curved fine scissors, and scalpel). Immerse the
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two sets of tools in 70% ethanol in two beakers with gauze at the
bottom, to avoid spoiling the tips of the microforceps and scissors.

4. Warm the culture medium and tissue dissociation medium to 37° in a
thermostatic water bath.

5. Begin the dissection.

Dissection of Adult Periventricular Region

1. Anesthetize mice by intraperitoneal injection of pentobarbital (120
mg/kg) and Kkill them by cervical dislocation. Tissues from two or three
mice (age, from 2 to 8 months) are generally pooled to start a culture.

2. Using large scissors, cut off the head just above the cervical spinal
cord region. Rinse the head with 70% ethanol.

3. Using small pointed scissors, make a medial caudal-rostral cut and part
the skin of the head to expose the skull. Rinse the skull with sterile HEM.

4. Using the skin to hold the head in place, place each blade of a pair of
small scissors in the orbital bone, so as to make a coronal cut between the
orbits of the eyes.

5. Using the coronal cut as an entry point, make a longitudinal cut
through the skull along the sagittal suture. Be careful not to damage the
brain; make small cuts, ensuring the angle of the blades is as shallow as
possible. Cut the entire length of the skull to the foramen magnum.

6. Using curved, pointed forceps, grasp and peel the skull of each
hemisphere outward to expose the brain. Using a small wetted curved
spatula, scoop the brain into a Petri dish containing HEM.

7. Repeat steps 1-6 until all the brains have been harvested.

8. Wash the brains twice by subsequently transferring them to new
Petri dishes containing PBS.

9. To dissect the forebrain subventricular region, place each dish
containing a brain under the dissecting microscope (x10 magnification).
Position the brain flat on its ventral surface and hold it from the caudal
side, using fine curved forceps placed on either side of the cerebellum. Use
a scalpel to make a coronal cut just behind the olfactory bulbs.

10. After removal of the olfactory bulbs, rotate the brain to expose
the ventral aspect. Make a coronal cut at the level of the optic chiasm
(Fig. 2A), discarding the caudal aspect of the brain.

11. Repeat steps 8-10 until all the brains are sectioned.

12. Shift to x25 magnification. Rotate the rostral aspect of the brain
with the presumptive olfactory bulb facing downward. Using fine curved
microscissors, first remove the septum and discard, and then cut the thin
layer of tissue surrounding the ventricles, excluding the striatal parenchy-
ma and the corpus callosum (Fig. 2B). Pool the dissected tissue in a newly
labeled 35-mm Petri dish.
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FiG. 2. (A) Ventral view of an adult C57BL/6 mouse brain, illustrating the rostral-caudal
coordinate (dotted line) to section the brain coronally in order to harvest the rostral
periventricular region of the lateral ventricles. (B) Resulting coronal section when brain is
sliced along the dotted line in (A). (C) Dotted line highlights the periventricular region that is
harvested in a typical dissection after removal of the septum.

13. On harvesting the periventricular regions from all brains, transfer the
dish to the tissue culture laminar flow hood. Continue to use strict sterile
technique.

Dissociation Protocol

1. Using a scalpel blade, mince tissue for ~1 min until only small
pieces remain.

2. Using a filter-tipped glass pipette and a total volume of 3 ml of
tissue dissociation medium, transfer all the minced tissues into the base
of a 15-ml tube.

3. Incubate the tube for 7 min in a 37° water bath. Greater incubation
times may be required, depending on the amount of tissue and on the
overall size of the particles (larger pieces may be present due to
inadequate mincing of the tissue).

4. At the end of the enzymatic incubation, return the tube to the hood
and add an equal volume of trypsin inhibitor (3 ml).

5. Avoiding the generation of air bubbles, mix well and then pellet
the tissue suspension by centrifugation at 110g for 7 min.

6. Discard virtually all the supernatant overlaying the pellet, and then
add an appropriate volume of HEM so as to attain a final volume of 1 ml.
Using a Gilson P1000 pipette (or similar) and a wetted 1000-ul filter tip,
begin to dissociate by triturating once or twice, and then place the tip at
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the bottom of the tube so as to restrict the flow of cells by ~50% and
continue triturating five to seven times until the cell suspension takes on a
milky or smooth appearance. Let the suspension settle for 3—4 min.

7. If many undissociated pieces of tissue are left, move the cell
suspension to a clean, labeled tube, leaving about 100 ul behind. To the
latter, add 900 ul of HEM and triturate again five to seven times, until al-
most no undissociated pieces are left. Let the suspension settle for 3—4 min.
Transfer all but 100 pl from this tube to the labeled tube, thus pooling
the cells from both trituration steps.

8. Bring the resulting cell suspension to a total volume of 14 ml by
adding fresh HEM, and then pass the suspension through a 70-um pore
size sieve into a 15-ml tube, so as to remove debris or undissociated pieces,
and then pellet the cells by centrifugation at 110g for 7 min.

9. Remove virtually all the supernatant, and resuspend the pellet in
complete NSC culture medium so as to bring the total volume of the
resulting cell suspension to 0.5 ml.

10. Combine a 10-ul aliquot from the cell suspension with 90 pul of
trypan blue in a microcentrifuge tube, mix, and then transfer 10 pl to a
hemacytometer so as to perform a cell count.

11. Seed cells at a density of 3500 viable cells/cm? in complete culture
medium in untreated 6-well tissue culture dishes (volume, 3 ml) or 25 cm*
tissue culture flasks (volume, 5 ml).

12. Incubate at 37°, 5% CO, in a humidified incubator.

13. Cells should proliferate to form spherical clusters that eventually
lift off as they grow larger. These primary spheres should be ready for
subculturing 7-10 days after plating, depending on the growth factors used.

Comments

e The 3-ml volume of tissue dissociation solution is sufficient for good
digestion of tissue from up to eight mice. In the case of cell sorting, where
8-16 mice are used, use a single 15-ml tube containing 3 ml of tissue
dissociation solution for every 8 brains.

e In primary cultures from adult brain significant debris is normally
present, particularly in spinal cord cultures, together with adherent cells.
To reduce debris, rinse the tissue more frequently (steps 8 and 9).
In general, debris and adherent cells are eliminated after about two passages.

e Counting cells is sometimes difficult, because of the presence of
debris and the large number of blood-derived cells, and because of
the small number of CNS cells that can be isolated. In our experience
this protocol should yield about 5 x 10* cells from the subventricular
region of one brain. Accurate quantification based on low cell counts of the
CNS-derived cells with a hemacytometer can be misleading. Thus, if
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quantification of the primary neural cell number is not to be carried out,
a cell suspension derived from two mice may be plated in four dishes of a
6-well tissue culture dish, yielding an approximate final cell density of
about 3500 cells/cm?, or in one 25-cm? tissue culture flask, obtaining a final
density of about 4000 cells/cm?. Once competent with this procedure, it is
usual to generate 400-600 neurospheres per mouse.

Passaging Neurosphere Cultures

As a rule of thumb, embryonic primary and passaged neurospheres
should be ready for subculture between 4 and 5 days after plating, whereas
adult primary and passaged neurosphere cultures should be ready for
subculture 7-10 and 5-7 days after plating, respectively. However, it is
desirable to monitor the cultures each day to ensure that neurospheres
are not allowed to grow too large. Typically, a variety of diameters
is apparent in a bulk culture. To determine whether spheres are ready
to passage, the majority of neurospheres should be 150 ym in diameter.
If neurospheres are allowed to grow too large, they become difficult
to dissociate and eventually begin to differentiate in situ.

1. Observe the neurosphere cultures under a microscope to determine
whether the NSCs are ready for passaging. The average size of neurospheres
across the culture should be ~150 pm. If neurospheres are attached to the
culture substrate, forcefully strike the side of the tissue culture flask
(attempting to minimize vessel movement by applying an equal force with
the opposing hand).

2. Remove medium with suspended cells and place it in an appropri-
ately sized sterile tissue culture tube. If some cells remain attached to the
substrate, detach them by shooting a stream of medium across the attached
cells. Spin at 400 rpm (75g) for 5 min.

3. Remove essentially 100% of the supernatant and resuspend the
cells in 1 ml of trypsin—-EDTA, incubating them at room temperature for
2 min (this volume allows for the most efficient trituration manipulations
and is recommended for 75-cm? flasks). If more than one tube was used to
harvest cultures, resuspend each pelletin 1 ml of trypsin-EDTA. If a 175-cm?
flask is used, increase the volume of trypsin—-EDTA to 3 ml and incubate for
7 min.

4. Add an equal volume of trypsin inhibitor (as compared with trypsin—
EDTA) to each tube, mix well, and then centrifuge the cell suspension(s)
at 800 rpm (110g) for 5 min.

5. Remove essentially 100% of the supernatant and resuspend the cells by
the addition of ~950 ul of complete NSC medium so as to produce a total
volume of 1 ml. Using a Gilson P1000 pipette (or similar) and a wetted 1000-ul
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filter tip, begin to dissociate by triturating once or twice, and then place the tip
at the bottom of the tube so as to restrict the flow of cells by ~50% and
continue triturating five to seven times until the cell suspension takes on a
milky or smooth appearance.

6. Combine a 10-ul aliquot from the cell suspension with 90 ul of
trypan blue in a microcentrifuge tube, mix, and then transfer 10 ul to a
hemacytometer so as to perform a cell count. If whole spheres appear,
triturate the cell suspension two or three times and recount.

7. Seed cells for the next culture passage in complete NSC medium at a
density of 7.5 x 10° cells/ml.

Differentiation of Neurosphere Cultures

When cultured in the presence of EGF and/or bFGF, neural stem cells
and progenitor cells proliferate to form neurospheres that, when harvested
at the appropriate time point and using appropriate methods as described
here, can be passaged practically indefinitely. However, on removal of the
growth factors and addition of a small amount of serum, neurosphere-
derived cells are induced to differentiate into neurons, astrocytes, and
oligodendrocytes (see Fig. 3). Overall, two methods have been described
for the differentiation of neurospheres: as whole spheres cultured at low
density (typically used to demonstrate individual spheres are multipotent)
or as dissociated cells at high density (typically used to determine the
relative percentage of differentiated cell types generated). The techniques
for both methods are provided here.

Differentiation of Whole Neurospheres

If poly-L-ornithine-coated coverslips are to be used, precoat glass slides by
adding a sufficient volume of poly-L-ornithine (15 mg/ml) to completely cover
the glass coverslip for a period of 2 h at 37°. Alternatively, 96-well plates can be
precoated with poly-L-ornithine. Aspirate poly-L-ornithine and immediately
rinse three times (10 min each) with sterile PBS (do not allow the coverslips
or plate to dry). Remove the PBS immediately before the addition of neuro-
spheres and differentiation medium.

1. Once primary or passaged neurospheres reach 150 pm (typically
after 7-8 days in vitro), use percussion to remove adherent spheres, and
then transfer the contents of the flask to an appropriately sized sterile
tissue culture tube. Spin at 400 rpm (75g) for 5 min.

2. Aspirate essentially 100% of the growth medium and then gently
resuspend the neurospheres (so as not to dissociate any) with an appropriate
volume of basal medium-1% sterile fetal calf serum. Note: An equal volume
of commercially available NSC differentiation medium can also be used
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Fic. 3. When transferred to differentiating conditions for 7 DIV, neurospheres will lose
their spherical shape and flatten to form essentially a monolayer. The greatest concentration
of cells will remain in the center of the neurosphere [4',6-diamidine-2-phenylindole (DAPI)-
positive cells, blue], with astrocytes apparent throughout the sphere [glial fibrillary acidic
protein (GFAP), green], and neurons (S-tubulin, red) surrounding the core of the sphere,
lying on top of the astrocytes (A). Neurons are identified with a fluorescently labeled antibody
raised against S-tubulin, a neuron-specific antigen found in cell bodies and processes (B). Both
protoplasmic and stellate astrocytes are identified with a fluorescently tagged antibody against
the astrocyte-specific protein GFAP (C). Oligodendrocytes are identified with an antibody
against myelin basic protein (MBP) (D). Scale bar (B-D): 20 ym.

here (NeuroCult differentiation supplement, cat. no. 05703; StemCell
Technologies).

3. Transfer the neurosphere suspension to a 60-mm dish (or other sized
vessel) to enable the harvesting/plucking of individual neurospheres with a
disposable plastic pipette.
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4. Transfer approximately 10 neurospheres, using a sterile disposable
plastic pipette or a Gilson P1000 pipette, to NSC differentiation medium in
individual wells of a 24- or 96-well tissue culture plate with a poly-L-
ornithine-coated surface. Alternatively, commercially available, precoated
chamber slides can be employed here.

5. After 6-8 days in vitro, individual neurospheres should have
attached to the substrate and dispersed in such a manner so as to appear
as a flattened monolayer of cells.

6. Proceed to fix the cells by the addition of 4% paraformaldehyde (in
PBS, pH 7.2) for 10 min at room temperature and then process the
adherent cells for immunocytochemistry as required.

Differentiation of Dissociated Cells

1. Once primary or passaged neurospheres reach 150 pum (typically
after 7-8 days in vitro), apply percussion to remove adherent spheres and
then transfer the contents of the flask to an appropriately sized sterile
tissue culture tube. Spin at 400 rpm (75g) for 5 min.

2. Remove essentially 100% of the supernatant and resuspend the cells
in 1 ml of trypsin-EDTA, incubating at room temperature for 2 min (this
volume allows for the most efficient trituration manipulations). If more
than one tube was used to harvest cultures, resuspend each pellet in 1 ml of
trypsin-EDTA.

3. Add 1 ml of trypsin inhibitor to each tube, mix well, and then
centrifuge the cell suspension(s) at 800 rpm (110g) for 5 min.

4. Remove essentially 100% of the supernatant and resuspend the cells
by the addition of 1 ml of basal medium-1% sterile fetal calf serum. Note:
An equal volume of commercially available NSC differentiation medium
can also be used here (NeuroCult differentiation supplement, cat. no.
05703; StemCell Technologies). Triturate the cells until the suspension
appears milky and no spheres can be seen (about five to seven times).

5. Combine a 10-pul aliquot from the cell suspension with 90 pul of
trypan blue in a microcentrifuge tube, mix, and then transfer 10 ul to a
hemacytometer so as to perform a cell count.

6. Prepare the appropriate cell suspension in 1 ml of complete NSC
differentiation medium so as to seed individual wells of 24-well tissue
culture plate containing a poly-L-ornithine-coated glass coverslip with 5 x
10° cells. Alternatively, commercially available, precoated chamber slides
can be employed here, seeding wells at the same density.

7. After 4-6 days in vitro, neurosphere-derived cells will have
differentiated sufficiently. Proceed to fix the cells by the addition of 4%
paraformaldehyde (in PBS, pH 7.2) for 10 min at room temperature and
then process the adherent cells for immunocytochemistry as required.



[1] NEURAL STEM CELL ISOLATION AND CHARACTERIZATION 21

Flow Cytometric Enrichment of Adult Neural Stem Cells

Although approximately 1:300 cells harvested from the periventricular
region of the adult mouse brain has the ability to form neurospheres, we have
previously described a negative selection flow cytometric method by which
neural stem cells can be greatly enriched (Rietze et al., 2001). This protocol
essentially begins with the addition of peanut agglutinin (PNA) and heat-
stable antigen (HSA, or mCD24a) to a single-cell suspension of adult cells, the
preparation of which is described previously (see Establishment of Primary
Adult Neurosphere Cultures). This protocol has been established for CBA
mice, but has been found to be applicable to many different mouse strains.

1. Harvest the periventricular region from 16 adult mice, processing as
2 separate samples (8 brains each), bringing both to a single-cell suspension as
described above (see Establishment of Primary Adult Neurosphere Cultures).
When combined, the total volume of the suspension should equal 400 pl.

2. Add 175 pl of complete NSC medium and 25 pl of the adult cell
suspension to a total of four FACS tubes [labeled (a) cells alone, (b) PI, (c)
PNA-FITC, and (d) HSA-PE]; these will serve as controls. Transfer the
remaining 300 pl to a single FACS tube labeled “‘sort sample.”

3. Add2 pl of PNA-FITC (fluorescein isothiocyanate) to control tube c,
and 1 ul of HSA-PE (phycoerythrin) to control tube d. Add 3 ul of PNA-
FITC and 1.5 pul of HSA-PE to the sort sample tube. Cap the tubes and
incubate on ice in the dark for 15 min.

4. Add 2.5 ml of NSC medium to tubes a, ¢, and d, whereas tube b
receives 2.5 ml of propidium iodide (PI) rinsing solution. Add 5 ml of PI
rinsing solution to the sort sample tube. Mix the contents of each tube with
a pipette, and then centrifuge at 110g for 7 min.

5. Remove essentially 100% of the supernatant and resuspend each
control pellet with 300 ul of complete medium, and the sort sample pellet
with 2 ml of complete medium.

6. Bring the FACS tubes to a cytometer, using each of the control
tubes to set the appropriate voltage and compensation. Voltages should be
adjusted so that the forward-versus-side scatter pattern appears essentially
as in Fig. 4A, and FITC/PE detectors as in Fig. 4C.

7. A triangle gate should be set first as shown in Fig. 4A, and then a
second gate should be set so as to exclude dead (PI-positive) cells from
those included within the triangle gate (Fig. 4B).

8. Neural stem cells are greatly enriched by selecting for the PNA'?HSA'"
population, as shown in Fig. 4C. Sorted cells should be collected in a 96-well
plate containing 200 pl of complete NSC medium in each well. Given the low
frequency of stem cells, a maximum of 20 wells is typically required to collect
all the PNA'°HSA'® population from the sort tube.
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FiG. 4. (A) Dot plot comparing the forward scatter (FSC-A) and side scatter (SSC-A)
attributes of periventricular cells harvested from the rostral periventricular region. Selecting
cells in population 1 (P1) excludes the majority of cellular debris without affecting the number
of neurospheres generated. (B) Viable cells are distinguished from those cells contained
within P1 in (A), by comparing FSC-A and propidium iodide intensity, and then gating
for those cells within the propidium iodide-negative population (P2). (C) Dot plot of
viable periventricular cells comparing PNA and HSA staining intensities. Harvesting cells
in the PNAHSA'" population (P3) will greatly enrich for stem cell activity.
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Abstract

Extracellular signals dictate the biological processes of neural stem cells
(NSCs) both in vivo and in vitro. The intracellular response elicited by
these signals is dependent on the context in which the signal is received,
which in turn is decided by previous and concurrent signals impinging on
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the cell. A synthesis of signaling pathways that control proliferation, sur-
vival, and differentiation of NSCs in vivo and in vitro will lead to a better
understanding of their biology, and will also permit more precise and
reproducible manipulation of these cells to particular end points. In this
review we summarize the known signals that cause proliferation, survival,
and differentiation in mammalian NSCs.

Introduction

Neural stem cells (NSCs) may be isolated from embryonic and adult
brains, and are defined by their dual properties of self-renewal and their
capacity to differentiate into the fates characteristic of the adult nervous
system. The resident population of NSCs in the developing brain peaks before
embryonic days 12-14 (E12-E14) in the rat, and gradually diminishes because
of differentiation into neurons initially, followed by astrocytes and then
oligodendrocytes. Neurogenesis is maximal around E14, followed by gliogen-
esis, which peaks around E19 (Caviness et al., 1995; Frederiksen and McKay,
1988). Neuronal architecture and glial differentiation continue to occur post-
natally, especially synaptic pruning and myelination. NSCs are isolated with
ease from all areas of the embryonic central nervous system, including cere-
bral cortex, hippocampus, striatum, mid-brain including the substantia nigra,
cerebellum, and spinal cord. In the adult there are structural zones to which
these cells are restricted; this is discussed in relative detail below. NSCs have
also been isolated from the neural crest and retina, and have been used as
biological platforms to study the mechanisms of regulation of proliferation,
survival, and differentiation. Neural crest stem cells (NCSCs) are isolated
from chick, mouse, or rat neural tube explants and give rise to tissue deriva-
tives of the neural crest including neurons and glia from the peripheral
nervous system and smooth muscle (Shah and Anderson, 1997). Retinal stem
cells have been isolated from the ciliary margin zone of the adult eyes of
amphibians and fish, and have also been cultured from pigmented ciliary
margin of mouse retinas (Moshiri et al., 2004; Tropepe et al., 2000).

The most obvious practical advantage of NSCs is their potential to be an
unrestricted source of neurons for replacement therapies. In addition to these
transplantation therapies other important uses of stem cells lie in the creation
of platforms for drug discovery (Rajan et al., 2006). To make these processes
more efficient by the successful manipulation of these cells, it is necessary to
study the biology of NSCs in in vitro culture systems that are used to maintain
and propagate them, and to determine the signaling pathways that control the
proliferation, differentiation, and survival of these cells in culture. Although
the population of NSCs in the adult brain is appreciably less than in the
embryonic brain, NSCs exist in localized regions called niches. The biology



[2] NEURAL STEM CELLS AND THEIR MANIPULATION 25

of the adult NSCs within their niches also needs to be studied in detail for two
reasons: in addition to replacement therapies in which cells from allogeneic
donors may be transplanted, resident stem cells may also be mobilized in
order to harness their therapeutic potential. The use of fetal and adult NSCs
for transplantation therapies may also benefit by knowledge of the in vivo
survival and differentiation requirements of these cells.

In this review we attempt to summarize the signals controlling some
aspects of neural stem cell biology including the in vivo niches in which neural
stem cells reside in the adult and during development in the embryo, and the
signals that are known to orchestrate the proliferation, survival, and differen-
tiation of NSCs in vitro. Inclusion of the details of each pathway is beyond the
scope of this review, but may be found in several excellent reviews focusing
on individual pathways (Bieberich, 2004; Blaise et al., 2005; Cross and
Templeton, 2004; Kleber and Sommer, 2004; Louvi and Artavanis-Tsakonas,
2006; McMahon, 2000; Polster and Fiskum, 2004; Stupack, 2005; Sela-
Donenfeld and Wilkinson, 2005). Depending on the laboratory in which these
studies were performed, NSC cultures have been derived from rodent or
human tissues, and cultured under conditions that vary in three-dimensional
structure (monolayer or neurosphere), and culture additives [serum,
B27, epidermal growth factor (EGF), or leukemia inhibitory factor (LIF)].
Admittedly, these parameters confer significant differences to the NSC
cultures generated. For example, neurospheres, which are NSC cultures main-
tained in suspended balls of cells, generate cultures of vastly different local
density and extracellular matrix composition when compared with NSCs
generated in monolayers. In addition, NSC cultures prepared from tissue
derived from identical brain regions but from different ages of embryo differ
in their responses to growth factors, attesting to the idea that the response
elicited from a cell by an impinging ligand is affected by the context in which
the signal is received, which in turn is dictated by cell-intrinsic and extracellular
cues. For these contextual reasons, only those results that have been obtained
in mammalian, and preferably neural-related, systems are considered here.
Finally, some conclusions have been drawn by overexpression of signaling
proteins and transcription factors, which may lead to spurious effects. However,
in this review we consider data generated using all these paradigms in addition
to in vivo studies to generate a heuristic model that will undoubtedly undergo
refinements as our understanding of stem cell biology progresses.

Adult Niches for Stem Cells In Vivo

The adult mammalian brain has two prominent zones wherein stem
cells reside. Stem cells are known to exist in the subventricular zone (SVZ),
which extends anatomically around the ventricle in the cerebral cortex.
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These stem cells participate in the rostral migratory stream (RMS) in
rodents, generating interneurons in the olfactory bulb; however, there is
little evidence for the presence of a migrating stream similar to the RMS in
humans (Sanai et al., 2004). The second concentration of stem cells in the
adult occurs in the subgranular zone (SGZ) in the hippocampus, from
which neurons are generated in the dentate gyrus (Gage, 2000). Although
the stem cells that reside in the SVZ were originally thought to comprise the
layer of ependymal cells that line the ventricle (Johansson et al., 1999), the
current consensus suggests instead that astrocytes serve as functional stem
cells (Alvarez-Buylla et al.,2002), whereas the ependymal cells participate in
regulating the niche that these cells occupy (Lim et al., 2000). The current
model suggests that the niche comprises three types of cell: the stem cell/
astrocyte, which contacts the basal lamina and is capable of self-renewal
(B cell); the preneuronal cell (C cell); and the young migrating neuron
(A cell). B cells express glial fibrillary acidic protein (GFAP), a mature astro-
cytic marker, whereas stage-specific embryonic antigen 1 (SSEA1), which is
considered characteristic of rodent embryonic stem cells, is present on a
subset of astrocytes in vivo (Alvarez-Buylla and Lim, 2004). C cells may
also be considered stem cells and respond to EGF as a mitogen in vitro
to give rise to NSC cultures. A similar hierarchy of cells is present in the
SGZ in the adult hippocampus. In this case GFAP-positive astrocytes give
rise to neuronal precursors, which mature into granule cells that populate
the dentate gyrus.

In addition, there is some evidence for the presence of restricted pro-
genitors, distributed in the white matter of the cerebral cortex, which have
been designated white matter precursor cells (WMPCs) (Goldman and
Sim, 2005). These are largely glial progenitors and less restricted multipo-
tential progenitors that are scattered in the SVZ and throughout the
parenchyma of the brain. WMPCs express platelet-derived growth factor
receptor «(PDGFR«) and the A2BS5 epitope and thus appear to be oligo-
dendrocyte precursors (Scolding et al., 1998, 1999), but have the capacity to
generate all neural phenotypes when cultured in vitro (Nunes et al., 2003).
When sorted WMPCs were analyzed for their gene expression profiles they
exhibited some characteristics of neural progenitor cells such as HESI,
musashi, doublecortin, and MASH1 (Goldman and Sim, 2005). Surprisingly,
about 4% of the dissociated white matter from human surgical biopsies was
shown to comprise these A2B5-positive cells.

Although the biology by which the WMPCs are maintained in the brain
remains to be elucidated, a picture is emerging of the SVZ and SGZ niches,
mostly by in vivo transgenic and gene ablation studies. The participation of
extracellular matrix (ECM), basal lamina, and blood vessels and the para-
crine effects of the cells themselves are important for the maintenance of
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these niches in vivo. The ligands that are important for the maintenance,
proliferation, differentiation, and motility of these cells include Notch/
jagged, bone morphogenetic protein (BMP)/noggin, transforming growth
factor « (TGF-«), vascular endothelial growth factor 2 (VEGF2), Ephrins/
Ephs, sonic hedgehog (shh), and soluble amyloid precursor protein (sAPP),
slitl, and slit2 (Alvarez-Buylla and Lim, 2004; Conti and Cattaneo, 2005;
Hu et al., 1996; Wu et al., 1999). Most interestingly, noggin appears to be
expressed by the ependymal cells, which inhibits BMP-mediated astrocyte
differentiation, thus maintaining the neurogenic niche. In the SVZ the
secreted fragment of #-amyloid precursor protein (SAPP) has been shown
to be a mitogen. This is an interesting function for this protein, which is
involved in the pathogenesis of Alzheimer’s disease (Caille er al., 2004).
The polycomb transcription factor bmil and the forebrain-restricted
orphan nuclear receptor tlx are also thought to participate in the mainte-
nance of the stem cell population in the developing, postnatal, and adult
brain (Leung et al., 2004; Roy et al., 2004; Shi et al., 2004; Zencak et al.,
2005).

Not surprisingly, it is largely the same players that appear in studies of
cultured NSCs. NSCs have been successfully cultured from various brain
regions and ages. It is hoped that these cultures will be sufficiently repro-
ducible and predictable across researchers that one may arrive at a desired
end point, be it the large-scale expansion of NSCs or a precursor, or the
complete maturation of a particular subset of neurons or glia.

In Vitro Manipulation of NSCs

Proliferation

The successful culture of any cell type is a result of the processes of
proliferation and survival. Proliferation may be further qualified as sym-
metric or asymmetric cell division, and the regulation of apoptosis may be
included in cell survival (Fig. 1). Manipulation of the speed and length of
the cell cycle appears to be critical for the nature of cells that result. Cell
divisions that have an abridged G; phase result in the proliferation of
undifferentiated stem cells, whereas a progressive increase in the length
of G facilitates the onset of differentiation (Calegari and Huttner, 2003).

Proliferation of NSCs in culture is most commonly controlled by the
addition of basic fibroblast growth factor (bFGF) and EGF. Implicit in the
culture conditions is also the presence of extracellular matrix molecules
such as fibronectin, laminin, collagen, or vitronectin if serum is used,
and ECM molecules that are secreted by the cell themselves. The self-
secreted ECM is especially relevant in the case of neurospheres, to which
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Fic. 1. Processes that are regulated in neural stem cell (NSC) biology. The processes of
proliferation, survival/apoptosis, and differentiation comprise the major biological processes
of an NSC. Proliferation may lead to asymmetric division, which may result in the generation
of two similar or different progeny, or in the death of one of the daughter cells. Proliferation
and the signals involved are described in Figs. 2 and 3, whereas differentiation and its signals
are described in Figs. 4 and 5.

no other extraneous ECM molecules are added. The involvement of FGF
and EGF normally alludes to activation of the mitogen-activated protein
kinase (MAPK) pathway. However, as seen in Fig. 2, there is evidence for
the involvement of other protein and lipid signal mediators. In addition
to MAPK activation, bFGF is also known to increase levels of active
(-catenin, which is an important mediator of what is commonly called the
canonical signaling pathway of the wnt ligand, and appears to maintain
NSCs in a proliferative state when cultured as neurospheres (Israsena et al.,
2004; Viti et al., 2003). Wnt, a signal upstream of -catenin, has been shown
to regulate the proliferation of a subset of neural progenitor cells in mouse
forebrain and chick spinal cord, where the expression of Wnt-1 or stabi-
lized [-catenin results in increased numbers of neural progenitors along
with decreased neuronal differentiation (Chenn and Walsh, 2002; Megason
and McMahon, 2002; Sommer, 2004). Along with wnt, notch and shh also
regulate NSC proliferation. The response elicited by notch signaling ap-
pears to be dependent on the levels of expression of notch and its ligands
within the tissue. The mammalian ligands of notch include delta and jagged
(Louvi and Artavanis-Tsakonas, 2006). The effects mediated by notch in
response to its ligands are regulated by the relative expression of the ligand
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in adjacent cells. When there are high levels of delta in all cells, equal
intensities of signaling between all the cells cause proliferation (Akai et al.,
2005; Jessell and Sanes, 2000). However, an imbalance in notch signaling
in adjacent cells, for example, by modulation of levels of delta expression in
adjacent cells by intrinsic or extrinsic signals, leads to an instructive notch
signal (Artavanis-Tsakonas et al., 1999). FGF causes induction of delta
expression through the action of CASH in experiments performed in the
chick (Akai et al., 2005), and thus precipitates notch function through Hesl,
Herp, and similar transcriptional regulators. Lipid signaling is also an inte-
gral modulator of growth factor signaling and the ceramide GM1 is a
cofactor of the FGF receptor (Rusnati et al., 2002). Although FGF appears
to be an integral regulator of proliferation in culture, it is not frequently
associated with proliferation in vivo, and may preferentially regulate the
proliferation of these cells in culture. Similarly, EGF has been shown to be a
mitogen in vitro for the C cells present in the SVZ (described in the previous
section) (Doetsch et al., 2002). Although there is no evidence for the pres-
ence of EGF or bFGF in vivo, TGF-a is present and it functions through the
EGF receptor. It is possible that it is a ligand that mediates the in vivo
proliferation of NSCs. In fact, TGF-« null mice do show the expected deficit
of reduction of proliferation of NSCs in the SVZ (Tropepe et al., 1997).
Shh is thought to affect proliferation of precursors, and in keeping with
this observation is mutated frequently in medulloblastomas and gliomas
(Sanai et al., 2005). Shh functions by activating Gli-based transcriptional
trans-activation through a complex series of “‘double-negative’ interactions
with its receptor smoothened/patched (McMahon, 2000; Sanai et al., 2005).
It relieves transcriptional repression on Gli targets imposed by patched
and causes activation of the same genes. Shh affects the proliferation of
precursors by inhibition of Rb, the retinoblastoma protein, and induction
of N-myc expression (Kenney and Rowitch, 2000; Sjostrom et al., 2005).
Leukemia inhibitory factor (LIF) is also considered a mitogen in some
NSC neurosphere culture systems, including NSCs derived from early
mouse neurectoderm and human mesencephalon (Hitoshi et al., 2004; Jin
et al., 2005). Surprisingly, it has been shown by several groups to cause
astrocytic differentiation in rodent NSCs cultured in monolayers, reiterat-
ing the fact that the biological effects elicited by factors are context, and
species, dependent. EphB1-3 and EphA4 are present on cells of the SVZ
and ephrinB ligands are associated with SVZ astrocytes. The Eph receptors
signal via tyrosine kinase domains in their intracellular domains, and the
ephrins themselves can signal through the tyrosine residues present in their
intracellular domains (Holland et al., 1996). This bidirectional signaling
may be important for the demarcation of boundaries (Mellitzer et al.,
1999). Infusion of truncated EphB2 or ephrinB2 into the lateral ventricle
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results in an increase in cell proliferation, particularly astrocytes, and
blocks migration of cells from the SVZ (Conover et al., 2000). Alternatively,
ephrinA/EphA receptor regulates apoptosis in the developing brain and
thus brain size and cell number (Depaepe et al., 2005). EphrinA2 reverse
signaling induced by EphA7 negatively regulates proliferation in the adult
mouse brain; a disruption of this interaction causes increased proliferation
of progenitors and increased neurogenesis (Holmberg et al., 2005).

In addition to the soluble and immobile factors discussed above, neuro-
transmitters are also mitogenic in the earlier stages of CNS development.
~v-Aminobutyric acid (GABA) and glutamine appear before the onset of
synapse formation during CNS development, and regulate proliferation of
the precursor cell population depending on the stage of development, and the
paradigm studied (Haydar et al., 2000). GABA has been shown to inhibit
the proliferative effect of bFGF on cortical progenitor cells (Antonopoulos
etal.,1997). These neurotransmitters modulate DNA synthesis and calcium
concentration within the cytoplasm of NSCs (Haydar et al., 2000; LoTurco
et al., 1995; Owens et al., 2000). Although initially used in hematopoietic
stem cell cultures, the biological basis for the culture of various stem cells
including NSCs under low-oxygen conditions is being increasingly under-
stood. Hypoxia causes a general decrease in free radicals in the cell and thus
decreases the amount of apoptosis that may occur in the culture (Cross and
Templeton, 2004). It also causes the induction of a heterodimeric transcrip-
tion factor, hypoxia-inducible factor 1 (HIF1), which causes an increase in
the proliferation of undifferentiated cells (Gustafsson et al., 2005). HIF1
interacts with the notch pathway to cause transcription of notch-regulated
genes, which are involved in the maintenance of the undifferentiated state.

Survival/Apoptosis

Apoptosis plays a central role in NSC biology. In vivo, the development of
the mammalian CNS undergoes phases of regulated cell death including one
occurring in early embryonic development that is thought to regulate the
number of neural stem cells (De Zio et al., 2005). Mechanistically, reduction
in NSC apoptosis was evidenced by knocking out the expression of Apafl,
caspases 3-9, and Eph A7 (Depaepe et al., 2005; Kuan et al., 2000; Kuida et al.,
1996). In addition, experiments with null mice suggest that the “‘intrinsic
pathway”’ of apoptosis is involved in cell death during synaptic development
in the CNS (Chang et al., 2002; Polster and Fiskum, 2004). This involves the
formation of active caspase 9 in the presence of Apafl and cytochrome c,
which then leads to activation of caspase 3. Although it has not been shown in
stem cells per se, insulin mediates the survival of cells in culture via Akt, which
phosphorylates and causes degradation of the proapoptotic protein BAD
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(bel2-associated death promoter) (Datta et al., 1997, 1999). Akt also regulates
the activity of the forkhead transcription factor and prevents it from tran-
scribing genes that induce apoptosis, including the FAS (FS-7 cell-associated
cell surface antigen) ligand (Brunet et al., 1999). Interestingly, the GM3
ceramide is involved in downregulating signals from the insulin receptor
(Yamashita et al., 2003). In addition, by extrapolation from experiments
performed in related systems, it is possible that the MAPK pathway functions
in NSC survival via the regulation of BAD (Bonni et al., 1999). Notch is also
involved in regulating survival of NSCs and appears to work by increasing the
expression of the prosurvival genes bcl-2 and mcl-1 (Oishi et al., 2004).

Integrins are also major effectors of cell survival and are included
among the ‘“dependence receptors,” which, generally speaking, mediate
survival in the presence of their respective ligand and mediate apoptosis in
its absence. The family includes the receptors DCC (deleted in colon
cancer) and RET (rearranged during transfection), and the integrin recep-
tors (Stupack, 2005). There are 18 « subunits and 8 3 subunits, which form
at least 24 heterodimeric integrin receptors that mediate signals from a
limited set of ECM molecules that form their cognate ligands (Hynes,
2002). The integrin receptor itself mediates MAPK signals via kinases such
as focal adhesion kinase (FAK), but also mediates pathways related to
cell survival including Akt activation, p53 activation, and bcl2 expression
(Matter and Ruoslahti, 2001; Stromblad et al., 1996; Zhang et al., 1995). In
addition to eliciting these signals, the integrin receptors are also complexed
to growth receptors in the cell, thus making EGF and PDGF signaling,
among others, integrin dependent (Giancotti, 1997; Schneller et al., 1997).
The effects of integrin signaling are thus far reaching, and may not be
limited to survival alone. The (;-intergrin subunit has been shown to be
essential for NSC proliferation and survival (Leone et al., 2005), possibly in
combination with as and «g subunits, respectively (Jacques et al., 1998).
Interestingly, it has been shown that PTEN (phosphatase and tensin
homolog), a phosphatase that regulates Akt and functions downstream of
integrins, negatively regulates NSC proliferation by affecting cell cycle
entry at Go—G; (Groszer et al., 2006), again demonstrating the interaction
between pathways related to cell proliferation and survival.

Symmetric and Asymmetric Cell Division

Cell division in stem cells can result in two identical daughter cells that
arise because of symmetric division, or two disparate progeny may be
arrived at by asymmetric cell division. Symmetric division may give rise
to two stem cells that are identical to the progenitor, or could give rise to
two differentiated cells that are identical. Asymmetric division may give
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rise to one daughter cell that is differentiated while the other remains a
multipotent stem cell, or may lead to the death of one cell, thus maintaining
total cell number within the environment. One of the first demonstrations
of asymmetric cell division was by Chenn and McConnell, who elegantly
demonstrated that notch is sequestered to cells of the dividing SVZ during
development of the CNS, while the other daughter cell becomes a neuron
(Chenn and McConnell, 1995). Numb and Numb-like are PTB domain
proteins that are thought to negatively regulate notch signaling by causing
receptor turnover of the notch protein. Loss of these proteins may cause an
increase in the neuronal progenitor population because of an increase
in symmetric cell divisions (Castaneda-Castellanos and Kriegstein, 2004;
Li et al., 2003).

NSCs are derived from the neuroepithelial layer of the developing and
developed neural tube, and are thus epithelial in nature. This implies the
presence of a basement membrane and an apical surface for all cells.
The most obvious manner of asymmetric division in such cells would entail
a horizontal axis for cytokinesis, in which one daughter cell inherits the
basement membrane and all its associated characteristics, while the other
daughter inherits the apical membrane. However, a large proportion of
asymmetric divisions appear to undergo cytokinesis in the vertical axis,
which is not as perfectly perpendicular to the axis of the basement mem-
brane of the cell, thus conferring one daughter cell with a larger portion of
the apical membrane than the other (Huttner and Kosodo, 2005) (Fig. 3).
This appears to be a method for the specification of radial glial fate (cells
that inherit the apical membrane) versus neuronal fate in the mammalian
CNS (Kosodo et al., 2004). The biochemical signals that are sequestered in
the apical membrane are not clear; however, it is possible that lipid rafts
are involved in anchoring intercellular components (Bieberich, 2004) in a
manner similar to numb and prospero, as shown in Drosophila (Clevers,
2005). In addition to these physical parameters, some genes have also been
identified that are involved in the specification of polarity axes and posi-
tioning of the spindle. The mammalian homolog of the Drosophila lethal
giant larvae gene (Lgl1) is essential for the localization of numb and lack of
function leads to hyperproliferation of the neuroepithelium and radial glial
cells, and tissue disorganization in vivo (Klezovitch et al., 2004). Similarly,
Lkbl1 is a protein kinase that was originally isolated as a tumor suppressor
gene and is known to regulate polarity in mammals (Baas et al., 2004).
Ndel, a centrosome protein, and ASPM (abnormal spindle-like microceph-
aly associated) are thought to function in the positioning of the mitotic
spindle (Bond et al., 2003; Feng and Walsh, 2004). Loss of their respective
functions leads to increased horizontal/oblique axes of cell divisions, caus-
ing a depletion of NSCs and a concomitant increase in early neurogenesis.
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Fic. 3. Regulation of symmetric and asymmetric division of NSCs. A schematic
representation of the spindle apparatus of a dividing cell and its orientation relative to the
longitudinal axis of the cells denotes the phenomena of symmetric and asymmetric cell
division. Genes that have been shown to be involved in these processes in NSCs are listed.

Ceramide is also involved in signals that orchestrate asymmetric cell
division, and the death of one of the progeny. Whereas ceramide itself
partitions normally in the dividing neural progenitor cells, PAR4 segre-
gates to only one of the progeny, PAR4 (prostate apoptosis response
protein 4) being a protein kinase C ((PKC() inhibitor that sensitizes cells
to ceramide-induced apoptosis, possibly through a p53-mediated mecha-
nism (Bieberich et al., 2003; Roussigne et al., 2003; Wang et al., 2005). Lipid
signaling may also be involved in other aspects of interaction between
nuclear and cytoskeletal proteins. Tubulin and other intermediary fila-
ments such as nestin also localize asymmetrically during cell division, as
shown in embryoid body-derived stem cells, and it is possible that interac-
tion with ceramide is involved in these interactions (Bieberich, 2004).
Because ceramide is present in membranes, it is likely that the intracellular
membranes are in contact with the mitotic spindle and intermediary fila-
ments, thus implying a tertiary level of interactions during the cell cycle
that needs further investigation. G protein signals are also intertwined with
the lipid-mediated signals described and may be involved in the positioning
of the mitotic spindle. When Gaj3—07 is present as a heterotrimer the
majority of the cleavage planes are vertical, whereas nonvertical cleavage
planes result when (7 is free to interact with downstream effectors (Sanada
and Tsai, 2005). On the other hand, G, in a manner similar to ceramide,
binds tubulin via LGN and NUMA (nuclear mitotic apparatus) (Du and
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Macara, 2004). The exact mechanism by which these entities regulate the
cleavage plane remains to be elucidated.

The length of the cell cycle is another parameter that is manipulated for
manifestation of asymmetric cell division and the resulting differentiation.
Cells that have a rapid pace of cell division, that is, a short G; phase, will
not undergo asymmetric cell divisions even if they have inherited cell
components asymmetrically (Huttner and Kosodo, 2005). Lengthening of
the cell cycle is required for the specification of progenitors and definitive
neurons from NSCs (Cai et al., 2002; Calegari and Huttner, 2003). One
mechanism that has been proposed for the lengthening of G, is the accu-
mulation of ceramide in the cell during Gy—G;. Ceramide accumulation
may lead to quiescence or apoptosis in the extreme case, possibly involving
the retinoblastoma protein, but its levels may also be regulated to cause
just enough increase in the length of G; to enable cell fate decisions
(Bieberich, 2004).

Differentiation

NSCs can be differentiated into the three major cell types that constitute
the adult CNS—namely, neurons, astrocytes, and oligodendrocytes. NSCs
may also be differentiated into cells of the neural crest lineages such as
smooth muscle and neurons and glia of the peripheral nervous system
(Rajan et al., 2003; Sailer et al., 2005) (Fig. 4). Fate choice decisions are
orchestrated by the response of the cell to extracellular ligands, which
include soluble ligands and those that are immobilized by incorporation into
either the extracellular matrix or the surface membrane of neighboring cells.
As mentioned previously, the end point of differentiation is a result of the
sum total of all signals impinging on the cell, and the biochemical state of
the cell that is receiving the signal, that is, the qualitative result of any signal
is entirely context dependent. This is illustrated by the effect elicited by
wnt-7a on NSC cultures: in cultures derived from embryos of age E13.5 wnt
causes neuronal differentiation, whereas it causes proliferation in cultures
derived from younger animals (Hirabayashi et al., 2004), and BMP differen-
tiation of NSCs into smooth muscle cells or astrocytes depending on basal
levels of Stat3 (signal transducer and activator of transcription 3) activity
(Rajan et al., 2003).

Growth factors have been used extensively for NSC differentiation.
The neuropoietic cytokines ciliary neurotrophic factor and leukemia inhibi-
tory factor (CNTF and LIF) are robust inducers of astrocytic fate (Johe et al.,
1996), and do so by activation of signal transducer and activator of tran-
scription (Stat) proteins, particularly Statl and Stat3 (Bonni et al., 1997,
Rajan and McKay, 1998). The LIF receptor (which serves as the signaling
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FiG. 4. Differentiation of NSCs. NSCs differentiate into the major cell types present in the
adult nervous system, including the various subtypes of neurons, astrocytes, and
oligodendrocytes. It is possible that NSCs can differentiate into glial progenitors that then
give rise to astrocytes and oligodendrocytes, and a neural crest-like stem cell, which can then
give rise to neural crest fates such as smooth muscle and glia of the peripheral nervous system
(PNS). The markers generally used to identify these fates are listed by each cell type.

moiety for both CNTF and LIF) activates the janus kinase/tyrosine kinase
(JAK/TYK) family of kinases and also MAPK in the cytoplasm, which
results in Stat activation. The inhibition of MAPK delays initiation of
CNTF-mediated differentiation, suggesting that CNTF-mediated MAPK
activation is required for optimal differentiation (Rajan and McKay, 1998).
BMPs also cause glial differentiation by the activation of Stat3, but do so
under conditions that involve the FKBP12 rapamycin-associated protein
(FRAP) and dense cultures that have high levels of basal Stat3 activation.
Thus in this case the high basal levels of active Stat3 become a context in
which the active Stat signal generated by BMP via FRAP yields glia (Rajan
et al., 2003). The thyroid hormone triiodothyronine (T3) causes oligoden-
drocyte differentiation; however, the details of the mechanism remain to be
studied (Johe et al., 1996). Shh appears to specity oligodendrocyte fate, but
this effect is inhibited by BMPs, which promote astrocytic fate (Samanta
and Kessler, 2004). This reflects the in vivo condition in which inhibition of
BMPs by noggin in the SVZ niche causes inhibition of astrocytic fate and,
in that case, promotes neuronal differentiation. BMPs also cause neuronal
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differentiation in both NSCs and NCSCs (Anderson et al., 1997; Mabie et al.,
1999). Brain-derived neurotrophic factor (BDNF) has been shown to pro-
mote neuronal differentiation in NSC cultures (Caviness et al., 1995; Vicario-
Abejon et al., 1995), whereas PDGF is though to be mitogenic for neuronal
precursors (Johe et al., 1996). Immobilized ligands are also integrally involved
in differentiation. Notch was initially identified in Drosophila by its neuronal
inhibition phenotype. In mammalian stem cells it causes glial differentiation
by either one of two processes: lateral inhibition or inductive signaling
(Gaiano and Fishell, 2002). Notch actions include activation of the transcrip-
tion factors Hes and Herp. Astrocytic differentiation by notch appears to be a
two-step process in which the first step blocks neuronal induction, and the
second step promotes astrocytic fate (Grandbarbe et al., 2003). The wnt
proteins are implicated in neuronal differentiation and neural crest induction
(Lee et al., 2004; Sommer, 2004). Wnt-1 and -3 are required for the specifica-
tion of spinal interneurons and promote neuronal differentiation in NSC
cultures (Muroyama et al., 2002, 2004), whereas wnt-7a causes neuronal
differentiation in NSC cultures by regulating the expression of neurogenin
via activation of the transcription factor TCF/LEF (T cell factor/lymphoid
enhancing factor) (Hirabayashi ez al., 2004) (Fig. 5).

It has been known for more than a decade that manipulation of oxygen
affects stem cell cultures (Cipolleschi et al., 1993). Oxygen levels in devel-
oping tissues are regulated, and thus it is no surprise that oxygen levels
have specific effects in NSCs in culture and in vivo. The generation of free
radicals inside cells is dependent on the ambient oxygen tension, and thus
the extent of apoptosis generated by these harmful free radicals (Cross and
Templeton, 2004). However, the activation of HIF1 adds a new dimension
to the regulation of cellular physiology in proliferating and differentiating
NSCs. HIF1 is activated by MAPK in cells and when translocated to the
nucleus causes the activation of about 50 genes, which include some ob-
vious candidates such as erythropoietin, FGF, and transferrin and its re-
ceptor. Other survival-related genes such as FGF and stem cell factor
(SCF) appear to be upregulated by signals other than HIF1 in response
to hypoxia (Zhu et al., 2005). Hypoxia has been differentially shown to
induce differentiation and proliferation of undifferentiated NSCs and
Notch signaling is thought to be required for the maintenance of the
undifferentiated state of NSCs under hypoxic conditions (Gustafsson
et al., 2005). Nitric oxide (NO) also regulates cellular homeostasis in
tissues. Although the effect of the gas is thought to extend only over several
cell diameters, modification of hemoglobin by NO causes its effects to be
felt over greater distances. NO is synthesized by NO synthetase (NOS), of
which there are three isoforms in mammals (Mungrue et al., 2003). The
modes of NO action include induction of G protein signaling by direct
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binding to its receptor, and direct diffusion through the cell membrane. The
effects of NO include the S-nitrosylation of thiol groups in proteins, which
could be an important means of posttranslational modification of proteins;
G protein signaling, resulting in intracellular signaling cascades; and gen-
eration of oxidant moieties and reactive NO species (RNOS), which result in
apoptosis (Blaise et al., 2005). NO appears to promote cell survival or cell
death depending on the system in question. There is an extensive literature
relating NO to synaptic function in the mature nervous system; however, a
clear function for it in NSC biology, although likely, remains to be described.

As can be seen from the above description, these interactions are com-
plex and not completely defined. If one were to work one’s way out from
the nucleus to the cell membrane, it emerges from a parsimonious analysis
that the Stat proteins specify astrocytic fate; the basic helix-loop—helix
(bHLH) transcription factors, including NeuroD and neurogenin, appear
to specify the neuronal fate; and, similarly, oligl and olig2 (oligodendrocyte
lineage transcription factors 1 and 2) specify the oligodendrocyte fate.
Whereas the cytoplasmic activation pathway for Stat protein appears to
involve the JAK/TYK kinases, MAPK, and FRAP, the cytoplasmic path-
way for activation of the neuronal and oligodendrocyte-inducing transcrip-
tion factors is less defined. Shh causes oligodendrocyte differentiation, wnt
causes activation of neurogenin via activation of TCF/LEF, and notch
causes astrocytic differentiation presumably by Hes and its targets. At the
next level one moves on to the “cross-talk’ or “signal integration” scenar-
ios, which may be illustrated by the mechanisms of Stat activation to yield
glia from NSCs. There is a density-mediated signal that causes the activation
of Stat3 in NSCs, which was first documented by Rajan et al. (2003).
Kamakura et al. subsequently showed that activation of notch (which could
be density mediated) causes complex formation between JAK and Stat3,
which is facilitated by Hes causing Stat activation (Kamakura et al., 2004).
Thus it is the timing and summation of the effects of two or more antagonistic
or complementary signals that will finally dictate the outcome.

LIF or ciliary neurotrophic factor (CNTF). Stat3 activation appears to be integrally involved
in astrocytic differentiation. shh signals lead to oligodendrocyte differentiation, and so also do
signals originating from the triiodothyronine (T5) receptor. While hypoxia activates hypoxia
inducible factor 1 (HIF1), which leads to specific differentiation effects, it also regulates free
radical levels in the cell, thus modulating signals in general. The nuclear component of
differentiation is more complex than proliferation, and there are several more epigenetic and
cofactor molecules involved. In addition, helix-loop-helix proteins including neurogenin,
stem cell leukemia protein (SCL), and NeuroD are involved in fate choice specification. The
complexity of possible transcription events during differentiation may perhaps be explained
by the number of fates into which an NSC can differentiate. *, activated transcription factor.
See text for details and references.
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In addition, there is extensive interaction of these transcription factors
among themselves and with other constant or induced transcription
factors, and the higher-order transcription machinery. For instance,
SMADs, which are the major group of transcription factors activated by
BMPs, are thought to interact with Stat3 on the GFAP promoter via p300,
which serves as transcriptional coactivator and that, in addition to binding
the transcription factors themselves, also possesses histone acetyltransferase
activity that facilitates transcription (Nakashima et al., 1999). Neurogenin
appears to inhibit this interaction when it is bound to DNA by sequestering
the p300/SMAD complex (Sun et al., 2001). The other higher-order tran-
scriptional proteins that have been implicated are NcoR (nuclear receptor
corepressor) in glial differentiation (Hermanson et al., 2002), and REST
(RE-1-silencing transcription factor) in glial maintenance, which act by
blocking neuronal genes in nonneuronal cells in most cases (Lunyak and
Rosenfeld, 2005). In an added level of regulation REST function is modu-
lated by a double-stranded RNA, which appears to relieve repression of
neuronally related genes that are blocked by REST (Kuwabara et al., 2004).
Transcription of the GFAP promoter is influenced by methylation of a
cytosine residue in the promoter (Takizawa et al., 2001). It is thus possible
that methylases are controlled on the basis of the stage of proliferation/
differentiation of NSCs, which provides a further “‘context” to the cell
receiving the signal. There is also increasing evidence that bmil, which is
one of the polycomb group of genes, an ““oncogene’ that regulates cell cycle-
related genes such as INK4a and pl6AREF, is involved in the maintenance,
proliferation, and differentiation states of neural stem cells. bmil forms
part of a complex called the polycomb repressive complex 1 (PRC1),
thought to stably maintain gene expression by regulation of epigenetic
chromatin modifications (Valk-Lingbeek et al., 2004). Mice deficient in
bmil display deficits in neural stem cells and cerebellar neurons (Leung
et al., 2004). Interestingly, they also show an increase in astrocytes (Zencak
et al., 2005). Finally, the bHLH protein SCL (stem cell leukemia protein) is
thought to be involved in glial specification in the developing embryo
(Muroyama et al., 2005).

Differentiation may be brought about by inhibition of the cell cycle,
or by the induction of differentiation per se without cell cycle inhibition.
In the former case inhibition of the cell cycle is brought about by the
regulation of cdk inhibitors such as p27, which is described in Edlund and
Jessell (1999). Other cdk inhibitors that function in a similar manner
are p21 and pl35; these interactions result mainly in inhibition of phos-
phorylation of the retinoblastoma protein (Rb), which would permit
cells to reenter the cell cycle (Weinberg, 1995). In the second case, regula-
tion of differentiation occurs by proteins such as Id and Hes, which are
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directly involved in the induction of differentiation regimens (Norton, 2000;
Ohtsuka et al., 2001).

Conclusions and Projections

Complex signaling networks regulate the life and death of an NSC.
In this review we have created a model for some of the permutations of the
signals that are associated with NSC proliferation and differentiation,
albeit a simplistic one. Our model is based largely on physical interaction
of signaling entities and chemical modifications of enzymes and substrates,
and implicit throughout the discussion is the assumption that temporal and
spatial factors affect signal intensity and generation. ““Context” is provided
by prior or simultaneously occurring chemical, spatial, and temporal events,
and is crucial for the outcome of signaling events; a balance of signaling events
will decide whether a cell will divide, differentiate, or die. Computer model-
ing could be a further approach by which networks of signals arising
from the ligand-receptor interaction at the cell surface to transcription
factor activation in the nucleus may be described, along with regulatory
motifs along the cellular networks (Ma’ayan et al., 2005). The models pro-
vided in Figs. 2 and 5 depict pathways at their most basic level. An inclusion of
all the “points of regulation’ with detailed depictions of pathways and in
four dimensions will exponentially increase the complexity of the interactions.

A comparison of Figs. 2 and 5 shows that there are several apparently
common signals involved in proliferation and differentiation. However,
their interactions and the resulting end points are substantially different.
Some striking examples are shh, which regulates proliferation by the acti-
vation of N-myc, and differentiation by the activation of the olig transcrip-
tion factor. The delta/notch system regulates proliferation, possibly by
genes that are activated by its responding transcription factors Hes/Herp,
but activation of Stat proteins may be a signal that is involved in mediating
the complex differentiation phenotype of notch. Another example is
MAPK, which although usually associated with proliferation can mediate
differentiation by augmenting signals such as those mediated by wnt and
CNTF. Integrins can modulate signals from several receptor tyrosine
kinases (RTKs) including FGF, EGF, and PDGF.

Signals that regulate survival/apoptosis are more apparent and integral
to proliferation than to differentiation. Interestingly, several of the genes
that are involved in these processes were identified as oncogenes or
suppressor genes. These include signals that regulate bcl2, mcil, and p53.
Among the transcriptional regulators of NSC proliferation are Stat3,
N-myc, and bmil. Stat3 seems to be required for the proliferation of retinal
progenitors; N-myc is responsible for proliferation in related systems, and
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it functions downstream of shh; bmil, one of the polycomb group of
proteins, is involved in epigenetic regulation of the genome and, along with
tlx1, appears to be involved in NSC renewal. The Eph/ephrin proteins
appear to have important roles in the regulation of NSCs in vivo. It is
possible that genes identified as oncogenes and tumor suppressor genes
have as yet undefined roles in NSC proliferation and maintenance.

The number and complexity of nuclear signals associated with differen-
tiation far exceed those responsible for proliferation of NSCs. This is not
surprising because there are several more outcomes that can occur because
of differentiation, and possibly many avenues by which these fates can be
arrived at, depending on the context in which the differentiation event is
occurring. Determination of the cytoplasmic signals that regulate these
nuclear proteins will enhance our understanding of the regulation of differ-
entiation of NSCs, and the mechanisms by which cytoplasmic interactions
occur. Our current knowledge indicates that BMPs, CNTF/LIF, notch, wnt,
shh, and Tj are inducers of specific differentiation events. Robust inducers
like CNTF can induce differentiation independently, whereas others such as
BMPs require a specific context to bring about a particular fate, and the
RTKs appear to have a supporting role.

As mentioned previously, some factors elicit different responses from
NSCs derived from different species; for example, LIF causes differentiation
of NSCs derived from E14 rat embryos and supports proliferation of NSCs
derived from younger embryos, and in human NSCs. Because of such context
considerations only those results that have been obtained in mammalian, and
preferably neural-related, systems have been considered here. However,
some extrapolations have been made from related systems, such as the case
of insulin and integrins. The assumption of the involvement of Akt/BAD and
integrin signaling in NSC cultures is not unreasonable. Insulin is included
in most cell culture systems, including NSC cultures. Adherent monolayer
cultures are dependent on a coating of matrix molecule such as fibronectin
or laminin on the culture dish for survival and proliferation, whereas neuro-
sphere cultures synthesize their own extracellular matrix. Ideas and practical
methods to manipulate cell surface and cytoplasmic signals independently
and in concert will permit appreciable control over NSCs and may even allow
us to minimize differences that arise because of culture protocols. This may
involve concerted inhibition signals by inhibition of enzymes, manipulation of
density, extracellular matrix, temporally regulated coactivation of pathways,
and compartmentalized activation of signals especially for immobile ligands,
and the configuration of intersecting gradients for immobile and soluble
ligands.
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Sample Protocols for the Culture and Characterization of NSCs

NSCs from various sources are capable of continued proliferation as
undifferentiated cells and of then differentiating in vitro into either mixed
populations of clonally related neurons, astrocytes, or oligodendrocytes
or populations relatively enriched for one neural cell type versus another.
Rodent NSCs are preferentially maintained in serum-free medium supple-
mented with bFGF as mitogen. Differentiation toward enriched popula-
tions of various neural lineages is routinely accomplished by allowing the
cells to exit the cell cycle by removing mitogens from the medium while
simultaneously exposing them to various inducing agents including NT-3
for neurons, CNTF and serum for astrocytes, and T; and PDGF for
oligodendrocytes (Johe et al., 1996). These cultures are characterized by
immunocytochemistry (ICC) and/or reverse transcriptase-polymerase
chain reaction (RT-PCR) with stem cell markers. Differentiated cultures
are characterized with ICC markers, PCR, and whole-cell patch-clamp to
confirm the functionality of neurons. Here we describe one of several
existing methods used to culture NSCs from mammalian tissue.

Culture of Human NSCs

We have been successful in isolating human NSCs from the telence-
phalic ventricular zone of a 13-week gestation human fetal cadaver.

1. Briefly, we first establish a primary dissociated, stable serum-
containing monolayer culture of fetal ventricular zone. Cultures that do
not grow well or do not continue to proliferate are no longer pursued.
A promising culture is then subjected to a 6- to 8-week sequential growth
factor selection process based on growth parameters rather than on
markers (as per Flax et al, 1998). In fact, cells that form clusters that
are greater than 10 cell diameters and cannot be readily disaggregated are
excluded.

2. Cells grown in serum are switched to serum-free conditions
containing EGF (human recombinant, 20 ng/ml; EMD Biosciences, San
Diego, CA), bFGF (human recombinant, 20 ng/ml; EMD Biosciences), and
LIF (human recombinant, 10 ng/ml; Chemicon International, Temecula,
CA). They are passaged once per week for 2 weeks.

3. Cells that are successfully passaged are then switched to bFGF
alone. They are similarly passaged once per week for 2 weeks.

4. Cell that are successfully passaged in bFGF are then switched to
EGF alone. They are similarly passaged once per week for 2 weeks.

5. Cells that are successfully passaged are then switched back to bFGF
and the 2-week selection process is continued.
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6. Cells that are successfully passaged in bFGF are then switched to
bFGF plus LIF.

7. Cultures that have been successfully passaged over the previous
6-8 weeks and continue to maintain stem-like growth after this selection
process are then subjected to an in vitro and in vivo functional screen.
In vitro, the cells must be able to express undifferentiated markers yet, in
response to induction, differentiate in a dish. The in vivo functional screen
entails continuing to use only those cells that have the ability to engraft,
migrate, and differentiate in vivo after implantation into the ventricles and
cerebella of newborn (P0O) mice and yield olfactory bulb neurons or
cerebellar granule neurons, respectively. After 3—-4 weeks, the mice are
killed to determine which hNSCs yielded neurons in the olfactory bulb,
glia in the cortex, and granule neurons in the cerebellum.

8. On the basis of this protracted screen, only a few lines are ultimately
selected for further use. These are stored as stable lines to be used for
multiple experiments. They are not grown as floating clusters (‘“‘spheres”)
but rather as monolayers in serum-free medium in bFGF plus LIF with the
addition (1:1) of medium conditioned by hNSCs (i.e., 50% “‘self-conditioned
medium”). No genetic manipulations are imposed on these cultures.
Monolayers and any clusters are disaggregated frequently with trypsin or
Accutase (Innovative Cell Technologies, San Diego, CA). Karyotypes
have remained stable. Most flask cultures are grown with bFGF and LIF,
with the addition (1:1) of medium self-conditioned by hNSCs and stored
for future use. The hNSCs are predominantly adherent and grow as a
monolayer, although there is a moderate percentage of floating cells.
Tapping the flask and/or triturating easily dislodges the adherent cells to
permit passaging and to preclude terminal differentiation. The cells tend
to form clusters both when floating and when attached. Frequent passaging
excludes those cells that are not actively proliferative and hence allows their
cell cycle and differentiation state to be more or less synchronized.

9. hNSCs are grown in 25-cm? flasks (Falcon, tissue culture-treated; BD
Biosciences Discovery Labware, Bedford, MA) containing 8 ml of medium,
fed, and/or split 1:2 once per week. Concentrated splits do better than more
dilute splits. hNSCs are dissociated into single-cell suspensions when any
floating or adherent cellular clusters grow to such a point that they can no
longer readily be dissociated mechanically by simple trituration, or when
they are too adherent to be dislodged by simple agitation, or when they are
greater than 10 cell diameters in width—and before all transplantations. This
generally coincides with our once-per-week passaging regimen. Again, when
passaging, we split only 1:2 each time. All cells, both floating and adherent,
are passaged. For routine passaging, Accutase is used as the dissociating
agent. Accutase can be inactivated by simply diluting with fresh medium.
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Immunocytochemistry of Markers to Identify Stem Cells and
Differentiation Products

1. Fix the cells with PAF solution [4% paraformaldehyde, 0.12 M
sucrose, in phosphate-buffered saline (PBS, pH 7.2)]. The cells are washed
once, quickly and gently, with PBS (room temperature) and fixed by
adding PAF (0.5 ml/well for 24 wells, 0.1 ml/well for 96 wells) for 20 min at
room temperature.

2. Wash for 10 min with PBS. Repeat twice.

3. Saturate nonspecific sites and permeabilize with PBS containing
0.3% Triton and 10% normal goat serum (NGS) for 40 min at room
temperature. Wash for 5 min with PBS. Repeat twice.

4. Incubate the cells with primary antibodies for 1 h at room temperature:
Dilute the antibodies in PBS containing 5% NGS. Wash for 5 min with PBS.
Repeat twice.

5. Add the secondary antibody for 1 h at room temperature. Dilute the
antibody in PBS containing 5% NGS. Wash for 5 min with PBS. Repeat twice.

6. Permeabilize the nuclei with 100% methanol (-=20°) for 5 min. Wash
for 5 min with PBS. Repeat twice.

7. Incubate the cells with bisbenzimide for 10 min at room tempera-
ture: Wash the cells three times with ultrapure water and mount them with
Aqua-Poly/Mount (Polysciences, Warrington, PA). Let it dry and store at 4°.

8. Some antibody sources: mouse anti-MAP-2 (diluted 1:250; Sigma,
St. Louis, MO), mouse anti-3-tubulin III (diluted 1:600; Covance Research
Products, Denver, PA), neurofilament M (NF-m, diluted 1:500; Chemicon
International), GFAP (diluted 1:500; Chemicon International), glial cell line-
derived neurotrophic factor (GDNF, diluted 1:1000; Chemicon International),
nestin (diluted 1:100; Chemicon International), and Alexa-conjugated
secondary antibodies (diluted 1:500; Invitrogen, Carlsbad, CA).
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[3] Retinal Stem Cells

By THomas A. REH and ANDY J. FISCHER

Abstract

During the embryonic development of the eye, a group of founder cells
in the optic vesicle gives rise to multipotent progenitor cells that generate all
the neurons and the Miiller glia of the mature retina. In most vertebrates, a
small group of retinal stem cells persists at the margin of the retina, near the
junction with the ciliary epithelium. In fish and amphibians, the retinal stem
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cells continue to produce progenitors throughout life, adding new retina to
the periphery of the existing retina as the eye grows. In birds the new retinal
addition is more limited, and it is absent in those mammals that have been
analyzed. Nevertheless, cells from the retinal periphery and ciliary body of
mammals can be isolated and grown in vitro for extended periods. Methods
for the study of both embryonic progenitors and adult retinal stem cells
in vitro and in vivo have led to a better understanding of retinal develop-
ment, allowed for the screening of factors important in retinal growth and
differentiation, and enabled the development of methods to direct stem and
progenitor cells to specific fates. These methods may ultimately lead to the
development of strategies for retinal repair.

Introduction

Retinal Stem/Progenitor Cells During Development

The vertebrate retina arises during development as an evagination,
called the optic vesicle, of the diencephalon of the neural tube. The cells
in the early optic vesicle express a unique complement of transcription
factors, termed eye-field transcription factors (EFTFs), including Pax6, Rx,
Six3, and Chx10 (see Zuber et al., 2003, for review). On the basis of this
combination of transcription factors, the cells of the optic vesicle can be
distinguished from the other cells of the neural tube. The optic vesicle cells
undergo extensive divisions to generate all the neurons and the Miiller glia
of the adult retina. Analysis of the lineages of the proliferating cells from
the early stages of eye development indicates that they undergo both
symmetric and asymmetric divisions, and that many form clones containing
large numbers of cells (2795 cells; Fekete et al., 1994). The majority of the
clones obtained by labeling the dividing cells at early stages of retinal
development contain multiple types of retinal neurons, as well as Miiller
glia. Thus, these cells are known as multipotent retinal progenitors.

Although the clonal analysis of retinal progenitor cells demonstrates a
wide variety of clone size and composition, some patterns have emerged.
First, ever since the first birth-dating studies of Sidman (1961), it has been
consistently found that the different types of retinal neurons are generated
in a sequence (Fig. 1), with ganglion cells, cone photoreceptors, and hori-
zontal cells generated during early stages of development, and most ama-
crine rod photoreceptors, bipolar cells, and Miiller glia generated in the
latter half of the period of retinogenesis. This has led to the hypothesis that
retinal progenitor cells undergo a progressive change during development
that constrains them to a smaller range of fates (Reh and Kljavin, 1989).
However, an alternative model is that a changing environment directs the
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FiG. 1. Diagram showing the possible relationships among the various types of retinal
progenitor cells and retinal stem cells. The early optic vesicle is composed of cells that ultimately
give rise to all the retinal cells, as well as the pigmented epithelium and ciliary epithelium.
Progenitor cells in the retina generate the neurons and ultimately the Miiller glia and in
nonmammalian vertebrates there is a specialized zone of proliferating cells at the junction
between the retina and the ciliary epithelium, called the CMZ. At least some cells of the CMZ or
adjacent ciliary epithelium must be true retinal stem cells, because these cells are capable of
generating all of the various types of retinal neurons and Miiller glia and persist throughout the
life of the animal. AMA, amacrine cells; BIP, bipolar cells; CMZ, ciliary marginal zone; CON,
cone photoreceptors; FGF, fibroblast growth factor; HOR, horizontal cells; IGF, insulin-like
growth factor; RGC, retinal ganglion cells; ROD, rod photoreceptors; Shh, Sonic hedgehog;
TGF-q, transforming growth factor «; VEGF, vascular endothelial growth factor.

cells to progressively later fates, but the progenitor cells themselves remain
competent to generate all retinal cell types throughout the period of
retinogenesis (James et al., 2003) There is experimental support for both
models, and both the environment and intrinsic state of the cell are likely to
be important factors in determining its ultimate fate [see Reh and Cagan
(1994) and Livesey and Cepko (2001) for review].

The first evidence that progenitor cells at a given stage of retina devel-
opment are not all identical came from an analysis of their proneural gene
expression. Retinal progenitor cells express at least one of the following
members of this class: Ascll, Ngn2, and NeuroD1. The basic helix—loop—
helix (bHLH) transcription factor Ascll (formerly known as Mashl or
Cashl) is expressed in only a subset of retinal progenitors (Jasoni and
Reh, 1996; Jasoni et al., 1994), and the proneural gene for the remaining
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progenitors appears to be either Ngn2 or NeuroD1 (Akagi et al., 2004). More
recently, another class of transcription factors, the Fox class, also reveals
heterogeneity in the progenitor pool. Foxn4 is expressed in a subset of
progenitors and specifically biases them to generate either amacrine or hori-
zontal cells (Li et al., 2004). Retinal progenitors can also be distinguished by
their response to growth factors. Progenitors isolated from the early embry-
onicretina are stimulated to proliferate by fibroblast growth factor (FGF), but
are only minimally responsive to epidermal growth factor (EGF) or trans-
forming growth factor o (TGF-a) (Anchan et al., 1991; Lillien and Cepko,
1992). By embryonic day 18 in the rat, the progenitors have now acquired a
robust response to EGF (Anchan e al., 1991). In addition, progenitor cells
differ in their response to changes in intracellular cAMP. Postnatal progeni-
tors are induced to differentiate by treatments that raise cAMP, whereas
embryonic progenitors are not (Taylor and Reh, 1990). The evidence for
progenitor heterogeneity is somewhat at variance with the indeterminate
lineages of single progenitor cells. One possibility is that the different types
of progenitor cells can interconvert. For example, loss of Ascll causes an
expansion of the Ngn2-expressing progenitors (Akagi ef al., 2004). There is
also evidence from other regions of the developing CNS that FGF-responsive
neural stem cells can be converted to EGF-responsive stem cells (Ciccolini
and Svendsen, 1998).

In summary, the majority of mitotically active cells in the embryonic
retina are competent to generate multiple different types of retinal neu-
rons, as well as Miiller glia. Although these cells are typically referred to as
multipotent progenitors, those isolated at early stages of retinogenesis
could also be considered retinal stem cells on the basis of their potential
to generate all retinal cell types. Moreover, the fact that they can generate
large clones indicates that many of their divisions are symmetric. In addi-
tion, several groups have shown that early progenitors retain the capacity
to proliferate in vitro for extended periods of time, and can be cultured as
“neurospheres,” a capacity that neural stem cells are known to possess
(see, e.g., Klassen ef al., 2004a—c). As described below, the adult retina of
some vertebrates continues to add new neurons and glia at the peripheral
margin, and thus true retinal stem cells exist. Presumably these cells were
derived from a population of similar cells in the developing retina, but at
this point there is no definitive way to distinguish the stem cells from the
progenitors during retinogenesis.

Retinal Stem Cells and the Ciliary Marginal Zone

In many vertebrates, the development of the retina is not complete
after the embryonic or neonatal period, but rather continues throughout
life. This is most dramatically observed in teleosts; from the time of their
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hatching to when they reach their mature size, the eye of a teleost fish
can grow 100-fold. The cellular mechanism that enables new retinal neu-
rons to be generated throughout the lifetime of the fish is found at the
peripheral margin of the retina, where it joins with the ciliary epithelium.
In this region there is a small cluster of cells that forms a ring around the
ciliary margin of the retina, the so-called ciliary marginal zone (or CMZ;
Hollyfield, 1968).

The cells of the ciliary marginal zone in fish and frogs resembles the early
progenitor cells of the eye, and possibly even the “founder” cells of the optic
vesicle. Lineage-tracing studies of CMZ cells have shown that they can give
rise to clones that contain all types of retinal neurons, including those that
are generated both early and late in embryonic development (Wetts and
Fraser, 1988). Most of the CMZ cells express the transcription factor profile
of retinal progenitors, including the paired-class transcription factors, such
as Rx, Chx10, and Pax6 (Perron et al., 1998). The CMZ cells also express
proneural transcription factors, such as Ngn2 and Ascll (Harris and Perron,
1998), and at least some of them respond to mitogenic growth factors like
their counterparts in the embryo (Mack and Fernald, 1993). Because these
cells are capable of generating most of the retina of the mature frog (Reh
and Constantine-Paton, 1983) or fish, and they continue to generate new
retina throughout the lifetime of the animal, it is likely that this region
contains a population of true retinal stem cells. This zone of cells is extreme-
ly productive in fish and larval frogs, but in other vertebrates it is greatly
reduced or absent. Although it is relatively easy to identify the CMZ cells in
fish and amphibians, it is not known how many cells in this zone represent
true retinal stem cells and what proportion of them are progenitors.

In the eyes of amphibians and teleost fish, the retina continues to grow
in parallel to the overall growth of the eye, whereas in birds most of the
retina is generated in ovo with at least 90% of the retinal cells generated
more than 1 week before hatching (Prada er al., 1991). At the time of
hatching most birds have a fully functional retina, and it was generally
assumed that the retina of postembryonic birds lacked the CMZ. However,
a study published in 1976 first described the addition of newly generated
cells to the peripheral edge of the postnatal chicken retina (Morris ef al.,
1976). This work had gone largely unnoticed until we demonstrated that
new retinal neurons are generated at the peripheral edge of the retina in
chickens up to 1 month of age (Fischer and Reh, 2000). This CMZ-like
zone has also been identified in the adult quail eye (Kubota ez al., 2002),
and therefore may be a common feature of the avian eye. In addition
to their potential to generate new retinal neurons, chicken CMZ cells
express a number of different genes that are also expressed by embry-
onic retinal progenitor cells. These genes include Pax6, Chx10, PCNA
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(Fischer and Reh, 2000), Notch1, cHairy (Fischer, 2005), transitin, the avian
homolog of mammalian nestin (Fischer and Omar, 2005), Glil, Gli3
(Moshiri et al., 2005), and CathS when stimulated by the combination of
insulin and FGF-2 (Fischer et al., 2002).

Although the zone of proliferating cells in the postnatal chicken eye is
reminiscent of the CMZ of fish and amphibians, the CMZ of chickens
appears to generate only bipolar and amacrine cells (Fischer and Reh,
2000). We fail to find evidence for the production of photoreceptor, hori-
zontal, or ganglion cells in the untreated chicken CMZ, suggesting that
progenitors in the CMZ may be limited to producing particular neuronal
cell types. However, we found that the combination of insulin and FGF-2
stimulated the production of ganglion cells, suggesting that the types of
cells produced in the avian CMZ are limited by local microenvironment
rather than by cell-intrinsic limitations that restrict the multipotency of
CMZ progenitors (Fischer et al., 2002). Unlike the CMZ progenitors in
cold-blooded vertebrates, the CMZ progenitors in birds do not regenerate
the retina when it has been damaged (see Moshiri et al., 2004). Toxic doses
of N-methyl-p-aspartate (NMDA) or kainic acid, which destroy numerous
retinal neurons, do not stimulate the proliferation of CMZ progenitors
(Fischer, 2005; Fischer and Reh, 2000).

The proliferation of cells in the normal posthatch chicken CMZ is
relatively modest, but can be increased as much as 10-fold by intraocular
delivery of growth factors (Fischer and Reh, 2000). Growth factors that
stimulate the proliferation of CMZ progenitors include insulin, insulin-like
growth factor I (IGF-I), EGF (Fischer and Reh, 2000, 2002), and sonic
hedgehog (Shh) (Moshiri et al., 2005), but not FGF (Fischer and Reh,
2000). Because the levels of proliferation are low in the untreated CMZ, it
is possible that the factors that stimulate proliferation and neuronal differ-
entiation are present in limiting quantities in the postnatal retina (Fischer
and Reh, 2000). Alternatively, the proliferation of progenitors in the CMZ
may be suppressed by factors produced by mature retinal neurons. For
example, an unusual type of glucagon-expressing neuron within the retina
produces neurites that project into and densely ramify within the CMZ and
glucagon acts to suppress the proliferation of CMZ progenitors (Fischer
et al., 2005). In addition to exogenous growth factors, the proliferation of
CMZ progenitors can be increased by experimentally increasing rates of
ocular growth. Visual deprivation nearly doubles the number of cells that
are added to the edge of the retina (Fischer and Reh, 2000). The mechanisms
that link postnatal ocular growth and the addition of cells to the peripheral
edge of the retina may involve glucagon-expressing retinal neurons that are
known to respond to growth-guiding visual cues (Fischer et al., 1999) and
influence the proliferation of CMZ progenitors (Fischer et al., 2005).
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Other Sources of Retinal Stem Cells

Ciliary Epithelium

The ciliary epithelium of the ciliary body, like the retina, is derived
from the optic vesicle during embryonic development and has been shown
to contain cells with neurogenic potential. For example, the nonpigmented
epithelium (NPE) of the ciliary body is capable of producing neurons in
the intact chicken eye (Fischer and Reh, 2003). Intraocular injection of
growth factors (insulin, FGF-2, and EGF) stimulates the proliferation
and neuronal differentiation of NPE cells within the ciliary body (Fischer
and Reh, 2003). Like the CMZ, NPE cells express Chx10 and Pax6, but are
found up to 3 mm anterior to the peripheral edge of the retina. This region
of Pax6/Chx10-expressing cells in the NPE of the ciliary body coincides
with the region where proliferating and newly generated neurons appear in
response to growth factor treatments. Newly generated neurons in the NPE
express markers for amacrine cells, ganglion cells, and Miiller glia, but not
for bipolar cells or photoreceptors. The potential for the ciliary epithelium
and adjacent iris to generate neurons may extend to the mammalian retina;
forced expression of the paired-class homeodomain transcription factor
Crx induces the expression of photoreceptor genes in cells derived from
the rat iris (Haruta et al., 2001). Neuron-like cells have been identified in
the NPE of adult nonhuman primates (Fischer et al., 2001). Furthermore, a
report from Zhao et al. (2002) has indicated that the blockade of bone
morphogenetic protein (BMP) signaling interferes with the normal forma-
tion of the NPE of the ciliary body and promotes ectopic neural differ-
entiation in the developing NPE of the rodent eye. Several groups have
also reported that extended culture of both pigmented and nonpigmented
cells of the ciliary epithelium results in progenitor-like cells. These cells
form neurospheres and can be passaged at least once. Moreover, the
cultured cells forming the pigmented ciliary epithelium express many of
the markers of retinal progenitors and their progeny express proteins
normally present in subtypes of retinal neurons. As a result of these
characteristics, the cells have been termed retinal stem cells (Ahmad
et al., 2000; Coles et al., 2004; Tropepe et al., 2000). The relationship
between sphere-forming pigmented cells and true retinal stem cells present
in the CMZ of fish and frogs is not clear, because the latter are not thought
to be pigmented. In addition, it is not clear how either of these cell types
relate to the ‘““founder” cells of the optic vesicle that produce all the
progenitors of the retina. These issues may eventually be resolved by
developing better markers that discriminate among the different types of
“retinal stem cells.”
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Pigmented Epithelium

It has been known for more than half a century that the pigmented cells
of the eye are capable of acting as a source of retinal regeneration (or
neural stem cells) (Coulombre and Coulombre, 1965; Orts-Llorca and
Genis-Galvez, 1960; Reh et al., 1987; Stone, 1950; Stone and Steinitz,
1957). The RPE is a well-known source of retinal stem cells in neotenic
amphibians, larval anurans, and embryonic chicks (see Moshiri et al., 2004,
for review). Neurogenesis from RPE cells requires dedifferentiation, loss
of pigmentation, and cell division (Stone, 1950; Stroeva and Mitashov,
1983). Collectively, this process has been named transdifferentiation
(Okada, 1980). RPE cells that have been stimulated to transdifferentiate
produce new neurons in a manner that resembles normal retinal histogen-
esis (Reh et al., 1987; Sakaguchi et al., 1997). In the embryonic chick and
rodent, the ability of RPE cells to become retinal stem cells is lost during
early stages of development (Park and Hollenberg, 1989; Pittack et al.,
1991; Zhao et al., 1995). During the dedifferentiation process, the pigmen-
ted epithelial cells acquire a gene expression profile that resembles that of
retinal progenitor cells (Sakami et al., 2005). It is possible that these cells go
through a stage in which they resemble stem or “founder” cells, because
the RPE cells can regenerate the entire retina in some species, up to four
complete times (Stone and Steinitz, 1957).

Miiller Glia

Mature Miiller glia, the major type of support cell in the retina, are
capable of dedifferentiating into proliferating progenitor-like cells in the
retinas of chickens (Fischer and Reh, 2001; Fischer et al., 2002), zebrafish
(Yurco and Cameron, 2005), and rat (Ooto et al., 2004). Under normal
conditions, Miiller glia are the predominant type of support cell in retina,
providing structural, nutritive, and metabolic support to retinal neurons. In
response to sufficient retinal damage, or on exposure to a combination of
insulin and FGF-2 without damage (Fischer et al., 2002), Miiller glia re-
enter the cell cycle and express transcription factors found in embryonic
retinal progenitors. These transcription factors include Ascll, Pax6, Chx10
(Fischer and Reh, 2001), and Six3 (Fischer, 2005). Although Miiller glia
undergo only one round of division in vivo, these cells continue to prolif-
erate and produce some new neurons when dissociated from the intact
retina and grown in culture (Fischer and Reh, 2001). In vivo, the majority
(about 80%) of cells that are generated by proliferating Miiller glia remain
as undifferentiated progenitor-like cells, whereas some differentiate into
Miiller glia and a few differentiate into amacrine or bipolar neurons.



60 ECTODERM [3]

Destruction of ganglion cells, combined with insulin/FGF-2 treatment,
stimulated the regeneration of a few ganglion cells (Fischer and Reh, 2002).

In the adult zebrafish, Yurco and Cameron (2005) have reported that
acute lesions to the retina result in the reentry of Miiller glia into the cell
cycle. This study indicated that the proliferating Miiller glia become
progenitor-like and suggested that the glia may regenerate neurons in the
damaged teleost retina.

In the rat retina Miiller glia have been shown to be a potential source of
retinal regeneration (Ooto et al., 2004). Similar to studies in the chicken
retina, Ooto and colleagues used NMDA to induce excitotoxicity and damage
the adult rat retina. In response to damage, Miiller glia were stimulated to
proliferate and produce new neurons. Although these newly produced neu-
rons were limited in number, some regenerated neurons were increased by
treatment with retinoic acid or the misexpression of bHLH and homeobox
genes. These findings suggest the Miiller glial cells are a potential source of
neural regeneration in the adult mammalian retina, but may require stimula-
tion (drugs and/or gene therapy) to regenerate significant numbers of neurons
to treat retinal degenerative diseases.

Materials and Methods

Primary Cell Culture of Retinal Stem/Progenitor Cells

To establish and maintain cell cultures of retinal progenitor/stem cells,
the optimal source is embryonic retina from either rodent or chick. The
following methods work well for chick embryos from stages 25-35 (em-
bryonic days 4-8), and for either rat or mouse from embryonic days 14.5 to
birth and up to postnatal day 7 (Fig. 2) (Anchan et al., 1991; Kelley et al.,
1994; Levine et al., 1997; Reh and Kljavin, 1989). After postnatal day 7 in
the rodent there are few progenitor/stem cells, and the vast majority of cells
that proliferate in vitro after this stage are likely Miiller glia (Close et al.,
2005). We have also used the same methods for fetal human retina, up to
day 70 postconception (Kelley et al., 1995).

Harvest and Culture of Retinal Stem/Progenitor Cells

The embryos are harvested or the pup is killed in accordance with
approved protocols for the institution. The eyes are removed and placed
in a sterile Petri dish containing cold (4°) Hanks’ balanced salt solution
(HBSS) with 3% bp-glucose and 0.01 M HEPES, pH 7.4 (HBSS+).
The retinas are dissected from the extraocular tissue in this solution.
The pigmented epithelium, lens, and scleral tissue are easily removed,
and the retina is then transferred to a new sterile Petri dish containing
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Fic. 2. Stem/progenitor cells grown in vitro on adherent substrates and supplemented with
TGF-a. (A-D) The same cluster of cells was continuously monitored by time-lapse
microscopy over several days. The arrowhead in (A) points to a small group of cells that
eventually grows to a large rosette, containing both dividing cells and differentiated neurons
(as determined by subsequent immunolabeling for retinal neuron-specific antigens).
Reprinted from Anchan et al. (1991).
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calcium/magnesium-free (CMF)-HBSS, using forceps or a Pasteur pipette.
The retinas are then transferred to a 15-ml centrifuge tube containing 0.25%
trypsin, in HBSS-CMF (stock at 2.5%; 0.5 ml plus 4.5 ml of HBSS-CMF). The
centrifuge tube containing the retinas is then put on a rocking platformin a 37°
incubator and gently rocked for 5-15 min. As a guideline, embryonic chick
retinas typically require only 5 min, whereas postnatal mouse retina can
require up to 10 min for thorough dissociation. In all cases, however, care
must be taken not to overtreat the retinas with trypsin, because this will result
in low yields of viable progenitor cells. The trypsin treatment is complete
when the retinas are broken up into small pieces, but not yet into single cells.
Add 0.5 ml of fetal bovine serum (FBS) to the tube to inactivate the trypsin.
Centrifuge the tube at 1500 rpm (approximately 750g) for 10 min to pellet the
cells. Carefully remove the supernatant (leaving a small amount of solution at
the bottom, so that the pellet is not disturbed). Resuspend the pelleted cells in
2 ml of medium (see below) by gentle trituration with a (fire-polished) Pasteur
pipette. Determine the number of cells with a hemocytometer; trypan blue
can be used to estimate the percentage viability. Plate cells between 50,000
(low density) and 500,000 (high density) cells per well (for a 24-well plate)
onto poly-D-lysine/Matrigel-coated coverslips (see below). Cultures are
maintained at 37° and 5% CO..

The culture medium contains Dulbecco’s modified Eagle’s medium
(DMEM)-F12 (without glutamate or aspartate), insulin (25 pg/ml), transfer-
rin (100 pg/ml), 60 pM putrescine, 30 nM selenium, 20 nM progesterone,
penicillin (100 U/ml), streptomycin (100 pg/ml), 0.05 M HEPES, and 1% FBS
(Invitrogen, Carlsbad, CA). We prefilter all the stock solutions so there is no
need to filter the final medium; however, if contamination is suspected, we
have found that the medium can be filtered once without loss of potency.
Once the retinal cells are established in vitro, one-half the medium is replaced
every other day. The final medium is effective for approximately 1 week when
stored at 4°. The progenitor cells of chick or rodent retina can be maintained
in this medium for up to 1 week and they retain their ability to generate
neurons, as demonstrated by double labeling for bromodeoxyuridine (BrdU)/
thymidine and neuron-specific markers (see below). We typically use a serum
concentration of 1%, but this can be reduced to 0.1 % with little reduction in
proliferation. The medium can also be supplemented with growth factors to
stimulate the proliferation of the progenitor cells. We have also used the same
medium for serum-free cultures, but under these conditions the progenitor
cells are more likely to differentiate.

Substrate for Adherent Culture of Retinal Stem/Progenitor Cells

Retinal progenitor/stem cells proliferate in adherent cultures on glass
coverslips coated with poly-D-lysine and Matrigel. We have also maintained
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these cells on laminin-coated coverslips and our more recent experience
indicates this is as effective and much easier. However, the method we have
used in previous publications is given here. To prepare the coverslips, use high
molecular weight poly-p-lysine (MW 30,000-70,000). The poly-D-lysine is
dissolved in sterile water at a concentration of 0.5 mg/ml and aliquoted into
sterile 15-ml conical tubes for storage at —20°. Before use, a tube is thawed,
and 9 ml of sterile water is added for a final concentration of 50 pg/ml. The
coverslips used most frequently are circular (diameter, 12 mm). They are
placed into a small vial for sterilization with an autoclave. Typically, the
retinal cells from a litter of embryonic day 18 (E18) rats or from one E5-E7
chick embryo are plated in the well of a 24-well plate, and therefore 25-30
coverslips are placed in a large Petri dish for coating. The poly-D-lysine
solution is added to the dish, taking care that all coverslips are immersed in
the solution, and the coverslips are then incubated at 37° for 15-30 min. The
poly-D-lysine solution is removed and the coverslips are washed in sterile
water three times for 5 min each. Care is taken to wash the coverslips well,
mixing the coverslips with flamed forceps, because poly-D-lysine in solution
can be toxic to cells.

The coverslips can be dried and stored for up to 2 weeks in the Petri dish at
4°, or used immediately. When ready to use, put one coverslip in each well of a
24-well plate, using flamed forceps. Then proceed to coat them with Matrigel.
Matrigel is supplied by the manufacturer as a frozen solution. Thaw the bottle
slowly on ice (for several hours) to prevent gel formation. Small (200-11)
aliquots are distributed to precooled tubes (15 ml) on ice, using a prechilled
pipette. Note: If the Matrigel warms during the aliquoting, it will gel and not
be effective for the cell cultures. The aliquots are stored at —20° for up to
6 months. To coat the coverslips, remove one aliquot of Matrigel from the
-20° freezer and place it on ice for 15-30 min to thaw (200 yul is used for one
24-well plate). Add 10 ml of ice-cold HBSS+ to the 15-ml tube containing
200 pl of thawed Matrigel. Mix gently. Immediately, put 0.5 ml of the dilute
Matrigel solution into each well of a 24-well plate, in which polylysine-coated
coverslips have already been placed, and place the plate in the incubator for
30 min at 37°. Remove the plate from the incubator and, under the sterile
hood, remove nearly all the liquid from the wells. A small amount of the dilute
Matrigel solution is left in the well, just enough to cover the coverslips. Let the
plate dry in the hood uncovered for 15-30 min. The Matrigel will dry into a
thin coating. Plate cells onto the Matrigel, or store the plate at 4° for no more
than 2 days before plating the cells.

Analysis of Culture of Retinal Stem/Progenitor Cells

One of the primary methods used for the characterization of retinal
stem/progenitor cells and their progeny is immunofluorescence labeling.
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With this technique, the overall number of stem/progenitor cells in the
cultures can be estimated, and their potential for generation of the differ-
ent types of retinal neurons can be evaluated. The techniques for labeling
the dissociated retinal stem/progenitor cell cultures on coverslips are pre-
sented, because this is typically how we do the analysis; however, we have
successfully used the same procedures when the cells have been directly
cultured in the tissue culture wells without coverslips.

To label the cultures for stem/progenitor cell-specific antigens or retinal
neuron-specific antigens, we use the following technique. The coverslips are
fixed in 4% paraformaldehyde (PFA) in PBS (0.05 M sodium phosphate,
195 mM NaCl, pH 7.4) for 30 min. The fixing solution is removed and replaced
with PBS, and the plates are stored in the cold room for up to 1 week before
staining. In preparation for immunofluorescence labeling, the coverslips are
incubated with a ““blocking solution” to prevent nonspecific binding of the
antibody and to reduce background fluorescence. The blocking solution is
PBS with 0.3% Triton X-100 and 5% serum (goat serum for non-goat anti-
bodies; FBS for goat antibodies). The primary antibody is then diluted in
blocking solution and the coverslips are incubated with the primary antibody
overnight. We typically do this at room temperature; carrying out this incuba-
tion at 4° can reduce the background labeling for some antibodies. The
primary antibody solution is then removed and the coverslips are washed
three times with 10- to 15-min incubations in PBS. The coverslips are next
incubated in a secondary antibody solution. We have used many different
types of secondary antibodies, but we currently prefer 1:500 dilutions of Alexa
Fluor-conjugated antibodies. These can be purchased in a variety of different
fluorescence emission wavelengths for simultaneous labeling of multiple dif-
ferent antigens in the same cultures. The secondary antibodies are diluted in
PBS and 0.3% Triton X-100 and incubated for 1.5 h in the dark at room
temperature. The coverslips are then rinsed three times for 10 to 15 min in
PBS, and then finally in water to remove residual salt. They are then dried at
room temperature and mounted, cell side down, on slides, with a drop of
Fluoromount (Electron Microscopy Sciences, Hatfield, PA). We frequently
use 4',6-diamidino-2-phenylindole (DAPI) to label all cell nuclei, but because
this emits a short wavelength, blue light, it can be used only with secondary
antibodies that emit at longer wavelengths (e.g., Alexa Fluor 488 or 568; and
see below). To double label for two or more different antibodies, we incubate
the coverslips with multiple primary antibodies simultaneously, as long as
they have been raised in different species (e.g., one raised in rabbit and one
raised in mouse or rat). Multiple secondary antibodies are also added at the
secondary antibody incubation step.

There are many different primary antibodies that can be used to label
retinal stem/progenitor cells, although none is definitive. Studies of the
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developing retina have shown that Pax6, Chx10, Sox2, Prox1, Six3, nestin
[transitin in the chick (monoclonal antibody 7b36); J. Weston, Institute of
Neuroscience, University of Oregon, Eugene, OR], mushashi, vimentin,
Mash1, and Ngn2 are expressed by retinal stem/progenitor cells during
development and regeneration (Anchan et al., 1991; Belecky-Adams
et al., 1997, Burmeister et al., 1996; Fischer and Omar, 2005; Fischer and
Reh, 2000; Jasoni and Reh, 1996; Mathers et al., 1997; Oliver et al., 1995).
This is by no means an exhaustive list, however; antibodies raised against
these antigens have been used to label cells in various species, and double-
labeling with BrdU has demonstrated that these proteins are expressed by
stem/progenitor cells. One problem with these markers is that they are not
only expressed by stem/progenitor cells, but most are also expressed in one
or more types of differentiated retinal neurons. Another problem is that
many are also expressed in Miiller glia (albeit at lower levels; Blackshaw
et al., 2003), and so they cannot distinguish between stem/progenitor cells
and glia (although Mashl and Ngn2 may be the exception and are not
expressed in Miiller glia). Last, none of these markers has been used to
discriminate between a stem cell and a progenitor cell. With these caveats
in mind, the use of these markers can be informative; however, the only
definitive way to demonstrate that there are stem/progenitor cells in the
culture is to show that the cells can generate neurons and glia of the retina.

Immunofluorescence analysis of stem/progenitors has been used to
demonstrate that neurons are generated in vitro, when a neuron-specific
antibody is used in conjunction with BrdU. In this method, BrdU is added
to the culture, and the mitotically active stem/progenitor cells incorporate
the nucleotide into their DNA during S phase. After several days in vitro,
the stem/progenitor cells give rise to new neurons, and by double-labeling
with both an antibody raised against BrdU and a neuron-specific antibody,
one can definitively demonstrate that neurogenesis is occurring in vitro
(see, e.g., Anchan et al., 1991; Fischer and Reh, 2001; Reh, 1992; Kelley
et al., 1994; Levine et al., 1997). There are many good retinal neuron-
specific antibodies that give reliable labeling when used in conjunction
with BrdU. For rod photoreceptors, we have used monoclonal antibodies
raised against rhodopsin (3A6 and 4D2 from R. S. Molday, Department of
Biochemistry and Molecular Biology, University of British Columbia,
Vancouver, BC, Canada). To label all photoreceptors (and a few bipolar
cells), we have used anti-recoverin antibodies (J. Hurley, Department of
Biochemistry, University of Washington, Seattle, WA). Recoverin has the
advantage of being expressed more quickly after the final mitotic division
in the new rods and cones, whereas rhodopsin is not expressed for several
days after the progenitor cells have generated the new rod. More recently,
antibodies generated against photoreceptor-specific transcription factors
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have been generated and are likely to be ideal for in vitro studies, because
of their nuclear localization. The use of multiple colocalized markers, along
with BrdU, is the best way to ensure that the specific cell type is generated
in the cultures, and that indeed retinal stem/progenitor cells are present.
Other retinal cell types can also be identified in vitro, using antibodies that
are frequently used in other regions of the nervous system. TuJ1, an anti-
body directed against neuron-specific tubulin, will label most inner retinal
neurons, including ganglion cells, amacrine cells, horizontal cells, and
bipolar cells (although less well). We have also used commercially available
antibodies raised against Hu, NeuN, Brn3, calbindin, and calretinin. The
reader is referred to earlier publications for details of the different anti-
bodies used to characterize the various types of retinal neurons.

To label for proliferating cells, we add BrdU (final concentration, 1-10
pg/ml) to the cultures before fixation. To identify the cells that have
incorporated the BrdU, we pretreat the coverslips with 4 N HCI for
7-8 min, rinse three times for 5 min each with PBS, and block nonspecific
labeling with 5% goat serum in ~0.1% Triton X-100 in PBS. Next we dilute
rat anti-BrdU 1:250 in 5% goat serum in ~0.2% Triton X-100 in PBS and
incubate overnight. The coverslips are then rinsed three times for 5 min
each in PBS, and the appropriate secondary antibody is applied as de-
scribed previously. As described above, the coverslips to be labeled can be
incubated with two or more primary antibodies simultaneously. When
labeling for BrdU alone it is important to wash the cells with Triton
X-100 before the acid treatment. The acid treatment is far less effective if
the cells have not been permeabilized. Also, double-labeling for BrdU and
neuronal markers often requires that the neuronal marker and appropriate
secondary be applied first, followed by a brief fixation (2% PFA for
15 min), and then the acid treatment. Most antigens lose their antigenicity
with the acid treatment.

Although many different secondary antibodies are available and work
well, in general Alexa Fluor-conjugated secondary antibodies (Invitrogen
Molecular Probes, Eugene, OR) provide the brightest and most photo-
stable choices. Alexa Fluor-conjugated secondary antibodies include anti-
rabbit, anti-rat, and anti-mouse diluted to 1:1000 in PBS plus 0.2% Triton
X-100. For triple-labeling, provided that the microscope is equipped with
the appropriate filter sets and a camera capable of detecting far red
wavelengths, it is best to combine Alexa Fluor 488 and Alexa Fluor 568
with Alexa Fluor 647 (far red), versus Alexa Fluor 350 (blue), because
Alexa Fluor 647 is brighter and far more photostable than Alexa Fluor 350.
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In Vivo Methods for the Study of Retinal/Stem Progenitor Cells

Intraocular Injections

We have developed methods to study retinal progenitor cells in vivo, both
at the retinal margin, that is, the ciliary epithelium, and those derived from
Miiller glia. The method described here details the intraocular injections and
analysis of the tissue common to all these studies. The reader is referred to
specific relevant publications for additional details relevant to specific experi-
mental paradigms. Before intraocular injections, posthatch chicks must be
anesthetized. The simplest way to anesthetize a postnatal chicken is to place
about 1 ml of a 4:1 mixture of mineral oil to halothane or isoflurane into the
bottom of a large glass jar. Inhalation of the halothane or isoflurane vapors
will render the chicks unconscious within 1 min. Once removed from the jar,
the animals will regain consciousness within 2 min. To keep the chickens
unconscious for longer periods of time and to more precisely deliver anesthet-
ic, machines equipped with the appropriate halothane/isoflurane vaporizer
can be used. Once the chickens are unconscious, the eyelids are swabbed
with 70% ethanol in water or povidone—iodine (Betadine; Purdue Pharma,
Stamford, CT) solution to sterilize the area where needle will enter the
eye. Intravitreal injections can be made with standard 26-gauge needles
(Hamilton, Reno, NV). The standard 26-gauge needle is 55 mm long and
flexible, making it difficult to control during insertion into the eye and difficult
to estimate whether the tip of the needle is in the desired location within the
liquid vitreous. However, if cost is not a concern, custom 22-mm 26-gauge
needles can be obtained. The maximum volume per injection should not
exceed 30 pl. Larger injection volumes will result in back-flow from the
injection site. Puncturing the eye through the pars plana does not influence
the proliferation of NPE cells or cells in the CMZ (Fischer and Reh, 2003).
Doses of growth factors can vary from 10 to 2000 ng, but growth factors such
as IGF-1, EGF, BMP4, and FGF-2 influence progenitors in the CMZ at 100 ng
per dose delivered over 2 to 3 consecutive days. Most of the growth factors we
have used in our studies have been obtained commercially and the reader is
referred to the relevant publications for details (Fig. 3).

Dissection and Fixation of Tissues

Our studies have relied heavily on the immunolabeling of the chicken
retina prepared as cryosections or whole mounts. The eyes of postnatal
chickens are large and easy to dissect. The ease of dissection accommo-
dates expeditious isolation of tissues and obviates the need for perfusion.
To prepare tissues for immunolabeling, brief (less than 30 min) exposure to
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FiG. 3. Photomicrographs of the CMZ of a posthatch chicken retina, showing (A) the
mitotically active, BrdU-labeled cells in this zone after an intraocular injection of BrdU.
Notice that cells in the ciliary nonpigmented epithelium (NPE) and the pigmented epithelium
(RPE) are also labeled with BrdU. (B) The CMZ cells also label with transitin, a homolog to
nestin, a neural stem and progenitor marker.

fixation is preferable. Although longer exposure to fixative may result in
high-quality sections and better preservation of gross tissue morphology, the
modification of basic side chains in antigens with PFA often prevents inter-
actions with antibodies. Enucleated eyes are hemisected equatorially with a
fresh razor blade and the gel vitreous is removed with forceps from the
posterior eye cup. Eye cups are fixed (4% paraformaldehyde plus 3% sucrose
in 0.1 M phosphate buffer, pH 7.4; 30 min at 20°), washed three times in PBS
(0.05 M sodium phosphate, 195 mM NaCl, pH 7.4), cryoprotected in PBS plus
30% sucrose, immersed in embedding medium (Tissue-Tek O.C.T. com-
pound; Sakura Finetek, Torrance, CA), and freeze-mounted onto sectioning
blocks. Vertical sections, nominally 12 um thick, are thaw-mounted onto
SuperFrost Plus slides (Fisher Scientific, Pittsburgh, PA), air dried at 37°,
and stored at —20° until use. Depending on the quality of the fixation,
the sections can be safely stored for several months without compromising
immunoreactivity within the tissue.
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Retinal sections are thawed, ringed with rubber cement, washed three
times in PBS, covered with primary antibody solution (200 1 of antiserum
diluted in PBS plus 5% normal goat serum, 0.2% Triton X-100, and 0.01%
NaNj3), and incubated for 24 h at room temperature in a humidified
chamber. The slides are washed three times in PBS, covered with second-
ary antibody solution, and incubated for at least 1 h at room temperature in
a humidified chamber. Finally, samples are washed three times in PBS, the
rubber cement is removed from the slides, and a coverglass is mounted in
glycerol-water (4:1, v/v).

For whole mount preparations of the chicken retina, fixed retinas are
dissected away from the pigmented epithelium, choroid, and sclera, cryo-
protected in 30% sucrose in PBS and taken through three cycles of freezing
(at -80°) and thawing (on a 37° hot plate) (Fischer and Stell, 1997). Samples
are washed three times in PBS, placed in 250 pul of primary antibody, and
incubated at room temperature on an oscillating shaker for 24-48 h. A small
amount (0.01%) of sodium azide (NaN3) should be added to the antibody
diluent to prevent the growth of bacteria or fungus. At the end of incubation
the primary antibody is aspirated (and can be saved at 4° and reused), samples
are washed three times in PBS, 250 pl of secondary antibody solution is added,
and tissues are incubated at room temperature on an oscillating shaker for
24 h. Finally, samples are washed three times in PBS and each is mounted
under a coverglass in glycerol-water (4:1, v/v) .

The primary antibodies described in the previous section on in vitro
immunofluorescence will also label the cells in vivo. In addition, the sec-
ondary antibodies used for labeling the sections or flatmount preparations
are similar to those used for the cells in culture.

Overview

The development of in vitro and in vivo methods for the study of retinal
progenitor cells and stem cells has allowed rapid progress in our under-
standing of the factors that regulate the generation of retinal neurons and
glia. The continued application of these methods, as well as the develop-
ment of more efficient gene transfer methods in vivo, will enable the next
level of analysis.
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[4] Epithelial Skin Stem Cells

By Tuporita TUMBAR

Abstract

Major progress in understanding epithelial skin stem cells has been
accomplished. This has been possible by developing new methods for
labeling, tracking, isolating, and characterizing enriched populations of
stem cells. This chapter summarizes in vivo and in vitro assays that are
currently employed to analyze skin epithelial stem cells. Despite progress,
the definition of a stem cell is currently a functional one. Unambiguous
identification of a stem cell in intact tissue is still not possible. These
limitations hamper molecular studies aimed at unraveling the cellular
mechanisms operating in the stem cell compartment. This chapter empha-
sizes current methods for analyzing hair follicle stem cells, as opposed to
other epithelial compartments, because the hair follicle has been most
intensively studied up to date.

Introduction to Skin Epithelial Stem Cells

The main function of the skin is to provide a body cover in order to
prevent dehydration and to protect against environmental insults (Fuchs,
1990). Skin is composed of two major compartments: a mesenchymal inner
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compartment (dermis) and an epithelial outer compartment (epidermis).
Mesenchymal skin is made largely of fibroblast cells, loosely distributed in a
dense mass of extracellular matrix. Epithelial skin is made of epidermis and
its appendages: the hair follicle, the sebaceous gland, and the sweat gland.
Sweat gland biology is poorly understood, and is not considered further in
this chapter (Niemann and Watt, 2002; Odland, 1991; Watt, 2004). Skin
epithelial cells are called keratinocytes, and are specialized cells that express
a large variety of intermediate filament keratins, cytoskeleton protein fibers
thought to confer tissue resilience (Fuchs, 1995).

Stem cells (SCs) are defined as cells that can self-renew and differenti-
ate during the life of the animal. They constitute an unlimited source of
cells that contribute to tissue morphogenesis, homeostasis, and injury
repair (Melton and Cowan, 2004). It is generally thought that each of the
epithelial compartments (the interfollicular epidermis, the hair follicle, and
the sebaceous gland) has its own specialized stem cells capable of sustain-
ing tissue growth independently. It has been demonstrated that at times of
high need, such as rapid growth or injury, hair follicle stem cells can
contribute not only to the hair follicle, but also to the epidermis and the
sebaceous gland (Bickenbach and Grinnell, 2004; Lavker et al., 2003;
Taylor et al., 2000; Tumbar and Fuchs, 2004; Watt and Hogan, 2000). This