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PREFACE
Studies of development, physiology, and cell biology have historically benefited

from the ability to culture cells outside the body in in vitro systems. This has been

true from the first tissue cultures done at the turn of the 20th century by Alexis

Carrel and Ross Harrison through the establishment of functional hormone-

secreting tumor lines mid-century by Gordon Sato and his colleagues. Further

advances in culturing a wide variety of cell types were dependent on work done by

Charity Waymouth, Hayden Coon, Renato Dulbecco, and Richard Ham on im-

proving the nutrient portion of cell culture media and the discovery, purification,

and availability of a large number of hormones, growth factors, and attachment

factors so that the serum could be reduced, and eventually eliminated for many cell

types, in the last decades of the 20th century. Thus, the very process of learning how

to keep cells alive and functioning in vitro has taught us a great deal about cell

biology and animal physiology.

Interestingly, stem cells have been among the last of the cell types to be routinely

cultured. This seems to be due to the complex biological requirements of these

cells, which interact closely with each other and their own microenvironment, or

niche. In addition, keeping stem cells in culture requires not only providing

positive signals for growth and survival, but also removing signals driving the

cells toward diVerentiation. Finally, at least in the adult, tissue stem cells, or

progenitor cells, are a minor component of the tissue and thus present a challenge

in identifying and isolating them for culture. The chapters in this book reflect these

challenges.

This book strives to provide methods for the isolation and culture of represen-

tative stem or progenitor cells from embryonic, fetal, adult, and cancer tissues. It is

neither exhaustive nor definitive since this is an exciting and rapidly evolving field.

Most of the examples are taken from the culture of human stem and progenitor

cells, since this is a strong focus for the development of stem cell therapies, and also

the most rapidly advancing part of this field. Two examples focus on rodent stem

cell cultures, those of very early neural plate neural progenitor cells, which come

from a developmental stage diYcult to obtain in humans and the spermatogonial

stem cell cultures derived from newborn testis, again a tissue diYcult to obtain.

We also present methods for culturing fish and invertebrate stem cells at the end of

the book. However, some of the principles in these methods will also apply to the

culture of other stem cells from other species, including humans. In fact, the aim of

the book is to allow the reader to not only have at their command detailed methods

for the isolation and culture of the cell types mention explicitly but also to extract
xv
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general principles that will become a good starting point for the culture of other

stem and progenitor cell types not yet published.

In recognition of the diYculty of isolating the minor stem cell component, there

is a considerable amount of eVort dedicated to a description for methods of

isolating each of the stem cell types discussed. These vary from manual dissection

of the stem cells as in embryonic stem (ES) cell lines to using the medium itself to

select for stem cells and against the non-stem components of the tissues as demon-

strated in the last three chapters. The initial three chapters deal with the isolation

of new ES cells from mice and humans, the use of self-feeder layers generated from

the human ES cells themselves to avoid xenoprotein contamination, and finally,

the growth of ES cells on filters to aid in the separation of ES cells from feeders, or

conditioned medium, and observation of the cells.

The second section deals with the culture of cells from amniotic and fetal tissue,

frequently a richer source of tissue stem or progenitor cells. One chapter discusses

the use of spermatogonial stem cells as a source of totipotent stem cells that allow

direct re-introduction into the germ line. This is followed by chapters on isolation

of stem-like cells from amniotic fluid and from Wharton’s jelly and umbilical cord

perivascular cells from the discarded placenta and umbilical cord. These sources

clearly provide the advantage in that no destruction of an embryo is required for

the isolation of stem cells.

These chapters are followed by a discussion of the isolation of tissue stem or

progenitor cells from fetal and adult tissues. The fetal source tissues discussed are

rodent and human liver, rodent neural stem cells (mentioned above), and human

kidney. In these chapters, the role of calcium in selecting for the stem cell compo-

nent is emphasized, as well as the use of conditioned medium from non-fibroblast

fetal cell types. These chapters are followed by chapters detailing a series of

methods that deal with adult mesenchymal stem cell isolation and growth from a

number of sources including adipose tissue, muscle, and bone. Isolation of stem

cells from adult pericytes is also described.

The last part of the book deals with the culture of solid tumor stem cells. This is a

rapidly growing field where the majority of the current literature uses partially

purified populations of tumor cells enriched for stem cells. This field could clearly

benefit from the establishment of long-term, purified, and well-characterized

cancer stem cell cultures.

Finally, the chapter on stem cells from invertebrates and fish covers several

species, including zebrafish and fugu—two systems that are well characterized

genetically. This should be of interest for all of those who are using, or might

consider using, these systems as models for studying development. In addition,

some of the culture techniques and approaches might be applicable to culturing

other types of stem cells.

In general, several themes have emerged from this volume which should be

considered by those investigators involved in all stem cell culture. First, stem

cells do not like growing on plastic surfaces so a feeder layer, attachment to

attachment factors or matrix proteins, or growth as spheres, where the cells in
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the sphere provide the attachment, is important. Second, stem cells like to remain

in close communication with other cells so feeder layers, or conditioned medium,

are frequently helpful and conditioning by other cell types than fibroblasts might

prove useful. Keeping the cells at a high density and not completely dissociating

them when plating or passage also seems to be a common theme. Finally, the

nutrient needs and the growth factors and hormones required to keep stem cells

viable, replicating, and in an undiVerentiated state will be diVerent from those

required for more diVerentiated cells. The ability to grow cells without serum is

adding to our understanding of these requirements, as well as removing serum,

per se being a requirement for some stem cell types.

In summary, this volume should provide a good overview for anyone doing stem

cell work, particularly with human tissues, and detailed protocols for culturing a

range of stem cells from embryonic, fetal, adult, and cancerous tissues.

Jennie P. Mather, PhD
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I. Introduction

Human embryonic stem cells (hESCs) are derived from the inner cell mass

(ICM) of in vitro fertilized embryos, which are donated after consent from both

maternal and paternal gametes. We, and others, have used cryopreserved and
/08 $35.00
(08)00001-0
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subclinical grade embryos to successfully derive hESC lines. Derivation and

subsequent maintenance of hESCs has been described using numerous conditions,

including a variety of growth substrates and several types of feeder and nonfeeder

systems (Chen et al., 2005; Cowan et al., 2004; Fletcher et al., 2006; Hovatta and

Skottman, 2005; Kim et al., 2005; Klimanskaya et al., 2005, 2006; Lee et al., 2005;

Mateizel et al., 2006; Oh et al., 2005; Simon et al., 2005; Thomson et al., 1998;

Zhang et al., 2006). Recently, progress has been made toward deriving hESCs

using chemically defined, xeno-free media, which may expedite further therapeutic

approaches (Chen et al., 2007; Ellerstrom et al., 2006; Fletcher et al., 2006;

Genbacev et al., 2005; Hong-mei and Gui-an, 2006; Hovatta, 2006; Inzunza

et al., 2005; Ludwig et al., 2006). This chapter provides stepwise methodology

using diVerent conditions and techniques in order to promote the derivation and

maintenance of hESCs, including conditions that support the culture of human

blastocysts and the basic characterization of newly established lines. What is not

provided is an in-depth analysis of the legal, moral, and ethical challenges that face

the researcher when pursuing these endeavors. We exclude this discussion since it is

greatly dependent upon local governmental restrictions. However, we emphasize

that researchers need to be well acquainted with the legal and ethical standards

governing their countries, states, and institutions and refer readers to the National

Academy of Sciences (NAS) and California Institute of Regenerative Medicine

(CIRM) guidelines for establishing patient consents and ethical standards. Fur-

thermore, derivation of hESCs requires approval from an authorized Institutional

Review Board (IRB).
II. Methods
A. Feeder Preparation
If feeders are used, they must be mitotically inactivated either by treating with

mitomycin C or by irradiation. We have successfully derived hESC lines using both

irradiated human foreskin fibroblasts (ATCC) and mitomycin C-treated e12.5

primary embryonic fibroblast from CF1 mice (Charles River).

1. Preparation of primary mouse embryonic fibroblasts

On the bench: Observe clean technique.

Sterilize all instruments needed for the surgery.

1. Sacrifice pregnant females 12 days after the morning the plugs were observed

(e12.5).

2. Swab the abdomen with 70% ethanol.

3. Grasp the skin of the abdomen with forceps and make a large incision

through the skin with scissors.
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4. Grasp the body wall with fine forceps and make an incision with scissors.

5. Remove the uterus with blunt forceps.

6. Embryos can be released from the uterus by inserting the tip of fine-tipped

scissors into the anterior end of one of the uterine horns, then cutting along

the length of the uterus.

7. Release each embryo and place them into a 10 cm dish with 1� PBS,

phosphate-buVered saline.

8. Remove the yolk sac and placenta and place the embryo into a new 10 cm

dish with PBS.

9. Remove the head and the intestines with forceps (all the red parts of the

embryos) and place into a new 10 cm dish with PBS.

10. Transfer the dish to a laminar flow hood.

Under the Hood: Observe sterile technique.

11. Wash twice with PBS by transferring each embryo from the same litter from

one 1� PBS dish to new dish with sterile 1� PBS.

12. Transfer the embryos to a new 10 cm dish with 5 ml of .5% trypsin–(ethy-

lenediaminetetraacetic acid) EDTA.

13. Mince the embryos with sterilized scissors.

14. Pipette up and down to break down the embryos into single cells.

15. Leave the 5 ml trypsin/minced embryos dish tilted into the 37 �C incubator

for a 5 -min incubation.

16. Bring back the dish under the hood and pipette vigorously to disperse

the cells.

17. Add fibroblast dissection media to neutralize the trypsin. Plate �2 embryos

per T175 flask. If desired, the largest clumps of tissue can be settled out in a

50 ml conical tube prior to plating.

18. Change the media the day after plating. Incubate flasks until confluent,

usually 1–2 days.

19. When the T175 are confluent, freeze down 2 vials/T175. This is passage 1.

2. Mitotically inactivating feeders

Before mitotically inactivating the cells, we typically expand the cells to the

largest number of flasks we can manage, typically around 36–48 T175 flasks per

person performing the prep. In addition, we try to inactivate primary mouse

embryonic fibroblasts by passage 4. Therefore, for a routine prep, we would

thaw 2 vials of primary mouse embryonic fibroblasts into 2 T175 flasks (P1),

pass 1:3 to 6 flasks (P2), pass 1:3 to 18 flasks (P3), then pass 1:2 into 36 flasks

(P4). We grow the cells in media containing antibiotics for the first two passages

and switch to antibiotic-free media upon the third passage.
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A. Mitotically inactivating feeders with mitomycin C.

1. Remove media from a confluent flask of cells.

2. Add 10 ug/ml mitomycin C in media to the cells.

3. Incubate for 2.5 h.

4. Wash with 1� PBS

5. Trypsinize the cells.

6. Spin down.

7. Wash the cell pellet with media. Spin down.

8. Repeat step #6 twice.

9. Resuspend in media and count the cells. Spin down.

10. Resuspend the cells in freezingmedia at a convenient density (i.e., 106 cells/ml).

11. Aliquot the cells into cryovials and freeze.

B. Mitotically inactivating feeders by irradiation

1. Wash with 1� PBS.

2. Trypsinize the cells.

3. Irradiate the cells to 6000 rads.

4. Count the cells. Spin down.

5. Resuspend the cells in freezingmedia at a convenient density (i.e. 106 cells/ml).

6. Aliquot the cells into cryovials and freeze.

3. Plating feeders to support hESCs growth

1. Gelatinize tissue culture grade dishes with 0.25% gelatin for 30 min.

2. Thaw a vial of mitotically inactivated feeders and resuspend in at least 5

volumes of feeder media.

3. Pellet the cells in a clinical centrifuge at low speed (�1000 rpm) for 1 min.

4. Remove supernatant. Resuspend the cells and plate at a density between 3�
104 and 5 � 104 cells per cm2.

5. Incubate the feeder cells overnight before plating hESCs.

6. Before plating hESCs, remove feeder media. Wash two times with 1� PBS

then add hESC media.
B. Blastocyst Preparation
Basic formulations for human embryo culture media are composed of a bal-

anced salt solution, carbohydrates, and a protein source. While a single culture

medium can support the development of human embryos up to the cleavage stage,

blastocyst formation and viability is poor. Increasing understanding of both the

physiological requirements of the embryo as it develops from the zygote to the

blastocyst stage and changes in metabolite concentrations (including glucose,
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pyruvate, and lactate), in the reproductive tract in the human female at diVerent
stages of the menstrual cycle, has led to the development of sequential culture

media (Behr, 1999; Behr et al., 1999; Gardner et al., 1996). In accordance with the

switch from pyruvate-based to glucose-based metabolism, blastocyst culture media

contain a higher concentration of glucose and lower levels of pyruvate and lactate

when compared to culture medium for cleavage stage embryos. In humans, the

embryonic genome is activated between the 4-cell and 8-cell stages. Accordingly,

cleavage stage embryos at 4–8-cell stage on day 3 after insemination are transferred

to blastocyst medium for an additional 2–3 days for blastocyst formation.

The availability of sequential culture media also provides an opportunity to

produce viable blastocysts for derivation of hESC lines. The commercially available

sequential culture media includes G1/G2 (Scandinavian IVF Science, Gothenburg,

Sweden), Sage Fertilization/Cleavage/Blastocyst Media (CooperSurgical, Trum-

bull, CT), P1/Blastocyst Medium (Irvine Scientific, Santa Ana, CA), Sydney IVF

Cleavage/Blastocyst Media (Cook, Brisbane, Australia), and ISM1/ISM2 (Medi-

cult, Denmark). Potential sources of human embryos for stem cell research include

excess embryos donated by the patients typically after they have been cryopreserved

for greater than 1 year; those embryos unsuitable for embryo transfer or cryopres-

ervation which would otherwise be discarded; those that have been identified by

preimplantation genetic diagnosis as carrying genetic defects.

We have derived hESC lines using both fresh, subclinical grade embryos and

thawed, cryopreserved embryos. Although immunosurgery is not required to derive

hESC lines, derivation rates may be improved if the ICM is first isolated by

immunosurgery for blastocysts with prominent ICMs. Finally, in our experience

the embryo quality is not an absolute predictor of the ability of the embryo to give

rise to an hESC line. Embryos with perfectly formed ICMs often fail to give rise to

new lines while embryos with no visible ICM have been used to establish lines.

1. Thawing Cryopreserved Embryos

1. Embryo thawing solutions: The basal thawing medium is HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid)-buVered human tubal fluid

medium (mHTF) or similarmedium supplementedwith 20% "protein source."

2. Cryostraws with frozen day 3 or day 5 embryos are removed from liquid

nitrogen and exposed in air for 30 s, followed by 30 �C water bath for 45 s.

3. Expel embryos into 0.5 M sucrose solution. Leave for 10 min.

4. Transfer embryos to the 0.2 M sucrose solution. Leave for 10 min.

5. Wash embryos in mHTF-20% protein source, then transfer to blastocyst

medium with 20% protein source and further culture at 37 �C with 5% CO2,

5% O2, and 90% N2 until use.

6. If the thawed embryos are frozen on day 3, they will be cultured in blastocyst

medium with 10% protein source for additional 2–3 days, when the embryos

will develop to the blastocyst stage.
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2. Removal of the Zona Pellucida

Before immunosurgery to isolate the ICM or direct plating of the blastocyst, the

blastocyst must be liberated from the transparent glycoprotein layer surrounding

the blastocyst called the zona pellucida. Assisted hatching by making a hole on

the zona pellucida of cleavage-stage embryos can help the subsequent blastocyst

hatch out from the zona. However, assisted hatching should be performed under

an inverted microscope. In general, assisted hatching can be performed in three

ways: chemically (using acidic Tyrode’s solution), mechanically (partial zona

dissection), and by recently introduced laser technology.

A. Assisted hatching by acidic Tyrode’s solution

1. Use a Falcon 1006 dish, pipette 10 ml of acidic Tyrode’s solution, and make

four 5–10 ml drops of mHTF or PBS þ 10% protein source into the center of the

dish. Cover the drops with warmmineral oil and place it on a warmed surface until

ready to use.

2. Gently aspirate the embryo on the holding pipette (80–120 mm indiameter) at 9

o’clock in such away that the acidic Tyrode’s solution filledmicroneedle at 3 o’clock

is opposed to an area of empty perivitelline space or to cellular fragments.

3. Lower the acidic Tyrode’s solution filled needle (10–12 mm) and gently

expel acidified solution over a small 35–50 mm area while holding the needle tip

immediately next to the zona. The size of the hole should be about 1/2–2/3 the

diameter of a blastomere of an 8-cell stage embryo. Use small circular motions to

avoid excess acid in a single region.

4. Immediately cease expulsion of acidic medium when the inside of the zona is

pierced and move the embryo away from the acidic medium to the opposite side of

the drop.

5. At the completion of assisted hatching, the embryos are washed through 3 �
100 ml drops of cleavage medium and then placed back in their culture drops in the

CO2 incubator.

B. Assisted hatching by laser

1. Place embryos to be hatched in a separated drop in the culture dish. Mark

with a circle on the bottom of the culture dish.

2. Set up infrared 1.48-mm diode laser (Hamilton Thorne Research, Beverly,

MA) and then locate an unfertilized oocyte or abnormally fertilized embryo to use

for laser calibration.

3. The embryo is positioned to place a region of the zona pellucida on the

aiming spot. Fire laser once through the width of the zona in an area between

blastomeres in order to reduce any heat damage to the cells.

4. It is important to perforate the zona completely without harming the embry-

onic cells with the laser shot. After embryos are hatched return the culture dish to

the CO2 incubator.
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C. Assisted hatching by partial zona dissection (Cieslak et al., 1999)

1. Microtool requirements consist of one holding pipette and one microneedle.

The embryo is held loosely by gentle suction from the holding pipette and the

microneedle is passed through the zona pellucida at the largest perivitelline space

and advanced tangentially.

2. Release the embryo from the holding pipette and hold it by the microneedle.

The microneedle is brought to the bottom of the holding pipette and pressed to it,

pinching a portion of the zona pellucida.

3. By gently rubbing the microneedle against the holding pipette with a sawing

motion, the first cut is made and the embryo is released.

4. Once again, the embryo is rotated with the microneedle, vertically, until the

slit is clearly visible at the 12-o’clock position as a dark vertical line in the zona

pellucida. The embryo is held firmly by suction from the holding pipette and a

second cut is made in a similar manner creating a cross-shaped slit.

5. The embryo is then transferred back to the culturemedium for further culture.

D. Zona removal by acidic Tyrode’s solution

1. Expose blastocyst to acidic Tyrode’s solution (Irvine Scientific, Santa Ana,

CA; pH 2.1–2.5) for 10 s followed by immediate repeated rinsing in the culture

medium.

2. Remove the embryo immediately and rinse several times in the culture

medium to get rid of any traces of the acidic Tyrode’s solution.

3. In order to avoid unnecessary exposure to the acidic solution, care must be

taken not to rupture the zona completely during the manipulation.

E. Zona removal by pronase

1. Another option for zona removal is enzymatic treatment (Fong et al., 1998).

Transfer blastocyst to 0.5% pronase (Sigma, St. Louis, MO) in the culture medium

under oil for 1–2 min at 37 �C in a 5% CO2 atmosphere.

2. Monitor zona expansion and the increase in perivitelline space on the heated

stage under an inverted microscope at 400�.

3. Most of the embryos show stretching and softening of the zona by 1 min. If

not, incubate the embryo for a further 30–60 s.

4. Transfer the blastocyst to the culture medium and gently wash it several

times just before the complete disappearance of the faint zona.

5. Culture zona-free blastocyst in blastocyst medium with 10% SSS until use.

3. Immunosurgery

1. Wash a hatched blastocyst 2 times in antihuman serum antibody 1:5 in

blastocyst media.

2. After the second wash, place the blastocyst in a new drop of antibody mix and

incubate for 30 min.

3. Wash 3 times in fresh, prewarmed blastocyst media.
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4. Wash 3 times in guinea-pig complement serum.

5. Incubate for 10 min in guinea-pig complement serum.

6. Wash 3 times extensively in blastocyst media.

7. Plate the isolated ICM clump.
C. Passage and Expansion
Either intact blastocysts or ICMs dissected by immunosurgery can be plated.

If intact blastocysts are plated, mechanically dissecting away trophoblast cells from

the initial outgrowth or dissecting the primary outgrowth into multiple clumps on

3–4 days after plating may be beneficial (see Fig. 1 for outgrowth appearance).

Approximately once per week, the outgrowths are passed to a fresh plate of

feeders. Colonies can be mechanically dissected using borosilicate Pasteur pipettes

that have been pulled into fine needles and blunted over a flame.Mechanical passage

is best performed within a laminar flow hood outfitted with an inverted phase

contrast microscope. When deriving new lines, we pass the colonies mechanically

until we have expanded the line to enough cells to populate a 35 mm or 60 mm

dish, after which the lines may be passed either mechanically or enzymatically.
Fig. 1 Appearance of human embryonic stem cells (hESCs) under phase contrast microscope.

(A) Initial outgrowths from blasted blastocysts take a couple of days to completely plate down and

spread out. (B) Dissecting the initial outgrowth on the original plate before the first passage may be

beneficial. hESC-like clumps can be seen on the right side of the picture. (C) Usually, hESC colonies are

recognizable by the first passage. (D) hESC colonies are characterized by well-defined borders with

small, tightly packed cells with a high nucleus to cytoplasm ratio and prominent nucleoli.
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Several hESC media variations based on Thomson’s original recipe have been

reported to successfully support the growth of hESCs (Genbacev et al., 2005;

Hong-mei and Gui-an, 2006; Inzunza et al., 2005; Thomson et al., 1998). Most

use Knockout Serum Replacer from Invitrogen and FGF2 (basic FGF, fibroblast

growth factor). Our standard hESC media recipe is a modification of the media

recommended by WiCell (http://www.wicell.org) with twice as much FGF2 (8 ng/

ml vs 4 ng/ml). Since Knockout Serum Replacer contains bovine serum albumin,

eVorts have been made to develop completely xeno-free media for growing hESCs.

Recently, xeno-free, chemically defined media has been used to derive hESCs

(Ludwig et al., 2006). We have successfully derived two new hESC lines using a

synthetic media (SM-1, described in Section IV) that is a further modification of

Ludwig’s 2006 recipe (Chiao and Baker, unpublished data).

1. Mechanical passage

1. Heat the middle of a sterile borosilicate Pasteur pipette over a flame. Stretch

the pipette so that it forms a narrow bore where heated.

2. Bend the pipette, snapping the glass where it narrows so that the end creates a

needle with a fine point. Polish the end of the needle over a flame.

3. Using either a single needle or a pair of needles, cut the colonies into �2–4

pieces.

4. Transfer dissected colonies to a new plate with fresh feeders.

hESCs can be successfully passaged with collagenase, dispase, trypsin, and

TrypLE. When we pass the cells enzymatically, we routinely use collagenase as

described below.

2. Enzymatic passage

1. Remove the old media.

2. Add fresh media with 200 units/ml collagenase in hESC media.

3. Incubate for 5–15 min at 37 �C. hESC colonies will not detach but feeders

may begin to detach from the surface of the dish.

4. Scrape the cells oV the surface of the dish with a sterile cell scraper.

5. Break up the colonies by pipetting up and down semivigorously in collage-

nase solution.

6. Spin down and remove the collagenase solution.

7. Wash 3 times in hESC media.

8. Remove PMEF media from the new plate of feeders.

9. Wash the new feeders 2 times with 1� PBS.

10. Add hESC media.

11. Plate the hESCs (typically pass at 1:3 dilution).

12. Disperse cells sliding plate front to back then side to side several times.



10 Eric Chiao et al.
D. Cryopreservation of hESCs
hESCs can be cryopreserved in liquid nitrogen using slow freezing. We routinely

use 90% fetal bovine serum (FBS)/10% dimethyl sulfoxide (DMSO) as the freezing

media. We have also successfully substituted human serum albumin for FBS.

When hESCs are dissociated in preparation for cryopreservation, we try to main-

tain the average size of the colonies larger than when we passage the colonies.

The recovery rate of hESCs following cryopreservation is low. Therefore, we freeze

down cells at a high concentration and thaw at a high density. For master

stocks, we freeze 1/3 of one 10 cm dish per vial and thaw each vial into a single

60 mm dish.
E. Characterization

1. General Criteria
Standard characterization of newly derived hESC lines should include measur-

ing their identity, stability, pluripotency, and diVerentiation ability (Loring and

Rao, 2006). Genetic identity of the new lines can be established by determining the

HLA isotype, single tandem repeat genotyping, or SNP genotyping. Stability of

the lines requires confirming the ability to recover the lines after cryopreservation

and determining the karyotype of the hESC following long-term culture (i.e.,

following 3 months of culture or �24 passages). Some of the commonly used

markers used to identify undiVerentiated hESCs are the following: SSEA3,

SSEA4, Tra-1-60, Tra-1-80, Oct-4, Nanog, Sox2, alkaline phosphatase, and

telomerase. The pluripotent state of hESCs can be demonstrated by in vitro

and in vivo diVerentiation as described below.
2. In Vitro DiVerentiaton and Embryoid Body Formation
hESCs can be easily diVerentiated by growing them in media other than hESC

media such as Dulbecco’s Modified Eagle’s Medium (DMEM) þ 20% FBS.

DiVerentiation can also be achieved by growing the cells in suspension as embryoid

bodies. Specific markers of diVerentiated cells can be identified either by reverse

transcriptase–polymerase chain reaction (RT–PCR) or immunohistochemistry.

1. Embryoid body formation

1. Dissociate the hESC colonies either mechanically or enzymatically, taking

care to maintain the colonies at a larger size than when passaging.

2. Wash the hESC colonies 3 times with media in conical tubes, allowing

the hESC colonies to settle at the bottom of the tube. This helps to remove

the feeder cells from the suspension.



1. Derivation of Human Embryonic Stem Cells 11
3. Plate the hESC colonies on ultralow adhesion dishes.

4. The following day, change the media by settling out the embryoid bodies (EBs)

and removing the oldmedia. Change themedia approximately every other day.
3. Teratoma Formation
Assessing the in vivo ability of hESCs to diVerentiate into cells from all three

germ layers is accomplished by generating benign teratomas in immunodeficient

mice. After teratomas are generated, they are dissected out of the animal and

analyzed by standard histological procedures. Three anatomical sites are common-

ly used to implant the hESCs, under the testes capsule, intramuscularly, and under

the kidney capsule. This protocol describes the procedure for generating teratomas

under the kidney capsule.

1. Plate the hESC cells onto Matrigel for a few days before the surgery.

2. Harvest the cells the morning of the procedure by scraping the cells and

resuspending them with a small amount of 1� PBS so as to make a slurry of cells.

An alternative way is to make embryonic bodies the night before, settle the EBs

before the surgery, and resuspend them in a small amount of PBS.

3. Anesthetize the mouse according to approved animal protocol.

4. Make a single horizontal incision across the spinal region (back of the

mouse) about 0.5 cm below the bottom rib.

5. To visually locate the kidney, slide the incision to one side of the body wall

just to the corner of the rib cage and the spinal column. The bright red and bean

shaped kidney is visible through the body wall, accessible from the side of the back.

6. Grab the back skin with sharp forceps and make a small cut with scissors

through the body wall outside of the kidney, taking care to avoid blood vessels and

nerves. Insert the tip of the scissors in the cut and open the scissors up to expand

the hole.

7. Locate the kidney through the hole in the body cavity, using blunt forceps.

8. Pull the kidney out by its fat pad or express the kidney through the hole in

the body cavity by pushing in the abdomen around the kidney.

9. With two sharp forceps tear a small hole in the capsule membrane on the

extreme end of the kidney.

10. Collect the cells into the transfer pipette.

11. Insert the transfer pipette into the hole in the capsule and push the tip all the

way to the end of the kidney capsule, along the surface of the kidney. Move the

transfer pipette back and forth creating a cavity on the far end of the kidney

capsule. Push gently the syringe so as to push the cell aggregates in the cavity as the

tip of the pipette is gently removed from the kidney cavity.

12. Remove the transfer pipette.

13. Using blunt forceps, replace the kidney back inside the body. Be sure that the

kidney goes back into the body cavity and not between the body cavity and the skin.
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14. Close the skin incision with wound clips or adhesive sutures.

15. Place the mouse back into the cage and use a heating lamp for a short time

to provide some heat while the mouse is waking up.

16. Monitor the mouse for signs of pain or distress.

17. Tumors will become visible as lumps under the skin between 2 and 3 months

following implantation.

III. Discussion
A. What to Expect
While recovery rates of frozen embryos are highly variable, one could expect as

many as 50% of the embryos to survive the thawing process. Depending on the

stage of the frozen embryo, another 30–50% of those that survive thawing may

develop to blastocyst stage.

In our hands, the majority of intact blastocysts form outgrowths when plated.

For outgrowths destined to generate an hESC line, we could observe colonies with

typical hESC morphology within the first two passages (see Fig. 1). The hESC

colonies clearly proliferate with each passage while non-hESC clumps do not.

As the hESC lines begin to expand, spontaneous diVerentiation will be observed.

UndiVerentiated hESC colonies have clearly defined borders, with uniform, tightly

packed cells that exhibit a shiny, refractory morphology under the phase contrast

microscope. Under higher power, hESCs have a high nucleus to cytoplasm ratio with

prominent nucleoli. If the number of diVerentiated colonies becomes greater than

�40% of the total colonies, they should be removed by aspiration. If the number of

undiVerentiated colonies becomes extremely low compared to diVerentiated colonies,

the undiVerentiated colonies canbe individually dissectedout andplated into a smaller

dish. Ingeneral, hESCsaremorediYcult togrow in syntheticmediawhencompared to

standard hESC media, exhibiting a higher rate of spontaneous diVerentiation.
Recovery rates following the first cryopreservation can be extremely low. If only

a few small colonies are visible one week after thawing, additional feeders can be

plated onto the existing culture to allow further growth of the hESCs.

IV. Materials
A. Media and Reagents
Immunosurgery:

Antihuman serum antibody produced in goat; Sigma H9640-2 ML

Complement sera from guinea pig; Sigma S1639-1 ML

Feeder preps:

Human foreskin fibroblasts; ATCC SCRC-1041
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Freezing media: 10% DMSO in 90% FBS or human serum albumin

Fibroblast dissection media: DMEM; 1 � Pen/Strep; 10% FBS

Mitomycin C; Sigma Cat # M4287-2 MG

Passage and expansion

Collagenase Type IV; Invitrogen Cat # 17104-015

1� hESCmedia: DMEM:F12; 20%Knockout Serum Replacer (Invitrogen, Cat

# 10828); 0.1 mM nonessential amino acids (Invitrogen, Cat # 11140); 2 mM

L-glutamine; 0.1 mM 2-mercaptoethanol; 8 ng/ml FGF-basic (Peprotech, Cat

# 100-18BX).

1� SyntheticMedia (SM-1): DMEM:F12; 5 mg/ml human serum albumin (Irvine

Scientific, Cat # 9988); 1 � ITS-X supplement (Invitrogen, Cat # 51500-056);

0.1 mM nonessential amino acids (Invitrogen, Cat # 11140); 2 mM

L-glutamine; 1 mM LiCl (Sigma Cat # L7026); 0.1 mg/ml GABA (Sigma Cat

# A5835-25 g); 0.1 mM 2-mercaptoethanol; 80 ng/ml FGF-basic (Peprotech,

Cat # 100-18BX); 10 ng/ml NT-4 (Peprotech, Cat # 450-04); 10 ng/ml Activin

(Peprotech, Cat # 120-14); 400 ng/ml Noggin (RþD Systems, Cat # 719-NG).
B. Miscellaneous Equipment
Nalgene Cryo 1 �C Freezing Container; Cat # 5100-0001
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Human embryonic stem cells (hESC) are pluripotent cells that proliferate indefi-
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extracellular matrix supplemented with conditioned medium (CM) from feeders.

To minimize the risk of xenozootic infections, several sources of primary human

feeders have been identified. However, this does not eliminate the risk of contam-

inating hESC with infectious agents from the donor human feeders. In this study,

we evaluated the use of the CD105þ /CD24 hESC-derived mesenchymal stem cell

(MSC) line, HuES9.E1, for its ability to support the growth of undiVerentiated
hESC in feeder and feeder-free cultures. This line was previously reported to be

karyotypically stable and phenotypically displayed MSC-like surface antigens and

gene transcription profiles. In addition, like adult MSC, HuES9.E1 can be diVer-
entiated to adipocytes, osteocytes, and chondrocytes in vitro. When tested for its

ability to support hESC growth, it was found that hESC maintained the undiVer-
entiated morphology for >12 continuous passages in coculture with HuES9.E1

and >8 passages in feeder-free cultures supplemented with CM from HuES9.E1.

Furthermore, the hESC cultures continued to express the pluripotent markers,

Oct-4, SSEA-4, Tra-1-60, Tra-1-81, and retained a normal karyotype. When

injected into severe combined immunodeficient (SCID) mice, hESC diVerentiated
to form teratomas comprising of tissues representative of the three embryonic

germ layers. Potentially, the ability to derive and use autogeneic feeders may

provide a safe and accessible source of feeders for the expansion of hESC required

in clinical applications.
I. Introduction

Human embryonic stem cells (hESC) lines were successfully isolated from the

inner cell mass of blastocysts and cultured in vitro by Thomson et al. in 1998.

These pluripotent cells proliferate indefinitely under specific culture conditions but

still retain the ability to diVerentiate into cell types representative of the three

embryonic germ layers. hESC can be cultured either directly on feeder layers

(Feeder coculture) or on extracellular matrices supplemented with conditioned

medium (CM) from feeder layers (Feeder-free culture) (ReubinoV et al., 2000;

Xu et al., 2001). Conventionally, primary mouse embryonic fibroblast (MEF) has

been used to support undiVerentiated hESC growth; however, a variety of human

cell lines as feeders have also been reported in the literature. These include adult

marrow cells, newborn foreskin fibroblasts, fetal muscle, fetal skin, and adult

fallopian tubal fibroblasts (Amit et al., 2003; Cheng et al., 2003; Choo et al.,

2004; Hovatta et al., 2003; ReubinoV et al., 2000; Richards et al., 2002; Xu et al.,

2001). Despite the advantage of using feeders from human sources, there are still

concerns that hESC can be contaminated by infectious agents from the donor

(Stacey et al., 2006). One approach to circumvent this problem is to derive auto-

geneic feeder cells from hESC itself, which in turn can be used to support undiVer-
entiated hESC growth (Stojkovic et al., 2005; Wang et al., 2005).

In this study, we demonstrated that two hESC lines previously grown on the

immortalized MEF line, △E-MEF (Choo et al., 2006), readily adapted to the
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hESC-derived mesenchymal stem cell (MSC) line, HuES9.E1 (Lian et al., 2007), on

both feeder coculture and feeder-free culture.Morphologically, the hESCretained the

undiVerentiated phenotype and pluripotencywas confirmed by the positive detection

of cell surfacemarkers and intracellular transcription factors. Furthermore, the hESC

cultures maintained a normal karyotype (46 X,X) and formed teratomas when

injected into severe combined immunodeficient (SCID) mouse.
II. Methods and Materials
A. Culture of hESC
hESC lines are available from a variety of diVerent sources. A comprehensive list

is provided by the National Institutes of Health (NIH) hESC Registry (http://

stemcells.nih.gov/research/registry/defaultpage.asp), which outlines information

about the providers and the characteristics of the hESC lines available. In this

study, hESC lines used, HES-2 (46 X,X) and HES-3 (46 X,X), were obtained from

ES Cell International. The cells were cultured at 37 �C/5% CO2 on mitomycin-

C-inactivated feeders, HuES9.E1 (4 � 104 cells/cm2) on gelatin-coated organ

culture dishes (Feeder cocultures) or on Matrigel-coated organ culture dishes

supplemented with CM from HuES9.E1 (Feeder-free cultures). Medium used for

culturing hESC was KNOCKOUT (KO) medium, which contained 85% KO–

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 15% KO

serum replacer, 1 mM L-glutamine, 1% nonessential amino acids and 0.1 mM

2-mercaptoethanol, and 5 ng/ml of fibroblast growth factor-2, FGF-2. (All

media components were obtained from Invitrogen.)
1. Passaging of hESC
To passage hESC from a confluent organ culture dish (Falcon, surface

area�2.4 cm2)

� Aspirate spent culture medium from the dish of hESC and rinse cells twice

with phosphate-buVered saline (PBSþ, Invitrogen) to remove residual culture

medium.

� Add 1 ml collagenase IV (200 U/ml in PBS) and incubate at 37 �C for 5–7 min.

� Aspirate the collagenase and rinse cells gently twice with KO medium. Six to

eight hundred microliters (600–800 ml) of KO-medium (feeder coculture) or

HuES9.E1-CM (feeder-free culture) is added to the cells before dissociation.

� Cells are dissociated into small clumps (�100–1000 cells/clump) by repeated

pipetting and seeded at 1:3–1:4 dilutions on new mitomycin-C-inactivated

feeders or Matrigel-coated plates (�200 ml of cell suspension). It is important

not to break the cells too small as this will aVect the ability of the cells to

recover following passaging.
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� Allow the cells to settle briefly before carefully transferring the dish into the

CO2 incubator.

� Medium is changed daily and the cultures are passaged weekly upon

confluency.
2. Preparation of Inactivated Feeders
The derivation of the hESC-derived MSC line, HuES9.E1, was previously

described by Lian et al. (2007) and will not be covered in this chapter.

� For use of HuES9.E1 as feeders in hESC culture, seed cells into 175 cm2

T-flasks and grow until confluent in HUES medium, which contains 88%

DMEM high glucose, 10% fetal bovine serum (FBS), 1% L-glutamine and

1% nonessential amino acids (FBS from Hyclone, all other components

obtained from Invitrogen).

� To inactivate feeders, aspirate spent culture medium and add 45 ml of 10 mg/ml

mitomycin-C (Sigma-Aldrich, diluted in HUES-medium) to each flask and

incubate at 37 �C/5% CO2 for 2.5–3 h.

� After treatment, aspirate the mitomycin-C solution and wash the cells 3 times

with PBSþ.

� To detach the cells, add 3 ml of 0.25% trypsin–EDTA, ethylenediaminete-

traacetic acid (Invitrogen) and incubate at 37 �C for 5 min.

� Add 7 ml of HUES-medium to neutralize the enzyme activity and dissociate

cells.

� Collect the cell suspension and centrifuge the cells at 400 � g for 5 min.

� Decant supernatant, resuspend cells in freezing mix (90% FBS and 10%

dimethyl sulfoxide (DMSO), Hyclone and Sigma-Aldrich, respectively) at a

density of 1 � 106 cells/ml (Feeder cocultures) or 4 � 106 cells/ml (Feeder-free

cultures) and aliquot 1 ml into each cryovial for freezing at �150 �C.
3. Plating of HuES9.E1 for Feeder Cocultures
� Thaw a vial of mitomycin-C-inactivated feeders (1 � 106 cells) and transfer to

9 ml HUES-medium.

� Centrifuge the cells at 400 � g for 5 min. Decant and resuspend the pellet in

10 ml HUES-medium.

� Aliquot 1 ml of cell suspension (1� 105 cells) into each organ culture dishwhich

is pre-coated with 0.1% gelatin (Sigma-Aldrich, diluted in water) for 1–2 h

at room temperature.

� Allow the cells to adhere for 24 h at 37 �C/5% CO2 before changing the

medium from HUES-medium to KO-medium. Allow an additional 24 h to

equilibrate before adding hESC.
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4. Preparation of HuES9.E1 CM for Feeder-Free Cultures
� Thaw 2 vials of mitomycin-C-inactivated feeders (4 � 106 cells/vial) and

transfer to 18 ml HUES-medium.

� Centrifuge the cells at 400 � g for 5 min. Decant and resuspend the pellet in

30 ml HUES-medium.

� Inoculate the cell suspension into a 175 cm2 T-flask and allow the cells to

adhere for 24 h at 37 �C/5% CO2 before changing the medium from HUES-

medium to KO-medium. Allow an additional 24 h for equilibration.

� For the preparation of CM, aspirate the spent culture medium and replace

with 30 ml of fresh KO-medium. Incubate for 72 h at 37 �C/5% CO2 to allow

conditioning of the medium by the inactivated feeders.

� Collect the CM and filter the medium through a 0.22 mm membrane filter

(Nalgene). Aliquot the CM into tubes and store at �20 �C.
� When required for feeding of hESC cultures, thaw the CM in a 37 �C water

bath and supplement with an additional 5 ng/ml before use.
5. Preparation of Matrigel Plates for Feeder-Free Cultures
� To minimize the formation of gel, thaw Matrigel (Becton-Dickinson) over-

night at 4 �C. Aliquots (0.5–1 ml) of Matrigel can be made from the stock

bottle (10 ml) and refrozen for future use. It is important to ensure that all

pipettes and tubes used are prechilled.

� Dilute thawed Matrigel 1:30 fold with cold KO-medium and aliquot 1 ml of

Matrigel solution into each organ culture dish. Incubate the dishes at 4 �C
overnight.

� On the day of use, aspirate the Matrigel solution and rinse the culture dishes

once with KO-medium. Add 800 ml of CM and the dishes are ready for hESC

passaging.
B. Characterization of hESC

1. Flow Cytometry Analysis of Oct-4, SSEA-4, and Tra-1–60 Expression
� Aspirate spent culture medium from the organ culture dish of hESC and rinse

cells once with 1 ml of PBSþ to remove residual culture medium.

� Add 200 ml of 0.25% trypsin-EDTA and incubate at 37 �C for 5–7 min.

� Dissociate hESC to a single-cell suspension by repeated pipetting and transfer

cells to a microfuge tube containing 800 ml of HUES-medium.

� Centrifuge the cells at 15000 � g for 30 s. Decant and resuspend the

pellet in 50 ml fluorescence-activated cell sorter (FACS) solution (1% Bovine

serum albumin (BSA) in PBS).

� Aliquot 10 ml of cell suspension into microfuge tubes.
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� Add 100 ml Reagent A (Fix and Perm Kit, Caltag) to the tubes, mix by

pipetting, and incubate at room temperature for 15 min.

� Centrifuge the cells at 15000 � g for 30 s. Decant and wash the cells once with

200 ml of FACS solution.

� Resuspend the pellet in 100 ml Reagent B (Fix and Perm Kit) together with

individual primary antibodies to Oct-4 (Santa Cruz), SSEA-4 (Developmental

Studies Hybridoma Bank), and Tra-1-60 (Chemicon) at 10 mg/ml, 100 ml neat
culture supernatant, and 20 mg/ml, respectively, and incubate at room temper-

ature for 15 min.

� Centrifuge the cells at 15000 � g for 30 s. Decant and wash the cells once with

200 ml of FACS solution

� Resuspend the pellet in 100 ml fluorescein isothiocyanate (FITC)-conjugated

goat anti-mouse antibody (DAKO) at 1:500 dilution with FACS solution and

incubate at room temperature in the dark for 15 min.

� Centrifuge the cells at 15000 � g for 30 s. Decant and wash the cells once with

200 ml of FACS solution

� Resuspend pellet in 200 ml of FACS solution and analyze for antibody binding

on a FACScan (FACSCalibur, Becton Dickinson).
2. Immunocytochemistry
� Aspirate spent culture medium from the organ culture dish of hESC and rinse

cells once with 1 ml of PBSþ.

� Fix cells at room temperature for 45 min in 4% paraformaldehyde.

� Wash the cells thrice with PBSþ.

� Add 200 ml of primary antibody to Tra-1-60 (Chemicon) at 30 mg/ml (diluted

with FACS solution) and incubate at room temperature for 1 h.

� Wash the cells thrice with PBSþ.

� Add 200 ml of phycoerythrin (PE)-conjugated goat anti-mouse antibody

(DAKO) at 1:500 dilution with FACS solution and incubate at room tempera-

ture in the dark for 30 min.

� Wash the cells thrice with PBSþ and visualize for cell surface staining on a

fluorescent inverted phase contrast microscope (Olympus).
3. In vivo SCID Mouse Models
� Inject hESC (4 � 106 cells) after harvesting by enzymatic treatment (Section

III.A.1) into the rear leg muscle of 4-week-old female SCID mice.

� Observe for the formation of teratomas 8–10 weeks after injection.

� Sacrifice the animal by CO2 asphyxiation and dissect out the teratoma.

� Fix the teratoma in 10% formalin (Sigma-Aldrich), embed in paraYn, and

then section and examine histologically after hematoxylin-eosin staining.



2. Autogeneic Feeders for the Culture of UndiVerentiated hESC 21
4. Karyotyping
� Culture actively growing hESC cultures in organ culture dishes with 25 ml of
0.6 mg/ml colcemid solution diluted in 1 mlKO-medium for 15–16 h at 37 �C/5%
CO2 to arrest the cells in metaphase.

� Cytogenetic analysis after metaphase arrest is routinely outsourced to the

Cytogenetics Laboratory at the KK Women’s and Children’s Hospital.
III. Results
A. Growth and Morphology of hESC Cultured in Feeder and
Feeder-Free Conditions Using HuES9.E1
We have previously shown that hESC lines, HES-2 and HES-3, can be routinely

cultured using the immortalized MEF cell line, △E-MEF, in both feeder and

feeder-free conditions (Choo et al., 2006). To evaluate if the hESC-derived MSC

line, HuES9.E1, can also support the undiVerentiated growth of hESC, cells were

seeded directly into both these conditions using HuES9.E1 instead. Similar to the

cultures on △E-MEF, hESC formed distinct colonies (Fig. 1) that were tightly

clustered and retained a high nucleus to cytoplasmic ratio (not shown). The cells

reached confluency after 5–7 days and morphologically, no cystic diVerentiating
regions were observed. Under both feeder and feeder-free conditions, hESC

continued to maintain the undiVerentiated hESC morphology for greater than

12 and 8 passages, respectively (42 and 28 population doublings).
B. Characterization of Pluripotent Markers
Apart from observing the cellular morphology, hESC have to be further char-

acterized to establish the supportive ability of HuES9.E1 in maintaining pluripo-

tency. Several diVerent assays are conventionally used, which includes the

detection of cell surface markers (SSEA-3/4, Tra-1-60/81), intracellular transcrip-

tion factors (Oct-4/Nanog), and the formation of teratomas in in vivo SCID mice

models.

Using flow cytometry, the expression of Oct-4, SSEA-4, and Tra-1-60 in hESC

was compared. Like HES-3 cultured on △E-MEF (cocultures), >89% of cells

continue to stain positive for the three pluripotent markers after six continuous

passages (Fig. 2). Similarly, forHES-3maintained in feeder-free conditionwithCM

from HuES9.E1 after seven continuous passages, >90% of cells still stain positive

for the pluripotent markers (Fig. 3). Hence, the continuous culture of HES-3 cells

usingHuES9.E1 did not result in a decrease in the population of undiVerentiated cells
compared to hESC cultured using△E-MEF. Furthermore, this result was confirmed

by the homogenous Tra-1-60 staining of HES-2 and HES-3 colonies cultured on

△E-MEF (Fig. 4A), HuES9.E1 (Fig. 4B), or HuES9.E1 CM (Fig. 4 C and D).



Fig. 1 Morphology of human embryonic stem cells (hESC) cultured directly on feeders (A and B) or

on Matrigel supplemented with conditioned media (CM) from feeders (C and D, respectively). HES-3

cells were cocultured on△E-MEF (A) andHuES9.E1 (B); feeder-free cultures of HES-2 andHES-3 cells

supplemented with CM from HuES9.E1 (C and D, respectively). Representative images taken using a

stereomicroscope of hESC grown in organ culture dishes. Scale bar = 2 mm.
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As a confirmation that the hESC expanded onHuES9.E1 are pluripotent, passage 12

HES-3 cells were harvested and injected into SCID mice. Teratoma formation was

observed 10 weeks post injection. Histological analysis of the sections from the

teratoma identified representative tissues from the three embryonic germ layers,

including neural epithelium (ectoderm, Fig. 5A), gut epithelium (endoderm,

Fig. 5B), and muscle (mesoderm, Fig. 5C). As a negative control, HuES9.E1 cells

were injected into SCID mice; however, no teratoma formation was observed,

indicating thatHuES9.E1 is not tumourigenic (results not shown). Lastly, cytogenet-

ic analysis performed on HES-3 cells from both feeder and feeder-free cell popula-

tions showed that the cells continue to retain a normal karyotype (46X,X) under both

culture conditions (Fig. 6AandB, respectively). Taken together, these results indicate

that autogeneic feeders derived from hESC can be used to support undiVerentiated
growth of hESC in both feeder and feeder-free conditions retaining morphology,

pluripotent marker expression, in vivo diVerentiation potential, and karyotypic

stability.
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Fig. 2 Flow cytometry analysis of Oct-4, SSEA-4, and Tra-1-60 in HES-3 cells after six continuous

passages on HuES9.E1 feeders compared with △E-MEF. Single-cell suspension of HES-3 cells was

fixed, permeabilized, and labeled with antibodies specific for Oct-4 (A and B), SSEA-4 (C and D), and

Tra-1-60 (E and F, respectively). The labeled cells were then incubated with fluorescein isothiocyanate

(FITC)-conjugated a-mouse antibodies. The shaded histogram represents staining with the negative

isotype control and open histograms represent staining with the corresponding antibodies.
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Fig. 3 Flow cytometry analysis of Oct-4, SSEA-4, and Tra-1-60 in HES-3 cells cultured on Matrigel

supplemented with conditioned medium (CM) from HuES9.E1 (Passage 7) compared with △E-MEF.

Single-cell suspension of HES-3 cells was fixed, permeabilized, and labeled with antibodies specific for

Oct-4 (A and B), SSEA-4 (C and D), and Tra-1-60 (E and F, respectively). The labeled cells were

detected with fluorescein isothiocyanate (FITC)-conjugated a-mouse antibodies. The shaded histogram

represents staining with the negative isotype control and open histograms represent staining with the

corresponding antibodies.
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Fig. 4 Immunofluorescent staining for Tra-1-60 on hESC cultured directly on feeders (A and B) or on

Matrigel supplemented with conditioned media (CM) from feeders (C and D, respectively). HES-3 cells

cocultured on △E-MEF (A) and HuES9.E1 (B); feeder-free cultures of HES-2 and HES-3 cells

supplemented with CM from HuES9.E1 (C and D, respectively). Colonies were stained with Tra-1-60

followed with phycoerythrin (PE)-conjugated a-mouse detection antibody. Scale bar = 100 mm.
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IV. Discussion and Summary

Despite the intent to culture hESC in a fully defined environment, the use of

feeders either in coculture with hESC or for the production of CM for feeder-free

cultures still proves to be the most robust strategy of maintaining undiVerentiated
hESC. There have been numerous reports on the culturing of hESC with human

feeders; however, there are still concerns of the risk of contamination by human

infectious agents from the donor. These would potentially include viral contami-

nants that have oncogenic risk or viruses that are not routinely screened for its risk

of transmission is considered low; nonviral contaminants as well as the emergence

of new pathogens (Stacey et al., 2006).

Several groups have recently shown that hESC can be diVerentiated into

fibroblast-like or MSC-like cells, which, in turn, can be used to support the

undiVerentiated growth of hESC (Stojkovic et al., 2005; Wang et al., 2005;

Xu et al., 2004). The advantages of using these hESC-derived feeders are that

they are autogeneic to the hESC, thus providing more homogeneity and consisten-

cy in the culture platform. Also, if the hESC are screened for the absence of viral

contaminants, it eliminates the concern of contamination or screening of the

feeders from a second donor source.



Fig. 5 Histological analysis of teratomas formed in severe combined immunodeficient (SCID) mice

after intramuscular injection of HES-3 cells cocultured on HuES9.E1 feeders after 11 passages.

(A) neural epithelium, (B) gut epithelium, and (C) muscles. Scale bar = 30 mm.
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In this study, the hESC-derived MSC line, HuES9.E1, was shown to support the

undiVerentiated growth of hESC in both feeder and feeder-free conditions. This

cell line was previously derived by Lian et al. (2007) and was shown to have similar

morphology, phenotype, and function compared to adult MSC. The cells are also



1 2 3

6

A

B

1 2 3

6 7 8 9 10 11 12

13 14

19 20 21 22 X Y

15 16 17 18

4 5

13

19 20 21 22
X Y

14 15 16 17 18

7 8 9 11 1210

4 5

Fig. 6 Cytogenetic analysis of HES-3 cells cultured on HuES9.E1 (A) or supplemented with

conditioned medium (CM) from HuES9.E1 (B). Normal karyotype (46 X,X) was observed for human

embryonic stem cells (hESC) from both conditions after six passages.
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karyotypically stable and have a higher proliferative capacity compared to adult

MSC. A significant diVerence between HuES9.E1 compared to other hESC-derived

feeder lines is that instead of using a heterogeneous population of fibroblast-like cells

obtained directly after diVerentiation, a positive and negative cell sorting step for

CD105 and CD24, respectively, was incorporated into the derivation protocol to

ensure that a consistent and reproducible cell type is achieved. Furthermore,

since CD24 is present on hESC and diVerentiated hESC-derived cell types (Cai

et al., 2006), selecting for a CD24-negative cell type is advantageous in reducing

contamination by these potentially teratoma-forming cells.
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In summary, we have successfully adapted and cultured undiVerentiated hESC

on the hESC-derived MSC line, HuES9.E1. Characterization of the hESC showed

that they retain the pluripotent phenotype, have the ability to diVerentiate to the

embryonic germ layers, and maintain a stable karyotype after continuous passaging.

Potentially, the ability to derive and use autogeneic feeders may provide a safe and

accessible source of feeders for the expansion of hESC required in clinical

applications.
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Abstract

As the field of embryonic stem cell culture and diVerentiation advances, many

diverse culturing techniques will ultimately be necessary in order to fully reproduce

the various environments these cells normally encounter during development.

Although most of the work to date has been performed on solid plastic supports,

this growth support has several limitations in its representation of the in vivo

environment.

Impermeable substrates force the cells to exchange their gas and nutrients

exclusively through the top side of the cultured cells. In contrast, cells growing
/08 $35.00
(08)00003-4
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in vivo are exposed from several directions to factors from the blood, other cells,

soluble factors, and liquid–air interfaces. Additionally, solid plastic presents a

smooth two-dimensional surface that is not experienced in vivo. Therefore, the

use of traditional plastic presents limitations upon normal cellular morphology,

function, and diVerentiation.
An important alternative to growth on solid plastic is the growth of cells on

microporous membranes. One of the many advantages to cell growth on porous

membrane substrates is their ability to provide a surface that better mimics a three-

dimensional in vivo setting. A porous membrane allows multidirectional exposure

to nutrients and waste products. In addition, the membrane separation of dual

chambers allows for the coculture of cells of diVerent origin to study how cells

interact through indirect signaling or through providing a conditioned niche for

the proper growth and diVerentiation of cell types.
I. Introduction
A. Membrane-Based Cell Culture Historical Perspective
As an alternative to solid two-dimensional (2-D) plastic substrates, microporous

membranes have been used for over five decades in a vastly diverse footprint of cell

biology (Boyden, 1962; Cook et al., 1989; Grobstein, 1953; Verfaillie, 1992). Cell

culture on a microporous substrate allows cells to achieve multidirectional influ-

ence from factors and nutrients for proper function and diVerentiation while

providing a three-dimensional (3-D) growth substrate for more in-vivo like

attachment, growth, and diVerentiation.
Microporous membranes have been indispensable in the segregation of direct

cell-to-cell contact from diVusible factors on cellular function and diVerentiation
(Liu et al., 2000; Verfaillie, 1992). Many cellular functions, including diVerentia-
tion, can be influenced separately by direct cell-to-cell contact or by diVusible
factors which may result in the conditioning of the environment from a distance

(i.e., through the blood or semidirect contact during development). One of the

very earliest references to use porous membranes for cell culture was to segregate

the eVects of direct cell-to-cell contact from diVusible factors. In 1953, CliVord
Grobstein noted that mesenchymal tissue isolated from mouse embryos was able

to induce the appropriate diVerentiation of nephric epithelium when separated by

a microporous membrane (Grobstein, 1953). Since these early observations, mi-

croporous membranes have been the definitive method for separating the role of

direct versus indirect soluble factor-mediated communication for cell-to-cell influ-

ences for a number of cellular and developmental processes.

Early experimentation with epithelial cells demonstrated that growth on mem-

branes provided a more conducive environment for proper growth as based on

cellular morphology (Cook et al., 1989), diVerentiation (Widdicombe et al., 2003),

hormone response, and asymmetric expression of appropriate surface receptors
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(Fuller and Simons, 1986; Mostov and Deitcher, 1986). In addition to benefiting

the diVerentiation of epithelial cells, epithelial monolayers grown on porous mem-

branes form an eVectively separated dual chamber system for the study of molecu-

lar transport across the monolayer. The ability to sample from both separate

chambers allows for measurement of the transport of nutrients and drug com-

pounds from one chamber through the cell monolayer to the other chamber in a

controlled, in vitro fashion. Membrane-based epithelial cell systems have been

shown to be a standard method for evaluating the transport of potentially thera-

peutic compounds. This method eVectively simulates in vivo transport processes

since the appropriate diVerentiation and polarity of the cell is maintained by the

structure and porosity of the membrane on which they are grown (Byers et al.,

1986). Microporous membrane-grown epithelial cells have been proven to be able

to model the transport of these chemicals as an in vitro simulation of the in vivo

characteristics of the appropriate cell asymmetry and function.

Microporous membranes also provide an excellent substrate for the study of

cellular migration. The use of membranes of defined pore size allows the cells to

selectively migrate through the pore to the other side of the membrane. Often

referred to as Boyden Chambers (Boyden, 1962), membrane inserts with pore sizes

ranging from 3 to 8 mm have been pivotal in the in vitro study of cellular migration

(Chen, 2005), chemotaxis (Baum et al., 1971), and invasion (Albini et al., 1987).

The membrane establishes a dual chamber system to study the migration of cells

from one chamber to the other. The chamber toward which the cells migrate (the

receiving chamber) typically contains factors and/or other cells that act as an

attractant to induce the directional migration of cells. The ability to score

the migration speed and frequency of cellular migration (Gildea et al., 2000) has

enabled cancer and immunology studies (von and Mackay, 2000). These assays

have the ability to diVerentiate simple migration and/or chemotaxis from the active

process of invasion as seen in processes such as immune response or cancer

metastasis once a layer of extracellular matrix (ECM) is applied to the membrane

that the migrating cells need to digest in order to pass through the membrane

barrier (Albini et al., 1987).

Porous substrates also have an important advantage over typical 2-D plastic

culture in that they provide an extra dimension of access to growth factors, media

components, and gaseous environments (Rutten et al., 1990). Typical cell culture

has been monolayer driven, using immortalized lines for the specific purpose of

studying specific cellular events. Stem cell culture has an important attribute apart

from studies with immortalized cell lines in that these cells are more profoundly

responsive to their physical and chemical environment. This is particularly evident

in the diVerentiation of particular tissue types that normally occurs in the 3-D

organism where cells are exposed, in many directions, to several influences.

In addition, many of the stem cell diVerentiation procedures involve structures

that are not monolayer in nature, such as embryoid bodies (EBs) (Boheler et al.,

2004; Chen and Kosco, 1993; Hwang et al., 2005; Ng et al., 2005), which are limited

by their exposure to media components and gas exchange. In this need, substrates,
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such asmicroporousmembranes, that oVer amore 3-D level of exposure to examine

the roles of growth factors allow formore typical contact to these factors. Addition-

ally, the ability to dissect the eVect of direct versus indirect cellular communication

facilitates the understanding of diVusible factors on expansion and diVerentiation,
which will help improve media formulations for these directed purposes. This

level of understanding in directed diVerentiation will be pivotal in the understand-

ing of the role of stem cells in developmental biology and cellular therapy.
II. Rationale

Stem cell biology is a unique opportunity to redefine the paradigms in cell

biology. A full understanding of the requirements to control and manipulate

these stem cells into desired tissue types will necessitate a cross-functional expertise

of cell biologists, material scientists, and engineers. Microporous membranes have

been instrumental in the study of many biological functions during development

and basic biological understanding of cell-to-cell influences on cell function

and fate. This well-established technology will prove greatly beneficial in the

understanding of stem cell isolation, expansion, and diVerentiation.
The methods in this chapter are presented as an introduction to the basic proce-

dures for porous membrane-based stem cell culture. Although the experimental and

protocol specifics can be diverse for diVerent analyses, the basic protocols presented
here for membrane-based stem cell culture are meant to facilitate these studies

by providing initial procedural recommendations. The membrane-based methods

presented include treatment for cell growth and attachment, coculture, expansion

and passage of embryonic stem cells, ESCs (murine and human), basic diVerentia-
tion, and microscopic sample preparation and analysis.
III. Methods
A. General Considerations of Membrane-Based Cell Culture
The earliest membranes used for cell culture were typically composed of natural

product-derived materials such as mixed cellulose esters (Grobstein, 1953). These

materials were ideal for their high porosity, strong cell adhesion, and structured

surface for cellular function and diVerentiation. Further developments such as

optically transparent membrane materials and track etching (a process resulting

in a tight distribution of defined pore size formed through a combination of

charged-particle bombardment, or irradiation, followed by chemical etching)

have expanded the eVectiveness, sensitivity, and reproducibility of membrane-

based cellular assays (Goel et al., 1992). These membrane materials include

transparent hydrophilic polytetrafluoroethylene [PTFE—also referred to as Bio-

pore (Pitt et al., 1987)], and track-etched thin film polycarbonate (PCF) and

polyethylene terephthalate (PET) membranes with defined pore sizes ranging



Fig. 1 Mixed Cellulose Ester and Track-Etched Thin Film Membranes. Scanning electron micro-

graphs of the surfaces of (A) mixed cellulose ester (Millipore HA) and (B) track-etched 3-mm polyethyl-

ene terephthalate (PET) membranes show diverse surface structure, pore size, and distribution. Mixed

cellulose ester membranes oVer very high porosity for soluble factors and have a structured surface for

cellular attachment. These membranes typically have a small functional pore size (0.45 mm) and are

generally opaque. Track-etched PET membranes provide superior diVusion, homogeneous pore size

(0.45–12 mm) as well as good optical properties for microscopy.
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from 0.2 to 12 mm (Fig. 1). PETmembranes are particularly well suited for stem cell

studies because of their good optical quality, high diVusibility, and large range of

pore size and density.

Although membrane-based cell culture techniques are very similar to those on

solid tissue culture-treated polystyrene, there are some considerations that need to

be taken when using membranes both in nomenclature and media exchange.

Since membrane-based cell culture provides asymmetric exposure to the cells,

terminology has been developed in order to describe the two compartments.

Because of their long history in epithelial cell studies, it is often common to refer

to the underside of the membrane (the side opposite of the cultured cells on top of

the membrane) as the basolateral side of the membrane based on the polarity

observed when epithelial cells are grown on membranes. As per this convention,

the literature often refers to the upper side of the membrane as the apical side.

In addition, the support plates that hold the membrane inserts or plates are often

referred to as receiver plates (the multiwell plates in which membrane inserts and

plates are placed, in which each well is separated) or feeder trays when describing a

large single-well companion plate in which all wells of a multiwell membrane plate

are exposed to the same reservoir of media.

Procedurally, the most notable diVerence in membrane-based cell culture from

plastic-based systems is the hydrostatic force of media from under that membrane

that could cause a net upward flow of media through the membrane if there is no

media on top of the membrane or the head height of the media inside the insert

is lower than outside. This media flow could result in cell detachment and loss of

cells that are poorly attached to the membrane. In order to prevent this possibility,
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it is important to aspirate and dispense media in the following order: Aspirate

media from companion well (basolateral side) > aspirate from inside insert (apical

side) > dispense fresh media back inside insert > dispense media outside insert in

companion well. The volumes of the two chambers should be such that the heights

of the media are the same inside and outside of the insert (see Table I) to prevent

net media flow.
B. Preparation of Membranes
Modern membrane inserts for tissue culture typically come tissue culture treated

to provide a charged surface conducive to cellular attachment. Although this

treatment is the traditional method used on many diVerent types of tissue culture-
ware to allow the attachment and proliferation of many cell types, the addition of

surface coatings that provide a more in vivo-like extracellular environment, such as

collagen, can be used depending on specific protocols and cellular needs to coat

membranes in much the same ways, and with many similarities, to coating proce-

dures for plastic tissue cultureware. Note: Biopore PTFEmembranes are not tissue

culture treated and require ECM coating for cell attachment and function.

In addition to coating the membrane of the inserts, companion plate wells or

feeder trays often are not tissue culture treated and will require appropriate coating

procedures in order to attach cells for the purpose of coculture experiments.

Below is a listing of typical membrane coating procedures for popular ECM

proteins. These protocols describe coating with four common types of ECM used

on membrane plates and inserts, collagen, fibronectin, laminin, and MatrigelÒ.

These protocols are general in nature and should be modified for particular

experimental or culture needs.
lumes Used for MillicellÒ (Millipore Corp.) Cell Culture Inserts and Plates

ell diameter

(mm)

Membrane

surface area

(cm2)

Apical

volume (ml)

Basolateral volume (ml)

(24- or 96-well

companion/receiver well)

Basolateral volume

(ml) (single-well

feeder tray)

27 4.5 2 4.2a N/A

15 1.1 0.4 2.0a N/A

9 0.3 0.2 1.3a N/A

11 0.7 0.3 0.6 28

5 0.1 0.075 0.25 32

olumes are measured in standard plastic culture plates with 18-mm well heights and are at equal head

l well.

or Millipore Millicell inserts and plates. Since values will change by design, proper volumes should be

ed with other vendors.
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1. Extracellular Matrix Coatings
a. Coating with Collagen, Fibronectin, Laminin, and Matrigel
1. Collagen Type 1 Coating (Table II)

Materials

� Millicell inserts (12 mm or 30 mm), 24- or 96-well membrane plates

� 60% Ethanol

� Rat tail collagen, Type 1, �3 mg/ml

Protocol

1. Dilute the collagen 1:4 in 60% ethanol (1 part collagen and 3 parts 60%

ethanol) and vortex until the collagen is solubilized.

2. Place the applicable number of 12 mmMillicell inserts into the well(s) of a

24-well cell culture plate. For 30 mm inserts, use 6-well cell culture plate.

Twenty-four- or 96-well plates should be placed in accompanying com-

panion plate.

3. Using a sterile pipette, add 50 mL of the collagen/ethanol mixture to each

of the 12 mm Millicell insert(s). For 30 mm inserts, add 400 mL.
4. Gently shake the cell culture plate until the collagen and 60% ethanol

mixture evenly coats the inside of the Millicell insert or plate well.

5. Air dry inserts in a laminar flow hood. Leave cell culture plate cover ajar

to allow airflow and prevent condensation.
Note: Although drying typically takes anywhere from 3 h to overnight,

overnight drying is recommended.

6. Insert or plates are ready for use.

2. Fibronectin Coating

Materials

� Human fibronectin, 1 mg/ml reconstituted. Handle and store according to

manufacturer’s instructions.

Protocol
Table II
Typical Extracellular Matrix (ECM) Coating Volumes for Millicell Inserts and Plates

Volume (ml) per 12 mm

(24-well) well

Volume (ml) per 30 mm

(6-well) well

Collagen/Ethanol mix 50 400

Fibronectin/DMEM mix 100 700

Laminin/DMEM mix 100 700

DMEM; Dulbecco’s modified Eagle’s medium.
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1. Dilute the fibronectin 1:10 in serum-free Dulbecco’s modified Eagle’s

medium, DMEM (1 part fibronectin in 9 parts DMEM), and vortex

until fibronectin is solubilized.

2. Place the applicable number of 12 mmMillicell inserts into the well(s) of a

24-well cell culture plate. For 30 mm inserts, use a 6-well cell culture plate.

3. Using a sterile pipette, add 100 mL fibronectin/DMEM coating mixture to

each of the 12 mm Millicell insert(s). For 30 mm inserts, add 700 mL.
4. Gently shake the cell culture plate until the fibronectin/DMEM mixture

evenly coats the Millicell insert(s). If using Biopore (Millipore CM)

membrane, proceed to step 7.

5. Incubate for 45 min at room temperature.

6. Remove excess fibronectin. Proceed to step 8.

7. For Millipore CM membrane: air-dry inserts overnight in a laminar flow

hood. Leave cell culture plate cover ajar to allow airflow and prevent

condensation.

Note: Drying typically takes overnight (16 h) in a laminar flow tissue

culture hood or clean equivalent

8. Seed Millicell insert with appropriate cell density

3. Laminin Coating

Materials

� Laminin, 1 mg/ml. Handle and store according to manufacturer’s

instructions.

Protocol

1. Dilute the laminin 1:10 in serum-free DMEM (1 part laminin in 9 parts

DMEM) and vortex until the laminin is solubilized.

2. Place the applicable number of 12 mmMillicell inserts into the well(s) of a

24-well cell culture plate. For 30 mm inserts, use 6-well cell culture plates.

3. Using a sterile pipette, add 100 mL of laminin/DMEM mixture to each of

the 12 mm Millicell insert(s). For 30 mm inserts, add 700 mL.
4. Gently shake the cell culture plate until the laminin/DMEM mixture

evenly coats the Millicell inserts. If using Biopore (Millipore CM)

membrane, proceed to step 7.

5. Incubate for 45 min at room temperature.

6. Remove excess laminin. Proceed to step 8.

7. For Millipore CM membrane: air-dry inserts overnight in a laminar flow

hood. Leave cell culture plate cover ajar to allow airflow and prevent

condensation.
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Note: Drying typically takes overnight (16 h) in a laminar flow tissue culture

hood or clean equivalent

8. Seed Millicell insert with appropriate cell density

4. Matrigel Coating Protocol

Matrigel (Becton Dickinson Biosciences) is a prepared basement membrane

mixture rich in extracellualar matrix proteins produced from a mouse sarcoma.

Its major components are laminin, collagen IV, heparan sulfate proteoglycans, and

entactin (Kleinman et al., 1982). This matrix is often used as both a thin layer for

general attachment and invasion studies (Albini et al., 1987) (Table III) or as a

coating for human ESC attachment and expansion (see ‘‘Methods’’ section C-2

below for human ES cell procedure).

Materials

1. Matrigel—thawed and mixed according to manufacturer’s instructions.

2. Chill (�4 �C) the hanging Millicell plates or inserts.

3. The pipette tips should be chilled.

4. Sterile-chilled Dulbecco’s phosphate-buVered saline, DPBS (for

pre-wetting the membrane).

Procedure for Thin Layer Coating

1. All steps must be performed using standard cell culture aseptic technique.

2. Pre-wet the membrane with sterile chilled DPBS (Table II). Dispense the

following volumes of DPBS into each well.

3. Aspirate out the DPBS.

4. Gently dispense appropriate volume (Fig. 2) of the Matrigel with chilled

pipette tips. Avoid generating bubbles during dispensing.

5. Cover plates and place in incubator and incubate for 2 h at 37 �C.
6. Once incubation is complete, the plates are ready to use.
Table III
Typical Pre-Wetting and Coating Volumes for Matrigel Thin Gel Coating of Millicell
Inserts and Plates

PBS Pre-wet

volume (ml)
Thin gel coating minimum

volume Matrigel (ml)

24-well hanging inserts 100 40

12-well hanging inserts 200 100

6-well hanging inserts 1000 300

Millicell 24 200 65

PBS; phosphate-buVered saline.



Fig. 2 Membrane-Based Expansion of Pluripotent Embryonic Stem Cell Colonies by Dilution

Cloning. ES cells (strain 129/S6) were plated at �200 cells per well of 96-well (A), 24-well Millicell

(B–D) 1-mm polyethylene terephthalate (PET) tissue culture plates or 1-mm PET Millicell 6-well inserts

(E). Indirect coculture was performed as described with �2 � 104 mouse embryonic fibroblasts, MEFs

(strain CF-1), per cm2 in the feeder tray (plates) or companion wells (inserts). Pluripotency of murine

embryonic stem cell (mESC) clonal colonies were determined by positive alkaline phosphatase (A, 20�
and B, 100�), and immunoflourescence staining with anti-Oct 4 (C, 100�) and anti-Nanog (D, 100�).

Images A–D were taken through the PET membrane with an inverted microscope. Alkaline phospha-

tase staining: Colonies were fixed with 3.7% formaldehyde and treated with Napthol/Fast Red Violet

solution (Millipore Corp.) Immunocytochemistry analysis: Colonies were fixed with 90% methanol and

permeablized with 0.1% saponin. Primary antibodies, mouse anti-Oct-4 (Millipore #MAB4401)

and rabbit anti-Nanog (Millipore #AB5731) were followed by the secondary antibodies anti-mouse

Cy3 and anti-rabbit Cy2, respectively. Scanning electron microscopy (E) samples were prepared by

fixation in 4% gluteraldehyde followed by ethanol drying and OsO4 treatment (see text). Images were

acquired by coating with �150Å gold for contrast enhancement and electrical continuity. Representa-

tive images were collected in the FEI Quanta FEG ESEM 200 under high vacuum at 15 keV.
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C. Co-culture of ES Cells with MEFs for Pluripotent Expansion
The requirement that the ESCs are maintained in the undiVerentiated state is a

general challenge during clone isolation and expansion. Carefully controlled culture

techniques are required in order to have a homogeneous population of pluripotent

cells for sensitive subsequent manipulations such as transgenic animal production by

blastocyst injection or reproducible tissue-specific diVerentiation. Traditional meth-

ods with both human and mouse ESCs typically accomplish the expansion of

pluripotent ESCs by a labor-intensive multistep direct coculture of the ESCs on a

mitotically inactivated (typically mitomycin C or gamma irradiation treated) mouse

embryonic fibroblast (MEF) feeder layer in tissue culture-treated plates or flasks.

In more recent improvements to prevent cross-species contamination, several resear-

chers have shown the use of feeder layers composed of fibroblasts from other origins

such as human embryonic fibroblasts (Amit et al., 2003), human ESC-derived

fibroblasts (Xu et al., 2004), or other cells types (Choo et al., 2004; Hovatta et al.,

2003; Lee et al., 2004; Miyamoto et al., 2004) (also see Chapters 1 and 2 this volume)

as suitable feeder layers for humanESCs. Additionally, the ability for the feeder layer

to prevent the diVerentiation of the ESCs by indirect influence is shown by the ability

of preconditioned media (exposed to feeder cells before use) to maintain pluripotent

ESC culture (Smith and Hooper, 1987; Wang et al., 2005; Xu et al., 2001).

Microporous membranes oVer the opportunity to allow coculture of ESCs and

MEFs in an indirect manner whereby the MEFs continually condition the medium

for ESC pluripotent expansion while facilitating their separation for subsequent

downstream manipulations such as gene expression analysis, immunochemical

analysis, and diVerentiation.
1. Multiwell Expansion of Murine Embryonic Stem Cells
This section illustrates the expansion of pluripotent colonies in a membrane-based

cell culture plate. It has been demonstrated that the ability of MEFs to maintain

ESCs in an undiVerentiated state does not require direct contact between the two cell

types (Wang et al., 2005; Xu et al., 2001). This has been shown with both mouse and

human embryonic stem cells (hESCs). In this example, we illustrate the ability of

MEFs to continually condition the media for the growth and undiVerentiated clonal

isolation of ESCs in a porous membrane-based indirect coculture system.

The configuration of this coculture setup involves growing the MEFs in a feeder

tray below wells containing ESCs separated by a porous membrane filter. This

arrangement allows for a physical separation between the two cell types eliminat-

ing the need for mitotically inactivating the MEFs while continuing to allow the

MEFs to condition the media for maintenance of ESCs pluripotence (Fig. 2). Since

the ESC-containing wells share a larger volume of media, frequency of media

exchange can be reduced. In addition to improving the culturing and expansion

of the ESC clones in 96-well format, the separation of the cell types in larger

membrane insert wells using this filter-based coculture eliminates the requirement
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for removing the MEFs before downstream manipulations such as diVerentiation,
embryoid body formation, or blastocyst injection.

Although this example uses the ability of MEFs to expand ESCs in an undiVer-
entiated state, variations in this coculture system can easily be adopted for the

study of indirect cell–cell interactions to direct the diVerentiation of stem cells by

using cell types that may induce diVerentiation and for screening of factors that

may interfere with these processes.

a. Materials
� MEF Media:

DMEM (5.6 mg/ml glucose)

10% fetal bovine serum (FBS)

2 mM glutamine

1 mM sodium pyruvate

100 units/ml penicillin/streptomycin

1% nonessential amino acids (from 100� stock)

� ESC Media:

DMEM (5.6 mg/ml glucose)

20% ESC qQualified FBS

2 mM glutamine

1 mM sodium pyruvate

100 units/ml penicillin/streptomycin

1% nonessential amino acids (from 100� stock)

55 mM b-mercaptoethanol

1000 units/ml LIF (ESGROÒ—Millipore Corp)

� DPBS

� Fibronectin 0.1% solution

� Primary MEFs

b. Protocol
i. Fibronectin Coating and MEF Seeding of Single-Well Feeder Trays

1. Coat single-well feeder trays with fibronectin for 45 min at room

temperature.
a. Stock is 0.1% (1000 mg/ml)

b. Working concentration is 25 mg/ml in sterile DPBS

c. 5–10 ml of fibronectin solution per single-well tray
2. Remove excess fibronectin, trays are now ready for use
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3. Thaw MEF from �80 �C freezer.

a. Gently shake MEF vial in a 37 �C water bath.

b. Transfer MEF to 15 ml tube containing 10 ml prewarmedMEFmedia.

c. Pellet cells, 1000 rpm for 4 min.

d. Remove supernatant and resuspend cells in fresh prewarmed MEF

media.

4. Seed fibronectin-coated single-well feeder trays with MEF feeder cell

suspension.
a. 1.7 � 106 MEF cells per single-well tray (�2 � 104 cells per cm2) will

result in 95% confluence within 24 h.
5. Cover with lid and incubate single-well trays at 37 �C overnight.

ii. ESC/MEF Indirect Coculture on Membrane-Based Cell Culture Plate

1. Harvest ES cells fromMEF–ESC direct cocultures [previously cultured as

described (Robertson, 1987)].
a. Wash cells 2� with prewarmed DPBS 10 ml per T75 flask (let them sit

for 1–2 min per wash).

b. Add 0.25% trypsin, 3 ml per T75 flask, should take about 3 min, as

observed under microscope.

c. Add ESC media to inactivate trypsin.

d. Mix well and wash flask wall to remove all cells.
2. Enrichment of ESCs from MEF feeder layer cells by selective adhesion.
a. Add cell suspension to new TC flask.

b. Incubate at 37 �C for 30–45 min.

c. Remove cell suspension and repeat steps a and b. Three incubations

will typically remove most MEFs, leaving a majority of ES cells in the

cell suspension.
3. Seed cell culture filter plate (or insert) wells with ESC suspension.

4. Remove MEF media from single-well feeder trays (or companion wells)

and replace with ESC media.

5. Add ESC seeded cell culture filter plates to single-well trays (or companion

wells).

6. Incubate assembly at 37 �C until appropriate confluence level for passage.

iii. Passage of ESCs from Membrane-Based Cell Culture Plate

1. Wash cells 2� with prewarmed DPBS (let them sit for 1–2 min per wash).

2. Add 0.25% trypsin, 100 mL per 12 mm insert; 500 mL per 30 mm insert

should take about 3 min; observe under microscope when cells are balled up.
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3. Add ESC media to each well to inactivate trypsin.

4. Gentle scraping may be necessary to detach cells from the membrane

surface. Using a P200 pipette, scrape colonies oV of insert with pipette

tip, taking care not to puncture the membrane.

5. Mix well to remove all cells.

6. Seed membrane cell wells with ESC suspension.

7. Incubate at 37 �C overnight.

8. Repeat as desired when colony morphology dictates need to passage.
2. Membrane-Based Expansion of hESCs by Indirect Coculture
Since their first isolation frompreimplantation blastocysts in 1998 (Thomson et al.,

1998), hESCs have been cultured by a variety of methods using both direct culture

methods with mitotically inactivated feeder cells (Akutsu et al., 2006) or by indirect

feeder-free systems through the use of fibroblast preconditioned media (Lebkowski

et al., 2001; Rosler et al., 2004; Xu et al., 2001) on Matrigel, laminin (Xu 2006) or

fibronectin (Amit and Itskovitz-Eldor, 2006)-coated tissue culture plastic.

Porous membranes are ideal for use in the indirect coculture of hESCs with

MEFs in order to provide separation of the pluripotent hESCs for downstream

manipulation while allowing a convenient system that continually conditions the

media without the need for mitotically inactivating the feeder cells (Fig. 3).

In addition, the ability to passage pluripotent hESCs on a membrane without the

need for careful dissection of the colonies from the feeder layers allows for a more

controlled and eYcient passage methodology.

This method can be easily transferred to a system for the study of indirect

cellular interactions and diVusible factors on diVerentiation by the coculture of

cells that induce diVerentiation of hESCs.

a. Materials
� hESC media

DMEM-F12 (5.6 mg/ml glucose)

10% serum replacement

2 mM glutamine

1 mM sodium pyruvate

100 units/ml penicillin/streptomycin

1% nonessential amino acids (from 100� stock)

� 55 mM b-mercaptoethanol

� Basic fibroblast growth factor (bFGF) at final concentration of 20 ng/ml

� MEF media

DMEM (5.6 mg/ml glucose)

10% FBS



Fig. 3 Membrane-Based Expansion of Pluroptent Human ES Cell Colonies. H9 human embryonic

stem cells were cultured in DMEM/F-12 media supplemented with basic fibroblast growth factor

(bFGF) either by direct coculture on a mouse embryonic feeder layer in 6-well TC plate (A) or by

indirect coculture in Matrigel-coated Millicell 6-well hanging 1-mm polyethylene terephthalate (PET)

inserts (B–D). Indirect coculture was performed by plating mouse embryonic fibroblasts (MEFs) at

�40 K cell/cm2 onto 6-well companion plates into which the inserts were placed. Images were taken at

50� of alkaline phosphatase stained (A and B), dark phase (C), and anti-Oct-4 stained (D) colonies.

Alkaline phosphatase and anti-Oct-4 staining performed as described in Fig. 2. PET membrane samples

(B–D) were imaged through the PET membrane with an inverted microscope.
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2 mM glutamine

1 mM sodium pyruvate

100 units/ml penicillin/streptomycin

1% nonessential amino acids (from 100� stock)

� Matrigel

b. Protocol
Technical note: The thawing of cryopreserved hESCs typically results in a low

percentage of viable cells even under optimized, standard procedures (Fujioka

et al., 2004). For this reason, it is recommended to initially thaw frozen hESC

stocks directly onto aMEF feeder layer until a critical mass of pluripotent colonies

is obtained before the transfer, culture, and passage of hESC on membrane inserts.

Althoughmembranes are tissue culture treated, ECM coatings, such asMatrigel,

laminin, or fibronectin, are required for proper attachment and expansion

of hESCs.
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i. Gelatin Coating and MEF Seeding

1. Dilute gelatin in DPBS for a 0.1% solution.

2. Add enough 0.1% g solution to each well of a solid bottom companion

plate, �1 ml per well.

3. Growth surface area of a 6-well companion plate is �9.5 cm2.

4. Incubate plate at 37 �C for at least 30 min.

5. Remove remaining gelatin and replace with MEF media.

6. Thaw MEFs from �80 �C freezer.
a. Gently shake MEF vial in a 37 �C water bath.

b. Transfer MEF to 15 ml tube containing 10 ml prewarmedMEFmedia.

c. Pellet cells at 1000 rpm for 4 min.

d. Remove supernatant and resuspend cells in fresh prewarmed MEF

media.
7. Seed gelatin-coated 6-well companion plate with MEF feeder cell

suspension.
a. 5 � 105 MEF cells per well (�2 � 104 cells per cm2) will result in 95%

confluence within 24 h.
8. Cover 6-well plate with lid and incubate at 37 �C overnight.

ii. Passage of hESCs from MEF Direct Cell Cultures to Membranes Inserts

This procedure is for the transfer of hESCs from direct MEF cocultures to

membrane inserts for subsequent indirect coculture. See Akutsu et al. for details

on establishing and maintaining direct hESC–MEF cocultures (Akutsu et al., 2006).
1. Prepare a 1 mg/ml solution of collagenase IV in DMEM/F12 and filter

sterilize.

2. Prepare Matrigel-coated inserts:
a. Dilute Matrigel 1:28 in sterile DMEM/F12.

b. Add enough Matrigel in DMEM/F12 to coat each insert, �500 mL per

6-well insert (Note: Growth surface area of a Millicell 6-well hanging

insert is �4.5 cm2.)

c. Incubate at room temperature or 37� C for at least 2 h to overnight.
3. Remove hESC culture (typically in 6-well tissue culture plate with MEF

feeder layer) from incubator.

4. Aspirate media.

5. Add collagenase IV solution to each well.
a. 1 ml per well for a 6-well solid bottom companion plate.
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6. Incubate hESCs and collagenase IV solution at room temperature for

10 min.

7. Using a P200 pipette, carefully scrape colonies oV of MEF feeder layer

with pipette tip, taking care not to remove the feeder layer.

8. Collect colony suspension with 5 ml pipette along with collagenase IV

solution to a 15 ml conical tube.
a. Pipette gently to mix and break up colonies, careful not to break

colonies into single cells.
9. Pellet cells at 1000 rpm for 4 min.

10. After spinning, remove supernatant and resuspend hES cells in fresh

hESC media
a. Gently mix cell suspension.
11. Carefully aspirate Matrigel solution from treated 6-well inserts, place

inserts into MEF-seeded 6-well companion plates.

12. Dispense 1 ml of hESC media into each insert, followed by dispensing

4 ml of hESC media under insert into each companion plate well.

13. Seed hESCs onto Matrigel-coated inserts.
a. Slowly add 1 ml of resuspended hESCs dropwise into each insert,

trying to distribute clusters evenly throughout membrane surface.
14. Dispense 4 ml of hESCmedia under insert into each companion platewell.

iii. Passage and Expansion of hESC Colonies on Membrane Inserts

1. Prepare a 1 mg/ml solution of collagenase IV in DMEM/F12 and filter

sterilize.

2. Remove 6-well inserts (housed in a companion plate) containing hESC

culture from incubator.

3. Aspirate media.

4. Add collagenase IV solution to each well.
a. 0.5 ml per well for a 6-well insert.
5. Using a P200 pipette scrape colonies oV of plastic with pipette tip.
1. Gently triturate colonies by aspirating and dispensing the collagenase

IV solution within each well.
6. Collect cell suspension with 5 ml pipette and transfer to a conical tube

containing collagenase IV solution.
1. Pipette gently to mix and further break up colonies, careful not to

break colonies into single cells.
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7. Pellet cells at 1000 rpm for 4 min.

8. After spinning, remove supernatant and resuspend hES cells in fresh

hESC media.
1. Gently mix cell suspension.
9. Seed hES cells on newly prepared (Matrigel treated) 6-well membrane

inserts.
a. Add 1 ml of hES cell suspension to each insert.

b. Make sure cells are evenly dispersed throughout well.

c. Add 4 ml of hESC media to each well of the 6-well companion plate.
10. Repeat as desired when colony morphology dictates need to passage

colonies (too big, fused colonies, etc.).
D. Membrane-Based DiVerentiation of ES Cells
The ability to diVerentiate ESCs into various lineages holds great promise for

their use for tissue engineering and the study of early developmental processes that

would not normally be accessible otherwise. ESCs have the capability to form all

cell types in the adult. The elucidation of the appropriate methodologies to

diVerentiate these cells down specific lineages, however, is still very much in the

early stages. It is apparent that in addition to soluble growth factors that can be

added to the media, cell-to-cell induction processes are most certainly involved in

the diVerentiation of the tissues both by direct and indirect influences.
1. Membrane-Based Cardiomyocyte DiVerentiation from ES Cells
Microporous membranes oVer an important opportunity to understand the

cellular environments required to diVerentiate specific tissues. They provide a

means to facilitate the culture of 3-D structures by providing increased exposure

to nutrients and diVusible factors. In the example, a membrane-based system is

used to study the diVerentiation of ESCs. The example uses the spontaneous

diVerentiation of mouse ESCs augmented by an initiation step of forming 3-D

EBs (Wobus et al., 1991) of defined size by the use of a hanging drop methodology

(Fig. 4) (Dang et al., 2002; Kurosawa et al., 2003; Yamada et al., 2002). In contrast

to the propensity for mouse ES cells to diVerentiate into cardiomyocytes, human

ES cells typically require further induction by the introduction of factors and/or by

coculture with other cells (Passier et al., 2005). For instance, Mummery et al.

(2003) have shown that the coculture of human ES cells with visceral endoderm,

typically present on the outer layers of EBs (Grabel et al., 1998; Murray and Edgar

2001), can induce the formation of functional cardiomyocytes. The ability



Fig. 4 Formation of Embryoid Bodies (EBs) by Hanging Drop Culture. The formation of homo-

geneously sized EBs was performed in hanging drop cultures. Schematic of hanging drop formation in

inverted media droplets (A). Isolated ESC suspensions (see text) were placed onto inverted plate lids in

20 ml media drops (B and C). The lids were carefully flipped over right side up over a reservoir of PBS

(D) and incubated for 2–3 days until EB formation was observed.
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for membrane-based coculture to dissect direct from indirect inducing influences is

a powerful tool to enable the identification of diVusible factors that regulate

cardiomyocyte diVerentiation.
The example below typifies the ability to perform diVerentiation studies on

porous membrane substrates allowing for the ability to study indirect cell-to-cell

influence on these processes. In addition to providing a suitable system for these

studies, the ability to use single-well inserts, as used in this example, facilitates the

ability to perform time studies as the inserts can be individually removed for

downstream analysis such as immunocytochemistry or gene expression.

a. Materials
Cardiomyocyte DiVerentation Media:

DMEM (5.6 mg/ml glucose)

10% FBS

2 mM glutamine

1 mM sodium pyruvate

100 units/ml penicillin/streptomycin

1% nonessential amino acids (from 100� stock)
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b. Protocol
a. EB Formation by Hanging Drop Method

It is important for diVerentiation studies to remove the fibroblast feeder cells so

that they do not incorporate themselves into the EBs. The separation of ES cells

from the MEFs (as shown in step 2 below) is accomplished by the observation that

MEFs typically begin to adhere to tissue culture treated plastic faster than do ES

cells. Utilizing this observation, a series of transfers of ESC–MEF cell suspensions

into new TC-treated flasks can result in the removal of the majority of MEFs. As

an alternative to this time-intensive method, ES cells can be expanded by a

membrane insert-based indirect coculture as described above, thus eliminating

the need for separation since only ESCs are present on the top of the membrane

by this method.
1. Expand mES cells on an MEF feeder layer in media containing 20% FBS

and ESGRO supplement.

2. Enrichment of ES cells from MEF feeder layer cells by selective adhesion.
a. Wash flasks 2� with prewarmed DPBS 10 ml per T75 flask (let them sit

for 1–2 min per wash).

b. Add 0.25% trypsin 3 ml per flask, which should take about 3 min, and

monitor microscopically to prevent overdigestion.

c. Triturate cells with 5 ml pipette until cells are in suspension.

d. Add 12 ml ESC media to inactivate trypsin.

e. Mix well and wash flask wall to remove all cells.

f. Add cell suspension to new TC flask.

g. Incubate at 37 �C for 30–45 min.

h. Remove cell suspension and repeat steps f and g. Three incubations will

typically remove most MEFs, leaving a majority of ES cells in the cell

suspension.
3. Transfer ES cell suspension to a conical tube and pellet cells, 1000 rpm for

4 min.

4. Remove supernatant and resuspend cells in fresh media containing 10%

FBS and without ESGRO.

5. Form EBs (Fig. 4).
a. Transfer 20 ml drops containing 1500–2000 ES cells in 10% FBS (no

ESGRO) to a non-tissue culture-treated plastic plate lid and carefully

invert over a plate containing 15 ml of DPBS. DPBS will keep the

drops from evaporating.

b. Gravity will force the ES cells to pool to the bottom of the drop to form

cell clusters (Fig. 4A).

c. EBs should form within 1–2 days.
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6. Coat 6-well plates/inserts with 0.1% gelatin in DPBS and incubate for at

least 30 min.
a. 1 ml for 6-well companion plates.

b. 0.5 ml for 6-well hanging inserts.
7. Remove excess gelatin before attaching EBs.

8. Carefully flip hanging drop lid upside down. Harvest EBs with P200

pipette tip individually and transfer (�20–25 EBs) to treated 6-well

plates/inserts in 10% FBS (no ESGROÒ).

9. Cultivate EBs in 10% FBS (no ESGROÒ) for 5–20 days with regular

media replacement.

b. Gross Phenotypic Analysis of Cardiomyocyte DiVerentiation

Cardiomyocyte diVerentiation has the distinct phenotype that the EBs will show

areas of rhythmic beating that can be seen under normal light microscopy. This

phenotype, however, typically occurs most in the presence of fresh media and at

physiological temperature. For these reasons, it is imperative that fresh, warm

media is exchanged before visual observation and that plates are either viewed one

at a time or viewed on a heated microscope stage to ensure temperature control.
1. Exchange fresh cardiomyocyte media 2 h before visualization and/or scor-

ing of beating of attached EBs.

2. Cardiomyocyte beating is best observed after removal from incubator;

visualize beating for scoring soon after removal from incubator, perhaps

one plate at a time unless heated stage is available.

Note: Beating has been observed in some instances to be light sensitive as well. It is

often observed that turning oV the light source for a minute then turning it back on

facilitates further beating. For these reasons, try to limit the exposure to the micro-

scope light for observation purposes.

c. Immunochemical Analysis of Cardiac Marker Expression in DiVerentiated
EBs (Fig. 5)

1. Wash EBs 3 times with 1 ml of DPBS.

2. Add 600 ml of ice cold 90% methanol for 5 min.

3. Wash EBs 3 times with 1 ml of DPBS.

4. Add 600 ml of 1� antibody solution [e.g., sarcomeric myosin heavy chain

(b-MHC) in a DPBS solution of 0.1% saponin and 1% FBS].

5. Incubate at 37 �C, 95% RH, for 1 h.

6. Wash EBs 3 times with 1 ml of DPBS.

7. Add 600 ml of fluorescent labeled 2� antibody solution

8. Incubate at 37 �C, 95% RH, for 1 h.



Fig. 5 Membrane-Based Cardiomyocyte DiVerentiation fromMurine Embryonic Stem Cells. DiVer-

entiated embryoid bodies (EBs) were visualized after 12 days postattachment on 1-mm polyethylene

terephthalate (PET) membranes by phase contrast (A, 50�) or immunflourescence (B–F). For immu-

nocytochemical analysis, EBs were fixed with 90% methanol and permeablized with 0.1% saponin.

Staining was performed for the identification of cardiac b-myosin heavy chain [(# MF-20, Develop-

mental Studies Hybridoma Bank at the University of Iowa) (B, 50�, C, 100� and D, 400�)] or

sarcomeric a-actinin [(Sigma # A7811) (E, 100� and F, 400�)]. Microscopy was performed through

the PET membrane.
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9. Wash EBs 3 times with 1 ml of DPBS.

10. Add just enough mounting fluid to cover the membrane. See below for

microscopic procedures.
E. Microscopic and Immunochemical Analysis Using Membrane Inserts
Perhaps the most basic and important ability in cell biology is to visualize

cellular morphology and to tag specific markers (i.e., proteins) that indicate

proliferation, function, diVerentiation, and cellular identity. Early work with
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microporous membrane supports for cell culture and assays were limited in their

ability to perform high-definition imaging by their use of opaque materials such as

cellulose acetate and polycarbonate. Developments in membranes made from

optically clear materials, such as PET and PTFE (Biopore–Millipore CM), have

made it possible to grow and diVerentiate cells on a substrate that readily facilitates

microscopy and immunofluorescence studies. Additionally, these membranes can

be easily removed from their plastic support in order to facilitate more advanced

imaging techniques such as confocal and electron microscopy, techniques often

quite diYcult to perform in cumbersome tissue cultureware, such as plates and

flasks or on fragile glass coverslips.
1. Membrane-Based Immunochemical Analysis
Immunochemical tagging of stem cell markers is an important set of techniques

needed to define the pluripotency of the cells as well as identify tissue types after

diVerentiation. Cellular markers can be typically divided by their location; these

markers are typically extracellular (such as surface receptors or ligands) or intra-

cellular (transcription factors, cytoskeletal proteins, etc.). Typically, the former

can be stained on live cells directly, whereas the latter are typically fixed with

appropriate fixative material and permeablized before incubation with primary

antibody. Fixation is required to stabilize subcellular morphology and prevent

degradation of antigens during subsequent staining procedures. Typically, cell

preparations are submerged in a fixative solution (such as cold 90% methanol or

3.7% formaldehyde).

Procedure:

(Note: Reagents and buVers should be carefully pipetted down the side of the

well in order to prevent disturbing cells adhered to the membrane)
1. Aspirate all media from inside filter plate wells and from companion plate

wells or feeder trays. Fill filter plate wells with 1 ml of washing buVer
(typically DPBS or HBSS). It is important to also fill the companion wells

(28–32 ml for feeder trays, 1 ml for 24-well companion plates) with wash

buVer to properly wash the underside of the membrane.

2. Incubate at room temperature for about 5 min and repeat wash 2 more

times. Do not allow to dry.

3. If fixation is desired, add 200 ml of fixative solution to the inside of each

well. For unfixed extracellular staining, proceed to step 5. It is not required

to treat the underside of the membrane with fixative. Incubate according to

protocol instructions.Generally, treatment is for�5 min.During this time,

the solution should remain in the well and not leak through the membrane.

4. After treatment, aspirate fixative and fill filter and companion wells with

washing buVer. Repeat steps 1 and 2 in order to fully remove the fixative

solution from both sides of the filter membrane. Do not allow cells to dry.
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5. Dilute primary antibody according to vendor recommendations. In order

to obtain best results, it is recommended that optimal working dilutions be

determined by the user. If permeabilization is required (such as for cyto-

plasmic or nuclear antigens), saponin can be added to the solution at a

concentration of 0.1%.

6. Add 100 ml of antibody solution to each well, incubate at recommended

temperature (typically room temperature or 4 �C) with mild shaking or

rocking to ensure that solution wets out the entire filter surface. If anti-

body is fluorescently labeled (direct labeling), cover plate with foil to

protect from light.

7. Aspirate antibody solution and wash both sides of membrane as indicated

in steps 1 and 2 to remove all unbound antibody.

8. If performing indirect labeling with a secondary antibody, repeat steps 5

through 7 with secondary antibody. For fluorescent antibodies, continue

to microscopy procedure. For enzyme-linked assays (HRP, etc.), follow

vendor procedures for developing using 100 ml per well in each step.
2. Microscopy Procedure
Microscopic examination of samples can be performed in two modes: directly in

the membrane insert or plate under low magnification, or on microscope slides for

higher magnification using removed membrane.

a. Direct In-Plate Visualization Modes (Lower Magnifications)
1. Add 50 ml of mounting fluid to each sample well. If using fluorescence, it is

recommended to use a mounting fluid that contains an anti-fade additive to

prevent photobleaching

Viewing from below the plate (through PET membrane)

Optically clear membranes such as PET and Biopore–CM allow the visualiza-

tion of cells through the membrane from below using typical inverted microscopes

(Pitt et al., 1987). Although inserts can be placed directly atop microscopes slides

for viewing, multiwell membrane plates will typically require long working dis-

tance objectives of at least 2–3 mm to span from the bottom of the feeder tray to

the top of the membrane in order to focus on the cells on the membrane if the

feeder tray or companion plate is in place. Fixed cells that do not require to be

visualized through media can be viewed directly without the feeder tray or com-

panion plate but care should be taken not to contaminate the objective by liquid

residue (media, mounting fluid) on membrane.

Viewing from above the plate (PET or PCF membrane)

Cells can be viewed in a conventional microscope directly from above. Cells

can be visualized through the lid or with the lid removed. Working distances of

the objective must be longer when reading from above compared to from

below. Typically 5–10� objectives are used that have at least a (A) 13.6 mm or a

(B) 18.0 mm working distance when viewing without or with the lid, respectively.



3. Membrane-Based Embryonic Stem Cell Culture 53
b. Visualizing Removed Membranes on Microscope Slides ( for Higher Magnification or
with Objectives with Short Working Distances)
The membrane can be removed from each well for microscopic evaluation.

This allows for higher magnification examination and storage of the slides for

future use.

Removal of membrane and mounting:
1. With a sharp scalpel, make a small incision in the edge of the membrane

and carefully cut along the well side approximately one quarter of the dia-

meters of the well. Using forceps, carefully hold the membrane while

continuing to cut around well diameter to remove membrane. Use care

to prevent membrane from curling.

2. Place membrane disk, cells facing up, onto a microscope slide. Add 50-ml
mounting fluid to the membrane disk and allow wetting out in order to

prevent bubbles under the disk. Slowly lower a cover slip at an angle to

allow air bubbles to be removed.
3. Basic Sample Preparation for Electron Microscopy
In addition to benefiting from high magnification for light or fluorescent micros-

copy, the removal of the membrane oVers a major advantage over cumbersome

plastic tissue culture plates in the sample preparation for cell visualization by

electron microscopy.

a. Materials
� Glutaraldehyde solution for electron microscopy, �8% in H2O

� 0.2 M sodium Cacodylate BuVer pH 7.2 (sodium cacodylate hydrate dissolved

in H2O)

� 2% glutaraldehyde in 0.1 M Cacodylate BuVer pH 7.2 with 0.1 M sucrose

� 1% osmium tetroxide in 0.1 M Cacodylate BuVer pH 7.2

� Prepared graded alcohol solutions: 25%, 50%, 75%, 95%, 100%

b. Sample Fixation Method

1. Replace growth media with 2% glutaraldehyde. Do this several times to

ensure a complete transition from growth media to fixative. Fix for 2 h.

Cells may be left in fixative overnight at 4 �C.
2. Rinse cells with 0.1 M Cacodylate BuVer, pH 7.2, with 0.1 M sucrose 3 times

(let them sit for 5 min per wash)

3. Post fix with 1% osmium tetroxide in 0.1 M Cacodylate BuVer, pH 7.2, for

5–10 min

4. Rinse with 0.1 M Cacodylate BuVer, pH 7.2, 3 times (let them sit for 5 min

per wash)
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c. Dehydration and Membrane Removal
1. Dehydrate samples through graded ethanol series (25%, 50%, 75%, 95%,

3 � 100%), 5 min each.

2. In order to prevent leaking and to ensure complete dehydration, alcohol

treatment steps should be performed with membrane inserts in companion

plate wells with both sides of the membrane exposed to the alcohol.

3. Air dry inserts until membranes are completely dry.

4. With a sharp scalpel, make a small incision in the edge of the membrane and

carefully cut along the well side approximately one quarter of the diameters

of the well. Using forceps, carefully hold the membrane while continuing to

cut around well diameter to remove membrane. Use care to prevent mem-

brane from curling.

5. Place membrane disk, cells facing up, onto a microscope slide. Perform scan-

ning electron microscope (SEM) according to microscope-specific procedure.
IV. Summary

ESCs oVer the ability to simulate development in many ways not previously

feasible in vitro. In order to model the in vivo environment, a variety of systems will

prove to be essential in understanding the appropriate cues that direct tissue-

specific diVerentiation. These cues will include factors and cellular interactions

that are asymmetric and indirect.

The solid and nonpermissive nature of impermeable tissue culture plastic limits

the in vitro growth and diVerentiation of cells by restricting the ability to be

exposed to media components, nutrients, and growth factors to only one side.

The featureless, planar nature of plastic supports also limits cells from their proper

attachment to structured supports typically experienced in vivo.

For over five decades, microporous membranes have been pivotal in allowing

cells to be grown and interact with factors and other cells on a structured support

that simulates the in vivo 3-D environment. Experimentally, the ability for porous

membrane-based systems to manipulate and measure cellular function from both

sides of the culture has been essential to the understanding of factors that influence

cellular function asymmetrically. In addition, the ability to separate cells via a

porous separation has allowed for the dissection of direct and indirect eVects of
intercellular communication that has facilitated the understanding of diVusible
factors during development.

The important contributions of microporous membranes that have accelerated

the understanding of these eVects in other systems throughout the years will prove

critically important methods in the identification of the influences required for the

maintenance and diVerentiation of ESCs.
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Abstract

Spermatogonial stem cells (SSCs), postnatal male germline stem cells, are the

foundation of spermatogenesis, during which an enormous number of spermatozoa

is produced daily by the testis throughout life of the male. SSCs are unique among

stem cells in the adult body because they are the only cells that undergo self-

renewal and transmit genes to subsequent generations. In addition, SSCs provide

an excellent and powerful model to study stem cell biology because of the avail-

ability of a functional assay that unequivocally identifies the stem cell. Develop-

ment of an in vitro culture system that allows an unlimited supply of SSCs is a

crucial technique to manipulate genes of the SSC to generate valuable transgenic

animals, to study the self-renewal mechanism, and to develop new therapeutic

strategies for infertility. In this chapter, we describe a detailed protocol for the

culture of mouse and rat SSCs. A key factor for successful development of the

SSC culture system was identification of in vitro growth factor requirements for

the stem cell using a defined serum-free medium. Because transplantation assays

using immunodeficient mice demonstrated that extrinsic factors for self-renewal of

SSCs appear to be conserved among many mammalian species, culture techniques

for SSCs of other species, including farm animals and humans, are likely to be

developed in the coming 5–10 years.
I. Introduction

Germ cells are specialized cells that pass the genetic information of an individual

to the next generation. Production of functional germ cells is essential for continu-

ation of the germline of the species. Spermatogenesis, the process of male germ cell

production, takes place in the seminiferous tubules of the postnatal testis and is a

highly productive system in the body. In the mammalian testis, more than 20

million sperms per gram of tissue are produced daily (Amann, 1986). The high

productivity relies on spermatogonial stem cells (SSCs). Like other types of stem

cells in adult tissues, SSCs self-renew and produce daughter cells that commit to

diVerentiate throughout life of the male (Meistrich and van Beek, 1993). Further-

more, in mammals, SSCs are unique among stem cells in the adult body, because

they are the only cells that undergo self-renewal and transmit genes to subsequent

generations.

Stem cells are defined by their biological function; therefore, unequivocal iden-

tification of a stem cell requires a functional assay (Weissman et al., 2001).

A functional transplantation assay for SSCs was developed in mice a decade ago

and made it possible to study the biological function of SSCs, including self-

renewal and diVerentiation (Brinster and Avarbock, 1994; Brinster and

Zimmermann, 1994). In the transplantation assay, donor cells are harvested

from the testes of fertile mice and are microinjected into seminiferous tubules of
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recipient mice. A small subpopulation of transplanted testis cells, the SSCs, colo-

nize the basement membrane of the seminiferous tubules and begin to proliferate.

Individual donor SSCs eventually form spermatogenic colonies in the seminiferous

tubules of the recipients. When testicular cells from transgenic mice that express

the Escherichia coli LacZ gene, which encodes a b-galactosidase, or the green

fluorescence protein (GFP) gene are transplanted, donor colonies can be identified

and counted readily because of the transgene expression in the donor cells (Fig. 1).

About 2 months after transplantation of mouse SSCs, diVerentiated germ cells in a

colony have progressed to spermatozoa in the seminiferous tubules of the recipient

animal. The reconstituted spermatogenic colonies continuously produce sperma-

tozoa throughout the remaining life of the recipient males. Several lines of evidence

indicate that each donor-derived spermatogenic colony arises from a single SSC

(Dobrinski et al., 1999b; Kanatsu-Shinohara et al., 2006b; Zhang et al., 2003), and

the colonization eYciency of transplanted SSCs is estimated to be 5–12% (Nagano,

2003; Ogawa et al., 2003). Following transplantation, the recipient males can
Fig. 1 Colony formation of donor-derived spermatogenesis in infertile recipient mouse testes. Testi-

cular germ cells were isolated from transgenic mice that express reporter genes (LacZ or GFP) and

injected into testes of mice treated with busulfan. Two months after transplantation, donor-derived

spermatogenesis is reconstituted. Left: testis transplanted with LacZ expressing SSCs from transgenic

mouse line B6.129S-Gt(ROSA)26Sor/J (ROSA, Jackson Laboratory). The testis was stained with

5-bromo-4-choloro-3-indolyl b-d- galactoside (X-gal). Right: testis transplanted with GFP-expressing

SSCs from transgenic mouse line C57BL/6-TgNACTB-EGFP)1Osb/J (Jackson Laboratory). Each blue

stretch or green stretch of cells in the testes represents a colony of spermatogenesis that arises from a

single SSC.
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become fertile and produce progeny with donor cell haplotype, demonstrating

normal function of the spermatozoa originating from transplanted germ cells

(Brinster and Avarbock, 1994). Thus, it is clear that the spermatogenic colony-

forming cells are SSCs, and the spermatogonial transplantation technique is a

functional assay that allows quantitative evaluation of SSCs from a variety of

sources.

Existence of a definitive functional assay to unequivocally identify SSCs pro-

vides an ideal experimental system to study stem cell biology. Using the functional

assay, SSCs and the surrounding microenvironment, or the stem cell niche, in the

seminiferous tubules have been studied (Brinster, 2002). Furthermore, by means of

genetic modification of SSCs isolated from testes followed by transplantation,

it has been shown that an SSC is a valuable vehicle to generate genetically modified

animals (Hamra et al., 2002; Nagano et al., 2001a).

Because of the enormous potential of SSCs in basic research and applied

science, including agriculture and medicine, development of an in vitro culture

system for stem cells is extremely important. An early study demonstrated that

SSCs could survive on STO (SIMmouse embryo-derived thioguanine and ouabain

resistant) mouse embryonic fibroblast feeder layers for several months in culture

(Nagano et al., 1998). Recently, several methods to culture rodent SSCs for long

periods have been reported (Hamra et al., 2005; Kanatsu-Shinohara et al., 2003;

Kubota et al., 2004b; Ryu et al., 2005). To develop a long-term culture system for

SSCs, one of the most crucial objectives is identification of extrinsic factors

essential to promote self-renewal and expansion of SSCs in vitro. Previous studies

using transgenic mice with gain-of-function and loss-of-function of glial cell line-

derived neurotrophic factor (GDNF) indicated that this ligand is a key growth

factor to control survival and proliferation of undiVerentiated spermatogonia and

perhaps SSCs in vivo (Meng et al., 2000). Using a serum-free culture system, we

clearly demonstrated that GDNF is indeed the primary growth factor for SSC

self-renewal (Kubota et al., 2004b). In the presence of GDNF, SSCs formed

tightly packed clumps of cells and continuously proliferated. Clump-forming

germ cells kept on expanding for more than 6 months in the defined serum-free

medium supplemented with GDNF, and reconstituted long-term spermatogenesis

following transplantation into recipient testes (Fig. 2). Furthermore, GDNF was

found to be the crucial extrinsic factor for rat SSC self-renewal and proliferation

(Ryu et al., 2005). With slight modifications of the culture condition for mouse

SSCs, rat SSCs can be expanded in vitro, and progeny derived from cultured rat

SSCs could be generated. In this chapter, we describe a detailed method to culture

mouse and rat SSCs. Since this is a technical and methodological chapter, neither

the developmental biology of male germ cells nor the physiology of spermatogen-

esis will be reviewed. Excellent publications have described these processes

in detail (de Rooij, 1998; Nagy et al., 2003; Russell et al., 1990; Zhao and

Garbers, 2002).



Fig. 2 Histological cross sections of seminiferous tubules of recipient W54/Wr testes transplanted with

cultured SSCs. Histological sections of testes transplanted with ROSA SSCs that were cultured for 6

months (left, stained with X-gal, counter stain; Nuclear Fast Red) and 7.5 months (right, stain;

Hematoxylin-Eosin).
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II. Rationale
A. Basic Concept of SSC Culture
Development of new culture conditions for animal cells has been largely empiri-

cal. At present no unifying culture technique applicable to various tissue-specific

stem cells has been developed. Despite early hopeful expectations by stem cell

biologists, recent studies have indicated that characteristics of tissue-specific stem

cells do not appear to be conserved (Kubota et al., 2003). However, because the

general process of spermatogenesis is believed to be conserved among many

species, the self-renewal machinery of SSCs in diVerent species might be similar.

In fact, xenotransplantation experiments demonstrated that SSCs from all mam-

mals examined, including rats, rabbits, dogs, pigs, cattle, horses, baboons, and

humans, colonized and proliferated or were maintained in the seminiferous tubules

of immunodeficient mice (Clouthier et al., 1996; Dobrinski et al., 1999a, 2000;

Nagano et al., 2001b, 2002; Oatley et al., 2004). These results suggest that critical

exogenous factors to promote self-renewal of SSCs are conserved among various

species. Therefore, we employed a systematic approach to develop a SSC culture

system using the mouse as a model because once a defined culture condition for

mouse SSCs was developed, it would form the basis for other species.

Stem cells generally divide rarely in normal physiological conditions (Meistrich

and van Beek, 1993; Morrison et al., 1997; Potten and Morris, 1988). The micro-

environment surrounding stem cells, which is called the stem cell niche, controls

the timing of proliferation and diVerentiation of the stem cells (Spradling et al.,

2001). To maintain stem cells in vitro, reconstitution of the stem cell niche would

be ideal, but likely not completely attainable. However, if one can maintain
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self-renewing stem cells in vitro, the culture condition probably provides essential

signals that promote self-renewal found endogenously in the stem cell niche in vivo.

Clearly, any knowledge about stem cell niche factors provides valuable informa-

tion for the development of an in vitro culture system for maintaining stem cells.

To develop a defined culture condition for mouse SSCs, we chose a culture

system that consists of a germ cell population enriched for stem cells, serum-free

hormonally defined culture medium, and mitotically inactivated STO feeder cells

(Kubota et al., 2004a). Originally this culture system was developed for hepatic

progenitors, hepatoblasts, in the rat (Kubota and Reid, 2000). A previous study

clearly demonstrated that the culture system is useful to investigate stem/progenitor

cells and the surrounding microenvironment, because the condition minimized

unknown components in the culture (Kubota and Reid, 2000). Such an in vitro

system will allow controlled and detailed investigation of factors involved in cell

fate decisions. We first optimized the basic culture condition to allow mouse SSCs

to survive for a short period by modifying the serum-free medium for hepatoblasts.

The modified culture condition was able to maintain mouse SSCs without loss of

the stem cell activity assessed by the transplantation assay for at least 1 week

(Kubota et al., 2004a). The availability of a functional assay made possible the

evaluation of various conditions for survival of SSCs. Subsequently, we sought

factors that increase stem cell number in the culture. After extensive screening

utilizing the serum-free culture technique and the transplantation assay, we deter-

mined extrinsic factors essential for self-renewal proliferation of SSCs in vitro

(Kubota et al., 2004b). As described earlier, the culture system consists of three

components, enrichment of SSCs, serum-free medium, and feeder cells. Because

each element was important for the systematic development of the mouse SSC

culture system, we describe the three components in the following sections.
B. Components of SSC Culture System

1. Spermatogonial Stem Cells
The number of SSCs in the testis is very low, presumably as few as 1 in 3000–

4000 cells in the adult mouse testis (Tegelenbosch and de Rooij, 1993). Therefore,

unfractionated testis cell suspensions are not ideal as a starting cell population for

SSC culture. The great majority of unfractionated testicular cells in adult testes are

diVerentiated or diVerentiating germ cells. These germ cells have limited prolif-

erative activity; therefore, they die and disappear gradually in culture although the

cell number is high at the beginning. In addition, since diVerentiating germ cells are

nonadherent cells, they can be removed easily by changing the medium, while SSCs

and spermatogonia generally adhere to the stromal feeder cells or extracellular

matrices (Shinohara et al., 1999). Although the diVerentiated germ cells showed

limited proliferative activity in culture, there are two reasons to remove them from

starting cell populations. First, the stem cells are rare in the testis cell suspension;

therefore, it is almost impossible to identify the stem cells in culture. Because
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microscopic observation of cell divisions in culture is a valuable indication of stem

cell proliferation, a large number of diVerentiated cells are an impediment to

accurate assessment of stem cell behavior. Second, it is thought that diVerentiating
germ cells may provide growth-inhibitory signals to undiVerentiated spermatogo-

nia, including stem cells (Bootsma and Davids, 1988; de Rooij et al., 1985;

Meistrich and van Beek, 1993). Existence of such inhibitory signals or negative

feedback systems is believed to occur in other stem cell systems as well (LoeZer

and Potten, 1997). Although the identity of these signals is not known, it is

desirable to eliminate any possibility of a detrimental eVect on SSCs.

Somatic cells, such as Sertoli cells, Leydig cells, myoid cells, and fibroblasts, also

exist in the testis, although they are not major cell populations in adult testes. It is

believed that terminally diVerentiated cells do not proliferate; therefore, most

somatic cells will disappear in culture during subculturing. However, because

they could produce a variety of hormones, growth factors, or extracellular matrices,

it is important to remove as many somatic cells as possible to minimize the

complexity of the culture conditions. In addition, fibroblastic cells generally can

proliferate in regular culture medium containing animal serum; even if they are

isolated from adult tissues (see below). Based on our experience, SSCs from testes

of immature animals are easier to culture, but removal of testicular somatic cells

from these cell suspensions is even more critical. Rapid overgrowth of fibroblastic

cells can be a major problem in primary cultures, and fibroblastic cells from young

animals have a high proliferative ability. In the adult, the number of testicular

fibroblastic cells is fewer. However, they can gradually become dominant if serum

is added to the culture medium. Serum-supplemented culture conditions selectively

expand fibroblasts, because serum contains a variety of trophic factors for fibro-

blasts (Sato et al., 1960). Use of a germ cell population enriched for SSCs is crucial

to diminish the detrimental eVects of fibroblastic cells and other somatic cells on

SSC survival and proliferation.
2. Serum-Free Defined Medium
In general, addition of serum facilitates survival and proliferation of animal cells

in vitro; however, several crucial drawbacks exist. First, serum contains complex

materials, which have been as yet poorly defined or characterized. In addition,

there is considerable batch variation depending on the physiological conditions,

sex, and age of donors. Second, serum contains inhibitors of certain tissue-specific

cells (Barnes and Sato, 1980b; Enat et al., 1984). Third, serum enriches growth

factors for mesenchymal cells, such as platelet-derived growth factor or fibroblast

growth factors; therefore, mesenchymal cells, particularly fibroblasts, selectively

overgrow in serum-supplemented medium (Sato et al., 1960). These fibroblasts

produce factors to inhibit proliferation of other cell types.

Serum-free hormonally defined medium was developed by Gordon Sato’s group

in the 1970s (Barnes and Sato, 1980b; Bottenstein et al., 1979; Hayashi and Sato,

1976). This series of studies revealed that one of the major functions of serum is to
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provide hormones or growth factors which stimulate replication of cells. In serum-

free media supplemented with specific hormones or growth factors, many mam-

malian cells were able to be maintained without loss of the cell lineage-specific

and developmental stage-specific characteristics (Barnes and Sato, 1980a,b;

Bottenstein et al., 1979). Although there was no report of long-term cultures to

maintain functional germ cells in such serum-free hormonally defined medium,

early studies culturing testicular cells in serum-free medium clearly demonstrated

that using defined medium is a powerful approach to study the physiology of

testicular somatic cells, such as Sertoli cells or Leydig cells (Mather, 1980;

Mather et al., 1981). Serum-free culture is a prerequisite to identify hormones or

growth factors essential for self-renewal of SSCs.
3. Feeder Cells
Generally, when a small number of cells are placed in a culture dish, they do not

grow well. Conditioned media or feeder cells commonly have been used to culture

cells at low cell densities (Ham, 1963). While conditioned media support cell

growth by soluble factors, feeder cells are able to stimulate cells cocultured not

only by soluble factors but also by insoluble signals through direct cell–cell contact

or via extracellular matrices. Originally, nonmultiplying irradiated feeder cells

were used to supply conditioning factors for colony formation from single HeLa

cells (Puck and Marcus, 1955). The most commonly used coculture system with

a feeder layer technique was first developed for human epidermal keratinocyte

culture (Rheinwald and Green, 1975). The original culture system consisted of

irradiated 3T3 cells as mesenchymal feeders with serum-supplemented medium,

and it supported colony formation and serial cultivation of human keratinocytes

(Rheinwald and Green, 1975). A coculture system for clonal growth of rat hepatic

progenitors using STO feeder cells and a defined serum-free medium (Kubota and

Reid, 2000) is an evolved form of the human keratinocyte culture.

Although SSCs can be enriched by several methods (Kubota et al., 2003, 2004a;

Shinohara et al., 1999, 2000), it is still laborious to obtain a large number of stem

cells. In addition, the slow proliferation rate is a common characteristic of tissue

stem cells. Therefore, a coculture system using feeder cells is reasonable for

cultivation of stem cells. Early studies with hematopoietic stem cell culture have

shown that coculture using stromal monolayers derived from hematopoietic tis-

sues was able to support self-renewal of hematopoietic stem/progenitor cells for

several months (Dexter et al., 1977). It is worthwhile to point out that primary

mouse embryonic fibroblast (MEF) feeders or STO feeder cells have generally been

used for culture of germline-derived pluripotent stem cells, such as embryonic

carcinoma (EC) stem cells, embryonic stem (ES) cells, or embryonic germ (EG)

cells (Evans and Kaufman, 1981; Martin, 1981; Martin and Evans, 1975; Matsui

et al., 1992; Resnick et al., 1992).

One drawback to using feeder cells is that they produce factors that are not

defined. Although our culture system uses feeder cells, they were prepared from
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a well-established mouse cell line, STO cells, instead of primary MEFs. Recent

studies have demonstrated that fibroblasts from diVerent anatomic locations are

significantly diVerent, and substantial heterogeneity of embryonic fibroblasts

exists (Chang et al., 2002). Using feeders of an established cell lines minimizes

the variability of the unknown contribution of the feeder cells to the culture

conditions.
III. Methods
A. Protocol for Mouse SSC Culture

1. Preparation of Testis Cell Suspension and Enrichment of SSCs
Identification of surface antigens on SSCs is necessary for immunoselection.

Using fluorescence-activated cell sorting (FACS) in conjunction with the transplan-

tation assay, the surface phenotype of mouse SSC was determined to be Thy-1þ

aV-integrin�/dim a6-integrinþ c-kit� and major histocompatibility complex class

I (MHC-I)� (Kubota et al., 2003). Thy-1 is a surface marker expressed on SSCs in

neonatal, pup, and adult testes of the mouse. Following identification of the surface

antigen for SSC by FACS, a method to enrich mouse SSCs using microbeads

conjugated with a Thy-1 antibody was developed (Kubota et al., 2004a). The

method, magnetic-activated cell sorting (MACS), using Thy-1 antibody cannot

completely purify the Thy-1þ aV-integrin�/dim a6-integrinþ c-kit� MHC-I� cell

population, but the technique requires less time and less tissues to obtain an SSC-

enriched cell population. The SSC content of the cell population (MACS Thy-1

cells) depends on the age of animal. Usually, testis cells from younger mice result in

cell populations with a greater percentage of SSCs than do cells from adult testes,

because fewer Thy-1þ somatic cells are present in younger testes. Gonocytes (pre-

spermatogonia) can be enriched by MACS from neonatal testes; however, they are

quiescent in the testis and appeared to take more time to start proliferating at the

beginning of the SSC culture than do MACS Thy-1 cells from pup testes (unpub-

lished observation). Based on our experience, MACS Thy-1 cells from pup testis at

5–8 days postpartum (dpp; day of birth is 0 dpp) are the best population for SSC

culture in themouse. The following procedure is for cell preparation ofMACSThy-

1þ cells from 4 to 8 pup testes (2–4 pups) at the age of 5–8 dpp. The procedure

consists of three steps: digestion of pup testes; Percoll fractionation; and MACS

separation. The procedure to enrich Thy-1þ cells byMACS was performed accord-

ing to the manufacture’s protocol. Details for preparing each reagent in the follow-

ing procedures are described in the Materials section.

Testis cell preparation

1. Remove testes from pups with fine forceps using sterile procedures and

collect the testes in a 35-mm petri dish in 3 ml of Hank’s balanced salt

solution (HBSS).
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2. Transfer the testes to a second dish of HBSS and remove tunica albuginea

under a dissecting microsope.

3. Using a p200 pipette, transfer the testis tissue without tunica to a 15 ml

conical centrifuge tube containing 0.5 ml of 7 mg/ml DNase I solution and

4.5 ml of 0.25% Trypsin-EDTA.

4. Pipette up and down with p1000 pipette to disperse seminiferous tubules.

5. Incubate the tissues at 37 �C for 5 min.

6. After pipetting with p1000 pipette several times, incubate the tube at 37 �C
for an additional 3 min. At this point, the cell suspension will be viscous.

7. Add 0.7 ml of fetal bovine serum (FBS) (one tenth volume) to stop enzy-

matic digestion, also add 0.5 ml of 7 mg/ml DNase to digest genomic DNA

from dead cells.

8. Pipette well to make a single cell suspension. If cells remain clumped, add

another 0.5 ml of 7 mg/ml DNase and pipette again.

9. Filter the cell suspension through a 40-mm pore nylon cell-strainer (BD

Biosciences 352340) followed by washing the cell-strainer with HBSS.

10. Centrifuge the cell suspension at 600 � g for 7 min at 4 �C.
11. Remove supernatant and resuspend cells in 10 ml of PBS-S (Dulbecco’s PBS

supplemented with 1% FBS, 10 mM HEPES, 1 mg/ml glucose, 1 mM pyru-

vate, 50 units/ml penicillin, and 50 mg/ml of streptomycin).

12. Count cells. Typical testicular cell number obtained by this method is 1� 106

to 1.3� 106 cells/testis at 5 dpp and 1.7� 106 to 2� 106 cells/testis at 8 dpp.

Percoll fractionation

1. Slowly overlay 5 ml of cell suspension on 2 ml of 30% Percoll solution in a

15 ml conical centrifuge tube. Do not put more than 2� 107 cells in the 15 ml

tube.

2. Centrifuge at 600 � g for 7 min at 4 �C without using the centrifuge brake.

3. Carefully remove the cells and debris at the interface between the HBSS and

the 30% Percoll solution. Then, remove all aqueous phases containing HBSS

and 30% Percoll solution. Leave the pellet at the bottom of the tube.

4. Resuspend the pellet of cells in 2 ml of PBS-S and transfer the cell suspension

into a 5 ml polypropylene tube (BD Biosciences 352063). Count cell number.

The range of cell recovery is 40–70%.

5. Centrifuge cell suspension at 600 � g for 7 min at 4 �C.
6. Resuspend the pellet in 90 ml of PBS-S and pipette well to make a single cell

suspension.
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MACS separation

1. Add 10 ml of magnetic microbeads conjugated with anti-Thy-1 antibody (Milte-

nyi Biotec 130–049–101, Auburn, CA) into the 90 ml of the cell suspension and

mix well. Ten microliter of Thy-1 microbeads is for one separation column. The

typical rangeof the cell number for10 ml ofThy-1microbeads is 3� 106 to6� 106

cells. Use 20 ml of Thy-1microbeadswhen cell number ismore than 6� 106 cells.

2. Incubate the cell suspension containing Thy-1 microbeads for 20 min at 4 �C.
Mix gently by tapping every 10 min. Longer incubation (for 30–40 min)

occasionally increases the recovery rate of Thy-1þ cells.

3. Add 2 ml of PBS-S to the tube to dilute Thy-1 microbeads and centrifuge at

600� g for 7 min at 4 �C. Remove the supernatant completely and resuspend

in 1 ml of PBS-S.

4. Place a separation column (MS Column; Miltenyi Biotec 130-042-201) in

the magnetic field of the mini MACS Separation Unit (Miltenyi Biotec 130-

142-102) and rinse with 0.5 ml of PBS-S.

5. Apply the cell suspension to the column. After the cell suspension has passed

through the column and the column reservoir is empty, wash the column with

0.5 ml of PBS-S three times.

6. Remove the column from the MACS Separation Unit and elute the magneti-

cally retained cells slowly into a 5 ml polypropylene tube (BD Biosciences

352063) with 1 ml of serum-free culture medium (see below) using the plunger

supplied with the column.

7. Centrifuge the tube containing the cells at 600 � g for 7 min at 4 �C and

resuspend the cell pellet with 1 ml of mouse serum-free medium (SFM) for

rinsing. Repeat this step once.

8. After the final rinsing step, resuspend cells in 0.5 ml of SFM and count the

cell number. The recovery of Thy-1þ cells from one MS Column is 1.6 � 105

to 2.2 � 105 cells.
2. Serum-Free Medium
The composition of SFM for mouse SSCs is shown in Table I. To prepare mouse

SFM, bovine serum albumin (BSA) powder and antibiotics are added to MEMa
medium and stored at 4 �C overnight, because it takes several hours to dissolve

BSA completely. The following day, stock solutions of transferrin, free fatty acid

(FFA) mixture (Chessebeuf and Padieu, 1984, see Table II), selenium (Na2SeO3),

freshly prepared 2-mercaptoethanol (2-ME), insulin, HEPES, and putrescine are

added to the MEMa containing BSA and antibiotics. Preparation of stock solu-

tions for each supplemental component is described in theMaterials section. SFM

is sterilized by filtration using a 0.2 mm membrane filter and stored at 4 �C.



Table I
Components in Mouse Serum-Free Medium (SFM) and Modified Mouse SFM

Manufacturer Catalog number Mouse SFMa Modified mouse SFMb

MEMa Gibco/Invitrogen 12561 Basal media Basal media

Penicillin Gibco/Invitrogen 15140 50 units/ml 50 units/ml

Streptomycin Gibco/Invitrogen 15140 50 mg/ml 50 mg/ml

BSA MP Biomedicals/ICN See Notec 0.2% 0.6%

Transferrin Sigma T 1283 10 mg/ml 100 mg/ml

FFA mixture Sigma See Table II 7.6 meq/L 15.2 meq/L
Na2SeO3 Aldrich/Sigma 481815 3 � 10�8 M 6 � 10�8 M

l-glutamine Gibco/Invitrogen 25030 2 mM 2 mM

2-ME Sigma M 7522 50 mM 100 mM
Insulin Sigma I 5500 5 mg/ml 25 mg/ml

HEPES Sigma H 0887 10 mM 10 mM

Putrescine Sigma P 5780 60 mM 120 mM

aThe concentration of each component in serum-free medium for mouse SSC culture is indicated.
bModified mouse SFM is made by increasing several components of mouse SFM. Serum-free medium for rat SSC culture

is modified mouse SFM plus 10% DDW (10 ml of water is added to 100 ml of modified mouse SFM). Thus, the final

concentrations of each supplemental component in rat SFM is about 90% of that in modified mouse SFM.
cNote: The source and lot of BSA are important. BSA of MP Biochemicals (formerly ICN), catalog number 810661

(lot number 2943C) and 194774 (lot number R14550), supported long-term in vitro proliferation of mouse SSCs. BSA from

Sigma, catalog number A3803 (lot numbers 064K0720, 025K1497, and 124K0729), could be used for mouse SSC culture. For

rat SSC culture, BSA of MP Biochemicals, catalog number 810661 (lot number 2943C and 4561H), was eVective.

Table II
Preparation of Free Fatty Acid Mixture

Free fatty acid (FFA) Manufacturer Catalog number Stock solutiona 100 meq/l FFA mixturebb

Linolenic acid Sigma L 2376 1 M 5.6 ml (5.6 mM)

Oleic acid Sigma O 1008 1 M 13.4 ml (13.4 mM)

Palmitoleic acid Sigma P 9417 1 M 2.8 ml (2.8 mM)

Linoleic acid Sigma L 1012 1 M 35.6 ml (35.6 mM)

Palmitic acid Sigma P 0500 1 M 31.0 ml (31.0 mM)

Stearic acid Sigma S 4751 151 mM 76.9 ml (11.6 mM)

Absolute ethanol 834.7 ml
Final volume 1000 ml (100 meq/l)

aEthanol is used to make stock solutions of each FFA. One molar stock solutions of linolenic acid, oleic acid, palmitoleic

acid, and linoleic acid are liquid at room temperature. One molar palmitic acid and 151 mM stearic acid are solid. These two

FFA stock solution need to be heated to 45–50 �C to dissolve.
bSeventy-six microliter of 100 meq/l FFA mixture is added to 1000 ml of serum-free medium. This makes 7.6 meq/l FFA

mixture at the final concentration in the medium. Numbers in parentheses indicate final concentration in serum-free medium.
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3. Preparation of Feeder Cells
STO cells (SNL76/7 cells) (McMahon and Bradley, 1990) were obtained from

Dr. A. Bradley (The Wellcome Trust Sanger Institute, London). STO cells are

routinely grown in 10 cm dishes in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 7% FBS (serum-supplemented medium for STO

cells, SSM/STO). Although the culture methods are based on previous reports

using newborn calf serum for the growth medium (Robertson, 1987), STO cells in

the medium with FBS appeared to grow faster. Cultures of STO cells should be

passaged promptly when they reach confluency because it is possible to accumu-

late noncontact-inhibited cells in the population. In addition, continuous passage

of STO cells may also select clones that cannot support SSC culture. Therefore, it

is advisable to expand STO cells at early passages and cryopreserve immediately

in several low-passage aliquots.

1. Add mitomycin C at a final concentration of 10 mg/ml in culture medium for

confluent 10 cm dishes of STO cells. Incubate the dishes for 3–4 h at 37 �C.
Avoid more than 5 h exposure to mitomycin C.

2. Remove the medium containing mitomycin C from the STO cells and wash

plates three times with 10 ml of HBSS.

3. Digest the cells with trypsin-EDTA solution for 3 min at 37 �C and mix with

SSM/STO to stop the trypsin activity. Collect digested cells and centrifuge at

600� g for 7 min at 4 �C. Resuspend the cells in SSM/STO at 12� 106 cells/ml.

Add to the cell suspension an equal volume of 2� freezemedium [20%dimethyl

sulfoxide (DMSO) in SSM/STO] slowly at 4 �C.The final cell concentrationwill
be 6 � 106 cells/ml in 10% DMSO in SSM/STO.

4. Aliquot 1 ml of the STO cell suspension into each cryotube and store at

�70 �C using a freezing container (Nalgene 5100–0001).

5. For preparation of monolayers of STO cell feeders, thaw one vial of mitomycin

C-treated STO cells at 37 �C and put the cell suspension into a 50 ml conical

centrifugation tube.

6. Add slowly 9 ml of SSM/STO on ice to dilute the freeze medium and mix

gently. Centrifuge at 600 � g for 7 min at 4 �C.
7. Resuspend the cell pellet with SSM/STO to make a cell suspension at a cell

concentration of 2 � 105 cells/ml. The cell viability is usually more than 90%.

8. Seed the cells on to gelatinized plates at a concentration of 5 � 104 cells/cm2.

Typically put 1 ml of the cell suspension (2 � 105 cells/ml) into one well of

a 12-well plate. Gelatinized plates are prepared by precoating plates with

0.1% gelatin for 1 h at 37 �C. STO monolayers can be created with fresh

mitomycin-C treated STO cells as well.

9. Use the STO feeder cells within 4 days. If older STO feeder cells (5–7

days after seeding) are used for SSC culture, change the medium on the

fourth day.
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4. Culture of Mouse SSCs
While the culture of SSCs is dependent on the presence of appropriate growth

factors, other elements can influence cell proliferation. After placing freshly

isolated MACS Thy-1 cells in the primary culture, initiation of germ cell clump

formation is an important indication of likely successful continuous culture of SSC

(Fig. 3A) (Kubota et al., 2004b). Each culture shows some diVerence in the number

of germ cell clumps and the growth speed. Probably the age of the testes, purity of

Thy-1þ cells, and damage caused by cell preparation are factors influencing initial

and continuous clump formation. One of the most influential factors observed is

the mouse strain used. While SSCs from DBA/2 mice proliferate easily in the

presence of GDNF alone, stem cells from other mouse strains such as C57BL/6

or 129/SvCP require soluble GDNF family receptor alpha 1 (GFRa1) and basic

fibroblast growth factor (bFGF or FGF2) for continuous proliferation in vitro
Fig. 3 Microscopic observation of cultured SSCs. (A) development of germ cell clumps from 129/

SvCP Thy-1þ pup testis cells isolated by MACS. MACS Thy-1 cells were placed on STO feeder cells in

serum-free defined medium supplemented with GDNF. Single Thy-1þ cells at 5 h in culture (left).

Initiation of cell clump formation at 2 days (middle). Growth of germ cell clumps at 5 days (right).

(B) Comparison of feeder cells for their ability to support germ-cell clump formation and growth.

C57BL/6-derived SSCs were placed on STO, MEF, or MSC-1 feeders in the presence of GDNF,

GFRa1, and bFGF, and cultured for 9 days.



4. Spermatogonial Stem Cell Culture 73
(Kubota et al., 2004b). The growth advantage of DBA/2-derived SSCs was

reported earlier (Kanatsu-Shinohara et al., 2003). Cellular responses to GDNF

are mediated by a multicomponent receptor complex consisting of RET receptor

tyrosine kinase and a glycosil phosphatidylinositol-anchored ligand-binding sub-

unit, GFRa1 (Sariola and Saarma, 2003). Because RET stimulation by soluble

GFRa1 potentiates downstream signaling (Paratcha et al., 2001), addition of

soluble GFRa1 may play an important role for in vitro proliferation of SSCs in

most mouse strains. bFGF has been shown to be a potent growth factor for in vitro

proliferation of primordial germ cells (Matsui et al., 1992; Resnick et al., 1992).

Therefore, bFGFmay also provide a critical stimulus to support SSC replication in

culture. Moreover, recent studies suggest that bFGF may play an important role

for SSC proliferation in human testes (Goriely et al., 2003).

From our experience, SSCs from DBA/2 appear to proliferate faster in the SFM

supplemented with GDNF, GFRa1, and bFGF than in GDNF alone. In the

presence of three factors, SSCs expand in culture easily from DBA/2 mice, with

more diYculty from C57BL/6 mice and the most diYculty from 129/SvCP mice.
Primary culture of Thy-1þ germ cells

1. Remove culture medium from STO monolayer cultures and rinse the plates

with HBSS twice to wash out residual medium containing serum.

2. Place 5� 104 to 10� 104MACS Thy-1 cells in wells of 12-well plates contain-

ing STO monolayers. Two to four days after seeding of STO feeder cells in

gelatin-coated wells is optimal for SSC primary culture.

3. Add recombinant human GDNF, rat GFRa1, and human bFGF at a final

concentration of 20 ng/ml, 150 ng/ml, and 1 ng/ml, respectively.

4. Maintain cells at 37 �C in a humidified 5% CO2 atmosphere. Change the

medium every other day. By 48 h in culture, Thy-1þ germ cells form small

clumps with tight intercellular contacts (Fig. 3A). They continuously prolif-

erate and form large clumps (Fig. 3A).

Recently, several studies reported SSC culture using feeder cells. Kanatsu-

Shinohara et al. used MEF for long-term culture of SSCs derived from DBA/

2 gonocytes (Kanatsu-Shinohara et al., 2003). Hamra et al. reported that feeder

cells from a mouse Sertoli cell line (MSC-1) to be superior to STO feeder cells,

although germ cells were cultured on the feeder cells for only a short period

(Hamra et al., 2004, 2005). Both culture conditions contain FBS. MSC-1 was

established from transgenic mice carrying a fusion gene composed of human

Müllerian inhibitory substance transcriptional regulatory sequences linked to the

SV40 T-antigen gene (Peschon et al., 1992). Using our culture system,MEF feeders

supported initiation of germ cell clumps; however, the growth was not as fast as

STO cell feeders (Fig. 3B). MSC-1 feeder cells maintained germ cell survival and

proliferation poorly (Fig. 3B). By 9 days after initial plating, most germ cells on

MSC-1 feeder layers died.
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Subculture and establishment of long-term culture

The first subculture is performed 6–9 days after initial culture of MACS Thy-1

cells on STO feeders. The second and subsequent subcultures also are performed at

a similar interval (6–9 days). Timing of subculture must be determined subjectively

on the basis of the number of proliferating germ cells and testicular fibroblasts.

1. Remove culture medium and add 0.5 ml of trypsin-EDTA solution per well

of a 12-well plate to digest the germ cell clumps.

2. Incubate cultures for 3–5 min at 37 �C and add 0.1 ml of FBS to stop

digestion. Pipette digested cells gently with p1000 pipette several times.

In some instances, genomic DNA from dead cells may cause cell aggregation

and clumping, especially when many germ cells are cultured for more than

1 week. In that case, add 0.1 ml of 7 mg/ml DNase solution with the FBS.

3. Collect digested cells from a well of the 12-well plate in a 15 ml conical

centrifugation tube and dilute the cell suspension with 2 ml of mouse SFM.

Centrifuge at 600 � g for 7 min at 4 �C.
4. Resuspend the cell pellet with 2 ml of mouse SFM and centrifuge at 600 � g

for 7 min at 4 �C. Cells are resuspended in 3 ml of SFM and plated onto fresh

STO cell feeders. The split ratio of the first subculture is 1:2.

5. Sometimes testicular fibroblastic cells outgrow clump-forming germ cells.

Because clump-forming germ cells are attached on STO feeders weakly,

they can be removed from the feeders by pipetting gently with p1000 pipette

(Ryu et al., 2005). Following gentle pipetting on the surface of feeder cells,

collect the culture medium containing the detached germ cell clumps and

centrifuge at 600 � g for 7 min at 4 �C.
6. Resuspend the pellet in mouse SFM and pipette gently several times to break

up cell clumps. Place cells onto fresh STO feeder cells in the same size well as

the original culture (1:1).

Usually, 1 month after initial plating, clump-forming germ cells constantly

proliferate on the feeder in mouse SFM supplemented with GDNF, GFRa1, and
bFGF (Fig. 4A, phase contrast). Once cultures reach that stage, subculture can be

conducted every 4–7 days at the split ratio of 1:2–1:4.
5. Characteristics of Cultured Mouse SSCs
The clump-forming germ cells express germ cell markers, such as germ cell

nuclear antigen 1 (GCNA1) or mouse vasa homologue (MVH) (Enders and

May, 1994; Fujiwara et al., 1994; Kubota et al., 2004b; Oatley et al., 2006).

More importantly, they show very similar characteristics with freshly isolated

SSCs. Previous studies using transplantation assays and FACS demonstrated

that the phenotype of SSCs in pup testes is aV-integrin�/dim a6-integrinþ Thy-1lo/þ
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Fig. 4 Phenotypic characteristics of cultured SSCs. (A) SSCs from C57BL/6 pup testes continuously

proliferate on STO feeder cells in serum-free defined medium supplemented with GDNF, GFRa1, and
bFGF. A phase contrast image of SSCs cultured for 1 month (left) and immunocytochemistry of RET

(middle) and PLZF (right). Clump-forming germ cells were stained with antibodies against RET or

PLZF. (B) Cell surface molecules on clump-forming germ cells were analyzed by flow cytometry.

Cultured SSCs express GFRa1, EpCAM, and E-cadherin. Filled histograms represent stained cells

with antibodies indicated. Open histograms indicate unstained cells.
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(Kubota et al., 2004a). Flow cytometric analysis showed that continuously

cultured germ cells are also aV-integrin�/dim a6-integrinþ Thy-1lo/þ, and the sur-

face phenotype of cultured germ cells was constant during a 3-month culture

period (Kubota et al., 2004b). Transplantation assays indicated that the stem cell

activity of clump-forming germ cells during a 3-month culture period and fresh

aV-integrin�/dim a6-integrinþ Thy-1lo/þ cells isolated by MACS was similar

(Kubota et al., 2004b). Usually, the stem cell activity is represented by donor-

derived colony number generated in the recipient testes per 105 transplanted cells.

In our studies, the values of stem cell activity of freshly isolated cells and cultured

cells were both �500 colonies per 105 aV-integrin�/dim a6-integrinþ Thy-1lo/þ cells

transplanted (Kubota et al., 2004b). Since the colonization eYciency is �5%, 1 in

10 clump-forming germ cells was an SSC. These results indicate that the culture

conditions eYciently support proliferation of aV-integrin�/dim a6-integrinþ Thy1lo/þ

cells. All clump-forming germ cells expressed RET tyrosine kinase, which is the

signal transducer of GDNF (Fig. 4A) (Kubota et al., 2004b). Although soluble

GFRa1 was added to the culture medium, cultured germ cells expressed GFRa1 on
the cell surface (Fig. 4B) (Kubota et al., 2004b). In addition to RET and GFRa1
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expression, clump-forming germ cells are positive for several spermatogonia mar-

kers including promyelocytic leukaemia zinc finger (PLZF) protein, epithelial cell

adhesion molecule (EpCAM, CD326), and E-cadherin (Fig. 4A and B) (Buaas

et al., 2004; Costoya et al., 2004; Tokuda et al., 2007; van der Wee et al., 2001).

The cultured SSCs shared several characteristics of undiVerentiated ES cells,

such as POU5F1 (previously known as Oct-3/4) expression and alkaline phospha-

tase activity (Kubota et al., 2004b). However, significant diVerences exist. For

example, although FBS supported ES cells in culture, the constituents of FBS are

detrimental to SSC proliferation (Kubota et al., 2004b). When SSCs were cultured

in medium containing only 0.1% FBS, proliferation of SSCs was dramatically

decreased compared with that of SSCs in SFM (Kubota et al., 2004b). Cultured

SSCs do not generate tumors when transplanted to immunocompromised mice

(Kubota et al., 2004b), whereas ES cells produce teratocarcinomas when injected

into mice (Evans and Kaufman, 1981; Martin, 1981). In addition, SSCs are

negative for Nanog, which is highly expressed in undiVerentiated ES cells

(Chambers et al., 2003; Mitsui et al., 2003; Oatley et al., 2006).
B. Protocol for Rat SSC Culture

1. Enrichment of Rat SSCs
SSCs from rat pup testis can be enriched by immunoselection using an EpCAM

antibody (Ryu et al., 2004). In the rat pup testis (8 dpp), �8% of testis cells are

EpCAMþ. The transplantation assay indicated that almost all SSCs express

EpCAM (Ryu et al., 2004). EpCAM is a homophilic cell–cell adhesion molecule

and has been used for identification and purification of primordial germ cells or

spermatogonia in rodents (Anderson et al., 1999; Moore et al., 2002; van der Wee

et al., 2001). Although rat SSCs express Thy-1 antigen, a subpopulation of the

testicular somatic cells also express this surface molecule; therefore, MACS using

Thy-1 antibody did not enrich rat SSCs eYciently. To obtain an SSC-enriched cell

population for culture, we developed a protocol for isolation of EpCAMþ cells

using MACS with anti-EpCAM antibody (MACS EpCAM cells). The protocol is

for 4–8 testes (2–4 pups) from 8–12 dpp rat pups.

Testis cell preparation and MACS separation

1. Prepare testes for digestion as described in the mouse section.

2. Put testes into 10 ml of 1 mg/ml collagenase solution and incubate 5–8 min.

Tap the bottom of the tube gently every 2–3 min.

3. Centrifuge at 600 � g for 1 min at 4 �C to collect loose seminiferous tubules.

4. Remove supernatant and add 10 ml of HBSS to loosen tubules by inverting

the tube. Repeat steps 3 and 4 for rinsing.

5. Remove supernatant and add 1.5 ml of 7 mg/ml DNase and 6 ml of trypsin-

EDTA.
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6. Digest the tissues as described in the mouse protocol.

7. Add 0.9 ml of FBS and 1 ml of 7 mg/ml DNase and pipette well using a

p1000 pipette.

8. Filter the cells through a 40 mm pore nylon cell strainer and spin down cells

at 600 � g for 7 min at 4 �C.
9. Resuspend cells in 14 ml of MEMa containing 1% FBS and count the cell

number. Typical cell recovery is 10� 106 to 13� 106 cells/testis at 9–10 dpp.

10. Employ Percoll fractionation as described in the mouse protocol.

11. For MACS separation, resuspend 50� 106 cells of Percoll-fractionated cells

in 5 ml of PBS-S.

12. Add 0.3–0.5 mg of anti-rat EpCAM antibody (Clone: GZ1) per 106 cells for

labeling with primary antibody and incubate for 20 min on ice.

13. After rinsing the cells twice with 10 ml of PBS-S, resuspend cells in 0.4 ml of

PBS-S. Add 0.1 ml of goat anti-mouse IgG microbeads (Miltenyi Biotec,

130–048–402) to label magnetically EpCAMþcells. Incubate cells for 20 min

on ice.

14. Add 10 ml of PBS-S and centrifuge at 600 � g for 7 min at 4 �C.
15. Remove the supernatant and resuspend in 2 ml of PBS-S.

16. Separate EpCAM þ cells using two MS column according to the manufac-

ture’s protocol. For detail, see the mouse protocol described earlier.

Approximately 4–6% of cells applied to MS columns are recovered. For exam-

ple, 2� 106 to 3� 106 EpCAMþ cells are obtained from 50� 106 cells (see step 11).
2. Culture of Rat SSCs
The basic culture condition for rat SSC culture consists of SFM, STO feeder

cells, and a growth factor combination that are the same as for mouse SSC culture.

Although components of SFM for rat SSCs are identical to those of mouse SFM,

the concentrations of several components in the SFM for rat SSCs were increased.

The SFM that contains increased concentrations of several supplements was

designated modified mouse SFM. The concentration of each supplement in the

modified mouse SFM is indicated in Table I. In addition, reduction of medium

osmolarity by the addition of water resulted in an increase in clump-forming germ

cells (Ryu et al., 2005). The modified mouse SFM diluted with 10% (vol/vol)

distilled water was designated rat SFM.

To prepare rat SFM, BSA powder, transferrin, and antibiotics are added to

MEMa, and the medium is stored at 4 �C overnight. The next day, stock solutions

of FFA, Na2SeO3, freshly prepared 2-ME, insulin, HEPES, and putrescine are

added to the MEMa containing BSA and transferrin followed by sterilization by

filtration through a membrane filter of 0.2 mm pore size.

Because the concentration of several nutrients is increased in the rat SFM, the

medium supports somatic cell growth better than mouse SFM. As a result, we
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observed during cultures a gradual increase in the number of testicular somatic cells

contaminating the original MACS EpCAM cell population. Because testicular so-

matic cells interfered with SSC maintenance and replication (Kubota et al., 2004a),

their numberwas decreasedwhen necessary by removing germ cell clumps at the time

of subculture using gentle pipetting of medium across the surface of the feeder layer

and recovery of the detached clumps with the culture medium. The collected clumps

are digestedwith a 1:25 dilution of trypsin/EDTA (final 0.01% trypsin/40 nMEDTA)

for 1 min or longer if necessary. Enzymatic digestion is stopped by FBS. Following

gentle pipetting, clump-forming germ cells become small clumps, but not single cells.

After rinsing the germ cells twice, place them on fresh STO feeder layers. During the

first 2 months after initial plating of MACS EpCAM cells, the split ratio for subcul-

ture should be 1:1 or 1:1.5 at an interval of every 7–10 days. When testicular

fibroblasts outgrow germ cells in culture, germ cell clumps can be collected by gentle

pipetting, even though the sizes of clumps are small. In that case, enzymatic digestion

is not necessary, because trypsin treatment damages clump-forming cells and results

in a decrease in cell recovery. Once clump-forming germ cells constantly proliferate in

culture, subculture can be conducted at the split ratio of 1:2.Lowatmospheric oxygen

(5%) was used for long-term culture of rat SSCs (Ryu et al., 2005). Low atmospheric

oxygen has shown a beneficial eVect on long-term proliferation of several types of

mammalian cells in vitro (Ezashi et al., 2005; Parrinello et al., 2003).
3. Characteristics of Cultured Rat SSCs
The surface phenotype of freshly isolated rat SSCs in pup testis is EpCAMþ

Thy-1lo b3-integrin� (Ryu et al., 2004). The surface antigen profile of rat SSCs

cultured for more than 10 months was basically similar to that of fresh SSCs (Ryu

et al., 2005). However, the surface expression of these antigens increased slightly in

cultured cells. POU5F1 expression and alkaline phosphatase activity are present

in cultured rat SSCs, indicating that mouse and rat SSCs share these characteristics

found in ES cells or PGCs. Rat SSCs also express RET and GFRa1, which are the

receptors for GDNF (Ryu et al., 2005).
IV. Materials
A. Reagents for Cell Preparation
DNase: DNase I (Sigma DN25) solution is prepared at 7 mg/ml in HBSS and

sterilized by filtration.

Collagenase: Collagenase type IV (Sigma C5138) solution is prepared at 1 mg/ml

in HBSS and sterilized by filtration.

Trypsin-EDTA: 0.25% trypsin and 1 mM EDTA (Gibco/Invitrogen 25200).

Antibiotics: 10,000 units/ml penicillin and 10,000 mg/ml of streptomycin (Gibco/

Invitrogen 15140).
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FBS: FBS (Hyclone) is treated at 56 �C for 30 min. Aliquots are stored

at �20 �C.
Pyruvate: Stock solution is prepared at 100 mM sodium pyruvate (Sigma P2256)

in distilled deionized water (DDW), sterilized by filtration using 0.2 mm
membrane filter, and stored at 4 �C.

PBS-S: Dulbecco’s PBS supplemented with 1% FBS, 10 mM HEPES (Sigma

H0887), 1 mg/ml glucose (Sigma G6152), 1 mM pyruvate, 50 units/ml penicil-

lin, and 50 mg/ml streptomycin sterilized by filtration using 0.2 mm membrane

filter, and stored at 4 �C.

Percoll solution: 30% (vol/vol) Percoll (Sigma P4937) is prepared in Dulbecco’s

PBS containing 1% FBS, 50 units/ml penicillin, and 50 mg/ml streptomycin.

Percoll solution is sterilized by filtration using a 0.2 mm membrane filter and

stored at 4 �C.
B. Stock Solution of Reagents for SFM and Cell Culture
Transferrin: Stock solution is prepared at 10 mg/ml in Dulbecco’s PBS and

stored at �20 �C.
FFA mixture: Detailed information is described in Table II. Make a small

volume aliquot (e.g., 50–100 ml/0.5 ml tube) of FFA mixture. For storage of

stock solutions of each FFA or FFA mixture aliquot, it is advised to flush

vials or tubes with nitrogen before closing to prevent oxidation of FFAs. The

tubes are sealed with parafilm and stored at �20 �C.
Na2SeO3: Stock solution is prepared at 3 � 10�4 M in DDW and stored at

�20 �C.
2-ME: 100 mM solution is prepared freshly each time medium is made. 100 mM

solution is prepared by adding 7 ml of 14.4 M 2-ME (Sigma M7522) in 1 ml of

MEMa medium.

Insulin: Stock solution is prepared at 10 mg/ml in 10 mM HCl and stored at

�20 �C.
Putrescine: Stock solution is prepared at 100 mM in Dulbecco’s PBS and stored

at �20 �C.
GDNF: Human recombinant GDNF (R&D Systems, 212-GD-010) stock solu-

tion is prepared at 20 mg/ml in Dulbecco’s PBS containing 0.1% BSA and

stored at �70 �C.
GFRa1: Rat recombinant GFRa1/Fc Chimera (R&D Systems, 560-GR-100)

stock solution is prepared at 100 mg/ml in Dulbecco’s PBS containing 0.1%

BSA and stored at �70 �C.
bFGF: Human recombinant bFGF (BD Biosciences, 354060) stock solution is

prepared at 10 mg/ml in Dulbecco’s PBS containing 0.1% BSA and stored at

�70 �C.
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C. Reagents for STO Feeder Layers
SSM/STO (serum-supplemented medium for STO cells): The medium for STO

cell culture is Dulbecco’s modified Eagle’s medium (DMEM, Gibco/Invitro-

gen 11965) supplemented with 7%FBS, 100 mM2-ME, 10 mMHEPES, 2 mM

glutamine, 50 units/ml penicillin, and 50 mg/ml streptomycin. SSM/STO is

sterilized by filtration using a 0.2 mm membrane filter and stored at 4 �C.
Mytomycin C: Stock mitomycin C (Sigma M4287) solution is prepared at

200 mg/ml in Dulbecco’s PBS and stored at �70 �C.
Freezing medium (2�): 20% dimethyl sulfoxide (DMSO, Sigma D2650) in

SSM/STO.

Gelatin: 0.1% gelatin (porcine skin type A, Sigma G2500) in DDW is autoclaved

for sterilization and stored at room temperature.

V. Discussion

An exciting practical aspect of the development of culture systems for SSCs is

that the technique establishes a foundation for sophisticated genetic manipulation,

including targeted modification, of the species from which the stem cells were

isolated (Kanatsu-Shinohara et al., 2006a). The conservation of GDNF signaling

inmouse and rat SSCs as the essential pathway to stimulate in vitro self-renewal and

the previously demonstrated ability of SSC of many species to maintain and

proliferate in mouse seminiferous tubules suggest that a similar culture system

can be developed to obtain continuous proliferation of SSCs of many mammalian

species, including humans. In addition, because a large number of SSCs can be

generated in culture, they represent a powerful resource for gene analysis to eluci-

date the mechanisms governing self-renewal and diVerentiation of the stem cells

(Oatley et al., 2006). Moreover, continuous in vitro proliferation of SSCs of any

species lays the foundation for the development of systems to support germ cell

diVerentiation in vitro. Modulating culture conditions that support diVerentiation
processes of male germ cells resulting in production of functional gametes in vitro

will create a valuable model for studying the molecular and cellular biology of male

germ cell diVerentiation. Such an in vitro experimental system may allow develop-

ment of new therapeutic strategies for infertility (Brinster, 2007; Kubota and

Brinster, 2006). The progressive development of culture systems for SSCs of other

mammalian species including humans is imminent and will provide the basis for a

wide range of studies on the biology of the stem cell, in vitro diVerentiation of germ

cells, and modification of germlines.
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Abstract

Over the past decade, there has been ever-increasing emphasis placed on stem

cells and their potential role in regenerative medicine for reconstruction of bio-

artificial tissues and organs. Scientists have looked at various sources for pluripo-

tential cells ranging from embryonic stem cells to adult stem cells. Amniocentesis is

a well-established technique for the collection of cells derived from the human

embryo. In this chapter, we are going to describe how to isolate, maintain in

culture, and characterize the pluripotential capabilities of stem cells derived from

amniocentesis in an in vitro and in vivo system.

Cell samples are obtained from human pregnancies, and the progenitor cells are

isolated frommale fetuses with a normal karyotype in order to confirm the absence

of maternal admixed cells. Progenitor cells express embryonic-specific cell markers,

they show a high self-renewal capacity with 350 population doublings, and normal

ploidy is confirmed by cell-cycle analyses. They maintain their undiVerentiated
state, pluripotential ability, clonogenicity, and telomere length over the population

doublings.

The progenitor cells are inducible to diVerent cell lineages (osteogenic, adipo-
genic, skeletal muscle, endothelial, neuronal, and hepatic cells) under specific

growth conditions. The ability to induce cell-type-specific diVerentiation is con-

firmed by phenotypic changes, immunocytochemistry, gene expression, and func-

tional analyses. In addition, we will describe an application of these cells in an

ex vivo and in vivo system for potential in organ (renal) regeneration.

The progenitor cells described in this chapter have a high potential for expan-

sion, and may be a good source for research and therapeutic applications where

large numbers of cells are needed. Progenitor cells isolated during gestation may be

beneficial for fetuses diagnosed with malformations and could be cryopreserved

for future self-use.
I. Introduction

Over the past decade stem cell research has emerged as an area of major interest

for its potential in regenerative medicine applications (Stocum, 2001). The possi-

bility of repairing damaged organs or creating in vitro tissues for transplantation

will most likely become a reality in the future.

Embryonic stem cells (ESCs), derived from blastocysts, propagate readily

(Thomson et al., 1998) and are capable of forming aggregates (embryoid bodies)

that generate a variety of specialized cells including neural, cardiac, and pancreatic

cells (ReubinoV, 2000). Embryonic stem cells seem to be the most reliable source

for these eVorts, but ethical concerns and their potential to develop teratomas may

ultimately preclude their usefulness clinically (Takahashi et al., 2006). In order to

avoid these issues, scientists have looked to other sources for pluripotent cells.
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Amniotic fluid has been used as a safe and reliable screening tool for genetic and

congenital diseases in the fetus for many years. However, amniotic fluid also

contains a vast repository of progenitor cells that may have a useful role in

bioengineering applications. Streubel et al. (1996) reported using nonhematopoetic

cells for the conversion of amniocytes into myocytes. Recently, a c-kit positive

population of human and rodent amniotic fluid stem cells that give rise to cells of

myogenic, neuronal, adipogenic, hepatic, osteogenic, and endothelial lineages has

been reported and characterized (De Coppi et al., 2007). The volume and the

composition of the amniotic fluid changes during pregnancy, and by 8 weeks

gestation, the fetal kidney begins fluid production that rapidly increases in volume

during the second trimester (Mark et al., 2005). Contact between amniotic fluid

and compartments of the developing fetus seems to best explain the presence of

diVerent cell types. The presence of mature cell lines derived from all three germ

layers has been identified (Gosden, 1983; Hoehn and Salk, 1992). Mesenchymal

and hematopoetic progenitor cells have also been shown to exist before the 12th

week of gestation in humans (Torricelli et al., 1993). Cells expressing proteins and

various genetic markers from specific tissue types including brain, heart, and

pancreas have all been discovered but more investigation is necessary to completely

categorize the various cell types that exist within the amniotic fluid (Bossolasco

et al., 2006; George et al., 2004; McLaughlin et al., 2006).

In this chapter, we will discuss the recent advances in the field of human amniotic

fluid stem cells (hAFSC). We are going to describe the methods used to establish

their pluripotential characteristics, their ability to diVerentiate in vitro in cell lines

derived from all the three germ layers. In addition, we will report one specific

ex vivo and in vivo application of hAFSC for renal regeneration.
II. Amniotic Fluid Cell Composition and Stem Cells
A. Cell Population Within the Amniotic Fluid

1. Culture of Amniotic Fluid samples
Amniotic fluid samples are usually donated from cytogenetics laboratories in

which they routinely screen fetuses for genetic abnormalities. In these laboratories,

the cells within the amniotic fluid are usually cultured in regularmedia (DMEM, 10%

serum and 1% penicillin/streptomycin, Sigma) or in Amniomax (Gibco-Invitrogen),

or a 1:1 mix of both for at least 3 weeks in cover glass. After this time, the cells are

discarded by cytogenics laboratories and they are collected for characterization and

isolation of stem cells in our laboratory. The samples analyzed in the laboratory

usually are male samples, to avoid contamination from mother’s cells, and samples

obtained from a fetus with a normal karyotype. These samples are, therefore,

processed with a gestational age ranging from 15 to 19 weeks. They are detached

from the cover glass using a trypsin/EDTA (Gibco-Invitrogen) solution and then

cultured in a petri dish with Chang Media [a-MEM (Gibco-Invitrogen), containing
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15% ES-FBS (Gibco-Invitrogen), 1% glutamine (Gibco-Invitrogen), and 1% penicil-

lin/streptomycin (Gibco-Invitrogen), supplemented with 18%Chang B (Irvine Scien-

tific) and 2% Chang C (Irvine Scientific)] at 37 �C with 5% CO2 atmosphere. During

the entire culture period the cells aremaintained at around 70–80%of confluency and

without any feeder layer as described by De Coppi P. et al. (2007).
2. DiVerent Types of Cells Within the Amniotic Fluid
The total population of cells within the amnioitc fluid culture, as previously

described, represents a very heterogenous morphology as shown in Fig. 1.

Samples between the 15th and the 19th weeks of gestation present a diVerent
milieu of cells derived from all three germ layers and there is a variation in

progenitors present.

The total population was investigated for endoderm-, mesoderm-, and

ectoderm-marker expression as shown by reverse transcription-polymerase chain

reaction (RT-PCR) (Fig. 2A) and Western-blotting techniques (Fig. 2B).

It was determined that expression of markers from endoderm and mesoderm is

higher in samples of amniotic fluid from early gestational ages versus those samples

taken from later gestational ages. In contrast, ectodermal markers were equally

expressed in early and later samples of human amniotic fluid.
B. Isolation of Stem Cells from Amniotic Fluid and Their Characterization
A pluripotent stem cell population can be isolated from amniotic fluid, as shown

by De Coppi P. et al. using a positive selection for cell membrane receptor c-kit.

The c-kit receptor is a protein-tyrosine kinase that is specific for stem cell factor.

This complex has been suggested to be involved in embryogenesis as well as

carcinogenesis. The c-kit receptor and its ligand are also involved in hematopoiesis

and identify a specific hematopoietic progenitor cell. It has also been suggested by

other authors that c-kit is also expressed in the heart (Beltrami et al., 2003) and

retina stem cells (Koso et al., 2007), indicating that the c-kit receptor can identify a

stem cell population within diVerent organs.
Fig. 1 Morphology of cells of the entire population of amniotic fluid (15 weeks of gestational age.

The diVerent morphology of the cells is evident. 5� (A, B), 10�(C).
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Fig. 2 (A) Results of the analysis of RNA expression through retrotranscription, amplification, and

gel electrophoresis. Markers for all three germ layers and pluripotent characteristics were investigated.

All the products of the amplification were confirmed through sequencing. Each of the 16 samples (from

A to P) represent the entire amniotic fluid cell populations. (B) Western blotting analysis of samples (as

described in Fig. 2A) from the entire population of amniotic fluid. Proteins from all three germ layers and

pluripotential characteristics were analyzed.

5. Human Amniotic Fluid Stem Cells and Their Pluripotential Capability 89



1 2 3

6 7 8 9

13 14 15

19 20 21

A

90 Laura Perin et al.
The stem cell population is usually selected with theMACS (Magnetic Activated

Cell Sorter) or FACS (Fluorescence Activated Cell Sorter) system only and 0.8–1%

of the entire cell population expresses the surface marker. The c-kitpos cells

are immediately cultured in petri dishes with no need of feeder layer in Chang

Media, at 37 �C with 5% CO2 atmosphere. For the first week, they maintain a

round shape while afterwards they can become elongated and assume a fibroblast-

like morphology. At this stage, if the cells are maintained at 70–80% of confluency,

they can be cultured for many population doublings and split using a trypsin/

EDTA solution every 48–72 h, maintaining a normal karyotype (Fig. 3A).

Using FACS sorting it was determined that amniotic fluid stem cells express

some surface markers and transcription factors distinctive of embryonic stem cells

such us OCT-4 and SSEA-4, confirming that they possess some important char-

acteristics that embryonic stem cells also have, and suggesting that these cells retain

pluripotential capability (Fig. 3D). In addition, they stained positively for a

number of surface markers characteristic of mesenchymal and/or neural stem

cells, including CD29, CD44 (hyaluronan receptor), CD73, CD90, and CD105.

Each sample showed positivity for Class I major histocompatibility (MHC)

antigens (HLA-ABC), and some were weakly positive for MHC Class II (HLA-

DR). The AFS cells were negative for markers of the hematopoietic lineage (CD45)

and of hematopoietic stem cells (CD34, CD133).

The c-kitpos cells have a very high proliferative capacity exceeding Hayflick’s

limit. Their doubling time is around 36 h, with some variation between samples.

Over the population doublings the cells maintain a normal karyotype, and they

also present normal regulation of the control checkpoints of the cell cycle, in

particular the G1 and G2, in preparation for chromosome replication and

entrance into mitosis (Fig. 3B).

In addition, when cultured for more than 350 pd, the c-kitpos cells are able to

maintain the telomeric length unchanged, indicating their ability to preserve this

characteristic of undiVerentiated stem cells (Fig. 3C).

Stem cells from amniotic fluid are easily infected with both lentivirus and

retrovirus and show great capacity for expressing reporting markers such us
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GFP (green fluorescent protein), Lac-Z, and luciferase, confirming their value for

in vitro and in vivo application for studying tissue regeneration mechanisms.

C-kitpos cells showed a high clonal capability. Using techniques of clonal dilution

together with retrovirus infection in order to identify the clones and the subclones,

it was shown that the cells were able to give rise to a clonal population and maintain

similar characteristics displaying the same pluripotential capacity of the original line.
III. In Vitro Potential of Amniotic Fluid Stem Cells

C-kitpos positive cells from amniotic fluid are able to diVerentiate into cell types

derived from all three germ layers in an in vitro system if they are exposed to

various molecules and growth factors that can stimulate change into diVerentiated
phenotypes and their functional activity. The methods described are again mainly

described in the article by De Coppi P. et al. (2007).
A. Adipogenic DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into adipocyte-like cells,

they are seeded at a density of 3000 cells/cm2 and are cultured in DMEM low-

glucose medium (Gibco-Invitrogen) with 10% FBS (Gibco-Invitrogen), 1% peni-

cillin/streptomycin (Gibco-Invitrogen), and a diVerent adipogenic supplement

such as dexamethasone (1 mM, Sigma), 3-isobutyl-1-methylxanthine (1 mM,

Sigma), insulin (10 mg/ml, Sigma), and indomethacin (60 mM, Sigma) as reported

by Jaiswal et al. (1997).

After 1 week in culture, the cells change morphology from a typical elongated

shape to a more rounded configuration, with some small granules within the

cytoplam positive for the oil-o-red stain that identifies lipid production. In addi-

tion, the cells start expressing adipogenic genes, such as lipoprotein lipase and

pparg2, after 8 and 16 days of diVerentiation. These genes are expressed during

adipogenic diVerentiation during development. The diVerentiation media is

changed every 3 days. (Fig. 4).
B. Myogenic DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into myocyte-like cells, the

cells were seeded at a density of 3000 cells/cm2 on plastic plates precoated with

matrigel (incubation for 1 h at 37 �C at 1 mg/ml in DMEM) in DMEM low-

glucose (Sigma) formulation containing 10% horse serum (Gibco-Invitrogen),

0.5% chick embryo extract (US Biological), and 1% penicillin/streptomycin

(Gibco-Invitrogen) (Rosenblatt et al., 1995). Twelve hours after seeding, 10 mM
5-aza-20-deoxycytidine (Sigma) is added to the culture medium for 24 h. Incuba-

tion is then continued in complete medium lacking 5-azaC, with medium changes

every 3 days. After 24 h in culture, it is possible to notice some multinucleated cells
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that could be identified, after 10 days, as a skeletal myofiber. During the diVer-
entiation process the cells were able to express early muscle genes, such as MyoD

and Myf-5, as well as sarcomeric tropomyosin and desmin. The diVerentiation
media was changed every 3 days. (Fig. 4).
C. Osteogenic DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into osteocyte-like cells, they
are seeded at a density of 3000 cells/cm2 and were cultured in DMEM low-glucose

medium (Gibco-Invitrogen) with 10%FBS (Gibco-Invitrogen), 1% penicillin/strep-

tomycin (Gibco-Invitrogen), and osteogenic supplement such as dexamethasone

(100 nM, Sigma), b-glycerophosphate (10 mM, Sigma), and ascorbic acid-2-phos-

phate (0.05 mM, Sigma) (Jaiswal et al., 1997) After 4 days in culture, the cells

changemorphology and then start to express, after 2 weeks in culture, genes usually

expressed during osteocyte development ranging from early and late maturation of

the cells such asRunx2 andOsteocalcin. In addition, the cells were able to produce a

mineralized matrix, revealed with the Von Kossa staining (Jaiswal et al., 1997), and

the production of calcium, demonstrated with the alkaline phosphatase colorimet-

ric assay (Jaiswal et al., 1997). This expression is increased over time once the cells
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are stimulated with osteogenic supplements. The diVerentiationmedia was changed

every 3 days (Fig. 4).
D. Endothelial DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into endothelial-like cells, the
cells were seeded at a density of 3000 cells/cm2 in endothelial basal media-2 (EBM-2,

Clonetics BioWittaker) in gelatin-coated dishes. Every 2 days, bFGF (basic-

fibroblastic growth factor, 2 ng/ml, Sigma) was added to the culture and after 1

week in culture the cells showed a change in morphology, reaching a tubular shape

after 2 weeks. They express some early endothelial progenitor markers, such as

CD31, as well as adult endothelial markers, like Factor VIII, vonWillebrand Factor,

and P1H12. After 1 month in culture, the cells were able to form capillary-like

structures in the dish expressingCD31 andVCAM(vascular cell adhesionmolecule).

The diVerentiation media was changed every 3 days (Fig. 4).
E. Hepatocytes DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into hepatocyte-like cells,

the cells were seeded at a density of 3000 cells/cm2 in a matrigel-coated dish and

cultured until they reached a 50–60% confluency. The cells were cultured in

DMEM (Gibco-Invitrogen), 15% FBS (Gibco-Invitrogen), monothioglycerol

(300 mM, Sigma), HGF (hepatocytes growth factor, 20 ng/ml, Sigma), oncostatin

M (10 ng/ml, Sigma), dexamethasone (10�7 M, Sigma), FGF4 (fibroblastic growth

factor, 100 ng/ml, Sigma), and 1� ITS (insulin-transferrin-selenium, Gico-

Invitrogen) The cells were cultured in these conditions for at least 2 weeks, then

trypsined and plated into a collagen sandwich gel. A layer of collagen was seeded

on the plate, then the cells were plated above the layer, and finally another layer of

collagen was added to the cells maintained up to 45 days. The diVerentiation media

was changed every 3 days. During the diVerentiation process the cell changed

morphology from elongated to the rounded shape typical of a hepotocyte-like

cell. The diVerentiated cells were able to produce albumin and were positive for the

production of urea after 3 weeks in culture. In addition, at early stages of diVer-
entiation, the cells express HNF4a (hepotocyte nuclear factor 4a), c-met, and

MDR (multidrug resistance) (Fig. 4).
F. Neurogenic DiVerentiation
In order to stimulate the c-kitpos cells to diVerentiate into neural-like cells, the cells
were seeded at a density of 3000 cells/cm2 inDMEM low-glucose (Gibco-Invitrogen),

1% penicillin/streptomycin (Gibco-Invitrogen), 2% DMSO (Sigma), butylated

hydroxynisole (200 mM, Sigma), and NGF (neurogenic growth factor, 25 ng/ml,

Sigma). After 2 days, the medium was replaced with Chang supplemented with

NGF only.
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In an alternative 2-step diVerentiation process for specific dopaminergic cells,

the cells were seeded in a fibronectin (1 mg/ml, Sigma)-coated plate and cultured

with DMEM/F12 (Gibco-Invitrogen) plus 1 � N2 (Gibco-Invitrogen) and

bFGF (10 ng/ml, Sigma), and the bFGF was freshly replaced every 2 days

(De Coppi et al., 2007). The diVerentiated cells were able to express nestin and

also glyceraldehyde-3-phosphate dehydrogenase and GIRK2. In addition, they

were able to secrete the neurotransmitter glutamic acid (Fig. 4).
IV. Ex Vivo and In Vivo Application of Amniotic Fluid Stem Cells
A. Ex Vivo Application of Amniotic Fluid Stem Cells: Integration into
Mouse Embryonic Kidneys
The diVerentiation ability of the AFS cells has further been tested in an ex vivo

system (embryonic kidneys) in order to evaluate their potential application in

kidney tissue regeneration. Perin et al. (2007) have shown for the first time the

use of amniotic c-kit derived cells for kidney regeneration. The kidney primordia

were obtained from timed-pregnant female mice, at embryonic days E12.5–E18

under a dissecting microscope. Once isolated, they were placed on a 0.4-mm pore

size transwell membrane (Corning) and were cultivated at the medium-gas inter-

phase in a humidified 37 oC incubator with 5% CO2. The culture media was

composed of Leibovitz’s L-15 (Sigma) supplemented with 1% pen/strep (Gibco-

Invitrogen) and 2% FBS (Gibco-Invitrogen). Perfusion channels were created with

a 10-mm diameter glass needle under direct microscopy without conveying

subsequent damage to the kidney but permitting homogenous perfusion and bath-

ing in the culture media throughout the whole organ. Meanwhile, hAFSC labeled

with GFP and Lac-Z were trypsinized, counted, and labeled with a cell-surface

marker (CM-Dil, Molecular Probe).

Transduction with lentiovirus codifying for GFP and Lac-z was performed with

standard protocols used in laboratories. Briefly two cycles of transduction were

performed by removing the old medium and adding new virus supernatant and

medium. Twenty-four hours after the initial transduction, cells are thoroughly

washed 3 times with phosphate-buVered saline (PBS, Sigma) before in vitro or

in vivo analysis. For the labeling with CM-DiI, the cells were trypsinized in

0.05 M trypsin/EDTA (Sigma) solution and centrifuged at 1500 rpm for 5 min and

thenwere incubatedwith aworking solution ofCMDiI of 1 mg/ml for 5 min at 37 �C
followed by an incubation of 15 min at 4 �C and 3 washes with PBS (Fig. 5A–C) and

loaded into a 15-mmdiameter transfer tip of aCellTramOil injector (Eppendorf) with

no serum. Each kidney received a single injection (1–2 mL) and was immediately

placed on the top of a Transwell filter in the incubator for 2–10 days (Fig. 5D).

The survival and the diVerentiation capability of hAFSC after injection was

analyzed by methods of histology, chromogenic in situ hybridization, PCR, and

live imaging using standard protocols. H&E staining 5 days postinjection revealed



Fig. 5 (A) hAFSC transfected with retrovirus carrying the sequence for GFP and B-Galactosidase

under fluorescent microscopy (40�). (B) Lac-z nuclear staining of hAFSC (40�). (C) hAFSC labeled

pink under the light microscopy with cell surface marker CM-Dil (40�). (D) Microinjection of hAFSC

labeled with CM-Dil under direct vision (4�) into the center of the embryonic kidney. (E) GFP labeled

cells shown in the embryonic kidney under fluoroscopy (4�) at day 0 of injection. (F) Live imaging, at

4-h intervals, of the embryonic kidney after 4 days of culture demonstrates GFP labeled hAFSC

multiplying and spreading throughout the entire organ from the center to the periphery.
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the cells injected into E13 kidneys integrated into C- and S- shape structures, stroma,

and renal vesicles of the murine embryonic kidney. After 6 days of culture, CM-Dil

labeled hAFSC were also detected in embryonic tubular and glomerular structures.

These findings were further confirmed by chromogenic in situ hybridization.

The integration of hAFSC into the metanephric structures was additionally con-

firmed by themigration of the injected cells from the site of injection, the center of the

embryonic kidney, to the periphery, documented by both live imaging and by

histological techniques (Fig. 5E and F). This observation strongly correlates to the

centrifugal pattern of induction,morphogenesis, anddiVerentiation of themetaneph-

ros, proceeding from the center to the periphery of the embryonic organ.
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After 9 days of culture, expression of early embryonic kidney markers was

detected using RT-PCR. The human-specific kidney genes expressed by the injected

hAFSCs were Zona occludin-1 (ZO-1), claudin, and glial-derived neurotrophic

factor (GDNF). These were negative in the controls (Fig. 6). The expression of

GDNF is of particular importance because it represents direct evidence for success-

ful hAFSC induction into kidney tissue. This is supported based on the fact that

GDNF expression is usually seen in only very early stages during branching of the

ureteric bud (UB) into the metanephric mesenchyme (MM) (Basson et al., 2006;

Costantini and Shakya, 2006). After the branching ,GDNF expression is down-

regulated and other genes take over during the final development phase of the

kidney. Thus, it was concluded that the strong human GDNF expression observed

must arise from hAFSC that had been induced by the surroundingmouse embryonic

environment, to undergo renal diVerentiation.
Overall, it was demonstrated that hAFSC are a potential source of stem cells

capable of integrating into metanephric kidney structures during development and

confirmed that these cells, when injected, follow all the steps of the nephrogenesis.
B. In Vivo Application of Amniotic Fluid Stem Cells: Integration into Adult Mouse Kidney
After having proven that hAFSC can survive and integrate into developing meta-

nephric kidney structures when injected in vitro, the stem cells were tested in an in vivo

animal model of renal injury. The animal model used for these experiments is acute
Pre injected hAFSC

injected hAFSC

Aq2 Aq1 GDNF

GDNF

Control

9 days

Zo-1 Claudin Bactin

ZO-1 Clau THP

OB-cad

Panel B

Panel A

CD24 Nephrin LIM Act β

Fig. 6 Panel A: RT-PCR of hAFSC prior to injection demonstrates that these cells are negative for

most kidney markers. Panel B: hAFSC, 9 days after injection into embryonic kidneys demonstrate early

kidney gene markers. Zona occludens 1 (ZO-1, 760 bp), glial-derived neurotrophic factor (GDNF,

630 bp), and claudin (480 bp), when compared to no expression of kidney markers in control (hAFSC

prior to injection).
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tubular necrosis (ATN) in which the epithelial cells of tubules are damaged by a

rhabdomyolosis process induced by intramuscular injection of glycerol (50% solu-

tion, 9 ml/Kg, Sigma) administered in equally divided doses into each upper hind

limb, inducing renal dysfunction. The mice used for these experiments were female

nu/nu [(Charles River) and also female wild type (C57/BL, Charles River)] as control.

In the in vivo experiments, hAFSC labeled with luciferase and a cell surface marker

(CM-Dil, Molecular Probe) were directly injected into damaged kidneys using an

open surgerymethod.A small dorsal incision of about 10 mmwasmade to expose the

kidney. 1� 106 hAFSC labeled with a cell-tracking dye (CMDil, as above described)

were injected into both the damaged organs using a microinjector [(Eppendorf

CellTram vario and Eppendorf transfer tips-RP (ICSI)]. Three (3) weeks after

injection the integration of hAFSC into tubular structures was shown by histology,

supported by expression of human-specific mature kidney markers with PCR (un-

published data).

At diVerent times points (ranging from 1 day up to 6 months) the mice were

sacrificed and the kidneys were collected and processed with standard histological

and molecular methodologies in order to analyze the level of integration and

diVerentiation of the stem cells.

These experiments demonstrate that the hAFSC were able to home into the

damaged organ and survive in an in vivo environment. In addition, they integrate

into damaged tubules, as demonstrated by immunofluorescence and by PCR.

The integrated hAFSC were able to express kidney markers specific for tubular

kidney-specific proteins (data not published).
V. Discussion

In this chapter, we described a stem cell population isolated from amniotic fluid.

Amniocentesis is a relatively benign modality used for prenatal screening. These

cells may oVer an alternative method of access to fetal stem cells without harm to

the fetus itself. hAFSC possess some characteristics in common with hESC. They

express embryonic markers, they maintain their telomeric length, and they are able

to give rise to clones. In addition, they can be maintained in culture for many

population doublings. Once seeded in vitro and stimulated with diVerent growth
factors and molecules, hAFSC are able to give rise to diVerent cell lines derived
from all the three germ layers. They express mesenchymal stem cell markers and

they appear to be more pluripotent than stem cells derived from bone marrow.

Some ex vivo and in vivo experiments in mice also confirm their ability to

diVerentiate into diVerent structures when stimulated in an environment that is

diVerent from an in vitro one. Ex vivo injection of the cells into mouse embryonic

kidneys during gestational age E13–E18 has shown that hAFSC can not only

survive but also integrate into the early structures of the metanephric kidney and

follow the normal centrifugal pattern of kidney development. Expression of

GDNF by hAFSC on the 9th day of culture is direct evidence for the involvement
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of these cells in the early stages of nephrogenesis. Direct in vivo injections of

hAFSC into glycerol damaged kidneys revealed similar results, integrating them-

selves into the site of the injury, the renal tubules, after intramuscular glycerol

injection. Thus, hAFSC seem to be a suitable source of stem cells, with a potential

to be an alternative clinical treatment for a large number of kidney diseases in the

future. A very important aspect of these in vivo applications is that hAFSC do not

form teratomas when implanted into an in vivo environment. This fact is of great

interest for their future applications to patients as therapeutics. However, there is

still a lot of work to be done before these cells are shown safe and harmless for

clinical applications. More accurate diagnostics need to be investigated not the

least of which are their immunological propensity to exclude any potential for

rejection once transplanted in vivo.
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Abstract

The umbilical cord is a noncontroversial source of mesenchymal-like stem cells.

Mesenchymal-like cells are found in several tissue compartments of the umbilical

cord, placenta, and decidua. Here, we confine ourselves to discussingmesenchymal-

like cells derived from Wharton’s Jelly, called umbilical cord matrix stem cells

(UCMSCs).Work from several laboratories shows that these cells have therapeutic

potential, possibly as a substitute cell for bone marrow-derived mesenchymal stem

cells for cellular therapy. There have been no head-to-head comparisons between

mesenchymal cells derived from diVerent sources for therapy; therefore, their

relative utility is not understood. In this chapter, the isolation protocols of the

Wharton’s Jelly-derived mesenchymal cells are provided as are protocols for their

in vitro culturing and storage. The cell culture methods provided will enable basic

scientific research on the UCMSCs. Our vision is that both umbilical cord blood

andUCMSCs will be commercially collected and stored in the future for preclinical

work, public and private banking services, etc. While umbilical cord blood banking
/08 $35.00
08)00006-X
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standard operating procedures exist, the scenario mentioned above requires

clinical-grade UCMSCs. The hurdles that have been identified for the generation

of clinical-grade umbilical cord-derived mesenchymal cells are discussed.
I. Introduction

Mesenchymal stromal cells (MSCs), as defined by the International Society for

Cellular Therapy, are plastic-adherent cells with a specific surface phenotype that

have the capacity to self-renew and to diVerentiate into various lineages including

bone, cartilage, and adipose (Dominici et al., 2006). Such cells can be derived from

several diVerent sources, such as trabecular bone, adipose tissue, synovium, skeletal

muscle, dermis, pericytes, blood, and bone marrow (Tuan et al., 2003).

MSCs derived from bone marrow and adipose tissue have been studied exten-

sively. MSCs derived from bone marrow can be diVerentiated into bone, cartilage,

tendon, muscle, adipose tissue, and hematopoietic cell-supporting stroma (Baksh

et al., 2004). Thus, they are candidates to treat patients suVering from bone

disorders, heart failure, etc. Since MSCs can be isolated from adults in significant

number, they have been examined closely for therapeutic utility. For example,

MSCs support the ex vivo expansion of hematopoietic stem cells (Dexter et al.,

1977; Friedenstein et al., 1974), act as immune modulators (Le, 2006), release

cytokines and growth factors (Caplan and Dennis, 2006), and they home to sites

of pathology (Studeny et al., 2002).

It is estimated that more than 50 clinical trials are ongoing using bone

marrow-derived MSCs for a variety of indications, for example, acute myocar-

dial infarction, stroke, and graft versus host disease. Nevertheless, there are

limitations associated with MSCs derived from bone marrow for cell-based

therapy. For example, collection of MSCs from bone marrow is an invasive

and painful procedure. In normal aging, the marrow cavity fills with yellow fat.

Thus, there may be diYculty in obtaining MSCs from older individuals. Along

these lines, diVerences have been found between bone marrow-derived MSCs

collected from the fetus versus adult-derived MSCs. For example, fetal MSCs

have a longer life in vitro compared to adult-derived MSCs (Guillot et al., 2007):

MSCs derived from adults have a useful lifespan in vitro of about five passages

(Tuan et al., 2003).

In addition to bone marrow, MSCs may be derived from adipose tissue. While

adipose-derived MSCs (ASCs) have been studied less than bone marrow-derived

MSCs, ASCs may be induced to diVerentiate into osteocytes (Shen et al., 2006),

cartilage (Jin et al., 2007a,b), and cardiomyocytes (Nakagami et al., 2006; Zhang

et al., 2007), and they display both similar surface phenotype and immune proper-

ties to bone marrow-derived MSCs (McIntosh et al., 2006). While there is no

shortage of the adipose material within the United States, the procurement of

adipose tissue involves an invasive and painful surgical procedure. There is no

comparison work done to evaluate ASCs from the fetus with adult-derived ASCs.
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Our lab (Weiss et al., 2006) and others (Conconi et al., 2006; Lu et al., 2006) have

demonstrated that cells derived from theWharton’s Jelly in umbilical cords (so called

umbilical cord matrix cells or UCMSCs) have properties of MSCs. While UCMSCs

have surface phenotype (Weiss et al., 2006), diVerentiation capability (Lu et al., 2006),
and immune properties similar to MSCs derived from bone marrow and adipose

(Weiss et al., unpublished data), UCMSCs are more similar to fetal MSCs in terms

of their in vitro expansion potential. In contrast to bonemarrow- and adipose-derived

MSCs, UCMSCs are isolated from the umbilical cord following birth and may be

collected following either normal vaginal delivery or cesarean section. As described

below, UCMSCs are easily expandable in vitro, and may be cryogenically stored,

thawed, and reanimated. While the collection process for human materials is elabo-

rated on here, UCMSCs have also been isolated using modified protocols from dog,

cat, rat, mouse, horse, bovine, and swine umbilical cord (protocols available upon

request).HumanUCMSCsgrowasplastic-adherentcells, expressasurfacephenotype

similar to other MSCs (Weiss et al., 2006), and diVerentiate into multiple lineages

(Wang et al., 2004). Umbilical cord matrix cells have been safely transplanted and

ameliorated symptoms in an animal model of Parkinson’s disease (Medicetty et al.,

2003; Weiss et al., 2006), neural damage associated with cardiac arrest/resuscitation

(Wu et al., 2007), retinal disease (Lund et al., 2007), and cerebral global ischemia

(Jomura et al., 2007). Finally, UCMSCs that have beenmitotically inactivated can be

used as a feeder layer for embryonic stem cells (Saito, 2006; Toumadje andAuerbach,

unpublished observations).

II. Rationale

Because of their physiological properties, and because of the ease of isolation,

expansion, and banking capability, UCMSCs may be useful clinically and experi-

mentally. These detailed protocols should enable further research on this interesting

population.

III. Methods

� Isolation of Cells
i. Use of umbilical cord tissue from human subjects requires Institutional

Review Board (IRB) approval and a signed informed consent form. Umbilical

tissue falls into an interesting niche. On the one hand, it is a discarded,

(potentially) anonymous tissue, and thus may qualify for an IRB exemption.

However, since DNA testing makes UCMSCs individually identifiable, an

IRB may assign a protocol number and track the work. Once you secure IRB

approval, you must find an obstetrics/gynecology physician and OB/GYN

staV at a local hospital to assist; this is key to obtaining a steady supply of

umbilical material. The informed consent outlines your project, and must be

signed by the donor, and witnessed. The consent form is retained by your OB/
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GYN collaborator to maintain donor confidentiality. We collect anonymous

biographic information. For example, the sex of donor, weeks of gestation,

normal or cesarean-section delivery, approximate cord length, preeclampsia,

and twins are recorded. Cords are specifically excluded from individuals with

questionable health status, for example, stillbirth, preeclampsia, infectious

disease, STD, or hepatitis-positive mother.

ii. After the delivery of the baby, the umbilical cord is collected and stored in

a sterile specimen cup containing 0.9% normal saline at 4 �C until processing.

iii. Typically, the cord is processed within 12–24 h of birth. See note 1.

iv. The cord is handled in an aseptic fashion and processed in a Type II

Biological Safety Cabinet. See note 2.

v. The surface of the cord is rinsed with sterile phosphate buVered saline to

remove as much blood as possible. See Fig. 1.

vi. The length of the cord is estimated. The cord is manipulated in a sterile

10 cm petri dish.

vii. The cord is cut into 3–5 cm long pieces using a sterile blade. See Fig. 3.

viii. Blood vessels are removed from each piece after incising the cord

lengthwise. The remaining tissue is rinsed. See note 3. See Figs. 2, 4, 5 and 6.

ix. The cord tissue is placed into a sterile 15 ml centrifuge tube and incubated

in 3 ml of enzyme solution for 1 h at 37 �C (see solution A below). See note 4.

x. After 1 h, the cord pieces are crushed using serrated thumb forceps to

release as many cells as possible into the solution. See Fig. 7.

xi. The tissue is moved to a new sterile 10 cm2 dish filled with phosphate

buVered saline, swirled for 5 min, andmoved to a new centrifuge tube containing

enzymesolution (see solutionBbelow).The tube is incubated for30 minat37 �C.
See Fig. 8.
Fig. 1 Human umbilical cord.



Fig. 2 Cross-section of human umbilical cord showing the two umbilical arteries and the umbilical

vein (labeled by the arrow).

Fig. 3 Human umbilical cord cut into 3–5 cm long pieces.

6. Umbilical Cord Matrix Stem Cells (UCMSCs) 105
xii. During this incubation, the centrifuge tube containing solution A is

centrifuged at 1000 rpm for 5 min. The supernatant is discarded and 3 ml of

medium (see the ‘‘medium’’ section) is added to the cell pellet. The cells are

resuspended in medium by trituration with a 1000 ml pipette tip to minimize

bubble formation and foaming, and the tube is placed in the incubator until

the second enzymatic digestion is completed.



Fig. 4 Incise the amnion lengthwise, to expose the blood vessels.

Fig. 5 Grasp each vessel with thumb forceps and tease it from the surround tissue.
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xiii. After the second enzymatic digestion is complete, the cord pieces are

squeezed in solution B to remove asmany cells fromWharton’s jelly as possible.

xiv. The tube is centrifuged at 1000 rpm for 5 min. The supernatant is

discarded and 3 ml of medium is added to the cell pellet. The cells are

resuspended in medium by titurition as in step XII.

xv. The cells from the two enzymatic digestion steps are combined. Op-

tional step: Lyse red blood cells. See note 5.

xvi. The live cells are counted using a hemocytometer and plated in a 6-well

tissue culture plate at a concentration of 30,000 cells per cm2. See note 6.

xvii. Incubate plate at 37 �C, 5% CO2 for 24–72 h.



Fig. 6 Blood vessels removed from a piece of umbilical cord tissue.

Fig. 7 Crush the umbilical cord tissue following digestion using Stille Tissue Forceps. This releases

cells from the Wharton’s Jelly into the solution.

6. Umbilical Cord Matrix Stem Cells (UCMSCs) 107
xviii. After 24–72 h, the floating cells are transferred to a new plate to allow

additional cells to adhere.

xix. The cells in the original plate are fed with fresh medium.

xx. The cells are fed by the removal/replacement of half the medium every

2–3 days till the cells reach approximately 80% confluence.



Fig. 8 Umbilical cord tissue in enzyme solution.

108 Kiran Seshareddy et al.
� Passaging the cells:

i. The cells are passaged when they are 80–90% confluent. See note 7.

ii. The medium is aspirated oV and the cells are rinsed with sterile phosphate

buVered saline (Ca2þ free).

iii. Aminimum amount of warmed, CO2-equilibrated trypsin–EDTA (0.05%)

is added to the plate and/or flask to cover the culture surface—0.5 ml to

each well of a 6-well plate, 1 ml to a T-25 flask, and 2 ml to a T-75 flask.

iv. The plate and/or flask is allowed to sit at room temperature for 1–2 min.

v. Then the detachment of the cells is observed under a microscope and

detachment facilitated by repeatedly tapping the plate and/or flask gently

on a hard surface.

vi. The cells are not allowed to be in contact with trypsin–EDTA for more

than 5 min. See note 8.

vii. The trypsinization reaction is neutralized by adding 2–3 times volumes of

medium.

viii. The solution containing the cells is transferred to a 15 ml sterile centrifuge

tube and centrifuged at 1000 rpm for 5 min at room temperature.
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ix. The supernatant is discarded and the cells are resuspended gently in fresh

medium.

x. The cells are counted and transferred to a new plate or flask at a concen-

tration of 10,000 cells per cm2 in fresh medium. See note 9.

xi. The plates and/or flasks are incubated at 37 �C, saturating humidity and

5% CO2.

xii. The plates and/or flasks are checked for confluence every day and the cells

are fed every other day by removing half the medium and replacing it with

fresh medium.

xiii. The amount of medium in a plate or flask is as follows:
One well of a 6-well plate, 1.5 ml

One T-25 flask, 4 ml

One T-75 flask, 10 ml
� Feeding the cells
i. The cells are fed every other day or every 3 days.

ii. Half the medium in the plate or flask is aspirated oV and is replaced with

fresh medium.
� Counting the cells
i. The cells are counted by trypan blue exclusion assay using a hemocytom-

eter. This standard method will not be elaborated here (protocol

provided upon request).
� Cryopreservation
i. The cells collected for freezing should be in the growth phase.

ii. The cells are lifted as described for passaging, except that 4 �C freezing

medium is added to the cells rather than resuspending them in medium.

iii. The cells in the freezing medium are transferred into a cryovial at 4 �C.
See note 10.

iv. The cryovial is transferred to a controlled rate cooler, like Mr. Frosty,

maintained at 4 �C and placed in the coldest part of the �80 �C freezer.

v. The cryovial is transferred to a liquid nitrogen tank in a day or two.

vi. To thaw, the vials are removed from the LN2 tank and plunged into a

37 �C water bath with gentle swirling.

vii. Before the last ice crystal has melted, the vials are wiped down twice with

70% ethanol and moved to the Bio Safety Cabinet (BSC).

viii. The contents of the vial are added slowly with gentle swirling to 5 ml of

fresh medium and the vial rinsed twice with medium.
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ix. The cells are pelleted and resuspended in 1 ml of medium and a live/dead

count made.

x. Cells are plated at 20,000 cells/cm2 for the first passage following thaw.

See note 11.
� Flowcytometry
i. The cells are lifted as described in passaging and are resuspended in

phosphate buVered saline (Ca2þ free) at 1–2 million/ml.

ii. Hundred microliters of this cell suspension is taken in each of 12� 75 mm

Falcon polystyrene FACS tubes.

iii. The appropriate amount of conjugated antibody or isotype control is

added to each FACS tube.

iv. Tubes are incubated at room temperature in the dark for 15–20 min.

v. After the incubation, the cells are washed with 2 ml of phosphate buV-
ered saline (Ca2þ free).

vi. The FACS tubes containing the cells are centrifuged at 1000 rpm for 3 min.

vii. The supernatant is aspirated oV.

viii. The cells are resuspended in 200 ml of phosphate buVered saline (Ca2þ

free) and ran through a flow cytometer.

ix. Typically for each tube, 10,000 events are collected and the data are

analyzed using Cell Quest software.
ibody Vendor Catalog no.

Antibody per 100 ml
cell suspension

sotype control(IgG1) BD 555749 10 ml
C isotype control(IgG2b) BD 556655 10 ml
D13(IgG1) BD 555394 10 ml
D44(IgG2b) BD 556655 10 ml
D49e(IgG1) BD 555617 10 ml
D90(IgG1) BD 555596 5 ml
D105(IgG1) Fitzgerald RDI CD105SNPE 3 ml
IV. Materials

� Enzyme solutions

a. Solution A: Collagenase and Hyaluronidase
i. Collagenase Type I, 300 units/ml

ii. Hyaluronidase from ovine testes, 1 mg/ml

iii. Phosphate buVered saline with 3 mM CaCl2
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b. Solution B: Trypsin-EDTA (0.1%)

� Growth Medium #1
Recipe to make 100 ml:

Final concentration

Low glucose DMEM 56 ml 56%

MCDB 201, pH 7.4 37 ml 37%

Insulin-transferrin-selinium, 100� 1 ml 1�
ALBU-Max 1, 100� (0.15 g/ml) 1 ml 0.15 mg/ml

Dexamethasone, 10�4 M 1 ml 1 nM

Ascorbic acid-2 phosphate 10�2 M 1 ml 100 mM
Antibiotic/antimycotic 1 ml 1�
Fetal bovine serum (FBS) 2 ml 2%

Epidermal growth factor (100 mg/ml stock) 10 ml 10 ng/ml

Platelet-derived growth factor (50 mg/ml stock) 20 ml 10 ng/ml

Glutamine 200 mM (100�) 1 ml 2 mM
Medium is filter sterilized using a 0.22 mm filter and stored refrigerated. The

medium is protected from light and prepared fresh weekly.

� Growth Medium #2
To make 100 ml:

Low glucose DMEM 90 ml

MSC-qualified FBS 10 ml

Vendors and Catalog Numbers

Low glucose DMEM, pH 7.4 Invitrogen 11885

MCDB 201, pH 7.4 Sigma M-6770

Insulin-transferrin selenium 100� (ITS-X Invitrogen 51500056

AlbuMax I, 100� ¼ 0.15 g/ml Invitrogen 111200021

Dexamethasone, 10�4 M in DMSO Sigma D-4902

Ascorbic acid 2-phosphate Sigma A-8960

Pen/strep 100� Invitrogen 15140

(Pen G 10,000 U/ml; strep 10000 mg/ml)

FBS, for growth medium #1 Atlanta Biologicals S11150

FBS, for growth medium #2 Invitrogen 12662-029

EGF (stock 100 mg/ml) R&D Systems 236-EG-200

PDGF-BB (stock 50 ug/ml) R&D Systems 520-BB-050

Collagenase Type I Invitrogen 17100-017

Hyaluronidase Fisher ICN15127202

Dulbecco’s phophate buVered saline Invitrogen 14190250

Trypsin-EDTA Invitrogen 25200-106
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� Tissue culture plastics:
a. 15 ml conical centrifuge tubes ISC Bioexpress C3317-1

b. 50 ml conical centrifuge tubes ISC Bioexpress C3317-6

c. 6-well plates Fisher 12-565-73

d. Tissue culture flasks-25 cm2 Fisher 10-126-28

e. Tissue culture flasks-75 cm2 Fisher 10-126-37

f. 50 ml 0.22 mm filters Fisher SCGP 005-25
Notes

1. On average, more than 500,000 cells are isolated from umbilical cords (average

length of 53 cm, see Table I). Cells have been isolated up to 48 h after birth. There are

no significant diVerences in the numbers of cells isolatedor cord length between sexes.

2. Cord material should be considered potentially infectious and be handled

with appropriate precautions.
Table I
Table Showing the Yield of Matrix Cells from Umbilical Cords of Varying Lengths

Sample ID Gender

Length of

umbilical cord

No. of cells isolated

(approximately)

HUC 32 Female 50 cm 600,000

HUC 35 Male 55 cm 200,000

HUC 40 Female 55 cm 600,000

HUC 41 Female 40 cm 450,000

HUC 42 Male 55 cm 500,000

HUC 43 Male 45 cm 500,000

HUC 44 Male 50 cm 550,000

HUC 45 Male 55 cm 600,000

HUC 46 Male 55 cm 600,000

HUC 47 Male 50 cm 550,000

HUC 48 Male 55 cm 600,000

HUC 49 Male 60 cm 650,000

HUC 50 Male 38 cm 450,000

HUC 51 Male 42 cm 400,000

HUC 52 Female 60 cm 600,000

HUC 53 Female 57 cm 500,000

HUC 54 Male 55 cm 600,000

HUC 55 Female 60 cm 600,000

HUC 56 Female 55 cm 500,000

HUC 57 Female 42 cm 450,000

HUC 58 Female 50 cm 500,000

HUC 59 Female 65 cm 600,000

HUC 60 Female 70 cm 700,000

HUC 61 Male 70 cm 750,000

HUC 62 Male 65 cm 600,000

HUC 63 Female 50 cm 550,000

HUC 64 Female 35 cm 400,000

Cords HUC 61 and HUC 62 were held in the refrigerator for more than 24 h and were processed

within 48 h of collection. The remaining cords were processed within 24 h of collection.
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3. For small animals, such as rat and mice, it is impractical to remove vessels. In

this case, the vessels are not dissected from cord; rather the cord is torn to pieces

using sharpened Dumont #5 forceps.

4. For small rodents, swine, bovine, and human, small (ca. 1 mm3) explants

created by dicing the cord material with sterile blades may be used as starting

material without enzymatic digestion. Start-up is slower than with enzymatically

digested material.

5. Standard protocols for lysing red blood cells can be applied and may have a

positive eVect. This has not been quantified or investigated fully.

6. UCMSCs like high-cell density and start faster when grown at high density;

15,000 cells per square centimeter is recommended.

7. At passage, early passages are at splits of 1:2. Passages 4 and on may be at

splits of 1:3 or 1:4. The smallest, round phase bright cells are important for

maintaining the culture and are most sensitive to eVects of enzyme and other

mechanical damage.

8. The cells are sensitive to enzymatic treatment and to rough manipulation.

Avoid exposure for more than 5 min to enzymes. If the cells do not lift rapidly, the

UCMSCs may have diVerentiated or senesced. Preliminary work indicates that

UCMSCs may prefer 2–5% oxygen tension for culture (K. E. Mitchell, University

of Kansas, personal communication). This has not been verified in our lab but it

agrees with our observation of the cells being sensitive to stressful treatment.

9. In early work, hyaluronic acid-coated plates were used. Subsequently, this

was found not to be required.
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medium, 40% FBS, and 10% DMSO.
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10. As mentioned in results, four diVerent freezing medium have been tested.

While good viability is obtained overall, significant variability has been noted at

start-up after thawing. This seems to be due to factors involving the freezing (and

not the thawing) procedure. The best way to ensure consistency and optimal

viability is to prepare small batches of cells for freezing and avoid trying to process

many plates at a time.

11. When plating cells after a thaw, if cells do not attach in 24 h and start

growing, discard and try a second vial.
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freezing (frozen in 90% DMSO and 10% FBS) at passage 4 and passage 8.
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12. The cells at early passage have typical fibroblast, that is, MSC-like morphol-

ogy, whereas cells at late passages are elongated and start losing the characteristic

morphology of MSCs. See Figs. 13 and 14.
V. UCMSCs and Culture Characteristics

1. Experiments were carried out to optimize the freezing protocol for human

UCMSCs. The cells from nine umbilical cords were frozen at passage 4 and

passage 8 in three diVerent freezing media; growth medium served as a negative

control. The results from viability at thaw are shown in Fig. 10. From this data, it
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appears that 90% FBS and 10% DMSO yields about 80% viability; this is more

than for the other media tested.

2. Flow cytometry experiments were done to evaluate the eVect of passage and
freezing medium (90% FBS and 10% DMSO) on the expression of five cell surface

markers. Histogram plots for before and after freezing, respectively, are shown in

Figs. 11 and 12. From these results, it appears that there is no significant change in

the expression of surface markers at early and late passages by a freeze–thaw cycle.

3. Total cellular RNA was obtained from cells of two UCMSCs isolates (isolates

46 and 47) at diVerent passages using the Qiagen RNeasy kit. The yield is plotted as

a regression line (data shown in Fig. 9).

VI. Discussion

The cells from Wharton’s Jelly can be isolated using another method called the

‘‘Explant Method.’’ For this method, the tissue is chopped into small pieces, about

1 mm2, and plated with medium. The explants attach to the substrate and the cells



Figs. 13 and 14 Phase contrast micrograph of human umbilical cord matrix cells at passage 1 and

passage 11. Calibration bar-100 mm. 100� magnification.
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outgrow from the tissue. These cells are harvested and passaged. The shortcoming

with this method is the inability to determine the number of cells that have been

isolated from the cord at passage, because the cells continue to outgrow from the

explants even after the cells have been harvested. With the enzymatic digestion

method, the number of cells isolated from the umbilical cord is fixed and known

(see Table I). The determination of population doubling of the cells is possible

when the number of cells to start with is known.

Several hurdles remain before UCMSC culture is optimal to grow cells for use in

human clinical trials. Current culture practices use FBS as a constituent of the

medium for UCMSCs, which introduces some limitations. The cells might become



118 Kiran Seshareddy et al.
infected because of transmission of pathogens (prions and virus) from the serum

and/or adherence of animal protein molecules to the cell surface, causing immune

reactions. There is a possibility for the cells to get contaminated during culture. If

the patients’ safety is compromised, the cells cannot be used to treat diseases in

spite of their potential. Also, batch to batch variability may be seen even if the

serum is procured from the same vendor. This variability may aVect the growth of

the cells and the time for which they remain in the undiVerentiated state. Therefore,
to use the cells in clinical trials, they have to be grown in an appropriate serum-free

medium (Mannello and Tonti, 2007). The isolation of cells is done manually and

is time consuming (3–4 h per cord). This is another hurdle in generating clinical

grade cells. To be able to use the cells in clinics, the isolation procedure ideally

has to involve minimal tissue handling and be less time consuming.
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I. Introduction

There are currently over 36 clinical trials being performed, throughout the

world, using both autologous and allogeneic mesenchymal stromal/stem cells

(MSCs) for the treatment of a wide range of pathologies (http://clinicaltrials.gov/).

These regenerative therapies can be broadly subdivided into the treatment of immune

and inflammatory diseases; coadministration with other—particularly haematopoie-

tic—stem cells; and engineering of the connective tissues. These cell therapeutic

strategies are predominantly founded on the two most important characteristics of

MSCs, their multilineage diVerentiation potential and their immunoprivileged

and immunosuppressive phenotype, and herald an increasingly broad spectrum of

potential clinical uses for mesenchymal stem cells.

Although MSCs have been identified in, and sourced from, various tissues,

including bone marrow (Friedenstein et al., 1976; Kuznetsov et al., 1997), fat

(Zuk et al., 2002), muscle (Lee et al., 2000), and placenta (Takahashi et al.,

2004), the most common source employed clinically is bone marrow. However,

while it is the most comprehensively researched source of MSCs, bone marrow can

be obtained only by an elective and invasive surgical procedure undertaken on

young individuals (commonly 18–35-year-old donors) and thus is of somewhat

limited supply. In addition, only 1 in 100,000 nucleated cells in adult human bone

marrow is an MSC, and it is known that this number decreases with advancing age

(Kern et al., 2006; Stenderup et al., 2003). However, MSCs are now considered to

be present in almost all organs of the body, are predominantly found in association

with blood vessels, and are considered by many to be synonymous with pericytes.

Indeed, bone marrow-derived MSCs are considered perivascular in origin (Shi and

Gronthos, 2003), and the perivascular niche has been shown to be the source of

mesenchymal progenitors in many organs (da Silva et al., 2006). Pericytes share the

multidiVerentiation potential of MSCs and have been shown to be capable of

osteogenic, chondrogenic, and adipogenic diVerentiation both in vitro and in

diVusion chambers in vivo (Doherty et al., 1998; Farrington-Rock et al., 2004).

Such MSC-like cells are not the only cell type associated with capillaries since

another vascular-associated cell type, called calcifying vascular cells (CVCs), is

derived from the tissue of the vascular wall, and has also been shown to be capable

of diVerentiating into bone, cartilage, smooth muscle, marrow stroma, and fat

(Abedin et al., 2004; Tintut et al., 2003). Thus, there is a significant volume of

evidence that tissue-resident MSCs are closely associated with the vasculature.

Given the increasing promise of the clinical utility of MSCs, together with the

need to establish alternative, higher yield, sources of these cells to those currently

obtained from marrow, we have explored the possibility of harvesting MSCs from

the perivascular tissue of the human umbilical cord, a tissue which is discarded at

birth. Since the umbilical cord is a rapidly growing organ comprising three blood

vessels supported in a specialized connective tissue, we hypothesized that the cells

of the latter, the so-called Wharton’s Jelly, would be diVerentiated from an MSC

source which, like other MSCs, should be present in the perivascular region of the

organ (Sarugaser et al., 2005). Indeed, the cells of the perivascular region of
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the umbilical cord tissue had already been shown to have both a diVerent cell
phenotype and increased proliferative capacity, compared to the remaining tissue

of the cord (Nanaev et al., 1997) and more recently others have recognized that

the perivascular cells are distinctly diVerent from those of the remainder of the

Wharton’s Jelly of the cord (Friedman et al., 2007), and possess the equivalent

phenotype to bone marrow-derived MSCs (Baksh et al., 2007). It is not surprising,

therefore, that there has recently been a surge of interest in harvesting mesenchy-

mal cells from the human umbilical cord (Can and Karahuseyinoglu, 2007).

Furthermore, since we have shown that the frequency of CFU-Fs in P0 populations

of perivascular cells is 1:300 (Sarugaser et al., 2005), and since there are currently

over 130 million births throughout the world annually, the perivascular tissue of

the human umbilical cord represents a rich and unlimited alternative supply of

MSCs for cell-based therapies. For these reasons we provide herein details of an

improved extraction method for these perivascular cell populations, a method of

cryogenically storing the umbilical vessels without the need for prior enzymatic

removal of the perivascular cells, methods to demonstrate multilineage diVerentia-
tion capacity and immunoregulatory phenotype, together with other methods of

characterization of this unique MSC population.

II. Methods
A. Isolation and Culture of Human Umbilical Cord Perivascular Cells
The anatomy of the cord is simple. There are three large vessels running through

the length of the cord (two arteries and one vein) with a surrounding gelatinous

connective tissue called Wharton’s jelly (WJ), which is enveloped in the amniotic

epithelium, as shown in Fig. 1. While the structure is simple it is important to
Amniotic
epithelium 

Vein

Arteries

Wharton’s jelly

Fig. 1 Light microscope image of a human umbilical cord in cross-section, and stained with hema-

toxylin and eosin. Magnification 1.6�.
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realize that this connective tissue is specialized for the specific physiological role of

preventing kinking of the vessels during normal movements of the developing

embryo/fetus. For this reason the majority of the cells of Wharton’s Jelly are

myofibroblasts, as demonstrated by Takechi et al. (1993) who also conjectured

that they may diVerentiate from more primitive mesenchymal precursors in re-

sponse to the pulsatile environment of the umbilical cord. Thus, ‘‘stromal cells’’

have been extracted from the WJ, or cord matrix, using a variety of techniques

including mincing and/or enzymatically digesting the WJ tissue (Friedman et al.,

2007; Lund et al., 2007; Wang et al., 2004), and explant cultures (Mitchell et al.,

2003), but the following method was devised to specifically extract the mesenchymal

precursors of these matrix cells from their perivascular niche.

Initially, having collected a 20–30 cm length of cord, in an 8 oz collection

container filled with a-MEM culture medium and antibiotics, from the delivery

suite at the hospital directly after birth, and transporting it at ambient temperature

to the laboratory facility, the cord was placed on a sterile dissecting tray and cut

into 4–5 cm segments. Part of the rationale for using such short segments (4–5 cm)

of cord was that we were concerned that the vessels would break when being pulled

from the bulk WJ. Each short fragment was then processed in the following

manner: the epithelium was removed with forceps, the umbilical vessels were

then teased apart including their associated perivascular tissue, and the vessels

were then looped and tied using silk sutures to prevent hematopoietic or endothelial

contamination. These vessel loops were then placed in 20 ml of Type I collagenase

and digested overnight at 37 �C, following which the cells were removed from the

supernatant, collected, washed, counted, and plated on tissue culture treated plastic

at a density of 4000 cells/cm2. Thus, rather than discarding the vessels and their

proximal connective tissue, we employed the vessels as carriers of the perivascular

tissue from which we could conveniently enzymatically digest the cells of interest.

This extraction procedure results in a high yield of proliferating cells which are

strongly adherent to tissue culture treated plastic (Fig. 2), and demonstrates that
Fig. 2 Representative phase micrograph images of HUCPVCs (Human Umbilical Cord Perivascular

Cells) in culture. (A) HUCPVCs as they would appear when plated for 3–5 days, (B) 12–14 days.
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the procedure can be undertaken with very small samples of cord tissue (we have

sometimes received only 3 cm from the delivery suite), yet still result in a rapidly

expanding cell population.

After processing many cords in the above fashion we realized that the vessels are

suYciently strong to work with longer segments of cord, and we now process a

complete length of cord without first creating shorter segments. To facilitate this

we developed a custom-designed dissection table to hold the cord (Fig. 3). Thus,

the entire cord is placed on the table and clamped at one end. Using a scalpel, a

circumferential incision is made in the amniotic epithelium close to the clamped

end of the cord. The epithelium is then separated from the bulk of the cord using

blunt dissection around the entire incision, and grasped with paired forceps and

pulled away from the clamped end. In this manner, the epithelium is generally

removed in one long tubular piece, rather like a sock. If it does not all come oV in

one piece, the process can be repeated to remove the residual epithelium. The cord

is then severed from the clamped end, and the vessels separated longitudinally.

When separated, the vessels are looped and tied using suture silk, and placed in the

collagenase digest as above. This procedure reduces the dissection time of a

standard 30 cm piece of cord to �15 min.
Fig. 3 HUCPVC dissection table.
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To further reduce processing time, we have also reduced both the enzymatic

digestion time and the time required to remove the vessels from the digestate.

Previously, we reported an overnight digestion in collagenase contained in tubes

held in a laboratory rotisserie to maintain some fluid flow. This resulted in a turbid

digestate that still contained the vessels, and repeated washing was required to

remove the vessels and reduce the viscosity of the solution enough to eYciently

isolate the cells. This time can be considerably shortened by adding hyaluronidase

to the collagenase and also by employing a laboratory rotator to create a more

aggressive fluid flow. This has reduced the digest time to �4 h with a commensu-

rate decrease in the technician time required for the entire harvesting procedure.
B. Cryopreservation of Dissected Umbilical Vessels
In the case where the HUCPVCs themselves are not needed immediately, it is

not necessary to perform the entire dissection/digestion procedure. Once the

vessels have been successfully separated from each other and are ready to be

digested, the vessels are then immersed in 5–15 ml of cryoprotectant solution

(such as CryoStorÔ), and incubated at 4 �C for 15–60 min. Following their incu-

bation, the vessels are transferred to freezing vials or bags, and placed in a

controlled-rate freezer to�80 �C. Once they have achieved�80 �C, they are placed
directly in a vapor-phase liquid nitrogen storage facility. The vessels can be stored

indefinitely at liquid nitrogen temperatures until the cells are needed. The tissue is

thawed at 42 �C for 5–15 min, and immediately placed in the digest as per the usual

protocol. This procedure allows for a much faster processing of cords, and further

reduction in technician time.
C. DiVerentiation into Mesenchymal Phenotypes
Akey characteristic ofMSCs is their ability to diVerentiate into themesenchymal

phenotypes including bone, cartilage, and fat. Standard DMEM assays for the

diVerentiation and detection of cells into these phenotypes are as follows:

1. Osteogenesis: Cells were grown in osteogenic growth medium [10 nM dexa-

methasone (DEX), 5 mM b-glycerophosphate, 50 mg/ml ascorbic acid (AA), and

10 nM 1,25-dihydroxy vitamin D3]. On day 21, cultures were stained for alkaline

phosphatase (ALP) activity and mineralization was assessed by von Kossa staining

after 5 weeks. Quantification of ALP activity was determined by adding 4 mg/ml

p-nitrophenyl phosphate in an alkaline buVer solution into each well, followed by

incubation for 15 min at 37 �C, with activity measured using a microplate reader.

2. Chondrogenesis: Cells were grown in high-density pellet cultures (2.5 � 105

cells) for 21 days in serum-free medium (50 mg/ml AA, 40 mg/ml l-proline,
100 mg/ml sodium pyruvate, and 0.1 mMDEX), with and without 10 ng/ml recom-

binant human TGF-b3. On day 21, pellets were prepared for Alcian Blue staining

to detect sulfated glycosaminoglycan (sGAG) and collagen content (Picrosirius

Red staining).
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3. Adipogenesis: Cells were cultured as monolayer in the presence of adipogenic

supplements [1 mM DEX, 1 mg/ml insulin, and 0.5 mM IBMX (3-isobutyl-1-meth-

ylxanthine)]. On day 21, cultures were stained with Oil Red O stain and dye content

quantified by isopropanol elution and spectrophotometry.

Using these techniques, HUCPVCs were shown to have the ability to diVerenti-
ate down the osteogenic, chondrogenic, and adipogenic lineages; however, they

can generate an osteogenic phenotype at a faster rate than BM-MSCs and demon-

strate increased osteogenesis when compared to BM-MSCs. For example, miner-

alization is detected as early as day 10 in HUCPVCs versus 14 days in BM-MSCs

cultured under osteogenic condition. By day 21, HUCPVCs express higher ALP

activity relative to BM-MSCs (Baksh et al., 2007). Furthermore, significantly

greater numbers of bone nodules, as assayed by von Kossa staining, are detected

in osteogenic cultures initiated with HUCPVCs than with BM-MSCs.
D. Culture of Single-Cell Seeded Clones
A unique feature of HUCPVCs is the extremely high frequency of progenitors at

harvest that is maintained in continuing culture. This high frequency has enabled

study of these cells at the single-cell level using clonal analysis. HUCPVCs are

isolated as above, and passed through a 70 mm filter to ensure single-cell separa-

tion. Equal proportions of male and female cells are mixed together in suspension

in order to aid in the assessment of clonality (see below). The suspension is then

diluted to 1 cell/250 ml in culture media. Using a multichannel micropipette, 50 ml
of the suspension (0.2 cells/well eVective dilution) is deposited into individual wells

of 96-well tissue culture plates, which are then incubated overnight. The following

day, a further 50 ml of media is added to the wells. The media is then replaced every

5 days for 15 days. The plates are then observed by light microscopy for the

presence of cells in individual wells. Only wells with cells are continued in culture

with media replacement every 2–3 days until they reach 80–90% confluence.

The cloned cells are then subcultured and transferred into individual wells of

6-well plates and then into T75 flasks for further expansion. The clonal purity of

the population can be determined by FISH analysis for the absolute presence/

absence of the Y-chromosome. These cloned cells can then be plated as required

for analysis of mesenchymal diVerentiation potential as previously described.

By isolating and recloning clonal HUCPVC populations, we can determine if a

single cell is capable of self-renewing and diVerentiating down one or more of the

five mesenchymal lineages (fibroblast, bone, cartilage, adipose, and muscle). If a

clonal population as well as its subclonal population can diVerentiate into all five

mesenchymal lineages, then the original cell can be considered to be a true mesen-

chymal stem cell. Because of the significantly lower progenitor frequencies in other

MSC sources, this culturing process has been prohibitive to date. Using this

strategy, we have determined that �9% of surviving clones are capable of diVer-
entiating down all five mesenchymal lineages, this ability is maintained in �11% of
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surviving subclones, thus demonstrating the existence of a true mesenchymal stem

cell (Sarugaser et al., 2007).
E. Phenotypic Characterization of HUCPVCs

1. Flow Cytometry
HUCPVCs can be easily characterized by flow cytometric measurements of

cellular markers. The cells are extracted as above, and the culture expanded to

the required numbers. For each marker, 3 � 105 cells are used to ensure enough

cells for gating and accurate measurements. The cells are washed using two rinses

of phosphate buVered saline (PBS), and resuspended in 250 ml PBS and 5 ml of
the conjugated (FITC or PE) antibody is added. The cells are incubated with the

antibody for 45 min at room temperature, and then washed with PBS and run on

the flow cytometer. The experimental samples were compared to an unstained

control in order to correct for autofluorescence. If an unconjugated antibody was

used, the experimental samples were also compared to cells incubated with only the

2� antibody to correct for nonspecific binding. The HUCPVC population is well-

defined based on its size and granularity, and thus is easily gated for measure-

ment. For intracellular markers, the cells must first be treated with methanol for

2 min to permeabilize the cells. This methodology has been used to illustrate

that HUCPVCs are CD45�, CD34�, CD44þ, CD49eþ, CD73þ, CD90þ, and

CD105þ, indicating an MSC phenotype. In addition to the standard phenotypic

markers, flow cytometric analysis revealed that �50% of HUCPVCs express

CD146, which corresponds to �2.5-fold increase in CD146 expression relative to

BM-MSCs. CD146 is characteristically expressed on circulating endothelial cells,

which also express CD31, a classical endothelial marker (Duda et al., 2006). The

expression of CD146 is usually present in diseases such as inflammatory, immune,

infectious, neoplastic, and cardiovascular disease (Blann et al., 2005) and has thus

been considered an ideal marker for a source of cells for therapeutic neovascular-

ization and vascular repair (Wu et al., 2005). Taken together, these results infer a

potential novel role of HUCPVCs to circulate in biological fluid, similar to

CD146þ endothelial cells and participate in the repair of diseased and/or damaged

tissue. Importantly, the multilineage capacity of HUCPVCs is maintained in the

CD146þ sorted HUCPVC population (Baksh et al., 2007).
2. Wnt Pathway
Recently,Wnts have been implicated in regulating the diVerentiation potential of
adult human BM-MSCs (Boland et al., 2004a; De Boer et al., 2004a,b; Etheridge

et al., 2004) and thus represent an important pathway regulating themaintenance of

MSCs. To assess the Wnt signaling pathway’s molecular profile, RNA is harvested

and analyzed, following the manufacturer’s recommended protocol on an Oligo

GEArrayÒ HumanWnt Signaling PathwayMicroarray. In addition to expression,
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transduction of the Wnt signals can also be assessed. An optimized version of the

TOP-FLASH luciferase reported plasmid (pLG3-OT) is used to assay canonical

Wnt-responsive transcriptional activity. Cells are cotransfected by nucleofection

with expression constructs of Wnt3a and Wnt5a and empty vector (control) and

Renilla luciferase plasmid (1 mg) under the control of the CMV promoter and TOP-

FLASH luciferase plasmid (2 mg). Luciferase activity is assayed using the Dual

Luciferase Assay System according to the manufacturer’s protocol (Promega

Corp.), and reporter luciferase activity normalized to that of Renilla luciferase.

Using these methods, HUCPVCs not only express Wnt signaling genes but also

possess the molecular machinery necessary to transduce signals through the Wnt

signaling pathway. Taken together, these findings reveal that HUCPVCs may be

regulated by the Wnt signaling pathway, similar to BM-MSCs (Boland et al.,

2004b) and thus, the tools, reagents, etc. used to study the Wnt signaling pathway

already established for a variety of cell systems, including BM-MSCs, can be

applied to HUCPVCs.
3. Telomerase Activity (TRAP Assay)
Of significant importance to stem cell research and clinical applications is their

ability to self-renew. If cells are capable of infinite self-renewal, they may persist

in vivo, and cause cancerous outcomes. Thus, it is important to assess cells for the

presence of telomerase, as telomerase acts in the preservation of the telomeres,

preventing their shortening as cells divide, thereby allowing the cell to theoretically

proliferate indefinitely. Telomerase is assessed using the TRAPezeÒ XL Telome-

rase Detection Kit, and following the specific kit instructions. Using this method-

ology we determined that HUCPVCs had undetectable levels of telomerase

activity; therefore, telomeres would shorten as HUCPVCs divide, thereby giving

them a limited lifespan. These results were confirmed using a cancer gene chip,

which included telomerase.
4. Cancer Gene Array
It has been demonstrated that HUCPVCs have a greater proliferative capacity

when compared to BM-MSCs. However, after 20 days of adherent culture,

HUCPVCs do not experience contact-inhibited cell growth, unlike BM-MSCs,

but rather continue to grow by multilayering and forming aggregates overlying a

layer of confluent cells. These cell aggregates contain live cells as determined by

trypan blue exclusion, and when transferred to a new tissue culture flask, demon-

strate the capacity to plate out and proliferate to colonize the culture substrate.

A Cancer Pathway Finder gene array (Cat.#: EHS-033 human) can be used to

detect changes in candidate genes associated with the cancer pathways. The Cancer

Pathway Finder microarray contains 113 gene representative of 6 biological path-

ways involved in transformation and tumorigenesis, namely, cell cycle control and

DNA damage repair, apoptosis and cells senescence, signal transduction molecules



130 Jane Ennis et al.
and transcription factors, adhesion, angiogenesis, and invasion and metastasis.

Briefly, total RNA from cells grown under basal, undiVerentiated conditions for

14 days is harvested using TRIzol reagent and purified on Qiagen’s RNeasy mini

columns. Three micrograms of purified total RNA is then converted to cDNA, and

4 mg of cRNA is hybridized to each microarray gene chip. cRNA labeling, amplifi-

cation, overnight hybridization, and detection of gene expression was determined

according to the manufacturer’s protocol (SuperArray). Relative changes in gene

expression are analyzed and quantified based on densiometry using the GEarray

expression analysis suite software.

Using this array, we confirmed that HUCPVCs share a similar gene expression

profile to normal BM-MSCs (Fig. 4). Of the genes tested, only 12.5% have diVerent
expression levels between the two cell types. This methodology can be utilized to

assess gene expression in a range of available arrays, thereby providing a suite of

information which can be compared to other cell types.
5. Immunocharacterization
As mentioned above, MSCs have an important immunoprivileged and immuno-

suppressive phenotype which allows them not only to be employed in mismatched

recipients but also as a means to reduce an on-going immune reaction. Indeed,

many studies have now shown that when MSCs are cultured with unmatched

lymphocytes they do not cause alloreactivity, and that they suppress active

immune reactions both in vitro and in vivo (Le Blanc et al., 2003; Ringden et al.,

2006). These capacities can be tested in vitro using simple culture methodologies.

a. In vitro alloreactivity: Peripheral blood is obtained from consenting donors

using heparinized syringes, and separated using a Ficoll-PaqueÔ density centrifu-

gation (20 ml blood layered slowly over 20 ml Ficoll), and the leukocytes are

removed from the buVy coat and counted. HUCPVCs are isolated and plated as

per standard methods and plated in 96-well plates at 104 cells/ well. Once attached,

after approximately 2 h, 105 leukocytes are added to each well. The plates were

incubated at 37 �C with 5% CO2 air in RPMI-1640 media containing HEPES

(25 mmol/L), l-glutamine (2 mmol/L), 10% fetal bovine serum, and antimicro-

bials. The cells were allowed to incubate for 6 days, after which they were stained

with 5-bromo-2-deoxyuridine (BrdU, a base analog of thymidine), and assessed for

BrdU incorporation using flow cytometry.

b. Immunosuppression: HUCPVCs are isolated, and plated as per standard

methods, and plated in 96-well plates at 104 cells/well. Peripheral blood is obtained

from two mismatched consenting donors using heparinized syringes, and sepa-

rated using a Ficoll-PaqueÔ density centrifugation. The leukocytes are removed

from the buVy coat and counted. Following this, both leukocyte populations are

plated with the HUCPVCs at 105 cells/well. The plates are allowed to incubate for

6 days, counted on a ViCell-XRÔ cell counter, and assessed for CD25 expression

by flow cytometry. These cultures are also performed in which the leukocyte
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populations were separated from the HUCPVCs by a semipermeable TransWellÒ

membrane insert. The HUCPVCs are cultured on the TranswellÒ surface, and the

insert is transferred to a 24-well plate containing PBLs from two mismatched

donors (as described above).

Using these methodologies, we have shown that the immunological profile of

HUCPVCs is bioequivalent to that of BM-MSCs. HUCPVCs do not cause

alloreactivity in mismatched lymphocytes in vitro, and suppress an active immune

response (even when added at days 3 and 5 of a 6-day culture) (Fig. 5). In addition,

HUCPVCs are capable of reducing the activation state of T lymphocytes as

indicated by a reduction in CD25 expression (data not shown). These capacities

are similar to those shown by BM-MSCs, and when compared directly are shown to

be have the same level of eVect and trends among doses (Ennis et al., 2008).
6. Transduction
In order for HUCPVCs to be tracked for in vivo studies, especially on a long-

term basis, they can be transduced with a fluorescent marker. To this end, we have

modified existing Lentiviral Transfection protocols from ‘‘Cell Biology: A Labo-

ratory Handbook’’ (Salmon and Trono, 2006) and the Ellis Lab (UHN, Toronto)

for the modification of HUCPVCs with green fluorescent protein (GFP). The

transduction process involves the transfection of 293 cells with the desired DNA

plasmids (vector DNA, 10 mg gag/pol-expressing plasmid, 10 mg of rev-expressing

plasmid, 10 mg of tat-expressing plasmid, 5 mg of VSV-G-expressing plasmid with
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Fig. 5 Upon the inclusion of 10% HUCPVCs in a two-way mixed lymphocyte culture (MLC),

a significant reduction in lymphocyte cell number is seen; regardless of when the cells were added

(day 0, 3, or 5) in a 6-day culture. * p < 0.05, n ¼ 3.
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Fig. 6 (A) Fluorescent micrograph of HUCPVCs (Human Umbilical Cord Perivascular Cells)

lentivirally transfected with Green Fluorescent Protein (GFP) (field width ¼ 0.3 mm), (B) Flow

cytometry measurement of GFP expression, measuring 97.89% of HUCPVCs positively expressing

the protein, gated on control. (See Plate no. 11 in the Color Plate Section.)
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2.5 M CaCl2). These are allowed to incubate overnight, after which the medium is

changed. Cells are left with this medium for three more days, after which the

supernatant of the cells is collected and filtered through a 0.45 mm filter. The

viral supernatant is then concentrated by ultracentrifugation (50,000 � g for

90 min) or using an Amicon Ultra-15 Centrifugal Filter device (100,000 MWCO;

Millipore). When this process is complete, the viral supernatant can be combined

with the HUCPVCs at a concentration determined by titering the concentrated

virus, and allowed to incubate at 37 �C overnight with polybrene (4 mg/ml). The

following day, more medium is added, and the cells incubate for 6 more hours

before changing the media. This methodology can result in a transduction

eYciency of 97% (Fig. 6), with maintenance of good proliferative rates. While we

initially focused on GFP as our transfected protein for in vivo localization, with a

functioning lentiviral transduction protocol, it is possible to transduce the cells

with any protein.
III. Concluding Remarks

This chapter has provided a broad overview of the techniques necessary to

extract and culture human umbilical cord perivascular cells (HUCPVCs), and

also methods to determine their functionality. Our results to test for mesenchymal

functionality through diVerentiation, immunologic phenotype, gene expression,

and ability to be transfected have indicated that HUCPVCs are bioequivalent to

BM-MSCs and further corroborate our previous findings (Baksh et al., 2007;
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Ennis et al., 2008). We have improved the cell harvesting procedures since our

original description (Sarugaser et al., 2005), and have made the process more

reliant on technology than technique and, concomitantly, reduced the laboratory

time required. With these streamlined tissue processing methods, and the ready

availability of human umbilical cords, the perivascular tissue of the human umbili-

cal cord clearly represents a rich and potentially unlimited alternative, ethically

noncontroversial, supply of MSCs for cell-based therapies.
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I. Introduction

This review is an update of a methods review published previously (Macdonald

et al., 2002) combined with some information taken from a lengthy review on

hepatic stem cells (HpSCs) (Schmelzer et al., 2006b) and then providing current

protocols onHpSCs, especially human hepatic stem cells (hHpSCs). The conditions

needed for a subpopulation of cells from one species are, with rare exceptions,

similar to those needed for the subpopulation derived from all other species.

Therefore, though the protocols we are listing have been developed with studies

on rodents or human cells, they should work as is, or with minor modifications,

on cells from any species.

Some of the detailed protocols available in the earlier review (Macdonald et al.,

2002) are not repeated here. This includes how to develop a serum-free, hormonally

defined medium or HDM; how to prepare tissue extracts enriched in extracellular

matrix (e.g. Matrigel, Biomatrix, ECM); and how to design biodegradable,

polylactide scaVoldings or microcarriers in ways appropriate for progenitors

and use of bioreactors. Even more detailed discussions on bioreactors are given in

another review (Macdonald et al., 1999). Also, protocols for factors or reagents that

are commercially available are not given. Some of the especially critical ones are

listed in the Appendices with notation of their commercial sources.
II. Epithelial–Mesenchymal Relationship

The liver is similar to all metazoan tissues in that the epithelial–mesenchymal

relationship constitutes the organizational basis for the tissue (Gittes et al., 1996;

Lemaigre and Zaret, 2004; Reid and JeVerson, 1984; Young et al., 1995). Epithe-

lia (hepatic, lung, pancreas, etc.) are wed to a specific type of mesenchymal cells

(endothelia, stroma, stellate cells, smooth muscle cells). Dynamic interactions

between the two are mediated by a set of soluble signals, autocrine

and paracrine, and a set of insoluble signals found on the lateral borders of

homotypic cells, the lateral extracellular matrix, and on the basal borders between

heterotypic cells, the basal extracellular matrix (Brill et al., 1994; Furthmayr,

1993; Kallunki and Tryggvason, 1992; Martinez-Hernandez and Amenta, 1993c,

1995; Nimni, 1993; Reid et al., 1992; Stamatoglou and Hughes, 1994; Terada

et al., 1998). Furthermore, endocrine (i.e. systemic) regulation and modulation is

achieved, in part, by regulating some aspect of the epithelial–mesenchymal

relationship (Bernfield et al., 1992). Normal epithelial cells will not survive for

long and will not function properly unless epithelial cells and appropriate mesen-

chymal cells are cocultured (Bhatia et al., 1996; LeCluyse et al., 1996; Liu and

Chang, 2000; Reid and JeVerson, 1984). To escape from the need for cocultures,

one can place the cells of interest in contact with appropriate extracellular matrix



140 Eliane Wauthier et al.
components and in medium containing the soluble signals (either defined compo-

nents or ‘‘conditioned medium’’) produced by interactions between epithelia and

mesenchymal cells (JeVerson et al., 1984a; Reid et al., 1992; Tillotson et al., 2001;

Xu et al., 2000).

In recent years, there has been recognition that the epithelial–mesenchymal

relationship is lineage dependent (Cheng et al., 2007; Reid et al., 1992; Schmelzer

et al., 2006b; Sigal et al., 1993). Epithelial stem cells are partnered with

mesenchymal stem cells, and their diVerentiation is co-ordinate (Jung et al., 1999;

Kubota et al., 2007; Lemaigre and Zaret, 2004). In the liver, the lineages begin with

the HpSCs paired with their mesenchymal partners, angioblasts (Schmelzer et al.,

2007) that interact with multiple forms of paracrine signals (Sicklick et al., 2005).

These two give rise to descendents in a stepwise, lineage-dependent fashion, and

their descendents remain in a partnership throughout diVerentiation (Table I).

Tissue engineering involves the mimicking of the liver’s epithelial–mesenchymal

relationship with recognition of the lineage-dependent phenomena (Schmelzer

et al., 2006b; McClelland et al., 2004; Xu et al., 2000).
III. Stem Cells and Lineage Biology

Quiescent tissues (liver, brain), as well as rapidly renewing tissues (skin, intes-

tine), are organized as precursor cell populations (i.e. stem cells and committed

progenitors) that yield daughter cells undergoing a maturational process ending in

apoptotic cells (Cheng et al., 2007; Fuchs and Byrne, 1994; Fuchs and Raghavan,

2002; Reid, 1990; Sigal et al., 1992, 1995; Temple and Alvarez-Buylla, 1999). The

diVerent maturational stages of cells within the maturational lineages are distinct

phenotypically and in their requirements for ex vivomaintenance (Macdonald et al.,

2002). Therefore, it is ideal to purify specific subpopulations of cells at distinct

maturational stages in order to have cells that behave uniformly under specified

culture conditions. Purification of the cells involves enzymatic dissociation of the

tissue followed by fractionation methods that can include immunoselection tech-

nologies (Kubota and Reid, 2000; Kubota et al., 2007; LaGasse, 2007; Sigal et al.,

1994, 1999). Most of the culture conditions required for the diVerent maturational

stages of liver cells have been defined and involve the use of entirely purified soluble

signals and extracellular matrix components (Macdonald et al., 2002; McClelland

et al., 2008; Schmelzer et al., 2006b; Schmelzer et al., 2007; Turner et al., 2006;

Turner et al., 2008). Certain conditions can be used to maintain the cells with

reproducible growth properties and others used to put the cells into a state of

growth arrest with expression of particular tissue-specific genes (Table II).

Each cellular subpopulation at a specific maturational stage (e.g. stem cells,

committed progenitors, diploid adult cells, polyploid adult cells) has a unique

phenotype (antigenically, biochemically, morphologically) with its own distinct



Table I
Lineages of Epithelial–Mesenchymal Partners in Liver (Known or Assumed)

Lineage stage (#): Epithelia Mesenchymal cells

Stem cell niche: Ductal plates (fetal/neonatal livers)/canals of Hering (pediatric/adult livers)

(1) Hepatic stem cells [pluripotent] Angioblasts and hepatic stellate cell precursors

(2) Hepatoblasts (HBs) [bipotent] Activated angioblasts and hepatic stellate cells

Immediately outside the stem cell niche

(3A) Committed hepatocytic progenitors [unipotent] Endothelial cell precursors

(3B) Committed biliary progenitors [unipotent] Stromal cell precursors

Liver Acinus-Zone 1 Parenchyma:

(4A) ‘‘Small’’ hepatocytes [diploid] Continuous endothelia

(4B) Intra-hepatic bile duct epithelia [diploid] Stroma, smooth muscle cells

Liver Acinus-Zone 2 Hepatocytes

(5A) Midacinar hepatocytes Continuous and fenestrated endothelia (ploidy profile level

depends on the species)

Liver Acinus-Zone 3 Hepatocytes

(6A) Pericentral hepatocytes Fenestrated endothelia (ploidy profile depends on the

species)

(7A) Apoptotic Hepatocytes Fenestrated endothelia (polyploidy but with DNA

fragmentation)

Extrahepatic Biliary Epithelial Cells (Cholangiocytes)

(5B) Bile duct epithelium Stroma, smooth muscle cells (ploidy profile not known;

hypothesized to be the cholangioccytes of the extrahepatic

bile duct from liver to gall bladder)

(6B) Bile duct epithelium Stroma, smooth muscle cells (ploidy profile not known;

hypothesized to be the Cholangiocytes of the extrahepatic

bile duct from gall bladder to gut)

(7B) Common duct epithelium Stroma, smooth muscle cells (ploidy profile not known;

hypothesized to be the epithelia of the Common duct—

that shared with the pancreatic duct)

It is hypothesized that there are maturational lineage stages for the intra- and extra-hepatic bile duct epithelia, but

these lineage stages have yet to be defined. The lineage stages for the hepatocytes and their associated mesenchymal cells

are known and have been defined by studies on zonation of hepatocyte cell size, ploidy, antigen and gene expression,

and morphology and by more recent studies in differentiation of stem cells to mature cells (Schmelzer et al., 2006, 2007; Turner

et al., 2007).
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set of conditions for ex vivo growth versus diVerentiation. For example, HpSCs

must be co-cultured with their natural partners, angioblasts and hepatic stellate

cells precursors (Schmelzer et al., 2007). If the paracrine signals mediating the

epithelial–mesenchymal relationship are known, they can be used to prepare

completely defined culture conditions. If they are not known, then co-culturing

of the epithelia and mesenchymal subpopulations is required for full functions.



Table II
Maturational Lineages Varying in Kinetics

Rapidly regenerating tissues (rapid kinetics) Quiescent tissues (slow kinetics)

Turnover in days to weeks Turnover in months to years

% polyploid cells low (e.g. 5–10%) % polyploid cells intermediate (e.g. 30%) to high (e.g. 95%)

Representative tissues Representative tissues

�Hemopoietic cells �Lung, liver, pancreas, other internal organs
�Epidermis �Blood vessels

�Intestinal epithelia �Skeletal muscle

�Hair �Nerve cells—including the brain

�Heart muscle

Hypothesis: Kinetics of lineage inversely correlated with extent of polyploidy. References: Anatskaya et al. (1994),

Brodskii et al. (1983), Brodsky and Uryvaeva (1977), Epstein and Gatens (1967), Matturri et al. (1991).
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A. Maturational Lineage Stages from Zygote to Mature Liver Cells
[Pluripotent¼ cells that can give rise to daughter cells of more than one fate. Stem

Cells ¼ cells that are pluripotent and can self-replicate (self-renew) via symmetric

division or can undergo differentiation by asymmetric division.]

Totipotent stem cells ¼ zygote or cells of the morula. Pluripotent stem cells that

can produce both the extraembryonic tissues (placenta, amnion) as well as the

tissues derived from all 3 germ layers (ectoderm, mesoderm, endoderm).

Pluripotent embryonic stem(ES) cells¼ES cells are pluripotent cells found in early

embryos and that give rise to the tissues formed by the three germ layers (ectoderm,

mesoderm, and endoderm) but not the extraembryonic tissue (e.g. placenta, amnion)

(Martin, 1981; O’Shea, 1999; Smith et al., 1988; Xu et al., 2002).

Pluripotent cells in liver comprise two populations: hepatic stem cells (HpSCs)

and possibly also hepatoblasts (HBs). The data thus far confirm that the HpSCs

are stem cells; the data are incomplete in defining whether the HBs are stem cells.

HpSCs are pluripotent cells in fetal and postnatal livers that give rise to hepato-

blasts (HBs) and to committed biliary progenitors (Schmelzer et al., 2007; Sicklick

et al., 2005; Turner et al., 2006). Their known antigenic profile is summarized in brief

in Table II and is given in more detail elsewhere (Schmelzer et al., 2006a). Unique

defining markers include EpCAM, NCAM, Claudin 3, and CK19. They can be

expanded ex vivo only when co-cultured with angioblasts or early stage endothelia

or with appropriate matrix and soluble signals mimicking the HpSC–angioblast

relationship (McClelland et al., 2008; Turner et al., 2006).These conditions have

been defined and include a serum-freemedium, ‘‘Kubota’sMedium’’ (KM), designed

for hepatic progenitors (Kubota and Reid, 2000), that can be used in combination

with matrix components that include type III collagen (McClelland et al., 2008a,b)

and hyaluronans (Turner et al., 2006; Turner et al, 2008). The doubling time under

optimal conditions has been found to be a doubling every�26 h.
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Hepatoblasts (bipotent) are derived from HpSCs. They have a phenotype that

overlaps extensively with that of the HpSCs (Schmelzer et al., 2006a) with the

qualifiers that they express ICAM-1 but not NCAM, fetal forms of P450s (e.g.

human P450–3A7), higher levels of AFP, elevated levels of albumin, and have lost

expression of claudin 3. The doubling time for HBs is estimated to be �40–50 h

under the conditions tested to date.

Committed progenitors are unipotent precursors for a single cell type. They include

biliary committed progenitors (CK19þ, ALB�) and hepatocytic committed

progenitors (CK19�, ALBþ). The culture conditions for these cells overlap exten-

sively with that of the HpSCs and HBs. The division rate for these is not known.

Adult diploid cells: All fetal and neonatal tissues contain only diploid cells, and

these cells are able to undergo complete cell divisions both in vivo and in vitro. The

number of divisions possible for adult diploid cells is estimated to be 5–8 divisions

(Kubota and Reid, 2000; Mitaka et al., 1993, 1995, 1998). The clonogenic expan-

sion conditions that are successful with HpSCs and HBs are permissive for colony

formation of diploid hepatocytes though the cells divide much more slowly,

doubling time �60 h (Kubota and Reid, 2000), and show limited ability to be

passaged.

Adult polyploid cells: Polyploid cells appear in liver tissue within a few weeks of

postnatal life in mice or rats or by teenage years in humans (Gerlyng et al., 1993; Liu

et al., 2003a;Mossin et al., 1994; Saeter et al., 1988; Seglen et al., 1986). The majority

of the human liver’s polyploid cells are tetraploid,whereas higher levels of ploidyhave

been observed inmurine hepatocytes (up to 32N) and rat hepatocytes (up to 8N) (Liu

et al., 2003;Higgins et al., 1985; Severin et al., 1984). The percentage of polyploid cells

increases with age (Anatskaya et al., 1994; Brodsky et al., 1980; Carriere, 1967; Liu

et al., 2003a; Sigal et al., 1999a) and after partial hepatectomy (Sigal et al., 1999a) and

is achieved by cells undergoing nuclear divisionwithout cytokinesis [62]. By�6weeks

of age, adult rats have livers in which the extent of polyploidy is at least 90%

comprising 80% tetraploid cells and 10% octaploid cells.

Published data on ploidy in human liver varies greatly, and the interpretations to

date are suspect due in some studies to the methods used for analyzing ploidy, in

others to the sampling methods used, and in all of them to the sparse number of

human liver samples analyzed. Prior to the 1970s, some investigators assumed that

cells with multiple nuclei are polyploid and those with a single nucleus are diploid.

The level of ploidy was defined using that as a guide in the analyses of histological

sections of tissue. Since it is now well known that polyploid cells can be mononu-

cleated, the data from these older studies must be re-evaluated. In more recent

studies using valid methods for analyzing ploidy, the authors have used a small

piece of the liver or even a needle aspirate (Anatskaya et al., 1994; Anti et al., 1994;

Kudryavtsev et al., 1993; Saeter et al., 1988; Watanabe and Tanaka, 1982).

Considering the heterogeneous nature of liver cells (Burger et al., 1989;

Gaasbeek Janzen et al., 1987; Gumucio, 1989; Traber et al., 1988), such small

samples are unlikely to be representative of the tissue as a whole. All studies on

human liver are made diYcult by the extremely limited supply of reasonable



Table III
Age EVects on Ploidy Profiles of Parenchymal Cells

Rodents Humansa

Fetal and neonatal: entirely diploid Fetuses, neonates, and children up to teenage

years: entirely diploid

Young adults: 4–5 weeks of age: 10%

diploid; 80% tetraploid; 10% octaploid

Young adults: 20–40 years of age mostly dip-

loid with perhaps up to 30% tetraploid

6 months and older: <5% diploid; >95%

polyploid; polyploid cells are a mix

of mononucleated and binucleated cells

Older adults: steady increase of polyploid cells

withage; polyploid cells aremostly (entirely?)

binucleated, tetraploid cells

aEstimates of ploidy profiles in human parenchyma vary due to the eVects of ischemia: polyploid cells

are lost selectively with ischemia, especially warm ischemia (Reid et al., 2000).
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quality samples and usually of only certain ages. Altogether these diYculties may

explain the wide variations in findings on the extent of polyploidy in adult human

livers. Some have claimed as few as 10%, others about 30%, and the highest

numbers reported are up to 60% of the cells as polyploid. All agree that the

percentage of polyploid liver cells increases with age, especially after 60 years of

age (Anatskaya et al., 1994; Gerlyng et al., 1993; Kudryavtsev et al., 1993; Saeter

et al., 1988; Stein and Kudryavtsev, 1992; Watanabe and Tanaka, 1982).

In summary, a rigorous analysis of polyploidy in human liver and the data

correlated with age of donor has yet to be done (Table III). The properties of the

diploid versus polyploid cells are quite distinct. Whereas diploid cells have been

found capable of colony formation (Kubota and Reid, 2000; Mitaka et al., 1995,

1998; Ogawa et al., 2004; Tateno and Yoshizato, 1999), s tetraploid cells are able

to go through only one or two complete cell divisions as indicated by studies on

routine primary cultures of adult liver cells (Gebhardt, 1988; Overturf et al., 1999).

Tetraploid cells are thought incapable of clonogenic growth, an assumption that

has yet to be tested rigorously. Instead, they are ideal for an analysis of highly

diVerentiated functions, some of which are expressed only in the polyploid cells

such as a few of the cytochrome P450s (Hamilton et al., 2001) (Tables IV and V).
B. Strategies Influenced by the Knowledge of Lineage Biology
Although all forms of progenitors are found in embryonic tissues, most adult

tissues contain only determined stem cells and/or committed progenitors (Potten

et al., 2006). The known properties of the diVerent maturational lineage stages of

cells help to define their potential in academic, clinical, or industrial programs.

Of the types of progenitors studied (e.g. mesenchymal, neuronal, muscle, epidermal,

hepatic), all have been found to be readily cryopreserved (Chen, 1992; Ek et al.,

1993; Westgren et al., 1994) and expanded ex vivo (Deans and Moseley, 2000;



Table IV
Summary of Lineage Stages within Liver for Representative Species

Maturational lineage

stage (location) Mouse Rat Human

1. Stem cells (HpSCs)

(ductal plate/canals

of Hering) �7–9 mm,

diploid

Class I MHC negative Class I MHC negative EpCAMþ, NCAMþ,

claudin 3þ, class I

MHC antigens

negative, AFP�,

Hedgehog proteins

and their receptor,

patched

2. Hepatoblasts (HBs)

(probable transit

amplifying cells)

parenchyma of

fetal/neonatal

livers; tethered to ends

of canals of Hering

in pediatric and adult livers.

�10–12 mm, diploid

Class I MHC negative,

ICAMþ, AFPþþ
Class I MHC negative,

ICAMþ, AFPþþ
EpCAMþ, ICAMþ,

class I MHC

antigens negative,

AFPþþ, Hedgehog

proteins and patched;

P450 3A7

3. Unipotent

progenitors

(rare except in

fetal/neonatal

livers) �12–15 mm/

diploid

Committed biliary progenitors: CK19þ, ALB�;

committed hepatocytic progenitors: CK19�, ALBþ

4. Diploid hepatocytes

(‘‘small hepatocytes’’)

�18 mm

�5% of adult hepatocytes

all in zone 1

�10% of adult parenchyma,

all in zone 1

Zone 1 and 2

hepatocytes.

Gluconeogenesis;

Connexins 26, 32

5. Diploid cholangiocytes:

Zone 1 of liver acinus

Aquaporins, DPPIV, various pumps associated with bile

production (e.g., MDR3)

6. Tetraploid hepatocytes Zone 2: Parenchyma Zone 2: The majority

of the parenchyma

(�80%)

Zone 3: 10–50% of

adult parenchyma

depending on

donor age;

express late

genes such as

P450 3A1

6B. Polyploid biliary

epithelia (?)

Unknown if they exist, or if they do, then their location is

unknown. We hypothesize that they do exist and are

probably in the extrahepatic bile duct

7. Hepatocytes of higher

ploidy (8N to 32N)

Zone 2/3 (�10–20% of adult

parenchyma)

Zone 3 (�10% of

adult parenchyma)

Not present

8. Apoptotic cells Next to central vein. Markers for apoptosis evident.

8. Hepatic Stem Cells and Hepatoblasts: Identification, Isolation, and Ex Vivo Maintenance 145



Table V
Markers for Hepatic Stem/Progenitors

Marker Species Comments/references

A. Hepatic stem cell/progenitor markers that are cloned and sequenced

Albumin All species Found weakly expressed in HpSCs; steady increase in amount expressed in hepatoblasts

(HBs) and with the diVerentiation of cells of the hepatocytic lineage (Baumann et al., 1999b;

Schmelzer et al., 2007b; Zaret, 2002).

a-Fetoprotein (AFP) All species AFP is not expressed by HpSCs but rather by HBs (Schmelzer et al., 2006a, 2007;

Zaret, 1999). A variant form of a-fetoprotein is expressed by hemopoietic

progenitors (Kubota et al., 2002) and is identical to that in hepatic cells except for

exon-1 encoded sequences.

Cytokeratin 7/19 All species Cytokeratins 7/19 are found in the HpSCs, the HBs, and biliary epithelia but not the

mature hepatocytic parenchyma (Crosby et al., 2001; Schmelzer et al., 2007; Shiojiri,

1994; Tanimizu et al., 2003; Theise et al., 1999; Van Eyken et al., 1988).

Claudin 3 Humans Present in HpSCs but not in HBs or later hepatocytic stages (Schmelzer et al., 2006a).

CD133/1 (prominin) Humans A transmembrane protein found on hepatic, endothelial, and hemopoietic stem cells

(Corbeil et al., 1999; Dhillon et al., 2001; Schmelzer et al., 2007; Weigmann et al., 1997).

E-cadherin All species Transmembrane protein that is coupled to b-catenin. It is expressed in the cells in the

earliest stages of embryogenesis.

Epithelial cell adhesion

molecule (EpCAM)

All species Present on HpSCs, HBs, and some committed progenitors but not on mature

hepatocytes (LaGasse, 2007; Schmelzer and Reid, 2008; Schmelzer et al.,

2007; Sicklick et al., 2005).

CD44H (hyaluronan receptor) Rats and humans Present on rat HBs and on hHpSCs and hHBs (Kubota and Reid, 2000; Turner et al., 2006).

MDR1 (multidrug resistance gene) Rats Present on HBs (Joseph et al., 2003; Ros et al., 2003). [not yet tested in humans but

hypothesized to be present in hHpSCs and hHBs].

Intercellular cell adhesion

molecule (ICAM1)

Rats and humans Present on HBs, committed progenitors and mature parenchymal cells; not expressed

by HpSCs (Kubota and Reid, 2000; Schmelzer et al., 2007).

Neuronal cell adhesion

molecule (NCAM)

Humans Present on HpSCs but not HBs (Schmelzer et al., 2007). NCAM was first identified

in neuronal cells; its functions in neurons include interactions with the fibroblast

growth factor receptor (FGFR) through the p59Fyn signaling pathway. Its functions

in HpSCs are unknown at present.
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Delta-like/preadipocyte

factor-1 (DLK-Pref-1)

Mice Transmembrane protein that contains epidermal growth factor-like repeats related to ones

in the notch/delta/serrate family of proteins (Jensen et al., 2004; Tanimizu et al., 2003, 2004).

Wnt/b-catenin pathway All species A pathway that appears to be generic for stem cell populations (Austin et al., 1997;

Plescia et al., 2001).

B. Markers found on tightly associated ‘‘companion cells’’ (angioblasts or hepatic stellate cell precursors)

CD117 (c-kit) All species Receptor for stem cell factor. Expressed by progenitors of mesodermal lineages.

Originally thought to be on hepatic progenitors, but the data increasingly suggest that it is

on angioblasts tightly associated with HpSCs (Baumann et al., 1999a; Dhillon et al.,

2001; Fujiet al., 1994; Matsusaka et al., 1999; Omori et al., 1997).

CD 146 Human Antigen expressed by activated endothelia and HpSTCs. Unknown functions (Schmelzer

et al., 2007).

KDR All species VEGF receptor (Flt1) present on angioblasts and endothelia (Kearney et al., 2004;

Lecouter et al., 2004; Roberts et al., 2004).

CD34 Rodents, mice,

human

Expression of CD34 has been reported to be on hepatic progenitors but the data are

questionable with more recent realization that the marker is on tightly associated

mesenchymal cells. Thus, rigorous sorts for CD34þ cells do not yield clonogenic

populations capable of liver reconstitution or of forming liver tissue in vitro

(Crosby et al., 2001; Dan et al., 2006; Kubota et al., 2007; Omori et al., 1997;

Petersen et al., 2003; Schmelzer et al., 2007; Suskind and Muench, 2004).

C. Transcription factors

Prox1 All species Homeobox gene defining pancreatic and liver fates (Burke and Oliver, 2002;

Sosa-Pineda et al., 2000).

Hex All species Homeobox gene found in early liver (Keng et al., 2000; Martinez Barbera et al., 2000).

HLX All species Gene expressed in mesenchyme and required endoderm to migrate into the cardiac mesenchyme

(Hentsch et al., 1996).

HNF-1, HNF-3, HNF-4, HNF-6 All species (Monaghan et al., 1993; Rollini and Fournier, 1999; Runge et al., 1998).

C/EBP All species (Timchenko et al., 1999; Tomizawa et al., 1998; Van den HoV et al., 1994; Wang et al., 1995).

DBP All species (Van den HoV et al., 1994).

c-jun proto-oncogene All species Defining transcriptional element for liver development (Eferl et al., 1999;

Hilberg et al., 1993; Passegue et al., 2002).

(continues)
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Table V (continued )

Marker Species Comments/references

D. Markers defining epithelial cells

E-cadherin All species Cell adhesion molecule on parenchymal cells but not on mesenchymal cell types

(Aberle et al., 1996; Nitou et al., 2002; Terada et al., 1998).

Cytokeratins 8/18 All species Cytokeratins evident in all forms of epithelia (Germain et al., 1988).

E. Oval cell antigens

Oval cell antigens All species Identified in the livers of hosts following injury, drug or radiation treatment. Present

on both hepatic and hemopoietic cells. (Dunsford and Sell, 1989; Hixson et al.,

1990; Grisham, 1997; Thorgeirsson et al., 2004).

A6 Murine (Cantz et al., 2003; Engelhardt et al., 1993).

OC2 and OC3 Rat (Eghbali et al., 1991; Hixson et al., 1990; Petzer et al., 1996; Sigal et al., 1994, 1999).

Cloned and sequenced markers not found in/on hepatic progenitors

CD 45 All species Common leucocyte antigens (Kubota and Reid, 2000; Minguet et al., 2003; Oren et al., 1999).

Glycophorin A All species Protein on red blood cells (Kubota and Reid, 2000; Sigal et al., 1994, 1995).

CD14 All species Expressed on monocytes and macrophages (Yin et al., 2001).

CD38 All species Antigen on various hemopoietic cells (e.g., B lymphocytes) (Crosbie et al., 1999;

Petzer et al., 1996).

OX43 Rats Antigen found on all vascular endothelial cells except those in brain. Also recognizes peritoneal

macrophages (Fiegel et al., 2003a,b).

OX44 (also called CD53) Rats Cell surface glycoprotein found on all leucocytes but absent on red blood cells and platelets

(Paterson et al., 1987).
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Gage, 1994; Kubota and Reid, 2000; McClelland et al., 2008). However, the

embryonic stem cells are especially notable for their ability to survive freezing and

to expand without diVerentiating if maintained under precise culture conditions

(Chen, 1992; Cowan et al., 2004; Levenberg et al., 2004; Maltsev et al., 1993;

Resnick et al., 1992). By contrast, attempts to cryopreserve adult liver cells (pre-

dominantly the polyploid cells) have met with limited success. Best results have been

achieved only by embedding the cells in alginate or a form of extracellular matrix

(Guyomard et al., 1996; Koebe et al., 1990, 1996; Watts and Grant, 1996).

Significant ex vivo expansion and the ability to subculture adult liver cells have

been observed only with the so-called ‘‘small hepatocytes’’ (Mitaka et al., 1992, 1998;

Ogawa et al., 2004), a diploid subpopulation of liver cells. Typically, the mature cells

undergo one or two rounds of division and then survive for a matter of days in

culture, or for a few weeks when supplied with the appropriate extracellular matrix

and medium conditions (Hamilton et al., 2001; Macdonald et al., 2002).

The ability of embryonic stem cells to give rise to all, or almost all, possible adult

fates makes them appealing as a possible ‘‘one serves all’’ source for cell therapies

(Beardsley, 1999; Brinster, 1974; Levenberg et al., 2004; Schuldiner et al., 2000).

However, their use in cell transplantation for patients is complicated by their

tumorigenic potential (Martin, 1981; Mendiola et al., 1999; Nozaki et al., 1999;

Pedersen, 1999). The tumorigenicity of ES cells when injected at ectopic sites is

being investigated extensively (Mendiola et al., 1999; Pedersen, 1999), in a hope

that it can be controlled to enable ES cells to reach their full potential both

industrially and clinically. Until this is solved, the ES cells will become an excellent

choice as a research tool for pharmaceutical/biotechnology companies and for

bioartificial organs but cannot be used for cell therapies.

While determined stem cells are more restricted in their adult cell fates, they have

not been found to be tumorigenic, making them the first choice for clinical

programs in cell transplantation or for bioartificial organs (Beardsley, 1999;

Cheng et al., 2007; Susick et al., 2002). Bone marrow and cord blood transplants,

which represent the first forms of progenitor cell therapies, have been performed

for years (Gluckman et al., 1989; Rubinstein et al., 1993). More recently, other

forms of progenitor cell therapies are being tested in clinical trials; these include

mesenchymal progenitor cells (Bruder et al., 1994; Caplan, 1994; Dean and

Moseley, 2000), neuronal progenitor cells (Cattaneo and McKay, 1991; Gage,

1994), and fetal pancreatic islet cell transplants (Reinholt et al., 1998; Shumakov

et al., 1983). The early data from these trials are very encouraging for the future of

progenitor cell therapies as a class.

The problems with determined stem cells include: (a) availability of tissues,

a particular problem for organs that until now have derived only from brain-

dead, but beating-heart donors; (b) the need for the development of purification

schemes for isolation of the cells; (c) identification of optimal cryopreserva-

tion conditions; and (d) definition of the ex vivo expansion and diVerentiation
conditions.
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IV. Liver Processing
A. General Comments
Liver cells can be isolated readily using a standard perfusion process (Berry and

Friend, 1969; Freshney, 2000). The method has many variations but in all its

forms, it involves (a) anesthetizing an animal or obtaining an isolated liver or

portion of a liver (human tissue), (b) catheterizing one or more major blood vessels

leading into or from the liver (e.g. portal vein and/or the vena cava), (c) perfusing

for 10–15 min with a chelation buVer containing EGTA to reduce the calcium

concentrations in the liver, (d) perfusing with a buVer containing collagenase and

a protease(s) (e.g. elastase) in a calcium-containing buVer for 10–15 min (mice, rats)

to �30 min (human) and (e) mechanically dissociating the liver by pressing the

digested liver through cheese cloth or raking it with combs or pressing it through

sieves (metal, plastic, cloth) of narrowing mesh size.
Enzymes Used in Liver Perfusions
Most liver perfusions are done with collagenase preparations that are partially

purified. DiVerent companies indicate the degree of purification of a collagenase

preparation with company-specific nomenclature. For example, Sigma indicates

the crudest collagenase preparation as type I, and the pure collagenase as type

VIII, whereas Boehringer Mannheim refers to the crudest preparation as type

A and the pure collagenase as type D. One must read the company’s literature to

learn the details of the nomenclature and its implications for the extract or purified

factor(s) being sold. Generally, the liver perfusions are done with a preparation

that is intermediate in purity (e.g. type IV in Sigma’s series or type B or C in the

Boehringer Mannheim series), since both collagenase and one or more proteases

are required for optimal liver digestion. It has been learned that the most eVective
liver perfusions are achieved with a mixture of purified collagenase and purified

elastase at precise ratios (Gill et al., 1995; Olack et al., 1999). A commercial

preparation of purified collagenase and elastase, called ‘‘Liberase’’ (Boehringer

Mannheim), designed for liver digestion is, available. However, its use has

been limited due to its high cost. It is the enzyme mix of choice especially for

preparations that are to be used clinically.
B. Liver Perfusions in Mice and Rats—Readily Adaptable to Any
Mammalian Liver (Other than Human)
Prepare stock solutions a day or two ahead of time. Use highly purified, sterile

water such as prepared using a Milli-Q purification system (Millipore) and then

sterilize by autoclaving or by filtration through a Nalgene filtration unit. The water

so prepared will be referred to as MQ water. The stock solutions are prepared as
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described in Appendix 2 and an those established by prior investigators (Berry and

Friend, 1969; Seglen, 1976)
1. Supplies and Set Up
1. Autoclave:

� surgical tools: large forceps, small and large scissors, two hemostats

� two glass funnels, Erlenmeyer flask (250 ml), two sheets of nytex, thread or

suture, swabs (cotton tipped)
2. Prepare buVers (see Appendix 2): 10� LeVert’s, 1 M CaCl2, 0.2 M EGTA,

and buVers A, B, and C (see formulations below), culture medium. Isotonic

Percoll [LeVert is given as representative of the buVers that can be used]

3. Culture plates, Petri dishes, 50 cc conical tubes, animal rack, pan to

accommodate rack/animal, ice buckets

4. Fast rat overnight (optional)

5. O2 (tank), ethanol, collagenase (Sigma type IV), ketamine, bovine serum

albumin (BSA), phosphate buVered saline (PBS), trypan blue
2. Perfusion Set Up
� 42 �C water bath

� Perfusion pump with stop cock three-way valve on two inlet lines (with 5 ml

pipettes for bottles)

� Single outlet line (to connect to catheter) that goes through the water bath

� Flow rate at 30 ml/min

� O2 tank feeding two outlet tubes with screw clamps to control gas flow

� 37 �C water bath

� Low speed centrifuge

� Good light source for surgery
3. Prepare (in Biological or Laminar Flow Hood)
� Turn on water bath (42 �C). Rinse pump tubing with ethanol for 5 min,

dH2O 5 min.

� Add collagenase and BSA to buVers B and C. Aliquot 2 � 50 cc conical tubes

of buVer C on ice.

� Put buVers A and B in 42 �C bath (weigh down with donuts) and insert lines.

� Fill inlet with buVer B up to stopcock, then fill entire line with buVer A,

eliminating any bubbles.

� Insert O2 lines into bottles, adjust to a low flow rate (take care that bubbles

form above buVer inlets).
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� Weigh animal and anesthetize with ketamine (200 g rat, dose: 0.2 ml).

� Set up rack (to support animal) and pan (to accommodate rack/animal and

collect fluids), instruments, two sutures (or pieces of thread), Petri dish, and

five pieces of tape.

4. Surgery
� Restrain animal limbs with tape. Open abdominal skin and cut up centerline.

Cut laterally and spread.

� Cut through abdominal muscles up centerline to expose lower end of ster-

num, but do not open chest cavity. Take care not to nick the liver! Cut

laterally and spread sides.

� Use sterile swab to move/sweep intestines out via the right side, exposing

vena cava and portal vein.

� Attach hemostat to sternum and flip it upward.

� Use a swab to maneuver liver up against the diaphragm.

� Put a suture around inferior vena cava between renal and hepatic veins, and

another around portal vein. Loop each for tying.

� Use a hemostat on intestine proximal to portal vein to increase tension, then

catheterize portal vein.

� Tie oV suture, turn on pump, and attach outlet to catheter.

� Watch liver swell and blanch, and cut inferior vena cava below suture.

� Tape down line to catheter for stability.
5. Perfusion
� Pump buVer A for 2 min to rinse liver well (removal of calcium).

� Push liver back down from diaphragm, then cut through diaphragm.

� Cut open the heart, then tie oV suture on inferior vena cava. Open chest

cavity for drainage.

� Cut small ligaments that attach liver to diaphragm. Push liver back up

against diaphragm to increase flow pressure.

� Pump buVer A for about 5 min (150 ml).

� Switch to buVer B. Flow until liver is well digested (300–500 ml). Liver

should swell and then spread out.

� Finally tissue structure breaks down visibly below the capsule. During this

time, free liver from attaching membranes.
6. Cell Isolation
� Remove liver to Petri dish and add buVer C (room temperature, RT), using

�10–15 ml.

� Comb gently to break capsule, then shake liver with a forcep at the junction

of the lobes to dislodge cells. Flip liver over and repeat. Ideally, only white

connective tissue will remain. Do not comb resistant areas (often at margins
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of lobes) since this will decrease overall viability. If the liver is not completely

reduced to connective tissue, proceed with what shakes out.

� Filter cell suspension into glass funnel with a double layer of nytex mem-

brane sitting into an Erlenmeyer flask. Rinse Petri dish with BuVer C and add

to filtrate. Agitate nytex membrane to increase flow rate, but do not assist

from above.

� Blow O2 into flask gently then cover with parafilm and put into 37 �C bath

for 5–10 min (at a slow flow rate, it will take 10 min; at a faster flow rat—

5 min). Swirl flask gently to resuspend cells, then incubate in ice for 10 min.

� Repeat nytex filtration into 50 cc conical tubes on ice in hood.

� Divide filtrate between 2 � 50 cc tubes then spin down at low speed centrifu-

gation (50 � g) for 1 min.

� Aspirate supernatant (which is cloudy). Add 20 ml per tube of cold buVer C
and gently resuspend cells.

� Spin down cells again for 2 min at 60� g and resuspend as before. Repeat for

third spin, again at 2 min at 60� g. Resuspend in a combined volume of 20 ml.
7. Culture
� Count cells at 1:5 dilution in trypan blue on a hemacytometer.

� Calculate viability and concentration.

� Calculate for plating; plate cells in any of a number of basal media (DME,

F12, DME/F12, RPMI 1640, Williams E) available commercially. For

plating, the medium is supplemented with 5–10% serum, referred to as

serum supplemented medium (SSM). Serum is required briefly (�30 min)

for inactivation of enzymes. Thereafter, it can be minimized or even avoided

altogether for plating if one uses one of the serum-free, hormonally defined

media (HDM) (see tables below) with supplementation (for plating only) of

10–15% knockout serum replacement (Invitrogen).

� Incubate for 1–2 h at 37 �C (the lower the viability, the less the time).

� Remove media, wash with 1� PBS, then add either SSM or a serum-free

HDM depending upon experimental needs.

� Incubate in CO2 tissue culture incubator maintaining cultures with daily

media changes.
C. Fetal Human Livers (Livers of Gestational Ages 14–20 Weeks)

1. General Comments
The protocols are those established by Reid and associates (Schmelzer et al.,

2006a, 2007; Turner et al., 2006). Fetal livers comprise both hepatopoietic and

hemopoietic progenitors. Indeed, in the gestational ages at which erythropoiesis
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peaks, the vast majority of cells are hemopoietic cells. Therefore, the focus of the

protocol is to separate the hemopoietic cells (including progenitors) away from

the parenchymal progenitor cells. Most of the hemopoietic cells are free-floating

and not bound to each other by cell adhesion molecules or by extracellular matrix

molecules. This feature became the focus of the protocol overcoming the fact

that the hemopoietic progenitors and hepatic progenitors are similar in size

and granularity. The tissue is only partially digested with enzymes allowing the

parenchymal cells to remain as clumps that can be centrifuged by very low speed

spins, leaving the supernatants to contain the free-floating hemopoietic cells.

After debulking the tissue from the hemopoietic cells, the clumps of parenchyma

can be subjected to further enzymatic digestions to yield either small aggregates

or single cell suspensions optimal for immunoselection for the stem cell and

hepatoblasts subpopulations.
2. BuVers
Cell Wash, Kubota’s Medium, free fatty acid mixture, digestion buVer. See
Appendix 2 for details on buVer preparation.
3. Liver Processing
1. Prepare ice bucket filled with ice and disposal container filled with 10%

Clorox.

2. Unpack the liver and spin in the 50 ml Falcon tube for 5 min at 1100 rpm,

4 �C (Sorval RT7 and RTH swinging bucket).

3. Fill out documentation papers for the liver (record age, size, color, tissue

integrity, sender’s assigned number, and our assigned processing number).

4. Determine the liver volume using the milliliter graduations listed on the

Falcon tube. Aspirate supernatant and place the liver into Petri dish.

5. Physically dissociate the liver with forceps and scalpels by lightly scraping

the liver, pulling out any part of the biliary tree or connective tissue.

6. Add 25 ml of digestion buVer (per every 3 ml of liver volume) into the Petri

dish. Using a pipette, transfer 3 ml liver fractions (which is now a �25 ml

solution) into 50 ml Falcon tubes (‘‘tubes 1’’).

7. Recap the tube and parafilm the top to prevent leakage.

8. Place in bag and put in 37 �C water bath for 30–60 min, depending on grade

of digestion (visual check), and shaking the tubes every 5 min.

9. Remove tube from water bath, place in holder, and remove (‘‘tubes 1’’)

supernatant down to �7.5 ml. Place supernatant into another Falcon tube

(‘‘tubes 2’’) and keep on ice until the second digestion process is done.
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10. Reconstitute the pellet from ‘‘tubes 1’’ with 30 ml of digestion buVer and

shake as before in 32 �C water bath for 5–30 min.

11. Spin ‘‘tubes 1’’ and ‘‘tubes 2’’ at 1100 rpm at 4 �C (250 RCF, Sorvall RT7,

and RTH swinging bucket).

12. Discard supernatant.

13. Pool pellets (each from tubes 1 and tubes 2, so you have the same amount of

tubes as before) and resuspend in Cell Wash Media at 40 ml per tube.

14. Perform a slow spin at 300 rpm for 5 min at 4 �C (20 RCF, Beckman

centrifuge GS-6R, and GH-3,7 swinging bucket). Carefully remove superna-

tant leaving 7.5 ml of media above the pellet.

15. Add Cell Wash to a total volume of 30 ml.

16. Redo steps 14–15 no more than two times (until red blood cells are minimal).

17. Remove supernatant, add 20 ml of Cell Wash solution per tube and agitate

gently to resuspend the cells.

18. Filter through 75 mm mesh (nylon, PGC Scientific, Maryland) using pipette

and gently pushing cells through mesh. (Mesh is placed on glass funnel that is

put in the beaker).

19. Check cell number and viability (trypan blue).

20. Plate at �300,000 cells/100 mm tissue culture plate, in Kubota’s medium

supplemented with 5% fetal bovine serum (FBS) for 30–60 min.

21. Replace the medium with fresh serum-free Kubota’s Medium.
D. Liver Perfusions: Neonatal, Pediatric, and Adult Human Livers

1. Sourcing of Human Livers from Postnatal Donors
Pediatric and adult human livers are from brain-dead-but-beating-heart donors,

since the donor organ is procured for organ transplantation, and the liver’s

exquisite sensitivity to ischemia necessitates that the procurement process occur

at the moment of death. The organ is removed from the donor and placed into

transport buVer (typically University of Wisconsin solution, ‘‘UW’’ solution; also

called Viaspan available commercially from UpJohn). In the United States, only

1–2% of the deaths are those who have undergone brain death prior to heart arrest.

Thus, the number of donor organs/year is very small, on average �5000–6000 per

year. Over 95% of these are used successfully for organ transplantation. The

remaining 5% of the donor organs, or up to�250 livers per year, are livers rejected

for organ transplantation for a variety of reasons including infections that result in

the liver going to investigators studying that type of infection or ischemia, high

percentage of fat, or other conditions resulting in the liver going to diverse

academic or industrial investigators. The rejected livers are shunted to federal

agencies that handle the distribution process to researchers. These livers, ranging

in weight from 1500 to 2500 g, can be shipped as an intact organ to groups of
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investigators who can aVord them or, more commonly due to the costs, shipped as

sections of liver, partitioned by federal agency staV members to maximize the

number of researchers receiving samples. The sample is shipped to the investigators

within �10–20 h from the time of removal from the donor or the ‘‘clamp time.’’

The samples arrive flushed with the transport buVer, bagged and on ice. If one

receives a portion of a partitioned liver, one receives a piece that is usually �100–

200 g and that must be perfused through cut blood vessels exposed on the surface

of the sample. The conditions prior to death and the cold ischemia associated

with the transport conditions of the liver or portion of a liver can result in the

deterioration of the sample. Thus, the quality of the starting material is extremely

variable.

For donor organs, the overall organ integrity and functions begin to deterio-

rate at significant rates after 18 h post-clamp; such organs will not be used for

transplantation after this time. This cut-oV timing for transplantation is under

extensive investigation by groups trying to prolong the time, and, therefore,

increase the numbers of organs that might be transplanted. In our experience,

the quality of the cells prepared from donor organs that have been procured

>18–20 h reflect this general phenomenon of deterioration, and lower yields and

viability of the polyploid cell populations are observed compared with fresher

organs or tissue. We have also observed that, in general, organs received more

than 24 h after clamp time often do not yield cells of adequate quality; nor

are the cells able to eYciently attach to culture substrata. However, the time

threshold after which a particular organ cannot produce cells of adequate

quality is aVected by several factors including age of the donor, proficiency of

organ preservation, the quality of the tissue perfusion, and disease state of the

organ (e.g. extent of cirrhosis and steatosis). For the most part, organs should

be a uniform tan or light brown color when received; organs that appear

‘‘bleached’’ or dark brown should not be used and generally yield only non-

viable or CYP450-depleted cells. The medium containing phenol red in contact

with liver cells isolated from damaged organs often has a characteristic pink color,

especially when mixed with PercollÒ, which is believed to reflect the depletion of

certain macromolecules from damaged cells.

Mature parenchymal cells in pediatric and adult livers are very sensitive to

ischemia, even cold ischemia, and begin dying soon after cardiac arrest. With

every hour after death, more mature liver cells die such that by the latest time

points tested, the only cells left are the stem cells and other early progenitors, the

subpopulations most tolerant of ischemia (Reid et al., 2000). Although the stem

cells can survive many hours, the dying mature cells release lytic enzymes that can

damage the stem cells. Empirically, one can findHpSCs and other early progenitors

from livers of asystolic donors for hours after death (>10 hours) They are recogniz-

able by their expression of stem cell markers such as epithelial cell adhesion

molecule, EpCAM (Schmelzer and Reid, 2008; Schmelzer et al., 2007). The

EpCAMþ cells obtained from such livers are viable and will attach and grow in

culture if the correct culture conditions are used for them (see below). However, the
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studies on them to date have been very limited. So, it is unknown if they have the

potential to diVerentiate to fully mature parenchymal cells. Needed are studies

defining the extent of ischemia (cold or warm) to which they can be subjected and

still leave the stem cells with full diVerentiation potential.

Neonatal livers are from infants who die within the first year of life. It is not

possible to define brain death in a neonate, since the posterior skull of a neonate

does not close until 8 weeks and the anterior for up to 18 months after birth.

Consequently, neonates can suVer significant brain damage resulting in swelling of

the brain and yet recover. For them, death is defined always as cardiac arrest

resulting in the fact that neonatal livers are always from asystolic donors. Since the

neonatal liver is comprised predominantly of stem cells and progenitors, the entire

organ as an organ survives for hours (>10 hours). Therefore, the stem cells/

progenitors can survive even longer than those in adult livers given that the extent

of mature cells dying is minimal (so, low levels of enzymes released). Consequently,

neonatal livers are an ideal source of highly viable parenchymal cells for some

hours after death (Reid et al., 2000; Schmelzer et al., 2007). Procurement of

neonatal livers by organ procurement organizations (OPOs) began in 2001 through

our eVorts and continue to be handled by investigators aYliated with a biotech-

nology company, Vesta Therapeutics (Durham, NC). At present, it is the only

company procuring and processing neonatal livers, though surely this will change

in the coming years. There are rough estimates that at least one neonate dies on a

medical center’s neonatal intensive care unit (NICU) every week, and there are

many such NICU units within the United States. Even conservative estimates

suggest several thousand neonatal deaths/year in the United States, and, at present,

only a handful of these neonates have been donors for tissue/organs procured by

OPOs. Thus, there is considerable potential for tissue and organs from neonates

who have died to become a major new source of high quality tissue for use for both

research and clinical programs (Table VI).
2. Processing of Sections of Human Liver Tissue and Liver Cell Isolation
As stated above, the quality of the liver cell preparation is a reflection of the

quality of the starting tissue. As such, the best sources of tissue for the isolation of

liver cells are freshly resected biopsy samples, freshly preserved donor organs

(<12 h from clamp time), and neonatal livers. Of course, these sources of tissue

are rarely available to the average academic or industrial investigator. Therefore,

strict guidelines must be in place to assure that the quality of the cells is adequate

and that proper controls are introduced into every experiment. There are a number

of methods described in the literature for the isolation of human liver cells from

partial biopsy segments and whole lobes (LeCluyse, 2001; LeCluyse et al., 2000;

Li et al., 1992b; Strom et al., 1996). These approaches are essentially modified

versions of the original two-step perfusion methods developed by Seglen and

others (Berry and Friend, 1969; Seglen, 1976) for the isolation of liver cells from



Table VI
Sourcing of Human Livers

� Fetal livers (14–20 weeks gestation)

� High percentage of stem cells, hepatoblasts (HBs), and committed progenitors

� Ease in isolation

� Ability to obtain and use them depends on legal issues and on political and cultural attitudes

� Liver resections

� Neonatal, pediatric, and adult livers

� DiYcult to obtain; highly variable quality of tissue; small amounts

� Organ donors (‘‘brain-dead but beating heart donors’’): cold ischemia

� �1–2% of deaths; �5000–6000 per year in United States

� Pediatric and adult livers

� Most used for transplantation; must compete for the small numbers of rejected livers �100–200 per year

� Highly variable quality of tissue

� Cadaveric livers (asystolic donors): warm and cold ischemia

� All neonatal deaths and 98–99% of pediatric and adult deaths

� Neonatal, pediatric, and adult livers

� Cannot be used for transplantation, so all are available for research and cell therapy programs

� Pediatric and adult livers—mature liver cells die within 1–2 hrs of death; stem cells (EpCAMþ cells) survive for

>10 hrs but with increasing damage to the stem cells due to enzymes released by dying cells

�Neonatal livers are ideal since so rich in stem cells and progenitors. Can isolate viable cells from neonatal livers for up to

>10 hrs after death.
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rat liver. Given below are protocols for processing of sections or chunks of human

liver tissue as described by LeCluyse and associates (LeCluyse, 2001; Hamilton

et al., 2001).

a. BuVers/Reagents/Supplies
See Appendix 2 for Kubota’s Medium, chelation buVer, collagenase

preparation.

Surgical glue: Loctite instant adhesive, Medical Grade (Loctite Corporation,

Rocky Hill, Connecticut).

b. Processing
Remove liver sample from transport bag and place in a sterile tray.

1. Add some sterile Kubota’s Medium (KM) to liver to keep it wet during the

phase of connecting catheters.

2. The liver surface has been cut during the division of the original liver into

samples, revealing many exposed blood vessels. Test for candidate blood vessels

that will yield perfusion of a reasonable percentage of the liver by catheterizing,

pumping buVer through them, and observing if the liver tissue swells and where the

fluid emerges.
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3. Once a blood vessel has been chosen, insert a catheter that fits snugly into the

vessel and glue it into place with surgical glue. Secure the catheter in place by

adding more glue at the cannula/tissue interface.

4. Seal all other openings on the cut surface using glue. For the larger openings,

it may be necessary to seal them using a cotton-tipped applicator. Either the

wooden part only can be used or the cotton tip. The applicator can be reduced

to fit in the opening size and the wooden stick should be reduced in length so that

no more than a centimeter protrudes. Secure applicators in place by making a glue

collar around the edge.

5. Dab dry the cured surface of the liver, and cover the entire cut surface with a

thin layer of glue, apply using a sterile cotton tipped applicator.

6. Once the glue has dried, place the liver on a weighing boat and connect

perfusion tubing to the catheter and slowly start the perfusion. If no major

leaks are observed, carefully place the liver tissue in the perfusion tank containing

the chelation buVer. Submerge the liver sample with suYcient buVer so that it floats.

7. Slowly increase the flow rate for the chelation buVer. Perfuse with chelation

buVer for 10–15 min. The flow rate and backpressure will vary with the size of the

tissue, and how well it is sealed (On average, the initial flow rate and backpressure

should be between 25–50 ml/min and 20–40 mm Hg, respectively).

8. Remove chelation buVer and replace with the collagenase buVer. Perfuse with
collagenase buVer until liver is digested (�15–30 min). The digestion time will vary

depending upon the activity of the collagenase used and the size of the liver.

Outflow pressure should not exceed 30–40 mm Hg throughout the perfusion

procedure. The back pressure will normally decrease as digestion progresses, and

the tissue begins to break down. Do not over digest the liver as this will lead to

overt cell damage and symptoms of oxidative stress.

The quality and integrity of the resulting cell material is dependent on a number

of factors including the time of perfusion (preferably �30 min total perfusion

time), flow rate and back pressure values, the quality of the starting material,

and the quality of the crude collagenase (non-specific protease contamination

varies from batch to batch).

9. When the perfusion is complete, remove the liver from the tank and place in a

sterile bowl/dish of adequate size and then transfer to a sterile hood.

10. Add suYcient plating medium to cover the liver tissue.

11. Remove the dried capsule of glue and catheter from the surface of the tissue.

Using tissue forceps and scissors, gently break open the outer Glisson’s capsule.

With the aid of the tissue forceps, mechanically dissociate the liver by raking

the liver with sterile flea combs (purchased from any veterinary supply) or equiva-

lent instrument and gently release the liver cells into the medium, leaving behind

the connective tissue and any undigested material.
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12. The digested material in the culture medium is then filtered through a series

of Teflon mesh filters:

1000 mm mesh ! 500 mm mesh ! 100 mm mesh

(Use large funnels, and filter in sterile 500–600 ml beakers).

Scrape oV any remaining clumps and aggregates from the filters and transfer to a

Petri dish. Remove the filter and dispose it. The clumps and aggregates removed

from the filter can be rinsed with LeVert’s buVer and frozen for biochemical

analyses on the freshly isolated cells or they can be rinsed and plated for preparing

feeder layers (see below) or discarded.

13. Transfer the cells that passed through the filters into 50–200 ml centrifuge

tubes (the size of the centrifuge tubes will vary according to the amount of

material), and wash by low speed centrifugation (70 � g for 4 min).

14. The resulting pellet is enriched for the polyploid liver cells that are typically

above 22–25 mm in size. Remove and save the supernatant. Gently resuspend the

pellet in a small amount of medium. At this point, pellets may be pooled if

warranted, and smaller tubes (50 ml) may be used if the initial centrifugation was

performed with larger tubes.

15. The supernatant can be kept for the isolation of non-parenchymal cells (e.-

g. hepatic stellate cells) (Kubota et al., 2007), diploid parenchymal cells, and/or

HpSCs—in the case of hHpSCs, cells expressing EpCAM (Schmelzer et al., 2007).

Spin the supernatant at 200 � g for 4–5 min to pellet some of the remaining cells.

Resuspend the pellet in the Kubota’s Medium with 5% fetal bovine serum (FBS),

count and store appropriately. Spin the supernatant again but now at 300� g. Again

resuspend the pellet in the Kubota’s Medium with 5% fetal bovine serum (FBS),

count the cells and store appropriately. Spin the supernatant at 500� g for 4–5 min to

collect the final remaining cells. Resuspend the pellet in the Kubota’s Medium with

5% fetal bovine serum (FBS).With increasing gravitational force, smaller and smaller

cells will pellet and will be increasingly enriched for the diploid subpopulation of cells

from the liver. The final spin will include cell debris but will also contain progenitors.

16. Resuspend the pellets (step 15; those enriched for the polyploid cells) in culture

medium plus 90% isotonic Percoll, the ratio of volumes should be 3 parts culture

medium to1partPercoll (e.g. 30 mlof cells inmediumþ 10 mlof 90%isotonicPercoll)

(see reagents section for details on Percoll). Note: if the liver has a high fat content,

then the Percoll must be altered accordingly by reducing the volume of Percoll used.

17. Centrifuge the Percoll suspension at 100 � g for 5 min and then remove the

supernatant [Note: this supernatant can be treated similarly to the initial superna-

tant (see step 16) to collect the diploid subpopulations and other smaller cells]. The

top layer of the supernatant contains the dead cells; care should be taken not

to disrupt this layer or contaminate the pellet with these cells. Gently resuspend the

pellet in Kubota’s Medium with 5% fetal bovine serum (FBS). Centrifuge for a

final time at 70 � g for 3 min.
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18. Resuspend the final cell pellet in 4–5 ml of culture medium per ml of packed

cell pellet.

19. Place the cell suspension on ice and count the cells in the final suspensions

after centrifugation and/or fractionation. Use trypan blue exclusion assay or its

equivalent to assess the percentage of viable cells.
3. Processing of Entire Human Livers (See Appendix 2 for Details of BuVer Preparation)
Donor organs rejected from transplant programs can be obtained through

Organ Procurement Organizations (OPOs) that are part of United Organ Sharing

Organizations (www.Unos.com). The organs are expensive (>$8000–$10,000/

organ—prices vary depending on the OPO) given that one must reimburse the

OPOs for the time needed for staVmembers to interface with families of the donors

and for the costs of surgical removal of the organ from the donor. The organs

rejected from transplant programs are rejected due to reasons that aVect significantly
the quality of the cells to be isolated and that include ischemia, some abnormality in

the vasculature, excessive fat, and evidence of pathogens. Moreover, the need to use

as many organs as possible for transplant patients results in prolonged maintenance

of organs in transport buVers after removal from the donor such that all of them

have some degree of at least cold ischemia. The procedure for isolating cells from

whole adult and neonatal livers is similar to that outlined for processing sections or

chunks of human livers with the following modifications:

For whole adult livers, the gall bladder is drained and sealed with an umbilical

clamp.Umbilical clamps are used to seal the vena cava on the inferior side of the liver

(i.e. same side as the gall bladder) aswell. The appropriate-sized catheters (dependson

the size of the liver) are inserted and sutured into both the portal vein and the hepatic

artery. Between 500 and 1000 ml of UW solution, also called ViaSpanTM, (DuPont

Pharmaceuticals, Delaware), is perfused by hand, using a 60-ml syringe, through the

catheters to flush any blood remaining within the organ out of the vena cava on

the superior side of the liver.Theorgan isflusheduntil theUWbuVer is clear.Then the
vena cava is sealed with an umbilical clamp. The organ is then placed into

the perfusion tank. Three liters of chelation buVer are required for the 10–15 min

chelation perfusion stepwith flow rates of�100 and 80 ml/min for the portal vein and

hepatic infusion routes, respectively.Theflowrateandbackpressurewill varywith the

size of the tissue, and can be adjusted accordingly to prevent backpressure. The

digestion perfusion step will require 3 L of digestion buVer. After the digestion

(�30 min), the liver is perfused with 1 L of plating media lacking phenol red and

containing5%fetal bovine serum(FBS) for 5 min.Then steps 9–19of the liver section/

liver chunk processing protocol are followed as described above.

For neonatal livers, the gall bladder is sealed with a hemoclip while the vena cava

on the inferior side of the liver is sealedwith an umbilical clamp.A catheter is inserted

into the vena cava on the superior side of the liver and fixed in place using surgical

glue. All perfusion steps are performed in a tissue culture hood at RTwith all buVers
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prewarmed to 37 �C. Approximately, 250–500 ml of UW solution is perfused by

hand, using a 60-ml syringe, through the catheter to flush any blood remainingwithin

the organ. The organ is flushed until the UW becomes clear. The portal vein and

hepatic artery are then clamped using hemoclips. The organ is placed into sterile bowl

then perfused by hand through the catheter, using a 60-ml syringe, with 1 L of pre-

warmed chelation buVer for 15 min. 1 L of digestion buVer is then perfused by hand

through the catheter for 10–30 min; digestion is stopped when the cells begin to

dissociate. After digestion, the liver is perfused with 1 L of plating media lacking

phenol red containing 5% fetal bovine serum (FBS) for 5 min. Steps 9–19 of the liver

section/liver chunk processing protocol are followed as described above.

V. Fractionation of Liver Cell Subpopulations

Liver cells have properties that are maturational lineage dependent. One can

fractionate the cell suspensions into subpopulations with more uniform properties

with regard to any of these properties. Some of the phenotypic properties for which

fractionation has proven especially useful include those listed below.
A. Analysis of Ploidy
Ploidy is a critical variable for many of the functions of cells under consider-

ation. Polyploid cells have less growth potential than do the diploid cells but

express critical genes such as the mature forms of CYP450; conversely, the diploid

cells have the greatest growth potential but express an overlapping but somewhat

distinct set of genes from those expressed by the polyploid cells. Therefore, diVer-
ent experiments may demand cells of distinct ploidy. Ploidy can be analyzed

on viable cells and fixed cells, whole cells, or isolated nuclei. The dye used to

stain viable cells is Hoechst 33342 (Molecular Probes), and its use has been

especially well characterized in lymphocytes. It is membrane permeable and

DNA specific. A dye that works well with fixed cells is propidium iodide

(Sigma). Analysis of liver cells is more complicated than for lymphocytes, since

so many of the cells are polyploid, andmany are multinucleated. For example, flow

cytometric analyses and sorts cannot distinguish between mononucleated tetra-

ploid cells and binucleated cells in which each nucleus is diploid. Also, analyses of

liver cells are dramatically influenced by the quality of cell preparation.

The actual analysis of the cells, whether with Hoechst 33342 dye or propidium

iodide, can be by flow cytometer, fluorescence microscopy, confocal microscope, or

automated fluorescence image cytometer. The Hoechst dye has a maximal excitation

wavelength at 350 nm and emission wavelength at 461 nm. The propidium iodide

has a maximal excitation wavelength at 535 nm and emission wavelength at 617 nm.

The most accurate measurements of ploidy are using flow cytometry and auto-

mated fluorescence image cytometer. Obviously, morphology in combination with
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ploidy can be done only by fluorescence microscopy and confocal microscopy and

is the only way to distinguish binucleated cells from mononucleated cells.

a. Method for fixed cells

� Use a single cell suspension as obtained by liver perfusion.

� Fix cells with methanol:acetic acid (ratio of 3:1) for 5 min.

� Wash with PBS 3 � 5 min each.

� Digest cells with RNase A (50 mg/ml, Sigma) in PBS for 30 min. at 37 �C.
� Add propidium iodide (Sigma) to a final concentration of 50 mg/ml.

� DNA content of cells is then analyzed by flow cytometry (e.g. FACScan).

b. Method for isolation of nuclei from freshly isolated cells

� Freshly isolated cells are washed twice with 5.0 ml of cold saline GM (g/l;

glucose 1.1; NaCl 8.0; KCl 0.4; Na2HPO4�12H2O 0.39; KH2PO4 0.15)

containing 0.5 mM EDTA for chelating free calcium and magnesium ions.

� Cell pellets are then resuspended in 4.0 ml RSB swelling solution, containing

10 mM NaCl, 1.5 mM MgCl2, 10 mM Tris (pH 7.4), and 0.5 mM EDTA.

� The cell pellets are then vortexed vigorously for 30 s and allowed to stand on

ice for 5 min.

� After addition of 0.5 ml of 10% Nonidet P-40 (NP-40) detergent, the samples

are vortexed again vigorously for 30 s and put on ice for 30–60 min.

� The samples are then centrifuged at 1000 rpm and the pellets are then washed

with PBS twice.

� Check with a microscope; the pellets should be purified nuclei with little

cytoplasmic contamination (Crissman and Hirons, 1994).

c. Ploidy analysis on nuclei

� Wash nuclei with PBS 3 � 5 min.

� Digest cells with RNase A (50 mg/ml, Sigma) in PBS for 30 min at 37 �C.
� Add propidium iodide (Sigma) to a final concentration of 50 mg/ml.

� DNA content of the nuclei is then analyzed by flow cytometry (e.g. FACScan

analysis).

d. Ploidy analysis on viable cells

� Prepare freshly isolated cells.

� Stain cells with a solution of 5 mg/ml of Hoechst 33342 (Molecular Probes)

in RPMI 1640 (GIBCO) supplemented with FBS (2–10% depending on cells

and experimental plans;Hyclone), EGTA(0.5 mM),DNase (0.006%) (Sigma).
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� Stain at 37 �C for 30 min.

� Put on ice and keep at 4 �C until analysis.

� Analyze by flow cytometry or by fluorescence microscopy.
B. Size
Cells are sieved through filters to enrich for cells of a desired size. For example,

filter through a 20 mm filter to obtain the ‘‘small hepatocytes’’, cells averaging

17–18 mm in diameter and that are known for their ability to form colonies in

culture (Ito et al., 1996; Mitaka et al., 1992).
Fractionation of Adult Liver Cells That Can Be Expanded at Low Seeding Densities
1. Prepare freshly isolated liver cell suspension.

2. Filter the cells through a 30-mm sieve to remove large cells and aggregated

cells. Cellular viability should be >90% as measured by trypan blue

exclusion.

3. If one uses the cells that pass through the 30 mm sieve to seed the plates, the eY-

ciency of colony formation is�200 colonies per 1000 cells seeded or about 20%.

4. If higher eYciencies of colony formation are desired, filter the cells again

through sieves (or fractionate with density gradients) and use cells less than

18 mm in diameter. This yields the so-called ‘‘small hepatocyte’’ fraction.

5. Plate the cells onto STO feeders and into the serum-free HDM for

expansion.

6. Under the conditions specified, colonies of adult cells form at a lower growth

rate than for the HpSCs but are easily visible within a week of culture.

By about 20 days of culture, the adult colony-forming cell can generate 130

daughter cells (by contrast, the stem cells in the same time frame will yield a

colony with 3000–4000 cells).
C. Cell Density
� Layer over Ficoll-Paque (Pharmacia Biotech) or Percoll (Sigma) and follow

company instructions for their use. Collect the cells of desired density, rinse, and

suspend in the plating medium.

� Centrifugal elutriation: cells are fractionated very gently by centrifuging them

in a special rotor in which the buVer in which the cells are suspended is pumped

upwards while the centrifuge is spinning. This yields two opposite forces: the

centrifugal force in opposition to the direction of the fluid force and when carefully

calibrated can yield cell fractions of very precise cell densities. See elsewhere for

these procedures as used for liver cells, for example (Overturf et al., 1999).
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D. Antigenic Properties
One can immunoselect cells using panning, flow cytometry, columns, magnetic

beads, and so on to isolate the cells having a desired antigenic profile (e.g. cells

expressing connexin 32). Three examples are given: (1) immunoselection to eliminate

red blood cells by panning; (2) immunoselection by flow cytometry to isolate purified

rodent hepatoblasts; (3) immunoselection by magnetic bead selection for hHpSCs.
1. Immunoselection to Eliminate Specific Cell Types
Elimination of red blood cells is given as an example.

� Coat 150 mm Petri dishes (not tissue culture dishes) with species-specific

monoclonal antibody to rabbit anti-rat red blood cell IgG —Let sit overnight

at 4 �C—(100 ml per plate þ 10 ml media to coat each plate).

� Keep buVer on plate to keep from drying out—BUT remove before adding

cells to be panned.

� Add cells to the panning plates at 4 �C. After 5 min, gently transfer non-

attached cells to 50 ml sterile tube. Repeat the process 2–4 times depending on

the extent of contamination by the cells to be eliminated. For example, rat

livers at embryonic days 16–18 are replete with red blood cells. One must pan

them 4–5 times to eliminate the large numbers of red blood cells present.

Fewer rounds (once or twice) of panning are required for eliminating red

blood cells from adult tissues prepared by perfusion.

� Take a count of remaining cells in solution to establish how many cells you

have and to arrive at the correct cell density for plating; check dishes to assess

non-specific losses.
2. Use of Immunoselection to Purify Rodent HBs
Methods for identification and purification of hepatic progenitors have been

developed in rodent systems using multiparametric flow cytometry in combination

withmultiple fluoroprobe-labeledmonoclonal antibodies to purify cells of a defined

antigenic profile (Kubota and Reid, 2000; Sigal et al., 1994). Profile for immuno-

selection of rodentHBs:Negative forCD45,CD34, and class IMHCantigens; positive

for ICAM1 and CD44H; forward scatter:�10 mm; low side scatter or granularity.

Evenwhen unique antigens are not known, one can enrich significantly for the cells

of interest bydoing a ‘‘negative sort’’ usingfluoroprobe-labeledantibodies tomarkers

on cells not of interest and then separating the population into those expressing

those markers and those not. Secondarily, one can use side scatter, a measure of

cytoplasmic complexity caused by mitochondria, ribosomes, and so on. The less

mature cells are ‘‘agranular’’ or lower in granularity, whereas the more mature cells

are more granular enabling one to enrich for cell populations of given granularity.
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1. Rat Embryonic livers of a given gestational stage (e.g. E13 fetal livers)

are isolated and digested with 800 U/ml collagenase (Sigma) and 20 U/ml

thermolysin (Sigma) followed by further digestion with Trypsin-EDTA

solution (Sigma).

2. Treat the cell suspension with 200 U/ml DNase I (Sigma).

3. The cell suspension should have a cell viability >90% by trypan blue

exclusion.

4. Purification of the hepatoblast is by multiparametric flow cytometry as given

below.

5. Cells are stained with monoclonal antibodies (mAbs) and sorted using a flow

cytometer such as Cytomation’s MoFlo or Becton Dickenson FACStarplus.

� Block background staining with 20% goat serum and 1% teleostean gelatin

(Sigma).

� Stain cells with a monoclonal antibody of the class Ia antigen such as anti-

RT1Aa,b,l B5 (Pharmingen) for Fisher 344 strain of rats, anti-RT1A OX18

(Pharmingen), anti-rat ICAM-1 1A29 (Pharmingen). (Note: the antibodies

must be chosen with respect to the species and strain of animal being used as

the source of the liver tissue; this is especially true for identifying the class Ia

and class Ib MHC antigens; for rats of the Fisher 344 strain, the antibody is

against RT1Aa,b,l B5, and an antibody identifying both class Ia and class Ib

antigen in this species and strain is OX 18).

� Sort for cells that are RT1A�, OX18dull, ICAM-1þ, side scatterhigh.

Note: the use of high side scatter is relative to that of the major contaminant

in fetal livers: hemopoietic cells. In general, the parenchymal cell lineage has

a higher level of side scatter or granularity than that of the hemopoietic

subpopulations. By contrast, the HpSCs are relatively agranular or have

low side scatter in comparison to that in mature parenchymal cells but

have higher side scatter than the hemopoietic subpopulations.

� The sorted cells should be plated on Mitomycin C-treated, mouse, embry-

onic stromal feeders (STO cells) and inKubota’sMedium (seeAppendix 2).
3. Immunoselection of hHpSCs
Immunoselection can be done by any extant immunoselection technology

(panning, beads, flow cytometry, etc.) (Schmelzer et al., 2006a, 2007). However,

it is quite important to remember that the human progenitor cells require specific

buVer conditions for survival, are very sensitive to shear forces, and present signifi-

cant biohazards for the investigators doing the sorts due to the formation of aerosols

during flow cytometric procedures. Therefore, one can do flow cytometry only in

facilities with appropriate protective equipment and in ones willing to accommodate

the need for specific buVer conditions. In our early studies, we had hoped to use the

robust and precise immunoselection possible by multiparametric flow cytometry
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technologies, as had been used with rodent cells only to realize that few cells survived

the process.

With respect to buVers, the immunoselection should take place in buVers
optimal for the cells and with the generic requirements of nutrients (e.g. a basal

medium), low levels of calcium (0.3–0.4 mM), lipids (mixture of free fatty acids

bound to purified albumin—see Appendix 2), and insulin (�1–5 mg/ml). The cells

die rapidly in PBS, the most common buVer used as a sheath fluid in flow

cytometers. Therefore, if flow cytometry is used, one must change the shealth

fluid to a buVer permitting survival of the cells. We have found Kubota’s Medium

(Appendix 2) (Kubota and Reid, 2000) to be ideal.

The shear forces inherent in flow cytometry are harmful to the hHpSCs and hHBs.

Wehavenotdone rigorous studies todefineprecisely the shear forces the stemcellswill

tolerate, sincewe converted tomagnetic bead technologies to avoid both this problem

and the limited access in our area to cytometers thatmight be usedwith viable human

cells (requires special equipment for control of biohazards from aerosols). Only

Dr. Eric Lagasse and his former associates at StemCells Inc. (Menlo Park, CA) have

used flow cytometry successfully to isolate hHpSCs and hHBs. Their methods

are published in a patent just issued (Lagasse, 2007). They also note the sensitivity of

the human hepatic progenitors to shear forces and were successful only when they

made use of a large cytometer nozzle (200 mm) and flow speeds under 2000 cells/s.

An alternative is to make use of magnetic bead technologies that consist of

magnetic beads onto which are bound antibodies to specific antigens; the

beads with antibodies are added to the cells, and the cells are fractionated into

subpopulations that have the antigen versus those that do not. The purity of the

cells with respect to the antigen being used for selection is nowhere near that

achieved by flow cytometry. Yet the ease of use, the speed of the fractionation

(minutes), the gentleness of the process, and the ability to use buVers optimal for

the cells makes this immunoselection technology very economical and advanta-

geous for most experimental needs. An especially useful version of magnetic bead

technologies is that made available commercially from Miltenyi Biotec (Auburn,

CA; www.miltenyibiotec.com) that uses microbeads (�50 nm) superparamagnetic

particles that are coupled to specific antibodies. Fractionation of the cells is done

by subjecting the cells to a magnetic field after pouring them into columns of

varying sizes from Mini-MACs (�107 cells), MidiMACs (108 cells), AutoMACs

(2 � 108 cells), and up to the SuperMACS (109 cells).

Below we describe fractionation of suspensions of human fetal liver cells using

the Mini- and MidiMACS systems from MiltenyiÔ (Miltenyi Biotec, Auburn, CA).

The protocol was used for a publication on phenotypes of hepatic progenitors

(Schmelzer et al., 2006a). General protocols and a detailed explanation of

the principle of magnetic separation are available at the company’s web page

(www.miltenyi.com). In general, cells can be selected for the expression of a surface

molecule (positive enrichment) or cell populations can be depleted of cells expressing

a certain antigen (depletion). Further subselection of both, the positive or negative

population, is possible by doing a second round using a different antibody.
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Single cell human liver suspensions were obtained as described above. To avoid

re-aggregation of single cells to clusters we added accutase (Innovative Cell

Technologies, San Diego, CA), a mild enzyme, during some steps of the separation

procedure. Volumes are given for the use of Miltenyi ‘‘MS’’ mini columns

(cat. #130–042–201) but can be scaled up easily for the use of ‘‘LS’’ midi or larger

columns. The given protocol is for the selection of human hepatic progenitors

for those expressing EpCAM (CD326). As an example of how one can do

multiple, successive separations, we describe the fractionation of suspensions of

human fetal livers into four populations using EpCAM and ICAM (CD54).

Thus, we obtain four populations: EpCAMþICAMþ, EpCAM�ICAMþ,

EpCAMþICAM�, and EpCAM�ICAM�. If selection is done for only one

antigen, cells can be selected using microbeads to which are directly coupled

EpCAM (CD326) antibody (Miltenyi, cat. #130–061–101) or a primary EpCAM

antibody which will be targeted by microbeads directly via IgG- or fluorochrome-

mediated binding, thus, there is no need to implement amultisort kit for a single sort.

1. Prepare a cell suspension as described above for human fetal livers.

2. Count cell numbers. Do not use more than 10 � 106 cells per 500 ml volume

and per mini-column.

3. Prepare separation buVer:

a. For very short fractionation processes (ones taking a few minutes—

therefore, a single antigen sort), one can use PBS containing 0.5% BSA

and 2 mM EDTA (Sigma, St. Louis, MO). As soon as the fractionation

process is completed, transfer immediately into Kubota’s Medium.

b. For fractionation processes taking more than 5 min, one can use modified

Kubota’s Medium with no calcium and with 2 mM EDTA. As soon as

the fractionation is completed, the cells must be placed into Kubota’s

Medium.
4. Incubate cells in 10% accutase (Innovative Cell Technologies, San Diego,

CA) in separation buVer at RT for about 15 min until cells are in single cell

suspension.

5. Pellet cells by centrifugation (1100 rpm, 5 min, 4 �C).
6. Re-suspend cells in 500 ml separation buVer.

7. Stain cells with primary antibodies; incubate cells in the dark at 4 �C:
a. Add 20 ml anti-ICAM PE antibody (Becton Dickinson PharMingen,

cat. #55511) per 1 � 106 cells in 500 ml buVer, mix well, incubate for

30 min.

b. After 10 min add 50 ml anti-EpCAM FITC antibody per 10 � 106 cells in

500 ml buVer, mix well, incubate for 20 min.

8. Wash cells by adding 10 ml separation buVer containing 10% accutase.

9. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.
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10. Resuspend cells in 90 ml buVer and add 10 ml anti-FITC multisort micro-

beads (use anti-FITC multisort kit from Miltenyi, cat. #130-058-701).

11. Mix well and incubate for 20 min at 4 �C.
12. Wash cells by adding 10 ml separation buVer.

13. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.

14. Apply 500 ml separation buVer (without cells) on a MS column which is

placed in a magnetic separator (Miltenyi, MiniMACS cat. #130-090-312, or

OctoMACS cat. #130-042-109) and let run through completely, discard

eZuent, and use new collection tube.

15. Resuspend cells in 500 ml separation buVer containing 10% accutase, pipette

cells onto column.

16. Collect eZuent as negative EpCAM fraction; wash column three times with

500 ml separation buVer (also collect to negative fraction).

17. Remove column from magnetic separator.

18. Apply 1 ml separation buVer on the column, flush out EpCAMþ fraction

using the plunger, discard column.

Further subselection of the negative and positive EpCAM cell fractions can be

achieved. For the negative EpCAM fraction go on as follows:

19. Wash cells by adding 10 ml separation buVer containing 10% accutase.

20. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.

21. Resuspend cell pellet in 80 ml separation buVer per 10 � 106 total cells. For

fewer cells, use same volume, for more increase volume accordingly.

22. Add 20 ml MACS Anti-PE MicroBeads (Miltenyi, cat. #130-048-801) per

10 � 106 total cells, for fewer cells use same volume.

23. Mix well and incubate for 20 min at 4 �C.
24. Wash cells carefully by adding 10 ml separation buVer.

25. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.

26. Resuspend cell pellet in 500 ml separation buVer.

27. Apply 500 ml separation buVer without cells on a new mini column placed in

magnetic separator and let buVer run trough, discard eZuent, and use new

collection tube.

28. Apply cells onto the column.

29. Wash column three times with 500 ml separation buVer.

30. Collect cells and flow through from washes as negative ICAM fraction

(which is also EpCAM negative).

31. Remove column from magnetic separator.

32. Apply 1 ml separation buVer on the column, flush out cells using the plunger to

remove the positive ICAM fraction (which is also EpCAM negative).
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To subselect the positive EpCAM fraction go on as follows:

33. Incubate cells in separation buVer with 20 ml per 1 ml MACS multisort

release reagent for 15 min at 4 �C.
34. Wash cells carefully by adding 10 ml separation buVer containing accutase.

35. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.

36. Resuspend cell pellet in 50 ml separation buVer, add 30 ml MACS multisort

stop reagent, mix well.

37. Add 20 ml anti-PE MicroBeads per 10 � 106 total cells, for fewer cells use

same volume.

38. Mix well and incubate for 20 min at 4 �C.
39. Wash cells carefully by adding 10 ml separation buVer.

40. Centrifuge (1100 rpm, 5 min, 4 �C), discard supernatant completely.

41. Resuspend cell pellet in 500 ml separation buVer per 10 � 106 total cells.

42. Apply 500 ml separation buVer without cells on a mini column placed in

magnetic separator and let run through, discard eZuent, and use new collec-

tion tube.

43. Apply cells onto the column.

44. Wash column three times with 500 ml buVer.
45. Collect cells and flow through from washes as negative ICAM fraction

(that is also positive for EpCAM).

46. Remove column from separator.

47. Apply 1 ml buVer on the column, flush out cells using the plunger to remove

positive ICAM fraction (that is also positive for EpCAM).

VI. Feeder Cells

Cocultures with mesenchymal feeder cells facilitate survival, ex vivo expansion,

and/or diVerentiation of hepatic parenchymal cells (Bhatia et al., 1996; Gebhardt

et al., 1996; Mizuguchi et al., 2001; Reid and JeVerson, 1984). The type of feeder
influences the behavior (growth, gene expression) of the parenchyma. For example,

the feeders of cells with properties associated with endothelia (e.g. human umbili-

cal vein embryonic endothelial cell, hUVECs) influence the parenchyma distinctly

from those that are stroma (e.g. 3T3, STO cells) (Kubota and Reid, 2000). Shown

below is the protocol for preparation of stromal or endothelial cell feeders. Primary

cultures used as feeders are, by far, the most biologically active, but must be freshly

prepared and are useful, typically, for only 7–10 days.
A. Preparation of Mesenchymal Feeders from Fetal Livers
Fetal liver-derived stromal feeders work for colony formation of rodent hepatic

progenitors but have been tested only in high density cocultures where 50,000–

100,000 hepatic progenitor cells seeded onto matrix-coated transwell are
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placed over feeders in 24-well dishes or in 35 mm dishes (Reid et al., 1994; Sigal

et al., 1994). They have not been tested in clonogenic assays. They are more

demanding in their preparations than STO cells but possibly may oVer some

influence to the cells that are distinct from that by the STO cells or other feeder

cell lines.

a. For rodent cultures, use rodent fetal livers from gestational ages 14 to 16

(E14–E16). Earlier embryonic ages also yield active signals but are impractical,

since the liver is so tiny as to be diYcult to remove surgically, and the number of

cells in the liver is small. Thus, E14–E16 rodent fetal livers are suYciently large to

yield a number of feeder cultures and still produce the critical paracrine signals.

A conditioned medium prepared with mesenchymal feeders in Kubota’s Medium

described below works well as long as the stem cells are seeded onto a porous

surface (e.g. a transwell) coated with an embryonic matrix substratum (type IV

collagen and laminin). Stromal feeders prepared from livers past embryonic day 17

but before E19 work also but tend to yield lower numbers of colonies and yield a

conditioned medium that is variably successful. Feeders from neonatal or adult

rodent livers give little to no biological activity.

b. Isolate 10–20 embryonic livers of the requisite gestational age (E14–E16) and

digest the tissue with 800 U/ml collagenase (Sigma) and 20 U/ml thermolysin

(Sigma) followed by further digestion with Trypsin-EDTA solution (Sigma).

c. Plate the unfractionated cell suspension onto tissue culture dishes (35 or

60 mm) at a seeding density of 106 cells/60 mm dish and into a basal medium

(e.g. RPMI 1640; GIBCO/BRL) to which is added 5% FBS (GIBCO/BRL),

5 mg/ml insulin (Sigma), 10 mg/ml iron-saturated transferrin (Sigma), 4.4 � 10�3

M nicotinamide (Sigma), 0.2% BSA (Sigma), 5 � 10�5 M 2-mercaptoethanol

(Sigma), 7.6 mEq/l free fatty acid, 2 � 10�3 M glutamine (GIBCO/BRL), 3 �
10�8 M Na2SeO3 and antibiotics.

d. Culture the cells, with daily medium changes, for �1 week to permit stromal

cells to expand.

e. Disperse the attached cells with trypsin-EDTA or with collagenase, rinse and

replate at 200,000 cells/well of a 24-well plate or at 5 � 105 cells/35 mm dish or at

106 cells/60 mm dish.

f. Add the plating medium described above and culture cells overnight to permit

the cells to attach and spread.

g. Progenitor cell populations can be seeded directly onto the feeders if the

feeders are treated with Mitomycin C (as described above) or can be seeded on

transwells coated with type IV collagen and laminin and placed over the feeders.

h. Once the progenitors are added, whether directly to the feeders or via

transwells, culture the feeders and the progenitor cells in Kubota’s Medium

(Kubota and Reid, 2000) (refer to Appendix 2).

i. Change the medium daily or every other day with freshly prepared medium.
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B. Preparation of Feeders from STO Cells: A Murine Embryonic Cell Line
STO cells are murine embryonic stromal cells and have been established as a

cloned cell line from mouse SIM (Sandos Inbred Mice) embryonic fibroblasts

(Martin and Evans, 1975). One can obtain stocks from the American Tissue

Culture Collection, ATCC. Overall the procedure is similar to the original

protocol described in the references at the ATCC and in our publication

(Kubota and Reid, 2000). It should be noted that STO feeders are supportive

of extensive expansion of rodent HBs but cause slowing of growth and diVerentia-
tion with hHpSCs and hHBs (Schmelzer et al., 2007). For rodent HBs, we found

several modifications useful. A subclone, STO5, was isolated from the parent STO

cells, and found to have superior ability to maintain hepatic progenitors in vitro

(Kubota and Reid, 2000). STO5 cells are routinely cultured in DMEM/F12 sup-

plemented with 7.5% FBS and 1% DMSO on 10 cm tissue culture dishes. When

confluent, the cells are passaged by trypsin-EDTA treatment and diluted 1:3 into

fresh plates. Ideally, a confluent 10 cm dish of STO5 cells should yield �2 � 106

–4 � 106 cells.
1. Preparation of Cryopreserved STO5 Feeder Stocks
1. Remove medium from confluent 100 mm plates of STO5 cells.

2. Add 4 ml of 5 mg/ml Mitomycin C-containing medium per 100 mm plate.

3. Incubate the plates for between 3 and 4 h.

4. Aspirate the Mitomycin C medium from the STO5 cells. Wash each plate

twice with 5 ml of HBSS.

5. Trypsinize the cells and collect the cells in DMEM/F12 containing 7.5%

FBS.

6. Spin down the cells at 1200 rpm for 5 min. Resuspend the cells in DMEM/

F12 plus 7.5% FBS to prepare a cell suspension of 6 � 106 cells/ml.

7. Add an equal volume of cryopreservation buVer (cryopreservation buVer
stock: 80% FBS þ 10% DMSO) dropwise on ice to make a final concentra-

tion of 40% FBS, 10% DMSO.

8. Dispense the cells at 1 ml/cryotube (3 � 106 cells/tube).

9. Store the cells at –80 �C.

The vial contains 2 mg Mitomycin C and 48 mg NaCl.

Dissolve the 2 mg of Mitomycin C in 10 ml of distilled water.

Aliquot 0.5 ml into 20 cryotubes (100 mg/tube).
Stored at –20 or –80 �C until use.

*The basic protocol of SIGMA recommends 10 mg/ml of Mitomycin C (Sigma;

Catalog M-4287).
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2. Preparation of STO5 Feeder Layers
1. Coat tissue culture plates with a 0.1% (w/v) solution of gelatin (SIGMA

G-1890) in water. Sterilize the gelatin solution by autoclaving. Preheat

(at 65 �C) the gelatin solution by microwaving before coating the plates.

2. Flood the plates with a few milliliters of the gelatin solution and leave for at

least 10 min at RT. Aspirate.

3. Take one tube of frozen Mitomycin C-treated STO5 and thaw at 37 �C.
Transfer the 1 ml cell suspension into a conical tube on ice. Add 9 ml of

DMEM/F12 containing 7.5% FBS dropwise.

4. Dispense the suspension into the gelatin-coated plates at a dilution of �4 �
104 cells/cm2.

5. Change the medium to one containing FBS. Ideally, the feeder layers should

be used within 3–5 days after their preparation. However, they last for quite

a long time as a monolayer, so they can be used for up to 10 days. Aspirate

the medium and rinse with HBSS twice prior to use.
C. Feeders of hUVECs Feeders
The hHpSCs expand on feeders of hUVECs and remain undiVerentiated or

minimally diVerentiated as long as serum is avoided.

a. Stocks of hUVECs can be obtained from several companies: PromoCell,

Astarte Biologics, and AdvanCell.

b. Stocks of hUVECs can be plated onto tissue culture dishes in endothelial

growth medium (EGM-2) plus 1–2% FBS (Cambrex; Walkersville, MD) and

used as a feeder when confluent.

c. The feeders must be rinsed with serum-free Kubota’s Medium repeatedly to

eliminate serum residues when the hHpSCs are plated onto them.
D. Replacement of Feeders with Defined Paracrine Signals
DiVerent embryonic feeders elicit diVerent eVects with specific stem cell popula-

tions. Some feeders are permissive for self-replication of the stem cells; some induce

lineage restriction butwithmaintenance of growth; some induce extensive diVerentia-
tion. Clearly, the reasons for the biological variations in eVects are the paracrine

signals (matrix and/or soluble ones) being produced by the feeders. EVorts to define

those signals are ongoing. Thus far, the known soluble signals from feeders

include leukemia inhibitory factor (LIF), a form of fibroblast growth factor (FGF),

hedgehog proteins (Sonic, Indian), regulators of telomerase and of notch proteins,

hepatocyte growth factor (HGF), and stromal-derived factor (SDF) (Fleming, 1998;

Hernandez et al., 1992; HoVmann and Paul, 1990; Kubota et al., 2007; Lewis, 1998;

Malik et al., 2002; Schmelzer et al., 2007; Sicklick et al., 2005; Walker et al., 1999).
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Amajor challenge of current investigators that should bemetwithin the near future is

the complete defining of matrix and soluble signals to enable feeder-free cultures

of stem cells. Such an achievement will enable one to regulate stem cells precisely.
VII. Extracellular Matrix

Extracellular matrix is essential, especially for normal cells to survive and

function (Brill et al., 1993, 1994; Furthmayr, 1993). The chemistry and physical

features of extracellular matrix are known to regulate gene expression and influ-

ence cell morphology in all tissues including liver (Brill et al., 1994; Fujita et al.,

1986; Maher and Bissell, 1993; Reid et al., 1992; Runge et al., 1997; Suzuki et al.,

2003; Zvibel et al., 1991). The extracellular matrix is a complex mixture of mole-

cules between and around cells made insoluble by crosslinking. Excellent reviews

are available on its chemistry and functions (Hamilton et al., 2001; Maher and

Bissell, 1993; Martinez-Hernandez and Amenta, 1993c).

It is important to note that there are many types of matrices with distinct

chemical composition. Each cell type secretes and is associated with a specific

type of matrix. Furthermore, the matrix chemistry changes when the cell is growing

or quiescent or when it is in some pathological condition (Enat et al., 1984; Reid,

1993). Thus, in order for the cell type of interest to mimic its in vivo counterpart in a

specific physiological or pathological state, the associated matrix chemistry must

be identified. One is helped by the understanding that there is a paradigm to how

all types of extracellular matrix are made, and by the numerous studies identifying

the matrix chemistry in various tissues.
A. Paradigms in the Construction of Extracellular Matrix
All cells produce an extracellular matrix, and the extracellular matrix inbetween

any given set of cells contains components derived from all the cell types in contact

with the matrix. The matrix components present on the lateral borders between

homotypic cells includes cell adhesion molecules or ‘‘CAMs’’ (Fujimoto et al.,

2001; Stamatoglou and Hughes, 1994; Terada et al., 1998) and proteoglycans

(Bernfield et al., 1992; Ruoslahti and Yamaguchi, 1991; Stow et al., 1985;

Vongchan et al., 2005) and will be referred to as the ‘‘lateral matrix’’. That between

the epithelium and a mesenchymal cell partner will be referred to as the basal

matrix. It consists of basal adhesion molecules (laminins, fibronectins) that bind

the cells to a collagen scaVolding; in addition there are other matrix molecules such

as proteoglycans that are attached in many ways to the plasma membrane surface,

to the basal adhesion molecules, and/or to the collagens.

Although the matrix chemistry is unique in each tissue, there are some compo-

nents that are present in all matrices, and the chemistry is dependent upon the
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location within the liver acinus and with the maturational stage of the cells

(Gressner and Vasel, 1985; Reid et al., 1992; Vongchan et al., 2005; McClelland

et al., 2008). For example, the periportal zone of the liver acinus is comprised of

type III and IV collagen, laminin, hyaluronans, and forms of heparan sulfate

proteoglycans and chondroitin sulfate proteoglycans. Within the Space of Disse,

the region between the endothelial cells and parenchymal cells, the matrix chemis-

try transitions stepwise from portal triad to central vein such that the matrix

chemistry associated with mature cells around the central veins is comprised

of stable forms of fibrillar collagens (e.g. type I collagen), and highly sulfated

proteoglycans such as heparin proteoglycans (Martinez-Hernandez and Amenta,

1993a,b; Reid et al., 1992; Vongchan et al., 2005).
B. Rules for Cultures on Matrix Substrata
1. Cells attach quickly on an appropriate matrix substratum. Therefore, when

plating cells on any matrix substrata, add the cells in suYcient volume of medium

to allow equal distribution over the plates.

2. Since matrix is a mixture of proteins and carbohydrates, use DNA or RNA

stains rather than protein or carbohydrate stains for assessing plating eYciency or

clonal growth eYciency of cells on matrix.

3. Cells on complex matrices (Matrigel, Biomatrix) do not detach readily. To do

growth curves of cell on complex matrices, you may have to scrape the plates,

isolate the DNA, and determine DNA content.

4. Antibodies (and many other reagents) will non-specifically stick to matrices.

For antibody staining of cells on matrices, expose the cells to a control antiserum

or to blocking reagents first and then to the specific antiserum.

5. Cells can achieve a very high density if cultured on matrix substrata and

especially if proteoglycans or glycosaminoglycans are used. For example, typical

saturation densities for normal cells on a 100-mm tissue culture dish are 7 � 106–

10� 106 whereas in the presence of appropriate proteoglycans there can be greater

than 108 cells/100 mm dish.

6. Extraction protocols of RNA or DNA from cell cultures on collagens,

proteoglycans, or complex matrices should avoid first detaching the cells enzymati-

cally unless (1) the enzymes are guaranteed to be free of nucleases and (2) detach-

ment does not result in alteration of the RNA levels. Rather, use guanidine or

guanidinum solution on the cultures and extract everything on the plate, both cells

and matrix. Then use a purification protocol for the RNA or DNA that will

eliminate the matrix components (e.g. phenol chloroform extractions and/or cen-

trifuging through cesium chloride gradient). The purification protocol for glyco-

saminoglycans (GAGs) is so close to that for nucleic acids that the GAGs and

nuclei acids can be co-purified; if this happens, then the GAGs can readily be

eliminated by use of highly purified glycosidases (e.g. heparinase, heparitinase).
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C. Protocols for Preparing Extracellular Matrix Components
Many of the extracellular matrix components can now be purchased commer-

cially including many of the collagens (type I, type IV), basal adhesion proteins

(laminins, fibronectins), proteoglycans, and tissue extracts enriched in matrix (e.g.

Matrigel). Therefore, the protocols for preparing these will not be given here.

Many publications and reviews of protocols include these protocols (Macdonald

et al., 2002). In Appendix 3 are listed sources for those matrix components that are

available commercially and that are used routinely for cultured cells. Tissue

extracts enriched in extracellular matrix (‘‘ECM’’, Biomatrix, Matrigel, amniotic

matrix) are prepared with protocols that take advantage of the relative insolubility

of extracellular matrix components (Macdonald et al., 2002). See the prior method

review for their preparation.
VIII. Culture Media

For detailed descriptions and discussions of classical cell culture methods, see

recently published books and reviews such as that referenced (Freshney, 2000).

All methods of preparing cells for culture start with the disruption of the tissue and

its dispersal into chunks or single-cell suspensions. In classical cell culture, the

dispersed tissue or cells are plated onto an inflexible plastic substratum that has

been exposed to a cationic ionizing gas making the polystyrene in the dishes

polarized to reveal a negatively charged layer. Cells attach to the dishes via that

negatively charged surface and subsequently form a more complicated adhesion

surface with secreted forms of extracellular matrix complemented by matrix com-

ponents from serum. The cells are suspended in or covered with a liquid medium

consisting of a basal medium of salts and nutrients supplemented with a biological

fluid such as serum. We have prepared multipled forms of serum-free media for

liver cells and have found that some requirements are generic for all the matura-

tional lineage stages and others are lineage-stage specific. Below is provided

general information about the media requirements and then are given tables of

serum-free conditions for ex vivo maintenance of liver cells.
A. The Basal Medium
The basal media that are commonly used (e.g. RPMI, DME, BME,Waymouth’s)

were developed originally for cultures of fibroblasts (Freshney, 2000). Although

most of the constituents in these basal media are requirements for both epithelial

cells and fibroblasts, some aspects of the basal media have been redefined for

epithelia (Freshney, 2000). Two examples are trace elements and calcium levels.

Highly diVerentiated epithelia require various trace elements or other factors that

act as cofactors for the enzymes associated with their tissue-specific functions

(McKeehan et al., 1990; Sato, 1984; Taub and Sato, 1980). With respect to the

calcium, its level in many of the commercially available media is above 1 mM,
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concentrations permissive for growth of fibroblasts, but that in recent years have

been shown to be inhibitory to most epithelial cell types (Eckl et al., 1987).

This problem is exacerbated by culturing the cells in serum-supplemented media,

since serum also contributes significantly to the calcium level. Most normal

epithelial cells can grow in calcium concentration of �0.4 mM (Eckl et al., 1987;

Santella, 1998).
B. Serum
For more than 60 years, the primary form of biological fluid used for supple-

mentation of the basal media has been serum obtained from animals taken to

commercial slaughterhouses. Some investigators utilize serum autologous to the

cell types to be cultured. However, it is more common that the serum derives from

animals that are slaughtered routinely for commercial usage, such as cows, horses,

sheep, or pigs (Freshney, 2000). Fibroblasts (stroma and other mesenchymal cell

types) do well in serum-supplemented media (SSM). By contrast, epithelial

cell types such as liver parenchymal cells dediVerentiate rapidly, within hours to

a few days, in SSM and then die, usually within 5–7 days when on culture plastic or

within 7–14 days when on various matrix substrata (JeVerson et al., 1984a). Over

the last about 20 years, the need for serum supplementation has been reduced or

eliminated through eVorts by many investigators. The serum supplementation has

been replaced with mixtures of defined and purified hormones and growth factors

as proposed by the pioneering strategies of Gordon Sato (McKeehan et al., 1990;

Sato, 1984; Taub and Sato, 1980).
C. Lipids
All cells require lipids, but mature hepatocytes are capable of converting linoleic

acid into most lipid derivatives. This is not true for progenitors. They must be

provided with a mixture of free fatty acids, bound to an appropriate carrier

molecule (e.g. albumin) and supplied also with high density lipoprotein (10 mg/
ml) for long-term management of uptake and release of lipids by the cells. The

preparation of a mixture of free fatty acids is as described originally by Chessebeuf

and Padieu (1984) and is given in Appendix 2. The mixture can be combined with

albumin (bovine, human, etc.) to prevent the free fatty acids from being toxic.

The fatty acids are a strict requirement for progenitor subpopulations. For

commercial sources of purified fatty acids, see Appendix 3.
D. Soluble Signals: Autocrine, Paracrine, and Endocrine Factors (HDM)
An approach to defining the soluble signals from cell to cell interactions has been

to replace the serum supplements in medium with known and purified hormones

and growth factors to yield a serum-free, hormonally defined medium or ‘‘HDM’’

as summarized in recent reviews (Macdonald et al., 2002; Xu et al., 2000).
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Such media have been developed for many cell types enabling investigators to have

greater control over cells being maintained ex vivo. Use of HDM results in

selection of the epithelial cell type of interest from primary cultures containing

multiple cell types. Almost all of the published HDM are optimized for cell growth.

To observe optimal expression of diVerentiated functions, the HDM must be

retailored (Reid, 1990; Reid and Luntz, 1997; Macdonald et al., 2002). Each

tissue-specific function requires a discrete set of hormones and growth factors,

often at concentrations that diVer from those required for rapid cell growth. For

example, insulin levels required for growth are typically�1–5 mg/ml, whereas those

needed for optimal expression of connexins are 50–100 ng/ml (Fujita et al., 1986;

Rosenberg et al., 1992; Spray et al., 1987). Thus, some of the hormones conducive

to growth can markedly inhibit tissue-specific functions. A rule of thumb is to

develop an HDM for growth of cells and then use it as a starting point for

identifying the conditions needed for diVerentiation of those cells. Detailed proto-

cols for the development of an HDM for a cell type at a given lineage stage have

been described elsewhere and will not be presented here (Macdonald et al., 2002).

Purified hormones and growth factors are prepared individually and aliquoted as

1000� stocks. Storage conditions depends on the factor.Most are frozen at�20 �C.
They are added to the basal medium and then filtered through a sterilization

filtration unit that is low protein binding. In the tables below are the serum-free

conditions (media used in combinationwith feeders or withmatrix substrata) found

useful for hepatic progenitors and their associated mesenchymal companion cells.

The basal media given in the tables below is RPMI 1640. It can be replaced with

any of a number of basal media (DME/F12, William’s, etc.) with the qualifier that

the medium must be chosen to be rich in amino acids, with a calcium concentration

below 0.5 mM for growth versus greater than 0.5 mM for diVerentiation, and with

copper avoided for stem cell cultures that are being kept in self-replicative mode

(Tables VII–IX).
E. Influence of Serum-Free HDM on Epithelial Cells in Culture
Serum-free, HDM have been found to select for parenchymal cells even when

the cells are on tissue culture plastic (Kubota and Reid, 2000; Taub and Sato, 1980;

Xu et al., 2000; Schmelzer et al., 2007). This results, within a few days, in cultures

that are predominantly the cell type for which the HDM was developed. However,

if the cultures are plated onto tissue culture plastic and in HDM, the life span of the

primary cultures has been found to be �1 week, at which time, the cells peel oV
the plates in sheets. Achievement of longer culture life spans under serum-free

conditions is dependent upon using substrata of matrix components or extracts

enriched in extracellular matrix in combination with the serum-free, hormonally

defined medium (Xu et al., 2000) (Table X).

Tissue-specific gene expression is dramatically improved in cultures under

serum-free conditions and especially with serum-free medium supplemented with

only the specific hormones needed to drive expression of a given tissue-specific gene



Table VII
Serum-Free Conditions for Expansion of HpSCs

Basal media RPMI 1640 þ nicotinamide (4.4 mM) þ l-glutamine (2 mM)

Lipids High density lipoprotein, HDL (10 mg/ml) þ free fatty acids bound to purified

human albumin (0.2% w/v) and at 7.6 mEq (Appendix 2)

Hormone requirements Insulin (5 mg/ml), transferrin/Fe (5 mg/ml)

Trace elements Selenium: 3 � 10�10 M; zinc sulfate: 5 � 10�11 M

Calcium �0.3 mM

Feeders (these can be replaced,

in part, by the matrix substrata

given below)

Angioblasts/endothelia for self-replication

Activated hepatic stellate cells for expansion with lineage restriction

to hepatoblasts (HBs)

STO cells for expansion of rodent HBs and for diVerentiation of human HpSCs

and HBs

Matrix substrata Type III collagen or hyaluronans for self-replication (McClelland et al., 2008;

Turner et al., 2006); type IV collagen and/or laminin for lineage restriction

to HBs

Known soluble Angioblasts: LIF (Lin et al., 2000)

Signals from feeders Activated hepatic stellate cells: HGF (Kubota et al., 2007)

Table VIII
Serum-Free Conditions for DiVerentiation of HpSCs (or of hepatoblasts, HBs)

Basal media RPMI 1640 þ nicotinamide (4.4 mM) þ l-glutamine (2 mM)

Lipids High density lipoprotein, HDL (10 mg/ml) þ free fatty acids bound to purified

human albumin (0.2% w/v) and at 7.6 mEq (see Appendix 2)

Shared hormone requirements Insulin (5 mg/ml), transferrin/Fe (5 mg/ml)

Trace elements Selenium: 3 � 10�10 M; zinc sulfate: 5 � 10�11 M; copper sulfate: 10�10 M

Calcium �0.6 mM

Hormones/growth factors EGF (50 ng/ml), T3 (10�9 M), hydrocortisone (10�8 M)

Heparins or heparin proteoglycans 10 mg/ml (heparins) or 1–5 ng/ml (heparin PGs)

Feeders For hHpSCs, one can use STO feeders; unknown for rodent or murine

HpSCs or HBs

Matrix substrata Plating on or embedding in type I collagen gels (McClelland et al., 2008)

8. Hepatic Stem Cells and Hepatoblasts: Identification, Isolation, and Ex Vivo Maintenance 179
(Enat et al., 1984; Muschel et al., 1986). However, mRNA synthesis of tissue-

specific genes is not restored by serum-free medium or by any known combination

of hormones and growth factors; rather, the improved tissue-specific gene expres-

sion in serum-free media or in HDM is due to post-transcriptional regulatory

mechanisms, often an increase in stability of specific mRNA species (JeVerson
et al., 1984b). Restoration of mRNA synthesis occurs only with serum-free media

or with a serum-free, HDM containing the specific hormones or factors found to

influence a given gene and presented in combination with tissue-specific forms of

heparin proteoglycans or their glycosaminoglycan chains, heparins (Spray et al.,

1987; Zvibel et al., 1991, 1995). Heparins are often bleached in commercial



Table IX
Serum-Free Conditions for Mature Parenchymal Cells (Brill et al., 1994; Macdonald et al., 2002;
Xu et al., 2000)

Components Concentrations

Basal media RPMI 1640 þ nicotinomide (4.4 mM) þ l-glutamine (2 mM)

Trace elements Selenium: 3 � 10�10 M; zinc sulfate: 5 � 10�11 M; copper sulfate: 10�10 M

Lipids High density lipoprotein (10 mg/ml)

Free fatty acids Linoleic acid, 2.7 � 10�6 M [mature parenchyma can survive on linoleic acid alone;

however, the cells do better if given the entire mixture of free fatty acids as described in

Appendix 2]

Calcium 0.6 mM

Hormones/growth factors Insulin (5 mg/ml), epidermal growth factor (50 ng/ml), tri-iodothyronine or T3 (10�9 M),

hydrocortisone (10�8 M)

Matrix substrata Ideal is to let the cells be three-dimensional (spheroids). Partial eVects are observed with cells

embedded in type I collagen especially if combined with heparin proteoglycan

Table X
Serum-Free Conditions Used for Hepatic Stellate Cells (Kubota et al., 2007)

Basal medium RPMI 1640 (GIBCO) þ l-glutamine (1 mM, GIBCO)

Lipids High density lipoprotein (10 mg/ml) þ mixture of free fatty acids bound to albumin

Free fatty acids See preparation of these in Appendix 2

Trace elements Selenium: 3 � 10�10 M; zinc sulfate: 5 � 10�11 M; copper sulfate: 10�10 M

Hormones and growth factors Insulin (5 mg/ml), transferrin/Fe (5 mg/ml); EGF (10 ng/ml; Pepro Tech, Inc.); LIF

(10 ng/ml; StemCell Technologies, Inc.)

Antimicrobials Antibiotics from GIBCO

Feeders STO Feeders (Mitomycin C-treated)
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processes to eliminate the brown coloration that is due to iron deposits; the bleaching

process is destructive to heparin’s biological activity on gene expression; so use

unbleached fractions. At present one cannot obtain commercially the most potent

matrix components regulating tissue-specific geneexpression: the tissue-specific forms

of proteoglycans. EVorts are ongoing in a number of laboratories to isolate and

characterize them. It is hoped that they will become available commercially in the

near future. (Tables XI-XIII).

IX. Monolayer Cultures of Cells
A. Monolayer Cultures in a Growth State with Defined Conditions
Under completely defined conditions, cells will behave quite reproducibly.

Those capable of extensive growth even at clonal seeding densities are the stem

cells, committed progenitors, and diploid adult cells and under the growth



Table XI
Ex Vivo Growth Potential for the Known Lineage Stages

Hepatic stem cells (HpSCs) Division rates of �1/26 h under optimal conditions; can be subcultured repeatedly.

One cell can generate >40,000 daughter cells in �15 days (McClelland et al., 2008b;

Schmelzer et al., 2007)

Hepatoblasts (HBs) and

committed progenitors

Division rates of �1/40–50 h; rodent HBs have been found to undergo �12 divisions in 3

weeks and with one HB generating 4000–5000 daughter cells in 3 weeks (Kubota and Reid,

2000). The division rates possible for human HBs are not known though estimated to be

similar to that of the rodent HBs. Addition of various mitogens (e.g. HGF) can

dramatically aVect their division potential.

Diploid adult cells [‘‘small

hepatocytes’’]

One cell yields �130 daughter cell in 3 weeks (�5–7 divisions total); limited ability to be

subcultured (Kubota and Reid, 2000)

Polyploid adult cells Attach, survive; DNA synthesis but limited or no cytokinesis (Liu et al., 2003)

Table XII
Requirements for Tissue-Specific Gene Expression (Both Transcriptional and Posttranscriptional)

Requirements for all genes Basal media: nutrient rich. One option ¼ RPMI 1640 (GIBCO) þ
l-glutamine (1 mM, GIBCO)

Calcium �0.6 mM

Trace elements Selenium: 3 � 10�10 M; zinc sulfate:

5 � 10�11 M; copper sulfate: 10�10 M

Lipids High density lipoprotein (10 mg/ml) þ mixture

of free fatty acids bound to albumin

Free fatty acids See details for preparation of these in

Appendix 2

Hormones Insulin (5 mg/ml), tri-iodothyronine or T3

(10�9 M), hydrocortisone (10�8 M)

Proteoglycan/GAGs Heparin proteoglycan (ideally liver specific)

(1–5 ng/ml) or can see partial eVects with

bovine lung heparin (5–10 mg/ml); intestinal

heparin is weaker (15–20 mg/ml)

Additional requirements for

representative genes

Albumin Epidermal growth factor (50 ng/ml)

Connexins Epidermal growth factor (50 ng/ml); glucagon

(10 mg/ml)

IGF II Prolactin (2 mU/ml), growth hormone

(10 mU/ml)

References (Spray et al., 1987; Zvibel et al., 1995, 1991)

8. Hepatic Stem Cells and Hepatoblasts: Identification, Isolation, and Ex Vivo Maintenance 181
conditions will express ‘‘early’’ genes. By contrast, the mature, polyploid cells

will show limited growth, even under optimal growth conditions, require higher

seeding densities even for survival, and yet will provide the highest levels of certain

of the adult-specific functions such as the CYP450s.

1. Hepatic stem cells (HpSCs)

a. Isolate the HpSCs by the protocols given above.

b. Use a basal medium that has a low calcium concentration, 0.3–0.4 mM

and little or no copper.



Table XIII
Feedback Loop: Relevance to Studies Tissue Engineering of Liver whether Ex Vivo or In Vivo

Findings Hypothesis Predictions

Stem cells or progenitors do not grow ex vivo

when cocultured with mature parenchymal

cells or with conditioned medium from

the mature cells

Mature parenchymal cells

(e.g. polyploid cells)

produce soluble signals

constituting feedback loop

that regulates stem cell

compartment

� The signals do not exist in peritoneum;

site is permissive for expansion and

maturation of human liver cells

� Other hosts (e.g. sheep, pig) that

have higher proportion of diploid

cells will be better models for studies

of human hepatic progenitors.

� Strategies for clinical programs must

take feedback loops into account

� Transplant purified human HpSCs or

progenitors (therefore avoiding

feedback loop from mature human cells)

� Hosts with high polyploidy will

require liver injury to mature cells

(zones 2/3)
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c. Seed the cells at the desired densities onto or into purified matrix substrata

(type III or type IV collagen with or without laminin; hyaluronan hydrogels)

or onto feeder cells (for rodents: STO cells; for human: feeders of angioblasts/

endothelia such as hUVECs) and into Kubota’s Medium.

d. If you want the cells to become HBs, plate onto type IV collagen and laminin

and in Kubota’s Medium supplemented with HGF (10 ng/ml).

e. If you want to drive the colonies predominantly or entirely to the hepatocytic

fate, add also 20 ng/ml EGF (Collaborative Biomedical Products).

f. Thereafter, change the medium every day to every 3 days.

g. Plating rodent HBs (purified by flow cytometry) at clonogenic seeding den-

sities onto STO feeders and in KM results in colonies of cells visible by 2–3

days and yielding 3000–4000 cells/colony within 20 days.

h. hHpSCs demonstrate clonogenic expansion rates that diVer depending on

whether they are on culture plastic (Schmelzer et al., 2007) or on type III

collagen (McClelland et al., 2008a; McClelland et al., 2008b). On culture

plastic and in KM, the cells divide every 4–5 days, whereas on substratum of

type III collagen and in KM, they divide every �26 h. Seeding the hHpSCs

on type III collagen and in KM results in �2000 cells/35 mM dish by day 5

and �40,000 cells/35 mm by day 15, respectively.

Passaging of HpSC colonies or HB colonies

a. Passaging with PBS or by enzymatic means: a ‘‘cloning’’ ring is placed around

each colony, the medium is aspirated and replaced with buVers and/or

reagents (enzymes).
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� PBS (no calcium): the tightly packed morphology of the colony start

showing separation between the cells (cells rounding) after a few minutes

in PBS; after 30 min, gentle aspiration of the PBS will lift aggregates of

colony cells that can be transferred to plastic or various matrices. The

success rate for this is quite low, since most of the cells die in PBS.

� Most enzymatic methods tested do not work well for passaging of the

stem/progenitor cells. This includes trypsin, acutase, hyaluronidase,

heparinase, and heparitinase. Only one protocol tested worked Collage-

nase (500 U/ml) (or libinase) Chondroitinase ABC in KM. Lift the whole

colonies after 30 min at 37 �C. The colonies can be transferred to plastic or

other substrata.

b. Mechanical passaging methods proved better than must enzymatic ones or than

calcium depletion ones (PBS) for passaging:

Method 1:

a. Lift colonies by gently nudging them oV the plate (pushing along the peri-

menter of the colony, since it is not attached or minimally attached at its

center) using a Gilson Pipetman and 200 ml tips.
b. Place in digest buVer (collagenase, DNAse, prepared in Kubota’s Medium at

the same concentrations as fetal liver dissociation buVer) and let sit while

picking (the cells survive for some time, so one can pick a number of colonies

before adding mechanical disruption methods). After picking is done, close

the tube and shake to break the colonies into smaller aggregates.

Method 2:

a. Lift colonies with stem cell knives (ReubinoV et al., 2000), whole or sections.

b. Transfer the entire colony to new culture dish.

c. Replating:

The best results are obtainedby transferring todishes coatedwith type III or IV

collagen and in Kubota’s Medium with as little serum as possible (1–2%) or,

ideally, serum-free but using knockout serum (Invitrogen) (10–15%). Very

slow attachment if on culture plastic.More eYcient reattachment if onmatrix,

whether for growth (type III or IV collagen) or for diVerentiation (Matrigel or

type I collagen)

2. Normal mature parenchymal cells

a. Isolate the cells by standard protocols for the cell type you are using.

b. Use a basal medium that has a low calcium concentration, �0.4 mM.

c. Plate the cells at densities of 3 � 105–4 � 105/60 mm or at least 106/

100 mm. Use dishes coated with type IV collagen, a medium that contains

both the hormones and growth factors used in the HDM, and some serum
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(1–2%) to permit them to attach and to inactivate any enzymes that might

have been used in isolating the cells. You can avoid the serum altogether if

you use laminin with the collagen and if you use no enzymes in isolating

the cells (or have eVective ways of inactivating those enzymes without

providing a condition that is toxic to cells).

d. Incubate the cells for 4–6 h at 37 �C or until they are firmly attached.

e. Rinse the plates, removing debris and floating cells, and feed with the serum-

free HDM. Change the medium every day, or at the very least, every other

day (prepare the HDM fresh).

f. The cells will grow and will survive up to a month under these conditions.

g. If the cells are stem cells, you can expect to be able to subculture and clone

the cells under these conditions. If the cells are adult cells, you can expect

several rounds of division and then growth arrest. You will not be able to

clone or subculture them or you will have limited ability to do so. Polyploid

cells will not grow under these conditions, but may survive for some weeks.
B. Monolayer Cultures in a DiVerentiated State with Defined Conditions
1. Hepatic stem cells

a. Isolate the stem cells by standard protocols for the cell type you are using.

b. For epithelial stem cells, it is likely that you must use a basal medium with

a calcium concentration above 0.5 mM and copper, critical for aspects of

diVerentiation, must be added.

c. Prepare feeder cells by using STO (ATCC) feeders or stromal feeders

prepared from embryonic tissue from which the stem cells are derived.

For example, use embryonic liver stroma for HpSCs.

d. Overlay the feeders with a fibrillar collagen or with matrigel or plate the

stem cells onto collagen-coated or Matrigel-coated transwells.

e. Plate cells at desired density (high density of subconfluent to confluent) onto

the collagen embedded feeders or onto the collagen-coated transwells and

over feeders.

f. Use a basal medium supplemented with insulin (5 mg/ml) and transferrin

(5 mg/ml) and with 1–2% serum for plating.

g. After 4–6 h or after the cells are firmly attached, switch to a serum-free

medium supplemented with insulin, transferrin, and other hormones or

factors known to drive diVerentiation and to enhance specific genes

(e.g. glucagons for the connexins; EGF, insulin, and glucocorticoids for

albumin). See Table IX.

h. Add unbleached, bovine lung-derived heparin (Sigma; 20–50 mg/ml) or

liver-derived heparin proteoglycans (�10 mg/ml).

i. The timing for full diVerentiation will vary with the cell type and must be

empirically defined. But should occur within a few days to a week.
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2. Normal mature cells (e.g. diploid or polyploid mature liver cells)

a. Isolate the cells as a single-cell suspension by standard methods.

b. Plate the liver cells at high density, 6 � 106–8 � 106/100 mm dish, into

HDM/SSM and onto a flexible and porous scaVolding (e.g. filter, swatch of nylon,

transwell, biodegradable microcarrier) coated with fibrillar collagen, ideally type I

collagen mixed with fibronectin, or with matrigel.

c. The cells should attach within 4–6 h. Then rinse the cells with PBS and give

them the serum-free HDM retailored to optimize tissue-specific gene expression.

Tailor the medium (as described earlier) to suit whichever genes are to be expressed

optimally.

d. The medium fed to the cells after 4–6 h (not the plating medium) should be

supplemented with lung-derived, unbleached heparin (Sigma; at 20–50 mg/ml) or

ideally the liver-derived (not available commercially) heparin or its corresponding

heparin proteoglycan (at �10 mg/ml).

e. Note that the cells will not grow, but will survive, should be three-

dimensional and highly diVerentiated. The cultures will survive for perhaps 4–6

weeks and will retain most of their diVerentiated functions. If you are able to add

the heparin proteoglycan, you will have near normal transcription rates for most of

the tissue-specific genes. If you use the GAGs, unbleached heparins, you can

observe normal or near normal transcription rates of some but not all tissue-specific

genes. The proteoglycans and GAGs can be tissue specific. So, ideally use the

proteoglycan or GAG from the tissue being cultured (e.g. liver-derived heparin

proteoglycan for liver cells). With the limited availability of unbleached heparins

(and evenmore so for proteoglycans), youwill probably have to screen the available

ones and use the one that is most active on your cells. See Table XII for summary of

the requirements for tissue-specific gene expression.
X. Three-Dimensional Systems

Two forms of three-dimensional culture systems are described: (A) spheroid

cultures; and (B) cultures in hyaluronan hydrogels. Please see the prior review

for cultures on microcarriers or in bioreactors (Macdonald et al., 1999, 2002).
A. Spheroids
The observations by Landry and others (Landry and Freyer, 1984; Landry et al.,

1985) that freshly isolated adult rat liver cells cultured under the appropriate

conditions could aggregate and form spheroids, opened the way for the develop-

ment of spheroid cultures as a model for the long-term ex vivo maintenance of

adult liver cells. In spheroid cultures, liver cells are prevented from attaching to the
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substratum and remain in suspension forming three-dimensional multicellular

aggregates that demonstrate an extent of diVerentiation close to that for liver

tissue in vivo (Koide et al., 1989, 1990; Li et al., 1992a,b; Matsushita et al., 1991).

Spheroid cultures provides a three-dimensional configuration for liver cells allow-

ing the maintenance of an in vivo-like cuboidal cell shape and distribution of the

cytoskeleton as well as enhanced cell–cell contacts. It has been shown that deposition

of extracellular matrix within spheroids takes place, re-creating a more in vivo-like

microenvironment (Landry et al., 1985). In addition to re-establishment of an

in vivo- like morphology and ultrastructure, hepatocytes in spheroid culture also

express many diVerentiated functions over long-term culture including secretion of

albumin (Landry et al., 1985; Wu et al., 1996a) and transferrin, tyrosine amino

transferase induction by glucocorticoids (Landry et al., 1985), ammonium meta-

bolism, urea synthesis, and gluconeogenesis (Wu et al., 1996a). Themain application

of the system has been the development of bioartificial livers (McClelland and

Coger, 2000; Macdonald et al., 1999; Wu et al., 1996b). The majority of the research

on liver spheroids has focused on rat and pig liver cells; studies of human liver

spheroid cultures have appeared more recently.
1. Factors AVecting Spheroid Formation and Morphology
The spheroid culture model is a technically demanding model, since there are

many variables that can aVect the outcome, and since media changes are cumber-

some given that the spheroids are floating. If all aspects of the culture conditions

and methods utilized are not optimal then the quality of the spheroids formed and

thereby the results obtained are compromised. Outlined below are some of the

most critical factors for spheroid culture.

a. Choice of Method for Spheroid Culture
Several diVerent methods have been described in the literature for the generation

and culture of spheroids. Typically, hepatocytes are either cultured on bacterio-

logical dishes and placed on a rotary shaker at a constant speed (Li et al., 1992a;

Yamada et al., 1998), or they are cultured on a non-adherent substratum in static

culture (Koide et al., 1990; Landry et al., 1985). When large-scale spheroid forma-

tion is required, spinner flasks or large Erlenmeyer flasks may be substituted for the

smaller tissue culture vessels. The main factors aVected by the method used are the

size and shape of the spheroids obtained, and the time required for spheroid

formation.

A novel method that combined elements from the shaking and the static meth-

ods for spheroid formation has been described (Dilworth et al., 2000; Hamilton

et al., 1996). The method involves the culture of liver cells on 6-well tissue culture

plates coated with a non-adherent polymer, p-HEMA [poly(2-hydroxyethyl meth-

acrylate)], and shaking of the cultures on a rotary shaker at a constant speed of

90 rpm. Using this novel combination, the eYciency of spheroid formation is

improved, the time required to obtain fully formed spheroids is reduced, and the
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spheroids formed are more homogenous in shape and size. A common concern

with the use of spheroid culture is the potential for the formation of necrotic

centers. If the diameter of spheroids exceeds 250–300 mm, the lack of oxygen and

nutrient diVusion will cause cell death at the center of the spheroids. However,

the use of this novel method prevents the generation of spheroids that exceed a

250-mm diameter, thereby preventing the formation of necrotic centers, a major

improvement to the model.

The combination of p-HEMA coated 6-well plates on a rotary shaker is the

method of choice, and found to yield optimal results in combination with the

use of SSM/HDM and a seeding density of 5 � 105 viable cells/ml (2 ml/well).

Experience with p-HEMA coating of plates for spheroid formation has shown

that the coating must be smooth and even on the plates and also fully dry prior to

use. The p-HEMA must also be filtered prior to use to remove any undissolved

p-HEMA or particulate impurities in the solution, as these will cause an uneven

surface once the ethanol evaporates from the plates. Uneven coating of the plates

due to impurities or poor evaporation of the ethanol will cause poor spheroid

formation. The shaking speed will also aVect the size of the spheroids formed,

increasing speeds resulting in smaller spheroids (Moscono, 1961). However, sheer

stress forces become an issue at speeds exceeding 110–120 rpm. Previous studies

determined 90 rpm to be optimal for spheroid formation using p-HEMA-coated

plates (Dilworth et al., 2000; Hamilton et al., 1996).

Liver cells in spheroid culture do not attach and flatten as is observed in

conventional monolayer culture; instead liver cells remain in suspension and retain

a rounded cell shape. Using the method described herewith, rat liver cells form

initial spheroids, irregular in shape and size, after only 2 h in culture. Some

unaggregated single cells are also present at this stage, but these are removed

from the culture through subsequent medium changes. Spheroids gradually

increase in size over the first week of culture, from small aggregates of cells with

a diameter of �30–50 mm to fully formed compact spheroids with a diameter of

�200 mm. The increase in diameter results from the fusion and restructuring of the

initial spheroids to form mature spheroids. Spheroids become more homogenous

in shape and size with time in culture. When fully formed, spheroids appear as

tightly packed dense structures with a distinct smooth outer lining; this outer lining

consists of a single layer of flattened liver cells mixed with extracellular matrix.

An interesting observation was made when culturing human liver cells as spher-

oids. The formation of spheroids takes longer with human hepatocytes than with

rat hepatocytes, requiring �2–3 extra days to complete spheroid formation. We

hypothesize that this is due to the higher level of diploid cells in adult livers; livers

from young rodents are greater than 90% polyploid, whereas those from young

humans are estimated to be mostly diploid (>70%). Therefore, if the spheroid

formation is a property predominantly of the polyploid cells, then it may take

longer for human liver cell suspensions to form the spheroid, and factors that

drive the diVerentiation to the polyploid state, such as heparins, may facilitate the

kinetics of the process; preliminary evidence with heparins suggest, indeed, that
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this hypothesis may be true. The hypothesis is supported also by a previous report

that addition of proteoglycans speeded the formation of rat spheroids (Koide

et al., 1990). An alternative is the use an artificial polymer, Eudragit, that has

been shown to enhance spheroid formation (Yamada et al., 1998).

b. Culture Medium
The composition of the culture medium used has been shown to have a major

influence on the spheroid formation as it is on morphology and function of

cultured liver cells (LeCluyse et al., 1996). In previous work carried out to study

the eVects of diVerent media on spheroid formation and morphology, it was

determined that the best ones contained stable forms of insulin, transferrin/Fe,

and selenium. One that was found especially useful is ‘‘Hepatocyte Medium’’

(HM) in which these factors are added to a modified Leibovitz-15 medium that

has been specially buVered (Hamilton et al., 1996). It is now commercially avail-

able from Sigma. HM needs to be supplemented with 2% FBS for at least the first

3 days of culture in order to obtain optimal spheroid formation and hepatocyte

function; serum has been shown to be essential for the first few days of culture for

optimal spheroid formation on an orbital shaker (Yagi et al., 1993). However, after

formation of the spheroids, the serummust be eliminated for optimal expression of

tissue-specific genes, especially the P450s that are adversely aVected in cultures

with serum supplementation (see Tables IX and XII).

Preliminary studies with rat liver cells indicate that the use of HDM acceler-

ated the rate of spheroid formation. The potential application of this culture

medium for improving the eYciency and speed of spheroid formation in human

hepatocytes is currently under investigation.

c. Cell Viability and Quality
A major factor aVecting spheroid formation is the quality of the liver cells

seeded, with preparations having a 90% or greater viability being optimal for

spheroid formation. Dead cells release DNA which is ‘‘sticky’’. Therefore, if

there is a high percentage of dead cells and cell debris, it results in clumping of

the small initial aggregates to yield very large spheroids, often above 300 mM.

Spheroids from a hepatocyte preparation with low viability will often be irregular

in shape and size, as the dead cells and clumps will get incorporated into the

spheroids.

After liver cell isolation, the viability of the cells is determined by trypan blue

exclusion. Although this is a useful guide to the overall viability of the cells, it does

not provide any information on the functional aspects of the cells. So even if

the viability is 90%, as indicated by trypan blue exclusion, the cells may still not

provide good spheroids. The initial stages of spheroid formation are thought to

require the expression of function-specific cell surface receptors and adhesions sites

(Chow and Poo, 1982; Garrod and Nicol, 1981), de novo RNA and protein

synthesis, as well as active cellular processes such as the re-establishment of
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junctional complexes (Landry and Freyer, 1984). Healthy liver cells in good

condition and able to undertake complex cellular processes are required.
2. Protocol for Establishing Spheroids
Supplies:

� Falcon 6-well tissue culture plates (Becton Dickinson Labware, Franklin

Lakes, NJ)

� p-HEMA (Sigma)

� HM (Sigma)

� FBS (Hyclone)

� Inova 2000 Orbital Shaker (New Brunswick Scientific, Edison, NJ)

� Sterile transfer pipets (Fisher Scientific)
(a) 6-well tissue culture plates are coated with of 2.5% pHEMA solution in

95% ethanol (2 ml per well). The ethanol is allowed to evaporate leaving a

clear, polymer coating. On the surface of each well. The plates can be left

overnight in a class II safety hood with no lids on for a more rapid evapora-

tion, or placed in a dry incubator at 37 �C (lids on) for 3–4 days. Although

slower, the latter method has been found to yield improved results.

(b) Freshly isolated hepatocytes are resuspended in HM supplemented

with 2% FBS, 0.1 mM dexamethasone, and antibiotics (1� penicillin/strepto-

mycin). These are seeded onto p-HEMA-coated plates at a density of 5� 105

viable cells/ml of medium (2 ml of medium per well).

(c) Place the plates on an orbital shaker at 90 rpm and in an incubator at

37 �C and 5% CO2/95% O2.

(d) The medium is replaced after 24 h of culture and every 2 days there-

after. This is done by tilting the 6-well plates on a sharp angle and allowing

the spheroids to settle to the bottom edge of the plate. The medium is then

slowly and carefully aspirated oV using a sterile plastic transfer pipette.

Particular care must be taken on the initial days of culture when the spher-

oids are small, as loss of spheroids can occur during the medium changes.

After the first medium change, spheroids often required separation from

each other by gentle pipeting with a sterile plastic transfer pipette.
B. Hyaluronan Hydrogels as Three-Dimensional ScaVolding for cells
Hyaluronans are a unique linear polysaccharide, found at various molecular

weights throughout most tissues of the body (Fraser et al., 1997) and unique

among the families of glycosaminoglycans (GAGs) in that they have no core

protein. As for all GAGs, they are negatively charged and have many active groups

for which chemical modifications can be made. In nature, no acetylated or sulfated
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versions have been found (Mahoney et al., 2001; Shah and Barnett, 1992; Shu

et al., 2002). The stabilized subunits of glucuronic acid and glucosamine in the

hyaluronan chain lend themselves to mechanical and physiological properties

helpful in maintaining matrix chemistry and physiological homeostasis. Hyalur-

onans are essential for lubrication, homeostasis, filtering, and embryonic develop-

ment (Fraser and Laurent, 1989; Fraser et al., 1997; Knudson and Knudson, 1991;

Kobayashi et al., 1994). Chemical reactions with the sugar groups of the hyalur-

onans through hydrogen bonding help facilitate their physiological eVects. Their
role in development and diVerentiation applies to the maturation lineages of the

developing organism (Laurent and Fraser, 1986), and most likely to the developing

organ systems in times of tissue regeneration as seen in the liver. There is a high

correlation between the amount of hyaluronans present during mitotic waves and

cell proliferation. In the case of cell migration, the cylindrical formations of water

tunnels allows cells which possess appropriate receptors to go through self-

mediated guiding down the tunnels, to other destinations (Laurent and Fraser,

1986; Turley, 1989). Large hyaluronan molecules at low density can be favorable

for tunnels, whereas at high densities create an intertwined mesh as seen in synovial

fluids. The molecule has been studied for biological capacities in areas of water

homeostasis, transport, and cellular interactions. Within the body, the polysaccha-

ride is quickly catabolized locally and has been shown to be eliminated by liver

endothelial cells (Laurent and Fraser, 1991). This compatibility with degradation

without large-scale immune responses makes the molecule an appropriate one for

grafts for transplantation of cells and for delivering drugs. It is the physiological

properties of the hyaluronan that can lend to creating a matrix suYciently strong

and variable to advance tissue engineering.
1. Choices of Hydrogels for Culturing HpSCs or HBs
The hepatic progenitors, HpSCs and HBs, have receptors for hyaluronans

(Turner et al., 2006). Yet even cells without such receptors can be maintained in

hyaluronan hydrogels by making mixtures of the hyaluronans with other

extracellular matrix components. Indeed, commercially available hyaluronan

hydrogels (Glycosan Biosciences, Salt Lake City, Utah) include combinations of

hyaluronans with gelatin (type I collagens) or with other matrix molecules.

A useful version is a hydrogel that is 95% hyaluronans and 5% type I collagen

(gelatin).
2. Preparation of the Hyaluronan Hydrogels
The hyaluronans are stabilized by crosslinking (Fraser and Laurent, 1986;

Fraser et al., 1997; Shu et al., 2002). The method of crosslinking aVects many

aspects of the hydrogels with respect to their uses for cells in three-dimensional

culture formats. For example, aldehyde crosslinking provides hydrogels that are
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very stable and can be handled readily with forceps. Yet these hydrogels are so

robust that they resist enzymatic digestion with hyaluronidase and resist dissolu-

tion with even high molar guanidine buVers (Turner et al., 2006). Therefore, cells
cultured in such hydrogels may survive and grow but will grow slowly since the

cells’ own enzymatic machinery is incapable of modifying the gels. A more useful

form of crosslinking is disulfide bridges utilizing technologies developed by

Prestwich and associates (Shu et al., 2002). These hydrogels can be modified to

vary in mechanical properties (rigidity, stiVness), in the matrix components bound

(collagens, basal adhesion molecules), and/or in growth factors or hormones (e.g.

VEGF) complexed within the hydrogel (Tunner et al., 2000). Below is the descrip-

tion for 2–4% hydrogels utilizing hyaluronans available commercially from

Glycosan Biosciences, Utah. In creating 8 ml of hyaluronan-based solution

(Glycosan, SLC), the final composition of a given gel may be 2 parts medium,

and 3 parts HA solutions.

1. Purchase hyaluronans and crosslinker reagent from a commercial source (e.g.

Glycosan Biosciences, Utah). The hyaluronans are sold as lyophilized,

crystal-like powders. The crosslinker is polyethylene glycol diacrylate

(PEGDA).

2. Weigh out desired amount of the hyaluronans and place into a 50-ml tube.

3. Add appropriate amount of medium (e.g. Kubota’s Medium) to achieve the

desired percentage (weight/volume). Typical percentages used are 2–4%.

4. Place into a 37 �C water bath to dissolve.

5. Check the pH of the solution. Adjust pH to 7.4.

6. Filter through a 0.45-mm sterile filter syringe.

7. Mix the PEGDA crosslinker at 3% in the same medium and sterile filter. There

is no need for a water bath, since it dissolves at room temperature.

Portions for various gels:

Crosslinked gel (1 part crosslinker:1 medium:3 parts hyaluronan solution)

Example: For a total volume of 7.30 ml of crosslinked gel add:

1.46 ml crosslinker:1.46 medium:4.38 ml HA solution

Prior to mixing of the solutions, the final number of cells for embedding into a

hydrogel should be contained within the volume of the medium.
3. Sterilization of the Hyaluronan Hydrogels
Sterilization of the HA hydrogels can be performed prior to crosslinking or

afterwards by exposure to a Cesium source (e.g. JL Shepard Mark I Model 68

Cesium Irradiator) with a deliverable dosage of 40 Gray (40 J/kg), over a 10-min

period (Turner et al., 2006). If cells are to be embedded within the hydrogels, then

the hyaluronans should be sterilized prior to the crosslinking step.
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4. Cultures in Hyaluronan Hydrogels
HAhydrogels are placed into culturewells. For example, one can use either 6-well

culture dishes (Falcon–Beckton–Dickinson, Franklin Lakes, NJ), or for the smaller

sized hydrogel matrices, chambered coverglass culturing slides (Lab-Tek–Nunc,

Napersville, IL). Smaller hydrogels require no manipulation (priming) prior to

inoculationwith freshly isolated cells other than a pre-soakwithmedium.The larger

hydrogels require slight manipulation to insure the removal of air bubbles from the

sponges. In most cases, addition of 3 mL of medium onto the hydrogel will trap air

bubbles; removal of air bubbles can be accomplished by slight compression–

relaxation of the hydrogel, forcing air from the lateral sides. After priming, suspen-

sions of cells can be seeded onto large HA hydrogels at 2 � 106–3 � 106 cells/

hydrogel in medium and at 2 � 105–3 � 105 cells per small hydrogel. After 16 h

initial incubation at 37 �C in aCO2 incubator (Forma Scientific, BatonRouge, LA),

the medium is changed to reduce or eliminate dead cells or debris. The working

volume for a 6-well plate is 3 ml and for the two-chamberedwells is 2 ml. Cells canbe

cultured for weeks to months on the hydrogels with changes of the media every 2–3

days. Importantly, the cells can be grown on the surface of the hydrogel or embed-

ded in the hydrogels (as spheroids). One can collect surface colonies by adding PBS

that removes the calcium required for cadherin binding to the gels and then gently

lifting the colonies with a small Pipetman. Care must be taken with this approach,

since the hydrogel fragments can get swept up with the desired colonies. However,

the easiest way to collect the cells is simply by dissolving the hydrogel with a

combination of purified enzymes and dithiothreitol as described below.

Cell recovery solution for dissolving the scaVolds crosslinked by disulfide bridges:
Serum-free basal medium

(e.g. for the HpSCs and HBs,

use Kubota’s Medium)

5.0 ml

Dithiothreitol (DTT) 0.231 g

Hyaluronidase (Sigma) 5.0 mg

Collagenase (Sigma) 3.0 mg

DNase (Sigma) 1.5 mg
If using a media that contains serum for culturing purposes, make certain to

wash the hydrogels with a serum-free medium before starting the digestion process.

After the process is completed, you may remove broken scaVolding from the

solution by gentle centrifugation through a density gradient (e.g. Percoll).

1. Wash hydrogels with the Cell Wash (see Appendix 2) for 2–3 times for 1 h

each to clear any serum (fewer washes required if cells are maintained in a

serum-free medium).

2. Add a minimum of 2 ml of cell recovery solution per 0.5 ml of disulfide-

linked hydrogel.
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3. Incubate at 37 �C until gels are digested (digestion time is �1 h).

4. Collect cells.
5. Fixation and Sectioning of Cells in the Hydrogels
Hydrogels with cells can be removed from the medium and then fixed using 3 ml

of 4% paraformaldehyde to each well. After 1 h incubation, the fixative is removed

and replaced with serum-free basal medium and prepared for cryopreservation.

Prior to freezing, the basal medium is removed, and the matrix lifted using a flat

edge spatula. It is placed into Optimal Cutting Temperature Compound (OCT)

(Tissue-Tek, Torrance, CA), in 2 ml conical sample cups (Fischer Science, Pitts-

burgh, PA) and snap frozen using liquid nitrogen emersion. The preserved speci-

mens can be kept at �80 �C until sectioned. Slides are made with 5 mm sections

through the hydrogels. If sectioning is very diYcult, one can go up to 10 mm
sections, though the resolution with microscopy will be less.

Protocol for BrdU staining of cells within hydrogels:

(Roche Staining Kit—Cat No. 11 296 736 001)

1. Transfer hydrogel to new dish.

2. Aspirate the culture media.

3. Add the BrdU labeling medium (aliquoted as to instructions).

4. Wash three times with washing buVer or 1� PBS with 0.01% Triton 100-X.

5. Ethanol-fix the cells for 20 min at �20 �C.
6. Remove from freezer and wash 3� with washing buVer.

7. Incubate for 1 h in Anti-BrdU at 1:20 dilution in buVer at RT.

8. Wash three times with washing buVer.

9. Incubate for 30 min at 37 �C with secondary antibody 1:20 dilution with

0.1% Triton 100-X in PBS.

10. Wash three times with washing buVer.

11. Add DAPI for 2 min.

12. Wash three times with washing buVer.

13. Resuspend in Kubota’s Medium.

14. Image.

Trizol resolution of RNA protocol:

Cell collection and preparation:

1. Remove the hydrogels from the culture plate and place into 2 ml Eppendorf

tubes.

2. Spin at 12,000 RCF in a microcentrifuge.

3. Remove and discard supernatant (alternatively, save the supernatant for

assays for secreted factors).

4. Remove and discard medium from culture well.
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5. Add 1 ml Trizol each to the well and to the Eppendorf tube.

– Continually pipette to insure break up of cells pelleted in the centrifugation

stage.

–Whenworkingwithmonolayers, you canuse 1 ml for every 10 cm2 plate area.

6. Collect and transfer contents of the well into a second Eppendorf.

Phase separation of RNA and protein:

1. Incubate sample for 5 min at RT.

2. Add 0.2 ml chloroform for every 1 ml Trizol used in the previous step.

3. Shake the tube vigorously for 15 s.

4. Incubate for 3 min at RT.

5. Centrifuge the tubes (<12,000 � g) for 15 at 4 �C.
– RNA stays in the upper, clear aqueous phase.

6. Remove the aqueous phase and place into a new Eppendorf

RNA precipitation:

1. Add 0.5 ml isopropyl alcohol per 1 ml Trizol used in the cell collection.

2. Incubate samples for 10 min at RT.

3. Centrifuge the tubes (<12,000 � g) for 10 min at 4 �C.
4. Remove the supernatant and do not disturb pellet.

RNA wash:

1. Add 1 ml of 75% ethanol for every 1 ml Trizol used in the cell collection.

2. Vortex the sample for 5 s.

3. Centrifuge the sample (<7500 � g) for 5 min between 2 and 8 �C.
4. Remove the supernatant from the pellet.

Redissolving the RNA pellet:

1. Air-dry the pellet briefly (do not let the pellet dry out entirely).

2. Dissolve the RNA in RNase free MQ water.

3. Incubate the sample for 10 min between 55 and 60 �C.
[1] Determine concentration of RNA.
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Appendix 1: Nomenclature, Glossary, and Abbreviations

For the sake of brevity, we have used abbreviations for words or phrases used

very frequently. The terms defining cell populations are keyed to Figs. 1–14
PT

CV

1

2

3

Zones in liver acinus

www.med.huji.ac..II/mirror/webpath/liver.html
Fig. 1 Histology of the liver acinus. Shows the zonation from portal triads (PT) to central vein (CV).

Zone 1 ¼ periportal; zone 2 ¼ mid-acinar; zone 3 ¼ pericentral. The maturational lineage goes from

zone 1 to zone 3 with progenitor populations in zone 1 to apoptotic cells in zone 3. Section of liver

stained with hematoxylin/eosin. Image is from www.med.huji.ac.ll/mirror/webpath/liver/html.



Interlobular vein-branch of heptic vein
carries away deoxygenated blood

Interlobular vein-
branch of heptic
portal vein
(brings blood
from gut)

Bile duct
(takes bile to gall
bladder)

Bile canaliculus

Cord of hepatocytes
(liver cells)

Kupffer cell

Arteriole-
branch of
heptic artery
(brings
oxygenated
blood)

Sinusoid

Fig. 2 Schematic of liver acinus. The vascular supply and the cellular components of the liver are

defined. Blood flows into the liver at the portal triads (hepatic artery, hepatic vein, bile duct). Blood flow

is from the spleen and gut (hepatic vein) and oxygenated blood (hepatic artery) from the lungs. The

blood from these two sources mixes in the sinusoids of the liver and then departs the liver via the central

vein (connected to the vena cava). The blood flows along cords of parenchymal cells blanketed on either

side by sinusoidal endothelial cells that are continuous near the portal triads but fenestrated near the

central veins. Image is from http://www.biologymad.com/kidneys/liverlobule.
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Hepatic stem cells
(pluripotent Cells)

Hepatoblasts:
(bipotent cells)

Committed hepatocyte
progenitors

Committed bile duct
progenitors

Hepatocytes
Zone 1 (diploid)
Zone 2 (diploid)

Zone 3 (tetraploid)
Bile duct epithelium

ALB+,CK19- ALB-, CK19+

PEPCK

Transferrin

P4503A1

Aquaporins

MDR3, DPPIV

EpCAM+, ICAM1+, CK19+, ALB+,

Self
renewal

Probable transit 
amplifying cells

ALB±, hedgehog proteins,
 AFP-

EpCAM+,  N-CAM+, CK19+

 hedgehog proteins ±, 
AFP+, P450 3A7+

Fig. 3 Schematic of liver lineage stages. The human liver’s maturational lineage begins with hepatic

stem cells (HpSCs), pluripotent cells, that give rise to hepatoblasts (HBs), bipotent cells (probable

transit amplifying cells of the liver), and then to committed progenitors leading ultimately to the biliary

• Hepatic stem cells (hHpSCs)

– Positive: N-CAM, claudin 3,
indian hedgehog, weak level of
albumin; rare cells in culture are
CD117+ (unclear if on HpSCs or
“mesenchymal companion cells”)

– Negative: a-fetoprotein, I-CAM1;
all isoforms of P450

– Percentage: ~0.5-0.1.5%

– Size: 7−1 0 μm

– Location: Ductal (limiting) plate,
canals of Hering

• Hepatoblasts (hHBs)

– Positive: I-CAM1, a-fetoprotein,
albumin; fetal forms of P450s
(P450-3A7); indian hedgehog
(lower than in HpSCs)
Negative: N-CAM, claudin 3,
CD117 (cKit)

–

– Percentage: ~80% in fetal livers,
<0.01% in adult livers; higher in
diseased livers

– Size: 10−12 μm

– Location: most of parenchyma in
fetal livers; tethered to canals of
Hering in adults; nodules in
diseased livers

Shared by both stages:
Positive: CK 8, 18, and  19; EpCAM, CD133/1, E-cadherin
Negative: hemopoietic antigens (e.g. CD34, CD38, CD45, CD14, glycophorin A) and
mesenchymal antigens (CD 146, KDR, desmin, α-smooth muscle actin, von willebrand
factor)

Fig. 4 Shared versus distinct antigenic profiles of two stages of pluripotent human hepatic

progenitors.
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Fig. 5 Enrichment of EpCAMþ cells from adult human liver using magnetic bead immunoselection.

Freshly prepared suspensions of adult human liver cells were labeled with Miltenyi beads coupled to

antibodies to epithelial cell adhesion molecule (EpCAM). The starting cell suspension had 0.73%

EpCAMþ cells. The labeled cells were put through a column that was magnetized so that the EpCAMþ
cells were retained in the column. Then the magnetic field was removed, and the EpCAMþ cells flushed

through. Just one pass through the column resulted in an enrichment of EpCAMþ cells to 80.9%. The

flow through had only 0.046% EpCAMþ cells. The EpCAMþ cells co-expressed albumin and CK19

and more than 90% also expressed CD133/1. Each 10 billion adult liver cells contains at least 50–200

million EpCAMþ cells. A single adult liver can yield �500 billion cells. Each EpCAMþ cell can

undergo clonogenic expansion with division rates of �1 division/24 h under optimal conditions. From

Schmelzer et al. (2007). (See Plate no. 12 in the Color Plate Section.)
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Fig. 6 EpCAMþ cells are distinct phenotypically from mature parenchymal cells. EpCAMþ cells in pediatric and adult

livers are HpSCs with a size of 9–10 mm in diameter and with low side scatter (granularity). By contrast

mature liver parenchymal cells are 18–25 mm and with high side scatter (Schmelzer et al., 2007). The gene

expression profiles of EpCAMþ cells are also distinct from that of mature parenchyma (Schmelzer

et al., 2006). (See Plate no. 13 in the Color Plate Section.)
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Co-expression of biliary
(CK19) & hepatocytic
(albumin) functions

hHBs

DP

a -fetoprotein Cytokeratin 19 EpCAM

hHpSCs

Fig. 7 Human hepatic stem cells (hHpSCs) versus human hepatoblasts (hHBs). Human livers have two

pluripotent cell populations: hepatic stem cells (hHpSCs), that are multipotent, and hepatoblasts (hHBs),

that are bipotent. hHpSCS are found in the ductal plates of fetal and neonatal livers and in the Canals of

Hering of pediatric and adult livers. hHPSCs are �7-9 mm; hHBs are �10-12 mm in diameter. They both

express albumin and cytokeratin (CK) 19 but can be distinguished by the pattern of expression of EpCAM

and CK 19 and by the fact that HpSCs express NCAM and claudin 3 but not AFP; HBs express ICAM-1

and AFP. [From Schmelzer et al., 2007]. (See Plate no. 14 in the Color Plate Section.)
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Fig. 9 Maturational changes in liver matrix chemistry. Thematrix chemistry changes gradient fashion

from the young cells to the old cells.

• Nutrient-rich basal media

• Lipids

• Trace elements

• Insulin

• Bound to carrier molecule such as albumin

– e.g. RPMI 1640

– High density lipoprotein

– Zinc, selenium

– Mixture of free fatty acids

A.   Common Requirements 

Fig. 8 (A) Common requirements for culture of all lineage stages of liver cells. (B) Some of the

Lineage-dependent requirements.
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Fig. 11 An hHpSC colony from fetal human liver. Culture of hHpSCs from human fetal liver on

tissue culture plastic and in Kubota’s Medium. The colony of hHpSCs has been stained for EpCAM

(green) and DAPI (blue). Desminþ cells (red) are hepatic stellate cells that provide critical paracrine

signaling (matrix and soluble signals) for the hHpSCs. (See Plate no. 15 in the Color Plate Section.)

Stem cells
Self
renewal

Committed progenitors
In
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to
ry
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Young adult cells (fate 1)
(diploid)

Old adult cells(Fate 1)
(polyploid) Old adult cells (fate 2)

(polyploid)

Young adult cells (fate 2)
(diploid)

Committed progenitors

Fig. 10 Feedback loop. Ex Vivo: stem cell/progenitors do not grow when: 1) co-cultured with mature

liver cells (polyploid liver cells) or 2) cultured with conditioned medium from mature liver cells

(polyploid liver cells). In Vivo: stem cell/progenitors do not grow in vivo unless there is selective loss

of mature cells in zone 3 (pericentral zone)–‘‘cellular vacuum’’ Feedback loop signals–released either

into blood of bile; not yet been identified.
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hHpSCshHpSCs hHepatoblastshHepatoblasts

ALBALB

CK19CK19

PhasePhase

Fig. 12 Human hepatic stem cells (hHpSCs) and hepatoblasts (hHBs) from adult liver. Colonies of

hHpSCs (left panels) versus hHBs (right panels) in culture on embryonic stromal feeder, STO cells, and

in Kubota’s Medium. The top set are phase micrographs; the middle panels are colonies stained for

albumin; the bottom panels are ones stained for cytokeratin 19. (Figures from Schmelzer et al., 2007.)

(See Plate no. 16 in the Color Plate Section.)
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Fig. 13 The hHpSCs embedded in hyaluronan hydrogels. Hepatic progenitors in hyaluronan

hydrogels crosslinked by disulfide bridges. 20� magnification of HpSCs in hydrogels were taken by

the Olympus FV500 Laser ScanningMicroscope. Panel A identifies the HpSCs after 7 days of culture in

a hyaluronan hydrogel. Image is of autoflourescence of the cells. Panel B. Digital Image Composite

(DIC) shows the cells and the HA hydrogel. The hydrogel reagents were obtained from Glycosan

Biosciences (Utah). (From Turner et al., 2007.) (See Plate no. 17 in the Color Plate Section.)

• Hepatic stem cells
– Division rates of up to ~1 per day
– Can be subcultured repeatedly
– A single cell can generate a colony of

>10,000 daughter cells in 2−3 weeks 

• Hepatoblasts
– Division rates of ~1 per 2−3 days
– Can be subcultured but not as easily as the

stem cells 
– A single cell can generate a colony of

4000−5000 daughter cells in ~3 weeks 

• Diploid adult hepatocytes (“small
hepatocytes”) 

– A single cell can form a colony of ~130
daughter cells in ~3 weeks 

– Limited ability to be subcultured

• Polyploidhepatocytes
– Can attach and survive with appropriate

cell culture conditions 
– Can undergo only 1−2 complete cell

divisions 
– DNA synthesis can occur but with limited, 

 if any cytokinesis 

Hyperplastic
growth

Hypertrophic
growth

DNA
synthesis

Cytokinesis

Fig. 14 Regenerative capacity of liver: combination of hyperplastic þ hypertrophic growth.
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Glossary/nomenclature/abbreviations

Canals of Hering Ductular structures around the portal triads of the liver acinus and found to be

the stem cell niche in pediatric and adult livers. Assumed to be derived from the

ductal plates found in fetal and neonatal livers.

Clonogenic expansion Cells that can expand from a single cell and that can be repeatedly passaged at

single cell seeding densities. Only the pluripotent progenitors (and possibly the

unipotent, committed progenitors) are able to undergo clonogenic expansion.

Colony formation Cells that can form a colony of cells when seeded at low densities. Diploid

subpopulations, both progenitors and adult diploid cells, are able to form

colonies of cells, but the adult diploid cells are limited in the numbers of

divisions and are not able to undergo repeated passaging.

Committed progenitors Unipotent progenitors capable of maturing into only one adult fate.

Determined stem cells Pluripotent cells that can develop into some, but not all adult cell types and have

self-renewed capacity.

Ductal Plate

(also called limiting plate)

A band of cells encircling the portal triads in the acinus of fetal and neonatal

livers and separating the connective tissue associated with the portal triads

from the parenchyma. Recently found to be the stem cell niche (Schmelzer et al.,

2007).

Embryonic stem (ES) cell Pluripotent cells derived from pre- or post-implantation embryos and that can be

maintained in their undiVerentiated (unspecialized) state ex vivo under specific

conditions; they can mature into all the cell types of all three germ layers

(ectoderm, mesoderm, endoderm) but cannot give rise to extraembryonic cell

types (e.g. amnions, placenta).

Oval cells Small cells (�10 um in diameter) with oval-shaped nuclei and related to the stem

cells and committed progenitors in the liver. They are located near the portal

triads and expand in the livers of animals exposed to oncogenic insults. The insults

result in cells that are partially or completely transformed. The term is used

often as a synonym for the liver’s stem cells and progenitors. However, they

are distinguishable phenotypically and in their growth regulatory requirements

from their normal progenitor counterparts (Oh et al., 2002).

Multipotent stem cells This term has come into vogue only in the last few years to define the determined stem

cells found in postnatal tissues as a way of distinguishing them from pluripotent

embryonic stem cells.

Pluripotent cells There have been political eVorts in the last few years to restrict the use of this term

to embryonic stem cells. However, the term was defined originally by embryologists

and is still used today to mean cells that can self-replicate and that can give rise

to daughter cells of more than one mature cell type. This applies to embryonic stem

cells and to determined stem cells.

Progenitors or precursors Broad terms encompassing both stem cells and committed progenitors.

Stem cells Pluripotent cells that are capable of clonogenic expansion and self-replication

(i.e. capable of producing daughter cells identical to the parent).

Totipotent stem cells Cells capable of producing all cell types from all embryonic germ layers (ectoderm,

mesoderm, and endoderm) plus the extraembryonic tissues such as amnions

and placenta. Only zygotes and the cells of the first 3 divisions qualify as totipotent

stem cells.

(continues)
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Appendix 1 (continued)

Glossary/nomenclature/abbreviations

The cellular subpopulations described below comprise lineage stages of epithelia and mesenchymal

cells that are cell–cell partners with critical paracrine signaling: [following the list of the subpopulations

are lists of markers identifying these subpopulations].

A small letter is used to indicate the species (m, murine; r, rat; h, human) and is coupled with an abbreviation for the

cellular subpopulation

Hepatic stem cells (HpSCs) Lineage stage 1 of the parenchymal cell lineage: In humans, they express EpCAM,

NCAM, low levels of albumin, claudin 3, cytokeratins 8, 18, and 19, E-cadherin,

and hedgehog proteins but not AFP, ICAM-1, or P450s.

(This list is not complete: see Schmelzer et al., 2006a).

Hepatoblasts (HBs) Lineage stage 2 of the parenchymal cell lineage: Markers overlap with those of

HpSCs but are distinctive from them in their expression of ICAM-1, higher

levels of albumin, fetal forms of P450s (e.g. P450A7) and a-fetoprotein.
Hepatocytic committed

progenitors

Lineage stage 3: Unipotent progenitors that give rise to hepatocytes.

Biliary committed

progenitors

Lineage stage 3: Unipotent progenitors that give rise to biliary epithelia.

Angioblasts Progenitors that give rise to endothelia.

There is some evidence (Kubota et al., 2007), albeit not yet

conclusive, that they also give rise to hepatic stellate cells.

Hepatic stellate

cells (HpSTCs)

Also called Ito cells. Found in the sinusoidal space, between the sinusoids and

hepatocytes and represent 5–8% of the total number of liver cells. Their

signature features are vitamin A and a-smooth muscle actin. They have been

shown to produce many of the signals (matrix and soluble ones) regulating hepatic

progenitors (Kubota et al., 2007).

Endothelia Cells derived from angioblasts and forming the cells lining blood vessels.

Stroma The term is generic for multiple mesenchymal cell populations that in culture are

bipolar and spindly in shape and provide critical paracrine signaling with epithelia.

Markers used to identify the subpopulations:

Parenchymal cells ALB Albumin

AFP a-Fetoprotein (note, diVerent isoforms of AFP exist, some of

them species specific).

CK Cytokeratin

CK 8 and 18 Cytokeratins 8 and 18, ones typifying epithelia

CK19 A cytokeratin unique to biliary epithelia

EpCAM Epithelial cell adhesion molecule. Found on HpSCs and HBs.

NCAM Neural cell adhesion molecule. Found on HpSCs.

ICAM 1 Intercellular cell adhesion molecule. Found on HBs.

CD133/1 Prominin found on various progenitors including HpSCs,

HBs, and endothelia.

Angioblasts/endothelia KDR (VEGFr2) flt1; member of VEGF receptor (VEGFR) family

CD31 Platelet/endothelial cell adhesion molecule or PECAM

VWF Von Willebrand’s factor; a glycoprotein present in blood and

produced by endothelium.

CD117 c-kit, the receptor for stem cell factor

CD133/1 Prominin found on HpSCs and on various stem cell populations

(continues)
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Appendix 1 (continued)

Glossary/nomenclature/abbreviations

Hepatic stellate cells (HpSTCs) Desmin A 52 kDa protein that is a subunit of intermediate filaments

found in muscle cells (smooth, cardiac and skeletal muscle

cells), myofibroblasts, and HpSTCs.

ASMA a-Smooth muscle actin. One of the signature features of

HpSTCs. Activation of HpSTCs results in greatly elevated

levels of ASMA.

Vitamin A Retinoids such as vitamin A are another signature feature of

HpSTCs isolated from both fetal and adult tissues.

Shared by angioblasts, endothelia,

and hepatic stellate cells

VCAM-1 Vascular cell adhesion molecule-1; CD106. Expressed on

endothelial cells stimulated by cytokines; also an endothelial

ligand for VLA-4 (very late antigen-1 or a4b1) and
for integrin a4b7.

CD146 Expressed by both activated endothelia and activated HpSTCs.

Also called MCAM or MELCAM, A32, MUC18.

Functions are unknown.

b3 integrin Found on platelets, angioblasts, endothelia, and HpSTCs.
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Appendix 2: Details on the Preparation of BuVers/Reagents

1. 10� LeVert’s buVer (filtered):
250 mM HEPES 59.57 g

1.15 M NaCl 69.27 g

50 mM KCl 3.73 g

10 mM KH2PO4 1.36 g

Combine in MQ water, pH to 7.4, and q.s. to 1.0 L
2. 1 M CaCl2 (autoclave)

73.5 g CaCl2

500 ml MQ H2O

0.2 M EGTA (filtered):

38.04 g EGTA

500 ml MQ H2O

3. Chelation buVer (A):

1� LeVert’s/0.5 mM EGTA: 0.625 ml of 0.2 M EGTA stock in final volume of

250 ml
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4. Collagenase buVer (B):

1� LeVert’s/1 mM CaCl2: 0.5 ml of 1 M CaCl2 stock in final volume of 500 ml

(digestion buVer). Within an hour of the time of the perfusion, add the collagenase

to the buVer; for rat livers, add 70 mg of collagenase/500 ml; for human livers, add

�500–600 mg/l of buVer. The exact amount depends on the biological activity of

the collagenase sample and must be adjusted also based on empirical findings with

the routine samples being digested.

5. BuVer C:

1� LeVert’s/2 mM CaCl2. Add 0.5 ml of 1 M CaCl2 stock in final volume of

250 ml. Add 1.5 g BSA at the time of use.

6. PercollÒbuVer:

After the liver is digested and just prior to fractionation of the cells, mix the

culture medium with 90% isotonic PercollÒ (Sigma). The ratio of volumes should

be 3 parts culture medium to 1 part Percoll (e.g. 30 ml of cells in mediumþ 10 ml of

90% isotonic Percoll). Adjust the ratio of medium to Percoll depending on the

extent of fatty deposits in the liver. The more fat, the lower the Percoll ratio to

the culture medium.

7. Plating medium and culture medium for mature liver cells

Use RPMI 1640 (GIBCO/BRL) or a 1:1 mixture of Dulbecco’s modified Eagle’s

medium and Ham’s F12 (DMEM/F12, GIBCO/BRL) to which is added 20 ng/ml

EGF (Collaborative Biomedical Products), 5 mg/ml insulin (Sigma), 10 mg/ml iron-

saturated transferrin (Sigma), 4.4 � 10�3 M nicotinamide (Sigma), 0.2% BSA

(Sigma), 5 � 10�5 M 2-mercaptoethanol (Sigma), 7.6 mEq free fatty acid mixture

(see below for its preparation), 2 � 10�3 M glutamine (GIBCO/BRL), 1 � 10�6 M

CuSO4, 3 � 10�8 M Na2SeO3 and antibiotics. For the plating medium add, in

addition, 1–2% FBS (Hyclone) and keep the cells in it for only 4–6 h until the cells

attach; it will be referred to as a serum-supplemented medium (‘‘SSM’’) combined

with a hormonally defined medium (‘‘HDM’’) or ‘‘SSM/HDM’’. After the cells

have attached, remove the SSM/HDM, rinse gently and switch to a serum-free

version that will be called a serum-free, hormonally defined medium, ‘‘HDM’’.

8. Cell wash used for human fetal liver processing

� 500 ml RPMI 1640 (GIBCO 11875-093)

� 0.5 g BSA (Sigma # A8806-5G fatty acid free)

� 0.5 ml selenium (3 � 10E �5 M, final 3 � 10E �8 M)

� 5.0 ml Antibiotics (GIBCO 15240-062, AAS)

Sterilize by filtering
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9. Kubota’s Medium (KM)

� 500 ml RPMI 1640 (GIBCO # 11875-093)

� 0.5 g BSA (Sigma # A8806 fatty acid free)

� 270 mg Niacinamide (Sigma # N0636)

� 5 mg/ml Insulin (Sigma # I5500)

� 10 mg/ml Transferrin/Fe (Ado, bovine) (Sigma # T1283)

� 5 ml l-Glutamine 200 mM (2 mM, GIBCO # 25030-081)

� 5.0 ml Antibiotics (GIBCO # 15240-062, AAS)

� 10E-8 M Hydrocortisone (Sigma # H0888)

� 1.75 ml b-Mercaptoethanol (5E-5 M, Sigma # M6250)

� 10E-10 M Selenium (Aldrich # 22,982-7)

� 10E-10 M Zinc sulfate heptahydrate (10E-10 M, Specpure # JMC156)

Note: Zn is included in the crystallization process used by Sigma, at �0.5% and

the exact amount varies from lot to lot. However, the concentration at which zinc is

effective but not toxic is broad. Moreover zinc is an absolute requirement for most

cells when in serum-free medium given the large number of enzymes that utilize it as

a co-factor. For example, in liver there are more than 30 liver enzymes with zinc as a

required cofactor. Therefore, simply add the zinc at 10E-10 M.

� 38 ml of the free fatty acids mix (see below—Buffer #10 for its preparation)

Note: The free fatty acids are toxic unless they are presented bound to purified,

fatty acid free, endotoxin-free serum albumin (e.g. Pentex type V albumin). Albumin

(of whatever species desired) is prepared in the basal medium to be used and at a

typical concentration of 0.1–0.2%.

� 10 mg/ml High density lipoprotein from human plasma (Sigma #L8039-

solution, Sigma #L1567-lyophilized powder).

Note: HDL can be ignored for media used for plating the cells or for those for

cultures to be maintained for only a few days. However, it is essential for cultures

to be maintained for a week or longer

� Sterilize by filtering through low protein-binding filters

10. Free fatty acid mixture–Chessebeuf and Padieu (1984)

Preparation of the fatty acid stocks

The free fatty acids are prepared by dissolving each individual free fatty acid

in 100% ethanol. Most are readily dissolved in ethanol, though some require

heating to achieve fully solubility.

Components are as follows:

Palmitic acid (solid, MW 256.4, Sigma # P0500)

Prepare 1.0 M solution: Weigh out palmitic acid, put into scintillation

vial with screw cap. Add appropriate amount of ethanol and close cap tightly.

Heat to 50 �C in water bath to dissolve. (256.4 mg/ml 500 mg/1.95 ml 1 g/

3.9 ml)
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Palmitoleic acid (MW 254.4, Sigma # P9417)
Prepare 1.0 M solution (254.4 mg/ml 500 mg/1.97 ml 1 g/3.93 ml)
Stearic acid (MW 284.5, Sigma # S4751)
Prepare 151 mM solution

Oleic acid (MW 282.5, Sigma # O1008)

Prepare 1.0 M solution (282.5 mg/ml 500 mg/1.77 ml 1 g/3.54 ml)

Linoleic acid (free acid, not sodium salt)

Prepare 1.0 M solution (280.4 mg/ml 1 g/3.6 ml)

Linolenic acid (MW 278.4, Sigma # L2376)

Prepare 1.0 M solution (278.4 mg/ml 1 g/3.59 ml)

Palmitoleic, oleic, linoleic (free acid), and linolenic acids are liquids at RT. They

are somewhat less dense than water, which can be used as a guide in determining

how much alcohol to add to the contents of an ampoule. For example, 1 g of

palmitoleic acid will be �1 ml volume, and should be used to make 3.93 ml of

solution. To be safe, �2.7 ml of ethanol should be added and the total volume

checked. Further additions of ethanol can be made to bring the volume to the

correct level. These stocks can be stabilized by bubbling through nitrogen in each

of them and then storing them at –20 �C.
Preparation of the MIx of Free Fatty Acids:

Proportions to be used to reach a final concentration of 100 mM for each of the

fatty acids as follows:

31.0 volumes of 1.0 M palmitic acid

2.8 volumes of 1.0 M palmitoleic acid

76.9 volumes of 151 mM stearic acid

13.4 volumes of 1.0 M oleic acid

35.6 volumes of 1.0 M linolenic acid

5.6 volumes of 1.0 M linolenic acid

834.7 volume of alcohol

The Volume typically used is a microtetter. Thus, the final volume will be 1 ml.

Final solution:

Add 76 ml of the free fatty acid mixture stock per liter of culture medium to

achieve a final concentration of 7.6 meq. The free fatty acids are toxic unless they

are presented bound to purified, fatty acid free, endotoxin-free serum albumin (e.g.

Pentex type V albumin). Albumin is prepared in the basal medium or PBS to be

used and at a typical concentration of 0.1–0.2%.

11. Digestion buVer (human fetal livers)

� 100 ml Cell Wash

� Collagenase (Sigma # C5138): final 300 U/ml [ideally this is Liberase]

� 30 mg DNAse (Sigma # DN25)

Sterilize by filtering.



8. Hepatic Stem Cells and Hepatoblasts: Identification, Isolation, and Ex Vivo Maintenance 211
Appendix 3: Commercial Sources of Reagents

Vendors

Growth factors, hormones, supplements
Alexis Corp.
 Cortex Biochemicals Inc.
American Qualex International Inc.
 ICN Biomedicals
Antigenix America Inc
 INVITROGEN
Biodesign International is Now Meridian Life
 Novabiochem
Sciences Inc
 Pepro Tech
BIOTREND Chemikalien
 Sigma-Aldrich
Calbiochem
 Spectrum Laboratory

Products
Chemicon International
 TCI America
Clonetics Products
 Upstate Biologicals
Collaborative Biomedicals/BECTON

DICKINSON
US Biological
Free fatty acids and lipids
Academy Biomedical Co.
 Chemicon International
BIOMOL Research Laboratories, Inc.
 ICN Biomedicals
BIOTREND Chemikalien
 Sigma-Aldrich
Matrix molecules
Accurate Chemicals
 Calbiochem
Becton Dickinson (includes

Collaborative Biomedicals)
CarboMer, Inc.
Amersham Biosciences (microcarrier beads)
 Chemicon International
Alexis Corp.
 EY Laboratories
BioChemika is SIGMA
 PolySciences, Inc.
Biodesign International
 Sigma-Aldrich
Biosource International is INVITROGEN
 Upstate Biologicals
BIOTREND Chemikalien
 Calbiochem
Trace elements
Alfa Aesar
 MV Laoratories, Inc
Chem Services Inc.
 Sigma-Aldrich
Crescent Chemicals
 Spectrum Laboratory

Products
Gallade Chemical, Inc.
 Strem Chemicals, Inc.
ICN Biomedicals
Sulfated proteoglycan and glycosaminoglycans
Alexis Corp.
 ICN Biomedicals
Calbiochem
 Seikagaku USA
CarbOMer, Inc.
 Sigma-Aldrich

(includes Biochemika)
Chemicon International
 TCI America
Clonetics
 US Biologicals
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Appendix 4: Sources of Primary and Secondary Antibodies
for Immunoselection and for Characterization of the Cells.
(See Below for Suppliers and the Location of the Suppliers)
rkers Markers (sources)

s Glycophorin A (Caltag #MHGLA04);

CD14-FITC (Pharmingen #555397)

CD34-FITC (Caltag #CD3458101)

CD38-PE (Pharmingen #M030098)

CD45-FITC (BD #347463)

EpCAM, 1:800 (Neomarkers; # MS-144-P1ABX)

N-CAM (CD56), 1:100 (Novocastra, #NCL-CD56-1B6;

also NCAM 16.2-PE (BD # 340363)

I-CAM-1 (CD54), 1:200 (Pharmingen; # 664970 or Bender

MedSystems; #BMS108)

CD54 or I-CAM (BD #347977)

c-kit or CD117 (Dako #R7145)

CD133-1 and CD133-2, 1:500 (Myltenyi Biotec # 130-080-801

and 130-080-901)

Epithelial antigen (Dako # F0860)

CD44 (hyaluronan receptor) 1:300 (Molecular Probes/Invitrogen)

Claudin 3 (CLDN-3) (Abcam)

Albumin, 1:800 (Sigma, # A6684)

a-Fetoprotein (AFP), 1:500 (Sigma, # 8452 or Zymed, #18-0003)

CK8/18, 1:1000 (Zymed, #18-0213)

CK19, 1:200 (NovoCastra; #NCL-CK19)

type-specific antibodies Alexa Fluor 568 conjugated goat anti-mouse IgG2a,1:200

(Molecular Probes, A21124)

Cy5 conjugated goat anti-mouse IgG1, 1:200 (Southern

Biotech; #1070-15)

ontrols Mouse IgG FITC and PE (BD #’s 349041 and 349043)
Suppliers for antibodies

Abcam (Cambridge, MA)

BD/Pharmingen (San Diego, CA)

BD/Biosciences (San Jose, CA)

Bethyl (Montgomery, TX)

Biodesign (Saco, ME)

Biogenesis—now called AbD Serotec (Raleigh, NC)

Biomeda (Foster City, CA)

Cappel (Solon, OH)

Chemicon (Temecula, CA)

Covance (www.covance.com)
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DakPierce (Glostrup, Denmark)

Fitzgerald (Concord, MA)

GE Healthcare/Amersham Biosciences (Piscataway, NJ)

Invitrogen/Biosources, Caltag, Molecular Probes, Zymed (www.invitrogen.

com)

Jackson Immunoresearch (West Grove, PA)

Myltenyi Biotec (Auburn, CA)

Novocastra Laboratories (Newcastle upon Tyne, UK)

Pierce (Rockford, IL)

Santa Cruz Biotechnology (Santa Cruz, CA)

Southern Biotech (Birmingham, Al)

US Biological (Swampscott, MA)

Vector (Burlingame, CA)
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The mammalian central nervous system is developmentally derived from

neuroepithelial cells in the neural plate. These neuroepithelial cells grow and

diVerentiate in response to signals from their surrounding environment. Many of

those signals have been well characterized and others remain to be discovered.
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In cell culture, a conditioned medium, a feeder cell layer, or a tissue extract has

been used as supplement in addition to those factors well characterized for main-

taining the multipotent status of neural progenitor cells. To date, there have been

many types of neural progenitor cells established in culture from various stages of

development and from diVerent regions of the nervous system of various species.

This chapter will provide a brief introduction to those cultures and a detailed

method for culturing rat neural epithelial cells at embryonic stage E9 and char-

acterizing them in vitro and in vivo.
I. Introduction

Since the introduction of serum-free culture for mammalian cells (Mather and

Sato, 1979a,b), a number of neural progenitor or stem cell cultures have been

established in the presence of EGF and/or FGF. An EGF-dependent mouse

SFME was established as a glial precursor cell line from embryonic brain (Loo

et al., 1987); EGF-responsive multipotent neural stem cell cultures were estab-

lished from mouse embryonic (Reynolds and Weiss, 1996) and adult striatum

(Reynolds and Weiss, 1992) in neurospheres; and FGF-responsive self-renewal

progenitor/ stem cells have been isolated from embryonic brain (Gage et al., 1995;

Kilpatrick and Bartlett, 1995, Mckay RDG, 1997), adult brain, mouse brain

(Gritti et al., 1996), and adult rat hippocampus (Palmer et al., 1997). More

recently, the isolation and culture of human bipotent and neural progenitor cells

have been reported (Carpenter et al., 1999; Sah et al., 1997; Svendsen et al., 1998)

in the presence of both EGF and FGF. However, neither EGF nor FGF, alone or

in combination with serum, support long-term survival of neuroepithelial cells

cultured from earlier stages of development (e.g., E9 rat neural plate). The initia-

tion of neuroepithelial cell culture from E9 neural plate was supported by coculture

with or conditioned medium from fetal Schwann cell cultures, similar to the

requirement of ES cells for fibroblastic cell feeder layer (Li et al., 1996a).

While a few of the murine neural progenitor or stem cell lines were capable of

indefinite growth in serum-free cultures (Li et al., 1996a; Loo et al., 1987), many

types of neural progenitor cells cultured in vitro tend to diVerentiate spontaneously.
Therefore, long-term culture of neuroepithelial cells has relied on viral or oncogene

transformation, which, it was hoped, might halt development at specific stages of

diVerentiation. This approach has resulted in the establishment of several immor-

talized, or conditionally immortalized, neural precursor cell lines (Bartlett et al.,

1988; Frederiksen et al., 1988; Li et al., 2000; Pietsch et al., 1994; Snyder et al.,

1992).

However, transformation frequently results in alteration of the neural precursor

cell properties and instability of the diVerentiated phenotype of the cells. For

example, SV40 large T-antigen transfection of precursor cells prevented the acqui-

sition of a cerebellar granule cell phenotype (Gao and Hatten, 1994). A v-myc

transfected multipotent mouse cerebellar-derived cell line can spontaneously
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alternate between neuronal and glial phenotypes (Snyder et al., 1992). The alter-

ation caused by immortalizing genes was minimized when regulated promoters

were used to drive the expression of the immortalizing genes (Li et al., 2000).
II. Rationale

The maintenance of the undiVerentiated state or the self-renewal capability of

progenitor/stem cells depends on the microenvironment where stem cells reside.

Thus, the removal of certain environmental factors might be expected to result in

cell diVerentiation. With the progression of development, such privilege sites

retract until, in adult life, stem cells can be found only in a few small regions in

the brain, for example, the subgranular zone of the hippocampal dentate gyrus

and the subventricular zone of the lateral ventricle. Recreating such an environ-

ment in vitro with a mixture of growth factors, matrix protein, tissue extracts,

conditioned medium, and feeder cell layers is the key to success in growing

progenitor/stem cells. Sometimes, maintaining appropriate cell–cell contact has

proven to be crucial to the growth of certain undiVerentiated cell types (Li et al.,

1997; Li, 1996a). In addition to growth factors, fibronectin or laminin is often

used as a substrate for monolayer cultures and bovine pituitary extracts or

chicken embryo extracts are often used as growth supplements. With this

approach, cell lines have been established that grow indefinitely in culture and

maintain the desired stage of diVerentiation (Li et al., 1997; Li et al., 1996a;

Loo et al., 1987).

By the same principle, an appropriate and distinct environmentmust be provided

to cause the diVerentiation of those stem/progenitor cells. A cell line that tends to

diVerentiate into one lineage of cells in one condition may diVerentiate into

another lineage of cells in another. The simplicity of in vitro conditions helps in

directing the cell to diVerentiate into specific pathways while more complex in vivo

conditions induce more diversified cell diVerentiation. We describe below methods

for obtaining primary cultures from rat E9 (0 somite) neural plates and the

isolation and establishment of an early neuroepithelial precursor cell line that

can be induced to diVerentiate into a variety of neural cell types in vitro and in vivo.
III. Methods
A. Dissection of E9 Neural Plate
In early embryonic development, stem/progenitor cells are induced to diVerenti-
ate by their neighboring cells. It is important to separate the stem progenitor cells

from their adjacent tissues by microdissection before putting them in culture. We

use animals at the 0-somite stage of development (rat day 9). The dissection

procedure is as follows.
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1. Obtain timed pregnant Sprague-Dawley rats.

2. Keep animals in a controlled temperature and humidity environment, with a

light period of 0600–1800 h and ad libitum food.

3. Animals are sacrificed by CO2 asphyxiation on day 9 of pregnancy (plug day

was designated as day 0) between 11 am and 2 pm.

4. The uterus is removed and embryos collected by dissection under a dissecting

microscope using fine surgical scissors and forceps.

5. E9 rat embryos (0-somite) are selected under the dissecting microscope and

dissected using fine needles to remove the extraembryonic membrane. The

caudal portion is removed by cutting through the middle of Hensen’s node.

6. Incubate the embryos with collagenase and dispase (Boehringer Mannheim,

for 10 min at 0 �C) (Fig. 1).
7. Wash the embryos by transfer from plate to plate with 1% BSA.

8. Remove the mesoderm and endoderm with fine needles.
1 2

4

5

6

Endoderm

Mesoderm

Neuroepithelial

Collagenase/
dispase, 10 min

3

Fig. 1 An illustration of the method of dissecting the neural plate from the rat embryos.



9. Culture of Rat Neural Epithelium 231
9. The neural plates are then dispersed into small aggregates (preferentially

20–50 cells in each aggregate) by gentle pipetting with a P 200 pipette.

10. Complete dispersion must be avoided.

11. The dispersed cells are plated in 96-well microtiter plates precoated with

laminin.

12. Cells from 20 neural plates are divided into 96 wells.
B. Preparation of Esc CoCulture and Conditioned Medium
For coculture, a confluent culture of rat fetal Schwann cells (ESC), cells carried

as described by Li et al. (1996b), is treated with collagenase/dispase to remove cells

from the plate and washed with serum-free medium by gentle centrifugation. Plate

cells at 4 � 103 cells per well in a 96-well plate no later than the day before the

neural plate cells are to be added. For transwell culture, grow ESC in tissue culture

inserts for 24-well plates until near confluence, and plate neural plate cells under-

neath the inserted wells in the 24-well plates. If conditioned medium is desired,

follow the directions below for preparation.

1. Grow ESC cells in tissue culture plates in the serum-free supplements

described in Li et al. (1996a,b).

2. When the cells are about 50% confluent, remove the spent medium and

replace with 10 ml hormone-supplemented serum-free medium.

3. Allow cells to incubate for 48 h.

4. Remove medium from the plates, combine, and filter through 0.1 m steriliza-

tion filter unit to remove any Schwann cells or cell debris.

5. Concentrate the medium 10-fold using a Centricon (Millipore) concentrator

of 10,000 MW cutoV.

6. Store concentrated medium at 6 �C in a sterile polypropylene tube. The

medium may be used for up to 7 days.
C. Primary Culture of E9 Neural Plate
The dissected tissue can be cocultured with the ESC cells as described below. The

ESC and neuroepithelial cells can be easily distinguished phenotypically as shown

in Fig. 2. The neuroepithelial cell colonies will grow rapidly in these conditions

(Fig. 3 and Fig. 4).

1. Cells prepared as described above are cultured in 96-well laminin-coated

plates.

2. Add serum-free medium supplemented with bovine pituitary extract (BPE,

optimal concentration for growth stimulation determined for each batch

prepared as described in Roberts et al.,1990 or see chapter 10, this volume),



Fig. 2 Primary cocultures of neural plate tissue and ESC showing the growth of a neuroepithelial cell

colony.
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and usually at 3–8 ml/ml; insulin at 10 mg/ml; forskolin at 5 mM; and addition-

ally either coculture with the rat embryonic Schwann cell line or supplement

with 10% 10-fold concentrated ESCCM.

3. In these conditions, some precursor cells survive and proliferate to form

large colonies of compacted monolayer epithelial cells containing some

diVerentiated neurons bearing long processes.

4. To maintain mixed primary cultures, change medium every 3–4 days.
D. Long-Term Culture
These cultures can be subcultured either as cocultures or using conditioned

medium. To maintain an appropriate ratio of ESC to primary cells, the ESC

cells should be removed by a brief treatment and discarded, and then the primary

cells taken to clumps of cells and remixed with fresh ESC grown separately.

Alternatively, the entire culture can be passed with heregulin omitted from the

supplements and the ESC discarded at passage. The timing of the passages, the



Fig. 3 Morphology of NEP cell line before and after induction for diVerentiation.
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density of the cells at subculture, the substrate, and the culture supplements will

determine the mixture of cells present in the secondary and subsequent passages.

1. Colonies of epithelial cells formed in the primary culture can be passaged in

F12/DMEM supplemented with 7F and ESCCM:
insulin, 10 mg/ml

transferrin, 10 mg/ml

progesterone, 3 � 10�9 M

alpha-tocopherol, 5 mg/ml

BPE (optimal concentration batch-dependent), 3 ml/ml

forskolin, 5 mM
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Fig. 4 DiVerentiation of NEP cells in intrabrain implantation.
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recombinant human heregulin (HRG-Beta1 177–244), 10 nM

ESCCM 10% of 10� concentrated
2. Remove cells from the substrate by incubating with 0.2% collagenase/dispase

at 37 �C. The neuroepithelial cells will detach as a loose sheet maintaining

intercellular adhesion.

3. Cells are washed free of enzymes by centrifugation on a layer of 3% BSA.

4. Plate cells onto laminin-coated 24-well plates.

5. Add F12/DMEM supplemented with 7F.
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6. Cells can be subcultured by the same procedure for 5–6 passages.

7. During this period, the cultures will contain two major cell types: compact

epithelial cells and bipolar cells resembling Schwann cells or radial glia.

Other cell populations persist through the first few subcultures.
E. Establishment and Serial Passage of NEP Cell Line
Starting from the mixed long-term cultures obtained above, the epithelial cells

are subsequently removed from the culture by diVerential enzymatic digestion with

collagenase/dispase. The bipolar cells lift oV the plate first and are discarded.

Removing heregulin from the culture medium, and allowing the epithelial cells to

grow at a higher density, also favors the growth of the epithelial component of the

coculture. The cells are then carried in 6F medium (7F medium above, omitting

heregulin) on laminin-coated plates and passaged every week with collagenase

dispase, using a 1:4 split. If the cells are maintained at a high density, the

ESCCM can be omitted from the cultures at this point.

The epithelial cell line isolated in our laboratory using this protocol-designated

NEP has been maintained in continuous culture for more than 3 years. The

cultures can be caused to diVerentiate in response to forskolin and bFGF. Within

48 h of changing the cells to a forskolin-containing medium (as described below in

the III.G), more than 90% of the cells are postmitotic and express neuronal

markers (Li et al., 1996a).
F. Characterization of NEP by Immunohistochemistry
The NEP cell line is a nestin-positive neural progenitor cell. Nestin is an

intermediate cytoskeletal protein that can be stained by immunofluorescence

(see fig. 3D). Monoclonal antinestin antibody is now available from Chemicon

(Catalog number mab353). To prepare for immunofluorescence, NEP cells are

grown on a glass chamber slide and fixed by absolute alcohol prechilled at �20 �C
for 10 min and followed by air dry for 1 h. The fixed slides are then incubated

sequentially with 10% normal goat serum for 30 min and with antinestin antibody

(5 mg/ml) for 1 h at 37 �C; rinsed 3� with PBS, and then with anti-mouse IgG-FITC

(10 mg/ml) for 1 h; and mounted with Vectashield (Vector Labs) mounting medium.

The slide is examined under fluorescence microscope. Positively stained cells will

show green fluorescence in cytoskeletal network in the cytoplasm.
G. DiVerentiation of NEP Cells
Neuronal diVerentiation is induced when NEP cells are treated with forskolin

and FGF-II. Cells are plated in 6F medium at a 1:8 split in laminin-coated 24-well

plates with F12/DMEM supplemented with 6F for 48 h and then cultured with

fresh medium containing the following:

insulin, 10 mg/ml

transferrin, 10 mg/nl
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alpha-tocopherol, 10 mg/ml

bFGF (recombinant human bFGF, Gibco BRL), 30 ng/ml

forskolin (Calbiochem), 5 mM

The extent of cell diVerentiation can be assessed by immunofluorescence staining

of the cultures with various markers that are common in characterized neural

cell types as listed in Table I. Further functional analysis of diVerentiated
neurons could be performed by electrophysiology with patch clamp techniques

(Li et al., 2000).
H. DiVerentiation of NEP Cells by Intracranial Implantation
The diVerentiation potential of NEP cells is further examined by in vivo grafting

in neonatal rat brain. The method was adapted from Gao and Hatten (1994). Prior

to implantation, NEP cells are labeled with fluorescent tracer PKH-26 (Sigma) at

5 mM concentrations for 7 min at room temperature according to the protocol

provided by the supplier. Labeled cells are incubated with serum-free medium

containing 100 ng/ml FGF-II and 5 mM forskolin at 37 �C for 4 hours. This

prediVerentiation step improves engraftment in the cortex. The cells are counted

and a suspension of partially dissociated cells is prepared at a concentration of

5 � 107 cells/ml. The cell suspension is drawn into a Hamilton syringe.

To prepare for surgical implantation, neonatal rat pups are rendered uncon-

scious by chilling the animals on an ice water bath and placed in a Stoelting

Stereotaxic device fitted with a neonatal rat adapter and a vertical holder for a

Hamilton syringe. The skin overlying the forebrain is rinsed with 70% ethanol, a

small incision is made in the skin, and the Hamilton syringe needle is lowered

gently through the incision to a position of lateral ventricular zone. The injection

site can be evaluated by injecting blue solution instead of cell suspension and

visualizing under a light microscope after sectioning. For each injection, inject

about 2 ml of the above-labeled cell suspension. Then the syringe is removed, the

skull is rinsed with a solution of penicillin-streptomycin (0.25%), and the skin is
Table I
Common Markers for Immunochemical Characterization of CNS Neural Cells

Cell type Markers

Neural progenitor Nestin

Neurons bIII-tubulin, neurofilament 68 (NF68), neurofilament 160 (NF160),

neurofilament 200 (NF200), microtubule-associated protein 2a/b

(MAP2a/b), Tau, synaptophysin, glutamate, GABA, choline acetyl

transferase

Astrocyte Glial fibrillary acidic protein (GFAP)

Oligodendrocyte Gal C, CNPase
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replaced and sealed with Vetbond (Henry Schein, Inc.). The animals are then

warmed to 35.5 �C and returned to the litter. After survival of 1–5 days, animals

are anesthesized with ketamine prior to perfusion with 4% paraformaldehyde in

0.1 M phosphate buVer (pH 7.4). The brain hemispheres are removed and post-

fixed in the same fixative. The fixed tissues are rinsed with PBS and embedded in

3% agar gel. Serial sections (200 m thick) are cut with a vibratome and labeled cells

are visualized under epifluorescence microscope. Morphology of labeled cells is

recorded by fluorescence photography.
IV. Materials
A. Instrument and Equipment
Microdissection needles (black), needle holders, forceps, and scissors were

obtained from Fine Scientific Tools, Inc. Tissue culture laboratory was equipped

with Biosafety hoods (Forma Scientific), Allegra 60 Centrifuge (Beckman),

inverted microscope (Nikon), dissecting microscope (Zeiss), and CO2 incubators

(Sanyo). Stoelting Stereotaxic device was purchased from Harvard Apparatus.
B. Reagents
Recombinant human heregulin (rHRGB 177–244) is available from R&D

Systems. A stock solution (1000�) was prepared in PBS and stored in small aliquots

at�80 �C. Bovine pituitary extract (also available fromGibco BRL) is prepared as

described in Roberts et al. (1990). Collagenase/dispase (Roche Molecular Chemi-

cals), insulin (recombinant human, Novo Nordisk), aprotinin (Roche Molecular

Chemicals), and forskolin (Calbiochem) were purchased from the indicated

sources. Laminin, FGFII, transferrin, and F12/DME medium powder were

obtained from Gibco BRL (Grand Island, NY); progesterone and alpha-

tocopherol from Sigma.
V. Discussion

It is important that the animals be sacrificed between 11 am and 2 pm, on day 9

(0 somite) of development, if the cell cultures described here are to be obtained. All

embryos should be dissected from the uterus and then kept in medium on ice until

further dissection. If the embryos are taken at an earlier or later stage, the

characteristics of the culture will diVer and the neuroepithelial cell type described

will not be apparent in the cultures. Collagenase/dispase is recommended for both

dissection and subsequent passaging of the cell cultures, because cells require cell–

cell contact for survival both in primary culture and in subsequent passage.

The dispersion of NEP cells into single cells must be avoided at all times, otherwise
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the separated NEP cells will die. The survival of totally dispersed cells will indicate

a phenotypic change of the culture. NEP cells after diVerentiation as described

above will survive single-cell dispersion. Again, in order to maintain the cell–cell

contact throughout the culture process, a 1:4 split of a confluent or near confluent

plate is the correct density. If the cells are not confluent after 4 days, refeed with the

hormones and let the plate grow to confluency. It is important to split the cells on

the recommended schedule and split ratio if the neuroepithelial cells are to be

favored (initially) and then maintained in the culture.

The ESC, fetal rat Schwann, cell line can support the growth of these primaries

in coculture, transwell culture, or by the addition of concentrated medium. Thus,

there seems to be a secreted factor responsible for the survival activity. An adult

Schwann cell line, a melanoma cell line (M2R) (Mather and Sato, 1979b), and a

pre-astroglial cell line SFME (Loo et al., 1987) were all tried as sources of

conditioned medium. They will not support the growth of the NEP-like cells in

the culture. More than 25 hormones and growth factors have been tested as a

replacement for the conditioned medium without success (Li, 1996a). In the

absence of the ESC cell line one can prepare primary cultures of E14 embryonic

Schwann cells as described (Li, 1996b) and use conditioned medium from these

cells. These cells have a strong preference for laminin over other matrix proteins

such as collagen, polylysine, and fibronectin as a substrate.

The dependence of NEP cells on intercellular contact may reflect the in vivo

situation. Such neural progenitor cells live most likely in clusters and could be

nourished from nearby glial cell produced factors. The diVerentiation of these cells

will progress along with the migration away from those cell clusters. Such phe-

nomenon is common in neural diVerentiation during development and is consis-

tent with the observations on adult neural stem cells.
VI. Summary

With the support of a Schwann cell feeder layer or the conditioned medium

from Schwann cell culture, primary cultures can be obtained from the dissected

neural plates of the 0-somite day 9 rat embryo in hormone-supplemented serum

free medium and ESCCM. By diVerential enzymatic treatment, removal of here-

gulin from the medium supplement and subculture in serum-free medium with

hormone supplements, a neuroepithelial cell type can be selected from the mixed

cultures that is nestin positive and undergoes continuous division in culture.

Maintenance of this cell line requires the maintenance of cell–cell contact, a

relatively high cell density, and prevention of exposure of the cells to trypsin or

serum. These cells retain the ability to diVerentiate to a nonmitotic cell type

having the properties of neurons on exposure to bFGF and forskolin in vitro

and are multipotent in diVerentiating into a variety of neuronal and glial cells

when implanted into neonatal rat brain.
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Abstract

Homogeneous, well-characterized cultures of kidney cells representative of de-

fined cellular phenotypes comprising the developing and adult kidney provide

important tools to investigate kidney biology. Further, the development of defined

media for these culture systems provides opportunities to investigate the role of

nutrients, hormones, and matrix components, as well as exogenous insults, in renal

development, function, and toxicity. The current explosion in stem cell research
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has fueled an expanded eVort to develop techniques to isolate and culture kidney

progenitor and stem cells, which have the potential to treat various forms of renal

disease. In this chapter, we outline methods to initiate and propagate long-term

cultures of highly homogeneous fetal kidney epithelial progenitor cells. By utilizing

a low calcium-containing serum-free culture medium together with a set of defined

hormones and extracellular matrix, kidney epithelial progenitor cells can be

cultured for more than 60 population doublings without loss of growth potential

or phenotypic signs of diVerentiation. The cultures appear to represent early

kidney epithelial progenitors based on cellular marker expression. The cells express

the mRNA encoding the embryonic kidney mesenchyme/epithelial marker PAX-2,

the stem cell protein CD133, the kidney embryonic progenitor protein CD24, as

well as CD29 and CD44. The cells are negative for E-cadherin when grown under

low calcium conditions (<0.05 mM); however, E-cadherin expression is induced

when cells are cultured under normal calcium conditions (1.2 mM), suggesting that

diVerentiation of the kidney epithelial progenitor culture can be modulated in part

by altering the calcium concentration of the medium.
I. Introduction

Through the pioneering work of Taub, Sato and colleagues, a serum-free

hormone-supplemented medium was developed that supported the culture of the

Madin-Darby canine kidney epithelial cell line (Taub et al., 1979), a cell line initially

established using conventional, serum-containing medium. Soon after, serum-free,

hormone-supplemented medium was shown to support the primary culture of

canine kidney epithelial cells (JeVerson et al., 1980; Taub et al., 1979) and primary

cultures of baby mouse kidney cells (Taub and Livingston, 1981; Taub and Sato,

1980). The development of a media formulation devoid of serum was paramount

not only because it opened up the possibility of examining the impact of individual

nutrients and hormones to cultures but also because serum promoted contamina-

tion and overgrowth by unwanted fibroblasts, and inhibited cell growth and pro-

moted diVerentiation of many cell types, including nontransformed fetal cells (Loo

et al., 1987, 1994). Studies by Detrisac et al. (1984) extended the early discoveries of

Taub, Sato and colleagues by showing that a serum-free, hormonally defined

culture medium enabled the selection and extended passage of human kidney

epithelial cells specifically of proximal tubule origin. Over the subsequent two

decades, culture conditions have been refined by the eVorts of many laboratories

to enable the selection and short-term propagation of cells representing the major

defined cellular phenotypes comprising the mature kidney. Together, this body of

work has provided a framework for the exploration of the nutrient and hormone

requirements of kidney epithelial cultures and the identification of factors that play

a role in the regulation of epithelial cell function and diVerentiation, and have

provided researchers with in vitromodels to study renal development, function, and

toxicity.
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With the current heightened interest and advances in stem cell biology, work has

begun to explore the development of highly refined separation techniques and culture

conditions that allow for the isolation, propagation, and characterization of putative

kidneyprogenitor or stemcells fromboth fetal and adult tissues (Bussolati et al., 2005;

Gupta etal., 2006;Sagrinati etal., 2006).Several reportshavehighlighted thepotential

importance of this area of research with respect to regenerative medicine (Al-Awqati

andOliver, 2002; Dekel et al., 2003; Rookmaaker et al., 2004; Zerbini et al., 2006).

The goal of this chapter is to provide investigators with the methodology to

generate primary and long-term cultures of homogenous kidney epithelial progen-

itor cell cultures and provide a jumping-oV point for the use of kidney progenitor

cell cultures as a tool to study kidney cell biology and development. Implicit in this

goal is advancing our understanding of the nutrient and hormone requirements of

the cultures, the role these factors play in selecting for (and against) specific

subpopulations of cells, and the role of these factors in determining the diVerentia-
tion fate of the cultures. It is our aim to develop culture conditions, considering

both the growth factor requirements and the nutrient and salt requirements of the

cultures, that allow for long-term passage of homogeneous kidney epithelial pro-

genitor cells that will provide an accessible tool by which to investigate renal cell

biology and toxicity.
II. Rationale

Our approach to the development of kidney epithelial progenitor cultures has

been to consider both the nutrient requirements of the culture (salts, vitamins,

trace elements, etc.) as well as the growth factor and extracellular matrix require-

ments of the culture, and develop balanced media formulations that allow for

long-term, serial passagable cultures. Our initial studies using commercially

available F12/DMEM medium, together with a mixture of hormones and extra-

cellular matrix, indicated that cultures of highly enriched primary epithelial

cultures could be grown for several passages before the cultures lost growth

potential, likely due to terminal diVerentiation. This suggested to us that the

nutrient, salt, and hormone balance was suboptimal for the maintenance and

continuous culture of a kidney epithelial progenitor cell type. Subsequently,

through a systematic analysis of the nutrient, salt, and hormone requirements

of the kidney cultures, we developed a fructose-based culture medium (termed

I/3F) that enabled the propagation of a homogeneous population of kidney

epithelial progenitor cells that could be maintained for at least 8 passages without

exhibiting a diVerentiated phenotype. The basis for the I/3F medium formulation

is published in United States Patent US 20050101011 (Tsao, 2005), and provides

recommended ranges of nutrient, salt, and hormone concentrations for the cul-

ture. This serum-free, hormone-supplemented culture medium satisfied the goal

of selecting for kidney epithelial progenitor cells (and preventing fibroblast over-

growth); however, the growth of the cultures slowed over time, resulting in
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diminishing numbers of cells at later passages. On the basis of the reports

implicating a role for extracellular calcium in regulating diVerentiation of

human keratinocytes (Peehl and Ham, 1980; Tsao et al., 1982), mouse epidermal

cells (Hennings et al., 1980), and human mammary epithelial cells (Soule and

McGrath, 1986), we reasoned that a low calcium formulation of the I/3F medium

may extend the growth potential of human kidney progenitor cells without

initiating diVerentiation. By switching to the low calcium-containing I/3F medi-

um (<0.05 mM), following culture initiation and one or two passages in normal

calcium-containing I/3F medium (1.2 mM), we were able to culture a homoge-

neous population of kidney epithelial progenitor cells through more than 30

passages (>60 population doublings). We were also successful in maintaining

cultures of the kidney epithelial progenitor cells in low calcium-containing F12/

DMEM for more than 7 passages—this culture maintained a similar morphology

as the cultures grown in low calcium I/3F medium and had a similar growth rate.

Longer-term cultures in low calcium-containing F12/DMEM are likely possible,

but were not attempted. Representative growth curves of the fetal kidney epithe-

lial progenitor cultures under low calcium and normal calcium culture conditions

are shown in Fig. 1. Photomicrographs of fetal kidney epithelial progenitor
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Fig. 1 Representative growth curves of cultures of fetal kidney epithelial progenitor cultures initiated

and grown for the first passage under normal calcium conditions, then cultured in either low calcium-

containing I/3F medium (diamonds), normal calcium-containing I/3F medium (squares), or low

calcium-containing F12/DMEM medium (circles), for the remaining passages shown. Cultures were

subcultured weekly and population doublings were calculated based on the culture split ratios.
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cultures at various passages, under normal calcium and low calcium culture

conditions, are shown in Figs. 2 and 3.

Herein, we outline the methods our laboratory has used to initiate and propa-

gate cultures of kidney epithelial progenitor cells using the media formulations

described above. As is always the case, the growth medium we have developed is

but one possible formulation, and there remains ample opportunity for the reader

to refine the media formulations and culture conditons outlined in this chapter to

meet specific needs.
III. Methods
A. Isolation and Primary Culture
1. Procure human fetal kidneys and ship to the lab in sterile culture medium on

wet ice. Our laboratory has been successful in culturing fetal kidneys ranging in

gestational age from 10 to 18 weeks. Tissue should be cultured within 24 h

following isolation.

2. Immediately upon arrival, transfer kidneys to wash medium (cold PBS con-

taining penicillin/streptomycin and gentamicin). Carefully remove outer mem-

branes with sterile forceps and wash the kidneys in 70% ethanol, then rinse twice

in wash medium.

3. Place kidneys in a dry 10 cm culture dish and mince the kidneys into �1 mm

cubes using sterile curved surgical scissors.

4. Add 5 ml of culture medium to the culture dish, transfer the tissue pieces into

a 15 ml centrifuge tube, then centrifuge at �160 � g (1000 rpm using a Beckman

GH-3.6 rotor) for 5 min. Resuspend the tissue pieces in serum-free culture medium

containing insulin (10 mg/ml), transferrin (10 mg/ml), epidermal growth factor

(EGF; 20 ng/ml), growth hormone (10 ng/ml), pig pituitary extract (0.2%), genta-

micin (100 mg/ml), penicillin/streptomycin (1�), and collagenase/dispase (0.1%).

Incubate at 4 �C overnight.

5. The following day, centrifuge the digested tissue pieces at �160 � g for 5 min

and then wash twice with culture medium.

6. Resuspend the pelleted tissue pieces in 10 ml of culture medium containing

insulin (10 mg/ml), transferrin (10 mg/ml), EGF (20 ng/ml), growth hormone

(10 ng/ml), and pig pituitary extract (0.2%) and plate into a fibronectin-precoated

10 cm culture dish. Cultures are routinely initiated by plating each fetal kidney in

1–3 10 cm dishes.

Under these culture conditions, the human fetal kidney cells will attach to the

substrate-coated plates and grow to form a confluent monolayer of bright, tightly

packed cells over 5–10 days, depending on the size of the kidney and the condition

of the tissue.



Fig. 2 (continues).
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Fig. 2 Representative photomicrographs of human fetal kidney progenitor cultures grown in normal

calcium-containing I/3F medium. (A) Confluent primary culture, (B) Confluent culture at passage 4,

(C) Confluent culture at passage 6 with areas of the culture exhibiting a diVerentiated phenotype,

(D) Confluent culture at passage 7 with the majority of cells exhibiting a diVerentiated phenotype. The

culture at passage 7 showed a marked increase in doubling time and was not capable of further

subculturing.
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7. Replace the culture medium every 2–4 days by carefully aspirating �75% of

the culture medium from the dish and replacing with fresh culture medium con-

taining insulin (10 mg/ml), transferrin (10 mg/ml), EGF (20 ng/ml), growth hormone

(10 ng/ml), and pig pituitary extract (0.2%). Floating, nonadherent cells and tissue

fragments may be replated into a fresh fibronectin-precoated culture dish.
B. Subculturing—First Passage
1. When the primary culture reaches 70–80% confluence (typically 4–8 days),

rinse the cell monolayer with fresh culture medium, add 2 ml trypsin/EDTA

solution, and incubate at 37 �C for 2–4 min—until the majority of the cells

round up and detach from the culture surface. Avoid extended exposure to the

trypsin/EDTA solution as this can greatly reduce cell viability. Detachment of the

cells from the culture surface may be aided by gently pipetting the trypsin/EDTA

solution across the cell monolayer if necessary.

2. After the cells have become detached, add 2 ml of soybean trypsin inhibitor

solution to the plate and transfer the cell suspension to a 15 ml conical centrifuge

tube. Pellet the cell suspension by centrifugation at �160 � g for 5 min at room

temperature. Carefully aspirate the supernatant and resuspend the cells in a small

volume (1–2 ml) of culture medium and determine the cell concentration using

standard methods, if desired.



Fig. 3 Representative photomicrographs of human fetal kidney progenitor cultures continuously

grown and passaged in low calcium-containing I/3F medium (from passage 2 onward). (A) Low density

culture at passage 9 growing in low calcium I/3F medium. Note that the subpopulation of round, bright

cells is strongly adhered to the fibronectin matrix, but has not yet spread out on the matrix. (B) Higher
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3. Resuspend the desired volume of cells in culture medium containing insulin

(10 mg/ml), transferrin (10 mg/ml), EGF (20 ng/ml), growth hormone (10 ng/ml),

and pig pituitary extract (0.2%) and replate into fibronectin-precoated 10 cm

culture dishes. Additionally, conditioned medium from high-density kidney epi-

thelial cultures may be added when subculturing to reduce the recovery time of the

culture and improve viability. A split ratio of 1:2–1:4 is recommended when

subculturing the cells into a fresh 10 cm culture dish. Split ratios greater than 1:4

may be used; however, this may extend the recovery time and increase the doubling

time of the culture.

4. Replace the culture medium every 2–4 days, as described previously, until the

culture reaches near confluence.
C. Subculturing—Subsequent Passages
Cultures maintained in normal calcium-containing medium (1.2 mM) can be

maintained for at least eight passages at a split ratio of 1:2–1:4. However, in our

experience, the doubling time of the cultures noticeably slowed over the course of

the eight passages and lead to reduced cell density and/or a reduced split ratio over

subsequent passages.

Switching the culture, following passage 1 or 2, into low calcium-containing

medium (<0.05 mM) enables the culture to maintain growth potential for more

than 30 passages at a split ratio of 1:4. When near confluent, subculture as

described in Section III B, except replace the normal calcium-containing culture

medium with low calcium-containing culture medium. Similarly, conditioned low

calcium-containing culture medium from high-density kidney epithelial cultures may

be added when subculturing to reduce the recovery time of the culture and improve

viability. A split ratio of 1:4 is recommended when subculturing the near confluent

culture into a fresh 10 cm culture dish under low calcium-containing culture medium

conditions. Replace the culturemedium every 2–4 days, as described previously, until

the culture reaches near confluence.
D. Cryopreservation and Subsequent Thawing and Reculturing
1. When the culture reaches near confluence (70–80% confluent), rinse the cell

monolayer with fresh culture medium, add 2 ml trypsin/EDTA solution, and

incubate at 37 �C for 2–4 min—until the majority of the cells round up and detach

from the culture surface.
density culture at passage 30 growing in low calcium I/3F medium. Again, round, bright cells are

strongly attached to the fibronectin matrix. (C) Sister culture at passage 30 that had been growing in low

calcium I/3F medium, and was then switched into normal calcium-containing I/3F medium for 24 h.

Note the change in morphology to a more spread phenotype with tighter cell–cell interactions. This

culture has begun to express E-cadherin protein as determined by flow cytometry.
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2. After the cells have become detached, add 2 ml of soybean trypsin inhibitor

solution to the plate and transfer the cell suspension to a 15 ml conical centrifuge

tube. Pellet the cell suspension by centrifugation at �160 � g for 5 min at room

temperature. Carefully aspirate the supernatant and resuspend the cells in freezing

medium (90% serum-free culture medium/10% DMSO) at 1 � 106 to 5 � 106 cells/

ml and transfer to 1.5 ml sterile cryogenic vials. Place vials into a Nalgene cryo-

genic freezing container, or sandwich the vials between two styrofoam 15 ml

culture tube racks, and place at �80 �C overnight. The following day, transfer

vials to a liquid nitrogen dewar.

3. To reculture a frozen vial of cells, remove the vial from liquid nitrogen and

thaw quickly by swirling in a 37 �C water bath. Transfer the cell suspension to a

15 ml conical centrifuge tube, add 5 ml of fresh culture medium, and pellet the cells

by centrifugation at �160 � g for 5 min at room temperature. Resuspend the cell

pellet in fresh culture medium containing insulin (10 mg/ml), transferrin (10 mg/ml),

EGF (20 ng/ml), growth hormone (10 ng/ml), and pig pituitary extract (0.2%) and

plate into a fibronectin-precoated 10 cm culture dish as described above for the

initial subculturing.
IV. Materials
A. Equipment

1. For Preparation of Porcine Pituitary Extract:
Heavy duty glass blender

High-speed refrigerated centrifuge

JA-20 centrifuge rotor or equivalent

50 ml Oak Ridge high-speed polycarbonate centrifuge tubes

Stir plate in 4 �C cold room or refrigerator
2. For Cell Culture:
5% CO2 incubator at 37
�C

Low-speed table top centrifuge

10 cm tissue culture dishes

15 and 50 ml conical polypropylene centrifuge tubes

1.5 ml cryogenic freezing vials

Surgical scissors and forceps
B. Reagents
A list of commonly used reagents, supplier information, and working concen-

trations is presented in Table I.



Table I
List of Commonly used Reagents, Supplier Information and Culture Supplements used to Culture Fetal
Kidney Epithelial Progenitor Cells

Reagent Formulation

Working

Concentration Vendor

Catalog

Number

Human Recombinant Insulin 10 mg/ml in 0.01 N HCl 10 mg/ml Sigma H-9892

Human Transferrin 10 mg/ml in PBS 10 mg/ml Sigma T-1147

Human Recombinant EGF 10 mg/ml in PBS 20 ng/ml Invitrogen 13247–051

Growth Hormone

(Human pituitary) 10 mg/ml in 10 mM sodium

bicarbonate

10 ng/ml Calbiochem 869008

Collagenase/Dispase 10% in F12/DMEM neat Roche 10 270 172

Trypsin/EDTA 0.05% neat Invitrogen 25300

Soybean Trypsin Inhibitor 1 mg/ml in PBS neat Sigma T-9003

Penicillin/Streptomycin 100� 1� Sigma P-0781

Gentamycin 100 mg/ml in water 100 mg/ml Sigma G-1264
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1. Basal Medium
F12/DMEM, a 1:1 mixture of Ham’s F12 and high-glucose Dulbecco’s modified

Eagle medium (DMEM), supplemented with 15 mM HEPES, pH 7.4, 1.2 g/L

sodium bicarbonate, and 2 mM glutamine, can be obtained as a powder or liquid

from Invitrogen (Carlsbad, CA). Custom formulated low-calcium or calcium-free

F12/DMEM and fructose-based media can also be obtained from Invitrogen.

Guidelines for the recipe for fructose-based I/3F medium is described in United

States Patent US 20050101011 (Tsao, 2005). Calcium/magnesium-free phosphate-

buVered saline (PBS) can be obtained from Invitrogen.
2. Growth Substrate
Historically, exogenously supplied serum has served to provide the extracellular

matrix components necessary for nontransformed cells to attach and spread on

tissue culture plastic surfaces. However, under serum-free culture conditions, a

source of extracellular matrix must be provided. The kidney epithelial cultures will

adhere strongly to fibronectin-coated plastic. To coat tissue culture dishes, add

fibronectin (0.1% stock solution; F1141, Sigma) to the dish at a concentration of

10 mg/ml in culture medium and incubate for 1–24 h at 37 �C in a level incubator.

Typically, dishes are precoated in one-half to one-third the volume used for

culturing the cells (i.e., 3 ml/10 cm dish). Following incubation, remove the fibro-

nectin solution and wash the dish once with culture medium. The vessel is now

ready for cell plating. Avoid allowing the precoated dish to dry out.
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3. Growth Factors
Table I lists the growth factors and working concentrations that are used to

support the growth of the kidney epithelial progenitor cell cultures. Growth factors

readily adhere to glass and plastic; therefore, they should be added directly to the

culture medium in the culture dish. If many dishes of cells are being prepared

simultaneously, the required volume of culture medium for all of the dishes can be

aliquoted to a polypropylene tube and the growth factors added to the culture

medium-containing tube immediately prior to dispensing into the culture dishes.
4. Porcine Pituitary Extract
Porcine pituitary extract is prepared using the following protocol. Tissue can be

obtained from Pel-Freez Biologicals (Rogers, AR).

1. To a chilled glass blender add 250 ml of 150 mM NaCl at 4 �C.
2. Add 100 g of porcine pituitary tissue

3. Blend by pulsing until mixed thoroughly, then puree for 2 min.

4. Transfer puree to a beaker and mix on a stir plate for 90 min at 4 �C.
5. Transfer mixture to 50 ml Oak Ridge high-speed centrifuge tubes. Centrifuge

for 40 min at �8000 � g (10,000 rpm in a Beckman JA-20 rotor) at 4 �C.
6. Carefully remove supernatant, pool, then aliquot into fresh 50 ml Oak Ridge

high-speed centrifuge tubes and centrifuge for an additional 40 min at

�8000 � g at 4 �C.
7. Repeat centrifugation, if necessary, until supernatant appears clear.

8. Carefully decant supernatant and filter sequentially through 0.8, 0.45, and

0.2 mm low protein-binding tissue culture grade filters. Poor or very slow

filtration indicates the need for additional centrifugation.

9. Dispense 0.2 mm filter sterile porcine pituitary extract into sterile cryotubes.

Store aliquots at �80 �C. Typical batches of porcine pituitary extract have a

protein concentration of �10 mg/ml.

The aliquotswill remain stable for at least 1 year at�80 �C. It is recommended that

the extract be stored in small aliquots (1–5 ml), if convenient, to avoid repeated freeze/

thaw cycles. The working aliquot should be stored at 4 �C and used within 1 month.

A small amount of reddish precipitate may form over time at 4 �C—formation of a

precipitate does not compromise the extract; however, it is recommended that care be

taken not to introduce the precipitate material into the cultures.
5. Antibiotics
Contamination is one of the main causes of failure in primary cultures; there-

fore, it is recommended to include antibiotics in the primary and early passage

cultures to control for possible bacterial contamination. The most commonly used

antibiotics include penicillin, streptomycin, and gentamicin. Penicillin/streptomycin



10. Culture of Human Fetal Kidney Epithelial Progenitor Cells 253
is available as a 100� mixture (Cat# P-0781; Sigma, St. Louis, MO). Gentamicin is

prepared as a 100 mg/ml solution in water (Cat# G-1264; Sigma) and used at a final

concentration of 100 mg/ml.
6. Dissociation Reagents
a. Collagenase/Dispase
Prepare collagenase/dispase as a 10% solution in culture medium (10 g/100 ml

culture medium). After the collagenase/dispase has dissolved, sterile filter through

a 0.2 mm filter and store in aliquots at �20 �C. Collagenase/dispase remains stable

at �20 �C for at least 6 months. Store thawed aliquots at 4 �C and use within

1 month. A brownish precipitate may form—this does not significantly alter the

enzymatic activity of the collagenase/dispase; however, care should be taken to

avoid introduction of the precipitate into the cultures.

b. Trypsin/EDTA and Soybean Trypsin Inhibitor
Trypsin/EDTA is available as a 0.05% solution from Invitrogen and is used neat.

Soybean trypsin inhibitor is available in powder form from Sigma. Prepare a 1 mg/

ml solution of soybean trypsin inhibitor in PBS and sterilize through a 0.2 mm
filter. Store aliquots at �20 �C. Soybean trypsin inhibitor remains stable for more

than 1 year at �20 �C. Store thawed aliquots at 4 �C and use within 2 months.
7. Conditioned Medium
Kidney epithelial culture conditioned medium is a rich source of autocrine

growth-promoting and maintenance factors and may be used to reduce the stress

of passaging, thereby improving recovery time and viability of the culture. Culture

medium collected from high-density kidney epithelial cultures prior to passaging is

an ideal source of conditioned medium. Collect culture medium that has been

exposed to the culture for 2–4 days, centrifuge at �160 � g to remove cell debris,

then sterile filter through a 0.2 mm filter. Store conditioned medium at 4 �C and use

within 1–2 weeks of harvest.
V. Discussion

This chapter outlined methods for the isolation and extended culture of fetal

kidney epithelial progenitor cells for greater than 60 population doublings. The

fetal kidney progenitor cells express the mRNA encoding the embryonic kidney

mesenchymal/epithelial transcription factor PAX-2 (Dressler and Douglass, 1992),

the stem cell surface antigen protein CD133 (Miraglia et al., 1997) which is

expressed in embryonic kidney (Corbeil et al., 2000), the kidney embryonic pro-

genitor marker protein CD24 (Challen et al., 2004), as well as CD29 and CD44

proteins. The cells do not express the hematopoietic cell marker proteins CD34 or

CD45 (data not shown).
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One of the critical factors that enabled long-term propagation of the fetal kidney

progenitor cells was the use of a low calcium-containing culture medium. Cultures

of fetal kidney cells initiated and continuously cultured in normal calcium-

containing medium lost growth potential and appeared phenotypically to undergo

diVerentiation within 10–15 population doublings. Cultures of fetal kidney pro-

genitor cells grown under low calcium conditions maintained a high plating

eYciency, retained an epithelial-like morphology, and continued to grow with a

doubling time of 24–48 h. Consistent with a possible role of extracellular calcium

in diVerentiation of the culture, we observed that when mature cultures of fetal

kidney progenitor cells growing under low calcium conditions were transferred to

normal calcium conditions, the cultures grew slower, developed a more flattened

morphology with tighter cell–cell contact, and were induced to express E-cadherin

within 24 h following transfer into normal calcium conditions (data not shown).

We are continuing to refine the culture conditions for propagation of the kidney

epithelial progenitor cells and beginning to examine their diVerentiation potential

in vivo. Our hope is that this chapter will aid investigators in the isolation

and generation of kidney progenitor cell lines, and encourage investigators to

extend these methods to the further development and characterization of kidney

progenitor cells.
VI. Summary

This chapter provides methods for the initiation and long-term propagation of

highly homogeneous kidney epithelial progenitor cells from human fetal kidney

tissue.Byutilizinganoptimizedlowcalcium-containingserum-freeculturemedium,in

concertwith a defined set of hormones and extracellularmatrix, fetal kidney epithelial

progenitor cells canbe cultured formore than60populationdoublingswithout lossof

growth potential or evidence of diVerentiation. The cultures display cellular markers

described forearlykidneyepithelialprogenitor cells, includingPAX-2,CD133,CD24,

CD29, andCD44, and do not express the hematopoietic cell markers CD34 orCD45.

Consistent with a possible role of calcium in diVerentiation of the culture, cells

transferred to normal calciumconditions grew slower, adopted a flattenedmorpholo-

gy with tighter cell–cell contact, and expressed E-cadherin.
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I. Introduction

Stem cells from adult tissues are attractive materials for cell therapy, gene

therapy, and tissue engineering. These cells generally have restricted lineage poten-

tial when compared to embryonic stem cells, and this may be advantageous from

the standpoint of controlling cell growth and diVerentiation in certain therapeutic

applications (reviewed in Barrilleaux et al., 2006; Barry and Murphy, 2004;

Haynesworth et al., 1998).

In 1961, bone marrow was shown to contain hematopoietic progenitor cells (Till

and McCulloch, 1961). Beginning in the 1970s, numerous investigators demon-

strated that bone marrow also contained cells with fibroblastic morphology that

could diVerentiate into bone, cartilage, fat, and muscle (reviewed in Prockop,

1997). These cells have been variously designated as marrow stromal cells or

mesenchymal stem cells, and ambiguously abbreviated as ‘‘MSCs.’’ Pittenger

et al. (1999) demonstrated that individual cells from the bone marrow stromal

population possessed multilineage potential.

Since the identification of MSCs in bone marrow, cells with similar multilineage

potential have been isolated from other tissues, including trabecular bone (Noth

et al., 2002; Sottile et al., 2002) and adipose tissue (Lee et al., 2004; Zuk et al.,

2001). The presence of MSCs in adipose tissue has generated special interest

because harvesting fat tissue is generally less traumatic to the donor than harvest-

ing bone marrow, and greater quantities may be available. Adipose-derived MSCs

are also called adipose-derived stem cells (ADSCs) and adipose-derived adult

stromal or stem cells (ADAS cells).

MSCs from diVerent sources have similar multilineage potential; however, recent

evidence suggests they may diVer in behavior depending on the culture conditions.

MSCs derived from adipose tissue deposit histologically detectable quantities of

mineral, lipid, and cartilage matrix in monolayer culture when maintained in appro-

priate media (Zuk et al., 2002). In a mouse model, adipose- and bone marrow–

derived MSCs were equally eVective in healing skeletal defects (Cowan et al., 2004);

adipose-derivedMSCswere also able to heal bone defects in a rat model (Yoon et al.,

2007). However, under stimulation by transforming growth factor-beta (TGFb),
bone marrow–derived MSCs expressed more cartilage extracellular matrix proteins

and exhibited a more mature chondrogenic phenotype than adipose-derived MSCs

(Afizah et al., in press; Mehlhorn et al., 2006).

Bone marrow–derived MSCs initially were separated from hematopoietic pro-

genitor cells based on their substantial aYnity for tissue culture plastic

(Friedenstein et al., 1976). More recent isolation protocols often include separation

of bone marrow cells on a PercollÒ or FicollÒ density gradient prior to plating (see

Colter et al., 2000; Yoo et al., 1998), the use of magnetic beads with selective

antibodies (Aslan et al., 2006), or fractionation by fluorescence-activated cell

sorting (FACS; Buhring et al., in press; Simmons and Torok-Storb, 1991). It has



11. Isolation of Human Mesenchymal Stem Cells 259
been suggested that MSCs from bone marrow are similar regardless of the method

of isolation (Lodie et al., 2002).

Here, we describe general protocols for the isolation of human MSCs (hMSCs)

from trabecular bone and adipose tissues using adhesion-based methods. These

protocols employ standard experimental techniques and can be readily performed

in laboratories with the following basic equipment items: biosafety cabinet (sterile

hood), humidified CO2 incubator, centrifuge (maximum required speed 500� g for

bone, 5000 � g for adipose tissue), inverted microscope, and autoclave. If cells are

to be cryopreserved, an ultralow temperature freezer (�86 �C) and liquid nitrogen

cryostorage unit are also required. Where a supplier is specified, this indicates that

the particular reagent has been used successfully by the authors. Equivalent

reagents from other sources may be equally suitable. Knowledge of standard

tissue culture technique and general laboratory practice is assumed. A flowchart

summarizing the process is shown in Fig. 1.

Biohazard note: All human tissues, and the cells derived from them, are consid-

ered potential sources of bloodborne pathogens, including hepatitis B, hepatitis C,

and HIV, and should be handled using Universal Precautions (Centers for Disease

Control, 1988). Consult with the institutional biosafety or environmental health

safety oYce regarding appropriate training for personnel, and handling and dis-

posal of waste. If tissue samples are to be obtained from a hospital or clinic and

transported to a laboratory for processing, check local and institutional regulations

regarding transport of medical specimens. Secondary containment (e.g., a sealed

bag and/or a cooler) and biohazard labeling are generally required.

Note on Institutional Review Board (IRB) approval: Tissues for isolation of

MSCs are commonly obtained from patients undergoing therapeutic or elective

surgical procedures. These tissues would normally be discarded but can often be

recovered for research purposes. Policies regarding use of excess tissue for research

vary depending on the institution. The IRB oYces of both the hospital and the

research laboratory, if at a diVerent institution, should be consulted prior to

obtaining surgical specimens.
II. Isolation of hMSCs from Trabecular Bone

MSCs from trabecular bone were initially obtained from explant cultures of

bone fragments from the femoral heads of patients undergoing hip surgery. Small

pieces of bone were placed in culture, either directly (Sottile et al., 2002) or

following collagenase digestion to remove adherent material (Noth et al., 2002).

After 2–4 weeks, adherent cells were harvested. The authors compared explant

cultures of digested and undigested bone fragments, and also of the cells released

by digestion, and found that the best yields of hMSCs were obtained by culturing

the released cells.



Isolate hMSCs from primary tissue, seed in 75 cm2 flasks (P-ISO)

When 75−80% confluent (7−10 days),
trypsinize and use cells as follows (P-0):  

Culture in micromass
on coverslips for
surface marker

analysis
(stain after 2−3 days)    

Stain for
differentiation (oil
red O, alizarin red

S, and alcian blue) 

Cryopreserve
remaining cells

as P-0;
0.5 or 1 million
cells per vial    

Seed one 75 cm2

flask for backup
culture (P-0);
maintain in

culture until P-0
freeze is verified    

Seed multi-well
plates for testing

differentiation
(several days until

confluence, plus 2−3
weeks culture in

differentiation media)

Expand hMSCs as required for application. See text for information on
differentiation capacity and passage number/generation in culture. Each

passage represents a ~10-fold increase in population.   

If P-0 backup flask becomes 75−80%
confluent before P-0 freeze is verified,

trypsinize, freeze as P-1 but seed a
backup flask of P-1 cells.  When these

become 75−80% confluent,
cryopreserve as P-2     

When 75−80%
confluent,

cryopreserve as P-1  

After 3−4 days,
thaw one vial of
P-0 cells to test

success of freeze
(100,000 cells per
T-75 flask = 5−10
flasks per vial)     

Perform hMSC cell
surface marker staining 

Fig. 1 Flowchart illustrating sequence of isolation, diVerentiation assessment, surface marker analy-

sis, expansion, and cryopreservation of human mesenchymal stem cells isolated from human adipose

tissue or bone. Approximate time from tissue isolation to completion of diVerentiation assessment is

4 weeks.

260 Susan H. Bernacki et al.



11. Isolation of Human Mesenchymal Stem Cells 261
A. Bone Samples
MSCs have been isolated from various types of bone (see Barrilleaux et al., 2006;

Barry and Murphy, 2004), and the protocol described below should be adaptable

to most trabecular bone tissue. The particular type of bone to be used for a given

application will depend on the research focus and on the tissues available. Bone

from the femoral head and tibia may be most readily obtainable due to the

frequency of hip- and knee-replacement procedures.

The sample should contain as much trabecular bone and as little cortical bone as

possible. Tissue samples from surgical reaming procedures are excellent starting

material, because they are already well fragmented, and are generally predominant-

ly trabecular bone with minimal cortical bone. Some surgical procedures generate

quantities of small cortical bone fragments which are very sharp. These samples

require special handling to avoid reducing the yield of viable MSCs (see below).

Good communication with the surgical team regarding sample specifications is

important, and itmay be possible to have the bone fragmented into appropriate sized

pieces (2–3 mm) at the time the sample is obtained, as tools for this purpose may be

available in the operating room. It may be necessary to obtain special tools to

fragment the pieces in the laboratory if the sample consists of large pieces of bone.

After harvest, the bone sample should be placed in a sterile specimen container

for transport to the laboratory. Samples that will not be processed immediately

should be stored on ice. The authors have isolated viable MSCs from bone samples

stored on ice in the refrigerator for up to 4 days; however, results are variable, and

samples should be processed as soon as possible.

MSC yield varies substantially depending on the type of sample. In the authors’

laboratory, a typical preparation of MSCs from 10 g of tibial reaming tissue yields

�10 million cells if harvested 7–10 days following isolation.
B. Protocol

1. Materials and Supplies
Note: All supplies, tools, and solutions must be sterile.

� Phosphate-buVered saline (PBS)

� hMSC complete growth medium (see below)

� 100� antibiotic stock solution (10,000 units/ml penicillin, 10,000 mg/ml

streptomycin)

� Collagenase solution (type XI-S; Sigma C9697), 3 mg/ml in alpha-modified

minimum essential medium (aMEM) (without serum) with 1� antibiotics, filter

sterilized. Solution may be prepared in advance and frozen at�20 �C in aliquots

� Centrifuge tubes, pipets, sterile tissue culture plasticware

� Forceps, scalpels, and other tools for handling tissue

� Cell strainers (BD FalconÔ, 100 mm mesh size)

� Rotisserie-style rotator
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2. Procedure
Note: All activities that involve exposed tissue must be performed in a biosafety

cabinet. Maintain sterility of the preparation throughout the procedure. Handle all

human tissues and cells using Universal Precautions and dispose of all biohazard-

ous waste as per institutional requirements.

1. Rinse bone fragments several times in PBS with 1� antibiotics to remove

excess blood. Aspirate PBS.

2. If bone is not already broken into 2–3 mm fragments, transfer bone sample to

sterile Petri dish. Remove excess adipose tissue and cartilage with forceps and

scalpel. Using appropriate tools, dice or break bone fragments into 2–3 mm pieces.

Do not attempt to cut cortical bone with a scalpel. If excess blood is present, rinse

using PBS with 1� antibiotics.

3. Place bone fragments into sterile, conical centrifuge tubes and add 2.5 ml

collagenase solution per 1–3 g of bone fragments. Combined volume should not

exceed one half the total tube volume (e.g., no more than 7.5 ml in a 15-ml tube).

Incubate on rotator (rotisserie mode) at 37 �C for 3 h.Note: Small, sharp fragments

of cortical bone in the sample may reduce yield of viable cells. If large numbers of

these fragments are present, do not use rotisserie rotation, rather place the tubes

horizontally on a rocker and agitate very slowly for 3 h, inverting the tubes periodi-

cally by hand to ensure thorough mixing.

4. Following collagenase digestion, add an equal volume of hMSC complete

growth medium (includes 10% serum) to the digest to neutralize the collagenase.

5. Allow bone fragments to settle, and filter supernatant through a 100-mm cell

strainer.

6. Centrifuge filtered solution at 500 � g for 5 min to pellet cells, and carefully

aspirate supernatant.

7. Resuspend pelleted cells in hMSC complete growth medium, and transfer to

tissue culture flasks containing complete growth medium. For each 1–2 g of bone

fragments, use one 75-cm2 flask. In Fig. 1, these cells are ‘‘isolation passage’’ or

P-ISO.

8. Place flasks in a 37 �C humidified incubator with 5% CO2, and allow cells to

attach. After 24 h, wash flasks twice with sterile PBS to remove nonadherent cells,

then add fresh complete growth medium. Additional washing with PBS may be

necessary if large numbers of red blood cells are still present.

9. Change medium every 3–4 days. When cells become 75–80% confluent

(about 7–10 days), harvest using standard trypsinization method. Harvested cells

may be cryopreserved or seeded at �1500 cells per cm2 for continued expansion

(P-0, Fig. 1). At this point, cultures may also be established for surface

marker characterization, and to test diVerentiation capacity (see Sections V and

VI below).
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III. Isolation of hMSCs from Adipose Tissue

hMSCs were initially isolated from lipoaspirate (Zuk et al., 2001) and subse-

quently from intact adipose tissue (Lee et al., 2004). Recent evidence suggests that

lipoaspirate may yield more cells with greater diVerentiation potential than

resected adipose tissue (Vermette et al., in press). However, tissue harvested by

either method produces satisfactory results. hMSCs do not contain lipid droplets

and are therefore more dense than adipocytes, which comprise the bulk of adipose

tissue. An initial centrifugation step to separate the adipocytes from other cell

types is commonly used. Denser cells from the pellet are then seeded on plastic for

an additional separation step based on the adhesion of hMSCs to plastic. Most

protocols for isolation of MSCs from adipose tissue do not employ a gradient

purification step, which is commonly used for hMSCs from bone marrow.
A. Adipose Tissue Samples
Excess adipose tissue (fat) is often available in the form of resected tissue from

elective plastic surgery procedures (lipectomy), for example, abdominoplasty or

breast reduction. Lipoaspirate from liposuction procedures is also a convenient

source of tissue for isolation of hMSCs. The fat tissue in lipoaspirate is already

significantly dissociated, so processing is simplified. As discussed above for bone

samples, communication with the surgical team is important regarding the type

and quantity of tissue required. The tissue should be placed in a sterile specimen

container at the time of harvest. Tissue should be stored at ambient temperature

and processed within 8 h. Refrigeration should be avoided if possible because the

lipid hardens at low temperatures. Tissuemay be stored overnight at 4 �C; however,
it should equilibrate at ambient temperature prior to processing.

Fifty grams of adipose tissue or 50 ml of lipoaspirate can be conveniently

processed using eight 15-ml sterile, disposable conical centrifuge tubes. Cell yield

varies; however, the authors generally obtain 10–20 million cells from 50 g of tissue

processed as below, and cultured �7–10 days until 75–80% confluent.
B. Protocol

1. Materials and Supplies
Note: All supplies, tools, and solutions must be sterile.

� PBS

� hMSC complete growth medium (see below)

� 100� antibiotic stock solution (10,000 units/ml penicillin, 10,000 mg/ml

streptomycin)
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� Collagenase type I (code CLS-1, Worthington Biochemical Corporation, Lake-

wood, NJ) 0.075% in a-MEM (without serum) plus 1� antibiotics, sterile

filtered. Solution may be prepared in advance and frozen at�20 �C in aliquots

� 160 mMNH4Cl in deionized H2O, sterile filtered. Solution may be prepared in

advance and frozen at �20 �C in aliquots

� Centrifuge tubes, pipets, and sterile tissue culture plasticware

� Forceps, scalpels, and other tools for handling tissue

� Cell strainers (BD FalconÔ, 100 mm mesh size)

� Rotisserie-style rotator
2. Procedure
Note: All activities that involve exposed tissue must be performed in a biosafety

cabinet. Maintain sterility of the preparation throughout the procedure. Handle all

human tissues and cells using Universal Precautions and dispose of all biohazard-

ous waste as per institutional requirements.

1. If sample is liposuction fluid (lipoaspirate), skip steps (1) and (2) and start at

step (3). If sample is resected fat tissue, rinse with an equal volume of sterile PBS

with 1� antibiotics to remove excess blood. Repeat until most of the blood has

been washed oV.

2. In a sterile Petri dish, mince adipose tissue into small (4–5 mm) pieces with

surgical scissors and/or scalpel. Remove any attached skin and as much connective

tissue as possible.

3. If using 15-ml tubes for the preparation, dispense�4–5 ml adipose tissue into

each tube together with 4 ml of 0.075% type I collagenase solution prepared as

above. Minced tissue and lipoaspirate can be drawn up into a 10-ml sterile plastic

pipet with the tip broken oV. The procedure can be scaled up to use larger tubes if

desired.

4. Incubate adipose tissue-collagenase suspension on a rotisserie-style rotator at

37 �C for 30 min.

5. After 30-min incubation, add an equal volume (4 ml or more) of hMSC

complete growth medium (with serum) to the digest to neutralize the

collagenase. Total volume in a 15-ml conical tube will be �12–14 ml.

6. Centrifuge at 5000 � g for 10 min to pellet the MSC-rich dense cell fraction.

Adipocytes and fat will be apparent as a yellow oily layer at the top of the tube.

7. Decant supernatant (the oily layer and collagenase solution). A transfer pipet

or other sterile tool may be used to dislodge the oily layer. Be careful not to pour

oV or disturb the cell pellet.
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8. Resuspend each pellet in 2 ml of 160 mMNH4Cl and incubate at room temper-

ature (RT) for 10 min to lyse red blood cells. Samples may be pooled for convenient

handling. Add more NH4Cl if necessary to achieve lysis of most of the blood cells.

Unlysed red blood cells appear refractive and ‘‘donut’’ shaped by phase microscopy.

9. Transfer samples to new centrifuge tubes and centrifuge at 1200 � g for

10 min to pellet the MSC-rich dense cell fraction.

10. Remove supernatant. Resuspend pelleted cells in hMSC complete growth

medium.

11. Filter cell suspension through a 100-mm cell strainer.

12. Seed suspension into culture flasks containing the appropriate amount of

medium. We have found that cells isolated from �2.5 g of fat will become 75–80%

confluent in�7–10 days if seeded in a 75-cm2 flask (e.g., a 50-g tissue sample would

be processed in eight 15-ml tubes, and the resulting cells seeded into sixteen 75-cm2

flasks). This corresponds to the isolation passage (P-ISO) in Fig. 1.

13. Incubate flasks at 37 �C in a humidified incubator with 5% CO2 for 24 h.

Wash flasks twice with PBS to remove nonadherent cells and add fresh growth

media.

14. Feed cells every 3–4 days. When cells reach 70–80% confluency (about 7–10

days), harvest using standard trypsinization method. Harvested cells may be

cryopreserved or seeded at �1500 cells per cm2 for continued expansion (P-0,

Fig. 1). At this point, cultures may also be established for surface marker charac-

terization, and to test diVerentiation capacity (see Sections V and VI below).
IV. Growth, Subculture, and Cryopreservation of
UndiVerentiated hMSCs

hMSCs are typically cultured in a basic medium containing essential nutrients

plus 10% fetal bovine serum (FBS) using standard tissue culture practices. hMSCs

from various sources, including bone marrow and adipose tissue, have been found

to maintain an undiVerentiated phenotype and various degrees of multilineage

diVerentiation potential up to 30 generations (population doublings) or more in

culture (Bruder et al., 1997; Digirolamo et al., 1999; Zuk et al., 2002). In our

studies (Wall et al., in press), adipose-derived hMSCs maintained osteogenic and

adipogenic diVerentiation potential through 30 generations; however, changes in

proliferation rate and other properties were observed 20–25 generations following

isolation. hMSC preparations should be evaluated for the properties of interest

(e.g., diVerentiation potential; see below) before use in specific applications.

hMSCs tolerate cryopreservation well, and generally recover without significant

loss of viability. The cryopreservation medium described below is of standard com-

position. Other formulations and commercial preparations may be equally suitable.
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A. Feeding
Medium should be changed every 3–4 days. A 75-cm2 flask seeded with 100,000

cells will reach 75–80% confluence in 7–10 days (doubling time 2–3 days; see Wall

et al., in press).

1. Warm hMSC complete growth medium to 37 �C.
2. In a sterile hood, aspirate medium from flask. Replace with warmed medium

and return flask to incubator.
B. Subculture
Subculture flasks when cells reach 75–80% confluence. The eVect of contact

between undiVerentiated hMSCs is not well understood; however, if the cells

are to be maintained in an undiVerentiated state, they should be subcultured

before complete confluence is attained to avoid any potential eVects of contact

inhibition.

1. Wash cell monolayers twice with sterile PBS. Add suYcient trypsin solution

to cover the monolayer (0.05% trypsin with EDTA, available from tissue

culture suppliers).

2. Incubate at ambient temperature or at 37 �C until cells are released from the

flask (no more than 5 min). Flask may be gently tapped to assist release.

3. Add a volume of complete growth medium equal to the volume of trypsin to

the flask in order to inactivate the enzyme. Transfer cell suspension to

centrifuge tube, and centrifuge at 500 � g for 5 min.

4. Aspirate supernatant and resuspend pellet in a few milliliters of growth

medium.

5. Count cells using a hemacytometer and reseed in flasks with prewarmed

growth medium at �100,000 cells per 75-cm2 flask (�1500 cells per cm2).

6. Place flasks in incubator, and allow cells to attach for 12 h without disturbance.
C. Cryopreservation
1. Prepare cryopreservation medium as follows. Combine 35 ml MEM

(or other base medium) with 10 ml human serum albumin (25% solution, SeraCare

Life Sciences, Inc., Oceanside, CA). Add 5 ml DMSO, mix and filter sterilize.

Cryopreservation medium may be stored in aliquots at �20 �C.
2. Trypsinize cells as described above.

3. Count cells in trypsin/medium suspension, centrifuge 5 min at 500 � g.

4. Resuspend cells in cryopreservation medium at 500,000–1,000,000 cells

per ml, and aliquot into cryotubes (0.5–1.0 ml per tube). The concentration of

cells and the number frozen in each tube can be adjusted based on eventual

application.
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5. Place tubes in cryogenic controlled rate freezing container (Nalgene ‘‘Mr.

Frosty’’) or between styrofoam 15-ml centrifuge tube racks placed face to face, and

placed in an ultralow temperature freezer (�86 �C) overnight.
6. Transfer tubes to liquid nitrogen cryostorage unit. Caution: Tubes stored in

liquid phase present an increased explosion hazard. Tubes should be maintained in

the vapor phase of the cryostorage unit (see manufacturer’s instructions).

7. After 3–4 days, thaw one tube of cells to verify success of freezing process.
D. Thawing Cryopreserved Cells
Caution: Tubes stored in liquid nitrogen present an explosion hazard. Use

appropriate personal protection when handling frozen vials.

1. Prepare appropriate number of flasks with prewarmed complete growth

medium and place in incubator until required. Dispense 5 ml of medium

into a sterile 15-ml centrifuge tube.

2. Remove tube of cells from cryostorage unit and place in sterile hood. Briefly

loosen cap to release any pressure.

3. Retighten cap and thaw vial in 37 �C water bath until ice is almost melted.

4. Return vial to sterile hood and transfer contents of vial to 5 ml medium in

centrifuge tube. Mix gently.

5. Centrifuge for 5 min at 500 � g.

6. Aspirate supernatant and resuspend in 5–10 ml of medium. If desired, assess

viability using trypan blue according to manufacturer’s instructions.

7. Seed cells in flasks with prewarmed medium at desired density. Return flasks

to incubator, and monitor cell growth as appropriate.
V. Surface Marker Characterization of hMSCs

Cell surface proteins may characterize particular cell types or lineages. In some

cases, the function of a specific surface protein, and its role in the biology of the cell

type, is known. However, often the function of the protein has not been deter-

mined, but the protein has been shown to be associated with a certain type of cell

and can serve as a marker. Exclusive, diagnostic surface markers for hMSCs have

not been identified; however, several surface markers have been found to be

commonly associated with hMSCs, including STRO-1, CD105 (endoglin),

CD166 (activated leukocyte cell adhesion molecule, ALCAM) (reviewed in Barry

and Murphy, 2004; Gronthos et al., 2001), and more recently CD271 (low aYnity

nerve growth factor receptor, LNGFR; Buhring et al., in press; Quirici et al.,

2002). Surface marker antigens can be used to characterize the cells in a specific

preparation, and monitor their diVerentiation. Surface markers that are uniquely
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positive for a diVerent cell type, for example, the hematopoietic surface markers

CD45 and CD34, can be used to look for contamination ofMSC preparations with

other cell types. Surface markers have also been used for positive and negative

immunoselection of MSC cell populations (Buhring et al., in press; Simmons and

Torok-Storb, 1991). The method below describes a standard indirect immunofluo-

rescent staining technique modified to examine surface characteristics of both

recently isolated and cultured hMSCs.
A. Micromass Cell Cultures
Small cultures of hMSCs grown on plain glass coverslips provide a convenient

format for immunostaining.

1. Glass coverslips (22 mm � 22 mm, thickness no. 1) can be sterilized by

separating them between layers of gauze in a glass Petri dish or other shallow,

lidded container and autoclaving.

2. Place one coverslip in each well of a six-well multi-well culture dish, or in

individual 35-mm Petri dishes.

3. Trypsinize cells as described above, centrifuge, and resuspend at a concentra-

tion of 3000 cells per 10 ml in complete growth medium.

4. Using a micropipet, pipet 2–4� 10 ml spots on each coverslip (see Fig. 2). The

multiple spots will act as a replicates. All spots on one coverslip will be

labeled with the same antibody.

5. Cover culture dish, place in humidified 37 �C incubator and allow cells to

adhere for 45–60 min.

6. Gently pipet 2–3 ml complete growth medium into each well, flooding the

coverslips.

7. Grow cells for a minimum of 2–3 days in complete growth medium to

establish the micromass cultures before staining.
Drops of cell
suspension  

Coverslip

Fig. 2 Arrangement of 10-ml drops of cell suspension on coverslip for micromass culture; two to four

drops per coverslip are recommended.
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B. Fixation and Immunostaining
Many immunostaining protocols exist, and either fluorescent or nonfluorescent

staining methods may be used. This protocol describes a basic indirect immunoflu-

orescent staining method that has been used successfully to visualize surface

antigens in hMSCs. Fluorescent dyes should be protected from light throughout

the protocol.

1. Rinse coverslips in culture dishes twice with PBS.

2. Fix cells for 30 min at ambient temperature with 10% buVered formalin (con-

tains 3.7% formaldehyde), using �1–2 ml formalin per well. Formalin fixation is

recommended because it generally preserves the immunogenicity of surface mar-

kers; however, other fixatives may also be appropriate.Note: All procedures involv-

ing formaldehyde should be performed in a location separate from the cell culture

area, and with tools and glassware reserved for histological protocols. Formalde-

hyde is highly toxic to cells and can persist on surfaces, tools, and glassware even

after washing. Dispose of formaldehyde waste according to institutional policies.

3. Wash coverslips twice with PBS. If cells cannot be stained immediately, the

coverslips may be stored in PBS with 0.02% azide for up to 2 weeks at 4 �C.
Following storage, wash twice with PBS before staining.

4. Permeabilize cell membranes and block nonspecific binding by incubating

fixed micromass cultures in blocking buVer (0.2% Triton X-100/0.5% bovine serum

albumin in PBS) for 40 min, using�1 ml per well. (Note: this solution can be stored

at 4 �C; use within 60 days.)

5. Dilute antibodies in blocking buVer according to manufacturer’s recommen-

dations. Appropriate dilutions may need to be empirically determined. Final con-

centrations may be in the range of 10–20 mg/ml for unlabelled primary mouse

monoclonal antibodies and 4 mg/ml for fluorescently labeled polyclonal secondary

antibodies. Fifty microliters each of the primary and secondary antibody dilutions

will be required for each coverslip.

6. Pipet 50 ml of diluted primary antibody onto a piece of ParafilmÒ. Remove

one coverslip from the blocking buVer, drain briefly, and invert on top of the drop

of antibody solution. Repeat for other coverslips. Incubate for 2 h, then return

coverslips to culture dishes and wash three times for 5 min in PBS.

7. Repeat using a new piece of ParafilmÒ and 50 ml of diluted secondary anti-

body for each coverslip. Incubate for 1 h, protected from light, then wash three

times for 5 min in PBS.

8. Optional: DAPI (40-6-diamidino-2-phenylindole, dihydrochloride) and/or fluo-

rescently labeled phalloidin can be used to label nuclei and actin filaments, respec-

tively, to aid in visualizing the cells. Three-color images showing cells with stained

nuclei, cytoskeleton, and surface markers can be obtained with appropriate fluors.

DAPI staining is most easily accomplished by using a mounting medium

containing DAPI, for example, Prolong GoldÒ with DAPI (Invitrogen Cor-

poration, Carlsbad, CA). Phalloidin can be included with the secondary antibody
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at 5 units/ml [e.g., Alexa FluorÒ 594-labeled phalloidin (Invitrogen) with an Alexa

FluorÒ 488-labeled secondary antibody for red/green staining]. DAPI can also be

added to the secondary antibody solution at 300 nM.

9. After the final PBS wash, drain coverslips and mount on glass slides, inverted

in 1–2 drops Prolong GoldÒ, with or without DAPI. Dry several hours or over-

night before viewing.

10. Note: For a negative background control, a primary antibody of the same

isotype as the specific antibodies, but with no known binding on the target cells,

should be used. Cat. No. M5284 from Sigma-Aldrich (St. Louis, MO) is a suitable

isotype control for mouse IgG1k primary antibodies.

VI. hMSC DiVerentiation Assays for Osteogenic, Adipogenic, and
Chondrogenic Pathways

Preparations of hMSCs from diVerent individuals, or even cells from the same

individual, but prepared by diVerent methods, may diVer substantially in multi-

lineage potential (Afizah et al., in press). The multilineage potential of the cells can

be assessed by culturing the hMSCs in osteogenic, adipogenic, and chondrogenic

media. Many formulations for diVerentiation media have been developed (Colter

et al., 2001; Halleux et al., 2001; Sekiya et al., 2001, 2002a; Sottile et al., 2002; Zuk

et al., 2002), but generally have common factors. The media compositions sug-

gested below are derived from published formulations. The base medium contains

essential nutrients and is supplemented with serum for growth in the undiVeren-
tiated state. For osteogenic diVerentiation, ascorbate, b-glycerolphosphate, and
dexamethasone or vitamin D3 are typically added to the growth medium. Adipo-

genic diVerentiation is generally induced by supplementing growth medium with

insulin, isobutylmethylxanthine (IBMX), and a peroxisome proliferator-activated

receptor-gamma (PPARg) agonist such as indomethacin, plus other factors. For

chondrogenic diVerentiation, a low-serum or serum-free formulation that includes

TGFb is typically used. TGFb1, 2, and 3 have been used successfully, although

some studies indicate that TGFb3 is more eVective than TGFb1 (Barry et al., 2001;
Miyanishi et al., 2006; Zuk et al., 2002). hMSCs in monolayer culture will undergo

osteogenic and adipogenic diVerentiation. Pellet or micromass cultures (Sekiya

et al., 2002b; Zuk et al., 2002) are recommended for chondrogenic diVerentiation.
These culture conditions may be appropriate for an initial assessment of multi-

lineage potential of a given preparation of cells; however, for experimental systems

involving three dimensional scaVolds, or agarose or collagen gels, for example,

additional tests using the experimental growth conditions are recommended.

Materials and supplies

� 6-well and 12-well culture dishes, tissue culture treated

� Complete growth, osteogenic, adipogenic, and chondrogenic media (see

formulations below)
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� PBS

� BuVered formalin, 3.6% formaldehyde

� 99% isopropyl alcohol

� 60% isopropyl alcohol

� Oil red O (Fisher Scientific, Suwanee, GA, BP112-10)

� Alizarin red S (Fisher Scientific AC40048-0250)

� Harris-modified hematoxylin with acetic acid (Fisher Scientific SH26-500D)

� Alcian Blue 8GX (Sigma-Aldrich A3157-10g)

� 0.1N HCl
A. Osteogenic and Adipogenic DiVerentiation
Suggested media formulations are given below. A six-well plate provides a

convenient format to compare hMSCs cultured in complete growth medium,

osteogenic medium, and adipogenic medium, and stained for mineralized matrix

(calcium) using alizarin red and lipid droplets using oil red O. SeeWall (2007b) and

Zuk et al. (2002) for images of stained cultures.
1. Staining Solutions
� Alizarin red S solution: Dissolve 2 g alizarin red S in 100 ml deionized water;

filter. Adjust pH to 4.1–4.3 with 1N ammonium hydroxide (dye can be rinsed

from pH meter electrode with water). The solution is stable at RT.

� Oil red O stock solution: Dissolve 300 mg oil red O in 100 ml 99% isopropyl

alcohol. The stock solution is stable at RT.

� Oil red O working stain solution: Mix stock solution 3:2 with deionized water

(e.g., 6 ml stock, 4 ml water). Filter and let stand for 10 min. Do not agitate

solution prior to use, or precipitate may be stirred up. Use within 2 h.
2. Protocol
1. Seed one 6-well plate with hMSCs at a density of 50,000 cells per well. Culture

in complete growth medium (3 ml per well) until 100% confluent, replacing medi-

um every 3–4 days.

2. When cells are fully confluent (usually 3–7 days), aspirate growth medium

and add osteogenic medium to two wells, adipogenic medium to two wells, and

complete growth medium to the remaining two wells. Culture for 2–3 weeks,

replacing media every 3–4 days.

3. Aspirate culture media and wash each well 2� with PBS. Caution: confluent

monolayers and calcium deposits are easily dislodged.
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4. Fix for 15–30 min in buVered formalin, then rinse 2� with deionized water.

5. Label three wells (one of each type of medium) for oil red O staining and

three for alizarin red staining.

6. For oil red O staining, remove water and add 2–3 ml 60% isopropyl alcohol

to each well (leave dH2O in alizarin red wells). Gently but thoroughly mix the

alcohol in each well to ensure water is dispersed. Incubate at RT for 2–5 min.

7. Remove liquid from all wells and add 1–2 ml appropriate stain, 2% alizarin

red S or oil red O working solution. Stain for 3 min.

8. Wash very gently with water until excess stain is removed, about 3–4 washes.

A dark reddish precipitate may form when water is added to the oil red O wells.

This is normal, and the precipitate is easily distinguished from stained lipid

vacuoles under the microscope.

9. Macroscopic calcium deposits may be visible on the bottom and sides of the

culture well. View stained plates as soon as possible. Lipid droplet morphology

is best viewed while plates are still wet; however, mineral deposits may dissolve

in residual wash water. Under phase microscopy, alizarin red stained calcium

deposits appear as irregular red-orange crystals. Oil red O stained lipid droplets

appear as cherry red spheres within individual cells. A dark reddish precipi-

tate, which is not specific for lipid droplets, may be present in wells stained with

oil red O.

10. If desired, cells may be counterstained with Harris hematoxylin (commer-

cially available in a ready to use form). Hematoxylin stains nuclei a pale bluish-

purple, and the overall cell morphology is outlined faintly in the same color.
B. Chondrogenic DiVerentiation in Attached Micromass Culture
The following protocol, adapted from Zuk et al. (2002), is similar to pellet culture

methods referenced above, except that the micromass of cells usually remains

attached to the plastic culture surface, which simplifies feeding and staining.
1. Staining Solutions
� Alcian Blue solution: Dissolve 1 g alcian blue 8GX in 100 ml deionized water

and filter. The solution is stable at ambient temperature. Re-filter before use if

solution has been stored.

� Destaining solution: 0.1N HCl in deionized water.
2. Protocol
1. Trypsinize a flask of hMSCs and prepare a cell suspension with a concentra-

tion of 8 million cells per ml.
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2. Pipet 2–3� 10 ml droplets (80,000 cells per droplet) into the bottom of a Petri

dish or well of a multi-well plate. Twelve-well multi-well plates are recom-

mended to conserve medium.

3. Incubate for 2 h at 37 �C in humidified incubator. Do not allow drops to dry

out. Sterile water added to unused wells of a multi-well plate will help

maintain humidity.

4. Gently flood wells with chondrogenic medium or complete growth medium

for control. Culture 2–3 weeks, replacing medium every 3–4 days. If micro-

mass cultures detach, continue culture and staining but use care to avoid

aspirating the micromasses.

5. To stain with alcian blue, wash cultures twice in PBS.

6. Fix 15 min in buVered formalin.

7. Wash 3� in PBS, 10 min each wash.

8. Stain 30 min in alcian blue solution. Overnight staining may be required for

cultures with large proportions of compact cartilage.

9. Destain with repeated washes in 0.1N HCl until excess stain is removed.

Stained cultures may be stored in 0.1N HCl for several days. Cartilage will

appear bright blue.

10. Optional: Formalin-fixed micromass cultures may be imbedded in paraYn

for sectioning and staining using standard histological procedures.
C. Media Formulations
These media were developed based on numerous published studies, and have

been used successfully over the course of 3 years work in the Cell Mechanics

Laboratory at North Carolina State University (http:www.bme.ncsu.edu\

labs\cml). The media have been used for hMSCs derived from bone marrow,

adipose tissue, and trabecular bone. For the convenience of investigators new to

the field of stem cell biology, suppliers and suggested stock concentrations for

some media components are provided; however, other suppliers and diVerent
stocks may be equally suitable. Cell culture–certified reagents should be used

whenever possible. Commercial formulations of media optimized for growth and

diVerentiation of hMSCs are also available.Note on serum: the ability of each lot of

serum to support diVerentiation of hMSCs should be verified.
1. Complete Growth Medium
Components with suggested stock concentrations:

� a-MEM, 1� liquid, alpha modified; with l-glutamine, no ribonucleosides, no

deoxyribonucleosides; Invitrogen Product Number: 12561–056; 500 ml
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� FBS; Atlanta Biologicals Premium Select: S11550, lot selected (Atlanta Biolo-

gicals, Lawrenceville, GA)

� l-Glutamine 200 mM solution (29.2 mg/ml); 100�;Mediatech/Cellgro Product

Number: 25-005-CI

� 10,000 I.U. penicillin/10,000 mg/ml streptomycin antibiotic solution (pen/

strep); 100�; Mediatech/Cellgro Product Number: 30-002-CI

Formulation (stock concentration volume for 500 ml of media):

� a-MEM (440 ml)

� 10% FBS (50 ml)

� 100 I.U. penicillin/100 mg/ml streptomycin (5 ml)

� 2.0 mM l-glutamine (5 ml)
2. Osteogenic DiVerentiation Medium
Components (in addition to growth medium components) with suggested stock

concentrations:

� Ascorbic acid, stock 50 mM in a-MEM; Sigma-Aldrich #A4403-100 mg

� Dexamethasone, stock 0.1 mM; dissolve 1 mg in 1 ml 100% EtOH, add

24.5 ml a-MEM; Sigma-Aldrich #D8893-1 mg

� b-Glycerolphosphate, 1 M in a-MEM; glycerol 2-phosphate disodium salt

hydrate; Sigma-Aldrich #G9891-10 g

Formulation (stock concentration volume for 500 ml of media):

� a-MEM (434 ml)

� 10% FBS (50 ml)

� 50 mM ascorbic acid (0.5 ml)

� 0.1 mM dexamethasone (0.5 ml)

� 10 mM b-glycerolphosphate (5.0 ml)

� 100 I.U. penicillin/100 mg/ml streptomycin (5 ml)

� 2.0 mM l-glutamine (5 ml)
3. Adipogenic DiVerentiation Medium
Components (in addition to growth medium components) with suggested stock

concentrations:

� Dexamethasone, stock 0.1 mM; dissolve 1 mg in 1 ml 100% EtOH, add

24.5 ml a-MEM; Sigma-Aldrich #D8893-1 mg
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� Insulin, human recombinant; 10 mg/ml in 25 mM HEPES; Sigma-Aldrich

#I9278-5 ml

� Indomethacin, stock 25 mM in 100% EtOH; Sigma-Aldrich #I7378-5 g

� IBMX, stock 0.5 M in DMSO; Sigma-Aldrich #I5879-1 g

Formulation (stock concentration volume for 500 ml of media):

� a-MEM (432 ml)

� 10% FBS (50 ml)

� 1.0 mM dexamethasone (5.0 ml)

� 10 mg/ml insulin (0.5 ml)

� 100 mM indomethacin (2.0 ml)

� 500 mM IBMX (0.5 ml)

� 100 I.U. penicillin/100 mg/ml streptomycin (5 ml)

� 2.0 mM l-glutamine (5 ml)
4. Chondrogenic DiVerentiation Medium (Serum Free)
Components (in addition to growth medium components) with suggested stock

concentrations:

� Dulbecco’s Modified Eagle’s Medium, high glucose, 1� liquid (DMEM-H),

without glutamine, with sodium pyruvate; Mediatech #15-013 CV

� Dexamethasone, stock 0.1 mM; dissolve 1 mg in 1 ml 100% EtOH, add

24.5 ml a-MEM; Sigma-Aldrich #D8893-1 mg

� Ascorbic acid, stock 50 mM in a-MEM; Sigma-Aldrich #A4403-100 mg

� Sodium pyruvate, 100 mM in DMEM-H; Sigma-Aldrich #p5280-25 g

� l-Proline, 4 mg/ml in DMEM-H; Sigma-Aldrich #P5607-25 g

� ITSþ (insulin/transferrin/selenium/linoleic acid) 100�; Sigma-Aldrich #I2521-

5 ml

� Transforming growth factor b3 (TGFb3), recombinant human; various sup-

pliers; reconstitute according to manufacturer’s instructions

Formulation (stock concentration volume for 500 ml of media):

� DMEM-H (471.5 ml)

� 0.1 mM dexamethasone (0.5 ml)

� 50 mM ascorbic acid (0.5 ml)

� 1 mM sodium pyruvate (5.0 ml)

� 40 mg/ml proline (5.0 ml)

� ITSþ (5.0 ml)

� 10 ng/ml TGFb3 (see manufacturer’s instructions)
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� 100 I.U. penicillin/100 mg/ml streptomycin (5 ml)

� 2.0 mM l-glutamine (5 ml)
VII. Summary

The above protocols are intended to provide practical, generally applicable

methods for isolating hMSCs from diVerent tissues. They have been used success-

fully by the authors to prepare and characterize hMSCs from over 50 bone and

adipose tissue samples over 3 years. However, the protocols should be considered

as guidelines, and a starting point for researchers interested in preparing hMSCs

for their own applications. Investigators should not hesitate to modify the proto-

cols to correspond with ongoing research projects, individual laboratory practices,

or to use available equipment or supplies. The authors have not attempted to

isolate MSCs from nonhuman animals, however, minor modifications, for exam-

ple, in the composition of media, may allow these protocols to be used successfully

with other species.
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I. Introduction

One of the major goals of therapeutic strategies utilizing stem cells is the delivery

of a suYcient number of functional cells.Mesenchymal stem/progenitor cells (MSCs/

MPCs), one of two types of stem cells found in bone marrow, the other being

hematopoietic stem cells, have already demonstrated clinical potential both as a

source of cells for cell-based therapies (Noort et al., 2002) and as a platform for gene

therapy (Dayoub et al., 2003; Shi et al., 2002). Unfortunately,MPCs directly derived

from their native sources are limited in their numbers [<1% of adult human bone

marrow comprises MSCs (Caplan, 1991)] and, thus, require an ex vivo expansion

step to generate larger numbers of these cells. The current andmost acceptedmethod

for the culture of MPCs relies on the adhesion and subsequent culture of these cells

on tissue culture dishes. Expansion is achieved by serial passaging of the adherent cell

population. However, one of the major limitations of the current approach to the

culture of MPCs is the loss of developmental potential during (adherent) culture

expansion; that is, the progeny of successive mitotic division fail to maintain their

ability to self-renew and form all the connective tissue types specific to the mesen-

chymal cell lineage (Bianchi et al., 2003; Bruder et al., 1997a; Shi et al., 2002). Our

own experience with culturing MPCs in this traditional manner corroborates such

reported findings (Baksh et al., 2003), and suggests that cell adhesion and subsequent

propagation on a solid surface may play a significant role in compromising the

developmental potential of the expanding cell population. The mechanism by

which this happens is still unknown. Nevertheless, there is a necessity to develop

optimal bioprocess configurations and protocols that result in the generation of

suYcient numbers of functional MPCs for these clinical applications.

This chapter, therefore, describes a novel culture paradigm for the cultivation

and expansion of MPCs that aims to circumvent some of the limitations which are

characteristic of the traditional method for the culture of MPCs. By applying a

systematic experimental design regimen, a novel bioprocess approach to the culture

of MPCs was developed. The MPCs generated under these conditions maintain

their ‘‘stemness’’ potential and have the ability to form functional mesenchymal

tissue types including bone, cartilage, fat, and myoblasts. This approach challenges

current biological paradigms surrounding the culture of these MPCs but, impor-

tantly, oVers an alternative strategy to generate functional MPCs for a variety of

cell-based therapeutic strategies.

II. Suspension Culture of Bone Marrow-Derived MPCs
A. Bioreactor Set-up
The approach to expansion utilizing suspension cultures is diVerent to the

one intuitively practiced, which relies on attachment of cells to a surface, whether

it be a 2-dimensional surface like culture plastic (Bruder et al., 1997b; Caplan and

Bruder, 1997) or microcarriers maintained in suspension (Botchwey et al., 2001;
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Qiu et al., 1999). A stirred suspension culture configuration, similar to that typically

used for the culture of hematopoietic stem cells in the absence of a supported

adherent layer, is employed (Collins et al., 1998; Sardonini and Wu, 1993;

Zandstra et al., 1994). Cells are inoculated at 1 � 106 cells/ml into siliconized

(Sigma) stirred suspension spinner flasks (glassware available from Bellco Biotech-

nology), suspended in growthmedia. The interior of the glassware should be treated

with a siliconizing agent prior to culture. Cells are maintained in the suspension via

constant agitation achieved through the use of magnetic stir bars aYxed to impel-

lers. The bioreactors are placed on a magnetic stir table housed at 37 �C in humi-

dified atmosphere of 5% CO2 in air. To ensure that cell survival in suspension is not

attributed to aggregate formation, the culture system is configured such that (i) the

impeller is placed in the middle of the bioreactor at a 90� angle to the solution

surface to maintain axial flow, (ii) a constant mixing speed of 40 rpm is used to

maintain the cells in suspension (Coulson, 1999), and (iii) the agitator is positioned

three quarters of the way down the vessel to ensure uniform mixing (Geankoplis,

1993) (Fig. 1A). Passing the culture contents at each medium exchange through

a 70 mm filter, followed by inspecting both the flow-through and the surface of

the filter under high power magnification, is suYcient to confirm the absence of

aggregate formation (Fig. 1B–J).
B. MPC Sources
Suspension culture of MPCs is achievable from a variety of animal sources,

including mouse, rat, and human bone marrow cells. However, for this chapter,

suspension culture ofMPCs from human bone marrow specimens will be the focus,

although similar techniques do apply to other nonhuman cell sources. Human

bone marrow-derived cells (hBMDC) may be obtained from a variety of sources

including consenting normal bone marrow donors or bone marrow cells harvested

from the femoral heads of consenting patients who are undergoing an orthopedic

procedure such as a total hip arthroplasty. If the samples are contaminated with

large amounts of red blood cells (RBCs), a standard RBC lysis protocol may be

used to lyse the RBCs. A standard density gradient approach is used to isolate

mononuclear cells, such as Ficoll-PaqueÔ (1.077 g/ml, Sigma, St. Louis, MO).

The starting cell population is inoculated at 1 � 106 cells/ml into spinner flasks,

suspended in growth media.
C. Choice of Cytokines
Suspension culture of hematopoietic stem/progenitors has proven to be success-

ful due to the identification of various growth factors and cytokine combinations

that could stimulate HSC expansion in the absence of feeder cell layers (Collins

et al., 1998; Sardonini and Wu, 1993; Zandstra et al., 1994). Therefore, in the

development of a suspension culture system for the expansion of MPCs, the

importance that soluble factors might have on achieving adhesion-independent

expansion of MPCs was recognized. To this end, a factorial design approach to
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configured such that (i) the impeller is placed in the middle of the bioreactor at a 90o angle to the solution

surface to maintain axial flow, (ii) a constant mixing speed of 40 rpm is used to maintain the cells in
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12.5 ml mark. (B)–(D) Representative images after suspension cells were passed through a 70 mm filter on

days 7, 14, and 21, respectively. There were no detectable aggregates observed. (E) and (F) Representative

low- and high-power microscope images, respectively, of aggregates which form after adherent cells were

cultured under suspension culture conditions. Aggregates typically measured �200 mm. (G) Suspension

culture on day 0 with no cells. (H) Suspension cultures inoculated with 1 � 106 cells/ml on day 0 and

appearance of culture on day 7. (I) and (J) Suspension culture on day 21. Note the lack of any visible

aggregates in the cultures on day 21.
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identify the optimum soluble factor and combination(s) for the maintenance and

expansion of MPC was employed (Baksh et al., 2005). These experiments were

performed in the absence of serum. The analysis revealed that the ability of

suspension-derived MPCs to survive and expand in suspension was influenced by

the addition of specific combinations of soluble factor(s) (both in the presence and

absence of serum). Specifically, factorial design analysis, designed to study the

eVect of a variety of cytokines (e.g., SCF, IL3, PDGF, and FGF) and their 24

possible combinations on MPCs expansion, revealed that SCF þ IL3 (in serum-

free conditions) was a potent stimulator in the survival and expansion of colony

forming unit—fibroblast (CFU-F) and CFU-osteoblast (O) relative to the No

Cytokine control condition. SCF and IL3 are not typical cytokines used for the

culture of mesenchymal cell types. IL3 (as well as GM-CSF and IL5) and SCF

are characteristically involved with the regulation of hematopoiesis, specifically

modulating the proliferation, diVerentiation, and survival of various hematopoietic

cell lineages and their precursors (i.e., macrophage, neutrophils, eosinophils,

megakaryocytes, and erythroid cells) (de Groot et al., 1998).
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D. Media Formulation
The choice of growth media may include MyeloCultÔ medium (containing

serum) (StemCell Technologies Inc., Vancouver, Canada) or Dulbecco’s Minimal

Essential Media (DMEM) (Gibco), supplemented with 10% fetal bovine serum.

To ensure survival and expansion of cells, cultures require growth factors, at

minimum 2 ng/ml of purified recombinant human interleukin 3 (rhIL-3) (StemCell)

and 10 ng/ml of recombinant human stem cell factor (rhSCF) (StemCell). If this

system is used for experimental research purposes, a 10% antibiotic solution can be

added to medium which comprises penicillin G (167 units/ml) (Sigma), gentamicin

(50 mg/ml) (Sigma), and amphotericin B (0.3 mg/ml) (Sigma). Depending on the

application, suspension cultures may also be performed in the absence of serum.

Suspension culture has been tested under serum-free conditions using StemSpanÔ
medium (StemCell). Under these conditions, the media is supplemented with 20 ng/

ml rhIL3 and 100 ng/ml rhSCF, in addition to 10�6M hydrocortisone.
E. Passaging Suspension-Cultured Cells
Passaging of the cells in suspension culture occurs when the cell density is greater

than input (i.e., >1 � 106 cells/ml). Typically, the first time to passage occurs

between 5 and 7 days postinoculation. At this point, one-third the medium,

including cells, is replaced with fresh media, either MyeloCultÔ medium (already

containing serum) or DMEM. If DMEM is used, then 10% fetal bovine serum

must be added to the medium. The fresh portion of medium is supplemented with

2 ng/ml of rhIL3 and 10 ng/ml of rhSCF. If serum-free media is used, then 20 ng/ml

of rhIL3 and 100 ng/ml of rhSCF is added to the fresh medium. Cell counts, flow

cytometric analysis, progenitor assays, etc. may be performed using the cells at

each time point or depending on the cell yield, the cells in this fraction may be used

to set up new suspension cultures at 1 � 106 cells/ml. Suspension cultures may be

maintained for several weeks (i.e., 6 weeks), with one-third the media being

replaced with fresh media every 2–3 days.
III. Analysis of Suspension Culture

A successful suspension culture may be determined by evaluating a number of

output parameters (see below).
A. Total Viable Cells
As a first screen, the total number of viable cells should be determined using

conventional methods such as hemacytometer readings or other more rigorous

methods such as viability dyes (propidium iodide or 7 AAD), combined with flow

cytometry. The viability of the cells is typically>95%. Suspension cells should also
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be examined under a microscope, revealing a distribution in the size of the cells,

which may vary from 6 to 9 mm in diameter. Cells should appear as single cells.

There is generally no significant change in the cell number within the first 5 days of

culture (Fig. 2). In fact, there is typically a decrease in cell number observed from

input values within the first few days post setup. After 5 days, there is an approxi-

mate two-fold increase in cell number relative to input values. Ideally, a cell count

should be performed within the first 24 h of cell inoculation. This value would

realistically reflect the starting cell number and should be recorded as the day 0 cell

number in cell expansion calculations.
B. Phenotypic Analysis

1. MPCs are Located in the CD45� Suspension Cell Fraction
To date, no single marker has been shown to definitively delineate a MSC

population. Historical reports, such as those of Pittenger et al. (1999), Gronthos

et al. (1994), and Haynesworth et al. (1992), reveal the lack of consensus on

definitive phenotypic markers associated with this stem cell type. Nevertheless,

the expression of STRO-1 (Gronthos and Simmons, 1995) and SH2 (Haynesworth
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et al., 1992) has been strongly associated with an MSC phenotype, and for this

reason we used this phenotype to track the relative expression of these surface

antigens as a first attempt at identifying a suspension-derived MPC cell popula-

tion. However, flow cytometric analysis of suspension-derived cells revealed

that <1% of the expanding cell population expressed STRO-1 and SH2, and, at

times, these markers were undetectable. Our observations suggested that suspension-

derived cells, with MPC potential, may not express these surface antigens during

suspension culture; however, on plating, this phenotype is detected (Baksh, 2001,

unpublished data). To date, only adherent-derived MPCs have been phenotypically

characterized and, therefore, there is little known about the phenotypic profile of

tissue-derived MSCs, prior to culture manipulation. However, the isolation and

recovery of CD45� cells, grown in suspension cultures via FACS, revealed that

�100%of the totalCFU-F (colony formingunit-fibroblast) andCFU-O(-osteoblast)

could be recovered from an expanding CD45� cell population. The cells in this

fraction, giving rise to CFU-F and CFU-O, lacked any detectable level of SH2 and

STRO-1 aswell as PDGFaRc expression (Baksh, 2001, unpublished data).However,

we did identify that the CD45� cells, giving rise to CFU-F and CFU-O, expressed a

low level of CD49e (mean fluorescence intensity (MFI) of 295 � 3 as determined

using flow cytometry cell analysis software) throughout suspension culture (Baksh, et

al., 2007). Adherent-derived MPCs express high levels of CD49e (MFI in CD49e

expression is typically 560 � 4). Taken together, our results indicate that suspension-

derived MPCs may have a distinct phenotype compared to that characterized for

adherent-derivedMPCs.
2. Phenotypic Screening
Phenotypic analysis of the suspension cells using standard flow cytometric

techniques should be performed on a routine basis to track the hematopoietic

and nonhematopoietic cell composition. As a first screen, the CD45 cell surface

antigen may be used to track both the hematopoietic and nonhematopoietic cell

populations based on the expression and lack of expression of CD45, respectively.

For the purpose of culturing MPCs in suspension, it is critically important to

perform phenotypic analyses at various time points (e.g., at 1, 2, 3 weeks) to ensure

that the CD45� cell population is expanding, that is, the number of CD45� cells

should increase with time (Fig. 3A), as this is the fraction of cells which contain

MPCs. In parallel, a standard CFU-F assay (Castro-Malaspina et al., 1980) should

be performed using either the unsorted or CD45� sorted suspension cell popula-

tions. The CFU-F assay has been typically used by many in the field as an in vitro

correlate of MPC potential and, therefore, can also be used to ensure that an

MPC population is surviving and expanding under suspension culture conditions.

Briefly, aliquots of the starting cell population and cell suspensions at each time

point are plated (1 � 104 cells/cm2) under CFU-F assay conditions. The cells

are cultured in basal medium [10% FBS (Gibco) in DMEM (Invitrogen Corp.)]

in tissue culture plates at 37 �C with 5% humidified CO2. After 14 days, CFU-F
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cultures are terminated and stained with Giemsa modified solution (Sigma) to

visualize the cell nuclei and cytoplasm. Colonies of fibroblasts containing >50

Giemsa positive colonies are counted. If suspension cultures are successful, a

significant increase in CFU-F frequency should be detected at later time points

relative to day 0 values. In addition to phenotypic cell tracking, suspension cells

may also be sorted on the basis of CD45 expression (Fig. 3B) to isolate the fraction

of cells (CD45�) containing MPCs and may be used to inoculate new suspension

cultures with this more homogenous cell population.
C. Multilineage DiVerentiation Potential
As there is no single definite marker (phenotypic or molecular signature) for

MPCs described to date, it is, therefore, important to employ functional assays to

readout the development potential of MPCs generated under suspension culture

conditions. In particular, the CFU-F and CFU-osteoblast (O) assays should be

used to assess the fibroblastic (described above) and osteogenic capacity, respec-

tively, of the cells generated in this novel bioprocess configuration. Although the

CFU-F assay is used as in vitro correlate of MSC potential, careful considerations

should be made in interpreting the significance of detected CFU-F derived from

suspension-grown cells since it has been shown that the clones isolated in CFU-F

assays are heterogeneous with respect to size (Owen et al., 1987) and developmental

potential (Muraglia et al., 2000; Okamoto et al., 2002). Therefore, to definitively

assess the mesenchymal developmental potential of suspension-derived cells, con-

siderable eVort should be focused on characterizing other mesenchymal tissue

derivatives, including the osteogenic, chondrogenic, myogenic, and adipogenic
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potential of suspension-derived cells at various times points (Fig. 4) (culture details

described below).
1. Osteogenesis
An aliquot of suspension cells is removed from bioreactor cultures and plated at

1 � 104 cells/cm2 and grown in osteogenic growth medium [10 nM dexamethasone

(DEX), 5 mM b-glycerophosphate, 50 mg/ml ascorbic acid (AA), and 10 nM 1,25-

dihydroxy vitamin D3] (All reagents purchased from Sigma). On day 21, cultures

are stained for alkaline phosphatase (ALP) activity (Sigma) and mineralization

assessed by von Kossa staining (2% silver nitrate) (Sigma) after 5 weeks (Fig. 4B).
2. Chondrogenesis
Cell suspensions are removed from bioreactor cultures and sorted based on

CD45 expression/lack of expression. The CD45� cells are isolated and grown

under monolayer conditions. After 2 weeks, the cell population can then be
Multi differentiation
mesenchymal potential +SCF, IL3

Fibroblasts Osteoblasts Chondrogenesis Adipocytes Myoblasts

A B C D E

Fig. 4 The multilineage diVerentiation potential of suspension-grown cells. Bone marrow-derived cells

grown under suspension culture conditions and in the presence of SCF and IL3 demonstrate the capacity

to diVerentiate down the fibroblast, osteoblastic, chondrogenic, adipocytic, and myoblastic lineages.

(A) Suspension cells grown under CFU-F assay conditions and stained with hematoxylin and eosin.

(B) Phase-contrast micrograph of a von Kossa-stained CFU-O assay. (C) Representative Alcian blue

stained histological section. Suspension cells were harvested, plated for 2 days, and then grown as high-

density pellet cultures and stained with Alcian blue to visualize sGAG accumulation. (D) Phase-contrast

micrograph of suspension cells grown under adipogenic conditions. Note the lipid accumulationwithin the

cells. (E) Fluorescence image of desmin-stained cultures of suspension cells grown under myogenic condi-

tions. Day 21 suspension cells were used for all diVerentiation assays shown.
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grown as high-density pellets (2.5 � 105 cells) for 21 days in serum-free medium

[DMEM, ITS-premix (BD Biosciences), 50 mg/ml AA, 40 mg/ml l-proline, 100 mg/
ml sodium pyruvate, 0.1 mM DEX], with and without 10 ng/ml recombinant

human TGF-b3 (R&D Systems). On day 21, pellets are prepared for histology to

detect sulfated glycosaminoglycan (sGAG) (Alcian blue staining) (Fig. 4C). sGAG

content may be quantified using the Blyscan sGAG assay (Accurate Chemical &

Scientific Corp., Wesbury, NY).
3. Adipogenesis
Suspension cells are cultured in monolayer at 1 � 104 cells/cm2 in the presence of

adipogenic supplements (1 mM DEX, 1 mg/ml insulin, and 0.5 mM 3-Isobutyl-1-

methylxanthine (IBMX); purchased from Sigma). On day 21, cultures are stained

with Oil Red O stain (Sigma) (Fig. 4D) and dye content quantified by isopropanol

elution and spectrophotometry.
4. Colony Forming Unit—Myoblast Assay
The CFU-M assay is designed to evaluate the number of bone marrow mesenchy-

mal progenitors capable of giving rise to a colony of myoblasts. Briefly, cell suspen-

sions are prepared at a concentration of 1 � 104 cells/cm2 and plated in 35 mm

tissue culture dishes. The cells are maintained in MCDB 120 medium (provided by

Dr. J.P. Tremblay, Centre de Recherche en Génétique Humanie, Sainte-Foy, QC,

Canada) completed with 15% fetal bovine serum (FBS) for 2 weeks (myoblast

proliferation medium, MPM). At 2 weeks, the serum level in the basal medium

(MPM) is dropped to 2% (myoblast diVerentiation medium) and the cultures are

terminated after 7 days. The cultures are refed three times a week with appropriate

culture medium. At termination, cultures are rinsed three times with phosphate

buVered saline (PBS), fixed in cold methanol (�20 �C) for 5 min, and then incubated

with 2% FBS in PBS for 20 min. Cultures are incubated with purified mouse anti-

desmin (dilution 1:40 inPBS,BDPharmingen) for 1 h.Afterwashing three timeswith

PBS, the cultures are incubated with the secondary antibody [Alexa Fluor 488 goat

anti-mouse (dilution 1:00, Molecular Probes)] for 1 h. The cultures are washed with

PBS and resuspended in 0.1M sodium cacodylate buVer (pH 7.4). Positive desmin

colonies are imaged and enumerated at 4� using an inverted microscope (Fig. 4E).

The immunostained cultures are rinsed twice in PBS and then stained with Geimsa

(Sigma) to enumerate the total number of colonies present in each culture dish.

IV. Mechanism of MPC Expansion in Suspension
A. The Role of Hematopoietic Cells
With the exception of blood cell precursors, the current culture methods of

culturing normal animal cells (including mesenchymal cells) involve anchorage of

these cell types to solid surfaces in order to divide and proliferate in culture (Folkman
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and Moscona, 1978)—this phenomenon is known as anchorage dependence of cell

division (O’Neill et al., 1986). However, the results of our work demonstrate a

potentially novel property associated with the MPC lineage that allows these cells

to expand in suspension as single cells. Given the current opinions on how these

cells are typically cultured, we realize the necessity to propose a mechanism to

explain how these cells may be cultured under adhesion-independent conditions.

The early of work Dexter et al. in the 1970s documented that bone marrow

stromal cells play an integral role in hematopoiesis (Dexter et al., 1977; Dexter and

Lajtha, 1974). Others since Dexter and colleagues have determined that specific

growth factors secreted by marrow fibroblasts contribute to a suitable microenvi-

ronment desirable for hematopoietic stem/progenitor cell growth (Kim and

Broxmeyer, 1998). What is less studied, however, is the role that hematopoietic

cells play on the survival and growth of MPCs. To answer this question, studies

were performed whereby bone marrow-derived cells were grown in stirred suspen-

sion cultures in the presence and absence of hematopoietic cells (characterized by

the expression of CD45) (Baksh et al., 2005). From these studies, we reported that

the expansion of CFU-F and CFU-O was significantly greater than that obtained

in the absence of CD45þ cells. These results suggest that MPC expansion may

be influenced by the presence of hematopoietic cell types. Specifically, CD45þ

cells may be involved in the recruitment of MPCs through the release of soluble

factors that then target MPCs in suspension, resulting in signal transduction events

leading to proliferation, such as that described in adherent culture systems (Oprea

et al., 2003; Wang et al., 1990). This work demonstrates, for the first time, the

stimulatory role that hematopoietic cells may have on the survival and growth of

mesenchymal cells (Fig. 5). Furthermore, analysis of the CFU-F and CFU-O

frequencies obtained from unsorted and CD45� sorted cell fractions provides

support that there may exist at least two types of MPCs, one requiring the presence

of CD45þ cells and the other type which does not require CD45þ cells to achieve

expansion in suspension. Taken together, these results suggest that there may exist

a unique MPC type with multilineage potential, which does not require CD45þ

cells for their survival and expansion in suspension.
B. Adhesion Receptor Expression
Cell adhesion involves complex orchestrated events, which include the forma-

tion of focal contacts (mediated by cell adhesion receptors), for the attachment of

extracellular matrix molecules (e.g., fibronectin). These focal contacts relay signals

from the extracellular matrix to the cytoskeleton via tyrosine kinases that ultimately

transduce signals which have been shown to regulate growth, morphology,

movement, and diVerentiation of the cell (Aplin et al., 1999). In our studies, we

tracked the expression of the adhesion receptor subunit CD49e [membrane-

expressed a5 subunit which heterodimerizes with the b1-integrin subunit to form

a functional adhesion receptor complex (Aplin et al., 1999)] on adherent-derived

cells (expressing CD45�) and observed an increase in their CD49e expression
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(>80%), as a function of time in culture (Baksh et al., 2005), suggesting that

perhaps the cycling of adherent cultured cells is preferentially regulated by

integrin-mediated interactions with their substrate. However, when the same cells

were placed in suspension culture, they were incapable of further proliferation.

These findings suggest that once cells contact a surface and upregulate their cell

surface expression of adhesion receptors, they may no longer be capable of cell

proliferation in suspension. Furthermore, any given substrate that a cell contacts

will generally be covered with a thin layer (10–15 nm) comprising mixtures of

absorbed proteins, soluble factors (from serum), and extracellular matrix (secreted

by the cell itself); therefore, the combinatorial eVect of each interaction with the

cell may also contribute to a variety of responses including proliferation and

diVerentiation. Therefore, we can hypothesize that cell adhesion and subsequent

growth on a solid substrate, not only predisposes the cell to participate in

adhesion-mediated growth (almost exclusively) but also provides an early diVer-
entiation cue (due to direct contact with other cells and ECM), leading to the

eventual loss of long-term self-renewing capacity. Aspects of this hypothesis are

supported by the work of Franceschi et al. (2003) who demonstrated that binding

of type I collagen to membrane-expressed a2b1 integrins on osteoblast progenitors

results in the activation of the MAP kinase pathway, leading to the phosphoryla-

tion of Cbfa1/Runx2, resulting in the switch to diVerentiation (Franceschi et al.,

2003), with the concomitant downregulation of osteogenic cell proliferation.
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We have also shown in our own work that cells cultured in CFU-F assays not only

express extracellular matrix-specific genes (i.e., type I collagen) but also secrete

their own matrix (perhaps indicative of cell diVerentiation) throughout culture

expansion, suggesting that integrin-mediated interactions with extracellular matrix

play a role in controlling and coordinating multiple signals involved in not only cell

proliferation but also diVerentiation.
In our studies we determined that an expanding CD45� suspension cell popula-

tion maintained a constant and low expression level of CD49e throughout suspen-

sion culture. However, this population (CD45�CD49eþ suspension-derived cells

isolated via FACS) demonstrated an approximately three-fold increase in mean

fluorescence intensity in CD49e expression on plating in CFU-F assays within

24 h. These results suggest that a5b1-integrin-mediated interactions (via cell–cell or

cell–ECM interactions) do not contribute to, nor are necessary for, cell cycle

progression of suspension-grown MPC since we observed an expansion of MPC

assayed by their ability to generate increased numbers of CFU-F and CFU-O as a

function of time. In hematopoietic stem cell (HSC) culture systems, it has been

demonstrated that b1-dependent adhesion is not necessary for CD34þ cell growth

(Verfaillie and Catanzaro, 1996); in fact contact with stroma inhibits their cell

proliferation (Hurley et al., 1995). Given these observations, perhaps adult human

bone marrow comprises MPC that have the capacity (and/or property, i.e., low

a5b1-integrin expression) for adherent-independent proliferation, similar to that

capable of HSC.
V. Discussion

This chapter describes the development and utilization of a novel bioprocess

approach to the culture expansion of MPCs. Through suspension culture, we

demonstrated that MPCs express low levels of adhesion receptor(s), specifically

CD49e, which, we hypothesize, attributes to their ability to survive and proliferate

in suspension. This finding suggests that the expansion of anchorage-capable stem

cells may no longer be limited by surface area constraints. In our design strategy,

we determined that the addition of soluble factors (e.g., SCF and IL3) and initiat-

ing suspension cultures with a suitable innoculum density (1 � 106 cells/ml), as well

as establishing a suitable feeding protocol [refeeds every 2–3 days, with one-third

cell and medium removal if the cells density exceeds>1 � 106 cells/ml], is critical in

attaining >10-fold expansion of putative MPCs over a 21-day culture period.

While the system used to culture MPCs in suspension is suYcient for small-scale

benchtop scientific work, the development and optimization of a sophisticated

large-scale cell expansion system (>1 L) would be necessary for achieving suitable

numbers of functional cells. As bioprocess design is an iterative process, future

studies should continue to identify other types of interactions and their dynamic

aVects on culture outputs. However, to render stem cell bioprocess design eYcient,

faster, and more predictive, readout measures and/or assays are required. New and
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innovative technologies, such as microarrays, may provide a realistic approach

to generate eYcient and near to real-time measurements essential to bioprocess

optimization.
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Abstract

We have identified with molecular markers and purified by flow cytometry two

populations of cells that are developmentally and anatomically related to blood

vessel walls in human tissues: myoendothelial cells, found in skeletal muscle and

coexpressing markers of endothelial and myogenic cells, and pericytes—aka mural

cells—which surround endothelial cells in capillaries and microvessels. Purified

myoendothelial cells and pericytes exhibit multilineage developmental potential

and diVerentiate, in culture and in vivo, into skeletal myofibers, bone, cartilage, and

adipocytes. Myoendothelial cells and pericytes can be cultured on the long term

with sustained marker expression and diVerentiation potential and clonal popula-

tions thereof have been derived. Yet, these blood vessel wall-derived progenitors

exhibit no tendency to malignant transformation upon extended culture. Our

results suggest that multipotent progenitor cells, such as mesenchymal stem cells,

previously isolated retrospectively from diverse cultured adult tissues are derived

from a subset of perivascular cells. We present in this chapter the main strategies

and tactics used to purify, culture on the long term, and phenotypically characterize

these novel multipotent cells.
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I. Introduction

Sustained stemness and in vitro cell culture have long been an antinomy. Twenty

years ago, when the paradigmatic hematopoietic stem cell was first prospectively

identified and purified to homogeneity (Spangrude et al., 1988), it was also recog-

nized that such specialized, tissue-specific stem cells cannot be cultured long term

while retaining their cardinal properties, that is, multilineage developmental poten-

tial and self-renewal ability. Such obstacles to the multiplication of genuine hema-

topoietic stem cells ex vivo were at the origin of two major challenges in biomedical

research inasmuch as they, on the one hand, initially prevented the ‘‘expansion,’’

before transplantation into patients, of stem cells natively available in too small

amounts and, on the other hand, prohibited the retroviral transduction of thera-

peutic genes into genuine stem cells. While significant progress has been made—in

the perspective of clinical transplantation—to stimulate hematopoietic stem cell

proliferation with growth factor mixtures (Piacibello et al., 1997), the conditions

required to stimulate the conservative division of most stem cells in vitro remain

elusive. At about the same time, though, multilineage stem cells were spontane-

ously immortalized, for the first time, in culture. In this category enter the multi-

potent embryonic stem (ES) cells, which are isolated from the inner cell mass of the

mouse blastocyst, and the mesenchymal stem cells (MSC), which were initially

grown from cultured bone marrow. MSC-like cells were later derived in vitro from

a large array of developmentally unrelated tissues. Whatever their anatomic origin,

MSC can diVerentiate into mesodermal cell lineages: bone, cartilage, fat, smooth

and skeletal muscle (Pittenger et al., 1999). Stem cells endowed with even broader

developmental potential, spanning the endodermal and ectodermal germ layers,

were retrospectively derived in culture, in recent years, frommultiple tissues includ-

ing the bone marrow, brain, pancreas, adipose tissue, and skeletal muscle, to cite

but a few. These adult multilineage progenitor cells include multipotent adult

progenitor cells (MAPC) (Jiang et al., 2002), muscle-derived stem cells (MDSC)

(Qu-Petersen et al., 2002), and fat-derived progenitor cells (Zuk et al., 2001).

In contrast with ES cells, which were established from a discrete subset of cells

isolated from the early embryo, all known postnatal multipotent progenitor

cells have grown from primary cultures, which has precluded the identification of

their localization and frequency in the tissue of origin.

We aimed for the prospective identification, purification, and multiplication in

culture of multipotent progenitor cells present in human fetal and adult tissues.

We discovered that several subsets of cells that build up—or are related to—blood

vessel walls display stem cell characteristics. Among these, we have identified in

human fetal and adult skeletal muscle a novel population of myoendothelial cells

that express markers of both myogenic and endothelial cells (Zheng et al., 2007).

We have also marked and sorted to homogeneity mural cells—aka pericytes—in a

large number of human fetal and adult tissues. We have demonstrated that both

myoendothelial cells and pericytes can be grown in culture in the long term,
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where they retain MSC-like potential: in addition to robust myogenic (including

cardiomyogenic) potential in culture and in vivo, these cells can give rise to bone,

cartilage, and adipocytes (Crisan et al., submitted for publication; Zheng et al.,

2007). Altogether, these results indicate the likely vascular origin of adult multi-

potent progenitor cells (Péault et al., 2007).

We herein describe the procedures along which myoendothelial cells and

pericytes can be sorted from human pre- and postnatal tissues and cultured on

the long term, and still exhibit sustained multilineage developmental potential.

Cell expansion is, indeed, a critical step toward advanced cell therapy and

regenerative medicine that involves attempts to stimulate self-renewal and delay

diVerentiation. The purpose of the study was also to test the assumption that these

blood vessel-derived progenitors can be multiplied in vitro to a large extent with no

indications of replicative senescence. To determine the long-term functionality of

these stem cells as these populations were expanded, the molecular and behavioral

stem cell phenotype, including the regenerative capacity, was examined for changes

over time.
II. Materials and Methods: Cell Analysis and Purification by
Flow Cytometry
A. Tissue Procurement
These studies have been performed exclusively on tissues of human origin.

Human fetal tissues are obtained from spontaneous, elective, or medical pregnancy

interruptions, with the informed consent of the donor and in compliance with the

rules established by the relevant Ethics Committee. Adult tissues are obtained

with informed consent from surgery, upon which they should have normally been

discarded, or from autopsy. Adult tissues are also collected following rules in place

at the institution/state/country. Fetal or adult human tissue samples are placed in

Hank’s balanced salt solution (HBSS) or phosphate-buVered saline (PBS), 5% fetal

calf serum (FCS), 1% penicillin–streptomycin (PS) for transfer to the laboratory.

Fetal tissues can be stored for some days at 4 �C in Dulbecco’s modified Eagle

medium (DMEM) high glucose, 20% FCS, 1% PS. Adult muscle is stored prefera-

bly in DMEM, 50% horse serum (HS), 1% PS at 4 �C, in which conditions it can be

maintained viable for up to about 7 days.

The HBV/HCV/HIV serology of the human donor is usually known and tissues

from known infected donors are never used. Yet, all human tissues should still be

considered as potentially infectious and processed accordingly. Latex gloves and

laboratory coats should be worn at all times and any drinking/eating should be

strictly prohibited in the laboratory, following good laboratory practice (GLP)

rules. Material should be disposed of in appropriate trash containers for infectious

materials and liquid waste should be treated with bleach for at least 10 min

before being discarded. Reusable containers and instruments must be autoclaved.
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Fresh tissues are dissected under a vertical laminar flow hood, in some cases with

the help of a dissecting microscope, using sterile surgery scissors, forceps, and

other instruments.
B. Myoendothelial Cell Characterization in Fetal and Adult Skeletal Muscle
Connective and fat tissue are removed from themuscle biopsy,which is, in turn, cut

into small pieces, minced with scissors, and digested for 60 min at 37 �C on a rotator

with type-I and type-IV collagenases (100 mg/ml) and dispase. The digested tissue is

centrifuged and resuspended in DMEM 10% FCS, 1% PS, then passed through a

40-mm filter to obtain a single-cell suspension. For flow cytometry analysis of endo-

thelial, myogenic, andmyoendothelial cells, dissociatedmuscle cells are incubated for

10 min on ice in mouse serum diluted 1:10 in PBS, then for 30 min on ice with

appropriately diluted mouse antibodies to human CD45-fluorescein isothiocyanate

(FITC), -CD34-PE, -CD56-APC, -CD144-PE, -CD146-FITC or with UEA-1-PE.

Negative control samples receive the same amounts of FITC-, APC- and PE-conju-

gated isotype-matched preimmune antibodies. A minimum of 1 � 105 live cells are

analyzed on a FACSAria fluorescence-activated cell sorter, using the CellQuest

software (Becton-Dickinson).

For cell sorting, cells are resuspended in DMEM and 2% FCS and incubated with

APC-Cy7-conjugated mouse antihuman CD45, APC-conjugated mouse antihuman

CD34, PE-Cy7-conjugated mouse antihuman CD56, or PE-conjugated mouse anti-

human CD144, or with matching control antibodies. 7-aminoactinomycin D (AAD)

is added to each tube for dead cell exclusion. Background staining is evaluated with

isotype-matched control antibodies and a CompBeads Set is used to optimize

fluorescence compensation settings for multicolor analyses and sorts.
C. Pericyte Characterization from Fetal and Adult Tissues
Tissues are cut into small pieces in DMEM, 20% FCS, 1% PS containing

0.5 mg/ml of each type of collagenase (IA-S, II-S, and IV-S). Medium and tissue

pieces are then transferred into a 50-ml tube and incubated for 1 h 15 min at 37 �C,
under agitation. Undissociated tissue clumps are dispersed between ground glass

slides and the resulting suspension is filtered through a 100-mm cell strainer and

centrifuged at 4 �C. About 30 � 106 cells are resuspended in 1 ml of DMEM, 20%

FCS, 1% PS, to which 10 ml of each appropriately diluted antibody (CD146-FITC,

CD34-PE, CD56-PECy7, and CD45-APC-Cy7) are added and incubated for

15 min at 4 �C in the dark. Cells are washed, resuspended in 3 ml of DMEM

20% FCS, 1% PS and transferred into a fluorescence-activated cell sorting

(FACS) tube. The cells are incubated for 30 min with 7-AAD for dead cell

exclusion, and finally filtered on a 70-mm cell strainer before sorting.

For FACS analysis and sorting, cultured cells (see below) are first detached from

flasks with 0.05% trypsin–ethylenediaminetetraacetic acid (EDTA), washed in cold

PBS 2% FCS, and then incubated with antibodies as described above.
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D. Cell Sorting
Before cell sorting, hematopoietic (CD45þ) cells are gated out in all instances.

Endothelial cells are selected on expression of both CD144 (VE, vascular endothe-

lial cadherin) and CD34. Myoendothelial cells are sorted on additional expression

of CD56. Perivascular cells are purified on expression of CD146 and absence of

CD34: since CD146 is also expressed on endothelial cells, negative selection of

CD34þ cells allows to sort pure perivascular cells.

Cells have been sorted on a Becton Dickinson FACSAria, equipped with three

lasers (488, 633, and 407 Zm). This can allow the detection of nine fluorescent cell

subpopulations as well as forward scatter and side scatter. The filter configurations

are as follows:

� Blue excitation: FITC 525 Zm PE 575 Zm, PE-Texas Red 610 Zm, PerCP-

Cy5.5 695 Zm, PECy7 780 Zm
� Red excitation: APC 660 Zm APCCy7 780 Zm
� Violet excitation Pacific Blue 450 Zm Pacific Orange 530 Zm

The instrument is sterilized before sorting by running the ‘‘prepare for aseptic

sort’’ program using the FACSAria software, which runs 70% ethanol through the

sheath and sample lines. The FACSAria is set to sort in high mode. A 70-mm tip is

installed in the instrument and sorting is completed at 70 psi. Cells are run at a

fairly slow flow rate (run at 2 on the flow rate scale) as to not increase the abort

count by running cells at higher rate. If clumps occur, samples are filtered through

a 70-mm filter before resuming the sort. Sterile PBS is used as sheath fluid. Before

sorting, the FACSAria is aligned using SPHERO Rainbow Fluorescent particles.

These particles will show proper alignment of the lasers indicated by sharp peaks

on fluorescent histograms as well as proper calculation of the laser delays by

comparison of area versus height signals for each laser. Proper drop delay is then

determined by running FACS Accudrop beads. These beads are run through the

instrument and deflected while the drop delay is altered. The drop delay which

yields the highest percent of deflection and capture in the optical filter window is

the delay used for subsequent sorting of the biological sample.

For each cell sample analysis, an area versus height dotplot is initially created for

forward scatter as well as a signal specific for each laser (side scatter dotplot for the

blue laser, APC for the red laser, and Pacific Blue for the violet laser). The area

scaling value is set, for each particular cell type, such that the cells are along the 45�

angle between the two signals. 7-AAD is added to the stained cells 15 min before

sorting to eliminate dead cells from all subsequent analysis and sorting. Debris and

cell clumps are eliminated from the analysis on a standard forward scatter versus

side scatter dotplot. Doublets are eliminated using a height versus width dotplot

within the forward versus side scatter gate.

All fluorescent histograms are gated on the viable 7-AAD(-) cells which are free

of debris, clumps, and doublets based on the light scatter properties of the cells.

Irrelevant fluorescently matched antibodies are used as negative controls.
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Single color stained cells are used as compensation controls. Endothelial cells are

sorted as CD45�, CD56�, CD146�, and CD34þ. Pericytes are sorted as CD45�,
CD56�, CD146þ, and CD34�. Myoendothelial cells are sorted as CD45�, CD56þ,
CD146þ, CD34þ, and CD144þ.
III. Materials and Methods: Long-Term Culture of Human Blood
Vessel-Associated Progenitor Cells

Long-term culturing of stem cell candidates can serve two scientific questions.

First, it can help to answer the questions of whether the cells have the stem cell

property of long-term self-renewal. Second, it aids in establishing clinical expan-

sion rates, for example, how long will it take to obtain a defined number of cells

from a specific number of founder cells? Or, in a translational research perspective,

how many cells can we expect after, for example, 3 weeks of culturing? Finally,

growth rates can be used to characterize the diVerent types of cells, even

distinguishing stem cell candidates from more committed stem cells.

A unique property of human myoendothelial and perivascular cells is that these

cells can be cultured on the long term with no significant loss of developmental

potential.
A. Myoendothelial Cell Culture
FACS-sorted myoendothelial cells are seeded in collagen-coated 96-well plates,

at a density of 500 cells per well, in proliferation medium (DMEM, 20% FCS, 5%HS,

2% chick embryo extract) at 37 �C in a 5% CO2 atmosphere. At 60% confluence,

cells are detached with trypsin/EDTA and replated after washing at densities ranging

from 1.0 � 103/cm2 to 2.5 � 103/cm2.
B. Pericyte Culture
Wells from a 48-well culture plate are coated with gelatin 0.2% for 10 min at

4 �C. 2 � 104 sorted pericytes are cultured per well at 37 �C and 5% CO2 in

endothelial growth medium (EGM2, Cambrex). EGM2 is changed first after 7

days, then every 4 days until confluence. Cells are detached by replacing culture

medium by trypsin 1�-EDTA for 8–10 min at 37 �C. Cells are harvested, washed,
and the content of one well (1 cm2) is replated into one uncoated well from a

12-well culture plate (each well ¼ 3.6 cm2), in DMEM high glucose, 20% FCS, 1%

PS until confluence (passage 1). The procedure is repeated and cells are replated

from one well into two uncoated wells from a 6-well culture dish (each well ¼
9.6 cm2) (passage 2). The procedure is repeated and cells from both wells are

replated into one uncoated T-25 culture flask (passage 3). The procedure is repeat-

ed and cells from one T-25 culture flask are replated into one uncoated T-75 culture
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flask (passage 4). The procedure is repeated and cells from one T-75 culture flask

are replated into three uncoated T-75 culture flasks (passage 5). From then on until

16–17 weeks, cells can be passaged 1:7, using the same protocol. From the 17th

week of culture, cells are passaged 1:3. The same medium is used throughout the

culture.
C. Clonal Growth of Cells
Individual clones of CD146þ,CD34�,CD45� pericytes have been obtained from

human fetal muscle. Sorted cells were first plated in 96-well plates coated with 0.2%

gelatin (Sigma), at a density of 10 cells/cm2. After reaching 80% confluence, cells

were resuspended by gentle pipetting and cloned by limiting dilution. Briefly,

cells were diluted with culture medium 10-fold, from 1000 to 10 cells/ml. one cell/

100 ml of medium was seeded per well in 96-well plates. One day after cell seeding,

each well was examined microscopically. Only wells with single cells were cultured,

whereas empty wells or wells containing more than one cell were deleted. Clones

were passaged from 96-well plates into 24-well plates coated with 0.2% gelatin, at a

density of 6 � 104 cells/well. The cloning eYciency was 18–20%, �1.8 cell in 10.

Alternatively, single myoendothelial cells were sorted as described above and depos-

ited in individual wells of 96-well plates in culture medium, using the automatic cell

deposition unit (ACDU) device equipping the FACSAria flow cytometer.

Several media were tested in order to obtain the best proliferation of cloned

pericytes. DMEM/Ham-F12 (1:1) supplemented with 10% FCS, 50 ng/ml hepato-

cyte growth factor (HGF), and a defined hormone and salt mixture composed of

insulin (25 mg/ml), apo-tranferrin (100 mg/ml), progesterone (20 ZM), putrescine

(60 mM), uridine (10 mM), and sodium selenite (30 ZM); or a proliferative medium

(PM), composed of RPMI 1640/Ham-F12 (1:1)/human endothelial (Gibco) (1:1),

enriched with 5% HS and 5% FCS. This growth medium was supplemented with

50 ng/ml HGF, 100 ng/ml insulin growth factor (IGF-1), and a defined hormone

and salt mixture composed of insulin (25 mg/ml), apo-tranferrin (100 mg/ml),

progesterone (20 ZM), putrescine (60 mM), uridine (10 mM), and sodium selenite

(30 ZM), and PM supplemented with the same growth factors and a diVerent
serum concentration, 2.5% HS, and 2.5% FCS. Culture medium was changed

every 2 or 3 days, and cells passaged when they achieved 80% confluence. In the

presence of DMEM/Ham-F12, all clones proliferated slowly and underwent senes-

cence after�28 days. In contrast, in the presence of RPMI/Human Endo (PM), the

clones underwent more than 23 population doublings (PDs) at a high proliferation

rate, with a doubling time of 36 h. At both early and late passages, cells maintained

a diploid karyotype and exhibited robust telomerase activity, as assessed by using a

telomerase repeat amplification protocol (TRAP). Moreover, the flow cytometry

characterization of clonally expanded cells (see paragraph V below), which was

confirmed by RT–PCR analysis, showed maintenance of the CD146 surface anti-

gens after 30 days of culture. Expression of a-smooth muscle actin (aSMA),
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platelet-derived growth factor receptor b (PDGFRb), and NG2 was also sustained

whereas desmin and CK7 were only faintly expressed.
IV. Materials and Methods: Proliferation Kinetics of Human
Myoendothelial Cells and Pericytes
A. Long-Term Cell Culture Potential
Standard assays for extended in vitro culture of stem cell candidates involve

serial replating before the cells reach confluency and may initiate cell diVerentia-
tion pathways. The long-term culture of endothelial cells (CD56�, CD34þ,
CD144þ) and myoendothelial cells (CD56þ, CD34þ, CD144þ) was examined.

The growth rates of these cells were compared to those of the more committed

CD56þ, CD34�, CD144� myogenic cells. In this type of continuous culture assay,

cells are plated at an initial seeding density and then replated after a given amount

of time, to the initial seeding density (Deasy et al., 2005). The cell counts and

cellular dilution factor were recorded and used to calculate the expansion poten-

tial, number of PDs, and the doubling time. These calculations are based on the

standard exponential growth equation; Nt ¼ N0 e
kt , where N0 is the number of

cells at time 0, andNt the number of cells after time t. Cells were plated at an initial

seeding density of 600 cells/cm2. After 2–3 days of growth (confluency< 50%), cells

were trypsinized, counted using a hemocytometer, and replated at 600 cells/cm2.

This continued for a 2-week period, and cell growth was examined in three types of

media. Kinetics were followed to examine PD time and to predict expansion yield.

It was first established that the growth rate was dependent on the culture medium.

In comparison to DMEM, 20% serum, and skeletal muscle basal medium, the

growth rates were higher in EGM2. Further, the myoendothelial cells demon-

strated significantly faster growth than did the endothelial cells; the endothelial

cell population required nearly 40 h before undergoing a doubling in size, while the

PD time for the myoendothelial population was�15 h per doubling. For compari-

son, Tagliafico et al. (2004) examined a population of mesoangioblasts (which

share similarities with myoendothelial cells) and showed a doubling rate of �24 h,

while Vilquin et al. (2005) showed that human CD56þ myoblasts had a PD time of

�30 h per doubling. DiVerences in PD time may arise because of the passage at

which the cells are examined. For example, we previously reported that the PD

time of muscle-derived stem cells decreased as cells were expanded (Deasy et al.,

2005). Cells which are freshly isolated can be expected to contain more nondividing

cells (apoptotic or quiescent) and hence the doubling time is slower. In addition,

variations among investigators may arise because of the timepoints which are

included in the calculation (PDT ¼ time/log2 (Nt/N0). Finally, we reported that

myoendothelial cells could be expanded to at least 22 PDs (Zheng et al., 2007), and

since we have observed several populations of human muscle stem cells which can

be expanded to more than 50 PDs.
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B. Use of Time-Lapsed Microscopy in Clonal Analysis
Time-lapse microscopic imaging of cells has been in use for more than 50 years,

although only more recently has advanced robotics and software allowed for

extended and high-throughput cell culture assays (Curl et al., 2004). We obtain

live cell imaging (LCI), as a sequence of jpg image files, by use of a custom-built

enclosed humidified environment which is maintained at 37 �C and 5% CO2

(Deasy et al., 2003). A multiwell plate (up to 400 wells) can be used in the

combinatorial experimental design. Frequency of image acquisition (phase, bright-

field, or fluorescence) is user defined and assay specific. A robotic controller returns

the stage to defined x,y coordinates at set intervals. Stacks of jpg images are

subsequently processed for object (cell) data and object track data and then the

data is queried in a database. Unique software can measure parameters such as

morphology, motility, colony formation, cytokinesis, or ultrastructure. The bioi-

maging system will provide real-time, nondestructive kinetic and morphological

analysis of phenotypic changes in living cells.

In the study of muscle-derived myoendothelial cells, we have used this unique

technology to visually confirm clonality of the myoendothelial cells. Green

fluorescent protein (GFP)-transfected myoendothelial cells were single cell sorted

by FACS, as described above, to a 384-well plate and analyzed by LCI. Using a 4�
objective, at least 97% of the well is within the viewfield, and in this way we can feel

confident that colonies are initiated with one single cell. In addition, the video

record can confirm that no additional cells are present, and that no new cells move

into the region. Finally, for further confirmation, we also acquired time-lapsed

green florescent images to verify the presence of a single colony-initiating cell.

In this analysis, we acquired images every 10 min, for a period of 20 days.
V. Materials and Methods: Genotypic and Phenotypic Analyses of
Long-Term Cultured Cells

In an eVort to test the long-term self-renewal potential and identify what the

limits are for expansion of populations of blood vessel-derived stem cells, in vitro

phenotypic alterations, as well as signs of aging and transformation, in myoen-

dothelial cells and pericytes extensively expanded under normal culture conditions

were examined.
A. Flow Cytometry Analysis
For flow cytometry analysis, cells are detached with 0.05% trypsin and 1 mM

EDTA for 5–10 min and washed with PBS. Before staining, nonspecific binding is

blocked with PBS, 2% normal serum for 5 min and then cells are incubated for

20 min at room temperature (RT) in the dark with the following cell-specific

monoclonal antibodies: CD13-PE, CD34-PE, CD44-FITC, CD45-PECy7, CD56 PE,
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CD73-PE (SH3), CD90-PE (Thy-1), CD105-FITC (SH2; Endoglin), CD106-PE

(VCAM-1), CD31-PE, CD133-APC, CD146-PE, a-SMA-FITC, HLA-ABC, and

HLA-DR. Isotype-matched immunoglobulins: IgG1-PE/-FITC, IgG1-PECy7,

IgG1-APC are used as negative controls. Cells are permeabilized with 0.1% Triton

X-100 when necessary. After staining the cells are washed once with PBS-contain-

ing 0.1% BSA. At least 50,000 events are acquired on a flow cytometry. We have

used both the Cytomics FC500 (Beckman Coulter, Fullerton, CA, http//www.

beckmancoulter.com), followed by analysis using the CXP-analysis software, or

the FACSCalibur (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com).
B. Immunocytochemistry on Cultured Pericytes
One thousand pericytes per well are seeded into 48-well plates for 24 h in

DMEM high glucose, 20% FCS, 1% PS. The next day, adherent cells are fixed in

cold methanol/acetone (1:1) or 4% paraformaldehyde (for Pax 7 staining) for

10 min at 4 �C. Cells are then washed three times in PBS and incubated with the

blocking buVer solution (PBS, 5% goat serum) for 1 h at RT. Cells are incubated

with primary antibodies overnight at 4 �C in blocking buVer solution. After three

rinses in PBS, cells are incubated with the appropriate secondary antibody: bioti-

nylated goat antimouse antibody, then streptavidin Cy3 for monoclonal antibo-

dies, and Alexa 594-conjugated donkey antirabbit antibody for rabbit antisera, all

used at 1:500 dilution and incubated during 1 h at RT in the dark. After rinsing,

the second primary antibody (anti-aSMA–FITC) is added for an additional hour

at RT for 1 h in the dark. 4’-6-diamidino-2-phenylindole (DAPI) is used (1:2000 in

PBS, 5 min at RT) to stain nuclei. After three final washes, coverslips are mounted

on slides using glycerol/PBS (1:1) and analyzed under a fluorescence microscope.

The following monoclonal uncoupled mouse antihuman antibodies were used in

this study: CD146, CD56, CD31, CD34, CD90, CD49b, CD44, NG2, slow and

fast myosin heavy chain (MHC), desmin, CD45, aSMA, all at a 1:100 dilution. The

uncoupled mouse antimouse Pax7 antibody was used at 1:20. Other antibodies

used are the FITC–anti-a SMA monoclonal antibody and the uncoupled rabbit

antihuman PDGFRb (1:100). Negative controls do not receive a primary antibody

and are incubated in PBS, 5% goat serum overnight at 4 �C, then with

corresponding secondary antibodies and finally with streptavidin Cy3 and DAPI.

For detection of intracellular antigens: MHC, desmin, a SMA and Pax7, all

solutions (rinsing and incubation) are supplemented with 0.1% Triton X-100.
C. Malignant Transformation Analysis
For transformation analysis, growth in soft agar was examined by plating 2000

cells per 9.6 cm2 well in 0.35% low melting point agar as a top layer. The bottom

layer consisted of 0.7% agar in 20% serum medium. Colonies were allowed to

grow for 21 days at 37 �C, at which time the colonies were scored for both

number and size using the Northern Eclipse imaging software. DNA content
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was analyzed by flow cytometry by fixing cells in cold 70% ethanol for 2 h and then

resuspending cells in Ipecal and propidium iodide solution. DNA content was

examined using flow cytometry andModFitLT (v2.0). Three replicate experiments

were performed and averaged. DiVerences among the timepoints or doubling levels

were compared for the 2N, 4N, and greater than 4N peaks using one-wayANOVA.
VI. Conclusion

Besides multipotent stem cells abundant in the early embryo, and tissue-

restricted progenitors present in all organs during the whole life, the existence,

within developed tissues derived from the three germ layers, of cells capable of

multilineage diVerentiation has been indirectly documented by independent inves-

tigators. Seminal to the isolation of these cells has been their ability to survive and

multiply in primary cultures of the tissues of origin, which allowed the enrichment

and, ultimately, the growth of homogenous populations of these progenitors.

We have identified and purified from human tissues two cell types that are closely

associated with blood vessel walls. Myoendothelial cells are present in fetal and

postnatal skeletal muscles and are typified by coexpression of markers of endothe-

lial and myogenic cells. Pericytes encircle capillaries and microvessels in the whole

organism. We have, for the first time, purified these two cell types to homogeneity

and, at first, demonstrated in culture and in vivo that these cells are endowed with

robust myogenic potential (Crisan et al., in revision Zheng et al., 2007). Further

experiments revealed that these cells can give rise to other mesodermal derivatives

and their ability to diVerentiate into bone, cartilage, and fat cells has been docu-

mented. While the description of these developmental studies is beyond the scope

of the present review, we have summarized above the purification of these cells by

flow cytometry, using unique combinations of cell surface markers. We stress the

fact that whereas myoendothelial are, by essence, restricted to skeletal muscle,

pericytes are encountered in all organs. We have characterized pericytes in bone

marrow, lung, skeletal muscle, pancreas, brain, myocardium, placenta, skin, and

other organs. Of particular interest in the perspective of a therapeutic utilization of

these cells, we have also purified pericytes from human adipose tissue harvested for

cosmetic purposes, providing the proof of principle that these multipotent pro-

genitors can be harvested from a dispensable tissue, using a simple and painless

procedure, for eventual autologous transplantation (Crisan et al., in revision).

Most striking has been the ability of both purified myoendothelial cells and

pericytes to grow extensively in culture, including in monoclonal conditions

(Zheng et al., 2007), as described in the preceding sections. Culture conditions for

these cells are simple; use classic media and exclude the addition of any defined

growth factor. Similarly, all categories of adult multipotent progenitor cells

identified in the past years, such as MSC, MAPC, MDSC, or fat derived progeni-

tors, are characterized by an outstanding ability to proliferate on the long term

in vitro. This further supports our hypothesis that these elusive, retrospectively
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characterized adult multipotent cells are derived from perivascular cells. In agree-

ment, we have observed using the strategies described herein that long-term

cultured pericytes express all known markers of MSC such as CD9, CD73,

CD90, CD105, and frizzled 9 (Crisan et al., in revision). Most important, we

have observed that cultured myoendothelial cells and pericytes retain their poten-

tial for multilineage diVerentiation. Yet, neither tendency to undergo malignant

transformation nor any karyotypic alterations were observed (Zheng et al., 2007).

In 1961, Hayflick first reported that normal human fibroblasts undergo a limited

number of divisions in vitro (Hayflick and Moorhead, 1961), and it was concluded

that the maximum number of (PDs) was �50. Since then many investigators have

similarly reported a finite number of PDs for euploid cells in culture. On the other

hand, the current thinking is that stem cells possess a unique proliferation potential

that is several times greater than this number or possibly an unlimited replicative

potential (Rubin, 2002; Reyes et al., 2001). Indeed long-term proliferation poten-

tial is often used to characterize stem cells. Pluripotency and normal karyotype

have been reported for human ES cells expanded to 250 PDs (Amit et al., 2000) or

130 PDs (Xu et al., 2001). Non-ES cells, such as human hematopoietic stem cells,

appear to have a slower doubling rate though have been expanded 2 � 106 –fold

over a 6-month period corresponding to 20 PDs (8) and �1400-fold over a

3-month period (10 PDs) (Gilmore et al., 2000; Piacibello et al., 1997). MSC and

MAPC, which we assume to be derived from perivascular cells, have been expand-

ed 109-fold or to 30 PDs (Colter et al., 2000) and to 120 PDs (Jiang et al., 2003),

respectively. Our results on myoendothelial cells and pericytes appear to be in

agreement with these numbers.

Extensively expanded stem cells may become targets of transformation.

On another level, there is an association between stem cells and cancer cells which

may exist even before long-term expansion. The self-renewal pathway, which is a

defining characteristic of stem cells, may share some signals associated with onco-

genesis. Recently, the notch, sonic hedgehog, andwnt signaling pathways have been

implicated in self-renewal of hematopoietic stem cells and interestingly, it has been

suggested that hematopoietic stem cells are more likely than committed progenitors

to undergo transformation (reviewed in Reya et al., 2001). All these results being

taken together, the use of expanded stem cells demands examination into the

quality of the cells. In this respect, our observations that long-term cultured

blood vessel wall derived progenitors do not undergo malignant transformation

are encouraging.
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entiates while the other retains stem cell properties, including the ability to divide
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in the same way again. CSCs have been demonstrated to exist in several solid

tumors, including colon carcinoma; these cells are able to initiate and sustain

tumor growth.

There are essentially three diVerent methods to isolate CSCs: establishment

culture, the MACS (magnetic cell sorting) technology, and the FACS

(fluorescence-activated cell sorting) technology.
I. Introduction

The first experimental evidence of the existence of cancer stem cells (CSCs) dates

to the late 1990s. Bonnet and Dick isolated a subpopulation of leukemic cells that

expressed a specific surface marker CD34, but lacked the CD38 marker. The

CD34þ/CD38� subpopulation was capable of initiating leukemia in nonobese

diabetic, severe-combined immunodeficient (NOD/SCID) mice, contrary to both

CD34þ/CD38þand CD34�fractions (Bonnet and Dick, 1997).

The CSCs are defined by their stem cell-like properties. Like normal adult stem

cells, CSCs have the ability to perpetuate themselves through self-renewal and to

diVerentiate into the diVerent cell types of a tumor. Stem cells can accomplish these

two tasks throughout asymmetric division by which each stem cell divides to

generate one daughter with a stem cell fate and one daughter that diVerentiates
(Clevers, 2005). CSCs have also been demonstrated to exist in breast and brain

tumors (Al-Hajj et al., 2003; Singh et al., 2003); moreover, recent works extend this

principle to other neoplasia such as prostate, melanoma, pancreatic and colon

carcinomas, and melanoma. (Grichnik et al., 2006; O’Brien et al., 2007; Olempska

et al., 2007; Ricci-Vitiani et al., 2007; Richardson et al., 2004).
A. Colon Cancer Stem Cells
The colon is a very structured organ. The intestinal epithelium is folded to form a

number of invaginations or crypts (Fig. 1). These crypts increase the surface area

occupied by the epithelium, allowing eYcient adsorption of nutritional compounds.

Now, it is widely accepted that the colon crypt cell replacement is achieved by

multipotent stem cells located at the base of each crypt. Approximately, four to six

stem cells divide asymmetrically, move upward, toward the lumen of the colon,

and diVerentiate into the three epithelial cell types: enterocytes, globet cells, and

entero-endocrine cells.

Colon stem cells could be identified through the expression of specific markers.

Musashi 1 (Msi-1) protein has been identified as the first colon stem cell marker.

Msi-1 is an RNA-binding protein initially identified inDrosophilawhere it plays an

essential role in the early asymmetric divisions of the sensory organ precursor cells

(Nakamura et al., 1994). The mammalian homologue is likely involved in the early

asymmetric divisions that give rise to diVerentiated cells from neural stem cells

or progenitor cells (Kaneko et al., 2000). Msi-1 suppresses its mRNA target,



Fig. 1 Hematoxylin-eosin staining (20�) of normal colon.Left: longitudinal section;Right: transversal

section.
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m-Numb, influencing the Notch signaling pathway positively (Imai et al., 2001).

Recently, Msi-1 positive cells have been found to localize within the deeper two

third of the colon crypt, in the proliferating compartment (Nishimura et al., 2003).

Thus, Msi-1 might be a useful stem cell marker for human colon epithelium.

More recently, another group has proposed the expression of the Wnt target

gene Lgr5 as a more strong stemness marker in the small intestine as well as in the

colon crypts of mice (Barker et al., 2007).

The rapid turnover rate of committed colon cells means that a homeostatic

balance by stem cells in the regulation of proliferation, senescence, and apoptosis

must be maintained.

It is presumed that colonic epithelial stem cells are the principal cell type at risk

of incurring the series of somatic mutations leading to carcinoma, since all other

epithelia cell types are short lived.

Recently, two independent research groups have identified a population of

human CSCs CD133þthat can initiate and sustain tumor growth (O’Brien et al.,

2007; Ricci-Vitiani et al., 2007).

The CD133 is a five-transmembrane glycoprotein previously identified as a

marker of neural CSCs and normal primitive cells of the hematopoietic, epithelial,

and endothelial lineages (Salven et al., 2003; Uchida et al., 2000; Yin et al., 1997).

It has been demonstrated that CD133þ cells from colon tumors have stem-like

properties and can exponentially grow in vitro as undiVerentiated tumor spheres.

Furthermore, transplantation of CD133þ, but not of CD133� cells, into nude or

NOD/SCID mice is suYcient to induce tumor growth, reproducing the same

morphological and antigenic pattern of the original human tumors (O’Brien

et al., 2007; Ricci-Vitiani et al., 2007).
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Recent findings show that the CD133þ subpopulation contains cells expressing

the stem cell marker Msi-1 and this expression is maintained in stem-like cells

derived from xenografted tumors (Todaro et al., 2008), suggesting that this mole-

cule could have an active role in driving tumorigenesis. Finally, it has been recently

proposed that the high expression of epithelial cell adhesion molecule (EpCAM)

and CD44þ stem-like cells, contained in the CD133 fraction, possess tumorigenic

properties (Dalerba et al., 2007).

CD44 is a cell surface glycoprotein involved in several biologic processes including

tumor growth and metastasis.

All these studies strongly indicate that not all the CD133þ cells in a tumor have

the colon cancer initiating potential, but they could comprise both stem cells and

more diVerentiated progenitors cells.

II. Identification of CSCs in Colon Cancer Tissue

Immunohistochemical analysis is a simple and direct method which can be used

to localize the CSCs on paraYn-embedded colon cancer specimens (Fig. 2).

For immunohistochemistry, the first step is to deparaYn and hydrate slides with

the following solutions:

– xylene 100% 10 min (twice);

– ethanol 100% 5 min;

– xylene 100% 5 min;

– ethanol 100% 5 min;

– ethanol 96% 5 min;

– ethanol 50% 5 min;
Fig. 2 Immunohistochemical analysis of CD133 on colon cancer tissue (red color) (20�).
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– wash in dH2O;

– heat slides for antigen retrieval in 10 mM sodium citrate in a microwave oven

for 1 min at 450 W followed by 5 min at 100 W;

– equilibrate sections at room temperature for at least 30 min;

– after rinsing in dH2O, incubate sections in 3% H2O2 for 5 min to suppress

endogenous peroxidase activity;

– wash twice in a saline buVer;

– incubate sections with 10% human serum for 20 min to block unspecific staining;

– eliminate the excess of serum;

– incubate with specific antibodies against CD133/2 (AC141) or against other

stemness markers, overnight at 4 �C or 1 h at 37 �C;
– wash twice in a saline buVer;

– incubate with enzyme-labeled specific secondary antibody 1 hour at 37 �C;
– reveal the staining using an appropriate substrate-chromogen solution.

– mount the slides with an appropriate mounting medium.

III. Isolation and Propagation of Colon CSCs

There are essentially three diVerent methods to isolate and propagate colon CSCs

from the tissue digest: establishment culture, the MACS (magnetic cell sorting)

technology, and the FACS (fluorescence-activated cell sorting) technology. Each

of these methods is described next, followed by a discussion of their advantages

and disadvantages.
A. Tissue Digestion
To purify colon CSCs, tumor samples have to be dissociated by mechanical and

enzymatic methods. Because of its anatomic site, colon tissues are prone to

bacterial contamination once cultivated. Therefore, after surgical resection it is

opportune to extensively wash the colon sample in phosphate-buVered saline

(PBS) or Dulbecco’s modified Eagle medium (DMEM) containing antibiotics

and antimycotics to remove any contaminating factor. After removing fatty and

necrotic parts, tissue has to be cut into small pieces with sterile scissors and then

digested with a mix of proteolytic enzymes.

After surgical resection:

– extensively wash the colon sample in PBS or DMEM/F12 containing 500 units/

ml penicillin, 500 mg/ml streptomycin, 1.25 mg/ml amphotericin B;

– incubate cancer tissue in the above medium overnight at 4 �C.

The day after:

– remove fatty and necrotic parts;

– cut the tissue into small pieces with sterile scissors;
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– digest with 1.5 mg/ml collagenase and 20 mg/ml hyaluronidase with gentle

agitation for 1 h at 37 �C in DMEM/F12;

– allow the fragments to sediment and collect the supernatant in a new tube;

– centrifugate at 1200 rpm for 5 min;

– discard the supernatant;

– resuspend the pellet in an appropriate volume (�105 cells/ml) of specific

medium (see below).
B. Culture of Colon CSCs
The digest obtained from mechanical and enzymatic dissociation is heteroge-

neous inasmuch as it is composed of diVerent cell types. To select colon CSCs, it is

best to culture the digest in a specific medium into ultralow adhesion flasks. The

stem cell medium contains DMEM/F12 supplemented with several factors that

favor stem cells growth, in particular, the addition of basic fibroblast growth factor

(bFGF) and epidermal growth factor (EGF) and the lack of fetal bovine serum

(FBS) opt for immature tumor cells, while nonmalignant or diVerentiated cells are

negatively selected and die through anoikis.

In these culture conditions, surviving immature tumor cells slowly proliferate,

grow as nonadherent clusters, termed tumor spheres. The formation of such

spheres, containing about 100 cells, will take at least 1–2 months (Fig. 3).

Unlike freshly isolated primary diVerentiated colon carcinoma cells that die after 5

days of culture in soft-agar, disaggregated colon spheroids survive and maintain

the growth potential under these conditions, confirming that spheroid cultures are

anchorage independent (Fig. 4).

Sphere-forming cells can be expanded by mechanical dissociation of spheres,

followed by re-plating of single cells and residual small cell aggregates in complete

fresh medium.
Fig. 3 Phase contrast photo of a colon cancer sphere (40�).



Fig. 4 Morphology of anchorage-independent growth performed in soft-agar up to 15 days cultures

from primary colon cancer cells and disaggregated colon cancer sphere cells (40�).
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All of the dissociated CD133þ tumor cells show the capacity to form other

CD133þ tumor spheres with multiple passages. To characterize CSCs, whole free

floating spheres of dissociated cells can be cytospun, fixed in 4% paraformaldehyde

and stained for stemness markers. Finally, diVerentiated cells can be obtained from

tumor spheres after growth factors removal and addition of serum or using three-

dimensional (3D) culture technique.
1. Culture Medium
The stem cell medium contains DMEM/F12 supplemented with:

– 6 mg/ml glucose;

– 1 mg/ml NaHCO3;

– 5 mM HEPES;

– 2 mM l-glutamine;

– 4 mg/ml Heparin;

– 4 mg/ml BSA;

– 10 ng/ml bFGF;

– 20 ng/ml EGF;

– 100 mg/ml apotrasferrin;

– 25 mg/ml insulin;

– 9.6 mg/ml putrescin;

– 30 nM sodium selenite anhydrous;

– 20 nM progesterone.
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2. Dissociation
– Centrifuge CSCs at 800 rpm for 5 min;

– discard the supernatant;

– resuspend the pellet in 3 mM ethylenediaminetetraacetic acid (EDTA) plus

0.05 mM dithiothreitol (DTT) in PBS or in 0.05% trypsin plus 0.02% EDTA

until the cells are not well dissociated;

– incubate at 37 �C for 5 min;

– centrifuge at 800 rpm for 5 min;

– discard the supernatant;

– resuspend the pellet in the specific medium.
3. DiVerentiation
For tumor spheres diVerentiation, dissociated cells have to be cultured inDMEM-

High glucose without EGF and bFGF with addition of 10% FBS into a collagen-

coated flask. The collagen forms a thin layer of gel that favors cellular adhesion. After

one day of culture, floating undiVerentiated cells attach to the flask and gradually

diVerentiate into adherent cells with a phenotype similar to that of diVerentiated
epithelial colon cells (Fig. 5). Alternatively, colon CSCs can be cultured in the same

medium inMatrigel, which represents a reconstituted 3D culture system (Fig. 6).

To perform a 3D cell culture:

–Mix 30,000 dissociated cells into liquid 50% (vol/vol) Matrigel solution:

10� DMEM-High into Matrigel (growth factor-reduced, BD Biosciences,

Bedford, MA) at 1:9 volume ratio (DMEM-Matrigel) at 4 �C;
– put the cell suspension in 6-well plates and incubate at 37 �C for 1 h;

– after the Matrigel solidification, add 1 ml of DMEM-High supplemented with

10% FBS on the top of Matrigel.
Fig. 5 Gross morphology of differentiated colorectal cancer spheres after 7 days (left) and 14 days

(right) of exposure to 10% FBS (40�).



Fig. 6 Inverted phase contrast microscopy of purified colon cancer spheres after 15 days of culture in

Matrigel (40�).
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During in vitro diVerentiation, CD133þ cells are able to generate colonies

organized in crypt-like structures. Of note, cells that are about to diVerentiate
display gradually acquisition of colon epithelia markers, such as CK20, with the

concomitant reduction of CD133 stem cell marker expression.
C. MACS Technology
MACS technology is one of the most often used techniques to select cells based

on the expression of a specific stemnessmarker, such asCD133, in a fast and specific

way directly after mechanical and enzymatic dissociation of colon carcinoma tissue

(www.miltenyibiotec.com).

Using this technology, cells of interest are separated by a positive selection

strategy.

For an optimal performance, it is important to obtain a single-cell suspension by

dissociation before magnetic separation (see above).

Target cells are specifically labeled with super-paramagnetic MACSMicroBeads

conjugated with a highly specific monoclonal antibody anti-CD133/1 (AC133,

mouse IgG1, Miltenyi) or other stemness markers to isolate highly pure cells that

express the corresponding antigen.

MACS MicroBeads are about one million times smaller in volume than an

eukaryotic cell and are biodegradable decomposing when cells are cultured.

After magnetic labeling, cells are passed through a separation column which is

placed in a strong permanent magnet. The magnetically labeled cells are retained in

the column and separated from the unlabeled cells, which pass through. After

removing the column from the magnetic field, the fraction can be eluted with a

specific buVer (Fig. 7).



Magnetic labeling of target with MACS microbeads

Positive selection using a  MACS column

Target cells collected in positive fraction

Fig. 7 Scheme of CD133þ selection by MACS technology (www.miltenyibiotec.com).
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It is possible to control the quality of MACS sorting by flow cytometry analysis

using an antibody against the diVerent epitope CD133/2 (AC141, mouse IgG1 or

293C3, mouse IgG2b, Miltenyi) inasmuch as the conjugated microbeads recognize

the glycosylated epitope CD133/1 (AC133).

After magnetic sorting, cell viability is assessed by trypan blue exclusion.

The positively selected cells can be immediately used for culturing in the specific

stem cell medium or for further downstream applications.

CD133þ cells are able to exponentially grow in vitro as undiVerentiated tumor

spheres in serum-free medium for more than one year.
D. FACS Technology
An alternative method to isolate CD133þ cell subpopulation is FACS flow

cytometric sorting. FACS is a type of flow cytometry capable of sorting cells in

suspension into two or more containers with high purities and recoveries. Fluor-

ochromes with diVerent emission wavelengths can be used concurrently, allowing

for multiparameter separations.

In a direct immunofluorescence staining, cells are incubated with an antibody

anti-CD133/1 (AC133) or other stemness markers directly conjugated to a fluoro-

chrome (e.g., phycoerythrin or fluorescein isothiocyanate); in an indirect immuno-

fluorescence staning, the unlabeled antibody is applied directly to the cells that are

then treated with a fluorochrome-conjugated secondary antibody.

Labeled cells are analyzed and sorted in the flow cytometer where the sample is

hydrodynamically focused to a tiny stream of single cells (Fig. 8).

These cells can be individually detected and the cellular pool obtained can be

cultivated in the specific stem cell medium or used for further analysis.



Fig. 8 Flow cytometry profiles of CD133 expression before (left) and after sorting of positive (right,

top) and negative (right, bottom) colon cancer cells (Ricci-Vitiani et al., 2007).
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The disadvantages of FACS are the low viability of recovered cells, the high cost,

and diYculty of using a complex equipment.
1. Direct Staining Protocol
– Harvest and wash the cells, and adjust cell suspension to a concentration of 1�
106 to 5 � 106 cells/ml in ice cold PBS;

– add labeled antibody against CD133/1 (AC133) or other stemness markers

diluted in PBS;

– incubate for at least 30 min at room temperature or overnight at 4 �C;
– wash the cells three times by centrifugating at 400 � g for 5 min and resus-

pending in 500 ml to 1 ml of ice cold PBS. Keep the cells in the dark on ice or at

4 �C until your scheduled time for analysis;

– for best results, analyze the cells by FACS immediately;

– optional: to verify the purity of the CD133-sorted population, cells should be

analyzed by flow cytometry using a CD133/2 (AC141 or 293C3) conjugated

antibody (Fig. 8).
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2. Indirect Staining Protocol
– Harvest and wash the cells, and determine the total cell number;

– resuspend the cells to �1� 107 to 5 � 107 cells/ml in ice cold PBS;

– add 100 ml of cell suspension to each tube;

– add the antibody against CD133/1 (AC133) or other stemness markers diluted

in PBS;

– incubate for at least 30 min at room temperature in the dark or overnight

at 4 �C;
– wash the cells three times in PBS by centrifugating at 400 � g for 5 min and

resuspending in ice cold PBS;

– dilute the fluorochrome-labeled secondary antibody in PBS;

– incubate for at least 20–30 min at room temperature in the dark;

– wash the cells three times in PBS by centrifugating at 400 � g for 5 min and

resuspending in 500 ml to 1 ml ice cold PBS;

– store the cell suspension immediately at 4 �C in the dark;

– for best results, analyze the cells by FACS immediately;

– optional: to verify the purity of the sorted population, cells should be analyzed

by flow cytometry using a CD133/2 (AC141 or 293C3) conjugated antibody

(Fig. 8).
IV. Discussion

This chapter has provided important tools in the isolation and propagation of

colon CSCs. As in myeloid leukemia, breast and brain tumors, a rare population of

cells with stemness features, responsible for tumor formation and maintenance,

has been recently characterized also in colon carcinoma.

Here, supported in part by our own experience, we have provided a broad view

of the main methods for the purification, culture, and propagation of colon CSCs.

To this purpose, the number of cells required for each test, the incubation times,

the temperature conditions in addition to the precise volume of all the necessary

reagents have been indicated.

Briefly, colon digest is cultivated in a specific serum-free medium which contains

growth factors and hormones, all compounds that allow the selection of CSCs and

the formation of characteristic spheres. Moreover, colon CSCs can be identified

and isolated through the CD133 or other markers’ expression. Particularly,

CD133þ cells can be purified by two diVerent techniques, the MACS and the

FACS technologies, as discussed in the text.

The possibility of isolating and expanding CSCs in vitro has considerable thera-

peutic implications. The cells obtained can be characterized at the molecular level

and this information can be used to develop new therapeutic strategies more
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selectively than the existing ones. These latter are based on the use of anticancer

agents, a class of cytotoxic compounds able to trigger the intrinsic apoptotic

pathway only in dividing cancer cells, often sparing CSCs that seem to have a

slow rate of cell turnover apart from overexpressing ABC (ATP-binding cassette)

trasporters and antiapoptotic factors.

Recently, it has been demonstrated that colon CSCs refractoriness is mediated by

autocrine production of IL-4 and that its blockage sensitizes them to death stimuli

through the down-regulation of antiapoptotic proteins (Todaro et al., 2007).

The possibility of isolating and propagating CSCs in vitro will allow further

investigations of selectively activated signaling transduction pathways in the pop-

ulation of CSCs to better understand the mechanism underlying their survival

strategy and define novel approaches in anti-tumor therapy.
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Abstract

Current cancer therapies are based on the ability to inhibit the growth of rapidly

dividing cells, the majority of which constitute the tumor. Although for decades,

sporadic literature has posited the existence of cancer stem cells (CSCs), only
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recently has this type of cell been isolated and characterized from solid tumors.

Like stem cells from their normal counterpart, CSCs are a rare population that can

reconstitute a new tumor with similar composition and phenotype to the tumor of

origin. These CSCs represent a small subset of the original tumor, grow indefinitely

in vitro, and can form tumors in animals from a very few cells. The cells are slow

cycling, capable of self-renewal and give rise to daughter cells that are either self-

renewing and pluripotent or transit amplifying, and terminally diVerentiated. Thus
far, CSCs have been isolated from only a small number of tumor types. In most

instances, the cells are obtained using selection of, and enrichment for, cells with

prospectively identified cell surface markers (Al-Hajj M, et al., 2003). This yields a

very limited number of cells, and in many cases these cells cannot be cultured.

There is a need for a method for isolation, purification, and expansion of stem cells

from a greater spectrum of tumors. There is also evidence for ‘‘. . .a link between

normal stem cell regulation and the control of cancer stem cells’’ (NCI Think

Tanks in Cancer Biology, Executive Summary of the Tumor Stem Cell and Self-

renewal Genes Think Tank1). We present here a strategy for the isolation and

establishment of tumor cell lines that represent a minority of cells in the original

tumor. They have the ability to grow indefinitely in vitro, form tumors in mice from

less than 100 cells, and share many of the growth requirements and cell surface

antigens of normal tissue stem cells from which they may arise.
I. Introduction

Historically, the use of viable, well-characterized human cell lines, both normal

and neoplastic, has proved invaluable in biomedical research. The problem has

been that, over time, these cultures have often not reflected the characteristics and

phenotype of their tissue of origin. The cell is the smallest living unit of an

organism, yet it embodies all the complexity of the entire organism. To quote

Max Delbruck, ‘‘Any living cell carries with it the experience of a billion years of

experimentation by its ancestors.’’ To capture this complexity in a monoculture

requires culture conditions that most closely approximate the in vivo conditions

from which the cultures were derived. While this may sound like belaboring the

obvious, it has only been in the last few decades that in vitro culture conditions

have developed to more accurately reflect the paracrine, hemocrine, and autocrine

environment of their tissues of origin and in doing so, to maintain their phenotype

in vitro (Gerst et al., 1986; Mather and Sato, 1979b). This has been due in large part

to the development of media formulations and defined culture conditions, includ-

ing research in the use of attachment factors, hormones, and other growth and

diVerentiation components (Lang, S.H., et al., 2001). Stem cells, whether normal

fetal or normal adult, or cancer stem cells (CSCs), represent a special challenge for

media formulation, since the maintenance of a stem-like phenotype is often depen-

dent upon a ‘‘niche,’’ with special hormone and growth factors present (Mather,

et al., 1984). The control of division and diVerentiation of cancer and normal stem
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cells may thus be linked via regulation of their environment. This would suggest

that a medium developed for normal stem cell maintenance might share properties

with that required for maintenance and growth of a CSC from the same tissue.

Research in cancer biology depends in large part on the ability to study cancer

cells in vitro. The majority of human tumor cell lines that are in widespread use by

researchers today have been established over several decades and have proven to

be extremely useful tools. Historically, however, the establishment of a permanent

cell line from a given tumor tissue was a rare event, with many tumors failing to

grow in vitro, and those that have succeeded may not represent the current focus of

tumor biology today: the tumor stem cell.
II. Rationale

There is ever increasing evidence that supports the hypothesis that cancers arise

from CSCs, and that these CSCs, in fact, arise from the normal tissue progenitor,

that is, the somatic stem cell.

In our lab, we have focused over the past 15 years on establishing tissue

progenitor cell lines from several species, starting with cells which derive from

normal rodent fetal tissue (Stephen JP, et al., 1999). These are arrested at a

particular (undiVerentiated, or partially diVerentiated) stage of development

(Li et al., 1996a,b, 1997; NCI Think Tanks in Cancer Biology, 2004; Roberts

et al., 1990, 1992). More recently, we have established serum-free media that select

for the growth and survival of human progenitor (or tissue stem) cells in vitro

(Li and Mather, 2003; Li et al., 2003; Roberts and Mather, 2002). In addition, we

have demonstrated that a defined medium, derived to support the growth of a

murine melanoma cell line, for example, is capable of selectively supporting the

survival and growth of only the metastatic melanoma cells from a number of whole

organs placed in culture (Mather and Sato, 1979b). It is generally true that defined

media derived for the growth of one cell typewill support the growth of a similar cell

type from diVerent organs (Mather and Sato, 1979a) or even from diVerent species.
We have used this approach to derive cancer stem (or progenitor) cells, by

exploiting the growth and diVerentiation requirements for their normal tissue

stem or progenitor counterparts, and then determining whether these conditions,

with some modification, could select for the CSC.
III. Methods
A. Isolation and Establishment
Following surgical resection, and in accordance with Institutional Review

Board-approved guidelines, tumor tissue was aseptically placed in 50 ml conical

tubes containing F12/DME plus 100 mg/ml gentamicin, shipped on wet ice, and

reached our facility, usually within 24 h, or the same day of excision. All tissue was
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handled using safety precautions for biologics including the use of a Class II

Biological Safety Cabinet for all procedures (U.S. Department of Health and

Human Services Public Health Service Centers for Disease Control and Prevention

and National Institute of Health (2000)).
B. Tissue Treatment
1. Depending on how easy the tumor was to mince using iris scissors, the tissue

was either (a) cut into <1 mm pieces and no enzymatic digestion was necessary

(i.e., rectal cancer) or (b) subjected to digestion with a collagenase/dispase solution

(50 ml/ml of a 10% w/v stock) containing 10 ml/ml of DNase (2 mg/ml stock in

phosphate-buVered saline, PBS) and 200 mg/ml soybean trypsin inhibitor (STI),

incubated at 37 �C for 20 minutes-2 h, depending on the tissue, with periodic

pipetting to loosen tissue clumps.

2. When small aggregates of cells could be easily observed in suspension (Fig. 1),

enzymatic digestion was stopped by initially washing the cell suspension by centri-

fugation in 10 ml F12/DME for 5 minutes at 800 rpm using a GH3.8 rotor in a

Beckman Allegra 6R centrifuge (all subsequent centrifugations were carried out

using this rotor) The preferred enzymatic digestion mix for diVerent solid tumor

types is shown in Table I.

3. Subsequently, the pellet was resuspended in 4 ml F12/DME and layered over

3 ml of a 5% BSA (Bovine serun albumin) solution.

4. This was then centrifuged for 6 minutes at 1100 rpm, followed by a final wash

by centrifugation of the resulting pellet in 10 mlF12/DME for 5minutes at 800 rpm.

5. This final pellet was then resuspended in serum-free defined growth media

and aliquoted into tissue culture dishes precoated with laminin, fibronectin, or

collagen.

6. Any tissue remaining in suspension after 48 h was transferred to new pre-

coated dishes, and the medium renewed on the original plate.
Fig. 1 Small aggregates of cells indicate when enzymatic dissociation should be stopped.



Table I
Parameters for Dissociation/Matrix, and Adherence Properties of Various Tumor
Cell Types

Designation Tumor type

Enzymatic

dissociation Matrix Adherent/suspension

PRCA629 Prostate C/D Laminin Adherent

CRCA0404 Colon (right ascending) C/D Fbn Adherent/suspension

CRCA1115 Colon C/D Fbn Adherent/suspension

MCL Mantle cell lymphoma C/D Fbn Adherent

CA130 Lung adenocarcinoma C/D Fbn Adherent

CTL T-cell lymphoma N/A N/A Suspension

MCC Merkel carcinoma C/D-N/A Fbn/NAa Suspension

RECA0515 Rectal carcinoma N/A Fbn/Laminin Adherent/suspension

RECA1208 Rectal carcinoma N/A Fbn/Laminin Adherent/suspension

PACA9926 Pancreatic ductal

carcinoma

Collagnease

Hyaluronidase

Fbn Adherent

BRCA1103 Breast ductal carcinoma C/D Fbn Adherent

BCCA Basal cell carcinoma C/D Fbn Adherent

aMCC parental cells adhere to matrix and require enzymatic dissociation while metastases derived

from these cells require no enzymatic dissociation and nomatrix as they adhere lightly to the surface and

often grow in suspension.

C/D, collagenase-dispase; N/A, nonadherent; Fbn, fibronectin.
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7. The medium was changed every 2 days until the majority of cells began to die

oV, and colonies of small, round ‘‘stem-like’’ cells appeared. This required from

1 to 12 weeks, depending on the tumor type.

8. Cells were observed daily and recorded photographically to capture any

morphological change.

9. At the first subculture, the cells were split 1:2 or 1:3, the medium changed

every other day and subsequently subcultured every 5 days when cultures were

semiconfluent and exhibited logarithmic growth. Initially, it was important to

carefully dissociate the cultures, so that cells remained aggregated, as trypsiniza-

tion into single cells often resulted in loss of the phenotype and eventual scenes-

cence. Eventually most cultures were split 1:3 or 1:5 routinely every 5 days. It is

important to note that in some cases initially, the target cell was not clearly

observable, particularly in cultures in which the surrounding stroma or mesen-

chyme appeared to play a role in the in vitro outgrowth and eventual proliferation

of the target cells. One example of this was the basal cell carcinoma cell line,

BCCA, which represented a good illustration of the epithelial mesenchymal

‘‘cross-talk’’ that often occurs during tumor transformation (Fig. 2). The target

epithelial cell appeared only after the cells had been in culture for nearly a month.

The addition of a glucocorticoid (hydrocortisone, 5 � 10–8 M) to the medium then

resulted in inhibition of the stromal component and exponential growth of the

epithelial cells. This outgrowth then occurred fairly rapidly, within 10 days from



Fig. 2 A–C. Isolation of a basal cell carcinoma BCCA1. A few epithelial cells can be seen in this field initially consisting

largely of stroma. Media derived for these epithelial cells supports exponential outgrowth of these cells,

whose population eventually outstrips the growth of the surrounding stroma.
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the first appearance of the epithelial cells, which could then be removed from the

dish, first by a quick trypsinization [1 ml trypsin–EDTA (ethylenediaminetetraa-

cetic acid) for 1–2 min], which easily removed the stromal cells, and then a longer

(�5 min) treatment with a 1:20 dilution of 10% collagenase–dispase. Generally,

this resulted in a 90% pure population after only the first passage. Alternatively,

in the case of a colon carcinoma (CRCA1115), the medium, itself, selected against

cells in the heterogeneous population, which did not survive in the culture, while

actively supporting exponential growth of the target cell type. In this particular

case after one month in culture, the target cell formed loosely attached colonies

that could be easily pipetted from the plate, transferred to a new plate, and

expanded as a pure population (Fig. 3).
C. Preparation of Cells from Xenograft
1. Tissue fromxenografts, grown in the subrenal capsule of immune-compromised

mice (nu/nu or severe-combined immunodeficiency, SCID), were harvested asepti-

cally and placed in dishes where they were minced with iris scissors to<1 mm.

2. Tissue pieces were dissociated with 0.5% collagenase-dispase, and placed at

37 �C in 95% humidified incubator for 300 with repeated pipetting until small

aggregates of cells were observed.

3. The enzymatic activity was stopped by passing the cell suspension over 5%

BSA and washed by centrifugation.

4. The resulting pellet was resuspended in growth medium, and plated on

surfaces precoated with matrix (laminin or fibronectin).



Fig. 3 Isolation of a colon carcinoma stem cell CRCA1115. Sparse fields of a few cells can be observed

among large islands of mixed cell types (42 -day culture). Over a period of 5 days these cells grow

exponentially while the other cells become vacuolated and die. Time following initial observation of 20

cells: A, 72 h (100�), B, 176 h (40�).
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5. The cultures were refed every other day until a suYcient number of cells could

be generated for analysis by flow cytometry, usually 4–7 days. Isolating the cell

type of interest from xenografts does not require the extended lag phase to remove

stromal components. In the appropriate growth medium, the CSC is stimulated to

grow exponentially within a week from explant.
D. Cell Surface Phenotype
At the initial subculture, or at a specific passage number, or subsequent to tissue

harvest from xenograft models, 106 viable cells were used for analysis of marker

expression by fluorescence on a log scale using either a FACSCAN (Becton

Dickinson) or a Guava PCA-96 (Guava Technologies).
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The antibodies used were anti-CD34 (FITC), anti-CD44 (FITC), anti-CD24

(FITC), anti-CD133 (PE-Miltenyi), anti-CD31 (PE), anti-CD45 (PE), and anti-

CD141. Unless noted, antibodies were purchased from Becton Dickinson. Dead

cells were eliminated by using the viability dyes, PI or 7AAD.

Cells were prepared by removal of the monolayer with collagenase-dispase

(50 ml/ml of a 10% wt/vol stock solution prepared in PBS), combined with

200 mg/ml STI. The dissociated cells were resuspended in 4 ml HBSS Hank’s

Balanced Salt Solution, layered over 3 ml 5% BSA, and centrifuged at 1100 rpm

for 6 min using a GH3.8 rotor in a Beckman Allegra 6R centrifuge (The monolayer

can also be dissociated with 10 mM EDTA, although the viability can be compro-

mised with this treatment). The resulting pellet was resuspended in HBSS, contain-

ing 1% BSA (analysis buVer), and diluted as follows (all dilutions in analysis

buVer):
Isotype control: 1 � 105 viable cells/50 ml.
To this volume was added 2 ml 1� antibody. The volume was brought up to

200 ml with analysis buVer and incubated 20 minutes on ice or at 4 �C
Primary antibody: 5 � 104 to 1 � 105 viable cells in 50 ml–100 ml. To this volume

was added 2 ml of antibody. The volume was brought up to 200 ml with analysis

buVer and incubated 20 minutes on ice or at 4 �C. Cell suspensions were washed by

centrifugation after the incubation period by increasing the volume to 250 ml with
analysis buVer and centrifuging in a Beckman Allegra 6R centrifuge using a GH3.8

rotor at 1200 rpm for 5 minutes. The supernatant was removed and the wash step

was repeated 1�. The resulting pellet was brought up in a 200 ml volume of analysis

buVer to which was added 5 ml 7AAD or PI for Live/Dead gating just before

acquisition. Cytometric data analysis was performed using FlowJo software

(Tree Star, Inc.).
E. Medium Selection for the Growth of Cancer Stem Cells
1. We first tested media derived at Raven for the isolation and establishment of

normal tissue progenitor cells to isolate and establish tumor progenitor cells. With

little modification of the tissue progenitor medium, all tumor cell lines were

established by placing the entire tissue in culture, and allowing the microenviron-

ment to select for a particular cell type, while not supporting, or actively inhibiting,

the majority of other cell types in the medium. Ideally, one would wish a completely

selective medium (i.e., selects for CSCs and actively counterselects other cell types).

However, in practice, if the medium suYciently selects for diVerential CSC growth,

pure populations can be obtained after a few subcultures. DiVerential enzymatic

digestion at subculture can accelerate this process, as well as manual selection of

clones. In Fig. 2, a primary culture of a BCCA appears to consist largely of stroma,

with a few small colonies of epithelial stem cells. In this case, while the medium

does not actively inhibit stromal outgrowth, it stimulates the stem cells to grow

exponentially, soon outstripping the growth of the other cell types. Figure 3

illustrates the concept of a media that supports the growth of a single cell type, a
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stem cell of a colon tumor. After placing the tissue in culture, the many diVerent
cell types form large islands consisting of normal cells, transit-amplifying cells,

stromal cells, and stem cells. Over the subsequent 30 days, only the stem cells are

dividing, while other cells in the heterogeneous population become vacuolated and

begin to die. In almost all cases, the putative CSCs appeared as clusters of small

round cells, phase dark with a large nucleus and dense cytoplasm. The timing of

media changes and subculture was critical to a successful outcome: too soon a

subculture resulted in a loss of the cell type of interest; too late a subculture

resulted in critical media components being exhausted, the cell type of interest

becoming quiescent, and the entire culture eventually senescing. Generally, we

have found that the cultures do best when subcultured at near-confluency at

around 80% confluence. The preferred basal media formulations for several CSC

types are listed in Table II.
F. EVect of Serum on Isolation and Establishment and Growth of CSCs
2. Both primary cultures and established cell lines, isolated and propagated in

serum-free medium, were tested for their ability to grow in the presence of serum.

Figure 4 shows the eVect of serum on an established colon CSC line CRCA0404

(Panel A) and on an established prostate CSC line, PRCA629A (Panel B). Both cell

lines were grown in medium containing growth factors �5% fetal bovine serum.

At 96 h, the cells in serum-free culture are growing logarithmically and nearing

confluence, while cells in the presence of serum have become squamous and quies-

cent (CRCA0404) or have been unable to attach, spread, and divide (PRCA629A).

Moreover, with prostate tumor isolates, primary outgrowth of cells in the presence

of 5% serum resulted in fibroblast overgrowth, and even lesser amounts of serum

(1–2%) resulted in squamous, terminally diVerentiated cultures (Fig. 5).
Table II
Tissue Progenitor Cell Lines were the Basis for Determining Media Requirements for
Tumor Stem Cell Isolation

Tumor Tumor-derived cell lines Medium used

Pancreas PACA9926a F12/DME (1 mM CaCl2) 14 factors

Lung CA130, 9979 F12/DME (0.1 mM CaCl2) 6 factors

Skin (Merkel, Melanoma,

basal cell carcinoma)

MCCa hMEL, BCCA F12/DME (1 mM CaCl2) 11/9/9 factors

Breast BRCA1103 F12/DME (1 mM CaCl2) 6 factors

Prostate PRCA, TDH F12/DME (0.1 mM CaCl2) 8 factors

Ovary OVCA2 Opti-MEM (0.1 mM CaCl2) 4 factors

GI Tract CRCA, RECAa F12/DME (1 mM CaCl2) 11 factors

Immune system NHL, MCL, CTLa F12/DME (1 mM CaCl2) 8 factors

aThese cells spontaneously metastasize.



Fig. 4 EVect of serum. These cultures were seeded at the same density, in the same medium with 5%

fetal bovine serum (upper panels) or in the absence of fetal bovine serum (lower panels). After 96 h,

colon cultures (A) exhibited a squamous morphology and no observable cell division (upper panel),

while cultures in the absence of serum were nearing confluence and growing logarithmically. In (B),

prostate cultures were never able to grow in the presence of serum (upper panel), while dividing rapidly

in serum-free media designed specifically for prostate cell lines.

Fig. 5 Primary outgrowth of prostate tumor cells in the presence or absence of serum. Panel A shows

morphology of prostate tumor cells grown in serum-free defined media, while panel B shows the eVect of

serum on this particular cell type (upper panels, 40�, lower panels, 100�).
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Table III
Media Componen

PACA99

Insulin
p

TF
p

EGF
p

Se
p

Eth
p

pEth
p

HC
p

Prog
p

FK
p

Aprot
p

Vit E

HRG
p

T

T3

p
NGF

PGE1

IL2

IL4

FLK3

FGF7

GLUC

Caa
p

PPEb

BSAb
p

aExogenously add
bNot required for

TF, transferrin; E

hydrocortisone; Prog

NGF, nerve growth
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3. CSCs, like normal fetal progenitor cells, prefer a biologic substrate to plastic

for attached growth. The preferred attachment factors are shown in Table I.

4. Once the medium and attachment factor have been selected, the appropriate

hormones and growth factors should be added to the basal medium just before use,

or they can be added directly to the culture dish. For preparation and handling of

media and additives, see Brinster, 1974, Chapter 8.

The growth factors and other media additions for various CSCs are shown in

Table III. Note that reduced calcium is required for prostate CSC selection.
G. Immunohistochemistry
Tissue samples were fixed in 10% phosphate-buVered formalin and embedded in

paraYn. Formalin-fixed, paraYn-embedded sections were cut 4 mm thick,

mounted on poly-l-lysine-coated slides (Sigma Aldrich, St. Louis, MO), and
ts Used in the Isolation and Growth of Various Tumor Lines

26 CA130 PRCA629 MCLY BCCA MCC RECA CRCA CTLY BRCA

p p p p p p p p p
p p p p p p p p

p p p p p p p p p
p p p p p p p

p p p p
p p p p p

p p p p p p
p
p

p p

p
p p p p

p
p

p p
p
p
p

p
p

0.1 mM
p p p p p p p

p p p p p

ed to F12/DME calcium-free medium.

growth.

GF, epidermal growth factor; Se, selenium; Eth, ethanolamine; pEth, phosphoethanoloamine; HC,

., progesterone; FK, forskolin; Aprot., aprotinin; HRG, heregulin; T, testosterone; T3, triiodothyronine;

factor; GLUC, glucagon; PPE, porcine pituitary extract.
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dried overnight at 37 �C. Sections were then dewaxed in xylene, rehydrated

according to standard histopathologic procedures, and stained with H&E.
H. Renal Capsule Grafting
Cells from each tumor line were dissociated from the tissue culture plate as

mentioned previously and seeded in 50 ml of rat tail collagen, in separate wells of a

4-well dish (Nunc), containing 500 ml growth media for the particular cell type, and

allowed to gel in a 37 �C humidified incubator overnight. The following day, the

collagen gels were grafted under the renal capsule of SCID mice (The process of

renal capsule grafting is described (Brody, J., et al., 1999) and illustrated in detail

at the following website: http://mammary.nih.gov/tools/mousework/Cunha001/

index/html). Additional collagen gels were processed for quantitative RT–PCR,

using probes specific for human DNA. Grafts were harvested after 7 weeks. After

removal, half of the grafts were fixed overnight in 10% phosphate-buVered forma-

lin (Fisher Scientific, Fairlawn, NJ), embedded in paraYn, sectioned, and stained

by hematoxylin and eosin using standard procedures. The remaining grafts were

processed for quantitative RT–PCR.
IV. Results
A. Tumor-Forming Capability
All cell lines tested were able to form tumors when implanted subcutaneously or

grafted under the renal capsule of SCID mice (Table IV). To test whether or not

the cell lines established could form tumors from a small number of cells, experi-

ments were conducted in which <20, 100, 500, and 1000 cells, from each of 5 cell
Table IV
Cell Lines Tested for Their Ability to Form Tumors in Mice

Cell line designation Renal capsule Subcutaneous

CA130a
p p

PACA9926
p p

MCLY
p

CTL
p

MCCa p p
CRCA0404a

p
CRCA1115

p
RECA0515a

p
RECA1208

p
PRCA629Aa p p
PRCA1004

p p
BRCA1103

p

aThese cell lines form tumors from <100 cells.
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lines, were suspended in 50 ml collagen gels, in growth media, and allowed to

polymerize overnight. The following morning the gels were placed under the

renal capsule of SCID mice (n ¼ 3 animals per group). Additional collagen gels

containing the same number of cells were prepared under identical conditions for

quantitative RT–PCR. After 7 weeks, the animals were euthanized and the pres-

ence or absence of tumor tissue was confirmed by visual observation (Fig. 7),

histological examination, or by quantitative RT–PCR (data not shown).
B. Expression of Cell Surface Markers
Antibodies directed against CD34, CD44, CD24, and CD133 were used to evalu-

ate the expression of these CSC markers on several cell lines: MCC, PACA9926,

CA130, PRCA629A, RECA0515, BRCA1103, MCLY, and CRCA0404. In addi-

tion, because there was unanticipated CD34 expression on some of these tumor lines,

the vascular endothelial markers, CD31, CD45, and CD141, were evaluated to rule

out the possibility that these were endothelial-derived cells. Interestingly, five of

the seven lines tested were positive for CD34, including the hematopoietic cell line

MCLY, derived from a Mantle Cell lymphoma. Of those five lines, four expressed

some level of CD44. Only the BRCA1103 cell line expressed CD24 as well as CD44.

None of the CD34 positive cell lines expressed the endothelial markers.
C. Importance of Growth Conditions in Maintaining the CSCs Phenotype
We have shown above that the elimination of serum from the culture media is

necessary for the selection and maintenance of CSCs (Figs. 4 and 5). We have also

emphasized the importance of media changes and subculturing, using a rigorously

adhered to schedule (Fig. 6). The following two examples will illustrate the

fact that even such frequently used procedures as media and growth factor
Fig. 6 EVect of media exhaustion in CRCA1115 rectal cancer cell line. This culture did not appear to

be overgrown, but growth factors necessary for attachment and survival may have been exhausted.

Regular media changes and timely subculture are critical for growth andmaintenance of this phenotype.
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optimization, for increased growth rate and animal culture passage, can alter the

phenotype of the CSC.

Example 1. In an eVort to increase the growth rate of the BRCA1103 cell line,

several additional growth factors were examined. One of those factors, forskolin, a

stimulator of adenylate cyclase, which increases cellular cAMP levels, was shown

to stimulate growth of the cell line. A separate culture was carried for four passages

in the presence of the usual growth factors and the addition of forskolin. The

morphology of these cells diVered from the parent line and, in addition, we were

able to observe downregulation of CD44 and CD24 expression when these cells

were grown in the presence of forskolin (Fig. 8).

Example 2. Several CSC lines which were CD34 positive and CD44 negative

in vitro expressed high levels of CD44 and no CD34 after animal passage, whether

the cells were grown subcutaneously or by implantation under the renal capsule

(Fig. 9). Cell lines were established from these xenografts using the same media

derived to select from the original tumor.
V. Discussion

Wehave isolated and established cell lines from a subpopulation of solid tumors of

prostate, pancreas, lung, spleen, breast, colon, ovary, and skin (BCCA, melanoma,

and Merkel cell carcinoma) as well as a subpopulation of cells from mantle

cell lymphoma, non-Hodgkins lymphoma, and cutaneous T-cell lymphoma.

These cells are highly tumorigenic, grow indefinitely in vitro and, of the cell lines

tested thus far, can form tumors from fewer than 200 cells (5 lines have been tested

and grow from <20 cells) when implanted under the renal capsule of SCID mice
Fig. 7 One hundred cells from the RECA1208 cell line implanted in the kidney capsule resulted in a

tumor seen to completely overgrow the kidney after 8 weeks.
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(Fig. 8). Similarity in growth requirements supports the hypothesis that these cells

may arise from their normal tissue progenitor (or stem cell) counterpart (Kim CF,

et al., 2005). We have shown that deriving a medium for CSCs based upon similar

medium and growth conditions derived for normal tissue progenitor cells would

preferentially select for that particular cell type in a number of diVerent solid

tumors. Tumor stem cells, by definition, have a clonal origin, and can be present

at levels<1% of levels of the transit-amplifying daughter cells and/or tumor stroma

and vascular elements. As we have shown by the example of the colon cancer line

CRCA1115, there are very few cells available to select by most cell sorting tech-

nologies. Providing a microenvironment that supports the growth of that single cell

type, while not supporting or actively inhibiting the growth of other cells in the

population, does not unnecessarily bias the culture in favor of a particular surface

marker, as we have shown that those markers can change with changes in culture

conditions, including growth and diVerentiation factors, factors such as low or

high calcium concentrations, and matrix. Cells selected and propagated under

rigorously defined conditions, which represent a small subset of the original popu-

lation and which can form tumors from a few cells implanted in vivo, can then be

used to develop and identify specific markers for the assessment of CSC origin.
VI. Materials

F12/DME medium with and without calcium—Invitrogen

Calcium chloride—Sigma Aldrich

Insulin (human recombinant) Millipore IncelligentÔ SG Insulin, Recombinant

Human, EP, USP

EGF (epidermal growth factor, human recombinant)—Millpore

Transferrin (human, recombinant)—Sigma Aldrich

Ethanolamine/phosphoethanolamine—Sigma Aldrich

Triiodothyronine (T3)—Sigma Aldrich

Selenous acid 97%—Alfa Aesar

Vitamin E acetate—Alfa Aesar

Nerve growth factor (NGF 7S)—Invitrogen

Hydrocortisone—Sigma Aldrich

Progesterone—Sigma Aldrich

Forskolin—Calbiochem

Fibronectin—Sigma Aldrich

Laminin—Invitrogen

Collagenase type IV—Worthington

Hyaluronidase—Worthington

Collagenase-dispase—Roche Applied Science
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Porcine Pituitary Extract—This can be purchased or prepared from frozen

pituitaries (Pel Freez biologicals): The addition of 2–10 ml/ml of this extract

can frequently increase growth of cells in hormone-supplemented, serum-free

medium. Note: Such medium is not defined, since it is impossible to know

what factor in the extract is the active component and diVerent cell types may

respond to diVerent components of the pituitary extract (Mather, et al., 1998).

1. Homogenize 105 g mixed sex porcine pituitaries (Pel Freeze) in 250 ml cold

0.15 M NaCl for 10 min in a blender.

2. Transfer the homogenate to a cold beaker and stir for 90 min at 4 �C.
3. Centrifuge for 40 min (9800 rpm) using a Beckman JA10 rotor at 4 �C.
4. Discard the pellet.

5. At this point, the supernatant can be aliquoted into 50-ml polypropylene

tubes and stored at �20 �C.
6. Before use, the supernatants should be filter sterilized through a 0.2-mm low-

protein-binding filter.

Note: This can be made easier by centrifuging the thawed supernatants

(9800 rpm for 20 min at 4 �C as above) to remove particulate material and then

passing it through successive 0.8-mm, 0.4-mm, and then 0.2-mm filters.

7. Aliquot into 5-ml snap-cap tubes and store at �20 �C.
8. Thawed pituitary extract can usually be stored at 4 �C for up to 2 weeks

without loss of activity.

9. A dose response of each batch of extract must be done for each cell line. The

extract always has a biphasic dose response, with too high a concentration

being toxic to many cells, especially in serum-free medium.
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I. Introduction to Models and Uses

Historically, cell culture approaches applied to models of development, diVer-
entiation, mutagenesis, virology, and other fields have contributed to a variety of

major discoveries (Barnes and Sato, 2000). Today, cell culture increasingly is

applied to complement the techniques and hypotheses of molecular biology.

Despite the major advances using cell cultures from homeothermic organisms,

progress with poikilotherms, such as the common fish model species, has been

much more limited. Early cultures generally did not extend beyond a few species of

Cypriniformes (e.g., carp, goldfish), Salmoniformes (trout, salmon), and Siluri-

formes (catfish); all of these are fundamentally freshwater fish (Borenfreund and

Puerner, 1984; Lopez-Doriga et al., 2001; Lorenzen et al., 1999; Mcallister, 1997).

Only one marine fish cell line was established during this early period: The GF cell

line developed by Clem et al. (1961) from fin of the grunt Haemulon sciurus. Some

of the most widely used cell lines from this period are EPC (carp epithelial cell),

BG/F-2 (bluegill), CHSE-214 (Chinook salmon embryo), RTH-149 (rainbow trout

hepatoma), and BB (brown bullhead catfish) (Babich et al., 1990; Kamer et al.,

2003; Martin-Alguacil et al., 1991; Ruiz-Leal and George, 2004).

Until recently, the continuously proliferating fish cell lines generally available

were often generic in biological properties, regardless of the tissue of origin, and

not well suited for sophisticated biological and molecular questions. They were,

however, excellent substrates for studies of fish pathogens, including viruses,

bacteria, and parasitic eukaryotes, and several of the cell lines initially were

developed for this purpose. Representatives from each of the major virus families

have been propagated and studied in cell culture (Barnes et al., 2006; Bernard

and Bremont, 1995; Caipang et al., 2003; Moredock et al., 2003; Mork et al.,

2004; Wolf, 1988). Fish and fish cell cultures also traditionally have been useful

models in toxicology and as environmental sentinels, and some of the earliest-

established fish cell lines also were used for these purposes (Ackerman et al., 2002;

Babich et al., 1990; Barnes and Collodi, 2005; Bols et al., 2003).

In addition, Xiphophorus species and cross-species hybrids have contributed

critical concepts in cancer genetics and in vitro mutagenesis research (Moredock

et al., 2003), and cell cultures from these animals have improved the understanding

of mechanisms of these processes. Goldfish and carp cell lines also are used for

studies of tissue regeneration and carcinogenesis (Hasegawa et al., 1997; Smith

et al., 2002). In the last few years, application of new techniques for development of

in vitro systems has led to definition of culture conditions that allow the continuous

proliferation of a wider variety of cell types. This work has been driven by the

realization that fish provide excellent models for stem cell studies and comparative

approaches for understanding the nature of evolution and embryological

development.
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A. Concepts and Approaches to Derivation of Fish Cell and Tissue Culture Systems
Conventional mammalian cell culture methodology using serum as the major

biologically derived supplement introduces a variety of unknown components.

Some of these may act on the cultured cells to promote proliferation and/or

diVerentiation; others may act negatively on these processes. The newer appro-

aches described below aVord some alternatives that may mitigate these eVects and
help to develop cell lines that represent interesting in vitro models. The critical

concept is to approach cell culture with knowledge of the physiology of the cell

type to be cultured (Barnes and Sato, 2000). The advent of recombinant DNA

technology has allowed access to suYcient quantities of growth-promoting pep-

tides and other critical molecules aVecting cellular growth or diVerentiation to

carry out systematic cell culture studies of this type, and has greatly increased the

potential for development of new culture systems.
B. Teleost and Chondricthyian Cells In Vitro
The first fish cell lines were established in basic nutrient media formulations

developed for mammalian cells and using mammalian serum as a supplement. As

time progressed, new cell lines from a variety of species began to be reported.

Examples are cultures from the Asian striped snakehead, koi, grass carp, flounder,

grouper, seabream, and Atlantic salmon (Chi et al., 1999; Hart et al., 1996;

Kamer et al., 2003; Lu et al., 1990; Perez-Prieto et al., 1999; Shimizu et al., 2003;

Syed et al., 2003; Wergeland and Jakobsen, 2001; Zhang et al., 2003). Further

advancement in this field relies to some degree on media more precisely tailored to

fish in general, and often directed to specific genera or species.

In these approaches, addition of purified growth factors, fish embryo extract, or

other medium supplements may be necessary (Collodi and Barnes, 1990). Using

these methods, a number of embryonal stem cell-like and tissue-specific stem cell

lines have been established from zebrafish (Danio rerio) embryo and adult tissues

(Collodi et al., 1994; Miranda et al., 1993; Sun et al., 1995). The approach is also

adaptable to other model freshwater species: Orzias or medaka, Xiphophorus sp.,

or swordtail/platyfish and Fundulus sp. or killifish (Fig. 1) (Barnes et al., 2006;

Hong et al., 2004a; Wakamatsu et al., 1994). Further adaptation of culture media

has allowed the development of cell lines from some model marine species, includ-

ing puVerfish genera (Fugu sp. and Tetraodon nigroviridis) (Bradford et al., 1997;

Grutzner et al., 1999). Like zebrafish, the entire genome of these species has been

sequenced. Modified minimally, these cell culture concepts also have been applied

successfully to the establishment of other marine species, such as the moray eel,

Gymnothorax prasinus or obesis (Buck et al., 2001) (Fig. 1).

As an example, culture of puVerfish cells requires the use of LDF, a basal

nutrient medium originally developed for salmonid and zebrafish cells (Barnes
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Fig. 1 Cell cultures from tissues of freshwater and marine species using fish species-specific medium

formulations. (A) Culture from skin tumor of green moray eel (Buck et al., 2001). (B) Culture from

medaka (Oryzias latipes) gill. (C) Culture from killifish (Fundulus heteroclitus) spleen.
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and Collodi, 2005). LDF is 50% Leibovitz’s L-15, 35% Dulbecco’s modified

Eagles, and 15% Ham’s F-12 media, with 0.18 mg/ml sodium bicarbonate and

15 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buVer (pH

7.2). LDF medium contains a bicarbonate concentration that allows culture at

ambient carbon dioxide levels. PuVerfish cell lines are further supplemented with

the following:

Epidermal growth factor (EGF) (50 ng/ml),

Fetal calf serum (5%),

Fibroblast growth factor (FGF) (10 ng/ml),

Fish embryo extract from zebrafish or trout (25 mg protein/ml) (Collodi and

Barnes, 1990),

Fish serum (e.g., trout serum, heat inactivated) (0.25%),

Insulin (1 mg/ml),

2-Mercaptoethanol (55 mM).
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The Fugu cell lines express telomerase, an indicator of indefinite growth potential

(Bradford et al., 1997), and recently puVerfish telomerase has been molecularly

cloned from one of these lines. At least one puVerfish cell line, developed from Fugu

eye, shows an apparently diploid karyotype, and the cells demonstrate DNA

content per nucleus of about 0.4 pg/haploid genome size, �15% of that in human

cells. This property is characteristic of puVerfish and is unlike most orders of fish,

which in rare instances can show genome sizes several hundred times higher.

Cultures also have been derived from marine elasmobranchs (cartilaginous fish):

the spiny dogfish shark (Squalus acanthias) and little skate (Raja erinacea) (Forest

et al., 2007; Mattingly et al., 2004; Parton et al., 2007) (Fig. 2). In general, for these

species LDF medium is supplemented with the following:

EGF (50 ng/ml),

Fetal bovine serum (heat inactivated, 2%),

FGF (10 ng/ml),

l-glutamine (25 mM),

Insulin (1 mg/ml),

2-Mercaptoethanol (55 mM),

Nonessential amino acids (concentrations equal to that used for mammalian cell

culture),

Selenous acid (100 ng/ml).

The medium is also supplemented with a chemically defined lipid solution

formulated for mammalian cell culture medium supplementation. These lipids,

although helpful, may not represent the ideal lipid mix for cells of cold water

animals like the dogfish shark or little skate. This material also can oxidize easily,

creating potentially toxic by-products, and must be stored with care. In early

cultures of cold water cartilaginous fish, this lipid formulation was replaced with

an extract from shark egg yolk, but this is not feasible for most laboratories. Exotic

shark-specific medium supplements and elasmobranch blood components, such as

urea and trimethylamine-oxide, are not necessary for the embryo-derived lines,

none of the supplements are fish-specific, and all are commercially available. Recent

progress in cloning growth factors from fish (e.g., Biga et al., 2005) may provide

even better medium formulations and application to more species. Dogfish sharks

use glutamine as a major source of energy, through enzymatic transamination to

alpha keto glutamate and oxidation of this metabolite in the citric acid cycle.

The cells also are plated on a collagen gel matrix. A commercially available

human collagen preparation is commonly used for this purpose, and the use of

elasmobranch-derived extracellular matrix also is being explored. The first contin-

uous, multipassage cell line from cartilaginous fish was the SAE embryo-derived

line from the dogfish shark, and represents a mesenchymal stem cell type (Forest

et al., 2007; Parton et al., 2007). Details of culture and cell properties are described

in later sections of this chapter.
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Fig. 2 Cell cultures from the cartilaginous fish Raja erinacea (little skate). (A) Skate embryo culture

initiated from developmental stage 22. (B) Skate spleen-derived leukocyte culture initiated after

concentration by density gradient centrifugation.
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II. Embryonal Stem Cells

Mouse embryonal stem (ES) cell cultures that maintain the capacity to contri-

bute to the germ cell lineage of a host embryo were derived several decades ago,

and remain a critical tool for the introduction of targeted mutations and produc-

tion of conditional transgenic animals (Gertsenstein et al., 2007). ES cells carrying

targeted mutations and introduced into host embryos participate in development

and contribute to the germ cell lineage. Breeding of germ line chimeric animals
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then can be pursued to produce heterogeneous or homogeneous gene knockout

lines. The technique can be used for both generation of knockout mice for studies

of gene function and for site-specific insertion of a transgene to achieve optimal or

tissue-specific expression. This approach improves on the traditional transgenic

method involving pronuclear injection and random insertion (Gertsenstein et al.,

2007). In an even more sophisticated approach, site-specific recombinases can be

used to generate conditional transgenic or conditional knockout models in which

expression or loss of function is manifested in a tissue-specific or temporal manner

(Dymecki et al., 2004).
A. In Vitro Methods
To date the full potential of approaches with ES cells has not been realized with

any fish species, but ES-like cell lines that are suitable for gene transfer studies are

available. ES-like cell lines have been derived from zebrafish, medaka, seabream,

red seabream, sea perch, and rainbow trout. These lines exhibit various degrees

of in vitro characteristics of pluripotency exhibited by mouse ES cells, including

high levels of alkaline phosphatase activity, expression of pluripotency markers,

embryoid body formation, and the ability to diVerentiate into multiple cell types

in culture (Bejar et al., 2002; Bols et al., 2004; Chen et al., 2003a,b; Hong et al.,

1998; Ma et al., 2001). Lines from zebrafish (ZEB, ZEG), medaka (MES1), and

seabream (SaBE-1c) can participate in normal development following introduction

into a host embryo, leading to viable, chimeric fish.(Bejar et al., 2002; Hong et al.,

1998). ZEB, ZEG, and MES1 cells contribute extensively to multiple tissues of the

host. The degree ofMES1 chimerism was enhanced when the cells were selected for

expression of a pluripotency marker by introduction of a plasmid encoding a

neomycin-resistance (neo)-lacZ fusion protein under the control of the mouse

Oct4 promoter (Hong et al., 2004c). Colonies of pluripotent cells were selected in

G418. Markers for ES cells or primordial germ cells (PGCs) in zebrafish and

medaka have been identified or are under study (Amsterdam et al., 2004; Bejar

et al., 2003; Burgess et al., 2002; Scholz et al., 2004).

Marking of potential ES cells with a reporter gene under control of an ES-

specific promoter is an extremely useful technological approach. Successful gener-

ation of ES-based targeted gene knockouts and conditional transgenics requires

that the cells maintain the capacity to contribute to the germ line following

introduction into a host embryo, and maintain this capacity for a suYcient length

of time in culture to allow for gene targeting by homologous recombination

followed by in vitro selection of homologous recombinants. Toward this goal,

culture conditions recently were developed that successfully preserve the germ

line competency of zebrafish ES cells in vitro (Fan et al., 2006; Ma et al., 2001).

A key component of the cell culture system is the use of a feeder layer derived from

the rainbow trout spleen cell line, RTS34st (Ganassin and Bols, 1999) These cells

provide factors essential to maintain pluripotency and germ line competency (Ma

et al., 2001) (Fig. 3). Two zebrafish ES cell lines (ZEB and ZEG) have been derived



Fig. 3 Homologous recombination in zebrafish embryonic stem cell cultures. Two G418-resistant

zebrafish ES cell colonies that were generated by introducing a plasmid designed to insert into the no tail

gene (ntl ). The plasmid contained neo located within the ntl homologous arms and red fluorescent

protein (RFP) outside of the homologous region. The colony that incorporated the plasmid in a

targeted fashion by homologous recombination is identified by the loss of RFP expression (arrow).

Both colonies express GFP under the control of the b-actin promoter. (See Plate no. 24 in the Color

Plate Section.)
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using this system. These cells remain germ line competent for multiple passages in

culture. Founder chimeras were bred in which the F1 individuals inherited the

marker gene and pigmentation pattern donated by the cultured ES cells. However,

because of the low eYciency of germ line transmission by ES cells transplanted into

host embryos, production of germ line chimeric animals capable of passing on the

appropriate genetics to the next generation remains problematic.

In mammals, this problem has been circumvented in a few situations by the use

of nuclear transfer techniques to generate knockouts without the need to produce

germ line chimeras (Denning et al., 2001; Kolber-Simonds et al., 2004). Nuclei

from cells with the targeted mutation are transferred to enucleated oocytes, gen-

erating animals possessing the targeted mutation (clones). Several recent reports

describing zebrafish and medaka cell cultures of gonadal stem cells capable of

diVerentiating into functional sperm point toward a second potential means of

obviating the need to generate ES cells capable of contributing to germ line (Hong

et al., 2004b). However, success in this technology, like that of ES technology,

depends on maintaining normalcy of the cultures through the period of transfec-

tion and selection necessary to generate the targeted mutant. Although nuclear

transfer and sperm-generation techniques have been applied successfully to zebra-

fish, medaka, and carp, the technical diYculty of these procedures and the low

frequency of success make it desirable to also develop an ES cell-based approach to

gene targeting (Lee et al., 2002a; Shaoyi et al., 1990).
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B. Concepts and Procedures for Transgene Integration, Expression,
and Homologous Recombination
Established, non-ES fish cell lines such as RTG-2 from rainbow trout gonad,

CHSE-214, and some zebrafish cell lines have been employed for development of

gene transfer technology through the introduction of reporter genes or viral gene

delivery vectors (Carvan et al., 2000, 2001; Overturf et al., 2003; Sharps et al.,

1992). Application of this technology may be limited in some applications because

these fish cell lines may not express the appropriate and critical tissue-specific

transcription factors needed to ask specific molecular questions. However, this

approach has been quite useful for some applications. For instance, some fish cell

lines have been genetically engineered to make them more sensitive indicators of

toxin exposure.

As an example, the luciferase reporter gene under the control of dioxin-

responsive enhancers was introduced into RTH-149 cells to generate the recombi-

nant cell line designated remodulated lightning trout or RTL 2.0 (Richter et al.,

1997). This cell line can be used in a high-throughput in vitro assay system for

evaluating dioxin-like potency of halogenated aromatic hydrocarbons (Richter

et al., 1997; Villeneuve et al., 2001). A gene transfer approach using rainbow

trout gonad (RTG)-2 cells also has been developed to create an in vitro assay

system for the detection of estrogenic compounds in environmental samples

(Ackerman et al., 2002: Rutishauser et al., 2004). Similarly, the zebrafish embryo

cell line, ZEM2s (zebrafish embryo 2-serum adapted), was transfected with plas-

mids containing a reporter gene under the control of either aromatic hydrocar-

bon, heavy metal, or electrophile response elements (Carvan et al., 2000), so that

expression from these transgenes indicated induction upon exposure to com-

pounds belonging to each class of inducer. In another application of this technol-

ogy, plasmid-based metallothionein expression was investigated in transfected

CHSE-214 cells (Kling and Olsson, 2000), identifying this system in protecting

the cells against oxidative stress.

In addition to these applied emphases, fish cell lines have been used to express

exogenous DNA for a variety of more basic objectives. This includes identification

of enhancer or promoter elements upstream from specific genes, and evaluations of

the relative strength of the activities of these noncoding regions (Bearzotti et al.,

1992; Chan and Devlin, 1993; Friedenreich and Schartl, 1990; Fu and Aoki, 1991;

Moav et al., 1992). Promoters derived from several sources have been shown to

function in fish cell lines in experiments emphasizing transient, stable, or inducible

expression. These include the sockeye salmon metallothionein-B, histone H3 pro-

moters, and the abalone actin promoter. Viral promoters derived from human

cytomegalovirus, simian virus 40, and Rous sarcoma virus are also active on zebra-

fish and other fish species (Bearzotti et al., 1999; Driever and Rangini, 1993;

Gomez-Chiarri et al., 1999; Sharps et al., 1992). Recombinant retrovirus and bacul-

ovirus vectors have been used for transgene expression in fish cell lines, as has a

pseudotyped rhabdovirus/retrovirus that can integrate into the germ line of
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zebrafish embryos and generate transgenic fish (Gaiano et al., 1996). The recombi-

nant retrovirus also generates proviral insertions at a suYcient frequency to make

it the basis of insertional mutagenesis experiments (Burgess et al., 2002; Gaiano

et al., 1996; Leisy et al., 2003).

To be useful for biological experiments using the targeted gene approach, fish

ES cells must not only remain germ line competent in culture but also stably

incorporate vector DNA in a targeted fashion. This is accomplished by introdu-

cing foreign DNA into the coding region of a specific gene by homologous

recombination, followed by in vitro selection and expansion of the successfully

targeted colonies. In mouse ES cell cultures, colonies of homologous recombinants

are commonly isolated using a duel drug selection procedure, and some colonies

that survive long-term drug selection remain pluripotent in that they contribute to

the formation of chimeras and the diVerentiation to multiple cell types in vitro.

Gene targeting has been achieved in zebrafish ES cell cultures and colonies of

homologous recombinants isolated using a visual screening method (Fig. 4).

The screening strategy involved the use of a targeting vector that contained the

neo marker gene located within the region of the vector that was homologous to

the gene being targeted and the red fluorescent protein (RFP) gene located outside

of the homologous region. Using this approach, the cell colonies that incorporated

the vector randomly were RFP positive, and those that had undergone homolo-

gous recombination and targeted insertion of the vector were RFP negative. The

vector was introduced into the ES cells by electroporation and following G418

selection to eliminate nontransfected cells, the colonies that completely lacked
Fig. 4 Transgenic zebrafish larva expressing red fluorescent protein (RFP) in the primordial germ

cells. RFP expression is driven by the vasa promoter. (See Plate no. 25 in the Color Plate Section.)
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RFP expression were manually selected from the dish and expanded. In addition

to the use of a visual selection method to identify homologous recombinants,

a positive/negative selection approach was also used to isolate colonies of zebrafish

ES cells that had undergone targeted plasmid insertion (Fan et al., 2006). This

approach involved the use of neo to select against nontransfected cells together

with the diphtheria toxin gene to eliminate cells that incorporated the plasmid by

random insertion.

Both the visual and positive/negative selection methods have been used to

successfully isolate several colonies of zebrafish ES cells that carry targeted plas-

mid insertions (Fan et al., 2006). However, application of this strategy toward the

production of knockout lines of fish will require further work to optimize the ES

cell culture system, identify markers of pluripotency, and improve the eYciency of

germ line chimera production. Recent production of transgenic fish that express

fluorescent marker genes under the control of PGC-specific promoters has been

reported, and may provide a valuable complement to the ES cell-based work

(Krovel and Olsen, 2002) (see also Fig. 3).
III. Tissue-Specific Stem Cells

The term ‘‘stem cell’’ often is applied to either tissue-specific stem cells such as

hematopoietic cells or to embryonic stem cells capable of diVerentiating to any

tissue. Studies of a variety of tissue-specific stem cells appear in the literature. For

instance, in mammals a multipotent neural precursor cell type exists, capable of

diVerentiating into neuronal and glial cell types, as well as oligodendrocytes

(Murayama et al., 2001). Furthermore, these cells may also diVerentiate into

muscle or blood. Evidence of tissue-specific stem cells in many organs requires a

reevaluation of the nature of the cell types derived in culture from some tissues.

This may be of particular importance for fish cell cultures, because fish exhibit

regenerative potential considerably beyond that of mammals. Fish models and cell

cultures showing diVerentiation potential from regenerating organs, like liver,

kidney, heart, retina, or cells of the immune system, may represent good models

of tissue-specific stem cells.
A. Stem Cell Lines and the Methodological Understanding of Cell Culture Development
In addition to providing specialized media formulations as described above for

the initiation and early passage of cell lines of a specific nature, the processing of

tissue and primary plating can be of critical importance. An example is the

derivation of zebrafish brain and ovary-derived cell cultures. In this procedure,

brains are pooled from juvenile zebrafish, and ovaries pooled from reproductively

active females. Tissues are washed twice with LDF medium supplemented with 2%

heat-inactivated fetal bovine serum, 0.25% trout serum, trout embryo extract
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(50 mg/ml), 2-mercaptoethanol (55 mM), chemically defined lipids (1:1000), peptide

growth factors, and nutritional components. These cells are cultured at 27.5 �C.
To initiate primary cultures, washed tissues are minced, dispersed by pipetting,

pelleted at 1500 rpm, and resuspended in LDF twice before plating in 24-well

plates (1 ml medium per well at �105 cells per well). Wells also are precoated

with fibronectin (10 mg/ml). Individual cells attach and spread by 48 h after plating,

and the medium changed at this time to remove unattached cell aggregates.

Cultures reach confluence after about 10 days. To produce secondary cultures,

cells in confluent wells are trypsinized at room temperature, pelleted, washed,

and plated at a split ratio of 1:2. Cultures have been maintained for multiple

passages in this manner. The brain cells exhibit an astrocytic morphology when

plated at low cell densities, but develop a more epithelial morphology as the

cultures approach monolayer density. Ovary cells retain a primarily bipolar,

fibroblast-like morphology.

A likely example of a cell line containing tissue-specific stem cells is the XM line

developed from Xiphophorus (Barnes et al., 2006) (Fig. 1D). Procedures similar to

those used to establish zebrafish brain and ovary cultures were employed, but cells

not adhering to the culture plates in the initial plating were transferred several

times to other plates in the following days after plating. This procedure is useful

in cases in which cultivation temperature is low and a large amount of noncell-

ular material is present in the initial plating preparations. For XM cells the source

of material was an external melanoma. This tissue contains a large amount of

extracellular matrix as well as dead cells, both malignant and normal skin cells

and melanophores possibly derived from partial or complete diVerentiation of

initially malignant cells. In addition, as an external tissue, it was potentially heavily

microbially contaminated. For this reason, minced tissue was washed and initially

processed in LDF basal nutrient medium containing a high-concentration antibi-

otic solution (1.25 units penicillin G, 1.25 g streptomycin sulfate, 1.25 g neomycin

sulfate, and 12,500 units bacitracin per milliliter).

The cells were disaggregated in medium containing 0.01 mg/ml dispase II for

30–45 min, minced, and again washed in medium. Tissue clumps were dispensed

into bovine fibronectin-coated wells of a 48-well plate. Growth medium for the

initial derivation of the cell line was LDFbasal nutrientmedium supplementedwith

insulin, selenious acid, holo-transferrin, chemically defined lipids, recombinant

human EGF, recombinant human fibroblastic growth factor, recombinant

human interleukin-6, recombinant human ciliary neurotropic factor (CNTF), non-

essential amino acids, b-mercaptoethanol (55 mM), trout embryo extract (50 mg/m),

and l-glutamine, at concentrations previously published (Barnes et al., 2006).

This large number of supplements was used because it was unclear which

components might be stimulatory for the cells. Each component had been found

previously to be stimulatory for some type of fish cell in culture, and none had been

found to be inhibitory on any fish culture. Subsequently each component was

tested for eVects on the cells, and those having no eVect were eliminated from

the medium as soon as possible. Antibiotics for the plating were reduced to
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a concentration 10-fold lower than the concentrations used for the initial washing.

Cells were incubated at 24 �C.
The next day, medium with floating tissue from the initial plating was trans-

ferred into new fibronectin-coated wells, and fresh medium supplemented as

described above was added to the initially plated wells with fetal bovine serum

(2%) and trout serum (0.25%) as additional components. It has been previously

observed that plating fish cells directly into serum-containing medium can prevent

attachment. Two days later, the floating cells and tissue clumps were transferred to

a third set of collagen-coated wells. Cells attached and healthy cells began to

proliferate in wells from all three platings of the initial material. After 2–4 weeks,

the cultures were passed at a splitting density of 1:2.

Beyond three passages, several basal nutrient media were evaluated for cell

proliferation, and the medium was changed to M154, originally formulated for

human keritinocytes, supplemented as stated above with antibiotics: penicillin

(200 international units/ml), streptomycin sulfate (200 mg/ml), and ampicillin

(25 mg/ml). For passage, cultures at confluency were dissociated with 0.2% trypsin,

1 mM EDTA in HEPES-buVered saline. After examination of growth factor

requirements over �10 months of culture, l-glutamine was raised to 2.0 mM and

CNTF, interleukin-6, and trout extract were removed from culture. Platelet-

derived growth factor (PDGF) was also found to be stimulatory at this point,

and subsequently was routinely added to the medium. The large majority of cells

initially in culture were melanotic, but continuously proliferating cells were not, a

phenomenon also seen with mammalian melanomas and possibly indicative of

selection for the stem cells.

Flow cytometric analysis (see below) suggested that XM cells were diploid or

near-diploid, and the cells were demonstrated to act as melanoma and melanocyte

stem cells by injection into zebrafish embryos. To identify injected XM cells with

certainty in the embryos, the cells were previously transfected with the pDsRed-

Express-N1 vector containing the RFP gene under control of the human cytomeg-

alovirus early promoter. For drug-resistant selection, the neomycin-resistance gene

under control of the SV40 promoter also was present on the plasmid. Transfection

was carried out with Cellfectin reagent by procedures described by the manufac-

turer. G418 disulfate at concentrations up to 1.0 mg/ml was used as the drug

selection. Under these conditions frequency of stable tranfectants was �1 per

1000 cells. Drug selection was maintained for 5 months before injection into

zebrafish embryos.

Zebrafish embryos at early gastrula, a stage before the development of immune-

related cells and about 20 h before the development of pigmented cells, were

dechorionated with 0.5 mg/ml pronase in Holtfreter’s solution and overlayed

into agar depressions in petri dishes. The reporter gene-expressing XM cells were

removed from culture dishes by treatment with trypsin/ ethylenediaminetetraacetic

acid (EDTA) in a HEPES-buVered NaCl solution. Phosphate-buVered saline

routinely is not used for these or other cells in manipulations of live cells. The

trypsin was inhibited with fetal calf serum in M154, washed, and resuspended in
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a small volume. Cells were loaded into a pulled Pasteur pipette and injected into

embryos (Collodi et al., 1992). Postinjection embryos were incubated at 28 �C in

6 cm diameter dishes, in sterile tank water. XM cells were capable of producing

tumors when injected in these embryos, with pigmented, melanoma-like cells

appearing at about 24 h postfertilization. Some of these cells also migrated and

appeared to diVerentiate consistent with the behavior of normal melanocytes.

Initiation and passage of the cartilaginous fish SAE cell line was pursued by a yet

diVerent initial approach (Parton et al., 2007). Separate cultures were initiated

from a mixture of small embryos ranging from embryonic stages 20–23 and pooled

cells from two embryos at stages 24–26 and stages 27–29. These developmental

stages represent early points in development, no later than the appearance of gill

filaments or formation of a capillary yolk network and before eye pigmentation.

Cells were cultured in the cartilaginous fish medium described earlier. Fetal bovine

serum at 2% is critical to the growth of cells. A small growth eVect of FGF is

apparent, and transforming growth factor-beta (TGFb) also increases cell number,

but was not included in the medium in which the line was originally derived.

TGFb was found to aVect the cells in experiments in which components of the

medium were evaluated for stimulation in order to simplify the medium as

described above for XM cells. The basal nutrient medium is LDF, and cells are

maintained at 18 �C or less in ambient CO2. By the seventh passage, the cells in all

cultures appeared morphologically identical with equivalent growth rates, and

were pooled. At this point the minimal population doubling time was �10 days.

This long population doubling time is consistent with the slow growth of these

cold water animals and relatively low temperature at which the cells are cultured.

SAE cells can be cryopreserved in medium with 10% glycerol; recovery of frozen

cells is �50%.

Identification of the SAE cell type was determined by examining the sequences

of expressed sequence tags (ESTs) from a normalized SAE cDNA library. Five

thousand ESTs were sequenced from the 50 end, assembled as contigs and sub-

jected to BLAST analysis. ESTs showing expected (e) values of high confidence

that the appropriate protein had been identified (e�20 minimum) were further

examined. This cautionary approach identified only shark proteins strongly related

to homologues of higher vertebrates, and ESTs representing other less homolo-

gous shark proteins that may be of equal significance were not considered in the

analysis. ESTs meeting the required criteria were scrutinized more closely for

tissue-specific markers. A number of mesenchymal stem cell markers were identi-

fied, including connective tissue growth factor (CTGF) and mesenchymal stem cell

protein. A variety of extracellular matrix molecules were detected, some commonly

associated with mesenchymal stem cells, including collagens and proteoglycans.

A variety of proteins influencing proliferation, diVerentiation, and development

also were seen, including bone morphogenetic proteins (BMPs 1 and 4, TGFb 2,

TGFb-1-binding protein, and FGF receptor; Parton et al., 2007). These exhibit

activities related to mesenchymal stem cell diVerentiation, but are also more

widespread in function.
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Other markers and signaling molecules were identified (see Parton et al., 2007),

and also overlap in relevance to mesenchymal stem cells. These signaling markers

aVect diVerentiation into related tissues, including eVects on muscloskeletal

and neural development. Perhaps not surprisingly, osteoblast markers (bone

sialoprotein, osteopontin, the matrix protein osteonectin, and the mineral-binding

protein osteocalcin) were not detected. In addition, no markers for adipocytes

(peroxide proliferation activation receptor gamma, adipocyte fatty acid trans-

porter, or lipid-binding protein) were detected. Sharks primarily store lipid in

liver with little or no fat accumulating elsewhere, and we have found no reports

of adipocytes in elasmobranchs in the literature or evidence of adipocytes in

examination of the dogfish shark.

Cartilage-specific markers in SAE cells are prevalent, including chondrocyte-

specific protein, cartilage-associated protein, chondroitin polymerizing factor,

ch-runt/runx, and chondrocyte-specific collagens (Parton et al., 2007). Some of

these are associated with early stages of osteogenesis in other vertebrates. Cartilage

formation is a prerequisite to bone formation of higher organisms, and these

proteins in elasmobranchs likely function in cartilaginous tissue regulation and

formation. Neural markers also were found. This is reasonable, since evidence

exists that a common mesenchymal-derived type of stem cell may give rise to

both neural and muscle cells in mammals, and it has been suggested that muscle

and neural markers present in mesenchymal stem cell cultures may be expressed

at low levels in the entire culture population, or, alternatively, in a subpopulation

of more diVerentiated cells. Taken as a whole, the results suggest that SAE cells

represent embryonic mesenchymal stem cells.

Analysis of ESTs sequenced from the 30 end of SAE cells also identified

a number of highly evolutionarily conserved, potentially regulatory, untranslated

regions (UTRs) (Forest et al., 2007). All eight of the genes identified in this way are

involved in cell growth and development Phylogenetic footprints as long as 203

nucleotides in length were identified. In at least one gene, a similar homology was

found to exist in the chimera (Holoencephili) Callorhinchus milii, a more primitive

cartilaginous fish than sharks (Forest et al., 2007). Repetitive elements specific to

cartilaginous fish also were identified by this analysis of ESTs from SAE cells

(Parton et al., 2007).

The complicated medium formulation of the more diYcult cell types makes

culture expensive and tedious. However, it has been possible in several instances

to derive cell lines by highly complicated means and then simplify the medium

formulation and procedures so that the system was more practical for other

laboratories. Success with this approach has been achieved previously with both

puVerfish and zebrafish embryo-derived cell lines (Barnes and Collodi, 2005;

Bradford et al., 1997). For instance, the ZEM2S zebrafish embryo-derived cell

line, which is used for a variety of purposes in a number of laboratories, is the

result of adaptation to a medium supplemented only with fetal calf serum

(see below). The risk in this approach, of course, is that selection has occurred in

culture for a cell type that is less representative of the original cultures or tissue of
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origin. Recently attempts have been made to simplify the highly specialized elas-

mobranch culture medium toward the goal of making cell lines from these species

a tractable in vitro system available in laboratories that do not have access to

sharks or low-temperature incubators. Adaptation of elasmobranch cell lines is

being accomplished through a combination of cellular selection and minor adjust-

ments to the basal nutrient medium, such as increased fetal calf serum and cal-

cium levels. The necessity for a collagenous matrix substratum also has been

eliminated, and temperature tolerance increased. Continued adaptation may fur-

ther simplify the medium formulation, as well as improve growth rate, but may

also introduce alterations in the phenotype and genotype of the cell.

It is often observed with both mammalian and fish cell lines that the cells

once established in culture show an abnormally hyperploid karyotype, often

grossly so. This phenomenon is seen, in particular, when cell lines are derived

under conventional conditions. One example is the SHF-1 fin-derived line from

sheepshead. Karyotyping showed the cell line to be aneuploid with a large marker

metacentric chromosome (Gregory et al., 1980). Other examples are a puVerfish
cell line derived from F. niphobles (Bradford et al., 1997) and the ZEM2S zebrafish

cell line. Fish cell cultures with slightly hypoploid karyotype also have been

reported (Clem et al., 1961). It is a clear advantage for the interpretation of any

experiment for the culture to remain genotypically and phenotypically as normal

as possible. Stem cell cultures may fulfill these criteria if carefully maintained, but

must be monitored to determine if either karyotypic or phenotypic drift is

occurring.

Examples of diploid or near-diploid teleost fish cell lines predominate in cases in

which the lines are established and maintained under species-specific conditions

in which a variety of supplements are present in the medium in addition to serum.

Examples are the previously discussed lines from Fugu rubripes and Xiphophorus,

and some Danio lines (Barnes and Collodi, 2005; Barnes et al., 2006; Bradford

et al., 1997). In the case of SAE, minimal information is available on the karyotype

of S. acanthias, including chromosomal morphology, dye-banding, or gene loca-

tion. However, flow cytometry as an indication of DNA content per nucleus may

be used to estimate karyotype and this approach indicates that SAE cell DNA

content is consistent with a diploid or slightly hypoploid karyotype (Parton et al.,

2007). Translocations or deletions existing in individual chromosomes would not

be detected by this method.

Flow cytometry also has been used for analysis of leucocyte and other immune

cell cultures from the little skate, R. erinacea (Fig. 2B). In elasmobranchs lympho-

cytes exist in blood and several types of immune organs (e.g., spleen). To create an

enrichment of lymphocytes, red blood cells may be removed from the skate

peripheral blood or single-cell suspensions prepared from the spleen by density

gradient centrifugation using RediGrad reagent (Amersham Biosciences).

A population that is primarily lymphocytes is trapped on surface of the gradient

(density of 1.095 g/ml), and thus separated from both red blood cells and granulo-

cytes that segregate to the pellet. These results were confirmed by May-Grunwald
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Giemsa staining (Walsh and Luer, 2004) and by flow cytometric analysis with

comparison to control samples taken before the centrifugation.

Flow cytometric analysis for fish is based on previously developed procedures.

After fixing in 70% ethanol overnight, the resulting nuclei are resuspended in

a staining solution containing 50 mg/ml propidium iodide, 100 units/ml RNaseA,

and phosphate-buVered saline without calcium or magnesium. Nuclei are sus-

pended at 3 � 106/ml and stained for 30 min. Immediately before measurement

the samples are filtered through a 40 mmmesh. For an accurate statistical analysis,

a minimum of 20,000 events per sample should be accumulated. This procedure

showed that the lymphocyte population in the spleen was greatly enriched after the

centrifugation (93%) compared with controls (62%). Similar results were obtained

with peripheral blood cells. Skate lymphocyte cultures can be maintained for

extended periods at very low temperatures (e.g., 4 �C) and remain active in several

tests of immune function.

A number of other tissue-specific cell lines have been developed from teleosts.

These include lines developed from normal liver and immune-mediating cells of

several species, suggesting that tissue-specific stem cells may be a common phenom-

enon in fish (Barnes and Collodi, 2005). Tissue-specific stem cells might be expected

to exist in normal tissues linked with the immune system of fish, and it may not be

surprising that cell lines have been derived from these tissues. Pioneers in this work

include Drs.W. Clem andG. Litman (Barnes and Collodi, 2005). The laboratory of

Dr. Niels Bols has developed trout liver-derived lines, as well as a wealth of other

diVerentiated fish cell lines, and demonstrated that several are transfectable

(Lee et al., 1993; Romoren et al., 2004; Tom et al., 2001). The ZFL zebrafish cell

line, established from normal Danio rerio liver, has been used by several labora-

tories for studies of xenobiotic metabolism as well as a test cell line to evaluate

eVectiveness of plasmid constructions before use in generation of transgenic fish

(Carvan et al., 2001; Collodi et al., 1992, 1994; Miranda et al., 1993).

Stem cell lines also have been developed from goldfish, derived from tumors of

integumental erythrophores. These have the capability to express diVerentiated
products of other tissues, such as the crystallins of lens, and to undergo melano-

genesis, formation of platelets, formation of teeth and fin rays, and expression of

neuronal markers (Akiyama et al., 1986; Matsumoto et al., 1989). Goldfish and

zebrafish also are common models for neural stem cell proliferation and diVer-
entiation in regenerating retinal tissue. Cell lines also have been developed from

grouper brain and trout pituitary (Chi et al., 1999; Tom et al., 2001). These may

represent tissue-specific stem cells, or cultures of mixed phenotype resulting from

in vitro diVerentiation from a subpopulation of stem cells.
B. Applications to Biology and Medicine
Historically, fish cell lines have provided extremely useful tools for identification

of the sources of fish diseases significant in commercial settings, studies of mechan-

isms of microbial infection, and the associated pathology (Bearzotti et al., 1999;
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Hogan et al., 1999; Hong and Wu, 2002; Hong et al., 1999a; Imajoh et al., 2003;

Joseph et al., 2003; Lee et al., 2002b; Liu and Collodi, 2002). Applications to

biotechnology related to veterinary medicine and aquaculture, as well as human

biomedicine from a comparative point of view, are increasing. For instance, grass

carp cells have been propagated in microcarrier suspension using polyacrylamide,

polystyrene, and DEAE-dextran beads, allowing scale-up of channel catfish virus

production and creating the potential for high-level manufacturing capacity of

attenuated vaccine (Chen et al., 1992; Hogan et al., 1999; Leong and Fryer, 1993).

Fish cells as models are applicable to biomedicine in several aspects, such as the

identification of new therapeutic compounds and the potential to serve as sub-

strates for the safer production of recombinant molecules through minimization of

contamination with fortuitous infective agents potentially dangerous to humans

(Laville et al., 2004). The use of fish cells for toxicology (Bols et al., 2001, 2003;

Ganassin et al., 2000) has been mentioned briefly above. Contributions of fish cell

cultures to this discipline at a biochemical level include studies of xenobiotics and

identification of the metabolites that are produced through CYP (P450)-mediated

oxidation (epoxide formation and breakdown), and gluthione or glucuronide

conjugation (Bols et al., 1999; Collodi et al., 1994; Jung et al., 2001; Tom et al.,

2001; Zabel et al., 1996). The aryl-hydrocarbon receptor (AHR) has been studied

in a number of fish cell types and experimental situations (Choi and Oris, 2003;

Hestermann et al., 2002a,b; Huuskonen et al., 1998). In addition, cellular and

molecular aspects of fish immunology critically relevant to comparative biomedi-

cine and human health have been investigated using both primary cell cultures and

immortalized cell lines (Bols et al., 2001, 2003; Clem et al., 1996).

Sharks have received recent publicity for providing insights into cancer biology.

Although public media reports claiming that sharks do not get cancer largely

are scientifically unsubstantiated (Ostrander et al., 2004), the spiny dogfish

shark and other elasmobranchs are sources of antibiotics and angiogenesis inhibi-

tors that may be promising cancer treatments (Kang et al., 2003b). Some of the

public claims of shark compounds aVecting malignancy have related to cartilage-

derived compounds. Primary culture of skate cartilage cells has been reported, and

the SAE cell line produces a number of cartilage-related molecules as described

above (Fan et al., 2003; Parton et al., 2007). Should reports of biomedical eVects of
shark cartilage-derived compounds be substantiated, these cell models may allow

the identification of potential therapeutic molecules, examination of synthetic

pathways, and possible mechanisms of pharmaceutical action.

Fish clearly have interesting properties regarding aging, cancer, proto-oncogene

and telomerase expression, stem cells, and immortalization (Barnes and Collodi,

2005; Barnes et al., 2005; Bradford et al., 1997; Forest et al., 2007). Many species

continually increase in body size if food and space are unrestricted, and organs

similarly increase in size. Several lines of evidence suggest that stem cells of consid-

erable potential exist well into adulthood (Barnes and Collodi, 2005; Barnes et al.,

2005;Mattingly et al., 2004). The use of fish for regenerative studies of some tissues,

such as fin and retina, is well established, and other uses are appearing. For
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instance, a region of continual renal regeneration has been identified in the little

skate, with new tubules forming continually through adulthood (Elger et al., 2003),

and cardiac regeneration in zebrafish has been demonstrated (Keating, 2004).
IV. Outlook and Future Contributions

As genomic sequence data accumulate for many fish species and genetic tools

and reagents expand, fish models will continue to increase in importance for

biological and biomedical studies. Large-scale genomic sequence data are now

available for puVerfish, medaka, and zebrafish. Projects are underway to extend

this knowledge to other fish species, including the following:

Salmonids (Altantic salmon, trout, and several species of Pacific salmon)

Ciclid species (Cichlasoma)

Cartilagenous fish (e.g., Raja erinacea)

Xiphophorus species. (e.g., X. helleri, maculatus)

Stickleback species (Gasterosteus)

With expanding applications of comparative genomic approaches to fish

models, cell lines derived from fish embryos and diVerentiated tissues will increase

in technological applications such as gene trap vectors and the production of gene

trap libraries, functional characterization and use of RNAi and understanding of

microRNAs, and proteomic profiling by microarray. Appropriate cell culture

models for these applications will provide innovative approaches. Identification

and use of purified recombinant fish growth factors and cytokines specifically from

fish is in its infancy, and increased knowledge in that area almost surely will make it

possible to derive and maintain new cell lines. Reliable markers of pluripotency

and diVerentiation also will be necessary to characterize the cultures, design

experiments, and interpret data. As progress continues in this area, fish cell lines

will increasingly complement the numerous advantages of whole animal models

for biological and biomedical research. Application of gene transfer methods

leading to genetically engineered fish expressing genes under the control of

tissue-specific or inducible promoters are producing valuable resources. Continual

advances in identification of promoters and other regulatory elements in the

genomes of model fish species will accelerate this work. Taken together, these

approaches allow fish models to continue to contribute to understanding stem

cells and aging in humans through comparative genomic and physiological studies.
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CD133 and CD44 glycoprotein, 90, 197-198, 248,

253, 305, 313–314, 318–321, 337

CD45-Suspension cell fraction, 284–286; See also

Mesenchymal progenitor cells (MPCs)

Cell adhesion, See Adhesion receptor expression

Cellular subpopulation

epithelia and mesenchymal cells, lineage stages

of, 206

maturational stages of, 140

Cerebellar granule cell phenotype, in v-myc

transfected mouse, 228–229

CFU-osteoblast (O) assays, for osteogenic

capacity, 286

Chelation buffer, preparation of, 207

Chondrogenesis assays for MSCs

differentiation, 126

Chondrogenic differentiation, of

hMSCs, 272–273, 275–276

Chondroitin polymerizing factor, 357
369
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CHSE-214, cell lines, 344

c-kitpos cells, 90

c-kit positive population, 86–87

CNS neural cells, markers for immunochemical

characterization, 236

Collagenase enzyme, 150

buffer, preparation of, 208

and dispase, preparation of, 253

Colon cancer stem cells, 312–314

identification of, 314–315

isolation and propagation of
culture of, 316–319

FACS technology, 320–322

MACS technology, 319–320

tissue digestion, 315–316
Colon, hematoxylin-eosin analysis, 312–313

Colony forming unit-fibroblast (CFU-F), 282

mesenchymal progenitors evaluation, 288

Committed progenitors, culture conditions

for, 143

Conditioned medium (CM), 16

in kidney epithelial cultures, 253

Connective tissue growth factor (CTGF), 356

Culture media

requirements of
basal media, 176–177

hormones and growth factors, 178

serum and lipids, 177
Cypriniformes fish, 344
D

Digestion buffer, 210

Dimethyl ether (DME), 10

Donor-derived spermatogenesis, in infertile

recipient mouse testes, 61

Drosophila, Msi-1 in, 312

Dulbecco’s Modified Eagle’s Medium

(DMEM), 251, 275
E

EGF-Dependent mouse SFME, 228

Elasmobranchs

adipocytes in, 357

antibiotics and angiogenesis inhibitors, sources

of, 360

cultures, derived from, 347

lymphocytes and immune organs, 358

Elastase enzyme for liver digestion, 150
Electron microscopy, sample preparation

for, 53–54

Embryoid bodies (EBs), 31; See also Membrane-

based cell culture

formation of, 10

hanging drop method, formation of, 48–49

immunochemical analysis of cardiac marker

expression in, 49–50

Embryonic germ (EG) cells, 66

Embryonic stem cells (ESCs), 32, 66, 86, 142, 297

expansion and passage of, 32

membrane-based differentiation of, 46
membrane-based cardiomyocyte, 46–50

membrane-based expansion, of pluripotent

colonies, 38

multiwell expansion of murine, 39–42

EpCAM cells, 156

antibody of, 76

enrichment of, adult human liver, 198

from mature parenchymal cells, 199

Epidermal growth factor (EGF), 316

Epithelial cells

co-culturing of, 141

relations with mesenchymal cells, 139–140

Epithelial-mesenchymal relationship, 139–141

Escherichia coli LacZ gene, 61

Expressed sequence tags (ESTs), 356

Extracellular calcium, role of, 244

Extracellular matrix (ECM), 31, 34

cell culture protocols for, 175

chemistry and physical features of, 174

components, 174, 176

within spheroids, 186
F

FACS tubes, 110–111

Feedback loop, stem cells, 182, 201

Feeder cells

hUVECs of, 173

paracrine signals, 173–174

parenchyma and, 170

preparation from
fetal livers, 170–171

STO cells, 172–173
Feeder preparation

mitotically inactivating, 3–4

observe clean technique, 2–3

observe sterile technique, 3

Fetal bovine serum (FBS), 68, 265, 316

Fetal kidney epithelial progenitor cell, cultures

development of, 243–245
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historical perspectives of, 242–243

materials in, 250–253

methods for

cryopreservation and reculturing, 249–250

isolation and primary culture, 245–247

subculturing, 247–249

Fetal liver cells suspensions, fractionation

of, 167–168

Fetal MSCs

life of, 102

and UCMSCs, 103

Fetal Schwann cell cultures, 228

Fibroblasts, 65, 67, 74, 78

Fibronectin, 229

Fish as models for stem cell studies, 344

biomedicine and, 360

embryonal stem cells, conditional transgenic or

knockout models, 348
transgene integration, expression, and

homologous recombination, 351–353

in vitro methods, 349–350

fish cell and tissue culture systems

concepts and approaches, to derivation

of, 345

teleost and chondricthyian cells

in vitro, 345–348

tissue-specific stem cells, 353

applications, 359–361

stem cell lines and cell culture

development, 353–359

Flow cytometry analysis

HUCPVCs for, 128

human UCMSCs for, 110–111, 115–116

Oct-4, SSEA-4, and Tra-1-60 in hES-3

cells, 23–24

Fluorescence-activated cell sorting (FACS)

technology, 67, 320–322

Freshwater fish, 344

Fructose-based culture medium, See I/3F

medium

Fugu rubripes, 358
G

�-Galactosidase, 61

Germ cell nuclear antigen 1 (GCNA1), 74

Germ cells, 60

GF, marine fish cell line, 344

Glial cell line derived neurotrophic factor

(GDNF), 62, 96

Glial precursor cell line, 228

Green fluorescence protein (GFP), 61, 90
transduction with lentiovirus codifying

for, 94–95

Growth factors and substrate, in kidney epithelial

cultures, 251–252
H

Haemulon sciurus, 344

Hank’s balanced salt solution (HBSS), 67

Hematopoetic progenitor cells, 87

Hematopoietic stem cells (HSCs), 280, 291

Hepatic progenitors

human, 168
antigenic profiles of pluripotent, 197

rodent, 170–171

Hepatic stem cells (hHpSCs)

antigenic profile, 142

coculture with natural partners, 141

markers for, 146–148

monolayer culture, in differentiated state, 184

monolayer culture, in growth state
isolation of, 181–182

passaging of, 182–183
Hepatoblasts (HBs), 143

Hepatocyte Medium (HM), 188

Hepatocytes, See Liver cells

hESC-derived mesenchymal stem cell (MSC)

line, 17

Hormonally defined medium

serum-free
epithelial cells, influence on, 178

heparins, 179–180

hormones and growth factors for, 177–178

tissue-specific gene expression, 178–179
Human amniotic fluid stem cells (hAFSC), 87

Human bone marrow-derived cells

(hBMDC), 281

Human embryonic stem cells (hESC)

characterization of, 19–21
flow cytometry analysis, 19–20

immunocytochemistry, 20

karyotyping, 21

in vivo SCID mouse models, 20

cultures, 16–17

HuES9.E1 CM for feeder-free cultures, 19

HuES9.E1 for feeder cocultures, plating

of, 18

inactivated feeders, preparation of, 18

Matrigel plates for feeder-free cultures, 19

passaging of hESC, 17–18

derivation of

blastocyst preparation, 4–8
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Human embryonic stem cells (hESC) (cont.)
characterization, 10–12

cryopreservation, 10

feeder preparation, 1–4
passage and expansion, 8–9

growth and morphology of, 21–22

membrane-based expansion, indirect coculture,

42–46 (see also Membrane-based cell

culture)

gelatin coating and MEF seeding, 44
passage and expansion of hESC

colonies, 45–46

passage of hESCs, 44–45

thawing of cryopreserved hESCs, 43

Human hepatic stem cells, 139

colonies from
adult liver, 203

human fetal liver, 202

in hyaluronan hydrogel, 204

vs. hepatoblasts, 200

Human liver tissue

cell isolation from
gall bladder, 161

portal vein and hepatic artery, 162

two-step perfusion methods for, 157

blood vessels, 158–159

buffers/reagents/supplies, 158

cell pellet, 161

centrifugation, Percoll suspension, 160

collagenase buffer, 159

plating medium, 159

Human MSCs (hMSCs)

adipogenic differentiation of, 270–272, 274–275

from adipose tissue, 263–265

cryopreservation, of, 265–267

culture in osteogenic, adipogenic, and

chondrogenic media, 270–276

growth and cryopreservation of, 265–267

surface markers for, 267–270

from trabecular bone, 259–262

Human UCMSCs

arteries and vein, 105

blood vessels, 106, 108

cryopreservation of, 110

culture characteristics of, 114–116

isolation of, 103–107

passing, 107–109

phase contrast micrograph of, 118

RNA yield from, 114

Human umbilical cord perivascular cells

(HUCPVC)

anatomy of, 123

clonal analysis of, 127
cryopreservation of, 126

culture of, 125–126

differentiation of

adipogenesis, 127

osteogenesis and condrogenesis, 126

dissection table, 125

enzymatic digestion of, 125–126

fluorescent micrograph of, 133

isolation of, 124

mixed lymphocyte culture (MLC), 132–133

phenotypic characterization of

cancer gene array, 129–130

flow cytometric measurements, 128

immunosuppression, 130, 132

telomerase activity, 129

transduction, 132–133

in vitro alloreactivity, 130

Wnt signaling pathway, 128–129

Hyaluronan hydrogels

BrdU staining procedure, 193

cultures in
cell recovery solution, 192

HpSCs and HBs, 190

preparation of

crosslinking, 190

mechanical properties, 191

sterilization of, 191

I

IBMX, See Isobutylmethylxanthine

Immunofluorescent staining for Tra-1-60, 25

Immunoselection

hHpSCs of, 167

red blood cells elimination for, 165

rodent HB purification, 165–166

Immunosuppression, 130, 132

Inner cell mass (ICM), 1

Institutional Review Board (IRB), 2, 259

Intracellular markers, 128

In vitro alloreactivity, 130

Irradiated human foreskin fibroblasts

(ATCC), 2

Isobutylmethylxanthine, 270

K

Kubota’s Medium (KM), 209
L

Laminin protein, 229

Leffert’s buffer, preparation of, 207
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Lentiovirus, transduction, with, 94

Leydig cells, 65–66

Lineage biology

cellular subpopulation, 140

ex vivo growth potential for, 181

liver
epithelial-mesenchymal partners in, 141

mouse, rat and human, 145

schematic of, 197
Live cell imaging (LCI), 304

Liver acinus

histology of, 195

regenerative capacity of, 204

schematic of, 196

zone of, 195
periportal, 175
Liver cells

cryopreservation of, adult, 149

fractionation of
antigenic properties, 165–170

cell density, 164

ploidy analysis, 162–164

size analysis, 164

isolation (see Liver perfusion process)

lineage stages

requirements for culture of, 200

schematic of, 197

maturational stages of

culture conditions for, 140

pediatric and adult

mature parenchymal cell death, 156

procurement, 155

plating medium and culture

medium for, 208

spheroid cultures of, 185

cell viability and quality, 188–189

differentiated functions over, 186

shape and size, 187

stem cells in, 142

Liver perfusion process

enzymes used in, 150

fetal livers, 153
culture, 155

hemopoietic cells separation, 154

in mice and rats, 150

cell isolation, 152–153

culture, 153

supplies and perfusion set up for, 151

surgery and perfusion, 152

neonatal, pediatric, and adult

processing of, 157–162

sourcing of, 155–157
M

MACS Thy-1 cells on STO feeders, 74

Madin-Darby canine kidney epithelial cell line,

culture of, 242

Magnetic cell sorting (MACS)

technology, 319–320

Mantle cell lymphoma, 337

Markers, for hepatic stem/progenitors, 146–148

Marrow stromal cells (MSCs), 258

Matrix chemistry, See Extracellular matrix

(ECM)
Maturational process, liver cells

cellular subpopulation, 140–143

from zygote to mature liver cells
committed progenitors and diploid cells, 143

ES cells and hepatoblasts, 142

matrix chemistry, 201

polyploid cells, 143–144
�-MEM, See Alpha-modified minimum essential

medium

Membrane-based cell culture, 30–32

ES cells with MEFs for pluripotent expansion,

coculture of, 39–46

general considerations of, 32–34

membrane-Based Differentiation, of ES

Cells, 46–50

membranes, preparation of, 34–38

microscopic and immunochemical

analysis, 50–54
Membrane-based epithelial cell systems, 31

Membranes preparation, for tissue culture;

See also Membrane-based cell culture

coating procedures, for ECM proteins, 34

extracellular matrix coatings
collagen Type 1 coating, 35

fibronectin, 35–36

laminin coating, 36–37

matrigelTM coating, 37
Mesenchymal feeder cells, See Feeder cells

Mesenchymal progenitor cells (MPCs), 87, 280

suspension culture of
bioreactors setting and sources, 281

cell growth, in suspension cultures, 284

cytokines, choice of, 281–282
expansion in suspension, mechanism

of, 288–291

growth media and passaging of cells, 283

phenotypic analysis, 284–288

total viable cells, 283–284
Mesenchymal stem cells (MSCs), 16, 258,

280, 297
adipose tissue from, 263–265
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Mesenchymal stem cells (MSCs), (cont.)

bone marrow derived, 122

clinical utility of, 122

differentiation of, 102
into mesenchymal phenotypes, 126–127

immunocharacterization of, 130

isolation from trabecular bone, 259–262

Microporous membranes, 30–32

Millicell, media volumes used for, 34

Modified mouse SFM, 70

Monolayer cultures

in differentiated state
hepatic stem cells, 184

normal mature cells, 185

in growth state

under completely defined

conditions, 180–181

mature parenchymal cells, normal, 183–184

hepatic stem cells

isolation of, 181–182

passaging of, 182–183

Mouse embryonic fibroblast (MEF), 16, 66

Mouse Sertoli cell line (MSC-1), 73

Mouse serum-free medium, 70

Mouse vasa homologue (MVH), 74

Multilineage differentiation; See also

Mesenchymal progenitor cells (MPCs)

adipogenesis and CFU-M assay, 288

osteogenesis and chondrogenesis, 287–288

suspension-grown cells, potential of, 287

Multipotent adult progenitor cells (MAPC), 297

Murine embryonic stem cells, multiwell

expansion, 39–42; See also Embryonic stem

cells (ESCs)

ESC/MEF indirect coculture, 41

fibronectin coating and MEF seeding, 40–41

passage of ESCs, 41–42

Murine melanoma cell line, 327

Murine neural progenitor cell, 228

Musashi 1 (Msi-1) protein, in colon stem

cells, 312–313

Muscle-derived stem cells (MDSC), 297

Myoendothelial cells, 297–298

cell analysis and purification, by flow

cytometry
cell sorting, 300–301

characterization, in fetal and adult skeletal

muscle, 299

tissue procurement, 298–299

clonal growth, 302–303

long-term cultured cells, genotypic and

phenotypic analyses of, 304
flow cytometry analysis, 305

malignant transformation analysis, 306

proliferation rates of, 303

time-lapsed microscopy, use of, 304
N

National Academy of Sciences (NAS), 2

Neonatal livers

cell isolation procedure, 161–162

sources of, 157

NEP cell line, See Neuroepithelial precursor cell

line

Neural plate

E9 dissection of, 229–231

primary cocultures and ESC, 232

Neural progenitor cells, 228

Neuroepithelial precursor cell line

isolation and establishment of, 229
characterization of NEP, 235

differentiation of NEP, 235–237

E9 neural plate, dissection of, 229–232

Esc coculture and conditioned medium, 231

long-term culture, 232–235

morphology of, 233

NEP cell line, serial passage and, 235
Notch signaling pathway, 313
O

OCT-4 and SSEA-4, marker for pluripotential

capability, 90

Osteoblast markers, 357

Osteogenic differentiation, of hMSCs, 270–272,

274
P

Paracrine signals, 141

pDsRed-Express-N1 vector, 355

PercollÒ buffer, preparation of, 208

Pericytes cells, 297–298

analysis and purification, by flow cytometry
cell sorting, 300–301

characterization, from fetal and adult

tissues, 299

tissue procurement, 298–299

cell culture, 301–302

clonal growth of, 302–303

long-term cultured cells, genotypic and

phenotypic analyses of, 304
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flow cytometry analysis, 305

immunocytochemistry on, 305

malignant transformation analysis, 306

proliferation rates of, 304

Peroxisome proliferator-activated receptor-

gamma, 270

p-HEMA coated 6-well plates, 187

Phenotypic markers, 128

Phosphate buffered saline (PBS), 128, 251, 261

Phylogenetic footprints, 357

Platelet-derived growth factor (PDGF), 355

Ploidy analysis

diploid cells, 162

on nuclei, 163

on viable cells, 163–164

Pluripotent cells, 16, 86

Pluripotent markers, characterization, 21–22

Polyethylene terephthalate (PET), 32–33

Polyploid cells

in liver, 143

parenchymal cells, age effects on, 143–144

Porcine pituitary extract, in kidney epithelial

cultures, 252

Porous membrane-based stem cell culture, 32

Porous substrates vs.typical 2-D plastic

culture, 31

POU5F1 expression, 78

PPAR �, See Peroxisome proliferator-activated

receptor-gamma

Primary antibodies, sources of, 212

Primary embryonic fibroblast, 2

Primordial germ cells (PGCs), 349

Progenitor cell therapies, 149

Promyelocytic leukaemia zinc finger (PLZF), 76

Proteases for liver digestion, 150
R

Recombinant human stem cell factor

(rhSCF), 283

Red blood cells (RBCs), 281

Renilla luciferase, 129

Reporter luciferase activity, 129

Reverse transcriptase–polymerase chain reaction

(RT–PCR), 10

RPMI 1640 cell lines, 178

RTH-149, cell lines, 344
S

Salmoniformes fish, 344

Schwann cell, 228, 232, 238
Secondary antibodies, sources of, 212

Seminiferous tubules, 63

Sertoli cells, 65–66

Serum-free culture, 66

hormonally defined medium, 65
mammalian cells for, 228

Serum-Free Medium (SFM), 62, 64, 66, 69–70,

327

Serum-supplemented media, 177

Severe combined immunodeficiency

(SCID), 16–17, 330, 336, 338

Shaking and static methods, 186

SHF-1 fin-derived cell line, 358

Siluriformes fish, 344

Single-cell seeded clones, culture of, 127; See also

Human umbilical cord perivascular cells

(HUCPVC)

Soluble signals

from feeders, 174–175

in hormonally defined medium, 177–178

Soybean trypsin inhibitor, in kidney epithelial

cultures, 253
Spermatogonial stem cells (SSCs), 60

components, culture system, 64–67
feeder cells, 66–67

serum-free defined medium, 65–66

culture concept, 63–64

mouse SSC culture

culture of Thy-1þ germ cells, 73

feeder cell, preparation, 71

phenotypic characteristics of, 74–76

prepare mouse SFM, 69–70

testis cell suspension and enrichment of

SSCs, 67–69

rat SSC culture, 76–78

characteristics, 78

enrichment, 76–77
Spheroid cultures

formation and morphology, factors affecting
cell viability and quality, 188–189

choice of, 186–188

composition of, 188
liver cells, 185–186

p-HEMA coated 6-well plates, 187

preparation protocols, 189

shaking and static methods, 186

SSM, See Serum-supplemented media

Stem cell biology, 32

Stem cells, 60; See also Amniotic fluid

ex vivo and in vivo application of, 94
adult mouse kidney, integration into, 96–97

mouse embryonic kidneys, integration

into, 94–96
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Stem cells, 60; See also Amniotic fluid (cont.)

fish and fish cell cultures for study of, 344

therapeutic strategies for utilization, 280

in vitro potential of differentiation, 91
adipogenic and myogenic, 91

endothelial and hepatocytes, 93

neurogenic differentiation, 93–94

osteogenic differentiation, 92
Stem cells, embryonic

cryopreservation, 144, 149

feedback loop, 201

maturational stages of, 140

problems with determined, 149

purification of, 140

STO cells

subclone
feeder layers, preparation of, 173

feeder stocks, preparation of, 172
Stock preparation, 209–210

SV40 large T-antigen transfection, 228
T

Telomerase activity in HUCPVCs, 129

Teratoma

CD24-negative cell, reducing

contamination, 27

formation of, 11–12, 17

hAFSC, implanted in vivo environment., 98

hESC differentiated to form, SCID

mice, 16, 20–21

usefulness clinically, 86

Three-dimensional culture systems

hyaluronan hydrogels, 189
cells, fixation and sectioning in, 193–194

for culturing HpSCs and HBs, 190

preparation of, 190–191

sterilization of, 191

spheroid culture

factors affecting, 186–189

liver cells, 185–186

Three-dimensional (3-D) growth

substrate, 30

Thy-1 antibody, 76

Thy-1þ germ cells, 73

Tissue progenitor cell lines

media requirements, for tumor stem cell

isolation, 333

Tissue-specific gene expression

requirements for, 181

in serum-free media, 178–180

TOP-FLASH luciferase plasmid, 129
Trabecular Bone, hMSCs isolation

from, 259–262

Transforming Growth Factor-beta (TGFb), 356

Transforming growth factor �3, 258, 275

Transplantation assay, for SSCs, 60

TRAP assay, See Telomerase activity

Trypsin/EDTA, in kidney

epithelial cultures, 253

Tumor cell lines, isolation and

establishment, 327

basal cell carcinoma BCCA1, isolation of, 330

cells from xenograft, 330–331

cell surface markers, expression of, 337

cell surface phenotype, 331–332

dissociation/matrix, and adherence properties,

parameters for, 329

effect of serum on, 333–335
prostate tumor cells, primary outgrowth

of, 334

growth conditions, for CSCs

phenotype, 337–338

growth factors and animal passage, effect

of, 339

hundred cells, from RECA1208 cell

line, 338

media exhaustion in CRCA1115, 337

immunohistochemistry, 335

isolation and growth, media components

used in, 335

medium selection, for CSCs, 332–333

renal capsule grafting, 335–336

tissue treatment, 328–330

tumor-forming capability

cell lines tested for mice, 336

Two-dimensional (2-D) plastic substrates, 30

Tyrode’s solution, 6
U

Umbilical cord matrix cells (UCMSCs)

human
arteries and vein, 105

blood vessels, 106, 108

cryopreservation of, 110

culture characteristics of, 114–116

isolation of, 103–107

passing, 107–109

RNA yield from, 114

properties of, 103

viability of, 115

Umbilical cord tissue, cells of perivascular

region, 122
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Umbilical vessels

cryopreservation of, 126

enzymatic digestion, 124

Untranslated regions (UTRs), 357

Ureteric bud (UB), 96
W

Wharton’s Jelly

cells of, 123–124

stromal cells from, 124

Wharton’s Jelly-derived mesenchymal cells

isolation protocols, Human

UCMSCs, 103
blood vessels removal, 104

enzymatic digestion, 105–106
enzyme solutions for, 111

freezing, 110, 114

growth medium, 111–112

trypsinization reaction, 107
X

Xiphophorus species, 344, 354, 358
Z

ZEM2S zebrafish embryo-derived

cell line, 357

Zona occludin-1 (ZO-1), 96

Zona pellucida, 6–7
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