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Abstract
The clinical use of stem cells for regenerative medicine is
critically dependent on preclinical studies in animal models. In this review we examine some of the key issues and
challenges in the use of animal models to study human stem
cell biology—experimental standardization, body size,
immunological barriers, cell survival factors, fusion of host
and donor cells, and in vivo imaging and tracking. We focus
particular attention on the various imaging modalities that
can be used to track cells in living animals, comparing their
strengths and weaknesses and describing technical developments that are likely to lead to new opportunities for the dynamic assessment of stem cell behavior in vivo. We then
provide an overview of some of the most commonly used
animal models, their advantages and disadvantages, and examples of their use for xenotypic transplantation of human
stem cells, with separate reviews of models involving rodents, ungulates, nonhuman primates, and the chicken embryo. As the use of human somatic, embryonic, and induced
pluripotent stem cells increases, so too will the range of applications for these animal models. It is likely that increasingly sophisticated uses of human/animal chimeric models
will be developed through advances in genetic manipulation,
cell delivery, and in vivo imaging.
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In Vivo Animal Models: A Prerequisite for
Successful Translational Stem Cell Biology

T

he development of regenerative medicine—the use of
stem cells to replace diseased, damaged, or destroyed
tissue—began at least several millennia ago, with the
earliest recorded human skin grafts documented in Sanskrit
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texts from 3000 BC (Hauben et al. 1982), although at that
time the concept of the cell, let alone the stem cell, was unknown. The witting use of stem cells began several decades
ago with the first attempts at bone marrow transplantation.
Today, stem cells are touted as a future mainstay of medicine,
with the potential for replacement of virtually any cell type in
the human body. But realizing this potential in the clinic poses
substantial challenges, including the fact that most organs
comprise in vivo environments that are far more complex
than those of the blood or skin. Thus, along with the many
hurdles inherent in coaxing stem cells to generate the right
types of cells and with sufficient purity to enable their rational use for replacement therapy, getting stem cells and their
progeny to the right places in complex tissues usually requires
extensive in vivo testing in experimental animal models.
We examine some of the principal challenges stem cell
biologists face in studying stem cells in vivo and describe a
variety of animal models that have served as host systems for
the xenotypic transplantation of human stem cells. Because
our backgrounds are in neuroscience, we draw chiefly, but
not exclusively, from studies of neural stem cells and neural
disease and injury models.

The Challenge of Moving from in Vitro to
in Vivo Models
Most stem cell research still revolves around in vitro models,
for good reason. In vitro studies are cheaper, faster, easier to
standardize and measure and therefore easier to replicate,
and can involve large volumes of cells that greatly facilitate
the study of gene expression and molecular mechanisms. But
the relative simplicity of in vitro systems is also their major
shortcoming as a tool for translational research: it is very
difficult to predict, on the basis of in vitro behavior, what
stem cells are capable of doing in vivo, where the cellular
and molecular environments are more complex and dynamic,
and where individual differences in genetic background, metabolism, diet, and endocrine physiology can create unforeseen and difficult to predict interactions. In the following
sections we describe some of the principal problems facing
stem cell biologists when they make the transition from in
vitro to in vivo studies of human stem cells.

Standardization of in Vivo Models
The concept of the stem cell niche (the cellular and molecular
microenvironment surrounding the stem cell) is of paramount
ILAR Journal

importance for understanding the way stem cells are regulated. Numerous studies in diverse tissues have shown that
stem cells are dependent on dynamic molecular signals from
associated cells and extracellular matrices for their survival,
proliferation, and the proper differentiation of their progeny
(Scadden 2006). Such signals can be replicated to some extent
in vitro, particularly through the use of 3-dimensional matrix
cultures, but the richness of a physiological niche is probably
rarely achieved in this way. In vivo transplantation provides
physiologically complete but also more complex niches that
are difficult to monitor and control. Strategies to standardize
animal models include the use of isogenic strains (Festing and
Fisher 2000), the use of transgenic animals in which niche
components are molecularly defined (Guezguez and Bhatia
2008), cotransplantation of genetically modified niche-related
cells, and the use of embryonic hosts in which niches are developmentally staged and defined (Sigurjonsson et al. 2005).

Size
The replenishment and repair of tissues by endogenous stem
cells involves proliferation and often migration along specific pathways. The size of organs obviously influences the
extent to which these processes affect the regenerative process and is therefore important to consider when extrapolating from animal models to humans. The growth of axons of
stem cell–derived neurons in an embryo model or a small
rodent involves distances measured in millimeters, whereas
in humans the comparable hurdle would be measured in
many tens of centimeters. Similarly, the ability of neural stem
cells to migrate across an entire brain hemisphere in a mouse
would get them only a fraction of the way across a single
cortical gyrus in the human brain. Striking examples of stem
cell–mediated repair in animal models must therefore be
tempered by the scaling factors involved in translating to the
human body. For example, embryonic stem cell (ESC1)–
derived motoneurons have been implanted into rat spinal
cords and their axons coaxed to grow to limb muscles, but
these results required the deposition of molecular chemoattractants along the trajectory to the muscles (Deshpande et al.
2006). Achieving this in a human limb or the human diaphragm muscle would present a much bigger challenge.

Immunological Barriers
The problem of immunological barriers occurs in any transplantation scenario, whether it involves cells or organs. Xenotypic or allogeneic transplantation can trigger
host-versus-graft and, in the case of hematopoietic or lymphoid cells, graft-versus-host reactions, both of which can abrogate the beneficial effects of the transplant. Although ESCs
may not induce full-blown immune responses, their differentiated progeny typically do (Batten et al. 2007; Bonde
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et al. 2008; for reviews, Boyd et al. 2005; Boyd and Wood
2009). Several strategies have been developed to avoid these
deleterious reactions, including immunosuppression in normal
hosts, the use of genetically immunodeficient animals as hosts
(Thomsen et al. 2008), the use of autologous stem cells, the
use of stem cells genetically modified to diminish or eliminate major histocompatibility complex (MHC)–based interactions and signaling (Batten et al. 2007; Drukker and Katz.
2002), and the desensitization of the host immune system to
xenotypic stem cells (Bonde et al. 2008; Kelly et al. 2009).

Survival of Implanted Stem Cells
Even when immunological barriers are overcome, survival
of human stem cells implanted in animals is not guaranteed,
as is evident from numerous studies in which the number of
cells that survive is substantially lower than the number of
cells injected. It is highly likely that, beyond immune-mediated cell destruction, mismatches in the requirements for and
availability of trophic support lead to the apoptosis of stem
cells and their progeny. Such mismatches may arise because
of species differences, in the case of xenotypic transplantation, but also because of regional differences in the trophic
environment in an organ or tissue. For example, it has
become clear in recent years that glial cells in different brain
regions have different molecular and functional characteristics that differentially influence the behavior of homotypic
and heterotypic neurons (Le Roux and Reh 1995; Petit et al.
2001; Yeh et al. 2009). Overcoming the problem of inadequate trophic support will require more knowledge about
such regional differences in all organs that are targets for
stem cell implantation. This is a research area whose surface
has hardly been scratched.

Potential Fusion of Implanted Human Stem
Cells with Host Cells
The notion of transdifferentiation by somatic stem cells transplanted into ectopic tissues has fueled substantial controversy
(Eisenberg and Eisenberg 2003). One of the counterarguments
was the possibility that atypical differentiation might be due
to the fusion of implanted stem cells with host cells, generating heterokaryotypic cells whose site-specific characteristics
would reflect the amalgamation of the host cell phenotype
into the implanted cells. Cell fusion is normal in some tissues,
but otherwise quite rare. Nevertheless, it has occurred at low
frequency in several stem cell implantation experiments (Alvarez-Dolado et al. 2003; Terada et al. 2002; Ying et al. 2002),
and for this reason nearly all stem cell implantation studies
now include some kind of control for cell fusion.
It is critically important to ascertain and characterize any
contribution of cell fusion before considering the use of stem
cell implantation in a standardized treatment scenario. This
is true even if cell fusion, through the combination of host
and donor properties, is potentially beneficial—for example,
if the fused cell gains the survival advantage of the host cell’s
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autologous immunological status while maintaining the donor cell’s tissue replenishment properties.
Methods to test for cell fusion include preimplantation
genetic tagging, postimplantation karyotyping and/or genotyping, and postimplantation phenotyping. These approaches
involve a postmorten assessment, so the development of a test
method that could be used noninvasively in vivo (e.g., linking
the expression of an in vivo–detectable donor reporter gene to
the presence of host genes) would be a useful advance.

Finding and Tracking Implanted Human
Stem Cells
The location and tracking of stem cells are indispensable for
characterizing the fate of stem cells, especially in vivo. For
this reason we provide here a more comprehensive treatment
of this particular topic.
Invasive or Postmortem Techniques
Many possibilities exist for tagging stem cells so that they can
be identified after implantation. Most methods typically entail
invasive, often postmortem, assessment—for example, through
the prelabeling of stem cells with a variety of intracellular or
genetic markers (e.g., fluorescent dyes, quantum dots, reporter
genes, and nucleotide analogues such as 5-bromo-2-deoxyuridine or BrdU) for later histologic identification, or immunohistochemical identification using species-specific
antibodies. But progressive dilution of the marker through cell
division affects most dyes as well as BrdU, limiting their utility
to situations in which postimplantation proliferation is not excessive. BrdU labeling has been used to assess the migratory
capabilities, integration, and differentiation of human neural
stem cells injected in the brains of monkeys (Bjugstad et al.
2005, 2008; Redmond et al. 2007). Although it is believed that
stem cells retain more BrdU than somatic cells because they
divide more slowly, a dilution of BrdU at each mitosis does occur (for review, Yan et al. 2007). In addition, BrdU is released
from apoptotic or necrotic cells and taken up by surrounding
cells, thereby creating false positives, a problem that occurs
with any other marker that could be taken up by other cells after
unintended release from the implanted cells. For this reason,
genetic markers, such as beta-galactosidase or fluorescent proteins, are often preferred, but these require the genetic manipulation of the stem cells, which may have unforeseen
consequences on cell differentiation, and the marker proteins
may also be downregulated in response to in vivo environments.
An alternative approach that is independent of dilution or downregulation is to use karyotyping by fluorescent in situ hybridization (FISH), based on either species or gender differences.
Noninvasive in Vivo Techniques
Tracking cells noninvasively in vivo provides the advantage of
longitudinal analysis in individual animals, thus increasing the
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analytical power of an experiment and providing insight into
dynamic events that would otherwise be more difficult to comprehend and assess. This is an area that is developing rapidly,
and the number and sophistication of options are increasing.
Genetic tagging with fluorescent or bioluminescent
proteins. Many types of stem cells can be stably transfected,
using different types of viruses, with genes encoding fluorescent proteins (Gavrilescu and Van Etten 2007; Kume
et al. 2000; Larocca et al. 2002; Rappa et al. 2004). The first
fluorescent protein to be used, green fluorescent protein
(GFP), has been complemented in recent years by a variety
of related fluorescent proteins with different excitation/
emission properties, allowing all sorts of fluorescence
combinations (Pakhomov and Martynov 2008). The various
fluorescent proteins can be visualized noninvasively in
vivo in small animals, within limits related to tissue depth,
sensitivity, and the spatial resolution of the imaging system.
In a recent study, human glioma cell lines (U87, U251,
U373) were stably transfected with red fluorescent protein
(RFP) and transplanted into the brains of immunodeficient
mice engineered so that all nucleated cells expressed an
enhanced variant of GFP called eGFP (Niclou et al. 2008).
This method made it possible to show that the U87 cells,
unlike the other cell lines, cannot infiltrate brain tissue
in vivo.
Although transduction with fluorescent proteins appears
to be a robust way to tag stem cells, researchers have reported discrepancies in the expression levels of fluorescent
proteins in vitro and in vivo (Kurre et al. 2002; Rosenzweig
et al. 2001). For example, monkey bone marrow cells transfected with GFP were strongly GFP-positive in vitro, but
when transplanted back into animals the blood showed only
low circulating levels of GFP-positive cells, a result that the
authors interpreted as a strong downregulation of the GFP
expression. In our own studies we have seen numerous examples of human cells with initially strong GFP expression
in vitro that lose the GFP expression to such an extent in vivo
that it is detectable only by immunohistochemical amplification (unpublished results).
In vivo whole animal imaging has been developed more
extensively using bioluminescent proteins, particularly luciferase, an enzyme that generates light upon reaction with
the substrate D-luciferine. In a recent study (van Amerongen
et al. 2008), the luciferase gene was placed under the control of the promoter of the collagen 1 (α2 chain) gene in
transgenic mice. Bone marrow cells from these mice were
injected intravenously into host mice in which endogenous
bone marrow cells had been eliminated by gamma irradiation. Four weeks after the transplantation, when the injected
cells had repopulated the host bone marrow, a permanent
ligation of a coronary artery was performed. After delivery
of D-luciferine to the mice by intraperitoneal injection, a
luciferase signal was found originating exclusively from
the heart where bone marrow cells had differentiated to
collagen 1 (α2 chain)–expressing myofibroblasts at the
ischemic site.
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Whole animal imaging of fluorescent or bioluminescent
proteins requires the use of high-sensitivity CCD (chargecoupled device) cameras or photodiode arrays. Higherresolution images of brightly fluorescent cells are possible
with in vivo two-photon microscopy but the visualization
depth is much more limited. A recent study in mice addressed
the organization of hematopoietic stem cells (HSCs1) in their
niche at the cellular level in vivo by combining conventional
and multiphoton confocal microscopy (Lo Celso et al. 2009).
The authors simultaneously detected bone (by second
harmonic generation, a property of crystals to emit at half of
the wavelength used to illuminate them), GFP-labeled osteoblasts (expression restricted to the collagen α1 chain
promoter), blood vessels (by imaging nonspecifically targeted quantum dots injected into the bloodstream just before
imaging), and DiD- or DiI-labeled HSCs grafted after gamma-irradiation suppression of the host HSCs. In this way
they were able to visualize HSCs in their niche and determine that when the cells are closely associated with bone
and osteoclasts they proliferate and expand whereas when
separated from osteoclasts they produce differentiated
progeny.
Tagging with radiochemical and magnetic resonance
labels. The limitations inherent in detecting labeled stem
cells at depth using fluorescent or bioluminescent approaches,
even in small animals, have prompted the use of other
imaging modalities for which animal size is not an issue.
These alternatives include positron emission tomography
(PET1) and magnetic resonance imaging (MRI) (Table 1).
PET and the related SPECT (single photon emission
computed tomography) involve the detection of gamma
rays emitted by radiochemicals. Several approaches for labeling stem cells enable their tracking with PET or SPECT,
including direct labeling with radionuclides and transfection with reporter genes that bind or promote uptake of radiochemicals (Acton and Zhou 2005; Zhang et al. 2008).
Both PET and SPECT, which permit detection of signals
that originate at any depth in the organism, are routinely
used clinically for medical imaging of human patients. PET
is more sensitive than SPECT, but the latter is cheaper and
easier to implement. The principal disadvantage for the use
of PET or SPECT in animal studies is that the spatial resolution is relatively low, with a theoretical limit of about 1 to
2 mm (Jacobs and Cherry 2001). SPECT and PET have nevertheless been successfully used to visualize rat cardiac
stem cells for several days in vivo after intramyocardial injection, demonstrating proof of principle (Terrovitis et al.
2008).
MRI involves the detection of energy that is first absorbed by magnetic dipoles when they are caused to resonate in tissue and then released when the dipoles relax.
Because hydrogen atoms are natural dipoles, differences in
hydrogen content (e.g., correlated with water content) can be
imaged directly in tissue. However, for the purposes of imaging stem cells, magnetic particles are introduced into the
cells to provide sharp magnetic discontinuities. Several
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approaches are effective for labeling stem cells with magnetic particles. For example, metalloproteins such as the
iron-binding proteins transferrin or ferritin can be overexpressed in cells by transfection or receptor-mediated endocytotic uptake via the transferrin receptor (TfR). An increase
in iron accumulation also results from the overexpression of
TfR itself, which has been used to detect tumorigenic
fibrobasts (Gilad et al. 2007). A combined overexpression of
TfR and ferritin in mouse neural stem cells led to iron
accumulation that was nontoxic and detectable with MRI
but with low contrast (Deans et al. 2006). Researchers
recently produced a transgenic mouse ESC line in which
they stably introduced the human ferritin heavy chain (Liu et
al. 2009), permitting the differential detection of teratomas
derived from the transgenic ESCs as opposed to those
derived from control ESCs.
A more effective approach in terms of MRI contrast is
to label stem cells with iron oxide particles, of which several types are available, varying in size, coating, and iron
oxide content (for reviews, Slotkin et al. 2007; Sykova and
Jendelova 2007). Superparamagnetic iron oxide particles
(SPIOs) were first introduced as MRI contrast agents
(Mendonca Dias and Lauterbur 1986; Renshaw et al. 1986).
SPIOs are nanoparticles on the order of 50 to 150 nm in
diameter; ultrasmall superparamagnetic iron oxide particles
(USPIOs) are about 30 to 50 nm in diameter, and monocrystalline iron oxide nanocompounds (MIONs) range from 100
to 200 nm in diameter. In addition to these nanometer-sized
particles, micrometer-sized particles of iron oxide (MPIOs,
ranging from about 1 to several microns in diameter) have
been developed and shown to be more efficient for MRI detection than SPIOs, due to their higher density of iron
(Shapiro et al. 2005). MPIOs can be coated with various
fluorescent components embedded in a polystyrene matrix
to facilitate combination with fluorescence microscopy, and
can also be coated with streptavidin to allow the specific
targeting of MPIOs to cell surface antigens bound by biotinylated antibodies (Shapiro et al. 2007).
Various types of stem cells take up iron oxide particles. A
particular advantage of MRI over PET is its substantially
higher spatial resolution—mouse hepatocytes labeled with
MPIOs and grafted into the spleen of a host mouse have been
detected at the single cell level (Shapiro et al. 2006). A major
disadvantage, however, is that cell division dilutes the iron particles such that after several cell cycles the cells may contain so
little iron that they are no longer detectable. False positives
represent another problem that can arise when stem cells die
and release iron particles that host cells can then sequester.
PET and MRI are complementary approaches, with PET
having a higher sensitivity but lower spatial resolution than
MRI. Recently, the best of both worlds has been achieved
with the development of a 3D PET detector deployed in an
MRI machine, allowing for simultaneous PET/MRI detection (Judenhofer et al. 2008). It is likely that future developments in both labeling techniques and combinatorial imaging
modalities will revolutionize the tracking of single stem cells
in vivo over extended periods of time.
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Table 1 Comparison of imaging approaches relevant to studies of human stem cells in animal modelsa
Imaging type

Lateral
resolution

Postmortem

150-350 nm*

Whole animal

2-20 µm*

Multiphoton
microscopy
PET/SPECT

150-350 nm*

MRI

Sensitivity

Detection depth

Invasiveness

Single
molecule
Femtomole

Unlimited

High

10-15 mm

Noninvasive

0.5 mm

1-2 mm

Tens
of molecules
High**

Low to
moderate
Noninvasive

10-100 µm

Low**

Many
centimeters
Many
centimeters

Noninvasive

*Depends on excitation wavelength and numerical aperture.
**Comparing PET to MRI.
***But with depth limitation as indicated.
aMRI, magnetic resonance imaging; PET, positron emission tomography; SPECT, single photon emission computed tomography.
b+++

= common to most laboratories; ++ = available in some laboratories; + = available only at dedicated centers.

Chimeric Animal Models Commonly Used
to Study Human Stem Cells
Rodents
Advantages and Disadvantages
Small rodents have been a mainstay of biomedical research
for many years. With the discovery of the SCID (severe combined immune deficiency) mutation in the early 1980s (Bosma
et al. 1983), immunodeficient mice and rats became invaluable tools for xenotransplantation (as well as allogeneic and
even syngeneic transplantation). Several immunodeficient
mouse strains are available, making the mouse a versatile
model for the in vivo study of stem cell biology (reviewed in
Thomsen et al. 2008).
Rodents offer several advantages relative to other mammalian models: they are small (among other things, their
small size facilitates noninvasive in vivo imaging), relatively
inexpensive, and easily handled. In addition, the number of
transgenic rodent strains is increasing, providing a potentially
unlimited toolbox of genetically defined in vivo models for
the study of human stem cells.
There are also, however, several disadvantages. The
larger size of many human organs, and the greater complexity of some, such as the human brain, does not permit a direct translation of experimental studies in rodents to human
clinical trials. For instance, rodents have better chances of
recovering locomotion after spinal cord injuries than humans, probably due to differences in endogenous recovery
mechanisms and the degree of cortical control involved but
probably also related to the smaller size of the spinal cord
(NRC 2005). Therefore, functional recovery and physiological processes in rodents must be evaluated with great caution
before extrapolating to humans. In the case of neural cell
replacement therapy larger animal models may offer more
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appropriate conditions. Furthermore, since rodents have
much shorter life spans than humans it is difficult to evaluate
the long-term effects of stem and progenitor cell transplants.
One great concern, particularly with embryonic stem cells, is
tumor formation; ESCs have the potential to generate complex teratomas in vivo, some of which may become cancerous (Przyborski 2005; Thomson et al. 1998).
Rodent Models Used to Study Human Stem Cells
The earliest experiments in which human stem or progenitor
cells were transplanted into rodent models involved the study of
human hematopoiesis. The first reports of successful human cell
transplantations into SCID mice were in the late 1980s (McCune
et al. 1988; Mosier et al. 1988). In 1992 came the milestone
discovery that human bone marrow cells injected intravenously
in SCID mice could repopulate the host bone marrow (Lapidot et
al. 1992). Soon after, researchers showed that the repopulating
cells made up a small, phenotypically distinguishable fraction of
the human bone marrow, leading to the phenotypical definition
of the hematopoietic stem cell in humans (Bhatia et al. 1997;
Larochelle et al. 1996). Since then, immunodeficient rodents
have been invaluable in further characterization of human
hematopoietic stem and progenitor cells.
Immunodeficient rodents quickly became attractive
models for studies beyond hematopoiesis. The ability to
study human embryonic and adult stem and progenitor cells
in vivo opened up new potential avenues for treatment of
neurodegenerative diseases and central nervous system injuries. Studies using the xenotypic transplantation of human
neural stem/progenitor cells into the rodent central nervous
system started in the early 1990s and produced several
important insights into human neural stem cell biology. One
of the earliest studies reported that human telencephalic
neuroblasts transplanted into the lesioned striatum of adult
rats (in an animal model of Parkinson’s disease) integrated
ILAR Journal

Animal size

Temporal
dynamics

Cost

User-friendliness

Typical availability
of facilitiesb

Unlimited

None

Moderate

+++

Low

Low to
moderate
Moderate

Small rodent or
equivalent
Unlimited***

High

++

High

Moderate

Low

++

Limited only by
instrument size
Limited only by
instrument size

Low

High

Low

+

Moderate

High

Low

+

and projected axons along some of the major fiber tracts
(Wictorin et al. 1990). Later in the decade, a rat model revealed that human neural progenitors can incorporate into
the developing brain and differentiate into cells of multiple
neural phenotypes (Brüstle et al. 1998). By transplanting human ESC-derived neural progenitors into the lateral ventricles of newborn mice investigators showed that these cells
have the capacity to form physiologically patent neurons in
vivo (Reubinoff et al. 2001; Zhang et al. 2001). A more recent study found that human ESC-derived oligodendrocyte
progenitor cells transplanted into the injured spinal cord of
adult rats contributed to remyelination and improved locomotion (Keirstead et al. 2005), laying the cornerstone for the
first clinical trial using human ESCs in spinal cord injury
patients, scheduled to start in 2009 (Alper 2009).
Rodent-human chimeras have also been used in the study
of other organ-specific stem cells, for example in the study
of liver disease and toxicology. Recently, chimeric mice with
humanized livers were established by transplanting human
hepatocytes into SCID transgenic mouse lines (reviewed in
Katoh et al. 2008).

Ungulates
Advantages and Disadvantages
Sheep, goats, and pigs provide several important advantages
for xenotransplantation studies. Their large size and physiological similarity to humans permit the use of surgical and
other procedures on the same scale as used in the clinic as
well as an easier translation to human physiology and pathology (Brevini et al. 2008; Ourednik et al. 2001). Their large
size also facilitates not only the expansion of implanted
human cells to numbers sufficient for biochemical analysis
but also multiple samplings over time. Physiological similarity
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between pigs and humans is sufficiently great that organ
transplantation from pigs to humans has become a viable option actively pursued for a variety of organs (Lu et al. 1994).
Similarity at the cellular level is also greater than between rodents and humans. For example, pig neural stem
cells are molecularly more similar to human neural stem
cells than are those of mice (Baizabal et al. 2003); and in
human and ungulate homologues of certain proteins, such as
trophic and colony-stimulating factors, molecular similarity
is high enough that they can be used interchangeably
(Verfaillie et al. 2000; Zanjani et al. 1994). Because the relevant ungulates are domesticated, they are relatively well
standardized genetically. In addition, recent advances in
reproductive cloning permit the production of isogenic lines,
although relative to rodents the logistics involved are more
demanding. The genomes of several ungulates have been
sequenced, making transgenic approaches also possible
(Campbell et al. 1996; Wilmut et al. 1997). Breeding procedures are highly developed, which facilitates the implantation of human stem cells into ungulate fetuses, thus avoiding
immunological barriers (Flake and Zanjani 1997; Zeng et al.
2006). And the longer life spans of ungulates enable longterm evaluation of the safety and efficacy of potential stem
cell therapies (Dall et al. 2002; Vodicka et al. 2005).
Among the disadvantages of these species, size limits the
options available for whole animal imaging. Moreover,
maintenance and handling are proportionately more expensive than for smaller animals.
Ungulate Models Used to Study Human Stem Cells
Sheep and goats have been used extensively since the 1960s
in preclinical studies of bone marrow transplantation, in
particular for the xenotransplantation of human stem cells
into sheep and goat fetuses. The first stable xenograft of
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human fetal hematopoietic stem cells into a sheep fetus took
place in the early 1990s (Zanjani et al. 1991). Since then,
this model has been used to test the proliferative kinetics and
differentiation potential of a variety of human stem cells, including subpopulations of umbilical cord blood cells, fetal
liver HSCs, bone marrow–derived HSCs (Almeida-Porada
et al. 2007; Michelini et al. 2008; Narayan et al. 2006;
Zanjani et al. 1994), mesenchymal stem cells (Airey et al.
2004; Almeida-Porada et al. 2002), and neural stem cells
(Almeida-Porada et al. 2005). The use of goats for similar
studies of human HSCs began somewhat later (Huang et al.
2002; Zeng et al. 2005, 2006). In pigs, most efforts have
focused on transplants from pig to human, including whole
organs and fetal progenitor cells to treat Parkinson’s disease
(Schumacher et al. 2000). Nevertheless, there have been several attempts at xenotransplanting human stem cells into
pigs, including transplants of human umbilical cord blood
stem cells into pig fetuses (Fujiki et al. 2003) and of human
renal progenitor cells into pig kidneys (Hammerman 2004).

Nonhuman Primates
Advantages and Disadvantages
An obvious advantage of using nonhuman primates is that they
are physiologically and morphologically closely related to
humans and thus provide one of the most easily validated
animal models for the study of human biology. Their reproductive physiology is also advantageously similar to that of
humans but by the same token can pose an inconvenience
due to long gestation times (relative to smaller animals) and
thus possible temporal constraints on experiments. The size
and social behavior of most primates necessitate expensive
housing facilities. Large body size also demands a scaling-up
of technical procedures and instrumentation, which can
be an advantage for procedures originally designed for humans but a disadvantage with procedures designed for rodents. Ethical issues are more serious, with respect to both
the high level of cognitive development in primates and species conservation issues. In addition, affective relationships
that can develop between the animal and the researcher can
be problematic. Nevertheless, nonhuman primates have become important animal models in stem cell research primarily because of their close relationship to humans.

Nonhuman Primate Models Used to Study
Human Stem Cells

closely resemble those seen in MPTP-poisoned humans and in
humans with idiopathic Parkinson’s disease (Burns et al. 1983;
Gerlach and Riederer 1996; for review, Jenner 2003). Rodents,
on the other hand, are more resistant to MPTP neurotoxicity
(Gerlach and Riederer 1996; for review, Jenner 2002).
Researchers have extensively tested conspecific
(monkey-to-monkey) transplantation of fetal dopaminergic
progenitor cells and ESC-derived dopaminergic neurons
(e.g., Takahashi et al. 2009; Wang et al. 2007). Working from
this platform, the implantation in MPTP-treated monkeys of
human stem cells and stem cell–derived neurons has become
an important step in preclinical trials for stem cell–based
replacement strategies for Parkinson’s disease (reviewed in
Richardson et al. 2008). Implants of both human neural stem
cells (Bjugstad et al. 2005, 2008; Redmond et al. 2007) and
human neural progenitor cells (Emborg et al. 2008) in MPTPtreated monkeys have survived, migrated along appropriate
pathways, and produced behavioral improvement.
Spinal cord injury. Although rodents are the most commonly
used species in studies of spinal cord injury, they are far from
ideal models of human injuries for several reasons, including
a higher inherent capacity for behavioral recovery, a much
smaller spinal cord, and the lack of fine motor control of the
hands and digits, which is severely compromised in humans
and other primates after injury to the corticospinal tract. For
these reasons, several nonhuman primate species have been
used to study spinal cord injury, including the tiny marmoset
(Callithrix jacchus; about the size of a small rodent), the
macaque monkey (Macaca fascicularis), and the rhesus
monkey (M. mulatta). Many of these studies have focused
on dorsal column lesions and their effects on hand function
(reviewed in Darian-Smith 2007), a few have addressed
molecular and cellular mechanisms of axon growth arrest
(Fouad et al. 2004; Freund et al. 2006; Ho and Tessier-Lavigne
2006), and more recently studies have begun to test the effects
of injection of human stem cells. Reports indicate that human
neural stem and progenitor cells improve functional recovery
in the marmoset after contusion injuries of varying degrees
(Iwanami et al. 2005) and that human mesenchymal stem cells
augment neurogenesis and functional recovery in the rhesus
monkey (Deng et al. 2006). Nonhuman primate models are
likely to receive increasing attention as the basic cellular
and molecular biology involved in spinal cord injury is
better understood in rodent models.

Chicken Embryo
Advantages and Disadvantages

Parkinson’s disease. Nonhuman primates represent one
of the most relevant and widely used animal models for
studying Parkinson’s disease (see Joers and Emborg 2010 in
this issue). This is primarily because the neurotoxic effects
of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) on
nigrostriatal dopaminergic neurons are very similar in monkeys
and humans and the resultant motor abnormalities in monkeys
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The chicken embryo has a long history as a model for xenotypic transplantation, dating back at least to the early 1900s
in work using the extraembryonic chorioallantoic membrane
as a tissue platform for investigating tumor cell growth (Murphy and Rous 1911). The chorioallantoic membrane was
used extensively to study human tumors for many decades
ILAR Journal

and remains to this day a favorable system for investigating
tissue explants from different species and organs (Vogel and
Berry 1975). Xenotransplantation into embryonic tissue per
se was pioneered by Nicole Le Douarin and colleagues, who
began in the early 1970s to use xenotypic transplantation of
quail tissue into chicken embryos to study regional fate in
the central and peripheral nervous system and other structures (Le Douarin 1973). The key advantages of the chicken
embryo for studies such as these include low cost, easy handling, the ability to time incubations and stage embryos accurately for experimental standardization, high accessibility
for a variety of surgical implantation procedures, and the
lack of a developed immune system and thus no rejection of
xenotypic grafts. The disadvantages are that chicken embryos are very small and thus poor models for human organs
in terms of size, and they have a number of physiological and
anatomical peculiarities not found in humans, although the
basic organization of many organs is similar to that of human
organs; in particular, the organization of the brain stem and
spinal cord is very similar to that in mammals, and the fact
that chickens use bipedal locomotion has suggested a greater
similarity to human locomotion than for quadrupedal rodents
(Jacobson and Hollyday 1982). Chickens are currently not
suitable for routine transgenic modification, although genetic
manipulation is possible in a variety of embryonic tissues
using in ovo electroporation or virus-mediated transfection
of DNA constructs (Ishii et al. 2004; Krull 2004).

Use of the Chicken Embryo to Study Human Stem Cells
The accessibility of the chicken embryo and its lack of immune response has made it a popular model for xenotransplantation, particularly in the case of homotopic transplants
of mouse embryo structures, whose subsequent development

as an integral part of the chicken embryo can then be studied
ex utero (e.g., Mitsiadis et al. 2003), but also more recently
in the case of human stem cells. A principal approach is to
use this to test the differentiation potential of stem cells in
defined embryonic tissue niches (Goldstein 2006). For example, investigators have induced human ESCs to form neural crest stem cells and then grafted them into the chicken
embryo neural crest, where they integrate and give rise to
multiple neural crest derivatives (Jiang et al. 2009; Lee et al.
2007a); and another recent study found that human sacrococcygeal teratoma cells grafted into the neural crest behave
like epiblast-derived stem cells (Busch et al. 2009). In addition, research has shown that the neural crest environment
influences and in some cases reprograms metastatic human
melanoma cells toward a nonmetastatic phenotype (Hendrix
et al. 2007; Kasemeier-Kulesa et al. 2008). Human ESC-derived neurons have been transplanted into the neural anlage
of the chicken embryo and shown to differentiate into appropriate neuronal phenotypes, an important step in establishing neural cell lines for replacement therapy of a variety
of neurological diseases such as motoneuron diseases (Lee
et al. 2007b; Wichterle et al. 2009). Research on the plasticity of human somatic stem cells in the chicken embryo has
revealed that (1) adult human dental pulp stem cells (which
are believed to derive from the neural crest) differentiate
anatomically and molecularly into neurons after implantation in the mesencephalic neural tube of the chicken embryo
(Arthur et al. 2008), and (2) adult human HSCs from bone
marrow generate functional neurons capable of impulse generation and the formation of synaptic connections after implantation into the spinal neural tube of the chicken embryo
(Sigurjonsson et al. 2005).
Stem cells from adult human olfactory mucosa have been
shown to give rise to multiple cell types in the chicken
embryo, demonstrating their multipotency (Murrell et al.

Table 2 Comparison of animal models described in this articlea

Species

Size

Cost

Current
feasibility of
genetic
manipulation

Mouse

Small

Low

Very high

All modalities

Rat

Small

Low

High

All modalities

Pig, sheep, goat

Large

High

Moderate

PET, MRI

Nonhuman primate

Small to
large

Very high

None

Chicken embryo

Very
small

Very low

Low

PET, MRI (all
modalities for
marmoset)
All modalities

aMRI,
bAs

Suitable
for whole
animal
imaging

Similarity to
human

Level of
ethical
concernb

Organ-specific,
moderate
Organ-specific,
moderate

Moderate

Organ-specific,
high
Generally high

Moderate

Organ-specific,
low to moderate

Low

Moderate

High

magnetic resonance imaging; PET, positron emission tomography

gauged by degree of protection conferred by animal research regulatory agencies and level of use in Western society.

Volume 51, Number 1

2010

69

2005). Mesodermal derivatives also have been generated
from human stem cells. Human ESC-derived hematoendothelial progenitors colonize blood-forming organs in the
chicken embryo (Park et al. 2009), and adult human mesenchymal stem cells form blood vessels in the chorioallantoic
membrane (Jadlowiec et al. 2005). The chicken embryo has
also been used to study interactions between human glioma
cells and adult human skin-derived stem cells (Pisati et al.
2007). In principle, the chicken embryo provides a convenient platform for the in vivo characterization of any type of
human stem cell in interactions both with host chicken tissues and with other human cells in combinatorial implants.
The chicken embryo thus represents one of the most versatile
animal models available for studying human stem cell
biology.

Conclusions
The choice of animal model for chimeric studies of human
stem cells hinges primarily on the methods to be used and the
desired proximity to clinical translation. The cost of animal
husbandry may also be decisive. Smaller animals are relatively cheap to maintain and are advantageous for a variety of
experimental approaches, especially with respect to in vivo
imaging and tracking. Their size and short lives, however, are
major disadvantages in extrapolating results to the scale of
the human body. Larger animals present nearly the opposite
scenario—more easily scaled to the human body but more
costly to maintain and more challenging for many experimental
approaches, particularly certain imaging approaches. To an
extent some of the imaging challenges inherent in using
larger animals may be circumvented through the use of noninvasive MR and PET imaging, and future improvements in
these imaging modalities are likely to increase the prospects
of successful tracking in large animals. With respect to transgenic manipulation, small rodent models are still superior,
but transgenics will probably play an ever greater role in the
future use of large animal models. Table 2 provides a summary comparison of the different animal models.
Since no single animal model is ideal, a rational approach to their use for chimeric studies of human stem
cells would arguably involve related studies in more than
one model. Initial experiments in small, relatively inexpensive, and versatile animal models provide a good platform
for moving to larger animal models with greater relevance
for preclinical studies. Clinical researchers, who might
naturally gravitate toward the large, and basic researchers,
who for a variety of reasons might prefer the small, can
benefit from joining forces in designing multimodel studies to accelerate the translation of animal research to human applications.
As the use of human somatic, embryonic, and induced
pluripotent stem cells increases, so too will the range of applications for these animal models. It is likely that increasingly sophisticated applications involving human/animal
chimeric models will emerge through advances in genetic
70

manipulation, cell delivery, and in vivo imaging, all immensely exciting developments in their own right. In the
context of human/animal chimeric studies they represent a
means to a greater end: the eventual use of human stem cells
to treat human disease.

Acknowledgments
The authors’ work is supported by the Norwegian Research
Council through funding of the Norwegian Center for Stem
Cell Research and SFI-CAST.

References
Acton PD, Zhou R. 2005. Imaging reporter genes for cell tracking with PET
and SPECT. Q J Nucl Med Mol Imaging 49:349-360.
Airey JA, Almeida-Porada G, Colletti EJ, Porada CD, Chamberlain J,
Movsesian M, Sutko JL, Zanjani ED. 2004. Human mesenchymal stem
cells form Purkinje fibers in fetal sheep heart. Circulation 109:14011407.
Almeida-Porada G, El Shabrawy D, Porada C, Zanjani ED. 2002. Differentiative potential of human metanephric mesenchymal cells. Exp Hematol 30:1454-1462.
Almeida-Porada G, Crapnell K, Porada C, Benoit B, Nakauchi H,
Quesenberry P, Zanjani ED. 2005. In vivo haematopoietic potential of
human neural stem cells. Br J Haematol 130:276-283.
Almeida-Porada G, Porada C, Gupta N, Torabi A, Thain D, Zanjani ED.
2007. The human-sheep chimeras as a model for human stem cell mobilization and evaluation of hematopoietic grafts’ potential. Exp Hematol
35:1594-1600.
Alper J. 2009. Geron gets green light for human trial of ES cell–derived
product. Nat Biotech 27:213-214.
Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer
K, Lois C, Morrison SJ, Alvarez-Buylla A. 2003. Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature 425:968-973.
Arthur A, Rychkov G, Shi S, Koblar SA, Gronthos S. 2008. Adult human
dental pulp stem cells differentiate toward functionally active neurons
under appropriate environmental cues. Stem Cells 26:1787-1795.
Baizabal JM, Furlan-Magaril M, Santa-Olalla J, Covarrubias L. 2003. Neural stem cells in development and regenerative medicine. Arch Med Res
34:572-588.
Batten P, Rosenthal NA, Yacoub MH. 2007. Immune response to stem cells
and strategies to induce tolerance. Phil Trans R Soc Lond B Biol Sci
362:1343-1356.
Bhatia M, Wang JC, Kapp U, Bonnet D, Dick JE. 1997. Purification of
primitive human hematopoietic cells capable of repopulating immunedeficient mice. Proc Nat Acad Sci U S A 94:5320-5325.
Bjugstad KB, Redmond DE Jr, Teng YD, Elsworth JD, Roth RH, Blanchard
BC, Snyder EY, Sladek JR Jr. 2005. Neural stem cells implanted into
MPTP-treated monkeys increase the size of endogenous tyrosine hydroxylase-positive cells found in the striatum: A return to control measures. Cell Transplant 14:183-192.
Bjugstad KB, Teng YD, Redmond DE Jr, Elsworth JD, Roth RH, Cornelius
SK, Snyder EY, Sladek JR Jr. 2008. Human neural stem cells migrate
along the nigrostriatal pathway in a primate model of Parkinson’s disease. Exp Neurol 211:362-369.
Bonde S, Chan KM, Zavazava N. 2008. ES-cell derived hematopoietic cells
induce transplantation tolerance. PloS One 3:e3212.
Bosma GC, Custer RP, Bosma MJ. 1983. A severe combined immunodeficiency mutation in the mouse. Nature 301:527-530.

ILAR Journal

Boyd AS, Wood KJ. 2009. Variation in MHC expression between undifferentiated mouse ES cells and ES cell-derived insulin-producing cell clusters. Transplantation 87:1300-1304.
Boyd AS, Higayashi Y, Wood KJ. 2005. Transplanting stem cells: Potential
targets for immune attack. Modulating the immune response against embryonic stem cell transplantation. Adv Drug Deliv Rev 57:1944-1969.
Brevini TA, Antonini S, Pennarossa G, Gandolfi F. 2008. Recent progress in
embryonic stem cell research and its application in domestic species.
Reprod Domest Anim 43 Suppl 2:193-199.
Brüstle O, Choudhary K, Karram K, Huttner A, Murray K, Dubois-Dalcq
M, McKay RD. 1998. Chimeric brains generated by intraventricular
transplantation of fetal human brain cells into embryonic rats. Nat Biotechnol 16:1040-1044.
Burns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM, Kopin IJ.
1983. A primate model of parkinsonism: Selective destruction of dopaminergic neurons in the pars compacta of the substantia nigra by Nmethyl-4-phenyl-1,2,3,6-tetrahydropyridine. Proc Nat Acad Sci U S A
80:4546-4550.
Busch C, Bareiss PM, Sinnberg T, Just L, Wehrmann M, Fuchs J, Garbe C,
Drews U. 2009. Isolation of three stem cell lines from human sacrococcygeal teratomas. J Pathol 217:589-596.
Campbell KH, McWhir J, Ritchie WA, Wilmut I. 1996. Sheep cloned by
nuclear transfer from a cultured cell line. Nature 380:64-66.
Dall AM, Danielsen EH, Sørensen JC, Andersen F, Møller A, Zimmer J,
Gjedde AH, Cumming P; Danish Neuronal Xenografting Group. 2002.
Quantitative [18F]fluorodopa/PET and histology of fetal mesencephalic
dopaminergic grafts to the striatum of MPTP-poisoned minipigs. Cell
Transplant 11:733-746.
Darian-Smith C. 2007. Monkey models of recovery of voluntary hand
movement after spinal cord and dorsal root injury. ILAR J 48:396-410.
Deans AE, Wadghiri YZ, Bernas LM, Yu X, Rutt BK, Turnbull DH. 2006.
Cellular MRI contrast via coexpression of transferrin receptor and ferritin. Magn Reson Med 56:51-59.
Deng YB, Liu XG, Liu ZG, Liu XL, Liu Y, Zhou GQ. 2006. Implantation of
BM mesenchymal cells into injured spinal cord elicits de novo neurogenesis and functional recovery: Evidence from a study in rhesus monkeys. Cytotherapy 8:210-214.
Deshpande DM, Kim YS, Martinez T, Carmen J, Dike S, Shats I, Rubin LL,
Drummond J, Krishnan C, Hoke A, Maragakis N, Shefner J, Rothstein
JD, Kerr DA. 2006. Recovery from paralysis in adult rats using embryonic stem cells. Ann Neurol 60:32-44.
Drukker M, Katz G. 2002. Characterization of the expression of MHC proteins in human embryonic stem cells. Proc Nat Acad Sci U S A 99:98649869.
Eisenberg LM, Eisenberg CA. 2003. Stem cell plasticity, cell fusion, and
transdifferentiation. Birth Defects Res C Embryo Today 69:209-218.
Emborg ME, Ebert AD, Moirano J, Peng S, Suzuki M, Capowski E, Joers V,
Roitberg BZ, Aebischer P, Svendsen CN. 2008. GDNF-secreting human
neural progenitor cells increase tyrosine hydroxylase and VMAT2
expression in MPTP-treated cynomolgus monkeys. Cell Transpl
17:383-395.
Festing MFW, Fisher EMC. 2000. Mighty mice. Nature 404:815.
Flake AW, Zanjani ED. 1997. In utero hematopoietic stem cell transplantation: A status report. JAMA 278:932-937.
Fouad K, Klusman I, Schwab ME. 2004. Regenerating corticospinal fibers in
the marmoset (Callithrix jacchus) after spinal cord lesion and treatment
with the anti-Nogo-A antibody IN-1. Eur J Neurosci 20:2479-2482.
Freund P, Schmidlin E, Wannier T, Bloch J, Mir A, Schwab ME, Rouiller
EM. 2006. Nogo-A-specific antibody treatment enhances sprouting and
functional recovery after cervical lesion in adult primates. Nat Med
12:790-792.
Fujiki Y, Fukawa K, Kameyama K, Kudo O, Onodera M, Nakamura Y,
Yagami K, Shiina Y, Hamada H, Shibuya A, Nakauchi H. 2003. Successful multilineage engraftment of human cord blood cells in pigs after
in utero transplantation. Transplantation 75:916-922.
Gavrilescu LC, Van Etten RA. 2007. Production of replication-defective
retrovirus by transient transfection of 293T cells. J Vis Exp 10:550.

Volume 51, Number 1

2010

Gerlach M, Riederer P. 1996. Animal models of Parkinson’s disease: An
empirical comparison with the phenomenology of the disease in man.
J Neural Transm 103:987-1041.
Gilad AA, Winnard PT Jr, van Zijl PC, Bulte JW. 2007. Developing MR
reporter genes: Promises and pitfalls. NMR Biomed 20:275-290.
Goldstein RS. 2006. Transplantation of human embryonic stem cells to the
chick embryo. Methods Mol Biol 331:137-151.
Guezguez B, Bhatia M. 2008. Transplantation of human hematopoietic repopulating cells: Mechanisms of regeneration and differentiation using
human-mouse xenografts. Curr Opin Organ Transpl 13:44-52.
Hammerman MR. 2004. Growing new kidneys in situ. Clin Exp Nephrol
8:169-177.
Hauben DJ, Baruchin A, Mahler A. 1982. On the history of the free skin
graft. Ann Plast Surg 9:242-245.
Hendrix MJ, Seftor EA, Seftor RE, Kasemeier-Kulesa J, Kulesa PM,
Postovit LM. 2007. Reprogramming metastatic tumour cells with embryonic microenvironments. Nat Rev Cancer 7:246-255.
Ho C, Tessier-Lavigne M. 2006. Challenges to the report of Nogo antibody
effects in primates. Nat Med 12:1232.
Huang S, Yam H, Pang C, Chen M, Gong Z, Zeng F, Ling S, Zeng Y. 2002.
The expression of human specific proteins in liver tissue of chimeric
goats engrafted with human hematopoietic stem cells. Zhonghua Yi Xue
Za Zhi 82:894-898.
Ishii Y, Reese DE, Mikawa T. 2004. Somatic transgenesis using retroviral
vectors in the chicken embryo. Dev Dyn 229:630-642.
Iwanami A, Kaneko S, Nakamura M, Kanemura Y, Mori H, Kobayashi S,
Yamasaki M, Momoshima S, Ishii H, Ando K, Tanioka Y, Tamaoki N,
Nomura T, Toyama Y, Okano H. 2005. Transplantation of human neural
stem/progenitor cells promotes functional recovery after spinal cord injury in common marmoset. J Neurosci Res 80:182-190.
Jacobs RE, Cherry SR. 2001. Complementary emerging techniques: Highresolution PET and MRI. Curr Opin Neurobiol 11:621-629.
Jacobson RD, Hollyday M. 1982. A behavioral and electromyographic
study of walking in the chick. J Neurophysiol 48:238-256.
Jadlowiec J, Dongell D, Smith J, Conover C, Campbell P. 2005. Pregnancyassociated plasma protein-a is involved in matrix mineralization of human adult mesenchymal stem cells and angiogenesis in the chick
chorioallantoic membrane. Endocrinology 146:3765-3772.
Jenner P. 2002. Experimental models of Parkinson’s disease. In: Ronken E, van
Scharrenburg G, eds. Parkinson’s Disease. London: IOS Press. p 39-50.
Jenner P. 2003. The contribution of the MPTP-treated primate model to the
development of new treatment strategies for Parkinson’s disease. Parkinsonism Relat Disord 9:131-137.
Jiang X, Gwye Y, McKeown SJ, Bronner-Fraser M, Lutzko C, Lawlor ER.
2008. Isolation and characterization of neural crest cells derived from in
vitro differentiated human embryonic stem cells. Stem Cells Dev
18:1059-1070.
Joers VL, Emborg ME. 2010. Preclinical assessment of stem cell therapies
for neurological diseases. ILAR J 51:24-41.
Judenhofer MS, Wehrl HF, Newport DF, Catana C, Siegel SB, Becker M,
Thielscher A, Kneilling M, Lichy MP, Eichner M, Klingel K, Reischl
G, Widmaier S, Röcken M, Nutt RE, Machulla HJ, Uludag K, Cherry
SR, Claussen CD, Pichler BJ. 2008. Simultaneous PET-MRI: A new
approach for functional and morphological imaging. Nat Med
14:459-465.
Kasemeier-Kulesa JC, Teddy JM, Postovit LM, Seftor EA, Seftor RE, Hendrix MJ, Kulesa PM. 2008. Reprogramming multipotent tumor cells with
the embryonic neural crest microenvironment. Dev Dyn 237:2657-2666.
Katoh M, Tateno C, Yoshizato K, Yokoi T. 2008. Chimeric mice with humanized liver. Toxicology 246:9-17.
Keirstead HS, Nistor G, Bernal G, Totoiu M, Cloutier F, Sharp K, Steward
O. 2005. Human embryonic stem cell-derived oligodendrocyte progenitor cell transplants remyelinate and restore locomotion after spinal cord
injury. J Neurosci 25:4694-4705.
Kelly CM, Precious SV, Scherf C, Penketh R, Amso NN, Battersby A, Allen
ND, Dunnett SB, Rosser AE. 2009. Neonatal desensitization allows
long-term survival of neural xenotransplants without immunosuppression. Nat Methods 6:271-273.

71

Krull CE. 2004. A primer on using in ovo electroporation to analyze gene
function. Dev Dyn 229:433-439.
Kume A, Xu R, Ueda Y, Urabe M, Ozawa K. 2000. Long-term tracking of
murine hematopoietic cells transduced with a bicistronic retrovirus containing CD24 and EGFP genes. Gene Ther 7:1193-1199.
Kurre P, Morris J, Andrews RG, Kohn DB, Kiem HP. 2002. Kinetics of
fluorescence expression in nonhuman primates transplanted with GFP
retrovirus-modified CD34 cells. Mol Ther 6:83-90.
Lapidot T, Pflumio F, Doedens M, Murdoch B, Williams DE, Dick JE.
1992. Cytokine stimulation of multilineage hematopoiesis from immature human cells engrafted in SCID mice. Science 255:1137-1141.
Larocca D, Burg MA, Jensen-Pergakes K, Ravey EP, Gonzalez AM, Baird
A. 2002. Evolving phage vectors for cell targeted gene delivery. Curr
Pharm Biotechnol 3:45-57.
Larochelle A, Vormoor J, Hanenberg H, Wang JC, Bhatia M, Lapidot T,
Moritz T, Murdoch B, Xiao XL, Kato I, Williams DA, Dick JE. 1996.
Identification of primitive human hematopoietic cells capable of repopulating NOD/SCID mouse bone marrow: Implications for gene therapy.
Nat Med 2:1329-1337.
Le Douarin N. 1973. A biological cell labeling technique and its use in experimental embryology. Dev Biol 30:217-222.
Le Roux PD, Reh T. 1995. Astroglia demonstrate regional differences in
their ability to maintain primary dendritic outgrowth from mouse cortical neurons in vitro. J Neurobiol 27:97-112.
Lee G, Kim H, Elkabetz Y, Al Shamy G, Panagiotakos G, Barberi T, Tabar
V, Studer L. 2007a. Isolation and directed differentiation of neural crest
stem cells derived from human embryonic stem cells. Nat Biotechnol
25:1468-1475.
Lee H, Shamy GA, Elkabetz Y, Schofield CM, Harrsion NL, Panagiotakos
G, Socci ND, Tabar V, Studer L. 2007b. Directed differentiation and
transplantation of human embryonic stem cell-derived motoneurons.
Stem Cells 25:1931-1939.
Liu J, Cheng EC, Long RC Jr, Yang SH, Wang L, Cheng PH, Yang JJ, Wu
D, Mao H, Chan AW. 2009. Noninvasive monitoring of embryonic stem
cells in vivo with MRI transgene reporter. Tissue Eng Part C Methods.
2009 Mar 16 [Epub ahead of print].
Lo Celso C, Fleming HE, Wu JW, Zhao CX, Miake-Lye S, Fujisaki J, Cote
D, Rowe DW, Lin CP, Scadden DT. 2009. Live-animal tracking of individual haematopoietic stem/progenitor cells in their niche. Nature
457:92-96.
Lu CY, Khair-el-Din TA, Dawidson IA, Butler TM, Brasky KM, Vazquez
MA, Sicher SC. 1994. Xenotransplantation. FASEB J 8:1122-1130.
McCune JM, Namikawa R, Kaneshima H, Shultz LD, Lieberman M, Weissman
IL. 1988. The SCID-hu mouse: Murine model for the analysis of human
hematolymphoid differentiation and function. Science 241:1632-1639.
Mendonca Dias MH, Lauterbur PC. 1986. Ferromagnetic particles as contrast agents for magnetic resonance imaging of liver and spleen. Magn
Reson Med 3:328-330.
Michelini M, Papini S, Rosellini A, Noia G, Ligato MS, Mancuso S,
Cavazzana A, Bertacca G, Di Cristofano C, Saccardi R, Urbani S,
Revoltella RP. 2008. Prolonged human/sheep cellular chimerism following transplantation of human hemopoietic stem cells into the ewe
celomic cavity. Int J Dev Biol 52:365-370.
Mitsiadis TA, Cheraud Y, Sharpe P, Fontaine-Perus J. 2003. Development of
teeth in chick embryos after mouse neural crest transplantations. Proc
Nat Acad Sci U S A 100:6541-6545.
Mosier DE, Gulizia RJ, Baird SM, Wilson DB. 1988. Transfer of a functional human immune system to mice with severe combined immunodeficiency. Nature 335:256-259.
Murphy JB, Rous P. 1911. Tumor implantation in the developing embryo.
JAMA 56:741-742.
Murrell W, Féron F, Wetzig A, Cameron N, Splatt K, Bellette B, Bianco J,
Perry C, Lee G, Mackay-Sim A. 2005. Multipotent stem cells from adult
olfactory mucosa. Dev Dyn 233:496-515.
Narayan AD, Chase JL, Lewis RL, Tian X, Kaufman DS, Thomson JA,
Zanjani ED. 2006. Human embryonic stem cell-derived hematopoietic
cells are capable of engrafting primary as well as secondary fetal sheep
recipients. Blood 107:2180-2183.

72

Niclou SP, Danzeisen C, Eikesdal HP, Wiig H, Brons NH, Poli AM,
Svendsen A, Torsvik A, Enger PO, Terzis JA, Bjerkvig R. 2008. A novel
eGFP-expressing immunodeficient mouse model to study tumor-host
interactions. FASEB J 22:3120-3128.
NRC [National Research Council]. 2005. Spinal Cord Injury: Progress,
Promise, and Priorities. Liverman CT, Altevogt BM, Joy JE, Johnson
RT, eds. Washington: National Academies Press.
Ourednik V, Ourednik J, Flax JD, Zawada WM, Hutt C, Yang C, Park KI,
Kim SU, Sidman RL, Freed CR, Snyder EY. 2001. Segregation of human neural stem cells in the developing primate forebrain. Science
293:1820-1824
Pakhomov AA, Martynov VI. 2008. GFP family: Structural insights into
spectral tuning. Chem Biol 15:755-764.
Park TS, Zambidis ET, Lucitti JL, Logar A, Keller BB, Péault B. 2009. Human embryonic stem cell-derived hematoendothelial progenitors engraft chicken embryos. Exp Hematol 37:31-41.
Petit A, Pierret P, Vallée A, Doucet G. 2001. Astrocytes from cerebral cortex
or striatum attract adult host serotonergic axons into intrastriatal ventral
mesencephalic co-grafts. J Neurosci 21:7182-7193.
Pisati F, Belicchi M, Acerbi F, Marchesi C, Giussani C, Gavina M, Javerzat
S, Hagedorn M, Carrabba G, Lucini V, Gaini SM, Bresolin N, Bello L,
Bikfalvi A, Torrente Y. 2007. Effect of human skin-derived stem cells on
vessel architecture, tumor growth, and tumor invasion in brain tumor
animal models. Cancer Res 67:3054-3063.
Przyborski SA. 2005. Differentiation of human embryonic stem cells after
transplantation in immune-deficient mice. Stem Cells 23:1242-1250.
Rappa G, Kunke D, Holter J, Diep DB, Meyer J, Baum C, Fodstad O,
Krauss S, Lorico A. 2004. Efficient expansion and gene transduction of
mouse neural stem/progenitor cells on recombinant fibronectin. Neuroscience 124:823-830.
Redmond DE Jr, Bjugstad KB, Teng YD, Ourednik V, Ourednik J, Wakeman
DR, Parsons XH, Gonzalez R, Blanchard BC, Kim SU, Gu Z, Lipton SA,
Markakis EA, Roth RH, Elsworth JD, Sladek JR Jr, Sidman RL, Snyder
EY. 2007. Behavioral improvement in a primate Parkinson’s model is
associated with multiple homeostatic effects of human neural stem cells.
Proc Nat Acad Sci U S A 104:12175-12180.
Renshaw PF, Owen CS, McLaughlin AC, Frey TG, Leigh JS Jr. 1986. Ferromagnetic contrast agents: A new approach. Magn Reson Med 3:217225.
Reubinoff BE, Itsykson P, Turetsky T, Pera MF, Reinhartz E, Itzik A, BenHur T. 2001. Neural progenitors from human embryonic stem cells. Nat
Biotechnol 19:1134-1140.
Richardson RM, Larson PS, Bankiewicz KS. 2008. Gene and cell delivery
to the degenerated striatum: Status of preclinical efforts in primate models. Neurosurgery 63:629-642.
Rosenzweig M, Connole M, Glickman R, Yue SP, Noren B, DeMaria M,
Johnson RP. 2001. Induction of cytotoxic T lymphocyte and antibody
responses to enhanced green fluorescent protein following transplantation of transduced CD34(+) hematopoietic cells. Blood 97:1951-1959.
Scadden DT. 2006. The stem-cell niche as an entity of action. Nature
441:1075-1079.
Schumacher JM, Ellias SA, Palmer EP, Kott HS, Dinsmore J, Dempsey PK,
Fischman AJ, Thomas C, Feldman RG, Kassissieh S, Raineri R,
Manhart C, Penney D, Fink JS, Isacson O. 2000. Transplantation of
embryonic porcine mesencephalic tissue in patients with PD. Neurology 54:1042-1050.
Shapiro EM, Skrtic S, Koretsky AP. 2005. Sizing it up: Cellular MRI using
micron-sized iron oxide particles. Magn Reson Med 53:329-338.
Shapiro EM, Sharer K, Skrtic S, Koretsky AP. 2006. In vivo detection of
single cells by MRI. Magn Reson Med 55:242-249.
Shapiro EM, Medford-Davis LN, Fahmy TM, Dunbar CE, Koretsky AP.
2007. Antibody-mediated cell labeling of peripheral T cells with micronsized iron oxide particles (MPIOs) allows single cell detection by MRI.
Contr Media Mol Imag 2:147-153.
Sigurjonsson OE, Perreault MC, Egeland T, Glover JC. 2005. Adult human hematopoietic stem cells produce neurons efficiently in the
regenerating chicken embryo spinal cord. Proc Nat Acad Sci U S A
102:5227-5232.

ILAR Journal

Slotkin JR, Cahill KS, Tharin SA, Shapiro EM. 2007. Cellular magnetic
resonance imaging: Nanometer and micrometer size particles for noninvasive cell localization. Neurotherapeutics 4:428-433.
Sykova E, Jendelova P. 2007. In vivo tracking of stem cells in brain and
spinal cord injury. Prog Brain Res 161:367-383.
Takahashi J, Takagi Y, Saiki H. 2009. Transplantation of embryonic stem
cell-derived dopaminergic neurons in MPTP-treated monkeys. Methods
Mol Biol 482:199-212.
Terada N, Hamazaki T, Oka M, Hoki M, Mastalerz DM, Nakano Y, Meyer
EM, Morel L, Petersen BE, Scott EW. 2002. Bone marrow cells adopt the
phenotype of other cells by spontaneous cell fusion. Nature 416:542-545.
Terrovitis J, Kwok KF, Lautamaki R, Engles JM, Barth AS, Kizana E,
Miake J, Leppo MK, Fox J, Seidel J, Pomper M, Wahl RL, Tsui B,
Bengel F, Marban E, Abraham MR. 2008. Ectopic expression of the
sodium-iodide symporter enables imaging of transplanted cardiac stem
cells in vivo by single-photon emission computed tomography or positron emission tomography. J Am Coll Cardiol 52:1652-1660.
Thomsen M, Galvani S, Canivet C, Kamar N, Bohler T. 2008. Reconstitution of immunodeficient SCID/beige mice with human cells: Applications in preclinical studies. Toxicology 246:18-23.
Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ,
Marshall VS, Jones JM. 1998. Embryonic stem cell lines derived from
human blastocysts. Science 282:1145-1147.
van Amerongen MJ, Bou-Gharios G, Popa E, van Ark J, Petersen AH, van
Dam GM, van Luyn MJ, Harmsen MC. 2008. Bone marrow-derived
myofibroblasts contribute functionally to scar formation after myocardial infarction. J Pathol 214:377-386.
Verfaillie CM, Almeida-Porada G, Wissink S, Zanjani ED. 2000. Kinetics
of engraftment of CD34(-) and CD34(+) cells from mobilized blood
differs from that of CD34(-) and CD34(+) cells from bone marrow. Exp
Hematol 28:1071-1079.
Vodicka P, Smetana K Jr, Dvoránková B, Emerick T, Xu YZ, Ourednik J,
Ourednik V, Motlík J. 2005. The miniature pig as an animal model in
biomedical research. Ann N Y Acad Sci 1049:161-171.
Vogel HB, Berry RG. 1975. Chorioallantoic membrane heterotransplantation of human brain tumors. Int J Cancer 15:401-408.
Wang Y, Chen S, Yang D, Le WD. 2007. Stem cell transplantation: A promising therapy for Parkinson’s disease. J Neuroimmune Pharmacol 2:
243-250.

Volume 51, Number 1

2010

Wichterle H, Peljto M, Nedelec S. 2009. Xenotransplantation of embryonic
stem cell-derived motor neurons into the developing chick spinal cord.
Methods Mol Biol 482:171-183.
Wictorin K, Brundin P, Gustavii B, Lindvall O, Bjorklund A. 1990. Reformation of long axon pathways in adult rat central nervous system by
human forebrain neuroblasts. Nature 347:556-558.
Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH. 1997. Viable
offspring derived from fetal and adult mammalian cells. Nature
385:810-813.
Yan L, Han Y, He Y, Xie H, Liu J, Zhao L, Wang J, Gao L, Fan D. 2007. Cell
tracing techniques in stem cell transplantation. Stem Cell Rev 3:265269.
Yeh TH, Lee DY, Gianino SM, Gutmann DH. 2009. Microarray analyses
reveal regional astrocyte heterogeneity with implications for neurofibromatosis type 1 (NF1)-regulated glial proliferation. Glia 57:12391249.
Ying QL, Nichols J, Evans EP, Smith AG. 2002. Changing potency by selective fusion. Nature 416:545-548.
Zanjani ED, Pallavicini MG, Harrison MR, Tavassoli M. 1991. Successful
stable xenograft of human fetal hematopoietic cells in preimmune fetal
sheep. Trans Assoc Am Physicians 104:181-186.
Zanjani ED, Flake AW, Rice H, Hedrick M, Tavassoli M. 1994. Long-term
repopulating ability of xenogeneic transplanted human fetal liver hematopoietic stem cells in sheep. J Clin Invest 93:1051-1055.
Zeng F, Chen MJ, Huang WY, Yan JB, Xiao YP, Gong ZJ, Ren ZR, Huang
SZ. 2005. In utero transplantation of human hematopoietic stem cells
into fetal goats under B-type ultrasonographic scan: An experimental
model for the study of potential prenatal therapy. Eur J Obstet Gynecol
Reprod Biol 118:170-173.
Zeng F, Chen MJ, Baldwin DA, Gong ZJ, Yan JB, Qian H, Wang J, Jiang X,
Ren ZR, Sun D, Huang SZ. 2006. Multiorgan engraftment and differentiation of human cord blood CD34+ Lin- cells in goats assessed by gene
expression profiling. Proc Nat Acad Sci U S A 103:7801-7806.
Zhang SC, Wernig M, Duncan ID, Brüstle O, Thomson JA. 2001. In vitro
differentiation of transplantable neural precursors from human embryonic stem cells. Nat Biotechnol 19:1129-1133.
Zhang Y, Ruel M, Beanlands RS, deKemp RA, Suuronen EJ, DaSilva JN.
2008. Tracking stem cell therapy in the myocardium: Applications of
positron emission tomography. Curr Pharm Des 14:3835-3853.

73

