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Abstract
A fast and simple model which uses lower animals on the evolutionary scale is beneficial for
developing procedures for the reversal of neurobehavioral teratogenicity with neural stem cells. Here,
we established a procedure for the derivation of chick neural stem cells, establishing embryonic day
(E) 10 as optimal for progression to neuronal phenotypes. Cells were obtained from the embryonic
cerebral hemispheres and incubated for 5–7 days in enriched medium containing epidermal growth
factor (EGF) and basic fibroblast growth factor (FGF2) according to a procedure originally developed
for mice. A small percentage of the cells survived, proliferated and formed nestin-positive
neurospheres. After removal of the growth factors to allow differentiation (5 days), 74% of the cells
differentiated into all major lineages of the nervous system, including neurons (Beta III tubulin-
positive, 54% of the total number of differentiated cells), astrocytes (GFAP-positive, 26%), and
oligodendrocytes (O4-positive, 20%). These findings demonstrate that the cells were indeed neural
stem cells. Next, the cells were transplanted in two allograft chick models; (1) direct cerebral
transplantation to 24-hours-old chicks, followed by post-transplantation cell tracking at 24 hours, 6
days and 14 days, and (2) intravenous transplantation to chick embryos on E13, followed by cell
tracking on E19. With both methods, transplanted cells were found in the brain. The chick embryo
provides a convenient, precisely-timed and unlimited supply of neural progenitors for therapy by
transplantation, as well as constituting a fast and simple model in which to evaluate the ability of
neural stem cell transplantation to repair neural damage, steps that are critical for progress toward
therapeutic applications.
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Introduction
Neural stem cell therapy has proven successful in animals as a means to reverse the
consequences of neurobehavioral defects and neurodegenerative diseases [2,12,24,31],
including models of Parkinson's disease, Alzheimer's disease, Huntington's disease [16,50] and
multiple sclerosis [4]. In our work, we have shown how the neurobehavioral abnormalities
evoked by prenatal exposure of mice to drugs of abuse (heroin, [6,21]) or neuroactive pesticides
[7] can similarly be reversed with neural stem cell therapy.

In the current study, we designed a model system for neural stem cell derivation and
transplantation in the chick, which has the following advantages: 1) availability of an unlimited
number of subjects, as timed incubated eggs are cheap and easily obtained; 2) teratogen
injection into the egg, directly exposing the embryo to a defined concentration, similar to the
zebrafish and related models [28]; 3) absence of litter effects, so that every individual offspring
represents an independent subject [48]; 4) no maternal influence on the outcome of teratogen
exposure [47]; 5) an ability to test neurobehavioral deficits in the absence of confounding
influences on self-sufficiency[3], since imprinting behaviors can be evaluated immediately
after hatching, before the chicks commence consumption of food or water; 6) since the chick
hatches at a more advanced neurodevelopmental stage than the mouse or rat, neurobehavioral
evaluations can be conducted immediately, rather than requiring a protracted postnatal period
of development; and 7) the chick model facilitates the fast screening of a series of compounds,
enabling dose-response determinations, a focus on critical periods of exposure, and likely
endpoints to be studied [17]. A chick model, therefore, would complement and significantly
enhance the evaluation of neurobehavioral teratogenicity and the potential for neural stem cell
reversal strategies.

We modeled the chick studies after our earlier work in mice, where we focused on "region-
specific behaviors" and their related synaptic alterations, mainly learning in the Morris maze,
which in rodents is highly dependent on the integrity of septohippocampal acetylcholine (ACh)
innervation [33–34,42]. In our mouse studies, animals exposed prenatally to a variety of
neuroteratogens that target ACh neurotransmission showed deficits in ACh receptor function,
centered around impaired ability of receptor activation to elicit translocation/activation of
specific PKC isoforms. This was accompanied by reactive upregulation of elements regulating
presynaptic activity and postsynaptic receptor expression that nevertheless failed to
compensate for the signaling deficit, so that animals displayed impaired Morris maze
performance. Because we identified the synaptic signaling defect underlying the behavioral
abnormalities, we were able to reverse both synaptic and performance deficits using
interventions that replaced defective ACh function, including neural stem cell therapy [6,21].
In the chick, the intermedial part of the hyperstriatum ventrale (IMHV) parallels the function
of the rodent hippocampus, with imprinting as the corresponding dependent behavior. Prehatch
exposure of the chick to chlorpyrifos, nicotine or heroin, agents which all produce ACh
functional deficits in the rodent hippocampus [44,52,54], elicited corresponding impairment
of imprinting and Ach-receptor mediated activation/translocation of PKC γ and β [17]. Here,
we present the first steps in formulating a parallel chick model of neural stem cell therapy for
reversal of neurobehavioral teratogenicity, starting with the derivation of chick neural
progenitor cells and characterization of those cells. We transplanted the cells into both
posthatch chicks and chick embryos via two distinct approaches, in order to demonstrate their
ability to migrate to the site of damage and thus to potentially repair synaptic function. In the
first approach, chicks received neural stem cell transplants posthatch. In the second method,
intravenous (IV) transplantation was conducted on E13. In both instances, our goal was to
develop a simple, cheap model capable of evaluations in large numbers of animals, thus
expediting progress in neural progenitor therapy of neurobehavioral teratogenicity.

Dotan et al. Page 2

Neurotoxicol Teratol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
General

All animal studies described here were approved by the Hebrew University Institutional
Animal Care and Use Committee. Cells were derived from chick embryo cerebral hemispheres
and shown by immunocytochemistry studies to contain nestin prior to differentiation, and β
III tubulin, GFAP and O4 post-differentiation, proving that the cells were neural stem cells.
Cells were transplanted via both methods: intra-cerebral transplantation to posthatched chicks,
and IV injection to E13 chick embryos. In both cases, the cells were tracked in the animals'
brains up to 14 days post transplantation.

Derivation of neural stem cells
The procedure was based on those described previously in rodents [5,37]. Fertile gallus gallus
domesticus eggs were incubated at 37.8°C and 50–60% humidity and on E10, the brains of the
embryos were removed and the tissues of the cerebral hemispheres were isolated and minced,
and the cells were digested in undiluted accutase for 5 min. at 37 °C, dissociated with a 5 ml
pipette into a single-cell suspension, and incubated at 37°C and 5% CO2 for up to 7 days by
established procedures [5–6,21]. The cells were supplemented daily with growth factors; 10
ng/ml basic fibroblast growth factor (FGF2) and 20 ng/ml epidermal growth factor (EGF) (both
from Peprotech Asia, Israel). The cells that proliferated formed clusters, which grew into
neurospheres. On the third day post-derivation, cells were sedimented at 68 × g for 8 min at
26°C. The pellet was resuspended in 5 ml of enriched medium and the cells were re-plated in
a T-25 uncoated flask with the same growth factors.

Primary characterization of the cells
Aliquots (5 µl) were examined daily with a phase-bright microscope (Nikon, Tokyo, Japan),
using trypan blue exclusion to characterize viable cells/spheres. Preparations were tested for
their dependence on growth factors by incubation with or without EGF and FGF2, separately
and together, according to previously established protocols [5,37]

Immunocytochemistry
Plating cells—35 mm Petri dishes were precoated first with poly-L-ornithine, and then
fibronectin (both from Sigma). Then cell preparations were plated and incubated at 37°C and
5% CO2 for 3–4 h, allowing the cells to attach. Plates were washed with sterile DMEM
(Biological Industries) after incubation. Spheres were dissociated into single cells using
Accutase (see Preparation of cells for transplantation below) and 100,000 cells were plated
onto each dish [37].

Determining the presence of neural stem cells—For nestin labeling, 400 spheres were
plated in each dish, whereas for evaluation of differentiation potential, 10–15 spheres were
plated. Cells were fixed with 5% acid alcohol (5% acetic acid in ethanol absolute) for 8 min
at −20°C, then washed thoroughly with sterile DMEM. Blocking was performed with 1%
normal goat serum (Biological industries) for 15 min, and was followed by a 45 min incubation
with primary antibody, 1:50 rabbit anti-nestin (Abcam, Cambridge, UK) diluted in blocking
solution. After washings, cells were incubated for 30 min in the dark with the secondary
antibody, 1:100 donkey anti-rabbit-alexa fluor 488 conjugated (Molecular Probes, Oregon,
USA), diluted in blocking solution. After several washes, cells were mounted with DAPI-
containing mounting solution (Vector, Peterborough, UK) and covered with cover slips. Plates
were kept at 4°C and taken for immunofluorescent evaluation (Olympus, NY, USA) at least
24 h after the staining procedure.
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Neural stem cell phenotypes—For quantitation of nervous system cell phenotypes, we
prepared dissociated cells derived from embryonic days E10, E11, E12, E13 and E14. After
cell attachment, we added 2 ml of enriched medium (contents described above) without growth
factors and the plates were returned to the incubator for 5 days, allowing the cells to
differentiate. Since all the primary antibodies (for neurons, astrocytes, and oligodendrocytes)
were from the mouse, it was important to stain for each individually, and not concurrently, in
an effort to avoid complications of interfering primary and secondary antibodies.

Identifying neurons—To identify neuronal phenotypes, cells were fixed using methanol
for 15 min then washed in phosphate buffered saline (PBS) and permeabilized with 0.25%
triton-containing PBS (PBST) for 10 min. Cells were washed and blocked with 1% BSA in
PBST for 30 min. Primary antibody was then administered, 1:1000 mouse IgG anti-β III tubulin
(Abcam) diluted in blocking solution, for 1 h at room temperature or overnight in a humid
chamber at 4°C. This was followed by washings and administration of the secondary antibody,
1:1000 goat anti-mouse IgG FITC conjugated (Abcam) diluted in 1% BSA-containing PBS,
for 1 h at room temperature in the dark. After washings, cells were mounted with DAPI-
containing mounting solution and coverslipped. Plates were kept at 4°C and taken for
immunofluorescent evaluation at least 24 h after staining.

Identifying astrocytes—For astrocyte staining, cells were fixed with methanol for 15 min,
washed in PBS and permeabilized with PBST for 10 min. Cells were then washed and blocked
using 1% BSA in PBST for 30 min. The antibody was then administered, 1:400 mouse anti-
GFAP-cy3 conjugated (Abcam) diluted in blocking solution, for 1 h at room temperature or
overnight in a humid chamber in 4°C. The remaining procedures were the same as for neuronal
staining. Because mouse anti-GFAP antibody is Cy3-conjugated, not requiring secondary
antibody, we employed this procedure in concert with anti-β III tubulin antibody staining,
effectively double labeling the cells.

Identifying oligodendrocytes—For oligodendrocyte staining, cells were fixed with 4%
formaldehyde (Gadot, Netanya, Israel) for 10 min, then washed in PBS and blocked with 1%
BSA and 10% normal goat serum in PBS. (In cases where oligodendrocyte staining was carried
out on the same sample as neuronal and/or astrocyte staining, 4% formaldehyde and not
methanol was used for fixation.) Cells were then washed and primary antibody was
administered, 1:50 mouse IgM anti-O4 (Chemicon, Temecula, CA, USA) diluted in PBS, for
1 h in a humid chamber at 37°C. After washings, secondary antibody was administered, 1:500
goat anti-mouse IgM-rhodamine conjugated (Abcam) diluted in PBS, followed by the same
procedures as already described. The mouse anti-O4 antibody is IgM and the corresponding
secondary antibody is highly specific to IgM, allowing double labeling with the neuronal
marker, mouse IgG anti-β III tubulin.

Cell quantitation—The stained cells were mounted with DAPI-containing mounting
solution. Quantitation was done by a blinded observer, counting the differentiated cells in
random fields; the random fields were taken to be representative samples, and the number of
cells counted was used as the basis for calculating how many cells were on each entire plate.
Each plate was determined to have contained at least 300.

Preparation of cells for transplantation
In preparation for transplantation, 5–7 days-old cells in growth medium were sedimented as
already described. The medium was removed and the remaining pellet of cells was triturated
with 200 µl accutase (Sigma) and incubated for 10 min at 37 °C in 5% CO2 to dissociate the
spheres into single cells while minimizing cell death [51]. The cells were then triturated and
washed with 5 ml PBS, and sedimented as before. The pellet was resuspended in 1 ml of 2 µM
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CM-Dil cell tracker (Invitrogen) in PBS and the cells were incubated for 5 min at 37 °C, and
then for 15 min at 4 °C [25]. The cells were triturated and washed with PBS and counted.

Posthatch intracerebral transplantation
For posthatch transplantation, chicks were immobilized in a wooden box and the head plumage
was wet in order to see the brain through the semi-transparent skin and uncalcified skull.
Xylazine was used for analgesia. The survival rate was 100%. The injection was performed
using a customized 10 µl syringe (Hamilton, Bonaduz, Switzerland) fitted with a fine needle
(26G) to which a stop was added so as to limit penetration to a maximum depth of 4 mm[19].
The needle was held in place for at least 3 sec after the injection [19,38]. Each chick received
a single injection of 50,000 cells in 5 µl PBS.

IV transplantation in E13 chick embryos
Eggs containing E13 chick embryos were briefly removed from the incubator and carefully
cut from the blunt end in order to reveal the air cell and the blood vessels attached to the chorio-
allantoic membrane. Each embryo received a single IV injection of 400,000 cells in 100 µl
PBS using a 30G needle, according to a previously described procedure [49]. After
transplantation, the cut was covered with transparent adhesive tape and the eggs were returned
into the incubator until E19.

Immunohistochemistry
Chicks were perfused 24 h, 6 days and 14 days post-transplantation using an established
protocol [1]; each chick was anesthetized with an intraperitoneal injection of 80 mg/kg
pentobarbital and perfused transcardially with 4% formaldehyde. The brain was removed and
placed in 4% formaldehyde for 24 h, then transferred to 30% sucrose in PBS for 48–72 h. Each
brain was then frozen in isopentane (Sigma) and liquid nitrogen and stored at −80°C. For E19
chicks receiving IV transplants, brains were immersion-fixed in 4% formaldehyde and
subjected to the same subsequent procedures.

Frozen, fixed brains were sunk in OCT Optimal Cutting Temperature compound (Sakura
Finetek, CA, USA) and returned to −80°C for at least 1 h. The relevant sections of the brains
were then cut serially in the cryostat (Leica, Wetzlar, Germany) into 10 µm thick slices; three
sections out of every 10 were mounted on slides (Fisher Scientific, Schwerte, Germany). Slides
were kept at −80°C until examined.

Slides were defrosted for 1 h at −20°C followed by 30 min at room temperature, and then were
mounted with DAPI-containing mounting solution to allow for recognition of the brain regions
to which the transplanted cells migrated. Slides were observed (blind test) under a fluorescent
microscope to detect CM-Dil-labeled cells.

Results
E10 derived cells form nestin-positive neurospheres

To characterize cell growth and proliferation, cells derived from cerebral hemispheres of E10
chick embryos were grown for 5–7 days with EGF and FGF2. The cells stained positively for
nestin, a neural progenitor and neural stem cell marker. This demonstrated that these cells
indeed have the potential for developing into more than one phenotype (Figure 1).

Of the plated cells, 0.5% survived, divided and formed clusters by day 2, which then grew into
neurospheres by days 3 and 4 (Figure 2).
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Optimizing the derivation day
In order to establish the preferred embryonic derivation day, cells were obtained at different
embryonic developmental stages. E10, E11, E12 and E13 cells formed neurospheres and
differentiated into the three basic cell types, neurons, astrocytes and oligodendrocytes, with
the majority of cells showing differentiated phenotypes: 74% for E10, 76% for E11, 95% for
E12 and 79% for E13. With the progression from E10 to E13, increasing proportions of the
cells differentiated into glial cells rather than neurons (Figure 3). E14 cells did not form
neurospheres, and showed little cell survival or cell attachment to the surface of the flask. Some
of the surviving cells grew processes within 3–4 days. Accordingly, E14 cells were not
examined further, since these characteristics do not match a common neural stem cell form.
Although significance levels could not be calculated, due to the number of brains used, the
earliest stage (E10) appeared optimal for survival and differentiation into neurons and was
therefore chosen for most of the other evaluations.

Both EGF and FGF2 are required for optimal growth
In order to determine the optimal environment for cell survival and differentiation, E10 cells
were incubated with or without EGF and/or FGF2. Daily counts of viable cells indicated that
the presence of both EGF and FGF2 was required for maximal cell growth as represented by
the 100%-line in Figure 4. By itself, neither growth factor was as effective in promoting cell
survival as the combination; EGF alone had a small promotive effect, while FGF2 alone did
not improve on, and even appeared to decrease survival compared to the control level.

Neurospheres differentiate in vitro into all three types of neural cells
E10 cells were attached to Petri dishes and allowed to differentiate for 5 days without growth
factors. Quantitation of the dissociated spheres revealed that 74% of E10 cells differentiated
in 5 days and then stained positively for neurons (β III tubulin) (Figure 5A,B,E–G), astrocytes
(GFAP) (Figure 5C,E,F) and oligodendrocytes (O4) (Figure 5D,G). Cells migrated out of the
neurospheres, grew processes as they differentiated and connected with other cells and
neurospheres. Differentiated cells were extremely branched, especially neurons and astrocytes.
All plates were additionally stained with DAPI, which marks cell nuclei, showing that the
phenotype staining indeed highlighted elements of cell bodies.

Cerebral transplantation of neural stem cells in posthatch chicks
In order for neural stem cell cultures to be useful for transplantation, they have to survive in
vivo [4,6,12,16,24,45,50], as well as finding the right target zone, and then once there, they
need to proliferate and replace damaged cells [8]; alternatively they can release cytokines and/
or evoke cytokine release from the host tissue that leads to proliferation of endogenous neural
precursors [6,9,14,18,32]. The administration of neural stem cells led to the presence of
detectable, viable transplanted cells; At 24h post-transplantation, transplanted cells were seen
along the left lateral cerebral cortex, around and in the left lateral ventricle, meaning that the
cells survived and also migrated after the transplantation (Figure 6A–C). After 6 days,
transplanted cells were seen mainly around the left lateral ventricle (Figure 6D,E). At 14 days
post-transplantation, cells were not only located in the left cerebral cortex but also migrated to
the right cerebral cortex (Figure 6F). It is clear, then, that the transplanted cells survive and
migrate in the brains of chicks for at least 14 days after transplantation. Quantitation of the
number of surviving cells showed about 8000 at 24h, declining to 2500–4000 at 6 to 14 days.

IV transplantation of neural stem cells in the chick embryo
IV administration of neural stem cells is beginning to emerge as a strategy to make delivery
of these cells less invasive [26,35–36,49]. Here, we injected cells directly into the blood vessels
of the chorio-allantoic membrane on E13, a day shown as optimal after preliminary studies,
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with the objective of determining if the cells could indeed reach the brain. Evaluations on E19
showed definitively that the cells reached the third ventricle (Figure 7), with average of 1300
cells surviving in that brain area 6 days after IV administration.

Discussion
The current study presents an avian (chick) model for neural stem cell derivation and
transplantation, the first step toward developing this model for the amelioration and reversal
of the adverse effects of neuroteratogens or neurodegenerative disorders. We established a
procedure for deriving neural stem cells from the chick embryo and confirmed their survival
and growth in culture, their differentiation into neurons, astrocytes and oligodendrocytes, and
the role of specific growth factors in proliferation, survival and differentiation. We further
demonstrated the survival of neural stem cells and their migration in the brain after posthatch
intracerebral administration, or even after IV administration. These findings thus encompass
ages at which imprinting behaviors can be assessed to determine the reversal of
neurobehavioral teratogenesis [17,29] as well as later behavioral indices [20,27]. It should be
noted that the surviving cells did not promote tumor growth.

The undifferentiated cells that proliferated in vitro were nestin-positive, identifying them as
neural stem cells [30] (Figure 1). It follows that undifferentiated E10-derived cells from chick
cerebral hemispheres are not pluripotent; they are committed to a neural lineage, namely
neurons, astrocytes and oligodendrocytes, as was demonstrated after removing growth factors
from the culture. This specificity further supports them as good candidates for neural stem cell
transplantation, since therapeutic actions are optimal when cells are not fully differentiated,
but yet are differentiated enough to avoid forming tumors, as is the case with totipotent stem
cells [53].

The cells were seeded 10,000,000 per flask, and while most cells differentiated and died, each
surviving progenitor is to be assumed to have formed a single sphere. Once the spheres
stabilized in number, though they continued to grow in size, an average of about 50,000 spheres
were seen per flask – a 0.5% survival rate, indeed in accordance with earlier work [5] where
we found that 0.5% of E10 cerebral hemispheres-derived cells survived and proliferated in the
presence of growth factors. The neural stem cells proliferated best in the presence of both EGF
and FGF2, which suppress differentiation in favor of maintaining mitotic activity [15]. Thus,
as in rodent models [5,41], growth factors can be supplied to promote cell replication so as to
optimize yield, and can then be removed to permit differentiation into neural phenotypes.
Further, we found that deriving the cells at different stages led to preferential expression of
specific phenotypes, with predominance of neurons at earlier stages and astrocytes at later
stages; this means that the cultures can be manipulated so as to optimize the differentiation fate
of the neural stem cells to target specific cell types as required to offset a given defect.
Neurodegenerative disease models [16,50] may benefit more from E10-derived cells which
show greater neuronal differentiation, whereas glia-related disease models [40] may benefit
from cells derived on later days. However, E14-derived cells did not form neurospheres, but
were seen attached to the surface of the flask, some of which grew processes within 3–4 days
post plating. It follows that from E14 the embryonic CNS is almost entirely differentiated, in
accord with earlier conclusions [13], and are thus not suitable for transplantation.

For our purposes, then, E10-derived cell cultures would seem to be optimal for repairing the
defects elicited by prenatal exposure to neurotoxicants, since they should be able to replace
damaged neuronal circuits and restore behavioral function [17].

Transplanted neural stem cells survived well in chicks’ brains, well into the posthatch period
and spanning ages at which behavioral tests can reveal the efficacy of this treatment in restoring
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function after developmental injury [20,27]. Extrapolating from other models [6], it is likely
that the survival of transplanted neural stem cells extends far beyond the posthatch period
studied here, which would certainly be required if neural stem cells are to be used to replace
neurons and restore damaged circuits in neurodegenerative disorders [8,11,46]. However,
direct neuronal replacement is not the only way in which these transplants may be effective.
Exogenously-administered neural stem cells also produce a trophic effect, enhancing the
production of endogenous neural precursors in the damaged brain [6,14]. These indirect effects
have been shown to account for the correlation between endogenous hippocampal cell
proliferation and restoration of cognitive function [10,22]. Consequently, the fact that the
neural stem cells transplanted into newly hatched chicks not only survived but also migrated
to other areas in the host brain, raises the likelihood that trophic actions may be exerted even
if the damage is diffuse rather than restricted to a single brain region. Indeed, transplanted CM-
Dil labeled cells were found throughout the cortex and the lateral ventricle, some even reaching
the contralateral hemisphere.

Minimizing immunological rejection is a major goal in neural stem cell transplantation.
Inactive hematopoietic precursor cells are present in the chick embryo and yolk sac from E2,
natural killer cells from E8, B cells from E12, macrophages from E15 and T cells from E16
[43]. The chick’s own antibodies begin to function by posthatch day 21, although there is
limited activity derived from maternal antibodies for the first 3 weeks posthatch [55].
Therefore, there is a window of almost total immunologic passivity until E16 and relative
immunologic privilege for 3 weeks posthatch, which provides an opportunity for
transplantation; this is another important advantage of the chick model. Further, as seen here,
chick-derived neural stem cells do not lead to tumor formation, another major disadvantage
noted with many stem cell models. The final advantage of the avian model is the potential to
administer the neural stem cells non-invasively, via IV injection; this certainly is a promising
feature for potential clinical application of transplantation.

Although fewer cells were found in chicks' brains when using IV administration when
compared to direct cerebral transplantation, they were still seen in large numbers, and there is
clearly great potential for improving this method as was shown in the rodent [35–36]. Our
results are paralleled in the rodent model, where IV transplanted cells similarly can reach the
damaged CNS [35–36] and elicit physical and neurobehavioral improvements.

The transplanted cells were identified in the host brain using Dil cell tracker. Concern was
raised regarding the validity of Dil staining, because transplanted cells that die in the host brain
may transfer the stain to the host cells [23,39]. Conditions of these studies were entirely
different from ours: the Dil concentration was 10–40 times higher than ours and the sources
of the transplanted cells were human cord blood cells and cells used in bone tissue engineering.
Nevertheless, to be sure that the Dil transfer shown in these studies is not relevant to our
investigation, we added in a recent study [7] a control group transplanted with Dil-labeled adult
cortical cells, destined to die in the host brain. No labeled cells were found in the host brains
of this group, demonstrating that the marker does not transfer from dead cells post
transplantation to host cells under the relevant parameters (our cell type and Dil concentration).
The specificity of our Dil labeling is further enhanced by the fact that adult neural stem cells
derived from the subventricular zone were easily visualized in the host brain [7].

In summary, we devised a chick model for the derivation of neural stem cells, their
differentiation into specific neural phenotypes, and their transplantation into the brain, laying
the groundwork for future testing of therapies to reverse defined neurobehavioral and
neurodevelopmental defects [17]. Derivation of the cells is optimal on E10, a stage which
fosters differentiation into neurons, and transplantation is effective even whether cells are
delivered via IV or direct intracerebral administration. By delaying the embryonic age at which
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cells are derived, the model can potentially be applied to reversal of glia-related diseases as
well. The model, which is simple and easily provides large numbers of subjects both for
deriving neural stem cells and for testing their ability to reverse the consequences of injury,
can be utilized readily for rapid screening of toxicants and reversal strategies, and can thus
work in concert with established, but more cumbersome rodent models. The potential for this
model to actually reverse neurobehavioral defects is the next step in our research.
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Abbreviations

ACh acetylcholine

BSA bovine serum albumin

CNS central nervous system

DAPI 4',6-diamidino-2-phenylindole

E embryonic day

EGF epidermal growth factor

FGF2 basic fibroblast growth factor

IMHV intermedial part of the hyperstriatum ventrale

IV intravenous

NSC neural stem cells

PBS phosphate-buffered saline

PBST PBS containing 0.25% triton
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Figure 1. Undifferentiated E10 neurospheres are nestin+
Immunofluorescent staining for nestin as a neural stem cell marker. E10 cells formed
neurospheres that were attached to Petri dishes on day 5.
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Figure 2. E10 cells gradually form neurospheres
Phase-bright micrographs showing progressive growth of cells into clusters during the first
days in culture with EGF and FGF2. (A) E10 cells at plating day (day 1) are separated into
single cells. (B) E10 cells on day 2 have formed clusters of 5–15 cells. (C) E10 cells at day 3
show the formation of bigger, non-rounded clusters. (D) E10 cells at day 4, after being re-
plated on day 3, form bigger and rounder clusters. (E) E10 cells at day 5 have grown into round
neurospheres. Scale bar 50µm; applies A–E.
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Figure 3. Cultures derived from different embryonic days display diverse differentiation patterns
E10, E11, E12 and E13 cells were grown in the presence of EGF and FGF2, dissociated into
single cells, attached to Petri dishes and allowed to differentiate for 5 days without growth
factors. Each plate was stained for a different cell marker; β III tubulin for neurons, GFAP for
astrocytes and O4 for oligodendrocytes. The number of differentiated cells on each plate was
blind counted as percentage out of the total number of cells counted on that plate, marked by
DAPI nuclear stain. The sum of the percentages from each plate was used to calculate the total
differentiation rate, and the presented data are percentage out of the differentiated cells. Data
are mean of 3–5 plates. As derivation day progressed, fewer neurons were formed and more
astrocytes emerged. Beta3T, β III tubulin; GFAP, glial fibrillary acidic protein.
Every embryonic day (E) represents one derivation, 3–5 Petri dishes per derivation.
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Figure 4. E10 cells grow best in the presence of both EGF and FGF2
Daily counts of viable cells using trypan blue in the presence of either EGF or FGF2, both or
none. 107 E10 cells were plated on day 1. Exposure of cells to EGF, FGF2 or none resulted in
lower number of spheres compared with the group exposed to both growth factors. Data are
presented as percent of living spheres compared to both EGF and FGF2 (the 100% line). EGF,
epidermal growth factor; FGF2, basic fibroblast growth factor. The line representing EGF
+FGF is an average of three derivations; all other lines represent percentage survival of only
one derivation (not an average).
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Figure 5. E10 neurospheres differentiate into neurons, astrocytes and oligodendrocytes
E10 neurospheres were grown for 5 days with EGF and FGF2, then attached to Petri dishes
and allowed to differentiate for 5 days without growth factors. Cells differentiated into (A,B)
neurons (β III tubulin, green), (C) astrocytes (GFAP, red) and (D) oligodendrocytes (O4, red).
Nuclei were stained using DAPI (blue). (E,F) Triple labeling of β III tubulin, GFAP and DAPI.
(G) Triple labeling of β III tubulin, O4 and DAPI. GFAP, glial fibrillary acidic protein; DAPI,
4',6-diamidino-2-phenylindole.
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Figure 6. Intra-cerebrally transplanted Neural stem cells survive and migrate in the posthatched
chick brain for at least 14 days
CM-Dil labeled single cells were transplanted intra-cerebrally into 24h-old chicks and the cells
were tracked 24h (A–C), 6 days (D,E) and 14 days (F) post transplantation. (A) Transplanted
cells migrated and seen along the left cerebral cortex 24h post transplantation. (B) Transplanted
cells migrated and seen around the left ventricle 24h post transplantation. (C) Transplanted
cells migrated and seen inside the left ventricle 24h post transplantation. (D,E) Transplanted
cells are seen around the left ventricle 6 days post transplantation. (F) Transplanted cells are
seen along the left cerebral cortex 14 days post transplantation. (G) Quantification of in vivo
cell survival 24h, 6 days and 14 days post transplantation. Transplanted cells – red (CM-Dil).
Nuclei – blue (DAPI). h, hours Every bar represents two brains (total of 6). Error bars indicate
SEM.
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Figure 7. IV transplanted neural stem cells in the chick embryo migrated to its brain and survived
for at least 6 days
CM-Dil labeled single cells were IV transplanted into E13 chick embryos and the cells were
tracked in E19 chick embryos’ brains. Transplanted cells have migrated along the blood vessels
and reached the third ventricle of the chick embryos’ brains.
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