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Abstract It is generally believed that during development, neurons are usually produced in excess.
Cell death occurs in the developing nervous system. The survival of the developing neurons depends
on many factors derived from the target sites, of which the neuronal trophic factors are by far the
best known. Stem cell factor (SCF) and its receptor, c-kit, is expressed in cells of nervous system
during development and adulthood. Although the role of SCF/c-kit in the nervous system is so
far not clear, in vitro studies indicate that SCF/c-kit is trophic to certain neurons derived from neu-
ral crest and cerebral cortex. In this study the effects of anti-c-kit antibody on cell death in the new-
born chick cerebral cortex have been investigated. Injection of anti-c-kit antibody into the cisterna
magnum increased the number of cell death and resulted in thinning of the cerebral cortex as com-
pared to that from the control group. It is concluded that SCF/c-kit is essential for cortical progen-
itor cell survival in the cerebral cortex. Moreover, this method may be applied to the other factors
and different CNS regions, allowing identification of factors involved in cell death. It additionally
re-emphasizes the importance of further investigations into the potential roles of SCF/c-kit signal-
ing in neurodegenerative diseases.
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Little is known about regionally specific signals that control
the number of neuronal progenitor cells in vivo. The central
nervous system (CNS) of vertebrates originates from neuroep-
ithelial cells located within the germinal epithelium lining the
dorsal portion of the telencephalic vesicles give rise to the cere-
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bral cortex (Bayer and Altman, 1991). Several trophic factors
have been identified in the CNS, many of which may become
useful tools in neural repair strategies. Some of these factors
regulate multiple functions in the developing brain, including
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cellular proliferation, migration, differentiation and survival
(Bajetto et al., 2001).

Stem cell factor (SCF) also named kit ligand, steel factor
(SLF). Its receptor, encoded by the proto-oncogene, c-kit, is
a member of the class III family of intrinsic tyrosine kinase
growth factor receptor. Both SCF and c-kit mRNAs are
expressed in cells of the nervous system during development
and in adulthood (Manova et al., 1992; Kim et al., 2003).
c-Kit is expressed in neural stem cells and in their differenti-
ated progeny (Erlandsson et al., 2004). During embryonic
development, SCF mRNA is detectable in neural tube as early
as at mouse embryonic day 9.5 (Keshet et al., 1991). In the
adult nervous system, high level of SCF transcripts was found
in the thalamus, cerebral cortex and cerebellum (Zhang and
Fedoroff, 1997).

SCF/c-kit is important in the proliferative maintenance of
retinal stem cells (James et al., 2004) and it is also a survival
factor in vitro (Dolci et al., 1991; Erlandsson et al., 2004).
The receptor for SCF, which possesses similarity to c-fms,
the receptor for colony stimulating factor-1 (CSF-1), and to
the platelet derived growth factor receptor (PDGF-R). Acti-
vation of c-fms by CSF-1 elicits neuroprotection, implying
this family of receptors may protect against cellular stressors
in the central nervous system (CNS), a finding supported by
the ability of PDGF-R to protect against ischemic injury in
both rodent and in human brains (Zhang and Fedoroff,
1999). The functional importance of the ligand—-receptor com-
plex is not well defined in the CNS. c-Kit knockout mice ex-
hibit abnormalities in learning and memory (Motro et al.,
1996; Katafuchi et al., 2000), suggesting potentially important
roles for SCF/c-kit in normal brain physiology. In culture, re-
combinant SCF supports the survival of rat and chick neu-
rons which express c-kit receptor (Hirata et al., 1993).
Therefore, SCF may act as a neurotrophic factor for c-kit
expressing neurons.

During embryonic development, the neural tube is formed
by an epithelial wall, the neuroepithelium, surrounding a
cavity, which is filled with cerebrospinal fluid (CSF). It is
secreted by the choroids plexuses and contains growth factors
(Nicholson, 1999). It has been shown that CSF is important
in the survival, replication and differentiation of neuroepithe-
lium, probably by the presence of cytokines and/or growth
factors in its composition (Gato et al., 2004; Salehi and
Mashayekhi, 2006; Mashayekhi and Salehi, 2006). It was
shown that these molecules in the CSF can enter the brain
tissues (Nicholson, 1999). Upon secretion into the ventricles
peptides, growth factors and other macromolecules are con-
veyed by CSF bulk flow to various regions of the brain and
spinal cord. This convective distribution of peptide signal and
trophic factors places many neurons in contact with the prod-
ucts and secretion of the choroid epithelial cells (Johanson
et al., 2000). Many of these peptides are secreted by the fetal
choroid plexuses to provide trophic support for the developing
brain (Miyan et al., 2003).

We have previously shown that infusion of anti-NGF anti-
body into the CSF of chick embryo leads to decrease cell pro-
duction in the cerebral cortical germinal epithelium
(Mashayekhi and Salehi, 2007). In this study, the effects of
intracisternal administration of anti-c-kit antibody on neural
cell survival using a specific neutralizing antibody were
investigated.

2. Materials and methods

2.1. Animals

Fertile white Leghorn eggs were incubated at 38 °C in a
humidified atmosphere to obtain chick embryos at different
developmental stages. After birth the anti-c-kit antibody
(Abcam, Cambridge, UK) was administered intracranially
via the cisterna magnum. Vehicle solution containing 0.4%
trypan blue dye was injected to assess distribution. Groups
of 10 one-day chicks received IgG vehicle (control group) or
anti-c-kit antibody (4 pg/chick, three repeats, n = 27). After
injections, the chicks were allowed to survive for another
2 days. All the anti-c-kit antibody injected and control chicks
were collected after euthanasia by intraperitoneal injection of
an overdose of anesthetic (sodium pentobarbitone) and the
brains were removed and processed as described. The heads
were fixed in 4% paraformaldehyde in phosphate buffered sal-
ine (PBS) at pH 7.3 for 24 h. They were dehydrated in ascend-
ing concentrations of ethanol, embedded in paraffin (Merck,
Darmstadt, Germany) and cut in 5 pm-thick sections with a
microtome (Leitz, 1512, Germany)

All animal procedures were carried out in accordance with
the Animals (Scientific Procedure) Act, 1986.

2.2. Staining of the tissue sections

2.2.1. Hematoxylin—eosin staining

The sections were cleared in citroclear for 30 min and re-
hydrated with descending concentrations of ethanol (100%,
90%, 80%, 70%, and 50%) for 5 min each. They were left in
tap water for 5Smin and stained with hematoxylin (Sigma,
Poole, UK) for 2 min and washed in tap water for 10 min.
They were then dehydrated in ascending concentrations of eth-
anol and stained in alcoholic eosin (Sigma, Poole, UK) for
2 min. The sections were left in citroclears for 10 min and
mounted with coverslip using glycerine—albumin.

2.2.2. Terminal dUTP nick end labeling

The sections were incubated for 15 min in 30 mM Tris buffer
containing 2.5 mM CaCl, (proteinase K buffer), followed by
15 min incubation in 10 mg/ml proteinase K. The sections were
washed three times with distilled water and pre-incubated for
20 min in terminal transferase (TdT) buffer (30 mM Tris buffer,
140 mM sodium cacodylate and 1 mM cobalt chloride at pH
7.2), followed by incubation in 1 U/100 ul TdT and 1 U/
100 ul  biotinylated-d-UTP  (bio-11-dUTP) at 37°C for
60 min. The reaction was terminated by rinsing the slides in dis-
tilled water followed by 0.1 M phosphate buffered saline (PBS)
for 15 min. The sections were incubated for a further 2 h with
streptavidin conjugate with peroxidase (ABC complex) (Vector
Laboratories, Peterborough, UK) diluted 1:200 in PBS. The
reaction product was visualized with 0.05% Diaminobenzidine
(DAB; Vector Laboratories, Peterborough, UK) for 5 min.
Sections were dehydrated through ascending series of ethanol
and xylene. The stained sections were mounted using glycer-
ine—albumin (Sigma) and images were captured with a camera
fitted to a microscope. The number of dying cells was counted
using a microscope at 400x magnification.
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2.2.3. Double staining

In order to assess the type of TUNEL positive cells, the sections
were stained with either anti-neurofilament or anti-vimentin
antibodies, which stain neurons and glia, respectively. Sections
were incubated in 1% H>O, solution in PBS for 1 h in the dark
at room temperature to block endogenous peroxidase. Follow-
ing a rinse with PBS, the slides were incubated in 10% normal
serum in PBS for 1 h prior to flooding with primary antibody
diluted in 10% normal serum in PBS/Triton X-100. The
primary antibody was diluted in PBS/Triton X-100. Triton
X-100 or Tween was added to the PBS to facilitate the penetra-
tion of the antibody across the cell membrane. Overnight
immersion in primary antibody (anti-neurofilament antibody
or anti-Vimentin antibody) solution at 4 °C was followed by
washing in PBS and PBS/Triton X-100 three times (for 5 min
each times) and then flooding with Biotinylated horse anti-
rabbit and anti-mouse antibody (Vector laboratories, USA)
in a dilution of 1:200 in 10% normal serum in PBS/Triton
X-100 for 2h. Following a rinse in PBS three times (for
5 min each time), the sections were incubated in Avidin—Biotin
Complex (ABC) (Vector laboratories, USA), for 2 h at room
temperature. The sections were washed in PBS and PBS/Tween
three times (for 5 min each time). Finally they were stained with
diaminobenzidine (DAB) (Vector Elite Kits, USA) for 30 s. All
sections were washed with tap water for 5 min. Then the
sections were stained with TUNEL according to the method
described above and developed with DAB and mounted in glyc-
erine—albumin.

2.3. Statistical analysis

All values are expressed as mean + standard error of the mean
(SEM). In all experiments, a minimum of 27 measurements
(n = 27) were taken in order to calculate a mean + SEM.
The statistical significance was evaluated with the Student’s
t-test, and P values of less than 0.05 (P < 0.05) were regarded
as statistically significant.

3. Results

3.1. Analysis of the changes in the thickness of cerebral cortex

Coronal sections through the brains of control and anti-c-kit
antibody injected chicks were analysed to determine the effects
of anti-c-kit antibody on gross cortical morphology. The most
apparent difference was in the thickness of the cerebral cortex.

Figure 1

The thickness of the germinal epithelium and cerebral cortex in
the anti-c-kit antibody injected chicks was decreased when
compared to that from the control group. Statistical analysis
showed that the decrease in the thickness of the cerebral cortex
of the anti-c-kit antibody chicks was significant when com-
pared to that from the control group (n = 27) (Figs. 1 and
2) (P < 0.001). The reduction in the overall size of the cerebral
cortex demonstrates a significant effect of anti-c-kit antibody
on the growth of the cerebral cortex.

3.2. Cell death in the cerebral cortex of anti-c-kit antibody
injected and control groups

An explanation for decreased thickness of cerebral cortex
observed in anti-c-kit antibody injected chicks might be due
to increase in the number of cell deaths. In order to assess
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Figure 2 The thickness of the cerebral cortex (CC) and germinal
epithelium (GE) was measured in comparable coronal sections
from anti-c-kit antibody injected and controls. The brains were cut
at Spum on a microtome. There is a significant decrease in the
thickness of cerebral cortex and germinal epithelium when
compared to controls. In each of the experimental groups the
number of animals investigated was n = 27. Significance values
are shown as stars: three stars P < 0.001.

Coronal sections across the thickness of cerebral cortex from anti-c-kit antibody injected (a) and control (b). Abbreviations:

V = ventricle, GE = germinal epithelium, cc = cerebral cortex. Scale bar = 100 um.



264

F. Mashayekhi, L. Gholizadeh

® |

Figure 3 TUNEL stained sections across the thickness of the
cerebral cortex from the chick brain 3 days after hatching. The
brains were cut at 5Sum on a microtome. Arrows show the
TUNEL positive cells. Some TUNEL positive cells have been
shown by arrows. Scale bar = 30 pm.

the number of cell deaths, the sections were stained with TUN-
EL. Cells with morphological features of apoptosis could be
recognized easily in brain sections stained with TUNEL
(Fig. 3). These cells, scattered amongst numerous healthy cells,
were present throughout the cerebral cortex in all the sections
examined in this experiment. Analysis of TUNEL stained sec-
tions from antibody injected chicks and the control group
showed that the number of dying cells in the cerebral cortex
of anti-c-kit antibody injected group was increased when com-
pared to that from the control group. Statistical analysis
showed that there is a significant increase in the number of dy-
ing cells in the cortex of antibody injected chicks when com-
pared with controls (Fig. 4) (P < 0.001).

In order to identify the type of dying cells, the sections were
stained with either anti-neurofilament or anti-vimentin anti-
bodies followed by TUNEL staining. The result from double
staining has shown that the TUNEL positive cells are also
anti-neurofilament positive (Fig. 5). Thus it is concluded that
the TUNEL positive cells are neurons rather than glia.

4. Discussion

Neurons of both the developing and adult cerebral cortex ex-
press SCF and c-kit (Zhang and Fedoroff, 1997), although
the functions of SCF/c-kit in the CNS remain largely unex-
plored. Transgenic mice with a deletion of the c-kit gene dis-
play marked defects in learning and memory, suggesting an
important function in normal brain physiology (Katafuchi
et al., 2000). SCF and c-kit also may be involved in the re-
sponse to CNS damage, as both are up-regulated following
brain injury and are correlated with neurogenesis (Jin et al.,
2002), a mechanism for brain repair. Furthermore, the fre-
quent overexpression of c-kit in a number of malignancies,
including neuronal tumors, correlates with cellular survival
(Timeus et al., 1997; Vitali et al., 2003), further indicating
SCF/c-kit may enhance cytoprotection in a variety of cell
types, including neurons.

We have previously shown that normal CSF circulation is
important in neural cell proliferation and survival in developing
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Figure 4 The number of dying cells in the cerebral cortical
sections was counted. Sections were taken from day three after
hatching. Anti-c-kit antibody was injected on day one after
hatching. The brains were cut at 5 um on a microtome. In each of
the experimental groups the number of animals investigated was
n = 27. Significance values are shown as stars: three stars
P < 0.001.
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Figure 5 Higher magnification of double stained with both
TUNEL and anti-neurofilament antibody coronal sections through
the cerebral cortex of day three chick after hatching. The brains were
cut at 5 um-thick on a microtome. Scale bar = 25 pm.

chick cerebral cortex (Mashayekhi and Salehi, 2006; Salehi and
Mashayekhi, 2006). We have also shown that nerve growth
factor is an important factor in cerebral cortical development,
stimulating neuronal precursor proliferation (Mashayekhi and
Salehi, 2007). CSF contains growth factors and cytokines which
are known modulator of neurogenesis and differentiation
(Nicholson, 1999).

It has been demonstrated that components carried in the
CSF not only circulate rapidly through the CSF pathways,
but also have fast access to most regions of the brain itself, gain-
ing entry across the pia and ependymal layers through gap junc-
tions and by active transport or diffusion (Proescholdt et al.,
2000). It has been shown that some of the cells underlying epen-
dyma have processes passing between the ependymal cells that
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are in contact with the CSF (reviewed by Mashayekhi et al.,
2002).

In our study using neutralizing antibody suggests that SCF/
c-kit is an important factor in cerebral cortical development,
preventing neural cell death (Hirata et al., 1993; Jin et al.,
2002; Erlandsson et al., 2004; Dhandapani et al., 2005). Anti-
c-kit antibody, which recognizes protein, specifically blocks
c-kit activity and therefore increasing neural cell death.

It is proposed that the decrease of cerebral cortical thick-
ness in anti-c-kit antibody injected chicks is partly due to the
increase in neural cell death. In order to test this theory, the
brain sections from anti-c-kit antibody injected and controls
were stained with TUNEL. Injection of antibody may block
the activity of SCF/c-kit that is necessary for neural cell sur-
vival. The results of this study could have been anticipated
with some certainty given the findings of other studies that
have investigated the role of SCF/c-kit in cell survival.

This study using neutralizing antibody against c-kit sug-
gests that this SCF/c-kit is an important factor in neural cell
survival. The antibody recognizes native protein, specifically
blocks c-kit. In this study, we demonstrated that the neutraliz-
ing antibody specifically blocked survival effects elicited by c-
kit in the cerebral cortex.

5. Conclusions

It is concluded that SCF/c-kit is important for neural cell sur-
vival in the cerebral cortex. The elucidation of the neuropro-
tective action of c-kit in this study adds to a growing
literature suggesting a central survival role for this factor in
the cerebral cortex. It additionally re-emphasizes the impor-
tance of further investigations into the potential roles of
SCF/c-kit in neurodegenerative diseases.
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