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Abstract

We have previously demonstrated that receptors for hematopoietic growth factors, stem cell factor
(SCF) and granulocyte-colony stimulating factor (G-CSF) are expressed in the neurons and the
neural progenitor cells (NPCs) in adult rat brain, and systemic administration of SCF and G-CSF
in the first week after induction of cortical brain ischemia (3 hrs-7d post-ischemia) significantly
improve functional outcome, augment NPC proliferation, and reduce infarct volume in rats. The
purpose of the present study was to determine whether SCF and G-CSF pass through the blood
brain barrier (BBB) in intact rats. The growth factors were labeled with iodine (112°), a radioactive
compound. 1125-SCF and 1125-G-CSF were intravenously administered, and the concentrations of
1125_SCF and 1125-G-CSF in the blood plasma and the brain were determined at 10, 30, 60, and
120 minutes after injection. We observed that both SCF and G-CSF were slowly and continuously,
in the same rate, transported from the blood stream to the brain. In addition, both
immunofluorescent staining and western blots showed that receptors for SCF and G-CSF were
expressed in the capillaries of adult rat brain, suggesting that SCF and G-CSF entry to the brain
may be mediated via receptor-mediated transport, one of the endogenous transports in the BBB.
These data indicate that both SCF and G-CSF were able to pass through the BBB in intact
animals. This observation will help in further exploring the physiological role of peripheral SCF
and G-CSF in the brain and therapeutic possibility to chronic stroke.
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Introduction

SCF and G-CSF are essential hematopoietic growth factors. SCF (also termed master cell
growth factor, kit ligand, and steel factor) binds to its receptor, cKit, regulating diverse
biological functions such as hematopoiesis, gametogenesis and melanogenesis (Williams
and Lyman, 1991; Galli et al., 1994). G-CSF binds its specific receptor, GCSFR, controlling
proliferation, differentiation and maturation of the precursor cells of neutrophilic
granulocytes (Welter et al., 1996; Hartung, 1998). However, accumulating evidence has
demonstrated that SCF and G-CSF also participate in neuronal function, neurogenesis, and
neuroprotection. Transgenic mice with mutation of the genes encoding SCF and cKit show a
deficit in spatial learning and memory and long-term potentiation (Motro et al., 1996;
Katafuchi et al., 2000). cKit has been reported to be expressed in the neurogenic zones, and
intraventricular administration of SCF augments NPC proliferation and neuronal
regeneration (Jin et al, 2002). Kim et al., reported that G-CSF plays a role in proliferation
and differentiation of neural stem cells in vitro (Kim et al., 2004). Recently, neuroprotective
effects of SCF/cKit binding in cortical neurons were evidenced in an in vitro study
(Dhandapani et al., 2005). G-CSF has been shown to protect neurons from acute focal
ischemic injury in rats (Schabitz et al., 2003; Six et al., 2003, Shyu et al., 2004). Our early
studies demonstrated that receptors for both SCF and G-CSF existed in the neurons and
neurogenic regions in adult brain, and subcutaneous administration of SCF and G-CSF in
the acute phase of focal brain ischemia led to increase in NPC proliferation, reduction in
infarction size, and functional improvement (Zhao et al., unpublished observations). The
BBB is the barrier isolating the brain from the circulation system and limiting blood-borne
chemicals entry to the brain. During the acute phase of brain ischemia the BBB is
temporally disrupted, which leads to drugs penetrating to the brain. To further investigate
whether systemic injections of SCF and G-CSF will be of benefit to chronic stroke, in the
present study, we will determine whether SCF and G-CSF can cross the BBB in intact
animals.

Materials and Methods

The experiment for using animals in this study was approved by The Animal Care and Use
Committee at Northwestern University. All procedures were performed in accordance with
the standards of NIH guidelines for the care and use of laboratory animals.

Recombinant rat SCF and recombinant human G-CSF were provided by Amgen (Thousand
Oaks, CA, USA); and 112>-labeling was performed by MP Biochemicals, (Irvine, CA, USA).
Radiochemical purity of [12°1]-SCF (2.47 uCi/pg) and [12°1]-GCSF (2.47 MBg/mg) was
examined for purity by TCA precipitation, which was greater than 99% before use.

Thirty Sprague-Dawley rats (2 months old) were intraperitoneally anesthetized with
ketamine (40 mg/kg) and xylazine (5 mg/kg). Polyethylene catheters (PE-10) were inserted
into the femoral artery and vein for collecting blood samples and administering the
radioisotopes, respectively. Arterial blood pressure, blood gases, and body temperature were
monitored throughout the experiment. Heat lamps were used to maintain body temperature
close to 37 °C.
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Twenty to thirty puCi of [1221]-SCF (n=15) or [12°1]-GCSF (n=15) was injected into the
femoral vein as an intravenous bolus. Arterial blood samples were collected at 10, 30, 60,
and 120 min (n=3-4/time point/cytokine) after drug injection. Plasma was used for [12°1]
radioactivity counting by liquid scintillation counting with appropriate quench correction.
After collecting blood samples, the rats were sacrificed at 10, 30, 60, and 120 min (n=3-4/
time point for each cytokine). The rats were then decapitated, and the brains were removed
and stored at — 40°C. The brains were homogenized, and mixed with 3 times their weight in
saline after thaw. Aliquots of the brain samples were used for determination of tissue
radioactivity by liquid scintillation counting. The plasma and brain tissue radioactivity
counts were divided by the sample weights to give tissue radioactivity concentrations in nCi/
g. The plasma (Cp) and brain (Ap) radioactivity concentrations were used to determine the
influx constant according to a graphical method of analysis described elsewhere (Patlak et
al., 1983). With this method, the values of the integrated plasma activity divided by the final
plasma value are plotted against the tissue radioactivity value divided by the final plasma
value. An apparent K1 for each animal was also calculated using the equation

Am - ViCp(T)
ngdt . Vj presents the tissue plasma space and any rapidly equilibrating space,

with units of ml/g. C,, (T) is the final plasma value. Ky, the blood-to-brain tissue transfer
constant, was presented with a value of ml/g/min.

1=

Immunofluorescent staining, which has been described elsewhere (Zhao, et al., 2003), was
used for determining SCF and G-CSF receptor expression in the capillaries of rat brain.
Brain sections (cut by a cryostat, 10um thick) were collected from Sprague-Dawley rats (3
month old). The sections were fixed with 4% formaldehyde in phosphate-buffered saline
(PBS). After blocking nonspecific binding with goat normal serum, sections were incubated
with primary antibodies: rabbit anti-cKit or rabbit anti-GCSFR (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) over night at 4°C. After 2-hrs incubation with Cy3-
conjucted goat anti-rabbit (1:400, Jackson ImmunoResearch Lab, West Grove, PA, USA) in
dark, counterstaining was performed with DAPI (1:5000, Sigma, St. Louis, MO, USA).
Immunofluorescent staining was photographed with a fluorescent microscope (Nikon,
Eclipse TE 2000-S).

For western blots, adult rat brain microvascular endothelial cells (SV-40 cell line, gift from
Institute for Biological Sciences, Canada) were grown in M199 media contain 10% FBS.
The cells were harvested and lysed with RIPA buffer containing a protease inhibitor cocktail
(Pierce, Rockford, IL). Twenty micrograms proteins were loaded to 8% or 12% SDS-PAGE
polyacrylamide gel and transferred to a PVDF membrane (Bio-Rad, Hercules, CA).
Membranes were blocked with 5% non-fat milk and incubated with rabbit anti-c-Kit or
rabbit anti-G-CSFR polyclonal antibodies (1:200, Santa Cruz Biotechnology, Santa Cruz,
CA), followed by incubation with a peroxidase conjugated secondary antibody (Jackson
Immunoresearch, West Brove, PA). Bands were visualized by chemiluminescent substrate
(Pierce, Rockford, IL) according to the manufacturer's instructions. Immunoblotting with a
mouse anti-B-actin (Sigma, Saint Louis, MO) was used as internal control.

Results and Discussion

The present study demonstrated that both SCF and G-CSF crossed the BBB into the brain.
The rate of penetration for both SCF and G-CSF was similar and expressed in a slow and
constant manner. The influx constant (K1) of each growth factor was presented as line
graphs (Fig. 1 and Fig. 2-upper panel). For SCF, the data presented in Figure 1 was fit by an
equation with a slope of 0.000259 and an intercept of 0.021 (R? = 0.9695). For G-CSF, the
data presented in Figure 2 was fit by an equation with a slope of 0.000260, and an intercept
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of 0.0262 (R2 = 0.9889). When blood-to-brain transport of the growth factors was calculated
as the “apparent” K4 for individual animal (Fig. 2-lower panel), the influx constant (K;)
showed decrease over time, indicating the concentration of the growth factors in the blood
was the highest at the beginning of the experiments and decreased following time. Since
similar transport pattern was observed in both SCF and G-CSF, here only representatively
showed “apparent” K4 data for G-CSF (Fig. 2-lower panel).

Expressions of SCF and G-CSF receptors in the capillaries of brain were also observed in
adult rats. Immunofluorescent positive staining for cKit, receptor for SCF, was seen in the
cell membrane and/or cytoplasma of the cells in the capillary wall (Fig. 3C & D). GCSFR,
receptor for G-CSF, was expressed in the nuclei of the endothelial cells, and the staining was
colabeled with nuclear dye (DAPI) (Fig.3 A-B). Using Western blots, we also noted that
both cKit and GCSFR protein were expressed in adult rat brain microvasculer endothelial
cells (SV-40 cell line) (Fig. 3).

The BBB is a unique physical and enzymatic barrier that separates the brain from blood
circulation. The physical barrier is composed by a complex network of endothelial cells with
their tight junctions, astrocytes, pericytes, perivascular macrophages, and a basal lamina.
The enzymatic barrier of the BBB consists of abundant enzymes, which are capable of
metabolizing blood-borne drugs and nutrients (Witt et al., 2001, 2006). The BBB is
dynamically acting that permits nutrients to enter to the brain and neurotoxics and waste
products to exit. Generally, lipid solubility of small molecules with molecular weight less
than 400 Daltons free diffuse to the brain through the BBB (Levin, 1980). Nutrients and
larger molecules such as hormones, growth factors, enzymes, and plasma proteins need to be
transported to the brain via endogenous BBB transport system. Receptor-mediated transport
(RMT) is particularly directed to transporting endogenous peptides and proteins. Small
molecules such as Oy, CO,, NO, and H,O penetrate more rapidly. RMT is a highly specific
type of energy dependent transport; therefore, growth factors and proteins cross the BBB
that is slower than small molecules. In the present study, both receptors for SCF and G-CSF
were observed in the capillary wall of the brain. We postulate that slow penetration of both
SCF and G-CSF is associated with energy dependent RMT. However, precise mechanism
underlying RMT dependency for SCF and G-CSF needs further studies to elucidate.

SCF with molecular weight 45 kDa (Glaspy et al., 1996) and G-CSF with molecular weight
19.6 kDa (Hill et al., 1993) are important hematopoietic growth factors. G-CSF (Filgrastim)
is a Food and Drug Administration-approved drug for treatment of neutropenia (Nemunaitis,
1997). SCFCSF has been showed to have a synergistic effect on mobilizing bone marrow
stem cells in patients after chemotherapy (Facon et al., 1999; Stiff et al., 2000; To et al.,
2003). In the present study, we observed that both receptors for SCF and G-CSF were
expressed in the capillaries of the brain, and both of them crossed the BBB slowly at a
similar rate. We postulate that SCF and G-CSF are transported to the brain by RMT. Others
and we have previously demonstrated that receptors for SCF (cKit) and G-CSF (GCSFR)
were expressed in the neurons and neurogenic zones (Jin et al., 2002; Schneider et al., 2005;
Zhao et al., unpublished data). In vitro studies have shown that SCF (Dhandapani et al.,
2005) and G-CSF (Schneider et al., 2005) protect cortical neurons against exitotoxic lesion.
These findings suggested that endogenous SCF and G-CSF play a role in neurophysiology
and neuropathology. In an early study, we observed that systemic administration of SCF and
G-CSF in the acute-to-subacute phase of focal brain ischemia dramatically stimulated NPC
proliferation, reduced infarction volume, and ameliorated ischemia-induced neurological
deficits (Zhao et al., unpublished data). Many other studies have also shown that systemic
injections of G-CSF protected neurons from acute brain ischemia (Six et al., 2003; Schabitz
et al., 2003; Shyu et al., 2004; Zhao et al., unpublished data). Our current data showed that
SCF and G-CSF crossed the BBB in the intact animals, which implies that systemic
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administration of SCF and G-CSF to chronic stroke may also contribute to functional
restoration. SCF and G-CSF are naturally produced in the body to regulate hematopoiesis.
The present study may also provide information to help in further investigating the
physiological and pathological role of peripheral SCF and G-CSF in the central nervous
system and may also assist in developing a novel therapy to neurological disorders and
neurodegenerative diseases.
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Fig. 1.

Transportation of SCF from the blood to the brain. The linear slope of the line presents the
influx constant (Ky). Y-axe presents tissue plasma space (ml/g). X-axe shows a measure of
the plasma arterial integral over time (min). The data indicates that SCF is slowly and
continuously transported from the blood to the brain.
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Fig. 2.

Transportation of G-CSF from the blood to the brain. Upper panel: the linear slope of the
line presents the influx constant (K1) showing that G-CSF slowly and constantly enters into
the brain. Lower panel: G-CSF blood-to-brain transport is presented as an apparent K;. Note
that Kq appears to decrease over time, indicating the amount of the isotope in the blood
plasma is highest at the beginning of the experiments and decreases as time goes on.
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Fig. 3.

Receptors for SCF and G-CSF on the wall of brain capillaries. Representative brain sections
show that the walls of brain capillaries in the superficial layer of cortex express receptors for
G-CSF (A & B) and SCF (C & D). GCSFR, the receptor for G-CSF (red, in A & B), was
expressed in the nuclei (blue) of endothelial cells. Ckit, the receptor for SCF (C & D), was
detected in the cell surface and/or cytoplasma of the cells in the capillary wall. Upright panel
shows the results of western blots. Note: both cKit and GCFSR are expressed in adult rat
brain microvascular endothelial cells (SV-40 cell line). Inserts: the high power images of
indicated areas (arrows) in A-D. Bar in F (for A-D) = 20um.
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