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Mast cells are hematopoietic immune cells located throughout the body, including within the brain. Recon-
stitution of mast cell deficient KitW-sh/W-sh mice has proven valuable in determining peripheral mast cell
function. Here we study the brain mast cell population using a novel method of blood transfusion for recon-
stitution. We show that blood transfusion results in mast cells of donor origin in the WT mouse, including in
the brain where they are restricted to regions bearing host mast cells. In contrast, in KitW-sh/W-sh mice, trans-
fusion results in mast cells in the pinna of the ear, but not the brain.
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1. Introduction

Mast cells are hematopoietic immune cells and are located
throughout the body, including in the brain. The physiological func-
tion of peripheral mast cells has become better understood through
reconstitution of these cells in mast cell deficient (KitW-sh/W-sh).
Peripheral mast cell populations can be partially restored in
KitW-sh/W-sh mice by intravenous injection of wild-type bone
marrow-derived mast cells (BMMCs) (Grimbaldeston et al., 2005;
Wolters et al., 2005). The results of such studies implicate periph-
eral mast cells in host defense and angiogenesis (Mallen-St Clair
et al., 2004; Soucek et al., 2007; Liu et al., 2009). While peripheral
mast cell reconstitution serves as a powerful tool to examine mast
cell biology, the efficacy of central mast cell reconstitution is not
clear. BMMCs injected into mast cell deficient KitW-sh/W-sh mice
do not populate the brain (Grimbaldeston et al., 2005; Bennett
et al., 2009). In rat, mature donor peritoneal mast cells (PMCs)
injected intravenously cross the blood–brain barrier into the
brain parenchyma within 1 h (Silverman et al., 2000).

In normal physiology, mature mast cells are not found in the
blood. Rather, mast cell precursors circulate in the blood, enter tissues
and mature in their local microenvironment (Kitamura and Fujita,
1989; Chen et al., 2005). In the present study, we explore the possibil-
ity of adoptive transfer of mast cells by transplanting their precursors
via blood transfusion into wild-type (WT) and mast cell deficient
KitW-sh/W-sh mice using blood transfusion from Okabe mice. We
show that mature donor-derived mast cells are found in WT mice
within 2 weeks of transfusion, and remain resident there for at least
12 weeks: Their distribution coincides with the localization of resi-
dent host mast cells. In contrast, donor mast cells were not observed
in KitW-sh/W-sh host brain, but were seen in the pinna of the ear.

2. Materials and methods

2.1. Animals

Three lines of mice (Jackson Laboratories, Bar Harbor, ME)
were used in these studies: (1) C57BL/6 male WT, (2) mast cell
deficient C57BL/6-KitW-sh/W-sh mice (B6.Cg-KitW-sh/HNihrJaeBsmJ),
and (3) Okabe mice (C57BL/6-Tg (CAG-EGFP) 1Osb/J) that express
green fluorescent protein (GFP) in all tissues except erythrocytes
and hair (Okabe et al., 1997). Mice were housed in standard labo-
ratory cages with ad libitum food and water in a 12:12 light–dark
cycle at 22±1 °C. All procedures were approved by the Institu-
tional Animal Care and Use Committee at Columbia University.

2.2. Adoptive transfer

Whole blood transfusion from Okabe to WT and KitW-sh/W-sh mice
was performed. Blood (0.2 ml/mouse) was collected from anesthetized
Okabemice (n=5) by cardiac puncture using a heparin-coated syringe,
and immediately injected into the carotid artery of recipientWT (n=5)
or KitW-sh/W-sh mice (n=4). WT controls (n=2) were injected with
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saline using a heparin coated syringe.WTmicewere perfused 2 (n=2),
4 (n=1), 8 (n=1) or 12 (n=1) weeks following transfusion.
KitW-sh/W-sh mice were perfused either 2 (n=2) or 12 (n=2) weeks
following transfusion and immunohistochemistry (IHC) for avidin and
GFP was performed.

2.3. Immunohistochemistry

Mice were anesthetized with sodium pentobarbital (200 mg/kg)
and perfused with 4% paraformaldehyde. Brains and ear pinna were
post-fixed, cryoprotected and then cut into 50 μm thick coronal sec-
tions on a cryostat (Microm HM 500).

IHC was performed on every other brain section throughout the
diencephalon as previously described (Silverman et al., 2000) with
an antibody against GFP [rabbit anti-GFP (1:10,000 for 48 h,
#A6455, Molecular Probes, Carlsbad, CA) and CY2 conjugated donkey
anti-rabbit (1:200 for 2 h, Jackson Immunoresearch, West Grove, PA)]
and CY3 conjugated egg white avidin to label mast cells (1:500 for
2 h, Jackson Immunoresearch). Immunoreactivity was visualized
using a fluorescent microscope (Nikon Eclipse E800) equipped with
filter cubes to detect CY2 and Texas Red. Images were captured with
a Q-Imaging Retiga EXi camera and software (Quantitative Imaging,
Surrey, BC, Canada).
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Fig. 1. Staining for mast cells and donor cells is shown in WT mice transfused with Okabe blo
bars, 30 μm.
To label mast cells, toluidine blue staining was performed on slide-
mounted sections of ear pinna, as previously described (Asarian et al.,
2002). Briefly, slides were washed in 60% EtOH for 2 min, stained
with metachromatic acidic toludine blue (TB; Sigma, St. Louis, MO)
for 10 min (4 mg/ml TB in 60% EtOH, pH=2.0), washed briefly in dis-
tilled water, then dehydrated through a series of ethanols (50% for
15 s, 70% for 45 s, 2×95% for 1 min, 2×100% for 1 min) then cleared
in Citrasolv (3×5 min) and coverslipped with Permount.

3. Results

3.1. Blood transfusion results in donor mast cells in the brain of WT,
but not KitW-sh/W-sh mice

Host mast cells, identified by avidin and lack of GFP, were localized
in the diencephalic and hippocampal parenchyma as well as choroid
plexus and meninges of WT mice (Fig. 1a). Donor cells identified by
expression of GFP, were found throughout the brain of WT mice fol-
lowing whole blood transfusion (Fig. 1a), but not in saline-injected
WT controls (Fig. 1b). Donor mast cells, identified by expression of
both GFP avidin, were found in the brains of WT mice from 2 to
12 weeks following blood transfusion. There were no differences in
the number or distribution of donor cells or donor mast cells among
r cells
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Fig. 3. Number of host mast cells, donor mast cells, and unidentified donor non-mast
cells in WT mice transfused with Okabe blood.
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time points following transfusion; therefore, the data from all time
points were combined for the remainder of analysis.

Transfused mast cells (GFP+avidin+) were found only in brain
areas that contained host mast cells (GFP− avidin+; Fig. 2). In con-
trast, unidentified donor cells (GFP+ avidin−) were observed
throughout the brain including in regions where mast cell occur infre-
quently, such as the cortex (Fig. 3).

In host KitW-sh/W-sh mice, unidentified donor cells (GFP+ avidin−)
were found in the brain at both 2 and 20 weeks following blood transfu-
sion, but none were mast cells (Fig. 1c). The distribution of unidentified
donor cells in KitW-sh/W-sh mice was similar to that seen in the WT
mouse brain. There were no differences in the distribution of GFP+
cells from 2 to 20 weeks following transfusion. GFP+ cells were found
in the cortex, thalamus, hypothalamus and meninges and choroid
plexus (Fig. 4).

As a control tissue, the skin of the ear pinna of mice was examined
for the presence of mast cells following blood or saline transfusion
(Fig. 5). Following saline transfusion, mast cells were present in the
ear pinna of WT (Fig. 5a), but not KitW-sh/W-sh mice (Fig. 5b). In con-
trast, following whole blood transfusion, mast cells were found in
the ear pinna of KitW-sh/W-sh mice (Fig. 5c,d).
bregma-0.1mm

bregma-1.58mm

bregma-3.08mm

Fig. 2. The distribution of host mast cells (red), unidentified donor cells (green), and donor
atlas sections (Paxinos and Franklin, 2004).
4. Discussion

Mast cells leave the bone marrow and circulate in the blood in an
immature state before entering tissue where they mature (Kitamura
bregma-0.82mm

bregma-2.30mm

bregma-3.40mm

mast cells (blue) in WT mice transfused with Okabe blood is shown on representative
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Fig. 4. The distribution of unidentified donor cells (green) in KitW-sh/W-sh mice transfused with Okabe blood is shown on representative atlas sections (Paxinos and Franklin, 2004).
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and Fujita, 1989). Using whole blood, the present results show that
donor mast cells from Okabe mice occur in the brain of WT mice as
early as 2 weeks, and as late as 12 weeks following transfusion. This
is the first demonstration of whole blood transfusion as a method of
adoptive transfer to introduce donor mast cells into host tissue, and
may prove useful in studies of mast cells.
a b

Fig. 5. Staining for mast cells with toluidine blue is shown in the ear pinna of a WT mouse (a
following whole blood transfusion (c). A high-power image of one mast cell found in the
(d). Scale bar 30 μm (a–c); 3 μm (d).
Our studies show that whole blood transfusion, a novel method
for reconstitution, results in appearance of donor mast cells in the
WT mouse brain. However, following comprehensive analysis of the
entire diencephalon andmesencephalon, we confirm less detailed an-
alyses of the cns by others, using different procedures, that brain mast
cells are not reconstituted in KitW-sh/W-sh mice, We further show that
c d

), KitW-sh/W-sh mouse following saline transfusion (b), and mast cell deficient mouse
ear pinna of a KitW-sh/W-sh mouse following whole blood transfusion is also shown
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this failure does not arise from their inability to migrate and mature
in KitW-sh/W-sh mice, as mast cells are found in the ear pinna of
these animals following whole blood transfusion. Additionally, uni-
dentified non-mast cells of donor origin were found in the brain of
KitW-sh/W-sh mice following blood transfusion, suggesting that migra-
tion of cells to the brain is not impaired. Although these unidentified
cells were not examined in the present study, they may include
microglia, dendritic cells and T-cells (Geissmann et al., 2003).

The lack of donor mast cells in the brain of KitW-sh/W-sh mice is
consistent with results from other studies which used intravenous
injection of BMMCs into KitW-sh/W-sh mice and also W/Wv mice, an-
other mast cell deficient strain (Tanzola et al., 2003; Grimbaldeston
et al., 2005; Bennett et al., 2009). However, intravenous injection of
BMMCs does repopulate mast cells in peripheral tissues of mast cell de-
ficient KitW-sh/W-sh and W/Wv mice, but the distribution of donor
mast cells does not match the WT distribution (Tanzola et al., 2003;
Grimbaldeston et al., 2005). For example, more donor mast cells were
found in the stomach, lung and spleen, and fewer in the skin of reconsti-
tuted KitW-sh/W-sh mice compared to WT mice.

The lack of mast cell recruitment to the brain of KitW-sh/W-sh mice
coupled with the recruitment of mast cells in the WT mouse specifi-
cally to brain regions containing host mast cells, suggests that host
mast cells may play a role in recruiting donor mast cells to the
brain. Of the large number of chemokines and other immune mole-
cules that promote the migration of mast cells during adulthood
and development (Lambracht-Hall et al., 1990), many are synthesized
and released by mast cells. These mast cell-derived, mast cell che-
moattractants include TGF-β, TNF-α NGF, IL-8, histamine and seroto-
nin (Gruber et al., 1994; Nilsson et al., 1999; Sawada et al., 2000;
Hofstra et al., 2003; Kushnir-Sukhov et al., 2006; Brzezinska-
Blaszczyk et al., 2007). Mast cells in turn have cell surface molecules
such as CD34 and CXCR2 that are implicated in mast cell mobility
and trafficking (Nilsson et al., 1999; Drew et al., 2002; Blanchet et
al., 2007). Possibly, injecting a cocktail of mast cell-derived mediators
into the brain of KitW-sh/W-sh mice concurrently with whole blood
transfusion will result in recruitment of donor mast cells.

In summary, the results reveal that mast cells in the brain hone to
specific areas suggesting roles in the modulation of the function of
these regions. In addition, these results present a simple method
free of the need for cell-cultures, for adoptive transfer of mast cells
in the mouse. Our comprehensive analysis of the location to which
donor mast cells migrate in the brain may help further the under-
standing ofmast cells and theirmigration to the brainwill aid in studies
of their functional role in this site (Nautiyal et al., 2008; Theoharides
et al., 2008).
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