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Abstract

Bone marrow-derived cells (BMDCs) are able to colonize the central nervous system (CNS) at sites of damage. This
ability makes BMDCs an ideal cellular vehicle for transferring therapeutic genes/molecules to the CNS. However,
conditioning is required for bone marrow-derived myeloid cells to engraft in the brain, which so far has been achieved
by total body irradiation (TBI) and by chemotherapy (e.g. busulfan treatment). Unfortunately, both regimens
massively disturb the host’s hematopoietic compartment. Here, we established a conditioning protocol to target
myeloid cells to sites of brain damage in mice using non-myeloablative focal head irradiation (HI). This treatment was
associated with comparatively low inflammatory responses in the CNS despite cranial radiation doses which are
identical to TBI, as revealed by gene expression analysis of cytokines/chemokines such as CCL2, CXCL10, TNF-α
and CCL5. HI prior to bone marrow transplantation resulted in much lower levels of blood chimerism defined as the
percentage of donor-derived cells in peripheral blood (< 5%) compared with TBI (> 95%) or busulfan treatment
(>50%). Nevertheless, HI effectively recruited myeloid cells to the area of motoneuron degeneration in the brainstem
within 7 days after facial nerve axotomy. In contrast, no donor-derived cells were detected in the lesioned facial
nucleus of busulfan-treated animals up to 2 weeks after transplantation. Our findings suggest that myeloid cells can
be targeted to sites of brain damage even in the presence of very low levels of peripheral blood chimerism. We
established a novel non-myeloablative conditioning protocol with minimal disturbance of the host’s hematopoietic
system for targeting BMDCs specifically to areas of pathology in the brain.
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Introduction

Microglia are the key immune effector cells of the central
nervous system (CNS), mediating local inflammatory and
innate immune responses. This CNS cell population has
recently been shown to derive from immature yolk sac
macrophages that infiltrate the brain during early
embryogenesis [1-3]. Thus, microglia are ontogenetically
distinct from hematopoietic stem cell (HSC)-derived tissue
macrophages that originate from the bone marrow continuously
throughout adult life. In line with these findings, no engraftment
of myeloid cells was observed in the CNS of parabiotic mice, in
which blood from two different animals is chronically shunted,
suggesting that circulating hematopoietic progenitors and
circulating monocytes do not significantly contribute to
microglia homeostasis after birth [1-5].

However, bone marrow-derived cells (BMDCs) are able to
colonize the adult CNS under certain conditions.

Transplantation of genetically labelled BMDCs into total body-
irradiated hosts has demonstrated that circulating myeloid cells
engraft in the CNS and contribute to the pool of brain
macrophages, both in the absence and during overt brain
pathology [6-21]. Irradiation-induced changes in the CNS, as
well as the introduction of hematopoietic stem/progenitor cells
into the circulation have been suggested as necessary
conditions for the recruitment of myeloid cells into the brain
[1,4,21].

In line with their different origin, bone marrow-derived
myeloid cells and microglia appear to exert differential
functions in the CNS. In a mouse model of Alzheimer’s
disease, myeloid cells were able to phagocytose β-amyloid,
whereas resident microglia appeared to be rather ineffective in
this task [13,14]. Similarly, BMDCs were found to attenuate or
even arrest pathology in mouse models of neuropsychiatric
disorders including Rett syndrome, amyotrophic lateral
sclerosis, Krabbe’s disease and Parkinson’s disease
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[19,20,22,23]. Hence, myeloid cells have a tremendous
therapeutic potential for neurological and psychiatric diseases.
However, establishing a clinical conditioning regimen remains a
challenge. Although total body irradiation (TBI) is an effective
conditioning protocol to target the myeloid cells to the brain,
this myeloablative treatment induces massive CNS
inflammation and disturbance of the host’s hematopoietic
system [21,24]. Recently, conditioning with the alkylating
chemotherapeutic agent, busulfan, has been suggested as an
alternative [24]. Indeed, myeloablation with busulfan is being
used in the clinical setting [25]. However, myeloid cell
engraftment at sites of CNS damage after busulfan
conditioning in mice was either absent [26] or dramatically
reduced compared to irradiation [24].

Here, we established a protocol for CNS conditioning using
focal head irradiation (HI) that avoids myeloablation and
minimally disturbs the host’s hematopoietic system. Regardless
of the low presence of donor-derived cells in the peripheral
circulation, BMDCs rapidly and selectively engrafted at sites of
neurodegeneration. This conditioning regimen may serve as an
alternative protocol for targeting myeloid cells to the CNS with
minimal impairment of the hematopoietic compartment.

Materials and Methods

Mice
C57BL/6 wild type mice were purchased from Charles River

(Sulzbach). C57BL/6 mice expressing the enhanced green
fluorescent protein (GFP) under the control of β-actin promoter
(ACTβ-EGFP) [27] were obtained from breeding facility of
Charité. All recipient mice were 7-12 weeks old at the time of
bone marrow transplantation (BMT).

All animal experiments were performed in strict accordance
with national and international guidelines for the care and use
of laboratory animals (Tierschutzgesetz der Bundesrepublik
Deutschland, European directive 2010/63/EU, as well as GV-
SOLAS and FELASA guidelines and recommendations for
laboratory animal welfare). The experiments were specifically
approved by the committee on the ethics of animal experiments
of Berlin (Landesamt für Gesundheit und Soziales, Berlin,
Germany, Permit Number: G0364/10).

Conditioning
Mice were anesthetized by subcutaneous injection of a

mixture of ketamine (50 mg/kg) and xylazine (7.5 mg/kg) prior
to either total body irradiation (TBI) or focal head irradiation (HI)
with a single dose of 11Gy. Irradiation was performed using a
Caesium137 source (Gammacell 40 Exactor, Theratronics).
During HI, the body was protected from irradiation with lead
bars (3 cm thick). Dosimetric studies revealed a shielding
efficieny >90% (cumulative dose < 1 Gy in protected areas).
Busulfan-treated animals received two intraperitoneal (i.p.)
injections of 50 mg/kg busulfan (Busilvex®, Pierre Fabre
Pharma) at 5 and 3 days before BMT.

Bone marrow transplantation
After conditioning with either TBI or HI, wild type mice were

intravenously (i.v.) injected with 2 x 107 unsorted bone marrow
cells from ACTβ-EGFP mice within 24 hr after irradiation.
Animals were examined at 1, 2, 4 and 16 weeks post-
transplantation.

In the case of facial nerve axotomy (FNA), conditioning with
HI was performed at 2 weeks and with busulfan at 5 and 3
days prior to BMT (i.v. injection of 2 x 107 unsorted bone
marrow cells from ACTβ-EGFP mice). FNA was performed 24
hr before BMT and animals received daily i.p. injections of 2
mg/kg rapamycin (Enzo Life Science) thereafter. Groups with
HI or FNA alone served as controls. Animals were examined at
7 and 14 days post-transplantation.

Facial nerve axotomy
Facial nerve axotomy (FNA) was performed as described

previously [6]. Briefly, mice were anesthetized by
subcutaneous injection of a mixture of ketamine (50 mg/kg)
and xylazine (7.5 mg/kg). The right facial nerve was transected
at the stylomastoid foramen, resulting in ipsilateral whisker
paresis. The left facial nerve served as control.

Immunohistochemistry
Mice were anesthetized and perfused transcardially with cold

phosphate-buffered saline (PBS). Brains were dissected, post-
fixed in 4% paraformaldehyde (PFA) and cryoprotected with
30% sucrose. Coronal brain sections (30 µm) were obtained on
a cryostat.

Sections were blocked at room temperature for 1 hr with
20% normal goat/donkey serum (Biozol) in Tris-buffered saline
(TBS) containing 0.3% Triton X-100. After three washes in
TBS, sections were incubated with primary antibodies diluted
1:200 [anti-Iba-1 (Wako), anti-F4/80 (Invitrogen) or anti-GFP
(Nacalai Tesque, Invitrogen)] at 4°C overnight. After washing
with TBS, sections were incubated with Alexa-conjugated
secondary antibodies diluted 1:250 (Alexa 488-IgG and Alexa
594-IgG, Invitrogen) at room temperature for 3 hr. All
antibodies were diluted in TBS containing 1% normal goat/
donkey serum and 0.3% Triton X-100. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole diluted
1:10,000 (DAPI, Sigma). The immunostained sections were
examined using a conventional fluorescence or laser-scanning
confocal microscope (Leica TCS SP5, Leica Microsystems).

Flow cytometric analysis
Spleens were excised and pushed through a 70-μm strainer,

bone marrow cells were flushed from both femurs and tibias.
All samples were collected in Dulbecco's PBS (Gibco)
containing 2% fetal bovine serum (Biochrom) and were stored
on ice during staining and analysis. Blood was collected from
the inferior vena cava using a citrate-coated syringe. Red blood
cells were lysed in Pharm LyseTM buffer (BD Biosciences).

Following Fc blocking, cells were stained with anti-CD115
(AFS98), Ly6C (AL-21), CD11b (M1/70), CD4 (RM4-5), CD8
(53-6.7), Ly6G (1A8) and CD19 (6D5). All antibodies were
purchased from Biolegend. Fluorescence-activated cell sorting
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(FACS) was performed using a Canto II (Becton Dickinson).
Forward- and side-scatter parameters were used for exclusion
of doublets from analysis. Data were analyzed with the FlowJo
software (TreeStar).

Quantitative real-time PCR (qPCR)
Animals were anesthetized and perfused transcardially with

cold PBS at 1, 2, 4 and 16 weeks after irradiation/BMT. Brains
were dissected and immediately shock-frozen in liquid nitrogen.
Total RNA was isolated from the brain using RNeasy Plus Mini
kit (Qiagen). RNA (approximately 2 µg) was transcribed into
cDNA using Amplitaq® DNA Polymerase kit (Applied
Biosystems, Roche). PCR reactions were carried out using the
LightCycler FastStart DNA Master Kit (Roche Molecular
Biochemicals) according to the manufacturer’s protocol. The
following primer pairs were used: CCL5 (forward 5’-TGC CCA
CGT CAA GGA GTA TTT-3’, reverse 5’-TCT CTG GGT TGG
CAC ACA CTT-3’), CXCL10 (forward 5’-TGC TGG GTC TGA
GTG GGA CT-3’, reverse 5’-CCC TAT GGC CCT CAT TCT
CAC-3’), TNF-α (forward 5’-CAT CTT CTC AAA ATT CGA
GTG ACA A-3’, reverse 5’-TGG GAG TAG ACA AGG TAC
AAC CC-3’) and CCL2 (forward 5’-TCT GGG CCT GCT GTT
CAC C-3’, reverse 5’-TTG GGA TCA TCT TGC TGG TG-3’).
qPCR was performed using a LightCycler 2.0 (Roche).

Statistical analysis
Results were analyzed with Prism 4.0 (GraphPad) and

statistical differences were evaluated using a non-paired
Student’s t test or one-way ANOVA with Posthoc Bonferroni
correction. Significance was accepted for p<0.05. Data are
shown as means ± SEM.

Results

Focal head irradiation induces delayed BMDC
engraftment in the brain

Irradiation has been described to be a necessary condition
for BMDC engraftment in the brain [21]. We hypothesized that
non-myeloablative conditioning using HI would induce CNS
microenvironment changes that suffice to trigger the
recruitment of circulating myeloid cells to the CNS in the
absence of full hematopoietic reconstitution. To this end, we
transplanted adult mice with unsorted GFP-expressing bone
marrow cells following either HI or TBI (Figure 1A). Thereafter,
we analyzed the induction of different cytokines and
chemokines in the brain (Figure 1B). Irradiation-induced
increases in gene expression of monocyte chemoattractant
protein-1 (MCP-1 or CCL2), interferon gamma-induced protein
10 (IP-10 or CXCL10), regulated on activation, normal T cell
expressed and secreted (RANTES or CCL5) and tumor
necrosis factor (TNF)-α were observed in the brains of both TBI
and HI mice (Figure 1B). However, the induction of CCL2 and
CXCL10 mRNAs was strongly reduced in HI compared with
TBI animals although the doses of radiation to the brain were
identical (Figure 1B). CCL5 and TNF-α mRNAs were also
reduced at 2 weeks after HI compared with TBI (Figure 1B).

As expected, chimerism (determined as the percentage of
GFP+CD45+ cells among all CD45+ cells) was significantly
lower in peripheral blood of HI mice compared with TBI animals
at 16 weeks post-BMT (TBI: 97 ± 0.6%, HI: 3 ± 0.3%; Figure
2A). When analyzing the brains of the chimeras, no donor-
derived GFP+ cells were detected up to 12 weeks after BMT in
HI animals, whereas TBI animals showed engraftment of
ramified BMDCs in all brain regions (data not shown). At 16
weeks after BMT, clusters of donor-derived GFP+ cells
appeared in the cortex of HI mice (Figures 2B,C). At this time
point, olfactory bulb, cortex and cerebellum were populated by
ramified GFP+ cells in the TBI group (Figures 2B,C).
Quantitative analysis revealed reduced BMDC engraftment in
the brains of HI mice compared with TBI animals (Figure 2B).
The numbers of ramified GFP+ cells were 5 ± 1/ mm2 (TBI)
versus 0/ mm2 (HI) in the olfactory bulb, 25 ± 1/ mm2 (TBI)
versus 5 ± 1/ mm2 (HI) in the cortex, and 18 ± 3/ mm2 (TBI)
versus 0/ mm2 (HI) in the cerebellum. These results suggest
that low blood chimerism and reduced expression of
chemoattractants like CCL2 in the brain result in reduced and
delayed engraftment of BMDCs in the HI protocol.

Enhanced recruitment of myeloid cells to sites of brain
damage

We next tested whether HI in combination with neuronal
damage accelerates the recruitment of BMDCs to the brain. To
this end, we performed facial nerve axotomy in chimeric mice,
which results in motoneuron degeneration in the absence of
blood-brain barrier disruption [6]. Given that some potential
precursors of brain macrophages, such as bone marrow-
derived Ly6Chi inflammatory monocytes [21] or Cx3CR1+

progenitors [5], do not self-renew and have a short life span in
the blood stream, we performed FNA one day before BMT
(Figure 3A). HI was carried out 14 days prior to transplantation
to match the peak of chemokine/cytokine expression after
irradiation (cf. Figure 1B) with the time points of analysis at 7
and 14 days after BMT (i.e. 3 and 4 weeks after irradiation).
For comparison, we also used the chemotherapeutic agent
busulfan for conditioning (Figure 3A). Busulfan has recently
been demonstrated to trigger the entry of BMDCs into the brain
with reduced CNS inflammation [24]. Mice receiving either HI
or FNA alone prior to BMT served as control groups (Figure
3A).

As expected given the myelotoxic properties of busulfan, HI
treatment resulted in lower blood chimerism compared to
busulfan conditioning (HI + FNA: 5 ± 0.7% versus busulfan +
FNA: 50 ± 4%; Figure 3B). FNA had no impact on blood
chimerism (HI + FNA: 5 ± 0.7% versus HI: 8 ± 1%; Figure 3B),
and conditioning was required to establish blood chimerism
(FNA: <0.5%; Figure 3B). Notably, the vast majority of GFP+

cells in peripheral blood of HI, HI + FNA and busulfan + FNA
chimeras were identified as CD11b+ myeloid cells (> 90% of
GFP+ cells; Figure 3C). These included Ly6Chi monocytes (HI:
8 ± 1%; HI + FNA: 9 ± 1% and busulfan: 10 ± 2% of GFP
+CD11b+ cells; Figure 3C) and Ly6G+ neutrophils (HI: 60 ± 3%;
HI + FNA: 62 ± 2% and busulfan: 67 ± 7.0% of GFP+CD11b+

cells; Figure 3C). No significant differences in the contribution
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of donor-derived myeloid cells were observed between the
groups.

As early as 7 days after BMT, GFP+ cells were specifically
detected in the lesioned facial nucleus of HI + FNA mice (26 ±
7 cells/facial nucleus; Figures 4A,B). These cells were
amoeboid and localized in the brain parenchyma. They were
immunoreactive for Iba-1 and F4/80, which are markers of
macrophages (Figure 4A). At 14 days after BMT, GFP+ cells
with a characteristic ramified morphology and expression of
Iba-1 and F4/80 were detected in the lesioned facial nucleus of
HI + FNA mice (40 ± 12 cells/nucleus, Figures 4A,B). The
unlesioned contralateral facial nucleus was devoid of GFP+

cells at all time points (Figure 4A). Notably, no donor-derived
GFP+ cells were observed in the lesioned facial nucleus of
busulfan + FNA mice at 7 and 14 days after BMT despite high
levels of blood chimerism (Figure 4B). Similarly, FNA and HI
alone also failed to recruit donor-derived myeloid cells into the
lesioned facial nucleus at 7 and 14 days after BMT (Figure 4B).

This is in line with the delayed engraftment kinetics of myeloid
cells after HI treatment (Figures 2B,C), and with published
evidence documenting the necessity of conditioning for myeloid
cell engraftment in the CNS [7,21].

Since myeloid cell recruitment into the CNS has been
suggested to correlate with the induction of CCL2 and CXCL10
mRNAs [21], we used real-time PCR to quantify the expression
levels of both chemokines in the facial nucleus of mice with
FNA, HI and HI + FNA. The expression of CXCL10 and CCL2
mRNAs was potentiated in the HI + FNA group at 14 days after
BMT (Figure 4C). The results suggest that HI and FNA act
synergistically to induce chemokines, which may accelerate the
recruitment of myeloid cells into the CNS.

Discussion

We established a novel non-myeloablative conditioning
protocol for targeting BMDCs to the brain using focal head

Figure 1.  Gene expression profiles of cytokines and chemokines in the brain after HI and TBI.  A) Overview of the
experimental protocol. HI, TBI and Tx denote focal head irradiation, total body irradiation and bone marrow transplantation,
respectively. B) Quantitative real-time PCR of CCL2, CXCL10, CCL5 and TNF-α mRNA expression in brains of HI (grey columns)
and TBI (white columns) animals at 1, 2, 4 and 16 weeks after irradiation and BMT. The mRNA expression levels were normalized
to GAPDH mRNA and compared to naïve mice (fold induction). Reduced cytokine/chemokine mRNA levels were observed in HI
brains compared to the TBI paradigm. Data are means + SEM from 3-5 animals per group. Statistical significance is indicated by
asterisks (*p<0.05; **p<0.01; ***p<0.001).
doi: 10.1371/journal.pone.0080260.g001
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irradiation plus rapamycin. In contrast to TBI or busulfan
treatment, this conditioning regimen minimally disturbs the
host’s hematopoietic system and enables rapid transmigration
of adoptively transferred myeloid cells into the CNS.

BMDCs have emerged as promising treatment vehicles in
neurological and psychiatric disorders [6,14,18,19,22,23].
However, the transmigration of BMDCs into the brain is tightly
regulated. In animal models, in which peripheral blood
chimerism was obtained by parabiosis, no engraftment of

Figure 2.  Delayed engraftment of BMDCs after HI.  A) Flow cytometric analysis of GFP expression in peripheral blood
leukocytes of HI and TBI chimeras. The level of chimerism was significantly lower in HI compared with TBI animals at 16 weeks
after transplantation. Data are means + SEM from 3-5 animals per group. Statistical significance is indicated by the asterisk
(****p<0.0001). B) Quantification of BMDC engraftment in the brains of HI and TBI chimeras. Data are expressed as GFP+ cells per
area in three different brain regions (olfactory bulb, cortex and cerebellum) at 16 weeks after BMT. Data are means + SEM from 3-5
animals per group. n.d. = none detected. Statistical significance is indicated by asterisks (**p<0.01; ***p<0.001). C) Representative
laser confocal microscopic images of ramified donor-derived GFP+ cells in the brains of HI and TBI animals at 16 weeks after BMT.
Note that GFP+ cells were restricted to the cortex in the HI group, but distributed throughout the grey and white matter in TBI
animals.
doi: 10.1371/journal.pone.0080260.g002
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BMDCs in the adult brain was observed [4]. Similary, no CNS
engraftment of BMDCs was observed after irradiation with
brain protection [4,21]. In contrast, TBI is a highly effective
conditioning regimen for targeting BMDCs to the rodent brain
[6,24,26].

In the past, TBI has played an important role in patients
undergoing HSC transplantation. However, TBI may result in
serious acute graft-versus-host disease (GVHD) causing
transplant-related morbidity and mortality, as well as damage to
non-target tissues, which may predispose to GVHD or enhance
the clinical manifestations of acute GVHD [28-30]. Targeted
irradiation with selective delivery of myeloablative doses to
bone and marrow resulted in reduction of tissue damage and
allowance for dose escalation compared with conventional TBI
[28]. Thus, focal irradiation may serve as an alternative
regimen for host conditioning that causes less irradiation/

transplant-related morbidity and mortality. Furthermore, the
availability of a computed tomography (CT) image-guided
radiotherapy, such as helical tomotherapy, provides the
opportunity to deliver highly conforming dose distributions to
complex target shapes while simultaneously avoiding
excessive doses to critical normal tissue [28].

In this study, we established a conditioning protocol in mice
using targeted head irradiation that induced comparatively low
inflammatory responses in the CNS despite cranial radiation
doses which were identical to TBI. Moreover, HI minimally
perturbed the host’s hematopoietic compartment. In contrast to
TBI and busulfan chemotherapy, the HI regimen achieved very
low chimerism in peripheral blood. Nevertheless, HI
conditioning enabled rapid and selective recruitment of myeloid
cells to sites of brain damage. Note that HI alone did not trigger
any CNS engraftment of BMDCs in the absence of additional

Figure 3.  Blood chimerism in HI- and busulfan-conditioned mice with FNA.  A) Overview of the experimental protocol. HI, FNA
and Tx denote focal head irradiation, facial nerve axotomy and bone marrow transplantation, respectively. B) Flow cytometry of
GFP expression in peripheral blood CD45+ cells at 2 weeks after BMT. The level of chimerism was significantly higher in the
busulfan + FNA group compared with the HI + FNA group. FNA had no impact on blood chimerism. Data are means + SEM from
3-5 animals per group. Statistical significance is indicated by asterisks (****p<0.0001). C) Flow cytometric characterization of GFP-
expressing cells in peripheral blood at 2 weeks after BMT. The vast majority of GFP+CD45+ cells express CD11b (>90%). Gating of
this cell population reveals predominantly CD115+Ly6ChiLy6G- monocytes and CD115-Ly6C+Ly6G+ neutrophils. Data are means +
SEM from 3-5 animals per group. n.d. = none detected. No statistical differences were observed between the groups.
doi: 10.1371/journal.pone.0080260.g003
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Figure 4.  Selective engraftment of donor-derived myeloid cells in the lesioned facial nucleus after HI.  A) Identification of
GFP+ myeloid cells in the lesioned facial nucleus of HI chimeras at 7 and 14 days after BMT. Note the increase in F4/80
immunoreactivity at day 14 compared with day 7, indicating increased inflammation. The contralateral unlesioned facial nucleus is
devoid of donor-derived GFP+ cells and shows minimal F4/80 immunoreactivity. Laser confocal microscopic images of areas of
interest (white squares) are shown at increasing magnifications (scale bars: 100 µm – 25 µm). Seven days after BMT, amoeboid
GFP+F4/80+ and GFP+Iba-1+ cells were detected in the lesioned facial nucleus. At 14 days after BMT, GFP+F4/80+ and GFP+Iba-1+

cells in the lesioned facial nucleus were highly ramified. All donor-derived GFP+ cells expressed the macrophage markers, F4/80
and Iba-1. Nuclei were counterstained with DAPI. B) Quantification of myeloid cell engraftment in the lesioned facial nucleus at 7
and 14 days after BMT in FNA, HI, HI + FNA and busulfan + FNA animals. Note that donor-derived GFP+ cells were only detected in
HI + FNA mice. Data are means + SEM from 3-5 animals per group. n.d. = none detected. C) Quantitative real-time PCR of CXCL10
and CCL2 mRNA expression in the facial nucleus of animals with FNA (white bars), HI (grey bars) and HI + FNA (black bars) at 14
days after BMT. The mRNA expression levels were normalized to GAPDH mRNA and compared to naïve mice (fold induction).
Increased chemokine mRNA levels were observed in the facial nucleus of HI + FNA mice compared to HI animals. Data are means
+ SEM from 3-5 animals per group. Statistical significance is indicated by asterisks (*p<0.05).
doi: 10.1371/journal.pone.0080260.g004
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brain damage. Engraftment occurred with a short latency after
BMT (7 days). In contrast, busulfan treatment failed to target
myeloid cells to the CNS within 14 days after BMT. Although
myeloablative chemotherapy with busulfan is often used
clinically in allogeneic HSC transplantation, the effectiveness of
busulfan conditioning in triggering BMDC recruitment to the
rodent brain remains controversial. Lampron et al. did not
observe any donor-derived cells in the CNS after the
administration of 80 mg/kg of busulfan plus 200 mg/kg
cyclophosphamide before BMT [26]. Other reports showed
reduced [24,31] or enhanced [32] BMDC engraftment
compared with TBI using 80 mg/kg, 90 mg/kg and 125 mg/kg of
busulfan, respectively. In our study, the myelosuppressive dose
of 100 mg/kg busulfan failed to rapidly target BMDCs to the
CNS within the first two weeks after BMT.

In order to prevent transplant rejection, we administered the
immunosuppressant drug, rapamycin, in the FNA, HI, HI+FNA
and busulfan+FNA groups. Thus, the differences in CNS
engraftment of BMDCs between the groups cannot be
attributed to rapamycin. Moreover, rapamycin has been used to
stabilize the blood-brain barrier [33].

Cytokines and chemokines are among the signals which may
mediate the transmigration of BMDCs into the brain. Notably,
TBI and busulfan treatment were found to induce CCL2,
CXCL10, CCL3, CCL5, TNF-α and IL-1 gene expression in the
murine brain [21,24,32]. We observed that HI induces the same
pattern of cytokines/chemokines, but to a much lower degree
than TBI. CCL2 is de novo expressed in facial motoneurons
after axotomy [34]. Interestingly, HI increases CCL2 mRNA
expression in the axotomized facial nucleus, which may trigger
myeloid cell engraftment.

The receptor for CCL2, CCR2, was suggested to be
necessary for the egression of monocytes from the bone
marrow (BM) to the spleen [35] and from the blood stream to
the tissue [36], including the brain [21]. Results obtained in
chimeric mice generated by TBI and transplantation of CCR2-

deficient BM cells suggested that BM-derived myeloid cells in
the adult brain originate from circulating Ly6ChiCCR2+

inflammatory monocytes [21]. In contrast, using parabiotic
mice, Ajami et al. showed that the progenitors of BM-derived
myeloid cells in the brain do not spontaneously enter the blood
stream, but need to be artificially administered into the
circulation. The authors proposed HSCs and CX3CR1+

myelomonocytic progenitors (a mixture of non-self-renewing
progenitor populations) as sources of microglia and brain
macrophages, respectively [4,5]. However, these results were
based on hematopoietic reconstitution of the TBI recipients by
transplantation of partially purified BMDCs. Since selective
transplantation of purified BMDC populations is not possible in
a myeloablative setting, the precise characterization of the
precursors of brain myeloid cells has posed a significant
challenge. The optimized conditioning and transplantation
regimen presented in this study allows for the first time to
adoptively transfer selected BMDC populations into wild-type
recipients and to perform short-term analysis of the
transmigration of BMDCs into the CNS without hematopoietic
reconstitution. Thus, the HI protocol provides a valuable tool for
tracking the fate of short-lived BMDCs and for identifying the
precursors of brain macrophages, a promising cell population
for the treatment of neurodegenerative disorders.
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