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Mononuclear phagocytes are important modulators of Alzheimer’s disease (AD), but the specific functions of resident microglia, bone
marrow-derived mononuclear cells, and perivascular macrophages have not been resolved. To elucidate the spatiotemporal roles of
mononuclear phagocytes during disease, we targeted myeloid cell subsets from different compartments and examined disease patho-
genesis in three different mouse models of AD (APP"e/PS1 APP™™e and APP23 mice). We identified chemokine receptor 2 (CCR2)-
expressing myeloid cells as the population that was preferentially recruited to B-amyloid (AB) deposits. Unexpectedly, AD brains with
dysfunctional microglia and devoid of parenchymal bone marrow-derived phagocytes did not show overt changes in plaque pathology
and A load. In contrast, restriction of CCR2 deficiency to perivascular myeloid cells drastically impaired (3-amyloid clearance and
amplified vascular AB deposition, while parenchymal plaque deposition remained unaffected. Together, our data advocate selective

functions of CCR2-expressing myeloid subsets, which could be targeted specifically to modify disease burden in AD.

Introduction

Alocal activation of microglial cells is consistently detected in the
brains of patients with Alzheimer’s disease (AD), but the role of
activated peripheral myeloid cells in the pathogenesis of AD has
not been resolved (Akiyama et al., 2000; Prinz and Mildner,
2011). For example, microglial cells have been suggested to be
responsible for pathological B-amyloid (AB) protein deposition
(Wisniewski et al., 1989; Akiyama et al., 2000; Frackowiak et al.,
2005), but at the same time, they have also been implicated in A3
clearance (Chung et al., 1999; Bard et al., 2000; Wyss-Coray et al.,
2001; Jantzen et al., 2002). Moreover, it has been shown recently
that the interaction of CD40 with CD40 ligand on the surface of
microglia is an important molecular signal for microglia activa-
tion in AD mouse models (Tan et al., 1999, 2002; Gate et al.,
2010).
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Recent work using GFP-labeled bone marrow (BM) chime-
ras and total-body irradiation increased the longstanding con-
troversy over the issue of whether endogenous microglia or
BM-derived phagocytes are beneficial or detrimental in neu-
rodegeneration. One study concluded that BM-derived phago-
cytes are critical for restricting AB plaque formation (Simard et
al., 2006). Other groups found that mononuclear phagocytes rep-
resent the minority of blood-borne cells, which engraft in the
brains of APP23 transgenic mice (Stalder et al., 2005). A possible
involvement of microglia in the pathogenesis of AD was sug-
gested by a recent study showing that chemokine receptor 2
(CCR?2) deficiency diminished the migratory potential of micro-
glia and reduced the clearance of AB in transgenic APP*"* mice
(El Khoury et al., 2007). Moreover, stimulation of perivascular
macrophage turnover reduced cerebral amyloid angiopathy
(CAA) load independent of clearance by microglia (Hawkes and
McLaurin, 2009). Blockade of innate immune responses by inter-
ruption of TGF-B-Smad 2/3 signaling in myeloid cells mitigated
AD pathology and attenuated parenchymal and cerebrovascular
A deposits (Town et al., 2008).

One major caveat of all reports using BM chimeras, however,
is the usage of total-body irradiation (including the brain) before
BM transplantation to discriminate donor hematopoietic cells
from resident microglia in the hosts (Malm et al., 2005; Stalder et
al., 2005; Simard et al., 2006; Grathwohl et al., 2009), which po-
tentially changes the brain microenvironment (Ajami et al., 2007;
Mildner et al., 2007).

Furthermore, the direct circulating phagocyte or its progeni-
tor immigrating into the diseased AD brain has not been identi-
fied yet. Ly-6C" monocytes have been shown to be recruited into
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the inflamed CNS during autoimmune demyelination (Mildner
et al., 2009), and bacterial (Mildner et al., 2008) and viral
infection (Getts et al., 2008) with different roles for disease
pathogenesis. Whether these monocyte subsets are involved in
neurodegeneration of the CNS is not yet known. We therefore
used a combinational approach of bone marrow transplantation
and partial-body irradiation (head shielded, protected CNS) ver-
sus whole-body irradiation (unprotected CNS) to examine the
engraftment of myeloid subsets and to circumvent the caveats of
brain irradiation in mouse models of AD.

Materials and Methods

Mice and generation of BM chimeric mice. Bone marrow chimeric mice
were generated as described recently (Mildner et al., 2007). In brief,
recipient mice were reconstituted with bone marrow cells (BMCs) de-
rived from tibias and femurs from adult B-actin (ACTB)-EGFP mice
alone (CCR2*/*GFP") or from double-mutant animals intercrossed
with CCR2 ko mice (CCR2™/~ GFP™). Specific body (protected) irradi-
ation of mice was performed by a 6 MV X-ray Varian linear accelerator.
Mice were put into a 20 X 20 X 3 cm cast Perspex-lined chamber (5 mm
gauge, density 1.18 g/cm?) subdivided into eight single compartments
and equipped with a removable cap. Spiracles were provided, and the
heads of the mice were carefully adjusted to them. Mice were treated with
parallel opposed fields with a maximum dose at a depth of 1.5 cm. The
field size was adjusted to 14 X 20 cm, and therefore, the brains of the
animals were outside the irradiation fields, and only the body was irradiated.
A safety margin of 0.5 cm from the field border to the head was preserved, so
that no dose could affect normal brain tissue. Dosimetry data were measured
in a water phantom and corrected for the presence of tissue inhomo-
geneities and surrounding air. A total of 5 X 10® CCR2™/~ GFP" or
CCR2"*"GFP" BMCs were injected into the tail vein of recipients 24 h
after irradiation. Since the skull bone marrow contributes to hematopoi-
esis, the reconstitution levels of chimeric mice were ~60%, resulting in a
total of 30-40% GFP ™ cells. We therefore adapted the reconstitution
level of total-irradiated (unprotected) mice by mixing CCR2™/~ GFP* or
CCR2*/*GFP* BMCs in a 1:3 ratio with CCR2""* BMCs, which re-
sulted in similar reconstitution levels in all chimeric mice. Only pro-
tected and unprotected mice with a similar grade of myeloid
chimerism were chosen for subsequent comparative analysis. All mice
received an irradiation dosage of 1100 cGy and were injected with
5 X 10° BMCs into the tail vein, 24 h after the irradiation. APP*/"S!
mice [Tg(APP695)3DboTg(PSEN1)5Dbo/J] were obtained from The
Jackson Laboratory. APP23 mice were a kind gift from Matthias
Staufenbiel, Novartis Institutes for BioMedical Research. Tg2576
APP*"* mice were from Taconic. Mice were bred in-house under
pathogen-free conditions. Females were used in all experiments.

Six to eight weeks after grafting, reconstitution was assessed by FACS
analysis of peripheral blood. Blood samples were prepared at 4°C in
buffer solution (PBS containing 2% FCS and 5 mm EDTA) and stained
with CD11b, Ly-6C (eBioscience, BD PharMingen) as described previ-
ously (Mildner et al., 2009). For comparison of macrophages, adult
microglia and Ly-6C™ monocytes of CCR2™*, CCR2™/~, CCR2™/~
GFP™", and CCR2 ™" GFP" animals, cells were stained for a4-integrin,
Bl-integrin, PSGL-1 (P-selectin glycoprotein ligand-1), and CD11c
(eBioscience, BD PharMingen). After lysis of erythrocytes with FACS
lysis solution (Becton Dickinson) and washing, cell suspensions were
analyzed on a FACS Calibur (Becton Dickinson). Data were acquired
with WinMDI and FlowJo.

Quantification of phagocyte engraftment in the CNS. After transcardial
perfusion with PBS and subsequent 4% paraformaldehyde, 20 um cryo-
sections were obtained from the brains. Sections were incubated in PBS
containing 5% fetal calf serum. Primary and preabsorbed antibodies
were added overnight at a dilution of 1:100 for Iba-1 (Wako). Amyloid
was stained with anti-human amyloid-$ antibody (Signet antibodies;
Covance), the antibody was added overnight at a dilution of 1:100. Cy3-
conjugated secondary antibodies (Dianova) were added at a dilution of
1:100 for Iba-1 and 1:600 for other antibodies for 1 h. Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI). GFP-expressing
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ramified cells and Iba-1 " microglia were counted in at least three sec-
tions each of individual animal. Quantification was performed indepen-
dently by two scientists in a blinded manner. The results were compared
with stereological analysis using a Leica DMRB/DIC fluorescence re-
search microscope (100X magnification) and quantified using the opti-
cal fractionator method (Stereo Investigator system, MicroBrightField
Bioscience). The number of engrafted cells was examined microscopi-
cally at a 200X microscopic magnification using a conventional fluores-
cence microscope (Olympus BX-61) equipped with a color camera
(Olympus DP71).

Laser microdissection. Microdissection of microglia was performed us-
ing a Zeiss PALM MicroBeam as described previously, with modification
(Raasch et al., 2011). Fast immunochemistry of serial sections was per-
formed with CD11b antibodies (Serotec). Immunostained sections were
counterstained with DAPI to facilitate the identification of individual
cells. RNA was isolated with the RNeasy Micro Plus Kit (Qiagen), and
reverse transcription (RT), preamplification, and real-time PCR were
performed using Applied Biosystems reagents according to the manufac-
turer’s recommendations.

Real-time PCR. RNA was extracted from brains at indicated time
points after or without irradiation. The tissue was flushed with ice-cold
HBSS and RNA was isolated using RNAeasy Mini kits (Qiagen) following
the manufacturer’s instructions. The samples were treated with DNase I
(Roche), and 1 ug of RNA was transcribed into cDNA using oligo-dT
primers and the SuperScript II RT kit (Invitrogen). cDNA (2.5 ul) was
transferred into a 96-well Multiply PCR plate (Sarstedt), and 12.5 ul of
ABsolute QPCR SYBR Green Master Mix (ABgene) plus 9.6 ul of ddH,O
were added. The PCR was performed as described recently (Prinz et al.,
2006). The following primer probe pairs were used: CCL3 (sense, TGC-
CCACGTCAAGGAGTATTT; antisense, TCTCTGGGTTGGCACA-
CACTT), CXCL10 (sense, TGCTGGGTCTGAGTGGGACT; antisense,
CCCTATGGCCCTCATTCTCAC), TNFa (sense, CATCTTCTCA-
AAATTCGAGTGACAA; antisense, TGGGAGTAGACAAGGTA-
CAACCC), CCL2 (sense, TCTGGGCCTGCTGTTCACC; antisense,
TTGGGATCATCTTGCTGGTG).

AP quantifications. Quantification of A was performed using human
amyloid $1-40 and B1-42 ELISA kits (The Genetics Company) accord-
ing to the manufacturer’s protocol. Forebrains of mice were homoge-
nized in PBS containing 1 mm EDTA and EGTA and protease inhibitor
mixture, further extracted in RIPA buffer (containing, in mm: 25 Tris-
HCI, pH 7.5, 150 NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS), and centrifuged at 20,000 X g for 30 min, and the pellet was
solubilized in 2% SDS, 25 mum Tris-HCI, pH 7.5. Samples were separated
by NuPAGE and immunoblotted using antibodies against APP, B-C-
terminal fragment (3-CTF), and AB, and antibody E7 (Developmental
Studies Hybridoma Bank), followed by incubation with appropriate sec-
ondary antibodies. Immunoreactivity was detected by enhanced chemi-
luminescence reaction (Millipore).

Statistical analysis. Statistical differences of clinical scores were evalu-
ated using a nonpaired Student's ¢ test. Differences were considered sig-
nificant when p < 0.05.

Results

Engraftment of BM-derived phagocytes in the brains of AD
transgenic mice depends on CCR2

We generated double transgenic mice by intercrossing ACT-
EGFP mice with CCR2™/~ animals and obtained individuals that
express GEP on CCR2""* (CCR2""* GFP) or CCR2™/~ (CCR2™/~
GFP) background, respectively. To distinguish invading BM-
derived mononuclear cells from brain endogenous microglia
in transgenic mouse models of AD, we generated BM chimeras.
Respective GFP-marked BM cells were transplanted into lethally
total-body irradiated (including the brain) recipient APP™*/"*
transgenic mice. CCR2™/~ mice have a strong and specific
reduction of the Ly-6C" subpopulation of monocytes (Ser-
bina and Pamer, 2006; Mildner et al., 2007). As expected,
peripheral blood Ly-6C"™ monocytes were strongly dimin-
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Figure 1.  Engraftment of BM-derived phagocytes in the brains of AD transgenic mice depends on CCR2. 4, Time scale of BM

transfer experiments performed in APP**"*" animals. Arrows mark the time points of generation and subsequent analysis of
(CR2*/ GFP —> APP™™*"S" and C(R2 ™/~ GFP —> APP™**" chimeric mice. B, FACS analysis of peripheral blood 10 months after
BM cell transfer reveals a lack of GFP *Ly-6C™ monocytes in (CR2~/~ GFP —> APP™*"S" chimeras compared with CCR2 /™
GFP donors. Percentages of the respective cell populations are indicated. Representative dot blots for the chimeric groups (left)
and quantification of GFP "(D11b *Ly-6C" and GFP " (D11b *Ly-6C"° cells (right) are shown. Data are expressed as means =
SEM. SSC, Side scatter. At least 5 mice per group were assessed. *p << 0.05 statistical significance. ¢, Immunohistochemistry of
APPW¥/*ST BM chimeric brains. Fluorescence microscopy reveals a significant number of GFP-positive ramified cells in the hip-
pocampus of (CR2™/* GFP — APP***5" mice (left), but very few in CCR2~~ GFP —> APP***/**" mice (right). Iba-1immunore-
activity (blue) for phagocytes shows that some branched cells are GFP * and therefore of donor origin (GFP, green, arrows),
whereas others represent endogenous microglia expressing only Iba-1 (arrowheads). Immunostaining of 3-amyloid is shown in
red. Scale bars: 100 um (overviews) and 25 pum (insets). D, Semiquantitative analysis of phagocyte engraftment (GFP " Iba-1*
cells) per area (left) and per B-amyloid plaque (right) in the hippocampus and cortex of BM chimeric animals. Bars show the
means == SEM from at least three sections per individual animal (n = 5 per group). *p << 0.05 statistical significance.
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cells with ramified morphology. These
donor-derived cells were positive for the mi-
croglia/macrophage marker, Iba-1, and par-
tially decorated AP plaques. Notably,
GFP "Iba-1" cells were predominantly
found in the CNS of CCR2""GFP —
APP"*PS! mice, whereas the number of en-
grafted myeloid cells in CCR2™/~ GFP —
APPY/FS! chimeras was greatly reduced in
the hippocampus (6.2 = 5.8 cells/mm? in
CCR2™"~ GFP — APP™*" compared with
458 *+ 4.6 cellsymm” in CCR2"/*GFP —
APP*PS1y and in the cortex (2.3 * 0.8
cellsymm? in CCR2™/~ GFP — APP™™!
compared with 53.2 * 4.0 cells/mm? in
CCR2""* GFP — APP™™!, Fig, 1D). In-
terestingly, only ~50% of hippocampal and
cortical AB plaques were surrounded by
engrafted GFP "Iba-1" cells. As expected,
significantly fewer A3 deposits were decorated
by immigrated GFP" cells in CCR2™/~
GFP — APP™*! mice (Fig. 1 D, right).

In conclusion, our data suggest that
CCR2-expressing BM-derived cells are the
main source of donor-derived Iba-17"
phagocytes in several brain regions with
AD pathology after total-body irradiation
and BM transplantation.

Irradiation conditions the brain for
mononuclear phagocyte engraftment in
AD transgenic mice
The possibility that total-body irradiation
conditions the brain for phagocyte en-
graftment from the circulation has not
been addressed in earlier studies on neu-
rodegeneration in AD. We therefore
adapted previous protocols using linear
acceleration, which allow for selective ir-
radiation that includes or excludes the
brain before BM transplantation. These
BM chimeras are subsequently referred to as
“protected” mice, in contrast to the “unpro-
tected” ones. As expected, the number
of circulating donor-derived CDI11b™"
Ly-6C"GFP* and CD11b *Ly-6C'°GFP*
monocytes was slightly decreased in pro-
tected CCR2"/"GFP — APP™*! mice
(APP/"S! protected) compared with the
unprotected situation (APP™**! unpro-
tected), because skull hematopoiesis was ex-
cluded from irradiation (Fig. 2A).
Importantly, histopathological analy-

ished in CCR2™/~ GEP — APP™*/"*! chimeric mice compared
with CCR2"/* GFP — APP™*"' mice 7 months after BM trans-
plantation (Fig. 1 A, B). Notably, the general reconstitution efficacy
was similar in both chimeric groups, as indicated by comparable
numbers of Ly-6C°GFP * cells in the circulation.

To assess the ability of GFP-marked myeloid subsets derived
from transplanted BM to differentiate into tissue macrophages in
the AD brain, we histologically analyzed recipient mice 7 months
after BM transplantation (Fig. 1C). Microscopic investigation of
the hippocampus and the cortex revealed numerous parenchymal

sis of the brains of APP™"! mice 7 months after BM transplan-
tation revealed phagocyte engraftment only in regions of the
brain that were conditioned by irradiation (Fig. 2 B). In fact, am-
yloid plaques in irradiated cortex and hippocampus were par-
tially surrounded by donor-derived GFP *Iba-17 cells, whose
cell bodies were distal from the edges of the deposits and whose
cellular processes were directed toward the center of the plaques
without apparently reaching the core of the deposits. Subsequent
quantitative measurements revealed a comparable number of
GFP-positive cells in hippocampal and cortical brain regions of
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Figure 2. (NS conditioning enhances the recruitment of BM-derived mononuclear phagocytes into the brains of AD transgenic mice. 4, Assessment of blood chimerism in brain-protected and
unprotected CCR2™/* GFP —> APP™**S" chimeras. Representative dot plots from individual mice are shown on the left, and the percentages of GFP *(D11b " Ly-6C'° and GFP * (D11b ™ Ly-6¢"
cells are indicated. SSC, Side scatter. Quantification of Ly-6C'°- and Ly-6C "-expressing GFP-positive cells in the peripheral blood of unprotected and protected (CR2™/* GFP — APP™/*T BM
chimeras is shown on the right. Data are means = SEM. At least 5 mice per group were examined. B, Phagocyte engraftment from the hematopoietic compartment requires irradiation of the brains
of AD transgenic mice. Ramified GFP- and Iba-1-expressing cells were examined 7 months after BMC transfer. Inmunohistochemistry for Iba-1 (blue, left; red, right), AB deposits (red), GFP
fluorescence (green), and DAPI staining of nuclei (blue) in cortical and hippocampal sections from unprotected and protected (CR2™+/* GFP — APP*#*" BM chimeras reveals that BM-derived
(GFP ™) Iba-1 ™ mononuclear phagocytes (arrows) are exclusively found in unprotected AD brains, whereas nonirradiated (protected) brains are devoid of parenchymal ramified GFP * cells.
Endogenous host microglia are Iba-1* GFP ~ (arrowheads). Scale bars, 30 um. (~E, Semiquantitative analysis of regional myeloid cell engraftment (GFP *Iba-1" cells) in the brain (cortex and
hippocampus) (€) and spinal cord (D) of total-body irradiated (unprotected) and brain-shielded (protected) CCR2™/ GFP —>APP™*¢"S" BM chimeras. Engraftment of BM-derived mononuclear cells
strictly depends on irradiation of the nervous tissue in AD transgenic mice. The percentage of plaques surrounded by GFP ™ mononuclear cells in the conditioned brains is shown in E. Data are
means == SEM from at least three sections per animal and at least 5 mice per group. n.d., Not detectable.

unprotected CCR2""* GFP — APP™*"5! mice (13.9 * 4.3 cells/
mm? in the hippocampus and 12.7 * 2.5 cells/mm? in the cor-

expected from our previous work (Bechmann et al., 2001),
donor-derived cells with elongated cell bodies and bipolar shape

tex), whereas protected CCR2"" GFP — APP™*“™' mice were
completely devoid of any engrafted cells in the brain parenchyma
and around amyloid plaques (Fig. 2C). However, engraftment of
GFP-labeled cells in protected animals occurred in the non-
shielded spinal cord of these animals, underscoring that condi-
tioning by irradiation is a prerequisite for hematopoietic cell
entry into the CNS parenchyma (Fig. 2 D). To examine whether
the turnover of perivascular macrophages (PVMs) also de-
pends on irradiation, we examined the presence of GFP * cells
around blood vessels in the brains of AD transgenic mice. As

were detected around blood vessels in both protected and unpro-
tected BM chimeras (data not shown). Quantitative examination
revealed robust engraftment of donor-derived PVMs in the
perivascular spaces that was not significantly decreased in the
protected individuals (7.1 = 1.9 cells/section compared with
8.9 = 2.5 cells/section in unprotected samples). To assess the
capacity of transferred BM cells to migrate to amyloid plaques, we
determined the percentage of A deposits surrounded by GFP *
cells in unprotected CCR2™"GEP — APP™"! mice. Again,
only a minority of amyloid plaques in the hippocampus were
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APP**/PST BM chimeras compared with protected chimeras (top row). Only unprotected (CR2™* GFP — AP BM chimeras
(APP"*/"S" unprotected) contain GFP™ (green) Iba-1-immunoreactive (blue) phagocytes, which partially surround A plaques (red)
(bottom row). B, Quantification of Iba-1 cells per 3-amyloid plaque indicates a significant reduction of plaque-associated Iba-1*
microglia/macrophages in unprotected (CR2 ™/ GFP —> APP**¢*7 BM chimeras (APP**"" unprotected, black bars) compared with
protected chimeras (APP"*" protected, white bars) independent of the plaque size. Data are means = SEM from at least three sections
peranimalandatleast 5 mice per group. *p << 0.05 statistical significance. , Quantitative real-time PCRanalysis of CXCL10, (L3, CCR2, and
scavenger AmRNA expression in the brains of unprotected CCR2 ™ GFP—>APP***"S" BM chimeras (black bars) compared with protected
chimeras (white bars). Data are means == SEM from at least 5 mice animals per group. *p << 0.05 statistical significance. D, Morphology of
microglia/macrophages surrounding /3-amyloid plaques in the brain. In unprotected ((R2™* GFP —> APP**™" BM chimeras (APP™<™'
unprotected), Iba-T-immunoreactive microglia/macrophages (red) are dystrophic and dissociated from the plaque (left). In contrast,
Iba-1 " microglia/macrophages in protected CCR2 ™ GFP —> APP™/S" BM chimeras (APP™*#"*" protected) cluster in and around the
plaque and extend cellular protrusions into the core of the plague (right). Nuclear DAPI staining in blue. E, Morphology of Iba-1-
immunoreactive microglia/macrophagesin the brain atsites distant from /3-amyloid deposits. In unprotected (CR2 +/* GFP —> APP*<*7
BM chimeras (left), Iba-1-immunoreactive microglia/macrophages (red) have enlarged cell bodies with short and spiny processes com-
pared with the protected condition (right). Nuclear DAPI staining in blue. F, Laser microdissection of (D11b * GFP ~ endogenous microglia
and (D11b " GFP ™ engrafted macrophages from the hippocampus of unprotected and protected (CR2/* GFP — AP BM chi-
meras. Nuclear staining with DAPlis shownin blue, (D11bimmunoreactivityin red (top), and GFP expressionin green (middle). The bottom
shows the overlay and indicates the results of microdissection. Closed circles indicate dissected endogenous microglia ((D11b TGP T);
dashed circles indicate BM-derived macrophages ((D11b * GFP ). Scale bar, 50 um. G, Quantification of cytokine and chemokine mRNA
expression in microdissected (D11b *GFP ~ and (D11b * GFP * microglia/macrophages under different experimental conditions. Data
are presented as a heat map with a log, scale (brown, downregulated; green, upregulated). Rows indicate experimental groups; columns
represent particular genes. Each data point reflects the median expression value of a particular gene resulting from three to four individual
mice, normalized to the mean expression value of the respective genein (D11b " GFP ~ cells from protected wild-type recipients.
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clearly associated with donor-derived
cells, whereas most GFP * cells were not
located in proximity to AP deposits
(Fig. 2E).

In summary, our data provide strong
evidence that the engraftment of myeloid
cells in the brain parenchyma of AD trans-
genic mice does not occur normally dur-
ing disease progression, but requires prior
CNS conditioning to sufficiently attract
BM cells. Furthermore, engrafted phago-
cytes were not primarily attracted by am-
yloid plaques in the brain parenchyma. In
contrast, turnover of PVMs around ves-
sels did not depend on irradiation.

Brain conditioning alters the CNS
milieu and mitigates Af3 deposition in
AD transgenic mice

Since irradiation of the CNS induces a tre-
mendous and rapid gene regulation (Li-
nard et al., 2004; Francois et al., 2006),
we examined the structural and molecular
consequences of irradiation on the
brains of APP™“"*! mice. Thorough
histopathological examination of brain
sections from protected CCR2"/*GFP —
APP/PSI mice (APP™™! protected)
revealed a dense network of Iba-1-
immunoreactive cells, which character-
izes endogenous microglia under these
experimental conditions (Fig. 3A). Micro-
glia were densely packed and localized
mainly around A plaques. In sharp con-
trast to this situation, irradiation dramat-
ically changed the morphology of Iba-1*
cellular networks and the association of
Iba-1" cells with amyloid plaques in the
brains of unprotected CCR2""*GFP —
APP™P$! mice (APP™*"S! unprotected)
(Fig. 3A). BM-derived phagocytes ex-
pressing GFP and Iba-1 were now pres-
ent in the brain, but endogenous
GFP "Iba-1" microglia appeared more
separated and disintegrated from the local
glial environment. In fact, quantitative
measurements of Iba-17 cells associated
with amyloid plaques revealed a signifi-
cant reduction in plaque-associated mi-
croglia/macrophages at 7 months after
irradiation (Fig. 3B).

We next analyzed the whole brain for
expression of chemoattractant factors
known to be involved in the recruitment
of myeloid cells, and the phagocyte scav-
enger A as the key microglial factor re-
quired for the clearance of insoluble AB
(Fig. 3C). Notably, we observed signifi-
cantly less CXCLI10 and CCL3 mRNAs in
the brains of unprotected CCR2"" GFP
— APP™PST mice (APP™*S! unpro-
tected) compared with the protected
chimeras. Interestingly, CCR2 mRNA
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unprotected

Figure4.

Absence of cell death and proliferation in the brain following irradiation and bone marrow transplantation. Tissue sections from the CNS of chimeric mice were stained at indicated time

points after irradiation and BM transfer with antibodies against Ki-67 (TEC-3, DAKO, 1:20) and BrdU (in situ Detection Kit, BD PharMingen) for proliferation and TUNEL (Roche) for apoptotic cells.
Spleens of chimeric mice were used as positive controls (insets). Representative pictures (cerebellum) from each experimental group (n = 2-3 mice) are shown.

expression was not altered, while gene ex- A coube
pression of scavenger A was significantly 3 AP protected
higher in the brains of unprotected CCR2™/+ g "] mAPP™""unproteces
GEP — APP™"S! (APP™*S! unpro- [
tected) mice. These data clearly suggest — £°*
robust long-term changes of the brain mi- ~ §°2
lieu, even several months after irradiation 00
and BM transplantation. e

Closer examination of microglia mor- 515
phology by confocal microscopy uncovered ;1-0
striking changes of cellular organization  gos
(Fig. 3D). In protected CCR2™"GFP — o0
APPYPSI mice (APPY™S! protected),

Figure 5.

Iba-1" parenchymal cells showed typical
microglial morphology with round to
spindle-shaped somata and a distinct ar-
borization pattern. Cells were located at
the border of the amyloid plaques, and
their processes reached into the core of the
plaques. In contrast, microglia in the
brains of unprotected CCR2"/*GFP —
APP™P$! mice (APP™*"S" unprotected)
were more dissociated from the AB deposits, with hardly any
cellular processes reaching the center of the plaques. Similarly, pa-
renchymal microglia that were not associated with amyloid plaques
showed morphological signs of activation, namely retraction of
cellular processes and rounding of the somata (Fig. 3E). Furthermore,
activated microglia in unprotected CCR2**GFP — APP™"!
mice (APP™“"S! unprotected) were covered by numerous spiny
protrusions on the surface that could not be found in their counter-
parts in protected BM chimeras.

It has furthermore been proposed that BM-derived phago-
cytes are functionally different from endogenous microglia,
e.g., by their increased immune gene expression (Simard et al.,
2006). To determine whether endogenous microglia or BM-
derived phagocytes are the cellular sources of potentially detri-
mental mediators in AD and whether the individual gene profiles
might be influenced by irradiation, we generated BM chimeras
and performed single-cell microdissections on brain sections
in situ (Fig. 3F). Immunostained serial sections were used to
dissect CD11b *GFP ~ endogenous microglia and donor-derived
CD11b *GFP ™ phagocytes from the brains of protected and unpro-
tected CCR2*/* GFP — APP™*"! BM chimeras by a pulsed UV
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A deposition is reduced in AD transgenic mice after brain irradiation and BMC transplantation. A, Determi-
nation of the amounts of soluble and insoluble AB,_,, and A3, _,, by sandwich ELISA in brain lysates from protected
(white bars) and unprotected (black bars) CCR2 /" GFP — APP***/**" BM chimeras 7 months after irradiation. Deposition
of insoluble, but not soluble A, _,,and AB,_, is significantly reduced in unprotected (brain-inradiated) (CR2 ™/ GFP —> APP**/*S'
BM chimeras. Data are means == SEM from at least 5 mice per group. *p << 0.05 statistical significance. B, Inmunoblot
analysis of brain lysates from unprotected and protected CCR2 ™/ GFP — APP**¢/*" BM chimeras for APP, B-CTF,and AB.
No differences in APP processing were found between protected and unprotected animals (n = 6 per group). Wild-type
mice (wt) served as negative controls.

laser beam. Sections were counterstained with DAPI to facilitate the
identification of individual cells. Cytokine mRNA expression was
subsequently analyzed by quantitative RT-PCR (Fig. 3G). We found
a 24.06 * 5.71-fold increase of CXCLI0 mRNA expression in
CD11b "GFP ~ endogenous microglia subjected to irradiation com-
pared with CD11b*GFP ~ microglia from protected CCR2*/*
GEP — APP“"*! mice, underscoring again the influence of
prior brain conditioning. Note that CXCL10 mRNA expression
was significantly decreased in whole brains of unprotected
CCR2*"* GFP — APP™*! mice compared with the protected
chimeras (Fig. 3C), suggesting differential gene expression in mi-
croglia versus other types of brain cells. In contrast, CXCLI10
mRNA levels were slightly downregulated in microglia from pro-
tected CCR2*/*GFP — APP™“™' mice compared with pro-
tected CCR2"/"GFP — wild-type mice (0.13 = 0.05-fold
compared with 1.74 * 0.54-fold). CCL3 mRNA expression was
strongly induced in CD11b *GFP ™ microglia from protected
CCR2*Y*GFP — APP™"S! mice compared with protected
CCR2*"* GFP — wild-type mice (67.81 *+ 10.15-fold compared
with 1.19 * 0.28-fold), indicating a disease-associated induction
of this chemokine. Whereas CCL3 gene expression was largely
unchanged by irradiation, CCL2 and TNFa transcripts were
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To examine whether irradiation of
the CNS induces cell death or prolifera-
tion of parenchymal cells, histopatho-
logical changes following irradiation
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Figure 6.  AB deposition is reduced in AD transgenic mice after brain irradiation and BM transplantation. A, Determination of
the amounts of soluble and insoluble AB,_ ,, and AB,_,, by sandwich ELISA in brain lysates from protected (white bars) and
unprotected (black bars) CCR2*/* GFP — APP23 BM chimeras. Deposition of insoluble, but not soluble AB,_,oand AB;_,, is
significantly reduced in unprotected (brain-irradiated) CCR2™/* GFP —> APP23 BM chimeras. Data are means + SEM from 5 mice
per group. *p << 0.05 statistical significance. B, Immunoblot analysis of brain lysates from unprotected and protected CCR2 */*
GFP — APP23 BM chimeras for APP, 3-CTF, and AB. No differences in APP processing were found between protected and

unprotected animals (n = 5 per group).

0, 2, 4, 8, and 16 d post-irradiation. We
did not observe any apoptotic TUNEL *
or proliferating Ki-67 * (TEC-3) or BrdU ©
cells in the cerebellum, suggesting that these
events are obviously not induced when
cytokine mRNA levels peak in the brains fol-
lowing irradiation, as described previously
(Mildner et al., 2007).

To determine whether irradiation-
induced changes of brain homeostasis af-
fect AB burden and APP processing, we
examined -amyloid content in brain ly-
sates from protected and unprotected
CCR2"/* GFP — APP™™! BM chimeric
mice (Fig. 5A). Surprisingly, the amount

ofinsoluble AB,_,,and AB,_,, was signif-
—e  icantly reduced after brain irradiation,

while soluble AB,_,, and AB,_,, re-
mained unchanged. Importantly, the lev-

els of full-length APP and B-CTF were

comparable between both groups, sug-

gesting that brain irradiation might in-
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Figure 7.  Parenchymal A3 load in the brains of AD transgenic mice is independent from the presence of immigrating

bone marrow-derived phagocytes. A, Determination of the amounts of soluble and insoluble AB,_,, and AB,_,, by
sandwich ELISA in brain lysates from unprotected (brain-irradiated) (CR2™/* GFP — APP™¥"" (white bars) and
(CR2™/~ GFP — APP***/*" (black bars) BM chimeric mice. AB deposition is independent of the engraftment of donor-
derived phagocytes in the brain, which is significantly reduced in CCR2~/~ GFP — APP***/"S BM chimeras (see also Fig.
1C,0). B, Immunoblot analysis of brain lysates from CCR2*/* GFP — APP™***S" and ((R2~/~ GFP — APP™**" BM
chimeric mice for APP, B-CTF, and AB. No differences in APP processing were found between the groups (n = 3—4 per

group). Tubulin served as loading control.

always induced in CD11b™ cells from irradiated brains. In
contrast, CCR2 mRNA expression in microglia/phagocytes
was influenced neither by disease nor by brain irradiation.
Interestingly, CD11b "GFP ~ microglia and CD11b *GFP*
BM-derived phagocytes from unprotected CCR2"*GFP —
APP™*"! mice had different levels of CCL2 and CXCL10 mRNA
expression (CCL2mRNA, 6.70 + 2.20in CD11b "GFP ~and 0.72 =
0.24 in CD11b "GFP " cells; CXCLI0 mRNA, 20.89 * 7.24 in
CD11b *GFP ™~ and 2.06 = 0.30in CD11b "GFP * cells). No signif-
icant differences in cytokine and chemokine gene expres-
sion were observed between CD11b " GFP ~ microglia isolated
from CCR2"/*GFP — APP™™' and CCR2™/~ GFP — APP™™!
mice. The chemokine and cytokine gene expression changes
induced in microglia by irradiation coincide with the morpho-
logical changes observed in brain sections from unprotected
BM chimeras, but they do not necessarily overlap with the
pattern of gene regulation observed in whole-brain lysates.
However, the results strongly suggest differential functional
properties of endogenous microglia and BM-derived mono-
nuclear cells.

hibit the degradation/clearance of fibrillar
insoluble AB,_,,and AB,_,, by mononu-
clear phagocytes, rather than altering the
processing of APP (Fig. 5B).

To confirm our findings in an alterna-
tive and less aggressive AD mouse model,
we used APP23 mice (Fig. 6). In this trans-
genic line, APP gene expression is driven
by the neuronal Thy-1 promoter, leading
to a slower progression of AD pathology
compared with APP*""! mice. When
APP23 mice were used as recipients of BM
cells from B-actin-EGFP mice, some invading ameboid-like
GFP ™ cells were found in the brains of unprotected CCR2™/"
GFP — APP23 mice, while none were detected in protected
CCR2"/*GFP — APP23 BM chimeras (data not shown). These
results are in line with the findings of Stalder et al. (2005), and
indicate that hematopoietic cells also engraft in response to cere-
bral amyloidosis in this single transgenic AD model. In analogy to
our results in APP™“*5! BM chimeric mice, unprotected CCR2""*
GFP — APP23 mice contained significantly less insoluble
ABi_4 and APB,_,, in the brain compared with protected
CCR2Y"*GFP — APP23 mice, while the levels of soluble
ABi_sand AB,_,,, and APP and B-CTF were unchanged (Fig.
6). Stereological analysis revealed no significant differences in
B-amyloid plaque load in the neocortex and hippocampus of
protected versus unprotected CCR2"" GFP — APP23 mice (data
not shown).

Together, these results underscore the broad impact of brain
irradiation before BM transplantation, which induces consider-
able and long-lasting morphological, genetic, and functional
changes of brain cells, including microglia.
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BM-derived mononuclear phagocytes
do not modulate parenchymal A load
in CCR2-deficient chimeras

It has been proposed that BM-derived mi-
croglia are critical in restricting senile
plaque formation in AD mouse models
due to improved migration and increased
phagocytosis compared with endogenous
microglia (Simard et al., 2006). To estab-
lish whether BM-derived phagocytes are
beneficial or detrimental to AD pathogene-
sis, we generated BM chimeras specifically
lacking donor-derived cells in their brains.
For this purpose, CCR2*/*GFP —
APP™™! and CCR2™/~ GFP — APP™™!
mice were generated, which were total
body irradiated before BM transplanta-
tion to condition the brains for poten-
tial myeloid cell entry. However, as we
have shown before, unprotected CCR2™/~
GFP — APP™****" mice lacked significant
numbers of engrafted GFP "Iba-1" cells
compared with wild-type donors despite a
comparable degree of blood chimerism
(Fig. 1C). Surprisingly, determination of
the levels of soluble and insoluble AB;_,,
and AB,_,, in the brains of CCR2"™"
GFP — APP"™! and CCR2™'~ GFP —
APP™™! mice did not reveal any signifi-
cant differences (Fig. 7A). Moreover,
immunoblot analyses of brain lysates re-
vealed similar quantities of APP, B-CTF,
and A (Fig. 7B). Thus, our results suggest
that BM-derived phagocytes can be targeted
to parenchymal B-amyloid plaques in a
CCR2-dependent manner, but changes of
AB load depend on irradiation-induced
changes, such as activation of endogenous
brain AB clearance or increased brain-to-
blood efflux of AB, rather than reduced
amyloidogenic APP metabolism or the re-
cruitment of BM-derived phagocytes to
parenchymal A deposits.

Perivascular macrophages in AD
transgenic mice clear ABina
CCR2-dependent manner

To further explore the role of hematopoi-
etic cells in AB clearance, we took advan-
tage of transgenic T¢2576 (APP™*) mice
expressing the 695 aa isoform of human
APP, a well established model for a non-
aggressively progressing disease with es-
tablished CCR2 dependency (El Khoury
et al., 2007).

To generate APP™ mice deficient in
CCR2, we bred APP™ mice with
CCR2™’~ mice and examined the sur-
vival times (Fig. 8A). As already de-
scribed, APP*"® mice deficient in CCR2
(APP*"*CCR2~’7) had a marked increase
in mortality compared with wild-type
CCR2"*, CCR2™/", and APP™ mice
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Figure 8.  Perivascular macrophages in AD transgenic mice clear A3 in a C(CR2-dependent manner. 4, Expression of CCR2 determines
the survival of APP™ mice. Survival curves of wild-type CCR2 /™, CCR2 ™/, APP™* (CR2™*/™, and APP™™* (CR2 miice are shown. In
each experimental group at least 20 mice were used. B, Inmunohistochemistry with an antibody against A3 reveals no difference in the
relative area covered by A3in the cortex of APP™*¢ (CR2™ and APP™** (CR2™/~ miice. Data are means = SEM from at least 3 sections
per animal and at least 3 mice per group. Representative immunostained sections are shown on the right. Scale bars, 100 wm. G, Semi-
quantitative analysis of Iba-1-immunoreactive cells in the brain reveals normal proliferation of microglia in the absence of CCR2. The
number of Iha-1* microglia/macrophages is significantly increased in the brains of APP**¢ ((R2™** (white bar, n = 4) and APP™**
(CR2~"~ mice (black bar, n = 4) compared with CCR2™"* (light gray bar,n = 3)and (CR2~~ mice (dark gray bar, n = 4), respectively.
The number of Iba-1* cells is not different between APP™e (CR2™* and APP™® (CR2 "~ miice, or between (CR2™ and (CR2~"~
mice. Dataare means == SEM from at least 3 sections per animal and at least 3 mice per group. D, Immunohistochemistry with an antibody
against A reveals a significant increase in the percentage of blood vessels containing 3-amyloid in the cortex of APP™ ((R2™/~
compared with APP™** (CR2"*"* mice. Data are means =+ SEM from at least 3 sections per animal and at least 3 mice per group. Asterisk
indicates statistical significance (p << 0.05). Representative immunostained sections are shown on the right, and the arrow indicates
vascular A accumulation. Scale bars, 50 pum. E, Absence of CCR2 does not change the number of Iba-1* PVMs per AB-containing blood
vessel. Semiquantitative analysis reveals the same number of PVMs in APP™*¢ (CR2 ™/ asin APP™** (CR2 " miice. Data are means =
SEM from at least 3 sections per animal and at least 3 mice per group. F, CCR2 deficiency increases the percentage of perivascular macro-
phages, which accumulate Af3. Semiquantitative analysis was performed on at least 3 sections per animal and at least 3 mice per group
(AP (R and APP™® (CR2" miice). Data are means = SEM. *p << 0.05 statistical significance. Representative immunostained
sections are shown on the right. AB " Iba-1* PVMs were visualized by double immunohistochemistry (AB in red, Iba-1in brown). The
arrows point to a3 deposition in PVMs. Scale bars, 20 um. G, Determination of the amounts of soluble and insoluble AB, _ ,oand AB,_,,
by sandwich ELISA in brain lysates from nontransplanted APP™*® mice (white bars), and from protected, i.e., brain shielded fromirradiation,
(CR2™*/* GFP—> APP™* (gray bars) and (CR2 ™~ GFP —> APP*** (black bars) BM chimeric mice 7 months after transplantation. Deposi-
tion ofinsoluble, butnotsoluble AB, _ oand AB,_ ,;, is significantly increased in APP** mice transplanted with CCR2-deficient BMCs. Data
are means == SEM from at least 3 mice per group. *p << 0.05 statistical significance. H, Inmunoblot analysis of brain lysates from APP™*¢
mice, and from protected CCR2 ™/ GFP —> APP™*® and (CR2 "~ GFP —> APP™® BM chimeric mice for APP, - and B3-CTF, and AB. AB
accumulation is enhanced in APP™€ mice transplanted with CCR2-deficient BMCs, whereas APP processing is unchanged (n = 3-5 per
group).
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(p < 0.05). By 120 d of age, 38% of APP***CCR2 /" had died,
compared with 100% survival in the other groups of mice. Inter-
estingly, even APP™* mice had normal survival rates up to this
time point. These data confirm that the presence of the chemo-
kine receptor CCR2 modulates pathogenicity in this AD mouse
model.

To determine whether the increased mortality in APP™*
CCR2™’~ mice was associated with elevated brain parenchymal
B-amyloid deposits, we performed immunohistochemistry with an-
tibodies against AB3. Similar amounts of parenchymal AB deposition
were found in the brains of aged APP™**CCR2™’~ mice and age-
matched APP***CCR2*"* control mice (Fig. 8 B).

Both microglia and BM-derived phagocytes have been impli-
cated in the clearance of AB from the brain (Bard et al., 2000).
However, the mechanisms by which mononuclear phagocytes are
recruited into AD brains are not known. CCR2 is the main
chemokine receptor for CCL2 and mediates CCL2-induced leu-
kocyte chemotaxis (Mildner et al., 2007; Prinz and Priller, 2010)
Since El Khoury et al. (2007) suggested that CCR2 deficiency
might affect microglia accumulation in APP™™ mice, we per-
formed immunohistochemical stainings for the well established
macrophage/microglia marker, Iba-1, and quantified Iba-1-
immunoreactive cells in the brains of APP**CCR2™/~,
APP*°CCR2"/", CCR2™/~, and CCR2*/* mice (Fig. 8C). As ex-
pected, diseased APP***CCR2™’~ and APP***CCR2"’" animals
exhibited more Iba-1" cells per square millimeter than
did CCR2™~ and CCR2™" mice. Surprisingly, both
APP*CCR2™/~ and APP™CCR2*’* mice had comparable
numbers of Iba-17" cells in the brain (APP***CCR2™/~, 181.0 =
18.9 cellsymm?; APP***CCR2%", 162.1 = 15.0 cellsymm?),
clearly pointing to a redundant role of CCR2 for microglia re-
cruitment and accumulation in AD. This finding is in contrast
with the findings of El Khoury et al. (2007). However, CCR2™/~
and CCR2™'" mice also contained similar numbers of Iba-1~"
cells in the brain (CCR2 /7, 44.0 = 1.4 cellsymm?; CCR2V'™,
46.1 * 3.9 cells/mm?).

APP*°CCR2~’~ mice show enhanced B-amyloid deposition
around blood vessels, a situation known as CAA (El Khoury et al.,
2007). We confirmed these findings by AB immunohistochemis-
try (Fig. 8 D). In APP***CCR2™’~ mice, 46.6 * 7.8% ofall cortical
vessels showed AP deposits compared with 12.3 = 6.2% in
APP*°CCR2""" mice. We therefore postulated that the absence
of CCR2 leads to increased AB accumulation in small blood ves-
sels, possibly leading to intracerebral hemorrhages and prema-
ture death. In search of a potential mechanism, we asked whether
the homeostasis and turnover of PVMs might be dependent on
the presence of CCR2. To this end, we performed double immuno-
histochemistry for Iba-1 as macrophage marker and for GFAP to
visualize the astrocyte end feet lining the glia limitans on brain sec-
tions from CCR2™~ and CCR2™* mice (data not shown). Semi-
quantitative evaluation revealed a similar amount of PVMs
regardless of the genotype, namely 14.1 = 2.8 Iba-1" PVMs/section
localized below the glia limitans in CCR2*"" mice and 13.6 = 1.7
Iba-1" PVMs/section in normal CCR2™/~ mice. To determine
whether CCR2™/~ mononuclear phagocytes might have a defect in
their ability to migrate to cerebrovascular A3 deposits, we next com-
pared the number of Iba-1" PVMs around AB " vessels in 120-d-
old APP™*CCR2™’~ and APP™CCR2""" mice (Fig. 8E). The
number of Iba-1 " PVMs per A B-containing vessel was independent
of CCR2 expression, suggesting that CCR2 plays a redundant role in
PVM recruitment to cerebrovascular A3 deposits.

Since cerebrovascular A levels are mainly regulated by trans-
port processes that shuttle AB across the blood—brain barrier
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Figure9. Invitro phagocytosis of AB,_, is unchanged in the absence of CCR2. 4, B, Phago-
cytosisofaged 5'-FAMA,_ ., by exvivoisolated adult microglia (4) and bone marrow-derived
macrophages (BMDM) (B) from (CR2~~ mice (black bars) and CCR2™/™ mice (white bars) as
measured by flow cytometry 6 h after aged 5’-FAM amyloid 3,_,, challenge. €, Addition of
recombinant murine CCL2 (10 ng/ml) has no influence on A3 phagocytosis in BMDM. Data are
means == SEM from 3 independent experiments with at least 3 mice per group.

(BBB) (Mucke, 2009), CCR2 may play an important role in A3
clearance by PVMs. We determined the percentage of PVMs that
incorporated A3 by double immunohistochemistry for Iba-1 and
AB (Fig. 8F). AB-containing Iba-1" PVMs were signifi-
cantly more frequent in APP***CCR2™/~ mice compared with
APPCCR2""* mice (APP**CCR27'", 24.6 * 3.8 cells/mm?;
APP™CCR2""", 9.8 = 5.3 cellsymm?). Thus, our data suggest
that CCR2 deficiency affects A3 clearance/transport by mononu-
clear phagocytes associated with blood vessels, but not by paren-
chymal microglia in AD transgenic mice.

To restrict CCR2 expression in APP " mice to the radioresis-
tant vascular compartment, we generated protected BM chimeric
mice. Brain shielding in these mice still allows for sufficient ex-
change of PVMs, while the entry of mononuclear phagocytes into
the brain parenchyma is prevented. To test whether CCR2 defi-
ciency in the periphery, including PVMs, induces a change in
cerebral AB accumulation, we analyzed protected CCR2™/~ —
APP™and CCR2""" — APP*** mice at 7 months after BM trans-
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adult microglia
CD11c

plantation (Fig. 8G,H ). Notably, amyloid
burden was dramatically increased in
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CCR2™/~ — APP™ mice compared with
CCR2""" — APP™* and APP™** mice. Bio-
chemical analysis revealed an increase of !
both insoluble AB,_,,and AB,_,, in the E J \

brains of CCR2™/~ — APP™ mice, T
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whereas soluble AB,_,, and AB,_,, re-
mained unchanged (Fig. 8 H). To address
steady-state APP metabolism, we also ana-
lyzed B-CTF and nonamyloidogenic CTF
(a-CTF), but we did not detect any differ-

inflammatory monocytes
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To examine whether CCR2™/~ micro-

ences between the genotypes (Fig. 8 H). :k
T

glia and myeloid cells have a defect in their
ability to phagocytose A3, we exposed the

macrophages

cells to FAM-labeled AB,_,, in vitro and
performed flow cytometry (Fig. 9). We
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phages was unchanged in the absence
of CCR2. Accordingly, application of
the CCR2 ligand, CCL2, did not modu-
late AB uptake. Next, we examined
whether CCR2 deficiency or synthesis of
GFP might affect the expression of
immune-related molecules and adhesion
factors on adult microglia, circulating Ly-
6C™ monocytes, and macrophages using
flow cytometry (Fig. 10). Baseline expression levels of CDllc,
PSGL-1, and integrins a4 and 31 were similar in all myeloid cell
populations derived from CCR2*/*, CCR2"/*GEP, CCR2™"",
and CCR2™/~ GFP mice, demonstrating that expression of nei-
ther CCR2 nor GFP influences the homeostatic baseline expres-
sion of immune molecules on the surface of microglia, monocytes,
and macrophages.

Our results imply that peripheral macrophages, e.g., PVMs,
rather than parenchymal microglia modulate B-amyloid deposi-
tion in the brains of AD transgenic mice by clearing AB in a
CCR2-dependent fashion.

10" 102 10° 10*

Figure 10.

Discussion
Here, we describe and characterize a specific myeloid subpopu-
lation of CCR2-expressing cells as the precursors of newly re-
cruited tissue phagocytes in the brains of irradiated AD
transgenic mice. Our findings are in line with the dominant role
that MCP-1/CCL2, the ligand for CCR2, plays in chronic inflam-
mation in the human AD brain (Janelsins et al., 2005; Sokolova et
al., 2009). In mouse models of AD chimeras, CCR2™" myeloid
cells are partially recruited to regions of AB deposition, namely to
senile plaques and the cerebrovascular compartment, where they
exert differential functions. The recruitment of mononuclear
phagocytes from the periphery to parenchymal B-amyloid
plaques depended on CCR2 expression and conditioning of the
brain (for example, irradiation), whereas Iba-1 * PVMs were re-
cruited to vascular 3-amyloid deposits in the absence of CCR2, but
they needed this receptor for A clearance. Thus, our data offer new
insights into the mechanisms leading to the engraftment of BM/
blood-derived mononuclear phagocytes in the brains of chimeric
AD transgenic mice, and suggest distinct spatiotemporal roles for
specific myeloid subpopulations in disease pathogenesis.
Monocytes and tissue macrophages, such as microglia, are
highly mobile immune effector cell populations with distinct

10" 102 10° 10* 10" 102 10° 10* 10" 102 10° 10*

Expression of immune and adhesion molecules on myeloid cells is independent of CCR2 or GFP expression. Flow
cytometric comparison of immune surface markers on myeloid cell subsets, including adult microglia, blood Ly-6C ™ monocytes,
and macrophages derived from CCR2™/™, CCR2**/* GFP, CCR2~/~, and (CR2~~ GFP mice. All cells were gated on CD11b, and
expression of (D11¢, PSGL-1, integrin cx4, and integrin 31 was assessed by FACS under baseline conditions. Isotype antibodies
were used as negative controls.

functional features. Microglia already colonize the CNS during
early embryogenesis, when they arise from hemangioblastic me-
soderm and populate the developing neuroectoderm in rodents
after embryonic day 8.5 (Alliot et al., 1999), whereas monocytes
circulate in the blood during adulthood and cannot normally
enter the brain, which is anatomically separated from the periph-
ery by the BBB (Ransohoff and Perry, 2009). Early studies in
irradiated rats using MHC mismatch as a marker of donor BM
cells found only limited turnover of microglia with their periph-
eral myeloid counterparts (Hickey et al., 1992). However,
more recent studies documented an early and rapid engraft-
ment of BM-derived phagocytes in several models of neuro-
degenerative diseases, such as facial nerve axotomy (Priller et
al., 2001), scrapie (Priller et al., 2006), the MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) model of Parkinson’s disease
(Kokovay and Cunningham, 2005), and Alzheimer’s disease
models (Malm et al., 2005; Stalder et al., 2005; Simard et al.,
2006).

It is quite essential to note that the vast majority of BM chi-
mera data addressing the functional impact and kinetics of newly
recruited phagocytes versus endogenous microglia were obtained
using total-body irradiation, without selective marrow-specific
targeting of the myeloablative treatment. As we have demon-
strated here, the involvement of the head during the irradiation
procedure has a substantial impact on the local CNS environ-
ment. First, we observed substantial changes of the cellular net-
works of glial cells, as well as the morphology and localization of
microglia in relation to B-amyloid plaques in AD transgenic
mice. It was surprising to find that these alterations persist for
several months after irradiation, indicating long-term effects of
this conditioning regimen. Indeed, as we could show by single-
cell microdissection followed by quantitative real-time PCR,
TNFa, CCL2, and CXCLI0O mRNA levels in microglia were
greatly affected by irradiation. Subtle changes of BBB integrity or
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inactivation of repulsory signals following irradiation might also
promote myeloid cell engraftment (Diserbo et al., 2002; Yuan et
al., 2003). Finally, we cannot exclude any irradiation-induced
neuronal damage that might cause distraction of microglia pro-
cesses directly or indirectly.

CCL2 is induced not only by irradiation, but also during brain
diseases, including AD (Ishizuka et al., 1997; Janelsins et al., 2005;
Yamamoto et al., 2005; Prinz and Priller, 2010). Our results sug-
gest that this chemokine might be involved in the recruitment of
CCR2-expressing myeloid cells into the brains of AD transgenic
mice. In line with this, transgenic overexpression of CCL2 in
astrocytes of APP transgenic mice was associated with increased
myeloid cell accumulation around plaques (Yamamoto et al.,
2005). Here, we show for the first time that CCR2-expressing
myeloid cells are the source of newly immigrated phagocytes in
the brains of chimeric AD transgenic mice. However, in contrast
to a previous report (Simard et al., 2006), we did not detect any
effects of BM-derived phagocytes on parenchymal AB plaque
load.

It has further been reported that CCR2 deficiency may hasten
disease progression in AD transgenic mice, most likely as a result
of impaired amyloid degradation by brain endogenous phago-
cytes, e.g., microglia (El Khoury et al., 2007). However, our data
indicate that microglia proliferation and accumulation were un-
altered in the absence of CCR2. Two other recent studies also
question the involvement of microglia in the pathogenesis of AD.
In vivo multiphoton imaging revealed that resident microglia are
not important in the de novo formation of B-amyloid deposits in
AD transgenic mice (Meyer-Luehmann et al., 2008). Moreover,
ablation of the majority of parenchymal microglia using an in-
ducible suicide gene approach in two mouse models of AD sug-
gested that neither amyloid plaque formation and maintenance,
nor amyloid-associated neuritic dystrophy depended on the
presence of microglia (Grathwohl et al., 2009). Our findings are
in line with a recent finding that CCR2 deficiency in APP™*/""
mice provokes a rapid cognitive decline closely correlated with
brain accumulation of soluble A oligomers and a robust mRNA
expression of TGF-B1, TGF-B-R2, and CX;CRI in microglia
(Naertand Rivest, 2011). Similar to our study, the authors further
found no impaired microglia proliferation around AD plaques in
the absence of CCR2. In sum, CCR2 has certainly complex func-
tions in AD that go well beyond the control of the CNS immigra-
tion of defined myeloid subsets to a role in remodeling of A3
deposition.

Our data further indicate the pathogenic role of another
specialized subset of mononuclear phagocytes, namely PVMs,
for AB clearance in the brains of AD transgenic mice. These
phagocytes are located in the perivascular spaces, where they
are important for immune surveillance and usually involved
in the transport of AB across the BBB (Mucke, 2009). Recent
experimental evidence highlighted the critical role of PVMs in
the regulation of cerebral amyloid angiopathy (Hawkes and
McLaurin, 2009). We found that the recruitment of PVMs
from the BM to cerebrovascular Af deposits in AD transgenic
mice occurred independent of CCR2. However, PVMs cleared
AB from the brain in a CCR2-dependent manner. Previous
results suggested that CCR2 deficiency abolished the che-
motaxis of peritoneal macrophages to supernatants from AfS-
stimulated macrophages (El Khoury et al., 2007). However,
our data suggest that increased A levels in the brains of
APP***CCR2~’~ mice were neither due to impaired recruit-
ment of CCR2-deficient phagocytes from the blood into the
brain, nor due to defects in the activation or proliferation of
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CCR2-deficient microglia. Instead, our results imply a role for
CCR2 in the clearance of AB by PVMs. We speculate that
PVMs from CCR2™/~ mice might be inefficient in shuttling
AP outside the brain along a CCL2-mediated vascular gradi-
ent. Thus, our study could provide the missing link between
the landmark findings on the role of CCR2 and PVMs in
mouse models of AD (El Khoury et al., 2007; Hawkes and
McLaurin, 2009). Our results are also in line with earlier ob-
servations that microglia do not have the ability to clear AB
from the extracellular brain milieu, whereas peripheral mac-
rophages can remove A in vivo by phagocytosis (Wisniewski
etal., 1989, 1991).

What is the relevance of our findings for AD patients?
There are several reports indicating that ~60% of patients
with AD have a disturbed BBB (Algotsson and Winblad, 2007;
Bowman et al., 2007). Moreover, AD patients are generally
aged and often have a history of cerebrovascular events caused
by CAA, including ischemic insults (Koistinaho and Koisti-
naho, 2005). Therefore, it can be assumed that circulating
mononuclear phagocytes may engraft in the brains in AD pa-
tients without conditioning by irradiation. This is relevant for
myeloid cell-based gene therapy in AD. In fact, infusion of
millions of genetically engineered BM-derived CD11b "cells
into APP***S! transgenic mice resulted in some parenchymal
myeloid cell engraftment and modulation of amyloid deposi-
tion (Lebson et al., 2010). The impact of gene therapeutic
approaches using myeloid precursors for CNS diseases has
been highlighted in a mouse model of metachromatic leuko-
dystrophy (Biffi et al., 2004), and more recently, in children
with X-linked adrenoleukodystrophy (Cartier et al., 2009).

In conclusion, our results identified CCR2 " mononuclear
cells as the source of immigrating phagocytes in the brains of
chimeric AD transgenic mice. Myeloid cells are recruited to
sites of cerebral amyloidosis, namely parenchymal -amyloid
plaques and cerebrovascular AB deposits. Moreover, we de-
fined the differential roles of these BM/blood-derived mono-
nuclear phagocytes in the pathophysiology of AD, and point to
a dialectic function of myeloid cells inside and outside of the
brain. It appears that the spatiotemporal role of phagocytes,
i.e., when and where they are present and active, is a crucial
issue.
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