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A complex therapeutic challenge for Alzheimer’s dis-
ease (AD) is minimizing deleterious aspects of micro-
glial activation while maximizing beneficial actions,
including phagocytosis/clearance of amyloid � (A�)
peptides. One potential target is selective suppression
of microglial prostaglandin E2 receptor subtype 2
(EP2) function, which influences microglial phagocy-
tosis and elaboration of neurotoxic cytokines. To test
this hypothesis, we transplanted bone marrow cells
derived from wild-type mice or mice homozygous
deficient for EP2 (EP2�/�) into lethally irradiated
5-month-old wild-type or APPswe-PS1�E9 double
transgenic AD mouse model recipients. We found that
cerebral engraftment by bone marrow transplant
(BMT)-derived wild-type or EP2�/� microglia was
more efficient in APPswe-PS1�E9 than in wild-type
mice, and APPswe-PS1�E9 mice that received EP2�/�

BMT had increased cortical microglia compared with
APPswe-PS1�E9 mice that received wild-type BMT.
We found that myeloablative irradiation followed
by bone marrow transplant-derived microglia engraft-
ment, rather than cranial irradiation or BMT alone, was
responsible for the approximate one-third reduction in
both A� plaques and potentially more neurotoxic solu-
ble A� species. An additional 25% reduction in cerebral
cortical A� burden was achieved in mice that received

EP2�/� BMT compared with mice that received wild-
type BMT. Our results provide a foundation for an
adult stem cell-based therapy to suppress soluble A�
peptide and plaque accumulation in the cerebrum of
patients with AD. (Am J Pathol 2010, 177:346–354; DOI:

10.2353/ajpath.2010.090840)

Alzheimer’s disease (AD), the most common dementing
neurodegenerative disease,1 is a major public health bur-
den for older Americans.2 Amyloid � (A�) peptides are
pleotropic molecules that are directly neurotoxic and
stimulate liberation of cytotoxic cytokines through activa-
tion of microglia innate immune response.3 However, ac-
tivated microglia phagocytosis and degradation of A�

species is key to cerebral A� homeostasis.4 Thus, an
important but complex therapeutic challenge is balanc-
ing deleterious and beneficial aspects of microglial acti-
vation in AD.5 One proposed mechanism of microglial
modulation is prostaglandin E2 signaling, especially
through activation of the E prostanoid receptor subtype 2
(EP2).6 Cultured microglia lacking EP2 (EP2�/�) show
enhanced phagocytosis of A� from human brain explants
and reduced paracrine neurotoxicity.7 In vivo experi-
ments with EP2�/� mice have shown reduced accumu-
lation of cerebral A� in a transgenic mouse model of
AD,7–9 as well as suppressed oxidative damage to neu-
rons following innate immune activation.7,10–12 However,
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because EP2 is expressed by several cell types in brain,
including microglia and neurons, the importance of micro-
glial-specific EP2 has not been established. To address this
gap in our knowledge, bone marrow cells from EP2�/� mice
were transplanted into APPswe-PS1�E9 mice.

Circulating bone marrow transplant (BMT)-derived
cells can selectively replace resident microglia,13 and up
to 30% of microglia can be derived from donor marrow in
wild-type mice recipients up to a year after transplanta-
tion.14,15 Moreover, engraftment of brain appears quali-
tatively more efficient in recipient AD mice than in wild-
type controls.16,17 The reasons for the apparent higher
engraftment are not clear, but may be in response to
chronic low level immune activation in AD mouse
brains.16,17 Some investigators have shown BMT-derived
microglia associated with A� deposits in vivo, and that
transgenic AD mouse BMT recipients have reduced A�
plaque burden.17 Although previous data addressed po-
tential mechanisms by which BMT-derived microglia
might promote clearance of A� peptides,18 the results of
these studies were confounded by the effects of precon-
ditioning brain irradiation; it is possible that the reduced
A� plaque burden was caused by irradiation-induced
alteration of A� production or clearance rather than BMT-
derived microglia. In the current studies, we robustly
quantify microglial engraftment in brains of APPswe-
PS1�E9 mice. In addition, we control for the potential
confounder of irradiation-mediated A� peptide suppres-
sion by evaluating A� in mice that received cranial-spe-
cific irradiation with or without BMT. Finally, we test the
hypothesis that BMT with cells from EP2�/� mice would
enhance cerebral bone marrow derived microglia en-
graftment and clearance of A� peptides from cerebrum
of APPswe-PS1�E9 mice.

Materials and Methods

Animals

All protocols were approved by the University of Wash-
ington Institutional Animal Care and Use Committee. All
mice were obtained from Jackson Laboratories (Bar Har-
bor, ME). Bone marrow transplant recipient mice were fe-
male B6C3F1/J and either hemizygous APPswe-PS1�E9
double transgenic mice or their nontransgenic littermates
as wild-type controls. Bone marrow donor mice were
male C57BL/6 mice hemizygous for green fluorescent
protein (GFP) and either homozygous deficient in pros-
taglandin E2 receptor EP2 (EP2 knockout)19 or wild-type
controls. Green fluorescent protein expression is under
control of the �-actin promoter and cytomegalovirus en-
hancer. The APPswe transgene encodes a mouse-hu-
man hybrid transgene containing the mouse sequence in
the extracellular and intracellular regions, and a human
sequence within the A� domain with Swedish mutations
K594N and M595L. The PS1�E9 transgene encodes
exon-9-deleted human presenilin-1. Both transgenes
are coexpressed under control of the mouse prion
promoter with plaque deposition beginning at 5 to 6
months of age.20,21

Bone Marrow Harvest and Transplantation

BMT followed an established protocol.22 Briefly, recipient
female mice were either lethally irradiated (11 Gy single
dose at 2 Gy per minute to whole body from Cesium-137
source [JL Shepherd, Model 81-14, San Fernando, CA])
or had the same radiation dose applied to the head only
with 5 cm of lead shielding (equivalent to 7.7 half-value
layers � less than 0.5% of the total dose) to the neck,
body, and tail 24 hours before an IV (retroorbital sinus)
infusion of unfractionated bone marrow cells (5 � 106/
mouse) obtained aseptically from femurs of 10-week-old
male GFP-expressing EP2�/� or wild-type mice. Bone
marrow cells were flushed from femurs and tibias and
pooled with R10 media (RPMI with 10% fetal bovine
serum), passed through a 25-gauge needle, filtered through
a 70-�m nylon mesh, centrifuged, and erythrocytes
lysed with ammonium chloride potassium lysing buffer.
Cells were washed and resuspended in sterile PBS to
a concentration of 5 � 106 nucleated cells per 200 �l.
All unshielded mice that received lethal levels of irra-
diation received transplants. Transplanted mice were
housed in autoclaved cages in a specific pathogen
free facility.

In the first study, recipient mice were anesthetized 6
months after transplantation, splenectomy was per-
formed, and then mice were perfused transcardially with
ice-cold PBS. After perfusion, the brain was removed
rapidly, divided by mid-sagittal section, and the right
cerebral hemisphere was immersed in 4% paraformalde-
hyde. The left half of the brain was dissected rapidly into
cerebral cortex, hippocampus, and rhombencephalon,
flash frozen in liquid nitrogen, and stored at �80°C. In
the second study, recipient mice were anesthetized 8
months after transplantation, the spleens removed, and
the mice were transcardially perfused with ice-cold 4%
paraformaldehyde. The whole brain was harvested and
postfixed in 4% paraformaldehyde at 4°C. Fixed brain
tissue from both studies was frozen in OCT by immersion
in isopentane cooled in liquid nitrogen, and then stored at
�80°C. All assays were performed by operators blinded
to experimental conditions.

Peripheral Engraftment

Fresh spleens were processed for flow cytometry to as-
sess hematopoietic engraftment following established
methods.23 Cells were resuspended at 2 to 3 � 106/ml,
and 200 �l of cell suspension was incubated in a 96-well
plate with specific antibodies for 20 minutes at room
temperature in the dark. Fluorochrome-conjugated mono-
clonal antibodies include markers for B cells (B220), T
cells (CD3), and macrophages (F480). Fc� antibody was
added before staining with specific antibodies to block
nonspecific binding. Stained cells were washed with Flu-
orescence Activated Cell Sorting (FACS) buffer (PBS with
0.2% bovine serum albumin and 0.1% NaN3) three times
before analysis on a FACScan flow cytometer (Becton
Dickinson, San Jose, CA).
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Immunofluorescence and Central Nervous
System Engraftment

Coronal sections from paraformaldehyde-fixed brain tis-
sue were cut at 40 �m on a cryostat. Every sixth section
was used for each immunostaining paradigm. Immuno-
fluorescence staining was performed according to previ-
ously published protocols.24 Primary antibodies included
anti-Iba-1 (Wako, Richmond, VA; 1:500), anti-A� pep-
tides (10D5; 1-28, Athena Neurosciences, San Francisco,
CA; 1:1000), and anti NeuN (Invitrogen, Carlsbad, CA;
1:200); species-appropriate secondary antibodies were
conjugated to Cy3 (1:400) and Cy5 (1:200; Jackson Im-
munoresearch, West Grove, PA). Prolong-Gold Anti-Fade
with 4�,6-diaminido-2-phenylindole (DAPI) (Invitrogen)
was used for coverslipping and nuclear counterstain.

To quantify Iba-1-immunopositive microglia and bone
marrow transplant-derived cells (GFP), sections were an-
alyzed by using systematic random sampling.25 Every
sixth brain section (240 �m apart) was analyzed at 400�
magnification by using a Nikon inverted fluorescence
microscope (Mellville, NY) and StereoInvestigator soft-
ware (MicroBrightField, Williston, VT). A fractionator was
used with a counting frame measuring 150 �m � 150 �m
applied every 500 �m in bilateral hippocampi or unilateral
cortex. Cells were assessed as Iba-1-positive, GFP-posi-
tive, or double labeled. Nonirradiated, nontransplanted age
matched wild-type, and APPswe-PS1�E9 mice were used
as nontreated controls.

Volume estimates of the hippocampal pyramidal cell
layer and dentate gyrus stained with NeuN were deter-
mined by using every sixth coronal section through the
entire hippocampus by using the Cavalieri principle and
StereoInvestigator software (MicroBrightField).26,27

Immunohistochemistry and Plaque Assessment

Sections (40 �m) through hippocampus were cut on a
cryostat, and every sixth section (average 14 per mouse)
was processed for immunohistochemistry with rabbit
polyclonal anti-A� (Invitrogen, number 44136) exactly
according to our previously published protocol.28 Stained
sections were scanned (Nikon Super Coolscan 4000 ED)
and the images were analyzed separately for cerebral
cortex and hippocampus by using Image J software

(NIH, Bethesda, MD). The percent area occupied by
A�-immunoreactive (IR) plaques was averaged over all
sections for each mouse, and averaged values from each
mouse were used in statistical analyses.

Soluble A� Quantitation

Quantification of detergent soluble (DS) A�40 and A�42

followed published procedures from our lab.29,30 Lumi-
nex assays for soluble A� peptides were performed on
material solubilized in 10 mmol/L Tris, 1 mmol/L ethylene
glycol bis(�-aminoethyl ether)-N, N, N�, N�-tetraacetic
acid, 1 mmol/L dithiothreitol, and 10% sucrose, pH 7.5,
plus 1% Triton X-100 using reagents from Biosource
(Camarillo, CA) according to the manufacturer’s instruc-
tions. Standards were provided by the manufacturer, and
standard curves were generated from 30 to 3000 pg/ml
A� species with a detection limit of 30 pg/ml.

Results

Our first series of experiments was performed to confirm
reduction of A� plaque burden in cerebrum from APPswe-
PS1�E9 mice transplanted with wild-type bone marrow,
as has been observed by others,17 and to determine
whether cranial irradiation (XRT) was sufficient for the
observed effects. Table 1 presents results from spleen
engraftment for four groups of APPswe-PS1�E9 mice
transplanted at 5 months and sacrificed at 11 months of
age. Mice received the following treatments: no irradia-
tion, no BMT (No Tx); 11 Gy whole body (WB) irradiation
followed by wild-type/GFP BMT (WB XRT/BMT); 11 Gy
head only (HO) XRT followed by wild-type/GFP BMT (HO
XRT/BMT); and 11 Gy HO XRT without BMT (HO XRT).
WB XRT without BMT is lethal and was therefore not
performed. There were expected levels of spleen engraft-
ment in the WB XRT/BMT group, but, as expected, no
significant engraftment of spleen in the HO XRT/BMT
group, because only the head was irradiated. Six months
after irradiation, fur in unshielded areas had turned gray
irrespective of spleen engraftment, confirming extent of
radiation in the respective groups (Figure 1A).

Figure 1B shows results for A�-immunoreactive plaque
burden in cerebral cortex and hippocampus. Figure 1C

Table 1. Whole Body Irradiation Preconditioning Is Required for Peripheral Engraftment of Donor Bone Marrow

Recipient genotype
Treatment

(Radiation/BMT)

% of total cells derived from spleen

GFP� cells GFP� T cells GFP� B cells
GFP�

macrophages

GFP No XRT/No BMT 97.5 � 1.0 33.3 � 1.0 53.6 � 0.6 2.4 � 0.2
APPswe-PS1�E9 No XRT/No BMT 0.6 � 0.2 0.8 � 0.4 0.9 � 0.6 0.7 � 0.7

HO XRT/GFP BMT 0.7 � 0.5 1.1 � 0.7 0.7 � 0.6 0.6 � 0.3
HO XRT/No BMT 0.7 � 0.5 0.8 � 0.5 0.7 � 0.5 0.7 � 0.4
WB XRT/GFP BMT 85.7 � 10.7 27.9 � 11.2 43.9 � 1.8 1.6 � 0.2

Flow cytometric analysis of splenic engraftment in APPswe-PS1�E9 mice. Data are average � SD of four to six mice in each group. All mice were
harvested at 11 months of age. At 5 months of age, recipient mice were untreated (No XRT, No BMT), received head only (HO) irradiation (XRT)
followed by wild-type/GFP BMT (HO XRT/GFP BMT), received head only XRT without BMT (HO XRT/No BMT), or received whole body (WB) XRT
followed by wild-type/GFP BMT (WB XRT/GFP BMT). WB XRT without BMT is lethal and was not performed. Age-matched GFP-heterozygous mice
without radiation or BMT were used as controls (No XRT/No BMT). Total GFP positive cells and GFP positive T lymphocytes (CD3), B lymphocytes
(B220), and macrophages (F480) were quantified.
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shows a representative partial section of hippocampus
and overlying cerebral cortex from a No Tx mouse after
immunohistochemical staining for A� peptides (Supple-
mental Figure S1, see http://ajp.amjpathol.org for repre-
sentative sections from the other three groups). A reduc-
tion of approximately one-third in the burden of A�-IR
plaque was observed in both cerebral cortex (P � 0.05)
and hippocampus (P � 0.05) of APPswe-PS1�E9 mice in
the WB XRT/BMT as compared with nonirradiated, non-
transplanted (No Tx) mice. Importantly, we also observed
significantly lower A�-IR plaque burden in cerebral cor-
tex and hippocampus when comparing WB XRT/BMT
with either HO XRT/BMT (P � 0.05 for hippocampus and
P � 0.05 for cerebral cortex) or HO XRT groups (P � 0.05
for hippocampus and P � 0.05 for cerebral cortex); how-
ever, neither of the HO XRT groups was significantly
different from the No Tx group in either brain region.
A�-IR plaques are mixtures of detergent-insoluble fibrillar
A� species and DS A� species. Although previous work
has concentrated on the former, more recent data has
focused attention on DS A� species as containing more
neurotoxic forms of these peptides. To determine the
effect of BMT on DS A� species, we quantified the con-
centration of A�40 and A�42 in Triton X-100 extracts of
hippocampus and cerebral cortex in the four groups
shown in Figure 1. Although we did not observe signifi-
cant differences in soluble A�40 or A�42 levels in hip-

pocampus (one-way analysis of variance for A�40 or A�42

each had P � 0.05; n � 4 for each group), there were
significant differences in cerebral cortex (Figure 2, A and
B). Specifically, soluble A�40 and A�42 were significantly
reduced by approximately one-third to one-half in WB
XRT/BMT mice compared with No Tx mice (P � 0.05 for
A�42 and P � 0.01 for A�40). Both HO XRT groups had
significantly greater levels of soluble A� isoforms than WB
XRT/BMT but did not differ from control APPswe-PS1�E9
(No Tx) mice. These morphometric and biochemical data
show that A� peptide accumulation in aged APPswe-
PS1�E9 mice can be suppressed by BMT at 5 months of
age in mice with whole body irradiation. Although we cannot
fully exclude an independent effect of WB XRT in the ob-
served reductions in A� levels and plaques, our results
demonstrate that irradiation confined to the brain is not
sufficient to reduce the accumulation of A� peptides or
plaques in aged APPswe-PS1�E9 mouse cerebrum.

We explored the possibility of radiation-induced paren-
chymal damage further by determining the volume of
hippocampal pyramidal layer and dentate gyrus, reason-
ing that this would capture neuron loss as well as atrophy.
Our volume (mm3) estimates for the hippocampal pyra-
midal layer were 0.75 � 0.05 for No Tx, 0.66 � 0.03 for

Figure 1. Cerebral irradiation is not sufficient for suppression of A� plaque
formation. Data are from the same groups of mice. Eleven-month-old APPswe-
PS1�E9 mice received whole body irradiation with bone marrow transplant
(WB XRT/BMT), head only irradiation with bone marrow transplant (HO
XRT/BMT), or head only irradiation without bone marrow transplant (HO
XRT). Control APPswe-PS1�E9 mice received no irradiation and no BMT (No
Tx). Bone marrow was isolated from wild-type/GFP donors at five months of
age. A: Coat color demonstrates radiation exposure distribution. B: Average
(�SEM) percent area of A�-IR plaques were determined for hippocampus
(analysis of variance P � 0.01) and cerebral cortex (analysis of variance P �
0.01). Bonferroni-corrected post tests had *P � 0.05 when compared with
WB XRT/BMT. C: Photomicrograph shows a representative partial section of
the scanned image from hippocampus and overlying cerebral cortex from a
No Tx mouse after immunohistochemical staining for A� peptides (Supple-
mental Figure S1, see http://ajp.amjpathol.org for representative sections
from the other three groups).

Figure 2. Soluble A� peptides in cerebral cortex are reduced after BMT.
Data are concentrations of Triton X-100 extractable A�42 (A) or A�40 (B)
peptides in cerebral cortex extracts of APPswe-PS1�E9 mice at 11 months of
age. Mice were treated as described in Figure 1. Data are the average � SEM
pg/ml from four to six mice in each group: no irradiation or BMT (No Tx),
whole body (WB) irradiation followed by bone marrow transplant from
wild-type/GFP donor (WB XRT/BMT), head only (HO) XRT followed by
BMT from wild-type/GFP donor (HO XRT/BMT), and head only XRT with no
BMT (HO XRT). One-way analysis of variance for cerebral cortical A�42 or
A�40 each had P � 0.01. Bonferroni-corrected post tests had *P � 0.05 or
**P � 0.01 when compared with WB XRT/BMT.
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WB XRT/BMT, 0.75 � 0.04 for HO XRT/BMT, and 0.66 �
0.03 for HO XRT (P 	 0.05 by analysis of variance). Our
volume (mm3) estimates for hippocampal dentate gyrus
were 0.41 � 0.02 for No Tx, 0.35 � 0.03 for WB XRT/BMT,
0.38 � 0.05 for HO XRT/BMT, and 0.36 � 0.02 for HO
XRT (P 	 0.05 by analysis of variance). Thus, we found
no differences in the volume of hippocampal dentate
gyrus and pyramidal cell layers between groups.

Given the above results, our second series of experi-
ments focused on WB XRT/BMT. Our first goal was to
determine the level of brain engraftment using wild-type
donor marrow under the conditions that led to reduced
cerebral burden of A� peptides and plaques. In this
series, mice received a lethal dose of whole body irradi-
ation followed by transplantation with wild-type bone mar-
row at 5 months of age, and were then sacrificed 8
months later (13 months of age). Engraftment of spleen in
these mice was not significantly different from the data
presented in Table 1 (not shown). Next we examined
BMT-derived microglial engraftment in hippocampus and
cortex by assessing the percentage of double labeled
Iba-1/GFP positive cells compared with the total number
of Iba-1 immunoreactive cells (Figure 3; A–C show rep-
resentative photomicrographs). In wild-type recipients of
wild-type BMT, 
50% of hippocampal and 
30% of cor-
tical Iba-1 positive microglia were BMT derived (GFP
positive), and this was significantly increased to 
80%
and 
50% engraftment in APPswe-PS1�E9 host hip-
pocampus (Figure 3D) and cortex (Figure 3E), respec-
tively (P � 0.05). Although the total number of hippocam-
pal Iba-1 IR microglia (Figure 3F) was not significantly

increased in APPswe-PS1�E9 versus wild-type, signifi-
cantly more cortical Iba-1 positive microglia (Figure 3G)
were identified in APPswe-PS1�E9 host mice compared
with wild-type (P � 0.05). There was no significant
change in the total number of Iba-1 IR cells between
APPswe-PS1�E9 mice that did or did not receive irradi-
ation and BMT (not shown). Greater than 96% of all
GFP-positive cells were Iba-1 IR. No GFP-positive cells
co-localized with NeuN, a marker for mature neurons (not
shown). As observed by many others, using filters for
GFP, no fluorescent cells were identified in any brain
sections from mice that did not receive BMT (not shown).
Our results are broadly consistent with those of other
investigators who have evaluated mouse brain after long-
term (	6 months) peripheral engraftment from BMT after
whole body irradiation.15 Interestingly, APPswe-PS1�E9
mice showed more efficient cortical and hippocampal
engraftment than wild-type recipients. Other authors
have reported recently that engraftment of APPswe-
PS1�E9 mice by wild-type/GFP BMT is about 1.4 times
the engraftment in wild-type mice.16,17 Our results con-
firmed this finding and showed that, under the conditions
used in our experiment, 
80% of resident microglia in
APPswe-PS1�E9 hippocampus and 
50% in APPswe-
PS1�E9 cortex can be replaced with BMT-derived cells.
The mechanism for increased engraftment of hip-
pocampus and cortex in APPswe-PS1�E9 mice versus
wild-type is unknown but thought to derive from inflam-
matory molecules secreted by brain in this chronic
disease model.16,17

Figure 3. Mouse hippocampus and cortex en-
graftment by BMT-derived microglia. Wild-type
(n � 10) or APPswe-PS1�E9 mice (n � 4) received
whole body irradiation followed by BMT from
wild-type/GFP or EP2�/�/GFP mice at five
months of age and then were sacrificed at 13
months of age. Mice were perfusion-fixed and
then sections probed with anti-Iba-1 primary anti-
body and visualized with Cy3-conjugated second-
ary antibody. A–C: Photomicrographs (�200) of
representative CA1 field of hippocampal pyrami-
dal layer in an APPswe-PS1�E9 mouse that re-
ceived wild-type/GFP BMT and stained for Iba-1
(red; A), GFP fluorescence (green, B), and co-
localization of GFP and Iba-1 (merged, C). D and
E: Data are the mean (�SEM) percent of those
Iba-1 IR cells that were also GFP-positive. Two-
way analysis of variance had P � 0.01 for geno-
type of the recipient mouse, P 	 0.05 for genotype
of the donor mouse, and no significant interaction
for both hippocampus (D) and cortex (E). F and G:
Data are total Iba-1 positive cells per section in
wild-type and APPswe-PS1�E9 recipient mice after
wild-type or EP2�/� BMT. There was no statisti-
cally significant difference in Iba-1 IR microglia for
recipient or donor genotype comparisons for
hippocampus (F), but two way analysis of vari-
ance had P � 0.05 for host genotype and P �
0.05 for donor genotype with no significant in-
teraction comparisons of total cortical Iba-1 IR
microglia (G).
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The second series of studies also tested the hypothe-
sis that whole body irradiation followed by BMT with cells
derived from EP2�/�/GFP mice would engraft brain and
more efficiently clear A� peptides than wild-type donor
cells. In wild-type recipients of EP2�/� BMT, 
50% of
hippocampal and 
30% of cortical Iba-1 positive micro-
glia were BMT derived (GFP positive), and this was sig-
nificantly increased to 
80% and 
50% engraftment in
APPswe-PS1�E9 host mice hippocampus (Figure 3D)
and cortex (Figure 3E), respectively (P � 0.05). There
was no effect of donor genotype (wild-type versus
EP2�/�) on hippocampal or cortical microglia engraft-
ment or total hippocampal Iba-1 IR cells (Figure 3, D–F).
However, significantly more cortical Iba-1 IR cells were
identified in APPswe-PS1�E9 mice that received EP2�/�

BMT compared with APPswe-PS1�E9 that received wild-
type BMT (P � 0.05; Figure 3G). Moreover, BMT-derived
microglia from wild-type donors appeared to be more
commonly associated with A� deposits (Figure 4A) com-
pared with nontransplanted control APPswe-PS1�E9
mice, and this effect appeared to be further bolstered in
mice who received EP2�/� bone marrow (Figure 4B).

Next we compared right and left cerebrum directly by
determining A� plaque area; we focused on determining

plaque area from each side to permit direct comparison
with previous studies.16,17 There was no statistical differ-
ence between right and left sides, so we averaged these
values for each mouse. APPswe-PS1�E9 mice that re-
ceived neither irradiation nor BMT (No Tx) had 8.2 � 0.6
percentage of cerebral cortical area occupied by A�-IR
plaque. In APPswe-PS1�E9 mice transplanted with wild-
type/GFP bone marrow, the area occupied by A�-IR
plaque was 66% of the No Tx group (P � 0.01). By
contrast, this area was 44% of the no BMT group in APP
mice with EP2�/�/GFP donor cells (P � 0.001 compared
with No Tx and P � 0.05 compared with wild-type/GFP
BMT). Similar results from BMT were obtained in the
hippocampus, although in this location there was no sig-
nificant difference between wild-type/GFP BMT and
EP2�/�/GFP BMT. These results showed that BMT with
EP2�/� cells lead to comparable levels of brain engraft-
ment as wild-type cells, but total cortical microglia were
increased in association with a further reduction in the
burden of cerebral cortical A�-IR plaques.

Discussion

Hematopoietic stem cells from a BMT repopulate marrow
to generate a high percentage (	 85%) of donor circu-
lating blood cells as well as cells that take up residence
in virtually every organ, including brain. We confirmed the
finding of several other laboratories that the vast majority
of brain BMT-derived cells are phenotypically micro-
glia.14–17 Although some authors have reported that a
very small number of neurons may also be BMT-de-
rived,13 we did not observe such an event. Whether these
BMT-derived microglia arise from chronically circulating
cells or cells acutely engrafted into brain that then
expand over time is the focus of elegant experimenta-
tion.31,32 The literature on murine BMT reports percent-
ages on the replacement of resident microglia with BMT-
derived microglia that appear to be increasing with
increasing probe sensitivity (from in situ hybridization for
Y chromosome markers to �-galactosidase to GFP-ex-
pressing cells) and with increasing time from BMT.
Broadly, studies of microglia engraftment in mouse brain
following BMT with less than 6 months between BMT and
sacrifice reveal that 2% to 20% of microglia are BMT-
derived.14 We are aware of one study that extended the
engraftment period to 1 year; they observed 30% engraft-
ment of microglia in mouse brain.15 Thus, between 1%
and 5% of resident brain microglia per month apparently
can be replaced by BMT-derived microglia in wild-type
mice. Our results with wild-type BMT into wild-type mice
were consistent with these estimates from the literature.

Two previous studies have investigated BMT in murine
models of AD; both used wild-type donor cells.16,17 We
chose to perform BMT in mice older (5 months) than
typical peripheral engraftment experiments (2 months)
because we wanted the transplant to coincide with the
age of onset for A� plaque formation in APPswe-PS1�E9
transgenic mice, a situation that perhaps more closely
mimics any future clinical application. Our data robustly
quantified the noted observation of others that replace-

Figure 4. Suppression of A� plaque formation with wild-type/GFP bone
marrow transplant or EP2�/�/GFP BMT into irradiated APPswe-PS1�E9
mice. Fluorescence photomicrographs (�400) of hippocampus (including
dentate gyrus) for anti-A� (purple), DAPI (blue), and GFP (green). A is BMT
from wild-type/GFP donor into whole body irradiated APPswe-PS1�E9 re-
cipient at five months of age with sacrifice at 13 months of age. B is BMT from
EP2�/�/GFP donor into whole body irradiated APPswe-PS1�E9 at same
ages. C and D show mean (�SEM) cerebral cortical (C) or hippocampal (D)
area occupied by A�-immunoreactive plaque in APPswe-PS1�E9 mice at 13
months of age; right and left columns represent data from right and left
structures, respectively. One group was not irradiated and received no BMT
(No Tx), whereas the others received whole body irradiation followed by
BMT at five months of age from wild-type/GFP donor (BMT wild-type/GFP)
or EP2�/�/GFP donor (BMT EP2�/�/GFP); each group had four or five mice.
Two-way analysis of variance (group versus side) had P � 0.001 for group
but P 	 0.05 for side and interaction. Averaging right and left data for each
animal and then performing one-way analysis of variance had P � 0.001 for
cerebral cortex with Bonferroni-corrected post-tests having P � 0.05 for
wild-type/GFP BMT versus EP2�/�/GFP BMT, P � 0.01 for wild-type/GFP
BMT versus No Tx, and P � 0.001 for EP2�/�/GFP BMT versus No Tx.
Similar one-way analysis of variance for hippocampal area occupied by
A�-immunoreactive plaque had P � 0.05, and Bonferroni-corrected post-
tests with P � 0.05 for each BMT group versus No Tx, but P 	 0.05 for
wild-type/GFP BMT versus EP2�/�/GFP BMT.
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ment of cerebral microglia after wild-type BMT is much
more efficient in transgenic mouse models of AD than
wild-type mice.16,17 The reason for more efficient re-
placement of microglia in APPswe-PS1�E9 mice is not
clear, but is proposed to be in response to chronic low-
level immune activation in brains of diseased transgenic
mice that could augment either engraftment or expan-
sion. Our data also confirmed that WB XRT followed by
BMT reduces A� plaque accumulation in these trans-
genic mice.17 Although our data do not specifically ad-
dress the contribution of increased A� clearance versus
reduced A� deposition, we favor increased clearance
based on prior studies from our lab,7 as well as the
observation that BMT results in increased microglia sur-
rounding cerebral plaques that can be further increased
by using donor EP2�/� bone marrow (Figure 4, A–D).
Importantly, we expanded this finding to show suppres-
sion of cortical DS A� peptide accumulation, a mixture
that contains the proposed neurotoxic forms of A� pep-
tides. Indeed, other authors have recently shown that DS
A� species and fibrillar (insoluble) A� species are
phagocytized and degraded by microglia via different
mechanisms.4 Because the major neurotoxic species of
A� peptides are thought to be DS forms, these data are
a critical addition to our understanding of the therapeutic
potential of BMT-derived microglia. It is important to note
that we cannot fully exclude an independent effect of
whole body irradiation on A� levels because myeloabla-
tive radiation is lethal without BMT. However, we were
able to demonstrate that cranial irradiation was not suffi-
cient to explain the reduced accumulation of A� pep-
tides, a previously omitted control that is essential to
interpretation of results. In aggregate, our results using
wild-type BMT showed that cerebral microglial replace-
ment was more efficient in APPswe-PS1�E9 mice, and
that WB XRT plus BMT was necessary to reduce age-
related accumulation of cerebral A� plaques and DS A�
peptides.

To our knowledge, the studies described here are the
first to use genetically modified BMT cells in an effort to
augment clearance of cerebral A� peptides. We selected
EP2�/� BMT because our group has previously demon-
strated that primary murine cultures of EP2�/� microglia
demonstrate enhanced phagocytosis of synthetic A�
peptides and A� peptides in tissue slices from AD brain.7

Moreover, our group has previously demonstrated that
APPswe-PS1�E9 mice on an EP2 null background accu-
mulate less cerebral A� plaques and peptides; however,
interpretation of these experiments is confounded by EP2
expression by neurons as well as microglia and data
suggesting that neuron biosynthesis of A� peptides may
be reduced in APPswe-PS1�E9 on an EP2 null back-
ground.9 Results from the studies reported here indi-
cated that at least some of the reduction in age-related
cerebral cortical A� plaque accumulation in APPswe-
PS1�E9/EP2�/� mice was due to enhanced clearance
from EP2�/� microglia, although a significant reduction in
A� in this study is seen with wild-type donor BM, sug-
gesting additive mechanisms of action by donor marrow
and donor marrow that lacks EP2. Experiments to deter-
mine the role of age of BMT donor, as well as specific

immune mechanisms underlying wild-type BMT-medi-
ated A� reduction, are ongoing. Interestingly, we did not
observe a significant effect of EP2�/� BMT on age-re-
lated hippocampal A� plaque accumulation, and no dif-
ferences in hippocampal DS A� were identified. The
significance of this anatomical difference is unclear, but
we speculate that it may indicate variation in regional
BMT-derived microglial activity or in the balance between
production and clearance of A� peptides in these two
regions. Alternatively, we found significantly increased
cortical, but not hippocampal, Iba-1 IR cells in APPswe-
PS1�E9 that received EP2�/� BMT compared with those
receiving wild-type BMT, which may underlie differences
in hippocampal plaque and DS A� peptides. Studies
aimed at differentiating these processes are ongoing.

The goal of the current study was to further character-
ize bone marrow transplantation-mediated reduction in
cerebral A� and to evaluate the role of innate immune
activation in this process. Evaluation of functional out-
comes, such as behavioral measures, and associated
neuropathological correlates, such as neuron loss and
toxicity, synaptic integrity, astrogliosis, and finer indices
of neuroinflammation, are ongoing and will be critical to
understanding the functional relevance of A�-based ther-
apies. Although behavioral endpoints were not pursued
in the current study, several other groups have associ-
ated reduced A� peptide burden in transgenic mice with
improved behavior. For example, A� vaccine protocols
also reduce mouse hippocampal and cerebral A� plaque
burden by about 50%, and this is associated with
significant improvement in Morris water maze perfor-
mance.33,34 Because we observed similar reductions in
cerebral A� plaque burden in these studies, we antici-
pate improved performance on future behavioral tests
and neuropathological correlates of behavior. However,
interpretation of these results may be challenging. For
instance, human A� vaccine trials, which evolved from
the murine studies described above, were halted prema-
turely due to complications of meningoencephalitis35,36

that were not apparent in experimental models. More-
over, postmortem examination of some of the vaccinated
patients revealed decreased cerebral A� even though no
significant differences in clinical performance were iden-
tified.37 Thus, comparison of results from experimental
(mouse) and observational (human) studies may shed
new insight into the pathophysiology of these uniquely
human diseases. Although no gross brain injury or reac-
tion, such as hemorrhage or reduction in volume of hip-
pocampal pyramidal layer or dentate gyrus, was ob-
served, these are coarse measures and it remains to be
determined whether subtle stress accompanies BMT or
enhanced clearance of A� peptides. If we do observe
subtle neuron damage accompanying wild-type BMT into
APPswe-PS1�E9 mice, then we will be especially inter-
ested in the results from EP2�/� BMT into APPswe-
PS1�E9 mice, because activated EP2�/� microglia have
greatly reduced capacity to produce paracrine damage
to neurons.11

In summary, we have shown that engraftment with
donor cells was necessary for wild-type WB XRT and
BMT-mediated reduction in age-related cerebral A�
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plaque formation in APPswe-PS1�E9 mice, and that this
was accompanied by reduced cerebral concentration of
the proposed neurotoxic forms of A� peptides. Further
reduction in cerebral cortical A� burden was achieved
with EP2�/� BMT, suggesting that part of the cerebral A�
lowering effect observed in APPswe-PS1�E9 mice that
lacked EP2�/� receptors9 derived from enhanced
phagocytosis by EP2�/� microglia. Our results provide a
well-controlled foundation for an adult stem cell-based
therapy to reduce A� peptide accumulation in the brains
of patients with AD.

Acknowledgments

We thank Elaine Raines, Carole Wilson, and Jingjing
Tang (University of Washington) for reviewing the article
and excellent transplantation and flow cytometry advice
and assistance, Xiaoping Wu (Benaroya Research Insti-
tute, Seattle) for assistance with flow cytometry, and
Aimee Schantz and Amy Look (University of Washington)
for administrative support.

References

1. Sonnen JA, Larson EB, Crane PK, Haneuse S, Li G, Schellenberg GD,
Craft S, Leverenz JB, Montine TJ: Pathological correlates of dementia
in a longitudinal, population-based sample of aging. Ann Neurol
2007, 62:406–413

2. Caselli RJ, Beach TG, Yaari R, Reiman EM: Alzheimer’s disease a
century later. J Clin Psychiatry 2006, 67:1784–1800

3. Hardy J, Selkoe DJ: The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 2002,
297:353–356

4. Mandrekar S, Jiang Q, Lee CY, Koenigsknecht-Talboo J, Holtzman DM,
Landreth GE: Microglia mediate the clearance of soluble Abeta through
fluid phase macropinocytosis. J Neurosci 2009, 29:4252–4262

5. Rogers J, Lue LF: Microglial chemotaxis, activation, and phagocyto-
sis of amyloid beta-peptide as linked phenomena in Alzheimer’s
disease. Neurochem Int 2001, 39:333–340

6. Levi G, Minghetti L, Aloisi F: Regulation of prostanoid synthesis in
microglial cells and effects of prostaglandin E2 on microglial func-
tions. Biochimie 1998, 80:899–904

7. Shie FS, Breyer RM, Montine TJ: Microglia lacking E prostanoid
receptor subtype 2 have enhanced Abeta phagocytosis yet lack
Abeta-activated neurotoxicity. Am J Pathol 2005, 166:1163–1172

8. Jin J, Shie FS, Liu J, Wang Y, Davis J, Schantz AM, Montine KS,
Montine TJ, Zhang J: Prostaglandin E2 receptor subtype 2 (EP2)
regulates microglial activation and associated neurotoxicity induced
by aggregated alpha-synuclein. J Neuroinflammation 2007, 4:2

9. Liang X, Wang Q, Hand T, Wu L, Breyer RM, Montine TJ, Andreasson
K: Deletion of the prostaglandin E2 EP2 receptor reduces oxidative
damage and amyloid burden in a model of Alzheimer’s disease.
J Neurosci 2005, 25:10180–10187

10. Milatovic D, Zaja-Milatovic S, Montine KS, Shie FS, Montine TJ: Neu-
ronal oxidative damage and dendritic degeneration following activa-
tion of CD14-dependent innate immune response in vivo. J Neuroin-
flammation 2004, 1:20

11. Shie FS, Montine KS, Breyer RM, Montine TJ: Microglial EP2 is critical
to neurotoxicity from activated cerebral innate immunity. Glia 2005,
52:70–77

12. Montine TJ, Milatovic D, Gupta RC, Valyi-Nagy T, Morrow JD, Breyer
RM: Neuronal oxidative damage from activated innate immunity is
EP2 receptor-dependent. J Neurochem 2002, 83:463–470

13. Mezey E, Key S, Vogelsang G, Szalayova I, Lange GD, Crain B:
Transplanted bone marrow generates new neurons in human brains.
Proc Natl Acad Sci USA 2003, 100:1364–1369

14. Krall WJ, Challita PM, Perlmutter LS, Skelton DC, Kohn DB: Cells
expressing human glucocerebrosidase from a retroviral vector re-
populate macrophages and central nervous system microglia after
murine bone marrow transplantation. Blood 1994, 83:2737–2748

15. Kennedy DW, Abkowitz JL: Kinetics of central nervous system micro-
glial and macrophage engraftment: analysis using a transgenic bone
marrow transplantation model. Blood 1997, 90:986–993

16. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S: Bone marrow-
derived microglia play a critical role in restricting senile plaque for-
mation in Alzheimer’s disease. Neuron 2006, 49:489–502

17. Malm TM, Koistinaho M, Parepalo M, Vatanen T, Ooka A, Karlsson S,
Koistinaho J: Bone-marrow-derived cells contribute to the recruitment
of microglial cells in response to beta-amyloid deposition in APP/PS1
double transgenic Alzheimer mice. Neurobiol Dis 2005, 18:134–142

18. Simard AR, Rivest S: Bone marrow stem cells have the ability to
populate the entire central nervous system into fully differentiated
parenchymal microglia. FASEB J 2004, 18:998–1000

19. Kennedy CR, Zhang Y, Brandon S, Guan Y, Coffee K, Funk CD,
Magnuson MA, Oates JA, Breyer MD, Breyer RM: Salt-sensitive hy-
pertension and reduced fertility in mice lacking the prostaglandin EP2
receptor. Nat Med 1999, 5:217–220

20. Jankowsky JL, Slunt HH, Ratovitski T, Jenkins NA, Copeland NG,
Borchelt DR: Co-expression of multiple transgenes in mouse CNS: a
comparison of strategies. Biomol Eng 2001, 17:157–165

21. Borchelt DR, Ratovitski T, van Lare J, Lee MK, Gonzales V, Jenkins
NA, Copeland NG, Price DL, Sisodia SS: Accelerated amyloid dep-
osition in the brains of transgenic mice coexpressing mutant prese-
nilin 1 and amyloid precursor proteins. Neuron 1997, 19:939–945

22. Gough PJ, Gomez IG, Wille PT, Raines EW: Macrophage expression
of active MMP-9 induces acute plaque disruption in apoE-deficient
mice. J Clin Invest 2006, 116:59–69

23. Tang J, Kozaki K, Farr AG, Martin PJ, Lindahl P, Betsholtz C, Raines
EW: The absence of platelet-derived growth factor-B in circulating
cells promotes immune and inflammatory responses in atherosclero-
sis-prone ApoE�/� mice. Am J Pathol 2005, 167:901–912

24. Keene CD, Chang R, Stephen C, Nivison M, Nutt SE, Look A, Breyer
RM, Horner PJ, Hevner R, Montine TJ: Protection of hippocampal
neurogenesis from toll-like receptor 4-dependent innate immune ac-
tivation by ablation of prostaglandin E2 receptor subtype EP1 or EP2.
Am J Pathol 2009, 174:2300–2309

25. West MJ: New stereological methods for counting neurons. Neurobiol
Aging 1993, 14:275–285

26. Gundersen HJ, Jensen EB: The efficiency of systematic sampling in
stereology and its prediction. J Microsc 1987, 147:229–263

27. Michel RP, Cruz-Orive LM: Application of the Cavalieri principle and
vertical sections method to lung: estimation of volume and pleural
surface area. J Microsc 1988, 150:117–136

28. Quinn JF, Bussiere JR, Hammond RS, Montine TJ, Henson E, Jones
RE, Stackman RW Jr: Chronic dietary alpha-lipoic acid reduces def-
icits in hippocampal memory of aged Tg2576 mice. Neurobiol Aging
2007, 28:213–225

29. Woltjer RL, Cimino PJ, Boutte AM, Schantz AM, Montine KS, Larson
EB, Bird T, Quinn JF, Zhang J, Montine TJ: Proteomic determination
of widespread detergent-insolubility including Abeta but not tau
early in the pathogenesis of Alzheimer’s disease. FASEB J 2005,
19:1923–1925

30. Yang W, Woltjer RL, Sokal I, Pan C, Wang Y, Brodey M, Peskind ER,
Leverenz JB, Zhang J, Perl DP, Galasko DR, Montine TJ: Quantitative
proteomics identifies surfactant-resistant alpha-synuclein in cerebral
cortex of parkinsonism-dementia complex of Guam but not Alzhei-
mer’s disease or progressive supranuclear palsy. Am J Pathol 2007,
171:993–1002

31. Mildner A, Schmidt H, Nitsche M, Merkler D, Hanisch UK, Mack M,
Heikenwalder M, Bruck W, Priller J, Prinz M: Microglia in the adult
brain arise from Ly-6ChiCCR2� monocytes only under defined host
conditions. Nat Neurosci 2007, 10:1544–1553

32. Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM: Local self-
renewal can sustain CNS microglia maintenance and function
throughout adult life. Nat Neurosci 2007, 10:1538–1543

33. Maier M, Seabrook TJ, Lazo ND, Jiang L, Das P, Janus C, Lemere CA:
Short amyloid-beta (Abeta) immunogens reduce cerebral Abeta load
and learning deficits in an Alzheimer’s disease mouse model in the
absence of an Abeta-specific cellular immune response. J Neurosci
2006, 26:4717–4728

Suppressed A� in Experimental Alzheimer’s 353
AJP July 2010, Vol. 177, No. 1



34. Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardy J,
Duff K, Jantzen P, DiCarlo G, Wilcock D, Connor K, Hatcher J, Hope
C, Gordon M, Arendash GW: A beta peptide vaccination prevents
memory loss in an animal model of Alzheimer’s disease. Nature 2000,
408:982–985

35. Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller RO:
Neuropathology of human Alzheimer disease after immunization with
amyloid-beta peptide: a case report. Nat Med 2003, 9:448–452

36. Orgogozo JM, Gilman S, Dartigues JF, Laurent B, Puel M, Kirby LC,
Jouanny P, Dubois B, Eisner L, Flitman S, Michel BF, Boada M, Frank
A, Hock C: Subacute meningoencephalitis in a subset of patients with
AD after Abeta42 immunization. Neurology 2003, 61:46–54

37. Nicoll JA, Barton E, Boche D, Neal JW, Ferrer I, Thompson P, Vlachouli
C, Wilkinson D, Bayer A, Games D, Seubert P, Schenk D, Holmes C:
Abeta species removal after abeta42 immunization. J Neuropathol Exp
Neurol 2006, 65:1040–1048

354 Keene et al
AJP July 2010, Vol. 177, No. 1


