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Neuroinflammation plays a fundamental role in the pathogenesis of Alzheimer’s disease (AD), resulting in the extensive activation of
microglial and astroglial cells. Here we describe the role of myeloid-related protein Mrp14, a recently described amplifier of inflamma-
tion, in Alzheimer’s disease and in the related amyloid precursor protein/presenilin1 (APP/PS1) mouse model. Detection of Mrp14 in
control, mildly cognitive impaired, and AD patients revealed a strong induction of Mrp14 in protein extracts as well as in the cerebrospi-
nal fluid, but not in blood plasma. In APP/PS1 mice, Mrp14 and its heterodimeric partner Mrp8 was found to be upregulated in microglial
cells surrounding amyloid plaques. Functionally, loss of Mrp14 led to increased phagocytosis of fibrillar amyloid � (A�) in microglia cells
in vitro and in vivo. Generating APP/PS1-transgenic mice deficient for Mrp14, we observed a decrease of key cytokines involved in APP
processing, a reduction of BACE1 expression and activity, and consequently overall A� deposition. We therefore conclude that Mrp14
promotes APP processing and A� accumulation under neuroinflammatory conditions.

Introduction
Alzheimer’s disease (AD) harbors an extensive microgliosis and
astrogliosis in areas of plaque formation and neurofibrillary tan-
gle formation (Heneka et al., 2010). While some aspects of this
neuroinflammatory component may exert neuroprotective ac-
tion, there is evidence that inflammation drives disease progres-
sion, e.g., through the inflammation-induced upregulation of
BACE1 (beta-secretase 1) expression (Sastre et al., 2003, 2006)
and inflammation-induced aggregation of amyloid � (A�)
(Kummer et al., 2011).

Microglia represent the most important part of the innate
immune system of the brain, defending it against invading patho-
gens and other harmful external agents. For that, they are

equipped with a set of pattern recognition receptors (PRRs) in-
cluding the Toll-like receptors (TLRs) (Beutler, 2004; Mari-
athasan and Monack, 2007). Activation of these receptors
induces the secretion of inflammatory cytokines, thereby spread-
ing the inflammatory reaction. Besides pathogens, there are en-
dogenous PRR ligands called damage-associated molecular
pattern (DAMP) molecules that have been described as amplify-
ing the inflammatory reaction (Oppenheim and Yang, 2005;
Zhang and Mosser, 2008).

Two members of the S100 protein family, myeloid-related
proteins Mrp14 (S100A9) and Mrp8 (S100A8), have been iden-
tified as extracellular DAMPs next to their function as modula-
tors of the tubulin cytoskeleton during cell migration (Vogl et al.,
2004; Ehrchen et al., 2009). These molecules form a heterodi-
meric complex (called calprotectin) that amplifies inflammation
via autocrine and paracrine mechanisms after release by stimu-
lated phagocytes via unconventional secretion (Ehrchen et al.,
2009). It has been reported that the Mrp14/Mrp8 (S110A9/
S100A8) complex is able to induce TLR4 responses indepen-
dently of lipopolysaccharide (Vogl et al., 2007). In addition,
correlation of inflammatory processes in Alzheimer’s disease
brains and Mrp14 has been observed in the past (Shepherd et al.,
2006). siRNA-mediated knock-down of Mrp14 in the Tg2576
mouse model resulted in a reduction of amyloid � burden and
improved memory formation (Ha et al., 2010).

Here we investigated the Mrp14 expression in cerebrospinal
fluid, blood plasma, and brain tissue from age-matched healthy con-
trols, mildly cognitive impaired (MCI), and AD patients. Further,
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the effect of Mrp14 gene deficiency in amyloid precursor protein/
presenilin1 (APP/PS1) transgenic mice on amyloid pathology, APP
processing, A� degradation, and phagocytosis of microglia was
assessed.

Materials and Methods
Animals. APP/PS1 transgenic animals were obtained from The Jackson
Laboratory (catalog no. 005864) (Jankowsky et al., 2001). Mrp14(�/�)
mice were generated by targeted gene disruption of the Mrp14 gene as
described (Manitz et al., 2003). Mice were housed in groups of four under
standard conditions at 22°C and a 12 h light-dark cycle with free access to
food and water. For experiments, only female mice were used. Animals
were deeply anesthetized, transcardially perfused with PBS, and brains
were removed. Animal care and handling was performed according to
the declaration of Helsinki and approved by the local ethical committees.

Primary microglial cell culture. Primary microglial cell cultures were
prepared asdescribed previously (Terwel et al., 2011). Briefly, mixed glial
cultures were prepared from P1-P3 mice and cultured in DMEM supple-
mented with 10% FCS and 100 U ml �1 penicillin/streptomycin.

Brain protein extraction. Snap-frozen brain hemispheres were ex-
tracted as described previously (Kummer et al., 2011). Briefly, tissue was
homogenized in PBS with protease inhibitor mixture (Sigma). The ho-
mogenate was extracted in 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5%
sodium deoxycholate, and 1% NP-40 for 30 min on ice. After centrifu-
gation at 100000 � g for 30 min at 4°C, the resulting supernatant con-
taining the soluble proteins was saved and the pellet was sonified in 25
mM Tris-HCl, pH 7.5, and 2% SDS, resulting in the solubilization of
insoluble proteins. Protein concentration in the soluble fraction was de-
termined using the BCA protein assay (Thermo Scientific).

BACE mRNA determination by qPCR. Total RNA was isolated from
brain homogenates using TRIzol (Sigma-Aldrich). RNA was quantified
spectrophotometrically using a NanoDrop 1000 (Peqlab). Three micro-
grams of total RNA were reverse-transcribed into cDNA by using Super-
Script III Reverse Transcriptase (Invitrogen). Real-time quantitative
PCR assays were performed on a StepOnePlus Real-Time PCR System
(Applied Biosystems) using Power SYBR Green (Applied Biosystems).
The composition of the reaction mixture was as follows: 1 �l of cDNA
corresponding to 40 ng of total RNA, 100 nM of each primer, and 2�
Power SYBR Green PCR Master Mix (Applied Biosystems) in a total
volume of 25 �l. The primer sequences were the following: GAPDH,
5�-TCACCAGGGCTGCCATTTGC-3� (forward) and 5�-GACTCCAC
GACATACTCAGC-3� (reverse); BACE1, 5�-CTGCCACAGCGAAGTT
ACTG-3� (forward) and 5�-CCGCGGCTACTACCTAGAGA-3� (reverse);
andBACE25�-TACTACTGCCCGTGTCCACC-3�(forward)and5�-ACAA
CCTGAGGGGAAAGTCC-3� (reverse).

Samples were analyzed simultaneously for GAPDH mRNA as the in-
ternal control. Each sample was assayed in triplicate and normalized to
GAPDH.

Western blotting. Protein samples (25 �g) were separated by 4 –12%
NuPAGE (Invitrogen) using MES or MOPS buffer and transferred to
nitrocellulose membranes. For detection of A�, blots were boiled for 5
min in water. A� was detected using antibody 6E10 (1:2000; Covance),
APP and C-terminal fragments (CTF) using antibody 140 (1:2500;
(Wahle et al., 2006), insulin-degrading enzyme (IDE) using antibody
PC730 (1:5000; Merck), GRP75 using antibody N52A/42 (University of
California Davis/NIH NeuroMab Facility, Davis, CA), Mrp14 using
antibody sc-8114 (Santa Cruz Biotechnology), glial fibrillary acidic pro-
tein (GFAP) using anti-GFAP serum (1:2000; Dako), and tubulin using
antibody E7 (1:5000; Developmental Studies Hybridoma Bank, Iowa
City, IA) as a loading control, followed by incubation with appropriate
horseradish peroxidase-conjugated secondary antibodies. Immunoreac-
tivity was detected by enhanced chemiluminescence reaction (Milli-
pore), and luminescence intensities were analyzed using ChemiDoc XRS
documentation system (Bio-Rad).

ELISA measurements. Quantitative determination of A�40, A�42, inter-
feron � (IFN-�), interleukin 6 (IL-6), interleukin 12 heterodimer (p70)
(IL-12 p70), and tumor necrosis factor � (TNF�) was performed using a
electrochemoluminescence ELISA (Meso Scale) according to the manufac-

turer’s protocol. SDS-containing samples were diluted so that the final SDS
concentration was 0.01% or lower. Mrp8-Mrp14 concentrations in plasma,
lysates, and cerebrospinal fluid were determined by ELISA using the ELISA
protocol for human Mrp8-Mrp14 (Vogl et al., 2007). Antibodies to human
MRP14 were replaced by the mouse counterparts, and purified mouse
Mrp8-Mrp14 complex was used as standard.

Phagocytosis of A�. Microglial phagocytosis of fibrillar FAM-labeled
A�1– 42 (Anaspec) was measured by plate-based assay as described previ-
ously (Terwel et al., 2011). For determination of A� phagocytosis in vivo,
mice were intraperitoneally injected 3 h before sacrification with 10
mg/kg methoxy-XO4 (Klunk et al., 2002) (kindly provided by Dr. Alfons
Verbruggen, Katholieke Universiteit Leuven, Leuven, Belgium) in 50%
DMSO/50% NaCl (0.9%), pH 12. Mice were perfused with ice-cold PBS
and the brains were removed, chopped into pieces using scalpels and
incubated in HBSS and 10% FCS containing 0.144 mg/ml collagenase
type IV (Sigma-Aldrich) for 1 h at 37°C. Homogenization was achieved
by pipetting through a 19 G needle. The homogenate was filtered through
a cell strainer (70 �m) and centrifuged at 155 � g at 4°C for 10 min
without brake. The pellet was resuspended in 9 ml of 70% Percoll in PBS,
underlayered with 10 ml of ice-cold 37% Percoll in PBS, and overlayered
with 6 ml of ice-cold PBS. The gradient was centrifuged at 800 � g at 4°C
for 25 min without braking. Microglial cells were recovered from the
37/70% Percoll interphase, diluted with 3 vol PBS and centrifuged at
880 � g at 4°C for 25 min (Beckman Allegra) without a break. The pellet
containing the microglial cells was resuspended in 200 �l PBS. For flow
cytometry analysis, 50 �l of cells were diluted with 0.5 ml HBSS and
centrifuged at 250 � g for 5 min at 4°C. Binding of antibodies to Fc-
receptors was prevented by adding 1 �g of Fc block (BD Bioscience) and
incubating for 10 min on ice. Cells were taken up in 50 �l of primary
antibody mix (CD11b-APC (1:100, BioLegend, catalog no. 101212),
CD45-FITC (1:100, eBioscience, catalog no. 11-0451), CD36-PE, (1:100,
eBioscience, catalog no. 12-0361) and incubated for 30 min on ice. Cells
were centrifuged at 250 � g for 5 min at 4°C and resuspended in 200 �l
HBSS. For control and compensation, corresponding isotype control
antibodies were used. Cells were measured on a FACSCanto II flow
cytometer (BD Bioscience). For analysis, the CD11b � CD45 � popu-
lation was gated. Wild-type mice injected with methoxy-XO4 were
used to determine the methoxy-XO4-threshold for non-phagocytosing
cells, and unstained wild-type cells were used to determine background
fluorescence.

Histology. Brains were fixed in 4% paraformaldehyde for 18 h, washed
in 70% ethanol for 2 h, and stored in PBS afterward. Brain hemispheres
were sectioned saggitally using a vibratome (Leica). Antigen retrieval was
performed by heating sections at 80°C in 100 mM citric acid, pH 6. Un-
specific binding was prevented by blocking with 20% goat serum in TBS
and 0.1% Triton X-100. Sections were stained free floating using the
antibodies IC16 against A�, polyclonal serum murMRP14(VII) and anti-
murMRP14 (III) against Mrp14, polyclonal serum murMRP8(V) against
Mrp8 (both generated by J.R.), Iba1-antiserum (Wako), and antibody
MCA711 against CD11b (AbSerotec). Sections were dried for 10 min and
mounted in ImmoMount (Thermo Scientific). Sections were analyzed
using a BX61 microscope equipped with an disk-scanning unit to achieve
confocality (Olympus) or on a A1-MP laser-scanning microscope
(Nikon). Pictures were deconvoluted using Cell ∧P software (Olympus).

Human brain samples. Frozen postmortem brain material from pari-
etal cortex of histologically confirmed AD cases (Braak stages V–VI) as
well as age-matched controls who had died from non-neurological dis-
ease, was derived from the Neurological Tissue Bank of the Biobank-
Hospital Clínic-IDIBAPS (Barcelona, Spain). Postmortem times were
similar between controls and AD cases. Postmortem times across all cases
varied from 3,5–5 h. Age of patients was 75 � 6 years. Non-fixed tissue
samples were extracted as described previously (Kummer et al., 2011),
with the exception that 25 mM Tris-HCl pH 7.5, 150 mM NaCl, and 1%
Triton X-100 was used instead of RIPA buffer. We used the ubiquitously
expressed chaperone GRP75 as a loading control. Cerebrospinal fluid
(CSF) and plasma samples were from 10 control (age, 65.8 � 6.710 SD;
mini-mental state examination (MMSE), 29.8 � 0.42 SD), mildly cogni-
tive impaired (age, 72.7 � 4.76 SD; MMSE, 26 � 2.49 SD), and 10
diagnosed AD patients (age, 72.8 � 6.41 SD; MMSE, 20.4 � 2.76 SD).
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Statistical analysis. Results were expressed as
mean � SEM of at least three experiments. For
normally distributed samples, Student‘s t test
was used for single comparisons of means, and
one-way ANOVA was used for multiple com-
parisons of means combined with Tukey’s post
hoc test to evaluate statistical significance. The
levels for statistical significance were *p � 0.05,
**p � 0.01, and ***p � 0.001. All evaluations
were done using GraphPad Prism 5.03
software.

Results
Increased expression of Mrp14 in
Alzheimer’s disease
Since inflammation is one of the key fea-
tures of AD, we tested whether the in-
flammatory molecule Mrp14 is changed
under disease conditions. We observed a
strongly increased expression of Mrp14 in
brain lysates of AD patients compared to
healthy, age-matched controls by Western
blot (Fig. 1A). Quantification revealed a
�9-fold increase compared to the control
group (Fig. 1B). Since the analysis of ce-
rebrospinal fluid is a common procedure
for establishing the diagnosis of AD, we
also tested CSF of control, mildly cogni-
tive impaired, and AD patients using a
Mrp14/Mrp8 sandwich ELISA (Fig. 1C).
Mrp14/Mrp8 was only slightly increased
in MCI patients but strongly upregulated
in AD patients, demonstrating its release
from brain parenchyma. In contrast, anal-
ysis of plasma samples derived from age-
matched controls, MCI, and AD patients
did not reveal any changes in the Mrp14/
Mrp8 concentration (Fig. 1D).

Finally, immunohistochemical analysis
of AD brain sections (Braak stage V–VI) us-
ing antibodies against Mrp14 and A� re-
vealed Mrp14-positive cells in the vicinity of
amyloid plaques (Fig. 1E). We therefore conclude that Mrp14 is a
neuroinflammatory marker for AD.

Mrp14/Mrp18 are expressed in activated microglia
surrounding amyloid plaques
Expression of Mrp14 has been demonstrated in microglia under a
variety of pathological conditions in humans, including AD (Roth et
al., 2003; Shepherd et al., 2006). Testing the expression of Mrp14 in
the APP/PS1 mouse model, we observed intracellular expression of
Mrp14 and its binding partner Mrp8 in the vicinity of amyloid
plaque (Fig. 2A,B). In addition, these cells coexpressed the micro-
glial marker CD11b (Fig. 2C) and Iba1 (data not shown), identifying
these cells are microglia.

A� phagocytosis is increased by Mrp14 deficiency
Phagocytosis of extracellular debris is one of the most important
functions of microglial cells. It has been shown that microgliaare
indeed capable of phagocytosing A� peptides. We therefore
tested the ability of Mrp14(�/�) microglia to take up fibrillar
FAM-labeled A�1– 42 in vitro. Mrp14 is expressed intracellularly
in primary mouse microglia (Fig. 2D). Incubation of these cells
with A�1– 42 resulted in the intracellular accumulation that co-

localized with Mrp14 only to a minor extent (Fig. 2D). Comparison
of the phagocytic capabilities of wild-type and Mrp14(�/�) micro-
glia showed that absence of Mrp14 strongly induced phagocytosis
compared to wild-type microglia after 1 and 4 h (Fig. 2E).

In APP/PS1 mice we observed microglial uptake of A�, in
particular in the vicinity of amyloid plaques (Fig. 2 F). To
determine the influence of Mrp14 deficiency on the uptake of
A� in vivo, we injected wild-type, APP/PS1, and APP/PS1
Mrp14(�/�) mice with the amyloid dye methoxy-XO4 follow-
ing the analysis of microglia by flow cytometry, a new method
recently established in our laboratory. For this, mice were in-
jected with methoxy-X04 3 h before scarification, and microglia
were prepared by density gradient fractionation. Methoxy-X04-
positive CD11b�/CD45� cells were detected in APP/PS1, but
were almost absent in wild-type mice. More importantly we
observed increased signal for methoxy-XO4 in APP/PS1
Mrp14(�/�) mice, suggesting increased uptake of A� (Fig.
2G). Therefore, loss of Mrp14 may release microglia from
their phagocytic arrest during AD.

Since Mrp14(�/�) has been implicated in the production of
inflammatory cytokines (Vogl et al., 2007), we compared the
amount of TNF�, IL-6, IL-12 p70, and INF-� in lysates of APP/

Figure 1. A, Brain lysates from control and AD patients were separated by NuPAGE and immunoblotted using antibody sc-8114
against Mrp14. B, Densitometric analysis of A (mean of n � 4 control and n � 5 AD patients � SEM, Student’s t test, *p � 0.05).
C, The Mrp14/Mrp8 complex was determined in the cerebrospinal fluid of control, MCI, and Alzheimer’s disease patients by
sandwich ELISA (n � 10, mean � SEM, one-way ANOVA, Tukey post hoc test, *p � 0.05). D, Determination of the Mrp14/Mrp8
complex in the plasma of control, MCI, and AD patients (n � 10, mean � SEM). E, AD brain section immunostained using
antibodies IC16 against A� and polyclonal antiserum against Mrp14. Nuclei were stained using H33342 (bar � 10 �m).
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PS1 and APP/PS1 Mrp14(�/�) at 9
month of age using a multiplex ELISA.
Levels of TNF� and INT� were reduced
by 50% in APP/PS1 Mrp14(�/�) mice
whereas IL-6 and Il12p70 remained unaf-
fected, suggesting a selective regulation of
cytokine production by Mrp14 (Fig. 2H).

APP/PS1 Mrp14(�/�) mice show
reduced amyloid deposition
To test whether knock-out of Mrp14 has
an impact on amyloid deposition, we
crossbred the APP/PS1 model with
Mrp14(�/�) mice. Mice were analyzed at
9 months of age. Even so the level of the
APP-transgene remained unaffected, and
the steady-statelevel of APP CTF, as well
as that of RIPA soluble A�, decreased (Fig.
3A,B). Determination of A� levels in the
RIPA- and SDS-soluble fraction by ELISA
revealed a robust reduction of A�40 and
A�42 in the SDS-soluble fraction (Fig.
3C). We could confirm the observation
from the immunoblot analysis for A�40
in the RIPA-soluble fraction, but we failed
to detect A�42 (Fig. 3C). In addition, we
observed reduced plaque pathology in
APP/PS1 Mrp14(�/�) mice using thio-
flavin S histochemistry in hippocampal
(Fig. 3D) and cortical (Fig. 3E) sections.
Changes in the CTF of APP and the reduc-
tion of A� in the RIPA-soluble fraction
suggest that the amyloidogenic processing
of APP is affected in response to MRP14
deficiency. Testing the expression of
BACE1 and 2 by quantitative PCR, we ob-
served a reduction in the mRNA levels of
both enzymes (Fig. 3F), offering one ex-
planation for the A�-lowering effect of
Mrp14 gene deletion. BACE1 expression
was found in neurons and astrocytes using
NeuN and GFAP as marker proteins, re-
spectively (Fig. 3G,H), suggesting that
Mrp14(�/�) influences BACE1 mRNA
levels by an paracrine mechanism.

In addition, we observed that expression
of insulin-degrading enzyme was increased
in the APP/PS1 mouse model compared to
wild-type and Mrp14(�/�) mice and that
expression was lower in APP/PS1
Mrp14(�/�) mice without showing statis-
tical significance (Fig. 3E), whereas when
immunoblotting for the astrocytic
marker GFAP, APP/PS1 Mrp14(�/�)
mice showed reduced expression of this

Figure 2. A–C, Brain section of 9-month-old APP/PS1 mice were double-stained with antibody IC16 against A�and a polyclonal serum
against Mrp14 (scale bar, 20 �m) (A), antibody IC16 against A� and a polyclonal serum against Mrp8 (scale bar, 20 �m) (B), and a
polyclonal serum against Mrp14 and antibody MCA711 against CD11b (scale bar, 10�m) (C). D, Immunocytochemical detection of Mrp14
in primary mouse microglia in the absence (left) or presence (right) of 0.5 �M FAM-labeled A�1– 42 for 1 h (scale bars, 10 �m). E,
Quantification of FAM-labeled A�1– 42 uptake in primary mouse microglia from wild-type and Mrp14(�/�) mice using an plate-based
assay (representative experiment performed in pentaduplicate � SEM, Student’s t test, *p � 0.05, **p � 0.01). F, Immunostaining of
9-month-old APP/PS1 mouse using antibody IC16 against A�and an anti-Iba1 antiserum (scale bar, 5�M). G, Quantification of the in vivo
phagocytosis assay of 16-month-old APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 4 for APP/PS1 and n � 3 for APP/PS1

4

Mrp14(�/�) � SEM, Student’s t test, *p � 0.05). H, Deter-
mination of the inflammatory cytokines TNF�, INF�, IL-6, and
IL12 p70 in the lysate of APP/PS1 and APP/PS1 Mrp14(�/�)
mice by multiplex ELISA (mean of n � 7 � SEM, Student’s t
test, *p � 0.05, **p � 0.01).
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protein, demonstrating that loss of Mrp14(�/�) ameliorates in-
flammation in this model (Fig. 3G).

Discussion
Neuroinflammation is a key component of Alzheimer disease
with diverse functions and consequences during disease pro-
gression. Microglia represent key players of the inflammatory
response in AD by releasing a variety of proinflammatory mol-
ecules. It has been reported that Mrp14 and its binding partner
Mrp8 are secreted by activated phagocytes and strongly up-
regulated in numerous inflammatory diseases, including sep-
sis, rheumatoid arthritis, and vasculitis (Roth et al., 2003).

Here we report a characteristic upregulation of Mrp14 in brain
lysates as well as in cerebrospinal fluid of AD patients that was not
observed in blood plasma of these patients, pointing toward a role of
this inflammatory mediator in AD. Transferring this finding into an
AD mouse model, we observed that lack of Mrp14 results in de-

creased A� burden. Similar results have been observed in a model of
local Mrp14 suppression in Tg2576 mice (Ha et al., 2010).

Here we show that A� reduction was due to altered processing of
APP caused by decreased transcription of BACE1 and 2, which low-
ers the formation of �-CTFs, the direct precursors of A�. The impact
of neuroinflammation on the expression of BACE1 has been re-
cently elucidated in vitro (Sastre et al., 2003) and in vivo (Heneka et
al., 2005; Sastre et al., 2006). Under the influence of the proinflam-
matory molecules TNF� and IFN�, the activity of the BACE1 pro-
moter is induced, resulting in increased generation of �-CTF
(�-secretase-cleaved C-terminal fragment of APP) and subsequently
to more A� generation. This induction can be suppressed by binding
of the anti-inflammatory transcription factor PPAR� to a specific
response element within the BACE1 promoter (Sastre et al., 2006).

A mixture of classical activation, acquired deactivation, and in-
creasing alternative activation is observed in AD (Town et al., 2005;

Figure 3. A, Western blot analysis of RIPA-soluble fractions of 9-month-old APP/PS1 and APP/PS1 Mrp14(�/�) mice for APP, CTFs, A�, IDE, GFAP, and tubulin. B, Densitometric analysis of A for
APP expression, �-CTF/APP ratio, and A�/APP ratio in APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 4 � SEM, Student’s t test, *p � 0,05, ***p � 0.001). C, ELISA analysis of
RIPA-soluble and SDS-soluble fractions for A�40 and A�42 in APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 7 � SEM, Student’s t test, *p � 0.05, ***p � 0,001). D, Representative
images of thioflavin S-stained hippocampi from APP/PS1 and APP/PS1 Mrp14(�/�) mice (scale bar, 10 �m). E, Representative images of thioflavin S-stained cortices from APP/PS1 and APP/PS1
Mrp14(�/�) mice (scale bar, 10 �m) F, Determination of BACE1 and BACE2 mRNA expression (rel., relative) by qPCR in APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 8 � SEM,
Student’s t test, *p � 0,05, ***p � 0,001). G–I, Densitometric analysis of A for IDE expression in APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 4 � SEM, Student’s t test, *p � 0.05,
**p � 0.01). Wt, Wild type. J, Densitometric analysis of A for GFAP expression in APP/PS1 and APP/PS1 Mrp14(�/�) mice (mean of n � 4 � SEM, Student’s t test, *p � 0.05, **p � 0.01).
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Colton et al., 2006) and may ultimately further our understanding of
the complex roles that microglia may play in neurodegenerative dis-
eases, as well as how to manipulate them therapeutically.

In addition, we observed that deletion of Mrp14 stimulates the
phagocytosis of microglia. Since Mrp14 is released by microglia
upon exposure to A� (Ha et al., 2010), this result points toward
an autocrine mechanism, which has been suggested previously
(Ehrchen et al., 2009). We therefore speculate that Mrp14 drives
microglia into a proinflammatory state thereby compromising
microglial key functions such as phagocytosis. The observed det-
rimental impact of long lasting A�-induced inflammatory stim-
ulation of microglia and the resulting deficits in A� clearance is in
agreement with this hypothesis (Hickman et al., 2008).

Potential pathways for the amplification of phagocyte activa-
tion by Mrp14 have been suggested. There is a direct interaction
of Mrp8 with the TLR4/MD2 complex with subsequent induc-
tion of TNF� (Vogl et al., 2007). In addition, the receptor for
advanced glycation end products (RAGE) is a receptor for Mrp14
(Gebhardt et al., 2008; Turovskaya et al., 2008). This is of partic-
ular interest, since overexpression of RAGE in microglia results in
increased amyloid plaque load and worsens behavioral perfor-
mance in APP-transgenic mice via a p38/Erk1/2-mediated path-
way leading to enhanced TNF� production (Fang et al., 2010).

These findings are corroborated by another molecule from the
S100 family, S100B, which is plays a role in AD as well (Mrak and
Griffin, 2001). Overexpression of this glial activation marker in
astrocytes using the Tg2576 mouse model of AD resulted in the
increase of A� deposits, BACE1 expression accompanied by
�-CTF accumulation, activation of microglia and astrocytes, and
production of proinflammatory cytokines (Mori et al., 2010).

In conclusion, lack of Mrp14 reduces the production of proin-
flammatory cytokines in an AD mouse model with dual conse-
quences. First, reduced inflammation decreases the transcription of
BACE1 and BACE2, thereby limiting the generation of A� and its
subsequent deposition in senile plaques. Secondly, prevention of
excessive microglial activation favors amyloid degradation by mi-
croglial phagocytosis, thereby acting to protect against Alzheimer
pathology. We therefore suggest that reduction of Mrp14 in the
chronic inflammatory phase of AD may be a treatment opportunity.
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