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Chemokines are important modulators of neuroinflammation and neurodegeneration. In the brains of Alzheimer’s disease
(AD) patients and in AD animal models, the chemokine CXCL10 is found in high concentrations, suggesting a pathogenic
role for this chemokine and its receptor, CXCR3. Recent studies aimed at addressing the role of CXCR3 in neurological
diseases indicate potent, but diverse, functions for CXCR3. Here, we examined the impact of CXCR3 in the amyloid
precursor protein (APP)/presenilin 1 (PS1) transgenic mouse model of AD. We found that, compared with control APP/

PSI animals, plaque burden and Ap levels were strongly reduced in CXCR3-deficient APP/PS1 mice. Analysis of microglial
phagocytosis in vitro and in vivo demonstrated that CXCR3 deficiency increased the microglial uptake of Ap. Application of
a CXCR3 antagonist increased microglial Ap phagocytosis, which was associated with reduced TNF-o secretion. Moreover,
in CXCR3-deficient APP/PS1 mice, microglia exhibited morphological activation and reduced plaque association, and brain
tissue from APP/PS1 animals lacking CXCR3 had reduced concentrations of proinflammatory cytokines compared with
controls. Further, loss of CXCR3 attenuated the behavioral deficits observed in APP/PS1 mice. Together, our data indicate
that CXCR3 signaling mediates development of AD-like pathology in APP/PS1 mice and suggest that CXCR3 has potential

as a therapeutic target for AD.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative brain disorder
characterized by the formation of B-amyloid plaques, predomi-
nantly in hippocampal and cortical regions (1, 2). Periplaque
activation of microglia and astrocytes and induction of proin-
flammatory molecules suggest a pathogenic role for inflamma-
tion in this disease (3, 4). Microglia are resident CNS cells with
immune-modulating and phagocytic capabilities (5, 6). Recent
studies indicate that the microglial state of activation can deter-
mine whether these cells have a protective or detrimental role in
AD (7-13). Microglia can generate reactive oxygen species and
secrete proinflammatory cytokines and additional neurotoxic
factors, which contribute to the pathology of AD (3, 4, 14). In addi-
tion, microglia also release AB-degrading enzymes and express
scavenger receptors, which can mediate Ap phagocytosis (15-17).
There is compelling evidence that microglial cells can modulate
the pathological course of AD, although the exact role of microg-
lia in AD remains to be clarified.

Chemokines are cytokines that orchestrate innate and adap-
tive immune responses and are found to be highly upregulated in
several neuroinflammatory disorders (18). CXCL9, CXCL11, and,
in particular, CXCL10, are prominent members of the non-ELY
CXC chemokines (19). They share the receptor CXCR3 (20, 21),
expressed on T cells and NK cells and on resident cells, including
neurons, as well (22-29). CXCR3 can be differentially activated by
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CXCL9, CXCL10, and CXCL11 (21, 30). IFN-y and TNF-o are major
inducers and regulators of both CXCR3 and CXCR3 ligands (31-35).

Previous studies using murine AD models have demonstrated
that chemokine receptor systems such as CCR5 (36), CCR2 (37-39),
and CX3CR1 (40-43) can modulate the disease course by influenc-
ing microglial function, accumulation, and clustering (37, 40-42).
In addition, a positive correlation between CXCL10 concentrations
in the cerebrospinal fluid and cognitive impairment in AD patients
has been demonstrated (44, 45). Moreover, CXCL10 was found to
be expressed in astrocytes in AD (27) and detected in close proxim-
ity to AB plaques in a corresponding AD mouse model (46).

To characterize the role of the CXCR3 chemokine system for
AD pathogenesis, we examined the impact of CXCR3 deficiency
in amyloid precursor protein (APP)/presenilin 1 (PS1) transgenic
mice. This model displays several pathological cellular and behav-
ioral characteristics of AD, including progressive accumulation of
cerebral amyloid plaques accompanied by clustering of reactive
microglia and astrocytes around amyloid plaques (47-49) and cog-
nitive impairment (13, 50).

Results

Decreased AB deposition and AP level in CXCR3-deficient APP/PSI
mice. The APP/PS1 transgenic model exhibits an increase in plaque
burden between the ages of 4 and 12 months (51). Therefore, APP/
PS1 and APP/PS1/Cxcr3”7- animals were examined in the early
stage of AB deposition (5 months) and at the stage of compact and
diffuse plaque burden (8 months). A widespread distribution of AB
plaques stained with thioflavin S (ThioS) was found throughout the
hippocampus and cerebral cortex of 8-month-old male APP/PS1
mice (Figure 1A). In contrast, APP/PS1/Cxcr37- mice revealed a
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strong reduction in AB plaque burden in both regions at 8 months
of age. Quantification of the cerebral and hippocampal ThioS*
area (Figure 1B) revealed a strong reduction of Af plaques in APP/
PS1/Cxcr37- animals compared with APP/PS1 mice at both 5 (cere-
bral cortex, APP/PS1: 0.074% * 0.009% vs. APP/PS1/Cxcr3”:
0.020% + 0.002%, P < 0.001; hippocampus, APP/PS1: 0.047% *
0.008% vs. APP/PS1/Cxcr3”/: 0.004% *+ 0.001%, n = 5 mice per
group, 16-20 sections, P < 0.001) and 8 months of age (cerebral
cortex, APP/PS1: 0.589% + 0.082% vs. APP/PS1/Cxcr37/: 0.047%
+0.007%, P<0.001; hippocampus, APP/PS1: 0.634% + 0.145% vs.
APP/PS1/Cxcr37: 0.044% *+ 0.011%, n = 5 mice per group, 16-20
sections, P < 0.001). Plaque reduction in APP/PS1/Cxcr37" mice
observed with ThioS was further confirmed by anti-Ap immunohis-
tochemistry (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JC166771DS1). In addi-
tion, analysis of the plaque morphology revealed a decreased value
for the form factor in CXCR3-deficient APP/PS1 brains (14-19 sec-
tions/group, P < 0.05) (Supplemental Figure 1).

Regarding AP peptide concentrations, we found a signifi-
cantly lower AB1-42 concentration in the insoluble SDS fraction of
5-month-old APP/PS1/Cxcr3”7- mice (AB1-40: 15.6 + 0.2 pg/mg,
AB1-42:7.8 + 0.8 ng/mg; n = 5) compared with APP/PS1 mice (AB1-
40: 26.2 * 6.3 pg/mg, AB1-42: 49.4 + 8.3 ng/mg; n = 5; P < 0.005
for Ap1-42; Figure 1C). We found a 5-fold reduction of insoluble AB
level (AB1-40: 32.8 * 4.7 ng/mg, AB1-42: 31.6 + 1.8 ng/mg; n = 5)
in APP/PS1/Cxcr3”" versus (AB1-40: 166.0 + 41.0; Ap1-42: 1135 +
36.2 ng/mg; n =7) APP/PS1 mice (P < 0.001; P < 0.05; Figure 1D),
reflecting the strong decrease of ThioS* AB deposition at 8 months.
No difference in soluble A isolated from the RIPA fraction was
observed at 5 months. However, at 8 months, CXCR3 deficiency
showed lowered soluble AB peptide concentrations in APP/PS1
mice (APP/PS1: AB1-40: 127.8 + 4.2 pg/mg, Ap1-42: 59.8 + 3.5 pg/
mg; n =5 vs. APP/PS1 Cxcr37": AB1-40: 85.4 + 4.2 pg/mg, AB1-42:
474 +2.1pg/mg; n=7; P <0.001 for AB1-40; P < 0.05 for AB1-42;
Figure 1D). In pilot experiments, the characterization of female
APP/PS1/Cxcr3”- mice (n = 4) resulted in the same Af peptide con-
centrations as observed in APP/PS1/Cxcr3** and therefore did not
indicate a gene-dosage effect of CXCR3 (Supplemental Figure 2).
In summary, CXCR3 deficiency reduces the amyloid plaque deposi-
tion and AB1-42/AB1-40 levels in the APP/PS1 mouse model of AD.

CXCR3 deficiency does not alter APP processing in APF/PS1/
Cxcr3”- mice. Generally, neurons express functionally relevant
CXCR3 (27, 28, 52-54). To examine the impact of CXCR3 on neu-
ronal APP processing as a possible cause of reduced plaque load,
we determined the protein concentrations of APP and the APP
cleavage products -C-terminal fragment (8-CTF) and o-CTF in
5-month-old WT, Cxcr37-, APP/PS1, and APP/PS1/Cxcr3”" mice
using immunoblot detection with antibody CT15. As expected,
control WT and Cxcr37- samples showed a weak band of endoge-
nous APP and a weak signal for o- and B-CTF cleavage fragments
(Figure 1F). We found no differences in the normalized band
intensity of holo-APP between APP/PS1 and APP/PS1/Cuxcr37
animals (APP/PS1: 2.1 + 0.3 vs. APP/PS1/Cxcr37/: 1.9 + 0.2 nor-
malized band intensity; Figure 1F). In addition, the concentra-
tions of B-CTF (APP/PS1: 0.3 + 0.0 vs. APP/PS1/Cxcr3”/: 0.3 +
0.0 normalized band intensity) and a-CTF (APP/PS1: 0.3 = 0.0
vs. APP/PS1/Cxcr37~: 0.2 = 0.0 normalized band intensity; n = 5
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each; Figure 1F) were equivalent and showed no effect of CXCR3
deficiency on APP processing. This result was confirmed by
detecting B-CTFs using the 82E1 antibody resulting in equal CTF
levels (Supplemental Figure 3).

Finally, the secretion of AP1-40 and AB1-42 from primary
neuronal cultures was measured. Here, similar levels of both Ap
peptides (APP/PS1: 1.45 + 0.17 ng/ml vs. APP/PS1/Cxcr3”/: 1.50
* 0.13 ng/ml; AB1-40/1-42 ratio; n = 5 each) were detected in
supernatants from neuronal cultures, supplying further evidence
against a role for CXCR3 in APP processing (Figure 1G).

CXCR3 modulates the in vivo phenotype of microglia and astro-
cytes in APP/PSI transgenic mice. CXCR3 is a well-known modula-
tor of microglial function (23, 25, 26, 55). To elucidate the impact
of Cxcr37- on the morphological phenotype of microglia in APP/
PS1 mice, we characterized periplaque accumulation and activa-
tion by morphological criteria. Using combined AB-plaque staining
with ThioS and IBA1immunofluorescent labeling of microglia, we
specifically detected plaque-associated microglia/macrophages in
APP/PS1 and APP/PS1/Cxcr37 mice.

In APP/PS1 mice, microglia mostly clustered around AP
plaques (periplaque position). In CXCR3-deficient APP/PS1 mice,
the periplaque accumulation of microglia was strikingly dimin-
ished (Figure 2A). We also determined the soma area of microg-
lia as a morphological marker of activation and found a strong
reduction of the microglia soma area in APP/PS1/Cxcr37- animals
compared with APP/PS1 mice in both regions of interest (ROIs)
(Figure 2, B and C; cerebral cortex, APP/PS1: 77.2 * 2.4 pm vs.
APP/PS1/Cxcr37/:54.6 + 1.7 um, P < 0.001, n = 117; hippocampus,
APP/PS1:71.6 + 2.1 umvs. APP/PS1/Cxcr37/: 48.7 1.6 pm, n>154
microglia per group, P < 0.001).

Furthermore, we colocalized MHCII as an immunological
activation marker with the microglial marker Ibal and regularly
found MHCII-positive microglia in the periplaque area, where-
as MHCII-positive microglia were only rarely detected in APP/
PS1/Cxcr37- mice (Supplemental Figure 4).

Astrocytes potentially contribute to the AD-like pathology in
APP/PS1 mice. We characterized the astrocytic response in APP/
PS1 and APP/PS1/Cxcr3” mice by immunoblots and immunohis-
tochemistry against glial fibrillary acidic protein (GFAP), which
was strongly reduced in brain tissue from APP/PS1/Cxcr3”- com-
pared with APP/PS1 mice (Figure 2D).

Histologically there were fewer GFAP-positive cells in APP/
PS1/Cxcr37- mice compared with APP/PS1 animals. Double stain-
ing for GFAP and ThioS demonstrated that most amyloid plaques
were surrounded by morphologically activated astrocytes in APP/
PS1 mice. In APP/PS1/Cxcr3”" animals, astrocytes were fewer in
number and had less hypertrophic cell bodies (Figure 2E). Hence,
CXCR3 deficiency strongly reduces microglial activation and
clustering proximal to AP plaques. Moreover, morphologically
activated astrocytes were strongly reduced in APP/PS1/Cxcr37-
compared with APP/PS1 brain.

CXCR3 and the corresponding ligands CXCL9 and CXCLIO are
induced in APP/PSI transgenic mice. To confirm a relevant induc-
tion of CXCR3 and its ligands, CXCL9 and CXCL10, in the model
examined, we determined corresponding brain RNA concentra-
tions by quantitative PCR (qPCR) analysis from APP/PS1 and APP/
PS1/Cxcr37- mice. The induction of Cxcr3 transcripts in APP/PS1
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Figure 1. CXCR3 deficiency leads to a strong reduction of Ap deposition in APP/PS1 mice. (A) Brain sections of 8-month-old APP/PS1and APP/
PS1/Cxcr3”- male mice were stained with ThioS to detect AB deposition. Scale bar: 500 pm. (B) Hippocampal and cortical regions were quantified. (C)
ELISA measurement of AB1-40 and AB1-42 peptides documents a reduction in the insoluble brain fraction of APP/PS1/Cxcr3~~ mice. (D) At 5 months

(5 mo), no significant changes in the composition of both soluble peptides were observed in APP/PS1/Cxcr37- compared with APP/PS1 mice. At 8 months,
both AB peptides are significantly reduced in APP/PS1/Cxcr3~- mice. (E) A scatter plot of soluble AB1-40/1-42 composition in 5- and 8-month-old APP/
PS1and APP/PS1/Cxcr3”- mice is shown. Immunoblot analysis using a holo-APP antibody (CT15) indicates no effect of CXCR3 deficiency on APP process-
ing in APP/PS1 mice at 5 months. (F) Densitometric analysis of holo-APP, a-CTFs, and B-CTFs after normalization to a-tubulin. (G) Unaltered AB1-40 and
AP1-42 secretion of primary cortical APP/PS1/Cxcr37- neurons compared with the APP/PS1 genotype. n = 4 cultures of both genotypes. (H) Cxcr3 RNA
detection by gPCR confirms the lack of CXCR3 in primary cultured neurons, astrocytes, and microglia. (A-F) Data are shown as mean + SEM, n = 5-8 mice
per group. (H) Data are shown as mean + SEM, n = 3-5 primary cultures in each group. *P < 0.05; **P < 0.005; ***P < 0.001.

mice (7.2 * 3.0-fold increase, n = 5) relative to WT controls (Figure
2F) was confirmed. Analysis of CXCR3 ligand transcripts revealed
elevated concentrations for Cxcl9 (5.8 + 4.2 fold increase, n=4) and,
in particular, for Cxcl10 (36.7 = 0.5-fold increase, n = 4) in APP/PS1
mice. As expected, Cxcr3 was not detectable in APP/PS1/Cxcr37
mice and, compared with APP/PS1 mice, the levels of the recep-
tor ligands Cxcl9 and Cxcl10 were strikingly diminished (Figure 2F

and Supplemental Table 1). Using RNA from primary isolated neu-
rons, astrocytes, and microglia, we confirmed that indeed all cells
from Cxcr37- mice are CXCR3 deficient (Figure 1H).

CXCR3 modulates the cerebral cytokine milieu of APP/PSI
mice. The cerebral cytokine levels of APP/PS1/Cxcr3” and
APP/PS1 mice were examined to further characterize the effect
of CXCR3 on a molecular level. The most relevant findings are
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Figure 2. CXCR3 deficiency reduces plaque-associated microglial accumulation, periplaque activation of astrocytes, and levels of inflammatory transcripts
in APP/PS1 mice. (A) Brain sections of APP/PS1and APP/PS1/Cxcr3~- mice immunostained with the microglial markers Iba1l and ThioS. Reduced microglial
accumulation around AP deposition is visible in APP/PS1/Cxcr37- compared with the periplague clusters of IBAT* microglia in APP/PS1 brains. Microglia soma
size was reduced in both frontal cortex (FC) and hippocampus (HC) of APP/PS1/Cxcr3- animals. (B and C) Bright-field analysis of Iba1 stain. (D) Immunoblot
quantification of GFAP revealed reduced GFAP in APP/PS1/Cxcr3~- mice compared with APP/PS1 mice. (E) Fewer hypertrophic GFAP* astrocytes were found
around ThioS* AB plagues in APP/PS1/Cxcr3”- mice compared with APP/PS1 mice. (F) mRNA levels, determined by gPCR, for CXCR3 ligands, inflammatory
cytokines/chemokines, and microglial markers were reduced in APP/PS1/Cxcr3”~ mice, whereas the neurotrophic factor Bdnf was higher in APP/PS1/Cxcr37/-
brains. Data are shown as mean + SEM, n = 4-8 mice per group. *P < 0.05; **P < 0.005; ***P < 0.001. Scale bars: 100 um; 10 pm (insets).

displayed in Figure 2F. We found remarkably lower transcript
levels for Tnfa, Fasl, and Il1b. The RNA concentrations of the
microglial activation markers Cd11b and Cd68 were also lower
in APP/PS1/Cxcr37- versus APP/PS1 mice, further corroborat-
ing the finding that microglia are differentially activated in APP/
PS1/Cxcr37- mice. The determination of cerebral chemokine
RNA in APP/PSI mice revealed the highest level of induction
for Cxcl10 and Ccl3 (37-fold vs. 15-fold, respectively, compared
with WT controls), whereas other cytokines, such as Cx3ciI,
Ccl5, and Ccl19, were only moderately induced. Regarding the
chemokine receptors in the APP/PS1 model, we found the high-
est RNA potency for Cxcr3 (6-fold induction) followed by Cxcr4
(4-fold induction) and Ccr2 (3-fold induction). Comparing the
cerebral cytokine milieu of APP/PS1/Cxcr37- and APP/PS1
mice, RNA quantities of the inducible cyto- and chemokines in
APP/PS1/Cxcr3”" brain tissue were greatly reduced. However,
the cerebral level of the growth factor Bdnf was upregulated in
APP/PS1/Cxcr3”- compared with APP/PS1 mice. Other growth
factors, such as Ntf3 and Ntf5, were not significantly regulated
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(Supplemental Table 1). In summary, the qPCR analysis demon-
strates that CXCR3 strongly modulates the cerebral inflamma-
tory milieu in APP/PS1 mice.

Morris water-maze testing displayed improved spatial memory
of CXCR3-deficient APP/PSI animals compared with CXCR3-com-
petent controls. To investigate whether the attenuated AD-like
pathology is associated with improved memory performance, we
assessed spatial memory in 8-month-old WT (n = 9), Cxcr37 (n =
12), APP/PS1 (n=16), and APP/PS1/Cxcr3”" (n =18) animals using
the Morris water-maze test.

All mice learned to find a hidden platform. Spatial learning and
memory in comparisons of WT and Cxcr37- animals at 8 months of
age were unaltered (Figure 3, A-D). Compared with controls, APP/
PS1 mice displayed impaired spatial learning with respect to dis-
tance travelled to the platform (APP/PS1: 259.8 + 13.8 cm vs. APP/
PS1/Cxcr3”~: 213.1 £ 9.6 cm; 1-way ANOVA, Tukey’s test, P < 0.05,
Figure 3B). CXCR3 deficiency prevented learning and memory dys-
function in APP/PS1 transgenic mice, as shown for the spatial trial
onday 9 (Figure 3C; representative runs for all tested genotypes are
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Figure 3. CXCR3 deficiency rescues memory impair-
ment in APP/PS1 mice. (A) Morris water-maze analysis
of 8-month-old mice on 8 consecutive days. (B)
Graphical evaluation of the area under the curve from A
(mean of n =9 for WT, n =12 for CXCR3, n = 16 for APP/
PS1, and n = 18 for APP/PS1/Cxcr37-). Data are shown
as mean + SEM, 1-way ANOVA followed by Tukey's
post-hoc test. (C) Results of the probe trial at day 9
(mean of n =9 for WT, n = 12 for CXCR3, n = 16 for APP/
PS1, and n = 18 for APP/PS1/Cxcr37-). Data are shown
as mean + SEM, Kruskal-Wallis rank sum test, Dunn’s
post-hoc test). Data are given as the percentage of
time spent in quadrant Q1, where the platform previ-
ously was located, compared with the average of the
time the animals spent in the other quadrants
(Q2-Q4). *P < 0.05; ***P < 0.001. (D) Representative
runs from the probe trials.

Time spent in quadrant (%) ¢

APP/PS1

shown in Figure 3D). Thus, APP/PS1/Cxcr37- animals were pro-
tected from the memory dysfunction observed in APP/PS1 animals.
Visual cued testing confirmed equivalent visual acuity and ability to
orient across all groups. In the open-field test, presence of the APP/
PS1 transgene yielded greater locomotor activity in CXCR3-defi-
cient and CXCR3-competent animals (Supplemental Figure 5). No
differences in distance travelled were found between APP/PS1 and
APP/PS1/Cxcr37- mice or between WT and Cxcr3”~ mice.

Fibrillar Ap stimulates microglia to produce TNF-o.and CXCLIO0,
while TNF-o.but not Af induces CXCL10 production by astrocytes. To
determine the cellular source of TNF-o and CXCL10 in response
to fibrillar AB1-42 (fAp), primary microglia (PMG) and astrocytes
were stimulated with fAp and TNF-o. LPS-stimulated cultures
served as positive controls. The supernatants of cultures stimulat-
ed for 4, 12, and 20 hours were analyzed for microglial/astroglial-
derived TNF-a and CXCL10 by ELISA (Figure 4A). Stimulation of
PMG led to an increase of TNF-a concentrations at 12 hours (105.0
*14.0 pg/ml) and 20 hours (264.0 * 4.0 pg/ml) compared with
unstimulated controls (52.8 * 20.4 pg/ml after 12 hours, 180.0 +
4.0 pg/ml after 20 hours; P < 0.005, Figure 4B).

In contrast, primary astrocytes displayed only minimal TNF-o
production in response to fAf stimulation (fAp, 8 hours: 0.1+ 0.1
pg/ml vs. control, 8 hours: 0.4 + 0.2 pg/ml; fAB,12 hours: 3.5+ 0.1
pg/ml vs. control, 12 hours: 0.4 £ 0.2 pg/ml; fAB, 20 hours: 4.2 +
0.4 pg/ml vs. control, 20 hours: 1.9 + 0.1 pg/ml; Figure 4C).

Furthermore, microglial synthesis of CXCL10 in response
to fAp was determined. Microglia exposed to fAf secreted more
CXCL10 compared with untreated controls at all time points (P
< 0.05, P < 0.005; Figure 4D). Moreover, fAB was equally potent

APP/PS1/Cxcr3"

in inducing CXCL10 when compared with LPS at 12 hours and 24
hours (LPS, 12 hours: 433.5 + 89.5 pg/ml vs. fAf, 12 hours: 390.0 *
84.0 pg/ml; LPS, 24 hours: 409.5 * 33.5 pg/ml vs. fAf, 24 hours:
491.0 + 91.0 pg/ml). Additionally, astrocytic CXCL10 produc-
tion after exposure to fAp or TNF-a stimulation was determined.
In contrast to the robust production of TNF-a by fAB-stimulated
microglia, astrocytes did not show increased CXCL10 production
upon fAP exposure. However, stimulation of primary astrocytes
with TNF-a showed a stronger CXCL10 induction than that by
LPS stimulation (Figure 4E, LPS, 12 hours: 2178.0 + 13.0 pg/ml vs.
fAB, 12 hours: 2258.0 + 15.0 pg/ml; LPS, 24 hours: 2316.0 * 61.5
pg/ml vs. fAB, 24 hours: 2739.0 +586.0 pg/ml).

In summary, fAB-stimulated PMG represent a potent source
of TNF-a and CXCL10. Astrocytes are not directly responsive
to AB, but can contribute to production of CXCL10 when stimu-
lated by TNF-q.

CXCRS3 signaling reduces the Ap phagocytosis of PMG, but
increases the secretion of microglial TNF-o. To examine the impact
of CXCR3 on microglial phagocytosis of fAB, we examined fluo-
rescein amidite-AB (FAM-Ap) uptake in WT and Cxcr37- PMG.
Using quantitative imaging of FAM-AB* particles in CD68*
microglia cells (Figure 5A), we found greater than 30% higher
capacity of Cxcr37" microglia (area/cell = 82.1 + 7.2 ym?, n = 55)
to uptake FAM-AP than WT microglia (area/cell = 60.7 £ 7.6 um?,
n =43, P < 0.05, Figure 5A). To further elucidate whether CXCR3
signaling conversely reduces phagocytic capacity of WT microg-
lia, microglial cells were pretreated with CXCL9 or CXCL10 and
we examined the phagocytotic capacity of FAM-AB. Both CXCL9
and CXCL10 pretreatment reduced the phagocytic capacity of
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Figure 4. Effect of fibrillar fAp

on the induction of microglial
and astrocytic TNF-a and CXCL10
secretion. PMG and astrocytes
were stimulated with fAB, LPS,
and TNF-a for 4, 12, and 20 hours.
Afterwards, primary culture super-
natants were analyzed for secret-
ed TNF-a and CXCL10 levels using
ELISA. (A) Schematic diagram.
(B) A significant induction of
TNF-a is detectable from 12 hours
of fAB stimulation in microglia
culture (12 and 20 hours). (C) No
TNF-a induction could be found
in astrocytes after fAP treatment
over all analyzed time points. (D)
fAB and LPS induced similar levels
of CXCL10 secretion at 12 and 20
hours. (E) Primary astrocytes do
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CXCL10 secretion compared
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of CXCL9 pretreatment and 0.52 * 0.08 of CXCL10 pretreat-
ment, normalized phagocytosis * SEM; 3-5 individual experi-
ments, Figure 5B), whereas no effect was observed in pretreated
microglia of CXCR3-deficient mice (1.47 * 0.07 of unstimulated
control vs. 1.39 £ 0.09 of CXCL9 pretreatment and 1.50 £ 0.06 of
CXCL10 pretreatment, normalized phagocytosis + SEM; 3-5 indi-
vidual experiments, Figure 5B). CXCR3 antagonist preincubation
of WT microglia led to increased fAf phagocytosis, to the level of
Cxcr37- microglia (Figure 5D).

To examine the influence of CXCR3 on the production of
proinflammatory cytokines during AP stimulation further, we
analyzed the culture supernatants from WT and Cxcr3”~ microg-
lia after the incubation with fibrillar FAM-AB. WT cells secreted
TNF-a 10-fold (220.4 + 10.5 pg/ml) compared with CXCR3-
deficient cells (19.1 + 1.7 pg/ml, P <0.001, Figure 5C). In addition,
baseline TNF-a secretion in control Cxcr37" (5.9 * 3.8 pg/ml) was
lower compared with that of control WT cells (46.1 + 14.4 pg/ml,
Figure 5C). CXCR3 antagonist-treated WT microglia lowered
TNF-o production after fAB stimulation (18.8 + 5.5 pg/ml, 100 nM)
compared with stimulation without the CXCR3 antagonist (32.7 =
1.1 pg/ml, 100 nM, Figure 5E). In summary, CXCR3 deficiency
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yielded increased phagocytotic capacity of microglia and reduced
expression of TNF-o. CXCL9/10-CXCR3 signaling can reduce the
phagocytic ability in WT, but not in Cxcr377, microglia.

In vivo methoxy-XO4 labeling of Ap exhibits increased microg-
lial Ap phagocytosis in CXCR3-deficient APP/PSI mice. To verify
the impact of CXCR3 on microglial phagocytosis in vivo, APP/
PS1 and APP/PS1/Cxcr37- mice were treated with methoxy-
XO04 (a fluorescent derivative of Congo red, which crosses the
blood-brain barrier (BBB) and has high Af-binding affinity).
Adult microglial cells were isolated and analyzed for methoxy-
X04 fluorescence by flow cytometry as previously described
(13). AB (IC16) immunofluorescence stainings of methoxy-X04
brains demonstrated the intense signal of methoxy-XO4-labeled
A deposition in both APP/PS1 and APP/PS1/Cxcr3”- animals
(Figure 6A). FACS analysis revealed increased Ap in microglia
from APP/PS1/Cxcr3”7- (1645 * 179, mean fluorescence inten-
sity [MFI], mean * SEM, n = 5, P < 0.05) compared with what
was found in APP/PS1 mice (1244 *+ 54, MFI, mean * SEM, n =5;
Figure 6B). The percentage of methoxy-X04*CD11b*CD45"
microglia in APP/PS1/Cxcr37- animals slightly increased (32.1%
*4.2%, mean * SEM, n = 5) compared with that in APP/PS1 mice
(26.9% *+ 2.3%, mean * SEM, n = 5, Figure 6B).
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Figure 5. CXCR3 deficiency and CXCR3 antagonism enhance microglial phagocytosis of FAM-AP and reduce the production of TNF-a. in vitro. (A)
Primary WT and Cxcr3~- microglia (CD68, red signal) were incubated with or without 0.7 uM FAM-A for 1 hour. Scale bar: 20 um. (B) A phagocytosis assay
revealed a significant increase of FAM-AP uptake in Cxcr3~- compared with WT microglia. mCXCL9 and mCXCL10 (each 250 ng/ml) treatment of WT and
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Cxcr37~ microglia cultures. (D) Functional blocking of CXCR3 with an antagonist enhances microglial phagocytosis to levels equal to those found in CXCR3-
deficient microglia (CXCR3 antagonist > 100 nM). (E) Analysis of the TNF-a level in CXCR3 antagonist-treated WT microglia exhibits a reduction of TNF-a
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***P < 0.001 (1-way ANOVA, Dunn'’s post hoc test).

Intracerebral fAf injection veveals an enhanced microglial phago-
cytosis and differences in clustering in Cxcr3”~ mice compared with
WT controls. To evaluate our findings in a second experimental
approach not based on the APP/PS1 transgenic model, we inject-
ed fibrillar AB1-42 into brains of WT and Cxcr37" animals (Figure
6, C-H). First, quantification of microglia within an 80-um radius
proximal to the fAf injection site revealed less microglial accu-
mulation, by 20%, in Cxcr3”" animals compared with WT mice
(WT AB:18.3 £ 0.9 cells vs. Cxcr37- AB: 14.0 £ 0.7 cells; microglia
around fAP application, n = 17-23 sections out of 4 animals per
genotype; Figure 6D). Sham injection showed no difference in
respect to the total number of microglia between WT and Cxcr37-
animals (WT Tris: 11.6 * 0.8 vs. Cxcr37 Tris: 11.0 * 0.9; microglia
around fAp application site, n = 5 sections of 1 control animal per
genotype; Figure 6D). Secondly, intracellular fAf in CD68* pha-
golysosomes from Cxcr37- mice was increased compared with
thatin WT mice (WT AB: 50.2 + 3.1 vs. Cxcr37- AB: 65.1 + 3.6, arbi-
trary units, n = 141 lysosomes per genotype; Figure 6, E-G). Nota-
bly, the microglial cells of Cxcr37- animals exhibited less ramified
morphology, with retracted branches and a more large rounded
morphology, with large Ibal-negative vacuoles (Figure 6E). These
changes correlated with a larger size of CD68* lysosomes in these
cells (Figure 6H). The lysosomal perimeter of microglia in close
proximity to the injected fAB deposition had a mean size differ-
ence of more than 30% in Cxcr3”- lysosomes compared with WT

lysosomes (WT AB: 5.6 + 0.1 um, n =717 vs. Cxcr37- AB: 7.4 £ 0.2
pm, n = 587 lysosomes per genotype; Figure 6H). Using a RGB
fluorescence intensity profile, we confirmed the intralysosomal
location of fibrillar AB (Figure 6F).

Discussion

The present study provides insight into the functional role of the
CXCR3 chemokine system on the progression of AD-like pathol-
ogy in the APP/PS1 AD mouse model. The rationale for our
experiments was the recent detection of high levels of CXCL10 in
cerebrospinal fluid and brain tissue from AD patients and corre-
sponding animal models, suggesting a role for this chemokine and
its receptor, CXCR3, in AD (27, 44, 45). We found strong attenu-
ation of AP plaque formation and strikingly diminished Ap pep-
tide concentrations in brain tissue from CXCR3-deficient APP/
PS1 mice, indicating a critical role of CXCR3 in the generation of
AD-like pathology in this model. Reduced Ap pathology in APP/
PS1/Cxcr37- mice correlated with less severe behavioral impair-
ment, demonstrating that the observed morphological changes
may also have a functional impact. A growing number of studies
have suggested that Ap deposition in AD and AD-like models is
modulated by the function and activation state of microglia and
astrocytes (13, 14, 29, 56, 57). Resident glial cells of the brain func-
tionally express CXCR3, but the impact of glial CXCR3 expression
on AD progression is not yet clarified (23-26).
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Figure 6. CXCR3 deficiency increases the microglial Af uptake in the APP/PS1 model and after intracerebral fAp injection. (A) Representative micro-
graphs of microglia (Iba1) and Ap (IC16) stainings together with methoxy-X04-labeled AB in APP/PS1and APP/PS1/Cxcr37- mice. Scale bar: 50 um. (B)
Using flow cytometry, AB uptake of CD11b*CD45* microglia was found enhanced in APP/PS1/Cxcr3/- animals compared with APP/PS1 animals (MFI). The
percentage of methoxy-X04* microglia was slightly increased by CXCR3 deficiency. (C) Cxcr3~- and WT mice were injected with fAB, and brain sections
were stained for IBA1/AB. Scale bar: 20 um. (D) Quantification of IBA1* microglia cells within the fAB application center showed a higher number in WT
than in Cxcr3~- mice. (E) Large CD68* lysosomes (red) containing A immunoreactive content (green) were detected in Cxcr3~ rather than in WT mice
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CD68 (red) fluorescence intensity. (G) CD68* lysosomal content in Cxcr3~- mice exhibits an increase in Ap compared with WT mice. (H) A larger lysosomal
perimeter was found in Cxcr3~~ microglia compared with WT. Data are shown as mean + SEM, n = 5 mice per group. *P < 0.05; **P < 0.005; ***P < 0.001.

In APP/PS1 mice deficient for CXCR3, we found a strong modu-
lation of microglial and astrocytic activation by both morphological
and molecular criteria. This was independent of the local plaque
load and was observed around even very large Ap plaques in aged
animals. This indicates primary modulation of the glial response in
APP/PS1/Cxcr3”" mice and not just less-activated glia due to gener-
ally reduced plaque load. Consistent with findings for the APP/PS1
model, we detected a distinct microglial phenotype and distribution
pattern in fAB-injected Cxcr37~ mice. This shows that CXCR3 can
modulate the functional state of microglia, in line with recent stud-
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ies examining the role of CXCR3 in other models of neurodegenera-
tion, showing the absence of CXCR3 is associated with attenuated
microglial activation, reduced expression of inflammatory factors,
and constrained microglial recruitment (25, 26, 55, 58).
Concerning the mechanisms leading to diminished Af load
in CXCR3-deficient APP/PS1 mice, based on the in vivo phago-
cysotis data, we hypothesized that CXCR3-deficient microglia are
more capable of phagocytosing Ap in the APP/PS1 model. Alter-
natively, an incomplete degradation of Ap by microglia may fos-
ter aggregation and plaque formation, in particular in an acidic
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environment within the phagolysosome. Thus, deficiency of
CXCR3 could also block this effect by reducing microglia mobili-
zation in the first place and consequently reducing the process of
plaque formation, contributing to the observed plaque reduction
in APP/PS1/Cxcr37- mice. Using an in vitro phagocytosis assay, we
showed that CXCR3-deficient microglia have higher phagocytic
capability for fAB than WT microglia. Equally, the in vitro activa-
tion of CXCR3 by its ligands CXCL9 and CXCL10 reduced the
phagocytosis of fAp by WT microglia but not by CXCR3-deficient
microglial cells, indicating a CXCR3-specific effect. In addition,
treatment with a CXCR3-specific antagonist elevated phagocyto-
sis in WT microglia. The observation of enhanced microglial fAp
phagocytosis and augmented lysosomal size in Cxcr37 animals
after intracerebral injection extends our findings on the impact of
CXCR3 on microglial phagocytosis in our model: CXCR3 decreas-
es the phagocytic capabilities for fAfB and thereby promotes the
deposition of AB plaques in APP/PS1 mice.

We also detected strong modulation of the cytokine milieu
by CXCR3. Proinflammatory transcripts, such as TNF-a, IL-1f,
or FasL, were greatly reduced in CXCR3-deficient APP/PS1 mice.
TNF-o and IL-1p are known to be upregulated in senile plaques
and dystrophic neurites in AD (59) and in an AD mouse model
(49). TNF-a is thought to amplify brain inflammation and cog-
nitive impairment in both AD patients and AD models (60-64).
Dysregulated apoptosis has been implicated in several neurode-
generative disorders, including AD. The key apoptosis regulator
FasL, but also IL-1, is potentially involved in both neuronal and
immune cell apoptosis in AD and AD models (65-70). It is likely
that the reduced levels of TNF-o, IL-1B, and FasL molecules con-
tribute to the alleviated phenotype in APP/PS1/Cxcr37- mice.
Concerning the induction of chemokines and their receptors, we
found the highest levels of induction for CXCR3 and its ligand,
CXCL10, further corroborating the pathophysiological role of this
chemokine system in the APP/PS1 model. It is well known that
the chemokines are promiscuous and have very complex interac-
tions. However, we could not detect any compensatory upregula-
tion of chemokines or chemokine receptors in response to the lack
of CXCR3. On the contrary, we found a marked downregulation
of key chemokines, such as CX3CL1, CCL3, CCL7, and CXCL12.
Hence, CXCR3is a central molecule in the inflammatory response
of the APP/PS1 model, congruent to findings in other neuroin-
flammatory models (55, 71-73). Cytokine analysis revealed only
a single molecule, BDNF, that was upregulated in brain tissue of
CXCR3-deficient APP/PS1 mice. Raised levels of BDNF might
also contribute to the attenuated disease course observed in
CXCR3-deficient APP/PS1 mice. BDNF-producing neural stem
cells can also improve the course of APP/PS1 pathology (74). Fur-
thermore, BDNF treatment is reported to reduce neuronal loss in
the entorhinal cortex of APP transgenic mice (75).

Our in vitro fAB-stimulation data of glial cells and the results of
numerous experimental studies (76-79) identify microglial cells as
the main source for local TNF-a in neuroinflammation, in particular
for an AD-like pathology. We found that CXCR3 signaling drastically
increases the TNF-o production of microglia after fAf stimulation.

Because IFN-y strongly induces CXCR3 ligands (31, 32, 80),
we examined Ifig gene expression in our model, but could not
find any relevant differences between APP/PS1 and CXCR3-defi-
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cient APP/PS1 mice. Cytokines such as TNF-a and IL-1f, found at
increased levels in our model, can also induce CXCR3 ligands, in
particular CXCL10 (35, 81). To further elucidate the factors that
induce CXCL10 in APP/PS1 mice, we stimulated glial cells in vitro
with TNF-a and fAf. Our data revealed that fAp is a very strong
stimulus for microglial secretion of TNF-a and for microglial and
astrocytic secretion of CXCL10. Further, TNF-o increased the
astrocyte secretion of CXCL10. In summary, fAp directly induced
the production of CXCL10 by microglial cells and astrocytes. Pro-
inflammatory cytokines induced by fAp, in particular microglial
TNF-o, can indirectly contribute to the overall increase by upregu-
lating the astrocytic production of CXCLI10.

As neurons are able to functionally express CXCR3 (27, 28,
34), these cells could contribute to the observed plaque reduc-
tion in APP/PS1/Cxcr37- mice as well. We evaluated the impact
of neuronal CXCR3 deficiency on the neuronal expression and
processing of APP and found no differences in total APP and
cleavage product (CTFs) levels in APP/PS1 and APP/PS1/Cxcr3”-
brain tissue, counterindicative of a role of neuronal CXCR3 in the
observed phenotypical changes.

In summary, the presented data demonstrate for the first time,
to our knowledge, the functional importance of the CXCR3 che-
mokine system for the clinical and morphological course of a well-
established animal model of AD and justify further exploration of
the therapeutic potential of CXCR3 antagonists in AD. However, it
is important to note that this will be a long and difficult task with
an undetermined outcome. Although CXCR3 antagonists have
a plethora of conceivable clinical applications and a number of
CXCR3 antagonists are available, none of these substances have
yet passed clinical studies with success and approval (82). In addi-
tion, we know from recent experimental studies that manipulation
of the CXCR3 chemokine system can result in very unexpected
and potentially harmful effects (83). Finally, CXCR3 antagonists
have to be tested and identified for their ability to cross the BBB,
allowing a local inhibition of CXCR3 inside the CNS.

We conclude that direct and indirect induction of CXCL10 by
fAB and subsequent activation of the CXCR3 chemokine system
are able to modulate the activation state of glial cells and thereby
the course of AD-like pathology in the APP/PS1 model. CXCR3
activation reduces the phagocytotic competence of microglia for
fAB, which ultimately promotes plaque formation and behavioral
impairment in this model. CXCR3 has a key role in the progression
of the AD-like disease in APP/PS1 mice and should be considered
as a therapeutic target in AD.

Methods

Animals. CXCR3-deficient (Cxcr3”") mice (originally provided by
Bao Lu and Craig Gerard, Children’s Hospital and Harvard Medi-
cal School, Boston, Massachusetts, USA) have been described else-
where (84). The mice were backcrossed at least 8 generations to the
C57BL/6 strain. CXCR3-deficient mice displayed no clinical and his-
tological abnormalities when compared with C57BL/6] (WT) mice.
APP/PS1 double-transgenic mice (B6C3-Tg [APPswe,PSEN1dE9]
85Dbo/], The Jackson Laboratory) expressing a chimeric mouse/
human APP (Mo/HuAPP695swe) and a mutant human PS1 (PS1-
dE9) protein were used for the crossbreeding experiment (51). The
animals were hemizygous or littermate control mice and had been
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Table 1. Summary of antibodies used for immunohistochemistry

Antibody (source)

Polyclonal rabbit anti-Iba1 reactive with human, mouse, and rat Iba1 (Wako Chemicals)
Polyclonal rabbit anti-mouse MHCII (Dianova)

Monoclonal rat anti-mouse integrin aM (CD11b), (Millipore)

Monoclonal rat anti-mouse (D68 (Serotec)

Polyclonal rabbit anti-human GFAP (Dako)

Polyclonal rabbit anti-mouse laminin (Sigma-Aldrich)

Monoclonal mouse anti-human AB1-16 (ref. 94)

Specificity Vibratome sections (dilution)
Microglia and macrophages 1/500
APC, dendritic cells 1/500
Microglia/ macrophages 1/400
Microglia/ macrophages 1/1000
GFAP 1/1000
Laminin isolated from the basement membrane 1/50
AB1-16 1/600

backcrossed for at least 8 generations onto the C57BL/6 strain. To
obtain CXCR3-deficient mice with a transgenic expression of APP/
PS1 (APP/PS1/Cxcr37"), heterozygous APP/PS1 mice were succes-
sively crossed with Cxcr37~ mice and subsequently intercrossed. Only
male mice were studied in order to avoid possible influence of sex on
amyloid plaque formation and inflammation in AD (85, 86). Animals
were kept under pathogen-free conditions.

Morris water-maze test. Eight-month-old WT (n = 9), Cxcr3” (n =
12), APP/PS1 (n = 16), and APP/PS1/Cxcr37- (n = 18) mice were tested
using the Morris water maze. Spatial memory testing was conducted
in a pool consisting of a circular tank (1 m diameter) filled with opaci-
fied water at 24°C. The water basin was dimly lit (20-30 lux) and sur-
rounded by a white curtain. The maze was virtually divided into 4
quadrants, 1 containing a hidden platform (15 x 15 cm) present 1.5 cm
below the water surface. Mice were trained to find the platform using
3 extra maze cues placed asymmetrically as spatial references. Mice
were placed into the water in a quasi-random fashion to prevent strat-
egy learning. Mice were allowed to search for the platform for 40
seconds and were placed onto it manually if they did not reach the
platform in the allotted time. Mice were allowed to stay on the plat-
form for 15 seconds before the initiation of the next trial. After 4 tri-
als, mice were dried and placed back into their home cages. Mice were
trained for 8 consecutive days with 4 trials per day. In spatial probe
trials, which were conducted 24 hours after the last training session
(day 9), the platform was removed and mice were allowed to swim for
30 seconds. Data are given as percentage of time spent in quadrant Q1,
where the platform was located previously, which was compared with
the average time the animals spent in the remaining quadrants. In the
afternoon of the same day, visual cued testing was performed with a
flagged platform and new positions for start and goal during each trial.
All movements were recorded by a computerized tracking system that
calculated distances moved and latencies required for reaching the
platform (Noldus, Ethovision 3.1).

Open-field exploration. Eight-month-old WT (n=9), CXCR3 (n=12),
APP/PS1 (n=16), and APP/PS1/Cxcr37~ (n=18) mice were placed in the
center of a dimly lit (20-30 lux) chamber of the open-field apparatus.
Animal movements were tracked by an automatic monitoring system
(Noldus Ethovision) for 5 minutes. The area was virtually divided into
a center (square with 40-cm edge lengths), a corridor (7.5 cm along the
walls), and 4 corner squares (10-cm edge lengths), which partly over-
lapped with the corridor area. The time spent in each area, horizontal
and vertical activity, and frequency of urination and defecation were
monitored. The experiment was repeated on 3 consecutive days.
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Immunohistochemistry and ThioS staining. Five- and eight-month-
old mice of each examined genotype (WT, Cxcr3”-, APP/PS1, APP/
PS1/Cxcr3”") were anesthetized with isoflurane and transcardially
perfused with ice-cold PBS. Immediately after euthanasia, the brains
were removed and half brains (cut along the sagittal midline) were
fixed overnight in PBS-buffered 4% paraformaldehyde at 4°C. The
PBS-washed brains were serially sectioned at 40-pm using a vibratome
(Leica). Sections were blocked with 5% BSA in PBST and immunola-
beled with antibodies against IBA1, MHCII, CD11b, CD68, GFAP, or
AP using IC16 (Table 1), followed by incubation with Alexa Fluor 488-
or Alexa Fluor 594-conjugated secondary antibodies (Life Technolo-
gies, Invitrogen). A double-staining protocol was used for combined
plaque staining (ThioS and microglial immunostaining). For that pur-
pose, free-floating sections were stained with 0.015% ThioS (50%
ethanol) for 10 minutes, then washed in 50% ethanol and water before
entering the immunostaining protocol. Finally, sections were mounted
on HistoBond (VWR International) slides, dried, and coverslipped with
fluorescent mounting medium (Dako) containing 0.1% DAPI (Sigma-
Aldrich). The percentage of ThioS* area or AB-immunoreactive plaques
was used to estimate amyloid load (3-5 sections of the frontal cortex
and hippocampus/animal). To determine the morphological activation
of' microglia, we applied IBA1 stainings developed for bright-field exam-
ination. Vibratome sections were incubated for 1 hour at room tem-
perature (RT) with Ibal. After washing in PBST, a biotinylated second-
ary antibody (Axxora; 1/500) and HRP-coupled streptavidin (Axxora;
1/500) were applied. The signal was visualized by NovaRED color
reagent (Axxora) according to the manufacturer’s instructions. Microg-
lia cell bodies were analyzed using Image] software (http://imagej.nih.
gov/ij/). Fluorescence microscopy was done with an Olympus BX61
microscope using identical exposure times. Images were processed
with Cell*P (Olympus Soft Imaging Solutions). Using AnalySIS 3.2
(Olympus) software, we applied identical fluorescence threshold values
to the ThioS signal and created a binary image that was then analyzed
using particle features in the ROIs (hippocampus and frontal cortex).
To evaluate differences in the morphology of Af plaques between APP/
PS1 and APP/PS1/Cxcr37- mice, we used the shape descriptors plugin
(form factor, defined as 47 x area/perimeter?) using Image] software.
The form factor is usually used as a parameter of macrophage activa-
tion by means of morphology (87). The form factor varies between O (a
2-dimensional line) and 1 (a circle).

Tissue processing for protein extraction. Brain tissue for protein
analysis was obtained from 5- and 8-month-old male mice of each
examined genotype (WT, Cxcr37-, APP/PS1, APP/PS1/Cxcr3”).



The Journal of Clinical Investigation

Snap-frozen brain hemispheres were homogenized in ice-cold modi-
fied PBS (1 mM EDTA, 1 mM EGTA, 3 pl/ml protease inhibitor mix,
pH 7.4) using an UltraTurax T8 Homogenizer (IKA Labortechnik).
Homogenates were extracted in RIPA buffer (25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1% NP40, 0.5% NaDOC, 0.1% SDS) and centrifuged
at 20,000 g for 15 minutes at 4°C; the remaining pellet containing
insoluble AB was subsequently solubilized in SDS buffer (2% SDS,
25 mM Tris-HCl, pH 7.4). After pulsed sonication for 15 seconds,
RIPA and SDS fractions protein concentrations were determined
using the BCA Protein Assay Kit (Thermo Scientific).

APP processing and amyloid-f§ detection. Proteins were separated
using a 4%-12% NuPAGE gel (Life Technologies, Invitrogen) with
NuPage MES SDS running buffer (Life Technologies, Invitrogen)
at 150 V. PageRuler prestained protein ladder (Thermo Fisher, Fer-
mentas) was used as standard. Proteins were transferred to 0.2 pm
nitrocellulose membranes (boiled in water for 5 minutes and blocked
for 30 minutes in TBST containing 5% skim milk). Antibody CT-15
raised against the C terminus of APP was used for immunoblotting
(88) (Chemicon; 1:2000), and antibody CP06 was used for detect-
ing o-tubulin (Millipore; 1:2000). After incubation with the appro-
priate HRP-conjugated secondary antibodies, immunoreactivity was
detected by HRP chemiluminescent reaction (Millipore). Lumines-
cence intensities were analyzed using Chemidoc XRS Imaging System
(Bio-Rad). With the Quantity One (Bio-Rad) program, the densities of
bands were determined for each lane and the intensity ratios for the
detected proteins were normalized to o-tubulin. Each gel contained
a nontransgenic WT and Cxcr37 brain extract as controls. GraphPad
Prism (GraphPad Software) software was used for statistical analysis.

AP ELISA. Levels of Af peptides were quantified using human
AB1-40 and AB1-42 ELISA kits (Millipore) according to the manufac-
turer’s protocol. RIPA and SDS fractions were analyzed for Ap1-40
and AB1-42 peptide concentrations. Samples were analyzed in dupli-
cate. The results were tabulated as mean * SEM and statistically com-
pared using an unpaired Student’s ¢ test.

Cytokine and chemokine mRNA determination by gPCR. Total RNA
was isolated and purified from aliquots of homogenized brain samples
using Trizol reagent (Sigma-Aldrich). RNA quantity was determined
using NanoDrop 1000 (Peqlab). Up to 3 ug of total RNA was reverse-
transcribed into ¢cDNA using SuperScript III Reverse Transcriptase
(Life Technologies, Invitrogen). Real-time qPCR assays were per-
formed on a StepOnePlus Real-Time PCR System (Applied Biosys-
tems) using Power SYBR Green (Applied Biosystems). The composi-
tion of reaction mixture was as follows: 1 ul of cDNA corresponding to
40 ng of total RNA, 100 nM of each primer, and 2x Power SYBR Green
PCR Master Mix (Applied Biosystems) in a total volume of 25 pl. The
primer sequences are listed in Supplemental Table 1.

Samples were analyzed simultaneously for Gapdh mRNA as
internal control. Each sample was assayed in duplicate, normalized
to Gapdh, and expressed relative to that of nontransgenic C57BL/6]
mice. Data were determined as fold change of mRNA * SEM.

Primary mouse neuronal culture. Cortical neurons were prepared
from postnatal APP/PS1 and APP/PS1/Cxcr37~ C57BL/6 mice. The
whole procedure was performed using individual offspring from hemi-
zygous APP/PS1 x WT and APP/PS1/Cxcr37- x Cxcr37 breedings to
ensure individual genotypes. Meninges and blood vessels of brains
were removed mechanically. The brains were homogenized in HBSS
buffer (1% HEPES) by chopping and pipetting through 10-ml and 5-ml
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pipettes. The homogenate was filtered through a cell strainer (70 pm).
3 x 107 cells/well were seeded on poly-L-lysine-coated (100 pg/ml)
6-well plates and grown at 37°C with 5% CO, in modified 1x neurobas-
al medium (Gibco, Life Technologies) containing 1% fetal calf serum
(PAN Biotech), 3% GlutaMAX (Gibco, Life Technologies), 2% B-27
supplement (x50; Gibco, Life Technologies), and 100 U/ml penicil-
lin/streptomycin (PAA). After 2 hours of incubation, nonadherent cells
were washed out; adherent cells were overlayed with 2.5 ml of modified
1x neurobasal medium. Half of the medium was changed once after 4
days; cultures were incubated for 3 additional days without medium
change. The neurons were found in large aggregates interconnected
with bundles of processes. The morphological changes of neurons were
observed under an inverted phase-contrast microscope. Immunofluo-
rescence staining for NeuN (Chemicon) was performed to identify the
neurons. The level of Cxcr3 gene expression of the neuronal cultures
from WT and Cxcr37- mice was determined by qPCR. Cxcr3 RNA was
detectable in neurons from APP/PS1 and WT control mice, but not in
Cxcr3”" nor in APP/PS1/Cxcr37 mice (Figure 1H). At day 7, the super-
natants were taken from each neuronal culture representing individual
brains from APP/PS1 (z = 5) and APP/PS1/Cxcr3”" (n = 4) mice and
were analyzed using human AB1-40 and AB1-42 ELISA kits (Millipore).
Secreted AB1-40 and AB1-42 were normalized to total neuronal culture
protein concentration evaluated by BCA assay of harvested neurons.

Retrieval of primary mouse microglia and astrocytes. Cortical
murine microglia were prepared from brains of pups at postnatal day 1
as previously described (89). Briefly, meninges of isolated brains were
removed mechanically, and brains were dissociated by trituration to
culture cells in high-glucose (4.5 mg/ml) DMEM (Gibco, Life Technol-
ogies) supplemented with 10% fetal calf serum (PAN Biotech) and 1%
penicillin/streptomycin (PAA) for up to 14 days. Microglia cells were
harvested by shake-off. The media containing detached microglia
were collected, and the isolated microglia were reseeded and allowed
to settle for at least 1 hour.

Primary astrocyte cultures were obtained from microglial /astro-
cytic coculture maintained for a minimum of 7 days to generate a con-
fluent glial culture. Prior to trypsinization, contaminating microglial
cells were separated by repeated mechanical agitation and removed
by subsequent washing in HBSS (PAA). Astrocytic monolayers were
then dislodged from flasks by trypsinization (0.25% trypsin in HBSS
with 1 mM EDTA). Cells were seeded in 9-cm diameter plates (1 x
10° cells/well) and grown for 7 days until confluent prior to stimula-
tion. Culture purity was determined by double-labeling immunohis-
tochemistry for GFAP and CD11b to identify astrocytes (>95%) and
microglia (<5%). The levels of microglial and astrocytic Cxcr3 gene
expression were determined by qPCR and allowed the clear differ-
entiation of cells derived from WT and Cxcr37- mice. Cxcr3 RNA was
detectable in astrocytes and microglia from APP/PS1 and WT control
mice, but not in Cxcr3” nor in APP/PS1/Cxcr3” mice. We could not
observe any significant difference in Cxcr3 RNA levels in cells from
APP/PS1 animals compared with WT controls (Figure 1H).

Microglia and astrocytes were stimulated with either unlabeled
aggregated 0.7 uM AP1-42 (referred to as fAB) (Peptide Speciality
Laboratories), LPS (100 ng/ml, Sigma-Aldrich, from E. coli 0127:B8),
or mouse recombinant TNF-o, (10 ng/ml, Roche Diagnostics) in low-
serum DMEM (1% FBS). Three separate cultures were stimulated, so
that data represent the mean of 3 independent experiments. Addi-
tional astrocytes were incubated in medium to serve as unstimulated
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controls. Supernatants were collected after stimulation for 4, 12, or 20
hours and stored at -80°C until analysis, while cells were washed in
PBS and scraped for collection with 1x RIPA buffer containing prote-
ase inhibitor cocktail (Sigma-Aldrich).

Microglial in vitro phagocytosis of FAM-labeled fAf. PMG were
seeded on cover glasses and incubated with 0.7 uM of fibrillar FAM-
labeled Ap1-42 (FAM-AB, AnaSpec). Fibrillar FAM-AB was generated
using NaOH-treated peptide lyophilizate after incubation in acetate
buffer to initiate aggregation (90). The conditions during aggrega-
tion (18 hours at 37°C, 50 mM Tris-HCl, pH 7) result in a mixture
of n-meric AB1-42 ranging from monomeric to high-molecular-
weight-aggregated (fibrillar) AB1-42. Aggregation was controlled
by 4%-12% NuPAGE, and aggregates were detected using antibody
6E10 (Signet). Microglia cells were washed with PBST fixed with 4%
PFA and stained with rat polyclonal anti-CD68 (1:500; Serotec) after
a 1-hour FAM-AP incubation period. Secondary detection antibody
was conjugated to Alexa Fluor 594 (Life Technologies, Invitrogen).
Furthermore, a microglial fAB phagocytosis reader assay was applied
as described previously (91). Briefly, 5 x 10* cells/well were seeded
and incubated with 0.7 uM fibrillar FAM-AP for 1 hour. Afterwards,
the medium was removed and extracellular FAM-A fluorescence sig-
nal was quenched with trypan blue. Fluorescence intensity was mea-
sured at 485 nm excitation/535 nm emission using a fluorescence
plate reader (Infinite 200 M, Tecan). To compensate for different cell
counts, results were normalized to the Hoechst Dye 33342 (Sigma-
Aldrich) nuclear stain signals. To evaluate the influence of CXCR3
ligands on microglial phagocytosis, recombinant mouse CXCL9 or
CXCL10 (250 ng/ml, R&D systems) was applied 30 minutes follow-
ing FAM-AP incubation.

In additional experiments, a CXCR3 antagonist (30-300 nM,
agonist 120) (92), was added 30 minutes prior to the phagocytosis
experiment.

Detection of cytokine proteins in culture supernatant. Commer-
cially available mouse Quantikine Immunoassays (R&D Systems)
were used to quantify the production of the chemokines CXCL9 and
CXCL10 in culture supernatants. For the detection of TNF-q, the
ELISA Ready-Set-Go!Kit (eBioscience) was applied. Each sample was
measured in duplicate.

Microglial in vivo phagocytosis of methoxy-XO4-labeled Ap. In vivo
AP phagocytosis was determined using mice intraperitoneally inject-
ed with 10 mg/kg methoxy-X0O4 (50% DMSO/50% NaCl [0.9%],
pH 12) 3 hours before sacrifice (provided by Alfons Verbruggen,
Katholieke Universiteit Leuven, Leuven, Belgium). Mice were per-
fused with ice-cold PBS, and the brains were removed, minced using
scalpels, and incubated in HBSS and 10% FCS containing 0.144 mg/
ml collagenase type IV (Sigma-Aldrich) for 1 hour at 37°C. Homog-
enization was achieved by pipetting through a 19-gauge needle. The
homogenate was filtered through a cell strainer (70 um) and centri-
fuged at 155 g at RT for 10 minutes without using the brake. The pel-
let was resuspended in 37% Percoll in PBS, underlayered with 70%
Percoll in PBS, and overlayered with ice-cold PBS. The gradient was
centrifuged at 800 g at 4°C for 25 minutes without using the brake.
Microglial cells were recovered from the 37%/70% Percoll inter-
phase, diluted with 3 vol PBS, and centrifuged at 880 g at 4°C for 25
minutes without a break. The pellet containing the microglial cells
was resuspended in 200 pl PBS. For flow cytometry analysis, 50 pl of
cells was diluted with 0.5 ml HBSS and centrifuged at 250 g for 5 min-
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utes at 4°C. Binding of antibodies to Fc receptors was prevented by
adding 1 pg of Fc block (BD Bioscience). Cells were taken up in 50 pl
of primary antibody mix (CD11b-APC [1:100, BioLegend] and CD45-
FITC [1:100, eBioscience]) and incubated for 30 minutes onice. Cells
were centrifuged at 250 g for 5 minutes at 4°C and resuspended in
200 pl HBSS. Corresponding isotype control antibodies were used for
control and compensation. Cells were measured on a FACSCanto II
Flow Cytometer (BD Bioscience), and data were analyzed using the
flow cytometry software FlowJo (TreeStar). For analysis, the CD11b*
CD45" population was gated. WT mice injected with methoxy-XO4
were used to determine the methoxy-XO4 threshold for nonphago-
cytosing cells, and unstained WT cells were used to determine back-
ground fluorescence.

Intracerebral injection of fibrillar Ap. Six- to eight-month-old
Cxcr3”7-(n=5) and WT (1 =5) mice were anesthetized with ketamine/
xylazine (30 mg/kg, 4 mg/kg) and immobilized using a stereotac-
tic device. A 0.5-mm burr hole was drilled in the skull, and 1 ul of
fibrillar AB1-42 solution injected intracortically into the right hemi-
sphere (anteroposterior -2.5, lateral 2.0 at 1.0 mm cortex relative to
the bregma) at a rate of 1 pl/min using a 5-pl Hamilton syringe as
described previously (93). Control animals received a buffer solution
into the right hemisphere, accordingly. Mice were sacrificed 48 hours
after injection and prepared for histology as previously described.
30-um-thick horizontal brain sections, including the needle track,
were immunostained with the primary antibodies Ibal and IC16 or
CD68 as listed in Table 1. The antibody binding was detected with
Alexa Fluor dye-conjugated secondary antibodies. Sections were
analyzed using a BX61 microscope equipped with a confocal disk-
scanning unit (Olympus). Image stacks were deconvoluted using
Cell"P (Olympus). IBAl-positive microglia within a 80-pm radius of
multiple 10-pum z-stacks of the needle track were counted and exam-
ined for the presence of intralysosomal fAB1-42. Analysis of microg-
lia fAB content within CD68* microglial lysosomes was performed
using Image] software. Microglial bodies were identified in z-projec-
tions from confocal images. For the quantification of intralysosomal
fAB, ROI was drawn around the CD68* area and the MFI values were
obtained from the resulting area after subtraction of CD68* microg-
lia regions. AB* deposit not located inside microglia was considered
to be in the extracellular space. For the determination of mean lyso-
somal perimeter of microglia in proximity to the fAp injection site,
CD68* lysosomes in WT and Cxcr3”7 were analyzed. The RGB fluo-
rescence intensity profile plot was obtained using Image].

Statistics. Data from real-time PCR, ELISA, Western blot, and
quantitative histological studies were analyzed where appropriate by
a 2-tailed Student’s ¢ test, with P < 0.05 considered to be statistically
significant. The behavioral experiments as summarized in Figure 3
and the in vitro studies as summarized in Figures 4 and 5 were sta-
tistically analyzed using 1-way ANOVA followed by Tukey’s post-hoc
test (Morris water maze) the Kruskal-Wallis rank sum test, or Dunn’s
post-hoc test (probe trial, in vitro studies). The cytokine study as listed
in Supplemental Table 1 was further analyzed by a false discovery rate
analysis (Q value set to 0.05). All statistical analyses were performed
using GraphPad Prism 6.0 (GraphPad Software).

Study approval. All procedures were carried out according to the
guidelines of the Animal Care and Use Committee of the University
of Bonn. All animal studies were approved by the ethical committee of
the University of Bonn Medical Center.
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