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Aberrant microglial activation has been proposed to contrib-
ute to the cognitive decline in Alzheimer disease (AD), but the
underlying molecular mechanisms remain enigmatic. Frac-
talkine signaling, a pathway mediating the communication
between microglia and neurons, is deficient in AD brains and
down-regulated by amyloid-f. Although fractalkine receptor
(CX3CR1) on microglia was found to regulate plaque load, no
functional effects have been reported. Our study demonstrates
that CX3CR1 deficiency worsens the AD-related neuronal and
behavioral deficits. The effects were associated with cytokine
production but not with plaque deposition. Ablation of CX3CR1
in mice overexpressing human amyloid precursor protein
enhanced Tau pathology and exacerbated the depletion of cal-
bindin in the dentate gyrus. The levels of calbindin in the den-
tate gyrus correlated negatively with those of tumor necrosis
factor & and interleukin 6, suggesting neurotoxic effects of
inflammatory factors. Functionally, removing CX3CR1 in
human amyloid precursor protein mice worsened the memory
retention in passive avoidance and novel object recognition
tests, and their memory loss in the novel object recognition test
is associated with high levels of interleukin 6. Our findings iden-
tify CX3CR1 as a key microglial pathway in protecting against
AD-related cognitive deficits that are associated with aberrant
microglial activation and elevated inflammatory cytokines.

One pathogenic hallmark of neurodegenerative diseases,
including Alzheimer disease (AD),? is aberrant microglial acti-
vation (1-4). A recent genome-wide association study, which
linked CR1 and CD33 to AD risk, further supported the
involvement of inflammatory pathway in AD etiology (5, 6). In
AD, besides causing direct toxic effects on neuronal and synap-
tic functions, amyloid-B (AB) and/or Tau serve as inflamma-
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tory stimuli to provoke microglial activation and proinflamma-
tory responses (7—14). However, how aberrantly activated
microglia lead to the neuronal dysfunction and cognitive
decline in AD remains to be determined.

The fractalkine receptor CX3CR1 is expressed by microglia
in the central nervous system (CNS) (15-17). The exclusive
ligand for CX3CR1 is fractalkine (CX3CL1), which is expressed
in neurons as a full-length transmembrane protein and binds
CX3CR1 on microglia with high affinity. CX3CL1 can be pro-
teolytically cleaved by tumor necrosis factor-a (TNF-a)-con-
verting enzyme (TACE/ADAM17, ADAMI10) or cathepsin S
(18 -20) and released in a soluble form that is a potent chemoat-
tractant for monocytes, T cells, and natural killer cells.

From the complementary expression of CX3CL1 on neurons
and CX3CR1 on microglia, it has been proposed that neuron
signaling to microglia is mediated through this receptor (17).
Indeed, deleting CX3CR1 by replacing CX3CR1 with a green
fluorescent protein (GFP) reporter gene (21) exacerbated
microglial neurotoxicity induced by systemic inflammation in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
Parkinson disease and in the SOD1G93A model of amyo-
trophic lateral sclerosis (22). Notably, CX3CRI "/~ microglia
appeared to exacerbate cell-autonomous microglial neurotox-
icity induced by lipopolysaccharide (LPS), suggesting that frac-
talkine signaling is important for limiting microglia toxicity
(22). In agreement with these in vivo findings, in vitro studies
showed that CX3CL1 suppressed neuronal cell death induced
by microglia activated with LPS and interferon-vy in a dose-de-
pendent manner (23). The production of NO, IL-6, and TNF-«
was also inhibited by CX3CL1 (24, 25). In addition, CX3CL1
protects against excitotoxicity through the activation of the
ERK1/2 and PI3K/Akt pathways (26, 27).

The role of fractalkine signaling in AD pathogenesis is
complex and poorly understood. The effects of CX3CR1
deficiency have been somewhat discordant due in part to the
use of differing models and analytical approaches. Deleting
CX3CRI in Tau transgenic mice exacerbated Tau phosphor-
ylation and aggregation as well as behavioral impairments
(11). In contrast, deleting CX3CR1 prevented the neuronal
loss and microglial migration without affecting amyloid
deposition in 3XTg AD mice (PS1M146V knock-in, transgenic
APPswe, and TauP301L) (28). More recent studies focusing on
amyloidosis showed that CX3CR1 deficiency attenuated amy-
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TABLE 1

Summary of patient information used in the study

Source Case number Gender Age Braak stage Clinical/neuropathological characterization Brain region
UuCSsDh” 4870 F 63 1 Control HP?
UCSD 5302 F 83 1.1 Control HP
UCSD 5356 M 79 12 Alzheimer changes HP
UCSD 5372 F 84 1.2 Alzheimer changes HP
UCSD 5381 M 78 2.1 Alzheimer changes HP
UCSD 5300 F 84 5.2 Alzheimer disease HP
UCSD 5308 M 80 52 Alzheimer disease HP
UCSD 5309 M ? 5.2 Alzheimer disease HP
UCSD 5337 M 61 6.2 Alzheimer disease HP
UCSD 5366 F 85 6.2 Alzheimer disease HP
UCSD 5367 F 94 6.2 Alzheimer disease HP
UCSD 5373 F 77 6.2 Alzheimer disease HP
UCSD 5315 M 67 52 Alzheimer disease HP
UCSD 5321 M 84 5.2 Alzheimer disease HP
UCSD 5332 M 75 5.2 Alzheimer disease HP
UCSD 5338 M 79 52 Alzheimer disease HP
UCSD 5380 M 85 5.2 Alzheimer disease HP
UCSD 5316 F 86 6.2 Alzheimer disease HP
UCSD 5376 M 85 6.2 Alzheimer disease HP
UCSD 5387 M 77 6.2 Alzheimer disease HP
UCSD 5390 M 74 6.2 Alzheimer disease HP
UCSD 5325 F 45 6.3 Alzheimer disease HP
NYBB* 4096 M 87 Severe AD HP
NYBB 4134 F 65 Severe AD HP
NYBB 4135 M 75 Severe AD HP
NYBB 4160 F 88 Severe AD HP
NYBB 3833 M 85 Control HP
NYBB 3962 M 89 Control HP
Sun Health? 99-44 M 69 1 Non-diagnostic; control Frontal cortex
Sun Health 97-17 M 78 2 Non-demented control Frontal cortex
Sun Health 96-35 M 84 3 Control; Cerebral amyloid angiopathy Frontal cortex
Sun Health 00-49 F 86 3 Non-demented control Frontal cortex
Sun Health 01-13 F 91 5 AD, argyrophilic grains, cingulate gyrus, and temporal lobe Frontal cortex
Sun Health 01-09 F 83 6 AD; cerebral white matter rarefaction Frontal cortex
Sun Health 99-15 M 83 6 AD; small old infarct, cerebral white matter rarefaction (CWMR) Frontal cortex
Sun Health 01-34 F 89 6 AD; CWMR; Alzheimer type II astrocytosis Frontal cortex
Sun Health 01-48 F 97 6 AD; CWMR Frontal cortex

“UCSD, University of California, San Diego.

» HP, hippocampus.

¢NYBB, New York Brain Bank at Columbia University.

4 Sun Health, Sun Health Research Institute; now Banner Health.

loid deposition in AD mouse models with extensive plaque depo-
sition (29, 30). However, no functional effects have been dem-
onstrated in these studies. Because plaque load correlates
poorly with the synaptic and functional changes in AD patients
(31, 32) and in AD mouse models (33), the current study
addressed the functional outcome of CX3CR1 deletion in
hAPP-J20 mice by examining its effects on neuronal and cogni-
tive dysfunction and inflammatory responses.

EXPERIMENTAL PROCEDURES

Mice—To remove CX3CRI genetically in hAPP mice, hAPP-
J20 mice (C57BL/6) were crossed with CX3CR1 GFP knock-in
mice in which the CX3CR1 gene was replaced with a cDNA
encoding GFP (referred to as CX3CRI '~ here) (21). The first
cross resulted in ZAPP/CX3CRI"’'~ mice, which were
crossed with CX3CRI"'~ mice to generate six genotypes:
hAPP/CX3CRI~'~, hAPP/CX3CRI*'"*, hAPP/CX3CR1"'~,
CX3CR1™'~, CX3CRI*'*, and CX3CRI*/~. PCR-based
genotyping for CX3CRI allele or hAPP transgene was per-
formed as described (21, 33). All animal procedures were car-
ried out under University of California, San Francisco, Institu-
tional Animal Care and Use Committee-approved guidelines.

Human Samples—Human brain samples were obtained from
the New York Brain Bank at Columbia University, the Alzhei-
mer’s Disease Research Center at University of California at San
Diego (UCSD), and the Laboratory of Cellular and Molecular

32714 JOURNAL OF BIOLOGICAL CHEMISTRY

Neurobiology at Sun Health Research Institute (Sun City, AZ).
See Table 1 for details.

Western Blot Analysis—Protein extracts were prepared from
brain tissue samples with lysis buffer (50 mm Tris, pH 7.4, 150
mMm NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1%
SDS, protease inhibitors), and concentrations were determined
by bicinchoninic acid assay (Pierce). Fifty ug of proteins were
resolved in SDS-PAGE and transferred to nitrocellulose mem-
branes. After blocking, membranes were probed with a rabbit
polyclonal anti-CX3CR1 (1:500, Abcam, Cambridge, MA),
anti-CT15 (1:1000, a kind gift of E. H. Koo, UCSD), a goat poly-
clonal anti-CX3CL1 (1:2000, R&D Systems, Minneapolis, MN),
a mouse monoclonal anti-GAPDH (1:1000, Millipore, Billerica,
MA), or anti-AT8 (1:500, Thermo Fisher Scientific) overnight
at 4 °C. Horseradish peroxidase-conjugated goat anti-mouse
secondary antibody (1:2000, EMD Chemicals, Gibbstown, NJ),
rabbit anti-goat secondary antibody (1:2000, EMD Chemicals),
or goat anti-rabbit secondary antibody (1:2000, EMD Chemi-
cals) was used to detect the primary antibodies. After several
washes, peroxidase activity on the membrane was detected by
enhanced chemiluminescence (GE Healthcare) and quanti-
tated by the Quantity One 4.0 software (Bio-Rad).

AB ELISA and Immunoblotting—Two-to-four-month-old
mice were used to quantitate A levels before plaque forma-
tion. Snap-frozen hippocampi were homogenized in 5 M guani-

VOLUME 286+NUMBER 37+-SEPTEMBER 16, 2011



dine buffer and quantified as described (49). Low molecular
mass A oligomers was detected as described (50). Hippocam-
pal samples were homogenized in buffer containing 0.5 mm
EDTA, 1 mMm DTT, 100 mm PMSF, phosphatase inhibitor cock-
tails I and II (Sigma-Aldrich), and protease inhibitors (Roche
Applied Science) in PBS. Fifty ug of proteins were immunopre-
cipitated with anti-AB1-40 (5C3, 5 ul, EMD Chemicals) and
anti-AB1-42 (8G7, 5 ul, EMD Chemicals) antibodies overnight
at4 °C. The amounts of dimers and monomers of A3 were then
determined by Western blotting with the additional step of
microwaving the nitrocellulose membrane for 2.5 min before
blocking in 3% BSA/Tris-buffered saline with 0.5% Tween and
incubating with the primary anti-A antibodies.

Quantitative Reverse Transcription-PCR—Total RNA in pri-
mary mixed cultures and primary microglia was isolated with
TRIzol (Invitrogen) method, and the total RNA in brain cortex
was isolated with the RNeasy mini kit (Qiagen, Valencia, CA).
The remaining DNA in the RNA samples was removed by incu-
bation with RNase-free DNase (Ambion, Austin, TX) at 37 °C
for 30 min, and the RNA was converted into cDNA by the
TagMan reverse transcription (RT) kit (Applied Biosystems,
Foster City, CA). Real-time RT-PCR was carried out on an ABI
7900 HT sequence detector (Applied Biosystems) with SYBR
Green PCR master mix (Applied Biosystems). The relative gene
expression was quantified as 27, The mean value of repli-
cates of each sample was expressed as the threshold cycle (C,) at
which the amount of fluorescence begins to increase rapidly.
The amount of gene expression was calculated as the difference
(AC;) between the C value of the sample for target gene and
the C,value of that sample for the endogenous control GAPDH
(AC, = C,(target gene) — C,(GAPDH)). The relative amount of
gene expression for each target gene was determined by 274
and expressed as the -fold change as compared with a control.
The following primers were used for real-time RT-PCR:
mouse TNF-« (forward, 5'-CATCAGTTCTATGGCCCAGA-
3’; reverse, 5'-TGCTCCTCCACTTGGTGGTT-3"), mouse
IL-6 (forward, 5-ACCACTTCACAAGTCGGAGGCT-3';
reverse, 5 -TCTGCAAGTGCATCATCGTTGT-3'), mouse
GAPDH (forward, 5-GGGAAGCCCATCACCATCTT-3';
reverse, 5'-GCCTTCTCCATGGTGGTGAA-3'), rat GAPDH
(forward, 5'-CTCAAGATTGTCAGCAATGC-3’; reverse, 5'-
TTCCACGATGCCAAAGTTGT-3'), rat CX3CR1 (forward,
5'-CCATGTGCAAGCTCACGACT-3'; reverse, 5'-ACTGT-
CCGGTTGTTCATGGA-3'), and rat CD11b (forward, 5'-
GTGTGACTACAGCACAA-3’; reverse, 5-CCCAAG-
GACATATTCAC-3').

Primary Cortical Cultures and Treatments—To generate
mixed cortical culture, cortices from rat pups were isolated on
postnatal day 0 or 1 and dissociated. Cells were plated at
160,000 cells/ml in plating medium containing Dulbecco’s
modified Eagle’s medium, 10% fetal bovine serum, 0.5 mMm
GlutaMAX, 100 units/ml penicillin, and 100 ug/ml streptomy-
cin. For primary microglial culture, cortical cultures were
maintained in DMEM medium mentioned above for 2 weeks
with changing the medium at day 5. After 2 weeks of culture,
flasks were gently shaken, and the microglia containing super-
natants were harvested. Cells were plated at 4 X 10° cells/well
into 24-well dishes. Purity of primary culture was characterized
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by immunocytochemistry with the microglia marker Iba-I
(Wako). AB1-42 peptide lyophilized in hydroxyfluroisopropa-
nol was obtained from rPeptide (Athens, GA). Lyophilized A3
powder was reconstituted before use in dry dimethyl sulfoxide
and further diluted in Dulbecco’s modified Eagle’s medium at
100 wMm. Primary mixed cortical cultures and microglia cultures
are treated with AB1-42 peptide for 48 or 24 h, respectively. To
activate CX3CR1, primary microglia cultures were pretreated
with CX3CL1 peptide (R&D Systems) for 16 h before being
treated with AB1-42 for an additional 24 h. All the supplies for
the cell culture were from Invitrogen.

Immunohistochemistry and Quantitation of Immunoreactive
Structures—Mice were transcardially perfused with 0.9% saline
solution, and then the brains were fixed in 4% paraformalde-
hyde in phosphate-buffered saline buffer for 48 h followed by an
incubation with 30% sucrose. After quenching endogenous per-
oxidase activity, microtome sections (30 um) were incubated
with primary antibody solution for mouse anti-AT8 (1:200;
Thermo Fisher Scientific), rat anti-Mac-2 (1:200; Cedarlane
Laboratories), anti-calbindin (1:15000; Swant, Bellinzona, Swit-
zerland), or biotinylated mouse monoclonal antibody 3D6 (5
pg/ml, Elan Pharmaceuticals, South San Francisco, CA).
Expression of specific proteins was visualized with the avidin-
biotin-peroxidase complex from the VECTASTAIN ABC Elite
kit (Vector Laboratories, Burlingame, CA). Calbindin expres-
sion in the dentate gyrus (DG) was quantified as described
(37). Images were viewed using DEI-470 digital camera
(Optronics, Goleta, CA). The BIOQUANT image analysis sys-
tem (BIOQUANT Image Analysis Corp.) was employed to per-
form integrated optical density measurement from three coro-
nal sections. Integrated optical density was averaged in two
areas of the molecular layer of the DG and of the stratum radia-
tum of the CA-1 region, in which calbindin levels are unaffected
by AD. Relative calbindin levels were expressed as the ratio of
integrated optical density in the molecular layer and in the stra-
tum. The plaque load and the Mac-2 immunoreactive microglia
were measured as the percentage of the area of the hippocam-
pus covered by 3D6 or Mac-2 staining, respectively, using
Image] (National Institutes of Health). Three coronal sections
were analyzed per mouse, and the average of the individual
measurements was used to do the statistics.

Confocal Staining—Brain tissue sections (30 wm) were co-in-
cubated with polyclonal rabbit anti-GFAP at 4 °C for overnight.
The antigens were visualized with goat anti-rabbit Alexa Fluor
546 used in 1:200 for 2 h at room temperature. Confocal images
were captured using Nikon ECLIPSE Ti 2000 spinning disk
confocal microscopy. The percentage of the area of immunore-
active structures from three coronal sections per mouse were
measured using Image], and the average value was used to com-
pare group means. For immunostaining of CX3CR1 and CD68
in rat primary cultures, cells were fixed in 4% paraformaldehyde
in phosphate-buffered saline for 15 min at room temperature.
After 1 h of blocking, cells were incubated with primary anti-
bodies to CD68 (1:200; Serotec, Oxford, UK) and CX3CR1
(1:100; Abcam) overnight at 4 °C and visualized with anti-rat or
anti-rabbit conjugated with fluorescein isothiocyanate or Texas
Red (Vector Laboratories).
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FIGURE 1. Fractalkine signaling is down-regulated by A in cultured microglia and in AD brains. A, representative images of CX3CR1 and CD68 immu-
nostaining in rat primary mixed cortical cultures treated with or without 10 um oligomeric AB for 48 h. Band C, quantification of CX3CR1 mRNA in rat primary
mixed cortical cultures (n = 6 from triplicate wells) (B) or microglia cultures (n = 3) (C), treated with designated concentrations of oligomeric AB1-42 or vehicle
for48or 24 h, respectively. Because CX3CL1 is exclusively expressed in neurons, primary microglia cultures were pretreated with 3.3 nm CX3CL1 peptide for 16 h
before being treated with AB1-42 for an additional 24 h. The levels of CX3CR1 were normalized with microglial marker (CD11b) in mixed cortical cultures (B)
or with GAPDH in primary microglial cultures (C). D-G, deficiency in fractalkine signaling in AD brains. D and F, representative Western blots of CX3CR1 and
CX3CL1 in the hippocampus (D) or frontal cortex (F) of AD patients and age-matched controls. E and G, quantification of CX3CR1 or CX3CL1 protein in the
hippocampus (E) or frontal cortex (G) of AD (hippocampus, n = 24; frontal cortex, n = 5) patients and non-demented controls (hippocampus and frontal cortex,
n = 4).%¥* p <0.001; **, p <0.01; % p < 0.05, unpaired Student’s t test (C, E, and G). ***, p < 0.001; *, p < 0.05, one-way analysis of variance Tukey-Kramer post

hoc analysis (B). Values are means = S.E. (B, C, E, and G).

Passive Avoidance—The apparatus consisted of two cham-
bers, one illuminated and the other darkened, separated by a
vertical sliding door. Mice were initially placed in the light
chamber. After 15 s, a sliding door to the dark chamber was
opened, and the latency to enter the dark chamber was
recorded. The door was closed as soon as all four paws of the
mouse were inside the dark chamber, and an electric shock of
0.3 mA (duration, 2 s) was delivered. Retention was tested 24 or
120 h later, and the latency to enter the dark chamber was
recorded up to 500-s cutoff.

Novel Object Recognition—Mice were transferred to the test-
ing room and acclimated for at least 1 h. Mice were tested in a
white round plastic chamber 35 cm in diameter. On the first
day, mice were habituated to the chamber for 15 min, and then
two identical objects were placed into the same chamber. Mice
were allowed to explore the objects and the chamber for 10 min
as training. Twenty-four h later, one of the original objects was
replaced with a novel object of different shape. Mice were then
allowed to explore the objects and the chamber for 10 min.
Time spent exploring each object was recorded for data analy-
sis. The recognition index was obtained as the ratio of time
spent with the novel object to that spent with the familiar
object.

Statistical Analysis—Statistical analyses were calculated with
GraphPad Prism version 5 (GraphPad, San Diego, CA). All val-
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ues in figures were expressed as means * S.E. Differences
between means were assessed with paired or unpaired Stu-
dent’s £ test or one-way analysis of variance followed by Tukey-
Kramer or Newman-Keuls multiple comparison post hoc test.
The linear relationship between two measurement variables
was made by Pearson’s correlation analysis. A p value less than
0.05 was considered significant.

RESULTS

Fractalkine Signaling Was Down-regulated by A in Cul-
tured Microglia and in AD Brains—We first examined the
expression of CX3CR1 in rat mixed cortical cultures, which
contain neurons, astroglia, and microglia (34). Consistent with
previous findings that CX3CR1 is exclusively expressed in
microglia (22), immunoreactivity of CX3CR1 completely colo-
calized with that of CD68, a microglial marker. Treatment with
A oligomers decreased the immunoreactivity of CX3CR1, but
not that of CD68 (Fig. 14). We then used real-time RT-PCR to
measure the effects of AB oligomers on CX3CR1 expression.
Because A treatment was found to increase microglial num-
bers in mixed cortical cultures (34), levels of CX3CR1 mRNA
were normalized with those of CD11b to account for possible
differences in the numbers of microglia (Fig. 1B). Treatment
with AB oligomers significantly reduced levels of normalized
CX3CR1 mRNA in a dose-dependent manner, suggesting that
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FIGURE 2. Deletion of CX3CR1 does not affect Af3 levels or APP processing. A, representative Western blot of the metabolic fragments of hAPP. FL-hAPP,
full-length hAPP. B, quantification of hAPP fragments (B-CTF and «-CTF) in the cortex of 5-8-month-old hAPP mice with or without CX3CR1.n = 6-11/
genotype. C, ELISA measurements of soluble AB1-x or AB1-42 in the hippocampus of 2-4-month-old hAPP mice with or without CX3CR1.n = 5/genotype.
D, representative picture of 3D6-immunoreactive plaques in the hippocampus of 6 -7-month-old hAPP mice with or without CX3CR1. E, quantification of
plaque load in the hippocampus of 6 -7-month-old hAPP mice with or without CX3CR1.n = 8-11/genotype. F, representative Western blot of AB dimers and
monomers in the hippocampus of 5-8-month-old hAPP/CX3CR1*/* or hAPP/CX3CR1~'~ mice. NTG, non-transgenic. G, quantification of levels of AB monomers
or dimers in the hippocampus of 5-8-month-old hAPP/CX3CR1*/* or hAPP/CX3CR1~/~ mice. n = 6-7/genotype. Values are means =+ S.E. (8, C, £, and G).

AP impairs fractalkine signaling in microglia cultured with
neurons and astroglia. AB oligomers also reduced levels of
CX3CR1 mRNA in highly enriched primary microglial cul-
tures, suggesting regulation on the transcriptional level (Fig.
1C). To assess how fractalkine signaling might be affected in AD
brains, we measured the protein levels of CX3CR1 and the
ligand CX3CL1. In the hippocampus, levels of CX3CR1 were
modestly lower in AD brains than in age-matched non-de-
mented controls (Fig. 1, D and E). Notably, levels of the
CX3CL1 were markedly lower in AD patients than controls
(Fig. 1, Dand E). A similar reduction was observed in the frontal
cortices of AD brains (Fig. 1, F and G). Because CX3CL1 is the
exclusive ligand of CX3CR1, these results indicate that frac-
talkine signaling is deficient in the vulnerable regions of AD
brains.

Deletion of CX3CR1 Did Not Affect APP Processing or A3
Levels in hAPP Mice—To examine the effects of fractalkine
signaling on AD-related neurodegeneration, we crossed
CX3CRI1""SP knock-in mice (referred to as CX3CRI '~ for
simplicity) with hAPP-J20 mice. We first determined whether
CX3CR1 deletion affected hAPP processing by comparing lev-
els of metabolic fragments of hAPP in hAPP/CX3CRI*'" and
hAPP/CX3CRI™'~ mice. Consistent with previous findings
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(29, 30), removal of CX3CR1 did not affect the levels of B-CTF
or a-CTF by Western blot analysis (Fig. 2, A and B). In agree-
ment with the lack of effects on A3 processing, levels of soluble
total AB (AB1-x) or AB1-42 in 2—4-month-old mice before
plaque deposition remained similar in hAPP mice with or
without CX3CR1 (Fig. 2C). This result suggests that frac-
talkine signaling exerts no discernible effects on AB metab-
olism. Plaque deposition starts at 5—6 months of age in
hAPP-J20 mice. We examined total plaque load, which
includes diffuse plaques without a dense core and thioflavin
S-positive plaques with B-sheet structure. In 5—8-month-
old hAPP mice, early plaque deposition was not altered sig-
nificantly by CX3CR1 deletion (Fig. 2, D and E). We also
measured the levels of toxic species of AB dimers and pre-
sumably non-toxic monomers in 5— 8-month-old hAPP mice
by immunoprecipitation and Western blot analysis and
found that levels of AB dimers and A3 monomers did not
differ with CX3CR1 ablation (Fig. 2, F and G).

Deletion of CX3CR1 Exacerbated Microglial Activation and
Inflammatory Responses in hAPP Mice—Fractalkine signaling
limits microglial toxicity induced by LPS or in models of amyo-
trophic lateral sclerosis, Parkinson disease (22), or Tau pathol-
ogy (11). Using quantitative RT-PCR, we examined the levels of
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FIGURE 3. Deletion of CX3CR1 exacerbates microglial activation. A and B,
quantification of levels of IL-6 (A) or TNF-a (B) mRNA in the cortex of 5-8-
month-old CX3CR1*/*, hAPP/CX3CR1/*, CX3CR1~'~, or hAPP/CX3CR1~/~
mice. n = 13-19 mice/genotype. C, representative picture of Mac-2 immuno-
staining in the hippocampus of 5-8-month-old wild type (CX3CR1*/*), hAPP/
CX3CR1/*,CX3CR1™/~, or hAPP/CX3CR1~’~ mice. D, quantification of Mac-2
immunoreactive protein in the hippocampus. n = 8-9/genotype. E, repre-
sentative images of GFAP immunostaining in the hippocampus of 5-8-
month-old hAPP/CX3CR1*/* or hAPP/CX3CR1~/~ mice. F, quantification of
immunoreactive GFAP in the hippocampus. n = 8-10/genotype. *, p < 0.05;
** p < 0.01; *** p < 0.001, one-way analysis of variance Tukey-Kramer post
hoc analysis (A, B, and D). Values are means = S.E.

inflammatory factors. Deleting CX3CR1 in 5-8-month-old
hAPP mice significantly increased levels of IL-6 and TNF-«
(Fig. 3, A and B). The higher levels of IL-6 or TNF-« could not
be attributed to more A because 3D6-positive plaque load in
hAPP/CX3CRI~’~ mice was not significantly elevated, and lev-
els of TNF-« or IL-6 were not correlated with the plaque load in
this age group (data not shown). Deleting CX3CR1 alone did
not induce a significant increase in the expression of TNF-« or
IL-6, suggesting that CX3CR1 limits AB-associated proinflam-
matory responses.

To further assess the effects of CX3CR1 on Af-associated
microglial activation, we examined Mac-2 immunoreactivity,
which was detected in activated microglia associated with
chronic or acute neuronal injury but absent in quiescent micro-
glia (35, 36). The number of Mac-2-positive microglia was sig-
nificantly higher in 5-8-month-old hAPP mice than in those
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that do not express hAPP, indicating the presence of microglia
activated by A regardless of the CX3CR1 genotype (Fig. 3, C
and D). Consistent with elevated levels of TNF-« or IL-6, the
Mac-2 immunoreactivity in ZAPP/CX3CRI~'~ mice was also
significantly higher than that in ZAPP/CX3CRI™'™ mice (Fig. 3,
Cand D). In contrast, deleting CX3CR1 did not affect astroglio-
sis significantly, as measured with GFAP staining (Fig. 3, E and
F). Our findings suggest that fractalkine signaling suppresses
inflammatory responses in hAPP, likely by modulating micro-
glial activation.

Deletion of CX3CR1 Exacerbated Microglial Neurotoxicity in
hAPP Mice—To investigate the effects of fractalkine signaling
on AB-associated neuronal deficits, we examined the deple-
tion of calbindin in the DG, which correlated tightly with the
cognitive deficits in hAPP-J20 mice (37). A modest reduction
in calbindin levels in the DG was observed in 2—4-month-old
hAPP mice with CX3CR1 (Fig. 44). Removing CX3CR1 in
hAPP mice led to a significant reduction in calbindin in the
D@, whereas removing CX3CR1 in mice that do not express
hAPP did not have an effect at this age (Fig. 4, A and B). In
5—8-month-old hAPP mice, levels of calbindin were signifi-
cantly reduced in the DG, consistent with previous findings
(37). Ablation of CX3CR1 in hAPP mice exacerbated calbin-
din loss in the DG (Fig. 4C). Moreover, levels of calbindin
correlated negatively with levels of TNF-« (Fig. 4D) and IL-6
(Fig. 4E), supporting the notion that the worsened neuronal
deficits are associated with higher levels of inflammatory
cytokines.

Deficiency of fractalkine signaling was found to exacer-
bate microglia-mediated Tau phosphorylation in a mouse
model of systematic inflammation and a humanized Tau
transgenic mouse model (11). To determine the effects of
fractalkine signaling on Tau phosphorylation in a hAPP
mouse model, we examined phosphorylated Tau (phospho-
Tau) (ATS8; Ser-202/Thr-205) immunoreactivity in 5-8-
month-old hAPP mice with or without CX3CR1. Increased
AT8 immunoreactivity was observed in the hippocampus of
hAPP mice without CX3CR1 (Fig. 4F). In the cortex, West-
ern blot analysis revealed that the levels of phospho-Tau
were significantly higher in ZAPP/CX3CR1 ™'~ mice than in
hAPP/CX3CRI™'" mice. Thus, fractalkine signaling attenu-
ates pathogenic forms of phospho-Tau in hAPP mice (Fig. 4,
G and H).

Deletion of CX3CRI Exacerbated Cognitive Deficits in hAPP
Mice—To determine the effects of fractalkine signaling on cog-
nitive deficits, we first performed passive avoidance tests in
5-8-month-old hAPP mice. During the training session, mice
readily entered the dark chamber due to their innate preference
for darkness. No difference was detected among the genotypes
(Fig. 5A). Twenty-four h after being shocked in the dark cham-
ber, control mice exhibited a significant delay in entering the
dark chamber again, a reflection of normal memory retention
associated with an aversive signal (Fig. 54) (38, 39). hAPP/
CX3CRI™*'" mice exhibited normal delay 24 h after the training
but were significantly impaired 120 h after. In contrast, ZAPP/
CX3CRI1™'~ mice exhibited no significant delay even at 24 h,
suggesting much worse memory retention than #hAPP/
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FIGURE 4. Deletion of CX3CR1 exacerbates microglial toxicity in hAPP mice. A, representative images of calbindin immunostaining in the DG of 2-4-
month-old CX3CR1"/*, hAPP/CX3CR1™/*, CX3CR1~/~, or hAPP/CX3CR1~/~ mice. B and C, quantification of calbindin in the DG of 2-4-month-old (B) or
5-8-month-old (C) mice. n = 5-14/genotype *, p < 0.05; **, p < 0.01; ***, p < 0.001 (one-way analysis of variance with Newman-Keuls multiple comparison
test). D and E, levels of calbindin in the DG correlated negatively with TNF-« or IL-6 in 5-8-month-old mice. n = 8-13 mice/genotype, Pearson’s correlation.
F, representative picture of phospho-Tau (AT-8) immunostaining in the hippocampus (HP) of 5-8-month-old hAPP mice with or without CX3CR1. G, repre-
sentative Western blot of the phospho-Tau protein in the cortex of hAPP mice (hRAPP/CX3CR1*/* or hAPP/CX3CR1~/7). H, quantification of levels of phospho-
Tau (p-Tau) (AT8; Ser-202/Thr-205) in the cortex of 5-8-month-old hAPP mice with or without CX3CR1.n = 5-6/genotype. *, p < 0.05, unpaired Student’s t test.

Values are means * S.E. (B, C, and H).

CX3CR1"'" mice. Thus, CX3CR1 removal exacerbated A $-as-
sociated memory deficits.

Next, novel object recognition was performed to measure
non-spatial memory that is not associated with aversive signal.
Normal mice spent more time with the novel object than with
the familiar one; mice inherently prefer novel objects more than
familiar objects (40, 41). During the training session, mice spent
an equal amount of time with two identical objects, right and
left, regardless of their genotypes (Fig. 5B). At 24 h after the
training (testing period), control mice (CX3CRI™'™) preferred
the novel object to the familiar one as expected (Fig. 5B),
reflecting memory retention. CX3CR1 '~ mice and hAPP mice
exhibited similar preference (Fig. 5B). In contrast, hAPP/
CX3CRI~’~ mice exhibited less preference for the novel object
than ZAPP/CX3CRI*'" mice, suggesting less memory reten-
tion (Fig. 5B). Notably, the lack of preference (lower ratios) is
associated with higher levels of IL-6 in these mice (Fig. 5C). Our
results indicate that CX3CR1 deficiency worsens Af-associ-
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ated memory deficits, possibly by exacerbating inflammatory
responses.

DISCUSSION

Our study demonstrates that CX3CR1 deficiency worsens
the functional outcome in the hAPP-J20 model of AD.
Removing CX3CR1 in hAPP-J20 mice enhanced Tau pathol-
ogy, exacerbated calbindin depletion, and worsened memory
deficits in two cognitive tests. These effects were associated
with elevated cytokine production but not with altered hAPP
metabolism or plaque deposition. Our findings identify
CX3CR1 deficiency as a key pathway leading to the aberrant
activation of microglia, which promotes inflammatory
responses and exacerbates AD-related neuronal and cogni-
tive deficits (Fig. 6).

We found that fractalkine signaling is down-regulated by A3
and in AD brains. Treatment with A oligomers lowered levels
of its receptor CX3CR1 in primary cortical and microglial cul-
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tures. Although only a modest reduction of CX3CR1 was
observed in AD brains, the per cell reduction of CX3CR1 is
likely to be biologically meaningful given the marked microglio-
sis in AD brains. Further, because CX3CL1 is the only ligand of
CX3CR1, reduction of CX3CL1 would drastically diminish
fractalkine signalingin AD. As CX3CL1 is produced in neurons,
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loss of neurons in AD brains likely accounts for diminished
CX3CL1 levels.

Using multiple markers, our study showed that deleting
CX3CR1 exacerbated microglial activation in hAPP mice inde-
pendent of plaque deposition. CX3CR1 deletion elevated levels
of the inflammatory cytokines TNF-« and IL-6. As indicated by
Mac-2 immunoreactivity, more active microglia were identified
in the brains of hAPP mice lacking CX3CR1. These findings are
consistent with previous studies that CX3CR1 deficiency exac-
erbates microglial activation induced by LPS, 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine injection, or expression of
mutant SOD1 (22), as well as the production of NO, IL-6, and
TNF-« in cultured cells (24, 25). On the other hand, deleting
CX3CR1 elevates phagocytosis and reduces fibrillar A3 plaques
(29, 30). Because A B deposits, especially senile plaques, strongly
activate microglia, the effects on plaque load could confound
the effects on inflammatory factors. For example, CX3CR1
deletion could lower the levels of inflammatory factors induced
by fibrillar AB due to the reduction in plaque load. Our data
showed instead that inflammatory cytokine production was
elevated in #APP/CX3CR1~'~ mice (Fig. 3) despite a trend
toward reduced plaque burden.

Our studies show that CX3CR1 deficiency exacerbates func-
tional deficits in hAPP mice, associated with elevated cytokine
production and Tau pathology. CX3CR1 removal exacerbated
calbindin depletion in the DG in hAPP mice before and after
plaque deposition. Deleting CX3CR1 also exacerbated levels of
phospho-Tau in hAPP mice, confirming and extending previ-
ous observations in transgenic mice overexpressing human Tau
(11). The negative correlation of calbindin levels in the DG with
the levels of TNF-« and IL-6 suggests that the toxic effects of
CX3CRI1 deficiency could be partially attributed to exacerbated
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inflammatory responses. Functionally, removing CX3CR1 in
hAPP mice worsened the memory retention in passive avoid-
ance and novel object recognition tests. The poor performance
in the novel object recognition test is associated with high levels
of IL-6, supporting a causal role of inflammatory responses in
neuronal dysfunction and cognitive deficits. Consistent with
this interpretation, high levels of IL-6 via infusion or overex-
pression increased levels of Tau phosphorylation and impaired
long-term potentiation in the DG (42, 43). In contrast, admin-
istration of IL-6-neutralizing antibodies prolonged long-term
potentiation and improved spatial alternation behavior (44). In
a similar vein, ablation of IL-6 protected against LPS-induced
disruption of working memory (45). Future studies will be
needed to determine whether the worsened cognitive deficits in
hAPP/CX3CRI '~ mice are mediated by elevated levels of IL-6.

Our study provides the first evidence for protective effects of
fractalkine signaling on Ap-associated cognitive deficits that
are plaque-independent. These results differ from a previous
report that removing CX3CR1 protected against neuronal loss
in 5XTg mice, which express mutant Tau, hAPP on a PS1
knock-in background, and Thyl-YFP (28). By multiphoton
imaging, these mice showed loss of small numbers of layer III
cortical neurons at 4—6 months of age (28). It is uncertain
whether the lack of neuronal loss in 5XTg mice deficient in
CX3CR1 would lead to functional benefits. Nevertheless, our
results are consistent with previous findings that deletion of
CX3CRI elevates the state of microglial activation in various
models of acute and chronic neuronal injury (11, 29, 30, 46).
Both beneficial and detrimental effects are associated with
microglia activation (4, 47, 48). On the one hand, our study
showed that deleting CX3CR1 in hAPP mice increased
expression of inflammatory factors, such as TNF-« and IL-6,
and exacerbated plaque-independent neuronal dysfunction
and cognitive deficits. On the other hand, in mice with
extensive senile plaque load, the heightened microglial acti-
vation induced by CX3CR1 deficiency elevated AB clear-
ance, possibly by phagocytosis, exhibiting a protective role.
These findings highlight the complexity of enhanced micro-
glial activation as a “double-edged sword,” leading to either
toxic or protective outcomes. Understanding the underlying
signaling pathways and associated functional outcomes will
have important implications in AD and other neurodegen-
erative diseases.
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