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Pathologic features of Alzheimer’s disease (AD) include accumulation of amyloid b (Ab) and hyperphosphorylated tau pro-
tein. We have shown previously that the chemokine-like receptor 1 (CMKLR1) is a functional receptor for Ab, and CMKLR1
contributes to the uptake of Ab. However, it is unclear whether CMKLR1 ameliorates or aggravates the process of AD. Here,
we show that deletion of the gene coding for CMKLR1 significantly increased Ab deposits in brains of both male and female
amyloid b precursor protein/presenilin-1 mice. However, it markedly decreased the mortality of these mice. Behavioral stud-
ies found that CMKLR1 deficiency improved cognitive impairment of male and female amyloid b precursor protein/preseni-
lin-1 mice and intracerebroventricular-streptozotocin injection AD mice. We further explored the effect of CMKLR1 on tau
pathology. We found that CMKLR1 deficiency or inhibition attenuated the hyperphosphorylation of tau in brains of AD mice
in vivo and in the neuronal cells in vitro. The expression of CMKLR1 on the neurons affected tau phosphorylation by partici-
pating in tau seeding. Together, these results uncover a novel mechanism of CMKLR1 in the pathologic process of AD and
suggest that inhibiting the promotion effect of CMKLR1 on tau seeding may provide a new strategy for the treatment of AD.
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Significance Statement

Evidence suggests that inflammation is involved in the pathologic progression of AD. The chemokine-like receptor 1
(CMKLR1), belonging to the family of GPCRs, is able to bind and uptake amyloid b . We show here, for the first time, that,
although CMKLR1 deficiency increased amyloid b deposits in AD mice, it reduced the mortality and improved the cognitive
deficits of AD mice. We furthermore show that CMKLR1 deficiency or inhibition attenuated tau hyperphosphorylation in
brains of AD model mice in vivo and in neuronal cells in vitro. Finally, we first discovered that the expression of CMKLR1 on
neurons affected tau phosphorylation by participating in tau seeding. These findings suggest that inhibition of CMKLR1 may
provide a new strategy for the treatment of AD.

Introduction
Alzheimer’s disease (AD), the most common form of dementia,
is characterized by progressive memory loss and cognitive
impairment (Querfurth and LaFerla, 2010). The neuropathology
hallmarks of AD are the accumulation of extracellular senile

plaques and intracellular neurofibrillary tangles (NFTs) com-
posed of aggregated amyloid b (Ab ) and hyperphosphorylated
tau, respectively (Iqbal et al., 2010; Querfurth and LaFerla, 2010).
In addition to these hallmarks, neuroinflammation has also been
found to contribute to AD (Wyss-Coray, 2006). The brain cells
involved in AD-related neuroinflammation include microglia
and astrocytes, which have been shown to be closely related to
Ab and phosphorylated tau. Both soluble and insoluble Ab are
neurotoxic and activate microglia and astrocytes to produce
proinflammatory cytokines, which lead to progression of AD
(Heneka et al., 2015). Compared with insoluble Ab , soluble Ab
shows a stronger correlation with synaptic loss, neuronal death,
and cognitive dysfunction (Yang et al., 2017). The activated
microglia and astrocytes in turn clear soluble and insoluble Ab
through receptor-mediated phagocytosis and degradation (Ries
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and Sastre, 2016). Several receptors have been identified in glial
cells as endogenous binding sites for Ab , including the GPCRs,
scavenger receptors, and Toll-like receptors (Le et al., 2001; Yu
and Ye, 2015).

In addition, accumulating evidence suggests that cognitive
dysfunction in AD is most closely related to the progression of
tau pathology (Tracy et al., 2016; DeVos et al., 2017). Recent
research has shown that tau pathology may be driven by a prion-
like spread mechanism. The abnormally hyperphosphorylated or
oligomeric tau can be secreted from intact neurons into
the extracellular space. Then the extracellular tau, serving as the
seed, can be taken up by normal neurons, which promotes the
spread of pathologic tau (Takeda et al., 2015; DeVos et al., 2018).
Further study has shown that treatment of tau antibodies block
tau seeding in vitro, and inhibit the spread of tau pathology and
improve cognition in vivo (Yanamandra et al., 2013). Recent
research has also shown that immunization with tau antibody
43D to tau 6-18 can block Ab pathologies promoted by tau seed-
ing (Dai et al., 2018). These data suggest a potential therapeutic
treatment for AD by preventing the seeding and spread of tau
pathology.

The chemokine-like receptor 1 (CMKLR1, also termed
ChemR23) is a chemoattractant receptor that belongs to the fam-
ily of GPCRs. It is expressed on macrophages, immature dendritic
cells, adipocytes, endothelial cells, and vascular smooth muscle
cells (Kennedy and Davenport, 2018), indicating its potential roles
in regulating immune cell function, obesity, and cancer. CMKLR1
is also expressed in the brain of humans, mice, and rats (Kennedy
and Davenport, 2018). Our previous study found that Ab binds
specifically to CMKLR1 in stably transfected rat basophilic leuke-
mia cells (CMKLR1-RBL) (Peng et al., 2015), indicating that
CMKLR1 is a receptor for Ab . Furthermore, Ab induces
CMKLR1-dependent cell migration and stimulates CMKLR1-
RBL cells and primary glial cells to internalization of the
Ab -CMKLR1 complex (Peng et al., 2015). These data suggest a
potential role for CMKLR1 in Ab clearance. However, the role of
CMKLR1 in tau pathology has not been investigated.

In this study, we first verified the scavenging capability of
CMKLR1 on Ab in vivo. We crossed amyloid b precursor pro-
tein/presenilin-1 (APP/PS1) transgenic mice and CMKLR1 KO
(CMKLR1�/�) mice to generate APP/PS1-CMKLR1�/� mice.
CMKLR1 deficiency induced a significant increase of Ab depos-
its compared with APP/PS1 mice, as we expected. However,
CMKLR1 deficiency markedly decreased the mortality of APP/
PS1 mice, and improved the spatial reference learning and/or

memory of APP/PS1 mice and intracerebroventricular (ICV)-
streptozotocin (STZ) injection AD mice, which is one of the
well-known experimental models for sporadic AD. Since the cog-
nitive dysfunction of AD is closely related to tau pathology, we
further explored the effect of CMKLR1 on tau pathology.
CMKLR1 deficiency or inhibition attenuated the hyperphos-
phorylation of tau in the brain of AD mouse models in vivo and
in the neuronal cells in vitro. CMKLR1 expressed on neurons
affected tau phosphorylation by participating in tau seeding.

Material and Methods
Antibodies and reagents
Primary antibodies used in this study are listed in Table 1. DMEM,
neurobasal-A, B-27, and trypsin-ethylenediaminetetraacetic acid
(trypsin-EDTA) were purchased from Invitrogen. DMEM with low
glucose was purchased from Tianjin Haoyang Biological
Manufacture. The BCA protein assay kit, NGS, and DAPI
were from Beyotime Institute of Biotechnology. Chemerin15
(C15) peptide was custom synthesized at Anhui Guoping
Pharmaceutical and purified to.95% homogeneity. Mouse
and rabbit control IgGs were obtained from Santa Cruz
Biotechnology. AlexaFluor-568-conjugated anti-rabbit IgG
secondary antibody, AlexaFluor-488-conjugated anti-rabbit
IgG secondary antibody, AlexaFluor-568-conjugated anti-
mouse IgG secondary antibody, and AlexaFluor-594-conju-
gated anti-mouse IgG antibody were from Invitrogen. IRDye
800CW secondary antibodies and IMDye 800CW secondary
antibodies were from LI-COR Biosciences. Other chemicals
were purchased from Sigma Millipore.

Mice and treatments
CMKLR1�/� (CMKLR1 KO) mice in C57BL/6J genetic back-
ground were generated by Shanghai Bioray Laboratory. APP/PS1
transgenic mice in C57BL/6J background (APPSWE/PS1DE9

1/�,
stock #005864) were obtained from The Jackson Laboratory.
Mouse genotypes were determined by PCR. All mice were
housed (�5 mice per cage) with a 12/12 h light/dark cycle, with
ad libitum access to food and water. The housing, breeding, and
animal experiments were in accordance with the National
Institutes of Health Guide for the care and use of laboratory ani-
mals, with procedures approved by the Biological Research
Ethics Committee, Shanghai Jiao Tong University.

CMKLR1�/� mice were crossed to APP/PS1 mice to generate
APP/PS1-CMKLR11/� mice. The latter were further crossbred
with CMKLR11/� mice to create the following four groups: WT

Table 1. Primary antibodies used in this study

Antibody Type Specificity Phosphorylation sites Reference/source

Tau5 Monoclonal Tau (total) Affinity Bioreagents
pT199 Polyclonal P-tau Ser199 Invitrogen
pT205 Polyclonal P-tau Thr205 Invitrogen
pS396 Polyclonal P-tau Ser396 Invitrogen
pS404 Polyclonal P-tau Ser404 Invitrogen
Tau1 Monoclonal Tau (non-phosphorylated) Merck
Tau-13 Monoclonal Human tau Tau15-25 Biolegend
GFAP-Cy3TM Monoclonal GFAP Sigma Millipore
anti-b -actin Polyclonal b -actin Sigma Millipore
Iba1 Polyclonal Iba1 FUJIFILM Wako Pure Chemical
GFAP Polyclonal GFAP Cell Signaling Technology
CMKLR1/AF488 Polyclonal CMKLR1 Bioss
MAP2 Polyclonal MAP2 Sigma Millipore
APP Polyclonal APP Cell Signaling Technology
Ab Polyclonal Ab Cell Signaling Technology
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(APP/PS1�/�-CMKLR11/1), APP/PS1 (APP/PS11/�-CMKLR11/1),
CMKLR1�/� (APP/PS1�/�-CMKLR1�/�), and APP/PS1-
CMKLR1�/� (APP/PS11/�-CMKLR1�/�). All four groups of
male and female mice at 9months of age (WT, 4 males and 5
females; APP/PS1, 4 males and 5 females; CMKLR1�/�, 5
males and 5 females; APP/PS1-CMKLR1�/�, 3 males and 3
females) were subjected to a battery of behavioral tests.

Both male and female WT and CMKLR1�/� mice at 6months
of age were randomly divided into control and ICV-STZ groups,
respectively. The ICV-STZ mice were produced by ICV injection
of a single dose of STZ [2-deoxy-2-(3-(methyl-3-nitrosoureido)-
D-glucopyranose)] into both lateral ventricles of the mice brain
(Chen et al., 2013). Briefly, mice were anesthetized by intraperi-
toneal injection of 5mg/ml pentobarbital sodium and then
restrained onto a stereotaxic apparatus. Each mouse received a
single ICV injection of 3.0mg/kg STZ. STZ was freshly prepared
in 0.9% saline into both lateral brain ventricles. The bregma
coordinates were determined as follows: 61.0 mm lateral, –0.3
mm posterior, and –2.5 mm below. As controls, ICV-saline mice
received an equal volume of 0.9% saline in the same way. After
operation, all mice were placed on heating pads (37°C) until
recovered from surgery. The body weight of the mice was meas-
ured once every 7 d. Six weeks after ICV injection, all mice (WT
ICV-saline, 4 males and 4 females; WT ICV-STZ, 3 males and 4
females; CMKLR1�/� ICV-saline, 4 males and 4 females;
CMKLR1�/� ICV-STZ, 3 males and 1 female) were subjected to
a battery of behavioral tests (see Fig. 2G).

After behavioral tests, all mice were killed by decapitation and
their brains removed immediately. The hippocampi and cerebral
cortices of the left hemisphere of the brain were dissected, flash
frozen in liquid nitrogen, and stored at �80°C for biochemical
analyses later. The right hemispheres of the brain were fixed with
4% PFA in 0.1 M PBS, followed by cryoprotection in 30% sucrose.
Sagittal sections (20mm thickness) were cut using a freezing slid-
ing microtome. The sections were stored in glycol antifreeze so-
lution (12.5 g/L polyvinylpyrrolidone, average MW 40,000, 375
g/L saccharose, 375 ml/L glycol, and 625 ml/L TBS (0.1 M, con-
taining 12.1 g/L Tris base and 40 g/L NaCl)) at �20°C until im-
munohistochemical staining. In this study, we included 3–6
mice/group for biochemical analyses and immunofluorescence
staining.

Behavioral tests
Morris water maze. Spatial reference learning and memory

were detected in a water maze (Morris et al., 1982). The test was
performed in a white pool of 150 cm in diameter filled with water
mixed with nontoxic white coloring emulsifier and maintained
at room temperature. During training, an 8-cm-diameter plat-
form was submerged 1 cm below water surface. All mice were
given four trials per day for 5 consecutive days. The starting posi-
tion was randomized among four quadrants of the pool every
day. For each trial, the animal was given 90 s to reach the hidden
platform. If a mouse failed to find the platform within 90 s, it
would be gently guided to it. At the end of each trial, the mouse
was left on the platform for 20 s, then dried and returned to its
home cage until the next trial. Probe trial was established on the
seventh day. Mice were allowed to swim in the pool without the
platform for 60 s. The escape latency (s) and swim distance (cm)
to reach the platform site were monitored and analyzed using an
automated tracking system (Smart video tracking system,
Shanghai Mobile Datum).

Accelerating Rotarod test.Motor coordination and balance of
mice were detected by using a Rotarod test. Test on an

accelerating Rotarod was conducted by three trials on a rotating
cylinder. The speed increased steadily from 5 to 40 rpm over a
105 s period. The latency to fall off the Rotarod was calculated.
Intertrial intervals were 5-10min for each mouse. After each
trial, the test chambers were cleaned with 75% alcohol.

Open field. Exploratory activities and anxiety were evaluated
by allowing mice to freely explore an open field arena for 15min.
The testing device was an open field (a polyvinyl chloride square
arena, 100� 100 cm, with 30 cm high walls), surmounted by a
video camera connected to a computer. Each mouse was placed
individually in the arena, and the performance was recorded.
The distance traveled in the arena, and the time and distance
traveled in the center area were recorded and analyzed by Smart
video tracking system (Shanghai Mobile Datum).

Elevated plus maze. Elevated plus maze was used to evaluate
anxiety/emotionality of the mice. It consisted of four arms (30 �
5 cm) connected by a common 5� 5 cm center area. Two oppo-
site facing arms were open (open arms), whereas the other two
facing arms were enclosed by 20-cm-high walls (closed arms).
The entire plus maze was elevated on a pedestal to a height of
80 cm above floor level. The mouse was placed onto the central
area facing an open arm and allowed to explore the maze for an
8 min trial. The distance traveled and the time spent in the open
arm were recorded and analyzed by Smart video tracking system
(Shanghai Mobile Datum). After each trial, the maze floor was
cleaned with 75% alcohol.

Total RNA extraction and real-time PCR
Total RNA was extracted from the mouse brain tissue using
Trizol reagent (Invitrogen), according to the manufacturer’s
instructions. Reverse transcription (RT) of RNA was performed
with the Toyobo First Strand cDNA Synthesis Kit (Toyobo). The
cDNA was subsequently subjected to Real-Time PCR to quantify
the transcripts of APP and the housekeeping gene GAPDH,
using SYBR Green Real-time PCR Master Mix (Toyobo). The
following primers were used: APP (59-GCC CTG CGG AAT
TGA CAA G-39; 59-CCA TCT GCA TAG TCT GTG TCT G-
39); GAPDH (59-CCT TCC GTG TTC CTA CC-39; 59-CAA
CCT GGT CCT CAG TGT A-39). The quantitative fold changes
in mRNA in each sample were normalized to GAPDH expres-
sion and calculated using the 2exp(-DDCt) method.

Ab ELISA
The hippocampi of WT, APP/PS1, CMKLR1�/�, and APP/PS1-
CMKLR1�/� mice were homogenized in lysis buffer containing
0.085 g/ml sucrose, 0.07% b -mercaptoethanol, 2.5 mM Tris-HCl,
pH 7.4, 100 mM NaF, 0.016 mM EDTA, 1� phosphatase inhibi-
tor, and 1� protease inhibitor. The homogenate was centrifuged
at 14,000 rpm for 15min at 4°C. The pellet was dissolved in 20
volumes of ice-cold 6 M guanidine hydrochloride, and diluted
with the lysis buffer as described above containing 1% PMSF.
Then insoluble Ab 1-42 was measured using commercially avail-
able ELISA kit from Shanghai Jijin Chemistry Technology,
according to the manufacturer’s instructions.

Western blot
Mouse brain tissues or cultured cells were homogenized in
lysis buffer containing 0.085 g/ml sucrose, 0.07% b -mercapto-
ethanol, 2.5 mM Tris-HCl, pH 7.4, 100 mM NaF, 0.016 mM

EDTA, 1� phosphatase inhibitor, and 1� protease inhibitor.
Protein concentrations were determined by using BCA kits
according to the manufacturer’s protocol. Quantitative ho-
mogenates were added 5� SDS to heat for 10min at 99°C and
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resolved in 8% or 10% SDS-PAGE for separation. After sepa-
rated samples were transferred onto nitrocellulose membranes
(GE Healthcare), blots were incubated with primary antibod-
ies and further treated with corresponding secondary antibod-
ies before scanning using an Odyssey P140-CLx Infrared
Imaging (LI-COR Biosciences). Densitometric quantification
of protein bands in Western blots was analyzed using the
ImageJ software (National Institute of Mental Health).

Immunofluorescence staining
Sections of mouse brain or cultured cells were processed for
standard immunofluorescence staining (Peng et al., 2015).
Briefly, sections or cells were washed 3 times for 5min in precold
0.02 M TBS (containing 2.42 g/L Tris-base and 8 g/L NaCl), per-
meabilized in 3% H2O2 and 50% methanol in TBS for 30min at
room temperature, followed by blocked in TBS with 5% NGS
and 0.1% Tween-20 at room temperature for 1 h. Samples were
then incubated with anti-CMKLR1/AF488 (1:200) or anti-Ab
(1:200) in TBS with 5% NGS and 0.1% Tween-20 for 1 h at room
temperature or overnight at 4°C, respectively. After washing with
TBS for 3 times, the samples were further treated with
AlexaFluor-488-conjugated anti-rabbit antibody (1:500) for 1 h
at room temperature. After three washes in TBS, the samples
were stained for nuclei with 100ng/ml DAPI for 10min at room
temperature and mounted on glass slides.

To identify the expression of CMKLR1 in neuron, microglia,
or astrocyte, the brain sections were first stained with anti-micro-
tubule associated protein 2 (MAP2, 1:200) or anti-ionized cal-
cium binding adaptor molecule 1 (Iba1, 1:200) antibody
overnight, or anti-GFAP-Cy3TM (1:400) for 1 h at room temper-
ature. After three washes with TBS, the sections were incubated
in AlexaFluor-568-conjugated anti-rabbit antibody (1:500) for 1
h. Then the sections were rinsed in TBS and stained with anti-
CMKLR1/AF488 (1:200) for 1 h at room temperature. Sections
were counterstained with DAPI for 10min and mounted on glass
slides.

To determine whether human tau seeding accelerated tau
hyperphosphorylation in primary cultures of mouse neurons, the
neurons were stained with anti-pT205 (human and mouse pTau
antibody at Thr205 site, 1:200) or anti-pS396 (human and mouse
pTau at Ser396 site, 1:200) antibodies overnight at 4°C and incu-
bated with AlexaFluor-488-conjugated anti-rabbit antibody
(1:500) for 1 h. Neurons were rinsed in TBS, stained with human
tau-specific antibody (Tau13, 1:200) overnight at 4°C, and incu-
bated with AlexaFluor-594-conjugated anti-mouse antibody
(1:500) for 1 h. After three washes in TBS, neurons were stained
for nuclei with 100ng/ml DAPI for 3min at room temperature.

Fluorescent confocal images were taken on a laser-scanning
confocal fluorescent microscope (TCS SP8, Leica Microsystems).
For quantification of the expression of CMKLR1 and Ab depos-
its, the immunofluorescence intensity was quantified using the
ImagePro Plus Software (Media Cybernetics). The results were
expressed as the mean 6 SEM, based on three fields for each
region, using at least 3 mice in each group. For quantification of
tau proteins, the immunofluorescence area of total human tau
(Tau13 antibody, shown in red) and human and mouse phos-
phorylated tau (Hu and Ms pTau, pT205, and pS396, shown in
green) was quantified using the ImagePro Plus Software. The
colocalization of total human tau and Hu and Ms pTau (shown
in yellow) means the human pTau. The area of mouse pTau
(pT205 and pS396) was calculated by subtracting the fluores-
cence area of human pTau (in yellow) from the fluorescence area
of Hu andMs pTau (shown in green). The results were expressed

as the mean 6 SEM from three separate experiments, each in
duplicate or triplicate.

Neuronal cell cultures
Primary neuronal cultures were prepared from cortices of new-
born (postnatal day 0) WT and CMKLR1�/� mouse pups as
described previously (Li et al., 2015). Briefly, cerebral cortices
were removed from the brains of the mice, the meanings, micro-
vessels, and gray matter were removed. Tissues were minced
with a sterile ophthalmic scissor, and then digested with 0.05%
trypsin (Sigma Millipore) at 37°C for 6min. The cell suspension
was filtered through a 40 mm sieve; then cells were plated on
poly-D-lysine-coated 12-well plates at a density of 2.4� 106 cells
per well. Four hours later, the DMEM medium (containing 10%
FBS, 100 U/ml of penicillin, 100mg/ml streptomycin sulfate, and
2.92mg/ml L-glutamine) were replaced with neurobasal medium
(containing 2% B-27 supplements, 100 U/ml of penicillin,
100mg/ml streptomycin sulfate, and 2.92mg/ml L-glutamine)
for 2 d. Culture medium was changed to neurobasal with 10%
FBS and 2.5mg/ml cytosine-b -D-arabinofuranoside (Sigma
Millipore) in the following 2 d, and then again switched back to
neurobasal medium containing 2% B-27 supplements, 100 U/ml
of penicillin, 100mg/ml streptomycin sulfate, and 2.92mg/ml L-
glutamine. Experiments were performed on day 7 after initiation
of the culture.

The human neuroblastoma cell line SH-SY5Y (ATCC) was
grown in DMEM supplemented with 10% FBS, 100 U/ml of pen-
icillin, and 100mg/ml streptomycin sulfate.

Treatment with high glucose of SH-SY5Y
When SH-SY5Y cells cultured in plates grew to 60%–70% con-
fluence, the culture medium was replaced with fresh DMEM
without FBS for 30min. Then the cells were incubated with
DMEM containing 5, 15, or 30 mM glucose for another 12 and
24 h, with or without a 1 h pretreatment with C15 (1 or 10mM) at
37°C. At the end of the incubation, conditioned medium (CM)
was collected and the cells were lysed in 1� SDS buffer for im-
munoblotting analysis.

Tau ELISA
The concentrations of tau in the samples (mouse brain extracts
and CM harvested from the cells) were examined by Tau ELISA
kits (total tau, #JM-11640M2; pSer199 tau, #JM-11645M2;
pThr205 tau, #JM-11661M2; and pSer396 tau, #JM-11636M2)
(Jiangsu Jingmei Bio-technology), according to the manufac-
turer’s instructions.

Preparation of tau seeds
The extract with pathologic tau was isolated from the mouse
brain tissues as described by Takeda et al. (2015) with minor
modification. Briefly, the brain tissues of WT and APP/PS1 mice
aged 9months were homogenized in the lysis buffer containing
0.085 g/ml sucrose, 0.07% b -mercaptoethanol, 2.5 mM Tris-HCl,
pH 7.4, 100 mM NaF, 0.016 mM EDTA, 1� phosphatase inhibi-
tor, and 1� protease inhibitor. The homogenate was centrifuged
at 5,500 rpm for 5min at 4°C. The supernatants (tau seeds) were
collected. The levels of total tau and p-tau in the extract were
examined by using tau ELISA. The concentration of total tau,
pSer199 tau, pThr205 tau, and pSer396 tau were 8.6, 38.6, 257.5,
and 85ng/L, respectively.

Stereotaxic injection of brain extract
Six-month-old WT and CMKLR1�/� mice in C57BL/6J back-
ground were injected with the brain extract (tau seeds) from
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APP/PS1 mice aged 9months (ICV-hyper-Tau) (Takeda et al.,
2015; Jiang et al., 2019). Briefly, mice were anesthetized with pen-
tobarbital sodium and then restrained onto a stereotaxic appara-
tus. Each mouse received a single ICV injection of 3ml of tau
seeds (2.6� 10�2 ng total tau, 1.2� 10�4 ng pSer199 tau, 7.8 �
10�4 ng pThr205 tau, and 2.6� 10�4 ng pSer396 tau) into both
lateral brain ventricles (61.0 mm lateral, –0.3 mm posterior, and
–2.5 mm below). An equal volume of brain extracts from WT
mice of the same age was also injected into the brain of the mice
as vehicle controls (ICV-nor-Tau). Postoperatively, all mice (WT
ICV-nor-pTau, 2 females; WT ICV-hyper-pTau, 1 male and 2
females; CMKLR1�/� ICV-nor-pTau, 1 male and 2 females;
CMKLR1�/� ICV-hyper-pTau, 2 females) were placed on heat-
ing pads (37°C) until recovered from surgery. After 3weeks, the
injected mice were killed by decapitation and the brain samples
were prepared as the ICV-STZ mice described above.

Trichloroacetic acid/acetone precipitation of tau proteins
Tau proteins secreted from SH-SY5Y cells were precipitated as
described by Ivanovova et al. (2008) with minor modification.
SH-SY5Y cells were treated with 5 or 30 mM glucose for 24 h.
Then the medium was collected and centrifuged at 5,500 rpm for
5min; 0.11 volume of ice-cold 100% trichloroacetic acid was
added to the supernatant, and the mixture was incubated on ice
for 10min. Then 500ml of 10% trichloroacetic acid was added to
the mixture and incubated on ice for 20min. The mixture was
centrifuged at 20,000 rpm for 30min. The supernatant was dis-
carded, and the precipitate was resuspended in 500ml of acetone.
The mixture was again centrifuged at 20,000 rpm for 10min. The
precipitate was dried at room temperature and resuspended in
1� SDS loading buffer for immunoblotting analysis.

Treatment with CM of SH-SY5Y
The CM collected from SH-SY5Y cells treated with 5 or 30 mM

glucose as described above was purified using dialysis (Schweers
et al., 1994). The CM was dialyzed overnight against 500 ml of
fresh DMEM with 30 mM glucose at 4°C, using dialysis bags
(Union Carbide) with a 0.8-1.4 kDa exclusion limit, which has
previously been boiled in EDTA solution, pH8, 1 mM EDTA,
and 2% NaHCO3 (m/v), for 10min. The dialysis bags were
washed 3 times with water before use. After purification, the
human tau protein for seeding remained in the dialysis bags,
which were also refilled with nutrients needed to culture the neu-
rons. The purified CM was added to the culture of neurons from
WT or CMKLR1�/� mice for 72 h. The neurons were examined
by immunofluorescence staining as detailed above. The levels of
tau protein in CMwere examined by using tau ELISA.

Statistical analyses
All data are presented as mean 6 SEM. Mean values of paired
groups were analyzed using Student’s t test. Mean values of mul-
tiple groups were analyzed using one-way ANOVA, followed by
Tukey’s post hoc test. The survival rate and the body weight of
the mice were analyzed using Log-rank (Mantel-Cox) test and
two-way ANOVA, respectively. All analyses were performed
with the statistical software GraphPad Prism 8. p, 0.05 was con-
sidered statistically significant.

Results
Increased Ab accumulation in APP/PS1-CMKLR12/2 mice
Our previous study identified that CMKLR1 is a functional re-
ceptor for Ab . Ab activates CMKLR1, leading to glia cell migra-
tion and clearance of Ab (Peng et al., 2015). To further verify

the scavenging capability of CMKLR1 on Ab in vivo, we gener-
ated APP/PS1-CMKLR1�/� mice and analyzed Ab levels and
accumulation in these mice. We crossed APP/PS1 transgenic
mice on a C57BL/6 background to CMKLR1�/� mice (CMKLR1
KO mice also on a C57BL/6 background) to generate APP/PS1-
CMKLR11/� mice, then crossed APP/PS1-CMKLR11/� mice
with CMKLR1�/� mice to generate APP/PS1-CMKLR1�/� mice.
We analyzed the brains of APP/PS1-CMKLR1�/� mice aged 6, 9,
and 13months compared with APP/PS1 mice. As shown in
Figure 1A-D, CMKLR1 deficiency induced a significant increase
in the hippocampus and the cortex of the brain stained for Ab
compared with APP/PS1 mice in all three age groups, especially
in 9-month-old mice. WTmice did not show any Ab staining in
their brains at all these age groups (Fig. 1A).

In addition to immunofluorescence staining, ELISA was per-
formed to determine Ab deposits (insoluble Ab 1-42) in the hip-
pocampus of mice. As shown in Figure 1E, the levels of Ab
deposits were significantly increased in 9-month-old APP/PS1
mice versus age-matched WT mice. Consistent with the results
of Ab immunofluorescence staining, CMKLR1 deficiency
induced a pronounced increase of Ab deposits in APP/PS1-
CMKLR1�/� mice compared with APP/PS1 mice (Fig. 1E).
These results indicate that CMKLR1 affects the content and
accumulation of Ab in vivo.

Since Ab is derived by proteolytic processing from the APP,
we further investigate whether the deletion of CMKLR1 affects
the expression of APP. As expected, a significant increase in APP
mRNA and protein expression was observed in the brain of
APP/PS1 mice compared with the WTmice; however, no signifi-
cant difference was found in APP/PS1-CMKLR1�/� mice com-
pared with the APP/PS1 mice (Fig. 1F-H). These results suggest
that increased Ab deposition in APP/PS1-CMKLR1�/� mouse
brain may be because of decreased CMKLR1-induced Ab clear-
ance and not because of the regulation of APP expression.

Decreased mortality and improved cognition in APP/PS1-
CMKLR12/2 mice
Since the scavenging capability of CMKLR1 on Ab in vivo and
in vitro has been confirmed, we further validate the effect of
CMKLR1 on other pathologies of AD. We first observed the
mortality in AD mice. All four groups of mice (WT, APP/PS1,
CMKLR1�/�, and APP/PS1-CMKLR1�/� mice) showed healthy
initially. However, at the age of 8months, there was a significant
increase in the mortality rate of APP/PS1 mice compared with
the WT mice (Fig. 2A). Interestingly, the mortality rate of APP/
PS1-CMKLR1�/� mice was markedly decreased compared with
APP/PS1 mice. By the age of 10months, 20% of APP/PS1-
CMKLR1�/� mice died compared with 60% of APP/PS1 mice
(Fig. 2A). These data show that CMKLR1 deficiency decreases
the mortality in APP/PS1 ADmice.

To investigate the effect of CMKLR1 on cognitive perform-
ance, we tested 9-month-old APP/PS1 mice in Morris water
maze. It was found that APP/PS1 mice swam a longer distance
(Fig. 2B) and took a longer time (Fig. 2C) than the WT mice to
find the escape platform, suggesting a learning impairment in
APP/PS1 mice. However, in APP/PS1-CMKLR1�/� mice, a sig-
nificant shorter swimming distance and escape latency on day 5
to reach the escape platform were observed compared with the
APP/PS1 mice (Fig. 2B,C). Interestingly, APP/PS1-CMKLR1�/�

mice showed longer swimming distance on training days 1 and 2
to reach the escape platform than the APP/PS1 mice, but this
change was not statistically significant (Fig. 2B). Together, these
results indicate that CMKLR1 deficiency improves learning of
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the APP/PS1 mice. After 1 d off, probe trials were performed on
day 7 to evaluate the spatial reference memory of the mice. As
expected, APP/PS1 mice traveled less distance and spent less
time in the target quadrant than the WT mice, suggesting an

impairment of spatial reference memory (Fig. 2D–F). In addi-
tion, although CMKLR1�/� mice showed a trend of decrease in
swimming distance and time in the target quadrant compared
with the WT mice, this trend was not statistically significant.

Figure 1. CMKLR1 deficiency is associated with increased Ab deposition in APP/PS1 mice. A, Representative immunofluorescence images of Ab (Ab deposits, green) frozen in the hippo-
campus and the cortex of WT, APP/PS1, CMKLR1�/�, and APP/PS1-CMKLR1�/� mice aged 6, 9, and 13months. Scale bar, 500mm. Quantification of the fluorescence intensity of Ab deposits,
showing that CMKLR1 deficiency significantly increases Ab deposition in APP/PS1 mice at the age of 6 months (B), 9 months (C), and 13 months (D). Data are mean6 SEM, based on three
fields for each region, using at least 3 mice in each group. *p, 0.05; **p, 0.01; compared with WT mice. ###p, 0.001 compared with CMKLR1�/� mice. $$p, 0.01; $$$p, 0.001; com-
pared with APP/PS1 mice. E, Insoluble Ab 1-42 from the hippocampus of 9-month-old mice were measured using ELISA. Data are mean6 SEM, with at least 3 mice in each group. *p, 0.05
compared with WT mice. ###p, 0.001 compared with CMKLR1�/� mice. $$$p, 0.001 compared with APP/PS1 mice. F, Real-time PCR quantification of the transcripts for APP of the mice at
the age of 9 months. Data are mean6 SEM, with at least 3 mice in each group. *p, 0.05 compared with WT mice. #p, 0.05 compared with CMKLR1�/� mice. G, Representative Western
blots showing the expression of APP protein in the brain of 9-month-old mice. H, Quantification of the immunoreactivity of the blots, normalized against b -actin. Data are mean 6 SEM,
with at least 3 mice in each group. *p, 0.05 compared with WT mice. #p, 0.05 compared with CMKLR1�/� mice.
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Figure 2. CMKLR1 deficiency decreases mortality and improves cognition in APP/PS1 mice and/or ICV-STZ mice. A, Survival curves for WT, APP/PS1, CMKLR1�/�, and APP/PS1-CMKLR1�/�

mice. Data are mean6 SEM, with 22-29 mice in each group. ***p, 0.001 compared with WT mice. $$p, 0.01 compared with APP/PS1 mice. B–F, Spatial reference learning and memory
were determined in Morris water maze. Mice were trained in Morris water maze for consecutive 5 d, four trials per day. The distance traveled (B) and time spent (C) to reach the escape plat-
form are shown. The probe trials were tested on the seventh day after a day off. The percentage of the distance traveled (D) and the time spent (E) within each quadrant are shown. F,
Representative swimming paths of a mouse on day 7. Data are mean6 SEM, with 6-10 mice in each group (WT, n= 9; APP/PS1, n= 9; CMKLR1�/�, n= 10; APP/PS1-CMKLR1�/�, n= 6).
*p, 0.05; **p, 0.01; compared with WT mice. $p, 0.05 compared with APP/PS1 mice. G, Schematic representation of study design. The ICV-STZ mice and ICV-saline mice were produced
by ICV injection of a single dose of 3.0 mg/kg STZ or equal volume of 0.9% saline into both lateral ventricles of the mice brain, respectively. The body weight of these mice was measured every
day in the first 7 d, and then once every 7 d. Six weeks after ICV injection, all mice were subjected to a battery of behavioral tests, and then killed for biochemical studies. H, The body weight
of WT and CMKLR1�/� mice after receiving STZ or saline was recorded. I–M, Spatial reference learning and memory were examined in Morris water maze. The distance traveled (I) and the
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APP/PS1-CMKLR1�/� mice showed no significant difference in
distance traveled or time spent in the target quadrant compared
with CMKLR1�/� mice (Fig. 2D–F). This result indicates that, in
the absence of CMKLR1, overexpression of human mutant APP
and PS1 does not induce the spatial reference memory impairment
in mice.

In addition, we established another mouse model of AD,
ICV-STZ injection mice, to confirm the effect of CMKLR1 on
cognitive function. This model was generated by ICV injection
of STZ in CMKLR1�/� mice and WT littermates, using normal
saline as a control (Fig. 2G). Since STZ-induced animal models
are characterized by insulin deficiency and lower body weight,
we monitored body weight changes after ICV injection. ICV-
STZ mice showed lower body weight compared with ICV-saline
mice (Fig. 2H), as reported previously (Chen et al., 2013).
CMKRL1 deficiency had no effect on the decrease in body weight
of ICV-STZ mice (Fig. 2H). For the Morris water maze test, con-
sistent with the results of the APP/PS1 mouse model, CMKLR1
deficiency induced shorter distance swum to reach the escape
platform on days 3, 4, and 5 in the mice receiving ICV-STZ (Fig.
2I). CMKLR1 deficiency did not affect the time spent to find the
escape platform (Fig. 2J), maybe because the swimming speed of
mice in this group was decreased compared with other groups.
Probe trials test found that the distance swum and time spent
of CMKLR1�/� ICV-STZ mice in the target quadrant were not
different from that of CMKLR1�/� ICV-saline mice but dis-
played a markedly increasing trend compared with APP/PS1
mice, although the trend was not statistically significant (Fig.
2K–M). These data suggest that CMKLR1 deficiency could also
improve the learning and memory of ICV-STZ ADmice.

In addition to testing cognitive functions, we also evaluated the
general behaviors of the mice. Motor coordination and balance
ability were measured using Rotarod test. APP/PS1 mice displayed
a decreased fall latency compared with WT mice (Fig. 3A).
CMKLR1 deficiency showed a trend of attenuating the decrease in
fall latency of APP/PS1 mice (Fig. 3A). This result indicates that
CMKLR1 deficiency may improve motor coordination and bal-
ance of AD mice. Next, we evaluated spontaneous exploratory ac-
tivity of mice. We found no significant difference in the total
distance explored between four groups in the open field test, indi-
cating that CMKLR1 has no effect on spontaneous exploratory
ability in mice (Fig. 3B). We further measured anxiety in mice
using elevated plus maze and open field test. Compared with WT
mice, APP/PS1 mice traveled shorter distance and spent less time
in the open arms of the elevated plus maze (Fig. 3C–E) and in the
center area of open field (Fig. 3F–H). CMKLR1 deficiency did not
significantly alter the distance traveled and the time spent in the
open arms of the elevated plus maze or in the center of the open
field, compared with the APP/PS1 mice (Fig. 3C–H). These results
suggest that CMKLR1 does not affect the anxiety of the mice.

CMKLR1 deficiency attenuates hyperphosphorylation of tau
in ADmouse models
The above results showed that CMKLR1 deficiency aggravated
the accumulation of Ab in the brain of ADmice but reduced the

mortality and alleviated the learning and memory impairment of
AD mice. Increasing evidence demonstrates that the cognitive
dysfunction is closely related to the excessive phosphorylation of
tau (Tracy et al., 2016; DeVos et al., 2017). Therefore, we further
explored the effect of CMKLR1 on tau phosphorylation in AD
mice. We detected the levels of total tau (Tau5 antibody), non-
phosphorylated tau (Tau1 antibody), and phosphorylated tau at
several AD-related amino acid positions, including Ser199,
Thr205, Ser396, and Ser404 in mice. As expected, in the hippo-
campus of APP/PS1 mice, there was an increase in tau phospho-
rylation at Ser199, Thr205, Ser396, and Ser404 compared with
theWTmice (Fig. 4A–C). CMKLR1 deficiency attenuated hyper-
phosphorylation of tau at these sites in APP/PS1 mice.
Consistent with this result, in the brain of ICV-STZ mice, a
marked increase in tau phosphorylation at Ser199, Thr205,
Ser396, and Ser404 was observed as compared with the ICV-sa-
line mice (Fig. 4D–F). CMKLR1 deficiency attenuated hyper-
phosphorylation of tau in ICV-STZ mice. These results
confirmed that CMKLR1 is involved in tau pathology in AD.

Our previous study has found that CMKLR1 expressed in pri-
mary cultures of glial cells, including microglia and astrocytes
(Peng et al., 2015). To verify the mechanism of CMKLR1
involved in tau phosphorylation, we first investigated the expres-
sion and distribution of CMKLR1 in AD mouse brain.
Immunofluorescence staining of serial slices from mouse brain
with an anti-CMKLR1 antibody identified a significant upregula-
tion of CMKLR1 in CA and dentate gyrus (DG) regions of the
hippocampus as well as in the cortex of APP/PS1 mice aged
6 and 9months, compared with the WT mice (Fig. 5A–C). To
identify the cellular distribution of CMKLR1, double immuno-
staining was conducted for CMKLR1 and the cell-specific
markers MAP2 (neurons), Iba1 (microglia), and GFAP (astro-
cytes). CMKLR1 was colocalized with neurons, microglia, and
astrocytes in the hippocampus and the cortex of mice aged
9months (Fig. 5D–F). The results of the first part in this study
and our previous data (Peng et al., 2015) confirmed that the
expression of CMKLR1 on glial cells is involved in Ab clearance.
Next, we further verified whether CMKLR1 expressed on neu-
rons is directly involved in tau pathology.

Neuronal CMKLR1 affects tau phosphorylation
Since impaired glucose utilization in the brain is one of the com-
mon pathologic features of AD (Chen et al., 2016), we established
an AD cell model by using high glucose to induce tau hyperphos-
phorylation in human neuroblastoma SH-SY5Y cells. We found
that endogenous CMKLR1 was expressed in the cell membrane,
cytoplasm, and nucleus of SH-SY5Y cells (Fig. 6A), consistent
with a previous study (Zhang et al., 2019b). High glucose (15 and
30 mM) treatment for 24 h induced a significant concentration-de-
pendent increase in tau phosphorylation at Ser199, Thr205, and
Ser396 in SH-SY5Y cells (Fig. 6B–D). The role of CMKLR1 in
high glucose-induced tau hyperphosphorylation was further
examined using C15, a chemerin-derived 15-residue peptide lack-
ing the agonistic activity of chemerin (Cash et al., 2008). As
expected, in the presence of C15, high glucose treatment could no
longer stimulate tau hyperphosphorylation in SH-SY5Y cells (Fig.
6E–G). These results indicate that the neuronal CMKLR1 is
involved in the regulation of tau phosphorylation.

Neuronal CMKLR1 correlates with hyperphosphorylated tau
seeding
Recent research has shown that tau pathology may be driven by
tau seeding. The abnormally hyperphosphorylated or oligomeric

/

time spent (J) to reach the escape platform are shown. The probe trials were tested on sev-
enth day after a day off. The percentage of the distance traveled (K) and the time spent (L)
within each quadrant are shown. M, Representative swimming paths of a mouse on day 7. Data
are mean 6 SEM, with 4-8 mice in each group (WT ICV-saline, n=8; WT ICV-STZ, n=7;
CMKLR1�/� ICV-saline, n=8; CMKLR1�/� ICV-STZ, n=4). *p, 0.05; ***p, 0.001; compared
with WT ICV-saline mice. ##p, 0.01 compared with CMKLR1�/� ICV-saline mice. $$p, 0.01
compared with WT ICV-STZ mice.
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tau can be secreted from neurons into the extracellular space and
then be taken up by other normal neurons (Yanamandra et al.,
2013; Takeda et al., 2015; Dai et al., 2018; DeVos et al., 2018).
Therefore, we explore whether neuronal CMKLR1 affects tau
phosphorylation by regulating tau seeding. The above results
have shown that tau phosphorylation at Ser199, Thr205, Ser396,

and Ser404 sites was significantly
increased in the hippocampus of 9-
month-old APP/PS1 mice compared
with age-matched WT mice (Fig. 4A–
C). Then we prepared the brain extracts
containing hyperphosphorylated tau
(from 9-month-old APP/PS1 mice) or
normal phosphorylated tau (from age-
matched WT mice), by centrifugation at
5,500 rpm, and injected the supernatant
to the ventricles of 6-month-old WT
mice and age-matched CMKLR1�/�

mice to establish the ICV-hyper-pTau
(ICV hyperphosphorylated tau) mice
and ICV-nor-pTau (ICV normal phos-
phorylated tau) mice (Fig. 7A). As
expected, 3weeks after the injection, a
significant increase of tau phosphoryla-
tion at T205 and S396 was observed in
the hippocampus and cortex of WT
ICV-hyper-pTau mice, compared with
WT ICV-nor-pTau mice (Fig. 7B–G).
However, for CMKLR1�/� mice, the
injection of brain extracts containing
hyperphosphorylated tau did not in-
duce the hyperphosphorylation of tau
at T205 and S396 sites in the brain of
mice (Fig. 7B–G).

To further confirm the involvement
of neuronal CMKLR1 in tau seeding, we
used primary cultures of neurons from
the brain of 1-day-old CMKLR1�/� and
WT mice. The above result has
shown that high glucose (15 and 30
mM) treatment induced a significant
concentration-dependent increase in
tau phosphorylation in SH-SY5Y cells
(Fig. 6B–D). ELISA assay and Western
blot detected that the supernatant
from SH-SY5Y cells stimulated with
high glucose (30 mM) contained
human specific tau protein (Fig. 8A,B).
Then we collected the supernatant,
purified the supernatant with dialysis
bags, and then applied it to the mouse
primary cultures of neurons. As shown
in Figure 8C, we detected the endoge-
nous expression of CMKLR1 in primary
cultures of neurons. After 3 d of treat-
ment, human tau uptake was observed
in WT mouse primary neurons by im-
munofluorescence labeling of intracellu-
lar human tau (Fig. 8D,E; anti-Tau13
antibody, shown in red). However, no
human tau was detected in CMKLR1�/�

mouse primary neurons (Fig. 8D,E).
These results suggest that CMKLR1
expressed on mouse primary neurons is

involved in the uptake of extracellular human tau. Then we further
explored the effect of human tau taken up by neurons on the
phosphorylation of mouse tau. For quantification of tau proteins
(Fig. 8F,G), the immunofluorescence area of human tau (Tau13
antibody, shown in red) and human and mouse tau (Hu and Ms

Figure 3. CMKLR1 deficiency has no effect on the locomotion, spontaneous exploratory, and anxiety of APP/PS1 mice aged
9 months. A, The locomotion of mice was tested on Rotarod, and the fall latency was recorded. B, The spontaneous exploratory
activity of mice was examined in an open field, and the distance traveled during 15min was recorded. The anxiety of mice was
tested in an elevated plus maze (C–E) and an open field (F–H). The distance traveled (C) and the time spent (D) in the open
arm were recorded. E, Representative traces of a mouse’s movements during the elevated plus maze. The distance traveled (F)
and the time spent (G) in the center were recorded. H, Representative traces of a mouse’s movements during the open field test.
Data are mean 6 SEM, with 6-10 mice in each group (WT, n= 9; APP/PS1, n= 7; CMKLR1�/�, n= 10; APP/PS1-CMKLR1�/�,
n= 6). *p, 0.05; **p, 0.01; compared with WT mice. #p, 0.05 compared with CMKLR1�/� mice.
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tau, pT205 and pS396; shown in green) was quantified. The coloc-
alization of human tau and Hu and Ms tau (shown in yellow)
means the human tau. The area of mouse tau (pT205 and pS396)
was calculated by subtracting the fluorescence area of human tau
(shown in yellow) from the fluorescence area of Hu and Ms tau
(shown in green). As shown in Figure 8F, G, human tau taken up
by mouse neurons significantly accelerated the hyperphosphoryla-
tion of mouse tau in primary cultures of mouse neurons. All these
results suggest that CMKLR1 affects tau phosphorylation through
regulating tau seeding.

Discussion
We recently identified that CMKLR1 is a new functional receptor
for Ab . The expression of CMKLR1 is increased in the brain of
AD patients, and it is colocalized with Ab in the hippocampus
and the cortex of APP/PS1 transgenic mice. Furthermore, Ab
activation of CMKLR1 induces microglial cell migration and
internalization of the receptor-Ab complex in primary cultures
of microglia and astrocytes (Peng et al., 2015). All these data sug-
gest that CMKLR1 contributes to the uptake of Ab . However, it
is unclear whether CMKLR1 ameliorates or aggravates the

Figure 4. CMKLR1 deficiency attenuates hyperphosphorylation of tau in the brain of APP/PS1 mice and ICV-STZ mice. A, Representative Western blots showing tau phosphorylation at
Ser199, Thr205, Ser396, and Ser404 in the hippocampus of WT, APP/PS1, CMKLR1�/�, and APP/PS1-CMKLR1�/� mice at the age of 9 months. The levels of nonphosphorylated tau (Tau1) and
total tau (Tau5) were also measured. Quantification of the immunoreactivity of the blots, normalized against total tau (B) and b -actin (C). Data are mean6 SEM, with 6 mice in each group.
*p, 0.05 compared with WT mice. $p, 0.05 compared with APP/PS1 mice. D, Representative Western blots showing tau phosphorylation in the brain of WT and CMKLR1�/� mice receiving
ICV injection of STZ or saline. Quantification of the immunoreactivity of the blots, normalized against total tau (E) and b -actin (F). Data are mean 6 SEM, with 6 mice in each group.
*p, 0.05; **p, 0.01; ***p, 0.001; compared with WT ICV-saline mice. $p, 0.05; $$p, 0.01; compared with WT ICV-STZ mice.
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process of AD. In this manuscript, we found that genetic defi-
ciency in CMKLR1 led to a significant increase of Ab deposition
in the brain of APP/PS1 mice, providing the evidence in vivo
that CMKLR1 is a key receptor involved in the clearance of Ab .
However, interestingly, we also found that the absence of
CMKLR1 markedly decreased the mortality of APP/PS1 mice,

improved the cognitive impairment, and attenuated the hyper-
phosphorylation of tau in the brain of both APP/PS1 mice and
ICV-STZ mice. Several receptors have been identified in glial
cells as endogenous binding sites for Ab , and the activation of
these receptors may induce phagocytosis of Ab and affect the
progression of AD (El Khoury et al., 2007; Bruban et al., 2011;

Figure 5. Upregulation of CMKLR1 and colocalization with MAP2, Iba1, and GFAP in the brain of APP/PS1 mice. A, Representative immunofluorescence images of CMKLR1 (green) in CA1,
CA3, and DG regions of the hippocampus and in the cortex of WT and APP/PS1 mice aged 6 months and 9 months. Scale bar, 50mm. Quantification of the fluorescence intensity of CMKLR1 in
each of the regions, showing that CMKLR1 was significantly increased in the hippocampus and the cortex of APP/PS1 mice at the age of 6 months (B) and 9 months (C). Data are mean 6
SEM, with at least 3 mice in each group. *p, 0.05; **p, 0.01; compared with WT mice. D–F, Colocalization of CMKLR1 (green) with neurons (anti-MAP2, red, D), microglia (anti-Iba1, red,
E), and astrocytes (anti-GFAP, red, F) in the hippocampus and the cortex of APP/PS1 mice aged 9 months. Scale bar, 50mm.
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Frenkel et al., 2013). Frenkel et al.
(2013) reported that Scara1, the scav-
enger receptor for sAb , is also an Ab
clearance receptor. Genetic deficiency
in Scara1 markedly accelerated Ab
accumulation and increased the mortal-
ity of APP/PS1 mice (Frenkel et al.,
2013). Although both the CMKLR1
and Scara1 have the ability to clear Ab
and the deficiency of these two recep-
tors significantly increased Ab deposit
in the AD mouse brain, the effect on
the survival rate of ADmice is reversed.
There is currently no report about the
effect of Scara1 on cognitive function
and tau phosphorylation in the brain of
AD mice. Accumulating evidence sug-
gests that the cognitive dysfunction of
AD is more closely related to tau pa-
thology (Tracy et al., 2016; DeVos et al.,
2017). Therefore, we propose that ab-
sence of CMKLR1 improves the cogni-
tive ability and increases the survival
rate of AD mice, which may be because
of its involvement in the pathologic pro-
gress of tau. In addition, formyl peptide
receptor 2 (FPR2), another functional
receptor for Ab , could externalize and
clear Ab in macrophages (Le et al.,
2001). It has also been reported that the
deletion of FPR2 alleviated the spatial
learning and memory of ICV-STZ mice,
and attenuated the hyperphosphoryla-
tion of tau in the hippocampus and cor-
tex of ICV-STZ mice (Zhang et al.,
2019a). Therefore, to date, all these stud-
ies suggest that, in the middle and late
stages of AD progression, cognitive func-
tion and survival rate may be affected by
many factors, and the content of Ab de-
posit in the brain may not play a leading
role. This may be one of the reasons for
the failure of clinical trials of Ab antibody
treatment for patients with advanced AD
in recent years. Our results support the
notion that preventing or slowing the pro-
gression of tau pathology, such as inhibi-
tion of CMKLR1 expression or activation,
may benefit patients with advanced AD.

Recent studies have shown that
abnormally hyperphosphorylated tau
can be secreted from intact neurons
into the extracellular space, and then
the extracellular tau can be taken up by
normal neurons, suggesting that tau pa-
thology may be driven by a prion-like
spread mechanism (Yanamandra et al.,
2013; Takeda et al., 2015; Dai et al.,
2018; DeVos et al., 2018). In this manu-
script, we found that CMKLR1 defi-
ciency or inhibition attenuated the
hyperphosphorylation of tau in the brains of AD mouse models
in vivo and in the neuronal cells in vitro. Moreover, the expres-
sion of CMKLR1 on the neurons affected tau phosphorylation

by participating in tau spreading. It has been proposed that intra-
cellular tau is released from neurons by different mechanisms of
exocytosis, including secretion (Mohamed et al., 2017), exosome
(Asai et al., 2015), and neuron death (Shafiei et al., 2017). Also,

Figure 6. Inhibition of neuronal CMKLR1 attenuates tau hyperphosphorylation induced by high glucose treatment in SH-SY5Y cells.
A, Representative immunofluorescence images of CMKLR1 (green) in SH-SY5Y cells. Scale bar, 50mm. B, Representative Western blots
showing tau hyperphosphorylation at Ser199, Thr205, and Ser396 from SH-SY5Y treated with 5, 15, or 30 mM glucose for 12 or 24 h.
Quantification of the immunoreactivity of the blots, normalized against total tau (C) and b -actin (D). E, Representative Western blots
showing tau hyperphosphorylation at Ser199 and Ser396 from SH-SY5Y incubated with 5 or 30 mM glucose for 24 h, with or without a
1 h pretreatment with C15 (1 or 10mm). Quantification of the immunoreactivity of the blots, normalized against total tau (F) and
b -actin (G). Data are mean 6 SEM from three separate experiments, each in duplicate or triplicate. *p, 0.05; **p, 0.01;
***p, 0.001; compared with 5 mM glucose treatment group. $p, 0.05; $$p, 0.01; compared with 30 mM glucose treatment group.
Glu: glucose.
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Figure 7. CMKLR1 deficiency is associated with tau spreading in ICV-Tau model mice. A, Schematic representation of ICV-Tau model mouse construction. The hippocampus extracts contain-
ing hyperphosphorylated tau (from 9-month-old APP/PS1 mice) or normal phosphorylated tau (from age-matched WT mice) were centrifuged at 5,500 rpm for 5 min in 4°C, and then the su-
pernatant was injected into the ventricles of 6-month-old WT mice and age-matched CMKLR1�/� mice to establish the ICV-hyper-pTau mice and ICV-nor-pTau mice. Mice were killed 3 weeks
after the injection. B, Representative Western blots showing tau hyperphosphorylation at Ser199, Thr205, and Ser396 in the hippocampus of WT and CMKLR1�/� mice receiving ICV injection
of the extracts containing hyper-pTau or nor-pTau. Quantification of the immunoreactivity of the blots, normalized against total tau (C) and b -actin (D). E, Representative Western blots show-
ing tau hyperphosphorylation in the cortex of WT and CMKLR1�/� mice receiving ICV injection of the extracts containing hyper-pTau or nor-pTau. Quantification of the immunoreactivity of the
blots, normalized against total tau (F) and b -actin (G). Data are mean6 SEM, with at least 2 mice in each group (WT ICV-nor-pTau, n= 2; WT ICV-hyper-pTau, n= 3; CMKLR1�/� ICV-nor-
pTau, n= 3; CMKLR1�/� ICV-hyper-pTau, n= 2). *p, 0.05; **p, 0.01; compared with WT ICV-nor-pTau mice. $p, 0.05; $$p, 0.01; compared with WT ICV-hyper-pTau mice.
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Figure 8. Neuronal CMKLR1 affects tau phosphorylation through regulating tau seeding. A, Tau protein in the supernatant from SH-SY5Y stimulated with 5 or 30 mM glucose was examined
using ELISA. Data are mean6 SEM from three separate experiments, each in duplicate or triplicate. **p, 0.01 compared with DMEM medium without glucose treatment. ##p, 0.01 com-
pared with 5 mM glucose treatment group. B, Representative Western blots showing the human specific tau protein in the supernatant from SH-SY5Y stimulated with 5 or 30 mM glucose. C,
Representative immunofluorescence images of CMKLR1 (green) in primary cultures of mouse neurons. Scale bar, 50mm. D–G, The supernatant from SH-SY5Y treated with 5 or 30 mM glucose
was collected, purified, and then applied to primary cultures of neurons from WT mice and CMKLR1�/� mice for 3 d. Representative immunofluorescence images of human specific tau protein
(red) and human and mouse phosphorylated tau at Thr205 site (green, D) and Ser396 site (green, E) in primary cultures of neurons from WT mice and CMKLR1�/� mice. The primary cultures
of neurons were incubated with the purified supernatant form SH-SY5Y treated with 5 or 30 mM glucose. Scale bar, 50mm. Quantification of the area of mouse phosphorylated tau at pT205
(F) and pS396 (G), calculated by subtracting the fluorescence area of human tau (yellow) from the fluorescence area of Hu and Ms tau (green), showing that human tau taken up by mouse
neurons significantly accelerated the hyperphosphorylation of mouse tau in primary cultures of mouse neurons. Data are mean6 SEM from three separate experiments, each in duplicate or
triplicate. ***p, 0.001 compared with primary cultures of neurons from WT mice treated with the purified supernatant stimulated with 5 mM glucose. $$$p, 0.001 compared with primary
cultures of neurons from WT mice treated with the purified supernatant stimulated with 30 mM glucose. Glu: glucose.

7004 • J. Neurosci., September 2, 2020 • 40(36):6991–7007 Zhang et al. · CMKLR1 Affects Cognition and Tau Phosphorylation



the extracellular tau can be taken up by neighboring cells, both
neurons and glial cells (Santello et al., 2019), by various mecha-
nisms, such as endocytosis (Christianson and Belting, 2014),
pinocytosis (Calafate et al., 2016), phagocytosis (McInnes et al.,
2018), and mediated by receptors (Bolós et al., 2017; Leyns et al.,
2019; Perez et al., 2019). Bolós et al. (2017) reported that extrac-
ellular tau binding to CX3CR1, the microglial fractalkine recep-
tor, triggered the internalization of tau by microglia. This result
suggests that the interaction of tau with the receptors in micro-
glia may contribute to tau spreading (Asai et al., 2015; Maphis et
al., 2015). Our results have shown that CMKLR1 receptor is
expressed on neurons, microglia, and astrocytes. Also, CMKLR1
expressed on neurons participates in tau pathology via regulating
tau seeding. Therefore, whether CMKLR1 on glial cells contrib-
utes to tau seeding needs additional investigation in the future.

In addition, increasing evidence indicates that the inflamma-
tory response induced by sustained activated glial cells is related
to tau hyperphosphorylation and cognitive impairment in AD
(Fakhoury, 2018; Reichenbach et al., 2019). In this study, we
observed that CMKLR1 markedly colocalized with microglia,
and the fluorescence intensity of CMKLR1 in microglia was even
stronger than in neurons, suggesting that CMKLR1 is abun-
dantly expressed in microglia. This result is consistent with that
shown in RNA-seq database provided by Zhang et al. (2014,
2016). Therefore, we verified whether CMKLR1 deficiency
affects the activation of microglia. It was found that CMKLR1
deficiency does not reduce microglial activation, and even fur-
ther increases its activation in the cortex of APP/PS1 mice (data
not shown). Our previous findings showed that CMKLR1 activa-
tion does not induce the production of inflammatory mediators,
such as IL-6, IL-12, and iNOS in microglia (Yu and Ye, 2015),
suggesting that CMKLR1 has no effect on microglial activation.
Also, in addition to CMKLR1, Ab may bind to other receptors
on microglia, such as the receptor for advanced glycation end
product, CD36, CD36/CD47/a6b 1-intergrin, CD14/TLR2/
TLR4, and FPR2. These receptors are responsible for the activa-
tion of microglia and/or production of proinflammatory media-
tors following Ab binding (Yu and Ye, 2015). Therefore,
CMKLR1 deficiency, leading to the further activation of micro-
glia induced by increased Ab deposition, may be because of the
participation of these receptors.

Impaired glucose utilization in the brain is one of the com-
mon pathologic features of AD (Chen et al., 2016). In this study,
we established a cellular model of AD with high glucose treat-
ment to induce tau hyperphosphorylation in SH-SY5Y cells. We
found that high glucose (15 and 30 mM) treatment for 24 h
induced a significant concentration-dependent increase in tau
phosphorylation at Ser199, Thr205, and Ser396 sites in SH-SY5Y
cells. Lee et al. (2016) reported that high glucose treatment (25
mM) for 24 h increased Ab secretion and tau phosphorylation at
Ser396 site in human neuroblastoma SK-N-MC cells. Their fur-
ther mechanism experiments found that high glucose treatment
induced beta-site APP cleaving enzyme 1 expression, which led
to the phosphorylation of AKT and GSK-3b , a major tau kinase
leading to tau hyperphosphorylation in AD (Hernandez et al.,
2010; Lee et al., 2016). High glucose also induced oxidative stress,
which could increase the phosphorylation of GSK-3b by activat-
ing calpain (calcium-activated neutral proteinase) (Saito et al.,
1993; Liu et al., 2005; Feng et al., 2013). Studies have also found
that TLR9/p38 MAPK and ErbB4/mTOR/S6K signaling path-
ways are related to chronic high glucose treatment-induced tau
hyperphosphorylation in primary hippocampal neurons and the
differentiated SH-SY5Y cells, respectively (Sun et al., 2017; Nie et

al., 2018). Our and previous studies have found that Ab and
chemerin are endogenous ligands of CMKLR1 (Meder et al.,
2003; Wittamer et al., 2003; Peng et al., 2015). Lee et al. (2016)
reported that high glucose treatment induced Ab secretion in
SK-N-MC cells. Several studies have reported that Ab can lead
to tau hyperphosphorylation in neurons by activating the protein
phosphatases or kinases (Takashima et al., 1998; Town et al.,
2002; Blurton-Jones and Laferla, 2006; Oliveira et al., 2015).
These data suggest that Ab may induce tau hyperphosphoryla-
tion by interacting with neuronal CMKLR1, and CMKLR1 defi-
ciency may alleviate this effect. Therefore, a possible alternative
mechanism by which CMKLR1 involved in tau hyperphosphory-
lation is interaction with Ab . Additionally, chemerin, also
known as retinoic acid receptor responder protein 2, is another
endogenous ligand of CMKLR1. RNA-seq database shows the
expression of chemerin/retinoic acid receptor responder protein
2 in neurons, microglia, and astrocytes, and it is most expressed
in astrocytes (Zhang et al., 2014, 2016). Studies have found that
chemerin could decrease insulin-induced AKT phosphorylation
and glucose uptake in vascular smooth muscle cells via
CMKLR1-dependent mechanism (Neves et al., 2018). Zhang et
al. (2019b) demonstrated that chemerin ameliorated neuronal
apoptosis partially via activating CMKLR1/CAMKK2/AMPK
signaling pathway. However, there are few reports on the role of
chemerin in neurons. More experiments are needed to verify
how chemerin affects tau phosphorylation in neurons through
CMKLR1.
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