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Abstract

The activation of C-C chemokine receptor type 1 (CCR1) has been shown to be pro-inflammatory in several animal models of
neurological diseases. The objective of this study was to investigate the activation of CCR1 on neuroinflammation in a mouse
model of intracerebral hemorrhage (ICH) and the mechanism of CCR1/tetratricopeptide repeat 1 (TPR1)/extracellular signal-
regulated kinase 1/2 (ERK1/2) signaling pathway in CCR1-mediated neuroinflammation. Adult male CD1 mice (n =210) were
used in the study. The selective CCR1 antagonist Met-RANTES was administered intranasally at 1 h after autologous blood
injection. To elucidate potential mechanism, a specific ERK1/2 activator (ceramide C6) was administered prior to Met-RANTES
treatment; CCR1 activator (recombinant CCL5, rCCL5) and TPR1 CRISPR were administered in naive mouse. Neurobehavioral
assessments, brain water content, immunofluorescence staining, and western blot were performed. The endogenous expressions
of CCR1, CCL5, TPR1, and p-ERK /2 were increased in the brain after ICH. CCR1 were expressed on microglia, neurons, and
astrocytes. The inhibition of CCR1 with Met-RANTES improved neurologic function, decreased brain edema, and suppressed
microglia/macrophage activations and neutrophil infiltration after ICH. Met-RANTES treatment decreased expressions of
CCRI1, TPR1, p-ERK, TNF-«, and IL-1(3, which was reversed by ceramide C6. The brain CCRI1 activation by
rCCLS injection in naive mouse resulted in neurological deficits and increased expressions of CCR1, TPR1, p-ERK,
TNF-x, and IL-13. These detrimental effects of rCCLS were reversed by TPR1 knockdown using TPR1 CRISPR.
Our study demonstrated that CCR1 activation promoted neuroinflammation through CCR1/TPR1/ERK1/2 signaling
pathway after ICH in mice. CCR1 inhibition with Met-RANTES attenuated neuroinflammation, thereby reducing
brain edema and improving neurobehavioral functions. Targeting CCR1 activation may provide a promising therapeutic ap-
proach in the management of ICH patients.

Key Words Intracerebral hemorrhage - C-C chemokine receptor type 1 - Met-RANTES - brain edema - neuroinflammation

Jun Yan and Gang Zuo contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13311-019-00821-5) contains supplementary
material, which is available to authorized users.

P4 Jiping Tang Department of Neurosurgery, The Affiliated Taicang Hospital,
jtang@llu.edu Soochow University, Taicang, Suzhou 215400, Jiangsu, China

Department of Neurosurgery, School of Medicine, Loma Linda
Department of Neurosurgery, Guangxi Medical University Cancer University, Loma Linda, CA 92354, USA

Hospital, Nanning 530021, Guangxi, China
Department of Earth and Biological Sciences, Loma Linda

> Department of Physiology and Pharmacology, School of Medicine, University, Loma Linda, CA 92350, USA
Loma Linda University, 11041 Campus Street, Loma o
Linda, CA 92354, USA Department of Anesthesiology, School of Medicine, Loma Linda

University, Loma Linda, CA 92354, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-019-00821-5&domain=pdf
http://orcid.org/0000-0002-2392-9280
https://doi.org/10.1007/s13311-019-00821-5
mailto:jtang@llu.edu

CCR1 Activation Promotes Neuroinflammation Through CCR1/TPR1/ERK1/2 Signaling Pathway After Intracerebral... 1171

Background

Spontaneous intracerebral hemorrhage (ICH) is a severe fatal
stroke subtype that accounts for 10 to 15% of all stroke pa-
tients, which associated with high mortality, morbidity, and
high socioeconomic burden [1, 2]. The deposited blood in
brain causes local tissue deformation and its expansion is
regarded as the primary brain injury to damage the
brain tissue. Red blood cell debris and blood products
initiate secondary brain injury including the inflammato-
ry response after ICH. The brain resident microglia cells
are prominently involved in this response and become
activated within minutes after ICH. These series of
events can further lead to tissue damage, blood-brain
barrier disruption, and brain edema [3-5]. Therefore,
anti-inflammatory strategies may have potential therapeutic
effects against ICH and improve neurological outcomes after
ICH [6-9].

Chemokines are a family of low molecular weight proteins
with an essential role in leukocyte trafficking during inflam-
mation. The C-C chemokine receptor type 1(CCR1) encodes a
member of beta chemokine receptor family, which belongs to
G protein-coupled receptors (ref). In brain, several studies
have observed the expression of CCR1 on neurons, microglia,
and astrocytes [ 10—12]. Following neonatal hypoxic ischemia,
CCRI1 was predominantly expressed in the rat cortex, thala-
mus, striatum, hippocampus, cerebral endothelium, and
ependyma [11]. The binding of CCRI1 to its endogenous li-
gand, RANTES (CCLS5), contributed to inflammatory process
in Alzheimer’s disease, autoimmune encephalomyelitis
(EAE), and cerebral ischemia [10, 13, 14]. Met-RANTES,
an N-terminally modified human RANTES, selectively in-
hibits CCR1 activity [15]. Met-RANTES showed the anti-
inflammatory efficacy in the animal models of acute and
chronic inflammation [16, 17]. However, the potential role
of CCRI activation in neuroinflammation and underlying
mechanism as well as the treatment effect of Met-RANTES
have not been investigated in the setting of ICH.

Tetratricopeptide repeat 1 (TPR1) is a ubiquitous protein
with three TPR motifs [18]. In HEK293 cells, the activation of
TPR1/ERK1/2 signaling pathway upregulated pro-
inflammatory mediators including TNF-«, IL-6, and IL-1f3
[19, 20]. Recent study showed that CCR1 may link
Ga14/16 to stimulate TPR1/Ras/MEK/ERK pathway
[19-21]. In addition, CCL5/CCRI axis could activate ERK
and AKT kinases in human adipose tissue-derived stromal
cells [22].

In the present study, we hypothesize that the CCR1 activa-
tion promotes neuroinflammation partially through
CCRI1/TPR1/ERK1/2 signaling pathway in a mouse model
of ICH. The CCRI1 inhibition with Met-RANTES would at-
tenuate neuroinflammation and improve neurological out-
comes in ICH mice.

Methods
Animals

A total of 210 8-week-old male CD1 mice (weight about 30—
40 g, Charles River, MA, USA) were used. Mice were housed
in a 12-h light/dark cycle at a temperature and humidity con-
trolled room for a minimum of 3 days before surgery, with free
access to food and water. All the experimental protocols and
procedures for this study were approved by the Institutional
Animal Care and Use Committee (IACUC) at Loma Linda
University in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.
The manuscript adheres to the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines for reporting
animal experiments.

Experiment Design

In the present study, all mice were randomly assigned to the
following experiments. The experimental design was shown
in Figure S1 (Additional file 1). The summary of experimental
groups, animal numbers, and mortality rate in the study was
listed in Table S1 (Additional file 2).

All the experimental groups’ information was blinded to
the researchers who performed the surgery/neurobehavioral
tests and data analysis. Samples’ size of each experiment
was determined according to previous research using

» Experiment 1

To evaluate time course of endogenous CCR1, CCLS,
TPR1, and p-ERK1/2 expressions in brain after ICH, a total
of 36 mice were randomly divided into 6 groups (n =6/
group): sham, ICH after 3, 6, 12, 24, and 72 h. Western blot
analysis was used to detect expressions of CCR1, CCLS,
TPR1, and p-ERK1/2 in the ipsilateral/right hemisphere of
each group. Additional two mice were used for immunofluo-
rescence staining at 24 h post-ICH. The cellular localization of
CCRI1 was evaluated using double-labeling immunofluores-
cence staining to co-localize CCR1 with ionized calcium
binding adaptor molecule 1 (Iba-1), neuronal specific nuclear
protein (NeuN), and glial fibrillary acidic protein (GFAP) at
24 h after ICH.

»  Experiment 2

To evaluate the anti-inflammatory effect of CCR1 inhibi-
tion with the selective antagonist Met-RANTES in ICH, a
total of 30 mice were randomly divided into 5 groups (n =6/
group): sham, ICH + vehicle (PBS), ICH + Met-RANTES
(0.15 pg/kg), ICH + Met-RANTES (0.5 pg/kg), ICH+ Met-
RANTES (1.5 pg/kg) [23]. Met-RANTES were administered
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intranasally at 1 h post-ICH. Neurobehavioral tests and brain
water content (BWC) were assessed at 24 h post-ICH. Based
on the 24-h outcomes, the optimal dose of 0.5 pg/kg was
chosen for the rest of experiments involving in Met-
RANTES treatment. For neurobehavioral tests and BWC at
72 h post-ICH, a total of 18 mice were randomly divided into
3 groups (n =6/group): sham, ICH + vehicle (PBS) and
ICH + Met-RANTES (0.5 pg/kg). To evaluate the effects of
CCR1 inhibition with Met-RANTES on neuroinflamation at
24 h after ICH, a total of 30 mice were randomized into 3
groups (n=10/group): sham, ICH + vehicle (PBS) and
ICH + Met-RANTES (0.5 pg/kg). Immunofluorescence stain-
ing (n=4/group) of Iba-1, IL-13, and myeloperoxidase
(MPO) was quantified by counting Iba-1, IL-1[3, and MPO-
positive cells in the perihematomal area (20%, averaged from 3
field view/slice, 10 slices/mouse). Western blot (n = 6/group)
was also performed to quantifying the protein levels of Iba-1,
IL-1f3, and MPO.

* Experiment 3

To assess long-term neurobehavioral function, a total of 24
mice were randomized into 3 groups (n = 8/group): sham,
ICH + vehicle (PBS), ICH + Met-RANTES (0.5 ug/kg).
Long-term neurological evaluation was performed as follows:
The foot fault test and rotarod test were performed on days 7,
14, and 21 post-ICH. Morris water maze test was conducted
on days 21-25 post-ICH.

» Experiment 4

To elucidate ERK1/2 signaling pathway in CCRI1-
mediated neuroinflammation after ICH, a total of 30 mice
were randomly divided into five groups (n = 6/group):
sham, ICH + vehicle (PBS), ICH + Met-RANTES
(0.5 pg/kg), ICH+ Met-RANTES +vehicle (DMSO),
ICH + Met-RANTES + ceramide C6. CERAMIDE C6,
a selective ERK1/2 activator was administered by intra-
cerebroventricular injection 24 h prior to ICH induction
followed by the intranasal delivery of specific CCR1
antagonist Met-RANTES (0.5 pg/kg) at 1 h after ICH.
Neurobehavioral tests and western blot were performed
at 24 h post-ICH.

* Experiment 5

To further verify the relationship between CCR1 activation
and TPR1/ERK1/2 signaling pathway, a total of 30 mice were
randomized into five groups (n = 6/group): Naive, Naive +
Vehicle, Naive + rCCL5, Naive + rCCL5 + Scramble
CRISPR, Naive + rCCL5 + TPR1 CRISPR. The CCR1 ago-
nist, rTCCL5, was administrated in naive mice by intracerebro-
ventricular injection. TPR1 CRISPR or Scramble CRISPR
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was intracerebroventricularly injected 24 h prior to rCCL5
administration. Neurobehavioral tests and western blot were
performed at 24 h after rCCLS injection.

Mouse Model of Intracerebral Hemorrhage

ICH was induced by the autologous whole blood injection as
previously described [24, 25]. Briefly, mice were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) (2:1 v/v,
intraperitoneal injection) and positioned prone in a stereotactic
head frame (Kopf Instruments, Tujunga, CA, USA). An arti-
ficial tears ointment (Rugby, Livonia, MI, USA) was used to
keep the eyes moist during surgery. Arterial blood was col-
lected in a nonheparinized capillary tube, transferred immedi-
ately into a 27-gauge needle on a 250-ul Hamilton syringe. A
I-mm cranial burr hole was drilled and the Hamilton syringe
was inserted stereotactically into the right basal ganglia (coor-
dinates: 0.2 mm posterior and 2.2 lateral to the bregma,
3.5 mm below the dura). A total volume of 30 uL blood
was infused into the right basal ganglia using a microinfusion
pump (Stoelting, Harvard Apparatus, Holliston, MA), with
5 uL blood infusion first followed by 25 uL blood infusion
5 min later [26]. The needle was left in place for an additional
5 min after the completion of 30 pL injection to pre-
vent possible leakage, after which was withdrawn slow-
ly at a rate of 1 mm/min. The cranial burr hole was
sealed with bone wax and the incision of scalp was
sutured. A 0.4 ml of normal saline was injected subcu-
taneously to avoid postsurgical dehydration. Mice were
allowed to recover fully from anesthesia under close observa-
tion. The sham operation was performed following the same
procedure without whole blood injection.

Drug Administration

Met-RANTES (R&D Systems, Minneapolis, USA) was dis-
solved in phosphate-buffered saline (PBS). Three different
doses of Met-RANTES were tested (0.15 pg/kg, 0.5 ug/keg,
and 1.5 pg/kg) and were administered intranasally at 1 h after
ICH induction [23]. Ceramide C6 (5 mg/kg; Santa Cruz
Biotechnology, INC., Santa Cruz, USA), a specific ERK1/2
activator, was dissolved in saline and administered
intracerebroventricularly at 24 h before ICH induction [27].
Recombinant CCL5 (rfCCL5) (0.5 pg/mouse; R&D Systems,
Minneapolis, USA), dissolved in PBS, was administered via
intracerebroventricular in naive mouse as previously re-
ported [28]. TPR1 CRISPR was used to knockdown
TPR1 gene expression in the rat brain. A total of
2 pg per pup of TPR1 CRISPR knockout (Santa Cruz
Biotechnology, Dallas, TX, MA, USA) or scrambled
CRISPR (Santa Cruz Biotechnology, Dallas, TX, USA)
was given intracerebroventricularly at a rate of 1 upL/
min using a pump [29].
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<« Fig. 1 Time course expression of CCR1, CCL5, TPR1, and p-ERK1/2
after intracerebral hemorrhage (ICH). a Representative Western blot
images and quantitative analyses of CCR1, CCLS, TPR1, and p-ERK1/
2 time course after ICH. Values are expressed as mean + SD. *p < 0.05,
**p <0.01 versus sham group. N =6. b The schematic illustration of
brain tissue shows the four areas of perihematomal region with mark of
black squares; the images were taken out for the immunofluorescence
staining. ¢ Double immunofluorescence staining for CCR1 (green) in
microglia (Iba-1, red), neurons (NeuN, red), and astrocytes (GFAP, red)
in the perihematomal area at 24 h in sham group and ICH (24 h) group.
Scale bar =50 pum. N =2. DAPI, 4',6-diamidino-2-phenylindole; Iba-1,
ionized calcium-binding adaptor molecule-1; NeuN, neuronal nuclear;
GFAP, glial fibrillary acidic protein

Intracerebroventricular Injection

Intracerebroventricular administration was performed as pre-
viously described [30, 31]. Briefly, the 26-gauge needle of a
10-pl Hamilton syringe was inserted into the left lateral ven-
tricle through a cranial burr hole at the following coordinates
(0.22 mm posterior and 1.0 mm lateral to the bregma,
2.25 mm deep under dura). A microinfusion pump was
used for intracerebroventricular injection at a rate of
0.667 pL/min. The needle was left in place for an ad-
ditional 5 min at the end of infusion and was removed
over a 3-min period. The burr hole was sealed with
bone wax.

Short-Term Neurobehavior Assessment

Short-term neurobehavioral functions were assessed with
modified Garcia score test, forelimb placement test, and cor-
ner turn test at 24 and 72 h post-ICH, as previously reported
[32]. The Garcia score consisted of seven subtests that evalu-
ated spontaneous activity, axial sensation, vibrissae proprio-
ception, symmetry of limb movement, lateral turning,
forelimb walking, and climbing. Each subtest, conducted
with a maximum neurological score of 21, was given a
score ranging from 0 to 3. The forelimb placement test
was used to investigate the responsiveness of vibrissae
stimulation for mice, and results were recorded as a
percentage of the number of successful left forelimb
placements out of 10 consecutive stimulations, Then,
left forelimb placement was calculated as left forelimb
placement/(left forelimb placement + right forelimb
placement) X 100%. For the corner turn test, animals
were arranged to advance into a 30° corner and exit
by turning either to the left or right. Choice of turning
was recorded for a total of 10 trials, and a score was calculated
as number of left turns/all trials x 100.

Long-Term Neurobehavior Assessment

Foot fault and rotarod test were performed to assess
sensorimotor function, coordination, and balance at 1,
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2, and 3 week after ICH. Water maze tests (swim dis-
tance and escape latency) were performed to evaluate
memory and spatial learning at days 21 to 25 after
ICH, as previously described [33]. Morris water maze
test probe quadrant duration was evaluated at day 25
after ICH.

Brain Water Content Measurement

Brain water content (BWC) was measured through wet/dry
method as previously reported [34]. At 24 or 72 h after ICH,
mice were euthanized by decapitation under deep anesthesia.
Brains were removed immediately and divided into five parts:
ipsilateral and contralateral cortex, ipsilateral and contralateral
basal ganglia, and cerebellum. To obtain the wet weight, every
part was immediately weighed through an electric analytic
balance (APX-60, Denver Instrument, NY), then dried at
100 °C for 24 h to obtain the dry weight. Brain water content
was calculated through the following formula: brain water
content (%) =[(wet weight —dry weight)/wet weight] X
100%.

Western Blot Analysis

At 24 h after ICH, mice were transcardially perfused with cold
PBS under deep anesthesia. Brain samples were quickly ex-
tracted and snap frozen in liquid nitrogen. Brain tissues were
stored in — 80 freezers for western blot. Western blotting was
performed as described previously [35]. The ipsilateral/right
brain hemispheres were homogenized in RIPA lysis buffer
(Santa Cruz Biotechnology, Santa Cruz, CA) and centrifuged
at 4 °C for 30 min at 14,000g. Equal amounts of protein were
loaded on an SDS-PAGE gel and run using electrophoresis,
then transferred to a nitrocellulose membrane. The membrane
was blocked and incubated overnight at 4 °C with the follow-
ing primary antibody: rabbit anti-CCR1 (1:1000, Thermo
Fisher scientific, PA1-41062), mouse anti-CCL5 (1:1000,
Santa Cruz sc-373984), rabbit anti-TPR1 (1:1000, Abcam,
ab241484), rabbit anti-ERK1/2 (1:10000, Santa Cruz sc-
292838), rabbit anti-p-ERK1/2 (1:1000, Cell Signaling
9101), rabbit anti-IL-13 (1:1000, Abcam ab9722), rabbit
anti-TNF-o (1:1000, Abcam ab6671), mouse anti-MPO
(1:1000, Santa Cruz sc-390109), goat anti-Iba-1 (1:1000,
Abcam ab5076), mouse anti-3-actin (1:2000, Santa Cruz sc-
47778). Beta-actin was used as an internal loading control.
The respective secondary antibodies (1:3000, Santa Cruz;
1:5000, Abcam) were incubated for 2 h at room temperature.
The bands were probed with an ECL Plus chemiluminescence
reagent Kit (Amersham Biosciences, Arlington Heights, PA)
and visualized with the image system (Bio-Rad, Versa
Doc, model 4000). Relative density of the protein im-
munoblot images was analyzed by Imagel] software
(ImageJ 1.4, NIH, USA).
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Immunofluorescence Staining

At 24 h after ICH, mice were transcardially perfused
with cold PBS under deep anesthesia followed with
10% formalin perfusion. Brains were then removed
and fixed in formalin at 4 °C overnight and dehydrated
with 30% sucrose for 5 days. The frozen coronal slices
(10 um thick) were sectioned in cryostat (CM3050S;
Leica Microsystems). Double immunofluorescence stain-
ing was performed as previously described [26]. The
primary antibodies included rabbit anti-CCR1 (1:200,
thermo fisher scientific PA1-41062), anti-Iba-1 (1:200,
Abcam ab178847).

Statistical Analysis

Data were expressed as the mean and standard deviation
(mean + SD). Statistical analysis was performed with Graph
Pad Prism (Graph Pad Software, San Diego, CA). Multiple
comparisons were statistically analyzed with one-way analy-
sis of variance (ANOVA) followed by Tukey post hoc multi-
ple comparison analysis. Statistical significance was defined
as p<0.05.
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Fig. 2 The effects of different doses of Met-RANTES on neurobehavior
tests, brain water content (BWC) at 24 h and 72 h post-ICH. a Modified
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Results
Animal Mortality and Exclusion

A total of 210 male CD1 mice were used for the study of which
44 were shams, 30 were naives, and 136 mice underwent ICH
induction (Additional File 2: Table S1). None of sham operated
mice died. The total mortality rate of ICH was 5.88% (8/136).
The mortality rate was not significantly different among all the
ICH experimental groups. None of the mice were excluded
from the study (Additional file 2: Table S1).

Time Course and Cellular Expression of CCR1 After ICH

Western blot was performed to assess the endogenous protein
expressions of CCR1, CCL5, TPR1, and p-ERK1/2 in the
ipsilateral/right cerebral hemispheres at 3, 6, 12, 24, and
72 h after ICH. When compared to the sham group, CCR1
expression started increasing significantly at 3 h and peaked at
24 h after ICH. The notable elevation of endogenous CCL5
levels started at 6 h and peaked at 24 h after ICH. The expres-
sions of TPR1 and p-ERK 1/2 showed similar increasing trend
after ICH (Fig. 1A). Double immunofluorescence staining re-
vealed that CCR1 was expressed in the microglia, neurons,
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and astrocytes in both shams and ICH mice. Furthermore,
there were more CCR1 positive cells visualized within the
ipsilateral basal cortex of ICH mice compared to shams (Fig.

1B, O).

CCR1 Inhibition with Met-RANTES Improved
Neurobehavioral Deficits and Reduced Brain Edema

at 24 H and 72 H after ICH

At 24 h and 72 h after ICH, there were significantly

mice than shams. At 24 h after ICH, Met-RANTES at
doses of 0.5 pg/kg and 1.5 pg/kg significantly im-
proved neurological deficits and decreased BWC in the
right basal ganglia and cortex when compared to ICH +
vehicle group (p<0.05, Fig. 2A-H). Based on these
results, the dose of 0.5 png/kg was used as optimal dose
in the rest of the experiments involving in Met-
RANTES treatment. This benefits of Met-RANTES at
dose of 0.5 pg/kg on neurobehavioral deficits and
BWC persisted to 72 h after ICH.

lower neurobehavioral score and higher BWC in ICH

Fig. 3 The effects of
Met-RANTES on microglia/
macrophage activation and neu-
trophil infiltration after ICH. a
Representative images of immu-
nofluorescence staining of Iba-1
(red), IL-13(green), and MPO
(green) in the perihematomal area
at 24 h after ICH. The schematic
illustration of brain tissue shows
the four areas of perihematomal
region with mark of black
squares, which was used for Iba-
1, IL-1f3, and MPO-positive cell
counting in the immunofluores-
cence staining.

b, C, d Quantitative analyses of
Iba-1, IL-13, and MPO-positive
cells in the perihematomal area at
24 hafter ICH. e, f, g
Representative Western blot
bands and quantitative analyses of
Iba-1, IL-1f3, and MPO protein
levels in the ipsilateral hemi-
sphere at 24 h after ICH.

*p < 0.05 versus sham, #p < 0.05
versus ICH + vehicle. Error bars
are represented as mean + SD.
One-way ANOVA, Tukey’s test,
n =06 per group
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CCR1 Inhibition with Met-RANTES Attenuated
Neuroinflammation at 24 H After ICH

At 24 h after ICH, there were significantly increased
microglia/macrophage activation and neutrophil infiltration
compared to shams. Immunofluorescence staining showed
that CCR1 inhibition with Met-RANTES significantly re-
duced the number of Iba-1, IL-1f3, or MPO-positive cells in
the perihematomal area than that in ICH + vehicle group
(p<0.05, Fig. 3A-D). Consistently, western blot results
showed that the protein levels of Iba-1, IL-13, and MPO in
the ipsilateral hemisphere were significantly less in the Met-
RANTES treated ICH mice when compared to those in the
vehicle-treated ICH mice (p < 0.05, Fig. 3E-QG).

CCR1 Inhibition with Met-RANTES Improved
Long-Term Neurobehavioral Outcomes After ICH

There were significantly more foot faults of the left forelimb
and shortened falling latency in rotarod test in ICH mice com-
pared to shams at days 7, 14, and 21 post-ICH. Met-RANTES
treatment significantly improved the behavioral performance
in foot fault test and rotarod test in ICH mice (p <0.05,
Fig. 4A, B). In the Morris water maze, ICH + vehicle group
showed significantly longer swim distance and escape latency

compared to the sham group. However, the inhibition of
CCRI1 with Met-RANTES significantly decreased escape la-
tency and swim distance on blocks 3 to 5 compared to the
ICH + vehicle group (p < 0.05, Fig. 4C, D). In the probe quad-
rant trial, although vehicle-treated ICH mice spent less time in
the target quadrant compared with sham group, Met-
RANTES treatment markedly increased the time spent in the
probe quadrant in ICH mice (p <0.05, Fig. 4E, F).

ERK1/2 Activator Reversed the Neuroprotective
Effects of Met-RANTES Against Neurobehavioral
Deficits and CCR1/TPR1/ERK1/2 Mediated
Neuroinflammation at 24 H After ICH

The pretreatment of ERK1/2 activator ceramide C6 sig-
nificantly reserved the neurobehavioral benefits of Met-
RANTES on the modified Garcia test, forelimb place-
ment test, and corner turn test at 24 h after ICH
(»<0.05, Fig. 5A, B, C). In addition, administration
of Met-RANTES, ceramide C6, and TPR1 CRISPR
did not result in any significant difference in body
weight loss compared to the ICH + vehicle group at
24 h after ICH (p<0.05, Fig. 5D, H).

Met-RANTES significantly reduced protein levels of
CCRI1, TPR1, p-ERK1/2, and pro-inflammatory cytokine of
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Fig.4 Met-RANTES improved long-term neurobehavioral function after
ICH. a Foot fault test and (b) rotarod test. ¢ Escape latency and (d) swim
distance of Morris water maze on 21-25 days after ICH. e Representative
heat map in probe test and (f) probe quadrant duration on day 25 post-

ICH. *p <0.05, **p<0.01 versus sham group; #p <0.05 versus ICH +
vehicle group. Error bars are represented as mean + SD. Two-way repeat-
ed measures ANOVA, Tukey’s test (A-D), and one-way ANOVA,
Tukey’s test (F), n =8 per group
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IL-13 and TNF-o within the ipsilateral hemisphere
brain tissues after ICH. Consistently, ceramide C6 re-
versed effect of Met-RANTES on CCRI1/TPR1/ERK1/2
mediated neuroinflammation, which were associated
with a higher protein level p-ERK1/2, IL-1{3, and
TNF-a compared to Met-RANTES treated ICH mice
(Fig. 6A—F).

CCR1 Activation by rCCL5 Resulted in Neurological
Deficits and Neuroinflammation in Naive Mice
Through CCR1/TPR1/ERK1/2 Signaling Pathway

at 24 H After rCCL5 Injection

The intracerebroventricular injection of rCCLS5 significantly
reduced neurological scores of modified Garcia test, limb
placement test, and corner turn test in naive mice (Fig. 5E,
F, G), which were associated with significantly higher protein
levels of CCR1, TPR1, and pERK1/2 as well as pro-
inflammatory cytokines of IL-13 and TNF-« in the ipsilateral
hemisphere brain tissues. TPR1 CRISPR reversed those ef-
fects of rCCLS5 by significantly reduced TPR1 expressions
when compared to Naive + rCCL5 + Scramble CRISPR group
(p<0.05, Fig. 7A-F).
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Fig. 5 The ERK1/2 activator reversed effects of Met-RANTES on neu-
robehavioral outcomes after ICH and TPR1 CRISPR abolished the pro-
inflammatory effects of rCCL5 and improved neurological function. a
Modified Garcia test, (b) forelimb placement test, (¢) corner turn test,
and (d) the effects of Met-RANTES on body weight loss at 24 h after
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Discussion

In the present study, we investigated the role of CCR1 activa-
tion in neuroinflammation after ICH in mice and the possible
mechanism involving in CCR1/TPR1/ERK1/2 signaling path-
way. We found that 1) the endogenous expressions of CCR1,
TPR1, and CCLS5 (endogenous ligand of CCR1) were in-
creased within ipsilateral brain hemisphere time-dependently
and peaked at 24 h after ICH. CCR1 were expressed on mi-
croglia, neuron, and astrocytes; 2) the intranasal administra-
tion of selective CCR1 agonist Met-RANTES (0.5 ug/kg or
1.5 pg/kg at 1 h after ICH) significantly improved neurolog-
ical deficits, reduced brain edema, attenuated microglia/
macrophage activation and neutrophil infiltration, and de-
creased expressions of CCR1, TPRI1, p-ERK1/2, TNF-«,
and IL-1[3 at 24 h after [CH. Conversely, the ERK1/2 activator
reversed these effects of Met-RANTES; 3) the activation of
brain CCR1 with intracerebroventricular administration of
rCCLS5 resulted in neurologic deficits and neuroinflammation
in naive mice. These detrimental effects in naive mice were
abolished by significantly suppressing brain TPR1 expres-
sions using TPR1 CRISPR. These observations indicated that
brain CCR1 activation promoted neuroinflammation after

Cc Corner Turn Test d Body Weight Loss
80 * *

Left Turn (%)
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o o
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Left Turn (%)
» (2] (=3
o o o

N
o

Body Weight Loss(%)
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ICH. #*p <0.05 versus sham, #p < 0.05 versus ICH + vehicle, @p <0.05
versus ICH + Met-R + Vehicle, and &p < 0.05 versus Naive +Vehicle,
%op < 0.05 versus Naive + rCCLS5 + scr CRISPR. Error bars are represent-
ed as mean = SD. One-way ANOVA, Tukey’s test, n =6 per group
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ICH, at least partly through CCR1/TPR1/ERK1/2 signaling
pathways. The selective CCR1 inhibition with Met-RANTES
provided an effective anti-neuroinflammation strategy to im-
prove neurological outcomes in ICH mice.

CCRI is a membrane receptor widely expressed in the
brain, which belongs to chemokines family [36].
Chemokines are a diverse group of small basic proteins that
mediate directed migration and activation of target cells [37].
They are classified into four subfamilies, C, CC, CXC, and
CX3C, based on structural, functional, and genetic criteria.
Previous studies showed that CCR1 was expressed on microg-
lia [10-12]. The CCR1 mRNA and protein levels were in-
creased in brain, spinal cord, peripheral lymphoid organs,
and blood plasma at 22 h after middle cerebral artery occlu-
sion (MCAO) in mice [13]. Consistently, our double immu-
nofluorescence staining results showed that CCR1 expres-
sions were co-localized on microglia and increased after
ICH. The increases in brain CCR1 protein level started at an
early stage and peaked at 24 h after ICH, which was accom-
panied by similar pattern of increases in endogenous ligand
CCLS and TPR1 protein.

ICH
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Fig. 6 Activation of ERK1/2 with ceramide C6 abolished the neuroprotec-
tive effects of Met-RANTES in ICH mice. a Representative Western blot
bands. b—f Quantitative analyses of CCR1, TPR1, p-EPR, TNF-«, and IL-
1 in the ipsilateral hemisphere at 24 h after ICH. *p < 0.05 versus sham,

Met-RANTES, a selective antagonist for CCR1, was used
for the treatment of acute and chronic inflammation [16, 17].
Emerging evidence has demonstrated that Met-RANTES ex-
erts anti-inflammatory effects by inhibiting proinflammatory
cytokines production in various diseases including autoim-
mune encephalomyelitis (EAE) [23], atherosclerosis [38], ar-
thritis [39] and chronic colitis [40]. After ICH, microglial ac-
tivation and neutrophil infiltration exacerbated the release of
pro-inflammatory mediators, such as TNF-«, IL-1f3, and other
potentially toxic factors, contributing to brain edema and poor
neurological outcomes [7, 41, 42]. Consistent with the
previous studies, our results showed that Met-RANTES im-
proved neurobehavioral deficits, decreased brain edema,
attenuated microglia/macrophage activation and neutrophil
infiltration, and downregulated the expression of pro-
inflammatory cytokines TNF-o and IL-1{3 in perihematomal
areas after ICH.

In this study, we administered Met-RANTES by intranasal
route. Intranasal passage can directly deliver various agents to
the brain bypassing the blood—brain barrier (BBB). Previous
studies showed that neuroprotective agents were delivered to
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#p <0.05 versus ICH + vehicle, and @p <0.05 versus ICH + Met-R +
Vehicle. Error bars are represented as mean = SD. One-way ANOVA,
Tukey’s test, n =6 per group
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the brain in preclinical models of stroke [43, 44]. Intranasal
method of application is easy and not invasive. Additionally,
this is the first study to use Met-RANTES by intranasal route.
The inflammatory response after ICH has been reported to
initiate 2 h after ICH and can last up to 5 days [45].
Previous studies showed that Iba-1 and MPO indicative of
microglia/macrophage activation and neutrophil infiltration
were detected by immunofluorescence staining and Western
blot at 24 h after ICH [42, 46]. In this study, mice were treated
with Met-RANTES 1 h after ICH, so that early inflammatory
response could be attenuated after ICH to prevent the further
progression of injury.

In addition, the early neuroinflammation can cause long-
term movement coordination ability, spatial learning, and
memory abilities impairment [47]. By attenuating early neu-
roinflammation, the inhibition of CCR1 with Met-RANTES
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persistently improved the long-term the sensorimotor and cog-
nitive dysfunction in ICH mice.

Furthermore, we explored the possible mechanism under-
lying brain CCR1 activation-mediated neuroinflammation af-
ter ICH. Previous studies demonstrated the activation of Ras/
MEK/ERK in disease models of cerebral ischemia, oxidative
stress, and neurodegenerative disease [48—50]. Ras/MEK/
ERK has been identified as a novel signaling molecule mod-
ulating inflammatory response in the arthritis of animal
models [51]. A recent study showed that macrophages
CCRI1 activation promoted the release of TNF-oc and IL-1f3
via activating Ras/MEK/ERK [19]. Additionally, CCR1 stim-
ulation activated ERK and AKT kinases and increase NFkB
transcriptional activity in human adipose tissue-derived stro-
mal cells (ADSCs) [22]. Our results demonstrated that CCR1
inhibition with Met-RANTES significantly decreased
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Fig. 7 The effects of rCCL5 and TPR1 CRISPR on the expression of
CCRI and its downstream signaling proteins in naive mice. a
Representative Western blot bands. b—f Quantitative analyses of CCRI1,
TPRI1, p-ERK1/2, IL-1p, and TNF-« in the ipsilateral hemisphere at
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24 h after r*CCL5 administration in naive mice. *p <0.05 versus naive +
vehicle and *p < 0.05 versus naive + rCCL5 + scr CRISPR. Error bars are
represented as mean = SD. One-way ANOVA, Tukey’s test, n = 6 per group
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expressions of CCR1 and phosphorylated ERK1/2 as well as
downregulated the expressions of pro-inflammatory cytokines
including TNF-« and IL-1(3 at 24 h after ICH. Ceramide C6, a
selective ERK1/2 activator [52] increased the activation of
ERK1/2 in cardiovascular diseases. The application of
ERK1/2 activator ceramide C6 before ICH induction
significantly increased brain tissue p-ERK1/2 and re-
versed the beneficial effects of Met-RANTES on neuro-
behavioral deficits and neuroinflammation after ICH.
These results suggest that ERK1/2 phosphorylation
may be the downstream signaling of CCR1 activation-
mediated neuroinflammation after ICH.

Interestingly, ceramide 6 did not change the downregula-
tion of brain TPR1 by Met-RANTES. TPRI is a ubiquitous
protein composed of three TPR motifs [18]. Although the
biological role of TPR1 has not been well defined at present,
it appears to function as a scaffold that TPR1 can link Gal6/
Gal4 activation to Ras signaling in HEK 293 cells [20, 21].
Recent studies have revealed that CCR1 may use the coexis-
tence of Gal4/16 and TPR1 to activate Ras/ERK [19]. We
further investigated the role of TPR1 in CCR1 mediated neu-
roinflammation and its relationship to ERK1/2 activation.
Brain CCR1 activation by intracerebroventricular administra-
tion of rCCL5 in naive mice increased the brain expression of
CCRI1, TPRI1, p-ERK1/2, and pro-inflammatory cytokines
TNF-« and IL-13 at 24 h after rCCL5 injection, leading to
significant neurological deficits. The detrimental effects of
CCRI activation including ERK1/2 phosphorylation were re-
versed by TPR1 CRISPR that significantly suppressed brain
TPR1 expression, suggesting TPR1 is an upstream signaling
of ERK1/2 activation. Also, TPR1 CRISPR did not abolish
the rCCL5-induced elevation in protein level of CCRI1.
Collectively, our findings implicated that CCR1 activation
promoted neuroinflammation possibly through CCR1/TPR/
ERK1/2 signaling pathway.

There are some limitations in this study. First, the present
study only focused on CCRI1 mediated neuroinflammation
after ICH. Future studies are needed to explore the role of
CCRI activation in neuronal apoptosis and blood—brain bar-
rier disruption [40, 41]. Second, the pathophysiology of neu-
roinflammation after ICH is a complex network. We cannot
exclude the contribution of Gs/PLC/DAG/PKC signaling in
CCRI1 mediated inflammation [53]. Third, ICH tends to occur
in elderly patient with hypertension and cerebrovascular dis-
ease [54]. Further studies are needed to certify the neuropro-
tection effects of CCR1 inhibition after experimental ICH in
different age groups. Also, sexual dimorphism has been
shown to exist in neuroinflammation and its mechanisms.
Previous studies showed that decreased mortality and im-
proved neurobehavioral outcomes occur in female compared
to male mice after ICH [54, 55]. However, in this study, we
used only male mice for our experiments, and the neuropro-
tective effect of Met-RANTES in ICH female mice model was

not evaluated. The lack of sex difference evaluation is a major
limitation of the study and needs to be further elucidated in
future studies.

Conclusions

Our study demonstrated that CCR1 activation promoted acute
neuroinflammation at least partially via the CCR1/TPR1/ERK
pathway in a mouse model of ICH. The inhibition of CCR1
with Met-RANTES improved neurobehavioral deficits, atten-
uated brain edema, and neuroinflammation. Therefore,
targeting CCR1 activation may provide a promising therapeu-
tic strategy in the management of ICH patients.
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