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ARTICLE INFO ABSTRACT

Keywords: White matter injury (WMI) is associated with motor deficits and cognitive dysfunctions in subarachnoid he-
Subarachnoid hemorrhage morrhage (SAH) patients. Therapeutic strategy targeting WMI would likely improve the neurological outcomes
White matter injury after SAH. Low-density lipoprotein receptor-related protein-1 (LRP1), a scavenger receptor of apolipoprotein E
apoE

(apoE), is able to modulate microglia polarization towards anti-inflammatory M2 phenotypes during in-
flammatory and oxidative insult. In the present study, we investigated the effects of LRP1 activation on WMI and
underlying mechanisms of M2 microglial polarization in a rat model of SAH. Two hundred and seventeen male
Sprague Dawley rats (weight 280-330 g) were used. SAH was induced by endovascular perforation. LPR1 ligand,
apoE-mimic peptide COG1410 was administered intraperitoneally. Microglial depletion kit liposomal clodronate
(CLP), LPR1 siRNA or PI3K inhibitor were administered intracerebroventricularly. Post-SAH assessments in-
cluded neurobehavioral tests, brain water content, immunohistochemistry, Golgi staining, western blot and co-
immunoprecipitation. SAH induced WMI shown as the accumulation of amyloid precursor protein and neuro-
filament heavy polypeptide as well as myelin loss. Microglial depletion by CLP significantly suppressed WMI
after SAH. COG1410 reduced brain water content, increased the anti-inflammatory M2 microglial phenotypes,
attenuated WMI and improved neurological function after SAH. LRP1 was bound with endogenous apoE and
intracellular adaptor protein Shcl. The benefits of COG1410 were reversed by LPR1 siRNA or PI3K inhibitor.
LRP1 activation attenuated WMI and improved neurological function by modulating M2 microglial polarization
at least in part through Shcl/PI3K/Akt signaling in a rat model of SAH. The apoE-mimic peptide COG1410 may
serve as a promising treatment in the management of SAH patients.

LRP1
Microglia

1. Introduction hippocampus, however, the white matter injury (WMI) is usually ne-
glected. White matter occupies over 50% of the human central nervous

Subarachnoid hemorrhage (SAH) accounts for up to 5-7% of all system (CNS), which mainly consists of long axons, the ensheathment of
stroke cases with a high mortality rate, as well as leaving 8-20% of its axons with myelin and myelin-producing glial cells [3]. White matter
victims in a permanently disabled state [1,2]. Traditional studies fo- has been shown to be more vulnerable to ischemia/hemorrhagic stroke
cused on the early protection of neuronal cell bodies in cortex or than gray matter and be important cause of cognitive deficits in the
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setting of traumatic brain injury (TBI) [4]. In animal models of SAH,
there was the presence of WMI in the early stage with characteristics of
amyloid precursor protein (APP) accumulation, myelin basic protein
(MBP) degradation and white matter edema [5,6]. WMI has also been
identified in SAH patients that might be correlated with motor deficits
and cognitive dysfunction [7,8]. Thus, therapeutic strategy targeting
WMI would likely improve the neurological outcomes after SAH.

We recently demonstrated that a persistent microglia-induced pro-
inflammatory microenvironment might be an underlying mechanism
that caused WMI after SAH in mice [9]. Depending on the type of sti-
muli and the pathological conditions, there is a wide range of functional
outcomes associated with M1/M2 microglial polarization. While M1
phenotypes of microglia are pro-inflammatory and conducive to the
production of reactive oxygen species (ROS), the immunosuppressive
M2 microglia phenotypes are phagocytic and anti-inflammatory [10]. A
substantial body of evidences has established that the phenotypic shift
toward M1 microglia may propel WMI progression after experimental
TBI and cerebral ischemia [11,12]. Thus, microglial polarization mod-
ulation towards anti-inflammatory, antioxidative M2 phenotype could
be in favor of white matter protection after SAH.

Low-density lipoprotein receptor-related protein-1 (LRP1), a sca-
venger receptor of apolipoprotein E (APOE = gene, apoE = protein), is
highly expressed on neurons and glial cells [13]. Previous studies have
reported that function of LRP1 in microglia is to keep these cells in an
anti-inflammatory and neuroprotective status during inflammatory in-
sult [14]. In the peripheral circulation system, the activation of LRP1/
PI3K/Akt signaling prevented macrophage foam cell formation, sup-
pressed inflammation and promoted cell debris clearance [15]. In
central nervous system (CNS), Akt appears to play a specific role in
modulating microglial M2 polarization via Ser473 phosphorylation
after brain injury [12]. Shcl, an evolutionarily conserved adaptor
protein, is required for LRP1-dependent signal transduction through
PI3K activation and Akt phosphorylation [15].

In the present study, we therefore hypothesized that LRP1-mediated
M2 microglial polarization through Shcl/PI3K/Akt pathway would
attenuate WMI following SAH in rats.

2. Materials and methods
2.1. Animals

All procedures in this study were approved by the Institutional
Animal Care and Use Committee (IACUC) of Loma Linda University and
complied with the National Institutes of Health's Guide for the Care and
Use of Laboratory Animals. A total of 217 adult male Sprague Dawley
rats (weight 280-330 g, Harlan, Indianapolis, IN, USA) were housed in
a vivarium for a minimum of 3 d before surgery with a 12 h light/dark
cycle and ad libitum access to food and water.

2.2. Experimental design
Total of 5 separate experiments were performed as shown in Fig. 1.

2.2.1. Experiment 1

Characterized the time course of endogenous changes in apoE,
LRP1, APP, as well as MBP levels within ipsilateral hemisphere brain
tissues at 3h, 6h, 12h, 24h and 72h after SAH. Forty-eight rats were
randomized into 6 groups: sham (n = 6), SAH-3h (n = 7), SAH-6 h
(n = 6), SAH-12h (n = 7), SAH-24h (n = 14) and SAH-72h (n = 8).
Two rats in the SAH-24 h group were used for LRP1 co-localization via
immunohistochemistry.

2.2.2. Experiment 2

Evaluated the detrimental role of microglia in WMI at 24 h after
SAH. Twenty-eight rats were randomized into the following 3 groups:
sham (n = 9), SAH + phosphate buffered saline (PBS, n = 9) and SAH
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+ liposomal clodronate (CLP, n = 10). The microglial depletion kit CLP
or PBS (FormuMax, Sunnyvale, CA, USA) was injected in-
tracerebroventricularly (i.c.v) using Hamilton syringe (5 pl injected in
5min) at 48h and 24 h prior to SAH.

2.2.3. Experiment 3 and Experiment 4

Confirmed the beneficial effects of LRP1 activation on neurobeha-
vioral function and WMI. Ninety-nine rats were randomized in the
following 5 groups: sham (n = 25), SAH + Vehicle (saline) (n = 35),
SAH + COG1410 (0.2mg/kg) (n = 7), SAH + COG1410 (0.6 mg/kg)
(n =26), SAH + COG1410 (1.8mg/kg) (n =6). The apoE-mimic
peptide COG1410 was injected intraperitoneally (i.p.) 30 min after
SAH.

2.2.4. Experiment 5

Investigated the underlying mechanism of Shcl/PI3K/Akt pathway
in LRP1 mediated microglia polarization modulating. A total of 61 rats
were randomized the following 8 groups: naive + Scramble siRNA
(n = 3), naive + LRP1 siRNA (n = 3), SAH + Scramble siRNA (n = 3),
SAH + LRP1 siRNA (n=3), SAH + COG1410 + Scramble siRNA
(n=9), SAH + COG1410 + LRP1  siRNA (n=10), SAH
+ COG1410 + 25% dimethyl sulfoxide (DMSO, n =9), SAH
+ COG1410 + LY294002 (n = 11). Scramble siRNA or LRP1 siRNA
(500 pmol in 5pl RNase-free suspension buffer) was injected via i.c.v
48 h before SAH. LY294002 (50 mmol/L, 5 pl) or 25% DMSO (5 pl) was
delivered via i.c.v 30 min before SAH. Western blots were performed
using the ipsilateral hemisphere brain tissues collected from all the
animals in each group.

2.3. SAH model

The endovascular perforation model was induced as previously
described [16]. Briefly, rats were intubated and maintained with 3%
isoflurane in 70/30% medical air/oxygen by a rodent ventilator (Har-
vard Apparatus, Holliston, MA, USA). Rodents were placed in a supine
position, and the neck was opened with a sharp scalpel in the midline.
After localization of the appropriate vessels, a 4-0 nylon suture was
inserted into the left internal carotid artery through the external carotid
artery stump until resistance was detected. The suture was further ad-
vanced 3mm to perforate the bifurcation of the anterior and middle
cerebral artery, followed by immediate withdrawn. In the sham-oper-
ated animals, the same procedures were performed without before the
vessel perforation. After removal of the suture, the skin incision was
closed and the rats were housed individually in heated cages until re-
covery.

2.4. SAH grading

The assessment of SAH grading score was performed at 24 h after
SAH by an independent investigator blinded to the experimental group
information as previously described [17]. Briefly, basal cisterns were
divided into six segments, and each segment was graded from O to 3;
grades 0, 1, 2, and 3 indicate no obvious subarachnoid blood clot, a
minor blood clot, a moderate blood clot, and a large subarachnoid
blood clot with an invisible Circle of Willis, respectively. Rats with the
grade < 8 at 24 h after SAH were excluded from this study.

2.5. Short-term neurological function evaluation

The neurobehavioral function was assessed at 24 h after SAH using
modified Garcia and beam balance tests by an investigator blind to
experiment as previously described [18]. The modified Garcia test
(maximum score = 18) included vibrissae touch, trunk touch, sponta-
neous activity, spontaneous movement of the four limbs, forelimbs
outstretching, and climbing capacity. The beam balance test was con-
ducted to assess the ability of rats to walk on a wooden beam for 1 min.
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Experiment 1. Time course study
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Fig. 1. Experimental design and animal groups. SAH, subarachnoid hemorrhage; WB, western blot; IHC, immunohistochemistry; h, hour; CLP, liposomal clo-
dronate; BWC, brain water content; Golgi, Golgi staining; Scr siRNA, scrambled siRNA; LY294002, PI3K specific inhibitor.

The mean score was calculated based on three consecutive trials scored
from O to 4 according to the walking ability.

2.6. Long-term neurological function evaluation

The rotarod test and Morris water maze were performed evaluate
the long-term neurobehavioral function by an investigator blinded to
the group information. The rotarod test assessed the motor-sensory
deficits as previously described [19]. Briefly, rotarod (Columbus In-
struments, Columbus, OH) consists of a rotating horizontal cylinder
(7 cm diameter) that is divided into 9.5-cm-wide lanes. Animals had to
keep walking forward after being placed on the cylinder. The cylinder
started at 5 revolutions per minute (RPM) and 10 RPM, respectively,
and accelerated by 2 RPM every 5 s. Latency to fall off was recorded by
a photobeam circuit.

The Morris water maze assessed the spatial learning memory and
cognitive function as previously described [20]. Briefly, a platform was
placed at the center of one of the quadrants. Rats were placed using a
semi-random set of start locations to find a visible platform above the
water level in 60 s. After that, the rats were guided to the platform and
stayed for 5s. The probe trial was performed at the last day in which
the rats were allowed to swim to search the platform submerged in the
water. Swim path, swim distance, escape latency, and probe quadrant
duration were recorded by a computerized tracking system (Noldus
Ethovision; Noldus, Tacoma, WA, USA).

2.7. Brain water content

Brain water content was evaluated by a wet/dry method as de-
scribed previously [21]. Whole brain were harvested at 24 h after SAH
and separated into the left hemisphere, right hemisphere, cerebellum,
and brain stem. The brain specimens were immediately weighed to
obtain the wet weight and then dried at 105°C for 72h before de-
termining the dry weight. The percentage of brain water content was
calculated as [(wet weight — dry weight)/wet weight] X 100%.

2.8. Intracerebroventricular administration

Intracerebroventricular drug administration was performed as pre-
viously described [21]. Briefly, rats were placed in a stereotaxic appa-
ratus under anesthesia with isoflurane (4% induction, 2.5% main-
tenance). The needle of a 10-ul Hamilton syringe (Microliter701;
Hamilton Company, Reno, NV, USA) was inserted into the right lateral
ventricle through a burr hole using the following coordinates relative to
bregma: 1.5 mm posterior, 1.0 mm lateral, and 3.2 mm below the hor-
izontal plane of the bregma. For LRP1 in vivo knockdown, a total of 500
pmol LRP1 siRNA duplexes (Thermo Fisher Scientific, Waltham, MA)
were dissolved in 5ul RNase free suspension buffer and then infused
into the right lateral ventricle via a pump with the rate 1 ul/min at 48 h
before SAH induction. The same volume of scrambled (Scr) siRNA
(Thermo Fisher Scientific, Waltham, MA) was used as a negative con-
trol. PI3K-specific inhibitor LY294002 (Selleck Chemicals, Houston,
USA) was prepared at 50 mmol/L in PBS (contains 25% DMSO) with a
total volume 5 pl. The LY294002 was injected 30 min before SAH. The
same volume of 25% DMSO was used as a negative control for
LY294002. After injection, the needle was kept in place for an addi-
tional 5 min and retracted slowly. Then, the burr hole was sealed with
bone wax immediately, and the rats were allowed to recover after su-
tures.

2.9. Western blot

Western blot analysis was performed as previously described [22].
After sample preparation, equal amounts of a sample protein (50 pg)
were loaded onto an SDS-PAGE gel. After electrophoresis, the samples
were transferred onto a nitrocellulose membrane. Then, the membrane
was blocked for 2h at room temperature and incubated overnight at
4 °C with the following primary antibodies: anti-apoE (1:500, Abcam,
Cambridge, MA, USA), anti-Iba-1 (1:1000, Wako, USA), anti-APP
(1:1500, Abcam, Cambridge, MA, USA), anti-myelin basic protein
(MBP, 1:1000, Abcam, Cambridge, MA, USA), anti-LRP1 (1:1000,
Abcam, Cambridge, MA, USA), anti-Shcl (1:2000, Abcam, Cambridge,
MA, USA), anti-PI3K (1:1000, Cell signaling, USA), anti-Akt (1:1000,
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Groups Mortality Rate Excluded Groups Mortality Rate Excluded
Experiment 1 SAH+LRP1 siRNA+COG 10%(1/10)

Sham 0(0/6) SAH+LRP1 ScrRNA+COG 0(0/9)
SAH(3h,6h,12h,24h,72h) 19.05%(8/42) 2 SAH+LY294002+COG 9.09%(1/11) 1
Experiment 2 SAH+DMSO+COG 0(0/9)
Sham* 0(0/9) Experiment 5.2
SAH+PBS 0(0/9) naive+ScrRNA 0(0/3)
SAH+CLP 10%(1/10) naive+LRP1 siRNA 0(0/3)
Experiment 3.1 SAH+ScrRNA 0(0/3)
Sham 0(0/6) SAH+LRP1 siRNA 0(0/3)
SAH+Vehicle 12.50%(1/8) 1 Total
SAH+COG(0.2mg/kg) 14.29%(1/7) naive 0(0/6)
SAH+COG(0.6mg/kg)  0(0/6) Sham 0(0/31)
SAH+COG(1.8mg/kg) 0(0/6) SAH 15%(27/180) 5
Experiment 3.2 *Shared samples with experiment 3
Sham 0(0/9)
SAH+Vehicle 16.67%(2/12) 1 0
SAH+COG 10%(1/10) § 15
Experiment 4 o
Sham 0(0/10) B
SAH+Vehicle 30%(5/15) (ID "
SAH+COG 30%(3/10) 3
Experiment 5.1 SAH 3
Sham* 0(0/9) &°
SAH+Vehicle* 16.67%(2/12)
SAH+COG* 10%(1/10)

Fig. 2. Animal usage and SAH grade. SAH, subarachnoid hemorrhage; Vehicle, sterile 0.9% of NaCl; COG, COG1410; Scr siRNA, scrambled siRNA; LY294002, PI3K
specific inhibitor; DMSO, Dimethyl sulfoxide; PBS, phosphate buffer solution; CLP, clodronate liposomes.
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Cell signaling, Danvers, MA, USA), anti-phospho-Akt (p-Akt, 1:1000,
Cell signaling, Danvers, MA, USA), anti-CD16 (1:1500, Santa Cruz,
Dallas, TX, USA), anti-iNOS (1:500, Abcam, Cambridge, MA, USA),
anti-CD206 (1:1500, Santa Cruz, Dallas, TX, USA), and anti-f-actin
(1:5000, Santa Cruz, Dallas, TX, USA). Appropriate secondary anti-
bodies (1:5000, Santa Cruz, Dallas, TX, USA) were selected to incubate
with the membrane for 2 h at room temperature. Then, blot bands were
visualized with an ECL reagent (Amersham Biosciences UK Ltd., PA,
USA). Non-saturated bands were selected to perform densitometry
quantification using Image J software (Image J 1.51, NIH, USA).

2.10. Immunofluorescence staining

Double fluorescence staining was performed as described previously
[23]. Briefly, the rats were transcardially perfused with ice-cold PBS
under deep anesthesia, followed by infusion of 10% paraformaldehyde
at 24 h or 28 d after SAH. The whole brains were harvested and then
fixed in 10% paraformaldehyde for 24 h followed by 30% sucrose so-
lution until saturation. The brains were cut into 10-um-thick coronal
sections using a cryostat (CM3050S; Leica Microsystems, Bannockburn,
I1I, Germany). The sections were incubated overnight at 4 °C with the

Fig. 3. Time course of endogenous LRP1
expressions and white matter injury after
SAH. (A, C-F) Representative Western blots
band (A) of time course and densitometric
quantification of endogenous apoE (C), LRP1
(D), APP (E) and MBP (F) after SAH.
*P < 0.05, **P < 0.01, ***P < 0.001 vs.
Sham group. Data was represented as
mean = SD, n=6 per group, One-way
ANOVA was used followed by Tukey's HSD
post hoc test and Holm-Bonferroni correction.
(B) Colocalization of LRP1 with microglia in

F basal cortex (upper panel) and white matter
1.2 (ipsilateral corpus callosum, lower panel, the
51.01 dotted line represents the limit of the white
ggg matter) at 24 h after sham-operated or SAH.
04 Nuclei are stained with DAPI (blue). Scale bar
g g.g = 50 um, n = 3 per group.

AN\ —— gy
% SAH

following primary antibodies: anti-ionized calcium-binding adaptor
molecule 1 (Iba-1, 1:200, Wako, USA), anti-LRP1 (1:200, Abcam,
Cambridge, MA, USA), anti-myelin basic protein (MBP, 1:100, Abcam,
Cambridge, MA, USA), anti-amyloid precursor protein (APP, 1:300,
Abcam, Cambridge, MA, USA) and anti-neurofilament heavy polypep-
tide (SMI32, 1:300, Abcam, Cambridge, MA, USA) overnight at 4 °C.
After being incubated with the appropriate secondary antibody (1:200,
Jackson Immunoresearch, West Grove, PA, USA) at room temperature
for 2 h, the sections were visualized and photographed with a fluores-
cence microscope (Leica Microsystems, Germany). Microphotographs
were analyzed with Image Pro Plus 6.0 software (MediaCybernetics,
Bethesda, MD, USA). The numbers of Iba-1-positive cells, APP and
SMI32 relative fluorescence intensity were identified and counted in
ipsilateral corpus callosum from three random coronal sections per
brain.

2.11. Golgi staining

The Golgi staining was performed as described previously [24].
Briefly, the rat brain tissues were removed quickly under deep an-
esthesia on days 28 after SAH. The freshly dissected brains were
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Fig. 5. Effects of apoE-mimic peptide COG1410 on neurological functions
and brain water content at 24 h after SAH. Treatment with COG1410 re-
duced brain edema (A) and improved neurological deficits (B, C) at 24 h after
SAH (n = 6 per group). Data was represented as mean * SD. One-way ANOVA
was used followed by Tukey's HSD post hoc test and Holm-Bonferroni correc-
tion. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham group; *P < 0.05,
##p < 0.01, vs. SAH + Vehicle group. Vehicle, sterile 0.9% of NaCl; COG,
COG1410.

immersed in solution A and B for 2 weeks at room temperature and
transferred into solution C for 72 h at 4 °C. The brains were sliced using
a cryostat system (CM3050S; Leica Microsystems, Bannockburn, III,
Germany) at a thickness of 100 um. The following staining steps were
done according to the FD Rapid GolgiStain™ Kit manufacturer's protocol
(Columbia, USA). Brightfield images for brain samples were taken by
Olympus BX51 microscope (Olympus, Waltham, USA). Micro-
photographs were analyzed with Image Pro Plus 6.0 software (Media-
Cybernetics, Bethesda, MD, USA).

2.12. Co-immunoprecipitation

To confirm protein-protein  binding properties, co-im-
munoprecipitation (Co-IP) was performed as described previously [15].
Lysates of rat brain tissue were generated under addition of protease
inhibitor cocktail and phosphatase inhibitor cocktail (Santa Cruz Bio-
technology, Texas, USA). The total protein of the lysates was measured
by the Pierce BCA protein assay Kit (Thermo Scientific, Waltham, MA,
USA) analyses by a GENESYS 10UV-VIS Spectrophotometer (Thermo
Scientific, NY, USA). The rat brain proteins were used for Co-IP ex-
periments performed with the Pierce Co-IP Kit (Thermo Scientific,
Waltham, MA, USA). The Co-IP was done according to the manufac-
turer's protocol. Ten micrograms of the monoclonal LRP1 (Abcam,
Cambridge, MA, USA) were incubated with the delivered resin and
covalently coupled. The antibody-coupled resin was incubated with
200 ml of the whole rat testis protein lysates overnight at 4 °C. The resin
was washed and the protein complexes bound to the antibody were
eluted. Subsequent western blot analyses were performed as described
before.

2.13. Statistical analysis

Statistical analysis was performed with Graph Pad Prism (Graph Pad
Software, San Diego, CA). All data were expressed as the mean and
standard deviation (mean *= SD). One-way analysis of variance
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Fig. 6. Effects of apoE-mimic peptide COG1410 on microglial polarization and white matter injury at 24 h after SAH. Representative immunohistochemistry
microphotographs of microglial polarization and white matter injury staining at 24 h after SAH (A). Immunofluorescent staining against CD16/LRP1 (B) and CD206/
LRP1 (C) of the ipsilateral ipsilateral corpus callosum demonstrated that LRP1 was mainly expressed in CD206-positive M2 phenotypes of microglia but not in CD16-
positive M1 phenotypes microglia. Treatment with COG1410 reduced CD16-positive M1 phenotypes microglia (D), APP relative intensity (F), SMI32 relative
intensity (G), but increased CD206-positive M2 phenotypes of microglia (E). Data was represented as mean + SD. One-way ANOVA was used followed by Tukey's
HSD post hoc test and Holm-Bonferroni correction. ***P < 0.001 vs. Sham group; *P < 0.05, “*P < 0.01, vs. SAH + Vehicle group. Vehicle, sterile 0.9% of NaCl;
COG, COG1410. Scale bar = 50 pm, 100 um or 200 pm, n = 3 per group, regions of interest (ROIs) within white matters were drawn manually on three contiguous

slices of each sample.

(ANOVA) was used followed by multiple comparisons between groups
using Tukey's HSD post hoc test and Holm-Bonferroni correction. Two-
way repeated measures ANOVA was used to analyze the long-term
neurobehavioral functions over time. A P value less than 0.05 was
considered statistically significant.

3. Results
3.1. SAH grade and mortality

There was no significant difference in average SAH grading scores
among the SAH groups. All sham-operated rats were survived. The
overall mortality of SAH was 15.0%. The mortality was not significantly
different among the experimental groups (Fig. 2). Five rats were ex-
cluded from this study due to mild SAH (SAH grade < 8).

3.2. Time course of endogenous protein levels of LRP1, apoE and white
matter injury markers after SAH

Western blot showed that there were significant increases in LRP1
protein level over 72h after SAH which peaked at 3h and decreased
gradually during 6-72h. The endogenous apoE protein level started
increasing at 3 h, peaked at 6 h and decreased at 12 h after SAH. APP, a
sensitive marker of axonal injury that indicates cytoskeletal damage,
showed a continuous elevation over 72 h after SAH that started as early
as 3 h. The normal myelin basic protein (MBP) level started decreasing
at 6 h and was the lowest at 72 h after SAH (Fig. 3A, C-F). Co-locali-
zation of LRP1 with microglia (Iba-1) was observed both in ipailateral
basal cortex and white matter regions (corpus callosum, CC) after SAH
(Fig. 3B).

3.3. The effects of microglial depletion on WMI after SAH

In sham rats, immuniofluorescene staining showed Iba-1 positive
microglia presented the resting morphology with small cell bodies and

thin elongated processes at 24 h after surgery. SAH induced evident
microglial activation in brain including white matter regions, mani-
fested as increased cell numbers with morphology of enlarged cell
bodies and thick shorter processes. After brain microglia was depleted
by i.c.v injection of microglial inhibitor CLP prior to SAH induction, the
total numbers of Iba-1 positive microglia in SAH rat was significantly
reduced (Fig. 4A). Western blot quantification consistently showed a
significantly lower level of Iba-1 protein in SAH + CLP group than that
of SAH + vehicle group (Fig. 4B-C). Immunofluorescence (Fig. 4D,
G-H) and western blots (Fig. 4B, E-F) showed that axonal injury mar-
kers of APP and SMI32 increased and myelin marker MBP decreased at
24 h after SAH. But SAH induced WMI were significantly reversed after
microglial depletion by CLP.

3.4. COG1410 ameliorated brain edema and short-term neurobehavioral
deficiency after SAH

Twenty-four hours after surgery, SAH animals had significantly
higher brain water content in both hemispheres and worse neurobe-
havioral performances than shams. Compared with animals treated
with vehicle, COG1410 at a dose of 0.6 mg/kg and 1.8 mg/kg sig-
nificantly reduced brain edema (Fig. 5A) and improved the Modified
Garcia Score (Fig. 5B) and Beam Balance Score (Fig. 5C). Based on the
brain water content and short-term neurobehavioral function results,
the dose of 0.6 mg/kg was chosen for the rest of experiments.

3.5. COG1410 attenuated WMI by modulating microglial polarization after
SAH

SAH significantly increased the total numbers of Iba-1 positive mi-
croglia at 24 h after injury, in which CD16 positive M1 phenotypes
predominated over CD206 positive M2 phenotypes. COG1410 treat-
ment significantly decreased the M1 phenotypes but increased the M2
phenotypes of activated microglia (Fig. 6A, D-E). Double immuno-
fluorescence staining showed that LRP1 was mainly expressed in
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CD206-positive M2 phenotypes but not in CD16-positive M1 pheno-
types of activated microglia (Fig. 6B—C). Associated with the microglial
M1 to M2 phenotypic shift, the axonal injury markers of APP and SMI32
were significantly attenuated by COG1410 treatment at 24 h after SAH
(Fig. 6A, F-G).

3.6. COG1410 improved long-term neurobehavioral outcome after SAH

SAH rats showed significantly shorter falling latency in both 5 RPM
and 10 RPM rotarod tests compared with the shams on days 7 and 14
after SAH. However, the administration of COG1410 significantly im-
proved the rotarod performance in SAH rats (Fig. 7A-B). In the water
maze test, the travel distance and escape latency for the rats to find the
platform were significantly increased in the SAH + vehicle group
compared with the sham group. However, a significantly shorter time
and swim distance to find the platform were observed on block 2 and
block 3 in the SAH + COG1410 group (Fig. 7D-E). In probe quadrant
trial, the rats in the SAH + vehicle group spent remarkably less time in
the target quadrant when compared with sham group, while the re-
ference memory deficits were significantly improved by COG1410
treatment (Fig. 7C, F). There was no significant difference in swimming
velocity among all three groups (Fig. 7G). The immunofluorescence
staining could still detect the expressions of APP and SMI32 at 28 d
after SAH, which was significantly decreased by COG1410 treatment
(Fig. 7H, J-K). Furthermore, Golgi staining showed that the broken

axons in the SAH + vehicle group that were better preserved in the
SAH + COG1410 group (Fig. 71, L).

3.7. LRP1 siRNA and LY294002 reversed the effects of COG1410 on
microglial polarization and WMI at 24 h after SAH

Injection of LRP1 siRNA via i.c.v 48h before SAH induction sig-
nificantly decreased the expression of LRP1 both in naive and SAH rats,
which confirmed the knockdown efficacy of LRP1 siRNA in the present
study (Fig. 8A, B). Although COG1410 treatment had no effect on in
LRP1 expression after SAH, it significantly increased the protein levels
of Shcl, PI3K, phosphorylated-Akt (Ser473), microglia M2 phenotype
marker CD206 and myelin marker MAP but decreased protein levels of
M1 phenotype marker CD 16 and iNOS, axonal injury marker APP when
compared with vehicle treated SAH rats. When the LRP1 expression was
knockdown in the SAH + COG1410 + LRP1 siRNA group, the effects of
COG1410 on Shcl/PI3K/Akt signaling pathway activation, M2 micro-
glial polarization and white matter protection were reversed when
compared with the SAH + COG1410 + Scr siRNA group (Fig. 8C-L).

The PI3K inhibitor LY294002 was used to assess PI3K involvement
in the signaling pathway underlying the effects of LRP1-mediated mi-
croglial polarization and sequent WMI attenuation after SAH. Without
changes of LRP1 and Schl protein levels, pretreatment with PI3K in-
hibitor LY294002 significantly reversed COG1410 effects on the ex-
pressions of PI3K, phosphorylated-Akt (Ser473), M2 microglial
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phenotype marker CD206, M1 microglial phenotype marker CD 16,
myelin marker MAP and axonal injury marker APP in the SAH
+ COG1410 + LY294002 group when compared with the SAH
+ COG1410 + DMSO group at 24 h after SAH (Fig. 9A-G, I-K).

3.8. Interaction of LRP1 with apoE and the intracellular adaptor protein
Shcl

Using co-immunoprecipitation, we observed the binding en-
dogenous ligand apoE and intracellular adaptor protein Shcl to LRP1 in
the sham or SAH rats brain tissues. As shown in Fig. 9H, apoE and
Shclwere co-immunoprecipitated with LRP1 both in sham and SAH
group at 24 h after surgery, which providing a direct evidence of the
interaction of LRP1 with its ligand apoE and intracellular adaptor
protein Shcl. Furthermore, our results showed that the interaction of
endogenous apoE with LRP1 and Shcl with LRP1 were increased in the
SAH brain tissue compared with that of sham group.

4. Discussion

In the present study, we made the following novel findings: (1)
endogenous apoE and its binding receptor LRP1 were significantly in-
creased over 72 h after SAH which peaked at 6 h and 3 h, respectively.
LRP1 were co-localized with microglia within whiter matter regions.

While the white matter axonal injury marker APP was increased, the
normal myelin marker MBP was decreased continually over 72h
starting at 3 h after SAH; (2) the depletion of microglia by CLP prior to
SAH induction significantly attenuated WMI at 24 h after SAH; (3) in-
traperitoneal injection of an apoE-mimic peptide COG1410 30 min after
SAH significantly decreased brain water content at 24 h after SAH,
improved neurobehavioral deficits at 24h and 28 d after SAH; (4)
COG1410 treatment attenuated WMI at 24h and 28 d after SAH by
modulating microglial polarization towards to CD206 positive M2
phenotypes; (5) COG1410 treatment significantly up-regulated the ex-
pression of intracellular adaptor protein Shcl, PI3K, p-Akt, M2 micro-
glial phenotype marker CD206 and normal myelin marker MBP but
decreased M1 microglial phenotype markers and axonal injury marker
APP at 24 h after SAH. LRP1 mainly expressed in CD206 positive M2
microglia but less in CD16 positive M1 microglia. LRP1 siRNA and
specific PI3K inhibitor LY294002 significantly reversed the aforemen-
tioned COG1410 effects on WMI, M2 microglial polarization and Shcl/
PI3K/Akt activation; 6) LRP1 was directly bound to endogenous apoE
ligand and intracellular adaptor protein Shcl in rats brain tissue at 24 h
after SAH. The results suggested that the activation of Shcl/PI3K/Akt
signaling pathway possibly underlined the effects of COG1410 in the
LRP1 mediated microglial polarization modulation.

White matter comprises over 50% of the human CNS and the two
major constituents, namely axons and myelin, are remarkably
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Fig. 9. Inhibition of PI3K abolished the beneficial effect of COG1410 on M2 microglia polarization, white matter protection at 24 h after SAH. (AG, I-K)
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vulnerable to pressure, ischemia and inflammation [25,26]. The sudden
increase in intracranial pressure (ICP) and blood content in the sub-
arachnoid space are two major causes of acute brain injury after SAH.
We previously demonstrated that arterial rupture could induce a sharp
elevation in ICP, which might impose the mechanical pressure on axons
[27]. Other events such as blood-brain barrier disruption or heme iron
overload attributed to the WMI after SAH [5,28]. Importantly, we re-
cently found that WMI in SAH showed obvious regional distribution
characteristics that mainly presented within the regions with glial cell
aggregation. A recent study demonstrated that inhibition of glial in-
flammatory and oxidative response could improve cognition and motor
complications [29]. Thus pro-inflammatory and pro-oxidative micro-
environment associated with microglial activations may be critical for
WMI progression in the settings of SAH [9]. Consistently, our current
study showed that there were significantly increased axonal injury
marker APP and decreased normal myelin marker MBP over the 72h
after SAH, indicating WMI. Microglial depletion by CLP pretreatment
significantly suppressed the WMI at 24 h after SAH, characterized by
better preservation of normal myelin marker MBP and less axonal in-
jury markers of APP and SMI32. In spite of its significant benefits on
WMI reduction in the early phase post experimental SAH, complete
microglial depletion, however, may not represent a reasonable ther-
apeutic strategy to be applied in the clinical setting.

Upon stimulation and activation, microglial polarized to M1 or M2
phenotypes with distinct functions of pro-inflammatory and im-
munosuppressive, respectively [30]. Microglial polarization to M1
phenotypes contributed to white matter damage and selectively acti-
vated microglial M2 phenotypes helped tissue repairing under condi-
tions of acute brain injury including ischemic stroke [31], traumatic
brain injury [12] and spinal cord injury [32]. In experimental SAH

animals and clinical SAH patients, the activated microglia has been
reported to act as double-edge sword, which could either protect
against neuronal cell death and cerebral blood toxicity or impair cog-
nitive function [33]. Thus, therapies that prime microglia towards the
anti-inflammatory M2 phenotype may offer new therapeutic targets to
attenuate WMI in the setting of SAH. Our data demonstrated that a BBB
permeable apoE-mimic peptide COG1410 promoted M2 microglial po-
larization through LRP1 activation, leading to less brain edema and
WMI as well as neurological deficits in a rat model of SAH.

Emerging data supports the multiple neuroprotective properties of
apoE including anti-inflammation [34], anti-apoptosis [35], anti-oxi-
dant [36] and cerebrovascular integrity maintainability [37]. In hu-
mans, apoE is the major apolipoprotein expressed in the brain and
exists as three isoforms, designated E2, E3, and E4. Many studies, in-
cluding our previous clinical research, have demonstrated that the
presence of the APOEe4 allele predisposes patients to clinical dete-
rioration [27,38,39]. Importantly, Bell et al. showed that glial-secreted
apoE3 and murine apoE, but not apoE4, could signal to surrounding
cells via LRP1 [13]. COG1410 is a peptide derive from apoE amino acid
residues 138-149 of the receptor region of apoE holoprotein with
aminoisobutyric acid (Aib) substitutions at positions 140 and 145
(acetyl-AS-Aib-LRKL-Aib-KRLL-amide), which does not include the
polymorphic residues at positions 112 and 158 that define the E2, E3,
and E4 isoforms of apoE in humans [40]. Our data indicated that
COG1410 promoted M2 microglial polarization after SAH. Specifically,
apoE has been shown to play a crucial role in macrophage conversion
from pro-inflammatory M1 to anti-inflammatory M2 phenotype [41].
Furthermore, we have recently revealed the involvement of apoE in the
process of microglial polarization post SAH [42]. However, how apoE
and COG1410 affect microglial polarization remains elusive.
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In the present study, the Co-IP results indicated direct protein-pro-
tein binding effects of apoE with its receptor LRP1. As a receptor for
free heme, hemopexin (Hx) and the Hx-heme complex, LRP1 acts as
heme scavenger and signaling receptor transports of multiple binding
partners [43]. In humans, LRP1 is a major amyloid-B (Af) clearance
receptor contributes to AP clearance [44]. We confirmed the presence
of LRP1 in microglia using immunohistochemistry and noticed an in-
creased expression of brain LRP1 after SAH. LRP1 knockdown with
LRP1 siRNA significantly abolished the treatment effects of apoE-mimic
peptide COG1410 on M2 microglial polarization. The decreased ex-
pression in pro-inflammatory/pro-oxidative M1 microglia marker and
increased expression in anti-inflammatory M2 microglia marker CD206
suggested a positive feedback loop involving LRP1 activation and M2
microglial polarization. Furthermore, we observed that LRP1 was
mainly expressed in CD206-positive M2 microglia but less in CD16-
positive M1 microglia. Congruently, previous study showed that mi-
croglia deficient in LRP1 adopted a pro-inflammatory phenotype and
exhibited the microglia morphological observed under inflammatory
conditions [14]. Thus, the function of LRP1 in microglia is likely to
keep these cells in an anti-inflammatory and neuroprotective status
during inflammatory insult after SAH.

Our Co-IP results also showed that LRP1 directly bind to the in-
tracellular adaptor protein Shcl. As an evolutionarily conserved
adaptor protein that mediates inflammation signaling, Shcl is required
for LRP1-dependent signal transduction through activation of PI3K and
phosphorylation of Akt [15]. Under conditions involving injury, Akt
regulated M2 microglial polarization via Ser473 phosphorylation [12].
Our data showed that LRP1 knockdown by siRNA or PI3K inhibition by
the specific inhibitor LY294002 significantly reversed the M2 micro-
glial polarization effects of apoE-mimic peptide COG1410. These data
suggested the apoE-mimic peptide COG1410 promoted M2 microglial
polarization by activating Shcl/PI3K/Akt pathway through LRP1 after
SAH in rats.

There are several limitations in this study. First, LRP1 plays multi-
functional roles in lipid homeostasis, signaling transduction, and en-
docytosis [45]. Further research is needed to investigate the other
mechanisms underlying the neuroprotective effects of LRP1 against
WMI after SAH. Second, this study focused on the LRP1 mediated M2
microglial polarization on white matter protection after SAH. We could
not exclude the neurological benefits of LRP1 activation were the re-
sults of both gray and white matter protections. Detailed roles of LRP1
on CNS cells, such as neurons, astrocytes, endothelial cells and oligo-
dendrocytes are necessary for further study. Third, apoE has been
shown to be bound and internalized via receptor-mediated endocytosis
by other receptors, including the low-density lipoprotein receptor
(LDLR), very-low density lipoprotein receptor (VLDLR) and apoE re-
ceptor 2 (apoEr2) in the CNS [46], further studies are needed to un-
derstand how apoE-mimic peptide COG1410 affects these receptors and
the related pathways.

In conclusion, we demonstrated that LRP1 activation by apoE-
mimic peptide COG1410 attenuated WMI and improved neurological
function by modulating microglial polarization toward M2 phenotypes
after SAH. This regulation was at least in part through Shcl/PI3K/Akt
signaling. Thus apoE-mimic peptide COG1410 may serve as a promising
treatment in the management of SAH patients.
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