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Late onset Alzheimer disease’s (LOAD) main risk factor is aging. Although it is not well known which age-
related factors are involved in its development, evidence points out to the involvement of an impaired
amyloid-b (Ab) clearance in the aged brain among possible causes. Glial cells are the main scavengers
of the brain, where Scavenger Receptor class A (SR-A) emerges as a relevant player in AD because of
its participation in Ab uptake and in the modulation of glial cell inflammatory response. Here, we show
that SR-A expression is reduced in the hippocampus of aged animals and APP/PS1 mice. Given that Ab
deposition increases in the aging brain, we generated a triple transgenic mouse, which accumulates Ab
and is knockout for SR-A (APP/PS1/SR-A�/�) to evaluate Ab accumulation and the inflammatory outcome
of SR-A depletion in the aged brain. The lifespan of APP/PS1/SR-A�/� mice was greatly reduced, accompa-
nied by a 3-fold increase in plasmatic pro-inflammatory cytokines, and reduced performance in a work-
ing memory behavioral assessment. Microglia and astrocytes lacking SR-A displayed impaired oxidative
response and nitric oxide production, produced up to 7-fold more pro-inflammatory cytokines and
showed a 12-fold reduction in anti-inflammatory cytokines release, with conspicuous changes in
lipopolysaccharide-induced glial activation. Isolated microglia from young and adult mice lacking SR-A
showed a 50% reduction in phagocytic activity. Our results indicate that reduced expression of SR-A
can deregulate glial inflammatory response and potentiate Ab accumulation, two mechanisms that could
contribute to AD progression.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The aging of the population is a major challenge in public health
due to the increasing prevalence of age-related chronic diseases,
including several neurodegenerative diseases. Aging is character-
ized by a chronic inflammatory state (Franceschi et al., 2007) and
is the most prevalent risk factor for developing Alzheimer’s disease
(AD). In addition, increasing evidence shows that impaired
amyloid-b (Ab) clearance and neuroinflammation are contributing
factors for developing late onset Alzheimer’s disease (LOAD)
(Gallina et al., 2015; Mawuenyega et al., 2010; McIntee et al.,
2016; Patterson et al., 2015).

Glial cells are responsible for the innate immune response in
the brain, being also involved in Ab clearance, and have attracted
attention in the last decade as mediators of the neuroinflammation
observed in AD (Krabbe et al., 2013; Medeiros and LaFerla, 2013;
Olabarria et al., 2010; Streit et al., 2009). There is robust evidence
showing that microglia and astrocytes develop an inflammatory
phenotype as the brain ages (Lucin and Wyss-Coray, 2009;
Mosher and Wyss-Coray, 2014; Rozovsky et al., 1998), showing
an impaired capability to respond correctly to different stimuli
such as pathogen associated molecules, like lipopolysaccharide
(LPS), and also Ab (Frank et al., 2010; Lue et al., 2001; Tichauer
et al., 2014). These observations led the proposal of new hypothe-
ses placing glial dysregulation as a possible cause for AD
(Rodríguez et al., 2016; von Bernhardi, 2007; von Bernhardi
et al., 2015).
tiating
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Scavenger receptor have emerged as important actors in AD
pathophysiology (Cornejo and von Bernhardi, 2013; El Khoury
et al., 1998); in especial Scavenger Receptor class A (SR-A), given
their participation in Ab phagocytosis (Frenkel et al., 2013) and
in the outcome of inflammatory activation of glial cells (Godoy
et al., 2012; Murgas et al., 2014). Several studies have shown that
SR-A deficiency induces accumulation of Ab (Frenkel et al., 2013;
Lifshitz et al., 2013; Yang et al., 2011). Furthermore, there is evi-
dence that neuroinflammation induced by increased Ab reduces
SR-A expression in microglia (Hickman et al., 2008), which could
result in a vicious cycle in which Ab uptake and regulation of glial
response by SR-A become impaired, further inducing Ab accumula-
tion and a pro-inflammatory environment in the brain. Even
though the role of SR-A in Ab uptake is well established, little is
known about the way SR-A orchestrates the glial response in the
presence of Ab.

In agreement with previous reports, we observed a reduction in
SR-A expression in the hippocampus of aged WT mice, reduction
that in APP/PS1 mice was already present at young ages, suggest-
ing that SR-A participation could be reduced by aging and Ab accu-
mulation. Thus, we generated a triple transgenic mouse that
accumulates Ab and is knockout for SR-A (APP/PS1/SR-A�/�), to
elucidate the relevance of SR-A for Ab accumulation and glial
inflammatory outcome in the aged brain. Here we show that SR-
A deficiency resulted in impairments in the inflammatory response
of microglia and astrocytes in a model of Ab accumulation both
in vivo and in vitro. The absence of SR-A changed the production
of reactive oxygen species (ROS) and nitric oxide (NO), the levels
of pro- and anti-inflammatory cytokines, and the phagocytic activ-
ity of microglial cells. SR-A-deficient APP/PS1 mice showed a high
mortality rate, high levels of plasmatic inflammatory cytokines at
young ages, increased Ab plaques and CD68 expression in the hip-
pocampus. Working memory was mildly impaired in APP/PS1/SR-
A�/� mice assessed with the 6 arms radial water maze (6ARWM)
behavioral test.

Given the fact that Ab is upregulated in aged primate brains
(Zhao et al., 2016), and that Ab accumulation could reduce SR-A
expression (Hickman et al., 2008), our results suggest that SR-A
reduced expression together with Ab accumulation impair the
immune response mediated by microglia and astrocytes, promot-
ing a pro-inflammatory environment and a reduced Ab clearance,
favoring a vicious cycle for AD development.
2. Materials and methods

2.1. Reagents

LPS (from Escherichia coli 0111:B4), Thioflavin S and antibody
against a-tubulin were purchased from Sigma (ThermoFisher,
USA). HiLyte Fluor 555-labeled-Ab(1-42) was purchased from Ana-
spec (USA). Percoll was obtained from GE Healthcare Life Sciences
(USA). The antibody against ionized calcium-binding adapter
molecule 1 (Iba1) was from Wako (Japan). Antibody against glial
fibrillary acidic protein (GFAP) and the fluorescent mounting med-
ium were purchased from Dako (Agilent Technologies, Denmark).
Antibody against SR-A was from R&D Systems (USA). Antibody
against CD68 was from AbD Serotec (USA). Alexa Fluor 488-
conjugated secondary antibody anti-rabbit, 5-(6)-chloromethyl-20

,70-dichlorodihydrofluorescein diacetate (CM-H2DCF DA) and
Hoechst 33258 were from Molecular Probes (ThermoFisher, USA).
ELISA kits for cytokine detection were purchased from eBioscience
(Affymetrix, USA). Cell culture media, antibiotics and serum were
purchase from Gibco (ThermoFisher, USA). Flow cytometry buffers
Cytofix/Cytoperm and Perm/Wash were obtained from BD bio-
sciences (USA).
Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
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2.2. Mice

APP/PS1 bi-transgenic mice (B6.Cg-Tg(APPswe,PSEN1dE9)85D
bo/J, C57Bl6/J background) were purchased from Jackson Laborato-
ries (USA). SR-A�/� and SR-A+/+ mice (129/ICR background) were
kindly facilitated by Dr. Guillermo Merino, and their developer,
Dr. Tatsuhiko Kodama (Research Center for Advanced Science
and Technology, University of Tokyo, Japan) and kept at the insti-
tutional animal facility. Mice were housed at a maximum density
of 5 adult mice per cage, in a temperature-regulated room with a
12 h light/dark cycle, and with free access to food and water.
APP/PS1/SR-A�/� triple transgenic mice were generated by back-
crossing heterozygous APP/PS1 and homozygous SR-A�/� animals
for more than 12 generations. Animals were genotypified after
weaning (primers and genotyping examples in Supplemental
Fig. S1a). All procedures were performed following the animal han-
dling and bioethical requirements defined by the Pontificia Univer-
sidad Católica de Chile School of Medicine Ethics Committee and
the National Institutes of Health guide for the care and use of Lab-
oratory animals (NIH Publications No. 8023, revised 1978).

2.3. Glial cultures

Mixed glial cell cultures, containing astrocytes and microglia,
were obtained from the cerebral cortex of 1-to-2 day old WT,
APP/PS1, SR-A�/� or APP/PS1/SR-A�/� mice, as previously described
(Giulian and Baker, 1986). Briefly, cortices were rinsed with Ca2+/
Mg2+-free Hank‘s balanced salt solution (HBSS); meninges were
removed, and tissue was minced and incubated with 0.25%
trypsin-EDTA in HBSS at 37 �C for 10 min. The tissue was mechan-
ically dissociated, and cells were seeded in 75 cm2 cell culture
flasks (one brain per flask) in Dulbecco’s Modified Eagle’s Medium
DMEM/F12 supplemented with 10% fetal bovine serum (FBS), 100
U/ml penicillin and 100 lg/ml streptomycin. Cultures were incu-
bated in a water saturated, 5% CO2 atmosphere at 37 �C.

After 14 days in culture, microglia were purified by differential
adhesion with 60 mM Lidocaine at 37 �C for 10 min (Bronstein
et al., 2013). Microglia were resuspended and seeded in a 1:1 mix-
ture of supplemented DMEM/F12 and conditioned media (Condi-
tioned culture medium was obtained from mixed glial cell
cultures, centrifuged at 200 g for 10 min, and kept sterile for later
use). After 24 h of seeding, the medium was replaced by fresh sup-
plemented DMEM/F12. Astrocytes were purified by differential
adhesion after trypsinization of the attached cells after the isola-
tion of microglial cells. This procedure yield cultures that were
highly enriched in astrocytes (95% or more) or microglia (over
99%). Cell identity was evaluated by immunocytochemistry against
Iba1 (1:500) for microglia, and GFAP (1:500) to identify astrocytes
(data not shown).

Glia were plated in 6-well plates at a density of 2.5 � 105 cells
per well for Western blot, in 96-well black plates with optical bot-
tom at a density of 4 � 104 cells per well for ROS detection, and in
24-well plates at a density of 1 � 105 cells for NO and ELISA deter-
mination of cytokines. For immunofluorescence, 4 � 104 cells were
seeded on 12 mm glass coverslips.

2.4. Western blot

Hippocampal tissue was homogenized in ice-cold RIPA buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and
protease inhibitors, pH 7.5). Samples were separated by elec-
trophoresis in 12% poly-acrylamide gels and transferred to a nitro-
cellulose membrane. After transference, the membrane was
treated with blocking buffer (0.05% Tween 20, 5% milk in PBS)
and then incubated with goat anti SR-A (1:500), and mouse anti
a-tubulin (1:1000) primary antibodies. Supplemental Fig. S1b
ciency impairs immune response of microglia and astrocytes potentiating
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and S1c show the characteristic pattern of labeling for SR-A. The
primary antibody was rinsed, and the membranes were incubated
with the corresponding horseradish peroxidase-conjugated sec-
ondary antibody (1:2000). Densitometry was made with the Image
studio software (LI-COR).

2.5. ELISA determination of cytokines

Production of cytokines was determined by ELISA, according to
the manufacturer’s protocol (eBioscience/Affymetrix). Plasma sam-
ples were obtained from 3- and 12-month-old mice. Approxi-
mately 800 ml of total blood was obtained by transcardiac
puncture. Plasma was separated by centrifugation at room temper-
ature (RT, 1100 g for 20 min) and stored at -20 �C until analysis.

For the assessment of cytokines in brain parenchyma, mice
were perfused with ice cold HBSS by transcardiac puncture. The
brain was extracted, and the hippocampus was collected in ice-
cold lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, and pro-
tease inhibitors, pH 7.4), sonicated and centrifuged at 4 �C (14,000
g for 30 min). The supernatant was collected and stored at �20 �C
until the ELISA was performed.

For the determination of cytokine production by glial cells in
culture, microglia were stimulated for 24 h and astrocytes for 48
h with 1 mg/mL LPS. Cell culture supernatants were collected and
kept frozen until the assay.

For the assay, 100 ml of sample was added to the ELISA plate
coated with the capture antibody and incubated at 4 �C overnight
(ON). A standard curvewas simultaneouslymadewith recombinant
cytokine. Detection antibodies were incubated at RT for 1 h, and the
reaction was developed with avidin–HRP and substrate solution.
Absorbencywasmeasured at 450 nmwith reference to 570 nmwith
the microplate reader Synergy HT (Biotek Instruments).

2.6. Behavioral tests

Behavioral performance was evaluated in 9-month-old mice
with the Morris Water Maze (Vorhees and Williams, 2006). Before
beginning behavioral assessment, the mice performed a training
protocol, which lasted 4 days, with 5 trials per day. The first behav-
ioral test performed after the training was Task Q. This test lasted
5 days, with 10 trials with a maximum duration of 60 s per trial.
Each trial began by positioning the mouse in a different quadrant
of the pool, and the time for the animal to reach the platform,
which was always located in the same quadrant, was recorded
(Savonenko et al., 2005). The latency time to reach the platform
was recorded using the MENU2100 software (HVS image).

At last, the 6-arm radial water maze (6ARWM) was performed.
This test lasted 4 days, with 8 trials of 120 s as the maximum time
allowed per trial. The mouse was put on a different arm of the
maze in each trial, but each day the platform was placed on a dif-
ferent arm.

2.7. Assessment of Ab plaques by immunohistochemistry and
Thioflavin S staining

The mice were transcardially perfused with cold HBSS followed
by 4% p-formaldehyde (PFA). The brains were maintained in PFA
ON., and the next day they were placed in a 10% sucrose solution,
and transferred to a 30% sucrose solution after 48 h. The brains
were cut with a cryostat (Microm), obtaining 40 lm thick coronal
sections for immunolabelling. Briefly, sections were incubated in a
solution of 3% H2O2 + 10% Methanol for 1.5 h, and then blocked
with 5% goat serum (GS) at RT for 1 h. Subsequently, the sections
were incubated with anti-Iba1 (1:1000) or anti-CD68 (1:1000)
antibodies at 4 �C ON. The next day, sections were incubated with
biotinylated secondary antibody (1:200) at RT for 2 h, and then
Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
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incubated with ABC solution (1:100) for 1 h, and later revealed
with the DAB kit (Vector Laboratories). After completion of label-
ing, the slides were mounted, allowed to dry at RT for 48 h, rehy-
drated, and immersed in hematoxylin solution for 5 min. Finally,
the slides were incubated with 1% Thioflavin S in 70% ethanol for
10 min, rinsed in 70% ethanol for 5 min and sealed with Dako flu-
orescent mount medium.

2.8. Stereological analysis

To quantify CD68-positive cells in the hippocampus, the coronal
sections labeled by immunohistochemistrywere analyzed by stere-
ology (Golub et al., 2015). Briefly, the fractional area for CD68 was
measured using a light microscope coupled to an interface having
the Stereo Investigator software (MBFBiosciences), and each sample
was measured through a thickness in the range of 20–24 lm (Hou
et al., 2012). The hippocampus boundary was drawn, and a 600 �
600 lm sampling site was selected. At each sampling site, a 10 lm
spacing counting frame was superimposed, and those markers that
co-located with cells positive for CD68 labeling were considered as
positive, while the remaining markers were labeled negative. The
fraction of area of immunoreactivity was calculated as the number
of positive markers divided by the total number of markers.

2.9. In vitro Ab uptake assay

To determine the ability of glial cells to uptake Ab, purified
microglia were incubated with 1 mg/ml non-fibrillar HiLyte Fluor
555-labeled-Ab(1-42) in supplemented DMEM/F12 at 37 �C for 3 h.
Cells were washed with PBS containing 1 mM CaCl2, and fixed with
2% PFA at RT for 30 min. Fixed cells were permeabilized with 0.2%
Triton X-100 for 10 min, and labeled with a rabbit anti-Iba1
(1:500) antibody at 4 �C ON, and later with Alexa Fluor 488-
conjugated anti-rabbit (1:500) at RT for 3 h, to confirm microglia
identity. As a final step, nuclei were stained with Hoechst for 10
min. The coverslips were washed and mounted with Dako fluores-
cent mount medium. Five fields were randomly photographed per
coverslip (Olympus, Tokyo, Japan). The percentage of microglia
positive for labeled Ab and the mean fluorescence by cell was
assessed with the Image J software (NIH).

2.10. Flow cytometry

Microglia and astrocytes were obtained from the brain as previ-
ously described (von Bernhardi et al., 2011). Briefly, brain cortices
from 3- and 12-month-old mice were homogenized and passed
through 120 and 60 mm mesh filters. Homogenates were disaggre-
gated in digestion buffer (0.05% collagenase D, 100 mg/ml TLCK and
5 U/ml DNAse I in 10 ml HBSS) at 37 �C for 30 min, and centrifuged
at RT (170 g for 10 min). The pellet was resuspended in 3 ml of 37%
Percoll and slowly laid in 3 ml 70% Percoll (Cardona et al., 2006).
On the top of the tube, 3 ml of 30% Percoll was added, followed
by 2 ml of HBSS. The gradient was centrifuged al RT (14,100 g for
20 min with no brake), and glial cells were carefully isolated from
the 37%/70% interface.

2.10.1. SRA expression
presence of SR-A in microglia and astrocytes was assessed by

flow cytometry. Cells were centrifuged at 4 �C (100 g for 5 min),
incubated with BD Cytofix/Cytoperm buffer on ice for 20 min,
and washed twice with BD Perm/Wash buffer. After blocking with
10% goat serum for 20 min, cells were incubated with rabbit anti-
Iba1 or anti-GFAP (1:100) and with goat anti- SR-A (1:100) in ice
for 30 min, washed twice with BD Perm/Wash buffer, and
incubated with anti-rabbit Alexa Fluor 488 (1:100) and anti-goat
Alexa Fluor 564 (1:100) for another 30 min. After two additional
ciency impairs immune response of microglia and astrocytes potentiating
org/10.1016/j.bbi.2017.12.007
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washes, cells were resuspended in 500 ml of PBS and counted in a
BD FACSVerse flow cytometer (BD Biosciences).

2.10.2. Ex vivo phagocytic assay
cells were pre-treated with 1 mg/mL LPS for 30 min with gentle

agitation at 37 �C, and then incubated with 1 mg/ml HiLyte Fluor
555-labeled-Ab(1-42), in supplemented DMEM/F12 at 37 �C for 3 h.
Cells were centrifuged at 4 �C (100 g for 5 min), incubated with
BD Cytofix/Cytoperm buffer on ice for 20 min, and washed twice
with BD Perm/Wash buffer. After blocking with 10% goat serum
for 20 min, cells were incubated with rabbit anti-Iba1 or anti-
GFAP (1:100) in ice for 30 min, washed twice with BD Perm/Wash
buffer, and incubated with anti-rabbit Alexa Fluor 488 (1:100) for
another 30 min. After two additional washes, cells were resus-
pended in 500 ml of PBS and counted in a BD FACSVerse flow
cytometer (BD Biosciences).

2.11. Determination of nitrite

Nitrite (NO2
�), a stable product of NO, was determined by the

Griess assay (Pfeiffer et al., 1997). Briefly, microglia were stimu-
Fig. 1. SR-A expression is reduced in the hippocampus of APP/PS1 mice. (a) SR-A protein
PS1 mice by Western blot. (b) Results are expressed as the mean ± SEM of the levels of
obtained from 3-month-old WT mice). Two-way ANOVA analysis revealed significant ag
5.25, p = .0323); ** and *** indicate p < .01, and p < .001, respectively using Bonferroni po
months, WT = 6 (3F & 3 M); APP/PS1 = 7(4F & 4 M). Analysis of SR-A expression by flow cy
12 months old WT mice. Results of microglial SR-A expression are shown as the rela
hippocampal astrocytic SR-A expression are shown as relative intensity for SR-A label
significant aging effect (F (1, 8) = 17.39, p = .0031) and a significant effect for genotype (F(1
3.075, p = .1176) but there was a significant effect for genotype (F(1,8) = 24.47, p = .0011
n = 3 per group.
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lated for 48 h and astrocytes for 72 h with 1 mg/ml LPS. After
stimulation, 50 ml of the culture medium was mixed with 10 ml
of 0.25 M EDTA (pH 8.0) and 60 ml of freshly prepared Griess
reagent (20 mg N-[1-naphthyl]-ethylendiamine and 0.2 g sul-
phanilamide dissolved in 20 ml of 5% w/v phosphoric acid) for
the determination of NO2

� production. Calibration curves were
established with 1–80 mM NaNO2. The reaction between NO2

�

and the Griess reagent yield a colored product, whose absor-
bency was measured at 570 nm in a microplate reader Synergy
HT (Biotek Instruments).

2.12. Reactive oxygen species determination

Reactive Oxygen Species (ROS) production was assessed with
the ROS-sensitive dye CM-H2DCF DA, which oxidation produces a
fluorescent adduct that remains trapped within cells. Microglia
and astrocytes were loaded with 10 mM CM-H2DCF DA ON, and
treated with 1 mg/ml LPS at 37 �C for 1 h. CM-H2DCF DA was
excited at 485 nm, and emitted fluorescence was measured at
530 nm in a microplate reader Synergy HT (Biotek Instruments)
at 37 �C.
expression was measured in the hippocampus of 3- and 12-month-old WT and APP/
SR-A normalized by a-tubulin levels (as fold changes relative to the average value
ing effect (F (1, 21) = 12.92, p = .0017) and a significant effect of genotype (F(1,21) =
st hoc test. ‘‘n” at 3 months, WT = 7 (4F & 3 M); APP/PS1 = 6 (3F & 3 M); and at 12
tometry showed that it is reduced in microglia (c) and astrocytes (d) of APP/PS1 and
tive intensity for SR-A labeling (MFI) on Iba1 positive cells ± SEM (a). Results of
ing (MFI) on GFAP positive cells. Two-way ANOVA analysis for microglia revealed
,8) = 35.44, p = .0003). For astrocytes, there was no significant effect for age (F(1,8) =
). * and *** indicate p < .01, and p < .001, respectively using Bonferroni post hoc test.

ciency impairs immune response of microglia and astrocytes potentiating
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2.13. Statistical analysis

Statistics were performed with two-way ANOVA analysis fol-
lowed by Bonferroni’s post hoc test to compare differences among
genotypes (WT, APP/PS1, SR-A�/�, APP/PS1/SR-A�/�) at different
experimental conditions (basal vs. LPS-treated mice, young vs.
old mice). Non-parametric two-tailed statistics (Mann-Whitney
test) was used to compare two independent samples. Sample sizes
were defined based on previous studies and the requirements for
specific two-tailed tests. All data were expressed as the mean ± S
EM. Analyses were conducted with the GraphPad Prism software
(GraphPad Software Inc). The null hypothesis was rejected if P <
.05.
Fig. 2. APP/PS1/SR-A�/� mice have increased mortality. (a) Kaplan-Meier survival
curves are shown for WT, APP/PS1, SR-A�/� and APP/PS1/SR-A�/� mice. P < .0001 for
APP/PS1/SR-A�/� curve compared with the other genotypes according to Mantel-
Cox test. The survival assessment started at 1 month of age. The number of mice
used for the survival curves are as follow: WT n = 308, APP/PS1 n = 204, SR-A�/� n =
537, APP/PS1/SR-A�/� n = 252. Representation of females and males was similar,
and no significant differences depending on sex were detected. (b) Development of
body weight recorded bi-weekly in male (in black) and female (in grey) mice for the
4 genotypes. The arrow shows the period when the last APP/PS1/SR-A�/� mice die
(thick black/grey line). There was no conspicuous weight loss in the triple
transgenic animals. The number of mice evaluated for their weight is as follow:
WT n = 27F & 24 M; APP/PS1 n = 13F & 12 M, SR-A�/� n = 25F & 27 M, APP/PS1/SR-
A�/� n = 13F & 24 M.
3. Results

3.1. Expression of SR-A is reduced in the hippocampus of APP/PS1 mice

To complement previous reports (Hickman et al., 2008), we
measured SR-A expression in the hippocampus of WT and APP/
PS1 mice by Western blot (Fig. 1a). We show that, whereas in
12-month-old WTmice, SR-A expression was reduced by 75% com-
pared to 3-month-old WT, in APP/PS1 mice SR-A expression was
already low in 3-month-old animals, being half of that of WT mice
at 3 months of age. No changes were observed between 3- and 12-
month-old APP/PS1 mice (Fig. 1b). To address changes in SR-A
expression in microglia and astrocytes, glial cells were isolated
from 3 and 12 months old WT and APP/PS1 mice, and SR-A expres-
sion was assessed by flow cytometry (Fig. 1c, d). A similar SR-A
expression pattern profile to that observed in the hippocampus
was observed in microglia across genotypes. Microglia and astro-
cytes from 3-month-old WT mice express higher SR-A amounts
than 3- and 12-month-old APP/PS1 mice and 12 months old WT
animals. The expression of SR-A by microglia is over 20-fold higher
than in astrocytes (compare graphs in panels c and d). To establish
if Ab affects directly SR-A expression, we exposed neonatal glial
cells in culture to increasing concentrations of Ab (0.2 um, 0.5
and 1 mm for 48 h). Our preliminary analysis with qPCR analysis
showed a reduction on SR-A mRNA levels normalized with the
RPLP0 ribosomal mRNA (Supplemental Fig. S2).
Table 1
Recorded cause of death during the 1st year of life.

WT/
SRA+/+

APPPS1/
SRA+/+

WT/
SRA�/�

APPPS1/
SRA�/�

% % % %

Humane end point
Severe Dermatitis/Ocular

Infections
0.0 2.3 2.0 2.2

Underdevelopment/
Deteriorating body condition

1.4 1.6 3.5 2.8

Prolapse (intestinal or
genitourinary)

0.5 0.8 1.0 1.7

Total Humane end point 1.9 4.7 6.5 6.7
Found dead 3.4 9.4 7.6 79.2
Total 5.3 14.1 14.1 86.0
3.2. The absence of SR-A in APP/PS1 mice reduces life expectancy and
increases the plasmatic level of inflammatory cytokines

To determine the effects of SR-A deficiency over the phenotypic
features of APP/PS1 mice in vivo, physiological and inflammatory
changes induced in APP/PS1/SR-A�/� mice were compared with
WT or single transgenic mice. During the first two months of age,
APP/PS1/SR-A�/� mice did not exhibit behavioral or phenotypic dif-
ferences compared with the WT, APP/PS1 and SR-A�/� littermates.
However, mortality increased abruptly around the third month and
by the fifth month of life, approximately 60% APP/PS1/SR-A�/�

mice were dead; whereas more than 95% mice of the other geno-
types were still alive. By 12 months of age, only 10% of triple
APP/PS1/SR-A�/� mice were alive (the maximal life span recorded
was 13.9 months), whereas 90% or more mice of the other geno-
types were alive. Although APP/PS1 and SR-A�/� mice showed a
slight increase of mortality after 5 months of age, their life span
showed no statistically significant difference with that of WT ani-
mals (Fig. 2a).

In addition, as an overall assessment of the health and welfare
of mice, a veterinarian regularly performed a general body condi-
tion assessment and weight them at weaning and bi-weekly after
3 months of age. Our results show that there are no statistically
significant differences in weight among the various genotypes
Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
Alzheimer’s disease pathophysiology. Brain Behav. Immun. (2017), https://doi.
(Fig. 2b; males in black and females in grey). Finally, table 1 shows
the recorded cause of death. Although we observed a discrete
increase of humane end in transgenic compared with WT animals,
the most relevant cause of death for APP/PS1/SR-A�/� mice
appeared to be sudden unexpected death during the night (a 23-
fold increase compared with WT mice and 10-fold increase com-
pared with SR-A�/� mice). The mice found dead did not show signs
of deterioration. There was no rapid body weight loss, nor
hypothermia, labored respiration, diarrhea, abnormal vocalization
ciency impairs immune response of microglia and astrocytes potentiating
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or posture, nor behaviors suggestive of acute stress that would
activate the humane end point protocol. In terms of general behav-
ior, APP/PS1/SR-A�/� mice showed repetitive behaviors, increased
barbering, and very aggressive behavior especially among males
older than 2 months old. We also received reports on behavior sug-
gestive of seizures (coherent with the sudden unexpected death
during the night) or other motor abnormalities, which we could
not objectively evaluate, but were not reported for the other geno-
types. Autopsy analysis on animals subjected to humane endpoint
or some of those found dead did not reveal conspicuous changes
explaining death (hemorrhage, conspicuous brain lesions or gener-
alized infection processes).

To addresspathophysiological alterations that couldbe related to
the premature death of triple transgenicmice,we analyzed the plas-
matic levels of inflammatory cytokines in young and adult mice (3-
and 12-month-old, respectively, Fig. 3). Three months old APP/PS1/
SR-A�/�mice had higher levels of IL1b and TNFa than APP/PS1mice,
which have similar levels than those in WT and SR-A�/�. At 12
months of age, SR-A�/�mice showed a significant increase of plasma
levels of IL1b and TNFa, increase thatwas further exacerbated in the
APP/PS1/SR-A�/�mice (Fig. 3). No significant differenceswere found
between male and female mice (not shown).
3.3. Neurobehavioral performance in the 6ARWM test is impaired in
APP/PS1/SR-A�/� mice

To analyze the effect of the absence of SR-A on the behavior of
APP/PS1 mice, two neurobehavioral tests were performed:
Fig. 3. The absence of SR-A results in increased plasmatic levels of inflammatory
cytokines. IL1b (a) and TNFa (b) levels were measured in plasma obtained from
blood drawn by transcardiac puncture from 3- and 12-month-old mice (white and
black filled bars, respectively). Results are expressed as the mean ± SEM of the
cytokine concentration determined by ELISA. Two-way analysis revealed for IL1b
plasmatic levels significant aging effect (df = 1, F ratio = 48.06, p < .0001) and a
significant effect of genotype (df = 3, F ratio = 19.3, p < .0001). Likewise, two-way
analysis revealed for TNFa plasmatic levels a significant effect of aging (df = 1, F
ratio = 25.65, p < .0001) and a significant effect of genotype (df = 3, F ratio = 13.83, p
< .0001); *, **, and *** indicate p < .05, p < .01, and p < .001, respectively using
Bonferroni post hoc test. ‘‘n”at 3 months, WT = 18 (9F & 9 M), APP/PS1 = 22 (12F &
10 M), SR-A�/� = 19 (9F & 10 M), APP/PS1/SR-A�/� = 15 (8F & 7 M) and at 12
months, WT = 20 (10F & 10 M), APP/PS1 = 13 (6F & 7 M), SR-A�/� = 15 (8F & 7 M),
APP/PS1/SR-A�/� = 9 (4F & 5 M).
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6ARWM, which evaluates working memory and Task Q, which
evaluates spatial memory (Fig. 4). Analysis of the latency time in
the Task Q showed significant differences for the APP/PS1 mice at
the first day (Fig. 4a). Also, on the 6ARWM test, it took longer for
APP/PS1/SR-A�/� mice to find the platform compared with WT
mice on day 2 of the assay, when the animals presented the worst
behavioral performance (Fig. 4b).

3.4. APP/PS1/SR-A�/� mice have an increased deposition of Ab plaques
in the hippocampus

To evaluate the effect of the absence of SR-A on the formation of
Ab plaques, hippocampal cryosections of APP/PS1 and APP/PS1/SR-
A�/� mice were labeled with Thioflavin S to visualize the Ab pla-
ques (Fig. 5a, b). Measurement of the area occupied by Ab plaques
revealed that APP/PS1/SR-A�/� animals had twice as much area
occupied by Ab plaques than that observed in the hippocampus
of APP/PS1 mice, also having a significant increase in the number
of Ab plaques (Fig. 5c). The area occupied by Ab plaques is similarly
increased in APP/PS1 and APP/PS1/SR-A�/� mice at 9 months
(Fig. 5a,b,e,f), but differences were observed in the number of Ab
plaques with age (Fig. 5b,g). In contrast, no significant differences
were found in the number of microglia associated with each Ab
Fig. 4. APP/PS1/SR-A�/� mice have reduced working memory. Latency time was
measured for the Task Q (a) and for the 6ARWM (b). In a, Two-way ANOVA analysis
with repeated measurements revealed significant days of training effect (F (3, 231)
= 148.6, p < .0001) and a significant effect of genotype (F (3, 77) = 5.921, p < .0011); ‘‘
$” indicates p = .0025 between APP/PS1 and WT, and ‘‘£” indicates p < .0031
between APP/PS1 and SR-A�/�. In b, ANOVA two-way analysis with repeated
measurements revealed significant days of training effect (F (3, 231) = 29.12, p <
.0001) and a significant effect of genotype (F (3, 77) = 4.661, p < .0048); **** indicates
p < .0001; ‘‘&” indicates p = .0103 between APP/PS1/SR-A�/� and WT, and ‘‘#”
indicates p = .0031 between APP/PS1/SR-A�/� and SR-A�/�. Multiple comparisons
were performed with Bonferroni post hoc test; WT = 20 (10F & 10 M), APP/PS1 = 23
(11F & 12 M), SR-A�/� = 27 (13F & 14 M), APP/PS1/SR-A�/� = 15 (6F & 9 M).
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Fig. 5. APP/PS1/SR-A�/� mice have an increased deposition of Ab plaques in the hippocampus at 9 and 12 months. The area of Ab plaques in the hippocampus of APP/PS1 and
APP/PS1/SR-A�/� mice were measured at (a) 12 months and (e) 9 months of age in thioflavin S (TF, green) stained sections (Scale bar = 200 lm). The results are shown as the
percentage of area occupied by Ab plaques per area of hippocampus and as number of Ab plaques per field (b, f. g). The number of microglia (brown) associated with each
hippocampal Ab plaque (green) in APP/PS1 and APP/PS1/SR-A�/� mice were assessed by immunohistochemistry against Iba1 in 9 and 12-month-old mice (scale bar = 20 lm).
The results are shown as the number of microglia per Ab plaque (c). The number of phagocytic cells in the hippocampus of APP/PS1 and APP/PS1/SR-A�/� mice were
determined at 9 and 12 months of age by immunohistochemistry against CD68 (brown) in hippocampal cryosections (scale bar = 200 lm). The results of the stereological
quantification are shown as the number of cells positive for CD68 per mm3 (d). A comparative analysis of CD68 presence in the hippocampus at 12-month old mice of the
different genotypes showed that SR-A�/� and WT microglia showed similar levels of CD68 expression. In contrast, CD68 in APP/PS1 hippocampus was 1.8-fold higher and in
APP/PS1 SR-A�/� was 2.4-fold higher than in WT animals (Supplemental Fig. S3). Data correspond to the mean ± SEM. Differences in area and number of plaques (b) and
number of Cd68 positive cells (d) are *p < .05 and ***p < .001 according to Mann-Whitney test. Two-way ANOVA analysis showed significant effect of the genotype (F(3,18) =
19.34, p = .0083), but not for age (F(1,18) = 0.1349, p<=.1934). The difference in plaque area between APP/PS1 and APP/PS1/SR-A�/� has p < .05 at 12 months of age. n: WT = 7
(4F & 3 M), APP/PS1 = 8 (4F & 4 M), SR-A�/�= 7 (3F & 4 M), APP/PS1/SR-A�/�= 7 (4F & 3 M).

F. Cornejo et al. / Brain, Behavior, and Immunity xxx (2017) xxx–xxx 7

Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A deficiency impairs immune response of microglia and astrocytes potentiating
Alzheimer’s disease pathophysiology. Brain Behav. Immun. (2017), https://doi.org/10.1016/j.bbi.2017.12.007

https://doi.org/10.1016/j.bbi.2017.12.007


8 F. Cornejo et al. / Brain, Behavior, and Immunity xxx (2017) xxx–xxx
plaque among phenotypes (Fig. 5c), although a significant increase
in the number of microglia CD68 positive was observed at 12
months in the hippocampus of APP/PS1/SR-A�/� mice (Fig. 5a, d,
Supplemental Fig. S3).
3.5. Microglia isolated from mice lacking SR-A show a reduced uptake
of Ab

Primary cultures of microglia were seeded in coverslips and
incubated with fluorescent-tagged Ab(1-42) (Cy3-Ab) to determine
their phagocytic capacity (Fig. 6). There was a strong influence of
SR-A deficiency on morphology. SR-A-deficient microglia
appeared in a rather small and elongated shape, even after stim-
ulation with LPS, whereas WT and APP/PS1 microglia displayed
Fig. 6. Ab phagocytosis is reduced in the absence of SR-A. Purified microglia were incu
microglia that phagocytosed Ab in basal conditions (a-d) and after LPS treatment (f-i) vari
m) and APP/PS1/ SR-A�/� (d, I, n) mice. Microglia was identified by immunofluorescenc
average of the percentage of Ab positive microglia cells (e) is reduced in mice lacking S
analysis revealed a significant effects of LPS treatment for 48 h (df = 1, F = 75.90, p < .000
cells (j); values are expressed as the mean ± SEM. (e) *, **, and *** indicate p < .05, p < .01, a
of immunelabelled assays of Cy3-Ab phagocytosed by WT (k), APP/PS1 (l), SR-A�/� (m) an
against Iba1 (green) were in the same z-plane compartment of the cell, suggesting Cy3-Ab
are also shown. Orange lines indicate corresponding points on the orthogonal planes, sh
cultures were obtained from pools of neonates obtained from independent mothers. n:
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the typical shape of activated amoeboid microglia. Most of
microglia derived from WT and APP/PS1 mice actively up-took
Ab (Fig. 6a, b) in unstimulated conditions. By contrast, in
unstimulated conditions cells lacking SR-A (SR-A�/� and APP/
PS1/SR-A�/�) showed a 20% reduction of cells phagocytosing Ab
(Fig. 6c, e). When microglia were previously treated with LPS,
Ab phagocytosis (measured as the mean fluorescence per cell)
was only induced in APP/PS1 cells, but induction was abolished
in APP/PS1/SR-A�/� (Fig. 6j), suggesting that lack of SR-A
impaired Ab uptake induction by LPS in APP/PS1 microglia.
Cy3-Ab and Iba1 antibody shared the same plane localization
in confocal analysis (Fig. 6k-n). The Z-scan images taken to verify
Ab uptake revealed that the Cy3-Ab was internalized by micro-
glial cells and not bound to the cell surface (Fig. 6k-n).
bated with fluorescent-tagged Ab(1-42) (Cy3-Ab) for 3 h (red label). The number of
ed according microglia was obtained fromWT (a, f, k), APP/PS1 (b, g, l), SR-A�/� (c, h,
e against Iba1 (green label). Arrow heads show cells that are negative for Ab. The
R-A (p = .0070, df = 3 followed by Newman-Keuls post hoc test); Two way ANOVA
1) and genotype (df = 3, F = 9.068, p < .0001) upon the Ab-fluorescence of microglia
nd (j) p < .001 in Newman-Keuls and Bonferroni post hoc tests. (k-n) Confocal images
d APP/PS1/ SR-A�/� (n) microglia. Uptake of Cy3-Ab (Red) and immunofluorescence
incorporation into the cell. Nuclei are labeled with Hoechst (blue). Planes YZ and XZ
owing localization of the label within the pictured cell. Scale bar = 20 mm. Microglia
WT = 5, APP/PS1 = 5, SR-A�/� = 6, APP/PS1/SR-A�/� = 3).
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Cortical glial cells freshly isolated from young and adult mice
were incubated with fluorescent-tagged Ab to test their ability to
uptake Ab by flow cytometry (Fig. 7). Microglia obtained from 3-
Fig. 7. Ab phagocytosis in microglia obtained from young mice is reduced in the absence
capacity of microglia to phagocytose Abwas assessed by flow cytometry with a phagocyt
month-old mice are shown for each genotype. (b) Results of microglial phagocytosis are s
positive cells ± SEM; Two-way ANOVA analysis revealed significant effect of age (F(1,92)
microglia respect to the total number of glia cells are shown. Two-way ANOVA revealed n
1.185, p = .3211). Values in b and c, are expressed as the mean ± SEM. *, **, and *** indicat
PS1 n = 17, SR-A�/� n = 15, APP/PS1/SR-A�/�n = 11. 12 months: WT n = 22, APP/PS1 n = 1

Fig. 8. The cytokine profile in the hippocampus is affected by the presence of SR-A. IL1b (
of 3- and 12-month-old mice. Results are shown as the mean ± SEM of the concentration
ANOVA analysis show significant effect of age for IL1b (F(1,48) = 75.66, p < .0001), TNFa
22.79, p < .0001). Significant effect of genotype was observed for IL10 (F (3, 79) = 14.28,
.5352), and TGFb (F (3, 92) = 0.6072, p = .6120); *, **, ***, and **** indicate p < .05, p < .01, p <
test. 3 months: WT n = 13, APP/PS1 n = 17, SR-A�/� n = 15, APP/PS1/SR-A�/�n = 11. 12 m

Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
Alzheimer’s disease pathophysiology. Brain Behav. Immun. (2017), https://doi.
month-old WT and APP/PS1 mice showed a higher capacity to
phagocytose Ab than their SR-A�/� and APP/PS1/SR-A�/� counter-
parts (Fig. 7a, b). A 50% decrease in the ability to phagocytize Ab
of SR-A. Microglia and astrocytes were isolated from 3- and 12-month-old mice. The
osis assay using fluorescent-tagged Ab. (a) Representative dot plots obtained from 3-
hown as the mean of Iba1 and Ab positive cells respective to the total number of Iba1
= 24.27, p< = .0001) and genotype (F(3,92) = 4.15, p = .0083). In c, the percentage of
o significant effect for both, age (F(1, 76) = 3.755, p = .0564) and genotype (F(3,76) =
e p < .05, p < .01, and p < .001 in Bonferroni post hoc test. 3 months: WT n = 13, APP/
9, SR-A�/� n = 27, APP/PS1/SR-A�/� n = 8.

a), TNFa (b), IL10 (c) and TGFb (d) levels were measured ex vivo in the hippocampus
expressed as picograms of cytokine per milligram of protein in the tissue. Two-way
(F(1, 24) = 11.52, p < .0001), IL10 (F (1, 79) = 23.48, p < .0001), and TGFb (F (1, 92) =
p = .0241), but not for IL1b (F(3,48) = 0.7468, p = .5295), TNFa (F(3, 124) = 0.73, p =
.001, and p < .0001, respectively, for multiple comparisons with Bonferroni post hoc
onths: WT n = 22, APP/PS1 n = 19, SR-A�/� n = 27, APP/PS1/SR-A�/� n = 8.
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was observed in 12-month-old WT and APP/PS1 compared with
the young mice (Fig. 7b), even though the fraction of microglia in
the glial cell population was unaffected by the age or the genotype
of the mice (Fig. 7c).

3.6. The absence of SR-A modifies IL1b, TNFa and IL10 levels in the
hippocampus

Pro- and anti-inflammatory cytokine levels were assessed in the
hippocampus of young and adult mice. Hippocampal levels of IL1b
increased significantly in 12-month-old mice, where SR-A�/�

showed higher levels compared with SR-A+/+ mice (Fig. 8a). Inter-
estingly, 3-month-old SR-A�/� and APP/PS1/SR-A�/� mice had
low levels of TNFa in the hippocampi, which increased above the
levels of WT animals at 12 months of age (Fig. 8b). Regarding
anti-inflammatory cytokines, 3-month-old mice lacking SR-A (SR-
A�/� and APP/PS1/SR-A�/�) showed significantly increased levels
of IL10 in the hippocampus, although levels decreased by 12
months of age to values like those observed in WT mice (Fig. 8c).
Hippocampal levels of the anti-inflammatory cytokine TGFb were
similar in 3- and 12-month-old WT mice, and were also like the
levels observed in young transgenic mice. However, TGFb was sig-
nificantly reduced in the 12-month-old APP/PS1, SR-A�/� and APP/
PS1/SR-A�/� mice (Fig. 8d). All changes were mild.

3.7. The absence of SR-A promotes an inflammatory environment with
increased pro-inflammatory and reduced anti-inflammatory cytokines
release

Production and release of cytokines into the extracellular med-
ium by primary cultures of microglia (Fig. 9) and astrocytes
(Fig. 10) was measured in basal conditions and after LPS stimula-
tion. In basal conditions, microglia lacking functional SR-A (SR-
A�/� and APP/PS1/SR-A�/�) released increased amounts of pro-
Fig. 9. Release of cytokines by microglia depends on the presence of SR-A. Inflammato
neonatal microglia were assessed by ELISA. IL1b (a), TNFa (b), IL10 (c) and TGFb levels (d)
expressed as the mean ± SEM. Two-way ANOVA revealed significant effect of genotype f
9.956, p < .0001), and TGFb (F (3, 31) = 47.11, p < .0001). Significant effect on LPS-inductio
and IL10 (F (1, 43) = 30.83, p < .0001), but not TGFb (F (1, 31) = 0.921, p = .3446). *, **, *

comparisons with Bonferroni post hoc test. WT n = 9, APP/PS1 n = 9, SR-A�/� n = 14, APP
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inflammatory cytokines IL1b and TNFa (Fig. 9a, b), but reduced
amounts of the anti-inflammatory cytokines IL10 and TGFb
(Fig. 9c, d) compared with glial cells from WT and APP/PS1 mice.

After stimulation with LPS, SR-A�/� and APP/PS1/SR-A�/� micro-
glia showed a reduced induction of the release of IL1b compared
with WT and APP/PS1 cells (Fig. 9a). Furthermore, whereas LPS
induced the release of TNFa by microglia of all genotypes
(Fig. 9b), the induction was considerably reduced in SR-A�/� and
APP/PS1/SR-A�/� microglia compared with the induction observed
in microglia derived from WT and APP/PS1 mice. Remarkably, in
response to LPS stimulation, release of IL10 by microglia increased
100-fold more in SR-A�/� and 180-fold more in APP/PS1/SR-A�/�

than the induction observed in WT cells (Fig. 9c). No differences
were found on LPS-induced release of TGFb among the different
genotypes (Fig. 9d).

Basal levels of IL1b were not significantly affected by the lack of
SR-A, and LPS failed to increase the release of this cytokine in all
genotypes (Fig. 10a). Like microglia, astrocytes lacking SR-A (SR-
A�/� and APP/PS1/SR-A�/�) showed increased basal levels of TNFa
(Fig. 10b). Induction by LPs in contrast, yield increase levels of
TNFa in SR-A�/� and APP/PS1/SR-A�/� astrocytes (Fig. 10b). IL10
basal levels were similar for all genotypes. However, LPS induced
a mild increase of IL10 release only in astrocytes deficient for SR-
A, inducing significantly higher levels of IL10 in APP/PS1/SR-A�/�

astrocytes than in WT or APP/PS1 astrocytes (Fig. 10c). Levels of
the anti-inflammatory cytokine TGFb were reduced in cells lacking
SR-A (Fig. 10d). LPS did not affect the release of TGFb for any of the
genotypes (Fig. 10d).

3.8. Glial cell production of nitric oxide is impaired in the absence of
SR-A

We quantified nitric oxide (NO) production in microglia and
astrocytes in culture, to assess how the lack of SR-A affects NO
ry (a-b) and anti-inflammatory (c-d) cytokines released to the culture medium by
under basal conditions (white bars) and after 24 h of LPS treatment (black bars) are

or IL1b (F(3,72) = 17.4, p < .0001), TNFa (F(3, 41 = 18.96, p < .0001), IL10 (F (3, 43) =
n was obtained for IL1b (F(1,72) = 513.5, p < .0001), TNFa (F(1, 41 = 545.1, p < .0001),
**, and **** indicate p < .05, p < .01, p < .001, and p < .0001, respectively for multiple
/PS1/SR-A�/�n = 11 independent cultures.
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Fig. 10. Release of cytokines by astrocytes depends on the presence of SR-A. Inflammatory (a-b) and anti-inflammatory (c-d) cytokines released to the culture medium by
neonatal astrocytes were assessed by ELISA. IL1b (a), TNFa (b), IL10 (c) and TGFb levels (d) basal levels (white bars) and after 48 h of LPS treatment (black bars) are expressed
as the mean ± SEM. Two-way ANOVA analysis revealed significant effect of genotype for IL1b (F(3,142) = 3.899, p < .0103), TNFa (F(3, 66 = 178.1, p <0.0001), IL10 (F (3, 56) =
4.553, p < .0063), and TGFb (F (3, 86) = 15.1, p < .0001). Significant effect on LPS-induction was also obtained for TNFa (F(1, 66) = 1340, p < .0001), IL10 (F (1, 56) = 31.34, p <
.0001), and TGFb (F (1, 86) = 20.37, p < .0001), but not for IL1b (F(1,142) = 0.0239, p = .8771). *, **, ***, and **** indicate p < .05, p < .01, p < .001, and p < .0001, respectively for
multiple comparisons with Bonferroni post hoc test. WT n = 9, APP/PS1 n = 13, SR-A�/� n = 24, APP/PS1/SR-A�/�n = 18 independent cultures.
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production. NO release to the culture medium, as determined
through its stable intermediary nitrite (NO2

�), was measured under
basal conditions and after LPS stimulation in culture (Fig. 11). In
unstimulated conditions, microglia from WT, APP/PS1, SR-A�/�

and APP/PS1/SR-A�/� mice showed similar levels of nitrite in cul-
ture (Fig. 11a). However, LPS stimulation induced a robust increase
of nitrite release by WT and APP/PS1 microglia, but failed to
increase nitrite release in microglia from SR-A�/� and APP/PS1/
SR-A�/� mice (Fig. 11a). Astrocytes from SR-A�/� and APP/PS1/SR-
A�/� mice showed slightly reduced basal extracellular levels of
nitrite (Fig. 11b). Stimulation with LPS resulted in a 10-fold
increase in NO release in WT astrocytes, but did not induce a sig-
nificant increase in APP/PS1, SR-A�/� or APP/PS1/SR-A�/� (Fig. 11b).

3.9. Microglia lacking SR-A exhibit reduced oxidative response to LPS
treatment

CM-H2DCF DA fluorescence was measured as an indirect assess-
ment of the intracellular production of ROS by microglia and astro-
cytes in culture before and after LPS exposure (Fig. 12). In basal
conditions, SR-A�/� microglia and astrocytes showed reduced
intracellular ROS levels (Fig. 12a). After stimulation with LPS, WT
and APP/PS1 microglia showed a 20% and 35% increase of intracel-
lular ROS levels, respectively, whereas SR-A�/� and APP/PS1/SR-
A�/� microglia were unable to induce intracellular ROS in response
to LPS (Fig. 12a). Only a very mild induction of ROS was observed in
astrocytes after treatment with LPS (Fig. 12b).

4. Discussion

Robust evidence show that Ab induces glial activation and neu-
roinflammation, potentiating neurodegeneration induced by Ab
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(Fernandez-Perez et al., 2016; Krabbe et al., 2013; Patel et al.,
2005; Ramírez et al., 2008; Streit et al., 2009). Ab accumulation
can result from reduced Ab clearance in AD brains (Domert et al.,
2014; Jankowsky et al., 2005; Mawuenyega et al., 2010), being
microglia the main cell involved in Ab removal (Daria et al.,
2017; Efthymiou and Goate, 2017; Frautschy et al., 1998;
Hickman et al., 2008; Krabbe et al., 2013; Paresce et al., 1996).
Extracellular accumulation of Ab can be a consequence of the dete-
rioration of glial function during aging, given that Ab is constantly
being produced (Zhao et al., 2016), but the basal or the induced
phagocytic capacity of microglia is reduced in older individuals
(Mawuenyega et al., 2010; Njie et al., 2012; Tichauer et al.,
2014). Moreover, reduced expression of SR-A involved in Ab
phagocytosis (Hickman et al., 2008), promotes a vicious cycle that
favors the accumulation of Ab plaques and the deregulation of the
inflammatory activation of glia. As we have shown here, SR-A
expression is reduced by Ab and the reduced expression of SR-A
impairs the immune function of microglia and astrocytes
(Murgas et al., 2014). Ours and previous results indicate that as
individuals age, SR-A expression is reduced in the hippocampus,
neuroinflammation increases (Lucin and Wyss-Coray, 2009), and
Ab uptake became progressively impaired in the brain
(Mawuenyega et al., 2010), favoring its extracellular accumulation,
which in turn can further reduce SR-A expression (Hickman et al.,
2008), potentiating impaired glial response, reduced life expec-
tancy, and neurocognitive impairment (von Bernhardi et al.,
2010). The glial alterations induced by reduced SR-A and Ab accu-
mulation potentiate a pro-inflammatory environment that induce
more neuroinflammation, favoring a positive loop for glial cell dys-
regulation and neurodegeneration (Fig. 13).

We have reported here that APP/PS1/SR-A�/� mice had a
reduced life span, which has been reported in previous work using
ciency impairs immune response of microglia and astrocytes potentiating
org/10.1016/j.bbi.2017.12.007
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Fig. 11. Release of NO by astrocytes and microglia is affected by the presence of SR-
A. Production of nitrite (NO2

�), a stable byproduct of NO, was assessed in microglia
(a) and astrocytes (b) cultures. Nitrite release was assessed at basal conditions
(white bars) and after LPS stimulation (black bars) for 48 h (microglia) or 72 h
(astrocytes). Nitrite concentration (mM) is expressed as the mean ± SEM. Two-way
ANOVA analysis showed a significant effect of LPS for microglia (df = 1, F ratio =
101.4, p < 0001) and astrocytes (df = 1, F ratio = 39.53, p < 0001) and significant
effect of genotype for microglia (df = 3, F ratio = 36.02, p < 0001) and astrocytes (df
= 1, F ratio = 14.59, p < 0001). * and ***, indicate p < .05 and p < .001 estimated with
Bonferroni post hoc test. WT n = 10, APP/PS1 n = 10, SR-A�/� n = 16, APP/PS1/SR-A�/

�n = 12 independent cultures.

Fig. 12. ROS production by glial cells is reduced in the absence of SR-A. Microglia
(a) and astrocytes (b) in primary cell cultures were incubated with the fluorescent
probe CM-H2DCF DA to measure the production of intracellular ROS in un-
stimulated conditions (white bars) and after LPS stimulation (black bars). Basal
levels of intracellular ROS in microglia (a) and astrocytes (b) are expressed in
arbitrary units (A.U.) as the mean ± SEM fluorescence emitted at 530 nm. Two-way
ANOVA with repeated measures revealed significant genotype effect for microglia
(F (3, 19) = 49, p < .0001) and for astrocytes (F (3, 15) = 8.98, p = .0012) and no
global effect of LPS treatment for microglia (F(1,19) = 3.229, p = .0883) and for
astrocytes (F(1,15) = 0.1508, p = .7032)., but there is induced response to LPS in APP/
PS1 microglia *, **, ***, and **** indicate p < .05, p < .01, p < .001, and p < .00001,
respectively (Bonferroni post hoc test); the number for each experiment in triplicate
is indicated under each bar. WT n = 5, APP/PS1 n = 9, SR-A�/� n = 5, APP/PS1/SR-A�/

�n = 4 independent experiments in triplicate.
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an alternative ADmice model (Frenkel et al., 2013). It has been pro-
posed that the concomitant effect of Ab accumulation and lack of
SR-A, which potentiates early death in the APP/PS1/SR-A�/� mice,
may be related to a defective systemic macrophage function, a con-
dition that could induce immune deficiency (Suzuki et al., 1997).
Our analysis of the peripheral inflammatory state showed that
young APP/PS1/SR-A�/� had elevated plasma levels of IL1b and
TNFa, indicative of an early systemic inflammation. Also, adult
mice lacking SR-A showed increased plasma levels of both cyto-
kines. The data suggests that Ab accumulation and SR-A absence
inflammatory outcome that could be at least partially responsible
of the high mortality rate observed in these mice. Although there
are not profound changes in peripheral immunity in AD patients,
there are systemic inflammatory changes even at early stages of
AD (De Luigi et al., 2002; Holmes et al., 2009; Kim et al., 2011;
O’Banion, 2014; Lai et al., 2017).

Analysis of the behavioral performance showed in the 6ARWM
test, which mainly evaluates working memory (Hyde et al., 1998),
that APP/PS1/SR-A�/� mice showed a significantly higher latency
time at the second day of test, in which the animals present the
worst behavioral performance. Test evaluating spatial memory
(Vorhees and Williams, 2006), showed significant differences in
Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
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latency times only in the first day. It has been previously shown
that mice do not exhibit alterations in spatial memory at 9 months
of age (Holcomb et al., 1999) and not at 12 months. However, we
evaluated the mice at 9 months, instead of 12 months (Maei
et al., 2009), because of the high mortality of the APP/PS1/SR-
A�/� mice.

The deleterious effect over working memory observed in APP/
PS1/SR-A�/� mice could be related to the fact that the earliest dam-
age in AD mice models occurs in areas of the hippocampus inter-
acting with the prefrontal cortex (Floresco et al., 1997; Laroche
et al., 2000). This could depend on the high density of microglia
in the subiculum of the hippocampus that is directly intercon-
nected with the prefrontal cortex (Laroche et al., 2000; DiPatre
and Gelman, 1997).

The absence of SR-A increased the accumulation of Ab in the
hippocampus, which is consistent with previous reports (Frenkel
et al., 2013). Even though the number of microglia associated to
each plaque was similar, there was a higher density of CD68-
positive cells in the hippocampus of APP/PS1/SR-A�/� compared
to APP/PS1 mice. CD68 is a lysosomal phagocytic activation marker
ciency impairs immune response of microglia and astrocytes potentiating
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Fig. 13. Reduced SR-A expression potentiate neuroinflammation. It has been
previously shown that aging induces neuroinflammation and facilitates Ab accu-
mulation by reducing Ab uptake and increasing their aggregation. We show that
aging reduces SR-A expression in the hippocampus, reducing Ab uptake, and
increased Ab accumulation further reduces SR-A expression. Decreased SR-A
expression in concomitancy with Ab accumulation produce pathological changes,
including reduced life expectancy, impaired glial response, and neurocognitive
impairment, possibly due to reduced neuronal function and neurodegeneration
induced by the neuroinflammatory environment generated by the impaired glial
response. In addition, the altered immune response mediated by impaired function
of glial cells contributes to more neuroinflammation, establishing a deleterious
feedback loop for the development of memory impairment, promoting AD
progression (Heppner et al., 2015; Liu et al., 2012; Mawuenyega et al., 2010; Njie
et al., 2012; Tichauer et al., 2014; von Bernhardi et al., 2010).
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and its expression is gradually increased in AD animal models as
the accumulation of Ab plaques increases (Matsumura et al.,
2015), which suggests that increased CD68 expression could be a
consequence of Ab accumulation.

The increased Ab levels observed in the hippocampus could be
due at least partially to the fact that the absence of SR-A reduces
the phagocytosis of Ab both in vitro and ex vivo, as it has been pre-
viously reported (Frenkel et al., 2013; Lifshitz et al., 2013). SR-A is
one of the most important for Ab phagocytosis, but multiple scav-
enger receptors participate in Ab clearance (Chung et al., 2001).
Microglia from WT and APP/PS1 mice showed an age-related
reduction in Ab uptake, strengthening the notion that the phago-
cytic capacity is reduced in aging (Mawuenyega et al., 2010; Njie
et al., 2012).

It is especially relevant that microglia lacking SR-A had basal
levels of pro-inflammatory cytokines which were up to 6-fold
higher than those of cells with functional SR-A. Neuroinflammation
is pro-amyloidogenic, increasing APP expression, amyloidogenic
processing of APP increasing Ab levels, and favoring Ab aggregation
(Blasko et al., 1999; Brugg et al., 1995; Buxbaum et al., 1992;
Herbst-Robinson et al., 2015; Sastre et al., 2003; Wyss-Coray and
Mucke, 2002), all of which will be potentiated by the reduced
uptake of Ab in the absence of SR-A. Microglia lacking SR-A had
an increased basal release of IL1b, which has been associated with
neurodegeneration (Allan and Rothwell, 2001; Yamasaki et al.,
1995). In the hippocampus, IL1b level was specially increased in
aged SR-A�/� mice, significantly higher than the increment
observed during aging (Sparkman and Johnson, 2008). However,
Please cite this article in press as: Cornejo, F., et al. Scavenger Receptor-A defi
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the induction of IL1b after LPS stimulation was decreased. Micro-
glia and astrocytes from mice lacking SR-A had increased basal
levels of TNFa, which can induce apoptosis (Downen et al., 1999)
and also participates in the regulation of the immune system
(Aggarwal, 2003). Thus, microglia lacking SR-A appears to be over
activated in basal conditions but also respond abnormally to
inflammatory agents. The impairment of SR-A�/� glia to respond
to LPS is especially striking considering that toll like receptors
(TLRs) especially TLR4 and TLR2, appear to be the most sensitive
receptors for LPS, acting together with other binding proteins like
CD14 and LBP (Fenton and Golenbock, 1998; Takeuchi et al.,
1999; Yang et al., 1998), indicating that in addition to its scavenger
function, SR-A is also capable of regulating the inflammatory
response of other receptors. In the absence of SR-A, microglia could
send danger-associated signals under non-stimulated conditions,
and have an impaired defensive role by losing its capability to
respond when exposed to pathogenic agents (Kettenmann et al.,
2013), in support to our hypothesis that the development of cogni-
tive impairment and later AD could be due to glial dysregulation
(von Bernhardi, 2007), and not the accumulation of Ab plaques
(Dickson, 1997; Duyckaerts et al., 1998; Gordon et al., 2001).

Microglia devoid of SR-A had low basal levels of IL10, but levels
rose above 100-fold after LPS-stimulation, compared with the nor-
mal 10-fold increase observed inWT and APP/PS1 microglia. A sim-
ilar response was observed in astrocytes, although LPS-induced
cytokine levels were lower than those observed in microglia. Sur-
prisingly, IL10 was significantly elevated in the hippocampus of
3-month-old APP/PS1/SR-A�/� mice. IL10 promotes neuroprotec-
tion and modulates the expression of pro-inflammatory cytokines
(Knoblach and Faden, 1998; Spera et al., 1998). Increased levels
of regulatory cytokines could be established to compensate for
the inflammatory environment in the hippocampus at early age.
However, high levels of IL10 have deleterious effects over Ab pro-
teostasis and AD pathophysiology (Chakrabarty et al., 2015;
Guillot-Sestier et al., 2015). Thus, high levels of IL10 in APP/PS1/
SR-A�/� young mice could promote glial dysfunction.

Glial cells exert an intricate crosstalk that regulates their
immune response, in which astrocytes generally attenuates micro-
glial cytotoxic activation (Orellana et al., 2013; Roth et al., 2005;
Tichauer et al., 2007; von Bernhardi and Eugenín, 2004). The cyto-
kine profile observed in both primary glial cell cultures and the
hippocampus indicated that SR-A participates in the modulation
of the inflammatory response of microglia and astrocytes. Produc-
tion of NO and ROS was assessed because they constitute a first
line of defense (Babior, 2000; Liu et al., 2002), and NO and ROS pro-
duction by glia is closely correlated with neuronal damage (Block
and Hong, 2005; Jeohn et al., 2000). Basal production of NO by
astrocytes was reduced in the absence of SR-A. LPS induced a sig-
nificant increase in the production of NO and ROS in WT and
APP/PS1 microglia (Martha and Sean, 1992; Pawate et al., 2004;
Ramírez et al., 2008), but the induction was abolished in cells lack-
ing SR-A, indicating a defective microglial response to inflamma-
tory stimulus. These changes in astrocytes immune response
could redound into microglial dysregulation, since astrocytes are
the main attenuators for microglia-mediated cytotoxicity
(Orellana et al., 2013; von Bernhardi and Eugenín, 2004).

4.1. Conclusions

Our results lead us to conclude that SR-A regulates the inflam-
matory state of microglia and astrocytes, being not only involved in
Ab uptake as has been previously shown (Frenkel et al., 2013;
Lifshitz et al., 2013), but also shaping the activation of glial cells.
Given the increased importance of neuroinflammation, the APP/
PS1/SR-A�/� mice model illustrates the significance of SR-A as
modulator of the brain inflammatory processes.
ciency impairs immune response of microglia and astrocytes potentiating
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This is especially relevant when taking into account that Ab
accumulation is associated with a reduction of SR-A expression
(Hickman et al., 2008), leading to the establishment of an increas-
ingly inflammatory environment, as observed in the APP/PS1/SR-
A�/�. Thus, the APP/PS1/SR-A�/� mice model could emulate some
effects of aging, given that Ab is constantly produced in the brain
(Mawuenyega et al., 2010; Zhao et al., 2016). Because there is
scarce information regarding many of the molecular changes
induced early in the brain of AD patients, the study of potential
changes in SR-A expression associated with aging and the genesis
and progression of AD in humans, would enlighten the field about
one of the potential mechanisms leading to LOAD.
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