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Abstract
Background: Aging and age related diseases are strong risk factors for the development of
neurodegenerative diseases. Neuroin�ammation (NIF), as the brain's immune response, plays an
important role in aged associated degeneration of central nervous system (CNS). The need of animal
models that will allow us to understand and modulate this process is required for the scienti�c
community.

Methods: We have analyzed aging-phenotypical and in�ammatory changes of brain myeloid cells (bMyC)
in a senescent accelerated prone aged (SAMP8) mouse model, and compared with their resistant to
senescence control (SAMR1). We have performed morphometric methods to evaluate the architecture of
cellular prolongations and analyzed Iba1+ clustered cells with aging. To analyse speci�c constant brain
areas we have performed stereology measurements of Iba1+ cells in the hippocampal formation. We
have isolated bMyC from brain parenchyma (BP) and choroid plexus and meningeal membranes (m/Ch),
and analyzed their response to systemic LPS- driven in�ammation.

Results: Aged 10 month old SAMP8 mice presents many of the hallmarks of aging-dependent
neuroin�ammation when compared with their senescence resistant control (SAMR1); ie, increase of
protein aggregates, presence of Iba1+ clusters, but not increase in the number of Iba1+ cells. We have
further observed and increased of main in�ammatory mediator IL-1β, and augment of border
MHCII+Iba1+ cells. Isolated CD45+ bMyC from brain parenchyma (BP) and choroid plexus and meningeal
membranes (m/Ch) have been analyzed showing that there is not signi�cant increase of CD45+ from the
periphery.  Our data support that aged-driven pro-in�ammatory cytokine interleukin 1 beta (IL1β)
transcription is mainly enhanced in CD45+BP cells. Furthermore, we are showing that LPS-driven
systemic in�ammation produces in�ammatory cytokines mainly in the border bMyC, sensed to a lesser
extent by the BP bMyC, and is enhanced in aged SAMP8 compared to control SAMR1.

Conclusion: Our data validate the SAMP8 model to study age-associated neuroin�ammatory events, but
careful controls for age and strain are required. These animals show morphological changes in their
bMyC cell repertoires associated to age, corresponding to an increase in the production of main pro
in�ammatory cytokines such as IL-1β, which predispose the brain to an enhanced in�ammatory response
after LPS-systemic challenge.

Background
As life expectancy increases, age and age-related diseases have become a major health concern in
western societies. Aging is the strongest risk factor for neurodegenerative diseases and while aging in
itself is not considered a disease, it results in important changes in brain tissue: signi�cant increase in
glial activation, complement factors and in�ammatory mediators with concomitant brain atrophy [1, 2].
Microarray and single-cell RNAseq studies of aged human and mouse brains extended these �ndings by
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showing that genes related to cellular stress and in�ammation increase with age while genes related to
synaptic function/transport, growth factors, and trophic support decrease [3–6].

A link between aging, neuroin�ammation and promotion of neurodegenerative diseases such as
Alzheimer disease (AD), Parkinson diseases or vascular associated dementia has been proposed [7].
Neuroin�ammation (NIF), de�ned as the brain's immune response, has been linked to age-associated
neurodegeneration (reviewed in [8]). CNS was considered to be isolated and protected from immune
responses, but it is now apparent that the blood–brain barrier (BBB) is not impermeable to in�ammation
and that neuroin�ammation occurs in the brain with similar features to in�ammation in the periphery. A
role for adaptive immune response in the CNS is now accepted (reviewed in [9]; [10]). The main indicators
of a primary neuroin�ammatory response are phenotypic glial activation and de novo production of
immune signalling molecules. Both, astrocytes and microglia undergo cellular hypertrophy with increased
expression of cell-surface immune modulatory proteins, including those of the major histocompatibility
complex (MHC), changes which are accompanied by increased synthesis and release of pro-
in�ammatory cytokines and chemokines (reviewed in [11]). Although different type of cells have been
involved in this process, the main cell types involved in the CNS in�ammation belong to the myeloid cell
compartment. Brain myeloid cells (bMyC) comprise mainly microglia cells, and include perivascular,
meningeal and choroid plexus macrophages, periphery-derived monocytes, and brain dendritic cells
(bDC), with a role in this process [12].

Parenchymal microglia, the often referred to as brain macrophages, are clearly implicated in the steady-
state brain and in the response to different brain injuries. They have a myeloid origin; are derived from
embryonic yolk sac progenitors and are sustained by local progenitors [13] [14, 15]. One of the hallmarks
of age-dependent microglia cells is their morphological changes. Microglia cells in the young normal
brain, are cells with long and rami�ed prolongations [16, 17]. Aged microglia cells have rami�ed
morphologies that are less branched, have shorter overall process lengths, and cover less dendritic
“territory” than those of young microglia. Therefore, aged microglia presents a reduced “arborization” [18,
19] and characteristic accumulation in clusters, which might correspond to microglia responding to
anomalous brain protein accumulation, stress related processes, or a direct effect of the aging process on
the microglia itself (reviewed in [1]; [20, 21]). Furthermore, upon an in�ammatory stimulus, these cells
pass to an activated phenotype, which is characterized by morphological changes and cytokine
synthesis, �nally acquiring phagocytic capacity [22]. Morphologically, this activation is characterized by
hypertrophy of cell body, widening of proximal processes and reduction of distal branches [23]. Therefore,
the observation of changes in microglia cells in particular and bMyC in general, is characteristic of
neuroin�ammation.

Aging, as a progressive process associated to chronic low-grade in�ammation and their
neuroin�ammatory-associated events has been linked to neurodegenerative diseases [24]. In rodent
models of Alzheimer disease (AD), chronic stress exacerbates neurodegeneration and cognitive
impairments [25, 26], concomitant with increases of Aβ peptide accumulation and Tau protein
phosphorylation modelled in different animal models (reviewed in [27]). In this context, the senescence
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accelerated mouse prone 8 (SAMP8) has been proposed as a neurodegeneration model to study Late
Onset Alzheimer Disease (LOAD) related to aging [20, 28–30]. This model presents many of the hallmarks
found in neurodegenerative processes; impairments in learning tasks, as well as altered emotions and
abnormality of the circadian rhythm [31], spongy degeneration [32], neuronal cell loss [33], and gliosis in
the brain [34]. Notably, SAMP8 mice also show other characteristics seen in AD patients, such as learning
and memory de�cits [35], increased Aβ levels [21], impaired neurogenesis [36, 37], activation of microglia,
and an unfavourable in�ammatory microenvironment [38, 39].The neuroin�ammatory state of SAMP8
model has been studied [40–42] but not clearly characterized, and the speci�c changes that take place in
the brain myeloid compartment of these animals remain to be fully explored.

The hallmark of a neuroin�ammatory response is phenotypic glial activation and the production of
immune signalling molecules such as interleukin-1β (IL-1β). IL-1β is involved in elaboration of acute
neuroin�ammatory events, and the main cellular source in the brain is microglia (reviewed in [43]). Aged
microglia cells are skewed toward a phenotype characterized by increased pro-in�ammatory cytokine
release, such as IL-1β, tumour necrosis factor-α (TNF-α) and IL-6 [19, 44]. Indeed, persistent microglial pro-
in�ammatory activation exacerbate neuronal damages and amyloidosis already present in AD pathology
[45], and an increase in in�ammatory markers have been described in SAMP8 blood plasma [40].
Furthermore, augmented expression of pro-in�ammatory cytokines IL-1β, TNF-α and IL-6 in SAMP8 brain
tissues has been shown [42].

In this context, it has been described that systemic in�ammation has a role in the progression of chronic
neurodegenerative diseases. A hallmark of aged microglia is the fact that they are primed by chronic
in�ammatory environment and, therefore, aged microglia responds more vigorously to a given systemic
in�ammatory stimuli. This phenomenon was introduced as microglia priming [19, 46, 47]; reviewed in
[48]. Innate immunity activates defensive mechanisms within minutes of microbial invasion through
pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs). Lipopolysaccharides (LPS), a
component of the outer membrane of Gram-negative bacteria, are responsible for the induction of
in�ammatory conditions, and LPS systemic administration is been used to test immune system
activation and the role in neurodegeneration [49]. Thus, higher doses can lead to pathological reactions
such as the induction of septic shock, while lower doses of circulating LPS are associated with chronic
disease characterized by persistent low-grade in�ammation [50]. This in�ammatory response involves
activation of PRRs and subsequent production of many pro-in�ammatory cytokines such as IL-1β, TNF-α
or IL-6. We have asked if isolated bMyC from aged senescent SAMP8 recapitulate this enhanced
response.

In this work, we have analysed the number and function of bMyC in the senescence SAMP8 model
comparing to resistant control strain SAMR1. We have analyzed the morphology and distribution of
hippocampal macrophages/microglia (Iba1+) cells by immunohistochemistry. We have quanti�ed the
number of hippocampus Iba1+ using stereology methods comparing young (2 months) and aged (10
months) animals from both strains, and isolated and analysed the number of CD45+ cells by cytometry
studies. Finally, we have studied the expression of pro-in�ammatory cytokines produced by isolated
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bMyC from the two main areas in which are abundant: the brain parenchyma (BP) and brain areas in
contact with the periphery, meningeal and choroid plexus (m/Ch). We have further evaluated the response
to low doses of in�ammatory challenge of isolated cells from BP and m/Ch indicating a different
activation kinetics of cells from both brains localizations.

Methods
Mice

Adult (2 to 10 months old) SAMP8 and SAMR1 mice were bred and maintained in the animal facilities at
the Centro Nacional de Microbiología - Instituto de Salud Carlos III (CNM-ISCIII, Madrid, Spain). Male
double transgenic APP/PS1 mice (10 months old), a cross between Tg2576 (overexpressing human
APP695) and mutant PS1 (M146L), were kindly provided by Eva Carro [51]. All animal experiments were
approved by the Institutional Review Board at the ISCIII and carried out in strict accordance with EU and
National Animal Care guidelines. Protocols were approved by Consejería de Medio Ambiente Comunidad
de Madrid (PROEX 179-14).

Tissue Processing

For confocal preparations, mice were deeply anesthetized by intraperitoneal (ip) injection of a mixture of
ketamine and xylazine and transcardially perfused with 25–30 mL of saline solution for 5 min, followed
by 10 min with 4% paraformaldehyde (PFA) from Sigma, pH 7.4, in 0.1 M phosphate buffer (PB, Sigma).
After perfusion with the �xative, brains were dissected out and post �xed with 4% PFA for 18–20 h at 4ºC.
After �xation, brains were rinsed in 0.1 M PB and placed in 15% glucose at 4ºC until they sank, and then
in 30% sucrose in PB at 4ºC for 72 h. Finally, brains were embedded in tissue freezing medium (Tissue-
Tek O.C.TTM, Sakura), by submerging brains in increasing concentrations of OCT, frozen immediately in
dry-ice-cooled 2-methylbutane (Sigma), and stored at -80ºC. Coronal sections (30 m) were cut using a
CM1950 cryostat (Leica Microsystems). Brain sections were collected sequentially in 10 slides. Six
sections per slide generates antero-posterior reconstructions of the hippocampus conformed by 1 section
every 300 μm of hippocampal structure and stored at -20ºC until use.

Periodic acid–Schiff (PAS) stain

Frozen brains embedded in OCT cryostat-embedding compound (Tissue-Tek) as before, were cut into
30 m-thick sections on a cryostat (Leica) at −22◦C, and placed on slides. Sections of the central zone of
the hippocampus (at about bregma −2.30) were selected according to mouse brain atlas. Brain sections
were and hydrate to deionized water and immerse in 0,5% periodic acid for 5 minutes at room
temperature (18–26°C). Slides were rinsed in several changes of distilled water and immersed in Schiff’s
Reagent (Sigma) for 15 to 20 minutes at 4°C. Slides were rinsed in running tap water for 5 minutes. For
nuclei staining, slides were counterstained in Hematoxylin Solution, Gill No. 3 (Thermo Fisher), for 90
seconds, rinsed with alcohol acid (0,5% HCl in EtOH) three times and a �nal rinsed with tap water. Finally,
slices were dehydrated, cleared and mounted in DPX (Sigma-Aldrich) media.
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Immunohistochemistry

Immunohistochemistry analyses were performed on frozen brain sections by standard indirect staining
as in [52]. Antibodies were diluted in 0.1 M PB containing 1% Foetal Bovine serum (FBS) (Hyclone), 0.06%
Triton‐X100 (Sigma), and 150 mM glycine (Merck). Rabbit anti‐Iba1 (1:100, Wako) was used to detect
expression of bMyC, Rat anti‐mouse I‐A/I‐E (1:100, clone 2G9, B.D. Pharmingen) was used to detect
antigen‐presenting cells, Mouse anti-phospho-Ser 139-Histone H2A-X (clon JBW301, Millipore) was used
to analyze DNA damage. Alexa �uor 488 Donkey anti-rabbit, -rat, -mouse and Cy3 anti-rat antibodies
(Jackson) were used as second antibodies. After staining, all sections and cells were mounted and
preserved with 50% Mowiol (Polysciences), 2.5% DABCO (Sigma).

Confocal Microscopy and Analysis.

Images were acquired on a Leica Spectral SP5 confocal microscope. Brain maps were imaged using a
20X INM objective and a 1.7 digital zoom. Tissue images are tiles of 2-4 μm z-stacks and cell images are
single 1-2 μm z stacks both captured on a Leica Spectral SP5 confocal microscope with a 40x and 63X
oil objectives. Images are presented as average projections of z‐stacks and keeping parameters constant
using negative control slides stained with primary antibody to identify potential nonspeci�c, background
�uorescence. Exceptions are mentioned in Fig legends. Acquired z‐stacks were background‐subtracted
with Leica LAS AF 2.6.3 software and secondary processed and analyzed using Adobe Photoshop CS3
(Adobe Systems) and ImageJ (National Institute of Health, http://rsb.info.nih.gov/ij) for ROI
quanti�cation and cell counting. For 3D reconstructions, the plugging 3D viewer for ImageJ was used.

Stereology and Statistical analysis.

Stereology was performed by the analysis of 5 to 6 coronal sections, 30 μm each, separated 300 μm one
to each other. Sampling started at �rst appearance of the infrapyramidal blade of the dentate gyrus (DG).
Antero-posterior Bregma coordinates of all 5 sections correspond approximately to -1.2 mm, -1.6 mm, -2
mm, -2,4 mm and -2,8 mm. Every quanti�cation was normalized by the DG area of every section. Analysis
of variance (ANOVA) was used for statistical analysis of differences between ages of the same strain.
Post-hoc comparisons were performed using the Tukey test, and the Bonferroni correction was applied.
Data were also analysed by 2-tailed Student t test (unpaired t test for analysis of both SAMR1 and
SAMP8 strains of the same age). Data are presented as mean ± standard error of the mean (SEM) and n
indicates the number of independent mice used per strain and age. A p value of <0.05 was considered as
statistically signi�cant.

Image analysis for morphometric parameters calculation.

Three-dimensional (3D) reconstruction of individual microglial cells Z-stack confocal images of around
30 μm thickness at intervals of 1 μm were taken at speci�ed areas of SAM R1 and P8 brain of different
age. 3D images were obtained by using the plugin 3D viewer of FIJI software (freely downloadable from
http://fiji.sc/Fiji). To analyse spatial coverage of microglia we used the methods described in Baron et al

http://rsb.info.nih.gov/ij
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2014 modified. Brie�y, brain sections from these mice were stained with Iba1, and two distinctive areas
of the brain such as the hippocampal formation (Hpp) together with areas within this brain area: strata
pyramidale (sp) and oriens (so) imaged with confocal microscopy as before. Then, grey-level maximum z
projection images were set to eliminate background based on intensity threshold and converted to binary
images, processed with the ‘skeletonize’ option in FIJI software, and further analysed with a modified
Sholl’s analysis adapted for microglia as in [18, 53]. A representative heat-map image was generated
based on 8-bit z-projection image using the 3D Surface Plot plug-in bundled in FIJI software. For
morphometric parameters calculation, after tracing an individual microglial cell, we calculate the number
of intersections between microglial processes and concentric circles originated from the center of
individual cell we used the Sholl’s analysis plug-in (Ghosh Lab, UCSD, San Diego, CA, USA) bundled in
FIJI. This was used to analyze the number of intersections in circles with a radius between 5um (starting
radius) as minimal distance corresponding to the soma of the cell and the �nal radio which include the
longest microglia branch (ending radius). We analysed at least 25 individual Iba-1+ cells from a total of
three individual animals. We present the data by using polynomial regression and de�ning three
parameters: critical value of the circle radius (which de�nes the place of a possible circle intersecting
maximum number of dendrites); the maximum number of rami�cation intersections with the circles
(counted for consecutive circles placed starting at the cell body to the border of the arborisation and the
mean value of the �tted polynomial function (which describes an average property concerning numbers
of branches of rami�cation tree over the whole region occupied by the rami�cation arbor). For that
purpose, we also used the Sholl regression coe�cient as well as the Schoenen rami�cation index similar
to that described previously [54, 55].

LPS administration to mice

To assess the response of brain myeloid cells to peripheral immune stimulation, mice received a single
intraperitoneal injection (i.p) of LPS from E. coli. #0111:B4; L4391-IMG (Sigma) of 0.5 to 1 mg/kg LPS.
The LPS powder was dissolved in 0.9% endotoxin-free sterile saline at a concentration of 10 mg/ml. Mice
injected with sterile saline as vehicle were used as control. Brains were collected and cells preparation
and mRNA expression analyses as follow.

Cell Preparation

2 and 10 months old SAMP8 and SAMR1 mice (or otherwise speci�ed) were sacri�ced, and intracardiac
perfusion was performed using phosphate buffered saline (PBS) with observed blanching of the spleen
during 5 min at a speed of 5 mL/min. Complete brains were dissected and for most experiments
meningeal (piamater) membranes and choroid plexus (m/Ch) were carefully removed with �ne tweezers.
Brain tissue was �nely minced into small pieces and treated with a speci�c protease mix depending on
the tissue. For brain without m/Ch, cells were prepared as in [52], brain, without the m/Ch and cerebellum,
was digested in 5 mL of enzyme solution 20 units/mL papain (Worthington) and 0.025 units/mL DNAse
(Sigma) in buffer containing 116 mM NaCl, 5.4 mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2,
1 mM MgSO4, 0.5 mM EDTA, 25 mM glucose, and 1 mM l‐cysteine, pH 7.5) for 30 min at room
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temperature (RT) with agitation. The brain homogenate was washed and �ltered once through a 70‐μM
�lter to remove undigested fragments and then washed twice more, followed by centrifugation at 300g
for 7 min. Cells were resuspended in 30% Percoll (GE Lifesciences) under 5 mL HBSS and centrifuged at
300g for 20 min at RT with slow acceleration and no brake. Pellets were collected and washed with ice-
cold PBS containing 2% (vol/vol) FBS (spin 300g, 7 min). All subsequent washes were performed in this
buffer. This preparation contains microglia/macrophage from brain as in [56], with the exception of those
from meningeal membrane, choroid plexus, and cerebellum; we refer to this cell preparation as brain
myeloid cells (bMyC) fom brain parenchyma (BP). For m/Ch cell isolates, meningeal membranes plus
choroid plexus were collected in an Eppendorf containing 1 mL PBS. Tissue was treated with 2.5 mg/mL
pronase (Roche) plus 0.025 units/mL DNase (Sigma) in PBS during 30 min at 37°C in a bath with mixing.
This was followed by homogenization with gentle trituration using glass pipettes until an even
homogenate was obtained. m/Ch homogenates were �ltered and treated as above. All subsequent steps
were performed at 4°C in PBS, 2% FBS.

CD45+ cell puri�cation

After enrichment on Percoll gradient, brain isolated cells where puri�ed using MACs LS columns from
Miltenyi Biotec, following manufactures instructions. Cells were washed in PBS 2% FBS and resuspended
in 180 L of PBS 0.5% BSA 2mM EDTA per brain sample, using MACs solutions, following manufacturer
instructions. All steps were carried out on this buffer. CD45 mouse microbeads (20 L) where added to the
cells and incubated on ice during 15 minutes. 5 mL where then added and cell suspension was
centrifuged 10 minutes at 300 g. Supernatant was discarded and cells were resuspended in 5 mL and
applied to the column, attached to MACs Separator and previously equilibrated with same buffer. Before
column, cell preparation were �ltered through 70 m �lter. Column was washed with 10 mL and cells
where extracted from column in 5 mL according to Miltenyi protocol. Cells were centrifuged again and
resuspended in 1 mL of PBS-Serum, counted in a Neubauer chamber and prepared for following
applications.

Flow Cytometry

Single‐cell suspensions were prepared as above and resuspended in staining buffer (2.5% FBS in
Dulbecco's PBS; Biowhittaker, Lonza Group). Nonspeci�c binding to Fcγ receptors was blocked with 10
μg/mL of 2.4G2 mAb (Fc block) (BD Biosciences). Staining was performed following standard protocols.
Antibodies and reagents are listed in Supporting Information, Table 1. Fluorochrome‐labeled antibodies
speci�c for mouse CD45, CD11b, P2RY12 and CD49d were from BD Biosciences or Biolegend. Cells were
analyzed on a LRS Fortessa X-20 (BD Biosciences) cytometer, using the FlowJo v6.3.4 (TreeStar) and
DIVA v8.0 software packages. The gating strategy used to exclude dead cells and doublets is presented in
aditional Fig 2s

RNA isolation and Real-Time PCR
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Total RNA was extracted with Tripure (Roche), and 2 g were reverse transcribed to cDNA with MMLV-RT
(Invitrogen). Real-time quantitative PCR (qPCR) was carried out on 10-20 ng cDNA, using TaqMan probes
and Sybr Green system (Applied Biosystems). qPCR reactions were run in duplicate in ABI Prism 7500
Fast Sequence Detection System (Applied Biosystems). Mouse primers used for Sybr Green assays were
as follow, 36B4 was used as endogenous control.

36b4 Forward: AGATGCAGCAGATCCGCAT

Reverse: GTTCTTGCCCATCAGCACC

Il-1 : Forward: CAACCAACAAGTGATATTCTCCATG

Reverse: GATCCACACTCTCCAGCTGCA

Tnf-  Forward: TGGAACTGGCAGAAGAG

Reverse: CCATAGAACTGATGAGAGG

Il-6: Forward: GAGGATACCACTCCCAACAGACC

Reverse: AAGTGCATCATCGTTGTTCATACA

Ccl-2: Forward: CGGAACCAAATGAGATCAGAACCTAC

Reverse: GCTTCAGATTTACGGGTCAACTTCAC

Aif-1: Forward: GGGAAAGTCAGCCAGTCCT

Reverse: GCATCACTTCCACATCAGCTT

Cx3cr1 Forward: TCAGCATCGACCGGTACCTT

Reverse: CTGCACTGTCCGGTTGTTCA

Results
Hippocampal PAS positive granules are increased in aged SAMP8

As has been previously stated the presence of granular accumulation is a hallmark of the
neurodegenerative associated process in human brain [57], and aged animals [58] and. These
accumulations are often referred as periodic acid-Schiff (PAS) positive granules. The nature of these
granules in different mouse strains is still under discussion. PAS positive granules have been observed in
the hippocampus and entorhinal cortex of a variety of different species and associated to aging in
senescent accelerated prone 8 (SAMP8) animal model (reviewed in [59]). To localize a valid area of the
brain in which neurodegenerative-associated processes are taking place, we analyzed 2 months (2 m)
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and aged 10 m old animals from the SAMP8 strain and their control senescent resistant-1 (SAMR1)
mouse strain. First, we evaluated 30 m sliced from 10 m SAMP8 brains (from olfactory bulb to
cerebellum), stained with PAS (pink staining) and nuclei were counter-stained with haematoxylin (blue-
brown). PAS positive granules were observed mainly in hippocampal and entorhinal areas as described
[60], although a clear staining in blood vessels was observed (data not shown). The hippocampus (Hpp)
in this study refers to the dentate gyrus (DG) and the cornu ammonis 1 (CA1) area of hippocampus
proper. We also evaluated the Hpp of 10 m old SAMR1 as non-senescent control, and aged 10 m
transgenic APP-PS1 animals as neurodegeneration-associated control. As shown in Fig 1, a very clear
increase of PAS positive granules were observed in 10 m old P8 brains, compared to 10 m SAMR1, in
numbers that were comparable with those obtained in 10 m old APP-PS1 transgenic animals. The
presence of these aged-associated protein accumulations indicate that the brain hippocampus is a
suitable area to study the neurodegeneration associated neuroin�ammation derived events that take
place.

Iba1+ cells from aged SAMP8 mice present clear morphological changes.

Microglial morphology is altered in the cortex of aged human [2] and old mice [18]. Therefore, we aimed
to study the complexity of microglia processes with age in SAMP8. We took serial z-stack images and
traced the backbone of cells throughout the z-stack images with the FIJI software as speci�ed in Material
and Methods and as in [18]. We performed Sholl analysis as a morphometric method that evaluates the
architecture of cellular prolongations; these analyses draw a series of concentric circles around the cell
soma, and consists in a mathematical method that gives a measure of the prolongation arborization that
can be used to study microglia rami�cations [61, 62]. First, we obtained the number of primary
rami�cations as the number of extension originated in the cellular body or soma, and the Schoenen
rami�cation index (SRI), described as the ratio between the maximum number of the intersections of
microglia rami�cations with the circles and the number of the primary rami�cations. Our analyses show
that 2 m old SAMP8 Hpp presented a lesser arborization index than their 2 m old Hpp SAMR1 controls. In
contrast, 10 m old SAMP8 Hpp Iba1+ cells have similar number of primary rami�cations than their 10
months SAMR1 counterparts, although signi�cant changes in their rami�cation index were observed (Fig
2). Therefore, we conclude that Iba1+ cells in aged SAMP8 animals present morphological changes
similar to those described in normal aging [18, 63]. Furthermore, aged SAMP8 Iba1+ cells occupied
smaller territories, and they displayed more irregular processes than control animals.

Clustered Iba1+ cells are increased in aged SAMP8 and do not express speci�c markers for DNA damage
( HA2X), nor activation related marker such as MHCII.

Another age-dependent microglia morphological change is the appearance of dystrophic microglia and
cellular clusters [64, 65]. Therefore, we analyzed the number of very apparent Iba1+ clusters (de�ned as
multinucleated or joined cells) in SAMP8 and SAMR1 brains at different age. We chose two
representative brain areas: the stratum oriens in the Hpp and the Thalamus. Iba1+ clusters were hardly
present in 2 m SAMR1 brains as control, and were noticeable in 2 m old SAMP8 brains mainly in the Hpp
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but not in the Thalamus. When 10 m old P8 brains were studied, Iba1+ clusters were very prominent in
both brains areas (Fig 3). The origin of these cellular clusters is unknown, and we hypothesize that might
be due to cellular aging and associated DNA damage. DNA damage, whether it is endogenous or
exogenous, forms double stranded breaks (DSBs) a phenomena that is followed by the phosphorylation
of the histone gamma H2AX ( HA2X+) [66]. Furthermore, expression of HA2X+ cells has been used as a
cellular senescence marker [67]. We evaluated the number of HA2X+ cells in 10 m old SAMP8 animals,
focusing on Iba1+cells. We found HA2X+ cells in aged 10 m SAMP8 brains, but most of these cells do
not express the Iba1 marker. The number of double positive HA2X+ Iba1+cells in the cellular clusters was
very low (< of 0,1± 0,01%). These results indicate that clustered Iba1+ cells do not speci�cally present
associated DNA damage events, and may be functional microglia.

Microglia cells represent the main antigen-presenting cell (APC) inside the BP during neurodegeneration.
While expression of MHCII is low in homeostatic conditions in the brain, it can be rapidly upregulated on
bMyC and is used as a marker of their activation [68]. We asked if Iba1+clusters observed in 10 m SAMP8
brains were in fact activated microglia described as Iba1+MHC+ cells. Our analyses showed that these
Iba1+ clusters were negative for MHCII, although there was a clear increase of Iba1+ MHC+ cells staining
in the choroid plexus of aged SAMP8 compared with young 2 m SAMP8 brains, indicating that there is
not an increase in the MHCII+ cells in aged BP SAMP8 microglia (additional Fig 1S).

Number of hippocampal Iba1+ cells differ between aged senescent and control mouse strains.

It has been described that the aging process might affect the number of Iba1+ cells in the brain [69] and
in particular in the hippocampus. These analyses have been performed as well in aged SAMP8 mice, in
which an increase in CD11b staining has been described in this area [70]. We have analyzed if our
animals recapitulate this characteristic feature. To analyze a speci�c constant brain area between
different strains and age samples, we chose to perform stereology measurements as speci�ed in material
and methods. Brie�y, we performed analysis of 4-5 coronal separated 300 μm one to each other from
young (2 m) and elderly animals (10 m), slices were stained with anti-Iba1 antibodies and numbers of
Iba1+ cells were evaluated. The hippocampus (Hpp): DG and CA1 areas, as speci�ed in Fig 4A, was
analyzed. Surprisingly, but very reproducible, immunohistochemical analyses of total Iba1+ cells in 2 m
SAMP8 Hpp showed a signi�cant reduction of Iba1+ cells compared to 2 m old SAMR1 control brains.
This decrease in Iba1+ cells was further observed in 10 m old SAMP8 brains, when compared with their
10 m SAMR1 controls (Fig 4B). Therefore, these strains differences complicated further the comparison
between aged SAMP8 mice versus SAMR1 mice. To eliminate the “strain factor¨, we evaluated and
compared the fold increase of Iba1+ cells of aged (10 m) versus (2 m) in each of the strains. As shown in
Fig 4C, our results in Hpp (CA1+DG), indicate that there are not clear differences in Iba1+ cells with age,
even in 10 m old SAMP8 animals that show clear phenotypical changes associated to age reviewed in
[20] and data not shown.



Page 12/34

A way to assess the number of bMyC present in the brain is by isolating brain cells follow by cytometry
analyses of the different existing cellular populations. bMyC are the major player in in�ammation and
they are characterized by the expression of hematopoietic marker such as CD45 and myeloid marker
such as CD11b (see introduction). We isolated 2 m and 10 m old SAMP8 and control SAMR1 brain
parenchymal cells without the meningeal and plexus membranes (BP) cells by using 30% percoll gradient
and analysed the number of CD45+ isolated per brain as shown in Fig 5A. The number of isolated CD45+

bMyC do not signi�cantly change between 10 m aged SAMR1 (48 ± 8%) and SAMP8 (43 ± 10%) n=10.
The majority of these cells expressed the CD11b marker for myeloid cells (94,2 ± 2%) n=10, and they
further expressed speci�c markers for microglia such as P2RY12 as shown in Fig 5. There is a clear
discrepancy about the difference observed between Iba1+ inmunohistochemical analysis (Fig 4) and
CD45+ cells cytometry analyses (Fig 5). Therefore, to clarify this, we evaluated the expression of Iba1
mRNA transcripts in both strains at the different age analysed and observed that in fact, there is a clear
decrease in the expression of Aif1 gene encoding Iba1 in 2 m SAMP8 animals in accordance with the
results obtained in the immuno�uorescence analyses (Fig 4). To asses if there is in fact less Iba1+ cells,
we evaluated the expression of a very different molecule, that has been previously shown is expressed
mainly in microglia cells in the brain, the fractalkine receptor (CX3CR1) [71]. In this case, the amount of
speci�c Cx3cr1 transcript present in all the groups analysed differ only slightly (additional Fig 3s). This
indicates that the number of BP microglia cells do not change greatly although there is a clear decrease
in the expression of Iba 1 gen (Aif-1) that should be further studied. Since we have not found signi�cant
aged-associated changes in the number of Iba1+ between aged 10 m SAMR1 and SAMP8 by
immuno�uorescence analyses, together with the fact that CD45+ isolated cells from 10 m SAMP8 BP do
not show signi�cant difference from 10 m SAMR1 control, we concluded that the number of BP bMyC in
the SAMP8 brain do not change with age. Furthermore, we suggest that the isolation and evaluation of
isolated CD45+ BP cells is the method of choice to analyse differences between different mice strains and
conditions.

Number of BP peripheral CD45 high cells increases in aged senescent SAMP8 mice

Immunosurveillance takes place in the central nervous system (CNS) in spite of its speci�c anatomic
features conferring a certain degree of isolation from the periphery [72]. The blood-brain barrier (BBB)
prevents free tra�cking across the brain vasculature but immune cells can cross the endothelium of post-
capillary venules or reach the brain through the choroid plexus and the leptomeninges (mCh) under
in�ammatory conditions. It has been described that aged SAMP8 animal present a damaged BBB
permeable to different molecules [73]. We wanted to analyse if there was an increase in the number of
CD45+ from the periphery. First, we used CD45 expression to distinguish proper microglia, which have a
medium expression of CD45 (CD45m), and myeloid cells from the periphery as CD45 high (CD45h) [56,
74], and analyzed the number of CD45h present in the BP from senescent SAMP8 and their SAMR1
control. As shown in Fig 5B, the number of CD45h increase very slightly in 10 m SAMP8 BP (4,2 ± 1,4%)
compared to their 10 m SAMR1 control (3,4 ± 1,4%). The number of CD45h in aged R1 were not
signi�cant higher to their 2m SAMR1 controls or that observed in young 2 m control strains [52].
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Therefore, although the amount of CD45h present in aged senescent animals was slightly higher, the
small number of cells is not consistent with a substantial breach of the BBB but with higher permeability
of the barrier in old SAMP8 brains, which allow the recruitment of extra numbers of peripheral cells.
Cerebral invasion of lymphocytes crucially depends on the interaction of the leukocyte very late antigen-4
(VLA-4) with vascular cell adhesion molecule-1 (VCAM-1) on endothelial cells [75, 76]. VLA-4 (integrin
alpha4beta1) is an integrin heterodimer consisting of an alpha chain (integrin α4 = CD49d) and a beta
chain (CD29). Therefore, the expression of CD49d has been used to mark brain myeloid cells originated in
the periphery [77]. CD45h cells in our cellular BP preparation were CD3 negative (data not shown) but
mainly positive for CD49d (Fig 5B).

In�ammatory pro�le in isolated brain myeloid cells.

As mentioned before, a characteristic of neuroin�ammation is phenotypic glial activation and de novo
production of immune signalling molecules. Both astrocytes and microglia undergo cellular hypertrophy
with age, and it has been shown that pro-in�ammatory cytokines levels increase in the elderly subjects
[18, 22, 78]. IL-1β is intimately involved in elaboration of acute neuroin�ammatory processes in vivo, and
exposure of the rodent brain to IL-1β elicits rapid, robust activation of both astrocytes and microglia. In
the senescent model SAMP8, an increase of in�ammatory markers has been described in blood plasma
and total brain tissue [42]. Therefore, we asked if a source of IL-1β in this model was in fact the brain
myeloid cells (bMyC) cellular compartment, since they constitute the main cell type involved in the brain
in�ammatory process. We analysed Il1  expression in CD45+ bMyC preparations from BP (panel A) and
from the border-associated myeloid cells contained in the m/Ch preparations (panel B). Il1  transcripts
from 2 and 10 m old SAMP8 and SAMR1 cellular preparations were analysed by quantitative RT-PCR
(qRT-PCR) as described in material and methods. As shown in Fig 6, Il1  mRNA expression was
signi�cantly higher in BP preparations from aged 10 m old SAMP8 when compared with 10 m old
SAMR1. Transcripts expression is shown as delta Ct (dCt) as the Ct of the speci�c transcript minus 36b4
Ct as housekeeping control. When bMyC from brains border (mCh) were analysed for Il1  expression we
could not detect any signi�cant changes between groups, indicating that myeloid cells from these brain
areas do not seem to contribute to the higher expression of this pro-in�ammatory cytokine observed in
aged brain SAMP8 (Fig 6B). In fact, Il1  transcripts were hardly detected in m/Ch when compared with BP
cellular preparations.

Augment of Il1  parenchymal expression in brain rodent might increase expression of other pro-
in�ammatory cytokines, leukocyte chemotactic chemokines, cell surface adhesion molecules,
cyclooxygenases and matrix metalloproteases within the brain parenchyma. We analysed in our
experimental groups the expression of pro-in�ammatory cytokines such as tumour necrosis factor-alpha
(TNF- ) and interleukin 6 (IL-6). Furthermore, IL-1β elevations have been implicated in tra�cking of
peripheral immune cells to the brain mediated by cytokines such as CCL-2 expression (Ref reviewed in [8],
therefore we included the expression of this cytokine in our analyses. As shown in additional Fig 4s, Tnf-

 Il-6, and Ccl2 mRNA expression was signi�cantly diminished in young (2 m) SAMP8 BP cellular
preparations compared to 2 m old SAMR1 similar to the data obtained for Il1 . Although mRNA values of
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these cytokines were disperse in 10 m old animals, an increase of Il1  was observed in BP from SAMP8
aged animals (represented as a lower dCt: Ctgene- Ct36b4). When m/Ch preparations were analyzed, there
were not signi�cant changes in the expression of these markers between all the groups tested. We
noticed that the expression of m/Ch cytokines were very low for all the pro-in�ammatory markers and
lower than in BP preparations comparing relative quanti�cation. Thus, these results indicate that aged
SAMP8 bMyC express higher mRNAs levels of pro-in�ammatory markers mainly in the brain parenchyma
and not in border bMyC from m/Ch membranes. Consistent with these data, we have not detected a
signi�cant increase in systemic in�ammation in 10 m SAMP8 animals, since our preliminary analyses do
not detect an increase in in�ammatory marker in the blood plasma of these animals (data not shown).

Response to in�ammatory stimuli in the senescent model.

The use of lipopolysaccharide (LPS) as a robust systemic in�ammogen has been widely described (see
introduction). For these experiments we selected a low dose of LPS (i.p. injection 0,5 to 1mg/kg) that
does not cause mouse lethality and only induces a limited in�ammatory response [79, 80]. While high
doses of LPS produce immune activation and lethality characteristic of septic shock, low doses such as
the one selected in our study reproduce the chronic in�ammation status found in many neurological
diseases. Furthermore, the use of this compound has been used to test a phenomenon called “priming” of
the aged innate immune response (see introduction). We analyzed if old SAMP8 brains recapitulate this
phenotype characteristic of brain aging.

First, we evoked systemic in�ammation by LPS and analyzed the expression of Il-1 ,Tnf- , Il6 and Ccl2
mRNAs at different times, to de�ne the time window for the expression of pro-in�ammatory markers in
our brain cellular preparation. In accordance with literature, after 3 hours LPS (1mg/kg) intraperitoneal
injection brain tissue and isolated bMyC expressed high levels of all these pro-in�ammatory markers [19,
81]. We evaluated the expression of these molecules in cellular preparation from BP and from border-
associated m/Ch cells. As shown in Fig 7, expression of these molecules was greatly enhanced by LPS in
BP although as expected, maximal LPS-dependent transcription of these cytokines was observed in
border-associated cells (m/Ch). The expression kinetic was as well faster in m/Ch than in BP cells as
correspond to a systemic model of infection.

Once that we have established the time and dose of in�ammogen, and the fact that systemic LPS was
sensed by the BP cells inducing the expression of pro-in�ammatory markers, we analyzed the
in�ammatory state in bMyC cell preparation as before. Senescent 10 m old SAMP8 and control SAMR1
were injected with saline solution (ss) and LPS (as in material and methods), and after three hours, BP
and m/Ch cells were isolated. Levels of in�ammatory markers were analyzed as previously described. As
shown in Fig 7, LPS induced all the pro-in�ammatory markers expression studied in both animal strains,
represented as dCt: Ctgene- Ct36b4 to visualize the high expression of these genes related to the
housekeeping gene 36B4. It was noticeable that only the Il-1  expression was signi�cant higher in aged
LPS-challenged SAMP8 animal compared to their control LPS-SAMR1. This phenomenon agrees to
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previous results in which there is an age-dependent priming of microglia from aged brains [19, 49], which
we show is recapitulated in aged SAMP8 animals.

Discussion
SAMP8 as a model of neurodegeneration associated neuroin�ammation

Brain ageing in mice and humans leads to morphological and functional changes that are considered a
result of dysfunctional processes. One of these morphological changes is the appearance of pathological
granular structures in the hippocampus and their progressive expansion with age [82]. These anomalous
PAS positive aggregates have been described in aged SAMP8 mouse, and their nature discussed and
reviewed in [57, 59]). Although SAMP8 animals have been proposed as a model for age associated
neurodegenerative disease such as Late Onset Alzheimer disease (LOAD) (reviewed in [20]); the brain
myeloid cells repertoire in the SAMP8 model has not been fully described. Early �ndings by Takeda´s
group described the presence of accumulation of CD45+CD11b+ cells by inmunohistochemical analyses
in the CA1 region of the hippocampus in SAMP8 mice [70], concluding that there was an increase in
microglia proliferation and the appearance of reactive/activated microglia as cells with thick and short
processes and strong staining of CD11b. The effect of aging alone in the number of microglia cell is
controversial in the literature. Some authors do not observe an increase of microglia cells in the rat and
male mice aged hippocampus [83–85]; other authors found that the number of microglia cell is
decreased in the aged hippocampal area [86, 87], or an increase when female animals are analyzed [83].
These discrepancies might be due to different mouse strains, animal age or the fact that different
markers for microglia detection and their methods are used. A careful comparison of all these results
awaits further analyses. In most of the studies Iba1 staining has been used as a marker for microglia
identity/activation, and Iba1 increased expression has been further reported in aged CA1 rat by
Immunoblot analyses [84]. Therefore, here we have re-analysed changes in the number and morphology
of Iba1+ cells associated to senescent-related processes in the SAMP8 brain. Our results here did not
support an age-dependent increase of microglia cells in aged SAMP8 brain by two ways. First, the
evaluation of the number of BP Iba1+ cells by immuno�uorescence using stereology mapping of the Hpp,
that avoided the examination of different areas or different brain coordinates between samples from a
variety of mouse strains and age. Second, the evaluation of the number of isolated CD45+ in aged
SAMP8 animals compared to their 10 m old SAMR1 control (as shown in Fig. 5). Our studies concluded
that, at the age evaluated (10 m), there is not a signi�cant increase of hippocampal Iba1+ cells in the old
senescent animal SAMP8 with clear hallmarks compatible with brain degeneration, compared to their
10 m SAMR1 control by measuring the expression of Iba1+ cells/mm2 in each strain. We clearly observed
that young 2 m old SAMP8 presents less amount of Hpp Iba1+ staining when compared to their SAMR1
controls, which make di�cult the comparison between strains. Therefore, to analyze the effect of age
between strains we evaluate the fold increase between 2 m and 10 m samples, and reach to the
conclusion that there is not increase in the number of Iba1 expression in the aged senescent mice with
respect to their control (Fig. 4). The meaning and �nal outcome of this reduction of Iba1+ staining in the
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young SAMP8 mice remains to be fully investigated. One possibility to reconcile our observation to those
previously reported, in which they observed an increase in the microglia numbers with age, could be the
use of older animals (12 m old) that might account for the difference in number of Iba1+ cells observed,
although not signi�cantly differences at 10 m were observed (Fig. 4). Microglia/CD11b+ increase has
also been described in response to aging in the SAMP8, a process that is concomitant to age-dependent
changes in BBB [88], we have not been able to see such an increase nor proliferation in the BP
(Iba1+Ki67+ cells) by immuno�uorescence (data not shown). Furthermore, we could not detect signi�cant
changes in the number of CD45+ isolated from these mice (Fig. 5A), nor a substantial increase in the
amount of BP CD45h cells from the periphery when compared 10 m old SAMP8 with their SAMR1
controls (Fig. 5B). These analyses are an experimental challenge since they required a careful manual
dissection of meningeal membranes (mainly piamater) and choroid plexus, which contained CD45h cells.
The novel description of cellular markers that differentiate proper CD45+ brain cells from those of
peripheral origin will clearly help to stablish the permeability capacity of immune cells with aging.

The activation state of old SAMP8 microglia can be studied by the expression of class 2 major
histocompatibility complex molecules (MHCII). MHCII expression is required to establish a robust
adaptive immunity in the brain and periphery. The entry and activation of T cells in the brain parenchyma
requires a preexisting interaction of these cells with antigen presenting cells (APC). In non-injured young
brains, the expression of MHCII is low and mainly restricted to perivascular spaces and border associated
macrophages in m/Ch [52, 89]. During the process of aging, a strong increase in brain MHCII+ cells has
been described in different animal models [90–93]. We evaluated the presence of Iba1+MHCII+ cells by
immuno�uorescence analyses in 10 m aged SAMP8 brains (additional Fig. 1s). MHCII + cells in the BP of
young 2 m SAMP8 were hardly detectable, and 10 m old SAMP8 animals do not express higher amount
of Iba1+MHCII+ cells in BP compared to their young 2 m SAMP8 control. This expression was very low,
hardly detectable and restricted to perivascular areas as seen in control animals [52]. We found a clear
increase in Iba1+MHCII+ cells in the brain border (m/Ch) of 10 m SAMP8 compared to their 2 m controls.
We show our analyses in the choroid plexus (additional Fig. 1s), that show the antibody speci�city. The
existence of this MHCII+ cells areas in contact with the peripheral environment might account for priming
of these cellular compartment when challenged with systemic LPS. The presence of MHCII speci�cally of
majority of microglia cells in the aged brain as shown in [94] remains controversial. Our data suggest that
BP MHCII+ Iba1+ cells are a minority and the expression of this activation marker is mainly at the Iba1+ of
border areas m/Ch in the aged SAMP8 mouse. When 10 m aged control mouse strain such as CD1 was
analysed, we could not observed an increase in the number of Iba1+MHCII+ at 10 m old animals (data not
shown). These experiments could not been performed in SAMR1 mice, since the antibody used for these
analyses did not recognize the speci�c haplotype of the SAMR1 animals (H-2Ks) [95].

We isolated cells from two of the main bMyC enriched areas: BP and m/Ch as described [52]. Removal of
myelin and cell debris after tissue digestion is a critical step for isolation and puri�cation of brain cells for
�ow cytometry analysis. Percoll density gradients have been widely used for brain immune cells isolation
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Conclusions

[96, 97]. Different density gradients such as 30% [98–100] and 30–70% [19, 96, 101] has been used. In
our hands, 30% Percoll media produce more than three-fold increase in the total cell recovery with a better
viability. To achieve purity we use magnetic-beads based a�nity puri�cation (MACS) with a yield of 97%±
2 (n = 10) CD45+ positive cells. BP preparation will formally contain proper microglia cells, perivascular
macrophages and blood-derived macrophages that might in�ltrate the CNS and contribute to the
pathological sequelae. The hippocampus is an irrigated brain tissue, and since changes in BBB
permeability has been reported in the SAMP8 [73, 102]; it is possible that peripheral myeloid cells enter
the aged SAMP8 brain. As described in Fig. 5, our BP preparations in the most in�ammatory conditions
(10 m aged SAMP8 animals) contained mainly proper microglia cells with a medium CD45 expression as
described before, therefore, we concluded that the permeability to peripheral lymphocytes of aged SAMP8
mouse BBB is not enhanced compared to aged control SAMR1 animals nor to young animals (data not
shown).

Increased levels of pro-in�ammatory cytokines such as IL-1β, TNF-α and IL-6 in the aged CNS has been
described before [18, 19, 78, 103, 104]. Here, we have studied mRNA expression of these cytokines in
bMyC-enriched preparation of SAMP8 and SAMR1 from BP and m/Ch with age. Our data in the aged
senescent model are consistent with the increment of in�ammatory markers seen in aged brain tissue
and aged isolated brain cells as in introduction.

Since IL-1β is intimately involved in elaboration of acute and chronic neuroin�ammatory processes in
vivo (revised in [43]), here we show that Il1β expression is greatly enhanced in aged SAMP8 bMyC from
BP but not in m/Ch (Fig. 6). These results are in accordance to preliminary data indicating that systemic
pro-in�ammatory markers in aged 10 m SAMP8 animals do not differ greatly from 2 m or their 10 m
SAMR1 control (data not shown). Parenchymal expression of IL-1β in rodents increases expression of
pro-in�ammatory cytokines and leukocyte chemotactic chemokines within the brain parenchyma [43,
105]. Importantly, IL-1β is capable of triggering further increases in its own expression as evidenced by
murine IL-1β induction following human IL-1β administration or expression in the brain [43, 106].
Therefore, an increment on the amount of IL1β expression will lead to a neuroin�ammatory cascade that
it is restricted to the brain tissue in absence of systemic challenges.

We have evaluated further bMyC response to low LPS dose simulating mild in�ammatory conditions and
not septic shock. The LPS dose used in our experiments (0,5 to 1 mg/kg) is far from the LD50 for LPS in
mice (5–15 mg/kg) and did not cause signi�cant lethality [79, 80]. Despite this low dose, BP bMyC are
able to sense this in�ammogen and produce LPS-dependent cytokine increase, indicating that the BBB
protected microglia cells are able to sense systemic in�ammatory conditions. These data are in
accordance of recent data indicating that the entire brain exhibited the ability to respond to endotoxemia
provoked by LPS producing a wide repertoire of cytokines [107]. The fact that aging dependent BBB
permeability allows the entrance of peripheral immune in the SAMP8 model could play a role in the
ampli�cation of neuroin�ammation processes in response to systemic in�ammation and how to
manipulate this entrance will be the focus of future research effort.
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Neuroin�ammation (NIF) plays an important role in aged associated degeneration of central nervous
system (CNS). Here we analyzed the brain myeloid cells repertoire in the senescent accelerated prone
aged (SAMP8) mouse model and propose this mouse model to study age-associated neuroin�ammatory
events. Although aged hippocampal areas from SAMP8 animals do not show clear differences in the
number of Iba1+ cells or with age, there are clear phenotypical changes associated to aging and an
increment of bMyC in�ammatory markers, together with a role in the ampli�cation of the
neuroin�ammation processes in response to systemic in�ammation. The need of experimental models to
analyse the role of neuroin�ammatory processes in the neurodegeneration associated to aging, open the
possibility to study the response of SAMP8 to novel therapeutic approaches.
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Figures

Figure 1

Analysis of PAS accumulations in SAM mice associated with aging and neurodegeneration. (A)
Representative captures of hippocampal regions in SAMR1 and SAMP8 mice of 2 and 10 months (m)
and 10 m old APP-PS1 mice showing PAS-positive granules. (B) Quanti�cation of PAS positive
accumulates. Brain sections were stained by Schiff's reagent (red-pink) and nuclei with hematoxylin
(blue-brown). Images of coronal sections of cryostat (30 μm thick) were obtained with a 20X objective
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(40x and 100x, from left to right for detail pictures), with the Nikon Eclipse 50i H550S light microscope
and processed with the help of the NIS elements of software and ImageJ. ***, p≤ 0.001 and **, p≤ 0.01
with respect to the PAS /mm2 accumulations (n = 3 to 5 ). Scale bars are included in the images.

Figure 2

Morphology analysis by Sholl analysis. A.- (i) Representative image of hippocampus Iba1+ (green)
regions used for analysis. (ii) Iba1+ maximum projection detailed capture of cell morphology. (iii). Binary
image of the maximum projection of the detailed image. Cartoon showing the radius of the longest
extension that corresponds to the radius of the largest concentric circle and furthest from the soma
(ending radius or maximum radius) and the radius that would cover the soma (starting radius or initial
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radius). B.- (i) Representative images of brain maps from 2 m and 10 m SAM hippocampus areas using a
40x objective and 1.7x digital zoom, showing 63x detailed images of iba1+ positive binary image
showing cell morphology. (ii) Sholl analysis results, number of primary branches and branch index from
iba-1+ of 2 and 10 month old SAM mice hippocampus area (n = 3 ). Images were obtained with a Leica
SP5 TCS inverted �uorescence confocal microscope from cryostat sections 30 µm thick. The nuclei with
DAPI (blue); the brain microglia/macrophages are stained with Iba-1. Scale bars are included in the
images.
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Figure 3

Iba1+ clusters analysis of young and aged SAM mice. 2 and 10 months SAMP8 and SAMR1 brains were
stained with Iba-1 for microglia/macrophages (red), γH2AX for DNA damage in green and DAPI for nuclei
(blue). Images from Iba1+ stained brains were taken with a 63x objective (3x digital zoom) and processed
with ImageJ, using the high-level 3D visualization framework plugin for 3D reconstructions. A.- (i)
Representative 3D reconstruction from hippocampus Iba1+ cells of young 2 m SAMR1 animal as control.
10 m SAMP8 Iba1+ from hippocampus and thalamus showing Iba1+ cell clusters. (ii) Quanti�cation of
microglia clusters (Iba-1+) in 2 and 10 m old SAMR1 and SAMP8 brain regions indicated. B.- Co-
localization of Iba1 immuno�uorescence (red) and γH2AX+ (green) in 30 m coronal cryostat sections of
10 m old SAMP8 brains. (i) Representative image of maximum projection of 10 months SAMP8
hippocampus showing microglia Iba-1+ cellular cluster (red), DAPI (blue) and γH2AX+ (green). γH2AX+
cells outside Iba-1+ clusters are marked with a green arrow (ii) Quanti�cation of γH2AX+ cells. γH2AX+
Iba-1- cells are abundant in 10m SAMP8 brains showing speci�city of antibody. ***, p≤ 0.001; **, p≤ 0.01
and *, p≤ 0.05 (n = 5) with respect to the number of clusters / mouse brain (n = 5 ). Scale bars are
included in the images. The images are representative of an experiment of n = 3 .
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Figure 4

Evaluation of Iba1+ cells in the hippocampus of SAM mice aged 2 and 10 months. 30 µm coronal
cryostat sections were stained with Iba-1 (red) and nuclei with DAPI (blue). Images at 40x (1.7x digital
zoom) were obtained with a Leica SP5 TCS inverted �uorescence confocal microscope and the areas
were processed and evaluated with ImageJ. (A) Representative map of the hippocampus (Hpp) (i),
showing the expression of BP myeloid cells Iba1+ in 2 m SAMR1 mice and indicating the regions used for
counting. (ii) Representative aging phenotype of SAM mice at 10 m, showing incipient alopecia and skin
lesions. B.- Hpp area used in the quanti�cation of Iba-1+ are surrounded by a box, differing in CA1 (cornus
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ammonis) in dark green and DG (dentate gyrus) soft green, as shown in the scheme. Quanti�cation of
Iba1+ cells in the area described in 2 m and 10 m SAM mice. (ii) Fold change of Hpp Iba1+ of 10 m
versus 2 m in SAMR1 and P8 mice. Scale bars are included in the image. ***, P ≤ 0.001; **, p≤ 0.01 and
*, p≤ 0.05 with respect to Iba-1 + / mm2 cells in BP (n = 5 ).

Figure 5

Isolation and quanti�cation of CD45-positive brain cells. A.- (i). Cartoon representing the brain isolation
procedure. (ii) Flow cytometry dot plots of live cells isolated from brain except cerebellum and olfactory
bulb (OB) and meningeal membranes and choroid plexus. Cells were isolated from 10 m SAM P8 and R1
mice, and stained with control isotype antibody (APC rat IgG2b) or with APC rat anti-mouse CD45. Red
box marks CD45 medium expression cells and blue box marks CD45 high expression cells. Panel iii)
shows the arithmetic mean ± SEM (n=10) of the percentage of total CD45+ cells isolated in 10 m SAMR1
(green) and SAMP8 (red) brains, and the percentage of cells which express a high expression of CD45.
The gating strategy was as presented in additional Fig 2s. B.- (i) Cells were stained with PE-Cy7 rat anti-
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mouse CD45 together with 488 rat anti-mouse CD11b and APC rat anti-mouse P2RY12. Representative
histograms are shown, displaying the surface staining of CD11b and P2RY12 of BP CD45m cells: white
histograms represent isotype control and grey histograms represent speci�c staining with the antibodies
indicated. Numbers inside show that most of the CD45+ cells are CD11b+ and P2RY12+ (n=10).
Histograms on the right show staining on the surface of CD11b and P2RY12 of BP CD45m cells: white
histograms represent isotype control and grey histograms represent speci�c staining with the antibodies
indicated. (ii) Cells were stained with PE-Cy7 rat anti-mouse CD45 and APC rat anti-mouse P2RY12 or
CD49d. CD45m cells were P2RY12+ CD49d- (red box) and CD45h cells were P2RY12- CD49d+ cells (blue
box).

Figure 6

Higher Il-1  expression occurs mainly in aged SAMP8 CD45+ brain parenchymal cells. RT-PCR analysis of
IL-1 mRNA expression. A.- CD45+ brain parenchymal (BP) cells. (i) Scheme of BP CD45+ magnetic cell
separation and histograms showing CD45 staining by cytometry from CD45+ and CD45- fraction.
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Quanti�cation of BP CD45+ obtained in positive fraction was of 97±2 % (arithmetic mean ± SEM (n=5) of
CD45+ cell from alive cells as in additional Fig 2s. (ii) IL-1 mRNA expression from BP CD45+ isolated
from young (2 m) and aged (10 m) SAMP8 (red) and SAMR1 (green) animals. B.- (i) Dissected choroid
plexus and meningeal membranes (m/Ch) as in material were pooled into an Eppendorf and total RNA
obtained as in material section, We show the abundance of Iba1+ cells (green) by immuno�uorescence in
both brain localizations which were similar as in [52]. Images were obtained with a SP5 Leica TCS
confocal �uorescent microscope. Scale bars are included in the images that are representative of the
different brain localizations. (ii) Il-1 mRNA expression from m/Ch preparation from young (2 m) and
aged (10 m) SAMP8 (red) and SAMR1 (green) animals. Speci�c mRNAs are ampli�ed from total mRNA
using SYBR Green Real time PCR methodology using 36B4 as reference gene. Data are presented as dCt
(Ct il1 -Ct 36B4). Lower values of dCt means higher Il1-  transcript expression in the sample. *** p<0.001
or ** p<0.01 between speci�ed groups.

Figure 7

bMyC from brain parenchyma (BP) and m/Ch respond to low doses of systemic LPS. Isolated CD45+
cells form BP and m/Ch preparation as in Fig 6. A.- BP CD45+ B.- m/Ch preparations, from aged (10 m)
old SAMR1 (green bars) and SAMP8 (red bars) were injected with saline (empty bars) or LPS (1mg/ml)
(stripped bars) for 3 hours and Il1- (panel i) Tnf- (panel ii), Il-6 (panel iii) and Ccl2 (panel iv) mRNA
expression was then quanti�ed by real-time PCR as before. Cytokines mRNAs increased signi�cantly 3 h
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after the injection of LPS. Speci�c mRNAs are ampli�ed from total mRNA using SYBR Green Real time
PCR methodology using 36b4 as reference gene. Graphs are presented as dCt (Ct gene-Ct 36b4). Lower
values of dCt means higher cytokine transcript expression in the sample. *** p<0.001 or ** p<0.01
between speci�ed groups.
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