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Abstract

Alzheimer's disease (AD) involves severe impairment of cognitive and executive functions and
represents 60-70% of all cases of dementia. Neuropathologically, it is characterized by the
deposition of beta-amyloid peptide in extracellular neuritic plaques and the formation of
intraneuronal neurofibrillary tangles, which elimination has been the unsuccessful goal of different
therapies. However, little is known about the progressing neuroinflammatory process,
characterized by an increase in the number and morphological changes of microglial cells at
different stages of the disease. The aim of this study is to characterize the morphological
differences of microglial cells in the hippocampus of an aged murine model of Alzheimer's disease
to elucidate whether, associated with age and tau and beta amyloid deposits, there is an active
proinflammatory phenotype different from the physiological pattern and how it is related to the
formation of tau neurofibrillary tangles.

Twelve female mice (healthy controls and 3xTgAD, n = 6 per group) between 19 and 22 months
were used and 10 cells from each animal were randomly analysed using the AnalyzeSkeleton and
FracLac extensions of the Image-J program. No significant differences were found between both
groups. Secondly, we studied microglial relationship with tau accumulation in controls and 3xTgAD
animals at different stages (9, 12 and 15 months, n=3). Our results show an increase in both the
number of microglia cells and intracellular tau tangles associated with age, as well as a strong

relationship between both variables.

In sum, we must consider the age variable to understand the rol of microglial cells in AD
neurodegeneration process. Understanding their morphological heterogeneity may be one of the
keys of this neurodegenerative disorder.

Key Words: Alzheimer's disease, microglia, neuroinflammation, animal model, fractal analysis, tau,
B-amyloid.
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INTRODUCTION
1. INTRODUCTION

Dementia is an age-related disease that involves impairment of memory, intellect,
behaviour, and the ability to perform activities of daily living (Vatanabe et al., 2019;
Hashemiaghdam & Mroczek, 2020). It currently affects about 50 million people and is expected
to affect 100 million more by 2050 (Alzheimer’s Disease International, 2019). Alzheimer's
disease is the most common form of dementia, representing 60-70% of cases (Bello-Medina et
al., 2019). At the neuropathological level, this disease is characterized, among others, by the
presence of protein deposits of B-amyloid peptide (AB) in extracellular neuritic plaques (SP)
and the formation of intraneuronal neurofibrillary tangles of tau protein (NFT) (Hardy &
Higgins, 1992; Zetterberg & Bendlin, 2021), an exacerbated neuroinflammation (Calsolaro &
Edison, 2016; Song, 2018), synaptic loss (Hickman et al., 2018), increased oxidative stress
(Bello-Medina et al., 2019; Bartels et al., 2020) and selective neuronal death (Hashemiaghdam
& Mroczek, 2020).However, from a macroscopic point of view an AD brain does not differ
significantly from one that has undergone physiological aging (Pini et al., 2016). Cortical and
subcortical atrophy selectively affecting the hippocampus, accompanied by a predominant
dilatation of the temporal horn of the lateral ventricle are postulated as the unequivocally
specific, and microscopically-related features of AD (Perl, 2010).

During decades, the hypothesis of the B-amyloid cascade, first described in 1992 by John A.
Hardy and Gerald A. Higgins, was the predominant one (Hardy & Higgins, 1992). This theory
suggests that it is the accumulation of these proteins that triggers synaptic dysfunction and
increased phosphorylation and secretion of tau (Hardy & Higgins, 1992; Zetterberg & Bendlin,
2021). Associated with this hypothesis emerged numerous therapies focused on trying to
eliminate the formation of these deposits obtaining unfruitful results (Lue et al., 2019). In
parallel to these theories, others emerged that gave more importance to the accumulation of
neurofibrillary tangles because of two main aspects: i) the direct correlation, at the beginning
of the symptomatology, of NFT number with cognitive impairment, and ii) in addition to AD,
tangles were found in more than 20 different neurodegenerative diseases (tauopathies)
(Spillantini & Goedert, 2013), and, except for AD, most of these diseases occur without
amyloid deposition and many are associated with tau mutations, suggesting that tau
dysfunction and/or tangle formation contribute to disease aetiology (Naseri et al., 2019). Even
more, it has also been demonstrated that there is no correlation between senile plaques and

cognitive impairment (Dickson et al., 1992; Spillantini & Goedert 2013).

Beyond these deposits, the existence of microglial cells that both increase their number and
modify their ramifications in response to or associated with neurodegenerative processes has
been known since the last century (McGeer et al., 1987). In this sense, a new etiological
hypothesis emerges suggesting that excessive production of cytotoxic cytokines, reactive
oxygen species or degradation enzymes by microglia may be early events in the pathogenesis
of the disease and accelerate the neurodegenerative process (Leng & Edison, 2020). Microglial

cells, a specialized population of tissue resident macrophages, are considered immune
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sentinels in the central nervous system (CNS), play an essential role in maintaining
homeostasis (Li & Barres, 2018; Brioschi et al., 2020), participating in the regulation of brain
development (Mosser et al., 2017; Brioschi et al., 2020), maintenance of neural networks
(Bohlen et al., 2019), and injury repair (Hickman et al., 2008). Moreover, as a major source of
proinflammatory cytokines, are the key mediators of neuroinflammation, modulating a wide

spectrum of cellular responses (Yuan et al., 2020).

In a steady state, these cells present a central soma from which project multiple dynamic
extensions that are responsible of monitoring their environment (protruding and retracting),
and eliminating dying cells, and remodelling synapses through a continuous pruning process
(Lara-Urefa, 2020). Defects or dysfunctions in synaptic pruning produce learning abnormalities
and cognitive defects (Hickman et al.,, 2008). The activation states of microglia could be
classified, like the rest of macrophages, into "classical" or M1 and "alternative" or M2
(Martinez & Gordon, 2014). In general, an M1 phenotype represents proinflammatory activity,
including the production of proinflammatory cytokines, such as tumour necrosis factor (TNF)
and interleukin-1f (IL-1B). Microglia in the M2 state exhibit an anti-inflammatory phenotype
associated with 1I-10 and transforming growth factor-B (TGF-B) expression, related to wound
healing (Martinez & Gordon, 2014; Li & Barres, 2018). Laser-induced microlesions stimulate
microglia located in the vicinity of the lesion, which direct their prolongations towards the site
of damage to form structures capable of scrutinize the injured tissue (Davalos et al., 2005).
Major damage or inflammatory stimuli induce morphological changes in microglia from
branching to amoeboid morphology (Colonna & Butovsky, 2017), where the cell body enlarges
while the branches shorten and cover more limited areas (Colonna & Butovsky, 2017; Lara-
Urefa, 2020).

Alzheimer’s disease murine models have evidenced a reduced expression of microglial
receptors for AP phagocytosis, but maintain their ability to produce proinflammatory
cytokines, suggesting that the accumulation of B-amyloid is due to, in part, to a failure in AB
microglial scavenger function (Hickman et al., 2008). It has also been described how microglia
forms a physical barrier to contain SP and protect neurons from neurodegeneration (Condello
et al., 2015). The function of microglial cells would resemble the famous two-sided coin of the
god Janus, while their early activation is beneficial in removing toxic B-amyloid from the brain,
over time, chronic stimulation becomes detrimental and leads to a prolonged
neuroinflammation, excessive deposition of AB and thus accelerates the neurodegenerative
process (Wang & Colonna, 2019). However, although research to date has shown significant
morphological differences between control and experimental animals, most of these studies
have been carried out in early stages of the pathology, using young and/or male animals,

without considering the age and/or gender variable.

In relation to these murine models, and particularly relevant to this work, AD features have
been recapitulated in the 3xTg-AD mouse model. This model develops age-dependent A and
tau pathologies (Oddo et al., 2003), along with increased microglia and activated astrocytes in

response to plaque deposition (Kitazawa et al., 2005), and progressive cognitive impairment
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(Billings et al., 2005). This mouse model has been useful in elucidating several pathways by
which AB accumulation controls tau phosphorylation, suggesting that B-amyloid levels are
upstream of tau accumulation (Oddo et al., 2004). Furthermore, it has been shown that
aspects of a dysregulated inflammatory response, both in transgenic mouse models of AD
(Parachikova & Cotman, 2007) and in AD patients (Parachikova et al., 2007), can lead to
cognitive impairment. Therefore, 3xTgAD murine model is extremely appropriated for our two
main objectives. Firstly, to characterize the morphological differences of microglial cells in the
hippocampus to elucidate whether, associated with age, there is an active proinflammatory
phenotype different from the physiological pattern. Secondly, to establish what is the
relationship of this neuroinflammatory microglial pattern with the appearance of
neurofibrillary tangles at different temporal patterns: 9, 12 and 15 months old.

2. METHOD

2.1.Animals

Experiments were performed in 3xTg-AD mice harbouring three human mutant genes:
PS1M146V,APPSWE and tau (TauP301L) and in age-matched wildtype (WT) animals (WT:
C57BL6/129S background). WT mice used in this study have the same genetic background of
the presenilin knockin embryos used to generate the 3xTg-AD mouse model, but instead of
expressing mutant PSIM146V gene they express the endogenous WT mouse PS1M146V gene.
The animals were maintained at 32 = 1 °C, 60% relative humidity, on a 12 h light— dark cycle,
with access to water and food ad libitum. 3xTgAD and wildtype littermates were bred in the
SEA animal care facility. The animal experimentation was conducted in accordance with the
guidelines established by Spanish legislation (RD 53/2013) and the European Union regulation
(2010/63/EU) and also with the European Community directive guidelines for the use of
animals in laboratory (2010/63/EU). All the procedures were approved by the Ethics
Committee of the Universitat Jaume | (approval number 2015 / VSC / PEA/00213).

A total of 40 female animals (20 control and 20 3xTgAD mice), aged between 19 and 22
months (n=6) or 9, 12 and 15 months (n=3 animals each age) were used. Female mice were
chosen not only because they are more susceptible to Alzheimer-type pathology and longer-
lived than male mice but also because its scientific interest since most previous studies used

male 3xTgAD mice model.

2.2.Tissue samples processing

Briefly, animals were anesthetized by intraperitoneal administration of sodium
pentobarbital (Dolethal, 200 mg/kg i.p; Vetoquinol S.A., Madrid, Spain), transcardially perfused
with 0.9% saline solution (50 ml) and subsequently fixed with paraformaldehyde (4% in 0.1 M
PB, ph=7.4) for 12 min (60 ml). Brains were quickly removed, dissected, and cryoprotected for

3 days in 30% sucrose that was dissolved in 0.1 M phosphate buffer.



Sliding Microtome Leica SM2010R (Leica Microsystems, Heidelberg, Germany) was used to
obtain 40-um thick coronal frozen sections that were preserved in cryoprotective solution at -

20°C until the day immunohistochemistry was performed.

2.3. Immunohistochemistry

For immunofluorescence, two 40 um hippocampal sections were selected in each animal.
At late stages (19-22 months old) only macrophage and microglia specific calcium-binding
protein (Ibal) was performed, while, to study their relationship with tau tangles, (9,12, and 15
months old) double staining was performed to label both Iba-1 and tau deposits. Non- specific
Fc binding sites were blocked with 10% normal goat serum, and the sections were incubated
for 24 h (room temperature, constant shaking) with primary antibody diluted in PBS containing
1% goat serum, 0.3% Triton X-100. Rabbit Anti-lbal (1:1000, Wako Chemicals, United States)
and Mouse Anti-human PHF-tau (1:500, Fisher Scientific SL, Rockford, United States) were
used. The sections were incubated for 2 h with the labelled secondary antibody and were then
washed with PBS and incubated with the DAPI solution (1:1000) in 1x PBS for 1 min. The
sections were washed, mounted with Fluorsave mounting medium (Merck Millipore), and
examined using either fluorescence or confocal microscopy. The secondary antibodies used
are as follows: Alexa 488 goat antirabbit secondary antibody (1:500, Jackson ImmunoResearch,
West Grove, PA, United States) and Cy3 goat anti-mouse (1:200, Jackson ImmunoResearch,
West Grove, PA, United States).

2.4.Image acquisition and analysis

2.4.1. Microglia cell morphology

The brain sections were examined using a TCSSP2 laser confocal scanning coupled to a Leica
inverted DMIRB microscope and Leica Confocal Software (Leica Microsystems). lba-1 detection
was associated with Alexa fluorophore 488 that absorb light maximally at 493 nm and
fluoresce with a peak around 519 nm and DAPI that absorb light maximally at 405 nm and

fluoresce with a peak around 491 nm.

A series of optical sections were analysed to determine an upper and lower threshold using
the Z/Y position for the Spatial Image Series setting. The optical series covered a 20 um thick
slice of tissue with 0.4 um per optical section. The confocal microscope settings were
established and maintained by local technicians for optimal resolution. All images were
captured using the 40x dry objective. Three images of the CA1l region of the hippocampus
were obtained and analysed with Image-J software following the University of Arizona protocol
(Young & Morrison, 2018) (download FlJI/Imagel from https://imagej.net/Fiji/Downloads). Ten
cells from each animal were randomly selected and AnalyzeSkeleton (2D/3D)
(http://imagej.net/AnalyzeSkeleton) and FraclLac
(https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html) extensions were used to analyse

different parameters of microglial cells. These plugins provide rapid analysis of microglial

5


https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html

E UNIVERSITAT
JAUME |

branching and morphology. This process is remarkably time consuming but provides very good

results with respect to microglial cell complexity, shape, and size.
2.4.1.1. AnalyzeSkeleton plugin

This plugin analyses multiple cells within a region of interest and provides us an image
"labelled" with the branch length. Briefly, we separate both channels (DAPI and Alexa 488)
(Image-Color-Split Channels) and choose a maxim-intensity z-project that three-dimensionally
includes whole cells (Image-Stacks-Z project). Once, we have selected our ten cells, a series of
filters must be applied so that the image can be correctly analysed (Young & Morrison, 2018)
(figure 1).

i Image - Adjust - Brightness/Contrast = This is one of the most important steps setting
the background as dark as possible.

ii. Process - Filters - Unsharp Mask = Optionally can increases the contrast.

iii. Image - Adjust - Threshold = We convert the image to binary to perform the final
analysis.

iv. Process - Noise - Despeckle = Optionally, the image could be "cleaned" of loose
branches.

V. Process - Binary — Close = Optionally, loose pixels that may belong to branches of cells

of our interested could be recovered.

Finally, we save the obtained image as "binary", format needed to perform the fractal
analysis obtain, and analyse the skeleton of the complete image (Analyze - Skeleton - Analyze
Skeleton (2D/3D)) (Figure 1).

2.4.1.2. Fractal Analysis plugin

This plugin quantifies the microglia complexity considering endpoints and branch lengths.
The program calculates the fractal dimension using a "box plot" protocol that determines the
number of pixels with an increasing scale, where N is the number of pixels (Young & Morrison,
2018). Using the binary image, we have previously obtained we select the cells we want to
analyse. Using the brush tool, we can erase traces of other cells out of our interest and join
branches that have been separated from the rest of the cell with the previous process. Finally,
it is necessary to acquire the silhouette to obtain the parameters we are looking for such as
the cell's convex hull and bounding circle. Attending to previous literature we analysed the
following parameters (Karperien et al., 2013; Morrison et al,. 2017; Fernandez-Arjona et al.,
2017; Young & Morrison, 2018; Plescher et al., 2018; Fernandez-Arjona et al., 2019).

A. Fractal dimension. It measures the complexity of cellular patterns. Higher values mean

greater complexity.

B. Lacunarity. It is associated with changes in the soma and its morphological
characteristics. Low values indicate homogeneity, with the different parts of an image having
similar variation. Conversely, high values imply heterogeneity since the image contains many

spaces or "gaps" of different sizes.



C. Density (also called solidity). It is calculated by dividing the area of the cell by the area
of its shape. Higher values mean amoeboid shapes.

D. The area of the cell. It is quantified as the total number of pixels present in the filled
shape of the image, which is then transformed into square micrometres. Higher values indicate
larger branches.

E. Perimeter. Measures the number of pixels representing the cell outline. Higher values
indicate largest branches.

F. Shape (called Span Ratio). It is the ratio of the major axis to the minor axis. It is related
whit cylindrical shape of the cells. Low values indicate that the complexity of their
ramifications and their heterogeneity decrease, and they become more compact.

G. Circularity. This parameter varies from 0 (linear polygon) to 1 (perfect circle). Same as
density, higher values mean amoeboid shapes.

Fig. 1. Example of image processing. (A) Original image converted to 8 bits to facilitate the processing.
(B) different filters are applied to determine more accurately the cell outline (D and E) Randomly
selected cells for fractal analysis. (C, F and G) skeletonized images from original (B, D and E) binaries

ones, special focus in branch lengths (red) and endpoints (blue).
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2.4.2. Relationship between microglia cells and NTF tangle formation

Analysis was performed using an Olympus BX-4CB fluorescence microscope (OLYMPUS
CORPORATION) coupled to a Leica DFC 550 camera (Leica Microsystems). Alexa488 and DAPI
fluorophores maintained previous absorption and emission wavelengths and Cy3 can be
excited maximally at 550 nm, with peak emission at 570 nm. Sequential images covering both
anterior and posterior CA1 and CA3 areas were captured at 20x magnification using Leica
software (V 2.61). All images were subsequently analysed using Image-J software. Microglial
cells were only counted if the whole cell (soma and prolongations) could be identified. Total
number of cells was counted, without distinguishing their morphology or activation phase,
since this is part of another study. Phosphotau+ cells were only quantified if there was a DAPI

counterstain.

Fig. 2. Photographs of Iba-1 and Phosphotau + cells. (A) Image of the IBA1 channel. IBA1l+ cells were
only counted if the whole cell could be identified. (B) DAPI and phosphotau+ cells. Phosphotau+ cells

were only quantified when a matching nucleus was present.

2.5. Statistical analysis

The data are expressed as the mean + SEM and were analysed using GraphPad Prism 9.1.1
(GraphPad Software, San Diego, CA, USA). The normality of the data was assessed with
Shapiro—Wilk normality test.

The influence of both variables group (control or 3xTgAD) and age (9,12 and 15 months of
age) on the number of microglial cells or NFT (determined by PHF-positivity) was analysed by
two-way ANOVA with Tukey's post hoc analysis. The relation between groups was determined

by independent t-test analysis.

To establish the relationship between Ibal+ cell number and Tau+ neurons, a simple linear
regression and XY correlation analysis were performed, where the independent variable was
PHF-positive cells and the dependent variable the number of microglia cells in the control and

3xTgAD groups. Data were considered to be significant at *p<0.05, **p<0.01 and #**p< 0.001.



3. RESULTS

3.1.Morphological changes of microglia cells are dependent on normal aging.

Research in recent years has related changes in the patterns of morphological and
phenotypic parameters of microglia to different pathological conditions, and based on this
research, we wanted to evaluate these differences considering the variable age. The
morphological and fractal analyses only showed significant differences for the circularity
parameter (p = 0.0072) (Figure 3B, Table 1). On the other hand, in the rest of the parameters
evaluated (fractal dimension, lacunarity, density, area, perimeter and span ratio), no significant
differences were found (p>0.05) (Figure 3B, Table 1), which indicates that, at these advanced

ages, both groups present microglia with an active phenotype (Figure 3A).
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Fig. 3. Morphological and fractal analysis. (A) Representative processed images from microglia of
control and 3xTgAD animals. (B) The quantification of the different morphological parameters showed a

close morphological similarity between the microglia of both groups (*p<0.05)
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Table 1. Quantitative data on microglial morphology. The means obtained for each of the parameters
analysed and the degree of significance obtained are shown. Differences were only observed in the

circularity of the microglia, being higher in 3xTgAD animals.

Fractal D.  Lacunarity  Density Area Perimeter  Span Ratio  Circularity
Controls \ 1.4177 0.3871 0.1000 1945.035 177.4302 1.7602 0.7636
3xTgAD \ 1.4325 0.3912 0.1080  2064.4845 177.3993 1.5852 0.8016
p 0.44 0.64 0.31 0.56 0.99 0.07 0.01

3.2.The increase in the number of microglia cells is also age-dependent, while the

formation of intracellular tau tangles is disease-dependent.

One of the objectives of our research group is to determine whether the presence of
mutations in the APP, presenilin and Tau genes leads to a neuroinflammatory reaction and the
formation of deposits and plaques in the hippocampus and whether the presence of plaques
correlates with alterations in emotional, social, and cognitive behaviour. The presence of
senile plaques (accumulation of beta amyloid) and neurofibrillary tangles (accumulation of tau
protein forming "paired helical filaments", PHF) was determined in each temporal space.
Previously, we have determined the presence of both accumulations at 9 months of age
(Figure 4).

Fig. 4. Presence of neurofibrillary tangles and senile plaques in 9-month-old 3xTgAD mice. The
determination of beta-amyloid and tau neurofibrillary tangles was performed with anti-Ap1-42 and anti-

PHF antibody respectively. Scale=20 pum
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Since an increase in beta-amyloid and tau accumulation had been observed from 9 months

of age we carried out a characterization of the microglial response from that period onwards.

We first determined the number of microglial cells in the CA1 and CA3 regions of the
hippocampus of 9-month-old animals. The quantification was also determined at two
anatomical levels (ventral and dorsal) (Bregma -2.06 y -29.92 mm). At this age, we observed a
significant increase in the number of microglial cells in all regions except the ventral CA3

region (Figures 5 and 8).

vCAl dCAl vCA3 )

A

Controls

C Controls 3xTgAD p
VCAI | 83.44 101.10 0.04
dCA1 | 74.53 94.67 0.002
VCA3 | 82.17 83.06 0.68
dCA3 | 75.50 84.83 0.04

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3

Fig. 5. Quantification of microglial cells at 9 months of age. Representative images of lba-1+ cells
quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)
animals. The means obtained for each group and area and their statistical relationship are shown in the
table (C). Significant differences (bold) were observed in all the areas analysed but ventral CA3 region

(for further information see figure 8).

However, both at 12 and 15 months old, no such massive significant differences (p>0.05)
between control and 3xTgAD animals could be found (figures 6-8). At both ages, only in ventral
CA1 region 3xTgAD showed an increase of microglial cells compared to control animals (figures
6C, 7C and 8). Although the 3xTgAD animals presented an age-associated increase in the
number of microglial cells, it was very similar to control animals. This suggest that, as we have
previously described with 19-22 months old animals, at late stages the neurodegeneration

influence in microglial cells number is made up by the age variable.
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vCAl

Controls

3xTgAD

vCA3

dCA3

C Controls 3xTgAD P
VCAIL | 98.42 114.50 0.01
dCA1 | 102.60 111.50 0.28
VCA3 | 100.20 99.83 0.88
dCA3 | 101.20 101.80 0.9

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3

Fig. 6. Quantification of microglial cells at 12 months of age. Representative images of Iba-1+ cells

quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)

animals. The means obtained for each group and area and their statistical relationship are shown in the

table (C). Significant differences (bold) were only observed in vCAl area (for further information see

figure 8).

vCAl dCA1

vCA3

dCA3

Controls

C Controls 3xTgAD P
VCA1 | 107.8 115.7 0.02
dCA1 | 114 110.9 0.57
VCA3 | 110.8 110.6 0.95
dCA3 | 106.5 108.9 0.55

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3
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Fig. 7. Quantification of microglial cells at 15 months of age. Representative images of |ba-1+ cells
quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)
animals. The means obtained for each group and area and their statistical relationship are shown in the
table (C). Significant differences (bold) were only observed in vCAl area (for further information see
figure 8).

However, the aim of our study was not only to determine whether there were variations in
the number of microglial cells at each of the different stages (9, 12 and 15 months of age) but
also to determine whether the number of microglial cells associated with age varied in each of
these groups (Figure 8).

A ventral CA1 2 dorsal CA1
— * — *%k

% 150 ; * O Control % 150 — O Control
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5 E
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Fig. 8. Effect of the variable age and group on the number of microglial cells in the female 3xTgAD
model. The effect of the group (control or 3xTgAD) and time frame (9,12 and 15 months of age) on the
number of microglial cells in the areas described above (ventral CA1 (A), dorsal CA1 (B), ventral CA3 (C)
and dorsal CA3 (D)) was analysed. Analysis was performed by two-way ANOVA with Tukey's post hoc
analysis. Differences intergroup (*p<0.05, **p<0.01 and ***p< 0.001) and intragroup (¥p<0.05, &&p<0.01

and &&&p< 0.001) are shown.

As can be seen in both the graph and the table, regardless of group, age induces a
significant increase in the number of microglial cells, which is most significant between 9 and
12 months in the case of control mice in all areas and in the CA3 region in the case of female
3xTgAD mice (Table 2).
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Table 2. Influence of age variable on intragroup number of microglial cells. The significant differences
observed for the age variable in each of the areas analysed are shown. The degree of significance of

these differences is shown.

CONTROL 3xTgAD
‘ 9vs 12 m.o 9vs 15 m.o 12 vs 15 m.o 9vs 12 m.o 9vs 15 m.o 12 vs 15 m.o
vCA1 ‘ &p=0.03 &&&p=0.0008 n.s. n.s. &p=0.04 n.s.
dCA1 ‘ &&p=0.002 888n<0.0001 n.s. n.s. n.s. n.s.
vCA3 ‘ &&&p=0.0004 &&&n<0.0001 &p=0.02 &&&p=0,0007 &p=0.02 &&&p<0.0001
dCA3 ‘ &&&p=0.0003 &&&n<0.0001 n.s. &&p=0.001 8&&1=0.0006 n.s.

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3; m.o: months old; n.s: no significant

Using the Two-way ANOVA we analyzed which variable i) group, ii) age, iii) both or iv)

subject determined the variations found in our previous analyses (Table 3).

At hippocampal ventral CA1 level, most of the variations observed were due to both group
and age individual variables (35% and 50%, respectively). These results differed from what we
found at the dorsal level where, with a percentage next to 70%, the predominant variable was

age.

Similar results were observed at both levels of CA3 where the age variable was significantly
responsible for the observed changes in percentages that were more than 85% in both cases.

Table 3. Source of variation. Using the Two-way ANOVA test, we determined the main source of

variation for each area analysed.

Group x Age Group Age Subject
VCAI | n.s. **p=0.002 **p=0.008 n.s.
dCA1 | *p=0.003 n.s. **p=0.0012 n.s.
vCA3 | n.s. n.s. ***p<0.0001 n.s.
dCA3 | n.s. n.s. ***p<0.0001 n.s.

vCA1: ventral CAl; dCA1: dorsal CAl; vCA3: ventral CA3; dCA3: dorsal CA3; n.s: no significant

The other variable we were interested in was tau protein aggregation evidenced by the
presence of intraneuronal PHF+ cells in the brain of our female 3xTgAD mice. As expected,
significant differences (p<0.05) were obtained in all groups in almost all the analysed areas
studied. Briefly, we first determined the number of PHF-+ cells in CA1 and CA3 hippocampal
regions of 9-month-old animals. The quantification was also determined at two anatomical
levels (ventral and dorsal) (Bregma -2.06 y -29.92 mm). At this age, 3xTgAD showed a
significant increase in intraneuronal tau deposits in all regions except the dorsal CA3 region

(Figure 9).
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vCAl dCA1l vCA3 dCA3

>

Controls

3xTgAD

C Controls 3xTgAD P
vCA1 20.94 31.08 0.007
dCA1 21.61 37.89 0.02
vCA3 46.78 60.78 0.006
dCA3 48.25 57.67 0.15

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3

Fig. 9. Quantification of PHF-+ cells at 9 months of age. Representative images of positive cells
quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)
animals. The means obtained for each group and area and their statistical relationship are shown in the
table (C). Significant differences (bold) were observed in all the areas analysed but dorsal CA3 region (C)
(for further information see figure 12).

Analogous results were obtained in control and transgenic animals at 12 months of age.
These animals showed a significant increase (p<0.05) in the number of PHF-positive cells in our
female 3xTgAD animals compared to controls. This increase was present in all areas except in
the dorsal region CA3 where both groups had a similar number of PHF-positive cells (p>0.05).

vCAl dCA1 vCA3 dCA3

>

Controls
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c Controls 3xTgAD p
vCAl 35.29 40.95 0.03
dCA1 35.22 45.41 0.03
vCA3 89.53 97.06 0.0497
dCA3 87.64 95.67 0.35

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3

Fig. 10. Quantification of PHF-+ cells at 12 months of age. Representative images of positive cells
quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)
animals. The means obtained for each group and area and their statistical relationship are shown in the
table (C). Significant differences (bold) were observed in all the areas analysed but dorsal CA3 region (C)
(for further information see figure 12).

In contrast, at 15 months of age, the transgenic animals showed a significant increase in
phosphorylated tau deposits in all the areas analysed, being especially significant in the CA3

region.

Controls

C Controls 3xTgAD p
vCA1 43.50 60.43 0.046
dCA1 67.92 77.94 0.02
vCA3 117.1 166.3 0.0001
dCA3 107.2 146.8 0.004

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3

Fig. 11. Quantification of PHF-+ cells at 15 months of age. Representative images of positive cells
quantified in hippocampal ventral and dorsal CA1 and CA3 regions of control (A) and 3xTgAD (B)
animals. The means obtained for each group and area and their statistical relationship are shown in the
table (C). Significant differences (bold) were observed in all the areas analysed (C) (for further

information see figure 12).

Similar to our study in microglia, we also determined whether, in each of the hippocampal
areas analysed, there was an influence of age on the number of PHF-positive cells (Figure 12,
Table 4).
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Fig. 12. Effect of the variable age and group on the number of phosphotau-positive cells in the female
3xTgAD model. The effect of the group (control or 3xTgAD) and time frame (9,12 and 15 months of age)
on the number of phosphotau (AT8) cells in the areas described above (ventral CA1 (A), dorsal CA1 (B),
ventral CA3 (C) and dorsal CA3 (D)) was analysed. Analysis was performed by two-way ANOVA with
Tukey's post hoc analysis. Differences intergroup (*p<0.05, **p<0.01 and ***p< 0.001) and intragroup
(¥p<0.05, #&p<0.01 and %&&p< 0.001) are shown.

As can be seen in both the graph and the table, regardless of group, age induces a
significant increase in the number of PHF-positive cells, which is most significant between 9
and 12 months in the case of control mice in dCA1 and vCA3 and in the CA3 region. In the rest
of areas of control animals there was a significant increase during all the times analysed. On
the other hand, 3xTgAD presented a significant increase during the three stages analysed in
CA3 area, while the increase in PHF-positive cells were only found between 12 and 15 months
old.

Table 4. Influence of age variable on intragroup number of phosphotau-positive cells. The significant
differences observed for the age variable in each of the areas analysed are shown. The degree of

significance of these differences is shown.

CONTROL 3xTgAD

‘ 9vs 12 m.o 9vs 15 m.o 12 vs 15 m.o 9vs12m.o 9vs 15 m.o 12 vs 15 m.o
vCA1 ‘ &p=0.02 &&&p=0.0007 n.s. n.s. &&&p<0.0001 &p=0.002
dCA1 ‘ &p=0.01 &&&H<0.0001 &&&p<0.0001 n.s. &&&p<0.0001 &&&p<0.0001
vCA3 ‘ &&&p<0.0001 &&&H<0.0001 &&&p<0.0001 &&&<0.0001 &&&p<0.0001 &&&p<0.0001
dCA3 ‘ &&&p=0,0007 &&&<0.0001 n.s. &&p=0.001 &&&p<0.0001 &&&p<0.0001

vCA1: ventral CA1; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3; m.o: months old; n.s: no significant
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Using the Two-way ANOVA we analyzed which variable i) group, ii) age, iii) both or iv)
subject determined the variations found in our previous analyses (Table 5).

At hippocampal ventral CA1 most of the variations observed were due to the effect of age
(almost 70%), similar to what happened at the dorsal level. The same occurred at the dorsal
CA1l level as well as in the two levels of CA3, where the age variable was significantly
responsible for the observed changes in percentages that were more than 80% in all cases. On
the other hand, in contrast to the microglia analysis, individually the group (or disease) variant
played a decisive role in the changes observed at the CAl level. The group variable also
induced the changes observed at the CA3 level both individually and age-associated.

Table 5. Source of variation. Using the Two-way ANOVA test, we determined the main source of

variation for each area analysed

Group x Age Group Age Subject
VCA1 | n.s. **p=0.002 **p=0.0015 n.s.
dCA1 | n.s. **p=0.008 ***p<0.0001 n.s.
VCA3 | ***p<0.0001 ***p<0.0001 ***p<0.0001 n.s.
dCA3 | **p=0.003 *p=0.02 ***p<0.0001 n.s.

VvCA1: ventral CAl; dCA1: dorsal CA1; vCA3: ventral CA3; dCA3: dorsal CA3; n.s: no significant

3.3. There is a clear relationship between neuroinflammation and pathological tau
aggregation.

Our results show a clear relationship between the increase in the number of microglia cells
and the increase in NTF tangles, labelled by PHF-positive cells, in all the groups studied and in
all the areas studied (figure 12). This relationship was stronger in the control group animals
than in the 3xTgAD animals (0.95 vs. 0.40 anterior part of CA1; 0.76 vs. 0.24 posterior part of
CA1; 0.56 vs. 0.24 anterior part of CA3; 0.45 vs. 0.24 posterior part of CA3), which leads us to
believe that, under normal conditions, where there are no other variables to contend with (B-
amyloid, for example), the relationship increases. These data support the idea that tau
pathology in the hippocampus is related to neuroinflammation, in addition to which a loss in
microglial surveillance functions may be as or more important than a gain in toxic function in
the pathophysiology of AD.

18



A VCA1 B dCA1
1304 1401

-&- Control -0~ Control
120+ - 3xTgAD 120 —* 3XTgAD
& 110 o
=) r-]
2 1004 2 100
g 5
E 904 E
80
80
70 T T T 1 60 T T T 1
0 20 40 60 80 0 20 40 60 80 100
tau tau
C VCA3 D dCA3
120~ 120
0 -0~ Control 0 -©- Control
- 3xTgAD 1104 -* 3xTgAD
= 100 & 100
- @
E g0+ E g0
70
60 T T T 1 60 T T T 1
0 50 100 150 200 0 50 100 150 200
tau tau

Fig. 13. Relationship between the number of microglia cells with the number of phospho-tau+ cells.
Slopes: (A) ventral part of CA1, 0.95 control group vs. 0.40 3xTgAD group; (B) dorsal part of CA1, 0.76
control group vs. 0.24 3xTgAD group; (C) ventral part of CA3, 0.56 control group vs. 0.24 3xTgAD group;
(D) dorsal part of CA3, 0.45 control group vs. 0.24 3xTgAD group.

4. DISCUSSION

The present work is fundamentally novel in two respects. On the one hand, because the
entire study was performed in 3xTgAD females, as opposed to most studies to date that
address AD models using male mice. On the other hand, because the microglial
characterization study was performed at late stages (19-22 months of the disease), so that we
have considered the age variable, often ignored in murine models. This age range, 19-22

months will be equal to 65-75 years old in humans (Dutta & Sengupta, 2016).

So, our aims were, on the one hand, to characterize the morphology of microglial cells
located in the hippocampus of an aged model of AD. On the other hand, to study the
relationship of these cells with the pathological aggregates of tau protein characteristic of the
disease at different stages of its development, since it has been studied mainly in relation to
AB, but, on the contrary, little is known about the inflammatory processes associated with tau

pathology.

In relation to the morphology of microglial cells, one of the most comprehensive studies
using these software tools, is the analyses of the changes that occur in the neuroinflammation
process after injection of the enzyme neuraminidase (NA) at different times (2, 4 and 12h after
injection) (Fernandez-Arjona et al., 2017). Arjona and cols. found significant differences in
fractal dimension, lacunarity, area, density, and perimeter. This study demonstrated that

cellular morphological changes could occur during neuroinflammation process, but they do not
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consider either the sex or the age of the animals, which are two variables closely linked to AD
and the neurodegeneration process. Furthermore, it is likely that the type of lesion and its
temporal and spatial evolution may drive the selective activation of these cells. For example,
Zanier et al. demonstrated how microglia with active morphology show a different distribution
in three different models of brain injury 24h after injury, and that microglia in brains at
advanced stages of disease have more severe morphological changes than those in brains at
earlier stages. The descriptors that would best represent the branching of these cells are area
and perimeter, while circularity and solidity would provide information about amoeboid shape,
that would be related to their function (Zanier et al., 2015). Even so, we must keep in mind the
limitations of this morphological study, mainly referred to the use of a two-dimensional
approach when analysing three-dimensional cells.

On the other hand, it should be noted that most of the morphological changes found in
previous studies are associated with changes in cell density. However, they mostly calculate
this parameter as the number of cells divided by the total area of the image. This method is
not the most accurate, since, within the same image, microglia can present different
morphologies. For example, it has been described how microglia associated with B-amyloid
plagues undergo dramatic morphological and electrophysiological changes, while microglia
distant to plaques show minor changes (Plescher et al., 2018). Although previous studies have
contributed to create a classification of different morphological microglial types, but do not
help to clarify when the change occurs, which is one of the most important questions in the
pathological study of neurodegenerative diseases. In short, urge to unify a common protocol
to increase its reliability and the protocol used in this study and designed by Fernandez-Aroja

and cols., could be a good option to alleviate this deficit.

CNS immune cells, such as microglia, appear to be very heterogeneous, with diverse
functional phenotypes ranging from proinflammatory M1 phenotypes to immunosuppressive
M2 phenotypes, and, although these M1 and M2 have been useful for conceptualizing the
activities of microglia in vitro, it is increasingly accepted that this paradigm is not sufficient to
describe their activation in vivo, as it rarely shows a significant bias toward one phenotype or
another. For example, in models of neurodegeneration, microglia express neurotoxic and
neuroprotective factors, genes involved in oxidative phosphorylation, and lysosome, ribosome
and spliceosome factors, complexes formed by proteins and RNA that catalyse the production
of mature mRNA, involved in responses to misfolded proteins, stress and neuronal death or
injury (Colonna & Butovsky, 2017). In this regard, there is a need for further definition of the
multiple microglia phenotypes associated with aging, in different neuropathological conditions
and at different disease stages. Moreover, recent transcriptomic studies of microglia
comparing healthy mice and mice accumulating B-amyloid have identified subpopulations
defined as "Disease-associated microglia" (DAM), which are found around plaques, have
dysregulated expression of host sensing, maintenance, and defense genes, and appear under
conditions of accumulation of neuronal apoptotic bodies and myelin debris (Keren-Shaul et al.,
2017; Hickman et al., 2018; Deczkowska et al., 2018). These findings support a direct link
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between aberrant microglial functions and AD, and suggest that a subset of microglia switches
from homeostatic to DAM in AD.

Previous studies in humans have shown that aged microglia have a different phenotype
from activated microglia, showing a dystrophic appearance, represented by a larger soma
volume, abnormalities in cytoplasmic structure, retracted and fragmented processes, and a
non-uniform tissue distribution. In rodents, results on age-related changes in microglia
activation are inconsistent (Edler et al., 2021). In addition, degeneration of microglia cells has
also been described in the later stages of human disease, a feature that in animal models is
struggling to be found and seems more linked to tau pathology (Sanchez-Mejias et al., 2016).
In this work, we have analysed the possible morphological differences existing between
healthy late-stage animals and animals from the triple transgenic model of AD. Our initial
hypothesis was that the 3xTgAD animals would show more morphological differences in their
microglial cells than controls. However, detailed analysis of the different morphological
parameters determined that, except for circularity, the two microglial morphologies did not
differ. The absence of significant differences highlights the importance of the age variable in
understanding the correct functioning of these cell groups in the process of

neurodegeneration.

Finally, as we had already commented at the beginning of this discussion, the microglial
response has been studied mainly in relation to B-amyloid pathology (e.g., in APP or APP/PS1
transgenic mice, which present a clear and strong microglial activation) and in areas of AD
brains with a relatively high B-amyloid content (frontal cortex, for example) (Hayes et al., 2002;
Sanchez-Mejias et al., 2016; Serrano-Pozo et al., 2016).

However, of brain regions of relevance in AD development, such as the hippocampus,
which have low B-amyloid accumulation and a high number of phospho-tau-bearing neurons,
little is known about the inflammatory processes associated with tau pathology (Braak & Del
Tredici, 2015; Romero-Molina et al., 2018). Our group has obtained behavioural results (De
Castro Salazar, under review) that indicate that in 3xTgAD animals there are differences in
social memory that are evident after 9 months of age. One of the main structures involved in
social memory is the hippocampus, both at CA1 and CA3 levels. Phosphorylated tau deposits
increased significantly in all areas studied between 9-15 months, with the least affected area
being the dorsal part of CA3, which, compared to controls, begins to accumulate a greater
number of tangles after 15 months. Paradoxically, the number of microglial cells in 3xTgAD
animals only increased significantly compared to controls in the ventral area of CA1 between
9-15 months. In both the dorsal area of CA1 and CA3 this increase is only evident at 9 months.
The ventral area of CA3 seems to be less affected. This correlates with previous studies that
point to the ventral area CAl as the area where social memory is encoded (Okuyama et al,
2018).

Our study is to date the first to indicate that in this model of AD neuroinflammation would
depend on age, so that in aged animals the age variable would even compensate for the

morphological differences between the two groups, as we have previously described. On the
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other hand, we have seen that the deposits of neurofibrillary tangles would depend as much
on the variable age as on the disease itself. Morevoer, our data support the idea that tau
pathology in the hippocampus is related to neuroinflammation, but more work is needed to try
to clarify the direction of this relationship. For example, in studies with animal models of AD,
activation of microglia cells results in tau accumulation and promotes its hyperphosphorylation
(Yoshiyama et al., 2007; Maphis et al., 2015), so it has been proposed that loss of surveillance
and support by microglia cells may make neurons more susceptible to tau-related
neurodegeneration (Paasila et al., 2019). What is clear is that neuroinflammation often
coincides in time with tau accumulation, and that the former could be caused by very many
factors affecting the brain milieu, including tau pathology itself.

Although our results have an ideal robustness, one of the main limitations of our study is
the small sample size used to quantify both microglial cells and phosphorylated tau deposits.
We have continued with the analysis the rest of the animals and we hope that these new data

will corroborate the results obtained.

In short, the understanding of cell biology has increased exponentially in recent years. Gene
expression profiles of microglia are being defined and correlated with specific functions,
allowing us to understand the roles of these cells in neurodegeneration and to explore the
pathways that regulate their response to injury. But nevertheless, the role of microglia in the
pathophysiology of AD remains one of the most critical questions that needs to be answered.
Understanding their morphological, transcriptional, and spatial heterogeneity may be the key
to uncovering their role in the pathogenesis of neurodegeneration. In the absence of a
standardized protocol, we propose Image-J, with its extensions for fractal analysis, as a tool to
study the morphology of microglia cells; because it is extremely sensitive to branching patterns
and contours, because it has proven effective in analysing microglia, and because the software
is freely available to anyone. The model must continue growing, also considering the many,
many limitations of this work, like the small number of experimental subjects in each group
(for both experiments) and the lack of time to take into account another variables, such as, for
example, the relationship with pathological aggregates of B-amyloid too. This is the starting
point, and we must be attentive to the possibility that multiple factors affect the morphology

of these cells, as well as their function.
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