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SUMMARY

Alzheimer's disease (AD) is a devastating neurodegenerative disorder highly
prevalent in the elderly and the most common cause of dementia. However, the pathogenesis
of'this disease is still unclearNeuronal death is the most significant cellular change that occurs
in the central nervous system (CNS) before clinical symptoms appear in AD, but there are

also changes in glial cells.

The identification of human cannabinoid receptors and their roles in health and
disease has meant an important advance in recent decades. Several laboratories have tried to
clarify the usefulness of targeting cannabinoid receptors in AD due to their neuroprotective
effect and the role of cannabinoids in preventing microglial activation and A-induced
neurotoxicity. It is therefore of special interest to study in detail the endocannabinoid system
(ES) during the progression of AD. Alteration of the endocannabinoid tone usually associates
with changes in the expression and/or function of CBiR and CB:R, the main cannabinoid
receptors. However, conflicting results have been obtained about the CBiR in AD, and the
study of the CB:R is even more complex given the lack of specific antibodies against this
receptor. Astrocytes interact closely with microglia, and both cells are implicated in reactive
gliosis in AD. Thus, AB-containing aggregates induce a chronic inflammatory response
leading to activation of both microglia and astrocyte that surround and invade amyloid
plaques. This reactive gliosis results in abnormal morphology and proliferation of astrocytes
and microglia. Whether these histopathological changes reflect beneficial, detrimental or
inconsequential activity of glial cells in neurodegenerative events remains unclear. On top of
that, very little is known about the localization and expression of cannabinoid receptors in

glial cells in AD.

We hypothesise in this doctoral thesis that the glial expression of CBiR and CB2R is
altered in the subiculum of a mouse model of AD, a brain region particularly affected by large
accumulation of plaques, as a result of concomitant subcellular changes in microglial cells

and astrocytes.

Based on this hypothesis, I have studied the microglia and astrocytes in the subiculum
of 6.5-7.5 month-old CB2ES™P7Y/5xFAD mice with plaques and neuronal damage already

formed at that age and in control CB2FGFP/f

mice (Lopez et al., 2018). They also express the
enhanced green fluorescent protein (EGFP) under the same promoter as the CB2R gene. The
CB2ECSTPUYSXxFAD and CB2FS™"f mice were kindly provided by Dr. Julian Romero
(Universidad Francisco de Vitoria, Madrid), in the context of the active collaboration

established with his laboratory. I used a double pre-embedding immunogold and



SUMMARY

immunoperoxidase method for electron microscopy, to quantify the CBiR expression in

microglia and astrocytes and CB2R in microglia.

As to CBiR in CB2ECfPPH/5xFAD mice, an increase in both the number and
percentage of CBiR-positive microglial processes with respect to the total number of
microglial processes was observed in the subiculum, as well as in the number of microglial
gold particles per normalised area. The density of CBiR particles decreased, but this seemed
to be due to the increase in the perimeter of the microglial processes. In the case of astrocytes,
no changes were seen in: number or percentage of CB1R-positive processes; number of CB1R
immunoparticles per normalised area; density of CBR astrocytic processes. However, an
increase in the number of CBiR particles per astrocytic process was observed. Thus, CBiR
expression seems to increase in reactive microglia in the subiculum of CB2EST#/5xFAD
mice (though CBiR density decreases), while it remains constant in astrocytes with the
number of CBR particles increasing proportionally to the increase in the perimeter of the

reactive astrocytic processes.

As to CB;R in CB2FCSFP7I/5xFAD mice, there was an increase in: number and
percentage of GFP-positive processes; number of GFP particles per microglial area; number

of microglial GFP particles per normalised area. Therefore, CB2R was overexpressed in the

subiculum of the CB2FSF7/5xFAD mice.

The findings of my thesis on the correlation between glial reactivity and the CBiR
and CB:R expression in microglial cells and astrocytes, aim to contribute to the understanding

of the role of the endocannabinoid system in the pathophysiology of Alzheimer’s disease.
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2.1. ALZHEIMER'S DISEASE:

Alzheimer's disease (AD) is the most frequent neurodegenerative disorder in older people
and is the most common cause of dementia (Glenner and Wong, 1984; Verkhratsky et al.,
2019). Auguste Deter was the first patient diagnosed with AD by Dr. Alois Alzheimer in
1906. He suffered from a form of progressive pre-senile dementia and over time developed
memory loss as well as other behavioural sequelae, dying at the age of 55. Brain autopsy
revealed the presence of senile plaques (SPs) and neurofibrillary tangles (NFTs) visible by

silver staining as well as significant brain shrinkage (for review Mufson et al., 2015).

AD is characterised by impaired memory and cognitive abilities, dementia, dysfunction
in activities of daily living and behavioural disturbances. The pathogenesis of this disease is
still unclear, as abundant pathological changes have been observed in the post-mortem brains
of AD patients (Medeiros and LaFerla, 2013). Aggregation and deposition of beta-amyloid
(AP) peptides associated with the formation of SPs, and hyper phosphorylation of tau (t)
protein, associated with the generation of NFTs, have been postulated to play an important
role in their development. However, other mechanisms are known to be involved in the
pathogenesis of AD. These include synapse dysfunction, inflammation, oxidative stress,
alterations in mitochondrial metabolism and loss of cholinergic neurons (for review Moreira
et al., 2006; for review Querfurth and LaFerla, 2010; for review Bloom, 2014; Bobkova and
Vorobyov, 2015). Therefore, AD most commonly occurs as a sporadic multifactorial disease

(for review Frost and Li, 2017).

SPs are extracellular deposits composed of dystrophic and degenerated neurites,
microglia and reactive astrocytes, but mainly of AB-peptide, a catabolic product of amyloid
precursor protein (APP) catabolism, which forms fibrils and aggregates. Three main types of
SPs are distinguished. On the one hand, diffuse plaques, which are non-fibrillar amyloid
deposits that do not alter the neuropil or induce a glial response and therefore do not usually
lead to cognitive impairment. On the other hand, amyloid plaques, with a more or less dense
centre (De la Vega and Zambrano, 2013). Finally, there are compact or neuritic plaques, also
called SPs, with a dense core and the presence of APP immunopositive (APP") dystrophic
neurites, which are toxic in nature and specific to AD, containing astrocytes and activated

microglia (De la Vega and Zambrano, 2013; for review Selkoe and Hardy, 2016).

Two processes of APP proteolysis have been described: non-amyloidogenic and
amyloidogenic (Fig. 1). In the non-amyloidogenic pathway, the enzyme a-secretase cleaves

the APP releasing a soluble fragment (sAPPa) and another fragment C83 on which y-
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secretase also acts, giving rise to p3 and APP intracellular domain (AICD). AICD is released
into the cytoplasm, and is targeted to the nucleus, mediating the transcription of certain genes
(for review Querfurth and LaFerla, 2010; for review Coronel et al., 2019). sAPPa is a soluble
peptide, which is then easily eliminated by the body. In the amyloidogenic pathway, the
enzyme [-secretase or P-site amyloid precursor protein 1 (BACE1) releases a soluble
fragment (sAPPP) and the carboxy-terminal fragment C99. This C99 fragment is cleaved by
y-secretase within the cell membrane, forming the AICD and AB-peptides (AP 1-40 and AP
1-42) (De la Vega and Zambrano, 2013; for review Coronel et al., 2019).

Moreover, AP species acts as a negative feedback on y-secretase activity. In AD,
however, consecutive cleavage of APP by first B-secretase or BACE1 and then y-secretase
predominates, forming insoluble AP peptide (AP 1-42) which is excreted by neurons (for
review Querfurth and LaFerla, 2010; De la Vega and Zambrano, 2013; for review Frost and
Li, 2017). Glial cells (astrocytes and microglia) then unsuccessfully attempt to eliminate the
AP 1-42, generating an inflammatory process that, together with the toxic effect of AB 1-42

itself, contributes to neuronal damage.

Non-amyloidogenic pathway | Amyloidogenic pathway

APP 3 APP 1 B

o - Notch I - Shh signaling

— signaling 4 - MAPK signaling
- PI3K/AKT signaling

-
s

—

sAPPa SAPPB
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Figure 1. APP proteolysis processes. Two processes of APP proteolysis have been

described, one amyloidogenic and one non-amyloidogenic. (From Coronel et al., 2019).
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As for NFTs, they constitute neurofibrillary degeneration and are generated by
intracellular deposits of t protein. The normal t protein forms the "bridges" that correctly
hold together the microtubules that make up the neuronal cytoskeleton, but in AD (partly due
to the toxic action of AP 1-42) there is an abnormal hyper phosphorylation of the t protein.
The hyper phosphorylation of T proteins forms paired helical filaments associated with
ubiquitin, which causes the destruction of microtubules and neurofilaments, disassembling
the cytoskeleton and giving rise to neurofibrillary degeneration (De la Vega and Zambrano,

2013; for review Selkoe and Hardy, 2016).

Both types of lesions (SPs and NFTs) can also be found in the brains of healthy elderly
people. What really marks the histopathological diagnosis is their number and location, being
their number and density correlated with the intensity of dementia in these patients (De la

Vega and Zambrano, 2013).

In early-onset AD, abnormal proteolytic processing of human amyloid precursor protein
(hAPP) occurs due to mutations in genes encoding hAPP or presenilins 1 or 2 (transmembrane
proteins that constitute the catalytic subunit of the y-secretase enzyme), increasing the
production and extracellular deposition of hAPP-derived AP peptides (for review Wyss-
Coray and Mucke, 2002; for review Selkoe, 2001).

In vivo studies in mouse models of AD reveal that AP deposits have a direct toxic effect
on neurons, causing dendritic simplification, with loss of dendritic spines and neuritic
dystrophies, as well as inflammation and cell death (Spires et al., 2005; Meyer-Luehmann et
al., 2008; for review Cline et al., 2018). Thus, exposure to oligomeric Af results in synaptic
dysfunction in early AD, with reduction in the density of dendritic spines (Shankar et al.,
2007) as well as changes in their morphology (Shankar et al., 2007; Ortiz-Sanz et al., 2020).
These phenomena correlate with alterations in synaptic networks (Shankar et al., 2007), and
this in turn has an impact on the degree of cognitive impairment in AD patients (Terry et al.,

1991).

In an attempt to maintain brain function and cognition during the onset of dementia in
early AD pathology, neuronal organisation allows for remodelling as a compensatory
mechanism. That is, the hippocampus, a critical structure in the medial temporal lobe memory
circuitry, is affected in the early stages of AD and in response to pathological extracellular
deposition of AP and the formation of intracellular NFTs sets in motion an adaptive response
of synaptic and intraneuronal remodelling (for review Mufson et al., 2015). These changes

occur before neuronal death and the formation of SPs in the early stages of AD (Terry et al.,
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1991). Therefore, AP may promote dual effects by acutely enhancing dendritic complexity
and spine density (Ortiz-Sanz et al., 2020). Thus, changes in dendritic morphology and
density are early pathological features that characterise AD (for review Bakota and Brandt,
2016), and recent findings suggest that dendritic spine plasticity may provide cognitive
resilience against dementia at these stages of the disease (Boros et al., 2017). In this way, a
"latent" period in disease progression is described, which seems to be associated with the
involvement of compensatory mechanisms in the brain, capable of temporarily or
permanently protecting the brain from neurodegenerative processes. These
compensatory/adaptive brain mechanisms are thought to be activated in response to the
malfunctioning of various brain systems: antioxidant, neurotrophic, neurotransmitter (NT),
immune and others (Bobkova and Vorobyov, 2015). However, prolonged exposure to A
inevitably causes microstructural changes at the synapse that result in increased NT release,
failure of synaptic plasticity and memory loss (Koppensteiner et al., 2016). These changes in
dendritic spines and neuronal loss occur in a region-specific manner (Golovyashkina et al.,

2015).

Nevertheless, the pathophysiology of AD is far from being understood and, despite
extensive biomedical scientific efforts, currently available treatments offer only a partial and
transient improvement of symptoms and a slight delay in disease progression (for review
Massoud and Leger, 2011; Beauquis et al., 2013). This chronic age-related neurodegenerative
pathology is expanding intensively in modern human society and has been observed to begin
long before its clinical manifestations (Bobkova and Vorobyov, 2015). Increasing evidence
suggests that SPs and NFTs are not the first pathological changes in AD (Beauquis et al.,
2013).

On the one hand, growing proofs suggest that oxidative stress plays an important role in
the pathophysiology of the disease. Intracellular oxidative balance is tightly regulated, so one
would expect multiple signalling pathways to be activated in neurons of AD patients for the
regulation of compensatory mechanisms. Oxidative stress occurs early in disease progression,
long before pathological features (SPs and NFTs) develop. Thus, in the early stages of AD,
there is an increase in oxidative stress levels, mainly generated by the interaction between
reactive oxygen species (ROS) formed by mitochondria and transition metals. This induces
adaptive neuronal responses, such as MAP kinase activation, Ap deposition and t protein
hyper phosphorylation, to prevent neuronal damage and/or death. However, as AD progresses
and ROS levels steadily increase, efficient clearance of metal-Ap complexes and hyper

phosphorylated 1 protein would be overwhelmed by their disproportionately high generation.
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This would lead to uncontrolled growth of SPs and NFTs, together with increased ROS
generation, resulting in neuronal damage and subsequent neuronal death (for review Moreira
et al., 2006). Therefore, it is also hypothesised that Ap deposition and hyper phosphorylated
T protein are compensatory responses and subsequent adaptations to ensure that neuronal cells
do not succumb to oxidative damage in the early stage of disease development (for review

Moreira et al., 2006).

In addition, toxic forms of the AP peptide can induce Ca*" entry into neurons by oxidative
stress or by forming an oligomeric pore in the membrane, making neurons vulnerable to
excitotoxicity and apoptosis. Hence, AD compromises the ability of neurons to regulate Ca**
entry, efflux and subcellular compartmentalisation (for review Bezprozvanny and Mattson,

2008).

On the other hand, increasing evidence suggests that the glia-mediated inflammatory
immune response is an important component of AD neurophysiology. The close association
of astrocytes and activated microglia with SPs and cells undergoing neurofibrillary
degeneration and the release of soluble cytokines strongly suggests that inflammatory
processes may play an important role in the pathogenesis of AD (for review Unger, 1998;

Mrak and Griffin, 2005; Dzamba et al., 2016).

This doctoral thesis analyses the pathological changes that appear in microglia and
astrocytes in five familial Alzheimer's disease mutations (5xFAD) transgenic mice (Table 1).
The 5xFAD transgenic mouse was developed in 2006, and overexpresses APP and PSEN1
by 5xFAD mutations: Human APP by three mutations in the APP transgene (695) [the
Swedish (K670N, M671L), Florida (I716V) and London (V7171) mutations], and human
PSENI1 by two mutations in the PSENI1 transgene (M146L and L286V) (Oakley et al., 2006).
The 5xFAD line became congenic in the C57BL/6J background, and exhibit amyloid
deposition, gliosis and progressive neuronal loss (Oakley et al., 2006; Oblak et al., 2021;
Zhang et al., 2021) accompanied by cognitive and motor deficits, recapitulating many of the
features of human AD. However, in the 5XFAD model, NFTs do not usually appear (Oakley
et al., 20006).

2.2.ASTROCYTES:

Among the cellular changes in the central nervous system (CNS) that occur before clinical
symptoms appear in AD, the most significant at the cellular level is neuronal death, but since

astroglial cells are responsible for maintaining homeostasis in the brain, they are also closely
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related (Verkhratsky et al., 2019). The pathological modification of astrocytes in the brains
of patients with dementia was first described by Alois Alzheimer (Simchowicz, 1911). He
observed abundant glial cells located in SPs (Simchowicz, 1911). Subsequently, post-mortem
analyses of human tissues in the late stages of the disease have shown widespread reactive
astrogliosis, with the inclusion of astrocytes in SPs (Nagele et al., 2003; for review Nagele et

al., 2004; for review Rodriguez et al., 2009; Olabarria et al., 2010; Verkhratsky et al., 2019).

Reactive astrogliosis is therefore an archetypal morphological feature of AD, which has
been observed both in human tissue and in isolated brains from animal models of the disease
(for review Nagele et al., 2004; for review Rodriguez et al., 2009; for review Heneka et al.,

2010; Beauquis et al., 2013; for review Verkhratsky et al., 2010).

Astrocytes, the most abundant cell type in the brain, form part of the basis of the grey
matter and are the main element of the brain's homeostatic system. They shape the brain
microarchitecture, form neuronal-glial-vascular units, regulate the blood-brain barrier (BBB),
control the CNS microenvironment and act as a defence against a multitude of insults. In
transgenic models of AD, hypertrophic reactive astrocytes surround SPs, and astroglial
atrophy can be observed throughout the brain parenchyma, which could explain the early
changes in synaptic plasticity and cognitive impairments that develop before severe
neurodegenerative alterations (for review Rodriguez et al., 2009). Furthermore, recent
evidence suggests that early stages of AD are linked to an accumulation of astrocytes at sites
of AP deposition, suggesting that these lesions generate chemotactic molecules that mediate
their recruitment (Wyss-Coray et al., 2003). This phenomenon leads to alterations in synaptic
connectivity, imbalance in NT homeostasis and neuronal death through increased
excitotoxicity (Wyss-Coray et al., 2003; for review Verkhratsky et al., 2010). Reactive
astrocytes surrounding SPs also appear to be involved in the inflammatory process of the
disease (Medeiros and LaFerla, 2013). Complementary in vitro studies have shown that in
fact astrocytes surrounding SPs are involved in the formation of these plaques and in the local
inflammatory response. These glial cells are activated by AP 1-42 oligomers and this makes
them secrete cytokines such as IL-1f and other toxic products (for review Nagele et al., 2004;
for review Heneka et al., 2010; for review Rodriguez et al., 2009; Hou et al., 2011; Beauquis
et al., 2013). This evidence therefore suggests a key role for astrocytes in modulating AB-

induced cellular toxicity in the brain (Beauquis et al., 2013).

In a transgenic model of Alzheimer's disease (3XTg-AD) (Table 1), hypertrophic reactive
astrocytes have been described surrounding SPs, but atrophy of astroglial cells has been

observed in the rest of the brain parenchyma. Early atrophy of astrocytes may be
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pathologically relevant in the progression of familial Alzheimer Disease (FAD) (also in
animal models of AD that reproduce FAD-like pathology). Atrophic changes are associated
with medial and distal thin secondary processes, resulting in a reduction in overall astroglial
arborisation and thus a possible decrease in glial synaptic coverage (for review Rodriguez et
al., 2009). Another study using the same mouse model (3xTg-AD) (Table 1) shows that the
overall astroglial cell density is not affected by either age or AD conditions, that is, neither
ageing nor AD pathology is associated with cell loss. Despite this, widespread atrophy of
glial fibrillary acidic protein (GFAP)-positive astrocytes in both the dentate gyrus (DG) and
Cornu Ammonis 1 (CA1) has been described in the AD brain. This atrophy is manifested by
a decrease in the surface area and volume of GFAP-positive profiles appearing in DG in the
early stages of the disease as soon as 6 months of age. A similar hypotrophy of GFAP-positive
astrocytes in the CA1 hippocampal region has also been described at 18 months of age. Thus,
signs of atrophy have been described in astrocytes located at more than 50 pm from the plaque
borders (all cells with soma within 50 um of the plaque border are considered plaque-
associated), with decreased soma volumes and reduced number of main processes, their
arborisation and overall surface area and volume. However, astrocytes associated with SPs
show clear signs of reactivity: hypertrophy, thickened processes, enlarged cell bodies and
overall increased volume and surface area of GFAP-positive profiles. Therefore, differential
changes in astrocyte morphology can be observed according to their relationship with SPs

(Olabarria et al., 2010).
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Table 1. Different transgenic mouse models of Alzheimer's disease. Each model
shows distinct signs of the disease such as plaques (green), tangles (yellow), neuronal loss (dark
purple), gliosis (light blue), synaptic loss (light purple), changes in LTP/LTD (dark blue) and
cognitive impairment (orange) at various ages (modified from http://www.alzforum.org/research-

models/alzheimers-disease).

_____ e | Neuronal S Synaptic Changes in Cognitive
angles | " Gliosis Lios LTP/LTD Impairment
imo Gmo Dmo Iyr 15mo 18mo+ Absent  No Data

5xFAD (BESJL)

APP,PSEN1, APP KMETO/ETINL AFP: Transgenic; FSEN1: Alzheimer's Age-related, pragresshe. \Cagritive impairment by 4 manths. Impairments fise
MAPT @«dlmt Transgenic; MAFT: Disease neurcpathology including plaques and tamgles. manifest as a retentian/fretrieval defict and nat as a
F301L, PSEN1 Transgenic Eatracellr AP depasits by & months in frontal learning deficlt, and cccur prior to plagues and
ML4EV cortes, more eatensive by 13 months. Mo tau #tangles. Deficits In bath spatial and contextual based
pathelogy at & months, but ewident at 12 paradigms.  Clearance  af intraneuronal A8 by
months. Synaptc dysfunction, including LTP Immunatherapy rescues the early cognitive deficits in

dficits, prior to plaques and tangles. a hippocampal -dependent task.

5xFAD (C57BLS)

AP, PSEN1 APP KMETO/ETINL APP: Transgenic; PSENL: Alzhaimert amylaid pathology starting at 1 manths, Including ‘Age-dependent memary deficits, matoe
{Swadich), ARR Transgenic 1 Dlseaze amylald plaques. I by
1716 [Floridal, AFP befare amylaid dumm ﬁhms and :ympsu
{Tree]
{Landan}, PSENL
MI4EL (AT, PRENL
[FIE
IxTg
APE, FSEN1, APP EMETD/ETINL APP: Transgenic; PSEN 1: Alzheimer's induding Cognitive Impalrment by 4 months. Impalrments
MAFT {swedish] MAPT Transgenic; MAPT: Disease phqlns md myu Extraceliviar AR depasits by & first manifest a5 a retention/retrieval deficit and not
PA01L PSEML M14EW Transgenic micnths in frontal cortes, mone estenshe by 12 az a learning deficie, amd oczwr prior to plagues and
months. Na tau pathalogy at & manths, but evident tangles. Deficts In both spatial and combestual
at 12 manths. Synaptic dysfunction, including TP based paradigms. Clearance of intranewranal A% by
deficits, prior to plagues and tangles. immunatherapy  rescues  the  early  cognitive
deficits in a hippocampal dependent task.
htau
MART MAPT: Knock-Dut; Alzhedmer's Age-associated  tau  pathology,  including Marmal abject-recognition memary and  spatial
MASPT: Transgenic Disaaze, redistributian of tau to cell badies and dendrites, learning/memary (as assessed by the Maris Water
Frantatem phosphargated tau, accemulation of aggregated Maze} at four months, but impaired at 12 months
poral pairect helical filaments, and ultmately thioflnins (Polydaro et al, 2005,
Dementia pasitive neurcfibrilary tangles. Pathology mast
sewere in neocortes and hippocampus, and minimal
in the brain stem and spinal cord. Some: newronal
loss.
Tg2576
ARR APE ABP: Transgenic Alzheimer's Mumeraus parenchymal AR pligues by 1113 Impaired spatial leaming, working memary, and
KGR ETINL Disease manths with some: wascular amylod. Owidative lipid contextial frar conditioning reparted at <6 months
[Swedish} damage, astragliasis and microghosis. No tangles or although. ather studies have reparted nomal
neuronal loss. cognition at this age with progressive impainment by

*12 months.

In addition, several studies have shown that astrocytes can accumulate substantial
amounts of AP intracellularly (Nagele et al., 2003; Thal et al., 2000). In some astrocytes
closely associated with SPs, an accumulation of AP has been observed with specific
antibodies (Nagele et al., 2003; for review Rodriguez et al., 2009). The contribution of
astroglia to the clearance and degradation of AP was suggested about 15 years ago, but this

aspect is still unclear (for review Guénette, 2003; Nicoll and Weller, 2003; Verkhratsky et
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al., 2019). Thus, in a transgenic Tg2576 mouse model (Table 1) of AD expressing mutant
APP, reactive astrocytes that were associated with SPs were found to express zinc-dependent
neprilysin metalloendopeptidase, an enzyme capable of degrading AP (Apelt et al., 2003).
Further studies are needed to determine whether astrocytes degrade A intracellularly or
extracellularly, and whether removal of Ap from the brain is among the normal homeostatic
functions of astrocytes (Wyss-Coray et al., 2003). Some studies implicate astrocytes in Ap
clearance (Shaffer et al., 1995; Wyss-Coray et al., 2003), but others show that they inhibit
microglia-mediated phagocytosis of SPs. Today it remains unclear whether the reactive
astrocytes that accumulate around AP deposits have neuroprotective or destructive functions

(DeWitt et al. 1998; Wyss-Coray et al. 2003).

Although A production is mainly associated with neurons, there are several reports
involving astrocytes in this process (for review Frost and Li, 2017). The contribution of
astrocytes in AP production is also not fully characterised. Neurons were long considered to
be the main source of AP as they express its producing enzymes (Laird et al., 2005;
Verkhratsky et al., 2019). Healthy astrocytes do not seem to express these enzymes, however,
their expression can be induced in astrocytes under chronic stress or neuroinflammatory
conditions (Blasko et al., 2000; Leuba et al., 2005; Zhao et al., 2011; Orre et al., 2014; for
review Frost and Li, 2017; Verkhratsky et al., 2019). Thus, expression of B-secretase or
BACE] has been found in reactive astrocytes in AD mouse models expressing mutant hAPP

(Hartlage-Riibsamen et al., 2003; for review Rossner et al., 2005; Verkhratsky et al., 2019).

In addition, there is evidence that B-secretase or BACEI is expressed in human and rodent
brain neurons and also by reactive astrocytes near SPs in aged Tg2576 transgenic mice (Table
1) brains (Hartlage-Riibsamen et al., 2003; for review Rossner et al., 2005). Furthermore,
BACET]1 expression has been observed in reactive astrocytes in animal models of chronic

gliosis and in the brains of AD patients (Brugg et al., 1995; for review Frost and Li, 2017).

The expression of APP and its mRNA in rat astrocytes and the presence of multiple
proinflammatory cytokines that appear to regulate APP levels in mouse brain astrocytes have
also been detected. This implies that in the neuroinflammatory context of AD, reactive
astrocytes express higher levels of APP than at resting, therefore, they may produce more AP
(Bruggetal., 1995; for review Frost and Li, 2017). Altogether, reactive astrocytes have higher
levels of all three components required for AP production: APP, BACE1 and y-secretase (for
review Frost and Li, 2017). This suggests that reactive astrocytes might be playing an
important role in the development of AD (Hartlage-Riibsamen et al., 2003). Modulating the

state of astrocytes, reversing or halting their degeneration or regulating astroglial reactivity
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could alter the course of AD delaying the disease or modifying the cognitive impairment

(Verkhratsky et al., 2019).

2.3. MICROGLIA:

The brain maintains microglial levels in a finely tuned balance between local
proliferation and apoptosis (Askew et al., 2017). It constitutes between 5% and 12% of all
glial cells in the rodent brain and between 0.5% and 16% in humans (for review Gomez-
Nicola and Perry, 2015; for review Sarlus and Heneka, 2017). Microglia forms the main
inflammatory cells in the CNS and play key roles in responses to CNS damage. This cell type
is rapidly activated by most CNS insults and accumulates in large numbers at sites of injury.
This phenomenon termed reactive microgliosis is a hallmark of nearly all CNS pathologies,
including trauma, stroke, inflammation, autoimmunity and neurodegenerative diseases such

as AD (Ajami et al., 2007).

Although microglia is a specialised population of tissue macrophages resident in the CNS
parenchyma known as "the macrophage of the brain" over the years, microglial cells have
also many important roles in CNS development, function and repair, synaptic organisation,
neuronal excitability, debris removal or trophic support (for review Gomez-Nicola and Perry,

2015; Grabert et al., 2016).

Their surveillance, constantly scanning the brain's microenvironment for minor
perturbations of CNS homeostasis, is able to detect the presence of neurotoxic substances or
inflammatory mediators from the systemic circulation, as they are in close communication
with the BBB. Phagocytic microglia can rapidly detect and eliminate damaged or apoptotic
neurons, preventing lesion of neighbouring cells and helping to maintain the turnover of
specific cell populations. In addition, the phagocytic capacity of microglia is particularly
important in development (pruning microglia), when they can contribute to the elimination
of supernumerary synapses in specific neuronal pathways. Microglia also modulates the
synapses then, influencing neuronal activity (neuromodulatory microglia) (for review

Gomez-Nicola and Perry, 2015).

Microglial cells express a wide range of receptors that act as molecular sensors, allowing
them to recognise an exogenous or endogenous insult and to initiate an immune response (for
review Sarlus and Heneka, 2017). They therefore act as active sensors of alterations in their
microenvironment and are capable of elaborating a broad spectrum of responses to restore

tissue homeostasis (for review Gomez-Nicola and Perry, 2015). Loss of homeostasis or tissue
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changes result in associated conditions that induce the emergence of various dynamic
microglial processes, including changes in surface phenotype, cellular mediators secretion,
cell morphology and proliferative responses (this is referred to as the 'activated state') (for
review Sarlus and Heneka, 2017). Thus, the local environment will be a key influence in
shaping the microglial phenotype (Grabert et al., 2016) and, consequently, the microglial
transcriptome is regionally heterogeneous in the CNS. Considering that the
microenvironment is not uniform across brain regions, variations in neuronal subtypes, NT
profiles, hemodynamics and metabolism could influence the local microglial phenotype,
again highlighting its functional diversity (Grabert et al., 2016; for review Sarlus and Heneka,
2017). They are hence cells of great plasticity showing different morphological and functional
phenotypes. Two categories of activation have been described (Fig. 2): classical (M1) and
alternative (M2). Specifically, stimulation with interferon-y or lipopolysaccharide (LPS)
promotes the activation of the microglia towards the M1 phenotype, which releases
inflammatory mediators: cytokines such as tumour necrosis factor-o (TNF-a) and interleukin-
I (IL-1B), chemokines, redox molecules, co-stimulatory proteins and major
histocompatibility complex type II (MHCII). These mediators increase inflammation leading
to cell and tissue injury. In contrast, cytokines such as interleukin-4 (IL-4) and interleukin-10
(IL-10) promote the M2 polarised state. This type of microglia synthesises cytokines with
anti-inflammatory activity, such as transforming growth factor beta (TGF-B) and IL-10,
which have neuroprotective properties. These anti-inflammatory mediators will promote
brain repair by removing cellular debris, reducing local inflammation and participating in
tissue recovery. Under neuroinflammatory conditions, microglial cells get an amoeboid
morphology and adopt a classical M1 or alternative M2 phenotype depending on the nature
of the local environment (for review Nakagawa and Chiba, 2014; for review Salvi et al.,

2017).
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Figure 2. Activation and polarization of microglia under resting conditions and

during neuroinflammation. The different functional states of microglia are represented with
their associated morphology and phenotype (From Salvi et al., 2017).

Microglial activation and its M1/M2 polarisation have been observed in various forms of
CNS damage (Lin et al., 2017). However, numerous studies have shown that microglia can
express M1 and M2 markers at the same time (Almolda et al., 2015), suggesting the existence

of mixed phenotypes (for review Sarlus and Heneka, 2017).

Imaging techniques have reinforced the traditional view that microglial morphology
oscillates between "branched quiescent" and "activated amoeboid". However, microglia is
highly dynamic with considerable functions and variable morphologies as they cycle,
migrate, undulate, phagocytose, and extend or retract thin and thick processes. Thus, the
three-dimensional space occupied by microglia is constantly changing as they migrate and
move their cellular processes, reversibly transition from a simple rounded shape to a complex
branched form with secondary and tertiary branches endowed with diffuse or even more
branched tips (for review Karperien et al., 2013). This transition can be very rapid or,
alternatively, microglia can remain in one form for years (Colton et al., 2000). Based on such
flexible morphology in the mature CNS, unbranched and intermediate forms of microglia are
considered as "activated", "reactive" or "intermediate", with a few or many robust processes
protruding. This type of microglia is activated to perform an immuno-inflammatory function

that includes gathering at injury sites, other cells recruitment and activation, proliferation,
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phagocytosis, debris clearance and contribution to healing. In their fully branched forms,
microglia is actively involved in essential physiological functions acting as guardian cells
ensuring the proper functioning of neurons, providing neurotrophic substances, regulating
NTs and hormones, mediating pain, protecting neurons from damage and responding to
changes in the microenvironment. These branching microglial cells change and move in many
ways as they perform their multiple tasks (for review Karperien et al., 2013). In AD, a variety
of microglial reactions occurs at different stages of the disease (for review Sarlus and Heneka,
2017). Thus, unlike in the healthy brain, microglia proliferate and accumulate around SPs in
order to promote their elimination (for review Gomez-Nicola and Perry, 2015). In response
to neurodegeneration and A aggregation, microglia adopts an activated state called priming
(for review Perry and Holmes, 2014). Activated microglia in AD increases the expression of
inflammatory markers such as CD14, IL-1p, p40, CCL-3, CCL-4, CXCL-1 and iNOS (Martin
et al., 2017). Also, increased microglial proliferative activity has been described in mouse
models of AD (Table 1) (Kamphuis et al., 2012; Olmos-Alonso et al., 2016) and in post-
mortem brain samples from patients with the disease (Gomez-Nicola et al., 2013). Therefore,
activated microglia together with immunoglobulins and complement components are closely
associated with AP deposits in the brains of AD patients and mouse models (Table 1)

(Eikelenboom and Stam, 1982; Frautschy et al., 1998; for review Sarlus and Heneka, 2017).

Upon contact between microglia and AP, AP binds to the microglia's pattern recognition
receptors (PRRs) that are innate immune cell receptors designed to respond to danger- or
pathogen-associated molecular patterns (DAMPs or PAMPs), resulting in the activation of
resting microglia. Cytokines released by the activated microglia increase phagocytosis as well
as A uptake and clearance. However, long-term microglia activation drives proliferation and
chronic inflammation that cause neurotoxicity, neurodegeneration and disrupting AP
phagocytosis. Therefore, in the pathogenesis of AD, microglia activation may play a dual
role: 1), acute microglia activation may lead to decrease AP accumulation through an increase
in phagocytosis and clearance; 2), chronic microglia activation contributes to neurotoxicity
and synaptic degeneration by triggering several pro-inflammatory cascades (for review Sarlus

and Heneka, 2017).

2.4. ENDOCANNABINOID SYSTEM:

The endocannabinoid system (ES) is an important neuromodulatory system consisting of

lipid molecules, specific receptors and several enzymes responsible for their synthesis and
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degradation (for review Lu and Mackie, 2016; for review Talarico et al., 2019). The main
endocannabinoids (ECBs) are the eicosanoids arachidonoylethanolamine (AEA), also known
as anandamide, and 2-arachidonoylglycerol (2-AG). They are synthesised in the postsynaptic
terminal from membrane phospholipids, and function as retrograde messengers at presynaptic
cannabinoid receptors (for review Aso and Ferrer, 2014; for review Pertwee, 2015; Monory
et al., 2015; for review Lu and Mackie, 2016). The ES negatively regulates the release of
several NTs in an activity-dependent manner, thereby influencing the excitability of neuronal
circuits (for review Katona and Freund, 2012; Monory et al., 2015). The ECBs are not stored
in cells and released from vesicles, rather they are generated "on demand" (Min et al., 2010).
In general, pharmacological and electrophysiological data have shown that Ca?* influx can
induce endocannabinoid synthesis as well as the activation of some metabotropic receptors
(for review Petrocellis et al., 2004). After being synthesised, these endocannabinoids are
released from the depolarised postsynaptic neuron and activate presynaptic cannabinoid
receptor type 1 (CBiR), suppressing the release of NTs from inhibitory or excitatory
presynaptic terminals (for review Hashimotodani et al., 2007). Thus, by this mechanism, the
ES causes a transient and long-lasting suppression of NT release from presynaptic cells (for
review Ueda et al., 2011). Therefore, retrograde signalling is the primary mode by which
endocannabinoids mediate short- and long-term forms of plasticity at excitatory and
inhibitory synapses. However, endocannabinoid signalling is mechanistically more complex

and diverse than originally thought (for review Castillo et al., 2012).

The synthesis and degradation pathways of endocannabinoids have attracted much
attention since their discovery (for review Ueda et al., 2011). 2-AG and AEA are formed and
degraded in completely different pathways, despite structural and functional similarities (for

review Ueda et al., 2011).

In the case of 2-AG, which is much more abundant than AEA in the CNS (for review
Hashimotodani et al.,, 2007), the phosphatidylinositol (PI)-phospholipase C
(PLC)/diacylglycerol lipase (DAGL) synthesis pathway is probably the most important (for
review Ueda et al., 2011). After simultaneous activation of voltage-dependent Ca*" channels
and Gg11-coupled metabotropic receptors, PLC is activated and produces diacylglycerol
(DAG) from PI. This DAG is then converted to 2-AG by DAGL which is stimulated by high
intracellular Ca?* levels (Min et al., 2010). Therefore, strong neuronal depolarisation activates
voltage-dependent Ca®* channels that induces Ca®" entry into the postsynaptic neuron and the
rise in intracellular Ca®* concentration (for review Hashimotodani et al., 2007). As with the

CBIR, the localization and expression level of the DAGL appears to be unique in each brain
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region, which would regulate the threshold for 2-AG-mediated retrograde suppression of
excitatory or inhibitory transmission. Moreover, it is known that the ES modulates synaptic
plasticity in the hippocampus, in particular CBiR and 2-AG play a key role, pointing to its
functional participation in memory processing within the adult brain (for review Kano et al.,

2009; Penasco et al., 2019).

AEA is a lipid of the N-acylethanolamine group. It is biosynthesised via a phospholipid-
dependent pathway, namely the enzymatic hydrolysis of the corresponding N-acyl-
phosphatidylethanolamines (NAPE) (for review Piomelli, 2003). Specifically, AEA is
synthesised via N-arachadonoyl-phosphatidylethanolamine (NArPE), which originates from
the union of arachidonic acid and a membrane-bound phosphatidylethanolamine (PE). The
synthesis of NAPEs, including NArPE, is accomplished by the transfer of a fatty acyl group
from the phospholipids to the N-position of the primary amine of the PE by one of a series of
N-acyltransferases that are either calcium-dependent or calcium-independent. Next, the
release of AEA from NATrPE is carried out by hydrolysis by phospholipases (for review
Biringer, 2021), in particular by a NAPE-selective phospholipase D (PLD) enzyme (NAPE-
PLD) with low affinity for other membrane phospholipids. The presence of NAPE has been
confirmed in murine brain, testis and leukocytes. The precursor/product relationship between
NATrPE and AEA in the CNS was further confirmed by the findings of a similar distribution
of both compounds in different areas of the brain (Bisogno et al., 1999; for review Petrocellis
et al., 2004). Following cannabinoid receptor activation, endocannabinoids are degraded by
enzymatic hydrolysis (for review Lu and Anderson, 2017). AEA is hydrolysed by fatty acid
amide hydrolase (FAAH) in postsynaptic neurons, or by a more complex process involving
the eicosanoid biosynthesis machinery (for review Biringer, 2021). On the other hand, 2-AG
is predominantly hydrolysed by monoacylglycerol lipase (MAGL) in presynaptic neurons

(for review Lu and Anderson, 2017; for review Talarico et al., 2019).

Among the main receptors of the ES, the best known are CBR and the cannabinoid
receptor type 2 (CB2R). Other cannabinoid receptors such as the transient receptor potential
channel V1 (TRPV1), peroxisome proliferator-activated receptors a and y (PPAR-a and
PPAR-y, respectively), the G protein-coupled receptor 55 (GPRS55) and the G protein-coupled
receptor 18 (GPR18) have also been found (for review Stella, 2009; for review Izzo et al.,
2009; for review Stella, 2010; for review Fezza et al., 2014; for review Rapino et al., 2018;

for review Guerrero-Alba et al., 2019).

The first cannabinoid receptor to be cloned and characterised was CBiR in 1991, and the

second, CB2R, was first identified in 1993. Their distribution is very different, with CB1R
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being abundantly expressed in the CNS, whereas CB2R is expressed at a much lower level.
This implies that CBiR is primarily responsible for the psychoactivity of exogenous
cannabinoids and the physiological actions of endocannabinoids in the CNS. Studies with
CBiR-knock out (CB;”") mice and CB;R-specific antagonists have endorsed the role of the
CBiIR in brain function and dysfunction (Munro et al., 1993; for review Di Marzo et al., 2004;

for review Stella, 2009; for review Zou and Kumar, 2018).

Both receptors (CBiR and CB:R) belong to the seven transmembrane domain receptor
superfamily and are metabotropic G protein-coupled receptors (GPCRs) (for review
McAllister and Glass, 2002; Sanchez et al., 2003). CBRs are coupled to Gi/, proteins and
modulate the activity of numerous ion channels and second messengers (for review Straiker
and Mackie 2006; for review Stella, 2010). Furthermore, different effects on cellular
functions have been observed depending on the type of receptor stimulation. For example,
acute activation of neuronal CB1R for milliseconds to seconds reduces neurotransmission and
controls intrinsic excitability (Mackie and Hille, 1992; for review Stella, 2010). However,
their sustained activation for minutes or hours stimulates intracellular signals, which modify
enzyme activity and the expression of specific genes (Marsicano et al., 2003; for review

Stella, 2010).

CB:R also bind to Gi proteins, but probably not to G, proteins (Glass and Northup 1999;
Munro et al., 1993; for review Stella, 2010). It shares 44% protein structure with CBRs, but
shows a different pharmacological profile and expression pattern (Felder et al., 1995; for

review Stella, 2010).

Cannabinoid receptor activation by ECBs is known to result in the modulation of multiple
intracellular signal transduction pathways (for review McAllister and Glass, 2002; Sanchez
et al., 2003). Thus, when CBR and CB:R are stimulated by 2-AG or AEA, intracellular
signalling events are triggered through the activation of Gi/ proteins (for review Di Marzo et
al., 2004; for review Jean-Gilles et al., 2010). This has several consequences, such as
inhibition of adenylate cyclase (AC) with subsequent inactivation of the cyclic adenosine
monophosphate (cCAMP)/protein kinase A (PKA) phosphorylation pathway, stimulation of
mitogen-activated protein kinase (MAPK) and activation of extracellular signal-regulated
kinase (ERK). These intracellular events can modulate synaptic communication, modify
enzymatic activity and regulate gene expression, among other effects (for review Guzman et
al., 2002; for review Piomelli, 2003; for review Di Marzo et al., 2004; for review Stella,
2010). CBiR also inhibits N- and P/Q-type voltage-sensitive Ca," channels (VSCCs) and

activates K* channels (for review Guzman et al., 2002). In addition, through the activation of
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PLC-y via the By subunits of Gis proteins, there is also stimulation of phosphatidylinositol 3-
kinase (PI3K) with subsequent synthesis of inositol triphosphate (IP3) which induces
intracellular Ca;" mobilisation (for review Guzman et al., 2002; for review Petrocellis et al.,
2004). CBiR has also been proposed to trigger more complex protein phosphorylation
cascades via PI3K and protein kinase B (PKB) (Gémez del Pulgar et al., 2000; for review Di
Marzo et al., 2004).

Cannabinoids therefore exert most of their effects in the CNS via CB|R (Gomez del
Pulgar et al., 2000), as it is the most abundant cannabinoid receptor expressed at high levels
in the hippocampus, cortex, cerebellum and basal ganglia, regulating important brain
functions such as cognition and memory, emotions, motor control, feeding or pain perception.
CBiR is considered the most abundant G protein-coupled receptor in the mammalian brain
(for review Piomelli, 2003). Its expression occurs mainly in neurons and glial cells (for review
Wilson and Nicoll, 2002). Specifically, electron microscopy studies have shown that CBiR
is abundant in presynaptic terminals, but it is also localized in postsynaptic structures and
glia. Among CB;iR-expressing synapses under physiological conditions, inhibitory
GABAergic interneurons tend to have a much higher content of this receptor than excitatory
glutamatergic synapses (Monory et al., 2006; Katona et al., 2006; for review Katona and
Freund, 2012; for review Lu and Mackie, 2016). In astrocytes, the expression of CB1R is even
smaller (Gutiérrez-Rodriguez et al., 2018). In our studies performed using electron
microscopy, about 56% of the observed CB/R labelling was found in GABAergic terminals,
12% in glutamatergic terminals and 6% in astrocytes. The rest of the immunoparticles were
located in mitochondria (15%) or other compartments, which could be microglial cells,
lysosomes, endosomes, etc. (Bonilla-Del Rio et al., 2019, 2020). Moreover, this enrichment
of CB{R expression at inhibitory synapses varies greatly between brain regions (for review
Howlett, 2002; for review Stella, 2009). Different types of interneurons also differ in their
CBIR content, for example, perisomatic basket cells and inhibitory dendritic cells associated
with Schaffer's collaterals. This is consistent with the different efficacy of endocannabinoid-
mediated synaptic plasticity at these synapses (Lee et al. 2010; for review Katona and Freund,
2012). Transgenic animal models with cell type-specific CBiR deletion are useful tools to
elucidate the contribution to behaviour and network activity of the endocannabinoid
signalling at specific sites (Marsicano et al., 2003; Monory et al., 2006; for review Katona

and Freund, 2012).

In situ hybridisation, immunocytochemistry and autoradiography demonstrated the

presence of CB:R in spleen, thymus, tonsils, bone marrow, pancreas, splenic
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macrophage/monocyte preparations, mast cells, peripheral blood leukocytes as well as in a
variety of cultured immune cell models (for review Howlett, 2002). CB2R was initially
identified in macrophages as a peripheral receptor. Subsequently, CB2R expression in the
brain was described by reverse transcription-polymerase chain reaction (RT-PCR), in situ
hybridisation and immunohistochemistry. Still, there is much controversy about the presence
of this receptor in the CNS. Some immunohistochemical studies indicate the presence of
CB:2R in healthy brain neurons (Van Sickle et al., 2005; Gong et al., 2006), but they did not
include the negative controls needed to assess immunostaining specificity, particularly CB2R
knock out mice (Gong et al., 2006; Onaivi et al., 2006, 2008; for review Stella, 2010).
However, other studies limit the presence of CB2R to glia, specifically to microglia.
Furthermore, it has been proposed that microglial expression is dependent on the level of
cellular activation (Carlisle et al., 2002; Maresz et al., 2005; Lopez et al., 2018). Thereby,
neuronal damage is associated with microglial activation and its switch to pro-inflammatory
phenotypes that leads to the release of free radicals and toxins and the up-regulation of CB2R
expression. Furthermore, CB2R expressed in activated microglia regulates microglial
migration and promotes microglial polarisation to the anti-inflammatory phenotype (Lin et
al., 2017). Thus, endocannabinoids produced by damaged neurons and lesion-stimulated
astrocytes act on CB2R expressed in microglia switching the cells to an anti-inflammatory
phenotype (for review Stella, 2009). CB2R expression increases sharply in pathological
conditions with increase neuroinflammation, such as AD, multiple sclerosis, Down syndrome
or human immunodeficiency virus (HIV) encephalitis (for review Benito et al., 2008; Lopez
et al., 2018). However, the lack of specific antibodies to label CB2R casts doubts on these
results (Gong et al., 2006; for review Atwood and Mackie, 2010; Marchalant et al., 2014;
Lopez et al., 2018). Finally, microglial cells might also express CB1R whose activation in cell
cultures regulates specific functions related to microglia-mediated immunity (for review

Stella, 2010).

Western blotting and immunocytochemical studies have shown CB:R in human
astrocytes (Sheng et al., 2005). In addition, CB2R has been described in astrocytes associated
with SPs in post-mortem brains of AD patients (Benito et al., 2003; for review Kano et al.,
2009). However, several studies restricted CB2R expression to microglial cells (Benito et al.,
2003, 2008; Lopez et al., 2018). The CBR in astrocytes plays a role in their metabolic
functions. For example, CBiR activation in cultured rat astrocytes increases the rate of
glucose oxidation and ketogenesis involved in brain energy supply (Blazquez et al., 1999; for

review Stella, 2010). This may be due to the existence of CBiR in astrocytic mitochondria,
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as the presence of CBiR in astrocytes is not only described in the cytoplasmic membrane.
Therefore, CB1R has also been detected in astrocytic mitochondrial membrane of mouse
hippocampus, prefrontal cortex, piriform cortex and nucleus accumbens, demonstrating that
these glial cells also contain functional mitochondrial CBiR (Jimenez-Blasco et al., 2020).
Activation of these receptors reduces mitochondrial soluble AC activity and PKA-dependent
phosphorylation. Consequently, mitochondrial CBiRs in astrocytes interfere with glucose
metabolism and lactate production, which affects neuronal functions and behaviour (Jimenez-
Blasco et al., 2020). The astrocytic CBiR has also been shown to play an indispensable
metabolic role in maintaining optimal leptin receptor (ObR) expression and function (Bosier
et al., 2013). Furthermore, astrocytic CB1Rs moderate the ability of these cells to produce
inflammatory mediators (Sheng et al., 2005; for review Stella, 2010). In addition, activation
of hippocampal CB;R-expressing astrocytes leads to Ca®" mobilisation from internal stores,
which stimulates glutamate release ultimately activating NMDA receptors on pyramidal
neurons (Navarrete and Araque, 2008). Therefore, given the ability of astrocytic CBRs to
regulate energy metabolism and to mediate neuron-glia interactions, they seem to play an

important role in a variety of key regulatory functions (for review Stella, 2010).

Altogether, both astrocytes and microglia express cannabinoid receptors in an
activity-dependent manner (for review Bilkei-Gorzo, 2012), and their activation may regulate

the differentiation, functions and viability of these cells (for review Stella, 2010).

2.4.1. ENDOCANNABINOID SYSTEM AND ALZHEIMER'S DISEASE:

The efficacy of current therapies against AD is limited, highlighting the need to
develop new agents to prevent or delay the disease process. The ES has been shown to
modulate the main pathological processes occurring during the neurodegeneration pathway,
and has therefore become a novel strategy to tackle this illness (for review Aso and Ferrer,
2014). The ES appears to have a CBiR-dependent neuroprotective function. Indeed, an
accelerated decline in learning performance at maturity has been observed in CB;”" mice
(Bilkei-Gorzo et al., 2005), which may be related to the lack of these documented
neuroprotective effects (Sinor et al., 2000; Bilkei-Gorzo et al., 2005). In AD, changes in
cannabinoid receptor expression may depend on the stage of the disease. In this regard, CBiR
and CB:R have different expression patterns: the highest level of activity is shown by
hippocampal and frontal CBiR in the early stages of AD, but appears to decrease as the

disease develops. However, CB>R is more expressed at advanced stages when
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neuroinflammation is more evident and microglia and astrocytes are activated (for review Di

Marzo et al., 2015; for review Talarico et al., 2019).

The potential of cannabinoids to target several processes involved in AD
pathogenesis, such as oxidative stress, AP and t protein metabolism, inflammation,
mitochondrial dysfunction, and excitotoxicity, is regarded as a therapeutic strategy (Fig. 3)
(Casarejos et al., 2013; for review Talarico et al., 2019). Thus, by inhibiting presynaptic
glutamate release (Hampson et al., 1998; Marsicano et al., 2003; Monory et al., 2006) and
blocking voltage-dependent Ca>* channels (Mackie and Hille, 1992; Twitchell et al., 1997),
ECBs have a neuroprotective effect against excitotoxicity (Sinor et al., 2000; Marsicano et
al., 2002). In addition, in vitro and in vivo studies have shown that certain cannabinoid
compounds confer neuroprotective effects against AB. Direct stimulation of cannabinoid
receptors (via 2-AQ) or inhibition of endocannabinoid degrading enzymes (MAGL) facilitate
AP clearance in vitro and in vivo. These actions appear to be mediated through cannabinoid
receptors, as the modulation or inhibition of CBiR or CB;R mitigates the effect of this
cannabinoid treatment. Further, following cannabinoid treatment, the levels of lipoprotein
receptor-related protein 1 (LRP1), the AP transporter protein, increase in brain and plasma,
explaining the increased A transit from the brain to the periphery via BBB (Bachmeier et

al., 2013; for review Talarico et al., 2019).

A large number of studies have also shown that mitochondrial function is impaired in
the early stages of AD and worsens with disease progression (for review Maruszak and
Zekanowski, 2011; for review Talarico et al., 2019). In addition, brain metabolism is reduced
in AD decreasing energy production. Thus, the limited glycolytic capacity of the cells leads
to increase mitochondrial aerobic oxidative phosphorylation in order to meet their energy
needs. However, oxidative phosphorylation is a major source of endogenous and toxic free
radicals, such as hydrogen peroxide (H20,), hydroxyl (-OH) and superoxide (O%) (for review
Moreira et al., 2006; for review Talarico et al., 2019). In this regard, ECBs can prevent the
production of ROS and reduce nitric oxide (NO) by inhibiting the expression of inducible
nitric oxide synthase (iNOS). This effect leads, in turn, to a significant inhibition of NO-
dependent t protein hyper phosphorylation in a concentration-dependent manner. Thus,
cannabinoids also play an important role in T hyper phosphorylation. Actually, in vitro studies
in AB-stimulated C6 rat glioma cells have shown that this phenomenon occurs through a
selective activation of CB1R (Esposito et al., 2006; for review Talarico et al., 2019). There
are also studies reporting a AO9-tetrahydrocannabinol (THC)-mediated decrease in

mitochondrial NADH oxidase activity involved in mitochondrial complex I activity.
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However, these mitochondrial effects of cannabinoids are concentration-dependent

(Athanasiou et al., 2007).

Cannabinoids have also been shown to prevent AB-induced neurodegeneration by
reducing microglial activation. Both CBiR and CB:R expressed in microglia are involved in
this action. Therefore, the role of these receptors in inhibiting neuroinflammation by
preventing ROS formation and microglial release of cytokines has been documented
(Ramirez et al., 2005; Martin-Moreno et al., 2011; Casarejos et al., 2013; for review Talarico

etal., 2019).
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Figure 3. Diagram of the beneficial effects of the cannabinoid system in the
pathology of AD. Cannabinoid treatment can modulate multiple AD processes, such as Ap and

T processing, neuroinflammation, microglial activation, mitochondrial dysfunction and
excitotoxicity (From Talarico et al., 2019).
2.5.LIMBIC SYSTEM:

The limbic system (LS) of the brain regulates a range of behaviours essential for the
subsistence of all vertebrate species, including humans. It connects external cues or stimuli

of emotional, social or motivational relevance with a specific set of appropriate, contextual
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and species-specific behavioural outputs. Many of these behaviours are enhanced by learning
and experience reinforcement, but most of them are innate meaning that they manifest
themselves without prior learning. These innate behaviours focused on the survival of the
individual or progeny and the propagation of the species include courtship, maternal care,
defence and the establishment of social hierarchy. Activation of the circuits that regulate these
behaviours begins in the periphery with sensory stimulation such as touch, sound and,
especially in rodents, smell. These stimuli are then processed in the brain by a set of
delineated structures that primarily include the amygdala and hypothalamus. An animal's
inability to detect or correctly process social or environmental cues results in abnormal
behaviour and increases the risk of attack and/or predation. Although the basic neuroanatomy
of these connections is well established, much remains unknown about how information is

processed within innate circuits (for review Sokolowski and Corbin, 2012).

Degenerative changes in the LS play an important role in the genesis of AD (Van Hoesen
and Hyman, 1990). The first neurodegenerative events in AD appear in the trans-entorhinal
cortex and subsequently spread to the entorhinal cortex (EC) and hippocampus. Later, this
neurodegenerative process spreads through the temporal, frontal and parietal lobes
(Thompson et al., 2003; for review Thompson et al., 2007; Verkhratsky et al., 2019). In the
later stages of the disease, there is widespread atrophy of the brain parenchyma with
significant loss of neurons and synaptic contacts. This atrophy includes both white and grey
matter (Simchowicz et al., 1911; Verkhratsky et al., 2019). In particular, the hippocampal
formation is severely damaged in AD being a focal point of the pathology (Van Hoesen and

Hyman, 1990).

2.5.1. HIPPOCAMPAL FORMATION:

The hippocampal formation is located in the temporal lobe of the human brain. It
consists of a group of distinct cytoarchitectonic structures: DG; hippocampus proper or cornu
ammonis (CA); EC, which especially in rodents is divided into medial and lateral portions;
subiculum (Fig. 4) (for review O'Mara et al., 2001; for review Rajmohan and Mohandas,
2007). The main reason for grouping these structures together is that they are linked by
prominent and largely unidirectional connections that form a functional entity. However, their

components vary between authors (Insausti and Amaral, 2004).

23



INTRODUCTION

- HIPPOCAMPUS:

The CA or hippocampus is a layered structure (archicortex) consisting of the outer
stratum oriens, stratum pyramidale, stratum radiatum and stratum lacunosum-moleculare
layer, plus the stratum lucidum in the CA3 region. In terms of differences in cytoarchitecture
and connectivity, the hippocampus is divided into four fields (named by Lorente de No in
1934): CA1, CA2, CA3 and CA4. There is disagreement as to whether or not CA4 is part of
the CA, or whether it is a separate structure. The hippocampus adjoins the alveus, a thin fibre
layer that joins to form the fimbria and, subsequently, the crura of the fornix, which is the
main efferent pathway of the hippocampal formation. The fornix crura converge to form the
fornix body and then the fornix columns that reach the mammillary bodies of the

hypothalamus (for review Rajmohan and Mohandas, 2007; El Falougy et al., 2008).
- SuBicULUM:

While the physiology and functions of the DG and CA have been extensively studied,
the subiculum has received little attention (for review O'Mara et al., 2001), despite being an
important input and output region of the hippocampal formation (Fig. 4). This structure
occupies a key position in the neural circuitry of learning and memory formation (Ishihara
and Fukuda, 2016). A wide variety of information (space, time, etc.) is processed in the CA1
area and the medial/lateral EC, and then both regions synapse with the subiculum, which
actively modifies and integrates these inputs. In addition, subicular pyramidal cells exhibit
various forms of synaptic plasticity and form recurrent circuits (for review Matsumoto et al.,

2019).
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Figure 4. Anatomy of the rat subiculum (Modified from Matsumoto et al., 2019). The
hippocampal formation is shown in green and blue, and the parahippocampal cortex in red. The
hippocampal formation includes the hippocampus and DG, shown in blue, and the subiculum in
green. Three representative reference axes and their corresponding cardinal planes are shown: the
anteroposterior (rostrocaudal), dorsoventral and mediolateral axes, which are perpendicular to the

s hippocampal
formation

medial\

lateral

coronal, horizontal and sagittal planes, respectively. In the C-shaped hippocampal formation in
rodents, the end closest to the septum is named the septal pole, while the end adjoining the temporal
lobe is the temporal pole (for review Matsumoto et al., 2019).

The subicular complex is usually subdivided into three zones: subiculum proper,
presubiculum (PreS) and parasubiculum. There are examples of different subdivisions. For
example, Lorente de N6 (1934) described a region between the CA1 and the subiculum called
prosubiculum which today many researchers suggest is a transitional region and should not
be defined separately. Brodmann (1909) also recognised a separate region in several species:
the post- or retrosubicularis region; more recent authors suggest that this region may be
considered part of the presubiculum. Later, van Groen and Wyss supported again the idea of
the post-subiculum as a fourth region of the subicular complex (van Groen and Wyss, 1990;
for review O'Mara et al., 2001). Thus, the subdivisions of the subicular complex have been a

controversial issue over the last century.

Most of the subiculum is located between the PreS and the CAl region of the
hippocampus with, an area adjacent to the retrosplenial cortex at the septal end (Ishihara and
Fukuda, 2016). Little is known about the internal structure of the subiculum that remains
controversial. The subiculum is a characteristic three-layered structure of the allocortex, in

contrast to the six-layered EC typical of neocortex. The three main layers of the subiculum
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are: molecular layer, which is continuous with the CA1 strata lacunosum-moleculare and
radiatum; extended pyramidal cell layer, containing the somata of the principal neurons; and
polymorphic layer (for review O'Mara et al., 2001). The molecular layer is close to the
hippocampal fissure; the pyramidal cell layer lies in the middle between the molecular and
the polymorphic layer; the polymorphic layer is closer to the alveus and is continuous with
the CA1 stratum oriens (for review Matsumoto et al., 2019). The molecular and polymorphic
layers are also referred to as superficial and deep layers based on their proximity to the
hippocampal fissure and alveus, respectively. On the other hand, the terms proximal and distal
are used to refer to the region of the subiculum closest to the CA1 region and the region of
the subiculum closest to the PreS, respectively. Up to five layers have been distinguished in
the proximal subiculum that contains larger neurons with lower cell density, especially in the
middle and deep layers. The distal subiculum, however, consists of smaller neurons with
relatively homogeneous soma size and higher cell density (Ishihara and Fukuda, 2016). In
addition to this classification, immunohistochemical investigations have further characterised
the internal structure of the subiculum based on differential cytoarchitecture and

immunoreactivity for calbindin (Fujise et al., 1995; for review Matsumoto et al., 2019).

The main cell type of the subiculum is the pyramidal cell. They exhibit a lower degree
of axonal collateralisation than CA1 pyramidal cells and project to only a few brain areas.
Nevertheless, these neurons have axon collaterals that reach the alveus, and in turn have
multiple synaptic terminals both in the pyramidal cell layer and the apical dendrites (Harris
et al., 2001; for review Matsumoto et al., 2019). Cell packing in the subicular pyramidal layer
is more diffuse than in CA1 (for review O'Mara et al., 2001). In addition, many smaller
neurons intermingled with the pyramidal cells are considered to be subicular interneurons,
however, they are poorly characterised (for review O'Mara et al., 2001; for review Matsumoto

et al., 2019).

2.5.2. CONNECTIVITY OF THE HIPPOCAMPAL FORMATION:

The EC projection to the hippocampal formation is segregated: layer III entorhinal
neurons project to the CA1l and the subiculum, while layer II stellate cells project to the DG,
CA2 and CA3. The layer II pyramidal cells (island cells) of the medial EC also project to the

CA1 and to a lesser extent to the subiculum (for review Matsumoto et al., 2019).

The perforant pathway is considered the major pathway to the hippocampus, where

fibres from glutamatergic neurons in layers II and III of the EC pass through the subiculum
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and reach the granule cell layer of the DG. Glutamatergic mossy fibres then extend from the
DG to the CA3 pyramidal cells. Next, although some CA3 efferent fibres project to the
fimbria, many CA3 axons emit Schaffer collaterals that reach ipsilateral CA1 dendrites
(stratum radiatum and stratum oriens). Finally, from CA1, the fibres extend to the alveus, the
fimbria and then to the fornix. In addition, the subiculum also receives a massive input of
important projections from the CA1 region. Therefore, the subiculum is innervated mainly
by CA1 and the EC (for review O'Mara et al., 2001; Ishihara and Fukuda, 2016; for review
Matsumoto et al., 2019).

Three hippocampal efferent systems are formed: the precommissural fornix, the
nonfornical fibres and the postcommissural fornix. The precommissural fibres of the fornix
originate in the CA and the subiculum and travel within the fimbria, crura and body of the
fornix. Non-fornical fibres project directly from the hippocampus to entorhinal area, posterior
cingulate cortex, retrosplenial cortex and amygdala. Postcommissural fibres terminate mainly
in the mammillary bodies, but some fibres also project to the anterior nuclei of the thalamus,
the bed nucleus of the stria terminalis and the ventromedial nucleus of the hypothalamus. The
CA fibres terminate exclusively in the septal nucleus, while the subicular fibres are distributed
to the nucleus accumbens, anterior olfactory nucleus, septal nuclei, precommissural
hippocampus, medial frontal cortex and rectus gyrus. This broad projection pattern implies
that both the subiculum and the CA1 region play a fundamental role in the organisation of
hippocampal output (for review Mark et al., 1995; for review Rajmohan and Mohandas, 2007;
Ishihara and Fukuda, 2016; for review Matsumoto et al., 2019).

In AD, subicular projection neurons are particularly affected. Damage to these
hippocampal outflow pathways leads to disconnection and isolation of the hippocampal
formation (Hyman et al., 1984). In the brain of 5SXFAD mice, AP deposition (and gliosis)
begins at 2 months and reach a very large burden, especially in the subiculum and deep
cortical layers (Oakley et al., 2006). Thus, pathology first appears in the subiculum and
gradually spreads to interconnected limbic brain regions in a specific pattern, over 3-15
months (Ronnbick et al., 2012; George et al., 2014). Thus, AP accumulation sequentially
affects areas that receive neural projections from previously affected brain regions. The
spatio-temporal progression of AD neuropathology along neuronal pathways has been
suggested by several studies, but the underlying mechanisms are still unclear. The disease
then affects brain regions that receive inputs from the subiculum, functionally connected
sequentially in an order that is in accordance with known anatomical connections, such as the

retrosplenial cortex, mammillary body and thalamus (Fig. 5) (Ronnbick et al., 2012). In
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studies of AD patients with different levels of cognitive impairment, a prevalent atrophy of
the presubicular-subicular complex was observed from the early stages of the disease. This
finding is consistent with neuropathological observations in AD patients and probably reflects
the severe degeneration of the perforant pathway as it penetrates the hippocampus via the
subicular field in its course from the entorhinal cortex to the DG. These studies therefore
pointed to a non-homogeneous pattern atrophy in the hippocampus of AD patients, with
prevalent involvement of the presubicular-subicular complex from the earliest stages of the
disease that remains evident in the later stages (Carlesimo et al., 2015; Lindberg et al., 2017).
Therefore, the study of neuronal damage and glial changes in the subiculum is fundamental
to understanding AD pathology, given the major involvement of this system in the regulation

of multiple brain functions (for review Matsumoto et al., 2019).
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Figure 5. Schematic of the progression of diffuse amyloid deposition in a
mouse model of Alzheimer's disease (TgAPParc). Relevant anatomical connections

between brain regions are marked with arrows and the colour of the text marks the age at which the
first diffuse amyloid deposits are detected (Modified from Ronnbéck et al., 2012).
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Abundant pathological changes have been observed in post-mortem brains of
AD patients and in animal models of the disease (Medeiros and LaFerla, 2013). These
alterations include aggregation and deposition of AP peptides associated with the
formation of SPs, hyper phosphorylation of t protein associated with the development
of NFTs, neuronal death, synapse dysfunction, inflammation, oxidative stress and
alterations in mitochondrial metabolism (for review Moreira et al., 2006; for review
Querfurth and LaFerla, 2010; for review Bloom, 2014; Bobkova and Vorobyov, 2015).
However, the pathogenesis of AD is still unclear. In the last years, the role that
inflammatory cells may play in AD is being investigated as it seems that they may affect
multiple pathological mechanisms. Thus, a new field of research focused on glial cells

is opening up.

Microglia is the main inflammatory cell type in the CNS and plays a key role in
responses to CNS damage (Ajami et al., 2007). When activated in the course of disease,
microglial cells decrease AP accumulation by increasing phagocytosis and clearance,
and contribute to neurotoxicity and synaptic degeneration by triggering several pro-
inflammatory cascades (for review Sarlus and Heneka, 2017). Astrocytes, on the other
hand, seem to become more reactive in areas of increased injury surrounding SPs (for
review Rodriguez et al., 2009) and appear to be involved in the inflammatory process

of the disease (Medeiros and LaFerla, 2013).

The efficacy of current therapies to treat AD is limited, emphasizing the need to
develop new agents to prevent or delay the neurodegenerative process (for review
Massoud and Leger, 2011; Beauquis et al., 2013). The ES is an important
neuromodulatory system (for review Talarico et al., 2019; for review Lu and Mackie,
2016) and the cannabinoids effects on several processes involved in the pathogenesis
of AD suggest their potential therapeutic benefits in the disease (for review Talarico et
al., 2019). However, little is known about the expression and localization of
cannabinoid receptors in glial cells in AD. We hypothesise in my doctoral thesis that
glial expression of CBiR and CB:R is altered in the subiculum of a mouse model of
AD, a brain region particularly affected by large accumulation of SPs, as a result of
subcellular changes happening in microglial cells and astrocytes. Therefore, knowing
the correlation between glial reactivity in AD and the microglial and astroglial
expression of CBiR and CB2R would help to better understand the role of the ES in the

pathophysiology of the disease.
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The overall aim of my doctoral thesis was to investigate the glial expression of the
cannabinoid CBiR and CB:R in a mouse model of AD, in particular, the astrocytic and
microglial reactivity in the subiculum as well as the localization of CBR in astroglia and

microglia and CB2R in microglia.

I focused on the subiculum because: 1) it accumulates the highest amount of SPs; 2)
it shows a large glial reaction; 3) it is one of the regions that most incipiently shows signs of

degeneration; and 4) it is involved in memory formation.
The specific objectives were to:
1. Study microglial morphology.

Does AD affect the area, perimeter and number of microglial processes?

2. Investigate astrocyte morphology.

Does AD alter the area, perimeter and number of astrocytic processes?

3. Explore CBiR localization in microglia.

Does AD impact on CBiR expression in microglia?

4. Analyse CBiR localization in astrocytes.

Does AD modify CBiR expression in astrocytes?

5. Decipher CB2R expression in microglia.

Does AD influence CB:R expression in the microglial cells?

To achieve these objectives, I used immunoelectron microscopy in CB2ES*™7/5xFAD

and control CB2FSFP" mice.
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5.1. ETHICS STATEMENT:

The protocols for animal care and use were approved by the Committee of Ethics for
Animal Welfare of the University of the Basque Country (M20/2015/093) and were in
accordance to the European Communities Council Directive of September 22, 2010
(2010/63/EU) and Spanish regulations (Real Decreto 53/2013, BOE 08-02-2013). Efforts

were made to minimize the number and suffering of animals.

5.2. EXPERIMENTAL ANIMALS:

This work was carried out with CB2ESTP'f transgenic mice that co-express five AD
mutations (5XxFAD). They were provided by Dr. Julidn Romero Paredes (Universidad
Francisco de Vitoria, Madrid), as part of the collaboration with his laboratory. The CB2ECFP//t
mice were generated at the Genoway facilities (Lyon, France) by designing a targeting
strategy consisting of the insertion of an enhanced green fluorescent protein (EGFP) reporter
gene, preceded by an internal ribosomal entry site sequence (IRES) into the 3' untranslated
region (UTR) of the mouse cnr2 gene. This results in expression of the reporter gene (EGFP)
under the control of the mouse endogenous cnr2 promoter, and transcription of the same
bicistronic mRNA as the CB2R protein. In addition, these mice co-express SxFAD mutations
at the same time. The 5xFAD mice with a C57BL/6J background were purchased from
Jackson Laboratory (Bar Harbor, Main, USA). To obtain the co-expression, SXFAD mice

2ECFP mice for at least five generations to generate CB2ES*P7/SxFAD

were mated with CB
mice (Lopez et al., 2018). This 5xFAD model does not seem to express the mutation that
causes this neurofibrillary degeneration (Oblak et al., 2021), but it could perhaps occur
indirectly through neuronal degeneration and AP 1-42 deposits.

To test the specificity of the GFP antibody, cannabinoid receptor type 2-knock out (CB>”
") mice which do not express CB2R (therefore nor GFP) were used (Fig. 8; Fig. 9 a,b).
CB2ECS™PT mice and constitutive knock out (CB2”) mice are homozygous. These
homozygous mice were identified by PCR and further verified by Southern blot analysis
(Lopez et al., 2018).

The subicular region of male mice aged between 6.5 and 7.5 months with amyloid
deposits and dystrophic neurites already visible was used in my thesis. Area, perimeter,
number of processes and CB|R expression in astrocytes, were studied in 5,596.477 pm?of 5
CB2ESTPYT and in 7,681.429 um? of 7 CB2FS™7/5XxFAD mice. In addition, the area,

perimeter and number of microglial processes were measured in 7,900.338 pum? of 7

CB2ESTPY and in 10,792.572 um? of 10 CB2ESFPYY/5xFAD mice. For the study of CBiR in
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microglia, 6,344.998 um?*in 5 CB25S™% and 7,268.343 pm? in 7 CB2ECP7/5xFAD mice
were analysed. Finally, 3,524 um? in 3 CB,™"1 and 4,078 pm? in 3 CB2ECP7T/5xFAD

mice were examined for CB2R in microglia.

5.3. PRESERVATION OF BRAIN TISSUE:

Mice were anaesthetised with ketamine/xylazine (100mg/10mg/kg body weight,
intraperitoneal injection) and subsequently perfused transcardially at room temperature (RT)
through the left ventricle. First with phosphate buffered saline (PBS) 0.1 M (pH 7.4) for 20
sec, and then with the fixative solution composed of 4% formaldehyde (freshly
depolymerised from paraformaldehyde), 0.2% picric acid and 0.1% glutaraldehyde in PBS
0.1 M (pH 7.4) for 10-15 minutes, with a fixative solution volume of 80 mL per mouse. The
brains were then removed from the skull and post-fixed in the fixative solution for
approximately one week at 4°C. Subsequently, they were stored in 1:10 diluted fixative
solution at 4°C with 0.025% sodium azide, for proper preservation. Brains were cut into
coronal sections at 50 pm on a vibratome and stored in 12- or 24-well cell culture plates with

1 mL of phosphate buffer (PB) 0.1 M (pH 7.4) with 0.025% sodium azide at 4°C.

5.4. AVIDIN-BIOTIN PEROXIDASE METHOD FOR LIGHT MICROSCOPY

I used the following protocol:
1. 50 um coronal brain sections cut with the vibratome containing the subicular region were
selected. They were collected in 12- or 24-well culture plates and kept floating in PB 0.1M
(pH 7.4) at RT.
2. The sections were preincubated with a blocking solution of 10% bovine serum albumin
(BSA), 0.1% sodium azide and 0.5% Triton X-100 in 1X Tris-buffered saline (TBS 1X) (pH
7.4) for 30 min at RT.
3. They were then incubated with the primary anti-CBiR (1:100), anti-GFP (1:500), anti-
ionized calcium-binding adapter molecule 1 (Ibal) (1:500) or anti-glutamate aspartate
transporter 1 (GLAST) (0.3 pg/mL) antibody (Table 2) prepared in the blocking solution,
gently shaken for 2 days at 4°C or 1 day at RT.
4. Sections were washed with 1% BSA and 0.5% triton X-100 in TBS 1X for 30 min to
remove excess of antibody (3 x 1 min and 2 x 10 min).
5. They were followed by incubation with a biotinylated anti-guinea pig (1:200, Biotin-SP-
AffiniPure Goat Anti-Guinea Pig IgQ), biotinylated anti-rat (1:200, Biotin-SP-AffiniPure
Goat Anti-Rat IgG) or a biotinylated anti-rabbit secondary antibody (1:200, Biotin-SP-
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AffiniPure Donkey Anti-Rabbit IgG) diluted in the washing solution for 1 h on a shaker at
RT.

6. They were washed with 1% BSA and 0.5% triton X-100 (3 x 1 min and 2 x 10 min) in TBS
1X.

7. Afterwards, tissue was incubated with the avidin-biotin peroxidase complex (ABC) (1:50
avidin-biotin peroxidase complex, Elite, Vector Laboratories, Burlingame, CA, USA)
prepared in the washing solution, for 1 h at RT.

8. Samples were washed with 1% BSA and 0.5% Triton X-100 in TBS 1X (3 x 1 min) and
lastly with PB 0.1M (pH 7.4) and 0.5% Triton X-100 (2 x 10 min).

9. Labelling was revealed with the chromogen 0.05% diaminobenzidine (DAB) in PB 0.1 M
(pH 7.4) containing 0.5% triton X-100 and 0.01% hydrogen peroxide for 3.5 min at RT.

10. It was followed by washes in PB 0.1 M (pH 7.4) with 0.5% triton X-100 (3 x 1 min and
2 x 10 min).

11. Tissue sections were mounted on gelatinised slides.

12. Once they were dried, were dehydrated in graded ethanol (EtOH) (50°, 70°, 96° and 100°)
for 5 min each.

13. Sections were rinsed with xylene (3 x 5 min).

14. The slides wee cover slipped with DPX.

15. Subicular tissue was examined and photographed with a Zeiss AxioCam light microscope

coupled to a Zeiss AxioCam HRc camera.

5.5.DOUBLE PRE-EMBEDDING IMMUNOGOLD AND IMMUNOPEROXIDASE METHOD FOR ELECTRON
MICROSCOPY:
The protocol used has been published by our laboratory (Puente et al., 2019):

1. Four to five sections per brain containing the caudal hippocampus and subiculum were
selected and placed on a new plate.
2. They were pre-incubated in a blocking solution (1mL/well) consisting of 10% BSA, 0.02%
saponin and 0.1% sodium azide in TBS 1X (pH 7.4), for 30 min on the shaker (300 rpm) at
RT.
3. Tissue was then incubated with two primary antibodies (Table 2): a guinea pig polyclonal
anti-CBiR antibody diluted 1:100 (Frontier Institute Co., Itd) or a rat monoclonal anti-GFP
antibody diluted 1:500 (Nacalai) in combination with a rabbit polyclonal anti-GLAST
antibody (0.3 pg/mL; Gifted by Prof. Niels Christian Danbolt), or a rabbit polyclonal anti-
Ibal antibody diluted 1:500 (FUJIFILM Wako Pure Chemical Corporation). The solution
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contained 10% BSA in TBS 1X, 0.1% sodium azide and 0.004% saponin. Incubation was
performed on a shaker for 2 days at 4°C.

4. Subsequently, five washes (3 x 1 min and 2 x 10 min) in 1% BSA/TBS 1X were made to
remove excess of antibody.

5. For incubation with secondary antibodies (Table 2): sections were incubated with the 1.4
nm gold-conjugated goat anti-guinea pig IgG antibody (Fab' fragment, 1:100, Nanoprobes
Inc, Yaphank, NY, USA) or with the 1.4 nm gold-conjugated goat anti-rat I[gG antibody (Fab'
fragment, 1:100, Nanoprobes Inc, Yaphank, NY, USA). They were also incubated with
biotinylated anti-rabbit IgG antibody (1:200, Biotin-SP-AffiniPure Donkey Anti-Rabbit IgG)
diluted in 1% BSA/TBS 1X with 0.004% saponin on a shaker for 4 h at RT.

6. Tissue was washed were (3 x 1 min and 2 x 10 min) in 1% BSA/TBS 1X on a shaker at
RT to remove excess of antibody thoroughly.

7. Sections were then incubated with ABC (1:50) prepared in washing solution (1 mL/well)
for 1.5 h at RT.

8. They were washed in 1% BSA/TBS 1X (3 x I min, 1 x 10 min) and kept in the same
washing solution overnight at 4°C under agitation.

9. The following day, tissue was postfixed with 1% glutaraldehyde in TBS 1X (1 mL/well)
for 12 min at RT.

10. Afterwards, sections were washed in double distilled water (3 x 10 min each).

11. They were transferred to test tubes.

12. Gold particles were silver-intensified with the HQ Silver kit (Nanoprobes Inc., Yaphank,
NY, USA; 1 mL/tube) in the dark for 12 min at RT.

13. After intensification, the sections were transferred to glass vials (15 mL, 3 x 5 cm) and
washed three times in double distilled water (1 min each) in the dark.

14. They were washed with PB 0.1 M (pH 7.4) several times in the dark for 30 min.

15. The biotinylated antibody was revealed with 0.05% DAB prepared in PB 0.1 M (pH 7.4)
containing 0.5% triton X-100 and 0.01% hydrogen peroxide (1 mL/vial) for 3.5 min at RT,
followed by several washes in PB 0.1 M (pH 7.4) (3 x I min and 2 x 10 min).

16. The sections were osmified (1% osmium tetroxide in PB 0.1 M (pH 7.4) (1 mL/vial) in
the dark for 20 min.

17. They were washed in PB 0.1 M (pH 7.4) (3 x 1 min and 2 x 10 min).

18. Subsequently, sections were dehydrated in EtOH (50%, 70%, 96%; 5 min/each) followed
by 100% EtOH (3 x 5 min) (1 mL/vial).

19. They were cleared in propylene oxide (3 x 5 min, ImL/vial).
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20. Sections were pre-embedded in 1:1 propylene oxide/Epon 812 resin (1 mL/vial) on a
shaker overnight at RT.

21. Then, they were embedded in pure Epon 812 resin (1 mL/vial) for at least of 2 h at RT.
22. Tissue was then placed between two glass slides wrapped in aluminium foil and left in
the oven at 60°C for 2 days.

23. The resin-embedded sections were separated from the aluminium foil and the subiculum
was trimmed out.

24. Then, tissue was glued onto a resin mould to cut 1 um-thick section with a histo-diamond
knife (Diatome USA) on an ultramicrotome, and was stained with 1 % toluidine blue.

25. When the area of interest was reached, 50 nm-thick sections were cut with an ultra-
diamond knife (Diatome USA) and collected on nickel mesh grids.

26. After drying the grids for at least two h in the hood, sections were counterstained with
2.5% lead citrate (1 drop/grid) for 20 min at RT.

27. Finally, they were washed in double distilled water 1 drop/grid (5 x 10 min each).

28. The counterstained grids were examined with a transmission electron microscope (JEOL
JEM 1400 Plus, Canada) and tissue was photographed using a Hamamatsu FLASH digital
camera inserted in the electron microscope. Anatomical landmarks were taken to locate the

subiculum region.
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Figure 6. Coronal section of the mouse brain (modified from Allen Mouse Brain Atlas;
© 2004 Allen Institute for Brain Science). Allen Mouse Brain Atlas. Available at: atlas.brain-
map.org. The subiculum (SUB) is outlined in blue.

ABC

GOLD SILVER

140m @) Biotinviated
Ab

Figure 7. Double immunolabelling method for transmission electron microscopy
(Adapted with permission from Puente et al., 2019).
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5.6. ANTIBODIES:

Experiments were performed under the same conditions. In addition, negative controls
omitting the primary antibodies were also used. Furthermore, the CB{R antibody was tested
in CB,” brain (Fig. 9 c, d, e) and the GFP antibody in CB,”" mice (Fig. 8; Fig. 9 a, b).

Finally, the specificity of the other antibodies applied was thoroughly confirmed in
previous studies (Bjernsen et al., 2007; Delcambre et al., 2016).

,-----
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Figure 8. CB:""mouse brain using anti-GFP antibody. Avidin-biotin peroxidase method
for light microscopy. No sign of specific staining is visible in the subiculum (enlarged framed
area). Scale bars: 200 um.
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Figure 9. Subiculum of knock out mice. Double immunogold and immunoperoxidase
method for electron microscopy. Antibodies were tested in CB,” (a, b) and CB;” mice (c, d, e).
(a, b) Only residual GFP/CB, background is seen in the images showing simultaneous labelling for
Ibal (DAB, brown, *) and GFP/CB, (gold). Also, non-specific residual background is observed
when combined GLAST (DAB, brown, *) with CBiR (gold) (c, d), or Ibal (DAB, brown, *) with
CBIR (gold) (e). Scale bars: 1 pm.
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Table 2. Details of the antibodies used.

MATERIAL AND METHODS

ANTIBODY MANUFACTURER | HOST | CONCENTRATION
Anti-CB|R '
polyclonal; Frontier Institute Co., ltd Gul.nea (1:100)
CB1-GP-Af530; AB 2571593 pig
Anti-A522 (EAAT1 [GLAST]) Gifted by Prof. Niels
polyclonal; Christian Danbolt Rabbit (0.3 pg/mL)
Ab#314; AB 2314561 .
= University of Oslo
Anti-Ibal FUJIFILM Wako
polyclonal; Pure Chemical Rabbit (1:500)
019-19741 Corporation
Anti-GFP
monoclonal; Nacalai Rat (1:500)
GF090R
Biotin-SP-AffiniPure Goat Anti-
Guinea Pig IgG (H+L); Jackson Immuno
polyclonal; Research Goat (1:200)
AB 2337394
Biotin-SP-AffiniPure Donkey Anti-
Rabbit IgG (H+L); Jackson Immuno
polyclonal; Research Donkey (1:200)
AB 2340593
Biotin-SP-AffiniPure Goat Anti-Rat
IgG (H+L); Jackson Immuno
t 1:2
polyclonal; Research Goa (1:200)
AB 2338179
1.4 nm gold-conjugated Nanogold®-
Fab’'Goat anti-Guinea Pig IgG
(H+L) Nanoprobes Goat (1:100)
#2055
1.4 nm gold-conjugated Nanogold®-
Fab’Goat aniﬁlz-(i)zt IgG (H+L) Nanoprobes Goat (1:100)
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5.7. QUANTITATIVE SCORING AND STATISTICAL ASSESSMENT OF CB1 RECEPTORS AND GFP LABELLING:

To ensure homogeneous labelling between all samples, only the first 1.5 pm from the
section surface of each specimen was collected (antibody penetration is not reliable beyond
this depth). Areas were photographed randomly within the subiculum. Electron micrographs
containing microglial or astrocytic cell bodies were discarded as their large size could give
inaccurate values. CBiRs in astrocytes were assessed in GLAST-immunoreactive astrocytic
processes. CBiRs in microglia were investigated in Ibal-immunopositive microglial
elements. The proportion of cell compartments labelled for CB;R was then tabulated. Positive
labelling was considered when at least one CB1R immunoparticle was within 30 nm of the
given membrane compartment studied. CBiR density (particles/um membrane) was also
determined by counting CBiR immunoparticles in the positive compartments. Membrane
length (perimeter) was measured with the Image-J software (NIH; RRID: SCR_003070).

CB:R was assessed in Ibal-positive microglial processes. GFP gold particles were
counted and differentiated between their localization in membrane (at a maximum distance
of 30 nm from the membrane) or cytosol (at a greater distance than 30 nm). This distinction
was made to determine where GFP localizes, as it does not necessarily have to be in the same
place of CB;R within the cell.

All values were given as mean £ S.E.M. using a statistical software package (GraphPad
Prism 5, GraphPad Software Inc., San Diego, USA). The normality test (Kolmogorov-
Smirnov normality test) was always applied before statistical tests were performed. Data
were analysed by means of non-parametric or parametric tests: Mann—Whitney U test or

Student's Unpaired t-test (* P< 0.05).

Minor contrast and brightness adjustments were made to the figures using Image-J

software (NIH; RRID: SCR_003070), Adobe Photoshop and Gimp.
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6. RESULTS
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RESULTS

6.1. GLIAL MORPHOLOGY IN THE SUBICULUM OF CB2F/*/F/SxFAD MICE.

To have an overview of the general changes occurring in glial cells in the
subiculum of CB2FSPY/5XxFAD compared to CB2ES™f mice, Ibal and GLAST
labelling of microglia and astrocytes, respectively, were visualized using the avidin-
biotin peroxidase method for light microscopy. Changes in staining density of both glial
cells were detected (Fig. 10). Microglia identified in CB2E™7f (Fig. 10a, a") occupied a
much larger area in CB25™P7¥/5xFAD (Fig. 10b, b"). This increase appeared to be related
to both the number of microglial cells and the thickness of their processes, suggesting the
existence of microglial activation. In the case of astrocytes, GLAST staining seen in
CB2ESTP7(Fig. 10c, ¢’) was also more intense in CB2ECFP7/5xFAD, compatible with
astrocytic hypertrophy (Fig. 10d, d"). These findings were further analysed by electron

microscopy.
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Figure 10. Ibal and GLAST in the subiculum of CB2ECFP7T apd

CB2ECFPT/5xFAD mice. Avidin-biotin peroxidase method for light microscopy.

Subicular Ibal staining observed in CB2F"# microglia (a, a’) is drastically increased in enlarged
CB2FSPPT/5x FAD microglia (b, b’). GLAST staining seen in CB2ES™ (¢, ¢) is also stronger in
CB2FSPPHT/5xFAD (d, d'). Scale bars: 200 pm.
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6.2.CB1 RECEPTOR EXPRESSION IN THE SUBICULUM OF CB2ECFP/¥/F/S5XFAD MICE.

To get an overview of the changes occurring in CBR expression in the subiculum
region of CB2ECFPT/5xFAD compared to CB2ESFPT mice, tissue was stained with
antibody against CBiR (Table 2) in combination with the avidin-biotin peroxidase
method for light microscopy. The labelling observed in CB2ES*"7f(Fig. 11a, a') got more
patchy appearance in CB2ECP7/5xFAD (Fig. 11b, b').Thus, there appeared to be areas
of lower staining which could correspond to SPs surrounded by more intense CBiR
immunoreactivity (Fig. 11b, b'). These changes in CB|R expression were further

analysed in both microglia and astrocytes by electron microscopy.

Figure 11. CB;R immunostaining in the subiculum of CB2FCFPT apd

CB2ECFPI/5xFAD mice. The CB/R staining observed in the subiculum of CB25S**"f(a, a")
changes to a patchy appearance in CB2PC"#/5xFAD, which seems to correspond to lesion sites (b,
b"). Scale bars: 200 pm.
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6.3. CHANGES IN THE MORPHOLOGY AND NUMBER OF MICROGLIAL PROCESSES IN THE SUBICULUM
OF CB2ESFP/¥/F /5xFAD MICE.

First, 1 assessed the microglial morphology. DAB immunostaining was used to
identify Ibal-containing microglial processes (Fig. 12). While in controls only scattered
microglial processes were observed (Fig. 12 a-c), numerous Ibal-positive processes
surrounding plaques (Fig. 12 d and g) and dystrophic neurites (Fig. 12 d-h) were seen in the
CB2ECTPT/5XxFAD mice. Furthermore, a significant increase in the area of the microglial
processes was observed in CB2ESTP7/5xFAD (0.3229 + 0.05282 um?; ***p < 0.0001; Fig.
13a) relative to CB2E5™ " mice (0.1000 £ 0.01754 um?). This change was also visible in the
total area per sample normalised to 100 pm? (CB2ESFP7/5xFAD: 2.074 £ 0.5156 pm?; ***p
< 0.0001; CB2ESTPPt: 0.3485 + 0.06955 um?; Fig. 13b). In addition, a significant increase in
the perimeter of the microglial prolongations was observed in CB2ECSTP7i/5xFAD (2.200 +
0.1248 pum; ***p < 0.0001) versus CB2ESFPT (1 260 + 0.1036 pum; Fig. 13c). This increase
could also be noticed in the perimeter of the total microglial processes per sample normalized
to 100 pm? (15.73 £1.929 um in CB2EP/5xFAD; 4.334 + 0.5345 um in CB2ECFPE, %
< 0.0001; Fig. 13d). Finally, significant changes were also detected in the number of
microglial processes (7.260 + 0.6304 in CB2ECTPPY/5xFAD; 3.413 + 0.4092 in CB2ECFY/T,
**%p <0.0001; Fig. 13e).
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Figure 12. Microglia in the subiculum of CB2E¢**" and CB2ECFP/5xFAD mice.
Double pre-embedding immunogold (CB;R) and immunoperoxidase (Ibal)
method for electron microscopy. Microglial processes show Ibal labelling (DAB
immunodeposits, brown, *). In control CB2FS*Pf 3 few slender microglial elements are observed
(a, b, ¢). However, thick processes of reactive microglia appear in CB2F™"/5xFAD (d, e, f, g, h).
Plaques (pink; d, g) and numerous dystrophic neurites (blue; d, e, f, g, h) are also identified. Notice
membrane and cytosolic CBR particles in microglial processes of both mutants, with particular
abundance in supposedly degenerating inhibitory terminals in CB2ES™"i/5xFAD (yellow; f, h).
Scale bars: 1 um.
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Figure 13. Quantification and statistics of microglial ultrastructure in the

subiculum of CB2ES*PTf (control) and CB2ECFP/5xFAD (Alzheimer) mice. (a)
Microglial processes area. (b) Microglial area normalized to 100 pum?. (c) Microglial processes
perimeter. (d) Microglial perimeter normalized to 100 pm?. (¢) Number of microglial processes in
100 pm?. Data were analysed by non-parametric or parametric tests (Mann—Whitney U-test or
Student's #-test). Mann—Whitney U-test or Student's z-test. p < 0.05%; p < 0.01%%; p < 0.001*%*; p <
0.0001****_All data are represented as mean + S.E.M.
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6.4. CHANGES IN THE MORPHOLOGY AND NUMBER OF ASTROGLIAL PROCESSES IN THE SUBICULUM

OF CB2ESFP/¥/F /5xFAD MICE.

By using GLAST-DAB, the area, perimeter and number of astrocytic elements were

analysed in the subiculum of CB2ES™P7T and CB2FCP7/5xFAD mice (Fig. 14).

There was a significant increase in the area of the astrocytic processes
(CB2ECFPIT/SXFAD: 0.2598 + 0.01853 um?; CB2ECTPTT: 0.1565 £ 0.006515 pm?; ***p <
0.0001; Fig. 15a). However, no significant differences were observed in the total area per
sample occupied by astrocytic processes normalized to 100pm? (CB256™P7/5xFAD: 8.993 +
0.8664um?; CB2ESTPIT 7415 + 0.6552 pum?; p: 0.1711; Fig. 15b). There was also a
significant increase in the perimeter of the astrocytic processes (CB2ES™P7/5xFAD: 2.833 +
0.08486 pm; CB2ECFPE: 2 116 + 0.04741 pm; ***p < 0.0001; Fig. 15¢). Nevertheless, no
differences in the total perimeter of astrocytic processes per sample were detected either
(CB2FSTPT/5XxFAD: 99.89 + 8.087 um; CB2FFP: 100.1 + 6.811 um; p: 0.9820; Fig 15d).
Consistent with these results, a significant decrease in the number of astrocytic processes in
the CB2ECTP7/5xFAD (35.52 +2.661 per 100 pm?) relative to CB2E™7 (47,33 +£ 2,709 per
100 um?) was observed (**p: 0.0036; Fig. 15¢).
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Figure 14. Astroglia in the subiculum of CB2FS*P" and CB2FCSFP7/5xFAD mice.
Double pre-embedding immunogold (CB;R) and immunoperoxidase (GLAST)
method for electron microscopy. GLAST-positive astrocytic processes (DAB
immunodeposits, brown, *) seen in CB2EG*"¥! (a, b, ¢) are thicker in CB2ES™""/5xFAD (d, e, f, g).
Observe astrocytic elements closely surrounding dystrophic neurites in the AD mouse (light blue;
e, f, g). Scale bars: 1 um.
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Figure 15. Quantification and statistical assessment of morphological
parameters of astrocytes in the subiculum of CB2FCFP'T (control) and
CB2ECTPIT/SXFAD (Alzheimer) mice. (a) Astrocytic processes area. (b) Astrocytic area
normalized to 100 um?. (c) Astrocytic processes perimeter. (d) Astrocytic perimeter normalized to
100 pm?. (e) Number of astrocytic processes in 100pum?. Data were analysed by non-parametric or
parametric tests (Mann—Whitney U-test or Student's #-test). Mann—Whitney U-test or Student's -
test. p <0.05%; p <0.01**; p <0.001***; p <0.0001****_ All data are represented as mean = S.E.M.
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6.5. MICROGLIAL LOCALIZATION OF THE CB1 RECEPTOR IN THE SUBICULUM OF CB25""/*/F/5xFAD
MICE.

CB1R immunoparticles were localized in the membranes of Ibal-positive microglial
processes in both CB2EST7f and CB2ECH P75 FAD mice (Fig. 12, 16). The analysis revealed
a significant increase in CB)-positive microglial processes was seen in CB2EST/5xFAD
(0.9942 £ 0.1259) compared to CB2E™"" mice (0.3254 + 0.07758; ***p <0.0001; Fig. 17a).
In addition, a significant increase in the proportion of CBi-positive elements was detected in
CB2ECSTPY5XFAD mice (6.27 = 1.15 %; CB2ECFYPt: 3,79 £ 2.10 %; **p: 0.0033; Fig. 17b).
However, CBiR density in the positive microglial processes was significantly reduced in
CB2ECSTPIYSXFAD (69.44 + 7,577 particles/100 um of membrane; CB2ECFPE: 1355 +
24.78/100 pm of membrane; **p: 0.0023; Fig. 17¢). Furthermore, significant differences in
the total number of microglial CBiR particles per 100 pm? were observed between
CB2ECSTPY5XFAD (1.31 + 0.18) and the CB2ESFP71(0.48 £ 0.13 particles; ***p: 0.0009; Fig.
17d). Finally, there were no differences in the number of CBiR immunoparticles per
microglial process between both mutants (CB2ES™P7T/5xFAD: 1.333 + 0.08347 particles;
CB2ECTPIT: 1 450 + 0.2112 particles; p: 0.7736; Fig. 17¢).
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Figure 16. CBR localization in microglial compartments in the subiculum of
CB2ECFPIT apd CB2ESHP"/SxFAD mice. Double pre-embedding immunogold
(CBiR) and immunoperoxidase (Ibal) method for electron microscopy. Some
CBIR gold particles (red arrows) are observed on microglial membranes (DAB immunodeposits,
brown, *) in both CB25™""(a, a’, b) and CB2F™"/5xFAD (c, ¢’, d, e, f). Plaques (pink) (c) and
dystrophic neurites (blue) are present in CB2E6™7/5xFAD. Scale bars: 1 um.

59



RESULTS

sk ok b ¢ * %
— Q
+ 12 8 2 £ 175
S 10 8 £8 s T
S5 o9 g ag
28 08 a -;?8'5 1254
B2 o7 5 oY I
€8 0.6 =) S 8
S : o
ag 03 E 23 504
€% 02 & 89
ERY o 85 25
o0d— R g E odl—r
AN n
od:‘@ ,Qg.“‘(g 009\ é:@‘
?ﬂr S ?\{S\
EE S
d e ns

1.754
1.50+
1.25+
1.00+
0.754
0.504
0.254
0.00

Microglial CB, gold particles/1 00pm?

CB, gold particles/microglial process

Figure 17. Statistical analysis of the microglial CB;R localization in the
subiculum of CB2ECFP T and CB2ECFP/5xFAD mice. (a) Number of microglial CB,R
positive processes per 100pum?. (b) Percentage of CB;R positive microglial processes. (¢) CBR
density in positive microglial elements per 100pm. (d) Microglial CBR particles per 100 pm?. (e)
CBIR labelling per microglial element. Data were analysed by non-parametric or parametric tests
(Mann—Whitney U-test or Student's #-test). Mann—Whitney U-test or Student's #-test. p < 0.05%*; p <
0.01%%; p <0.001***; p <0.0001****_ All data are represented as mean + S.E.M.
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6.6. MICROGLIAL LOCALIZATION OF THE CB; RECEPTOR IN THE SUBICULUM OF CB25""/*/F/5xFAD

MICE.

I used the CB2ECTPPf and CB2ECTPP/5xFAD mice expressing GFP under the same
promoter as the CB2R to investigate the CB2R localization in microglia (Fig. 18, 19).
However, although both proteins are synthesised under the same promoter, are not bound
together, thus they are not necessarily located at the same sites within the cell. Said this, GFP

immunoreactivity (CB,R) was not observed in CB2ECFP/7f

in the light microscope (Fig. 18a,
18a"), while punctate immunostaining was manifest in the CB25*"7/5xFAD subiculum (Fig.
18b, 18b"). Then, GFP distribution in membrane and cytosolic compartments was studied in
the electron microscope. Iba-1 immunopositive microglial processes localized GFP (CB2R)
in both CB2ESPP"t and CB2ESFP7Y/5xFAD mice (Fig. 19). The statistical analysis revealed
that the GFP-positive microglial processes counted in CB2EF"7/5xFAD (0.7126 + 0.2311)
increased significantly with respect to CB2ES**7t (0.1648 + 0.07686) (*p: 0.0176; Fig. 20a).
In addition, a significant increase in the percentage of GFP-positive microglial ramifications
was noticed in CB2FFPP/5xFAD (16.71 £ 3.664 %) relative to CB2EFP71 (5,430 + 2.631 %;
*p: 0.0191; Fig. 20b). The total number of GFP particles per area of microglial ramifications
was significantly greater in CB2FS™P7i/5xFAD (1.238 + 0.2534) than in CB2ES™7T mice
(0.6962 + 0.4138; *p: 0.0467; Fig. 20c). Furthermore, the number of GFP particles in
microglial branches per 100 pm? was statistically higher in CB2ESFP"/5xFAD (0.8343+
0.2962) than in CB2ESTPPT (0.1648+ 0.07686; *p: 0.0176; Fig. 20d). Noticeably in
CB2ECTPUT/SXFAD, the percentage of GFP immunoparticles localized in microglial
membranes (77.22 + 11.40 %) was significantly higher than the proportion distributed in the
cytosol (22.78 £ 11.40 %; *p: 0.0106; Fig. 20e). In the case of CB2FS™P7T 100% of the GFP

particles were found in microglial membranes.
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Figure 18. GFP immunostaining in the subiculum of CB2FS*P apd
CB2ECFPIT/5XxFAD mice. Avidin-biotin peroxidase method for light microscopy.

No staining is seen in CB2ESf*71(a, a"); however, GFP immunoreactivity appears dispersed in the
hippocampus but accumulates in the subiculum of CB2ECP"P/5xFAD (b, b"). Scale bars: 200 pm.
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Figure 19. Microglial GFP localization in the subiculum of CB2ECFP# and
CB2ECFP/SXFAD mice. Double pre-embedding immunogold (GFP) and
immunoperoxidase (Ibal) method for electron microscopy. GFP particles (red arrows) are
localized in Ibal-positive microglial elements (DAB immunodeposits, brown, *). In CB2FSPT (3, b, ¢, d),
only membrane localization of GFP is observed (arrows, c). In CB25C6"7/5xFAD, GFP particles are found

in both membranes and cytosol (e, ¢, f). Notice dystrophic neurites (blue) in CB2FF*#/5xFAD (e, f). Scale
bars: 1 um.
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Figure 20. Statistics of the microglial GFP (CB:R) localization in the subiculum of

CB2ECFPIT and CB2ECFPT/5xFAD mice. (a) Number of microglial GFP positive processes
per 100pm?. (b) Percentage of GFP positive microglial processes. (¢) GFP gold particles per
microglial area. (d) Microglial GFP immunoparticles per 100 um?. (e) Percentage of GFP particles
in microglial membrane vs. cytosol in CB2FS"#/5xFAD. Data were analysed by non-parametric or
parametric tests (Mann—Whitney U-test or Student's #-test). Mann—Whitney U-test or Student's z-
test. p <0.05%; p <0.01**; p <0.001***; p <0.0001****_All data are represented as mean + S.E.M.
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6.7. ASTROGLIAL LOCALIZATION OF THE CB1 RECEPTOR IN THE SUBICULUM OF CB25""/*/F/5xFAD
MICE.

To determine how CBiR expression is affected in reactive astrocytes surrounding
dystrophic neurites and senile plaques in Alzheimer's pathology, the subiculum of CB2ECFP/T
and CB25CFP7T/5xFAD mice was studied. In the electron microscope, CBiRs were localized
to membranes of astrocytic processes (GLAST positive) in both mutants (Fig. 21), as
previously reported by our laboratory (Han et al., 2012; Bosier et al., 2013; Gutiérrez-
Rodriguez et al., 2018; Bonilla-Del Rio et al., 2019, 2021). No significant differences were
detected in the number of CBiR-positive astrocytic prolongations between both mice (within
per 100 um?, CB2ESFPE 8 661 + 0.8977 processes; CB2ECFPTSXFAD: 7.967 + 1.224
processes; p: 0.3094; Fig. 22a). Furthermore, the percentage of CBiR positive astrocytic
branches was statistically similar between CB2F*P7/5xFAD (21.24 £ 2.37%) and CB2FCFP/7*
mice (17.75 £ 1.21%; p: 0.2303; Fig. 22b). There was also no significant difference in CB1R
density in astrocytic positive processes (CB2ECTPU/SxFAD: 57.64 + 2.105 particles;
CB2ECTPIT: 59 83 +2.324; p: 0.2209; Fig. 22¢), nor in the number of astrocytic CB particles
per sample (CB2ECFP7/SxFAD: 12.78 + 2.174 particles; CB2ESTPPt: 11,63 + 1.265; p: 0.6716;
Fig. 22d). However, the number of CBiR particles in positive astrocytic processes was
significantly higher in CB2FS™PY/5XxFAD (1.603 + 0.05081 particles/branch) than in
CB2ESTPIT (1 343 £ 0.03909; ***p: 0.0005; Fig. 22¢).
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Figure 21. Localization of astroglial CB;R in the subiculum of CB2FC*™ and
CB2ECFPU/SXFAD  mice. Double pre-embedding immunogold (CB;R) and

immunoperoxidase (GLAST) method for electron microscopy. CBiR particles (red arrows)

localize to plasma membranes of GLAST-positive astrocytic processes (DAB, brown, * immunodeposits) in
CB2ESTPT (3 a’, a’’) and CB2FS™PY5xFAD (b, b’, ¢, c¢’). Observe dystrophic neurites (blue) in
CB2FSTPPT/5XxFAD (b). Scale bars: 1 um.
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Figure 22. Statistical assessment of the CBR localization in subicular astrocytes

of CB2ECFPTand CB2ECFPIT/5xFAD mice. (a) Number of astrocytic CB;R* processes in
100pum?. (b) Percentage of CBjR" astrocytic processes. (c) CBR density in positive astrocytic
processes per 100um. (d) Astrocytic CBjR gold particles per 100 pm?. (e) CB R particles per
astrocytic process. Data were analysed by non-parametric or parametric tests (Mann—Whitney U-
test or Student's t-test). Mann—Whitney U-test or Student's #-test. p < 0.05%; p < 0.01**; p <
0.001%**; p <0.0001****_All data are represented as mean = S.E.M.
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7.1. GLIAL CHANGES IN THE SUBICULUM IN ALZHEIMER'S PATHOLOGY

In my doctoral thesis, | have used a transgenic mice expressing EGFP under the control
of the gen cnr2 promoter that were crossed with mice expressing 5 familial Alzheimer’s
disease mutations (5XFAD; CB2ES"™PT/5xFAD) and their controls CB2EPT (Lopez et al.,
2018). All these mice were kindly provided by Dr. Julidn Romero and his laboratory (Faculty
of Experimental Sciences, Universidad Francisco de Vitoria, Pozuelo de Alarcon) within the

frame of our exciting collaborative work.

Numerous murine models have been generated to study AD and its underlying
pathogenesis (Table 1). These models have been essential to understand the development and
progression of the disease and to gain insight into its mechanisms and risk factors (for review
Jankowsky and Zheng, 2017; Oblak et al., 2021). However, the degree of pathological
features in the animal models is limited compared to the events happening in human AD.
Therefore, adequate characterisation of the AD mouse models has been necessary to improve
their translational value in clinical drug design and treatment development (Oblak et al.,
2021). In this sense, a deep phenotyping study was conducted comparing 5xFAD mice with
wild-type (WT) mice, analysing changes in transcriptomic, electroencephalogram, in vivo
imaging, biochemical characterisation and behavioural assessments. The study revealed that
5xFAD mice recreate human AD in the context of (1) body frailty and abnormal motor
function, (2) sex-based alterations in gene status and expression, (3) immune system
involvement in disease development, and (4) amyloidosis. Therefore, the use of this animal

model in AD studies was recommended (Oblak et al., 2021).

I focused on the subiculum because it is strategically located in the control of
hippocampal outflow (for review Mark et al., 1995; for review Rajmohan and Mohandas,
2007; Ishihara and Fukuda, 2016; for review Matsumoto et al., 2019). At the same time, the
subiculum is one of the first and most damaged brain regions in AD causing cognitive deficits
as a consequence of the hippocampal disconnection (Hyman et al., 1984; Oakley et al., 2006;
Lopez et al., 2018).

I have studied microglia and astrocytes in the subiculum of CB25™P7f/5xFAD mice (6.5-
7.5 month-old) with plaques and neuronal damage already formed at that age. AB-containing
aggregates induce a chronic inflammatory response leading to activation of both microglia
and astrocytes, among other events (Benito et al., 2003). Thus, plaques are surrounded and
invaded by activated microglia (Yin et al., 2017; for review Smit et al., 2021) and reactive

astrocytes (Kamphuis et al., 2014; Kato et al., 1998; for review Smit et al., 2021). Astrocytes
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are specifically known to interact closely with microglia, and both cells are implicated in
reactive gliosis in AD (McAlpine et al., 2021; for review Smit et al., 2021). This reactive
gliosis results in abnormal morphology and proliferation of astrocytes and microglia. Whether
these histopathological changes reflect beneficial, detrimental or inconsequential activity of
glial cells in neurodegenerative events remains unclear (for review Hansen et al., 2018). Much
of the research agrees that neuroinflammation begins at the earliest stage of AD with both
positive and negative consequences. The brain's immune system recognises abnormal protein
accumulation as a harmful stimulus and, as a defence, initiates a physiological reaction by
activating glial cells and releasing pro-inflammatory molecules. However, when these
processes are prolonged over time, they can contribute to neuronal dysfunction and cell death,

favouring disease’s progression (for review Sarlus and Heneka, 2017).

Furthermore, there seems to be a communication between microglia and astroglia that
is beneficial in AD. For example, upon detection of AP deposits, microglia increases IL-3Ra
expression, the specific IL-3 receptor (also known as CD123). Astrocytes, in turn,
constitutively secrete IL-3, which upon binding to IL-3Ra receptors generates a response that
triggers transcriptional, morphological and functional programming of microglia to endow
these cells with an acute immune response programme, increased motility and ability to
aggregate and remove AP and t aggregates. These changes mediated by both glial cells in
collaboration would therefore limit AD pathology and cognitive impairment (McAlpine et

al., 2021).

I observed glial reactivity in both microglia and astrocytes, with an increase in the area
and perimeter of their processes. I also detected in the electron microscope the presence of
plaques and a multitude of dystrophic neurites in the CB2EC™P7/SXxFAD mice, further
confirming the usefulness of this animal model for studying the pathophysiology of AD. The
results obtained in my study have contributed to determine the changes that occur in the area,
perimeter and number of these glial cell processes in AD, demonstrating the presence of
significant alterations in the subicular cytoarchitecture, with overt microglial and astrocytic

reactivity and abundant neuronal death (Scuderi et al., 2020).

7.1.1.  MICROGLIAL CHANGES IN THE SUBICULUM IN ALZHEIMER'S PATHOLOGY

I have shown in my thesis a very significant increase in the number, area and perimeter
of microglial processes in CB2ESTP7/5xFAD mice. Thus, there was an obvious microglial

activation in the subiculum of these AD mutant mice by the age of 6.5-7.5 months. There is
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ample evidence documenting microglia-mediated inflammatory response in the AD brain.
Microglial cells are normally responsible for tissue maintenance and immune surveillance of
the brain. Amyloid deposition in AD triggers microglial diversity due to microglial activation
that reflects both cell plasticity and their ability to transition into activated states (Cameron
and Landreth, 2010; for review Hansen et al., 2018). Thus, a variety of microglial reactions
can be observed at different stages of the disease (for review Sarlus and Heneka, 2017).
Human studies using PET techniques have shown a correlation between decreased cognitive
abilities and microglial activation in patients with mild cognitive impairment (for review
Blasko et al., 2004; Cagnin et al., 2007; Okello et al., 2009). In post-mortem samples from
AD patients (Gomez-Nicola et al., 2013) and in murine models of the disease, microglial
proliferation strongly correlates with microglial activation and plaque deposition (for review
Blasko et al., 2004; Maeda et al., 2007; Kamphuis et al., 2012; Olmos-Alonso et al., 2016).
Therefore, the dynamic nature of microglial cells, such as their great phenotypic diversity,
highlights the need to characterise this cell type in AD (for review Mandrekar-Colucci and
Landreth, 2010). Recent studies have indicated that mouse models of AD show a change in
microglial activation status in response to disease progression. Furthermore, the number of
microglial cells and their size increase directly in proportion to the size of the plaque they
surround. Microglia in the immediate vicinity of amyloid plaques also proliferates, allowing
the accumulation of these cells at the periphery of amyloid deposits. Plaque-associated
microglial cells extend their processes and encompass AP deposits and, through this
association, may regulate plaque dynamics in transgenic mouse models of AD (for review
Mandrekar-Colucci and Landreth, 2010; for review Kettenmann et al., 2011). Thus, with the
accumulation of AB oligomers, microglia is activated rapidly to eliminate these harmful
stimuli. However, in vivo studies suggest that the beneficial functions of microglia gradually
diminish over the course of the disease and a "toxic" microglia phenotype turns out to pop
up. Furthermore, there are experimental studies in mouse describing microglial dysfunction
leading to neuronal loss through many mechanisms, namely, A accumulation after reduced
amyloid clearance, excessive secretion of inflammatory cytokines, microglia-mediated
synaptic engulfment, or t-containing exosomes release (for review Shen et al., 2017).
Therefore, the proliferation and activation of microglia around amyloid plaques in an attempt
to achieve their clearance is a hallmark of AD (for review Gomez-Nicola and Perry, 2015).
Conversely, impaired microglia and altered microglial responses to A are associated with

an increased risk of AD (for review Hansen et al., 2018).
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7.1.2. ASTROGLIAL CHANGES IN THE SUBICULUM IN ALZHEIMER'S PATHOLOGY

Astrocytes are the most abundant cells in the brain (for review Blasko et al., 2004) and
are essential for proper neuronal and, ultimately, brain function (for review Verkhratsky and
Nedergaard, 2018; for review Smit et al., 2021). Given the importance of this cell population
in the CNS, we wanted to analyse the occurrence of changes in astrocytes in the mouse models
studied in my doctoral thesis. I observed that there was a significant increase in the area and
perimeter of GLAST-positive astrocytic processes offset by a significant decrease in their
number in CB2ES™P7/5xFAD mice. That is, there were fewer but larger astrocytic processes

in the subiculum of CB2ES™P7Y/5xFAD compared to CB25S™" " mice.

To clearly identify astrocytic compartments at the ultrastructural level, an anti-A522
(EAATI1 [GLAST]) antibody (Ab#314) targeting the C-terminal residues 522-541 of rat
EAATI1 (Hu et al., 2020) kindly provided by Prof. Niels Christian Danbolt (University of
Oslo), was used. GLAST is selectively expressed in astrocytes, and my assays have shown
that GLAST is restricted to astrocytes and localizes intracellularly, with no detectable
labelling in nerve terminals as previously described (Lehre et al., 1995; Schmitt et al., 1997).
There may be differences in GLAST expression between rodents and humans, but meta-
analysis studies showed that the distribution of the transporter is very similar in both species
(Li et al., 2012). Therefore, this antibody has proven to be a good strategy for labelling

astrocytes to study astrocytic changes in the AD model.

The view of astrocytes has changed dramatically in the last few years, from the concept
of mainly supportive cells to multifunctional cells that allow neurons to progressively
specialise in information processing tasks. Thus, astrocytes have been described as organising
not only the structural architecture of the brain, but also its communication pathways and
plasticity (for review Blasko et al., 2004). In addition to modulating synaptic strength and
activity, they also positively and negatively regulate neurogenesis and glycogenesis in
neurogenic regions of the adult human brain from resident precursor cells (Song et al., 2002;
for review Goldman, 2003), through reciprocal paracrine interactions between astrocytes,
endothelial cells and ependymal cells (for review Goldman, 2003; Cambier et al., 2005). In
addition, astrocytes play an important role in inflammatory processes (Wyss-Coray et al.,
2003; for review Blasko et al.,, 2004). Other functions include maintenance of ionic
homeostasis, regulation of extracellular levels of excitatory amino acids such as glutamate,
vascular coupling, synaptic plasticity, circuit building, synapse turnover, waste disposal or
higher functions such as the sleep-wake cycle, food intake or memory (for review Blasko et

al., 2004; for review Verkhratsky and Nedergaard, 2018; for review Escartin et al., 2019).
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The astrocyte appearance is different in the diseased brain, as this cell reacts to almost
all alterations in brain homeostasis, through major morphological and molecular changes
known as astrogliosis (for review Escartin et al., 2019). In a mouse model of binge drinking,
for example, astrocytes increase the surface area and reduce the number of processes in the
adult hippocampus following exposure to EtOH during adolescence (Bonilla-Del Rio et al.,
2019). In AD, astroglial reactivity in close association with AP aggregates shows a rise in
intermediate filament proteins and hypertrophy of cell bodies (for review Escartin et al., 2019;
for review Smit et al., 2021). Unlike microglia, astrocytes are able to clear and degrade A
aggregates without mediators or stimuli such as opsonins or cytokines (Bard et al., 2000;
Wyss-Coray et al., 2003; for review Blasko et al., 2004). In addition, the reactive astrocytes
can release cytokines and growth factors similar to those produced by microglia (McGeer and
McGeer, 1995), and secrete trophic substances for neurons, such as nerve growth factor
(NGF) (Aguado et al., 1998), the neurotrophic signalling molecule S100p (Mrak and Griffin,
2001, 2005), brain-derived neurotrophic factor (BDNF) (Hock et al., 2000), neurotrophin 3
(NT-3) (Blondel et al., 2000), or neurotrophin 4/5 (NT-4/5). The release of these substances,
together with transporter molecules and enzymes involved in excitatory amino acid
metabolism or antioxidant pathways, may contribute to the protection of neurons and other
brain cells by controlling the production of potentially toxic substances (for review Blasko et

al., 2004).

In summary, functional changes associated with astrocytic reactivity may have a direct
impact on synaptic communication and neuronal network function, which could contribute to

cognitive impairment (for review Escartin et al., 2019; for review Smit et al., 2021).

7.2. CANNABINOID RECEPTORS IN SUBICULAR GLIAL CELLS AFFECTED BY ALZHEIMER'S PATHOLOGY

To investigate the expression of the major cannabinoid CB;R and CB:2R in microglial
and astroglial cells in AD, the subiculum of CB2ESTP"/SxFAD and CB2FC™" mice was
studied in my doctoral thesis. The main findings were that the CB1R and CB:R expression
suffers remarkable changes in glial cells of the AD mouse. Not least, the localization of
CBiRs in microglial processes in the subiculum of controls and closely surrounding amyloid
plaques and dystrophic neurites in the subiculum of the AD model, supports previous

suggestions of the presence of the receptor in this glial cell type (see below).

Low expression of CBiR and CB:;R in glial cells could be accurately detected by

immunoelectron microscopy. Thus, a combined preembedding immunogold and
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immunoperoxidase method has previously been shown to be an optimal approach for the
localization of CB1Rs in astrocytes (Gutiérrez-Rodriguez et al., 2018; Puente et al., 2019).
Further, the experiments I performed in this work showed that this combined immunoelectron
microscopy protocol was also optimal for CBR and GFP localization in microglia. I detected
an increase in the microglial expression of CBiR and CB2R, and an unalterable CBR density
in astrocytes despite the reactivity of their processes. The expression of CBiR and CB:R in
microglia changes depending on the microglial phenotype and activation profile (for review
Stella, 2010). CB2Rs are selectively and abundantly overexpressed in microglia in the vicinity
of NPs (for review Bedse et al., 2015) and cannabinoids increase CB|R gene expression
through CB:Rs (for review Haspula and Crark, 2020), so high CB2R expression could affect
CBiR expression near the lesions. Therefore, it appears that microglia overexpresses both
cannabinoid receptors in a proinflammatory state as an autoregulatory mechanism to decrease
glial reactivity (for review Benito et al., 2008). The increased expression of CB;R and CB;R

could have a protective effect in AD.

7.2.1. CANNABINOID CB1 RECEPTORS IN SUBICULAR MICROGLIA OF CB2EGFP/F/F ANp

CB2ECFP/F/F/SXFAD MICE

There are pieces of evidence indicating that microglial cells constitutively express
CBiRs (for review Stella, 2009; Ribeiro et al., 2013) which mediate some of the effects of
cannabinoids on these cells (for review Kaplan, 2013). Thus, endocannabinoids would
primarily target this receptor in resting microglia (Navarro et al., 2018). However, microglia
hardly expressed (if any) CB1R (and CB:R) at resting conditions. Actually, specific CBiR
antibodies were unable to detect CBiR in microglial cells of the healthy brain. However,
CBiR was observed in cultured microglia of several species but not of humans (Stefano et
al., 1996; Sinha et al., 1998; Waksman et al., 1999; Carlisle et al., 2002; Molina-Holgado et
al., 2002; Facchinetti et al., 2003; Klegeris et al., 2003; Walter et al., 2003).

As I have mentioned in the Introduction section, CBiR expression under normal
conditions is very high in inhibitory terminals (Gutiérrez-Rodriguez et al., 2017; for review
Katona and Freund, 2012; for review Lu and Mackie, 2016), low in excitatory terminals
(Gutiérrez-Rodriguez et al., 2017; Katona et al., 2006; Monory et al., 2006) and even lower
in astrocytes (Gutiérrez-Rodriguez et al., 2018). Our laboratory assessed in previous studies
that ~ 56% of the CBiR labelling is in GABAergic terminals, ~12% in glutamatergic

terminals, ~6% in astrocytes and ~15% in mitochondria (Gutiérrez-Rodriguez et al., 2018;
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Bonilla-Del Rio et al., 2019). Noticeably, ~11% of the CB1R immunoparticles were localized
elsewhere (Gutiérrez-Rodriguez et al., 2018; Bonilla-Del Rio et al., 2019) that might
correspond to CB1Rs located at lysosomes/endosomes (Rozenfeld and Devi, 2008) or another

cell compartments like microglia.

In this work, I have sought to clarify what changes occur in CBiR expression under
AD conditions with obvious microglial activation. I could observe in the subiculum using the
microglial marker Ibal that labels all types of microglial subpopulations (Ito et al., 1998;
Okere and Kaba, 2000; Hirayama et al., 2001; Shapiro et al., 2008), the presence of CBiRs
in microglial membranes of control CB2E*™" " mice. These findings are in line with the recent
preliminary evidences of our laboratory also using high resolution immunocytochemical
techniques for electron microscopy, indicating the CBiR localization in ~ 9% of the
microglial processes (subtracted the background already) in the hippocampus of a transgenic
mouse expressing the EGFP in microglia under the C-X3-C motif of the chemokine 1 receptor

(unpublished). It is a low percentage that might be changed under pathological conditions.

I also revealed a significant increase in the number and percentage of CB1R-positive
microglial processes in CB2ESTP7/5xFAD relative to CB25°™f mice. However, there were
not significant changes in the number of CBR particles per microglial branch, but there was
a significant decrease in CBR density due to the perimeter increase of microglial processes.
Furthermore, there were more CBiR-positive microglial ramifications, suggesting that more
microglial processes are under the influence of CBRs in CB2ES™7Y/5xFAD. Preliminary
results in our laboratory indicate that CBiRs are localized in 15-20% of the microglial
processes in the subiculum of 10-month-old wild-type mice as well as of mice with amyloid
plaques. This percentage is higher than what my results showed in 6.5-7.5 month-old mice,
as the proportion of CBiR-positive processes in CB2FS™""/5xFAD was ~7%. This
discrepancy should be studied in detail because it suggests that CB1R expression increases in
this mouse model as the degeneration makes progress. Accordingly, CB2R is more expressed
at advanced stages of AD when neuroinflammation is more evident (see below; for review

Di Marzo et al., 2015; for review Talarico et al., 2019).

CBIR expression increases in many inflammatory and neurodegenerative diseases like
AD (for review Bisogno and Di Marzo, 2010; Ribeiro et al., 2013). Microglial activation also
elicits a significant increase in 2-AG and AEA production with respect to resting microglia.
These ECBs activate, in turn, more CBiR and CB2R and their signalling cascades, amplifying
the anti-inflammatory and protective microglial phenotype (for review Mecha et al., 2016;

for review Duffy et al., 2021). How CBRs regulate microglial cell function is controversial
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(for review Stella, 2010). In this sense, microglial CBiR activation inhibits liposaccharide-
induced NO release (Stefano et al., 1996; Waksman et al., 1999) and MPTP-induced oxidant
production (Chung et al., 2011), among other effects (for review Kaplan, 2013). Studies have
also reported that CBiR interacts with CB2R in heteromers, which form different quaternary
structures depending on whether microglia is resting or activated (Navarro et al., 2018). This
would explain the different effects on the role of CBiR and CB:R in immune modulation,
microglial activation and the potential to combat neuroinflammation (for review Kaplan,

2013; for review Stella, 2010; Navarro et al., 2018).

7.2.2.  CANNABINOID CB; RECEPTORS IN SUBICULAR MICROGLIA OF CB2ESFP/H/F AnD

CB2ECFP/F/F /SXFAD MICE

As to CB2Rs, only some mRNA has been detected in healthy brain suggesting that this
receptor is not much expressed in quiescent microglia (Munro et al., 1993; Derocq et al.,
1995; Galiégue et al., 1995; Schatz et al., 1997; Griffin et al., 1999; McCoy et al., 1999;
Sugiura et al., 2000; Carlisle et al., 2002). In fact, CB2R was considered a peripheral receptor
for its very high expression in spleen and human leukocytes (Munro et al., 1993; Galiegue et
al., 1995). Some years ago, CB2R was localized in perivascular microglial cells of the human
cerebellar white matter (Nufiez et al., 2004). Cultured microglia also expresses CB2Rs
(Carlisle et al., 2002; Facchinetti et al., 2003; Klegeris et al., 2003; Walter et al., 2003)
regulated by some pathogens and cytokines (Carayon et al., 1998; Waksman et al., 1999,
Derocq et al., 2000; Lee et al., 2001; Gardner et al., 2002). In addition, microglial cell lines
with high proliferation rate express CB2Rs (Walter et al., 2003; Carrier et al., 2004). In brain,
CB:2R is expressed in activated microglia in certain conditions. For instance, in neuropathic
pain models increases CB2R in microglia of the spinal cord, but not in a peripheral chronic
inflammatory pain model (Zhang et al., 2003). There is also an increase in microglial CB;R
in inflammation (Maresz et al., 2005) and in activated microglia in brain tissue of patients
with AD or multiple sclerosis mostly at the lesion sites (Benito et al., 2003; Yiangou et al.,
2006), in the vicinity of tumors (for review Guzman et al., 2001) and in activated microglia
of a simian model of acquired immunodeficiency syndrome dementia (Benito et al., 2005).
The first attempts to localize CB2Rs in the CNS in basal conditions failed because CB2R
could only be seen in pathological conditions, as described before. Nevertheless, the CB,R
receptor was not only detected in microglia (for review Cabral et al., 2008; for review Atwood
and Mackie, 2010) but also in neurons (Van Sickle et al., 2005; Zhang et al., 2014). However,

there are serious concerns about the CB2R localization in the CNS due to the lack of specific
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CB:R antibodies (for review Atwood and Mackie, 2010; for review Lu and Mackie, 2016)
that precludes the demonstration of the CB2R distribution in the brain. To circumvent this
limitation, new strategies have been developed over the recent past based on new genetic
strategies using mouse lines in order to clarify the CB2R localization in the brain, as the one
used in my doctoral thesis. In this mouse model, GFP expression was below detection levels
(Lopez et al., 2018). However, the authors observed that in CB2ES™™7T/5xFAD mice was
coincident with the presence of neuritic plaques in several brain regions. Furthermore, the
GFP (CB2R) expression was restricted to microglial cells in the vicinity of the neuritic
plaques. Importantly, this pattern of GFP (CB2R) expression was not seen in CB,”/5xFAD
mice (Lopez et al., 2018).

In agreement with these previous observations, I have demonstrated in my doctoral
thesis a significant increase in the number and proportion of GFP-positive microglial
processes as well as in microglial GFP particles in the subiculum of CB2E™71/5xFAD mice.
Interestingly, CB2R particles were also detected in the subicular microglia of mice without
pathology (CB25S™"7%) This suggests the existence of a basal CB,R expression in microglia
in the healthy brain. Alternatively, this expression might be representing early signs of ageing

associated with the age of the control CB2ES*"7f mice (6.5-7.5 months).

The CB:R expression increases in activated microglia as a response to certain
neuropathological and neuroinflammatory conditions. ECBs produced by damaged neurons
and injury-stimulated astrocytes activate CB;R expressed in microglia (for review Stella,
2009). In this way, they regulate immune functions in these cells, stimulating microglial
proliferation and migration and reducing at the same time neurotoxic factors such as TNFa
or free radicals (Walter et al., 2003; Carrier et al., 2004; Ramirez et al., 2005; Eljaschewitsch
etal., 2006; Dirikoc et al., 2007; Lin et al., 2017), then having microglia lower harmful effects
at lesion sites (for review Stella, 2010). Altogether, the CB2R increase in microglial cells
observed in my doctoral thesis would represent a compensatory mechanism to mitigate the
negative consequences of the inflammatory and neurodegenerative mechanisms associated to
AD. The increased expression of CB2Rs in microglial cells opens new perspectives on both
the functional role of this receptor in the CNS and its therapeutic implications for the

development of new anti-inflammatory treatments (for review Benito et al., 2008).
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7.2.3.  CANNABINOID CB1 RECEPTORS IN SUBICULUR ASTROGLIA OF CB2ESFP/¥/f AND

CB2ECFP/F/F /SXFAD MICE

Taking into account the ongoing morphological changes in astrocytes around NPs, it
was timely to investigate the astrocytic CBR expression as this receptor plays important roles
in astrocytes. For example, CBiR increases the rate of glucose oxidation and ketogenesis
(Blazquez et al., 1999; for review Stella, 2010), modulates their ability to produce
inflammatory mediators (Sheng et al., 2005; for review Stella, 2010) or participates in
endocannabinoid-mediated neuron-astrocyte communication (Navarrete and Araque, 2008).
In addition, high levels of FAAH have been found around NPs in astrocytes (Benito et al.,
2003; for review Bedse et al., 2015; for review Abate et al., 2021). These evidences altogether

suggest that changes in the ES do occur in astrocytes closer to AD lesions.

To determine the contribution of reactive astrocytes to AD pathogenesis, it is
necessary to understand the effects of their functional changes ultimately leading to dementia
(for review Smit et al., 2021). Thus, CB{R expression in subicular astrocytes were assessed
in CB25SP71/5xFAD mice. I observed a significant increase in the number of CB;R particles
per astrocytic process in CB2ESTPT/5XxFAD, but there were not significant differences with
CB2ESTPTin the number of CB)R particles nor in the number or percentage of CBR-positive
processes. I also observed no significant differences in CBiR density between the two
transgenic mice. Therefore, it seems that as the perimeter of the reactive astrocytic processes
augments, CB1Rs also increase keeping unchangeable density and receptor expression. Thus,
there were adaptive changes in CBiR expression, as there were fewer but larger astrocytic
processes with more CB1R in their membranes. Hence, although there was a clear astrocytic
reactivity around the plaques, there were not changes in CBiRs. Yet, it remains to be
elucidated whether the CBiR expression in astrocytes varies depending on the receptor
distance to dystrophic neurites and NPs. Finally, it would be interesting to investigate other

components of the ES in CB2E"™7/5xFAD astrocytes.

Astrocytic swelling leads to astroglial dysfunction (for review Adermark and Bowers,
2016) and disruption of GFAP found in the astrocyte intermediate filaments (Renau-Piqueras
et al., 1989). Astrocytes participate in the inflammatory response through their capacity to
release pro-inflammatory molecules (for review Farina et al., 2007) that can be diminished
by anti-inflammatory reactions mediated by ECBs acting on astroglial CBiRs (for review
Metna-Laurent and Marsicano, 2015). Furthermore, swollen astrocytic processes may not be
effective in sensing the ECBs produced on demand by neural activity, compromising

gliotransmitter availability elicited by cannabinoids at the synapses (Han et al. 2012; Araque
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et al., 2014). Hence, because of the astrocytic swelling, it is reasonable to expect an
impairment of the astroglial anti-inflammatory reaction around the plaques and dystrophic
neurites seen in the subiculum of the CB2ES*P7Y/5xFAD mice. In addition, the supposedly
resulting disturbance of NT clearance and gliotransmission may lead to deficits in synaptic
plasticity (for review Dzyubenko et al., 2016) and, consequently, cause brain dysfunction. It
remains to be determined whether the astrocytic alterations correlate with changes in GLAST

expression in the CB2ES™P7/5xFAD mice.

The astrocytic CB1Rs together with the basal endocannabinoid tone play important
roles in brain functions such as synaptic plasticity, memory and behaviour (Han et al., 2012;
Navarrete and Araque, 2008; for review Perea et al., 2009; Navarrete and Araque, 2010). For
instance, CBRs in astrocytes mediate the spatial working memory deficit and in vivo LTD
reported at the hippocampal CA3-CA1 synapses after acute cannabinoids exposure (Han et
al., 2012). It appears that astrocytic CBiR expression is regulated by multiple factors, as it
can vary under different conditions as well as in transgenic animals lacking other cannabinoid
receptors. For example, TRPV1 knock out mice show a significant decrease in CB R density
in astrocytes (Egafia-Huguet et al., 2021). In addition, following acute THC injection, a
significant increase in astroglial CB1Rs has been described by our laboratory (Bonilla-Del
Rio et al., 2021). In addition, this increase could somehow affect the morphology of these
cells, since a decrease in the area of astrocytic processes was also reported after acute THC
exposure (Bonilla-Del Rio et al., 2021) which might affect on brain function and behavior

(Tahir et al., 1992; Suarez et al., 2000).

Altogether, changes in astroglial morphology and their inflammatory consequences
may contribute to cognitive impairment. The consequences that astroglial dysfunction may
have in AD are poorly understood (for review Verkhratsky and Nedergaard, 2018; for review
Smit et al., 2021), though studies focusing on astrocyte function and astrocyte-neuron
interactions are being reported (for review Escartin et al., 2019; for review Smit et al., 2021).
This will undoubtedly lead to a better understanding of the role of astrocytes in health and
disease, which is essential for understanding the full spectrum of AD pathogenesis. This
information will enable the development of innovative astrocyte-targeted therapies orientated
to counteract the astrocyte-induced damage, or facilitate its repair and/or recovery when the

damage is not yet too severe and irreversible (for review Smit et al., 2021).
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7.2.4. THERAPEUTIC POTENTIAL OF CANNABINOID-BASED TREATMENTS IN ALZHEIMER’S

DISEASE

Cannabinoids exhibit pleiotropic activity and target in parallel several processes
involved in AD pathogenesis (for review Aso and Ferrer, 2014). Thus, cannabinoids may
have beneficial effects by reducing A} aggregation, inhibiting t protein hyperphosphorylation
and ROS generation, among others (Casarejos et al., 2013; for review Aso and Ferrer, 2014;
for review Talarico et al., 2019; Soto-Mercado et al., 2020). The most significant changes
observed in this doctoral thesis are the increase in both CBiR and CB2R in microglia, which
could be regarded as potential targets for cannabinoid-based therapies to treat AD. As for the
effect of cannabinoids on microglia, it remains to be deciphered but seems very promising
(Esposito et al., 2006; for review Talarico et al., 2019). Therefore, broad-spectrum
compounds capable of controlling glial activation with a combination of neuroprotective and
anti-inflammatory effects could be taken into account as a novel therapeutic approach for AD.
However, the effect of therapeutic interventions targeting glial cells depends on the right
balance between attenuating harmful effects and, at the same time, maintaining the brain's

beneficial defence mechanisms (for review Hansen et al., 2018; Scuderi et al., 2020).

81



DISCUSSION

This doctoral work has therefore served to characterize the morphological changes and
expression of CBiR in astrocytic and microglial cells in a 5XFAD mouse model aged between
6.5 and 7.5 months. In addition, thanks to the CB2ES*"and CB2E°FP7/5xFAD models, we
have been able to characterize the microglial expression of the CB;R. Both receptors, which
seem to be so important at the glial level in the course of this pathology, may be taken into

account as therapeutic targets in AD, a disease with no effective treatment to date.
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The conclusions of my doctoral thesis are:

1. Microglia in the subiculum of the CB2F“F7f /5xF AD mouse shows an increase in

the area, perimeter and number of processes.

2. Astrocytes in the subiculum of the CB2ES™¥f/SxFAD mouse display a decrease
in the number but an increase in the area and perimeter of the ramifications. Thus,

the area and perimeter per sample area remain constant.

3. The number and proportion of CBiR immunopositive microglial processes
increase significantly in the subiculum of CB2ESFP"Y/5xFAD mouse, but the
number of CBiR particles per microglial process remains steady. This, together
with the increased branch perimeter in CB2ES*P7/5xFAD mouse, results in a

reduction in microglial CBiR density.

4. The number and percentage of GFP-positive microglial processes increase
significantly in the subiculum of CB2FS™P7H/5xFAD mouse. There is also a
significant increase in the number of microglial GFP particles per microglial
process area, and total area per sample. Thus, there is an increase in microglial

CB:Rs in the CB2ESTPPT/5xFAD mouse.

5. The number of astrocytic CBiR particles per process increases, but the CB1R
density remains constant in the subiculum of CB2FSf?f/5xFAD mice. Therefore,

CBiR expression in astrocytes does not change in this mouse model of AD.

6. Overall, this doctoral thesis has demonstrated the existence of glial alterations and
changes in CBiR and CB:R expression in the subiculum of CB2ECFPT/5xFAD

mice that may be contributing to the cognitive impairment caused by AD.
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