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Abstract

Alzheimer’s disease is the most common form of dementia in advanced ages affecting more
than 40 million people around the world. It is a complex disease that affects not only neurons
but also astrocytes. Apolipoprotein E4 (ApoE4) has been described as the most important
genetic risk factor for the sporadic form of the disease and interestingly, astrocytes are its
main secretors. The research about its pathogenic mechanisms has mainly focused on its
extracellular role. On the contrary, we analysed the dysregulations that endogenous
intracellular ApoE4 causes on astrocytes. We focused on 2 principal physiological processes
altered in Alzheimer’s disease: calcium signalling and mitochondrial functions. As cellular
model, we used immortalized astrocytes that express human ApoE3 (non-associated with
any pathology) or ApoE4. Using fluorescent calcium indicators and the technique of Calcium
Imaging, we determined that ApoE4 astrocytes have altered calcium homeostasis as they
have lower basal intracellular calcium levels but higher purinergic-induced calcium signals
compared to ApoE3 astrocytes. A high V-ATPase activity, and hence, higher lysosomal
calcium uptake in ApoE4 astrocytes explains these alterations. Moreover, lysosomal calcium
release after purinergic receptor activation is followed by higher endoplasmic reticulum (ER)
calcium mobilization in ApoE4 than in ApoE3 astrocytes. Extracellular calcium entry is
similar in both cell types. Our studies also demonstrated that the lack of lipoproteins in the
extracellular medium upregulates the magnitude of purinergic-elicited calcium responses in
ApoE3 astrocytes, as extracellular calcium entry amplifies lysosomal calcium release. This
feature is missing in ApoE4 astrocytes being the magnitude of calcium responses unaffected
by extracellular lipoproteins. On the other hand, we described alterations in mitochondrial
dynamics determined by real-time microscopy and fluorescent mitochondria labelling. In
particular, ApoE4 cell mitochondria do not perform fission after inhibition of mitochondrial
oxidative phosphorylation whereas ApoE3 astrocyte mitochondria perform it. In addition,
ApoE4 astrocytes have increased mitochondrial motility, reduction of Parkin, a protein
involved in mitophagy, and reduction in mitochondrial DNA content compared to ApoE3
astrocytes. In summary, we demonstrated, for the first time, that endogenous ApoE4 alters
calcium signalling and mitochondrial functions in astrocytes. Taking into account that ApoE
is expressed throughout the life of individuals, these astrocytic alterations might appear in
the early stages of the Alzheimer’s disease. In order to advance in the detection of such early
phases of the pathology, and since cerebrospinal fluid proteins reflect the cellular function

of brain cells, we next identified a group of astrocytic proteins present in the cerebrospinal



fluid related to Alzheimer’s disease that we propose as a functional astrocytic signature for
early stages of the disease. This signature is composed of S100B, ApoE, prostaglandin D2
synthetase, cystatin 3, integral membrane protein 2C and clusterin. Overall, endogenous
ApoE4 alters astrocyte functions, a phenomenon that can contribute to Alzheimer’s disease,

but also, to its detection through cerebrospinal fluid biomarkers.
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1. Apolipoprotein E: Alzheimer’s disease risk factor

1.1. Isoforms and protein structure

Apolipoprotein E (ApoE) is a 299 amino acid protein that in humans exists in 3 isoforms,

ApoE €2, ApoE €3 and ApoE &4 that differ in 1 single nucleotide. This polymorphism

involves a modification in the amino acid sequence and the structure of the mature protein,

that confers a different disease susceptibility to the carriers (Yamazaki et al. 2016) (figure

I1A). Among them, the isoform ApoE €3 (ApoE3) is the most common allele, as its

frequency in the
population

from 67 to 87%.

ranges
Besides, it is not
associated with any
disease. The ApoE
€4 (ApoE4) isoform
is associated with

Alzheimer’s disease

(AD) and its allele

frequency is from 10

to 20% in overall
population, and
reaches a 65% in AD

population. The AD

is a  devastating
neurodegenerative
disease that is

defined as the
principal cause of

dementia (Yamazaki
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Figure I1: ApoE isoforms and structural differences. A) ApoE gene
structure, polymorphism of ApoE isoforms and the different changes of
the nucleotides and the amino acids of each isoform. Below, the protein
domains of ApoE. Modified from Yamazaki et al. 2016. B) Different
structure conformation of ApoE3 and ApoE4. Modified from Mahley and
Huang 2012.

et al. 20106). Finally, ApoE €2 (ApoE2), with an allele frequency of around 7%, has a

protective role against the AD (C. C. Liu et al. 2013). However, this isoform is also associated

to a peripheral disease, type III hyperlipoproteinemia, since its sequence peculiarity

compromises its binding to the ApoE receptors (Mahley 2016; Mahley, Huang, and Rall Jr.

1999). Focusing on the differences between ApoE3 and ApoE4, the nucleotide that changes



between them is found in exon 4, in which, thymine is substituted by a cytosine, thus,
modifying the amino acid sequence from cysteine to arginine in the position 112 (Yamazaki
et al. 2016) (Figure I1A). ApoE structure is divided into 2 structural domains, the lipid
binding and the receptor binding that are connected by 20 or 30 amino acids. The lipid-
binding domain, as its name indicates, bind to lipids and is the region affected by the amino
acid substitution in the ApoE4 isoform. In ApoE3 isoform, cysteine 112 is close to glutamic
acid 109 allowing the arginine 61 being close to both. However, the arginine 112 of ApoE4
forms a salt bridge with glutamic acid 109, causing a reorientation of arginine 61, that then,
interacts through a salt bridge with glutamic acid 255 from the lipid binding region (Y. Huang
and Mahley 2014) (figure I11B). Consequently, the conformation of ApoE4 is altered showing
a glomerular form (Morrow et al. 2002). Since the principal difference between both isoforms
is in the lipid-binding domain, the lipid union in the peripheral system is different, ApoE3
binds preferentially to phospholipid-rich high-density lipoproteins (HDL) while ApoE4 to
triglycerides-rich very low-density lipoproteins (VLDL) (N. Zhong and Weisgraber 2009; Y.
Huang and Mahley 2014).

1.2. Principal functions

ApoEs are regulators of lipid homeostasis since they form lipoproteins that transport
cholesterol and other lipids around the body. These lipoproteins are not able to cross the
blood-brain barrier, so they are not exchanged between the central nervous system (CNS)
and peripheral blood system (Linton et al. 1991). Therefore, in the CNS they are produced
and secreted by astrocytes. Lipoproteins are formed extracellularly as HDL-like particles
whose principal function is to supply with lipids such as phospholipids and cholesterol to

neurons and other cell types (C. C. Liu et al. 2013).

HDL-like particles are protein- and lipid-structures that travel extracellularly providing lipids
to cells. In the CNS, the formation of these particles is mediated by ABCA1 and ABCG1
receptors, although the most studied is the first one. ABCAL1 is a transmembrane receptor,
which is transcriptionally controlled by the retinoic X receptor (RXR) family (that includes
Liver X receptor) and the peroxisome proliferator-activated receptor (PPAR)(Koldamova,
Fitz, and Lefterov 2014). Therefore, the ABCA1-mediated cholesterol efflux that forms the
lipoproteins is potentiated by factors that are agonists of the RXR such as oxysterol in

astrocytes. On the contrary, in neurons or microglia, the secretion of lipoproteins is restricted

10



to the injury or neurodegenerative processes (Uchihara et al. 1995; Xu et al. 2006; Mahley
and Huang 2012; Yadong Huang and Mucke 2012).

The ABCA1 receptor requires ATP for binding lipids and cholesterol to ApoE particles
(Hirsch-Reinshagen et al. 2004; Wahrle et al. 2004). In detail, cholesterol and lipids efflux
from astrocytes to the ABCA1 receptor and subsequently, to ApoE, forming discoidal
lipoproteins with unesterified cholesterol and phospholipids. Once these particles arrive at
the cerebrospinal fluid (CSF), they have a spherical conformation and a cholesterol ester
core. The changes of the conformation demonstrate that the lipoproteins suffer a maturation
process due to secreted enzymes, such as lecithin cholesterol acyltransferase (LCAT) (Koch

et al. 2001; C. Yu, Youmans, and LaDu 2010).

The ability of ApoE for binding lipids differs between the isoforms, being less effective the
ApoE4 isoform (Mahley and Huang 2012). Despite the fact that ABCA1 could not be
directly related as a risk factor to the AD (Yamazaki et al. 2016), some drugs have been used
to increase its synthesis (Bexarotene) or its stability in the membrane (CS-6253) as a therapy
due to its close relation to ApoE4 (Boehm-Cagan and Michaelson 2014; Koldamova, Fitz,
and Lefterov 2014). Interestingly, both drugs showed cognitive improvement in animal
models, although the translation to clinical trials did not have the expected success (Ghosal

et al. 2016).

The endocytosis of the lipoproteins is mediated by the LDL receptor family, which is
composed of the low-density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1),
very-low-density lipoprotein receptor (VLDLR), megalin (LRP2), apolipoprotein E receptor
2 (ApoeR2 or LRPS), LRP4, and LRP1b. In the CNS, ApoE in the lipoproteins binds to
LDLR, LRP1, ApoER2 and VLDLR receptors (Holtzman, Herz, and Bu 2012; Lane-
Donovan and Herz 2017) whose expression have been identified in neurons, astrocytes,
microglia and oligodendrocytes (Fan et al. 2001). After binding to the receptor, the
lipoprotein is endocytosed forming the endosome whose material is degraded through the
fusion with a lysosome. Then the receptor can be recycled and turned back to the membrane,

a process that is slower when ApoE4 is present (Heeren et al. 2004).

ApoE is also involved in synaptic pruning or long-term potentiation (LTP) (Chung et al.

2016; Lane-Donovan et al. 2016), which are essential processes for memory consolidation.
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Memory processes are based on the formation of synapsis, and as Lane-Donovan et al.
addressed, the lack of ApoE in the mouse brain causes synaptic deficits (Lane-Donovan et
al. 2010). In this regard, ApoE is likely involved in these processes through its function as a
lipid provider to neurons. Moreover, other authors described that the phagocytic activity of
synaptosomes performed by astrocytes depends on ApoE isoform 7z vitro (Chung et al. 2016),

underlining that ApoE could be involved in the synaptic control in different manners.

Remarkably, most of the ApoE4 research has been focused on the extracellular role of this
protein but there is intracellular ApoE and so, it could participate in intracellular process.
Moreover, not all the ApoE functions might be related to lipid transport. As an example, the
study of Theendakara et al., in which they expressed ApoE endogenously and ascribed a new
intracellular function to ApoE as a transcriptional factor. They found that ApoE can
translocate to the nucleus and bind to double strand DNA of the gene promoter changing

its expression (Theendakara et al. 2016).

In summary, ApoE participates in important processes of the CNS but not all its functions
have been elucidated. In this context, this thesis provides important insights, as describes

ApoE-regulated processes in astrocytes and its alterations by ApoE4 isoform.

1.3. ApoE4 is the principal genetic risk factor for sporadic AD

ApoE4 is the most important genetic risk factor for the late-onset AD (Strittmatter et al.
1993; Saunders et al. 1993; Corder et al. 1993). Clinical-, population- and community-based
studies have associated this apolipoprotein to the disease since the 1990s (n.d 2010).
Inheritance studies demonstrated  piSKY INHERITANCE

. People who carry the gene variant APOE4 tend to develop Alzheimer’s at a
that haVng 1 allele of the APOE3 younger age than those with two copies of APOE3.

increases the risk of developing the 0.03

= APOE 4/4-female

disease four-fold whereas carrying mraE A

> = APOE 3/4-f
©
. ) Sw = APOE 3/4-m
2 COplCS increases tWClVC—fOld it ka ﬁg S SNV VRS SNy £3 JCNITI. SN, \SNST————
o= APOE 3/3-m
L%
(Raber, Huang, and Ashford 2004). g g
oF
. . as
Indeed, the onset of the disease i X8 001 o gffformnmresfllosy YN N
x a
;

ApoE4 carriers is earlier than in

ApoE2 or ApoE3 carriers (Spinney ,
100
2014), being more affected women

at a specific range of age (Nyarko et | Figure 12: Risk to develop AD depending on ApoE
isoform. From Spinney 2014.

12



al. 2018; Neu et al. 2017) (Figure 12). For instance, the measurement of brain activity by
blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI)
showed the alteration in the hippocampal function of ApoE4 carriers decades before any
other remarkable dysfunction developed (Filippini et al. 2009). Furthermore, ApoE4 carriers
with mild cognitive impairment (MCI), stage characterized by slight but measurable decline
of cognitive abilities, show worse memory and development of functional activity tasks when

compared to ApoE4 non-carriers with MCI (Farlow et al. 2004).

AD is the most prevalent form of dementia in older ages. The number of people suffering

Brain Cross-Sections from dementia in 2016 was 46.8 million around the
o= e world and, more importantly, it is expected that this
-
Sulcus ‘ Sulcus . . . L
Gy,.,s\\‘_‘\_ P ? C 1// i number will increase until 131.5 million people by
. —
\v@n“.de//\ : 4( 2050 (Prince et al. 2016). AD is a devastating
ol 5 Lgm disease that involves alterations of the brain
anglia
Q :;Wy o2 parenchyma such as atrophy, ventricular
/\\ Brightzocus enlargement, widened sulci and gyri shrinkage,

Foundation
e s Mg Cune n Sgh

among others (n.d. 2017) (tigure I3). This disease

Figure 13: Alzheimer’s disease
phenotype and genetic risk factors.
Compatison of a normal brain with an
AD brain. The principal affected areas | sporadic type. The familiar form is characterized by

are framed. From the BrightFocus . . )
Foundation website. mutations in the genes APP (amyloid precursor

exists in 2 different forms: the familiar and the

protein), PS1(presenilin 1) and PS2 (presenilin 2) and is developed at early ages whereas, the
sporadic form appears in older ages and has no direct genetic mutation associated. (n.d.

2017).

The sporadic form has a long progression characterized by different stages: preclinical,
prodromal or MCI and mild, moderate and severe dementia. The preclinical phase is the no
symptomatic stage although some alterations start to appear in the brain parenchyma
whereas in the prodromal stage, people suffer mild changes in memory and thinking (Staff

2018). Both phases are being studied in order to be able to diagnose AD in its early stages.

13



The principal hallmarks that distinguish AD from other dementias are the accumulation of
extracellular amyloid B (AP) plaques and intracellular hyperphosphorylated Tau (TauP)
accumulations. (Figure 14) However, there are other alterations that are potentially related to
AP or TauP, such as neuronal death, synaptic loss, neurotransmitter decrease, astrogliosis,
excitotoxicity, mitochondrial dysfunction, vascular damage, lipid metabolism alteration (n.d.
2017). Nowadays, the most popular explanation as the cause of sporadic AD is the amyloid
cascade hypothesis, in which, the alterations evoked by amyloid B production and
accumulation appear as the initial events of the disease. In brief, AP is the product of the
APP cleavage by the B-secretase and y-secretase, resulting in a fragment of 38 to 43 residues
that oligomerizes and accumulates. In addition, these oligomers are considered the most

toxic conformation of AP (Yadong Huang and Mucke 2012).

Nevertheless, the success of therapeutics drugs whose target is this peptide failed in the
majority of cases. One of them is Solanezumab, an antibody targeting AP that did not reach
the clinical benefit in patients that they expected (Abbott and Dolgin 2016). Thus, a depth

investigation is needed to find the targets that cause or contribute to the disease.

1.4. Dysregulations caused by ApoE4 that contribute to AD pathology

1.4.1. Amyloid protein

Human data from different sources support the idea of an interrelationship between ApoE
and AP (Mortis et al. 2010; E. M. Reiman et al. 2009; Y. Y. Lim et al. 2018; Mecca et al.
2018). PIB (Pittsburgh compound

Amyloid plaque TauP accumulation
LR

\YTE] V3R S sw ey > A
R

B) measurements obtained by pg

A

-

positron  emission  tomography
(PET) to scan amyloid B deposition

showed that ApoE4 carriers

presented an increase in the

deposition  (Mecca et al. 2018; Fro | 14 Alsheimer's disease principal hallmarks. Post-

Morris et al. 2010). Moreover mortem identification of amyloid plaque and neurofibrillary
" | tangle accumulation from hyperphosphorylated tau. From
ApoE4 carriers also manifest higher | BigThink website.

levels of fibrillar AP (E. M. Reiman et al. 2009). Howevet, to date, there is not a unique and
definite explanation of their relationship, in other words, it is not known if there is a cause-

consequence connection between them or, alternatively, it is by chance. Even more, there
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are opposite results depending on the cellular model or technique used, that will be explained

as follows.

The research about this question has been focused on the contribution of ApoE to diverse
AP aspects such as amyloid plaque and fibrillar formation, clearance and metabolism, among
others. Firstly, ApoE is involved in the formation of AP species demonstrated by the fact

that human ApoE4 carriers have an increased number of A oligomers (Hashimoto et al.
2012; Hudry et al. 2013). In addition, it has been established by 7 vitro infrared spectroscopy
measurements, that the stability of the oligomers is higher in the presence of ApoE4 (Cerf

et al. 2011).

Secondly, ApoE is an enhancing factor for the plaque deposition as it has been probed that
the presence of mouse ApoE increases the amyloid B deposition and fibrillation in mice (K
R Bales et al. 1999). Furthermore, the plaque formation acquires different characteristics
depending on the ApoE isoform, being the plaques more compact when the human ApoE4
is present (Youmans et al. 2012). However, there is controversy over the amount of ApoE
required and if it is directly or indirectly related to the plaque deposition. In one hand, authors
using a transgenic mouse model with the human mutated APP which ApoE has been
knocked out, found that the lack of murine ApoE expression diminished AP deposition
(Kelly R Bales et al. 1997). Furthermore, using the same transgenic mouse model of the APP
but in this case, expressing human ApoE3 or ApoE4 isoform, other authors discovered that
increased levels of any human isoform of ApoE enhanced the deposition (Bien-Ly et al.
2012). On the other hand, the analysis of the distribution in different human brain areas
confirmed the inverse cortrelation between ApoE and AP deposition suggesting that ApoE
negatively impacts the deposition (Shinohara et al. 2013). In line with this, another study
showed that treatment with Bexarotene (to increase ABCA1 expression and ApoE
expression) decreased the extension of plaques and promoted a behavioural improvement
(Cramer et al. 2012). However, other authors did not validate these results since they showed
a no reduction of the plaque deposition (Fitz et al. 2013) and no behavioural improvement
with the treatment (Fitz et al. 2013). Therefore, how the amount of ApoE affects plaque

formations remains uncleatr.

AP deposition is also affected by the cell origin of ApoE, although the results obtained are

contraries depending on the study. For instance, a comparison between the ApoE from
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astrocytes and neurons showed that the latter promotes a e higher deposition (Van Dooren
et al. 2000) but, a previous study did not find any alteration of deposition depending on the

ApoE origin (Lesuisse et al. 2001).

Thirdly and finally, AP clearance is a crucial mechanism to eliminate it and ApoE has been
proposed as a promoter of AP clearance (Yadong Huang and Mucke 2012). Specifically,
ApoE has been related to the AP clearance in an isoform-dependent manner being the

clearance of ApoE4 the less effective (Castellano et al. 2011). In addition, this clearance is

negatively regulated by ApoE4 in astrocytes but not in microglia (S. D. Mulder et al. 2014).

One of the mechanisms proposed for the AP clearance, is that ApoE binds to A to
eliminate it through receptor binding and endocytosis. However, these results are unclear.
Concretely, it was documented that the binding depends on the ApoE isoform, being this
process more efficient with ApoE3 but faster with ApoE4 (LaDu et al. 1994). Nevertheless,
Verghese et al. demonstrated that the interaction of ApoE with AP in solution or CSF is
minimal (Verghese et al. 2013). Moreover, they indicated that ApoE competes with AP for
receptor binding highlighting a receptor competition that could be affecting the clearance by

endocytosis. This process could be representative of the situation taking place in astrocytes.

Another mechanism for ApoE promoting clearance of A is through proteases activation.
Proteases, which degrade AP, are more effective when ApoE is forming a complex with

them (Russo et al. 1998). In addition, the degradation of AP also depends on the lipidation

status of ApoE (Q. Jiang et al. 2008) that varies depending on the cell type that produces
ApoE (Uchihara et al. 1995; Xu et al. 2006; Mahley and Huang 2012; Yadong Huang and
Mucke 2012).

Overall, there is a clear participation of ApoE in the AP formation and clearance process.
Furthermore, ApoE also regulates hallmarks and processes of the pathology different from
AP. Some of them are summarized in the following sections. In these sense, in the present
thesis, we have analysed the intracellular consequences of ApoE4 expression in astrocytes,
the main producers of ApoE and also affected in AD, with the aim to elucidate how ApoE4

contributes to this pathology.
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1.4.2. Tau hyperphosphorylation

Neurofibrillary tangles (NFTs) are the other main hallmarks of the AD. NFTs are
intracellular aggregates of post-translational modified Tau protein, TauP (Yadong Huang and
Mucke 2012). Tau is a microtubule-associated protein that stabilizes microtubules, so, its
aggregation causes cytosolic alterations. Interestingly, some pieces of evidence suggest that
ApoE4 is related to the increase in Tau hyperphosphorylation (Inbar et al. 2010; Shi et al.
2017; Cao et al. 2017; Antes et al. 2013). As an example, the levels of TauP in ApoE4-
transgenic mice are increased even at three-month aged-animals, also pointing out that Tau
alteration due to ApoE4 genotype, is an early pathogenic event (Shi et al. 2017). The
mechanism behind ApoE4 and TauP increase is still not clear. Recently, Cao et al. described
that the synaptojanin, a phosphoinositide phosphatase, is more expressed in ApoE4 targeted
replacement mice, in which the mouse ApoE is replaced by one of the human ApoE
isoforms. The expression of this synaptojanin affects the kinase GSK3f that consequently
increases the phosphorylation of Tau (Cao et al. 2017). Thus, these results highlight that
phospholipid metabolism has a relevant role in ApoE4 dysregulations. Furthermore, another
mechanism has been described linking ApoE and TauP: the toxicity of ApoE fragments. In
particular, ApoE can be fragmented by neuronal proteolysis in human and mouse brains
(Chang et al. 2005). Transfecting neuronal cells with these fragments increase the NFT
inclusions, and, even more, both proteins colocalize together and interact physically (Y.
Huang et al. 2001). Indeed, the ApoE4 isoform is more susceptible to being proteolyzed
than ApoE3, being a possible explanation to the differences seen among the genotypes

regarding TauP alterations (Harris et al. 2003).

1.4.3. Brain metabolism

As mentioned above (section 1.1.), brain functions of ApoE4 individuals are affected even
years before the first symptoms of AD appear. One of such alteration described in the
ApoE4 carriers and AD patients is the hypometabolism of the brain (Brandon et al. 2018).
For example, Liu et al. used ADNI (Alzheimer’s disease neuroimaging initiative) data of brain
metabolism measurements using positron emission tomography (PET) to compare the
fluorodeoxyglucose consumption and obtaining a cerebral metabolic rate for glucose
(CMRG). In other words, they used measurements of glucose consumption from specific
areas such as the hippocampus and they demonstrated a lower CMRG in ApoE4 carriers (Y.
Liu et al. 2016). In addition, other authors found that CMRG in ApoE4 carriers is diminished
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in the precuneus, posterior cingulate, parietotemporal and frontal cortex and this correlation

seems to be ApoE dose-dependent (Eric M Reiman et al. 2005).

The mechanism that triggers the hypometabolism is not fully understood, but some authors
described metabolic pathways that are altered in the posterior cingulate of ApoE4 young
adults (Perkins et al. 2016). Moreover, the mitochondria are the principal organelle that
control metabolism, so, it is not surprising that this organelle exhibits a diminution in its
activity measured by a reduction of Complex IV of the mitochondrial electron transport
chain in post-mortem young ApoE4 individuals (Valla et al. 2010). The question of how
ApoE4 is affecting mitochondrial function could be partially answered by looking at the
tragments of ApoE. These fragments not only increase the TauP but also interact with
complexes of the electron chain and difficult their function (Nakamura et al. 2009; Chang et
al. 2005). Interestingly, this alteration has been described in neurons but not in astrocytes
(Chen et al. 2011). However, other authors defend that apart from the involvement of
ApoE4 on the hypometabolism, the hypometabolism is also correlated with AP deposits
(Carbonell et al. 2010).

Not only neurons consume glucose, so since hypometabolism is a general feature of ApoE4
carriers, how other cells are contributing to this process is still unknown. In this context,
being astrocytes the main ApoE4 source, the present thesis provides evidence to answer this
important question by looking at principal mitochondrial processes such as metabolism and

dynamics.

1.4.4. Lipid alterations of the AD

Lipid alterations have also been described in AD (Svennerholm and Gottfries 1994).
Specifically, the quantity of cholesterol or sphingomyelins is altered in AD brains, and even,
it has been demonstrated that the quantity of cholesterol appeats as a regulator of AP
production (Q. Liu and Zhang 2014). Moreover, the importance of lipids dysregulations in
AD is also supported by the fact that ApoE is involved in lipid trafficking and the isoform
E4 is an AD risk factor. Consequently, research about ApoE4 has been focused on

cholesterol and lipid homeostasis.

Lipid transport controls several essential functions, for instance, neuronal plasticity. As an

example, the cholesterol that is contained in HDL-like particles secreted by astrocytes is a

18



key factor for the synapsis formation (Mauch et al. 2001). Therefore, it is not surprising that
the human ApoE4 targeted replacement mouse has deficiencies in dendritic arborization and
synaptic activity (R. C. Klein et al. 2010), since ApoE4 isoform is less effective transporting
cholesterol and lipids (Hamanaka et al. 2000; Mahley and Huang 2012). Certainly, human
ApoE4 knock-in mice showed lower cholesterol and other lipids quantity in the whole brain
than ApoE3 knock-in rodents (Hamanaka et al. 2000).

Based on these results, a general lipid reduction seems a feature of ApoE4 mice, although
other data do not argue with it. It has been demonstrated that ApoE4 causes an increase in
the mitochondria-associated ER membranes (MAMs) activity, increasing the phospholipid
production in the fibroblasts treated with conditioned medium from astrocytes (Tambini et
al. 2015). Taking into account both facts, the reduction in the brain lipids such as cholesterol
or phospholipids and the increase in the MAMs activity, a possible explanation is that ApoE
performs different functions related to lipids depending on the cell type and maybe in the

brain region.

Interestingly, ApoE4 isoform not only modulates the amount of lipids, but also the
saturation of fatty acid that composes membrane lipids. Thus, in the case of ApoE3
neuroblastoma cell line, the monounsaturated fatty acids increase more prominently than in
ApoE4 neuroblastoma cell line whereas the polyunsaturated fatty acids are diminished in

ApoE3 cells and remain unchanged in ApoE4 cells (Prasinou et al. 2017).

1.4.5. Endolysosomal pathway alterations

AP presence has been reported in all the different vesicles that form the endolysosomal
pathway such as endosomes, late endosomes, autophagic vesicles and lysosomes (Whyte et
al. 2017). These studies were performed predominantly in neurons, such as the one from
Gowrishankar et al., where they found this AP accumulation in the axonal lysosomes as a
defect in axonal transport (Gowrishankar et al. 2015). This transport impairment has also
been described by Tammineni et al. They reported that lysosomes cannot return to the soma
of neurons, affecting lysosomal degradative capacity due to the lack of their removal

(Tammineni et al. 2017).

Additionally, autophagy has been implicated in AD pathology, since it is one of the processes

that is activated to degrade amyloid proteins and TauP (Y. Wang et al. 2009; W. H. Yu et al.
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2004). Autophagy is the process to degrade cellular components by englobing them in a 2
membrane autophagosome that, subsequently, is fused to a lysosome to degrade the
englobed material. Autophagic vesicles are accumulated in neuronal cells of the AD mouse
model PS1/APP and it is believe that this is affecting AP} clearance due to the increase in the
endocytosis to eliminate protein aggregations and the defects in lysosomal function (Whyte
et al. 2017; Sanchez-Varo et al. 2012). Astrocytes that express ApoE4 display autophagy
dysregulations, as it was uncovered by Simonovitch et al. (Simonovitch et al. 2016).
Nevertheless, the causes and the consequences of autophagy in AD are not fully understood
neither how it affects different cell types of the brain. Moreover, there is not an agreement
about which is the correct therapeutic approach against the autophagic alterations

contributing to AD.

1.5. ApoE4 dysregulations not necessarily associated to AD

Apart from the ApoE4 contribution to the principal phenomena described in AD, ApoE4
seems to induce alterations that per se might translate into cellular dysfunctions. Such
dysfunctions possibly would be contributing to the AD, but not necessarily since not all the
ApoE4 carriers will develop this disease. Besides, other pathologies have been related to
ApoE4, for instance, ischemic stroke, vascular dementia, multiple sclerosis, Huntington
disease or cerebral amyloid angiopathy, where carrying ApoE4 allele enhances the risk to

develop them (Van Giau et al. 2015).

Remarkably, most of the ApoE4 research has been focused on the extracellular role of this
protein regarding AP and only a few articles have examined the alterations caused by
intracellular ApoE4 and even less, when the expression of ApoE is endogenous and not
added exogenously to the cells. As an example, the previously mentioned study of
Theendakara et al. have shown that ApoE4 regulates different genes than ApoE3
(Theendakara et al. 2016). Another example is the study of Brodbeck et al., that illustrated
how the intracellular trafficking of ApoE4 in neurons is affected by its glomerular structure
of the protein causing endoplasmic reticulum (ER) stress (Brodbeck et al. 2011). This finding
has also been described in astrocytes, indicating a general dysfunction associated with the
ApoE4 structure (N. Zhong, Ramaswamy, and Weisgraber 2009). There is also the
autophagic impairment addressed in astrocytes (Simonovitch et al. 2016) or the
mitochondrial toxicity of ApoE4 fragments in neurons and neuroblastoma cells but not in

astrocytes (Chang et al. 2005).
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It is important to underline that the ApoE4 affects differently to the cell types and that the
research has been focused on neurons, underestimating the potential contribution of other
cell types. For example, the study of Nuriel et al. described endolysosomal alterations in brain
extracts that they believe are related to neurons (Nuriel et al. 2017). However, this tendency

is changing in the last years with increasing interest in the field.

It is this lack of knowledge described, that prompted us to undertake the necessary study of
the effects of ApoE4 in astrocytes. More concretely, we focused our research on intracellular
alterations caused by endogenous expression of ApoE4. Therefore, the present study aims
to clarify the mechanisms induced by ApoE4 that contribute to the development of AD but

it can provide insights into other pathologies too.

1.6. A main question: is it a problem of quantity or gain of toxic function?

Considering the diverse functions caused by ApoE4, it is still unclear which is the most
suitable therapeutic approach: to modulate ApoE expression or to “convert” ApoE4 to
ApoE3 or ApoE2 by using small molecules, mimetic peptides or gene edition. These
discrepancies in therapeutics are due to the contradictory data obtained in the studies that

are summarized below.

One therapeutic approach is to increase the ApoE content since it has been shown that the
amount of ApoE4 in the CSF is diminished in AD patients (Talwar et al. 2016). Furthermore,
the data on plasma, CSF and brain tissues of ApoE4 targeted replacement mice also report
a reduction in the ApoE4 levels (Riddell et al. 2008). Based on this rationale, one of the most
promising drugs is Bexarotene which increases the ApoE levels and also its lipidation status.
As it has been described in section 1.2. the mouse data with this treatment was promising,

but, unfortunately, the human results did not illustrate any improvement.

Contrary to that, other authors support that the appropriated therapy is to decrease ApoE
levels using specific antibodies (F. Liao et al. 2014). They demonstrated that ApoE antibodies
slow the amyloid plaque formation improving the spatial learning performance in the water
maze of animals from APP/PS1 mutation AD mouse model. In addition, they created an
antibody that binds specifically to the non-lipidated form of ApoE, which they affirmed is
aggregated with the amyloid plaques showing a decrease in the amyloid accumulation(Fan

Liao et al. 2018). Evidently, a consensus about ApoE quantity that are therapeutically optimal
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has not been achieved. Further investigation is needed to answer more consistently this

question.

Interestingly, another therapeutic approach exists: to modify the structure of ApoE4. This
approach was based on the hypothesis that ApoE4 acquire dysfunctional properties due to
its structure. For instance, Wang et al. used a small molecule corrector in human iPSCs-
derived neurons (inducing pluripotent stem cells-derived neurons) that decreased the
fragmentation of ApoE and the hyperphosphorylation of Tau, avoiding the toxicity of some
ApoE fragments (C. Wang et al. 2018). Another example is the injection of viral constructs
of the ApoE2 isoform, that decrease the AP levels (Hudry et al. 2013). Notably, the viral
injections that only infect astrocytes improve the binding of ApoE to cholesterol and

consequently the lipid transport (Hu et al. 2015).

Although promising, whether the strategy of structural correction or the modulation of its
levels is more appropriated is still to be determined since the deleterious effect of ApoE4
could be a combination of both, a low amount of ApoE and a dysfunction or toxicity derived
for its glomerular structure, that even could be affecting cell types differentially. Therefore,
deeper studies of the ApoE4 contribution to cellular functions and the AD has to be carried

out.

2. Astrocytes as a key player in AD

2.1. Physiological function of astrocytes

Astrocytes are glial cells whose important implication in both brain physiology and pathology
is still not completely revealed. Astrocytes are considered non-excitable cells in terms of
membrane excitability, as they cannot perform action potentials. Their membrane potential
is very negative (-80mV) and is created due to the permeability of ions, especially of
potassium. Interestingly, although they do not perform action potentials, they can
communicate with each other and with other cell types due to calcium transients (Alexei
Verkhratsky and Nedergaard 2018). Therefore, calcium signalling is the basis of their
excitability and hence, the inductor of the release of transmitters that will act on membrane
receptors of other astrocytes or other cell types in the process called gliotransmission.
Alternatively, astrocytes can also communicate with each other through gap junctions that

allow the flux of calcium and other ions, seconds messengers and bioactive molecules. Owing
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to their union by gap junctions, all
astrocytes form a reticular network
called syncytia. (Alexei Verkhratsky and
Nedergaard 2018). Another
characteristic is that they ate territorial;
in other words, each astrocyte has a
determined non-overlapping domain
I5A).

Furthermore, their

(tigure
structure z vivo is highly complex due to
the ramifications of the processes (figure
I5B) (Medvedev et al. 2014; Alexei

Verkhratsky and Nedergaard 2018).

A

Figure I5: Astrocyte domain and structure. (A)
Different astrocytes diolistically labelled. From
Verkhratsky and  Nedergaard 2018. (B) 3D
reconstruction of a fragment of an 7z wwo mouse
astrocyte. From Medvedev et al. 2014.

Astrocytes accomplish diverse functions, most of them carried out under the control of

calcium signalling. Subsequently, the functions from adult astrocytes are briefly described

(Alexei Verkhratsky and Parpura 2014).

- Brain ion homeostasis: astrocytes modulate the extracellular concentration of ions

such as K', Cl and Ca" that have a restricted range to ensure the normal brain

function. For example, astrocytes counteract the excess of potassium, by performing

a potassium spatial buffering, which consists in the delivery of this ion in low-

concentration regions of the astrocyte syncytia and even extruded to the bloodstream

of extracellular areas also with lower concentration. This potassium buffering

functions are mainly the cause of the very low membrane potential of astrocytes.

This fact allows the inward-rectifier K" channel (Kir) uptake of potassium, in

contrast to what is reported for other cells where Kir only acts forming outward

currents (Kofuji and Newman 2004). Other example is the pH regulation that is

carried out by the transport of protons through Na'/H' exchanger and of

bicarbonate through Na"/ HCOs. cotransporter

- Brain volume homeostasis: the transport of water is carried out by aquaporins.

Aquaporin 4 is the astrocyte-specific water channel and is located at the endfeets near

to Kir channels, underlining the coordination of water and potassium flux (Alexei

Verkhratsky and Parpura 2014).
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Metabolic support to neurons: astrocytes uptake glucose and metabolize it mainly to

lactate. Interestingly, it has been suggested that lactate is secreted by astrocytes and
uptaked by neurons through monocarboxylate transporters (MCTs). Therefore,
neurons can obtain ATP from lactate during increases in neuronal activity. This
theory is known as the astrocyte-neuron lactate shuttle (Pellerin and Magistretti
2012). However, it is not universally accepted and some authors believe that
increased metabolic in neurons after the neuronal activity is not related to the lactate

secreted by astrocytes (Mason 2017).

Brain lipid metabolism and transport: astrocytes control the production, metabolism
and distribution of cholesterol and phospholipids through the secretion of HDL-like
which are composed of ApoE, as it has been mentioned in previous sections

(Pfrieger and Ungerer 2011).

Antioxidant defence: the oxidative phosphorylation of neurons generates high

amounts of reactive oxygen species (ROS). Therefore, neurons require antioxidant
molecules to regulate that ROS production: the electron donor glutathione. To
produce it, neurons need cysteine, glycine and glutamine, which are all provided by
astrocytes. Neurons uptakes these molecules and generate glutathione to induce the

detoxification of ROS (Bélanger, Allaman, and Magistretti 2011).

Glutamate uptake: astrocytes control the concentration of glutamate in the synaptic
cleft a function that is critical, as glutamate at high concentrations is cytotoxic and
there is no extracellular enzymes for its degradation. The glutamate uptake is part of
the cycle of glutamate/glutamine, where astrocytes uptake the glutamate that is
metabolized to glutamine and released again to extracellular space. Then, neurons
uptake the glutamine and synthetize glutamate. Moreover, glutamate in astrocytes
can also be used as a substrate for the tricarboxylic cycle to obtain ATP (Alexei

Verkhratsky and Nedergaard 2018).

Synaptic _process: astrocytes participate in the synapses in different manners.

Interestingly, astrocytes are present in several synapses as a very thin peripheral
astroglial processes (PAP) that cover them. This coverage differs depending on the

brain region. For instance, 29-57% of excitatory synapses are enwrapped by PAP in
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the neocortex, while in the somatosensory cortex the proportion is approximately
90% (Bernardinelli, Muller, and Nikonenko 2014). However, PAP are not only a
structural part of the synapsis, they also promote the synapsis formation through the
release of HDL-like particles that contain cholesterol and other lipids, as it
mentioned before. Moreover, they are responsible of the maintenance and the
removal of synapses (Alexei Verkhratsky and Nedergaard 2018). Interestingly,
astrocytes play an active role in the release of gliotransmitters that acts directly on
the rest of elements that form the synapses (Halassa and Haydon 2010). These
gliotransmitters released could be glutamate, ATP, adenosine or GABA. Notably,
astrocytes also arbour different neurotransmitters receptors, so, it is a bidirectional
interaction with neurons. As a consequence, gliotransmission modulates LTP as it
was addressed by Henneberger et al. in their study performed in the CA1 area of the
hippocampus (Henneberger et al. 2010). Moreover, astrocyte-mediated ATP release
also controls circadian rhythms that allow the awake and sleep cycles of the brain
(Marpegan et al. 2011). Due to the involvement of astrocytes in synaptic
transmission, a new term appeared, the tripartite synapse, which place astrocytes as
main actors of the synaptic process. However, this concept is being revised since, for
example, the timescale of the sensing and processing by astrocytes ranges from
hundreds of milliseconds to minutes whereas this process in neurons takes place in

the millisecond range (Savtchouk and Volterra 2018).

Cerebral vascular regulation: brain vasculature is covered by astrocytic endfeets,

forming the neurovascular unit, in where the release of vasoactive substances such
as prostaglandin E, or epoxyeicosatrienoic acid from astrocytes regulates the
contraction of blood vessels and subsequently, the brain flux of blood (Iadecola and
Nedergaard 2007). The release of these substances is dependent on neuronal activity
and carried out by astrocytes through their calcium oscillations (Bazargani and

Attwell 2016).

In addition, astrocytes also have principal roles in CNS development and the neuronal

guidance since the radial glia, a type of astrocytes, promotes the migration of the precursors.

Interestingly, specialized astrocytes are also responsible for adult neurogenesis as they can

migrate and differentiate to neurons in certain conditions (Kriegstein and Alvarez-Buylla

25



Having such a variety of functions, it is not surprising the wide heterogeneity of astrocytes.
Accordingly, there are different types of astrocytes in mammals’ brains that differ in their
location, shape, structure, and probably, in their function. For example, depending on their
location there exist fibrous (presents in the white matter), protoplasmic (from the grey
matter), surface-associated (associated to cortical surfaces), velate (from a region of the brain
densely packed) or perivascular astrocytes (near to blood vessels), among others. (Alexei

Verkhratsky and Nedergaard 2018).

Indeed, the complexity of astrocytes increases in human brain as compared to other
mammals. Human brain possesses unique astrocyte types, such as interlaminar astrocytes
that are located in the upper cortical layer and with long processes; or varicose projection
astrocytes that have a long projection without ramifications. Regarding human protoplasmic
astrocytes, their domain volume is more prominent and they contain a higher amount of
primary and peripheral processes than rat astrocytes (Oberheim et al. 2009). A fascinating
finding that point out astrocytes not only as a homeostatic regulator but also as a principal
player in high mental processes, was discovered in a mouse model whose astrocytes were
replaced by human ones. The results demonstrated that this mouse has better synaptic

plasticity, learning and faster calcium responses than control mice (Han et al. 2013).

2.2. Calcium signalling in astrocytes

As mentioned above, calcium signalling controls the principal functions of astrocytes.
Specifically, the oscillations of this ion have been implicated directly in 2 processes, the
gliotransmission (Araque et al. 2014) and the neurovascular coupling (Haydon 2000;
Bazargani and Attwell 2016). Gliotransmission is the process by which astrocytes secrete
transmitters (called gliotransmitters). It was first observed in cultured astrocytes and
subsequently reported 7z vivo (Bezzi and Volterra 2001; Araque et al. 2014). Despite the huge
amount of evidence for astrocyte to regulate synaptic transmission through gliotransmission
some authors still question this process and defend that gliotransmission is caused by
applying different techniques but does not occur in a physiological condition (Fiacco and

McCarthy 2018).

Cultured models have shown that calcium wave is initiated by neurotransmitters such as
glutamate (Cornell-Bell et al. 1990) or ATP (Anderson, Bergher, and Swanson 2003) and that

this process can be depended on neuronal activity (Dani, Chernjavsky, and Smith 1992).
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These results have also been supported by 2z vivo experiments where the astrocyte stimulation
from noradrenergic projections of locus coeruleus (Ding et al. 2013) and cholinergic
projections (Takata et al. 2011) evoked global calcium elevations. Transmitters activate
receptors that in turn activate coordinated and precisely regulated intracellular pathways that
involve several channels, pumps, receptors and calcium binding proteins from the plasmatic
membrane, organelles and cytosol. All these components also control the basal calcium of
astrocytes. Any change in the magnitude, shape (such as oscillation patter), spatial and
temporal characteristics or the mechanism by which the calcium signalling takes places could

change the consequences of this process (Alexei Verkhratsky and Nedergaard 2018).

Despite the variety of calcium signalling pathways, the central mechanism is the generation

of second messengers, mainly inositol 1,4,5 triphosphate (IP3) (Islam 2012; Alexei
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Figure 16: Principal calcium signalling pathways in astrocytes. In blue channels that increase cytosolic
calcium and in green channels that decrease cytosolic calcium.
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Verkhratsky and Nedergaard 2018). Phospholipase C activation promotes the hydrolysis of
phosphatidylinositol 4,5-biphosphate into diacylglycerol and IP3. IP3 acts on the IP3
receptor (IP3R) in the (ER) that releases calcium into the cytosol (figure 16). Apart from IP3,
this receptor is activated by calcium itself, amplifying the release of calcium and potentiating
the generation of a global calcium increase necessary to calcium propagation and wave
formation (Raffaello et al. 2016). There are 3 different IP3 receptors, being the subtype 2 the
most predominant in astrocytes (Holtzclaw et al. 2002; Alexei Verkhratsky and Nedergaard
2018). IP3 also participates in the propagation of the calcium oscillations to nearby astrocytes
rather than calcium per se (Allbritton, Meyer, and Stryer 1992). This is due to the transport

of this molecule through the gap junctions (Charles 1998).

cADPR is a nucleotide that also acts on an ER receptor, the ryanodine receptor (RyR). This
receptor shows similar activation as IP3R, being activated by its ligand but also by calcium
per se. (Islam 2012). Nevertheless, some controversy exists around the contribution of this
receptor to astrocytic calcium increase since hippocampal astrocytes do not display RyR
activity (Beck et al. 2004). In cultured astrocytes, it has been described that RyR receptors
are activated by bradykinin receptors but not by purinergic receptors (Barcel6-Torns et al.

2011).

The other second messenger related to calcium signalling is nicotinic acid adenine
dinucleotide phosphate (NAADP). It is a metabolite of pyridine nucleotide with a very
similar structure to nicotinamide adenine dinucleotide phosphate (NADP). In many cell
types, including astrocytes, it has been shown that mobilizes calcium from acidic organelles
upon stimulation of particular receptors, such as purinergic (Barcel6-Torns et al. 2011). Acid
organelles are a heterogeneous population of vesicles, mainly related to lysosomes. For
simplicity from now, we will refer to them as lysosomes. NAADP releases lysosomal calcium
through NAADP receptors. The more accepted hypothesis is that its receptors are two-pore
channels (TPC) from the endolysosomal compartment (Pereira et al. 2011) (figure 16). There
are 2 types of this receptor: TPC1 and TPC2 that differ in their cellular localization, TPC2 is
preferably located at lysosomes and TPC1 at endosomal compartment (Galione 2011)
Remarkably, other studies has also proposed TRPML (Raffaello et al. 2016) or RyR
(Gerasimenko 20006) as receptors for NAADP.
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It has been proposed that NAADP plays a critical role in the initiation of calcium signalling
since it evokes the initial calcium release that is amplified by the ER channels (Churchill and
Galione 2001; Galione 2015). This mechanism has been discovered in sea urchin, a marine
creature, in which, the initial calcium increase after stimulation is not abolished by
thapsigargin (inhibitor of calcium entrance in the ER) whereas the calcium propagation
disappears with that inhibitor (Churchill and Galione 2001). This is the proof that calcium
released from lysosomes can be amplified converting calcium responses from local calcium
to global. Furthermore, this mechanism has also been described in mammalian cells (Galione

2015).

Interestingly, the organelle source of calcium determinates the consequences of that calcium
increase. For example, in the case of astrocytes, the lysosomal calcium release regulates
cellular processes such as autophagy (Pereira et al. 2011). The mechanism behind this
regulation has been indicated in other cell types. TFEB (transcription factor) is activated
through this lysosomal calcium release and translocated to the nucleus to regulate autophagy-

related genes (Medina et al. 2015).

Apart from intracellular calcium mobilization, calcium signals in astrocytes are also due to
extracellular calcium entrance. An example is the activation of ionotropic receptors such as
P2X or by the store-operated calcium entry (SOCE). SOCE is a mechanism triggered by the
depletion of calcium in the ER. This depletion, in turn activates STIM proteins that bind and
activate membrane channels such as Orai or TRPC leading to the calcium entrance (Islam
2012). In astrocytes, the expression of Orai channels it has been demonstrated in vitro
(Moreno et al. 2012). Recently, it has been suggested that SOCE can also be triggered by
lysosomal calcium release (Y. Jiang et al. 2018; Brailoiu and Brailoiu 2016) (figure 10).

Several organelles and the plasmatic membrane participate in returning intracellular calcium
to the basal condition (Alexei Verkhratsky and Nedergaard 2018). In the plasmatic
membrane there is the plasma membrane calcium ATPase (PMCA) and in the endoplasmic
reticulum, the sarco/endoplasmic reticulum calcium ATPase (SERCA). Both are Ca*'-
ATPases. The first one releases calcium extracellularly and the second one introduces
calcium in the ER (Islam 2012) (figure 16). Apart from these pumps, the plasmatic membrane
possesses sodium-calcium exchanger (NCX), that exchange extracellular sodium for

intracellular calcium. Mitochondria also uptake calcium, mainly though the MCU complex
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that is it formed by different subunits and is inserted in the inner mitochondrial membrane.

(Alexei Verkhratsky and Nedergaard 2018) (figure 10).

Lysosomal calcium uptake is suggested to be carried out by a secondary transport performed
by the vacuolar (V)-ATPase and a calcium- proton exchanger (figure 16). The V-ATPase is a
macro complex formed by 2 domains with different subunits: VO that is inserted in lysosomal
membrane and V1 that is faced to the cytosol. Both domains are coupled when this pump is
active or uncouple when it is inactive (Forgac 2007). The ATPase promotes the entrance of
protons to the lysosomal lumen using the ATP hydrolysis as fuel. In addition, a calcium-
proton exchanger is needed in the lysosomal membrane to exchange the protons of lysosome
for calcium. The molecular identity responsible of this transport has recently been described
in vertebrate and named CAX (Melchionda et al. 2016). Moreover, some authors believe that
there is another putative calcium channel that is performing the entrance of calcium to the

lysosome independently of protons (Xiong and Zhu 2016) (figure I10).

Organelles communicate with each other and with the plasmatic membrane to elicit specific
spatial-temporal patterns for each calcium response. The previously described SOCE is an
illustration of that, but there are also interactions between the ER and the mitochondtia and
between the lysosomes and the ER. Regarding the ER and mitochondria, both organelles are
connected by closed contact domain called MAMs, which allow the release from the ER
directly to the mitochondria (Patergnani et al. 2011). With respect to the interaction between
lysosomes and the ER, it has been demonstrated that both colocalize to evoke NAADP
calcium release from lysosomes that act on the RyR in the area of contact (Kinnear et al.

2004; Aston et al. 2017).

In vivo, astrocytes have a complex morphology, being extremely branched cells. It has been
described that processes and soma can use different calcium pathways since responses of
both are heterogeneous (Bindocci et al. 2017). The principal source of calcium for the soma
is the IP3R2 whereas for the processes, calcium is obtained extracellularly (Srinivasan et al.
2015; Rungta et al. 2016). Such specialized mechanism enables independent calcium
signalling depending on the astrocyte area. Furthermore, soma Ca®" transients are larger and
longer whereas process transients localized in microdomains, are more frequent and faster

(Volterra, Liaudet, and Savtchouk 2014).
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Overall, calcium signalling controls astrocytic physiology and hence, it is complex and highly
regulated. The disturbance of intracellular calcium signals can result in pathological
conditions, as it will be explained in the context of the AD in section 2.5. In this context,
this thesis contributes to the understanding of such alterations but with a new focuses, as

place ApoE4 at the centre of the research.

2.3. Mitochondria of astrocytes

Astrocytic mitochondria have obtained minor attention since it was thought that astrocytic
metabolism was not oxidative and hence, did not depend on this organelle. However, it has
recently been described that many mitochondrial genes are significantly more expressed in
astrocytes than in neurons (Lovatt et al. 2007). In addition, astrocytic mitochondria play an
active role in fatty acid and amino acid metabolism in those cells (Eraso-Pichot et al. 2018)
and, as mentioned in the previous section, they have an essential role in the buffering of

calcium from the cytosol and in regulating the calcium signalling.

In addition, there are significant differences between neuronal and astrocytic mitochondria,
for example, the latter tend to move slower than neuronal ones (Stephen et al. 2015). Recent
work has reported that mitochondria are present in the fine astrocytic process 7 vivo where
they contribute to local calcium buffering (Agarwal et al. 2017), glutamate metabolism (J. G.
Jackson et al. 2014) and likely in ATP production (Joshua G. Jackson and Robinson 2018).
To perform all these functions, astrocytic mitochondria might rely on their dynamics.
Dynamics, which involve fusion and fission events and motility, control the mitochondrial
morphology and location adapting the mitochondrial network to the metabolic needs and
the cellular environment (Baker, Palmer, and Stojanovski 2014; van der Bliek, Shen, and
Kawajiri 2013).

Mitochondrial fission ensures that the mitochondrial network attains the proper number of
mitochondria. Furthermore, if there is a damaged mitochondrion, after a fission process, this
mitochondrion will segregated to be degraded through mitophagy (a specific mitochondrial
autophagy that will be described in the next section) (Baker, Palmer, and Stojanovski 2014;
van der Bliek, Shen, and Kawajiri 2013). In astrocytes, it has been shown that this is a
calcium-dependent process, with a reduction in mitochondrial length associated to calcium
increase (Tan et al. 2011). The principal protein that mediates fission is the dynamin-related

protein 1 (D1pl), a dynamin-related GTPase. This protein is affected by several post-
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translational modifications that influence its fission activity, either activating or inhibiting it,
such as phosphorylation, sumoylation or ubiquitination. When the protein is activated in the
cytosol, it is recruited at the mitochondrial membrane through the action of Fisl, Mff,
MiD49 or MiD51/MIEF1 and oligomerized (Loson et al. 2013). Then, Dtp1 oligomers form
a constrictive helix around the mitochondria which is progressively reduced until the total

fission (Labrousse et al. 1999) (Figure 17A).

With respect to fusion, its main functions are to mediate the exchange of material between
mitochondria such as the mitochondrial deoxyribonucleic acid (mtDNA) and to rescue
partially damaged mitochondrion fusing to a healthy one (Baker, Palmer, and Stojanovski
2014; van der Bliek, Shen, and Kawajiri 2013). The main proteins that promote fusion are
Opal, Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), that are also dynamin-related GTPases.
As mitochondria are formed by 2 membranes, 2 fusions take place at the same time. Opal
promotes the fusion of the inner mitochondrial membrane while Mfnl and Mfn2 are
involved in the outer mitochondrial membrane fusion (Mishra and Chan 2016) (Figure 17B).
Regarding astrocytes, mitochondrial fusion has been observed in astrocyte processes
(Stephen et al. 2015). However, it seems that they have limited capacity to exchange material
within the mitochondria of an individual cell (Waagepetersen et al. 2000) as it has been
demonstrated by the mitochondrial heterogeneity inside the astrocytes. Both processes

(fusion and fission) are precisely regulated and their unbalance is implicated in several

A diseases including neurodegenerative
Fisl Drpl

diseases (Devi 2000).

Finally, mitochondria motility controls that a
suitable location of mitochondria is reached,
for example in places with a high energy
requirement (Sheng and Cai 2012). In
addition, a percentage of the mitochondria
are stationary due to the specific energy or
calcium buffering requirements. These

mitochondria are anchored to the

Figure I7: Principal proteins that microtubules in neurons. One of the

participate in mitochondrial fission (A)
and fusion (B) events. Modified from

Kuzmicic et al. 2011. Syntaphilin, (Sheng and Cai 2012). Also, in

molecules that carries out this function is
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neurons, Miro promotes the localization of mitochondria in places with synaptic activity
through its activation or inhibition by calcium. The mechanism by which synaptic activity or
increases of exogenous glutamate affects mitochondrial motility is through the increase in
calcium levels in neurons that stops mitochondria near to the synapsis (MacAskill et al. 2009).
Similar results have been obtained in astrocyte mitochondria, where an increase in the
calcium levels slows their movement (Tan et al. 2011; Stephen et al. 2015). Furthermore,
glutamate uptake and calcium buffering in astrocytes have also been related to a diminution

of the mitochondrial movement (J. G. Jackson and Robinson 2015; J. G. Jackson et al. 2014).

Mammals harbour 2 Miro isoforms, 1 and 2 that bind the mitochondria to an adaptor
protein, Trak (that has 2 isoforms: 1 or 2). Finally, Trak attaches all the complex to the kif5
(kinesin superfamily) a motor protein that binds to the microtubules (Sheng and Cai 2012).

However, Trak expression has not been found in astrocytes to date.

2.4. Astrocytes and lysosomes

Astrocytes secrete a variety of molecules to communicate with other cells in the brain:
neurotransmitters and their precursors, hormones, metabolic substrates, antioxidant
molecules, vasoactive factors, interleukins, ApoE and cholesterol to form HDL-like particles
(A. Verkhratsky et al. 2016; Bezzi et al. 2004; Calegari et al. 1999; Z. Zhang et al. 2007; Kang
et al. 2013; Lafon-Cazal et al. 2003; Choi et al. 2014). Most of these substances are released
through the endosomal pathway, formed by a variety of vesicles; among which the lysosomes

are found.

However, lysosomes do not only participate in exocytosis, but also they play a fundamental
role in astrocyte calcium signalling (as previously explained) and in the digestion of different
molecules that come from endocytosis, phagocytosis or autophagy processes. The digestion
is carried out by lysosomal enzymes that break down all the biological polymers (Cooper
2000; Luzio, Pryor, and Bright 2007). They have a pH acidic (between 4.5 to 5) owing to the
V-ATPase activity that uptakes protons from the cytosol using ATP (mentioned in 2.2.
section) (Mellman, Fuchs, and Helenius 1960). All the enzymes contained in lysosomes are
acid hydrolases, which can only degrade substrates inside of this organelle (Cooper 2000).

Autophagy is an essential homeostatic process that clearances abnormal proteins and other
molecules such as lipids or entire organelles like mitochondria (Ward et al. 2016; Zare-

Shahabadi et al. 2015). The role of autophagy in astrocytes has been demonstrated in models
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of neurodegenerative disease, showing that autophagy dysfunction impairs astrocyte
physiological functions (Di Malta et al. 2012). Lysosomes play a central role in this process
since they provide related-enzymes and generate the adequate milieu to degrade the abnormal
substrates. Remarkably, lysosomes participate in the different types of autophagy, from
chaperone-mediated autophagy (CMA) where cytoplasmic proteins are delivered into the
lysosome and degraded, to macroautophagy, where the autophagosome, a double membrane
structure, engulfs and degrades cytosolic components or organelles through the fusion to a

lysosome (Zare-Shahabadi et al. 2015).

Regarding mitophagy, this process is activated by the reduction of mitochondrial membrane
potential. Mitochondria membrane potential is an important characteristic of mitochondria
that allows them to perform their functions such as oxidative phosphorylation. This
alteration promotes that Pink protein stays in the mitochondrial membrane, which
phosphorylates and recruits Parkin, a ubiquitin ligase. Parkin binds ubiquitin to the substrates
of the mitochondrial membrane tagging that mitochondrion for undergoing autophagy
(Eiyama and Okamoto 2015). Regarding astrocyte mitophagy, it has been demonstrated the
importance of these processes to regenerate their mitochondrial network upon a damage

(Motori et al. 2013).

2.5. Principal astrocytic alterations in AD

Since astrocytes are complex cells that accomplish several and principal brain functions, it is
not surprising that they are altered in several brain diseases. In the case of neurodegenerative
disease, most of the research has been focused on neurons whereas studies conducted on

other cell types aimed to study their impact on neurons.

In the case of AD, astrocytes undergo a morphological, molecular and functional change,
acquiring a reactive phenotype termed astrogliosis (Osborn et al. 2016; Gonzalez-Reyes et
al. 2017; J. Rodriguez et al. 2016; Parpura and Verkhratsky 2014). Importantly, the course of
the disease graded by Braak stage is directly correlated with astrogliosis, measured by the glial
fibrillary acid protein (GFAP) increase (the method usually employed for measuring
astrogliosis) (Serrano-Pozo et al. 2011; Simpson et al. 2010). Therefore, astrogliosis seems to
progress with the disease suggesting that astrocyte alteration could be used as a biomarker

of disease development.

34



However, apart from astrogliosis, astrocytes can also undergo atrophy in the early stage of
the AD and in specific brain areas such as entorhinal cortex. This conclusion has been
illustrated by a diminution in GFAP staining observed in 3xTg-AD (triple transgenic mice
of the AD) (Yeh et al. 2011). A question that remains in discussion is if astrocytes experience
cell death in AD. Lie et al. proposed that only a low percentage of astrocytes dye (W. P. Li
et al. 1997) whereas other authors have found apoptotic markers in the majority of astrocytes

nearby amyloid plaques (Kobayashi et al. 2004; Smale et al. 1995).

Regardless of this, as it was said before, astrogliosis is a feature of AD and is characterized
by an increase in the GFAP and in the expression of other cytoskeletal proteins. This
alteration of the protein expression reflects the hypertrophy of the cell body and the
processes nearby amyloid plaques (Osborn et al. 2016; Gonzailez-Reyes et al. 2017; J.
Rodriguez et al. 2016; Parpura and Verkhratsky 2014).

Hence, considering the involvement of astrogliosis in the course of AD and since A is one
of the principal hallmarks of the disease, the potential relationship between astrocytes and
AP has been investigated. It has been demonstrated that astrocyte processes surround senile
plaques and it can penetrate them (Kamphuis et al. 2014) although they do not migrate into
the plaques (Galea et al. 2015). In addition, astrocytes also patticipate in the A clearance
through ApoE (as it has been mentioned in 1.4.1.) and in the phagocytosis of presynaptic
dystrophies (Gomez-Arboledas et al. 2018).

Among the varied alterations found in astrocytes in AD, it has been found that their genetic
profile is also modified, indicating that their main functions can be impaired. For instance,
cholesterol metabolism genes are downregulated in contrast to immune response genes that
are upregulated (Orre et al. 2014). As a result of this upregulation, the astrocytes release
cytokines, interleukins and TNF that are suggested to be increasing the neuroinflammation
process related to AD (Heneka et al. 2015). Another astrocyte physiological functions that

could be altered in AD is the control of oxidative stress since GSH is depleted in astrocytes

stimulated with AB (Abramov 2004).

The regulation of synaptic processes by astrocytes such as the inhibition of GABA
transmission (Ortinski et al. 2010) and other neurotransmitters (Robel and Sontheimer 2015)

has also been described altered in AD. In addition, calcium signalling is dysregulated in AD
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in both, neurons and astrocytes (LaFerla 2002). Focusing on astrocytes and taking into
account the crucial functions that calcium regulates, the principal finding was performed
through 7 wvivo calcium recordings of AD mouse models where authors have found an
astrocytic hyperactivity marked by an increase in the frequency of calcium oscillations
(Delekate et al. 2014; Takano et al. 2007, Kuchibhotla et al. 2009). In addition, these
oscillations were found independent of neuronal activity, synchronized (Kuchibhotla et al.
2009) and due to the activation of purinergic receptors (Shigetomi et al. 2018; Delekate et al.
2014). The purinergic receptor that accomplishes such calcium oscillations is P2Y1, a
metabotropic receptor that induces calcium waves but not microdomain calcium signals
(Shigetomi et al. 2018). Furthermore, the basal astrocytic calcium is also elevated in an AD

mouse model (Kuchibhotla et al. 2009).

In spite of that, the relationship of calcium alteration in astrocytes and amyloid plaques is
controversial. One study showed that the calcium alterations appear near amyloid plaques
(Delekate et al. 2014) whereas, another suggested that both events are independent of the
distance (Kuchibhotla et al. 2009). Different groups pointed out that AP induction elicits
calcium dysregulation as showed by the addition of AP to hippocampal slices and to cultured
astrocytes (Bosson et al. 2017; Pirttimaki et al. 2013; Alberdi et al. 2013; D. Lim et al. 2013;
Ambra A. Grolla et al. 2013; Haughey and Mattson 2003; L. Lee, Kosuri, and Arancio 2014).
But, in cultured astrocytes, it has been shown some contrary results. For example, Haughey
and Mattson have shown an increase in the amplitude and velocity for the evoked calcium
waves when cells were treated with AB (Haughey and Mattson 2003). Other authors have
found an increase in the spontaneous transients (L. Lee, Kosuri, and Arancio 2014). And
others that AP induces per se intracellular calcium increases (D. Lim et al. 2013; Alberdi et
al. 2013). Regarding the studies performed in hippocampal slices stimulated with A}, Bosson
et al. have confirmed the independence of the phenomena from neuronal activity (Bosson
et al. 2017). In addition, in another study using similar approaches this calcium dysfunction
induced by AP causes dysregulation in synaptic transmission in CA1 neurons due to the

alteration of calcium-dependent gliotransmission (Pirttimaki et al. 2013).

Although many authors have described alterations of calcium signalling in astrocytes, the
mechanisms behind them are not always coincident. Apart from purinergic receptors,
calcium elevations are induced by the nicotinic channel (a7nACHRs) (Pirttimaki et al. 2013;

L. Lee, Kosuri, and Arancio 2014), TRPA1 channel (Bosson et al. 2017) or mGLUR5
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receptor (Ambra A. Grolla et al. 2013). Interestingly, other authors have presented ER

channels or calciuneurin (a calcium binding protein) as the cause of calcium alterations

(Alberdi et al. 2013; A A Grolla et al. 2013; D. Lim et al. 2013).

Remarkably, only a few studies have explored the impact of ApoE4 in calcium signalling and
this existing literature has been focused on the effects of extracellular human ApoE and, in
some cases, added to murine cells expressing their endogenous ApoE. For example,
exogenous treatment with ApoE4 to injured neurons causes higher calcium increases (L.
Jiang et al. 2015). Furthermore, it has been described that ApoE4 treatment potentiates
NMDA-mediated calcium responses more than a ApoE3 treatment in neurons (Qiu et al.
2003). Regarding astrocytes, only a study conducted in 1998 assessed calcium increases
produced by ApoE treatment showing that it was exacerbated by ApoE4 isoform (Muller et
al. 1998). This study demonstrated that the underlying mechanism of this calcium increase
in cultured astrocytes was dependent of voltage-dependent calcium channels of the
membrane, although there is some controversy around the expression of these channels 7z
vivo. Given this lack of information, we studied how endogenous ApoE4 expression regulates

calcium signalling .

It is also worth to note that mitochondrial dysfunction is an undoubted feature of the AD.
This mitochondrial function failure was described by different studies. It has been found that
pre-symptomatic patients in both cases, familiar (Mosconi et al. 2006) and ApoE4 carriers
(as it is mentioned in 1.4.3. section) (Perkins et al. 2016) have cerebral hypometabolism. Since
this hypometabolism appears in the preclinical phase of the disease, it is likely that this

process contributes to the early steps that trigger the AD.

The molecular mechanisms behind mitochondrial alterations in AD have been mainly
characterized in neurons. In this regard, oxidative damage has been found in neuronal
mitochondria of AD human brains and also in animals models (Moreira et al. 2010). The
approach to characterize oxidative damage consisted in studying mtDNA. Oxidized mtDNA
has been found in parietal, temporal and frontal areas of AD subjects. Furthermore, the
oxidation of mtDNA is superior as compared to nuclear one (J. Wang et al. 2005).
Mitochondrial dysfunction has also been related to amyloid metabolism since the
accumulation of amyloid precursor protein in mitochondria affects membrane channels, a

fact that is associated with ROS increase (Devi 2000).
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Regarding ApoE and mitochondria, as mentioned before, the prevalent theory is that its
fragments alter mitochondrial enzymes in neurons (Chang et al. 2005), although the
involvement of ApoE4 in astrocyte mitochondria is still unknown. Moreover, mitochondrial
dynamics alterations have also been implicated in AD development. In neurons, the
overexpression of mutated APP displaces the fusion/fission equilibrium towards fission
events, promoting the increase in oxidative stress and also the reduction of ATP production
(X. Wang et al. 2008). Despite astrocytic mitochondria play main roles in astrocyte physiology
and pathology and, consequently, in brain homeostasis, the studies concerning their
involvement in AD have been underestimated. Only a few studies have shown the
transcriptional change of mitochondrial genes in astrocytes from an AD model (Ruffinatti et
al. 2018) and from human AD samples where the astrocytes were collected by laser
microdissection (Sekar et al. 2015). Therefore, the implication of ApoE4 in astrocytic
mitochondria remains poortly studied, despite the fact that astrocyte are the principal source
of ApoE. Hence, the present study also aims to study astrocytic mitochondria functions in

presence of ApoE3 and ApoEA4.

3. From altered mechanism to biomarker discovery

Biomarkers are measurable indicators that provide information for diagnosis or prognosis of
a specific disease. The sensitivity and the specificity of a reliable biomarker should be above
80%. In addition, biomarkers should also be to distinguish between similar diseases to help

in the adequacy of the therapeutic intervention (Guest 2017).

Currently, there are 2 approaches used for biomarker discovery: targeted and untargeted. In
the target approximation, the feature or protein that is tested is decided before based on a
specific characteristic of the disease. On the other hand, in the untargeted, the approximation
is to compare the disease and healthy conditions in an unbiased manner, to obtain a list of
molecules or features that are altered in the disease. This methodology discovers new
biomarkers without taking into account the mechanism behind these alterations and why

they are changing in the disease.

3.1 AD biomarkers

Concerning the AD, 2 kinds of biomarkers have been described depending on the techniques
for their detection: those detected with imaging techniques or in fluids. Focusing on the
imaging techniques the currently used are magnetic resonance imaging (MRI), the

fluorodeoxyglucose- positron emission tomography (FDG-PET) and the Pittsburgh
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compound B. MRI is used to measure atrophy that appears in AD and in different areas
according to the stage of the disease. The FDG-PET measures the glucose consumption or
CMRG, which has been described decreased in AD patients or ApoE4 carriers (Eric M
Reiman et al. 2005; Guest 2017), as it has been indicated in previous sections of the
introduction. Finally, the other most common technique is based on Pittsburgh compound
B, which binds to AP and provides information about the deposition of this protein using
PET technology. The implementation of these techniques in clinical setting remains a
challenge since they need experts to interpret the collected data, specialized facilities and

consensual guidelines among hospitals and countries (Sheikh-Bahaei et al. 2017).

On the other hand, fluid biomarkers are proteins whose concentration in CSF, blood or
urine varies with the disease. CSF is the only fluid that contacts directly to the brain
parenchyma; therefore, it is the best fluid to interpret the brain function. The principal

proteins present in the CSF result from exocytosis processes and from the extracellular

matrix (Guest 2017).

The principal CSF biomarkers of the AD used are the most common proteins affected in
AD: AP or total and phosphorylated Tau. Concretely, the concentration of both proteins

appears altered in the CSF of AD patients, specifically the form 1-42 of AP appears
diminished in AD CSF, whereas total Tau or TauP is highly increased. However, a lack of
consensus arrives when the range of concentrations has to be determined owing to the

differences obtained in different studies (Guest 2017; Mattsson et al. 2013) .

Other molecules have also been proposed and validated as good AD biomarkers. As for
example, mitochondrial DNA, because of its reduction in the CSF of AD but not in other

neurodegenerative diseases (Podlesniy et al. 2010).

Concerning the untargeted proteomic studies contradictory or unreproducible results
complicate the identification and the validation of new biomarkers (Spellman et al. 2015; G.
Brinkmalm et al. 2018; Heywood et al. 2015). This discordance between different studies
probably arouses by the fact that proteomic methods are composed of a wide range of
techniques with different accuracy and sensitivity. Therefore, untargeted proteomic
identification provides more information than targeted one but with high variability between

studies. Two potential biomarkers that are identified using this approach are YLLK40 and
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ApoE (Craig-Schapiro et al. 2010; Perrin et al. 2011; Wildsmith et al. 2014). Interestingly,
both of them are mainly astrocytic proteins. Since astrogliosis is a principal feature of AD
and correlates with cognitive decline (Serrano-Pozo et al. 2011; Simpson et al. 2010) other

astrocytic proteins could serve as AD biomarkers.
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Figure I8: Hypothetical distribution of AD biomarkers depending on the stage and ApoE
genotype. From Liu et al. 2016.

Regarding ApoE4 and its biomarkers associated, the study of Liu et al. evaluated the
relationship between the principal biomarkers of AD and ApoE4 (Y. Liu et al. 2016).
Interestingly, they adapted the hypothetical model of biomarkers created by Jack et al. to the
ApoE genotype, in which they related the disease stage to the biomarkers AP, Tau, brain
atrophy, memory impairment, among others (Jack et al. 2010). As it can be observed in the
figure 18, ApoE4 is proposed to advance the appearance of biomarkers over the time.

Concerning the studies of untargeted identification, mostly they are not stratified by ApoE

genotype.

Therefore, we proposed the identification of molecules derived from astrocytes and related
to ApoE4-induced dysfunctions in these cells as potential biomarkers of AD. This is a mixed
approach since we looked for astrocytic proteins (untargeted), but also targeted, because

these proteins are specific for particular dysfunction on/and organelles. We did not look for
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a specific hit, but for a group of molecules that could be proposed as biomarker candidate

for the early stages of AD pathology.
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Working hypothesis and
objectives
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Our working hypothesis is that endogenous ApoE4 expression alters astrocyte functions.

We focused our research on the affectation of calcium signalling as it is the basis of astrocyte

excitability, and in mitochondrial functions. Both processes are dysregulated in Alzheimer’s

disease mouse models. Thus, our specific objectives are:

1. To decipher if the expression of human ApoE4 isoform leads to differences in

astrocyte calcium signalling:

a.

To determine by calcium imaging, intracellular calcium concentrations at rest
conditions and purinergic-induced calcium responses in immortalized
ApoE3 and ApoE4 astrocytes.

To study the calcium signalling pathways activated upon purinergic receptor
stimulation in ApoE3 and ApoE4 astrocytes kept in extracellular media rich
or deficient in lipoproteins.

To clarify if calcium homeostasis alterations in ApoE4 astrocytes are due to
the lower quantity of ApoE or owing to the structure of the ApoE4 isoform.
To analyse the differences in intracellular lipid concentrations in ApoE3 and
ApoE4 astrocytes by untargeted metabolomics and differential cholesterol
distribution by immunocytochemistry to elucidate the mechanism by which
ApoE regulates calcium signalling.

To determine if oligomeric AP} treatment exacerbates the different calcium

signals between ApoE3 and ApoE4 astrocytes.

2. To determine if the expression of the human ApoE4 leads to mitochondrial

dynamics alterations:

a.

To study the mitochondrial fusion and fission of ApoE3 and ApoE4
astrocytes at rest condition, and after the inhibition of mitochondrial
metabolism by oligomycin.

To analyse the mitochondrial motility of both cell lines at rest conditions,
and the expression of proteins that participate in that movement.

To examine the mitophagy and autophagy processes in ApoE3 and ApoE4

astrocytes.

3. To generate CSF biomarker candidates based on functional alterations of astrocytes.

a.

To establish which are the specific proteins of astrocytes.
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To determine which proteins have been dysregulated in the CSF of
Alzheimer’s disease patients.
To create functional Alzheimer’s signatures of astrocytes based on calcium-

related proteins and mitochondrial and lysosomal compartments.
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Materials and methods
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1. Cell culture

1.1. ApoE mouse astrocytes

The majority of experiments were performed in immortalized derived-astrocytes from ApoE
knock-in mice. In the knock-in mice, the endogenous ApoE has been replaced by a human
isoform (ApoE3 or ApoE4). These cells were generated by Dr. Holztman’s laboratory
isolating the astrocytes from ApoE Knock-in transgenic mice. Then, astrocytes were
immortalized by transfecting a plasmid that contains the SV40 T antigen and the neomycin
resistance gene (Morikawa et al. 2005). The cell line is called WJE. This model proportionate
3 advantages above other models: (1) mouse ApoE is not present, and this is an advantage
since it is a different ApoE that can mask the results, (2) it is not an over-expression model,
so the cell is producing the physiological quantity of the protein and (3) the immortalization
allows to study the specific mechanism behind the possible alterations without using a high

amount of live animals

Immortalized astrocytes were routinely grown in advanced DMEM medium (12491015,
Thermo Fisher Scientific) supplemented with Na** pyruvate (ImM) (11360039, Thermo
Fisher Scientific), penicillin/streptomycin (100 units/mL and 100 pg/mlL, respectively)
(15140-122, Thermo Fisher Scientific), 10% of Fetal Bovine Serum (FBS) (1070106, Thermo
Fisher Scientific) and geneticin (0.2 mg/ml) (10131027, Thermo Fisher Scientific).

Cells were cultured at 37 °C in a 5% CO; humidified atmosphere air in 'T75 flasks and the
passages were performed once per week up to passage 10. 2 mL of trypsin (13924, Sigma
Aldrich) for 5 minutes at 37 °C were used to detach the cells. The dilution to maintain the
cell line used was 1/10 . To perform the experiments astrocytes were seeded to coverslips or
plates at a density from 35000 to 60000 cell/mL. Moteovet, mycoplasma tests wete

performed twice per year being always negative.

1.2. Human induced pluripotent stem cells iIPSC)-derived astrocytes

Human iPSC-derived astrocytes were another cellular model used in our study. Cells were
generated in Dr. Bu laboratory from Mayo Clinic (Zhao et al. 2017). Derived astrocytes were
obtained from human skin biopsies of healthy ApoE3/3 or ApoE4/4 subjects. They were
reprogramed to iPSCs and then differentiated to astrocytes thanks to that they were cultured
in astrocyte medium (1801, ScienCell) supplemented with 10 ng/mlL of CNTF(ciliary
neurotrophic factor; 450-13, PreproTech), 10 ng/mL of BMP4 (bone morphogenetic
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Ace at protein 4; StemCell technology) and
ApoE genotype| Gender llg "
coTcction 10ng/mL of Heregulin- 3 (StemCell
MC0039 3/e3 Femal 73
3/ cmae technology). After 21 days cells
MCO0117 e3/e3 Male 71
MC0192 ¢3/¢3 Female 83 were frozen (table M1).
MC0018 c4/e4 Female 63
MCO115 e4/e5 Male g7 When cells were needed, they were
MCO0116 e4/¢6 Female 83 unfrozen and seeded in PDI.-coated
Table M1: Human iPSC-derived astrocytes used. The | plates (50 pg/mL in plastic or 100
ApoE genotype, the gender and the age at collection from
each cell line are depicted. png/mL in glass) and kept in

astrocyte medium supplemen

air.

ted with CNTF at 37 °C in a 5% CO; humidified atmosphere

Cell passage was performed when the cells reached 80% confluence using accutase (00-4555-

56 Thermo Fisher Scientific) for 7 minutes at 37 °C to detach the cells. The dilution used for

maintaining the line and for the experiments was 1 to 4.

1.3. Cell treatments

Cells were treated with
different compounds
depending on the analysis to
be performed. The details of
these treatments are
summarized in table M2. All
compounds were diluted in
DMEM medium (41965039,
Thermo Fisher Scientific)
supplemented with
penicillin/streptomycin, and
10% of FBS or 1x of B27
minus antioxidants
(10889038, Thermo Fisher

Scientific).

1.3.1. Oligomerization of AP

Oligomerization procedure

Name ACUO‘_‘ Source Concentration Duration
mechanism
A-42-T-1
Olygomeric AB Cellular stress Genic Bio) 5 M 24 hours
Cholesterol U3633, Sigma
18666A ’ ).2 1 48 hours
18666/ acumulation Aldrich 025 pg/m ours
Bexarotene ABCAT1 synthesis CT?B,EX’ 0.1 pM 24 hours
i Chemietek
CS6253 ABCAT Johanson 10 pg/ml 5 hours
stabilization laboratory
NAADPR 20 mi 48
TransNed 19 ANk 3954, Toctis | 100 uM minutes/
inhibitor hours
GPN (Gly-Phe g | CHPIEC 1145014
(Gly- . o substrate, destroy 2 ? 200 uM 20 minutes
naphthylamide) lysosomal integity] Abcam
-
Bafilomycin Al V-ATPase 1334, Tocris 2uM 20 minutes
: inhibitor
EGTA (Ethylene
glycol-bis(2- E3889. Si
aminoethylether)- | Calcium chelator \ld’ ) 1§ma 500 uM 10 minutes
N.N.N'N- Aldric
tetraacetic acid)
Oligomycin ATP S.yr,lthase 04876, §1gma 252 pM 4 hours/ 24
inhibitor Aldrich hours
Pscko Promotes LDLR A SRP62867 Tug/ml 24 hours
endocytosys  |Sigma Aldrich b
Temsirolimus | mTOR inhibitor | 5264 tocris | >0 ™™ ;‘;d 1001 24 houss
n
Table M2: Treatment applied to astrocytes. Different
treatments, principal action mechanism of them, source,
concentration and time of treatment are depicted in the table.
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(Lambert et al. 1998; W. L. Klein 2002; Dahlgren et al. 2002) was achieved from lyophilized
AP (4014442, Bachem) which was mixed with the convenient volume of
hexafluoroisopropanol (HFIP) (105228, Sigma Aldrich) until the 1 mM AP concentration

was reached. After that, the mix was incubated for 3 hours at room temperature (RT) and

left over-night for the HFIP evaporation.

The next day, DMSO was added to the solution until the concentration of AP reached 5
mM. Then, PBS was added until 100 pM A concentration and the solution was placed in a
rotatory shaker for 24 hours at 4°C. Finally, the solution was centrifuged 10 minutes at 14,000
xg to eliminate the non-dissolve AP. To confirm the presence of oligomers, a Bicine western

blot was performed (see section 3.2.).

1.4. Cell transfections and siRNA silencing method

Cell transfections were performed with Lipofectamine 2000 (11668019, Thermo Fisher
Scientific) while silencing was accomplished by Lipofectamine RNAIMAX (13778075,
Thermo Fisher Scientific). Both protocols were carried out when cells were closed to 60%
confluence and the quantity of lipofectamine and DNA was set up for each plasmid or
siRNA in order to reach the optimal over-expression or silencing. The plasmids and siRNAs
and their conditions for the transfection are summarized in Table M2. In detail, for
performing the procedure in p35 plates, lipofectamine and DNA were added separately to
150 pL of medium without FBS and antibiotics in different Eppendorf. Then, both solutions
were mixed and kept at room temperature for 20 minutes to allow the formation of the

micelles around DNA. Finally, the mixture was applied to the cells seeded in 800 pL of

DNA (1
Name Source Target Type Lipofectamine | _ e /;EL)
ER calcium sensor .
pCMV GCEPIA ler Tono laboratory . Plasmid 9 uL 2.5ul
protein
Mi ial calci
pCMV CEPIA 3mt Tono laboratory fitochondrial calcium -, .y 9L 25Ul
’ sensor protein
pApoE3-eGFP Hudry laboratory ApoE3- GFP Plasmid 12 pL 4.5 pL
pApoE4-eGFP Hudty laboratory ApoE4-GFP Plasmid 12 ul. 4.5 ul.
pEGFP-C1 Saura laboratory GFP Plasmid 12 uL. 4.5 uL
. s194291, Thermo Fisher .
ApoE siRNA Seientite ApoE SIRNA 45l ims
neative control 1 4390843, Thermo Fisher .
GRNA Scientific Scramble siRNA 4.5 uL 1uL

Table M3: Plasmids and siRNAs employed. Origin and characteristics of plasmids and siRNAs
used in the study. Plates of 35mm- diameter were used. The quantity of Lipofectamine and DNA is
referred to that.
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DMEM without FBS and antibiotics. After 5 hours, the medium was replaced by growth
medium. 72 or 96 hours after the transfection or the silencing protocol, experiments were

performed.

2. Cell biology methods

2.1. Intracellular calcium imaging

Calcium signalling imaging was carried out using Fura-2AM (F1221, Thermo Fisher
Scientific), a calcium fluorescence indicator. Fura-2AM indicator has an acetoxymethyl (AM)
ester group that allows its permeability to the cell. Once it is inside of the cell, esterases cleave
the AM group and Fura2 is trapped inside the cell in its fluorescent form. Fura-2AM is a
radiometric dye that upon excitation at 2 different wavelengths, at 340 nm -380 nm emits
fluorescence with a peak around 510 nm. Fluorescence upon excitation at 340 nm increases
proportionally to the calcium concentration, whereas fluorescence upon excitation at 380 nm
decreases. Therefore, the ratio of the fluorescence obtained after excitation at 340 by 380
nm is proportional to the calcium concentration, increasing when cytosolic calcium increases

and decreasing when cytosolic calcium decreases. (Devices 2013) (figure M1A).

Fura-2AM loading protocol used was as follows: seeded cells onto 1 mm glass coverslip (25
mm diameter) were incubated with 2 pM Fura-2AM for 1 hour at RT in the dark.
Subsequently, coverslip was mounted on an O-ring chamber with 1 mL of medium and
placed on a stage of a TE-2000U Nikon epifluorescence microscope at 37 °C. Cells were
excited at 340 and 380 nm thanks to a monochromator (Cairns, UK) and emitted
fluorescence were collected every 2 seconds by the high sensitivity CCD EG-ORCA camera
(Hamamatsu Photonics, Japan) in the Eclipse TE-2000U microscope with a 40x oil objective
(Nikon, Japan). The images were collected through MetaFluor Software (Universal Imaging,
USA).

During the recording of 5 minutes approximately, cells were stimulated with different
neurotransmitters (noradrenaline (A9512, Sigma Aldrich), ATP (adenosine 5-triphosphate,
A9187, Sigma Aldrich), glutamate (G1626, Sigma Aldrich), endothelin 1(E7764, Sigma
Aldrich) or acetylcholine (A6625, Sigma Aldrich) added at 10x of final concentration.

Data analysis was performed selecting individual cells (ROIL: region of interest), and

measuring over time the ratio of fluorescence obtained after stimulation at 340 versus the
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fluorescence after stimulation at 380nm (ratio 340/380). 2 to 4 coverslips and 15 to 25 cells
per coverslip were analysed for each condition. From each cytosolic calcium recording we
measured the basal ratio, that is the intracellular calcium without stimulation as it is measured
as the mean of the Rs/380, the peak increment after a stimulation with a neurotransmitter
measured as the early increase in Rsy/3s0 minus the basal calcium and the recovery phase

measured as the percentage of the peak at 20 seconds of it. (figure M2B).

A Basal Stimulation B

ATP

Peak

340

% Recovery

Basa

S~—
o fg
5] & °
© Time
(10s)
Pstt BlarrHI 1,248 bp N‘oﬂ BamHI  1353bp an
| P — | P
[ CTGCAGGGATCC ceoeccoc N EE TAe IR conTcc [cEPAs] scooccac [ TAG |

G-CEPIAter
6,299 bp

Figure M1: Calcium imaging tools. (A) Fura 2AM fluorescence in basal and after stimulation. (B)
Typical calcium response of a single cell (trace) represented as the ratio 340/380 (R340/380) versus time.
Astrocytes were stimulated with 100 pM ATP. The principal parameters analysed are indicated: basal
calcium (as a mean) , magnitude of the response (peak: higher early R340/380 minus the basal calcium)
and recovery (percentage of the Raqo/380 left at 20 s compared to the peak). (C) Principal components
of G-Cepialer plasmid and (D) principal components of Cepia3mt plasmid.

2.2. Organellar calcium imaging

GECI (genetically encoded calcium indicators) were used to study specifically calcium inside
the mitochondria and ER. The plasmids were a gift from Masamitsu Iono (J. Suzuki et al.
2014) and were transfected to the cells following the protocol described previously in section
1.4. before the calcium imaging experiments (table M3). Both plasmids had the similar
sequence and hence, are called CEPIA (calcium-measuring organelle-entrapped protein
indicator) and encoded for a protein with fluorescence properties proportional to the calcium
concentration. Besides, the plasmids contain a specific sequence to target the calcium sensor
protein to the organelle of interest. The pCMV GCEPIAler (Addgene plasmid, #58215)
measured calcium in the ER and the pCMV CEPIA3mt (Addgene plasmid, #58219)
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measured the mitochondria calcium. The representation of the principal components of both

plasmids is displayed in figure M1C and D.

Both fluorescence proteins are excited at 475 nm and emit fluorescence around 535 nm. The
recording, stimulation and the image collecting were carried out with the same set up as
intracellular calcium measurements. Fluorescence at determined time point versus initial
fluorescence (AF/F;) were calculated to asses calcium changes in both organelles after the

neurotransmitter stimulation.

2.3. Mitochondrial network imaging

Mitochondrial network visualization was accomplished with MitoTracker® Green (M7514,
Thermo Fisher Scientific) staining. This mitochondrial probe is a permeable green
fluorescence dye that accumulates in the matrix of active mitochondria having an excitation

at 490 nm and an emission of 516nm.

200 nM of Mitotracker was added to the cells for 30 minutes at 37 °C in a humidified
atmosphere of 5% CO,. Afterward, glass coverslips were mounted in an open-air imaging
chamber at 37 °C with 1 mL of medium and placed on the stages of an inverted
epifluorescence microscope Nikon Eclipse TE2000E. 100x oil objective was used in order
to have the best magnification. Images at different time points were collected with a CCD
ORCA-EG monochromatic camera (Hamamatsu) controlled by MetaMorph software
(6.1rU version, Universal Imaging Corporation). Images of cells were acquired to study
mitochondrial fusion and fission whereas recordings of 1-minute-long were performed to
monitor mitochondrial motility. 2 different image analyses were achieved according to the
process subject of study: a morphometric examination of mitochondrial ultrastructure or

single mitochondria tracking.

Regarding morphometric examination, a former master student, Agustin Bruzzese,
developed an Image] plugin (called “Mitochondria quantification”) that recognizes single
objects of an image, in this case, mitochondria, and generates a .txt file with the area and the
perimeter of each object. Cells for the analysis were selected manually having a total of one
cell per picture. Therefore, each file contained all the mitochondria per one cell. Afterward,
the mitochondria were classified into 3 different groups, puncta, rod and network depending

on their size being the smallest puncta and the biggest network (Leonard et al. 2015).

Mitochondria with an area smaller than 52 pm®and a perimeter smaller than 48 pum were
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classified in the puncta group, mitochondria with an area from 52 um® to 130 pm®and a
perimeter from 48 pm to 119 pm were allocated in rod group and finally, mitochondria with
an area larger than 130 um” and perimeter larger than 119 um to the network group. An
example of the plugin analysis and the mitochondria per group is depicted in figure M2A. In
addition, cells were treated with oligomycin (table M2) to promote fission and study the

change of the mitochondrial ultrastructure.

A
B C
y
X3Y3 XoY
X1Y1 XaY4
X

D2 = (Ax;(At))? + (Ay4(At))?

Figure M2: Mitochondrial analyses. (A)Input (left) and output (right) images before and after
applied mitochondrial dynamics plugin. In numbers on output images it is depicted a puncta
mitochondria (1), a rod mitochondria (2) and a network mitochondria (3). (B) Image of mitochondria
(yellow) and their tracking obtained from IMARIS software. (C) Graph show a movement of a single
object and the mathematical formula of D2

With respect to mitochondrial motility, a mitochondrial tracking analysis was accomplished
by IMARIS software (Bitplane, Oxford Instrument company). Prior to that, a deconvolution
(Huygens deconvolution, Scientific volume images) of video images was performed to revert
the optical distortion and created clearer images. IMARIS is a software that provides the
track and statistics from single objects using the surphase tool (figure M2B). A fixed
threshold was set for all the videos towards comparing them. Since the mitochondrial
movement was measured without any stimulation and it was in all directions, the Brownian
motion was selected as the type of movement. Mitochondria were selected manually

according to the following criteria: (1) only single mitochondria that can be separated from
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the rest and (2) mitochondria with data in all the frames or images including those that have

one gap.

The squared displacement (D* was the parameter chosen to compare the motility of
mitochondria. D* is the displacement of an object from 2 positions (x1y1 to Xzy2) in a time
interval (At), which in our case was 2 seconds and it is squared to eliminate the directionality
of the movement. In other words, positive as well as negatives movements were taken into

account for the analysis. The mathematical formula is depicted in figure M2.

2.4. Lysosomal pH measurement

Lysosomal pH was measured in collaboration with Dr. Sanchez laboratory (University of
Valladolid) using the dye LysoSensor Yellow/Blue DND-160 (L7545, Thermo Fisher
Scientific). As a radiometric dye, the LysoSensor readout is independent of the dye
concentration. Its excitation wavelengths are at 340 nm and 390 nm and the emission around
535 nm. Experimental parameters such as incubation time and dye concentration have been

set to minimize variation and to give the best signal-to-noise ratio.

The procedure was the following. Cells were grown to 80% of confluence in black 96-well

plaques (353219, Falcon) and washed with PBS. Subsequently, cells were incubated in the
dark at RT for 3 minutes with 2 uM of LysoSensor Yellow/Blue in an isotonic solution (105

mM NaCl, 5mM KCl, 6mM HEPES-Acid, 4mM Na-HEPES, 5mM NaHCO3, 60 mM
mannitol, 5mM glucose, 0.5mM MgCly and 1.3mM CaCly; pH adjusted to 7.4). After that,

cells were rinsed 3 times in isotonic solution and then incubated with either, additional

6+ isotonic solution for pH measurement
o 4 or with pH calibration buffers to
8
5 perform the standard curve.
24
0 — 5 8 With respect to the standard curve,
pH

absolute pH levels were obtained by
Figure M3: PH standard curve. PH standard curve
of mixed culture of both cell lines in solutions at
different pH. Equation of the standard curve: y =
1.990x — 6.925 (R2 = 0.98).

calibrating lysosomal pH against the

signal obtained with the calibration

standards. Cells were incubated with 15
uM Monensin and 30 pM Nigericin (Sigma Aldrich), which are proton-cationophores that

permeabilize the lysosomal membrane to Na" and K7, respectively. These ionophores added
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in solutions at pH 4.0, 4.5, 5.0, 5.5 and 6.0, force lysosomes to equilibrate with these pH

values. Measuring the fluorescence ratio Rsqo/ss0 versus pH was used as a standard curve to

calculate the lysosomal pH of different samples. Figure M3 displays the standard curve of
ApoE3 and ApoE4 cells.

Fluorescence was measured with a GENios Pro Fluorometer and recorded using the

XFluor4GENiosPro software package (TECAN). The final calculated pH represents the

mean of 6 measurements taken strictly within the 12 min following dye removal, as

LysoSensor generates lysosomal alkalization with longer incubation times.

2.5. Immunocytochemistry

Cells were grown on glass

coverslips into  24-well
plates. Cells were treated
fixed with 4%

paraformaldehyde (15714,

and
Electron Microscopy
Science) for 15 minutes.
500 pl of different used
reactives were added to
the wells in each step. 3
washes of 5 minutes were
carried out before adding
0,1% of Triton buffer
(A160406, Alfa Aesar) to
permeabilize  cells in
agitation. Then, 5% of

NGS (normal goat serum;

16210064, Thermo Fisher

;iizg]y Secondary Reference Western blot | Immunistaining
Anti-ApoE | Mouse | $¢23°70, Santa Cruz 1/250 1/400
Biotechnology
Anti-Bip Rabbit 3177 Cell Signalling 1/1000
Anti- p-eIf2]  Rabbit 9721, Cell Signalling 1/1000
Anti-Ire-1a]  Rabbit 3294, Cell Signalling 1/1000
Anti-Pdi Rabbit 3501, Cell Signalling 1/1000
Anti-AB Mouse sig-39320, Biolegend 1/500
Anti-Gfap Rabbit z 0334, Dako 1/1000
Anti-Lamp1 Rat 1D4B, Hybridoma Bank 1/200
Li‘;It}_H Rabbit ab48394, Abcam 1/200 1/200
Anti-Tfeb Rabbit 6801,ProSci 1/400
Anti-V0D1 Mouse ab56441, Abcam 2.5ug/ml
Ant-VIBLL g bt ab200839, Abcam
and V1B2 >
Anti-Parkin|  Rabbit ab15954, Abcam 1/1000
Anti-Tom20| Rabbit | 11412 Santa Cruz -y 15 1/1000
Biotechnology
Anti-B-actin] Mouse 25316, Sigma Aldrich 1:20000
SeC(.)ndary Form Source Western Blot | Immunostaining
antibody
. Donkey 712-165-150, Jackson
Anti-rat anti-Rat IéG Immunoresjearch 1/200
Alexa Fluor | Goat anti- | A11029, Thermo Fisher 171000
488 Mouse IgG Scientific
Alexa Fluor| Goat anti- |A11034, Thermo Fisher 171000
488 Rabbit IgG Scientific
Alexa Fluor| Goat anti- JA11037, Thermo Fisher 171000
594 Rabbit IgG Scientific
Alexa Fluor| Goat anti- JA11032, Thermo Fisher 1/1000
594 Mouse IgG Scientific
Alexa Fluor] Goat anti- |A21424, Thermo Fisher 171000
555 Mouse IgG Scientific
Alexa Fluor] Goat anti- |A21429, Thermo Fisher 171000
555 Rabbit IgG Scientific
Secondary | - anti- | 31430, Thermo Fisher
Aatibody, Mouse IgG Scientific 1/10000
HRP
Secondary . .
J N Gan anti- | 31460, Ther@o Fisher 1710000
HRP °? ] Rabbit IgG Scientific

Table M4: Primary and
secondary antibodies
used. The antibodies are
classified depending on if

they are  primary or
secondary, and secondary for
immunostaining ot  for

Western Blot.

57



Scientific) were used to block the unspecific unions and primary antibody was incubated
overnight at the desired concentration (table M4). Afterward, the appropriate secondary
antibody (table M4) was incubated for 1 hour at RT following by 3 PBS (phosphate-buffered
saline) washes of 10 minutes. Nuclear staining was accomplished by DAPI (D3571, Thermo
Fisher Scientific) staining after incubation for 5 minutes (dilution of 1:20000). Coverslips
were mounted on a slide with Fluoromount G (0100-01, Southern Biotech) and fixed with
nail polish. Images were acquired by confocal laser scanning microscopy ZEISS LSM 700 or
TE 2000E microscopy and analysed with Image].

These images were analysed according to the parameter to determine. For lysosome
localization, we used the IMARIS software. In that case, we identified the membrane, the
nucleus and the vesicles of each cell due to “ImarisCell” tool. The Lamp1 positive staining
were the vesicles which were identified owing to “spots” tool, which established spherical
structures giving a dot to them. ImarisCell tool provided different parameters among the
relationship between cell membrane, nucleus and vesicles or spots. We employed the
distance (um) from each vesicle to the closest point of the nucleus to study the cellular

localization of the Lamp1 positive vesicles.

2.6. Cholesterol staining

Filipin III (F4767, Sigma Aldrich) is an antibiotic from Streptomyces Filipensis that is capable
to bind unesterified cholesterol and emits fluorescence in the ultraviolet spectrum. The
protocol described below has been adapted from Suzuki et al. and Santos et al. and setting
up the appropriated concentration of Filipin for our cells (S. Suzuki et al. 2007; Copetti-
Santos et al. 2015). Cells, which were grown on glass coverslips, were fixed with 500 puL. of
4% paraformaldehyde for 15 minutes and washed with PBS as it is described for
immunocytochemistry protocol. Afterward, coverslips wete incubated with 25 pg/mL of
Filipin for 30 minutes at RT in the dark. Since Filipin is cell permeant so, triton treatment is
not needed. After 3 washes of PBS, glass coverslips were mounted with Fluoromount G and
images were acquired by CCD ORCA-EG monochromatic camera (Hamamatsu) and the

Eclipse TE-2000E (Nikon) epifluorescence microscope. 20x or de 40x oil objective was used.

2.7. Autophagic and endolysosomal vesicles quantification by transmission electron
microscopy

Cells were grown in DMEM supplanted with 10% of FBS. The identification and

quantification of autophagic vesicles and lipid droplets by electron microscopy were
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performed in Dra. Gutierrez laboratory (University of Malaga). Cells were fixed with 4%
paraformaldehyde and postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer. After
that, the samples were stained with uranyl acetate, dehydrated in graded acetone and
embedded in Araldite (EMS, USA). The block was cut in ultrathin sections and observed
with the electron microscope (JEOL JEM 1400).

First, panoramic images were acquired at 4000x to use as a map in order to avoid counting
one structure twice. To quantify, consecutive non-overlapping pictures were obtained at
15000x of each cell. The distribution of the vesicles into the group of lipid droplets or
autophagic vesicles was carried out manually according to the following criteria. Vesicles
were identified as lipid droplets when it was an electroclear structure with a lipid monolayer
without intraluminal content. On the contrary, vesicles were classified as autophagic vesicles
when their structure was electroclear but with a lipid bilayer with autophagic bodies or

electrodense structures with abundant vesicular content.

The final measurement was calculated as a mean of the vesicles of a specific type versus total

vesicles of each cell.

3. Biochemical and Molecular Biology methods

3.1. Protein extraction and quantification

After the appropriated treatment, cells for protein extraction were lysed with RIPA buffer
(50 mM Tris HCI (T3253, Sigma Aldrich) pH 7.4, 150 mM NaCl (§O02241000, Scharlau),
0.1% SDS (L3771, Sigma Aldrich), 1% Igepal (13021, Sigma Aldrich) and 0,5% sodium
Deoxycholate (ID6750, Sigma Aldrich)), in which phosphatase (P5726, Sigma Aldrich) and
protease (11697498001, Roche) inhibitors were added freshly. Collected cells were sonicated
for 5 minutes and centrifuged to remove unbroken cells. Protein extracts were quantified
with BCA kit (23225, Thermo Fisher Scientific) according to the manufacturer’s protocol.
In brief, this colorimetric method enables to measure the protein concentration thanks to
the reduction of Cu** to Cu’ by protein in alkaline medium and the subsequent colorimetric
reaction of Cu” with bicinchoninic acids. A standard curve of BSA (bovine serum albumin)

diluted in RIPA buffer was performed. Protein samples were stored at minus 20°C.

3.2. Western blotting

Initially, samples with 15 to 35 pg protein were denatured and charged negatively by adding

the appropriated volume of 4x loading buffer composed of 62.5 mM Tris HCI pH 6.8, 10%
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glycerol, 2% SDS, 5% beta-mercaptoethanol and 0.01% bromophenol blue and heated at
95°C for 5 minutes. Then, samples were loaded in polyacrylamide gels electrophoresis
(PAGE) (A3579, Sigma Aldrich), which is formed by 2 layers: resolving and stacking.
Stacking gel is composed of 4% polyacrylamide, 0.125 M Tris HCl, pH 6.8 and 0.1% SDS
and resolving fraction by polyacrylamide whose percentage changed according to the protein
weight, being bigger if the interested protein is small, 0.375 M Tris HCI pH 8.8 and 0.1%
SDS. In both fractions, TEMED (T9281, Sigma Aldrich) and ammonium persulfate (A3678,
Sigma Aldrich) were added to promote the polymerization of acrylamide. SDS-PAGE
electrophoresis was conducted at a constant amperage (30 mA) for approximately 2 hours
followed by the protein transference to a PVDF membrane (03010040001, Roche) at
constant voltage (100 mV) for 1.5 hours. Electrophoresis buffer was composed of 24 mM
TRIZMA base (T1503, Sigma Aldrich), 190 mM glycine (G8898, Sigma Aldrich) and 0,1%
SDS while transfer buffer contained 24 mM TRIZMA base, 190 mM glycine and 20%
methanol (M/40501PB17, Fisher Chemical). The membrane was blocked with 5% non-fat
milk dissolved in TBS-T (Tris-buffered saline plus 0.2% tween detergent) (P1379, Sigma
Aldrich) for 1 hour and the appropriated concentration of primary antibody diluted in 5 mL
of TBS-T was incubated overnight at 4°C in agitation. The next day, the membrane was
washed 3 times with TBS-T followed by the incubation with an HPR (horseradish
peroxidase) secondary antibody for 1 hour. Table M4 contains all the antibodies used. Finally,
the membrane was developed using the chemiluminescence kit of BioRad (170-5061) by
mixing 1 mL of the 2 reagents, applying to the membrane and incubated with photographic
films for periods of seconds to minutes. Films were then developed automatically with film
processing machine FPM-100A (Fuji Photo). Alternatively, chemiluminescence membranes
were detected with a Chemidoc MP Image System (BioRad). Image] or Image lab software

was used for the quantification of the bands.

As previously presented, a Bicine western blot was performed to confirm the correct
oligomerization of AP. For such western blot, the electrophoresis gel was composed of a
separation layer (0.4 M Trizma Base, 0.1 M H,SO,, 12% Acrylamide (161-0154,
BioRad),0.1% SDSat pH 8.1) and a stacking layer (0.4 M BisTris (B7535, Sigma Aldrich), 0.1
M H.SO4, 5% Acrylamide, 0.1% SDS at pH 6.7). Ammonium persulfate and TEMED were
added to promote the polymerization of the gel. The loading buffer for the AP sample was
composed of 0.72 M BisTris, 0.32 M Bicine, 2% SDS, 100 mM DTT and 0.008%
bromophenol blue. Cathode running buffer (0.2 M Bicine (B3876, Sigma Aldrich), 0.1 M
NaOH, 0.25% SDS at 8.2 pH) was placed on the inner tank of the electrophoretic bucket
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while in the outer tank, anode running buffer (0.2 M Tris Base, 0.05 M HxSO, t 8.1 pH) was
added. Electrophoresis was performed by fixing the amperes at 0.025 per gel. Transference
to PVDF membrane also accounted with different buffer composition than normal western,

in this case with 10 mM CAPS and 10% of methanol. Then the voltage was fixed at 100 volts

KDa  5ul 15ul . . .
- for 90 minutes to accomplish the transference. Membrane block with

150 milk and incubation with primary and secondary antibodies were

100 :
performed as in normal western blot.

75

5 This protocol was conducted with every new oligomeric A preparation.
¥ Figure M4 shows a representative western of it.

25

15 Figure M4: Representative oligomeric AP western blot. Special AP western

blot carried out to assess the induction of oligomeric forms (upper part of the

p- Western) of that protein.

3.3. Plasmid amplification and purification of ApoE3-GFP, ApoE4-GFP and CEPIA
plasmids

DH5-a E.coli were transformed with the plasmid DNA through heat shock from 4°C to

42°C for 2 minutes. Then, bacteria were growing in 500uL. of LB medium (Lysogenic broth,
12795-084, Invitrogen) for 1 hour and seeded in LB agar (00604241, Thermo Fisher
Scientific) plates with the convenient antibiotic depending on the plasmid resistance over-
night at 37°C. In the case of the ApoE-GFP plasmids, the resistance was kanamycin and in
the case of CEPIA plasmids, it was ampicillin. Subsequently, one colony was picked by using
a pipette tip and grown in crescent volumes of LB medium, first in 5 mL and then in 300
mL with the antibiotic for approximately 24 hours at 37°C. Once the bacteria density was
the appropriated, they were lysed and the plasmid was purified with PureLink™ HiPure
Plasmid Filter Maxiprep Kit (K210016, Thermo Fisher Scientific) following the
manufacturer’s indications. In detail, growth bacteria were resuspended in 10 mL of
resuspension buffer and then,10 mL of lysis buffer was added to the resuspension that was
mixed by inverting and incubated for 5 minutes at RT. Then, 10 mL of the neutralization
buffer was added and the mixture was transferred to the column and washed with wash
buffer. Subsequently, the plasmid was eluted by adding 15 mL of elution buffer and
precipitated with 10.5 mL of isopropanol. Then DNA precipitated mixture was load in the
syringe attached to a plunger keeping the DNA in the plunger. Finally, DNA was washed
with ethanol and eluted with Tris-EDTA buffer. The plasmids were stored at -20 °C.
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3.4. Genomic DNA extraction and ApoE genotyping

ApoE3 and ApoE4 cells were trypsinized, collected and centrifuged at 200 xg for 5 minutes,
then, the supernatant was discarded and the cellular pellet was resuspended in lysis buffer
(100 mM Tris HCl pH 8.8, 5 mM EDTA, 0.2% SDS and 200 mM NaCl) supplemented with
proteinase K 0.2 mg/ml. Cellular extracts were incubated for 5 hours at 55 °C. DNA was
precipitated by the addition of 500 pL of isopropanol (19516, Sigma Aldrich) and a
centrifugation of 12000 rpm for 10 minutes. The supernatant was discarded by pipetting
carefully and DNA pellet was washed with 500 puL of ethanol 70% and centrifuged at 12000
rpm for 10 minutes again. DNA was dried at RT until form a translucent pellet and

resuspended in 30 to 50 pL. of TE (Tris EDTA buffer). It was stored at -20 °C

Sample ApoE genotyping was performed by real-time PCR (polymerase chain reaction)
(Applied Biosystems 7500 Fast Real-Time PCR system) due to the ability of the PCR to
detect single variant nucleotide in a given sequence. 2 different probes (TagMan® SNP
Genotyping Assay) were used, 15429358 and rs7412 (Thermo Fisher Scientific), the first one
distinguishes between the nucleotide changed of ApoE3 and ApoE4 and the second one
between the nucleotide changed of ApoE2 and ApoE3. Each probe is formed by 2 different
sequences that are bind to a detector, VIC or FAM, each one for one of the sequences that
we want to identify, in other words, one detector bind to the sequence of ApoE3 and the
other detector to the sequence of ApoE4. In addition, the probes are composed of 2 primers
that amplify the polymorphic region. Therefore, the PCR mix was formed by one probe,
TagMan Genotyping Master Mix (4371353, Thermo Fisher Scientific) and genomic or
plasmid DNA. The PCR program was divided into 3 stage: 1) 50°C for 2 minutes, 2) 95°C
for 10 minutes and 3) 50 cycles of 95°C for 15 seconds and 64°C (rs429358 probe) or 61°C
(rs7412 probe) for 2 minutes. Finally, confirmation of the genotyping were depicted by 7500
software (Applied Biosystems).

3.5. mt-DNA extraction

Cells were grown in 35mm-diameter plates with DMEM medium supplemented with 10%
FBS and antibiotics. In detail, cells were detached with 1 mL of trypsine for 5 minutes at 37

°C and transferred to an Eppendorf tube. An extraction buffer composed of 10 mM Tris-
HCl, 10 mL EDTA, 0.5% SDS and 20 pg/mL of RNAse A at pH of 8 was added to the cells
and kept for 1 hour at 37 °C. Then, 100 pg/mL proteinase K was added to the solution and

incubated for 1 hour at 56 °C. Finally, the solution was heated at 95 °C for 10 minutes to
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inactivate the proteinase K. This solution contained the mt-DNA and it was kept at -20 °C.

3.6. RNA (ribonucleic acid) extraction and reverse transcription PCR

Cells were collected through the addition of Trizol Reagent (15596018, Thermo Fisher
Scientific), using different volume depending on the size plate. 35mm-diameter plates were
commonly used, so, the employed volume was 1 mL. After Trizol addition, we resuspended
the cells and collected in an Eppendorf tube. Then, 0.2 mL chloroform (22711.290, AnalaR
Normapur) was added and the extracts were kept 3 minutes at room temperature. Then,
extracts were centrifuged at 11,500 rpm for 15 minutes at 4°C. Centrifugation allows the
formation of 3 different phases: inferior formed by phenol-chloroform, interphase formed
by proteins and the superior phase, where the RNA is located. Therefore, the superior phase
was isolated by pipetting carefully and 0.2 mL of isopropanol was added to promote the
precipitation of RNA. RNA isolated was kept at room temperature for 10 minutes and
centrifuged at 11,500 rpm for 10 minutes. Finally, RNA was washed with cold 0.5 mL of
ethanol 75% and preserved at room temperature until the pellet was dry. RNA samples were

resuspended in TE and kept at -80°C.

RNA sample concentration in each sample was determined by a Nanodrop 200
spectrophotometer (Thermo Fisher Scientific). 2 pg of RNA were reverse transcripted to
cDNA. The required reagents to carry out the reverse transcription PCR were 1 uM of oligo

DT (SO132, Thermo Fisher Scientific), 1 uM of hexamers (SO142, Thermo Fisher
Scientific), 0.5 mM dNTPs (10297018, Thermo Fisher Scientific), 0.45 mM DTT (P/N
y00147, Thermo Fisher Scientific), 10 U (units) RN Ase out (P/N 100000840, Thermo Fisher
Scientific), 1x RT buffer and 200 U of retrotranscriptase (EP0441, Thermo Fisher Scientific).
The PCR program was divided into 2 steps: 1) 65°C for 10 minutes and 2) 25°C for 10
minutes, 42°C for 1 hour and 72°C for 10 minutes. In the first step, only oligo DT, hexamers,
dNTPs and the RNA sample were present and the rest were added when step 1 had finished.
We kept the cDNA at -20 °C and analysed gene expression through real-time PCR.

3.7. Gene expression and mitochondrial DNA quantification

Quantitative real-time PCR (qPCR) was used to assess gene expression and mitochondrial
DNA quantification. We used 2 different approaches: the first was TagMan assays and the
second used, SYBR Green. TagMan assay used probes with a reporter and a quencher. The

reporter contains a fluorophore that is inhibited by the quencher, when the union of both is
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hydrolysed after the hybridization, the reporter emits the fluorophore and fluorescence,
Which is captured by the detector of 7500 Fast Real-Time PCR System. In the case of the
SYBR assay, it is based on double-strand fluorescent molecules that emit fluorescence when
the double strand cDNA is formed. Fluorescence is equally detected with the 7500 Fast Real-
Time PCR System. In both cases, the PCR cycle in which the fluorescence peak appeared is
proportional to the DNA sequence quantity. The qPCR mixes were : 1) 1 pL. of TagMan
hydrolysis probe (table M5), 10 pl. of Tagman™ Universal Master Mix II, with
UNG (4440039, Thermo Fisher Scientific), 5 ul. of RNase, DNase free water (10977035,
Thermo Fisher Scientific) and 4 pL of sample for TagMan protocol and 2) 0.4 pM of each
primer (Table M5) 5 uL. of SYBR mix (4367659, Thermo Fisher Scientific), the convenient
RNase, DNase free water and 2.5 pL. of sample for SYBR green protocol. Proper sample
dilution was adjusted for each probe and is depicted in the table M5. TagMan primers were
purchased from Thermo Fisher Scientific and primers for SYBR were designed according to
the sequence of the gene to be detected or guided by published probes (table M5). qPCR

cycles were the following: (1) a holding stage of 50 °C for 2 minutes initial, then 10 minutes

Gene Reference Sequence (5'->3") Prm;s:r for TagMan® | Sample dilution
) 5 GCTGAGCCTTGCTTGTGAGG-3'; 5'-
Tpe2 Desingned ACACTTCAGGGTCTTCTTCATCA-3' * 1/5
_ Desinoned 5 CTGGGAGAGATGAATTATCAAGAG-3'; . 125
pe csingne 5 GTTGTGTACGAAGAGGTAGG-3' 2
Trpml Mm00522550_m1 + 1/5
VICl Mm00445925 m1 + 1/5
V1A Mm01343719_m1 + 1/5
Mfnl Mm00612599_m1 + 1/5
Mfn2 Mm00500120 _m1 + 1/5
Opal Mm01349707_g1 + 1/25
Dipl Mm01342903 m1 + 1/25
Fisl Mm00481580_m!1 + 1/50
Pinkl Mm00550827 + 1/5
Rhotl Mm01304158 + 1/25
Trakl Mm00613053 + 1/10
Trak2 Mm00549615_m1 + 1/25
ApoE Hs00171168_m1 + 1/50
TBP Mm00446973_m1 + 1/25 or 1/50
) 5" CAAATGCTTCATAAATCTCTGCT-3';5'"- .
TBP Desingned AGTTCAGTAGCTATGAGCCA-3' * 1/25
18s Mm03928990 + 1/250
GAPDH Desingned > 7A:F\ (9 g;g?z’é’é%:;%%’?;’igﬁg:i’ °- + 1/25 or 1/50
GAPDH Mm9999915_o1 + 1/25 ot 1/50
mtDNA 115 | (Podlesniy etal. 2013) | > ég‘;f(;éﬁ%égééé?ééé;&; %5 i + 0.34 pg/mL
mtDNA 699 | (Podlesniy etal. 2013) | ° gg‘égggg?g;gggégﬁgg%? . + 0.34 pg/mL

Table M5: Primers for Syber Green and TaqMan probes for real time qPCR.
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at 95 °C and 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute for TagMan protocol
and (2) similar protocol for SYBR assay but adding an extra stage of the melting curve
composed of 15 seconds at 95 °C, 1 minute at 60 °C, 30 seconds at 95 °C and 15 seconds at
60 °C. Data analysis was performed using Cq value and the average of the gene efficiency
provided by LinReg PCR software. First, we normalized the Cq to the control subtracting
its value and then we calculated the 1+eficience™ of each gene analysed. Not RT (sample
without retrotranscriptase) and blank were used as a negative control. Expression data were
normalized with housekeeping genes (Gapdh, TBP or 18s) or performing a geometric mean

of these genes according to the geNorm algorithm (Vandesompele et al. 2002).

3.8. Lactate and ATP quantification

To detect lactate secreted to the extracellular medium, cells were grown in a 24-well plate.
When they were confluent, the medium was replaced by Krebs buffer (KH) (113 mM NaCl,
25 mM NaHCO:;, 4.7 mM KCI, 1.2 mM Mg,SO,, 10 mM Hepes (acid), 10 mM glucose and
1.3 mM CaCl at pH of 7.4) and incubated for 2 hours. Secreted lactate was measured by
Lactate Assay Kit (MAKO064, Sigma Aldrich) according to the manufacturer’s instructions.
This kit is based on an enzymatic reaction that results in a colorimetric compound (570 nm)
that is proportional to lactate concentration. The mix reaction was formed 46 pL of lactate

assay buffer, 2 uL. of lactate enzyme mix and 2 pL of lactate probe that was added to each

50 pL of the medium sample and incubated for 30 minutes at room temperature. Lactate
concentration was determined according to lactate standard curve performed with known
concentrations of lactate diluted in lactate assay buffer. Data were normalized by the protein

concentration collected and digested with RIPA buffer and quantified using BCA kit.

ATP production of ApoE3 and ApoE4 cells was measured by ATPlite Luminescence Assay
Kit (6016943, PerkinElmer). ATP interacts with D- luciferin and luciferase producing
luminescence. Cells were grown in 24-well plates for 3 to 5 days until they reached 80% of
confluence, and then, the medium was changed by DMEM supplemented with 10% FBS.
The next day, the medium was discarded and 100 pL of PBS was added to the cells after
washing them twice with 500 pL of PBS. Then, 50 pL of lysis buffer was added to lyse the
cells and they were agitated at 700 rpm for 5 minutes. The lysed cells were mixed with 50 pL.
substrate solution and agitated at 700 rpm for other 5 minutes. Finally, the cellular extracts
were kept in the dark for 10 minutes and measured in the luminometer (Biotek). ATP

quantification was normalized by protein concentration measured directly in the cellular
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extracts by BCA assay.

3.9. Lysosomal isolation

Lysosomal isolation requires of large amounts of cells, thus, 4 confluent 25x25 cm plates
were used for each condition. This procedure was carried out in the laboratory of Dr. Miquel
Vila (Vall &’ Hebron). Firstly, astrocytes were removed from the plate with a scrapper,
transferred to a falcon and centrifuged 5 minutes at 800 xg and at 4°C. The pellet was
resuspended in 1 mL of 0,25 M sucrose with protease inhibitors and then placed on the
cavitation chamber, remaining the cells at 2.5 atmospheres for 6 minutes. Subsequently, 2
homogenizations took place: Teflon- crystal and crystal-crystal homogenization. These last
steps contribute to the cytoplasmic membrane lysis without affecting organellar membrane.
The homogenized preparation was centrifuged at 25000 xg for 15 minutes at 4°C and 2
fractions were obtained, pellet (containing DNA, membranes, nucleus and heavy
mitochondria) and supernatant (containing the small organelles and cytoplasm). The
supernatant was centrifuged at 17000 xg for 10 minutes at 4°C allowing the separation of
lysosomes and small mitochondria that were found in the pellet. Pellet was resuspended in
0,25 M sucrose and 2 metrizamide gradients were prepared: (1) 35%,17% and 6%
metrizamide and (2) 24%, 17% and 5% of metrizamide. In the first gradient, lysosomes
appear in the interphase between 17% and 6% after the centrifugation at 200000 rpm for 35
minutes at 4 °C. The second gradient was composed of 24% (obtained from lysosomal and
mitochondrial enrich fraction plus metrizamide), 17% and 5%. The lysosomes were found
in the interphase of 17% to 5% after the centrifugation at 200000 rpm for 35 minutes at 4
°C. Finally, lysosome fraction was centrifuged at 37000 xg for 15 minutes at 4 °C and
resuspended in 0,25 M sucrose. Temperature shock was used to induce lysosome lysis, and
through similar centrifugation as the previous step, membrane and lysosomal content were

separated.

4. Metabolomic studies

An untargeted metabolomic assay was performed by Dr. Ariza laboratory from the
University of Huelva. The extraction of metabolites from the ApoE3 and ApoE4 samples
was carried out by the addition of 200 pl. CHCl;::MeOH in a relation of 1 to 2 with 0.1% of
formic acid to promote the ionization of molecules. Then, samples were vortexed for 5
minutes and centrifuged at 4000 rpm for 3 minutes to discard suspension solids. Samples

were analysed with mass spectrometry. This technique was applied employing the QSTAR
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XL hybrid system (Applied Biosystems, Foster City, CA, USA), which is a triple quadrupole-
time of flight with an electrospray source. The sample induction flux was 15 uL./min through
the infusion integrated pump. The resulted spectra were acquired in positive ionization in a
range of m/z from 50 to 1100 uma. The ionization parameters were: voltage ion spray 3300
volts, decluttering potential of 60 volts and focusing potential of 250 volts. To the spectra
acquisition, nitrogen was used as collision gas. Markerview™ and SIMCA-P™ software were
used to reduce the results into a two-dimensional matrix of peak spectra and intensity of
peaks and for the statistical analysis. We obtained around 2000 pics of each cell line and the
comparison of each one in both conditions was achieved through Partial Least Squares-
discriminant analysis (PLS-DA). The value obtained from this analysis is variable important
of the projection (VIP) that identifies metabolites that discriminate the ApoE3 to the ApoE4

condition.

The identification of the peaks was performed comparing their accurate mass with those
available in metabolomics databases (HMDB, METLIN, KEGG and LIPIDMAPS)

(Gonzalez-Dominguez, Garcfa-Barrera, and Goémez-Ariza 2014).

5. Statistics

The different n or sample size was determined at least by 3 different cell passages. A
parametric unpaired T-test was applied for the comparison of a variable in 2 different
conditions or cell types whereas one-way analysis of variance (ANOVA) with a Turkey’s
posthoc test was used in the case of comparing more conditions. The software employed
was GraphPad Prism 6 and the data were represented as mean £ SEM (standard error of the
mean). P-value < than 0.05 was considered significant (* p-value < 0.05, ** p-value < 0.01,

FEp-value < 0.001 and ****p-value < 0.0001)
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Chapter 1: Calcium signalling
alterations triggered by ApoE4

expression.
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Calcium signalling is the basis of astrocyte excitability, and hence, it is responsible for many
essential processes such as gliotransmission or vascular dilatation and blood flux of the brain.
Moreover, it is altered in animal models of AD. For all these reasons, we investigated the

contribution of ApoE4 expression to calcium homeostasis in astrocytes.

1.1. Characterization of calcium signalling in ApoE3 and ApoE4
astrocytes.

To study calcium signalling, we employed Fura 2AM, a radiometric calcium dye. The ratio
of the fluorescence of Fura2 is proportional to the cytosolic calcium concentration (see
materials and methods, section 2.1.). To analyse the calcium homeostasis in detail, we
quantified basal calcium, which refers to intracellular calcium at rest conditions before
stimulations, and 2 parameters of neurotransmitter-induced calcium responses: (1) the peak,
which is the maximum increment elicited by the stimulation that takes places after a few
seconds of the stimulus, and (2) the recovery phase, which is the plateau of the response
after the peak. We compared

these 3 parameters between A B 050,

ApoE3 and ApoE4 astrocytes

paying special attention in the 0.25]

R340/380
(0.5)
Rs401380
*

peak since it is the most
r— ApoE3
1
universally used parameter to (105) I ApoEd 0.00-
study calcium signals, whereas
. C D
the recovery phase is less
informative. 1.0 - 80- x
© 4
g 23 %
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We stimulated these cells with 4 $%
o 58
ATP because purinergic S
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receptor-elicited calcium signals
are of high importance for
astrocyte physiology, and since
the activation of purinergic
receptors has been proposed as
a causative mechanism of

astrocyte calcium hyperactivity

in AD animal models (Delekate

Figure R1: Calcium signalling in ApoE3 and ApoE4
astrocytes. (A) Representative calcium responses of ApoE3
(orange) and ApoE4 (gteen) astrocytes upon 100 uM ATP
stimulation. Graph shows Rasgo/3s0 versus time (s). (B)
Quantification of the intracellular calcium concentration in a
non-stimulated condition. (C) Quantification of the 100 uM
ATP-elicited  cytosolic  calcium increase (peak). (D)
Quantification of the recovery after 20 seconds from the ATP
peak taking into account the basal as 0% and the peak as
100%. Quantifications of several cells of 4 independent
experiments. A parametric unpaired T-test was applied in all
the sections. *p<0.05, **p<0.01
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et al. 2014). We used 100 pM of ATP since elicits maximal calcium responses in astrocytes

(Barcel6-Torns et al. 2011).

Figure R1A depicts the calcium representative traces from one ApoE3 and one ApoE4
astrocyte upon 100 pM ATP stimulation. Interestingly, both traces are totally different. As
previously said, we analysed the 3 parameters: basal calcium (figure R1B), calcium peak after

stimulation (figure R1C) and recovery phase after stimulation (figure R1D).

Firstly, the basal calcium measured as the Fura2 ratio of ApoE3 cells is 0.41 = 0.03 whereas
the one in ApoE4 cells is 0.28 & 0.01 (Figure R1B). Therefore, the cytosolic calcium in non-
stimulated conditions is higher in ApoE3 than in ApoE4 cells.

Secondly, ATP stimulation increased the cytosolic calcium of ApoE4 (increase of 0.87 £
0.06 in Fura2 ratio) and ApoE3 cells (increase of 0.36 £ 0.07 in Fura2 ratio). Hence, ATP
elicits a higher cytosolic calcium increase in ApoE4 astrocytes than in ApoE3 cells (figure
R1C).

Thirdly, to calculate the recovery phase, we first normalized each response by considering
the peak value of the ratio as 100%, and the minim value of the basal calcium ratio as 0%.
Then, we measured the percentage of response after 20 seconds of the peak. With this
analysis, we determined that ATP-triggered responses of ApoE4 cells have a more sustained
plateau than ApoE3 astrocytes (percentage at 20 s of the peak 27.67 £ 1.51% in ApoE3 cells
compared to 64.93 = 1.17% in ApoE4 ones) (Figure R1D).

In conclusion, cytosolic calcium is lower at non-stimulated conditions, but ATP triggers

higher and longer calcium responses in ApoE4 astrocytes, as compared to ApoE3 cells.

To study if the described alterations of calcium responses in ApoE4 astrocytes apply only to

purinergic receptors or, conversely, they are general to other receptors, we stimulated the
cells with other neurotransmitters. We used 10 uM of noradrenaline (NA) (figure R2A) and
100 uM acetylcholine (Ach) (figure R2B), which increase cytosolic calcium through the

activation of G-protein coupled receptors.
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Figure R2: Calcium responses elicited by NA and Ach in | f€sponsc at the 20s from the
Ap9E3 and Ap0E4 astrocytes. (A) Representative cytosolic peak of 1831 £ 6.04% and
calcium traces of single ApoE3 and ApoE4 cells after 10 pM of
noradrenaline (NA) stimulation (left) and quantification of the peak | 36.87 £ 5.02% in ApoE3 and
of the response from several cells from 3 independent experiments
(right). (B) Representative cytosolic calcium traces of single ApoE3 ApoE4 astrocytes,
and ApoE4 cells after 100 pM of acetylcholine (Ach) stimulation
(left) and quantification of the peak of the response of several cells
from 4 independent experiments (right). Parametric unpaired T-test
was applied to both analysis. *p<0.05, ***p<0.001

respectively.

With respect to muscarinic

stimulation, the Ach-elicited cytosolic calcium peak in ApoE4 cells is 0.43 £ 0.05, while the
elicited peak in ApoE3 cells is 0.28 * 0.02 (figure R2B). As previously, the recovery phase
after Ach stimulation appears to be longer in ApoE4 cells than in ApoE3 astrocytes, with

percentages of responses at the 20s of 51.06 = 5.42% and 35.04 £ 5.83%, respectively.

Hence, both transmitters achieve a higher cytosolic calcium increases and it seems that also
show longer recovery phase in ApoE4 cells. Consequently, the high cytosolic calcium
increases and the more extended recovery phase are a general alteration of the calcium

signalling in ApoE4 astrocytes.

1.2. Analysis of calcium signalling pathways in ApoE3 and ApoE4
astrocytes.

Calcium responses are achieved by the mobilization of calcium from organelles and the
extracellular calcium entry. To understand the differences in calcium homeostasis in ApoE4

cells, we carried out a detailed study of the different calcium signalling pathways.
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1.2.1. Calcium uptake by mitochondria

We first studied the calcium uptake by the mitochondria. To this end, cells were transfected
with CEPIA-3mt plasmid, which codifies for a fluorescence calcium sensor protein targeting
the mitochondria. Thus, we could measure the calcium concentration directly inside the
mitochondria. After cell stimulation with 100 pM ATP, the quantification of the calcium
uptake by the mitochondria (figure R3) measured as the variation of the ratio F/F, in ApoE4
cells is 0.91 + 0.07, compared to the variation of the ratio in ApoE3 cells that is 0.56 % 0.06.
This result is in agreement with the higher ATP-mediated calcium responses in ApoE4 cells,
as mitochondria buffering capacity increases with higher cytosolic calcium. Therefore,
ApoE4 cell mitochondria uptake more calcium than ApoE3 cell mitochondria
demonstrating that the higher ATP-elicited calcium responses in ApoE4 are not due to

alterations in the mitochondrial calcium uptake.

Mitochondrial calcium

ATP uptake after ATP
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CEPIA-3mt (10s) 0.0

Figure R3: Mitochondrial calcium uptake mediated by ATP stimulation. ApoE3 and ApoE4
cells transfected with CEPIA-3mt (left panel), representative traces of the mitochondrial calcium of a
single astrocyte after ATP stimulation (central panel), and quantification of the mitochondrial calcium
uptake of cells from 3 independent experiments (tight panel). Parametric unpaired T-test was applied.
*p<0.05

1.2.2. Calcium release from the ER

Next, we examined the intracellular calcium mobilization. First, we studied the calcium

release from the ER since it is regarded as the main source of cytosolic calcium in astrocytes.
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Figure R4: Calcium release from the ER mediated by ATP stimulation. Representative images
of cells transfected with GCEPIA-1er (left panel), representative traces of the ER calcium of a single
ApoE3 and ApoE4 cells after being stimulated by ATP (central panel), and quantification of the
calcium release from the ER of several cells from 5 independent experiments (right panel). Parametric
unpaired T-test was applied. *p<0.05
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To this purpose, we used a ER calcium reporter similar to the one used for studying the

calcium inside the mitochondria, GCEPIA-1er.

The quantification of the ER calcium release (figure R4) elicited by 100 pM ATP illustrates
a higher calcium release from the ER in ApoE4 cells compared to ApoE3 astrocytes (the
variation of the ratio F/F, is 0.55 + 0.01 in ApoE4 astrocytes and 0.47 £ 0.01 in ApoE3
astrocytes) (figure R4). However, we believe that the difference in ER calcium release
between ApoE3 and ApoE4 astrocytes does not completely explain the differences in

cytosolic calcium responses between both cell lines.

1.2.3. Calcium mobilization from lysosomes

As lysosomes have been shown to be main calcium stores for ATP-mediated responses in
astrocytes (Barcel6-Torns et al. 2011), we analysed their calcium mobilization upon
expression of ApoE3 and ApoE4 isoforms. Since there are not specific probes to study
directly lysosomal calcium, we analysed its mobilization measuring cytosolic responses after
the inhibition of lysosomal calcium entry and release. Figure R5A shows the inhibitors

employed for the lysosomal study.

First, we used Ned-19 that inhibits lysosomal calcium release triggered by NAADP (figure
R5A). After the treatment with this inhibitor we measured the basal calcium and then, cells
were stimulated with ATP, quantifying the cytosolic calcium peak and the recovery phase
(tigure R5B). Concerning the intracellular cytosolic calcium of non-stimulated cells after the
Ned-19 treatment, the basal calcium is similar to the DMSO-treated cells (DMSO was used
as vehicle of Ned-19). In particular, the basal calcium of ApoE3 cells that were treated with
Ned-19 is 0.36 £ 0.007, versus the basal calcium of DMSO-treated cells that is 0.35 £ 0.01.
The basal calcium of ApoE4 treated cells is 0.28 £ 0.01 compared to the one from DMSO-
treated cells that is 0.27 * 0.02. Therefore, lysosomal calcium release does not alter basal
calcium in any cell line and, consequently, a higher increase in the calcium release though

NAADP receptors is not the cause of the decrease in basal calcium in ApoE4 cells.

Focusing on the cytosolic calcium peak and, comparing the calcium responses elicited by
ATP in each cell type with its control, in both cases, the cytosolic calcium peak is reduced
with the treatment. Nevertheless, the magnitude of the inhibition is different depending on

the cells, being higher in the case of ApoE4 cells. Specifically, the percentage of inhibition
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of the cytosolic calcium peak in Ned-19-treated ApoE3 cells is around 45% while this
parameter is around 55% in Ned-19-treated ApoE4 cells. Interestingly, in the presence of
Ned-19, ATP-elicited cytosolic responses of both cell lines have the same peak magnitude.
Altogether, this indicates that the principal difference in the ATP-stimulated calcium peak in

both cell lines is due to the lysosomal calcium release (figure R5B).
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Figure R5: Lysosomal calcium release in ApoE3 and ApoE4 astrocytes. (A) Images of main
calcium related channels and receptors of the lysosome (in green channels that uptake calcium and in
blue that release calcium) In red, drugs that inhibit these pathways.(B) Representative traces and
quantification of ATP-induced cytosolic calcium responses of cells from 3 independent experiments
treated with DMSO as a vehicle or 100 pM Ned-19 for 20 min. (C) Quantification of mRNA
expression through real time PCR of Tpcl(TBP) and Tpc2 (Gapdh) from 3 independent experiments
and TRPML (18s and Gapdh) from 4 independent experiments. One way ANOVA was applied in
section B and unpaired parametric T-test in section C. *p<<0.05, **p<0.01
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With respect to the recovery phase after the ATP-elicited cytosolic calcium peak, the plateau
of Ned-19-treated ApoE3 and ApoE4 cells is similar to the plateaus of DMSO-treated cells.
It is 38.74 * 0.86% of the response peak at 20 seconds in Ned-19 treated ApoE3 cells
compared to the plateau of cells treated with DMSO (41.63 + 4.08%). In the case of ApoE4
astrocytes, the plateau of Ned-19-treated cells is 72.04 + 3.35% of the peak compared to the
plateau of DMSO-treated cells (72.16 £ 1.91%). Hence, the lysosomal calcium release is not
the cause of the slower recovery phase of the ATP-triggered calcium responses in ApoE4

astrocytes.

A higher calcium release from lysosomes can be due to several factors such as differential
expression or different regulation of NAADP receptors or higher calcium stored at the
lysosomes. To examine the first option, we analysed the mRNA expression of the putative
NAADP receptors: TPC1, TPC2 and TRPML by real-time qPCR. The results were
normalized to the expression of these proteins in ApoE3 cells (value equal to 1). TPC1 and
TRPML channels show no difference in mRNA expression between both cell lines
(expression values of both closet to 1) (figure R5C) whereas the expression of TPC2 is 0.58
* 0.09 in ApoE4 astrocytes (figure R5C). Therefore, we can conclude that the higher calcium
release in ApoE4 astrocytes is not due to higher expression of NAADP receptors, on the
contrary, in these cells, there is less expression of TPC2 channels, maybe because of a

compensatory mechanism to limit the lysosomal calcium release after the agonist stimulation.

Subsequently, we investigated if the higher calcium release from the lysosomes in ApoE4
astrocytes could be explained by higher calcium content in the lysosomes. We stimulated the

cells with GPN, a peptide
ApoE3

GPN B ApoE4 501 . that hydrolyses lysosomes
/V\_\*\—\\ with active cathepsin C
/ :Dz, 251 (figure  R5A).  Hence,
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Figure R6: Lysosomal calcium content of ApoE3 and ApoE4 cytosol, and 1ts

astrocytes. Representative traces of a single cell and quantification quantification allows to
of the area under the curve (AUC) of intracellular calcium after lysing
the lysosomes with 200 pM GPN. Unpaired parametric T-test was | approximate the calcium

1 *k
applied. *p=0.05 content stored in the

lysosomes (X. Z. Zhong et al. 2017). Therefore, as an indirect and relative measurement of
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lysosomal calcium content, we measured the area under the curve (AUC) of the cytosolic
calcium increase after GPN stimulation of 3 independent experiments (figure R6). 200 M
GPN elicited an AUC of 41.42 + 6.19 in ApoE4 cells and of 15.21 * 4.32 in ApoE3 cells.
Therefore, this result indicates that the concentration of lysosomal calcium is higher in

ApoE4 cells than in ApoE3 ones.

The mechanism by which lysosomes uptake calcium from the cytosol, as it is explained in
the introduction, is supposed to be indirectly through the V-ATPase, that pumps protons in
the lysosome. Then, the CAX protein exchanges protons for calcium ions from the cytosol.
To inhibit this pathway, we used 2 pM Bafilomycin A1, which inhibits the V-ATPase activity
(figure R5A).

First, we calculated the intracellular calcium in non-stimulated condition. The one in ApoE4
cells treated with Bafilomycin or the mean of the Fura2 ratio is 0.40 £ 0.05, a value that is
higher than in DMSO-treated ApoE4 cells (p-value: 0.08) suggesting that the lower basal

calcium in ApoE4 cells results from an increase in the uptake of lysosomal calcium. The
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Figure R7: Lysosomal calcium uptake of ApoE3 and ApoE4 astrocytes. (A) Representative traces
of a single cells and quantification of cytosolic calcium peak of cells from 3 independent experiments
treated with DMSO or 2 uM Bafilomycin Al for 20 min. (B) Quantification of mRNA expression
through real time PCR of V-ATPase subunit V1C (18s and Gapdh) from 6 independent experiments
and (C) V1A (18s and Gapdh) from 3 independent experiments. (D) Quantification of protein
expression through western blot of V-ATPase subunit VOD1 (B-actin) from 4 independent
experiments. One way ANOVA was applied in section A and unpaired parametric T-test was applied
in sections B, C and D. *p<0.05, **p<0.01
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trend observed in basal calcium in ApoE3 cells treated with the drug or with the vehicle is

similat.

Concerning ATP-elicited cytosolic peak, Bafilomycin treatment does not inhibit it in ApoE3
cells, where the Fura2 variation is around 0.6 in Bafilomycin-treated and in DMSO-treated
condition (figure R7A), contrary to what it is shown in the cytosolic calcium peak after Ned-
19 treatment. This discrepancy is probably due to: (1) lysosomes are not a leaky calcium
stores, so Bafilomycin does not empty them of calcium unless first they release it, or (2)
Bafilomycin is enough to achieve maximal ATP-elicited lysosomal calcium release due to a
low lysosomal calcium content. On the other hand, Bafilomycin treatment inhibits the
lysosomal calcium release after the ATP stimulation in ApoE4 astrocytes (the variation of
Fura2 ratio is 0.57 £ 0.06 in Bafilomycin-treated cells compared to 0.92 £ 0.02 of DMSO-
treated cells), revealing that the higher cytosolic responses elicited by ATP are due to a higher
calcium uptake and release of lysosomes in these particular cells. With respect to the recovery
phase from the ATP-elicited calcium responses after Bafilomycin treatment, neither the

recovery phase of ApoE3 nor of ApoE4 cells is altered with the treatment.

Altogether, ApoE3 cells uptake less calcium to the lysosomes than ApoE4 astrocytes, a fact
that affects both, basal calcium that is higher and the lysosomal calcium release elicited by

ATP.

To elucidate why there is a higher V-ATPase activity (that indirectly controls lysosomal
calcium uptake) in ApoE4 cells, we analysed the expression of this pump. V-ATPase is
formed by different subunits grouped into 2 domains, VO (that is inserted in the lysosomal
membrane) and V1 (that faces the cytosol). We measured the expression of 2 subunits of the
V1 (VIC and V1A) through qPCR (figure R7B and C) and one from VO (VOD1) through
western blot (figure R7D). The results were normalized to the expression of these proteins
in ApoE3 cells (value equal to 1). V1C seems to be more expressed in ApoE4 cells, although
the difference is not significant (1.24 + 0.15 expression in ApoE4 cells compared to ApoE3
expression; p-value: 0.14) and V1A is similarly expressed in both cell lines (value around 1),
whereas VOD1 is significantly more expressed in ApoE4 cells (1.24 £ 0.08 compared to
ApoE3 cell expression; p-value: 0.03). Therefore, not all the subunits are upregulated in
ApoE4 cells.

81



To sum up, the lower basal calcium and the higher ATP-elicited calcium increase in ApoE4
cells are due to a high lysosomal calcium concentration. This depends on the V-ATPase
indirectly calcium uptake. With respect to ApoE3 cells, the lower ATP-elicited cytosolic
calcium responses are due to lower ER calcium release and especially lower lysosomal
calcium release owing to a lower V-ATPase activity, a fact that is also causing the higher basal

calcium in non-stimulated ApoE3 cells.

1.2.3.1. pH of lysosomes

The higher V-ATPase activity in ApoE4 cells when compared to ApoE3 cells could lead to
a lower pH of the lysosomes, which in turn, could influence lysosomal functions, including
regulation of calcium mobilization. For instance, the activation of TPCs and TRPML
channels has been related to the pH of lysosomes (X.-P. Dong et al. 2008; Pitt et al. 2010;
Schieder et al. 2010) being the TRPML potentiated at low pH in macrophages (X.-P. Dong
et al. 2008). Thus, since the variations of lysosomal pH could also be involved in the
lysosomal calcium release we examined this process in ApoE3 and ApoE4 cells. This
measurement was performed in Dr. Sanchez laboratory by fluorimetry and using pH sensor
lysosensor (Valladolid). These results show that the lysosomal pH of ApoE3 cells is 4.51 £
0.009 whereas the lysosomal pH of ApoE4

500 ApoE3
astrocytes is 4.65 £ 0.009 (figure R8). Although W ApoEd
significant, we consider this difference I .o -

minimal, by contrast to that the magnitude of

different calcium concentration and release 4.0

after stimulation is large. Figure R8: pH of Lysosomes in ApoE3

and ApoE4 cells. pH quantification using
Lysosensor from 3 independent experiments.
Unpaired parametric T-test was applied.

Taking together, all our results suggest that in *kp<0.001

ApoE4 astrocytes there are higher V-ATPase
activity and calcium proton exchanger CAX activities. Thus, the result is an increased
exchange of protons for calcium, and hence, the pH is maintained unchanged whereas the

calcium inside lysosomes is increased.
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1.2.4. Extracellular calcium entry

Finally, we studied the contribution of extracellular calcium entry to the ATP-triggered
calcium responses. To this purpose, we added, to the medium, EGTA that chelates the
calcium. Sectional experiments presented previously have been performed in DMEM
supplemented with 10% of FBS, although, due to the high calcium concentration of this
medium, we employed a saline medium (KH) supplemented with 10% of FBS, where the
calcium ions can be chelate by 1 mM of EGTA for 5 minutes.

AnoES -G, +EGTA

I ApoE4
B ApoE4 —Ca2 +EGTA 1.57

=

B 0.5
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Figure R9: Extracellular calcium entry of ApoE3 and ApoE4 astrocyte. Representative traces
and quantification of the peak from 3 independent experiments of the 100 pM ATP-triggered cytosolic

calcium responses of cells in KH medium supplemented with 10% of FBS with or without calcium
and 1 mM of EGTA for 5 minutes. One way ANOVA was applied.

The quantification of the 100 pM ATP-triggered cytosolic calcium peak shows that calcium
responses in this new medium are equal to the ones reported in DMEM supplemented with
10% FBS. Moreover, EGTA inhibition of the cytosolic peak after stimulation in ApoE3 cells
is low, around 19%, and not statistically significant. This indicates that the ATP-elicited
responses in ApoE3 cells are almost not contributed by the extracellular calcium entry. In
ApoE4 cells, the inhibition of the ATP-elicited cytosolic calcium peak is around 32% and
again, not statistically significant (figure R9). Therefore, the contribution of calcium entry to
the cytosol after the ATP stimulation is lower than calcium release from lysosomes in both
cell lines. In addition, we cannot exclude that EGTA slightly affects ER calcium release and

thus, the contribution of the extracellular calcium entry can be even less.
In both cell lines, the recovery phase and the basal calcium are diminished after the EGTA

treatment, as it has been reported for many different cell types, probably, because of the

efflux of calcium from the cell to the extracellular space.
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1.3. Analysis of the causes that trigger different calcium responses in
ApoE4 astrocytes.

1.3.1. Study of the effect of different ApoE quantity

Next, we examined the mechanisms by which ApoE4 alters V-ATPase complex causing
calcium dysregulations. As it has been mentioned in the introduction, ApoE4 individuals
express lower quantity of the protein than ApoE3 ones (Talwar et al. 2016). For this reason,
we firstly assessed the expression of ApoE in both cell lines by qPCR and by western blot
(figure R10).

qPCR showed that ApoE mRNA levels are significantly lower in ApoE4 cells than in ApoE3
cells (0.25 + 0.08 versus ApoE3 value) (figure 10A). Western blot analysis further confirmed
these results, showing a lower ApoE protein expression in ApoE4 cells compared to ApoE3

(figure 10B).
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Figure R10: ApoE expression in ApoE3 and ApoE4 cells. (A) ApoE mRNA expression relative
to Gapdh and 18s in ApoE3 and ApoE4 astrocytes quantified by qPCR from 3 independent
expetiments. (B) ApoE protein expression relative to B-actin of ApoE3 and ApoE4 cells quantified
by western blot from 3 independent experiments. Unpaired parametric T-test was applied. ***p<0.001,
HRxkp<0.0001

Therefore, we modulated the quantity of ApoE in ApoE3 and ApoE4 cells to understand if
the amount of ApoE influences calcium signalling or, on the contrary, the dysregulation is
caused by the ApoE4 isoform. We used 2 strategies for this purpose: (1) to decrease the

levels of ApoE in ApoE3 cells, and (2) to increase the levels of ApoE in ApoE4 cells.

On the one hand, to decrease the amount of ApoE in ApoE3 astrocytes, a siRNA of ApoE
was employed. After 72h of ApoE siRNA transfection, the expression of ApoE in ApoE3
astrocytes was reduced (figure R11A). At this time point, we measured the basal calcium. We
found that is not affected by the reduction of ApoE in ApoE3 cells. Specifically, the cells
transfected with the siRNA display a Fura2 ratio of 0.39 £ 0.02, similar to the lipofectamine

(Fura2 ratio of 0.37 £ 0.02) or scramble (Fura2 ratio of 0.35 * 0.01) transfected condition.

We then stimulated the cells with 100 pM of ATP and we recorded the cytosolic calcium
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responses (figure R11B). The quantification of ATP-triggered cytosolic calcium peak shows
no differences after ApoE silencing since the increase in Fura2 ratio is 0.33 * 0.10, which is
similar to the peak of the ApoE3 cells transfected with a scramble siRNA (0.40 + 0.05) or
with lipofectamine without any siRNA (0.33 £ 0.13) (figure R11C). Hence, the diminution

of the ApoE amount in A B ATP
2
o
ApoE3 cells does not lead A\
%é bg. /
to any difference with
y W s | ApoE o /
respect to the cytosolic _ 32
[ ] bt _
calcium increase upon ATP (i09)
stimulation. c
1.0 .

On the other hand, we

ApoE3 lipofectamine

0.5 ApoE3 siRNA scramble
ApoE3 siRNA

Bl ApoE4 lipofectamine

AR340/380

transfected ApoE4 cells
with  the ApoE4-GFP

plasmid to increase the 00°

ApOE amount. This | Figure R11: Modulation of the ApoE quantity in ApoE3 cells.
(A) Representative ApoE western blot of ApoE3 cells transfected
plasmid codifies for a | with siRNA scramble or ApoE siRNA. (B) Representative ATP-
induced calcium responses of single ApoE3 astrocytes (transfected
with lipofectamine, scramble or ApoE siRNA) and ApoE4 cell with
bound to the sequence of lipofectamine only. (C) Quantification of the cytosolic calcium peak
after ATP stimulation of 4 independent experiments. One way
ApoLE, allowing us to know | ANOVA was applied. ¥p<0.05

sequence of GFP that is

which cells are transfected and which are not. First, we set up the conditions of the
transfection by immunocytochemistry (figure R12A) and we corroborated that the GFP
signal did not interfere with the Fura2 fluorescence. Once we had the correct concentration
of lipofectamine and plasmid, we transfected the cell for 72 h and we monitored calcium
considering only the cells stained with GFP fluorescence (those with higher ApoE
expression). In this case, the basal calcium quantification showed a similar Fura2 ratio
(around 0.24) in ApoE4 cells transfected with both plasmids, GFP and ApoE4-GFP.
Therefore, the quantity of ApoE4 in ApoE4 cells does not affect basal calcium. Concerning
the 100 uM ATP-triggered calcium peak of ApoE4 cells, this parameter was normalized to
the cytosolic calcium increment of ApoE3 cells GFP-transfected and presented as
percentage. Thus, the peak after the stimulation of ApoE3 cell is 100%. The reason of that
was that the efficiency of the transfection was not homogeneous. For the same reason, we

applied the statistics to single cells and not to the independent days of experiments (figure
R12C). The ATP-induced calcium peak of ApoE4 cells transfected with the ApoE4 plasmid
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Figure R12: Calcium signalling after modulation of ApoE expression in ApoE4 cells. (A)
Representative images from immunocytochemistry of GFP plasmid transfection in ApoE3 cells and
GFP, ApoE3-GFP and ApoE4-GFP plasmid transfection in ApoE4 cells. Scale bar represents 15 um
(B) Representative traces of 100 pM ATP-elicited calcium responses of ApoE3 single cell transfected
with GFP and ApoE4 single cells transfected with GFP, ApoE4-GFP and ApoE3-GFP. (C)
Quantification of the cytosolic calcium peak after ATP stimulation normalizing all the conditions to
calcium responses in ApoE3 cells transfected with GFP. Only GFP fluorescent cells were analysed.
(at least N=30 from 4 independent experiments). One way ANOVA was applied. **p<0.01,
*¥p<0.001, ¥***+p<0.0001.

is 135 * 6.18%, compared to the one of the ApoE4 cells transfected with GFP plasmid that
is 152.2 £ 5.89% (figure R12B and C). ATP-elicited cytosolic calcium peak decreases when
ApoE4 cells are transfected with ApoE4 plasmid, although this decrease is not significant,

indicating that the augment of ApoE4 does not interfere with this process.

In addition, the recovery phase after the stimulation of ApoE4 cells transfected with ApoE4
is equal to the GFP-transfected cells. In particular, the response after 20 seconds of the peak
is 85 = 3.77% in ApoE4 cells ApoE4-GFP-transfected compared to the GFP-transfected
cells that is 81.01 £ 2.49%.

Overall, our results show that neither the reduction of ApoE in ApoE3 cells, nor the
upregulation of ApoE4 in ApoE4 cells alters the cytosolic calcium increase upon ATP
stimulation. Therefore, the lower quantity of ApoE in ApoE4 cells is not the cause of the

differences in calcium homeostasis.
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1.3.2. Study of the ApoE isoform

To explore if there is a lack of function of the isoform ApoE4, we transfected ApoE4
astrocytes with a ApoE3-GFP plasmid (figure R12). Concerning basal calcium, the results
are similar to the transfection with ApoE4-GFP being the Fura2 ratio around 0.24 in ApoE4
cells transfected with ApoE3-GFP or with GFP. Thus, ApoE3 presence in ApoE4 cells does
not change basal calcium. Interestingly, this transfection yielded to a partial reduction of the
ATP-mediated calcium peak. As it is mention before, the peak values were normalized to
ApoE3 cells transfected with GFP. In particular, it is shown an ATP-triggered cytosolic
calcium peak of 121.1  5.84% compared to the percentage of the ATP-mediated calcium
increment in ApoE4 cells transfected with GFP plasmid that is 152.2 * 5.89 (figure R12B
and C). This suggests that the expression of ApoE3 isoform rather than the augment of the

ApoE quantity, could partially restore the differences of ATP-induced calcium peak.

However, the recovery phase after the ATP stimulation is similar between the ApoE4 cells
transfected with ApoE3-GFP and with GFP, being the percentage of response at 20 seconds
of the peak of 84.26 £ 4.92 compared to 81.01 * 2.49% of GFP-transfected cells.

1.3.3. Study of ApoF lipidation

As it has been mentioned previously, the difference between ApoE3 and ApoE4 isoform is
a single amino acid change. This change implies in ApoE4 a different domain conformation
(Yamazaki et al. 2016) and a reduced ability to bind lipids or to be lipidated (Mahley and
Huang 2012). As our results show that the differences on calcium signalling between ApoE3
and ApoE4 astrocytes are mainly due to the isoform type and not to the quantity of protein,
we tested if a different lipidation state between the isoforms could be responsible for the

calcium homeostasis alterations.

The binding of ApoE to lipids is achieved by the membrane receptor ABCA1. To modulate
the lipid binding of ApoE we used 2 different approaches. The first one was to treat the cells
with Bexarotene, an inductor of ABCA1 (Zhao et al. 2014) and ApoE (Cramer et al. 2012)
synthesis already tested in clinical trials against ApoE4 related pathology (Ghosal et al. 2016).
The second one relied on the treatment with the peptide CS-6253 (CS) to increase the ApoE
lipidation. This peptide induces the stabilization of ABCA1 receptor and it has also been

demonstrated that improves ApoE4 pathology in a mouse model (Boehm-Cagan and
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Michaelson 2014). Then, ApoE3 and ApoE4 cells were treated with each treatment
individually and with the combination of both (figure R13).

Doses and period of both treatments were defined based on previous data. In the case of

Bexarotene (Bx) in a previous study conducted in the same cell lines employed 0.1uM for 24
hours (Zhao et al. 2014) whereas the condition for CS (5 hours of 10mg/mL of CS) were
based on previous data from Dr. Jon Johansson (Artery therapeutics), who provided us the

peptide, that they showed an increase in the cholesterol efflux.

After these treatments, basal calcium and 100 pM ATP-induced calcium responses were
studied. Our results showed that the lipidation status does not change basal calcium since
the Fura2 ratio is around 0.40 in the case of ApoE3 cells in all the conditions, and 0.26 in
the case of ApoE4 astrocytes in all the conditions. Regarding the cytosolic calcium increase
upon the stimulation with ATP, we also found similar increases of the Fura2 ratio between
treatment and non-treatment conditions. Specifically, the peak increase measured as the

variation of the Fura2 ratio is 0.34 = 0.03 in control ApoE3 astrocytes, 0.35 £ 0.08 in cells
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Figure R13: ATP-mediated calcium responses after ABCA1 upregulation and stabilization. (A)
Representative 100 pM ATP-induced calcium traces of a single ApoE3 cells treated or not with 0.1
UM of Bx for 24h or 5h with 10mg/mL of CS or both together and quantification of these cytosolic
increases. (B) Representative cytosolic calcium traces and quantification of the cytosolic increase upon
cell stimulation with ATP in ApoE4 cells treated or not with 0.1uM of Bx for 24h or 5 hours with
10mg/mlL. of CS or both together. In all the experiments the quantification was performed from
several cells of at least 3 independent experiments. One way ANOVA was applied.
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treated with Bx, 0.28 £ 0.06 with CS treatment and 0.22 * 0.02 if both compounds were
applied (figure R13A). A similar conclusion is obtained in ApoE4 cells, where none of the
treatments affects ATP-elicited cytosolic calcium peak. In particular, ApoE4 cells treated
with Bx display an ATP-elicited calcium peak of 0.97 £ 0.09, 0.71 £ 0.07 with CS and 0.79
* 0.11 with the combination of both treatments. In non-treated ApoE4 astrocytes, ATP

elicits an increase of 0.77 £ 0.09 (figure R13B).

Therefore, our results demonstrate that the lipidation status of ApoE does not modulate

basal calcium or ATP-induced calcium increases.

1.3.4. Analysis of lysosomal localization of ApoE

We next explored if the ApoE is localized in the lysosomes and, hence, if it is interacting
directly with the V-ATPase. To assess the presence of endogenous ApoE in the ApoE3
lysosomes, we performed a colocalization assay by immunocytochemistry using Lampl

(Iysosomal marker) and ApoE in ApoE3 cells (figure R14A). To study the colocalization in

>

ApoE-GFP

Figure R14: ApoE presence in the lysosomes. (A) Representative images of the Lamp1 and ApoE
immunocytochemistry in ApoE3 cells. (B) Representative images of the Lamp1 immunocytochemistry
and ApoE-GFP fluorescence in ApoE4 cells. White arrows represent area with high ApoE staining.

Scale bat represents 15 pm.
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ApoE4 cells, we performed a Lampl immunocytochemistry after the ApoE4-GFP
transfection of ApoE4 cells (figure R14B).

As depicted in figure R14, the colocalization of both proteins is very low in both cell lines,
since regions of high fluorescence of ApoE does not correlate with Lamp1 staining (white
arrows). Therefore, we can conclude that ApoE is not predominantly present in the

lysosomes and is probably affecting lysosomes in an indirect manner.

1.3.5. Study of the lipid profile of ApoE3 and ApoE4 astrocytes

ApoE mediates extracellular lipid transport and the ApoE4 isoform does not perform this
function as properly as the ApoE3 does (Mahley and Huang 2012). The extracellular
transport of lipids may affect lipid membrane composition that it has been described as an
influent factor of the activity of channels or receptors (Tillman and Cascio 2003; A. G. Lee
2000). Taking into account these observations, a plausible hypothesis is that ApoE isoforms
may differentially affect the lipid membrane composition of the astrocytes and specifically
the one of the lysosomes affecting V-ATPase activity. To test this hypothesis, we performed
2 lipid studies in collaboration with Dr. Jose Luis Gémez Ariza from the University of
Huelva: one analysing lipid differences in the whole cell and the other for only in lysosomal
membrane lipids.

The technique used was an untargeted metabolome of hydrophobic compounds of ApoE3
and ApoE4 astrocytes, where we found most of the lipids. Once the metabolome was carried
out, a partial list squares-discriminant analysis (PLS-DA) was applied to the data. PLS-DA is

a mathematical analysis formed by different algorithms that allow to identify which
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Figure R15: PLS-DA analysis to obtain the metabolites that discriminate ApoE3 from ApoE4
astrocytes. Graph of the PLS-DA analysis. The table contains the predictive parameters of the model.

2 L 2
R7Y allows to confirm that the discrimination of the factor axes was well-performed. Q” cumulated
index determine the predictive quality of the model. Both parameters have to be close to 1. These
results were performed in Huelva University by Dr. Gémez Ariza group.
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metabolites are the most suitable to represent the difference between ApoE3 and ApoE4

astrocytes. In other words, the
metabolites that are changed
between both cell lines. As
addressed in figure R15, ApoE3
and ApoE4 cells are easily
differentiated based on their
metabolites.  Furthermore, the
predictive quality of the model
(Q? and the parameter that shows
the good discrimination of the
variables (R’Y) are close to 1,
meaning that the prediction and
the discrimination are optimal
(figure R15). Therefore, there are
important  differences between
both cell lines regarding their

profile of metabolites.

The identification of metabolites
was carried out based on their
experimental accurate mass (m/z)
by comparing this variable to

available metabolomics databases

Metabolite m/z VIP Change
PC(18:3/22:4) 864.494 1.92 !
PC(18:2/20:4) 810.468 1.85 1
PC(18:3/22:5) 862.514 1.84 !
PC(16:0/16:0) 734.475 1.36 1
PC(18:2/18:0) 808.454 1.32 )
PC(16:1/16:0) 732.57 1.24 T
PC(16:0/18:2) 758.596 1.12 T
PC(18:2/22:4) 866.529 1.07 l
PC(16:0/22:6) 828.475 1.06 T
PC(18:0/22:6) 856.567 1 i
PS(22:6/22:6) 880.557 1.63 l
PS(22:6/22:6) 902.575 1.12 l

PL 924.583 2.19 !
PL 922.596 1.85 )
PL 898.567 1.66 !
PL 896.552 1.35 !
PL 908.593 1.31 !
PL 890.593 1.29 !
PL 904.57 1.26 !
PL 888.581 1.12 !
PL 938.459 1.09 !
PL 870.538 1.06 !
PL 940.512 1.05 1

LPC(18:0) 524.293 1.82 !

LPC(22:06) 590.266 1.74 !

LPC(18:3) 540.372 1.5 !

LPC(18:1) 522.3 1.43 !

LPC(20:4) 566.397 1.34 !

LPC(18:0) 546.393 1.26 !

LPC(18:1) 544.378 1.21 l
LPL 536.269 2.43 l

LPL 586.333 1.07 l
Decanoyl-carnitine 316.284 1.41 i
Oleyl-carnitine 426.378 1.32 1
Miritoyl-carnitine 372.408 1.22 1
Valine 118.046 2.05 T
Choline 104.096 1.82 i

Glutamate 148.054 1.43 i
Acetylcholine 146.053 1.25 i

Tyrosine 182.162 1.12 i
Alanine 900.285 1.04 l

Table R1: Identification of
principal metabolites that change
between ApoE4 cells compared to
ApoE3. The table contains the name
of the metabolites, their mass (m)/
charge (z), the variable VIP and the
direction of the change. ApoE4
astrocyte values above those in

ApoE3  astrocyte  values  were
compared to  determine  the
qualitative fold change.
Phosphatidylcholine (XOR
phoaphatidylserine PS),
phospholipid (PL), lyso
phosphatidylcholine (LPC),

lysophospholipids (LPL)
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(METLIN, LIPIDMAPS,
KEGG and HMDB). In
addition, the identification

was confirmed through the

2]

fragmentation pattern  of
each species reported in the
literature. The results are

displayed in table R1. VIP

10 0 10 summarizes the contribution
1]
of each metabolite to the

Figure R16: PLS-DA analysis to obtain the lysosomal
membrane metabolites that discriminate ApoE3 from ApoE4 | discrimination model. More
astrocytes. Graph of the PLS-DA analysis. These results were
performed in Huelva University by Dr. Gémez Ariza group.

concretely, a bigger VIP

represents that this
metabolite contributes more to the discrimination from both cell lines. Values below one are

considered as a no difference between them (Chong and Jun 2005).

Metabolite m/z VIP |FC (E4/E3) - .
t t t
PC(16:0/16:0) | 756560 1.09 0.77 ¢ dentily metaboltes are
PC(16:0/18:0) | 784.568 1.56 1.57 grouped  depending  on  their
PC(16:0/18:1) | 782.543 1.24 0.65 propetties in table R1. We found
PC(16:0/18:3) | 778.550 1.22 1.33 differences between both cell lines
PC(18:0/18:0) | 828.570 2.18 1.12 .
PC(18:0/22:5) | 836.579 1.61 1.09 in 4 groups of compounds:
PC(18:0/22:6) | 856.593 1.05 0.89 phospholipids (PLs) in particular
PC(18:1/22:6) | 832.588 1.04 1.10 phosphatidylcholines (PCs) and
PC(18:2/18:0) | 808.610 1.46 0.99 . .
(18:2/18:0) phosphatidylserines (PSs) but also
PC(18:2/18:1) | 806.558 1.33 1.45
PE(16:0/18:0) | 720.532 1.68 0.79 non-identified PLs,
PE(18:1/20:4) | 766.526 1.34 0.81 lysophospholipids (L.PLs), namely
PE(18:1/20:5) | 764.474 1.65 1.90 —
PE(18:1/22:6) | 792.529 117 1.54 Table = R2:  Identification of
principal metabolites that change
PE(22'5/22'4) 842.583 1.16 0.84 between APOE4 lysosomal
LPC(20:5) 564.306 1.39 0.72 membrane and ApoE3 one. The
table contain the name of the
LPC(22:6) 567.328 1.20 0.84 metabolites, their mass (m)/ charge
LPE(16:0) 454.304 1.26 0.74 (2), the variable VIP and the fold
Carnitine 162.117 1.10 1.28 Clkjlange (FC) of f\\poE“ cell lysosome
above poE3 ones.
Urea 61.040 1.35 1.26 Phosphatidylcholine (XOR
Alanine 90.055 1.55 1.37 phosphatidylethanolamine,
Choline 104.105 1.10 1.57 lysophosphosphatidylcholine  (LPC)
Glutamate 148.007 110 158 and lysophosphoethanolamine (LPE)
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lysophosphatidylcholines (LPCs) and non-identified LPLs, acylcarnitines and a

miscellaneous group (table R1).

We put our attention into the first 2 groups, as they are lipids and they can be candidates to
modulate V-ATPase activity but also other channels, for example from the ER. We identified
twently-three PLs, of which, fourteen are increased and nine are diminished in ApoE4 than
in ApoE3 astrocytes. Ten of the PLs are PCs, moreover, most of them are increased (seven
from ten) in ApoE4 astrocytes. Finally, the other 2 identified PLs are PSs that are diminished.
There are nine LPLs that are all diminished in ApoE4 cells, of which, 7 were identified as
LPCs. Interestingly, the PC and LPC ratio has been proposed as a CSF biomarker of AD,
being decreased in these patients (C. Mulder et al. 2003). However, in our case, the ratio
increases since most of the PCs are increased and all of the LPCs are diminished in ApoE4

versus ApoE3 cells.

Therefore, we conclude that there is a general lipid dysregulation in ApoE4 astrocytes that
could result in the alteration of calcium homeostasis, especially for the calcium mobilization
from both, the ER and the lysosomes. To further study this possibility, and being aware of
the particular lipid composition of the lysosomal membrane (Van Meer, Voelker, and
Feigenson 2008) we performed a metabolomic assay of the lysosomal membrane. To
accomplish that, we first isolated lysosomes from ApoE3 and ApoE4 astrocytes in
collaboration with Dr. Miquel Vila from Vall &’ Hebron Institute of Barcelona. Isolated
lysosomal membranes were analysed by metabolomic assay with the same conditions and

statistical analysis carried out for the whole cell study.

As in the case of the whole cell study, the application of the PLS-DA highlighted a good
discrimination of the lysosomal membrane composition of both cell lines (figure R16). In
other words, both lysosomal membranes could be easily differentiated based on their

composition.

As in the previous analysis, VIP value was used to underline which metabolites drive the
difference in both lysosomal membranes and we identified the ones that account with a VIP
superior to 1 (table R2). The metabolites that we found changed are PLs (PCs and
phosphatidylethanolamines (PEs)) and LPLs (LPCs and lysophosphatidylethanolamines

(LPEs)), carnitine and, again, a miscellaneous group. In particular, LPLs are diminished in
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ApoE4 cells being one of them a LPE (fold change(FC): 0.74) and 2 of them LPCs (FC 0.72
and 0.84). Regarding PLs, 10 are PCs (4 diminished and 6 augmented) and 5 PE (3
diminished and 2 augmented) in ApoE4 astrocytes.

Thus, the next step would be to modulate their quantity to probe if they are involved in

calcium mobilization and uptake into lysosomes of the ApoE4 astrocytes.

1.3.6. Study of the cholesterol distribution in ApoE3 and ApoE4 astrocytes

We decided to study intracellular cholesterol distribution because lipoproteins composed of
ApoE in the CNS mainly transport cholesterol, although it was not a hit of the metabolome
discrimination. Moreover, cholesterol metabolism is dysregulated in AD astrocytes (Ozrre et
al. 2014). To this end, Fillipin IIT staining was the method chosen as it binds to cellular
cholesterol and emits UV light proportionally to the cholesterol bound (detailed in material

and methods section).

ApoE3 ApoE4

Figure R17: Cholesterol accumulation in ApoE3 and ApoE4 astrocytes. Filipin 111 staining of
ApoE3 and ApoE4 cells. Scale bar represents 100 um.

The analysis demonstrated a change in the distribution pattern between both cell lines (figure
R17). ApoE4 astrocytes show higher cholesterol accumulations near to the nucleus and
probably in the ER where cholesterol is synthetized. In ApoE3 astrocytes, these
accumulations are less pronounced and cholesterol is mainly located in the plasmatic
membrane. Therefore, this result demonstrates the alteration of the intracellular cholesterol

in ApoE4 cells.

To investigate if that altered cholesterol accumulation in ApoE4 cells could be the cause of
the different calcium concentration in ApoE4 cell lysosomes, we treated the cells with

U186606A that promotes the accumulation of cholesterol in these organelles. As it is depicted
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in Figure R18A, U18666A alters intracellular cholesterol accumulation in ApoE3 and ApoE4
astrocytes. However, basal calcium and 100 pM ATP-elicited calcium peaks are equal in the
presence and absence of this compound in both cell lines (figure R18B). In particular, basal
calcium measured as Fura2 ratio in treated ApoE3 astrocytes is 0.34 = 0.01 compared to
non-treated cells that is 0.30 £ 0.007 whereas the basal calcium in treated ApoE4 astrocytes
is 0.25 * 0.009 and in untreated 0.24 £ 0.01. Regarding the ATP-triggered calcium peak, in
ApoE3 astrocytes, the increase in Fura2 ratio is 0.73 £ 0.03 and 0.86 £ 0.07 in the presence
and absence of U18660A, respectively. Regarding ApoE4 cells, the elicited calcium peak
measured as the variation of Fura2 after the treatment is 0.90 + 0.02, similar to that in

untreated cells that is 1.05 = 0.09 (figure R18B).
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Figure R18: Accumulation of cholesterol and ATP-elicited calcium responses in ApoE3 and
ApoEA4 cells. (A) Representative images of cells treated or not with 0.25 pg/mlL. of U18666A for 48
h and stained with Filipin III. Scale bar represents 100 um (B) Representative cytosolic calcium traces
of a single cells and quantification of several cells from 3 independent experiments of the cytosolic

calcium increase in cells treated or not with 0.25 pg/mL of U18666A for 48 h upon the stimulation
with ATP. One way ANOVA was applied.
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Hence, no significant difference is observed between treatment and control conditions in
any of the cell lines, suggesting that cholesterol accumulation in ApoE4 astrocytes is not the

cause of the different intracellular calcium responses in ApoE3 and ApoE4 cells.

1.3.7. Study of subcellular distribution of lysosomes in ApoE3 and ApoE4 astrocytes.

Differential lysosomal localization has been related to different lysosomal features, for
instance, perinuclear lysosomes have different pH and different degradative ability than
peripheral ones (Johnson et al. 2016; Pu et al. 2016). These findings could suggest that
lysosomal position could regulate V-ATPase activity. For this reason, we explored lysosomal
localization. We performed an immunocytochemistry of Lamp1 (a lysosomal marker) in
ApoE3 and ApoE4 astrocytes and we analysed the images with IMARIS software. IMARIS
allowed us to calculate the distance of each lysosome to the nucleus. We determined the
number of lysosomes in distance ranges of 10 um from the nucleus to the membrane (figure

R19).
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Figure R19: Pattern distribution of lysosomes in ApoE3 and ApoE4 astrocytes. (A)
Representative images from Lampl immunofluorescence of both cell lines. Scale bar represents 15
pm. (B) Quantification of the percentage of lysosomes in the different ranges of distance being the 0
value, the nucleus in each cell. Several cells of 3 independent experiments were quantified. Unpaired
parametric T-test was applied. ***p<0.0001
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The results show that 36.9 + 2.32% of lysosomes in ApoE4 astrocytes are in the first 10 pm
near the nucleus, compared to the 21.29 * 1.41% in ApoE3 cells (figure R19A and B). At

longer distances from the nucleus, a higher percentage of lysosomes is observed in ApoE3

cells than in ApoE4 cells. As an example, in the range of 20 to 30 pm, the percentage of
lysosomes is 19.57 £ 2.93% in ApoE3 cells compared to 12.99 * 0.07% in ApoE4 cells.
(figure R19B).

Therefore, we can conclude that the lysosomes of ApoE4 astrocytes are localized closer to
the nucleus whereas the lysosomes of the ApoE3 cells are more homogeneously distributed
without a major perinuclear presence. This result suggests that, in ApoE4 cells, the lysosomal
trafficking could be altered. However, further experiments are needed to corroborate if
lysosomal trafficking is indeed contributing to the calcium signalling differences between

ApoE3 and ApoE4 cells.

1.4. Calcium signalling in ApoE3 and ApoE4 astrocytes in medium
lacking lipoproteins

All the previous experiments were performed in DMEM medium, or KH medium
supplemented with FBS in the case of experiments with EGTA. It is important to stress that
ApoE is involved in the secretion and endocytosis of phospholipids and cholesterol through
lipoproteins, whose regulation may depend on the extracellular lipoprotein concentration.
Moreover, lysosomes participate in the recycling of lipoproteins, and the nutrient deprivation
is known that affects their functions. Since FBS-supplemented medium has a high content
of lipoproteins, we wanted to explore if the absence of lipoproteins has an impact on calcium
responses upon the stimulation of 100 uM ATP in different extracellular mediums. We used
DMEM supplemented with B27 or with lipoprotein-deficient FBS and Krebs medium (KH).
While FBS contains high quantity of lipid or lipoproteins, B27 contains no lipoproteins and
the concentration of lipids is much lower than in the FBS. In addition, we also used
lipoprotein-deficient serum, in which, lipoproteins have been removed, and KH that is only

composed of salts and glucose.

With respect to the basal calcium in the different mediums, the Fura2 ratio of ApoE3 cells
is 0.30 £ 0.02 in DMEM supplemented with B27 compared to that in ApoE4 cells (0.22 £

0.01). Same results were obtained after being 5 minutes in KH medium, with a higher Fura2
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ratio in ApoE3 cells than in ApoE4 cells (0.29 * 0.02 versus 0.23 £ 0.003). However, the
results obtained with lipoprotein-deficient serum of the Fura2 ratio are less conclusive, being
higher in ApoE3 cells (0.30 = 0.03 in ApoE4 cells versus 0.34 + 0.04 in ApoE3 cells) but

not statistically significant.

Interestingly, 100 uM ATP-induced calcium responses in KH medium are high in both,
ApoE3 and ApoE4 cells being the variation of the Fura2 ratio (peak) 1.2 * 0.16 in ApoE3
astrocytes and 0.97 £ 0.07 in ApoE4 cells (figure 20A and F). ATP-triggered calcium peak
in DMEM supplemented with lipoprotein-deficient serum shows a variation of the Fura2
ratio of 0.87 £ 0.04 in ApoE3 cells and of 0.81 £ 0.14 in ApoE4 cells (figure R20B and F).
Similar results were obtained in DMEM supplemented with B27, where the quantification
of ATP-mediated calcium peak through the variation of the Fura2 ratio is 0.86 * 0.04 in
ApoE3 cells and 0.83 £ 0.04 in ApoE4 astrocytes (figure R20C, D and F). Therefore, when
we removed lipoproteins or lipids from the medium, ATP-induced calcium increases have a

similar magnitude in ApoE3 and ApoE4 astrocytes. In other words, lipids or lipoproteins
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Figure R20: Calcium signalling of ApoE3 and ApoE4 cells kept in medium without lipids or
lipoproteins. Representative traces of 100 pM ATP-induced calcium responses of single ApoE3 and
ApoE4 cell in saline medium or Krebs medium (KH) for 2 to 5 minutes (A), DMEM medium
supplemented with lipoprotein deficient serum for 2 to 5 minutes (B), DMEM medium supplemented
with B27 for 2 to 5 minutes (C) and over-night (D) and DMEM medium supplemented with 10% of
FBS for 5 minutes (E). (F) Quantification of the cytosolic calcium peak of several cell from at least 3
independent experiments in the different mediums. Unparied parametric T-test was applied to the
data. **p<0.01
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modulate ATP-elicited cytosolic calcium increases in ApoE3 cells, but not in ApoE4

astrocytes.

Focusing on the quantification of the recovery phase after the ATP stimulation, the
percentage of response at 20 seconds is significantly lower in ApoE3 cells compared to
ApoE4 cells in KH and DMEM supplemented with B27 medium and shows a non-
statistically difference to be lower in the DMEM lipoprotein-deficient serum. Specifically,
the percentage of the response at 20s in ApoE3 cells in KH medium is 36.58 £ 9.57% while
in ApoE4 cells is 71.77 £ 8.09% (p-value 0.04). In DMEM B27 medium, ApoE3 cells show
a percentage of 34.64 £ 3.70% and ApoE4 cells of 81.22 + 5.55 (p-value 0.002). Finally, the
percentage of response at 20s in the lipoprotein-deficient medium is higher but it is not
statistically significant between ApoE3 and ApoE4 cells (51.60 * 4.34% versus 68.37 *
6.19%; p-value 0.00).

Therefore, these results indicate that the presence of lipoproteins only modulates the
magnitude of ATP-induced calcium responses. Importantly, we discovered that this
modulation is a short event that lasted from 2 to 5 minutes (figure R20). In other words, the
magnitude of ATP-induced calcium increase in ApoE3 astrocytes augments already after 2
to 5 minutes of replacing DMEM 10% FBS by KH or DMEM supplemented with B27 or
lipoprotein-deficient serum. On the other hand, when DMEM B27 is left overnight, ATP-
mediated calcium signalling has an increase in the Fura2 ratio of 0.86 * 0.01 in ApoE3 cells
compared to 0.92 = 0.04 in ApoE4 astrocytes, so the ATP calcium peak is high even after
an extended period of ApoE3 cells being in medium without lipids or lipoproteins (figure
R20D and F).

The magnitude of the ATP-triggered calcium increases in ApoE3 cells returns to be low after
5 minutes of replacing DMEM supplemented with B27 for DMEM supplemented with FBS
medium, as observed by the variation of the Fura2 ratio (0.37 £ 0.06). The increase of the
ATP-induced calcium responses of ApoE4 astrocytes measured as the variation of the Fura2
ratio is 0.86 £ 0.04, so it remains unchanged among the different mediums (figure R20E and
F). Therefore, the time of the modulation is a few minutes indicating that there is not a

channel expression change or desensitization of the purinergic receptors.
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Finally, it is worth to note that we used other FBS batches to asses that the ATP-triggered
cytosolic peak is diminished in all serums and it is not a peculiarity of the one that we used.
The 100 uM ATP-triggered calcium peak in medium supplemented with these other FBS is
0.36 £ 0.13 in ApoE3 cells and 0.94 £ 0.006 in ApoE4 cells and 0.37 £ 0.04 in ApoE3 cells
and 0.91 £ 0.05 in ApoE4 astrocytes.

Therefore, the presence of lipoproteins modulates purinergic-induced calcium responses in

ApoE3 but not in ApoE4 astrocytes.

1.4.1. Mechanism of lipoprotein regulation of calcium signalling in ApoE3 astrocytes.

Which is the signalling pathway that when is potentiated or inhibited, results in higher ATP-
triggered calcium peaks in ApoE3 astrocytes when the extracellular medium is poor in
lipoproteins? Based on the similarity of the magnitude of calcium responses in ApoE3 and
ApoE4 cells, our first hypothesis was that lysosomal V-ATPase could be modulated by lipid
composition, increasing its activity and subsequently increasing the calcium concentration of
lysosomes and the cytosolic calcium responses to ATP. To test the truthfulness of this
hypothesis, we took advantage of the lysosomal inhibitors that we previously used but
employing them in lipoprotein absent mediums. First, we treated the cells with the lysosomal
calcium release inhibitor Ned-19. We quantified the peak of the calcium response after the
addition of 100 uM ATP of several cells and we observed that Ned-19 diminishes the ATP-
induced calcium responses in ApoE3 cells, being the Fura2 variation similar to the one
observed in ApoE4 astrocytes treated (figure R21) (0.6 £ 0.03 from ApoE3 cells compared
to 0.61 £ 0.07 from ApoE4 cells). Therefore, the high ATP-induced calcium signal in ApoE3
cells when extracellular lipoproteins are absent is more dependent on lysosomal calcium

release than in the presence of lipoproteins.
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Figure R21: Lysosomal calcium mobilization kept in KH medium. Representative traces of single
cells and quantification of 3 independent experiments of ATP triggered cytosolic calcium responses
of cells treated with DMSO or with 100 pM Ned 19 for 20 min in KH medium. One way ANOVA
was applied. *p<0.05
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Figure R22: Quantification of lysosomal calcium content in ApoE3 and ApoE4 astrocytes in
KH medium compared to DMEM medium supplemented with FBS (FBS) (figure R6).
(A)Representative traces of single cells and quantification of 3 independent experiments of the area
under the cutve (AUC) after 200 uM GPN stimulation of ApoE3 astrocytes. (B) Representative traces
of single cells and quantification of 3 independent experiments of the AUC after 200 uM GPN
stimulation of ApoE4 astrocytes . The data obtained in the DMEM medium supplemented with FBS
is previously presented in figure R6. One way ANOVA was applied.

Next, we assessed lysosomal calcium concentration to confirm the modulation of the V-
ATPase activity due to the lipids or lipoproteins. To this end, we stimulated the cells with
200 uM GPN in KH medium and we calculated the area under the curve (AUC) defined by
the intracellular calcium increase elicited by this compound. We then, compared these results
with the ones previously described for GPN in DMEM supplemented with 10% FBS of
both cell lines in figure R6. As shown in figure R22, in ApoE3 cells the AUC is 15.21 £ 4.32
in DMEM supplemented with FBS medium and 20.36 & 4.47 in KH medium (figure R22A).
The AUC after GPN stimulation is also similar in ApoE4 astrocytes, where is 41.41 £ 6.19
in DMEM supplemented with FBS medium compared to 34.79 £ 4.57 in KH medium
(figure R22B). We concluded that the calcium concentration of the lysosomes is not affected

by the lipoprotein content from the extracellular medium.

How the lack of extracellular lipoproteins upregulates purinergic-induced calcium responses
in ApoE3 astrocytes if the lysosomal calcium content is independent of their concentration
and there is always strong dependency on lysosomal calcium release? We may could explain
it, if we take into account that lysosomal calcium release upon neurotransmitter stimulation

is an initiator phenomenon amplified by other calcium signalling pathways. Therefore, we
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Figure R23: ER calcium release in lipid/lipoprotein absent medium. Representative traces and
quantification of 100 uM ATP-induced peak from several cells transfected with Cepia plasmid for ER.

A calcium monitoring of 3 independent experiments in KH medium was performed. One way
ANOVA was applied. ***p<0.001

studied if the lack of extracellular lipoproteins is triggering intracellular changes so that,

lysosomal calcium release is now greatly potentiated by ER release or entry.

First, we examined the ATP-induced calcium release from the ER in the lipoprotein absent
medium, KH and we compared that with the ER release in DMEM supplemented with 10%
FBS (figure R23). We used the encoded calcium sensor protein of GCEPIA-1er plasmid as
it has been described before. The results show that the 100 uM ATP-induced calcium release
in ApoE3 cells is higher in medium without lipoproteins, but not statistically significant than
in the medium with lipoproteins. In particular, the variation of the F/Fyis 0.61 + 0.01 in KH
medium while in DMEM supplemented with FBS medium it is 0.41 * 0.10 (p-value
0.05)(figure R23). The ATP-mediated ER calcium release of ApoE4 cells is not changed
between the mediums, being the variation of the F/Fy around 0.5 (figure R23). Therefore,
the purinergic-induced ER calcium release is slightly higher in the absence of lipoproteins in

ApoE3 cells and equal in ApoE4 astrocytes.

Next, we explored the extracellular calcium entry induced by ATP stimulation. Knowing that
in DMEM medium with FBS this is not a principal mechanism in none of the ApoE cells,
we tested if in KH medium this changes. As previously indicated, we used a KH medium
without calcium added and with EGTA to chelate the possible calcium ions of the medium.
As extracellular calcium is low, we were able to use lower EGTA concentrations: 0.5 mM to
not deplete calcium from the ER. Regarding basal calcium, there is a slightly decrease in the
Fura2 ratio in both cell lines probably due to the calcium gradient. Interestingly, we observed
that the ATP-induced cytosolic calcium peak in ApoE3 cells is highly dependent on the
extracellular calcium entrance. Specifically, the Fura2 ratio variation is 0.33 £ 0.05 in KH
medium without calcium and with EGTA compared to 1.04 £ 0.1 in standard KH medium
(figure R24). Thus, there is 65% of inhibition in the absence of calcium, a higher percentage

than the one previously described for ApoE3 cells kept in KH with 10% FBS medium, which
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Figure R24: Extracellular calcium entry in lipid/lipoprotein absent medium. Representative
traces and quantification of the peak from 6 independent experiments of the 100 pM cytosolic calcium

responses in cells in KH medium with calcium or without calcium and 500 uM of EGTA for 10
minutes. One way ANOVA was applied. ***p<0.001

is 19% (figure R9). It can be concluded that in the absence of lipoproteins the extracellular
calcium entry is potentiated as a part of the ATP calcium responses in ApoE3 astrocytes.

Probably, this modulation is secondary to the high ER and lysosomal calcium release.

By contrast, extracellular calcium entry induced by ATP in ApoE4 astrocytes is regardless of
the absence or presence of extracellular lipoproteins. In the KH medium, cytosolic calcium
peak is not significantly inhibited by the absence of extracellular calcium. In particular, the
variation of Fura2 ratio after the ATP stimulation is 0.72 £ 0.13 in calcium-free medium with
the presence of EGTA compared to 1.06 * 0.1 in standard KH medium. This inhibition is
similar to the one obtained in the KH with 10% FBS, 28% and 32%, respectively (figure R9
and R24).

With respect to the recovery phase, in ApoE3 cells with or without extracellular calcium is
similar, around 53%. The recovery phase of ApoE4 cells without calcium is faster since the
percentage of response at 20 seconds is 53.48 £ 5.35 without calcium and 74.03 £ 4.04 with
calcium. Probably, this is due to the gradient of calcium ions that travel through the
membrane due to the absence of extracellular calcium. It can also be due to the inactivation
of the SOCE being the recovery phase shorter in the medium without calcium. This result
highlights that there is an extracellular entrance of calcium in ApoE4 astrocytes, although it
seems important for the phase of recovery and not for the peak.

Taking all the results together, the modulation of ATP-induced calcium responses by
lipoproteins in ApoE3 astrocytes depends mainly on calcium mobilization from lysosomes
and extracellular calcium entrance. Most likely, calcium mobilization from lysosomes is the
triggering mechanism. So that, lysosomal calcium released in ApoE3 cells potentiates more
the calcium release from the ER and the extracellular calcium entrance in the absence of

lipoproteins than in their presence.

103



1.4.2. Analysis of the potential cause of calcium signalling modulation

Knowing that the lipoprotein trafficking could be regulated by the presence or absence of
these entities, and is impaired in ApoE4 cells, a plausible hypothesis of the lipoprotein
modulation in ApoE3 but not in ApoE4 astrocytes could be that ApoE and lipoprotein
trafficking regulate calcium signals, a process impaired in ApoE4 astrocytes. To explore this
hypothesis, we inhibited endocytosis of ApoE containing lipoproteins with Psck9. This
peptide promotes the endocytosis and degradation of ApoE receptor LDLR (Liang et al.
2012). Hence, Psck9 treatment turns into diminished plasmatic LDLR and thus, less
lipoproteins are uptake by cells. Among all the ApoE receptors, we selected LDLR since it
has been described downregulated in astrocytes from an AD model (Orre et al. 2014). We
treated the cells for 24 hours to ensure the degradation of the receptor. Preliminary data
recently obtained by us in a lipoprotein-rich medium (DMEM supplemented with 10% FBS),
have shown a slightly augment of 100 uM ATP-elicited cytosolic calcium responses in
ApoE3 cells (the variation of Fura2 ratio is 0.26 = 0.06 in control situation and 0.45 + 0.07
after the treatment) In ApoE4 astrocytes, there are no changes in purinergic-induced calcium
responses (variation of Fura2 ratio of 1.01 £ 0.003 in control situation and 1.14 £ 0.06 after

the Psck9 treatment).
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Figure R25 :Inhibition of the lipoprotein endocytosis in ApoE3 and ApoE4 cells. Representative
traces of single cells and quantification of the cytosolic calcium peak after 100 pM ATP stimulation of

cells treated or not with 7 pg/mL of Psck9 recombinant protein for 24 hours of several cells from 2
independent experiments. One way ANOVA was applied. Preliminary data.

Thus, the modulation of cytosolic calcium increase in ApoE3 cells might be caused by
lipoprotein trafficking: when there is no lipoprotein uptake, calcium responses are higher
than when there is. ApoE4 astrocytes might have a deficient lipoprotein uptake and
therefore, there is no regulation of their purinergic-elicited calcium signals. However, further

investigation has to be carried out to confirm these results.
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1.5. ATP-mediated calcium signalling in presence of oligomeric A}

Finally, we tested if oligomeric AP (0AP) treatment affects the cytosolic calcium increase
upon ATP, since it is one of the principal hallmarks of AD and it causes calcium
hyperexcitability in AD models (Bosson et al. 2017; Pirttimaki et al. 2013; Alberdi et al. 2013;
D. Lim et al. 2013; Ambra A. Grolla et al. 2013; A A Grolla et al. 2013; Haughey and Mattson
2003; L. Lee, Kosuri, and Arancio 2014).

The oligomeric AP was obtained through the oligomerization of synthetic AR 1-42
monomers. We treated the ApoE3 and ApoE4 astrocytes with synthetic oligomeric AP for
24 hours and we monitored the basal calcium and the calcium responses upon 100 pM ATP
stimulation. The quantification of the basal calcium after the oA treatment did not show
any disturbance of intracellular calcium. In ApoE3 treated cells the Fura2 ratio is 0.47 £ 0.01
versus non-treated cells that is 0.43 + 0.08. The basal calcium of oAf-treated ApoE4
astrocytes is 0.28 = 0.02 compared to the basal from non-treated cells that is 0.27 £ 0.01.
Concerning the ATP-elicited calcium increase, in ApoE3 cells treated with A, the Fura2
ratio increases 0.36 * 0.20 after purinergic stimulation in the range to that observed in not

treated cells (0.46 £ 0.04). In ApoE4 cells, the variation of the Fura2 ratio in presence of
oA after the ATP stimulation is 1 = 0.02 compated to the variation of 0.98 + 0.09 in

absence of oA (figure R20).
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Figure R26: 100 pM ATP-triggered cytosolic calcium responses in presence of oligomeric
AP (0AB). Representative traces and quantification of the ATP-induced cytosolic calcium peak of cells

that were treated 24 hours with 5 UM of oligomeric AP from 2 independent experiments. One way
ANOVA was applied to the data.

Furthermore, the recovery phase after 20 seconds of the ATP-induced calcium responses is
similar between oAP-treated cells and untreated cells. In ApoE3 cells, this percentage is 16.17

+ 2.12% compared to 26.93 £ 5.33% in the control situation. In ApoE4 cells, the percentage
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of response from treated cells is 57.08 £ 8.78% compared to 63.33 * 4.4% from non-treated

cells

Therefore, we do not observe any change of purinergic-elicited calcium responses in ApoE3
or ApoE4 cells in the presence or absence of oA, indicating that it does not exacerbate the

cytosolic calcium difference between cultured ApoE3 and ApoE4 astrocytes.

1.6. Summary of the main demonstrations found regarding calcium
responses upon ATP in ApoE3 and ApoE4 cells.

The principal alterations found in ApoE-expressing astrocytes are summarized in figure R27.
Specifically, we found that the hyperactivation of V-ATPase increases the lysosomal calcium
concentration in ApoE4 astrocytes, promoting higher ATP-induced calcium signals than in
ApoE3 cells. The activity of the V-ATPase does not cause lysosomal acidification, but there
is more calcium load. This fact suggests that the proton calcium exchanger of the lysosome
is also hyper-activated. In addition, calcium mobilization from the ER is also higher in

ApoE4 cells than in ApoE3 ones.

In the absence of lipoproteins, the amplitude of cytosolic calcium responses mediated by
ATP in ApoE3 astrocytes is higher than in the presence of lipoproteins. The responses are
augmented due to a higher calcium mobilization from lysosomes that might potentiate
calcium release from ER and especially by extracellular calcium entrance. Preliminary
experiments suggest that the lack of lipoprotein endocytosis could result in the potentiation

of these different calcium signalling pathways.
Finally, in ApoE4 astrocytes, neither extracellular calcium entry nor ER calcium release is

potentiated by extracellular lipoproteins and hence, purinergic calcium responses are not

changed due to the lack of extracellular lipoproteins.
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Figure R27: Image summarizing the principal alterations found in ApoE astrocytes. (A) ApoE3
cells alterations and (B) ApoE4 cells alterations. Red arrows show calcium, yellow arrows show protons
and brown arrows show the interrelationship between calcium signalling pathways. The size of the red
arrows indicates quantity of calcium.

1.7. Validation of calcium results in human brain sections and in human
ApoE3/3 and ApoE4/4 iPSCs-derived astrocytes

All the experiments were performed using the immortalized astrocytes from a mouse model
that express the human isoforms of ApoE. As happen with all the models, they have
advantages and disadvantages. The principal advantages are that allow us to study molecular
and cellular mechanisms and to obtain a great quantity of samples in a short period. The
principal disadvantages are that is 2 mouse model and that the process of immortalization

could affect astrocyte functions. For these reasons, we intend to validate the principal results

Figure R28: Representative images from V0D, Glutamine synthetase (GS) and merge of both.
Immunohistochemistry of paraffin embed section of patient ApoE3 /ApoE4 Braak stage V-VL.

in other models.

We used paraffin-embedded sections from Alzheimer’s disease patients and astrocytes
derived from human iPSC. With the paraffin-embedded sections, we cannot study calcium
signalling although we wanted test the expression of the V-ATPase subunit, VOD1 since it is
upregulated in ApoE4 astrocytes. These experiments were performed at the University of
Milaga by the group of Dra. Antonia Gutierrez. An ApoE3/ApoE4 patient brain section
was stained with VOD and glutamine synthetase (astrocyte marker) antibodies. As it is
depicted in figure R28, the VOD staining is detected in the neuropil. However, distinguishing
the neuropil from the astrocytes processes is extremely difficult. We tried to perform 3D
reconstructions with IMARIS software although it was not possible to identify which VOD

staining was from astrocytes or from the rest of the cells.

To validate calcium signalling results, we selected human iPSC-derived astrocytes generated

by Dr.Bu laboratory from Mayo Clinic (USA). They generated 6 lines of human derived
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astrocytes, 3 of them from ApoE3/ ApoE3 healthy individuals, (MC0039, MC0117 and
MC0192) and the other 3 from ApoE4/ ApoE4 healthy individuals (MC0018, MC0115 and
MCO0116) (Zhao et al. 2017).

We received the astrocytes after 21 days of differentiation, we kept them growing for other
2 weeks and we characterized the principal astrocyte markers and the expression of ApoE.

Unfortunately, we found that they almost not express GFAP (figure R29A) or GS (figure
A

/

Rat é{strocytes MC0117 MC0115

Rat astrocytes MC0117 MC0115
C
ApoE3/3 ApoE4/4
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Figure R29: Astrocyte markers expression and ApoE expression in human derived astrocytes.
(A) Representative images from GFAP immunocytochemistry of rat astrocytes, MC0117 and MCO0115
astrocytes. (B) Representative images from GS immunocytochemistry of rat astrocytes, MC0117 and
MCO0115 astrocytes. (C) ApoE expression by western blot of the different human derived astrocytes.
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R29B), the typical astrocytic markers of cultured astrocytes. Besides, an ApoE western blot
highlighted that the expression of this protein is heterogeneous between the different cell
lines (figure R29C). We need to re-evaluate the differentiation process to be able to obtain

mature human astrocytes expressing ApoE3 and ApoE4.
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Chapter 2: Mitochondrial alterations

triggered by ApoE4 expression.
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The hypometabolism of the brain is a main feature of the ApoE4 individuals even before
the onset of the AD (Perkins et al. 2016). This hypometabolism is probably related to a
diminution of specific mitochondrial enzymes in brain samples. In addition, alteration of
mitochondrial dynamics has been described in AD pathogenesis (Zhu et al. 2013) although
these studies have been focused on neuronal mitochondria. Therefore, in this chapter, we
analysed if ApoE4 expression alters mitochondrial dynamics in astrocytes, specifically, the

fusion/fission events, the mitophagy and the motility.

2.1. Mitochondrial fusion and fission events in ApoE3 and ApoE4
astrocytes.

Mitochondria are dynamic organelles that perform fusion/fission events to maintain a
healthy network (see the introduction, section 2.3.). The predominant alteration found in
AD is an increase in the fission events of neuronal mitochondria (Zhu et al. 2013; X. Wang
et al. 2009). Therefore, we hypothesized that ApoE4 could potentiate this process in

astrocytes.

To investigate the mitochondrial fission, we stained the mitochondria of living ApoE3 and
ApoE4 astrocytes with Mitotracker green and we acquired different images. The analysis of
these images was performed with an Image] plugin and mitochondria were categorized in 3
groups taking into account their area and perimeter: puncta (or small), rods (or middle) and

network (or big ones).

In non-stimulated condition, the distribution of mitochondria in puncta, rods and network
is similar between the ApoE3 and ApoE4 astrocytes (figure R31). To promote the fission
process we treated the cells with 252 pM of Oligomycin for 4 hours (figure R30). Oligomycin
is an antibiotic that inhibits Fy subunit from the mitochondrial ATP-synthase. ATP-synthase
transports the protons generated by the electron chain from the intermembrane space to the
matrix synthetizing ATP from ADP. Hence, its inhibition affects mitochondrial membrane
potential that promotes mitochondrial fission (Leonard et al. 2015). Besides, we also studied
the recovery after the Oligomycin treatment keeping the cells 4 hours without the drug.

Figure R30 depicts the treatment protocol for the fission analysis.

As shown in figure R31, ApoE3 cell mitochondria present fragmentation upon Oligomycin

treatment and this process is reversible since they can recover the mitochondrial length after
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Figure R30: Protocol treatment for mitochondrial fusion/fission analysis.

4 hours of its removal (figure R31A, B and C). Specifically, the mitochondrial size
quantification shows that the percentage of mitochondria in the group of puncta in control
situation is 54.82 £ 1.7% whereas, with the treatment, the percentage increases until 58.64 *
0.7 and diminishes again until 54.52 £ 1.32 after the recovery (figure R31B). Regarding the
rod mitochondria, the percentages in the 3 conditions are around 35% (figure R31B).
Interestingly, the significant difference between the 3 conditions is especially observed in the
group of network mitochondria, in which, the percentage of mitochondria diminishes from
9.05 £ 0.93% to 6.39 £ 0.52% after the oligomycin treatment and reverses to 9.69 = 0.65%
after the 4-hours recovery. Representative images are shown in figure R31A and the

quantification of at least 5 independent experiments in R31B and C.

On the contrary, ApoE4 astrocytes do not show any mitochondria fragmentation with
Oligomycin treatment (Figure R31A). In detail, the percentages of mitochondria per groups
in the control condition are around 51% puncta, 38% rod and 10% network. After the
oligomycin treatment, the percentages are maintained being around 51% puncta, 38% rod

and 10% network. The recovery phase does not promote fusion in ApoE4 astrocytes being
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again the percentage similar to the percentages in control and oligomycin treatment (figure
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Figure R31: Mitochondria dynamics of ApoE3 and ApoE4 astrocytes. (A) Representative images
from astrocytes that were stained with Mitotracker green and are untreated or treated with 0.2 ng/mL
(252 pM) oligomycin for 4h followed or not by a recovery phase in which, Oligomycin was removed and
cells were left with medium for 4h. The scale bar represent 10 um and the origin for the magnification is
in the white square. (B) Classification and quantification of mitochondria grouped by size : puncta, rod,
and network of ApoE3 astrocytes. (C) Percentage of network mitochondria from ApoE3 cells in all the
conditions. (D) Classification and quantification of mitochondria grouped by size : puncta, rod and
network of ApoE4 astrocytes. (E) Percentage of network mitochondria from ApoE4 cells in all the
conditions. The quantification was carried out of several cells by at least 5 independent experiments. One
way ANOVA was applied. *p < 0.05

R31A, D and E). Representative images are shown in figure R31A and quantification of at
least 5 independent experiments in R31D and E. Therefore, ApoE3 astrocytes display
mitochondrial fission and fusion, whereas ApoE4 cells do not.

A The alteration of the fragmentation

Fisl Drpl

promoted by ApoE4 could be due to
dysregulation in the mitochondrial fusion,

as if it is hyperactivated, mitochondria

would be permanent fused. Although, it
B could also be due to alterations in
mitochondrial  fission, as if it is
hypoactivated, mitochondria could not
fragmentize. ~ To  understand  the

mechanism, we studied the expression of

the key molecules involved in both events,

- — ; fusion and fission (figure R32) (Kuzmicic
Figure R32: Principal proteins that

participate in mitochondrial fusion and et al. 2011).
fission events. (A) Fisl recruit Drpl that
promotes the division of one mitochondrion
into 2 (fission). (B) Opal performs the fusion of
the inner mitochondrial membrane whereas

Mfl’ll and an2 achieve quiOl’l Of the outer CXPICSSiOﬂ Of DRPl and FlSl by real_time
membrane. Modified from Kuzmicic et al. 2011.
PCR (figure R32A) since they are key

In respect to fission events, we studied the

proteins that control mitochondrial fission. Normalizing the results to the expression of
these proteins in ApoE3 cells (value equal to 1) the expression of Drpl in ApoE4 cells is
0.97 + 0.14 (figure R33A), whereas the expression of Fisl in ApoE4 cells is 1.08 * 0.16
(figure R33B). Thus, the expression of both proteins is similar between ApoE3 and ApoE4

astrocytes, at least at the RNA level.
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Regarding fusion events, we assessed again by real-time qPCR the expression of Mfn1, Mfn2
and Opal (figure R32B). The expression of the 3 proteins is similar in both cell lines,
although Mfn2 expression shows a tendency to be upregulated in ApoE4 astrocytes.
Normalizing all the protein expressions to their expressions in ApoE3 cells (being 1), in
ApoE4 cells we find values of 0.99 * 0.21, (figure R33C) , 1.32 + 0.205 (figure R33D) and

0.90 £ 0.12 (figure R33E) for Mfn1, Mfn2 and Opal expression, respectively.
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Figure R33: Expression of proteins involved in mitochondrial dynamics. Quantification of the
expression of Drpl (A), Fisl (B), Mfnl (C), Mfn2 (D) and Opal (E) by qPCR. Expression was
normalized related to 18s and Gapdh expression and relative to ApoE3 cell expression of each N. At
least 4 independent experiments wetre quantified. Unpaired parametric T-test was applied.

Therefore, none of the molecules studied in mitochondrial fission and fusion present any
difference in their expression between ApoE4 and ApoE3 astrocytes at the RNA level.
However, most of these proteins suffer post-translational modifications or change their
location from the cytosol to mitochondria to achieve their function, so it would be interesting

to study their protein expression, activation and/or locations.

2.2. Mitophagy and autophagy alterations of ApoE4 astrocytes.

As it has been explained in the introduction, mitophagy is the process by which damaged
mitochondria are removed through autophagy. This process has also been related to
mitochondrial dynamics since mitophagy is mainly carried out after fission events. Since we
described that ApoE4 cells have an alteration in mitochondrial fission, we studied if the

mitophagy and autophagy are also affected.
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First, we investigated the expression of the principal A () Pac
molecules that trigger mitophagy: Pink1 and Parkin
(figure R34). Real-time qPCR quantification
showed that the expression of Pinkl is similar in

both cell lines (0.79 * 0.11 in ApoE4 cells

compared to the expression in ApoE3 astrocytes)

(figure R35A). Whereas, the expression of Parkinis g Phagophore
dramatically down-regulated in ApoE4 cells (0.28 *
0.27 normalized to the expression values in ApoE3

astrocytes) (figure R35B)

Therefore, this result suggests that ApoE4 cells

. . . . . Figure R34: Principal proteins that
could display an impairment in the mitophagy participate in mitophagy. Pink
protein recruits Parkin (A) that
ubiquitinates  (Ub) substrates of
also dysregulated. To answer this question, we membrane proteins. This
ubiquitination activates the formation
studied the autophagic vesicles and the expression of the phagophore (B). Modified

from Kuzmicic et al. 2011.

process. Thus, we asked if the general autophagy is

of a protein involved in autophagy.

We first evaluated the autophagic vesicles in ApoE3 and ApoE4 astrocytes by electron
microscopy (Figure R30). The experiments were done by Dra. Gutierrez from the University
of Malaga. Interestingly, ApoE4 cells present a higher number of autophagic vesicles
compared to ApoE3 cells (yellow arrows from figure R30A). In detail, ApoE3 astrocytes
have 56.16 = 5.3% of autophagic vesicles compared to 73.95 = 5.27% of the ApoE4
astrocytes (figure R36B). These studies also revealed differences in the number of lipid

droplets between both cell lines. So that, ApoE3 cells display a higher amount of lipid droplet
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Figure R35: Pink and Parkin expression in ApoE3 and ApoE4 astrocytes. (A) Quantification of
the mRNA expression of Pinkl by qPCR from 4 independent experiments. Expression was
normalized with 18s and Gapdh expression. (B) Representative western of Parkin and B-actin protein
expression and quantification of 4 independent western blots. Unpaired parametric T-test was applied.
*p<0.05
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vesicles (43.84 £ 5.3% of ApoE3 compared to 23.05 * 5.27 of ApoE4 cells) (figure R36B)
(brown arrows represents lipid droplets). The ratio of the quantifications highlighted the
inverse relation of both (figure R36B). This idea is supported by the bibliography, where it
has been described that there is a destruction of the lipid droplets when the autophagy is
more active (H. Dong and Czaja 2011). Therefore, ApoE4 astrocytes show an accumulation
of autophagic vesicles compared to ApoE3 astrocytes, and these results are in agreement

with a diminution of mitophagy.
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Figure R36: Autophagic vesicle and lipid droplets of ApoE3 and ApoE4 astrocytes. (A)
Representative images and their magnification from electron microscopy. (B) Quantification of the
vesicles from 12 ApoE3 cells and 9 ApoE4 astrocytes. The data are presented as the percentage of
autophagic (AV) and lipid droplets (LD) vesicles in both cell lines and the ratio of both parameters.
Parametric T-test was applied. *p<0.05

The autophagy is a very regulated process with several proteins that act in synchrony to
degrade cellular components. One of the principal protein is LC3, which due to its
modifications during autophagy it has been used as a marker of it. LC3 (LC3I) binds to
phosphatidylethanolamine, being then LLC3 II. Both forms can be identified by western blot
and used to follow the autophagic process. Thus, we assessed the expression of this protein
by western blot. In non-stimulated conditions, ApoE4 astrocytes show more expression of
LC3I and LC3II (figure R37). Therefore, these results suggest that there is an activation of
the autophagy process in ApoE4 cells in basal condition, in agreement with the findings of

electron microscopy quantification.

To study the autophagic flux, we treated the cells with 50 and 100 nM Temsirolimus for 18

hours (that inhibits mTOR and activates autophagy). In ApoE3 cells, the increase in the
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Temsirolimus concentration potentiates the diminution in LC3I suggesting that autophagic
flux is advancing and promoting the conversion of LC3I into LC3II. Similar results were
obtained in ApoE4 astrocytes (figure R37A). Therefore, it seems that both cell types can
undergo the autophagic flux, although in the case of ApoE4, autophagy is activated even in

non-stimulated conditions.

We also studied if the autophagic flux is affected by the presence of oAB. We treated the
cells with 5 UM oA for 6 and 24 hours (figure R37B). Interestingly, ApoE3 cells display a
reduction in LC3I with the 24 hours-treatment whereas ApoE4 cells not, suggesting that

there is no progression of the autophagic flux in presence of oA in these cells.

Altogether, ApoE4 astrocytes show an alteration not only in mitophagy but also in the

general autophagy as it has been described by other authors (Simonovitch et al. 2010).
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Figure R37: Autophagy in ApoE3 and ApoE4 astrocytes. Representative western blots of L.C3
(A) in cells treated or not with 50nM or 100nM of Temsirolimus (Tem) for 18 hours and (B) in cells

treated or not with 5uM of 0AB for 6 or 24 hours. B-actin was used to normalized the expression.
Preliminary data.

2.3. Mitochondrial motility of ApoE3 and ApoE4 astrocytes.

We next analysed if the ApoE4 expression alters mitochondrial motility, essential for main

cellular functions, for instance, to bring the mitochondria to places with high energy demand.

After labelling mitochondria with Mitotracker, we recorded the mitochondria of living
ApoE3 and ApoE4 cells for 1 minute to explore their motility. We analysed the frames with
IMARIS software obtaining a D* or squared displacement of each frame of the video. D?
eliminates the directionality of the movement, taking into account the motility in all the

directions (method detailed in the materials and methods section).
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Figure R38: Mitochondrial motility of ApoE3 and ApoE4 astrocytes. (A) D’ from astrocytic
mitochondria that were stained with Mitotracker green and followed for 1 minute. (B) Mean of the

addition of the D’ from all the frames of ApoE3 and ApoE4 astrocytic mitochondria. Several
mitochondria for several cells from 4 independent days were quantified. Two way ANOVA was
applied in section A while parametric unpaired T-test was applied in section B. *p<0.05, @p<0.01,
$p<0.001 and &p<0.0001.

Figure R38A represents the mean of the D”of each frame in both cell lines. The D? curve of
ApoE4 astrocyte mitochondria is above the curve of ApoE3 cells. In particular, the time
points of the frames that display significance are from 40 seconds (0.15 + 0.008 um?* from
ApoE4 mitochondria versus 0.07 £ 0.01 um* from ApoE3 mitochondria) to the end of the
recording, being the last time point measured the
most clearly different (60 seconds; 0.23 + 0.04 um®
from ApoE4 mitochondria versus 0.12 + 0.01 pm?
from ApoE3 mitochondria). This demonstrated
that ApoE4 astrocyte mitochondria change their
location faster than ApoE3 mitochondria.

Furthermore, we observed an augment of the D’

mean during the recording in both cell lines that is

accentuated in ApoE4 cells. This suggests that
Figure R39: Principal proteins

that participate in mitochondrial light might be slightly stimulating the
motility. Miro is the protein that
binds to the mitochondria and Milton
binds all the complex to the kinesines
(Kif5). This model has been
described in neurons. Modified from D’ during all the recording also shows the increase
Sheng et al. 2012.

mitochondrial movement (figure R38A), especially

in ApoE4 astrocytes. Moreover, the addition of all

in the mitochondrial motility in ApoE4 cells (2.93

+ 0.29 um® of ApoE4 mitochondria compared to 1.91 + 0.20 um* of ApoE3 mitochondria)
(figure R38B).

Overall, we can conclude that ApoE4 cell mitochondria display higher motility than ApoE3

ones. In this context, we examined the principal molecules involved in that movement. They
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are Milton1 (codified by Trakl gene), Milton2 (codified by Trak2 gene) and Miro (codified
by Rhotl gene). Their function is to anchor the mitochondria to the microtubules and
promote or not their movement (figure R39). This model has been described in neurons
(Sheng and Cai 2012) although Miro activity has also been found in astrocytes (Joshua G.
Jackson and Robinson 2018).

The expression of Trakl] is similar in both cell lines because we detected by real-time qPCR
a value of 0.96 £ 0.20 expression in ApoE4 astrocytes relative to the expression in ApoE3
cells (figure R40A). However, the expression of Trak2 shows a non-significant increment in
ApoE4 astrocytes being 1.31 £ 0.25 normalized to the expression in ApoE3 cells (Figure
R40B). Finally, Miro1 illustrates an upregulation in ApoE4 cells. Specifically, its expression
in ApoE4 cells is 1.45 = 0.06 compared to the expression in ApoE3 astrocytes (value equal
to 1) (figure R40C).

Therefore, mitochondria from ApoE4 astrocytes present hypermotility being Mirol and

probably Trak2 the proposed candidates facilitating this increase.
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Figure R40: Expression of motility-related proteins in ApoE3 and ApoE4 astrocytes.
Quantification of the mRNA expression of Trakl (A), Trak2 (B) and Rhotl (C) by qPCR from 4
independent experiments. Expression was normalized to the expression of 18s and Gapdh and relative
to ApoE3 cell expression. Parametric unpaired T-test was applied . ¥***p<0.001

2.4. Mitochondrial DNA (mtDNA) assessment.

The oxidative state of the mitochondrial DNA has been studied in AD as a marker of stress.
In fact, not only its oxidative state has been related to AD, but also its quantity, being
diminished in the CSF of AD preclinical individuals, proposing it as a potential biomarker
of this pathology (Podlesniy et al. 2013). Taking into account our results of mitochondrial

dynamics alterations we analysed if mtDNA quantity is changed in ApoE4 astrocytes.
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Figure R41: Quantity of mtDNA in ApoE3
and ApoE4 cells. Quantification of
mitochondrial DNA by real time PCR measuring
2 fragments of mtDNA of different length, 115
(A) and 699 bp (B) from 3 independent
experiments. (C) Representative western blot and
quantification of 3 independent westerns from
Tom20 protein. Expression data normalized by
B-actin expression. Unpaired parametric T test
was applied. ¥*p<0.05, ****p<0.0001

mtDNA.

To measure the mtDNA, we isolated this
DNA from ApoE3 and ApoE4 cells and we
evaluated its quantity using Real-time PCR
of 2 fragments: one of 699 bp (base pair)
and other of 115 bp. The primers for both
fragments were selected from the study of
Podlesniy et al (Podlesniy et al. 2013). The
quantification demonstrated that ApoE4
cells display less quantity of both fragments.
Regarding 699 fragment, ApoE4 cells show
0.54 * 0.01, value normalized to the
quantity of the fragment in ApoE3 cells
(figure R41A), whereas the quantity of 115
fragment is 0.68 * 0.09 also normalized to
ApoE3 quantity (figure R41B). The use of 2
fragments with different length highlights
the fact that this is a general diminution and

not a deletion of a specific sequence of the

To understand if the reduction in the quantity is due to a reduction in the mitochondrial

number or, on the contrary, it is a specific mechanism of mtDNA degradation, we quantified

the expression of Tom20. Tom20 is a mitochondrial membrane protein that is constantly

present in the mitochondria. The quantification of 3 independent westerns of Tom20 protein

resulted in a similar expression of it between ApoE3 and ApoE4 astrocytes, thus,

mitochondrial quantity or mass is similar (1.03 £ 0.08 expression in ApoE4 cells compared

to 1 of ApoE3 cells) (figure R42C). These results indicate that a decrease in the mitochondrial

mass in ApoE4 cells does not accompany the decrease in mtDNA. Probably, a dysfunction

of the mitochondrial renewal caused by a defect in the mitophagy and/or in the fission leads

to low mtDNA.
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2.5. Mitochondrial metabolism in ApoE3 and ApoE4 astrocytes.

Since mitochondria dynamics can be related to mitochondrial metabolism, we investigated if
the mitochondrial metabolism is altered in ApoE4 astrocytes. For that, we measured 2

molecules, ATP and lactate.

A . ApoE3 B 151 Firstly, we measured ATP
-.g I ApoEd g * concentration of the cells in a nutrient
§ 1.0- " % N rich medium (DMEM supplemented
: *] g with 10% of FBS). The ATP

0.0- o

concentration in ApoE4 cells is 0.76 £

Figure R42: Lactate and ATP measurement. (A) | ()7 compared to the ApoE3 cell ATP
Quantification of ATP measurement of ApoE3 and

ApoE4 cells of 3 independent experiments (B) | concentration (figure R42A). Thus,
Quantification of lactate secretion for 2 hours of . ) )
ApoE3 and ApoE4 astrocytes in KH medium of 3 there is a reduction in the ATP
independent  experiments. Measurements — were
normalized by protein quantity. Parametric unpaired
T-test was applied. *p<0.05

concentration in ApoE4 cells.

Secondly, astrocytes also produce lactate as a principal pathway since they have the anaerobic
glycolysis constitutively active, not only in the deprivation of oxygen or due to mitochondrial
defects such as in other cells. We measured the secretion of lactate for 2 hours in both cell
lines, and the results are very clear, ApoE4 cells secrete almost 9 times more lactate than

ApoE3 cells (8.76 * 1.6 compared to ApoE3 cell secretion) (figure R42B).

Taking all together, ApoE4 cells show lower ATP quantity and more lactate secretion than
ApoE3 ones. Therefore, anaerobic glycolysis is potentiated in ApoE4 astrocytes, although,
overall, there is less intracellular ATP in these cells. Anaerobic glycolysis is carried out in the
cytoplasm, so ApoE4 might have an alteration of oxidative mitochondrial metabolism that
probably promotes the increase in that anaerobic glycolysis in ApoE4 cells as a compensatory
mechanism. Supporting this idea, the metabolic assay of the whole cells also shows that
acylcarnitines are increased in ApoE4 astrocytes, as they are precursors of mitochondrial
fatty oxidation, it seems that they might be accumulated due to a mitochondrial metabolism
alteration. However, it cannot be discarded that the lower quantity of ATP could be due to

an increase in its consumption.

Overall, our results indicate that ApoE4 astrocytes suffer mitochondrial dysfunctions. In

particular, ApoE4 astrocytes do not achieve fission, have a decrease in a mitophagy-related
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protein, accumulation of autophagy and increased mitochondrial motility, probably related
to the increased in Mirol expression. However, still remained unknown if the alteration in
mitophagy is promoting the fission defect, or on the contrary, the mitophagy decrease is a
consequence of the lack of capability to fission the mitochondria. As a probable consequence
of the different mitochondrial dynamic alterations, ApoE4 astrocytes have a reduction in

mtDNA content.
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Chapter 3: Dysfunctional astrocyte

sighature as CSF AD biomarker.
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Two approaches exist for CSF biomarker discovery: targeted and untargeted. In the targeted
approach, the proteins related to AD pathogenesis are identified in the CSF, for instance,
AP, whereas in the untargeted, the proteins of the CSF are identified by massive proteomic
analyses. Thus, the second approach does not take into account the alterations or
mechanisms that allow them to be a biomarker. Furthermore, this approach results in a huge
quantity of molecules that also differ among different studies. Therefore, we proposed to
use astrocytic proteins representing astrocyte dysfunction in AD. This would be in between
both approaches, because we identified proteins that we know are astrocyte-specific and
based on their dysfunction in AD (targeted) but looking at all the proteins from the CSF that

are qualified as astrocytes (untargeted).

Concerning AD CSF biomarkers, the field is focused on single molecule detection and there
are no groups of proteins that represent cellular dysfunctions in the disease. Thus, we wanted
to create an astrocytic specific signature. Astrocytes are suggested to be contributors to the
disease although most of the studies still underestimate them. An example related to CSF
biomarker is the mitochondrial DNA. As it has been mention in the introduction, a decrease
in mtDNA in the CSF has been proposed as a biomarker of preclinical stages of the AD
(Podlesniy et al. 2013). In addition, this reduction is specific to AD as compared with another
neurodegenerative disease such as Creutzfeldt-Jakob disease (Podlesniy et al. 2010).
However, Podlesniy et al. proposed that this decrease might be due to neuronal alterations
since they observed diminution of mtDNA in cultured neurons. Interestingly, we observed
the same in ApoE4 astrocytes. Therefore, we believe that astrocytes could be contributing,

with other cells, to the decreased mtDNA in the CSF.

Since we experimentally demonstrated that ApoE4 astrocytes have alterations in the calcium
signalling, lysosomal (as calcium stores and as components of the autophagic process) and
mitochondrial functions, we focused our functional signature on these alterations. Our
primary purpose was to create a list of CSF biomarker candidates to identify CSF astrocytic
signature related to ApoE4 pathology. We reason that since ApoE4 is expressed throughout
the life, it would contribute to astrocytic dysfunction in the early stages of the AD. Thus,
performing a CSF signature based on ApoE4-elicited dysfunction would help in the eatly
identification of individuals at high-risk. However, most of the proteomic available CSF data
are not stratified by ApoE genotype. Since the functions that we found altered in ApoE4

astrocytes have been widely related to the AD (LaFerla 2002; Moreira et al. 2010; Zare-
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Shahabadi et al. 2015), we started our analysis by identifying an astrocytic AD signature of

the CSF. After that, we will examine this signature in the context of the ApoE genotype

when possible (figure R43).

Altogether, we have created an astrocytic signature of AD based on the alterations of calcium

signalling, lysosomal and mitochondrial functions that we have found in astrocytes. We used
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Figure R43: Workflow for the biomarker discovery. Graphical summary of the followed procedure.
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public databases to the perform the analysis. Figure R43 depicts the workflow that we have

employed for the candidate biomarker discovery.

3.1. Identification of astrocytic specific genes

First, to create the astrocytic signature, we had to establish which are the specific astrocytic
genes. To do that, we employed the database produced by the research group of Dr. Barres
that we called “Zhang 20167, according to its publication (Y. Zhang et al. 2016) (Annex I).
These authors isolated the different cell types from human brain by immunopanning and
extracted their RNA. They, thus, obtained data from human astrocytes, neurons, microglia,
oligodendrocytes and endothelial cells. Then, they analysed the gene expression by RNA-seq
obtaining 23222 differentially expressed genes for all the cell types.

Using the expression data of the different cells provided by “Zhang 2016” database, we
performed a mathematical test of cell specificity of each gene in collaboration with Dr. Wood
(Georgia Institute of Technology (Atlanta)). Among the different mathematical tests that
exist, we chose Tau since it has been demonstrated as the most robust method on its capacity
to distinguish the specific genes for a tissue (Kryuchkova-Mostacci and Robinson-Rechavi
2017) (figure R44). Tau is employed as a tissue specificity index, but we took advantage of it
to distinguish the specific genes of each cell type. The main advantage of this method is that
takes into account the expression of each gene in all the other cells providing a specificity

number of a gene for each cell type. The mathematical formula is:

n ~
Zi—l (1 o Xi) ~ Xi

— -, =
) n-1 7' max(x)
1<i<n

where T is Tau, n is the number of cell types and x; is the expression of the gene in cell i.
When this number is close to 1, it means that this gene is specific of this cell type, by contrast,

a value closer to 0 means that this gene is ubiquitously expressed.

We considered genes with Tau above 0.8 as the ones specific for each cell type based on the
study of Kryuchkova et al. (Kryuchkova-Mostacci and Robinson-Rechavi 2017) (figure R44).
Therefore, after applying this test, we obtained a list of 1151 specific genes for astrocytes.

We called this dataset “Tau Ast 0.8”.(Annex I).
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Figure R44: Distribution of the different tissue-specificity parameters with data for human
RNA-seq of 27 tissues from Kryuchkova et al. 9 different tissue specific index have been used to
classified the specificity of each gene. Each line represent the distribution of the genes as density of
genes according to their specificity calculated based on the different indexes, in other words the gene
density in all the possible values of each index. Graph created with density function from R. In red
Tau analysis.

3.2. General astrocyte signature of AD

The next step was to know which of the genes in the dataset “T'au Ast 0.8” table codify for
proteins that appear in CSF and are altered in the CSF of AD patients. To do that, we first
created a database with CSF proteomes that we called “Proteomic studies”. This table is
composed of the proteomic results from 2 databases, 1 article of proteomic data from healthy
CSF and 28 research articles, in which, they compared AD CSF to healthy CSF with different
methodologies. Then, in this database we have proteins found in the CSF and from them,

the ones that change in the CSF of AD individuals (Annex I).

The references of the proteomic table are Schutzer et al. 2010; Zetterberg 2017,
Guldbrandsen et al. 2017; Pannee et al. 2013, 2016; Korecka et al. 2014; McAvoy et al. 2014;
Barthélemy et al. 2016; Martinez-Morillo et al. 2014; Rezeli et al. 2015; Oeckl et al. 2014; A.
Brinkmalm et al. 2014; Ohrfelt et al. 2016; Sjodin et al. 2016; Heslegrave et al. 2016;
Hendrickson et al. 2015; Wijte et al. 2012; Kvartsberg et al. 2015; Bruggink et al. 2015;
Rogeberg et al. 2015; Rudinskiy et al. 2016; Di Domenico et al. 2016; Holttd et al. 2015;
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Khoonsari et al. 2016; Ringman et al. 2012; Heywood et al. 2015; Spellman et al. 2015;
Wildsmith et al. 2014; G. Brinkmalm et al. 2018; Remnestal et al. 2016; Paterson et al. 2016.

A i Pr ic studies Accesion Proteomic studies Accesion | Proteomic studies
Gene Gene Gene
number Found Changed number | Found | Changed number | Found |Changed
APOE P02649 ++++++++++ | ANTXR1 QIH6X2 + IGSF11 Q5DX21 +
CHI3L1 P36222 FH+++H+HH+ +++++ APC P25054 + ITGA7 Q13683 +
CST3 P01034 e+ +++ AQP1 P29972 + ITGB8 P26012 +
CLU P10909 ++ttt+ ++ ASPH Q12797 + KIAA0319 Q5VV43 +
PTGDS P41222 ++++++ ++++ ASTN1 014525 + LFNG Q8NES3 +
CPE P16870 +H++++ ++ ATP1A2 P50993 + LGI1 095970 +
LSAMP Q13449 +++++ ++ ATP1B2 P14415 + LIFR P42702 +
NCAN 014594 +H++++ + BMP7 P18075 + LRIG1 QI6JA1 +
C4A POCOL4 ++++ ++ Cl4orf37 Q86TY3 + LRP1B QINZR2 +
FBLN1 P23142 ++++ ++ C160rf89 QO6UX73 + MASP1 P48740 +
S100B P04271 +4+++ ++ C1R P00736 + MCCC2 QIHCCO +
C5 P01031 ++++ + CA12 043570 + ME1 P48163 +
GFAP P14136 ++++ + CALCA P06881 + MMP28 QI9H239 +
KLKB1 P03952 ++++ + CALCB P10092 + MRO QIBYG7 +
NEO1 Q92859 +4+++ + CD109 QG6YHK3 + MST1 P26927 +
PAPLN 095428 ++++ + CDH2 P19022 + MSTN 014793 +
SERPINA3 P01011 ++++ + CDH20 QIHBT6 + MYBPC1 Q00872 +
SPON1 QIHCBO6 ++++ + CDH4 P55283 + MYLK Q15746 +
NRCAM Q92823 ++++ CHI3L2 Q15782 + NDRG2 QIUN36 +
KAL1 P29622 +++ ++ CHRDIL1 QIBU40 + NOTCH2 Q04721 +
NRXN1 P58400 +++ ++ CHST1 043916 + NTM QIP121 +
DKK3 QIUBP4 +++ + CHST10 043529 + NTRK2 Q16620 +
EFEMP1 Q12805 +++ + CNTFR P26992 + NTRK3 Q16288 +
LTBP1 Q14766 +++ + COL16A1 Q07092 + NUDT3 095989 +
PTPRZ1 P23471 +++ + COL28A1 | Q2UY09 + OAF Q86UD1 +
SCG3 Q8WXD2 +++ + COLG6A1 P12109 + OLFM2 095897 +
PRDX1 Q06830 +++ CPNE6 095741 + PARD3B Q8TEWS +
SPARCL1 Q14515 +++ CRELD2 | Q6UXH1 + PCSK5 Q92824 +
C1201f49 QIH741 ++ + CSPG5 095196 + PGM1 P36871 +
C18 P09871 ++ + CTSH P09668 + PLXNB1 043157 +
CKB P12277 ++ + DBC1 060477 + PON1 P27169 +
DDAHI1 094760 ++ + DDR1 Q08345 + PON3 Q15166 +
GFRA1 P56159 ++ + DDR2 Q16832 + PPP1R1B QIUD71 +
HP P00738 ++ + DNAH7 | Q8WXX0 + PTN P21246 +
IT™M2C QINQX7 ++ + DNASE2 000115 + PTPLAD1 QIP035 +
LDHB P0O7195 ++ + ECHDC2 Q86YB7 + PTPRF P10586 +
MT3 P25713 ++ + EDNRB P24530 + PYGM P11217 +
SDC2 P34741 ++ + EGFR P00533 + RAB30 Q15771 +
AGT P01019 ++ EMID1 Q96A84 + RGMA QI6B86 +
ALDOC P09972 ++ ENO3 P13929 + SCN4B Q8IWT1 +
BCAN QI6GW7 ++ EPHB1 P54762 + SCRG1 075711 +
CIQTNF3 QIBXJ4 ++ ETFA P13804 + SDC4 P31431 +
CACHD1 Q5VU97 ++ EZR P15311 + SELENBP1 Q13228 +
CADM1 QIBYG67 ++ FAH P16930 + SEMA4A QIH3S1 +
CAT P04040 ++ FAM198B | Q6UWH4 + SEMA4B QINPR2 +
DAG1 Q14118 ++ FAM5B Q5VTR2 + SERPINE2 P07093 +
ENO1 P06733 ++ FAS P25445 + SIRPA P78324 +
FABP7 015540 ++ FGFR3 P22607 + SLC14A1 Q13336 +
FGFR2 P21802 ++ FIBIN Q8TALG + SLC1A2 P43004 +
MEGF10 QI6KGT ++ FLRT2 043155 + SLC39A12 Q504Y0 +
PLTP P55058 ++ FREM2 Q58ZK8 + SLC4A4 QIYG6R1 +
PRCP P42785 ++ FSTL1 Q12841 + SLC9A3R1 014745 +
PRDX6 P30041 ++ FZD7 075084 + SLITRK2 QIH156 +
PSAT1 QIY617 ++ GJA1 P17302 + SORBS1 QIBX66 +
SORCS2 QI6PQO ++ GLUL P15104 + TCF71.2 QINQBO +
SRPX P78539 ++ GOLIM4 000461 + TEX15 QIBXT5 +
TGFB2 P61812 ++ GPC5 P78333 + TGFBR3 Q03167 +
ACP6 QINPHO + GPR37L1 060883 + TKT P29401 +
AEBP1 Q8IUX7 + GSTM1 P09488 + TMEM132C Q8N3T6 +
AK1 P00568 + HEPACAM| Q14CZ8 + TNIK QIUKES5 +
ALDH1A1 P00352 + HPR P00739 + TPP1 014773 +
ALDH4A1 P30038 + HRSP12 P52758 + VIM P08670 +
ALDH5A1 P51649 + HS2ST1 Q7LGA3 + ZBTB20 QIHC78 +
ANGPTL1 095841 + IGSF1 Q8NG6C5 +
Table R3: Astrocytic proteins that appear in CSF. The “+” indicates the studies where a protein
has been found and if its quantity is changed in the AD CSF. Proteins are ranked by the number of
times that they appear in proteomic studies.
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Before comparing both databases (“Tau Ast 0.8” and “Proteomic studies”) we needed to
normalize them since we could not compare genes with proteins, and because of the different
nomenclature. We converted each gene and protein name to an accession number based on

UniProt database (https://www.uniprot.org). This platform accounts for all the known

human proteome, describing for each protein, its name, gene, localization and a brief
function among other information. To simplify the information, in the table of “proteomic
studies” it is only shown the accession number that corresponds to each identified protein.
Besides, it is detailed all the proteins identified in each study or database that composed the
proteomic studies dataset (“found”) and the ones whose quantity is altered in the CSF of
atients (“‘changed”). Proteins whose quantity is increased in are in green colour an
AD patients (“changed”). Prot hose quantity din AD or 1 d

proteins whose quantity is decreased, in red colour (Annex I).

To confirm that “Tau Ast 0.8” table and “proteomic studies” table could be compared we
determined the coincidence of the proteins from “proteomic studies” table to “Zhang 2016”

database. Around 93% of proteins from “proteomic studies” appear in “Zhang 2016”.

191 proteins in “Tau Ast 0.8” were established as specific for astrocytes and were found in
the CSF (“proteomic studies” dataset). Table R3 contains these proteins, the number of times
that have been identified in the proteomic studies and ,of them, in how many studies have
determined it as related to the CSF of the AD patients. Interestingly, 3 proteins that have
been found in more than 3 proteomic studies are not changed in AD. These proteins are
NRCAM (neural cell adhesion molecule 1), PRDX1 (peroxiredoxin 1) and SPARCLI
(SPARC like 1). Therefore, these proteins might represent the healthy CSF signature of
astrocytes compared to the AD CSF signature.
100
Until here, our criterion to select candidates was

proteins that are astrocyte specific and appear in the

Schutzer 2010
detections

CSF of at least in one study. Trying to improve the

probability of finding a protein in the CSF, we asked
0 20 40 60 80 100

if a higher brain expression of a protein means a Expression in human cortex

higher probability to find this protein in the CSF. To | Figure R45: Astrocytic proteins
that appear in CSF plotted
according their expression and
their detections in the CSF. 2 of the
proteins were excluded for the

compared this expression with the number of times | analysis due to their extreme
expression values.

solve this question, we used the gene expression data

of human cortex from “Zhang 2016 database. We
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that peptides from each protein were detected in one of the most compressive analysis of
the healthy CSF, “Schutzer 2010”(Schutzer et al. 2010). This study is considered as one of
the most complete databases from healthy human CSF. Figure R45 shows all the proteins
plotted according to their expression in the human cortex and their number of detections in
“Schutzer 2010” proteome. To confirm that there is no correlation between both parameters
we calculated the Pearson coefficient, which 0 means no correlation and 1 means correlation.
We obtained a coefficient of 0.24, confirming the absence of correlation between the
expression of a protein in brain and its presence in the CSF. Therefore, we excluded the
brain expression as a criterion for candidate identification and we focused on the proteomics

studies.

From the 191 proteins that can be found in the CSF, 35 have been related to the AD and
can be considered as a biomarker candidate. To find the candidates with high probability and
improve the validation process, we represented these proteins in Figure R46 according to
the number of times that appear in proteomic studies and the times that their quantity in
these studies is altered in AD (figure R46). Therefore, we can consider the number of times

that has been positively associated as an AD biomarker or not. 5 of the 35 proteins seems to

be better candidates since they 12 9

appear separated from the rest in the

graph. They are apolipoprotein E 8 - .
(APOE), prostaglandin D2 synthase g )
(PTGDS), cystatin C  (CST3) |

clusterin ~ (CLU), chitinase 3 »’f@xi% E%%,E?; :giﬁ’p o -

(CHI3L1 or YLKA40). From them, %y % o

the 2 with high probability are Ki 4 Found 8 12

APOE and CHI3L1, which have | Figure R46: AD CSF astrocytic candidates for
) biomarkers. Representation of the astrocytic proteins
been already proposed as potential | ¢ has been found changed in AD CSF proteome. The
AD CSF biomarker (Craig-Schapiro | ¥ %€ correspond to the number of studies of which a
protein appears, and the y axes the number of times that
et al. 2010; Perrin et al. 2011; | is altered in AD. Values of each protein in table R3. (1)
] ) GFRA1, LDHB, C18, C120tf49, HP, ITM2C, DDAH1,
Wildsmith et al. 2014). From the | cKB, SDC2 and MT3; (2) PTPRZ1, DKK3, SCG3,
LTBP1 and EFEMP1; (3) NEOI1, C5, SERPINA3,

other 3, the most appropriated one KLKB1, PAPLN and SPONI.

would be PTGDS since it has a high

score of detection (4 of 6 studies consider it related to the AD). Finally, CST3 is found in 8

studies and only changed in 3, and CLU is found in 7 and only related to the AD in 2.
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Essentially, at this point, we have an AD CSF astrocytic signature. To incorporate the

alterations of the organelles that we described in astrocytes to propose a functional AD

signature, we compared the CSF astrocyte signature with different databases from

mitochondria (MitoCarta2), lysosome (hLGBD) and calcium related proteins (CaGeBD).

3.3. Calcium-related astrocyte signature of AD

First, we investigated which astrocytic proteins
could be related to calcium signalling ,and at the
same time, be a CSF biomarker. We used
Calcium Genes Database (CaGeDB). This
database consists of all the genes that are related
in calcium signalling or calcium binding. To
generate it, they used Gene Ontology terms
associated with calcium and they extracted and
classified the genes, employing Ensembl and
NCBI Gene databases. The database is
composed of 1808 calcium associated genes

(http://cagedb.uhlenlab.org, (Hortenhuber et al.

2017)) (Annex 1). As in the case of “proteomic
studies” table, we needed to normalize the
names of the database giving them accession
numbers of UniProt and compared to “Zhang
2016”. 94.95% of the genes from CaGeDB
database are found in “Zhang 2016”. Therefore,

we continued with the assessment of candidates.

Of the 191 CSF specific astrocytic proteins, 36
are coincident with the proteins present in the
CaGeDB database (table R4). The top proteins
according to the times that are found in the
different proteomic studies and, according to
our analysis, are more probable to find in the
CSF, are APOE, neurocan (NCAN), fibulin 1
(FBLN1), S100B, EFG containing fibulin
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Gene Accession Proteomic studies
number Found Changed
APOE P02649 |++++++++++H +++++++
NCAN 014594 +++++ +
FBLNI1 P23142 4t ++
S100B P04271 +4+++ +4
EFEMP1 Q12805 +++ +
NRXN1 P58400 +++ ++
LTBP1 Q14766 +++ +
SPARCL1 Q14515 N
C1S P09871 ++ +
AGT P01019 ++
DAG1 Q14118 ++
CACHD1 Q5VU97 ++
MASP1 P48740 +
PON1 P27169 +
EGFR P00533 +
CDH4 P55283 +
EDNRB P24530 +
ATP1A2 P50993 +
GJA1 P17302 +
CIR P00736 +
AEBP1 Q8IUX7 +
NOTCH2 Q04721 +
CDH20 QI9HBT6 +
FSTL1 Q12841 +
CALCA P06881 +
DNAH7 Q8WXXO0 +
TCF7L2 QINQBO +
FAS P25445 +
CDH2 P19022 +
CPNEG6 095741 +
CRELD2 QO6UXHI1 +
ASPH Q12797 —+
LRP1B QINZR2 +
EZR P15311 +
CALCB P10092 +
MYLK Q15746 +

Table R4: CSF astrocytic candidate for
biomarker based on calcium signalling.

Astrocytic  proteins

signalling that would be appeared in the CSF
ranked based on the time found in a

proteomic study.

based on

calcium




extracellular matrix protein 1 (EFEMP1), neurexinl (NRXN1), latent transforming growth
factor beta binding protein 1 (LTBP1) and Sparc like 1 (SPARCLY).

Based on our results in cultured astrocyte, the interesting proteins are the ones regulated by
intracellular calcium, and from all the calcium-related, only NRXN1 and S100B belong to
this group. The other molecules are constituents of the extracellular matrix and are regulated
by extracellular calcium. However, we also discarded NRXNT1 as it has been mainly described
in neurons. The Tau analysis give to that protein an index of 0.81, near of the threshold that
we fixed. On the other hand, ApoE also appears in that classification due to that it is a

secreted protein (pathway controlled by calcium signalling in some cell types) (table R4).

We then focused on how many proteins of the 35 found and changed in AD are related to
calcium signalling. The group is reduced, only 8 proteins (figure 47) and from them, the ones
that appear changed in more studies are the ApoE, FBLN1, S100B and NRXN1. Since
FBLN1 is an extracellular protein and NRX1 a neuronal protein, we excluded them.

Therefore, again, ApoE and S100B are proposed as a components of the astrocytic AD

signature.
81
APOE.
61 Figure R47: AD CSF astrocytic candidates for
biomarkers based on calcium  signalling.
2 4 Representation of the astrocytic proteins that has been
found changed in AD CSF proteome. The x axes
FBLNY/ correspond to the number of studies in which a protein
21 NN e st008 appears and the y axes the number of times that is altered
C1Se o, oNOAN in AD. Values of each protein are in table R3.
0 /LTBP1 . . .
0 5 10 15
Found

3.4. Lysosomal-related astrocyte signature of AD

Since lysosomal alterations cause the dysregulation of the calcium signalling, and lysosomes
participate in autophagy in ApoE4 astrocytes, we studied which of the proteins of “Tau Ast
0.8” table are lysosomal. To do that, we used the human Lysosome Genes Database
(hLGDB). As its name indicates, it contains the human genes that codify for lysosomal
proteins. The creators of this database acquired information of different sources such articles
and other databases as Reactome, Gene Ontology, KEGG or UniProt to construct a

comprehensive list of 435 lysosomal genes (http://lysosome.unipg.it/ (Brozzi et al. 2013)).

As in the other cases, we normalized the database genes by UniProt accession number and
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Lysosomal
P Accesion Proteomic studies
number Found Changed
CST3 P01034 4+ +++
CLU P10909 +++++++ ++
PTGDS P41222 ++++++ ++++
PRCP P42785 ++
ITM2C QINQX7 ++ +
PRDX6 P30041 ++
CAT P04040 ++
TPP1 014773 +
GJA1 P17302 +
FGFR3 P22607 +
COLO6A1 P12109 +
DNASE2 000115 +
CTSH P09668 +
Table R5: CSF astrocytic candidate for
lysosome based biomarker proteins.
Astrocytic proteins related to lysosomal
compartment that would be appeared in the
CSF, ranked based on the number of times
found in a proteomic study.

we compared the percentage of genes from it
with “Zhang 2016”. The 97.47% of genes from
hLLGDB are found in Zhang 2016, having the
highest  coincidence  between  databases

observed in our study.

Using hLGDB, we found that 13 proteins of
“Tau Ast 0.8” dataset are lysosomal or secreted
by lysosomes (table R5). Of them, the first,
according to the number of times that are found
in a proteomic study, are cystatin C (CST3),
clusterin (CLU) and prostaglandin D2
synthetase (PTGDS) (table R5).

After filtering the proteins with the ones

changed in AD, we found that only 4 could contribute to the AD signature. (figure R48).
These proteins are PTGDS, CST3, CLU and integral membrane protein 2C (ITM2C). From

them, the protein that is changed in more studies is PTGDS (3 out 8), followed by CLU and

CST3. Clusterin has been related to AD since it is an extracellular chaperone that promotes

the AP clearance (Nelson, Sagare, and Zlokovic 2017) and PTDGS and CST3 are related to

protein processing but in the case of CST?3, its activity is extracellular (GeneCards website).

The last lysosomal candidate is ITM2C that is a negative regulator of A production

(GeneCards webpage). Thus, even with the lowest score, as it has only been found in one

study, due to its function, it is a good potential component of the signature. Although, none

AD

PTGDS
°

o CST3

CLU

Found

8 10

Figure R48: AD CSF astrocytic candidate for lysosome
based biomarker proteins Representation of the astrocytic
proteins that has been found changed in AD CSF proteome. The
x axes correspond to the number of studies of which a protein
appears and the y axes the number of times that is altered in AD.
Values of each protein in table R3.

of these lysosomal proteins are related directly to the lysosomal functions that we found

altered in ApoE4 astrocytes, we believe that they could be indirectly affected by the

endolysosomal system and reflect its dysregulation changing their quantity. Thus, we

considered these 4 proteins as part of the AD astrocytic signature.
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3.5. Mitochondrial related astrocyte signature of AD

Finally, we looked at the signature of mitochondria using the MitoCarta2. This database
englobes all the proteins that are localized at the mitochondria, thus, it is composed of
proteins codified by nuclear and mitochondrial DNA. We employed the human dataset that
is constituted by 1158 human mitochondrial proteins
(https://www.broadinstitute.org/files /shared/metabolism /mitocarta/human.mitocarta2.0.
html) (Calvo, Clauser, and Mootha 2016). Before extracting the mitochondrial proteins to
determine the astrocyte signature, we normalized the protein names as previously presented
(accession number of UniProt) and we tested the compatibility of the databases. 94.99% of
the proteins from MitoCarta appeared in “Zhang 2016”. Since the most of the proteins are

found in “Zhang 2016”, we proceeded with the establishment of the biomarker signature.

Mitochondrial
o Accesion Proteomic studies
0 . . .
ene number Rourdl || @zl Comparing the number of times obtained
DDAH! 094760 ++ + from each protein with the rest of the
LDHB PO7195 r + tables, in this case, the majority of proteins
PRDXo6 P30041 ++ .
have lower numbers. Therefore, it seems
CAT P04040 ++
TKT 29401 + that the mitochondrial component is less
HRSP12 P52758 + represented in the CSF as compared to
ALDH4A1 | P30038 + lysosomal-related proteins, for example.
MCCC2 QI9HCCO +
ECHDC2 Q86YB7 +
ME1 P48163 +
Table R6: CSF astrocytic candidate for
1omarker based on mitochondrial proteins.
ACP6 QINPHO + bi ker based itochondrial p .
ETFA P13804 + Astrocytic proteins related to mitochondrial
ALDH5A1 | P51649 " function that would be appeatred in CSF.

Filtering these proteins with the AD database, only 2 of them are suggested as good
biomarker candidates according to our criteria, dimethylarginine dimethylaminohydrolase 1
(DDAHT1) and lactate dehydrogenase B (LDHB) (table R6) but with a low score. They are
only found in 2 studies and from them, are only changed in one in the CSF proteome of AD
patients. However, none of these proteins are related to the mitochondrial processes altered
in ApoE4 astrocytes. If mitochondria of ApoE4 astrocytes were totally damaged, we could
propose that these proteins could be part of the signature due to the massive mitochondrial
affectation, but since they can function normally in some aspects, for example, uptaking
calcium we decided to discard them. Moreover, LDHB is also a cytosolic protein, so we

cannot ensure that could reflect mitochondrial dysfunctions.
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3.6. Summary of the biomarker candidates proposed

We proposed an astrocytic signature of the AD based on lysosomal and calcium signalling
dysregulation for the early identification of AD. This signature is composed of ApoE, S100B,
PTGDS, CST3, CLU and I'TM2C. The candidates to form the signature are predominantly
found increased in the AD CSF except ITM2C that is found in lower quantity in the AD
condition. Now, an important part of the study, will be to validate this signature by proteomic

studies or ELISA assays and to evaluate its specificity and sensitivity as a good biomarker.
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Annex I

Data used for the identification of the biomarkers are available in an Excel file under request.

Contact to raquelarramona@gmail.com. This format has been chosen due to the huge
quantity of proteins from some databases that make difficult attaching them printed. The

first sheet of the file contains the information that can be found in the rest of the sheets.
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ApoE4 has been recognized as the primary genetic risk factor of the sporadic form of the
AD. The reseatch about it has been focused on neurons and amyloid B metabolism, although
this molecule is mainly secreted by astrocytes as part of lipoproteins. Astrocytes are altered
during the development of the AD, whereas their contribution to the pathogenesis remains
not fully understood. Taking into account both ideas, in this study we wanted to elucidate
the relationship between the expression of ApoE4 in astrocytes and their functions to
understand why ApoE4 is a genetic risk factor of the AD. Mainly, we discovered that 2 of
the central astrocyte processes, previously related to the AD, are dysregulated in ApoE4
astrocytes: calcium signalling and mitochondrial functions, pointing to ApoE4 as the leading
cause in astrocytes for the first time. Therefore, the expression of endogenous ApoE4 is
enough to alter astrocyte functions related to AD pathology and hence might contribute to

the causes or/and development of the AD.

1. ApoE4 expression dysregulates calcium signalling in astrocytes

Alterations in astrocyte calcium signalling have been described in different biological models
of the AD models: cell cultures, slices and live animals (detailed in the introduction)
(Pirttimaki et al. 2013; L. Lee, Kosuri, and Arancio 2014; Bosson et al. 2017; Ambra A. Grolla
et al. 2013; Alberdi et al. 2013). However, none of them described ApoE or ApoE4 as a
factor with the ability to affect calcium signalling. We described for the first time that the
expression of ApoE4 modifies calcium homeostasis in astrocytes. Interestingly, ApoE4 alters
not only intracellular calcium at rest conditions but also ATP-elicited calcium responses
which are elicited by different calcium sources of the calcium pathways and not regulated by

extracellular lipid or lipoproteins.

V-ATPase hyperactivity in ApoE4 astrocytes

We have described lower basal calcium in ApoE4 cells, as a consequence of the increased V-
ATPase activity. This greater activity is maintained in lipoprotein deficient. A priori, this
result is contrary to what is found in the bibliography. For example, neurons that are
stimulated with exogenous ApoE3 or ApoE4 showed increased basal calcium with the
ApoE4 isoform (L. Jiang et al. 2015). In another study on astrocytes, an increase in basal
calcium was also demonstrated when the cells were treated with ApoE4 (Muller et al. 1998).
However, in both studies, the ApoE is added exogenously, and whether basal calcium is
chronically changed is not measured. Therefore, our results are the first to describe the fact

that endogenous ApoE affects basal calcium.
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We also described a greater magnitude of ATP-induced calcium responses (peak) in ApoE4
versus ApoE3 astrocytes kept in a medium rich in lipoproteins, due to an increase in the
release of lysosomal calcium, which in turn, it is also higher in ApoE4 than in ApoE3
astrocytes. In addition, we have observed a slight increase in the release of calcium from the
ER and extracellular calcium entry in these cells, the latter being less important to the ATP-
induced calcium peak. The lysosomal calcium release has been shown as the initial event of
agonist-induced calcium signals in many cell types (Churchill and Galione 2001; Galione
2015). It can then be amplified by calcium release from the ER and extracellular entry. The
latter is triggered by the activation of purinergic ionotropic receptors, a decrease in calcium
stored in the ER (SOCE) (Rosado 2016) or by a decrease in lysosomal calcium (Brailoiu and
Brailoiu 2016). For that reason, we believe that the greater lysosomal calcium release in
ApoE4 cells compared to ApoE3 could be the cause of the higher ER calcium release and
extracellular calcium entry. The use of the lysosomal calcium release inhibitor, Ned-19,
supported this idea since, in its presence, the difference in the magnitude of ATP-elicited

calcium responses between ApoE3 and ApoE4 cells disappears.

Furthermore, we found the specific mechanism through which the lysosomes in ApoE4
astrocytes release more calcium after ATP stimulation: increased activity of the lysosomal V-
ATPase pump. This conclusion is supported by experiments with Bafilomycin Al treatment,
a specific inhibitor of this complex. The intracellular cytosolic calcium in non-stimulated
conditions of ApoE4 treated astrocytes is similar to the level of the ones in ApoE3 non-
treated cells. Thus, there is a higher activity of V-ATPase in ApoE4 astrocytes, resulting in
higher calcium inside lysosomes and lower cytoplasmic calcium in control situation. Besides,
one of the 3 subunits tested by western blot or qPCR, VOD1, is augmented in these cells.
This result was confirmed in the study of Nuriel et al. (Nuriel et al. 2017), where they found,
apart from VOD1, 8 other upregulated subunits of V-ATPase in the entorhinal cortex of the
ApoE4 mouse model, although they did not distinguish between cell types. Prasad and Rao
also measured the expression of V-ATPase subunits, and they found contrary results: a
general downregulation of them in human ApoE4/4 brain tissue, although VOD1 is not
among the identified subunits that change their expression, and a downregulation of VOA1
in ApoE4 human fibroblast and mouse astrocytes (Prasad and Rao 2018). Looking at our
results, from the 3 subunits tested, only one increases, so not all the subunits are changed in

the same direction. It seems that there is variability in the expression of V-ATPase subunits
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suggesting that its activity is modulated by other factors different from the upregulation or

downregulation expression of all its subunits.

V-ATPase hyperactivity has also been related to another neurodegenerative disease, familiar
frontotemporal lobar degeneration. Klein et al. have shown that the normalization of the V-
ATPase activity by a deletion of a gene that is related to the disease rescues the behavioural
deficits observed in a mouse model of the pathology (Z. A. Klein et al. 2017). This suggests

that V-ATPase plays a role in the behavioural defects that appear in the disease.

The principal function of the V-ATPase is to promote the proton entrance to the lysosomes
(and endolysosomes) to maintain the acidic pH. When we measured the pH of the ApoE4
astrocytes, we expected to find more acidic lysosomes than in the ApoE3 lysosomes due to
the V-ATPase activity; however we found no difference between them or even a very small
increase in the alkalinisation in ApoE4 ones. This alkalinisation of the lysosomes in ApoE4
astrocytes has also been described by Prasad and Rao (Prasad and Rao 2018). They measured
the lysosomes separately from the endosomes, whose pH, they discovered, is more acidic in
the ApoE4 astrocytes. Thus, this decompensation of the vesicle pH affected the protein
clearance (Prasad and Rao 2018).

We found that there is similar or high pH in ApoE4 astrocytes and high V-ATPase activity,
which seem to be contradictory unless there is upregulated mechanism to extrude protons
out of the lysosome again. And in fact, there is an exchange of calcium-protons, and the
overloading of calcium in ApoE4 astrocytes supports its higher activity. The molecular
identity of this calcium-proton exchanger, which is called CAX, has been discovered in the

last years in mammals (Melchionda et al. 20106).

Apart from the magnitude of the response, we have observed a slower recovery phase after
the stimulation with ATP in ApoE4 astrocytes compared to that in ApoE3. The recovery
phase is accomplished by SOCE and uptaking mechanisms carried out by different pumps,
especially ATPases such as SERCA or PMCA. Since we illustrated a diminution in the ATP
production of ApoE4 astrocytes, this could be a plausible cause of a reduction in the activity
of the pumps and hence a more prolonged recovery phase of calcium signals. However, we
described hyperactivity of V-ATPase, a complex that also depends on ATP. Thus, this

suggests that the quantity of ATP is not limited, at least at the basal condition when there is
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no high ATP demand. It could be possible that after purinergic receptor activation the
requirement of ATP would be higher and insufficient, being affecting the ATPase activities.
We cannot answer this question but we know that the V-ATPase is hyperactive so probably
other factors are affecting pumps that control the recapture of calcium. In erythrocytes, a
diminution in phosphatidylserine caused the reduction of ATP affinity to PMCA, so this
pump works slowly (Bruce 2018; Rossi and Rega 1989). We have demonstrated by our lipid
characterization that ApoE4 astrocytes show a lower amount of phosphatidylserine, hence

the activity of PMCA could be compromised.

Lipids regulate calcium channels and pumps

Lipids can modulate channel activity by acting directly on the channels or by changing their
environment because different lipid composition affects membrane properties. For instance,
it modulates fluidity, bilayer thickness, lateral pressure or surface, which results in channel
activity regulation (Tillman and Cascio 2003). Our metabolomics assays of whole astrocytes
and lysosome membranes showed that the lipid profile between ApoE3 and ApoE4 cells is
different. Therefore, we suggest that the ApoE4 expression in astrocytes results in
membranes with different lipid composition which may alter calcium homeostasis.
Specifically, we have demonstrated that phosphatidylcholine and phosphatidylethanolamine
are present in different quantities in lysosomal membranes of ApoE3 and ApoE4 cells.
Interestingly, it has been shown that both molecules affect the lateral pressure of the
membrane due to their polar charges and phosphatidylethanolamine redistributes this
pressure when it is present (Cantor 1999). Thus, both molecules can be affecting the
lysosomal channels or pumps through lateral pressure changes of the membranes. Moreover,
Grasso et al. found that different lipid diets given to rats alter the coupling of V-ATPase
domains required for its activity in urothelial cells (Grasso, Scalambro, and Calderén 2011).
Therefore, the specific lipid distribution of lysosomes in ApoE4 cells is probably also
affecting the pump activity. In addition, lipids can also regulate lysosomal calcium release;
for example, Churamani et al. explained that phosphatidylcholine increases this calcium
release in sea urchin eggs (Churamani et al. 2000). ApoE4 astrocytes present augmented 6
different phosphatidylcholine compared to ApoE3 cells, suggesting that lysosomal calcium

release could also be potentiated by the lipid composition.

Apart from the lipids previously mentioned, there are other lipids that can also play an active

role in the regulation of lysosomal calcium mechanisms. Regarding the V-ATPase,
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phosphatidylinositol 3,5- bisphosphate has been demonstrated as a stabilizing factor for its
coupling, increasing its activity (S. C. Li et al. 2014). Moreover, Prasinou et al. explained that
ApoE3 cells had differences in their saturation of fatty acids, the quantity of polyunsaturated
fatty acids being lower than in ApoE4 cells (Prasinou et al. 2017). An in-depth study would
be of interest to find out whether lipid dysregulation in ApoE4 astrocytes causes the V-
ATPase hyperactivity as our results suggest. In summary, the endogenous expression of

ApoE results in lipid alterations and calcium signalling dysregulations.

ApoE regulation interference of calcium signalling through lipids seems a plausible theory.
We have discarded that ApoE4 alterations of lysosomal calcium are mediated mainly through
a direct interaction between the ApoE and V-ATPase. It has been described that another
apolipoprotein, ApoD, can change lysosomal features directly by its presence in the
lysosomes. This apolipoprotein is necessary for controlling the pH of lysosomes after stress
conditions (Pascua-Maestro et al. 2017). However, according to our results, ApoE
colocalized pootly with the lysosomes while ApoD is present, suggesting, in our case, an

indirect regulation of the V-ATPase activity.

Besides, we have concluded that the alteration of ATP-elicited calcium responses related to
lysosomal calcium content depends on the isoform of ApoE rather than on the lower ApoE

protein content that we observe in ApoE4 astrocytes.

Overall, the ApoE4 isoform might be promoting alterations in the lipid content or transport
that would affect the V-ATPase and lysosomal calcium, which would increase the purinergic-

elicited calcium responses.

Modulation of ApoE3 astrocyte calcium responses.

Importantly we discovered that lipoproteins modulate ATP-induced calcium responses in
ApoE3 cells, but not in ApoE4 astrocytes. Specifically, there is an increase in the magnitude
of ATP-elicited calcium responses. The mechanism is not mediated by changes of lysosomal
calcium content. However, the increase in its release seems to be amplified by calcium release
from the ER and especially by extracellular calcium entry. Thus, extracellular calcium entry
becomes of great importance in the purinergic-elicited calcium signals in ApoE3 astrocytes
kept in lipoprotein-poor mediums whereas it does not have a high contribution when ApoE3

cells are in lipoprotein-rich mediums. We observed that this modulation appeared a few
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minutes after removing or adding the lipoproteins to the medium, so the modulation is not
due to change of gene expression or specifically up- or downregulation of purinergic

receptors. There are different possible explanations for this lipoprotein-based regulation:

1) Direct regulation or activation from calcium channels by some lipids. As it has been

mentioned before, the lipids could modulate not only lysosomal channels but also
most of the calcium channels of the cell. For example, Shirakawa et al. demonstrated
that sphingosine 1 phosphate, binds to a G-coupled receptor and leads to
extracellular calcium influx through the TRPCG6 channel (Shirakawa et al. 2017).
Other examples are the work of Estacion et al. where phosphatidylinositol-4,5-
biphosphate modulates drosophila TRP activation (Estacion, Sinkins, and Schilling
2001) or the works of Choquette et al. and Gamper and Shapiro in which the PMCA
pump is also affected by this lipid (Choquette et al. 1984) among others (Gamper
and Shapiro 2007). Therefore, it is not surprising that the extracellular medium, rich
in lipids and lipoproteins, modulates ATP-induced cytosolic calcium responses.
However, this is the first time that it is described in the context of the expression of
different ApoE alleles. Therefore, somehow lipids or lipoproteins could be altering

the plasmatic membrane channels of ApoE3 astrocytes.

2) Better coupling of calcium signalling pathways when lipoproteins are present in the

medium. SOCE, in which depletion of calcium from intracellular organelles triggers
extracellular calcium entry, was first described and has been mainly characterized
after the calcium depletion of the ER. The principal players are STIM (protein in the
ER) and Orail (plasmatic membrane channel). STIM senses the quantity of calcium
and contacts with the Orail channel physically promoting calcium influx to the cell
(Islam 2012). The mechanism of SOCE induced by lysosomes is not well
characterized, but it has been shown in primary cultured neurons, where lysosomal
calcium release promotes the influx of calcium through N-type calcium channels
from the membrane (Hui et al. 2015). Moreover, STIM protein has been reported to
be present in lysosomes from platelets (Zbidi et al. 2011). In addition, it has been
found that SOCE is mediated by TPC2, Stim and Orail in human cells, since in
conditions of calcium depletion TPC2 interacts with Stim and Orail and its silencing
decreases the extracellular influx of calcium (Lopez et al. 2012). In our case, we have

observed extracellular calcium entry dependent on lysosomes either directly or
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through calcium release from the ER. We have not demonstrated the cause of a
better interaction of calcium signalling pathways in the absence of lipoproteins in
ApoE3 astrocytes, however it could be due to the lack of endocytosis of lipoproteins,
as its inhibition with Psck9 increases calcium responses. Other possibilities have also
to be taken into account. The lipid dependence of SOCE activity has been
demonstrated as the absence of cholesterol increases the stabilization of STIM and
Orai (Pacheco et al. 2016) or the phosphatidylinositol bisphosphate presence affects
the SOCE differentially based on the species of study (Calloway et al. 2011). So, the
presence of extracellular phospholipids and cholesterol (that are forming the

lipoproteins) could directly modulates calcium entry.

Therefore, ApoE3 lysosomes in medium deficient in lipoproteins might activate the influx
of extracellular calcium owing to a regulation of SOCE by extracellular lipids or thanks to
the high ER release induced by the high lysosomal release that would increase SOCE or a
regulation of SOCE directly by lysosomal calcium release Concerning ApoE4 astrocytes, we
determined that the expression of TPC2 is downregulated. Therefore, if there is less amount
of TPC2 in ApoE4 cells, possibly the acidic SOCE is diminished or absent, and that would
be an explanation of why ApoE4 cells exhibited similar calcium responses among the
mediums. Other possibility could be related to lysosomal localization. Our results show that
lysosomes in ApoE3 cells are redistributed all along the cell, in opposite to the lysosomes of
ApoE4 astrocytes which a high percentage is localized around the nucleus. Therefore, the
more nuclear localization of lysosomes in ApoE4 astrocytes could prevent the better
coupling between organelles. Regarding mitochondria, we know that it could uptake calcium,
since we have demonstrated that ApoE4 cells have an increase in that uptake, discarding the
mitochondria as the cause of the higher magnitude of the ATP-elicited responses or the slow

recovery phase.

Consequences of calcium dysregulations in ApoE4 astrocytes

In a general view, we have described a lack of modulation of calcium signalling in ApoE4
astrocytes that might affect the adaptation to environmental changes and conferring
susceptibility to pathology. For example, if one of the normal functions of astrocytes is to
modulate long-term potentiation (a plasticity process that is involved in memory) through
the release of calcium-dependent D-serine (Henneberger et al. 2010), in the case of ApoE4

astrocytes, that could be impaired, increasing its release and affecting the long-term
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potentiation. Another process related to calcium signalling in astrocytes is the control of
blood flux to the brain due to the release of vasoactive substances after cytosolic calcium
increases (MacVicar and Newman 2015). As a result, alterations in calcium signalling would
affect blood vessel contraction and subsequently, oxygen and nutrient delivery to the brain

would be impaired.

The main transmitter used in this thesis to stimulate calcium signalling in astrocytes is ATP.
ATP stimulation of astrocytes has been implicated in processes such as gliotransmission
since it has been shown that ATP stimulates the glutamate release in astrocyte cultures
(Jeremic et al. 2001). Purinergic receptor activation in astrocytes has also been related with
the neuronal survival, although the results are not consistent. Fujita et al. explained that ATP
stimulation of hippocampal astrocytes cultured with neurons promotes neuronal survival
after oxidative stress (Fujita, Tozaki-Saitoh, and Inoue 2009) whereas Gandelman et al.
showed that ATP stimulation of spinal cord cultured astrocytes induces toxic effects in
motoneurons that lead to their cell death (Gandelman et al. 2010). The ATP concentration,
the calcium signalling derived pathway activated and the differences of astrocytes from
different brain regions probably explain the final effect of ATP stimulation of astrocytes.
Overall, the alterations of purinergic receptor-induced calcium signals by ApoE4 expression

can lead to different outcomes in different brain regions or/and under different conditions

In this sense, in the context of the AD, the purinergic P2Y1 receptor has been proposed as
the cause of calcium hyperactivity in astrocytes from an AD mouse model (Delekate et al.
2014). Furthermore, this hyperexcitability is associated with AP plaques, suggesting that they
could be promoting it. However, in our hand, oligomeric A treatment does not alter calcium
signalling in the conditions tested in cultured astrocytes, neither cytosolic calcium peak, nor
recovery phase or basal calcium. The results are in contrast to other studies, where AP
promotes calcium dysregulations in slices and in cultured cells (Bosson et al. 2017; Pirttimaki
et al. 2013; Alberdi et al. 2013; D. Lim et al. 2013; Ambra A. Grolla et al. 2013; A A Grolla
et al. 2013; Haughey and Mattson 2003; L. Lee, Kosuri, and Arancio 2014). However,
treatment of oligomeric AP in astrocyte cultures has limitations since different laboratories
have found different calcium alterations (see introduction). The causes of these controversies
could be the treatment conditions of AP (concerning time and concentration) or the
oligomers that make up the oAP solution. Nevertheless, as we demonstrated that ApoE4

alters purinergic-elicited calcium signals, we can conclude that ApoE4 expression can
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exacerbate the calcium hyperactivity mediated by purinergic receptors in the pathogenesis of
AP. Importantly, our results have shown that ApoE4 is a factor that has to be taken into

account in the study of calcium signals in astrocytes of AD models.

In addition, ApoE4 could be affecting AP pathogenesis through indirect pathways related to
lysosomal alterations and clearance. For instance, it has been described that the
endolysosomal system suffers traffic jams that lead to the accumulation of AP in cells,
pointing to intracellular AP toxicity also as an AD hallmark (Small et al. 2017). Based on out
results of the close nuclear localization of lysosomes in ApoE4 cells and on the fact that
enlargement of endolysosomal compartments has been described in preclinical stages of the
AD from ApoE4 individuals (Cataldo et al. 2000), ApoE could dysregulate the
endolysosomal pathway by itself, which would promote intracellular AP accumulation and
toxicity. The other example about how lysosomal alteration caused by ApoE4 would be
impairing AP pathogenesis is through A clearance. This has been demonstrated by Prasad
et Rao. In their study, astrocytes that express ApoE4 are defective in the elimination of AP
due to altered endolysosomal pH. The regulation of the lysosomal pH regulates the LRP1
recycling and promotes the correct clearance (Prasad and Rao 2018). Overall, ApoE4 might

be conferring susceptibility or exacerbating the AP pathogenesis.

Concerning the endolysosomal pathway alteration described in ApoE4 astrocytes, Chung et
al. described that ApoE4 astrocytes depicted deficiencies in the pruning of synapsis in the
brain (Chung et al. 20106), a process that is mediated by the endolysosomal compartment.
Thus, the endolysosomal trafficking alteration could be impairing not only AP clearance or
toxicity but also synaptic pruning. In addition, we also found alterations in the autophagic
process, ApoE4 astrocytes have an accumulation of autophagic vesicles. Bibliography
suggests that autophagy is not totally complete in these cells. Specifically, the flux of the
autophagy has been illustrated as impaired in ApoE4 astrocytes after different autophagic
stimulations (Simonovitch et al. 2016). Since the last steps of autophagy correspond to the
fusion with the lysosome, it seems that the signalling alteration found in ApoE4 lysosomes

could be affecting the final steps of autophagy.

Interestingly, the other principal hallmark of the AD, Tau, has recently been related directly

to ApoE4. A mouse model expressing ApoE4 and the mutated tau, showed brain atrophy
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compared to its controls. Thus, ApoE4 presence exacerbates the dysfunctions associated
with Tau pathology (Shi et al. 2017). Therefore, we would like to explore whether the
mechanism by which ApoE4 is impairing Tau pathology could be related to the calcium

dysregulations that we have found.

Finally, lysosomal calcium release dysregulation has also been described in other diseases,
like Niemann-Pick type C (Lloyd-Evans et al. 2008). This disease is characterized by an
abnormal accumulation of lipids in the lysosomes, one of them the sphingosine decreases
the lysosomal calcium release (Lloyd-Evans et al. 2008). As has been described previously,
in AD lysosomal dysfunctions are also found. Niemann-Pick disease is the example of how
lysosomal dysfunction leads to lysosomal calcium dysregulation that contributes to the

pathology.

The next step: calcium s vivo or ex vivo

Furthermore, an exhaustive study is needed to examine the calcium signalling in ApoE3 and
ApoE4 mouse models. As is presented in the introduction, astrocytes are complex cells with
very thin processes, a fact that is not represented in the cell culture models. Moreover, the
calcium signalling from the processes and the soma could be independent and probably
regulates different aspects of astrocyte function (Alexei Verkhratsky and Nedergaard 2018).
Therefore, a complete study of the calcium signalling in the ApoE mouse model 7 vivo or ex
vivo in slices would confirm our results in cultures, provide new insights into the
consequences of calcium dysregulations caused by ApoE4 isoform and would integrate that

dysregulation in the context of the whole cerebral circuit.

Therapy based on ApoE4 alterations:

The proper treatment to correct calcium dysregulations might be to convert the ApoE4
isoform into the ApoE3 one since we have obtained a partial reduction in the cytosolic
calcium responses using ApoE3 overexpression in ApoE4 astrocytes. To do that, there are
the small-molecule structure correctors, GIND25 and PH002 which change the structure of
ApoE4 to an ApoE3-like. Brodbeck et al. showed the improvement of both molecules
against the intracellular trafficking impairment caused by the structure of ApoE4 in Neuro2A
cells and primary mouse neurons (Brodbeck et al. 2011). In addition, the efficacy of PH002
has recently been probed in ApoE4 human iPSC-derived neurons where the molecule

ameliorates the detrimental effects (tau phosphorylation and neuron degeneration) derived
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from ApoE4 (C. Wang et al. 2018). Another interesting approach to take into account is to
reverse the pathological alterations produced by the ApoE4 expression. An example is the
study of Prasad and Rao, who, as has been mentioned before, described an alteration in the
endolysosome pH that leads to defects in A clearance and discovered that the alteration in
the pH is due to a downregulation of a sodium/proton exchanger NHEG). Interestingly, by
using HDAC4 (histone deacetylase 4) inhibitor, the expression of the exchanger and the
endosome pH are normalized and the AP clearance is improved (Prasad and Rao 2018).
Therefore, highlighting the dysregulations induced by ApoE4 in astrocytes and reversing it

would also be a suitable treatment for ApoE4 derivate alterations.

2. ApoE4 expression causes mitochondrial alteration in astrocytes

Mitochondrial fusion/fission in ApoE4 astrocytes

The expression of ApoE4 in astrocytes also causes mitochondrial alterations. We have
observed for the first time that ApoE4 expression in astrocytes causes defects in the fission
of mitochondria upon inhibition of oxidative phosphorylation. This fission arrest has
recently been addressed in different mouse models of familiar form of AD such as the APP,
APP/PS1 and 3xtgAD models and in human AD brains(L. Zhang et al. 2016). In human
AD brains, this arrest has been found especially located in the hippocampus, one of the
principal areas affected by AD and in charge of memory. In addition, this impairment in
mitochondrial fission has been illustrated in aged monkeys (Morozov et al. 2017). Our results
provide the first evidence of this phenomenon in astrocytes and also its dependence on
ApoE4. Other studies suggest that the alteration of the mitochondrial dynamics in AD is
due to an increase in the fission rather than an arrest. For example, Cho et al. demonstrated
that AP treatment causes hyperactivation of DRP1 in neurons (Cho et al. 2009) although in
human fibroblast from AD patients the alteration found is a diminution in DRP1 (X. Wang

et al. 2008) which could be varied between the cell type or between the area of the brain.

We also measured the expression of the different proteins involved in fusion and fission
events. All of them (Drp1, Fis1, Mfn1, Mfn2 and Opal) show a similar expression in ApoE3
and ApoE4 astrocytes. Since we measured the mRNA expression, we cannot affirm whether
these proteins are differently activated. For example, Drpl suffers different post-
translational modifications that allow the protein to localize in the mitochondria (Meyer,
Leuthner, and Luz 2017). We measured the expression as a first approximation since ApoE3

and ApoE4 have also been found as transcription factors that control gene expression
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(Theendakara et al. 2016). However and due to the similar expression of the proteins, the
next step would be to study their modifications and the GTPase activity to unravel whether

it is altered in ApoE4 astrocytes.

Mitophagy in ApoE4 astrocytes

Mitophagy is the cellular process to eliminate damaged mitochondria and is preceded by
fission events (Hamacher-Brady and Brady 2016). In our study, the expression of Parkin is
downregulated in ApoE4 astrocytes. This suggested that there is impairment of mitophagy
in these cells although this has to be confirmed experimentally. Parkin has been related to
another neurodegenerative disease, Parkinson disease, although overexpression of this
protein in APP/PS1 AD mouse model improves synaptic plasticity and behavioural defects
(Hong et al. 2014) suggesting that its defect is also contributing to AD. In addition, this
Parkin depletion takes place in human AD brain homogenates, being the decrease in Parkin
progressively exacerbated according to the Barak stage of the pathology. Furthermore,
similar results were obtained in hAPP transgenic mice (Ye et al. 2015). Thus, the reduction
of Parkin in ApoE4 astrocytes recapitulates what is demonstrated in human and mouse AD

and supports that the expression of ApoE4 isoform can potentiate this trait of the pathology.

We believe that there is a cause-consequence relationship between fission arrest and
mitophagy inhibition. We observed the arrest of fission upon inhibition of ATP synthesis
(Oligomycin treatment) without any change of the mitochondrial morphology between both
cell lines in basal conditions. On the contrary, the decrease in Parkin is observed already in
basal conditions. Thus, that means, that it could be the cause of the fission arrest. The basis
of this hypothesis is that parkin ubiquitinates proteins of the outer mitochondrial membrane
such as mitofusins, promoting their degradation (Narendra, Walker, and Youle 2012) and
promoting fission. Therefore, reduction of Parkin could trigger the inhibition of the
mitochondrial fission in ApoE4 astrocytes. Increasing the expression of Parkin for example
by a plasmid transfection can help to confirm this hypothesis. Another possible explanation
is that the inhibition of fission promotes the degradation of Parkin since fission is required
for starting mitophagy (Twig et al. 2008). In addition, since we and others (Simonovitch et
al. 2016) have demonstrated an alteration in the autophagy flux in ApoE4 astrocytes, Parkin
reduction could be due to retrograde signalling as a compensatory mechanism to stop the
increased autophagy. This idea is supported by the fact that the activation of autophagy

induces the elongation of mitochondria through retraining DRP1 in the cytosol (Gomes,
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Benedetto, and Scorrano 2011). Thus, mitochondrial fission would be inhibited in ApoE4

astrocytes and consequently also the mitophagy.

Mitochondrial motility and the mitochondrial metabolism of ApoE4 astrocytes

ApoE4 astrocyte mitochondria move more than ApoE3 ones. There are higher mRNA levels
of Miro and a tendency also of increased Trak2 mRNA in ApoE4 versus ApoE3 astrocytes.
We have discovered that ApoE4 astrocytes presented increased lactate release, a decrease in
ATP production and upregulation of acylcarnitine content. Astrocytes mainly metabolize
glucose through anaerobic respiration instead of mitochondrial pyruvate oxidation. It has
been suggested that lactate is then released and used by neurons (Bélanger, Allaman, and
Magistretti 2011) although it is not universally accepted (Mason 2017). However, astrocytes
do have mitochondrial metabolism as they have an active TCA thanks to amino acid
metabolism and fatty acids Poxidation (Eraso-Pichot et al. 2018). Mitochondrial energy
production is related to fission events since its inhibition promotes a decrease in the
mitochondrial respiration (Parone et al. 2008). Thus, we believe that the mitochondrial
aerobic respiration might be impaired in ApoE4 cells. This would be in agreement with the
accumulation of acylcarnitines in ApoE4 astrocytes, as acylcarnitines are the precursors of
fatty-acid oxidation. In this scenario, the impairment of mitochondrial respiration will lead
to an increase rate of anaerobic glycolysis to restore the ATP levels, increasing the lactate
secretion. Moreover, the compromised mitochondrial metabolism that might be caused by
fission arrest would produce less ATP, a fact that has been related to an increase in the
motility of mitochondria to supply the requirement of energy around the cell (Sheng and Cai

2012).

However, the idea of the hyperactivated glycolysis of astrocytes is contrary to the diminution
of the glucose consumption seen in individuals with ApoE4 allele and AD patients (Perkins
et al. 2016; Mosconi et al. 2006). A possible explanation is that we measured the metabolites
in basal conditions and metabolism is adapted to different conditions being able to change
for example after stimulation. For instance, ApoE4 astrocytes would not increase their
metabolism after stimulation whereas ApoE3 astrocytes would. Therefore, the glucose
consumption would be higher in ApoE3 individuals as compared to ApoE4 ones. Another
possible explanation is that the hypometabolism might be caused by other cellular types

different of astrocytes.

157



How does ApoE4 cause mitochondrial dysfunction?

A principal question to be answered is how ApoE4 causes these dysregulations of
mitochondrial dynamics. It is known that in neurons the toxic fragments of ApoE4 affect
the electron chain, impairing the mitochondrial function, although these fragments have
never been associated with mitochondrial dynamics, neither has this alteration been found
in astrocytes (Chen et al. 2011). However, we know that ApoE4 has a direct action on
neuronal mitochondria so we cannot discard that ApoE4 in astrocytes might localize in the

mitochondria interfering directly their functions.

Indirectly, ApoE4 could be altering mitochondrial dynamics through the different lipid
compositions in the mitochondrial membrane. We have reported a general change of the
lipid distribution between ApoE3 and ApoE4 astrocytes. One of the principal lipids studied
as a factor that regulates mitochondrial functions is cardiolipin (Frohman 2015). Cardiolipin
regulates both process fission and fusion since its presence increases Opal dimerization
necessary for its activity (Ban et al. 2010; DeVay et al. 2009) and acts on Drpl protein
stimulating its GTPase activity (Macdonald et al. 2014; Montessuit et al. 2010). We did not
find this lipid in our lipid measurement although the lipid assay reflected all the cell lipids
and since cardiolipin is present specifically in the mitochondria, maybe the increase or
decrease in ApoE4 astrocytes could not be detected since the amount of other lipids is much
superior. In general, phospholipids can also generate a negative curvature of the
mitochondrial membrane affecting the process of fusion and fission (Frohman 2015).
Interestingly, the protein phosphatidylserine decarboxylase that converts phosphatidylserine,
phospholipid altered in ApoE4 astrocytes, in phosphatidylethanolamine has been implicated
in dynamics event changes. Specifically, a reduction in that enzyme promotes fission (Chan
and McQuibban 2012). Thus, in the case of ApoE4 astrocytes, an increase in the activity of
this enzyme could be promoting the fission arrest and decreasing phosphatidylserine levels.
Other lipids such as PCs that are changed in the ApoE4 astrocytes have also been implicated
in the regulation of dynamic proteins, such as Drpl (Q. Zhang et al. 2014). Therefore, we
have proposed that ApoE4 dysregulation of mitochondrial lipids could be altering

mitochondrial dynamics of ApoE4 astrocytes.

Consequences of mitochondrial alterations

Based on the study of Parone et al. we believe that the low mitochondrial DNA and the low

ATP production might be the consequence of the fission arrest in ApoE4 astrocytes. They
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downregulated DRP1 protein and consequently, reduced mitochondrial fission and
mitochondrial DNA in HeLa cells (Parone et al. 2008). Apart from mtDNA and ATP
alterations, they found an increase in the ROS production, a process that would be interesting

to study in ApoE4 astrocytes.

How would these mitochondrial alterations be altering specific astrocytic function?
Astrocytes contain small mitochondria in the thin processes (Genda et al. 2011; J. G. Jackson
et al. 2014), suggesting that these mitochondria need proper fission to fit in there. Since we
have established that ApoE4 astrocytes suffer an arrest of that fission, the delivery of the
mitochondria to the thin processes would be altered, changing the calcium buffering and the
energy supply to the astrocyte processes. Furthermore, an effect of the mislocalization would
be the alteration in the calcium buffering. This has been proposed by Hoekstra et al., who
described that the lack of calcium buffering due to a mislocalization of mitochondria, reduces

the glutamate uptake of astrocytes, promoting the excitotoxicity of neurons (Hoekstra et al.

2014), a fact related to AD pathology.

Concerning the mitochondrial motility dysregulations in ApoE4 astrocytes, they could also
be altering the mitochondrial transference. Recently, it has been discovered that
mitochondria are transferred from astrocytes to neurons after damage (Hayakawa et al.
2016). The mechanism behind this intercellular transport is not fully understood, although
Mirol enhances the mitochondrial transference between epithelial and mesothelial cells
(Ahmad et al. 2014). Our results show that ApoE4 astrocytes display an upregulation of
Mirol, thus, ApoE4 astrocytes might be transferring mitochondria to nearby neurons
widespread their damaged mitochondria to neurons. In addition, it has been described that
the transference also takes place in the opposite direction, from neurons to astrocytes. This
allows astrocytes to degrade damaged neuronal mitochondria by a process called
transmitophagy (Davis et al. 2014). Due to the impairment of mitophagy in ApoE4

astrocytes, this process of transmitophagy is probably affected in ApoE4 individuals.

Validation in human models

An important part of the study was to validate our results in other models. One of the models
that we used was human iPSC-derived astrocytes. Recently, a few articles have been
published using these cellular models to study AD-related alteration in astrocytes (Jones et

al. 2017; Zhao et al. 2017; Lin et al. 2018). Lin et al. took advantage of Crisp Cas9 to edit the
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ApoE3 gene to an ApoE4 in human iPSC. They compared alteration of neurons, astrocytes
and microglia. As for astrocytes, they showed altered lipid metabolism and cholesterol
accumulation (Lin et al. 2018) supporting our results. Zhao et al. used 6 different human
fibroblasts from 3 ApoE3/3 and 3 ApoE4/4 individuals to generate the astrocytes. They
found that ApoE4 astrocytes do not support neurons in terms of survival and synaptogenesis
as well as ApoE3 ones and the ApoE4 isoform is less lipidated (Zhao et al. 2017). In our
study, we used human-derived astrocytes from this laboratory. However, we could not
validate our results since they failed to express typical astrocytic markers suggesting a
defective differentiation process. This is a quite common problem when differentiating
human iPSC to astrocytes. Lundin et al. compared different human astrocyte models,
including iPSC-derived astrocytes, by transcriptomic and functional assays to characterize
them. They found that astrocyte models are highly diverse in their expression pattern (Lundin
et al. 2018). Thus, further investigation is needed to elaborate protocols for astrocyte

differentiation and characterization to improve these models.

2. Biomarker discovery: Functional astrocytic CSF signature in AD

The final part of this thesis bases the CSF biomarker discovery on the dysregulations
obtained in ApoE4 astrocytes, but from a broad point of view, focuses on AD regardless of
genotype because most of the proteomic data are not stratified by ApoE genotype. Thus, we
obtained a functional signature of the astrocyte alteration in AD. The aim is that this targeted
identification based on dysfunctions can contribute to the success of candidate
establishment, since the candidates provided will reflect the disease onset or progression by
a direct relationship with cellular dysfunction and pathogenesis. An example of functional
signatures is the CSF signature of synaptic proteins that have recently been found related to
MCI and AD, suggesting these molecules as potential candidates in the earliest stages of AD
disease (Duits et al. 2018). Furthermore, astrocyte-derived biomarkers have been used in the
context of traumatic brain injury (TBI). Halford et al. performed a proteomic assay
comparing CSF from healthy individuals to CSF from TBI patients and filtered the result
with a list of astrocytes-enriched proteins. They described aldolase, glutamine synthetase,
brain lipid binding protein and astrocytic phosphoprotein 15 as biomarkers for TBI (Halford
et al. 2017). Our study of astrocytic CSF biomarkers is part of this new area of the field,
where not only is a unique protein proposed as a candidate, but also several proteins describe

the alterations and the cellular type affected in the disease, in our case AD.

160



In detailed, we proposed an astrocyte signature composed of 6 candidates, related to calcium
signalling and to lysosomal function. The proteins are S100B, ApoE, PTGDS, CST3, CLU,
and I'TM2C. Therefore, our astrocytic signature is based on the compartments and processes
that are affected in the AD astrocytes, but also in ApoE4 astrocytes: calcium signalling,
lysosomes. This kind of approach allows us to take into account the compartmentalization

of the disease, that affects different organelles in a specific manner.

Regarding the CSF candidates that are related to calcium signalling, they are ApoE and
S100B. Concerning S100B, it might not be specific for AD since it has been described as a
potential candidate for traumatic brain injury (TBI) (Goyal et al. 2013), but the specificity
will be provided by its combination with the other hits of our analysis. Concerning the
candidates that are related with lysosome functions, we proposed 4: Clusterin, PTGDS,
CST3 and ITM2C. 3 of them also have been related as a biomarker for other diseases, for
example Clusterin, which is also altered in other neurodegenerative diseases (Prikrylova
Vranova et al. 20106). In the case of prostaglandin D2 synthetase (PTGDS), it has been linked
to meningioma (Kim et al. 2012) and regarding cystatin C (CST3) to amyotrophic lateral
sclerosis (Tsuji-Akimoto et al. 2009). Nevertheless, integral membrane protein 2C has been

only related to the AD (Holtta et al. 2015).

Most of the molecules that we identify as possible AD candidates are also proposed
candidates for other diseases. However, we defend that the combination of all of them might
improve the power of the signature as successful biomarkers. It would even be interesting to
take into account the proteins that are detected in the CSF of healthy individuals and not in
the CSF of AD patients, for instance, aldolase. The absence of these proteins in the CSF

would also be useful and would complement the AD signature.

One of the limitations found in the CSF biomarker assessment of candidates is the variability
of the different databases concerning nomenclature of the proteins or genes among the
studies. A normalization had to be done prior to the comparison to solve this problem. The
other significant limitation of the study that has to be taken into account, is that we based
our identification of the astrocytic proteins in astrocytes from healthy individuals. However,
the expression of these proteins during the disease could be due to other cell types.
Therefore, we should compare our candidates with a database that assesses the expression

of the proteins in all the cell types in AD, which at the moment, does not exist.
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4.Concluding remarks

In conclusion, we demonstrated that the endogenous expression of ApoE4 in astrocytes
causes alterations in the calcium signalling related to lysosomal dysregulations and in the
mitochondrial functions in astrocytes. These alterations are probably added to the ones
produced by AP, which finally lead to the onset and progtression of AD. Interestingly,
alterations in calcium signalling and mitochondria functions have been proposed as main
contributors to AD although, this is the first time that endogenous ApoE4 in astrocytes is
proposed as the leading cause of these alterations. In addition, we take benefit of these
alterations to identify a group of astrocytic proteins present in the CSF, and we propose this

astrocytic signature as a candidate biomarker for the detection of AD.
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e ApoE4 expression alters calcium homeostasis in astrocytes. Specifically:

o

The lysosomal V-ATPase is hyperactivated in ApoE4 astrocytes promoting
lower basal calcium and higher lysosomal calcium loading but nearly equal
lysosomal pH compared to ApoE3 astrocytes.

Purinergic receptor activation results in calcium responses of higher magnitude
in ApoE4 than in ApoE3 astrocytes. There is an increased calcium release from
the lysosomes and the ER and increased uptake of calcium by the mitochondria
compared to ApoE3 cells. Extracellular calcium entry is not a major pathway in
either cell types. Differences in the calcium responses between ApoE3 and
ApoE4 astrocytes are not mainly because of different ApoE expression level,
different lipidation of ApoE or a lysosomal localization of ApoE. However, they
could be a result of different lipid composition since there are clear differences

in the lipid content of both cell types.

e ApoE3 expressing astrocytes show different purinergic-elicited calcium responses, but

not intracellular calcium concentration at rest conditions, depending if extracellular

media is rich or poor in lipoproteins. In particular:

o

o

In lipoprotein deficient mediums, lysosomal luminal calcium content does not
change, but there is higher calcium release from lysosomes, as process amplified
by extracellular calcium entry.

The regulation of purinergic calcium responses in astrocytes by lipoproteins is
relatively fast (less than 5 minutes) and preserved over time (at least up to 48

hours).

e The presence of lipoproteins in the extracellular media does not modify calcium

homeostasis in ApoE4 astrocytes.

® 24 hours’ incubation with oligomeric AP treatment does not alter the basal calcium nor

ATP-induced calcium responses.

e The ApoE4 astrocytes display mitochondrial alterations. Specifically, compared to

ApoE3 astrocytes:

O

O

Mitochondria in ApoE4 astrocytes are not able to fission in response to
oligomycin treatment, despite the fact that there are no changes in mRNA
expression of Drpl, Fis1, Mfn1l, Mfn2 and Opal.

Mitochondria in ApoE4 astrocytes have increased motility being Mirol

expression upregulated.
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o Mitophagy could be reduced as there is lower Parkin expression and autophagic
vesicles are incremented.
o Mitochondrial DNA is reduced in ApoE4 astrocytes but not mitochondrial

quantity assessed through Tom20 expression.

ApoE4 cells depict increased lactate secretion and reduced ATP concentration
compared to ApoE3 astrocytes demonstrating metabolic alterations induced by
ApoE4.

We propose a group of astrocytic proteins related to calcium signalling and lysosome
present in the CSF as a potential biomarker for AD. This is a functional astrocytic
signature composed of: ApoE, S100B, prostaglandin D2 synthetase, clusterin,

cystatin 3 and integral membrane protein 2C.
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