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I. ABSTRACT

An increasing body of evidence suggests that astrocytes participate in higher-brain
functions, controlling from synaptic transmission to global brain waves and learning
and memory processes. Different mechanisms have been proposed to mediate these
astrocyte-dependent processes, astrocytic lactate release and calcium-dependent
gliotransmission being the main known effectors. The existence of control of brain
functions by astrocytes suggests that astrocytes may shape brain functions in response
to experience as much as neurons, thus constituting the phenomenon of astrocyte
plasticity. In neurons, the transcription factor CREB is the best known coordinator of
synaptic and intrinsic plasticity. The fact that, in astrocytes, CREB activation is also
activity-dependent, positions CREB as an ideal target to promote plasticity-related
changes in astrocytes, too. In this thesis, we have analyzed the effect of the activation of
CREB-dependent transcription in astrocytes, specifically regarding calcium signals and
metabolism. We have demonstrated that activation of CREB-dependent transcription
reduces cytosolic calcium events via mitochondria and increases in lactate release,
which may have impact on synaptic transmission. An important contribution of the
study is the molecular analysis of astrocytic mitochondria, which has revealed that
astrocytes may use fuels other than glucose such as fatty acids to meet basic energy
metabolic demands. Taken together, our results establish astrocytic CREB as a hub in
astrocyte-plasticity and shed light on the interplay between plasticity and energy
metabolism in astrocytes; these findings constitute a conceptual and mechanistic
advance in the knowledge of astrocytic biology and how these cells may control learning
and memory.
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III. INTRODUCTION

For many years, the advance in neuroscience has been based on the study of neurons,
excitable cells that are considered the main players of brain function. However,
advances in neuroscience, although remarkable, are probably lower than expected both
in the understanding of higher-brain functions in the normal brain and their dysfunction
in neuropathologies.

In our laboratory we firmly believe that this slow rhythm is a consequence of the
excessive neurocentrification of the field, which usually forgets other players in brain
physiology such as astrocytes. The main goal of my doctoral studies is to understand
how astrocytes contribute to higher-brain functions by determining how experience can
shape astrocyte functions. To do so, | have studied the role of the transcription factor
CREB (cAMP-responsive element-binding protein) in astrocytes, whose activation
depends on neurotransmitters released by neurons - that is, CREB activation is
experience dependent- (Carriba et al., 2012) and is probably the most studied
transcription factor in the brain, with a demonstrated role in memory processes
(Benito et al., 2011).

In particular, my investigation is centered in two key aspects of astrocyte physiology:
calcium excitability and metabolism, which turned to be more unknown than I
previously expected. However, before starting with the results of my investigations, I
will introduce astrocytes and how their study and experimental techniques have
changed these last years. Then, I will explain the main astrocytic functions, focusing on
calcium signaling and energy metabolism. Finally, I will introduce CREB to explain why
we think that astrocytic CREB is relevant to astrocytic plasticity.

1. Fundamentals of astrocytes

The study of astrocytes is a thrilling field in neuroscience. Since their first description by
Camilo Golgi (Golgi, 1872), and their morphological representation in Cajal’s drawings
(Ramon y Cajal, 1897), knowledge of their functions, heterogeneity and morphology has
changed amazingly thanks to the improvement of experimental techniques.

Astrocytes are one of the most abundant cell types in the so-called glia cells, a concept
that may have to be reconsidered for several reasons. The term “glia” comprises many
different types of cells from different embryonic origins such as oligodendrocytes,
microglia and NG2 cells. Moreover, recent transcriptomic analyses have revealed that
each type of glial cell is utterly different from the other cell types and hence it makes no
sense to pool them together (Masgrau et al., 2017). Its inclusion as a member of the non-
neuronal group has probably slowed down the study of the field; however, research on
astrocytic functions has gained much interest in the last years, with a constant increase
of the term “Astrocyte” during the last 20 years in published works.
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Figure 1. Astrocytes and neurons in the literature. Pubmed articles with the tag “neuron”
or “astrocyte” in the last years.

One key unresolved question in the field is the total number of astrocytes in the CNS.
Last studies have determined the ratio of neurons:glia cells to be 1:1.4 within the
cerebral cortex (Pelvig et al., 2008) and 1:1 in the entire human brain (Azevedo et al,,
2009), contrary to what was accepted even in the textbooks, that glial cells represented
between 70 - 90% of brain cells (Kandel, 2013) (von Bartheld et al.,, 2016). Only few
studies address the percentage of astrocytes inside the “glial cells”, which was found to
consist of 20% of the glial component of the total human cortex (Pelvig et al., 2008) or
13-17% of the mature mouse brain except in the cerebellum and olfactory bulb where
they represent 3-5% of the cells (Sun et al., 2017).

The fact that the number of astrocytes within the CNS is not as large as expected does
not contradict the idea of astrocytes as key elements of the brain. Instead, it opens the
possibility that astrocytes are highly specialized cells perfectly integrated in the neural
networks. In fact, recent studies have shown that astrocytes increase their complexity
upon evolution. Human protoplasmic astrocytes are found to be larger both in diameter
(2.6 times higher) and in the number of primary processes (103 more) than rodent
astrocytes (Oberheim et al., 2009). This 16.5 fold increase in astrocytic volume allows
human astrocytes to contact 10 times more synapses than their mouse counterparts,
each astrocyte covering up to 2 million synapses (Oberheim et al., 2009). Moreover,
mice transplanted with human astrocytes perform better in LTP and show improved
results in behavioral tests, a fact that give us an idea of the importance of these cells in
the modulation of higher-brain functions (Han et al., 2013).

In summary, astrocytes do not represent the majority of cells inside the CNS, and their
increase in number does not seem to correlate with higher cognitive functions
(Herculano-Houzel, 2014), but their complexity and functions are enhanced during
evolution, which makes them key players in the homeostatic and higher-functions of the
brain.
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1.1.  Astrocyte definition and classification

The definition of astrocyte is still a matter of debate, and the truth is that the field is
changing so fast that there is not a uniform and unequivocal definition of astrocyte
(Kettenmann and Verkhratsky, 2013). As an example, not-so-many years ago astrocytes
were defined as homogeneous non-excitable brain cells that express glial intermediate
filaments (mainly glial fibrillary acid protein ~-GFAP-) and support neuronal functions
(Wang and Bordey, 2008). This definition, however, has completely changed. It is now
known that not all the cells that express GFAP are astrocytes, while not all astrocytes
express GFAP (Oberheim et al, 2012), that the “non-excitable” definition is not
completely correct since their present activity-dependent calcium signals (Khakh and
McCarthy, 2015) and that inside the “astrocyte” definition one could see a huge
functional and morphological heterogeneity (Zhang and Barres, 2010). Moreover, their
attributed functions have changed from being mere neuronal supporters to becoming
active participants in brain physiology, as it will be further discussed.

The term “astrocyte” comprises cells with a very heterogeneous morphology. Actually,
the first astrocytic classification was done based on morphological features and location.
Thus, four different astrocytic types were defined: white matter astrocytes, named
fibrous astrocytes, were characterized by unbranched, long and thin processes that
envelop nodes of Ranvier, while gray matter astrocytes were named protoplasmic
astrocytes and were characterized by many branching processes that occupy a large
volume and envelop synapses (Miller and Raff, 1984). Two specialized types of
astrocytes in the CNS were added to this classification: Miiller cells, which are located in
the retina and Bergmann glia, a cerebellum-specific type of astrocyte.

Figure 2. Morphological
heterogeneity of astrocytes.
Cajal’s drawings from Golgi
staining of astrocytes in
human cerebellum. Lower
case letters: b, Bergmann
glia. s, Protoplasmic
astrocytes.  f,  Fibrous
astrocytes. Right capital
letters: M, molecular layer.
P, Purkinje cell layer. G,
granule cell layer. W, white
matter.  Adapted  from
(Zhang and Barres, 2010).
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New studies based on the morphology of astrocytes as well as on the expression of
astrocyte-enriched proteins, however, clearly outdated the classification of astrocytes in
four “types”. As an example, Emsley and colleagues described nine putative “astrocyte
types” in the murine CNS (Emsley and Macklis, 2006), including the types mentioned
above, based on their morphology, astroglial density and proliferation rates. Moreover,
two primate-specific astrocytes types were defined: varicose projection astrocytes
(Oberheim et al., 2009) and interlaminar astrocytes (Colombo and Reisin, 2004).

Interestingly, recent studies have used transcriptomic analyses to describe different
astrocytic populations both in cultured (Yeh et al.,, 2009) and in in vivo astrocytes (Doyle
et al, 2008). In these studies, the previous stated morphological differences were
associated with changes in gene expression, constituting a novel and interesting field of
study trying to answer how many types of astrocytes can we molecularly identify as well
as which are the differences and the functions of each astrocyte type.

This new concept of “astrocyte heterogeneity” establishes that each astrocyte
population may have different functions depending on their location and type; thus
making it difficult to define “astrocyte” and to establish astrocyte-common functions.
However, there are some that seem to be consensual within the astrocyte community
and could define, pro tempore, astrocytic functions.

1.2. Astrocyte functions in CNS development

Astrocytes, neurons and oligodendrocytes share a common neuroepithelial origin and
are generated with a specific temporal pattern. Briefly, the neuroepithelial precursor
cells (NEPs) give rise to radial glia, which is located in the ventricular zone (VZ). First
divisions of radial glia only generate neurons, either neuronal restricted-progenitors
or young neurons, but this neurogenesis is followed by gliogenesis. In rodents,
around embryonic day 16-18 (E16-18) and until postnatal day 7 (P7), radial glia
became gliogenic and starts to give rise to astrocytes, generating both differentiated
astrocytes and intermediate cells that can differentiate into astrocytes (Reemst et al.,
2016) (Bayraktar et al.,, 2014).

The study of the differentiation of progenitor cells into astrocytes is complex and
incomplete. Difficulties of the study include the lack of astrocyte progenitor-specific
markers at every stage, as well as the difficulty to manipulate genes that only affect
astrogenesis and not neurogenesis, since all of the discovered ones so far are
common to both cell types (Chaboub and Deneen, 2012).

That said, first studies about the development and migration of astrocytes indicate
that the initial distribution of astrocytes during development corresponds to their
final position in adulthood, suggesting that their location in adulthood is determined
during development (Taft et al., 2005).

Moreover, as with neurons, astrogenesis can be found during adulthood in

physiological (Zhao et al., 2007) (Rapanelli et al., 2011) and in pathological situations
(Benner et al,, 2013). Indeed one of the most interesting and trendy topics of the field
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nowadays is how to promote this astrogenesis as a target for regeneration-based
therapies (reviewed by (Koob, 2017).

Studies have shown three mechanisms by which astrocytes control CNS development.
First, astrocytes participate actively in control of synapse formation during
development at three stages: promoting synaptogenesis through the release of
synaptogenic factors or via direct contact with synapses (reviewed by (Clarke and
Barres, 2013), contributing to spine maturation (Chung et al.,, 2015) and mediating
synaptic pruning, which may be accomplished through the release of the
transforming growth factor beta (TGF-B) and the induction of expression of the initial
protein of the complement cascade Clq in nearby synapses (Stevens et al.,, 2007)
(Bialas and Stevens, 2013). C1q would induce microglial pruning (Schafer et al,
2012) or pruning through intrinsic phagocytic astrocytic mechanisms (Chung et al.,
2013).

Second, astrocytes promote angiogenesis through the secretion of angiogenic factors
such as vascular endothelial growth factor (VEGF), angiopoietin 1 and 2, endothelin 1
(ET-1) and heme-oxygenase 1 (HO-1) (Reemst et al, 2016). The role of these
angiogenic factors in development has been questioned (Weidemann et al.,, 2010),
however, perinatal inhibition of astrogenesis produces a reduction in branching and
density of cortical blood vessels (Ma et al., 2012), supporting a role for astrocytes in
developmental angiogenesis. Third, astrocytes have also been implicated in axonal
guidance and outgrowth, since they secrete axonal guidance molecules and their
receptors (Reemst et al.,, 2016).

The best demonstrations that astrocytes are relevant in development are the known
neurodevelopmental disorders such as Rett syndrome. Rett syndrome is caused by
the genetic loss of methyl-CpG-binding protein 2 (MECP2), expressed both in
astrocytes and neurons. Lioy and colleagues found that expression of MECP2 only in
astrocytes in MECP2-deficient mice contributes to partially rescue the dendrite
development (Lioy et al, 2011). These findings demonstrate the implication of
astrocytic functions during development and how their impaired function could
induce pathological situations.

1.3 Astrocyte functions in the adult brain
1.3.1 Neurotransmitter uptake

One of the most critical points in brain homeostasis is the maintenance of low
neurotransmitter levels such as glutamate. Glutamate is the main excitatory
neurotransmitter in the CNS. The excess of glutamate can lead to excitotoxicity, a
well-known component of the pathogenesis of different diseases (Murphy-Royal et
al, 2017). Since there is not an extracellular metabolic pathway of glutamate, its
degradation is produced in the astrocytic compartment surrounding synapses. To
clear the glutamate from extracellular space, astrocytes use two transporters:
EAAT1/GLAST (Storck et al,, 1992) and EAAT2/GLT-1 (Pines et al., 1992). The genetic
ablation of either transporter leads to an increase in glutamate levels, and to either
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progressive neurodegeneration and paralysis -GLAST- (Rothstein et al.,, 1996), or to
spontaneous seizures and death -GLT-1- (Tanaka et al, 1997), illustrating the
importance of these astrocytic transporters in maintaining glutamate homeostasis
and brain functions in general.

Interestingly, the metabolism of glutamate in astrocytes produces glutamine thanks
to the astrocytic specific enzyme glutamine synthetase (GS) (Martinez-Hernandez et
al, 1977). Glutamine is then transferred to neurons to produce glutamate again,
establishing the well-known glutamate-glutamine cycle (Cerdan et al., 1990) (Shen,
2013). In addition, glutamine is used in GABAergic neurons to produce GABA via
glutamate decarboxylase; this is known as the glutamine-GABA cycle (Walls et al,,
2015).

As a conclusion, astrocytes, on the one hand, maintain brain homeostasis through
glutamate uptake creating a proper environment for glutamate signalling and
avoiding excitotoxicity and, on the other hand, they are necessary to maintain
glutamate and GABA pools in neurons via the glutamate/glutamine/GABA cycles.

/ | N
A U
Glu 4L— Gln r Gin

Glu Glu ==

TCA
cyde

Figure 3. Glutamate/glutamine/GABA cycle. a) In glutamatergic synapses, released
glutamate (Glu) is taken up by nearby astrocytes and converted to glutamine (GIn)
which is transferred to neurons to produce glutamate again through the phosphate-
activated glutaminase (PAG). b) In GABAergic synapses, released GABA is converted to
glutamate after entering the tricarboxylic acid (TCA) cycle. Glutamate is converted
again to glutamine by glutamine synthetase (GS) and glutamine is transported to
nearby GABAergic neurons to synthetize GABA. From (Bak et al., 2006).
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Of note is also the role of astrocytes in the uptake of GABA, the main inhibitory
neurotransmitter of the CNS. Although it seems clear that neuronal GABA transporter
(GABA-1) is the most important transporter to keep GABA levels low (Zhou and
Danbolt, 2013), recent evidence suggest that astrocytic GABA transporter (GABA-3)
may be implicated in the regulation of tonic GABA current and signalling pathways
(Boddum et al., 2016) (Kersante et al., 2013).

1.3.2 Ion homeostasis and pH regulation

Neuronal activity and action potentials lead to the local accumulation of potassium
ions (K*) in the extracellular space, which in turn can alter neuronal membrane
potentials and produce hyperexcitability. One important function of astrocytes is the
buffering of potassium. Indeed, astrocytes present a strong negative membrane
potential and great permeability to potassium due to the expression of a spectrum of
K+ channels (Bellot-Saez et al., 2017). Among these potassium channels, probably the
most important one is the NKA pump, which mediates the extrusion of three sodium
ions and the entry of two potassium ions against their concentration gradient at the
expense of the consumption of one ATP molecule (Schousboe and Hertz, 1971).

In addition to high K* permeability, astrocytes are characterized by a strongly
negative resting membrane potential (RMP). This allows other “potassium-clearance”
mechanisms to import potassium such as the inward-rectifying channels (Kir), whose
flow direction depends on the RMP of the cell (Butt and Kalsi, 2006). Moreover, the
Na-K-CI cotransporter (NKCC) has been implicated in the regulation of potassium
homeostasis by astrocytes.

Astrocytes are coupled via gap junctions forming a syncytium that allows astrocytes
to act cooperatively (Hertz and Chen, 2016). One clear example of this cooperative
function is the clearance of potassium. Once inside an astrocyte, the potassium ions
are transported through the syncytium and extruded to the extracellular space or the
bloodstream in areas where the extracellular potassium concentration is lower. This
gap junction-coupled network allows all astrocytes of the syncytium to have
“isopotentiality”, maintaining the inward driving force of K+ in areas of high
extracellular potassium and increasing its release in distal regions (Ma et al., 2016).
One of the most important channels using this conferred-driving force is the Kir4.1,
postulated to be the main responsible for the potassium clearance (Larsen and
MacAulay, 2014). Interestingly, Kir4.1 expression is reduced in a variety of
neurodegenerative diseases such as Huntington disease, Alzheimer’s disease,
amyotrophic lateral sclerosis, and Alexander disease (Nwaobi et al.,, 2016).
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Figure 4. Astrocytic potassium clearance mechanisms. K* uptake form firing neurons flows
intracellularly through Gap Junctions of the astrocytic syncytium and is extruded in distal
regions with lower extracellular potassium concentrations. Arrows indicate the direction
of the K+ driving force. Adapted from (Bellot-Saez et al,, 2017).

As with potassium, H* buffering and thus pH homeostasis is crucial not only in brain
parenchyma but in almost all tissues of living organisms. In the brain, many neuronal
phenomena including as metabolism or membrane conductance are affected by small
changes in extracellular and intracellular pH (Obara et al., 2008). Astrocytes may play
an important role in brain H* buffering, since they express a whole range of proteins
which can act as pH regulators or cotransport metabolites together with protons such
as the carbonic anhydrase (CA), monocarboxylate transporters (MCTs), GLT
transporters or the Na*/HCO exchanger (Liu et al,, 2017).

1.3.3 Antioxidant functions

High metabolic activity, high content of unsaturated fatty acids and low antioxidant
capacity makes the brain tissue particularly prone to oxidative damage (Belanger et
al., 2011). One proof of this statement is that many neuropathological situations show
oxidative brain damage: neurodegenerative disorders, stroke and traumatic brain
injury (Dringen, 2000).

Curiously, neurons, which are supposed to be the most oxidative cells in the brain
and, as a consequence, the ones generating more oxygen radicals, are the ones with
less antioxidant capacity. Astrocytes, in turn, present a much more effective defence
against reactive oxygen species (ROS) (Wilson, 1997). Thus, in order to have a proper
brain function, there is a need to cooperate between these two cell types (Belanger
and Magistretti, 2009). Indeed, astrocytes present higher activity of ROS-detoxifying
enzymes (including glutathione (GSH) peroxidase, GSH S-transferase, catalase, heme-
oxygenase 1 or thioredoxin reductase) and higher levels of antioxidant molecules
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such as the same GSH, ascorbic acid or vitamin E (Makar et al., 1994). The high
antioxidant capacity of astrocytes is further evidenced by the higher resistance of
these cells to oxidative factors in culture and the increased resistance of neurons to
these factors when cocultured with astrocytes, suggesting a capacity of astrocytes to
protect neurons from oxidative stress (Belanger and Magistretti, 2009).

GSH is the most abundant antioxidant molecule in the brain, and a paradigm of the
cooperation between astrocytes and neurons in the antioxidant defence. GSH is a
tripeptide composed of glutamate, cysteine and glycine, which is generated in
subsequent reactions catalysed by y-glutamyl cysteine ligase and GSH synthetase. Since
the intracellular amount of glutamate and glycine is relatively high, cysteine seems to be
the limiting substrate for GSH synthesis (Dringen, 2000). Cysteine is obtained only in
astrocytes in its oxidized form (cystine) via the cystine/glutamate exchange transporter
(xCT), where it is reduced back to cysteine to produce GSH and release the product in
the extracellular space (Seib et al, 2011). Both astrocytes and neurons are able to
generate GSH, but since only astrocytes can use cystine, neurons depend on astrocytic
GSH for their antioxidant defense. Actually, GSH content in neurons is strongly increased
when cocultured with astrocytes (Dringen, 2000), and neuronal resistance to nitric
oxide (NO) donors is dramatically reduced in the presence of GSH-depleted astrocytes
(Chen etal, 2001).

Glutamate - > Glutamate = Glutamate
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Cysteine Cysteine Cysteine

CysGly LADN

. Glutamate + NH3
Glycine Glycine
"~ Glutamine + H,0

¥GluCys
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Figure 5. GSH synthesis in astrocytes and neurons. Extracellular cystine is converted to
cysteine inside the astrocytic compartment. Together with glycine and glutamate, GSH is
formed and released to the extracellular medium, where it is degraded to the three
aminoacids again. Neurons take up cysteine and the other two aminoacids to generate
GSH themselves. Adapted from (Hertz and Zielke, 2004).

A possible explanation for the differences in antioxidant capacities and responses

between astrocytes and neurons is the preferential expression and activation of the Nrf2
factor in astrocytes, a transcription factor that plays a key role in the defence against
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oxidative stress. Some studies suggest that Nrf2 is repressed in neurons and activated in
neighbouring astrocytes in response to glutamate release (Jimenez-Blasco et al.,, 2015)
(Bolanos, 2016).

Another representative example of astrocyte-neuron cooperation in antioxidant
defences is ascorbic acid, another key antioxidant in the brain. Ascorbic acid is used by
neurons to scavenge ROS during high activity periods, producing its oxidized form,
dehydroascorbic acid. This oxidized form is released by neurons and taken up by
astrocytes, where is recycled again to ascorbic acid and used by astrocytes themselves
or exported to neurons where it can be used again (Covarrubias-Pinto et al., 2015).

1.3.4 Neurovascular coupling

The neurovascular coupling is defined as the relationship between neuronal activity
and subsequent local changes in cerebral blood flow (CBF). This concept is a
consequence of many years of study regarding how different stimuli lead to changes
in volume, temperature and blood flow in certain cerebral regions (Iadecola, 2017).
The neurovascular coupling is the basis of one of the most widely used techniques in
neuroscience: functional magnetic resonance imaging (fMRI). In this technique,
through the increase of blood flow in specific regions (as well as oxygen consumption
in the Blood-Oxygen-Level Dependent -BOLD- studies), one can determine in a non-
invasive way the neuronal activity of distinct brain regions (Raichle and Mintun,
2006).

It seems clear that blood flow regulation depends on neuronal activity. The key
question here, however, is what is happening at the cellular level: which cells form
the neurovascular unit (NVU) that respond to neuronal activities and regulate blood
flow and through which signals are these changes produced.

One of the key cellular components of the NVU is the astrocyte. Astrocytes are
intimately associated with both synapses and blood vessels, the perfect situation for
forming part of this NVU. Moreover, astrocytes have a specialized structure named
astrocyte endfeet, which ensheathe blood vessels in the brain, an optimal structure to
control cerebral blood flow (Mishra, 2017).

The exact mechanisms by which astrocytes are able to control blood flow are still
unknown and are an important field of debate. However, recent studies have shown
that capillaries but not arterioles diameter is controlled by the astrocytic release of
prostaglandin E; (PGE;) presumably to pericytes, which in turn is produced by
neuronal ATP release and calcium rises in astrocytes (Mishra et al., 2016). Changes in
blood flow allow active neurons to receive oxygen and metabolites to maintain their
activity.

Until here, we have explained some of the most studied astrocyte functions,
contributing to the normal homeostasis of the brain. In this PhD, however, we have
focused in two astrocyte functions, which, in turn, have been related to “higher”-brain
functions in terms of controlling synaptic plasticity, neuromodulation or
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synchronization of the entire brain (Masgrau et al., 2017). These functions are
metabolism (specially lactate supply to neurons) and astrocyte communication with
other cell types through calcium signals and gliotransmitter liberation.

2. Astrocytic metabolism
2.1. Introduction to brain metabolism

Brain energy consumption accounts for at least the 20% of the total body’s oxygen
consumption, receiving the 15% of total glucose and the 15% of the total cardiac
output although this organ represents only the 2-3% of the body weight (Mink et al.,
1981) (Magistretti and Allaman, 2015).

It is accepted that most of the ATP consumed in the brain corresponds to the
neuronal compartment, basically to maintain neuronal excitability and synaptic
processes both presynaptic (vesicle recycling) and postsynaptically (ionic
concentration regulation after postsynaptic currents) (Harris et al., 2012) (Rangaraju
et al,, 2014). However, it is not clear yet which percentage of the total brain ATP is
consumed by each cell type (astrocytes, neurons and other glial cells). First modelling
studies established that astrocytic cells ATP consumption stands for 5 -15% of energy
consumption (Attwell and Laughlin, 2001). Recent studies, however, have
demonstrated that some neuronal energy requirement calculations were
overestimated (Alle et al.,, 2009), and that astrocyte energy consumption may be
higher than expected.

[t has also been observed that increases in brain activity are linked to increases in
blood flow and O, and metabolite availability. However, the increase in blood flow
and glucose consumption associated with brain activation does not correlate with an
increase in oxygen consumption (Fox et al., 1988; Lin et al.,, 2010). This increase in
glucose but not in oxygen consumption in an oxygenated environment indicates the
presence of aerobic glycolysis (AG), which is the production of lactate in the presence
of oxygen. This accounts for 10-12% of glucose consumed in the brain, but is highly
variable between regions and development stages (Goyal et al., 2014). Although
aerobic glycolysis is also present in the “resting brain”, especially in those regions of
the default mode network (DMN) (Vaishnavi et al., 2010) (Raichle, 2015), its increase
has been principally related to brain activation. Upon regional brain activation
(response to imposed tasks), there is a decrease in extracellular glucose and an
increase in extracellular lactate (Li and Freeman, 2015). This observation was
unexpected, since aerobic glycolysis produces much less energy than the complete
oxidation of glucose (2 ATP with AG versus 36 ATP maximum with complete
oxidation). However, ATP production from AG is at least two times faster than ATP
produced at OXPHOS system (McGilvery and Goldstein, 1983), which may an
important characteristic for the fast excitatory synaptic transmissions.
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Figure 6. Aerobic glycolysis in brain activation. Stimulation of the human visual cortex
produces increases in blood flow and oxygen availability in the area. The increase in
blood flow correlates with an increase in glucose use, however, the local demand for
oxygen is significantly lower than the availability. From (Belanger et al., 2011)

The existence of AG in the resting brain as well as the activity-induced AG are widely
accepted. In fact, the discordance between oxygen consumption and availability is the
basis of fMRI-BOLD signals (the ratio of oxygenated/deoxygenated haemoglobin),
nowadays probably the most important brain imaging technique (Raichle, 2009).
However, no such agreement is found regarding the cellular origin of aerobic
glycolysis (Dienel and Cruz, 2016). Which cell type in the brain is consuming glucose
and exporting the lactate? How is the glutamate used in neurotransmission recycled?
Do astrocytes and neurons use different metabolic substrates? Which cell is
consuming oxygen? And how are they integrated in the brain?

2.2 Metabolic compartmentalization between astrocytes and neurons

The first studies that tried to address the metabolic pathways in astrocytes and
neurons used cultures of each separated cell type. The general conclusion of these
studies is that cultured astrocytes present a highly glycolytic metabolism whereas
neurons are mainly oxidative (reviewed in (Belanger et al., 2011), although both cells
are capable to fully oxidize glucose and lactate when mixed (reviewed in (Zielke et al.,
2009).

Even though some of these studies led to different results, most of them pointed to a
“mainly-glycolytic” metabolism in astrocytes and a “mainly-oxidative” neuronal
metabolism. These two different and complementary metabolic profiles suggested an
important cooperation between both cell types, and established astrocytes as the
main glucose consumers in the brain.

Differences in the metabolic preferences between both cell types can be explained by
differences in the metabolic pathways. As an example, the entry of pyruvate into
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mitochondria is regulated by the pyruvate dehydrogenase enzyme complex (PDH),
which converts pyruvate to acetyl-coA. This enzyme has multiple phosphorylation
sites that downregulate its activity, controlled by the pyruvate dehydrogenase
kinases (PDKs). It has been confirmed that PDH is constitutively phosphorylated in
astrocytes (Halim et al., 2010) probably through the pyruvate dehydrogenase kinase
4 (PDK4), which is highly expressed in in vivo astrocytes compared to neurons (Zhang
etal, 2014).

Another example of differences in metabolism between astrocytes and neurons came
from the study of the brain isoform of the enzyme 6-phosphofructo- 2-
kinase/fructose-2,6-bisphosphatase 3 (Pfkfb3). This enzyme is responsible of regulating
the levels of fructose 2,6-biphospahte, a positive regulator of glycolysis. This brain
isoform 3, which has the highest kinase:phosphatase ratio and sustains high glycolytic
activity (Shi et al, 2017) is constitutively undergoing proteasomal degradation in
neurons, whereas in astrocytes it is fully active. In fact, it has been seen that glucose in
neurons enters the pentose phosphate pathway (PPP) instead of glycolysis, a pathway
that is crucial to maintain NADPH levels to defeat ROS (Herrero-Mendez et al., 2009).
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Figure 7. Metabolic differences between astrocytes and neurons. The increased
expression and function of the positive regulator of glycolysis Pfkfb3 in astrocytes result
in increased glycolytic capacity. Moreover, PDH inhibition by PDK4 in astrocytes
reduces pyruvate processing promoting lactate production. Adapted from (Magistretti
and Allaman, 2015).

These observations lead to the ANLS hypothesis, where astrocytes take up glucose to
produce lactate, which is delivered to neurons for its complete oxidation (Pellerin
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and Magistretti, 1994). This is one of the most accepted hypotheses regarding brain
metabolic compartmentalization nowadays.

The other accepted brain metabolism hypothesis is the Glutamate/Glutamine cycle,
where astrocytes take up neuronal released glutamate and converted it to glutamine.
This glutamine, in turn, is used by neurons to produce glutamate again. Again,
differences in gene expression can explain the hypothesis. Glutamine synthetase (GS),
the enzyme that converts glutamate to glutamine, is found selectively in astrocytes
(Norenberg and Martinez-Hernandez, 1979), while Glutaminase (GA), the enzyme
that converts glutamine to glutamate is basically expressed in neurons (Akiyama et
al.,, 1990). In this chapter we will review what is known about brain metabolism and
which are the unresolved questions.

2.2.1 The astrocyte-neuron lactate shuttle

As stated before, astrocytes present an optimal structure to regulate brain
metabolism. Astrocytic endfeet ensheathe blood vessels and are rich in the astrocytic
glucose transporter GLUT1, which catalyses the uptake of glucose from the blood
borne (Morgello et al., 1995).

Due to glycolytic reactions, glucose is transformed to pyruvate, which can enter the
mitochondrial TCA cycle or be converted to lactate in the cytosol in the aerobic
glycolysis process.

As explained before, much of this glucose undergoes aerobic glycolysis in astrocytes,
although a part can undergo complete oxidation. This produces an accumulation of
lactate molecules that need to be released to the extracellular medium. This
astrocytic lactate release is mediated by MCT4, a monocarboxylate transporter
(Magistretti and Allaman, 2015).

MCT4 (SLC16A3) is a lactate and other monocarboxylates transporter that belongs to
the monocarboxylate transporter family (MCTs), a family of 14 transporters encoded
by the SLC16A genes. Among them, MCT1-4 are responsible for the transport of
different monocarboxylate molecules across the membranes, such as pyruvate,
ketone bodies or lactate. This transport is linked to proton transport, so that the
extrusion (or intrusion) of one monocarboxylate molecule has to be done together
with one proton (Perez-Escuredo et al., 2016).

In the brain, MCT4 is found exclusively in astrocytes (Pellerin et al., 2005), while
MCT?2 is considered to be the main neuronal lactate transporter (Pierre et al., 2002).
CNS expression of MCT1, considered to be almost ubiquitous in the organism, is
found in astrocytes, endothelial cells, microglia, oligodendrocytes and some neuronal
populations (Perez-Escuredo et al., 2016).

Interestingly, the Km for lactate varies among isoforms. MCT4 has the lowest affinity

for lactate (Kmiactate= 22-28 mM), MCT1 an intermediate (Kmiactate = 3.5-10 mM) and
MCT2 the highest affinity (Kmiactate = 0.5-0.75 mM).
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The preference of lactate over other monocarboxylates and the low affinity for
pyruvate (Kmpyryvate = 150 mM) makes MCT4 the ideal transporter to export lactate.
In fact, MCT4 is highly expressed in eminently glycolytic tissues such as tumours,
skeletal muscle fibers and white blood cells (Halestrap and Wilson, 2012). Thus, its
presence in astrocytes is another proof of the efflux of lactate from astrocytes to
neurons.

The mechanism of MCT4 transcription in astrocytes is still unknown. Hypoxia
inducible factor 1a (HIF-1a), a transcription factor implicated in hypoxic responses,
has been seen to enhance MCT4 transcription in pathological situations such as
ischemia (Rosafio and Pellerin, 2014). However, the mechanism by which MCT4
expression is regulated in normoxic conditions is yet to be resolved. Part of my
doctoral studies address this key question and found a novel mechanism by which
MCT4 is upregulated in response to neurotransmitters, establishing a novel astrocytic
pathway that may control neuronal function through metabolic support.

Once extruded from astrocytes, lactate is uptaken by MCT2 in neurons, where it can
be enter the TCA cycle and the oxidative phosphorylation system (OXPHOS).

Interestingly, it has been demonstrated that disruption of the ANLS via inhibition of
astrocytic export (siMCT4, siMCT1) or neuronal import (siMCT2) produces
disturbances in long-term memory (Suzuki et al.,, 2011b). Moreover, this lactate flux
through MCTs is able to maintain excitatory synaptic transmission, even in the
presence of enough glucose (Nagase et al.,, 2014).

ANLS seems to be regulated by glutamate, linking neuronal activity with lactate
release. Whenever a glutamate-mediated synaptic activity is produced, part of the
neurotransmitter is taken up by the astrocytes, via the glutamate transporters
explained before together with sodium ions. The increase in sodium inside the
astrocyte activates the Na+/K+ ATPase, consuming ATP to equilibrate the Na*
concentration inside the cell. This ATP consumption in turn increases glucose uptake
and oxidation in astrocytes, producing more lactate that is released to the
extracellular space via the monocarboxylate transporters (MCTs) and used by nearby
neurons as an energy substrate (Figure). One in vivo proof of this hypothesis is that
knocking out glial glutamate transporters (GLAST or GLT-1) reduces glucose
utilization in activated areas (Voutsinos-Porche et al., 2003).
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Figure 8. The astrocyte-neuron lactate shuttle. Released glutamate from glutamatergic
synapses is taken up by astrocytes in cotransport with sodium. The extrusion of sodium
by the Na+/K+ ATPase increases glucose consumption and lactate production in
astrocytes, which is shuttled to neurons through monocarboxylate transporters (mainly
MCT1 and MCT4 in astrocytes and MCTZ in neurons). This lactate is transformed to
pyruvate in neurons and can enter the TCA cycle. From (Belanger et al.,, 2011).

Other stimuli have been found to increase aerobic glycolysis in astrocytes, such as
potassium. As explained before, potassium is released to the extracellular medium
after neuronal firing, and astrocytes have a huge permeability for potassium. Recent
works suggest that physiological K+ increases lead to rapid activation of glycolysis in
astrocytes, a pathway that precedes glutamate glycolysis activation (Bittner et al,,
2011). This effect may be mediated by the electrogenic Na*/HCOz cotransporter NBCel
(Ruminot et al., 2011).

All these mentioned data supports the idea of an activity-regulated ANLS, with a net
efflux of lactate from astrocytes to neurons. However, as in most science topics, some
laboratories refuse the idea of an ANLS. Actually, some works demonstrated exactly
the opposite: upon neuronal activation, neurons increase their glycolytic rate and
export lactate to the extracellular medium, establishing the Neuronal Astrocyte
Lactate Shuttle (NALS). First works were based on modelling studies, taking into
account the kinetics of both glucose and monocarboxylate transporters of each cell
type (Simpson et al.,, 2007) (DiNuzzo et al., 2010), but some were confirmed in vivo
(Mangia, 2009) which generated a huge controversy (Jolivet et al.,, 2010) (Mangia et
al,, 2011).
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2.2.2 The glutamate-glutamine cycle

As stated before, neuronal-released glutamate is efficiently taken up into astrocytes
via glutamate transporters. Once in the astrocyte, this glutamate is transformed to
glutamine via the glutamine synthetase enzyme, which is solely expressed in
astrocytes, being actually a good marker for in vivo astrocytes.

Glutamine is then released to the extracellular medium through the system N
aminoacid transporters SN1 and SN2, which are Na*-dependent transporters
expressed in the astrocytic plasma membrane. On the other site, glutamine is taken
up by neurons through system A Na+*-dependent aminoacid transporters ATA1 and
ATA2 (Rose et al.,, 2013). Interestingly, approximately 70% of glutamate released by
living animals is generated through this cycle (Rothman et al., 2003) and glutamine
supply to neurons is necessary to maintain synaptic activity (Tani et al., 2014).

Interestingly, other studies demonstrated that astrocytes also metabolize taken-up
glutamate to generate alpha-ketoglutarate and entering TCA to produce other
metabolic intermediates and ATP (Sonnewald and Schousboe, 2016). This capacity
seems to be regulated by glutamate concentration, with increasing concentrations
leading to increased oxidation (McKenna et al., 1996). These oxidative processes are
regulated by glutamate transamination and deamination enzymes that are also
expressed in astroglial cells. The contribution of this glutamate oxidation in the global
astrocytic metabolism, as well as the percentage of oxidation versus conversion to
glutamine is still unknown and an important matter of debate. In fact, some authors
consider that glutamate oxidation is sufficient to maintain astrocytic metabolism
during excitatory neurotransmission, instead of the aforementioned increase in
glucose consumption (McKenna, 2013).
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2.2.3 Glycogen metabolism

Glycogen is a branched polysaccharide of glucose that represents the main
mechanism of glucose storage in the body. In humans, glycogen is specially found in
the liver and in muscle cells, where it maintains blood glucose levels and meets
increased energy demands respectively (Brown and Ransom, 2007).

In the brain, glycogen is almost exclusively stored in astrocytes, establishing these
cells as glucose stores for brain metabolism (Cataldo and Broadwell, 1986). Moreover,
glycogen degradation is controlled by the enzyme glycogen phosphorylase, which is
only expressed in astrocytes. The enzyme catalysing glycogen synthesis, glycogen
synthetase, is also found in neurons, where it is supposed to have another function
(Pellegri et al., 1996).

Glycogenolysis, the production of glucose from glycogen, has been considered an
emergency reaction to provide glucose for the brain during starvation, acting as the
liver of the brain. However, the amount of glycogen in the brain is much lower than
that of the liver so that, while liver glycogen is able to maintain glucose blood levels
for 24h, brain glycogen will be degraded within minutes (Brown and Ransom, 2007).

Taking that into account, recent studies argue in favour of a specific role of glycogen
in the brain, especially in the control of learning and memory processes. First
observations revealed that glycogen content decreases during early-memory
consolidation tests in chicks, together with an increase in glutamate content (Hertz et
al., 2003). These observations lead to the study of the inhibition of glycogenolysis
during learning processes, where it seems to be crucial for short and long term
memory in chicks and rodents (Suzuki et al.,, 2011b) (Duran et al., 2013) (Newman et
al,, 2011).

These works establish astrocytic glycogen as an optimal energy buffer, providing
neurons with lactate (after its conversion to glucose) to maintain excitatory
transmission rapidly.

2.2.4 Mitochondrial metabolism

The ANLS together with the glutamate/glutamine cycle and the glycogen metabolism
led to the idea that all astrocytic metabolical functions are cytoplasmic, mitochondrial
functions being only marginal. Moreover, some works suggested that in vitro
astrocytes are able to survive as glycolytic cells without a functional mitochondrial
respiration (Almeida et al., 2001). Thus, the general understanding is that metabolic
mitochondrial functions in astrocytes may not be as important as in other cell types.

However, it has been seen that astrocytic processes contain many small mitochondria
(Derouiche et al., 2015) (Lovatt et al., 2007), and that the expression of mitochondrial
genes is comparable between astrocytes and neurons (Lovatt et al., 2007). In
addition, it has been seen that astrocytic mitochondria are dynamic organelles that
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move to sites of calcium and glutamate uptake, contributing to the ATP production of
the cell (reviewed in (Jackson and Robinson, 2017).

Finally, and in addition to glucose oxidative metabolism, some works suggested the
use of different substrates in astrocytes as carbon sources for mitochondrial
metabolism. As explained before, the most accepted hypothesis is the entry of
glutamate to the TCA (Schousboe et al,, 2014), however, other carbon sources such as
fatty acids (Panov et al., 2014) (Ebert et al.,, 2003), acetate (Hertz et al., 2007) or
lactate (Hertz and Dienel, 2005) have been seen to enter astrocytic TCA.

As a summary, the dogma of brain metabolism that astrocytes are glycolytic cells that
transfer lactate to the “oxidative” neurons is now being highly discussed. Different
metabolic pathways and possible carbon sources for both astrocytes and neurons
have been proposed, emphasizing the complexity of brain metabolism. However,
there is a need to understand brain metabolism, not only for the implication that it
has in pathological situations, but in normal physiology. Many behavioural
experiments are based in the oxygen and glucose consumption of different brain
areas, while the truth is that we still do not know which cell is consuming the glucose
and/or the oxygen.

Part of my doctoral studies consisted in try to answer these questions regarding brain
metabolism. To do so, we generated “mitochondriomes” of astrocytes and neurons
using mRNA expression data of nuclear genes encoding for mitochondrial proteins to
classify mitochondrial functions in both cells. These studies may shed a light on the
metabolic oxidative pathways of astrocytes and neurons and contribute to the
knowledge of neurometabolism.

3. Astrocyte calcium signalling

Astrocytes were supposed to be non-excitable cells that serve as the homeostatic
regulators of the CNS. However, more than 25 years ago, the discovery that astrocytes
were able to respond to neuronal activity via increases in intracellular calcium
signals both in vitro, in situ and in vivo, and even produce calcium “waves” among
astrocytes, started one of the most controversial topics in neuroscience (Cornell-Bell
et al, 1990) (Dani et al., 1992) (Porter and McCarthy, 1996) (Newman and Zahs,
1997) (Wang et al., 2006). This discovery raised the possibility that astrocytic
calcium waves could represent a novel signalling pathway in the CNS and many
laboratories have focused their studies on the role and the mechanisms of astrocytic
calcium signals. Astrocytic calcium is considered today as the basis of astrocyte
excitation and hence the communication among astrocytes and with other cells types.

3.1. A brief historical introduction
Calcium is a ubiquitous second messenger in mammalian organisms, controlling the
most important activities of all eukaryotic cells (Berridge, 2005) (Clapham, 2007). In

the CNS and in neurons in particular, its role is critical as it participates in the
spreading of the depolarization signal and the synaptic activity. During the last
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phases of neuronal depolarization, cytoplasmic calcium increases induce the
liberation of neurotransmitter vesicles, which would act on the postsynaptic neuron.
Taking this into account, it is not surprising that the discovery of calcium signals in
astrocytes completely changed the perspective of astrocytes as mere homeostasis
controllers.

Bazargani and Attwell (Bazargani and Attwell, 2016) described the evolution of the
study of astrocyte calcium roles in three waves: the first wave includes all the studies
arising from the first observations of astrocyte calcium responses to neuronal
activity. These observations, however, were linked to the discovery that these
increases in intracellular calcium induce calcium rises in neighbouring neurons via
the release of neurotransmitters.

These astrocyte-released neurotransmitters were named “gliotransmitters”, and their
discovery lead to the spreading of the idea of the “tripartite synapse”, where not only
the two neurons were communicating each other, but the astrocytic processes were
also releasing neurotransmitters and modulating the synapses (Araque et al., 1999).

Presynaptic Postsynaptic ‘
neuron neuron
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Figure 10. The tripartite synapse. Synaptic glutamate binds to glutamate receptors in
the neighbouring astrocytes, generating IPs; which releases calcium from the
endoplasmic reticulum. This calcium, once in the cytosol, induces the liberation of
“gliotransmitters” (Glutamate, ATP or D-serine) that in turn modifies the neuronal
communication. From (Kirchhoff, 2010).
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Different “gliotransmitters” were identified during this first wave: Glutamate
(Parpura et al., 1994) (Fellin et al.,, 2004), ATP (Pryazhnikov and Khiroug, 2008)
(Newman, 2001), D-serine (Yang et al., 2003) (Mothet et al., 2005) and GABA (Lee et
al, 2010). At the same time the released gliotransmitters produced effects on
neighbouring neurons, such as an NMDA-mediated membrane inward current in the
case of glutamate (Parri et al.,, 2001) inducing neuronal synchronization (Fellin et al.,
2004), as well as effects on the presynaptic receptors and regulation of
neurotransmitters release probability (Jourdain et al., 2007) (Perea and Araque,
2007). Moreover, D-serine release from astrocytes was seen to control NMDA-
induced currents (Yang et al.,, 2003) (Henneberger et al.,, 2010). Finally, one of the
major discoveries during that period was the modulation of sleep homeostasis by
accumulation of adenosine, which derives from ATP release during the day (Halassa

etal,, 2009).
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Figure 11. The first wave of astrocytic calcium. Neurotransmitters such as ATP, GABA,
and Glutamate were seen to induce calcium responses in astrocytes, leading to a release
of gliotransmitters. These gliotransmitters (ATP, Glu, D-Serine, GABA) induced changes
in neuronal connectivity. Adapted from (Bazargani and Attwell, 2016).

However, all these exciting discoveries were questioned during the second wave. At
that time, many laboratories tried to replicate all these results using other techniques
with very different results (resumed in Table 1). Moreover, analyses of some widely
used models of inhibited gliotransmission, such as the dnSNARE mice demonstrated
some neuronal affectation, casting doubts on the effects of gliotransmission seen in
these models (Fujita et al.,, 2014).

Of special importance during this period was the study of IP3R; knockout (KO) mice of

McCarthy lab. Although we will discuss in detail calcium signalling pathways in
astrocytes in further sections (see mechanisms of astrocyte signals), it is interesting to
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introduce the concept to understand the mismatches produced during this wave. One
key question regarding calcium signals in astrocytes is which is the main source of
calcium rises. In vitro studies demonstrate that calcium signals are generated through
activation of phospholipase C beta (PLCB), which can produce inositol 1,4,5
triphosphate (IP3). This IP3, in turn, binds to IP3 receptors in the ER, promoting a
massive calcium release from the store. Among all [P3 receptors, the subtype 2 seemed
to be the one orchestrating the response in astrocytes (Holtzclaw et al., 2002). In fact,
[P3sR; KO presents a clear reduction of cytosolic calcium rises (Fiacco et al., 2007)

(Petravicz et al., 2008).
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Table 1. Summary of the controversies generated during the second wave of astrocytic
calcium.

Unexpectedly, even with a clear reduction on astrocytic cytosolic calcium events, IP3R;
KO mice did not present deficits at neuronal excitability (Fiacco et al., 2007), synaptic
currents (Petravicz et al., 2008), synaptic plasticity (Agulhon et al., 2010), neurovascular
coupling (Bonder and McCarthy, 2014) nor in behavioural responses (Petravicz et al.,
2014). The only effect seen in this mouse model was an abolished Acetylcholine (Ach)-
evoked Long-term potentiation (LTP) (Takata et al, 2011) (Navarrete et al.,, 2012).
Although one can’t discard the hypothesis of a compensatory mechanism on the mouse
model, it was clear that most of the astrocytic calcium currents were abolished and no
consequences (or low consequences) were found. Moreover, the same group developed
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other models to mimic in vivo calcium increases in astrocytes, without a clear effect in
neuronal activity nor neurovascular coupling (Fiacco et al., 2007) (Bonder and
McCarthy, 2014).

These studies, together with contradictions found in different models (Table 1), lead to
the rethinking of the hypothesis of calcium in astrocytes as a mechanism of
gliotransmission (Sloan and Barres, 2014).

Finally, some of these controversies were resolved, mainly because of technical
advances in the field. Among them, the use of bulk loading membrane-permeable
organic calcium dyes (Fura-2, Fluo-4) was substituted by genetically encoded calcium
indicators (GECIs), which basically consist in the cellular expression of a calcium
fluorescent protein that binds to calcium (Shigetomi et al.,, 2010). Interestingly, while
bulk loading dyes were useful to detect somatic and thick branches events, GECIs
expression was able to detect also events from the very thinner branches of the
astrocyte. The better signal-to-noise ratio and probably a better diffusion may explain
these differences (Tong et al.,, 2013).

Fluo-4AM Cyto-GCamp3 Lck-GCamp3
Figure 12. Calcium signals with different calcium indicators. (Left) Image of an
astrocyte filled with the organic calcium dye fluo-4AM. (Medium) Image of an astrocyte
expressing the GECI Cyto-GCamp3. (Right) Image of an astrocyte that expresses the
GECI Lck-GCamp3, which is directed to membranes. Adapted from (Shigetomi et al,
2013a).

Thanks to the development of these novel calcium imaging techniques, the field
started the third wave, in which many of the controversies generated were
(partially) resolved. The use of GECIs and other new indicators allowed to distinguish
different calcium signals than the ones that were previously described. For the first
time, it was seen that inside the complex morphology of an astrocyte there can be
different types of calcium signals: somatic events (the ones that were measured
before), proximal processes events and distal processes or territories events
(Volterraetal., 2014).

The discovery of a spectrum of calcium signals in different compartments of the

astrocyte was a real revolution in the field. While it was thought that only neuronal
intense firing patterns were able to induce a calcium rise in astrocytes, using these
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new techniques small calcium currents in distal processes were seen in response to
low levels of synaptic activity (Di Castro et al., 2011) (Panatier et al., 2011).

However, the biggest breakthrough came from a work from Khakh lab. In this work,
[P3R2 KO mice was analysed using these new GECIs. Interestingly, It was found that
only somatic events were disrupted (those that are ER-dependent), but signals in
distal processes were not affected, even increased (Srinivasan et al., 2015). This work
was a step forward in the field, questioning the findings of McCarthy’s lab and at the
same time opening a new horizon about the importance of calcium signals in distal
processes.
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Figure 13. Calcium events in IP3R; KO mouse. Representative images and traces for Ca?*
fluctuations of astrocytes from wild type and transgenic mouse expressing the calcium
indicator GCamp3. Note that in the IP3:R; KO, although somatic calcium events are
almost abolished, branches and territories (waves in the image) still present calcium
fluctuations. Adapted from (Srinivasan et al., 2015).

3.2. Mechanisms of calcium signals

The main signalling pathway regarding calcium increases is intracellular calcium
mobilization through neurotransmitter-induced G protein-coupled receptors (GPCR)
activation. These GPCRs activate the Phospholipase C B (PLC[), which catalyses the
hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP;) into diacyl glycerol (DAG)
and inositol 1,4,5 triphosphate (IP3). This IP3, in turn, binds to the IP3; receptors
(IP3R) located in the ER, which, upon activation, releases the calcium content of the
ER to the astrocytic cytosol (Cornell-Bell et al., 1990).

Cytosolic calcium increases can induce the liberation of gliotransmitters among other

physiological processes (Scemes and Giaume, 2006). Calcium responses are controlled
in time, space and magnitude, and differences in any of these characteristics can lead to
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different cellular responses. Thus, cytosolic calcium is controlled by many different
calcium buffers, channels and pumps that shape the extension and localization of the
signal. These are called the “calcium toolkit” of the cell (Berridge, 2005) and can be
located in different compartments of the astrocyte.

3.2.1 Endoplasmic reticulum

As stated before, the ER is the main source of calcium rises in cultured astrocytes. This
calcium release is mainly through IPsR, specifically through IP3R,;, which is
predominantly expressed in astrocytes (Sheppard et al., 1997). The other known family
of receptors controlling ER calcium release are the ryanodine receptors family (RyR).
This family of receptors control calcium release from the ER in response to cyclic ADP
ribose (cADPR) or calcium itself (calcium induced calcium release) in many cell types
like neurons or muscle cells. In astrocytes, these receptors seem to have a minor role,
although their expression at mRNA and protein level is detectable (Matyash et al., 2002).

ER depletion leads to calcium influx to replenish the stores via plasmalemmal opening.
This mechanism is known as the store-operated calcium entry (SOCE) or capacitative
entrance (Putney, 1986) and is present in the majority of non-excitable cells. At the
molecular level, SOCE is mediated by Orai, an ER-adaptor protein, which senses calcium
content in the organelle and is in contact with membrane calcium channels. After ER
depletion, Orai is able to homodimerize to interact with STIM, a calcium channel in the
plasma membrane, which will fulfil the ER with calcium. In astrocytes, the molecular
identity of SOCE remains to be identified. Recent works establish Orail/Orai3 and Stim1
as the molecular players in astrocytic SOCE (Kwon et al, 2017). Previous studies,
however, suggested TRPC1 as a key element of SOCE in astrocytes (Malarkey et al,,
2008).

The ER also controls cytosolic calcium through the SERCA pump, which buffers calcium
into the cytosol in an ATP-dependent manner (Berridge, 2002). Astrocytes seem to
express the subtype SERCA2b, the most common subtype in nonexcitable cells (Morita
and Kudo, 2010).

3.2.2 Mitochondria

Mitochondria are an important calcium buffer-organelle. Calcium increases in the
mitochondrial matrix potentiates mitochondrial metabolism (Griffiths and Rutter,
2009), since they can activate some enzymes from the OXPHOS pathway such as
isocitrate dehydrogenase (ICDH) and pyruvate dehydrogenase (PDH). At the same time,
however, higher mitochondrial calcium concentrations can lead to apoptosis and cell
death (Marchi et al, 2017). Thus, mitochondrial calcium is an important signalling
pathway and its regulation is crucial in physiological and pathological processes.

Calcium buffering by mitochondria is mediated by two calcium channels: the voltage-
dependent anion channel (VDAC) in the outer mitochondrial membrane and the
mitochondrial calcium uniporter (MCU) in the inner mitochondrial membrane. The
molecular identity of MCU, one of the most controversial topics in the calcium field, has
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been recently resolved by two different groups (De Stefani et al.,, 2011) (Baughman et
al,, 2011). Thereafter, different regulators of the MCU channel have been found, such as
mitochondrial calcium uptake protein (MICU) 1 and 2, MCUb and the essential MCU
regulator (EMRE), conforming the mitochondrial calcium uniporter complex
(Mammucari et al., 2016).

As with the ER, mitochondria need a way to get rid of calcium, since high and sustained
calcium concentrations can lead to cell death. Different mitochondrial calcium efflux
pathways have been described in isolated mitochondria, specifically a sodium
dependent and a sodium-independent efflux mechanisms (Bernardi, 1999). However,
only recently the molecular identity of the mitochondrial sodium/calcium/lithium
exchanger NCLX has been found (Palty et al., 2010), whereas the sodium independent
mechanism remains elusive. Finally, another mitochondrial calcium release mechanism
may be the opening of the mitochondrial permeability transition pore (mPTP). The
sustained activation of this mPTP produces swelling, collapse of the mitochondrial
membrane potential, ATP depletion and necrotic cell death (Halestrap, 2010), however,
transient activation of mPTP may be a signalling pathway implicated in different
diseases (Hurst et al.,, 2017).

In astrocytes, mitochondrial buffering of calcium has been related to changes in
cytosolic calcium and in glutamate release as a consequence (Reyes and Parpura, 2008).
It has been recently demonstrated that astrocytic mitochondrial dynamics are
controlled by calcium in the distal processes, linking these events with mitochondrial
metabolism (Jackson and Robinson, 2015) (Jackson et al., 2014).

3.2.3 Mitochondria-associated membranes

An important signalling pathway involving mitochondria and ER has gained interest in
the last years; this is the calcium transfer of the mitochondria associated membranes
(MAMs). These regions are defined by a close contact between mitochondria and ER
(<200nm), and have been implicated in multiple housekeeping functions, such as
cholesterol and ceramide synthesis, as well as transport of proteins and ions (Area-
Gomez, 2014).

The ER presents [P3R calcium release channels. At the same time, mitochondria contain
calcium buffering mechanisms: VDAC and the MCU complex. Interestingly, once ER
calcium is released, cytosolic calcium induces a regulatory feedback to the same calcium
releasing channels. This feedback can be inhibitory, activatory or biphasic, depending on
the concentration of the liberated calcium (Bezprozvanny et al., 1991). The biophysical
characteristics of the ER calcium releasing channels give mitochondrial buffering a key
role in the control of their activation. For instance, if calcium from the ER is buffered by
nearby mitochondria, IP3R will not be inhibited and a continuous transfer of calcium
through both organelles can be produced. Thus, the proximity of both organelles defined
by MAMs is crucial for calcium signalling between both organelles and, as a
consequence, for metabolism and cell death. In addition, since this calcium is buffered
directly by mitochondria, those functions relying on the cytosolic calcium
concentrations can be affected by MAMs.
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This pivotal role of MAMs in controlling cellular functions generated special interest in
their molecular identity. Biochemical isolation revealed that MAMs are formed by
different proteins undergoing distinct functions. On the one hand, MAMs are formed by
structural proteins that conform the junction itself such as mitofusin (Mfn) 1 and 2,
whose deletion produces an alteration in calcium signals as well as an increase in the
ER-mitochondria distance (de Brito and Scorrano, 2008). One the other hand, MAMs
contain different proteins involved in calcium transfer, considered the main signalling
mechanism between both organelles. Many of these proteins are chaperones that
control the stability of calcium channels as well as the junction itself. Among them,
Sigma non-opioid intracellular receptor (SigmaR1) is the chaperone that prevents
degradation of IP3R, maintaining mitochondrial calcium buffering (Hayashi and Su,
2007). In fact, SigmaR1 deletion has been related to decreases in mitochondrial calcium
entry and impaired responses to stress (Hayashi and Su, 2007).

Other chaperones are enriched in MAMs, such as 75KDa glucose-regulated protein
(GRP75), which mediates the direct functional interaction between IP3R in the ER and
VDAC in mitochondria (Szabadkai et al., 2006) or the ER chaperones calnexin and
calreticulin, which act as calcium buffers and regulate SERCA activity (Camacho and
Lechleiter, 1995) (Roderick et al., 2000).

The role of MAMs in astrocytes has not been investigated in physiological conditions.
Only one study addresses the work of MAMs in human astrocytomas, revealing that
stem-cell like glioma cells were “MAM-deficient” while well-differentiated glioma cells
had a “MAM-rich” phenotype (Arismendi-Morillo et al, 2017). Since MAMs control
calcium signalling between the main astrocytic calcium store (the ER) and a crucial
organelle for astrocytic metabolism as the mitochondria, regulation of their constituents
and physiology can be of special interest to modify and adapt astrocytic functions.
Moreover, alterations in astrocytic MAMs can lead to changes in cytosolic calcium, the
main communication system of these cells. All in all, the study of these MAMs can be
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really important for the understanding of astrocytic physiology and a possible target for
pathological processes. Our results revealed a new mechanism by which one character
of MAMs (the chaperone SigmaR1) is regulated in astrocytes and which are the
consequences of the effect in astrocytic calcium.

3.2.4 Calcium mobilization from acidic stores

One of the last demonstrated signalling pathways involving calcium was the signalling
within acidic stores such as lysosomes via nicotinic acid adenine dinucleotide phosphate
(NAADP) (Lee, 2005). Although it is not clear which is the pathway that synthetizes
intracellular NAADP, different physiological stimuli have been found to increase these
second messenger through activation of GPCRs and tyrosine kinase-linked receptors
(Galione, 2015).

Once NAADP is generated, probably through CD38 and ADP-ribosyl ciclases, it can bind
to and open lysosomal calcium release channels. The molecular identity of these calcium
release channels is still under debate, the two-pore channels (TPCs) and the mucolipine
family of transient receptor potential channels (TRPML) being the main candidates
(Patel etal, 2011).

On the other side, lysosomal calcium entry is mediated by the combined action of the
vacuolar (V)-type H*-ATPase and the Na+*/Ca2+ exchanger, the first increasing lysosomal
proton content and the former exchanging these protons for calcium ions (Raffaello et
al,, 2016). (Figure)

In astrocytes, NAADP-dependent calcium signals have been demonstrated in cultures by
our research group (Barcelo-Torns et al., 2011). In this work, NAADP is generated in
astrocytes in response to ATP, provoking lysosome calcium release.

3.2.5 Extracellular calcium entry

Astrocytes express ionotropic Ca?* channels such as a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors
as well as P2X purinoreceptors (Lalo et al, 2011). The activation of these channels
produce calcium influx in astrocytes, which can modify the calcium -current.
Interestingly, the opening of ionotropic channels produces also extracellular sodium
entry, which may also induce calcium increases indirectly via the sodium/calcium
exchanger (NCX). In addition, astrocytes express different members of the TRP family
channels, and some of them may have a role in extracellular calcium entry. For instance,
TRPA1 has been related to the spontaneous local events in astrocytes (Shigetomi et al.,
2011), TRPC receptor family has been related to SOCE in astrocytes, and osmotic
stimulation of TRPV4 seem to have an important role in ischaemic-induced calcium
entry (Butenko et al.,, 2012) (Verkhratsky et al., 2014).

NCX proteins are expressed in astrocytes, specifically located in perisynaptic processes

(Minelli et al., 2007). This exchanger can act both extruding and intruding calcium,
although in astrocytes seems to act mainly as a sodium extruder (Lim et al., 2016). Its
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action as a calcium entering system has been related to the exocytosis of glutamate from
cultured astrocytes (Paluzzi et al., 2007) (Reyes et al., 2012).

Finally, calcium from cytosolic transients can be also extruded to the extracellular space
via plasmalemmal Ca2* pumps/ATPases (PMCA), which uses ATP energy (Verkhratsky
etal, 2012).
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Figure 15. Astrocytic calcium toolkit. Adapted from (Verkhratsky et al, 2012)
3.3. Calcium signals in vivo

Novel molecular tools such as the genetic-encoded calcium indicators have revealed that
calcium signals in in vivo and ex vivo astrocytes are more complex than in cultured
astrocytes. Since the in vivo studies have just started, it's difficult to classify them
correctly, although some reviews have attempted a classification (Volterra et al,,
2014). Anyway, in this thesis 1 will differentiate three types of calcium signals
depending on the cell compartment where they take place: focal events in the
territories, “extended” events in the processes and somatic events.

Focal events are the most common and the fastest calcium increases in astrocytes,
and are produced in the thin processes of astrocytes (Shigetomi et al., 2010). Later
studies in ex vivo astrocytes demonstrated that some of these “spotted-calcium”
signals in the hippocampal CA1 could be explained by extracellular calcium influx
through TRPA1 channels (Shigetomi et al.,, 2011). These signals are linked to the
maintenance of basal calcium levels, the constitutive release of D-serine to the
extracellular space (Shigetomi et al, 2013b) as well as the expression of GABA
transporters in the plasma membrane (Shigetomi et al., 2011).
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Similar signals in processes have been discovered in other areas of the brain as well
as in in vivo experiments. The origin of these focal events, however, seems to be
region-dependent, since astrocytes in the CA3 are not affected by a TRPA1 selective
antagonist (Haustein et al, 2014) and only partially in the striatum radiatum
(Shigetomi et al., 2013b).

The initiating factor of focal events in the processes is still an unresolved question.
Some studies reported that calcium signals in processes could be generated either
spontaneously (Nett et al., 2002) (Shigetomi et al., 2011) or via the release of
different neurotransmitters from neurons such as ATP or glutamate (Di Castro et al,,
2011) (Panatier et al,, 2011). These differences in the origin of the initiating factor
may be explained by different functions in astrocytes: their homeostatic function in
the “restless” brain or their functions in response to neural activity (Masgrau et al,,
2017). The decoding of different patterns of activity, however, requires much more
study to analyse which signals controls which actions.

Extended events in processes are larger than the previous ones, both in time, space
and amplitude and are sensible to Tetrodotoxin (TTX), this is, to neuronal firing.
These signals are initiated in different regions of the primary and secondary
processes and are IP3;-dependent. These signals were found to increase
neurotransmitter release probability at local synapses in the hippocampus (Di Castro
etal, 2011) (Panatier et al.,, 2011).

Finally, somatic calcium signals are the less common, and are defined by calcium

rises in the soma of the astrocyte. They are supposed to happen whenever there is a
robust stimulation, such as a global noradrenaline release after locus coeruleus
stimulation (Ding et al., 2013)

Figure 16. Calcium signals
in vivo. Different calcium
events in the astrocyte
territories in intensity (a),
frequency (b) o duration
(c). Somatic (blue) and
extended (red) signals
representations. From
(Volterra et al,, 2014).
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The three calcium signals might represent at the same time a mechanism of
integration of different neuronal stimuli. Thus, many focal events in different areas of
a process can lead to an extended event. At the same time, different extended events
could produce a general somatic calcium event. This could clearly represent a
mechanism of integration of the different inputs coming from different synapses at
different times in one main “computer”.

In summary, the unexpected complexity of astrocyte calcium signals in vivo is
probably related to the multiple known (and upcoming) astrocytic functions. From
local synapse neurotransmitter liberation to global brain cortical switching and
behavioural responses, calcium signals in astrocytes may control more functions than
previously expected. Unfortunately, the astrocyte field is one-step back neuronal
studies, where calcium signal mechanisms and functions are better understood. My
doctoral studies reveal previously unknown mechanisms of astrocyte calcium
signalling, and how neurotransmitters and neuromodulators can modulate these
pathways. The findings are especially relevant in the field, considering the crucial
role of astrocytic calcium in brain physiology.

4. Astrocyte plasticity via CREB
4.1 Astrocyte plasticity

Plasticity (especially neural plasticity, the most studied form of plasticity) is the
ability to the cells and networks to modify themselves functionally and structurally,
in response to experience (von Bernhardi et al, 2017). The term “plasticity”
describing the ability of the brain to modify and adapt itself has been used for more
than a century (Berlucchi and Buchtel, 2009); however, the term has been rarely
related to astrocytes, with the exception of one review in 2013 (Pirttimaki and Parri,
2013).

In the last years, probably due to the new discovered astrocyte functions, the concept
of astrocyte plasticity gained interest. The idea is simple: if the brain is highly
adaptable to experience and astrocytes perform key functions in the brain
physiology, one could speculate that astrocytes may be able to adapt themselves to
experience and modify their functions accordingly.

Since astrocytic functions such as metabolic support (for instance lactate supply) or
gliotransmission are able to modify neuronal and brain function, it follows that
experience-based modifications of these functions will lead to changes in brain
physiology and constitute “astrocyte plasticity”.

In neurons, long-term synaptic plasticity and long-term memory requires de novo
gene expression and protein synthesis (Kandel, 2001). The mechanism involves the
activation of a transcription factor and the consequent increase in expression of
target genes. Among other known transcription factors that may develop this
function, the best characterized is the cyclic AMP-responsive element-binding protein
(CREB)-induced plasticity.
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4.2 CREB

CREB is a 43KDa nuclear transcription factor that upregulates the expression of
target genes containing cAMP-responsive elements (CRE) sites. It belongs to the basic
leucine zipper domain (bZIP) superfamily of transcription factors, comprising the
CREB subfamily with their closely related factors activating transcription factor 1
(ATF-1) and cAMP response element modulator (CREM).

All the members of the CREB-family show high similarities in structure, with a basic
leucine zipper domain that allows DNA-binding and a dimerization domain, which
allows CREB to homo or heterodimerize (Schumacher et al.,, 2000). In addition,
members of the CREB family present two glutamine rich domains (Q1 and Q2) as well
as a transactivation kinase-inducible domain (KID) located between them. These
domains interact with the components of the basal transcription machinery, as well
as with different CREB cofactors (Johannessen et al., 2004).
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Figure 17. Structure of CREB-family members CREB1, CREM and ATF1. From (Alberini,
2009).
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The KID domain is the regulatory region that allows CREB to respond to intracellular
signalling pathways. CREB is activated mainly by phosphorylation of serine 133,
which can be targeted by different kinases. Once phosphorylated, CREB becomes a
target of the kinase-inducible interacting (KIX) domains of transcription co-activators
such as CREB-binding protein (CBP) and p300 (Kwok et al., 1994) (Sakamoto et al,,
2011).

CBP and p300 are histone acetyltransferases (HAT), thus, their recruitment to the
CREB binding site produces a relaxation of the chromatin through acetylation of the
histones. In addition, and thanks to their big size, they can act as a link between the
transcription factor and the components of the basal transcriptional complex, such as
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the RNApol Il complex (Valor et al.,, 2013). Once all the transcriptional machinery is
recruited to the promoter, the transcription of the specific gene is produced.

Although serine 133 is the main activator mechanism, other activating or regulatory
serines have been found within the KID domain (for review see (Sakamoto et al,,
2011). Similarly, other pathways have been found to activate CREB, such as binding of
the CRTCs family of coactivators to the bZIP domain, allowing CREB activation
independently of their phosphorylation status (Saura and Cardinaux, 2017).

All the CREB family members bind to the same CRE elements, defined by the
palindromic consensus sequence (TGACGTCA) or by a half palindromic site (TGACG
or CGTCA).

About 750,000 CRE-consensus sequences (both complete and half site) have been
found in the human genome, although most of them present a methylation of the
cytosine within the site, inhibiting the transcription factor binding (Iguchi-Ariga and
Schaffner, 1989). Functional unmethylated CRE-sites are found in the promoter
proximal regions of certain genes, within 250 base pairs of the transcription start
site. This occurs in about 4,000 genes (Zhang et al,, 2005). As it happens with other
promoter proximal elements, the presence of a TATA box near the consensus site
increases gene transcription, being weaker the further the TATA box from the
consensus site (Mayr and Montminy, 2001). However, only one third of the CRE-
containing promoters express a TATA box nearby (Zhang et al., 2005).

4.2.1 CREB-activation pathways

CREB activation preferentially relies on Ser 133 phosphorylation. This serine is
targeted by multiple kinases that respond to a variety of stimuli, including cAMP and
Ca?+ increases. As an example, protein kinase A (PKA) mediates Ser 133
phosphorylation upon cAMP increases (Gonzalez and Montminy, 1989), while
Ca2+/Calmodulin-dependent kinases II and IV (CaMKII/IV) respond to calcium
increases (Sheng et al,, 1991). However, other stimuli have been described to activate
CREB through other pathways and kinases and this activation pathway seems to change
depending on the cell type (Lonze and Ginty, 2002) (Carriba et al., 2012).

CREB activation by cAMP induces binding to the majority of CRE-containing
promoters; however, only about 100 genes are upregulated by treatment with cAMP
and the signature presents significant differences among cell types (Zhang et al,,
2005). The absence of a TATA box in two thirds of the genes that contain CRE
sequences, the methylation state of DNA as well as the presence or absence of
coactivators may be the explanation of this “low level” and cell-type dependent effect
(Altarejos and Montminy, 2011).

In summary, CREB transcriptional activation integrates multiple stimuli and a variety
of activation mechanisms that lead to different responses in a cell-type dependent
manner, allowing a specific response depending on the activation pathway and on the
cellular context.
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4.2.2 CREB-dependent functions in the CNS

Probably the best-known CREB function is its role in the CNS, concretely in neurons,
where it has been seen to modulate learning and memory. The relationship between
CREB and learning-dependent processes was first seen in the mollusc Aplysia
Californica by Kandel lab, where blocking CREB-dependent transmission blocked
long-term facilitation (Dash et al., 1990).

Since then, neuronal CREB has been implicated in a wide range of memory processes
in different animal models. In mice, for example, different models addressed the role
of CREB through loss or gain-of-function strategies, demonstrating the role of CREB
in the CNS. In these models, the impairment or enhancement of long-term memories
usually correlates with changes in long-term potentiation processes, where CREB

seems to develop its function (Table 2).

Physiology Behaviour
Mutant Genetic CREB Basal L -
. . asa . Memory Short-term ong Reference
mice system function synaptic LTP term
. type memory
transmission memory
Contextual Normal (30
CREB . and cued min) .
Partial ) Impaired
o/d ene Loss-of- Normal Impaired fear Impairment (Bourtchuladze
deficient & . function p memories (1h) etal, 1994)
. deletion -
mice Spatial .
Impaired
memory
LBD Contextual
tem, d
CREBIR | V3™ | Loss-of- and cued , (Kida et al,
. forebrain- . ND ND fear Normal (2h) Impaired
mice o function . 2002)
specific memories
expression
Object
tTA L f. recognition Normal (1h) Impaired
KCREB system, fOSS-_O ) Normal Impaired mjnor P (Pittenger et
mice forebrain- unction P - y al.,, 2002)
. Spatial i
specific Impaired
memory
tTA
VP16- . Spatial (Barco et al,,
system, Gain-of- .
CREB . . Normal Enhanced memory Enhanced | 2002) (Viosca
. forebrain- | function
mice . etal, 2009)
specific
Social Normal (5-15
recognition, | min) Normal
Y134F Forebfa.in- Gain-of- contextual (30 min) Enhanced (Suzuki et al.,
. specific . Normal Enhanced fear Enhancement
mice . function . 2011a)
expression memories (2h)
ial
Spatia Enhanced
memory
1(5-1
Social Norma. (5-15
. min)
recognition,
. Enhancement
CREB Forebrain- . contextual . Enhanced .
. Gain-of- (30 min) (Suzuki et al.,
DIEDML specific . Normal Enhanced fear
. . function . Enhancement 2011a)
mice expression memories
(2h)
Spatial Enhanced
memory

ND, not determined

Table 2. Summary of phenotypes of CREB mutant mice. Adapted from (Kida and Serita,
2014)

42




First studies regarding CREB function discovered its crucial role in synaptic
plasticity, referred as the ability of synapses to strengthen or weaken in response to
changes in their activity (Takeuchi et al., 2014). In this model, CREB is activated in the
postsynaptic neuron in response to presynaptic stimuli and induces transcription of
genes involved in strengthen of the synapses between both cells.

Probably the most well known gene activated by CREB that contributes to synaptic
plasticity is the brain derived neutrotrophic factor (BDNF). CREB activates BDNF
transcription in response to neural activity through the CRE element present in its
promoter region (Tao et al., 1998).
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Figure 18. CREB modulation of synaptic plasticity in neurons. Membrane depolarization
induces extracellular calcium entry through NMDA receptors. Calcium and cAMP
activate CREB kinases, which phosphorylate CREB. Once activated, CREB initiates a
transcriptional program which provide the strengthening of synaptic connexions. From
Benito (Benito and Barco, 2010).

BDNF, in turn, modulates synaptic plasticity in different neurons and brain regions by
functional and structural effects (Lu et al,, 2014). In addition to BDNF, many other
genes have been involved in CREB-mediated synaptic plasticity such as tissue
plasminogen activator (tTPA), synaptotagmin IV or dynorphin, among many others
(Benito and Barco, 2010).

More recent studies demonstrated a role of CREB in the regulation of neuronal

intrinsic plasticity, which are the changes in the neuronal intrinsic excitability. This
excitability depends on the electrical properties of the neuron and is defined as the
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propensity of the neuron to fire action potentials in response to a specific stimulus
(Benito and Barco, 2010).

Different works have detected changes in cellular excitability upon CREB-dependent
transcription activation in different neuronal populations: locus coeruleus (Han et al.,
2006), nucleus accumbens (Dong et al., 2006), hippocampal CA1 (Lopez de Armentia
etal.,, 2007) (Jancic et al., 2009) and amygdala (Viosca et al., 2009) (Zhou et al., 2009).
The mechanisms of CREB-mediated intrinsic plasticity seem to be dependent of the
brain region, but all of them imply an increase in the firing rate of neurons (Benito
and Barco, 2010).

This gain in intrinsic excitability can be obtained by an increase in sodium-dependent
currents, boosting the ability of the neuron to depolarize or a decrease in potassium-
dependent currents, diminishing the hyperpolarization produced after a spike. CREB
has been proposed orchestrate the transcription of these membrane ion channels
and/or modulate their activity through specific kinases and phosphatases that are
known to modify the opening and conductance properties of existing channels via
posttranslational modifications (Benito and Barco, 2010).
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Figure 19. CREB modulation of intrinsic plasticity in neurons. CREB activation in
neurons leads to the expression of certain excitability modulators, such as Na?* or K*
channels. From (Benito and Barco, 2010).
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4.2.3 CREB in astrocytes

Neuronal CREB has gained much interest in neuroscience due to its effects in learning
and memory process, being one of the main hubs of activity-driven changes in the
brain (Benito et al., 2011). However, CREB functions in astrocytes are just starting to
emerge.

The few studies that address the role of CREB in astrocytes have shown that it is
activated in response to excitotoxic damage (Ferrer et al., 1996), and in response to
neurotransmitters such as ATP (Takasaki et al., 2008) and forskolin, which increases
cAMP levels (Murray et al., 2009). Moreover, different pharmacological molecules are
able to induce astrocytic CREB activation: aspirin (Modi et al., 2013), sodium
benzoate (Jana et al., 2013), sodium phenylbutyrate (Corbett et al., 2013), tamoxifen
(Karki et al,, 2013) and raloxifen (Karki et al., 2014).

About its functions, most of the studies established CREB as a neurotrophin-inducer,
increasing the expression of BDNF (Takasaki et al, 2008) (Corbett et al., 2013),
Neurotrophin-3 (NT-3) (Jana et al., 2013) (Corbett et al, 2013) and ciliary
neurotrophic factor (CNTF) (Modi et al.,, 2013). Interestingly, two studies suggest
CREB as a regulator of the astrocytic glutamate transporters expression (Karki et al,,
2013) (Karki et al,, 2014).

Our group has been interested in CREB functions in astrocytes for many years, and
have characterized a new pathway of CREB activation (Carriba et al., 2012). In this
study, CREB-dependent transcription was activated in primary astrocytes by ATP and
Noradrenaline, but not other transmitters, via an atypical protein kinase C (aPKC).

Figure 20. CREB activation in astrocytes. ATP and NE activate an atypical PKC, which in
turn phosphorylates CREB in astrocytes. From (Carriba et al., 2012).
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This may be probably the best description of the CREB activating pathway in
astrocytes, and establishes the possibility of neural-activity dependent changes in the
astrocyte transcriptome. Based on these results, one could speculate that
neurotransmitters such as ATP or neuromodulators like NA can activate CREB in
neighbouring astrocytes, modifying its physiological functions. Thus, it may be
possible that CREB activation in astrocytes promotes changes similar to what happens
in neurons, facilitating intrinsic astrocytic plasticity or even neural synaptic plasticity.

Moreover, our group has developed the first transgenic mice expressing a
constitutively active form of CREB (VP16-CREB) specifically in astrocytes. The model
allowed us to discover the potential protective role of astrocytic CREB in traumatic
brain injury (TBI), as well as to establish a first transcriptomic analysis of astrocytic
CREB-dependent genes (Pardo et al.,, 2016).

Finally, we have designed an array in cultured astrocytes comparing different
pathways to activate CREB (FSK, NA and VP16-CREB) and analysed their own
transcriptomic signature, as well as the difference of CREB activation in astrocytes
and neurons (Pardo et al., 2017). These transcriptomic arrays are a key element in the
development of these doctoral studies, since we can have an idea of which are the CREB-
dependent pathways as well as the main characters involved. Interestingly, both
transcriptomic analyses pointed to CREB-regulated astrocyte metabolism and lactate
release, one of the previously explained functions that regulate brain plasticity
(Steinman et al., 2016).

Finally, due to the mentioned importance of calcium signals in astrocytes, one could
speculate that changes in calcium excitability in astrocytes may be a target for astrocyte
plasticity processes (Pirttimaki and Parri, 2013). Since CREB is able to modify intrinsic
and synaptic plasticity of neurons by regulating ionic channels and synapses, we posit
that CREB could be an ideal target for astrocytes to adapt to the changing environment
via modifications in its “calcium toolkit”.

As a conclusion, our hypothesis is that the transcription factor CREB, known to promote
plasticity-related changes in neurons, is implicated in astrocyte plasticity in response to

neuronal activity.

My doctoral studies aim to explore this hypothesis and discover new CREB-target genes
in astrocytes and functional consequences of its action.
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IV. WORKING HYPOTHESIS AND OBJECTIVES:

Our working hypothesis is that CREB regulates activity-dependent plasticity in

astrocytes. Therefore, we study how CREB-dependent transcription modulates the two

main mechanisms by which astrocytes contribute to synaptic transmission: calcium

signals and lactate release. We will undertake the following objectives:

1. To determine whether CREB regulates calcium excitability in astrocytes by gain

and loss-of-function strategies:

a.

Analyze by calcium fluorescence imaging in cultures how CREB
modulates calcium signals in astrocytes, for how long and which
elements of the calcium toolkit are regulated.

Develop adeno-associated viral vectors to modify CREB function in vivo.
Study by confocal calcium imaging in situ in hippocampal slices whether
modulation of CREB-dependent transcription with the newly generated
vectors modifies calcium signals in astrocytes.

2. To determine whether CREB regulates energy metabolism and lactate release in
astrocytes by gain and loss-of-function strategies:

a.

Evaluate in cultured astrocytes if the activation of CREB-dependent
transcription modifies lactate release and elucidate the mechanisms.
Test in cultured astrocytes if the activation of CREB-dependent
transcription enhances glucose oxidative metabolism by analyzing
oxygen consumption.

Determine the idiosyncrasies of mitochondrial metabolism in astrocytes
by GSEA of mitochondriomes generated from publicly available human
and mouse transcriptomic arrays. This analysis will represent the
foundations of future studies beyond this thesis on the regulation of
mitochondrial functions by CREB.
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V. MATERIALS AND METHODS

1. Models
1.1 Rat astrocyte cultures
1.1.1 Neonatal

Astrocyte cultures were obtained from cortices from 1 day-old Sprague Dawley rats.
Rats were decapitated and brains were extracted in a laminar flow hood. Under a
binocular microscope, meninges were removed and cortices were separated from other
brain structures. After isolation, tissue was minced with a scalpel and transferred to a
50 ml tube with Ca2+-free Krebs Ringer Buffer (KRB) containing 120 mM NaCl, 4.8 mM
KCl, 1.2 mM KH;PO4, 25 mM NaHCO3, 14.3 mM glucose, 0.03% Mg>S04 and 0.3% bovine
serum albumin (BSA). The tube was centrifuged for 1 minute at 300 g and the pellet was
incubated at 37 °C in Ca?*-free KRB with 0.025% of trypsin for 10 minutes, to allow
tissue disgregation. Trypsin effect was inhibited by the addition of Ca?*-free KRB
containing 0.052% soybean trypsin inhibitor (Gibco), 0.008% DNAse (Sigma) and 0.03%
plus of Mg,S0.. After stopping the reaction, cells were centrifuged for 1 minute at 300 g.
The pellet was then resuspended and cells were mechanically triturated through a glass
pipette and filtered through a 40-um nylon mesh. Filtered cells were centrifugated for 5
minutes at 250 g and, after removal of KRB, resuspended in full culture medium
(Dulbecco’s Modified Eagle’s Medium -DMEM- (Thermo) containing 10% Fetal Bovine
Serum (FBS), 20U mL-1 penicillin, and 20 pg mL-1 streptomycin).

Resuspended cells were stained with Trypan Blue and counted in a Neubauer chamber.
Cells were plated at different densities (from 200.000 to 500.000 cells/ml) in T150
flasks in full culture medium and maintained in an incubator at 37°C with an humidified
atmosphere with 5% CO.. Medium was changed after two hours to avoid excessive
growth of microglia and oligodendrocytes. After this first change, flasks medium was
replaced every 7 days.

Once reaching confluence (about ten days), flasks were agitated at 450 rpm in a
mechanical shaker, to eliminate the microglia that grew on top of the astrocyte
monolayer. Flasks were then washed twice with sterile Phosphate Buffered Saline (PBS)
containing 136.87 mM NacCl, 2.5 mM KCl, 0.8 mM NaH4PO4 and 1.47 mM K;HPO, at pH
7.4 supplemented with penicillin/streptomycin to remove remaining medium. After
washing, 3mL of previously heated Trypsin/EDTA (Sigma) were added to the flask and
maintained for 5 minutes at 37 °C in the incubator. Flasks were manually shaken to
facilitate cells disattachment, and new full culture medium was added to stop the
reaction. Medium containing cells in suspension was centrifuged at 250 g for 5 minutes
and the pellet was resuspended and plated at different densities depending on the
experiment to be performed (from 80.000 to 120.000 astrocytes/mL). Secondary
astrocyte cultures were also maintained in the incubator at 37°C with an humidified
atmosphere containing 5% CO,.
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1.1.2 Adult

For those experiments requiring adult cultures, we used 8-week-old Sprague-Dawley
rats. Rats were decapitated and their cortices were isolated in a similar way than with
neonatal cultures. Cortices were then incubated for 30 minutes at 37 °C in Hank’s
Balanced Salt Solution (HBSS) containing papain (2U/ml) and DNAse (10U/ml), mixing
every 5 minutes. In the middle of the incubation (after 15 minutes), the mixture was
mechanically triturated through a Pasteur pipette 5 times and the action was repeated
after the whole 30 minutes. Once cells were disgregated, reaction was stopped by
adding complete full DMEM medium (same volume as the enzyme mixture) and cells
were filtered through a 225 pum nylon mesh. Isolated cells were centrifuged at 250 g for
5 minutes and plated into 24-well plates in DMEM/F12 medium (Thermo)
supplemented with 10% FBS, 20U/ml penicillin and 20 pl/ml streptomycin. Plates were
incubated at 37°C in 5% CO;. Full DMEM medium was changed every two days and
cultures were used after reaching confluence.

1.2 Mice

All mice used in these experiments were C57/Bl6 (WT and injected animals) or had a
C57/Bl6 background (VP16-CREB model). Mouse colonies used in this study were
maintained in standard conditions at the Animal Core facility of the Universitat
Autonoma de Barcelona, with ad libitum food and water, 22+/- 2°C, 50-60% humidity
and on a 12 h light/dark cycle. Littermates were housed together with a maximum of
five mice per cage, separating males and females after weaning. Experimental
procedures were conducted according to the animal experimentation protocols
approved and supervised by the Animal Welfare Committee Bioethics Committee of the
Universitat Autonoma de Barcelona and the Generalitat de Catalunya (protocol CEEAH
1783, Generalitat de Catalunya 6381).

Regarding ex vivo calcium imaging experiments, C57/Bl6 mice were maintained in the
animal core facility of the David Geffen School of Medicine of the UCLA. All protocols
realized were approved by the UCLA Chancellor’s Animal Research Committee (ARC).

1.2.1 VP16-CREB animal model

Part of the in vitro CREB effects was confirmed in the VP16-CREB transgenic mice. This
mouse model express VP16-CREB in astrocytes (Gfa2-tTa/TetO-VP16-CREB mice). The
expression of the transgene is controlled by a TetOff system; however, the expression of
the transgene was not inhibited in any of the experiments.

Cryolesions

Since VP16-CREB expression is under the control of the GFAP promoter (Gfa2), basal
VP16-CREB expression is really low. In order to increase the transgene expression,
GFAP expression was increased by subjecting the animals to cryolesion. For the
cryolesion, five-to-seven month-old mice mice were anesthetized with isofluorane and
cryolesioned by the application of a dry ice pellet for 30s onto the right frontoparietal

72



cortex. The protocol is described in (Giralt et al., 2002). Buprenorfin was injected
intraperitoneally every 12h during the week after the cryolesion, and animals were
sacrificed 1-3 days post-lesion (dpl).

2. Protein analysis
2.1 Protein extraction and quantification

Cultured astrocytes were washed twice on ice with cold PBS and lysed by scrapping in
cold RIPA buffer containing 50 mM Tris base at pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%
NP40, 0.5% Triton X-100, 0.1% SDS, 1 mM NazVOs 1 mM PMSF and 50 mM NaF,
supplemented with protease (Roche) and phosphatase inhibitors (Sigma). Samples were
sonicated for 5 seconds using the sonic dismembrator or for 2 minutes in the ultrasonic
bath. After sonication, protein extract was centrifuged for 5 min at 4 °C and supernatant
was keptat -20 °C.

Protein extracts were quantified using a BCA reaction kit (Pierce), based on a standard
curve made with known albumin concentrations diluted in RIPA buffer.

2.2 Western Blot

Equal amounts of protein extract were diluted in loading buffer containing 62.5 mM Tris
HCI pH 6.8, 10% glycerol, 2% SDS, 5% beta-mercaptoethanol and 0.01% bromophenol
blue. Samples were then boiled at 95 °C for 5 min and loaded in 8-12% acrylamide
polyacrilamyde (PAGE) gels. Electrophoresis was realized at 25 mA per gel in running
buffer containing 24 mM TRIZMA base, 190 mM glycine and 10% SDS at pH 8.5.

After electrophoresis of the samples, proteins were transferred to methanol-activated
polyvinyl difluoride (PVDF) membranes (Roche) at 100 mV for 90 minutes.

PVDF membranes were then incubated for 1h at room temperature (RT) in blocking
buffer containing TBS (20 mM Tris, 137 mM NaCl at pH 7.6) plus 0.1% Tween and 5%
skimmed milk or 5% BSA. After blocking, PVDF membranes were washed twice with
0.1% Tween-TBS and incubated overnight at 4 °C with the appropriate primary
antibody shown in Table 1, diluted in blocking buffer.

Antibody | Host Source Reference Applications
WB | ICC | IHC

Actin Mouse | Sigma A5316

GAPDH | Mouse | Life Technologies | AM4300

GFAP Rabbit | Dako 70334 X

GFAP Mouse | Sigma G3893

GFP Chicken | Abcam Ab13970 X

MCT4 Rabbit | Millipore AB3314P

MCU Rabbit | Abcam Ab121499

RFP Rabbit | Rockland 900-401-379 X

SigmaR1 | Rabbit | Invitrogen 42-3300

VP16 Mouse | Santa Cruz Sc-7545 X

Table 1. Antibodies used in this thesis and their applications
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Membranes were then washed three times (10 min/each) in 0.1% Tween-TBS buffer
and incubated for 1h at RT with a secondary antibody coupled to the horseradish
peroxidase (HRP) enzyme diluted in blocking solution. Finally, membranes were
washed three times (10min/wash) in 0.1% Tween-TBS buffer and revealed by
chemoluminiscence reaction using ECL substrate, either manufactured (ECL1: 5 mL 1 M
Tris-HCL pH 8.5, 250 pL 0.5 M Luminol, 250 uL 79.2 mM p-Coumaric acid in 50 mL H20.
ECL2: 5 mL Tris-HCl pH 8.5, 32 puL 8.8 M Hidrogen Peroxide in 50 mL H20) or
commercial (Promega). Bands were revealed either by autoradiography on X-ray films
(Agfa) or using the ChemiDoc imaging system (Bio-rad).

2.3 Immunocytofluorescence

Secondary astrocytes were plated on glass coverslips (13 mm diameter). Medium was
removed and cultures were washed twice with PBS. Cells were fixed with 4%
paraformaldehyde in PBS for 30 min at RT. Paraformaldehyde was removed and two
more PBS washes were done (5 minutes each) before the permeabilization with 0.1%
Triton X-100/PBS during 15 minutes. Then, cells were incubated with blocking solution
(PBS containing 1% of Normal Goat Serum -NGS-) under agitation for 30 min to prevent
non-specific-binding of the antibodies. After blocking, cells were incubated overnight at
4°C with the primary antibody (VP16 and GFAP) in 0.1% NGS/PBS. The following day,
primary antibody was removed and astrocytes were washed three times (10 minutes
each) with 0.1% NGS/PBS solution at RT. After washing, the cells were incubated for 1 h
with the secondary antibodies (1:1000 Mouse and rabbit Alexa-labelled secondary
antibodies, Thermo scientific) diluted in 0.1% NGS/PBS. Secondary antibodies were
removed and the cells were washed three times in PBS (10 minutes per wash), and
incubated for 5 minutes with the nuclear marker DAPI (1:20000) diluted in PBS. DAPI
was washed and coverslips containing the cell monolayer were mounted with
Fluoromont G (Southern biotech). The staining was visualized using an Eclipse 90i
epifluorescence microscope (Nikon).

3. Molecular biology methods
3.1 DNA
3.1.1 Plasmid DNA amplification and purification

Plasmid DNA amplification was performed by mixing 20 ul of DH5a competent bacteria
with 1 pg of the DNA plasmid of interest. The incubation was left for 30 min in ice and
subjected to a thermal shock (2 minutes at 37 °C) and back to ice for 10 more minutes.
After that time, 400 pl of LB medium (25 g LB in 1 1 of water at pH 7.4) was added to
transformed bacteria and left with stirring at 37 °C for 1 hour. 100 pl of the bacterial
suspension were plated in sterile LB + antibiotic plaques (32 g agar in 500 mL LB
medium plus antibiotic) and left overnight at 37 °C. The use of the antibiotic depends on
the resistance conferred by the plasmid. Once grown, one colony was inoculated in a 15
ml falcon tube containing 3-5 ml of LB + antibiotic and left for 6 hours at 37 °C and
under continuous stirring. Bacterial suspension was then added to a sterilized
Erlenmeyer containing 250 ml of LB/antibiotic and left overnight in continuous stirring
at 37 °C. Once LB media was turbid, bacteria was collected by centrifugation at 4° C and
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3200 g for 30 min and the plasmid was purified using the commercial QAFilter Plasmid
Maxi Kit (Qiagen). Purified plasmid was diluted in nuclease-free water and the
concentration was measured with Qubit fluorometer (Thermo) or Nanodrop 1000
electrophotometer (Thermo).

3.1.2 Genomic DNA extraction and genotyping

To genotype our colony of VP16-CREB transgenic mice, two different mice were
considered: the single transgenic mice containing the sequence Gfa2-Tta (considered the
wild type mice) and the double transgenic containing both the Gfa2-Tta and the tetO-
VP16-CREB trasngenes.

To genotype the colony, a small piece of mouse tail (1-2 mm) was incubated in 500 pl of
digestion buffer containing 100 mM Tris HCl at pH 8.5, 200 mM NaCl, 5 mM EDTA, 0.2%
SDS and 0.1 mg/ml proteinase K (Roche) and incubated overnight under stirring at 56
°C. The following day, samples were centrifuged at 1000 rpm for 5 minutes and
supernatants were mixed with 0.5 ml of isopropanol to precipitate DNA. After a strong
centrifugation (12000 rpm for 10 minutes), DNA pellet was washed with 70% ethanol
and centrifuged again at same speed. Once precipitated and washed, DNA pellet was
resuspended in 50-100 ul of TE buffer () and incubated at 65 °C for 2 hours with
stirring.

After DNA extraction, 2 ul of DNA were PCR-amplified for genotyping. DNA was added to
a final mixture containing 2.5 pl PCR buffer, 0.5 pl dNTPs, 0.5 ul MgCl;, 0.2 pl of DNA Taq
polymerase (5U/ml) (all reagents purchased in Biotools) and 0.5 uM of forward and
reverse primers (Table 2). Samples were incubated for 2 minutes at 94 °C followed by
35 cycles of 45 seconds at 94 °C, 25 seconds at 60 °C and 3 minutes at 72 °C. A final step
of 15 minutes at 72 °C was also performed.

Name FWD sequence RV sequence
Gfa2-Tta 5'-CGG CTG TACG CGG ACC CAC TTT-3’ 5'-TCG ACG CCT TAG CCA TTG AGA T-3’

TetO-VP16 | 5'-AGCTCG TTT AGT GAA CCG TCA GAT-3' | 5'-CCT CGC AGA CAG CGA ATT CTA-3'

Table 2. Primers used for the genotyping of the colony

Finally, 15 pl of PCR product was resolved on a 1.2% agarose gel (1.2 g agarose in 100
ml TAE buffer: 40 mM tris-acetate and 1 mM EDTA at pH 8.2) with 1% Sybr Safe
(Thermo). DNA electrophoresis was realized at 110V until the dye line was at 75% of
the way down the gel. DNA bands were detected in a UV transiluminator (Gene genius,
Syngene).
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3.2 RNA
3.2.1 RNA extraction and quantification

RNA extraction was made using TRIzol reagent (Thermo). Cells were washed twice with
ice-cold PBS before cold TRIzol was added (1 ml for one well of a 6-well plate).pipetting
up and down several times to lyse cells. The homogenate was then transferred to a tube
and kept at -80 °C.

To purify RNA, TRIzol samples were incubated at RT for 5 minutes and 0.2 ml of
chloroform for every 1 mL of TRIzol were added to the tubes. Tubes were agitated
manually and centrifuged at 4°C and 12000 g for 15 minutes. After centrifugation, the
combination of TRIzol and chloroform separates samples in three layers. The upper
layer containing the RNA was collected, mixed with 0.5 mL isopropanol and incubated
for 10 minutes on ice. Afterwards, samples were centrifuged for 10 minutes at 12000 g
and 4 °C, forming a RNA pellet. The RNA pellet was then washed with 1 ml of ice-cold
75% ethanol and centrifuged again for 5min at 7500 g and 4°C. Once washed, the
maximum possible volume of ethanol (without affecting the RNA pellet) was retired and
RNA pellet was air dried for about 1 hour. Pellets were resuspended with 30 pl TE at 55
°C for 10 minutes. After extraction, purified RNA was quantified using Nanodrop 1000
or Qubit fluorometer, and kept at -80 °C.

3.2.2 RNAreverse transcription

To reverse transcribe mRNA to cDNA, a reaction mix containing 1 uM Oligo(dT) primers,
1 uM random hexamer primers, 0.5 mM dNTPs, 1x RT buffer, 0.45 mM DTT, 10 U RNAse
out and 200 U SuperScript reverse transcriptase (All purchased from Thermo) was
added to purified RNA (from 0.5 to 2 pg).

A first mix containing dNTPs, primers and RNA was heated to 65 °C for 10 minutes
before adding the rest of the reagents. After this first step, samples were incubated at 25
°C for 10 minutes, 42 °C for an hour and 72°C for 10 minutes to allow reverse
transcription in the thermal cycler. Resultant cDNA was kept at -20 °C.

3.2.3 Quantitative PCR

To analyze mRNA expression, reverse transcribed cDNA was diluted (from 1:5 to 1:500)
to obtain a detectable range of expression (Ct between 15 and 30). 4 pl of the diluted
c¢DNA were mixed with 1 ul of Tagman primer (Table 3), 5ul of nuclease-free water and
10ul of TagMan Universal Master Mix (all of them purchased from Thermo). Samples
were analyzed in triplicate and were amplified in an 7500 Fast system (Applied
biosystems). Results were analyzed with the comparative Cq method (Pfaffl, 2001),
using Cq values and PCR efficiencies obtained using LinReg software.
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Gene Model Reference

18s Mouse Mm03928990_g1
Actin Rat Rn00667869_m1
GAPDH Rat Rn01476455_m1
Hifla Rat Rn01472831_m1
MCU Rat Rn01433739_m1
SigmaR1 Rat Rn00578590_m1
SigmaR1 Mouse Mm00448086_m1
SLC16A3 Rat Rn00578115_m1
SLC16A3 Mouse MmO00446102_m1
Thp Mouse MmO00446973_m1
Thp Rat Rn01455646_m1

Table 3. Tagman primers used for quantitative PCR.

4. Cellular biology methods
4.1 Transfection
411 DNA

Luciferase and renilla plasmids (see below) were transfected using Fugene 9 (Life
sciences). In 24-well plates, 1 pl Fugene 9 and 1 or 0.5 pg of the plasmids were
incubated in 0% FBS 0% antibiotics DMEM for 3-4 hours. After that time, medium was
replaced by full DMEM.

CEPIA plasmids (see below) were transfected using Amaxa nucleofector (Lonza).
Primary astrocytes were trypsinized and counted in the Neubauer chamber. 4 millions
astrocytes were separated and centrifuged for 4 minutes at 1000 rpm. Astrocyte pellet
was resuspended in 100 pl of sterile KRB containing 5 pg of the plasmid of interest. The
mix was then transferred to the nucleofection cuvette and submitted to nucleofection
(program 0-017). Immediately after nucleofection, 900 pl of full medium was added to
the cuvette and transfected cells were seeded in new plates.

41.2 siRNA

HIF1a siRNAs were transfected using LipofectamineRNAiMax (Thermo). For 6-well
plates, 3 pl/well and 1 pg of the siHIFla or the siScramble were added to secondary
astrocytes in 0% FBS 0% antibodies DMEM and maintained for 3-4 hours. After that
time, medium was changed to full DMEM.

HIF1o and siScramble siRNAs were purchased from Thermo.

4.2 Viral infection

To modify CREB activation, we generated three specific serotype 5 adenoviruses (Table
4). Infections were realized when cells were nearly confluent (70-80%) and in the
presence of 1% FBS-DMEM without antibiotics. Different multiplicity of infection (MOI)
was used, from 1 to 100. Medium with viral vectors was replaced after 3 h for full
DMEM. Experiments were realized after 18 -24 h to allow viral expression.
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VP16-CREB Ad5-VP16CREB CBATEG-475 own design

NULL Ad5-Null CBATEG-638 own design

A-CREB Ad5-ACREB CBATEG-471 own design

Table 4. Viral vectors used in cultures.
4.3 Luciferase assays

To detect CREB-dependent transcription, we used the Dual-Luciferase reporter assay
(Promega). This assay combines two differnt plasmids in order to assess CREB
activation and transfection efficiency. The plasmid pCRE-Luc codifies for the protein
luciferin under the control of a promoter containing four CRE sequences. Thus,
luciferase expression depends on CREB activation. At the same time, cells were
transfected with plasmid pTK-renilla as a control of transfection. Astrocytes were
transfected with 1 pg pCRE-Luc and 0.5 pg pTK-Renilla as described above. 48 h after,
25 ul of the cell lysate were mixed with 25 pl of luciferine substrate LAR-II and
luminiscensce was measured in a white 96-well plate in a Synergy HT luminometer
(Bio-Tek). After the measure, 25 ul of the Stop & Glo reactive, which stops luciferine
reaction and contains renilla substrate, were added to detect renilla expression. Results
were expressed as the ratio between luciferase and renilla luminescence.

4.4 Intracellular calcium measurements
441 Cytosolic measurements

For Fluo-4AM measurements, astrocytes were incubated at RT in the dark with KRB
containing 10 mM glucose and 4 uM Fluo-4 and 0.02% Pluronic F-127 (both purchased
from Thermo). After 1 hour, KRB was replaced for new KRB and responses were
measured with a Victor III fluorometer (Perkin Elmer) or a Fluorescence Microscopy
System that consist of a fluorescence microscope (Eclipse TE2000-E, Nikon), and a CCD
camara (ORCA-ER, Hamamatsu). Emission was established as 520-550nm and excitation
at 466-496 nm. Movies were analyzed using Metamorph image processing software
(Molecular devices). Background was established with a reference number obtained
form empty zones. Each cell was tracked individually and a mean of 15 cells were
tracked in each condition.

For ratiometric measurements using Fura-2, cells were incubated with 2 pM of the
reagent (Thermo) with BSA in KRB at RT in the dark for 1h. After labeling, media was
changed for new KRB and coverslips were mounted in a static imaging chamber. Images
were taken by a Calcium Imaging System with an inverted epifluorescence Eclipse TE-
2000U microscope (Nikon), a ORCA-ER camera (Hamamatsu), a monochromator
(OptoScan, Cairn Research) controlled by the Metafluor Software (Molecular Devices).
Cells were excited at 340 nm and 380 nm and emission was detected at 495-520 nm.
Same numbers of cells per coverslip were analyzed in each condition.
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4.4.2 ER and mitochondrial calcium measurements
ER-calcium release

To analyze ER-calcium release, we used one plasmid encoding for a calcium-measuring
organelle-entrapped protein indicator (CEPIA), gift from Masamitsu Lino and available
in the Addgene database (pCMV G-CEPIA-1ER, Addgene plasmid # 58215). Two to three
days after plasmid nucleofection, astrocytes seeded on glass coverslips were mounted in
a static chamber with KRB in the epifluorescence Eclipse TE2000-U microscope (Nikon).
The cells were excited at 476 nm and the fluorescence emission was detected at 510-
560 nm. Images were analysed using the MetaFluor software (Molecular devices).
Between 2 and 6 transfected cells were analysed from each coverslip, with five
coverslips per condition in each experiment. F/Fo was obtained by subtracting
fluorescence variations at every time-point after neurotransmitter stimulation.

Mitochondrial calcium entry

For mitochondrial calcium entry measurements, we used two different approaches,
using a genetically-encoded CEPIA and an organic calcium dye that gets entrapped into
the mitochondria, Rhod-2AM (Thermo).

For CEPIA measurements, we used the plasmid (pCMV CEPIA-3mt, Addgene plasmid #
58219), which detected calcium variations in the desired calcium concentration range.
We tried the other two mitochondrial calcium CEPIA indicators (pCMV CEPIA-2mt and
pCMV CEPIA-4mt), however, they were outside the range of mitochondrial calcium
concentrations in astrocytes. We used the Calcium imaging system described above.

In an alternative set of experiments, astrocytes were loaded with the organic calcium
dye rhod-2AM at 10 uM for 5 minutes at RT. After 5 minutes, Rhod-2AM was specifically
detecting mitochondrial calcium, since longer times of incubation led to cytosolic
contamination of the indicator. Cells were excited at 552 nm and fluorescence emission
was recorded at 570-640 nm. Up to 60 single mitochondria were selected for each
experiment, determining the mean of calcium increases in each condition.

4.5 Lactate release measurement

To measure extracellular lactate accumulation, we used a commercial kit purchased
from Sigma (reference MAK064). The full DMEM medium of secondary astrocytes
seeded in 24-well plates was replaced for 200ul of KRB containing 10 mM glucose and
cells were kept for 2 h in the incubator. Moreover, oligomycin (1 pg/ml) (Sigma) was
added to the KRB in some conditions to increase lactate production. After 2 h, 100 pl of
the KRB containing the lactate was collected and stored at -80 °C or processed to lactate
detection.

As indicated by manufacturer, dilutions of a lactate standard were prepared in KRB in
order to generate a lactate standard curve. 10 pl of the samples (containing the
astrocyte-released lactate) were diluted in 40 ul assay buffer and plated into non-
treated 96-well plates. A 50 pl mixture of the buffer, the enzyme and the lactate probe
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were added to the standard curve and the samples and colorimetric reaction was
detected using the Synergy HT plate reader (BioTek).

4.6 Determination of 02 consumption and medium acidification

To study metabolic activity of the cell, we used the Seahorse XF analyzer (Agilent),
which allows the coordinated real-time detection of extracellular medium acidification
(-ECAR- which corresponds to the glycolytic activity and lactate release of the cell) and
oxygen consumption rate (-OCR- as a measure of the mitochondrial oxidative
metabolism).

In our experiment, cortical rat secondary astrocytes were seeded in XF 24-well cell
culture microplates (Agilent) and grown until 70-80% confluence. Some wells of the
outside of the plate were left empty since previous experience showed too much
medium evaporation. After 18-24h of viral infection with VP16-CREB and null Ad5 at
MOI25, astrocytes were incubated with XF Assay Medium (Agilent) supplemented with
2 mM L-Glutamine, 5.5 mM glucose and 1 mM sodium pyruvate for 30 min at 37 °C in
the absence of CO; to reach equilibrium before the first measurement.

Injection ports on the sensor cartridge were loaded with oligomycin (1 pg/ml), FCCP (2
mM) (two ports) and 0.4 mM rotenone plus 1 mM antimycin A, all of them purchased
from Sigma. During 3 hours, seahorse XF analyzer made four measures of OCR and ECAR
after adding each component. The instrument was calibrated the day before the
experiment following manufacturer’s instructions.

Means of the four OCR and ECAR values were done to analyze the effect of each
component except for the case of FCCP, in which only the four values after the first
injection were taken into account. Values were normalized to the protein content of
each well detected using BCA.

4.7 Fatty acid oxidation measurement

Beta-oxidation measurements were done using [3H]palmitic acid (Perkin Elmer). The
assay consisted in the measurement of extracellular [3H]H.0, assuming that the
mitochondrial oxidation of this fatty acid gives H,0 as an end-product. Astrocytes were
labeled overnight with 1 uCi/ml of [3H]palmitic acid, giving a final concentration of 10-
30 nM. [3H]Palmitic acid was dissolved in full DMEM culture medium containing 0.5%
delipidated BSA (Sigma), to promote the fatty acid dissolution. The day after, labeled
astrocytes were washed once with 0.5% delipidated BSA-KRB and twice with KRB in
order to wash remaining [3H]palmitic acid of the medium. Astrocytes were then
incubated with 0.5 ml of fresh KRB containing different glucose concentrations (Sigma).
Each glucose concentration and time-point was done in triplicate. In order to have a
control of oxidation, two wells of each condition were treated also with 30 uM etomoxir
(Sigma), an inhibitor of the carnitine palmitoyl transferase I and therefore of the beta-
oxidation. When appropriate, three hours after the start of the experiment, 100 uM
glutamic acid (Sigma) were added.

For each time-point, 400 pl of KRB medium were transferred to tubes containing 1 ml of
a 1:2 slurry of Dowey 1 x 2 (chloride form) anionic exchange resin (Sigma) in H,O. This
resin chelated other radioactive metabolic intermediates other than [3H]H.0. Tubes
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with the resin and the KRB medium were vortexed and centrifuged for 2 min at 1,000
rpm. After centrifugation, 100 pl of the supernatant (and containing the resulting
[3H]H20) were transferred to 6 ml scintillation tubes. 3ml of Emulsifier-Safe scintillation
cocktail (Perkin Elmer) were added to the tubes and radioactivity was counted using a
Scintillation Counter TRI-CARB 2810TR (Perkin Elmer). Radioactivity of each tube was
measured for one minute.

4.8 Induction of hypoxia

Hypoxia conditions were established in a temperature controlled Invivo, hypoxia
workstation (Baker Ruskinn). Workstation was kept at 37°C and with a beaker filled
with deionized sterile water inside to maintain humidity.

Secondary astrocytes were seeded in 6-well plates and kept in an oxygenated incubator
with full DMEM medium until reaching confluence. The day of the experiment, hypoxic
workstation was set up at 0.5% O3, 5% CO; and 94% N». Once the workstation reached
the gas equilibrium desired, plaques were placed inside. Since after opening of the
workstation some gas mixture with outside the chamber is produced, and taking into
account that medium deoxygenation requires some time, the experiment started when
levels inside the chamber reached the desired values. After hypoxic experiments,
plaques were rinsed quickly with ice-cold PBS and processed for RNA extraction.

5. Invivo calcium imaging
5.1 Stereotaxic surgeries

To inject viral vectors in the mouse hippocampus, borosilicate glass pipettes were used.
The pipette was beveled at an angle of 40 ° using a pipette grinder. The pipette was
autoclaved in a dry bath for 30 s and placed in a glass syringe connected to a liquid
pump. All the pump system was filled with mineral oil colored with Sudan red (1 mg/50
ml) using a 1 ml syringe, until the oil filled the entire pipette. This way we removed all
the air bubbles of the system.

A piece of clean parafilm containing a 5-10 pl of the viral vector (conserved in small
aliquots at -80 °C and stored on ice before the injection) was placed under the glass
pipette. The plunger of the syringe was then moved backwards at 0.5 pl/min until the
vector filled the syringe. The boundary in the glass pipette between the vector and the
oil was marked using a marking pen.

Once the pipette was filled with the vector, 6-week old C57/Bl6 mice were anesthetized
in a chamber filled with N;O and O; and 5% isofluorane. After reduction of the
respiratory rate, hair of the head was removed using a shaver. One shaved, mice were
subjected in the stereotaxic frame, with the head secured by blunt ear bars and the nose
placed into a ventilator and anaesthesia system using continuous isofluorane (5%
induction, maintenance at 1-2.5%). Artificial tears ointment was applied in both eyes
before the surgery.

Before surgery, 0.05 ml Buprenorphin (0.1mg/ml) was injected subcutaneously and the
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area of surgery was cleaned three times with 10% povidone iodine and 70% ethanol
using cotton swabs. With all surgery utensils previously autoclaved in the dry bath, a
skin incision was made between the eyes to have enough space to drill the skull
Periosteum was removed using a cotton swab and the injection site was drilled using a
small steel burr powered by a high-speed drill. Once the area of the skull was thin, the
bone was removed, leaving the area of the brain to be injected accessible.

Coordinates of the hippocampal viral injections were 2mm posterior to Bregma, 1.5mm
lateral to midline and 1.6 from the pial surface, always on the left hemisphere. Once
inside the hippocampus, viral vectors (Table 5) were injected at a speed of 0.2
ul/minute, injecting from 1 to 2 ul. After injection, pipette was left for 10 minutes and
was retired slowly. Surgical wound was closed with single external 5-0 nylon sutures.

Buprenorphin was administered two times per day for two days after surgery. Mice
were feed with antibiotic-containing food (trimethoprim sulfamethoxazole) for 1 week.

Name Serotype | Source
gfaABC1D-cyto-GCamp6f | AAV2/5 | Baljit Khakh’s lab
gfaABC1D-Null AAV9 Own design
gfaABC1D-VP16-CREB AAV9 Own design
gfaABC1D-A-CREB AAV9 Own design

Table 5. Vial vectors used for stereotaxic injections. Own-designed AAV9 expressed the
protein TdTomato to identify infected astrocytes.

5.2 Brain dissection

Two to three weeks after injections, mice brains were sliced to do ex vivo calcium
experiments. Mice were deeply and terminally anesthetized and decapitated. Brain was
extracted from the head and the uninjected right hemisphere was removed using a
blade. All these processes needed to be fast in order to maintain brain integrity before
the experiments. Left hemisphere was then mounted onto the vibratome tray using
super glue. The vibratome tray was kept in ice and all the process of slicing was done
under ice-cold conditions. Tray with the mounted brain was filled with ice-cold cutting
solution containing 194 mM sucrose, 30 mM NacCl, 26 mM NaHCO3, 4.5 mM KCI, 10 mM
D-glucose, 1 mM MgClz, 1.2 mM NaH:PO,4 and saturated with 95% O and 5% CO.. New
cutting solution was added to maintain O, and CO; saturation during the cutting process.
Brains were sliced coronally at 300 pum thickness and slices were transferred to a slice
holding beaker warmed at 34 °C. This beaker contained recording solution: 124 mM
NaCl, 26 mM NaHCOz mM 4.5 mM KCl, 1 mM MgCl;, 10 mM D-glucose, 2 mM CaCl,, 1.2
mM NaH:PO4 pH 7.3 - 7.4, saturated with 95% 0O and 5% CO:. Slices were kept in
recording solution at 34 °C under constant gas saturation for 30 minutes, then were
maintained for 30 more minutes at RT before starting the experiment.

5.3 Confocal calcium imaging

Between 1 to 5 hours after slicing, a brain slice was placed in the recording chamber
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filled with oxygenated recording buffer at RT. The medium was permanently refreshed
using a liquid pump at a speed of 1 to 2 ml per minute. It is important to measure the
time that liquid lasts to reach the recording chamber in order to know exactly when the
different buffers reach the bath. A platinum harp was placed on top of the slice to avoid
movement during the experiment.

Different buffers were prepared: Recording buffer containing 0.5 uM Tetrodotoxin -
TTX- (Cayman), to measure spontaneous activity and recovery time after ATP and
phenylephrine (PE) responses; ATP buffer, consisting of the same recording buffer plus
TTX and 300 uM ATP (Tocris) and PE buffer, the same than the previous but containing
10 uM phenylephrine (Tocris) instead of ATP. All buffers have to be permanently
saturated with oxygen.

Once the slice was placed, the region of interest was focused using a 40X water
immersion objective lens with an aperture of 0.8. An area containing two or more
astrocytes, whose GCamp6f fluorescence was not saturated and that expressed
TdTomato was chosen for all the experiments. Importantly, this area was about 20 um
below the slice surface to avoid compromised astrocytes.

Once the ideal area was found, digital magnification of 2-3 folds was used and a pilot
recording to detect saturation, slice drift or photobleaching was done. If any of the
aforementioned problems appeared, argon laser intensity and harp were adapted before
starting the experiment.

After this first check, if everything was correct, the imaging experiment was done.
Frames were recorded every second for 900s to detect fast responses. During the
protocol, liquid pump was filled with the different recording buffers in the indicated
times to see the different responses to reagents.

5.4 Image analysis

After the imaging experiment, frames were analyzed using Image] software (NIH).
Regions of interest (ROIs) containing the entire soma or all the primary branches were
detected using a maximal projection of all frames. Somatic fluorescence was extracted of
primary branches ROIs in order to analyze them separately. The same ROIs were
maintained for the entire time course. Background was extracted using a ROI in a place
were no astrocytes were found. If any XY drift was detected during the experiment,
images were readjusted using Image] program.

Time traces of fluorescence intensity were extracted from ROIs and translated to dF/F.
Half width, frequency and AUC were analyzed using Graphpad 6 Prism software after
extracting values from Image].

6. Histological methods
6.1 Perfusion, cryogenesis and brain sectioning

To characterize the in vivo expression of the newly generated viral vectors, two weeks
after AAVs injection mice were euthanized with pentobarbital (i.p.) and the abdominal
cavity was opened. 50 U heparin was injected into the heart to avoid blood clotting. Mice
were then transcardially perfused with 20 mL PBS followed by 60 mL of PBS containing
10% formalin (Fisher).
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Brain was dissected out and kept in 10% formalin PBS overnight at 4 °C. The following
day, brain tissue was cryoprotected in 30% sucrose PBS solution for 48 h at 4 °C.

After sucrose, coronal 40 pm brain sections were done using a cryostat microtome
(Leica), and resulting slices were processed for immunohistochemistry.

6.2 Immunohistochemistry

Sections were rinsed three times in PBS for 10 min each and incubated in blocking
solution containing 10% NGS in 0.5% Triton X-100-PBS for 1h at RT with gentle
agitation. After blocking, sections were incubated with primary antibodies chicken anti-
GFP (1:1000, Abcam) and Rabbit anti-RFP (1:200, Rockland) diluted in 0.5% Triton X-
100-PBS overnight at 4 °C. The following day, sections were washed three times in PBS
at 10 min intervals and slices were incubated with secondary antibodies goat anti-
chicken Alexa 488 (1:1000, Molecular probes) and goat anti rabbit Alexa 546 (1:1000,
Molecular probes) diluted in PBS for 2 hours at RT with gentle agitation. Slices were
rinsed 3 times for 10 min each in PBS before being mounted on microscope slides in
fluoromont-G.

Images were taken using 20X and 40X oil immersion objective lens on a confocal laser-
scanning microscope (Fluoview 1000; Olympus). Sections were excited by 488 nm and
543 nm Argon lasers and the conditions were maintained in all sections. Montages of the
whole hippocampus were done by joining different images obtained at 20X using the
software of the confocal microscope. Images represent maximum projection intensity of
20 sections with a step size of 1 mm.

After acquisition, images were analyzed using Image] software. Colocalization was
counted on maximum projection images. 6 different areas of the hippocampus were
analyzed to establish colocalization values.

7. Transcriptomic analyses
7.1 Databases

Nuclear DNA-genes codifying for mitochondrial proteins were extracted from the
MitoCarta database (Pagliarini et al., 2008). All genes from this database were manually
classified into different categories and subcategories, in order to evaluate gene
expression of the different mitochondrial functions.

Five different databases from mouse brain transcriptome (Doyle et al., 2008) (Lovatt et
al, 2007) (Zhang et al., 2014), one from mouse spinal cord (Anderson et al., 2016) and
one from human brain transcriptome (Zhang et al., 2016) were filtered for those genes
classified in MitoCarta. The function alias2Symbol of the Bioconductor package for R
was used to homogenize names of all different genes between different databases and
models. Moreover, gene lists of the different organelles were extracted from the
“Cellular Component” ontology on the GO terms using AmiGO 2.0 software.
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7.2 Gene Set Enrichment analyses (GSEAs)

To compare the expression of the different mitochondrial functional groups, we used
GSEA. GSEA is a computational method that compares two different gene-expression
datasets and reveals which genes or groups of genes are enriched in each condition. In
our case, the groups of genes were defined by the functional classification of the
MitoCarta database, while the different conditions were established in each analysis (e.g.
astrocytes vs. neurons or adult vs. fetal astrocytes).

Two different GSEAs were used in order to classify the transcriptomic expression for
each database of the genes found in the MitoCarta. Standard GSEA was performed using
the software from the Massachusetts Institute of Technology (Subramanian et al., 2005)
with R programs when more than two duplicates were found. GSEA analysis gave the
enrichment of each group (measured with the Normalized enrichment score -NES-) and
the significance of the enrichment (False Discovery Rate -FDR-).

To analyze gene set enrichment when no more than two replicates were published, such
as in Lovatt’s transcriptomes and Cahoy’s culture databases, we designed an in-house
GSEA that uses the proportion of genes with a log2FC greater than 2 or lower than -2 in
each comparison. This way, we obtained percentages of significantly overexpressed or
underexpressed genes in each gene set. Comparison of this percentage with the global
proportion of log2FC <2 or >-2 genes in the whole database using an exact binomial test
gave us the significance of the differences of each group.

8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software and the statistical
functions included in R programming language. In cultures, a minimum of three
independent experiments was done for each condition, considering independent
experiments astrocytes from a different mouse or pool of mice. In mice, each mouse is
considered an independent entity. Number of independent experiments in cultures or
the number of mice analysed is indicated in the figure legend of each result. Data are
expressed as the mean + standard error of the mean (SEM). Two datasets were
compared using student’s t test, and multiple groups were compared using analysis of
variance (ANOVA). Post hoc test used were Dunnet, Sidack’s and Turkey’s multiple
comparison test. For standard GSEA analysis, significances were obtained from the FDR,
whereas in the in-house GSEA, statistical significance was obtained using exact binomial
test. Differences with p value < 0.05 were considered significant except for the
transcriptome analysis, in which significance was considered for p < 0.01.
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Chapter 1:

CREB decreases astrocytic excitability by modifying
subcellular calcium fluxes via the sigma-1 receptor

Published as: Eraso-Pichot A, Larramona-Arcas R, Vicario-Orri E, Villalonga R, Pardo L,
Galea E, Masgrau R. CREB decreases astrocytic excitability by modifying subcellular
calcium fluxes via the sigma-1 receptor. Cell Mol Life Sci. 2017 Mar;74(5):937-950.
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Abstract Astrocytic excitability relies on cytosolic cal-
cium increases as a key mechanism, whereby astrocytes
contribute to synaptic transmission and hence learning and
memory. While it is a cornerstone of neurosciences that
experiences are remembered, because transmitters activate
gene expression in neurons, long-term adaptive astrocyte
plasticity has not been described. Here, we investigated
whether the transcription factor CREB mediates adaptive
plasticity-like phenomena in astrocytes. We found that
activation of CREB-dependent transcription reduced the
calcium responses induced by ATP, noradrenaline, or
endothelin-1. As to the mechanism, expression of VP16-
CREB, a constitutively active CREB mutant, had no effect
on basal cytosolic calcium levels, extracellular calcium
entry, or calcium mobilization from lysosomal-related
acidic stores. Rather, VP16-CREB upregulated sigma-1
receptor expression thereby increasing the release of cal-
cium from the endoplasmic reticulum and its uptake by
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mitochondria. Sigma-1 receptor was also upregulated
in vivo upon VP16-CREB expression in astrocytes. We
conclude that CREB decreases astrocyte responsiveness by
increasing calcium signalling at the endoplasmic reticu-
lum-mitochondria interface, which might be an astrocyte-
based form of long-term depression.

Keywords Calcium signalling - Endoplasmic reticulum -
Mitochondria - Mitochondria-associated membranes -
MCU - VP16-CREB - CEPIA indicators

Abbreviations

ER Endoplasmic reticulum

1P; Inositol 1,4,5-trisphosphate

CRE cAMP regulatory element

CREB cAMP regulatory element-binding protein
LTD Long-term depression

NA Noradrenaline

PKA Protein-kinase A

PKC Protein-kinase C

MSK1 Mitogen- and stress-activated protein kinase

RSK2 Ribosomal protein S6 kinase

FBS Fetal bovine serum

ET-1 Endothelin-1

Glu Glutamate

FCCP Carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone

GPN Gly-phe-B-naphthylamide

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

CEPIA  Calcium-measuring organelle-entrapped protein
indicators

PBS Phosphate-buffered saline

NGS Normal goat serum
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GPCR Gq protein-coupled receptors

MCU Mitochondrial calcium uniporter

NAADP Nicotinic acid adenine dinucleotide phosphate
MAM Mitochondria-associated ER membranes

WT Wild-type

Introduction

Calcium signals encode a wide range of physiological
responses thanks to a diverse and extensive range of sig-
nalling components that can be activated upon receptor
stimulation. In astrocytes, cytosolic calcium increases are
largely the result of intracellular calcium mobilization due
to activation of phospholipase C-fB, with the consequent
generation of inositol 1,4,5-trisphosphate (IP3) and the
activation of IP; receptors in the endoplasmic reticulum
(ER). Calcium release from lysosome-related acidic vesi-
cles through the generation of the second messenger
nicotinic acid adenine dinucleotide phosphate (NAADP)
[1, 2] and extracellular calcium entry also contribute to the
final signature of each agonist-induced calcium response in
astrocytes [3]. Mitochondrial calcium uptake, which is
coupled to IP3-induced calcium release [4], further shapes
cytosolic calcium increases.

The notion that calcium signals are a physiologically
relevant sign of responsiveness in astrocytes has been
demonstrated both in vitro and in vivo [5], leading to the
widely accepted notion that astrocytes display an action-
potential independent but calcium-dependent “excitabil-
ity”. This feature allows them to couple neuronal activity
to blood flow, maintain the blood—brain barrier, control ion,
pH and transmitter homeostasis, provide metabolic support
for neurons, and regulate synaptic transmission and mem-
ory-related processes [5-9]. It follows that astrocytic
calcium signals may be tightly regulated, such that their
amplitude may be strengthened or diminished by neuronal
or astrocytic activity.

CREB belongs to a large group of transcription factors
of the basic leucine zipper domain family and binds to the
cAMP regulatory element (CRE) of target genes. In neu-
rons, CREB is a key regulator of synaptic plasticity in
various forms, including long-term potentiation (LTP),
intrinsic plasticity, and, in some cases, long-term depres-
sion (LTD) [10-12], all of which manifest as changes in the
threshold, amplitude, or frequency of action potentials, thus
changing synaptic strength. CREB is activated by phos-
phorylation by a variety of kinases, including PKA—the
best characterised one—PKC, mitogen- and stress-acti-
vated protein kinase (MSKI1), and ribosomal protein S6
kinase (RSK2) [13-15]. Moreover, in neurons, CREB can
be synergistically activated by increases in intracellular
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calcium followed by CAMKII activation and by cofactors,
such as CTRC [16]. We recently described that CREB is
also expressed in astrocytes where it can be activated by
neurotransmitters in a calcium-independent mechanism
[13].

In this study, we posit that transmitter-dependent long-
term changes in cell responsiveness requiring gene
expression are not an exclusive property of neurons. To
address this hypothesis, we examined whether CREB reg-
ulates transmitter-induced calcium responses in astrocytes
given the importance of calcium signalling in these cells.
CREB-dependent transcription was activated with ATP or
noradrenaline (NA) or by expression of VP16-CREB, a
constitutive active form of CREB widely used to study
CREB-induced LTP and intrinsic plasticity in neurons [17].
Calcium responses were elicited thereafter with different
transmitters, including ATP, which has a prominent role in
astrocyte physiology. CEPIA calcium dyes targeting sub-
cellular compartments, pharmacological manipulation of
signalling pathways, and calcium imaging of single cells
were used to dissect out organellar and molecular mecha-
nisms. We found a novel link between CREB and calcium
signals, mediated by the sigma-1 receptor at the mito-
chondria-associated membranes.

Materials and methods
Astrocyte culture

Astrocyte cultures were prepared from 1-day-old Sprague—
Dawley rats following a previously described protocol [3].
Cells were plated in T150 flasks in DMEM medium sup-
plemented with 10 % fetal bovine serum (FBS), 20 U/ml
penicillin, and 20 pg/ml streptomycin, and incubated at
37 °C in a humidified atmosphere containing 5 % CO,.
After reaching confluence, microglia were removed with
mechanical shaking, and pure secondary astrocytes were
seeded on new plates in the same medium.

Adult astrocyte cultures

Adult astrocyte cultures were prepared from 8-week-old
Sprague-Dawley rats. In brief, rats were sacrified and
cerebral cortices isolated. After removing meninges, cor-
tices were incubated with papain (2U/ml) and DNase
(10 U/ml) for 15 min at 37 °C. Cell suspension was gentle
triturated through a Pasteur pipette and filtered through a
22 puM nylon mesh. Cells were collected by centrifugation
at 500 g and plated into 24-well plates in DMEM/F12
medium supplemented with 10 % FBS, 20 U/ml penicillin,
and 20 pg/ml streptomycin, and incubated at 37 °C in a
humidified atmosphere containing 5 % CO,. The medium
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was replaced every 2 days and the cultures were used at
8-15 days.

Animal model

Transgenic mice with targeted expression of VP16-CREB
in astrocytes conditional to gliosis (Gfa2-tTa/TetO-VP16-
CREB mice) [18] were used. They were kept under stan-
dard laboratory conditions (food and water ad libitum,
22 £ 2°C, a 12h dark/light cycle, and 50-60 %
humidity and no administration of doxycycline). All
experimental procedures were approved by the Animal
Welfare Committee of the Universitat Autonoma de Bar-
celona and the Generalitat de Catalunya, and were in
agreement with the European Union Laws for the protec-
tion of experimental animals.

Activation of CREB-dependent transcription
Activation in cultures with transmitters

We used ATP (adenosine 5'-triphosphate magnesium salt),
L-(-)-norepinephrine bitartrate (NA), endothelin-1 (ET-1),
or an L-glutamic acid monosodium salt (Glu), all of them
purchased from Sigma Aldrich.

Activation and inhibition in cultures with CREB constructs

We used three adenoviruses of serotype 5 harboring a
constitutively active CREB (Ad5-VP16-CREB), a domi-
nant negative CREB (AdS5-A-CREB), or no CREB
construct (Ad5-Null). The expression of the transgenes was
mediated by the CMV promoter. Infections were carried
out in DMEM with 1 % FBS using 1, 5, 30, and 100
multiplicity of infection (MOI). After 3 h, the medium was
replaced by DMEM with 10 % of FBS. All experiments
were performed within 18-24 h after viral infections. No
cellular death was detected up to 24 h after viral infections,
as measured with  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction and
Hoechst assays (data not shown).

Activation in vivo

To induce expression of VP16-CREB in transgenic mice,
we followed a protocol to induce gliosis. Five-seven
month-old mice under tribromoethanol anesthesia were
cryolesioned with a dry ice pellet following a previously
described protocol [18]. Buprenorfin at 0.1 mg/kg was
injected i.p. every 12 h until its sacrifice at 1-3 days after
the cryolesion. Female and male mice were equally dis-
tributed among experimental groups.

Detection of CREB-dependent transcription
by luciferase

Astrocytes were transfected with 1 pg of plasmid pCRE-
Luc and 0.5 pg of plasmid pTK-Renilla in 1 % FBS-con-
taining DMEM using fugene 9 (Life Sciences). The
plasmid pCRE-Luc (Promega) codifies for the luciferase
gene under the control of a promoter that contains four
CRE-sequences. After 48 h, luciferase luminescence was
measured using the dual-luciferase reporter assay system
(Promega) following the manufacturer’s instructions.
Transfection efficiency was normalised by co-transfection
with the pTK-Renilla plasmid, which codifies for the
Renilla protein under a constitutive promoter.

Stimulation and pharmacological manipulation
of calcium signals

To induce calcium responses, we used ATP, NA, or ET-1,
all purchased from Sigma Aldrich. To manipulate different
signalling pathways, we used carbonyl cyanide 4-(trifluo-
romethoxy)phenylhydrazone (FCCP) and BD-1047 from
Tocris, EGTA, and gly-phe-B-naphthylamide (GPN) from
Sigma Aldrich. Ned-19 was provided by Dr. Grant
Churchill of Oxford University. All these compounds were
applied 20 min before calcium imaging.

Intracellular calcium measurements

Cells were loaded with fluo-4AM (Thermo Scientific) at
4 uM and Pluronic F-127 at 0.02 % (Thermo Scientific) in
Krebs Buffer with the following composition (in mM): 113
NaCl, 4.7 KCl, 25 NaHCO3, 1.2 MgSO,, 10 Hepes, 1.3
CaCl,, and 10 glucose at pH 7.4. After 1 h in the dark at
room temperature, the cells were washed with Krebs Buf-
fer, and transmitter-induced calcium responses were
measured with a Victor III fluorometer (Perkin Elmer) or
an Eclipse TE2000-E fluorescence microscope (Nikon)
(excitation at 466—496 nm, emission at 520-550 nm).
Microscope images were collected and analysed with the
MetaMorph image processing software (Universal
Imaging).

When fura-2AM was used, astrocytes were incubated
with 2 pM fura-2-AM (Thermo Scientific) and BSA in
Krebs Buffer for 1 h in the dark at room temperature. After
incubation, the coverslips were mounted in a static imaging
chamber of an inverted epifluorescence Eclipse TE-2000U
microscope (Nikon). The cells were excited at 340 nm and
380 nm using a monochromator (Cairn Research), and
fluorescence emission at 495-520 nm was recorded with an
ORCA-ER CCD camera (Hamamatsu). Images were pro-
cessed and analysed with the MetaFluor image processing
software  (Universal Imaging). Cell-based calcium
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calibration assays were performed to estimate calcium
concentrations according to the method of [19].

Imaging of ER and mitochondrial calcium

We used two plasmids encoding for calcium-measuring
organelle-entrapped protein indicators (CEPIA), gifts from
Masamitsu Lino, one for the ER (pCMV G-CEPIA-1ER,
Addgene plasmid # 58215) and the other for the mito-
chondria (pCMV CEPIA-3mt, Addgene plasmid # 58219).
Five micrograms of the CEPIA constructs were transfected
using Amaxa nucleofector®. Two or three days after
transfection with CEPIA plasmids, cells seeded on cover-
slips were mounted in a static chamber with Krebs Buffer
in the epifluorescence Eclipse TE2000-U microscope sta-
ted above. The cells were excited at 476 nm and
fluorescence emission was recorded at 510-560 nm. Ima-
ges were analysed with the MetaFluor software.

Alternatively, in a particular set of experiments, astro-
cytes were loaded with the mitochondrial calcium dye
rhod-2AM (Life technologies) at 10 pM for 5 min at room
temperature. The cells were excited at 552 nm and fluo-
rescence emission was recorded at 570-640 nm. For each
experiment, up to 60 single mitochondria were selected and
mean of calcium increases was determined.

Immunocytochemistry

The cells were fixed with 4 % paraformaldehyde in phos-
phate buffered saline (PBS) for 30 min at room temperature
and permeabilised with PBS/0.1 % Triton X-100 for
15 min. Non-specific-binding blockade was performed with
1 % normal goat serum (NGS, Thermo Scientific) in PBS
followed by overnight incubation at 4 °C with anti-GFAP
(1/1000 Dako) and anti-VP16 (1/500 Santa Cruz biotech-
nology) antibodies in 0.1 % NGS-PBS. After washing, the
cells were incubated for 1 h with Alexa labelled secondary
IgGs (1/1000 in 0.1 % NGS-PBS, Thermo Scientific).

Western blots

The cells were lysed on ice with RIPA solution containing
50 mM Tris—HCI, 150 mM NaCl,, 0.1 % sodium dodecyl
sulfate (SDS), 1 % Nonidet P-40, protease inhibitor cock-
tail (Life Sciences), and phosphatase inhibitor cocktail
(Sigma Aldrich). Protein concentrations were determined
using Pierce BCA protein assay kit (Thermo Scientific).
Equal amounts of protein (15-30 pg) were subjected to
SDS 8-15 % polyacrylamide gel electrophoresis and
transferred to methanol-activated polyvinylidene fluoride
membranes (Life Sciences). The membranes were blocked
in 0.1 % Tween 20-Tris buffer solution (TTBS) containing
5 % milk for 1 h and incubated overnight with primary
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antibodies: 1/1000 sigma-1 receptor (Thermo Scientific),
1/500 VP16 (Santa Cruz Biotechnology), 1/2000 mito-
chondrial calcium uniporter (MCU, Abcam), 1/50,000
GAPDH (Thermo Scientific), and 1/20,000 B-Actin (Sigma
Aldrich), diluted in 1 % BSA-TTBS. Peroxidase-conju-
gated goat anti-rabbit and anti-mouse (Thermo Scientific)
were used as secondary antibodies at 1/10,000 for 1 h at
RT. The bands were detected with an enhanced chemilu-
minescence detection kit (ECL) and developed by
autoradiography on X-ray film (AGFA).

Quantitative PCR

Total RNA extraction was done using TRIZOL reagent fol-
lowing manufacturer’s instructions. Once purified, the
mRNA was reverse-transcribed with RevertAid Reverse
Transcriptase. Briefly, a reaction mix containing 1 g RNA,
2 uM random hexamer primers, 2 uM oligo(dT)g primers,
0.5 mM dNTPs, 0.45 mM 1,4-dithiothreitol, 10 U RNAse-
Out, and 200 U RevertAid Reverse Transcriptase was
incubated at 25 °C for 10 min, 42 °C for 60 min, and 72 °C
for 10 min. All reagents were purchased from Thermo Sci-
entific. After RNA reverse transcription, the resulting samples
at 1:25 or 1:100 dilutions were amplified in an Applied
Biosystems 7500 Fast system using TagMan reagents for
SigmaR1, Mcu, Tbp, and Gapdh genes (Thermo Scientific).
We used the LinRegPCR software to obtain average PCR
efficiencies for each gene and then compared the Cq values
with the comparative Cq method [20]. Gene expression of
sigma-1 receptor and Mcu in cultures were normalised to
Gapdh and Tbp expression, respectively. In samples from
mice, total mRNA extraction was performed after animals
were sacrified and the injured hemisphere was excised using a
brain matrix as described in [18]; the expression of sigma-1
receptor was normalised to Thp expression.

Statistical analysis

Data are expressed as the mean == SEM of a minimum of
three independent experiments. Two data sets were com-
pared using Student’s ¢ test, whereas multiple groups were
analysed using ANOVA and a Dunnet post-test if all
groups were compared with control, or a Turkey post-test
when all groups were compared with each other.

Results

Activation of CREB-dependent transcription
regulates calcium signals

To determine whether CREB changes astrocyte calcium
signalling, we used an experimental paradigm with two
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sequential interventions. The first one was applied to
induce CREB-dependent transcription and consisted of
transmitters (NA, ATP) or virally transduced VP16-CREB,
a constitutively active form of CREB previously used in
neurons [17] and other cell types [21, 22]. The second
intervention was aimed at directly examining excitability.
To this end, we administered ATP, NA, or ET-1, three
transmitters that are agonists of Gq protein-coupled
receptors (GPCR), thereby activating the main intracellular
calcium signalling pathways in astrocytes.

We previously showed that long-term incubation with
10 uM NA or 100 uM ATP, but not with 100 pM gluta-
mate, activated astrocytic CREB by an atypical PKC-
dependent, calcium-insensitive mechanism [13]. In this
study, we resorted to 1-h pulses with the transmitters fol-
lowed by a 5-h wait before the second stimulus to prevent
alterations of calcium responses due to receptor desensiti-
zation. Calcium responses were examined with fluorimetry
using the calcium dye fluo-4AM (Fig. 1a). Of note, agonist
concentrations and duration of stimulation were set to
achieve maximal CREB activation in our cultures while
mimicking an activity-driven CREB activation in vivo. For
example, micromolar concentrations of NA might be
achieved under particular physiological and/or pathological
conditions in vivo [23, 24]. At these concentrations, NA
activates o~ and B-adrenergic receptors [23], the latter
being linked to gene transcription and plasticity in neurons
[25].

Pulses of NA and ATP were able to stimulate CREB as
shown with CRE-containing luciferase reporter assays,
while glutamate (Glu) and ET-1 had no effect (Fig. 1b).
Accordingly, only CREB-activating neurotransmitters
induced downregulation of calcium responses (12-39 %),
suggesting that CREB mediates the actions of ATP and NA
(Fig. 1c-h). Interestingly, the decreased calcium response
was observed with all the transmitters tested (NA, ATP,
and ET-1) (Fig. 1c-h), suggesting that CREB targets core
pathways of calcium signalling in astrocytes. In ensuing
experiments, we used 10 pM NA as the first stimulus and
100 uM ATP as the second. We selected the former,
because NA is prototypical neurotransmitter acting through
volume transmission and modulates the capacity of astro-
cytes to respond to local neuronal activity [26]. We
selected ATP as the second stimulus, because ATP drives
intra- and intercellular calcium waves in astrocytes in
cultures and in vivo, and is involved in many important
physiological events [27-30]. Time-course analysis
revealed that the reduction of calcium responses was still
present at 12 h but not at 24 h after incubation with NA
(Fig. 2a—c), hence it was transient. Finally, we verified that
the decreased response was due to CREB activation using
virally transduced A-CREB, a well-known dominant neg-
ative construct of CREB [31]. Eighteen hours after

infection of cells with an empty viral vector (Null), ATP-
induced calcium responses were smaller in cells pre-treated
with NA; however, no differences were observed between
NA and non-treated cells if astrocytes were infected with
A-CREB (Fig. 2d-f). In other words, the presence of
A-CREB abolished the NA-mediated reduction of ATP-
induced calcium responses, confirming that it is a CREB-
specific phenomenon.

Before examining whether VP16-CREB reproduced the
effect of physiological transmitters on calcium excitability,
we confirmed the expression of the transgene with
immunocytochemistry and western blot (Fig. 3a, b). The
first technique allowed us to calculate that around 85 % of
astrocytes were infected by the VP16-CREB viral vector.
Next, we examined the effect of VP16-CREB on
excitability using different MOIs of the virus. Astrocytes
expressing VP16-CREB showed smaller ATP-induced
calcium responses (20-30 %) compared to astrocytes
infected with the Null viral vector (Fig. 3d, e). The
reduction of calcium responses was observed 18-24 h after
infection and was independent of the vector concentration,
whereas astrocytes infected with the Null vector responded
as non-infected astrocytes (data not shown). VP16-CREB
also decreased calcium responses to 10 puM NA (Fig. 3f,
2). Finally, we explored whether VP16-CREB expression
changes basal intracellular calcium levels using the ratio-
metric calcium indicator fura-2AM. Astrocytes infected
with the empty vector had a rest calcium concentration of
117 £ 8 nM, whereas VP16-CREB-expressing cells had
112 + 5 nM (means of three independent experiments),
indicating that CREB did not exert any effect on basal
calcium levels.

Overall, this set of experiments demonstrates that CREB
activation decreases transmitter-elicited calcium signals in
astrocytes, while it does not interfere with basal calcium.

Analysis of calcium fluxes

We next studied the mechanism by which VP16-CREB
regulates intracellular calcium responses, analyzing the
contribution of calcium mobilization, extracellular calcium
entry, and calcium uptake mechanisms, to investigate if
there is regulation of a specific signalling pathway or a
general alteration of calcium homeostasis. As CREB does
not abolish calcium responses but reduces them by
15-30 %, we first analysed extracellular calcium entry and
intracellular calcium release from lysosomes, which have
an important but not major role in ATP and NA induced
calcium responses [3]. We infected astrocytes with VP16-
CREB or Null viral vectors at 1-5 MOI and followed
calcium responses with real-time fluorescence microscopy
after treating astrocytes with 0.5 mM EGTA to chelate
extracellular calcium, 50 uM GPN, a lysosomal disruptor,

@ Springer
95



A. Eraso-Pichot et al.

Fig. 1 Pre-stimulation with a
CREB-activating transmitters
reduces transmitter-induced

CREB-dependent transcription

calcium responses. a Schematic | 1h > 5h

representation of the protocol
used. b Activation of CREB-
dependent transcription by
different transmitters measured
with a luciferase gene-reporting
assay. Control is cells not
treated with any transmitter but
with vehicle; otherwise cells c
were stimulated with 100 pM
ATP, 10 uM noradrenaline
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or 100 pM Ned-19, an inhibitor of the NAADP receptor
[32]. All these pharmacological treatments diminished
intracellular calcium responses in Null-infected astrocytes,
as previously described [3], but also in VP16-CREB-ex-
pressing astrocytes (Figs. 3d, 4a-c). Therefore, the
downregulation of calcium by VP16-CREB compared with
Null astrocytes was not altered (Fig. 4a—d). Thus, CREB
does not appear to alter extracellular calcium entry or
calcium mobilization from acidic vesicles.

We then evaluated calcium release from the ER using
G-CEPIAler, a new calcium protein indicator that specif-
ically localizes in the ER [33]. After co-expression of
G-CEPIAler and VP16-CREB, the cells were treated with
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% (AFIFg) vs (AF/Fy) Control

100 uM ATP (Fig. 4e). As shown in Fig. 4f and g, VP16-
CREB increased calcium release from the ER. This unex-
pected result proves that CREB does not reduce purinergic
or GPCR expression, nor is there receptor downregulation
or desensitization; however, the observation is paradoxical,
because greater calcium release from the ER would cause
an increase in cytosolic calcium. Since this is not the case,
we reasoned that either calcium from the ER is not released
to the cytosol, or there is a mechanism of calcium extru-
sion/uptake potentiated by CREB. We thus focused on
analyzing calcium uptake by the mitochondria. First, we
recorded the cytosolic calcium increase induced by
100 uM ATP after inhibition of mitochondrial calcium
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Fig. 2 Transmitter-elicited reduction of cytosolic calcium responses
is transient and CREB-dependent. Astrocytes were treated with
10 uM NA to induce CREB activation. Representative traces of
calcium responses induced by 100 pM ATP at 12 h (a) and 24 h
(b) after CREB stimulation. ¢ Quantification of peak calcium
responses induced by ATP after 6, 12, and 24 h after CREB

uptake with FCCP, an ionophore that transports protons
through the inner mitochondrial membrane, and hence
disrupts the electrogradient-driven calcium uptake. FCCP
increased ATP-induced calcium responses, so that VP16-
CREB and Null astrocytes presented calcium responses of
equal magnitude (Fig. 5a, b). Second, we directly mea-
sured mitochondrial calcium uptake using CEPIA3mt, a
new low affinity green fluorescent mitochondrial calcium
protein indicator [33] (Fig. 5c). VP16-CREB astrocytes
presented a greater mitochondrial calcium increase than
Null astrocytes upon stimulation with 100 uM ATP
(Fig. 5d, e), in accordance with the FCCP data. Similar
results were obtained using rhod-2/AM, a low affinity
calcium dye that is preferably entrapped in the mitochon-
dria. Calcium increases in individual mitochondria were
2.89 £ 0.7 times higher in VP16-CREB than in Null-in-
fected cells.

The sigma-1 receptor mediates the effect of VP16-
CREB

Taken together, these data indicate that VP16-CREB
increases both calcium release from the ER and mito-
chondrial calcium uptake. These data would be reconciled
if CREB activation was potentiating ER-mitochondria
interaction, a process that appears to be key for several
cellular functions, including calcium signalling [34].
Indeed, calcium transfer from the ER to the mitochondria

I A-CREB

— A-CREB 757

--- A-CREB + NA 504

25+

(=]
I

stimulation. The data are the mean & SEM of 3—4 independent
experiments. *P < 0.05, ***P < 0.001. d, e Representative 100 pM
ATP-induced calcium traces in single cells and f quantification of
calcium responses after 6 h of stimulation of CREB with 10 pM NA
in Null and A-CREB-infected astrocytes. The data are the mean =+ -
SEM of 3-4 independent experiments. **P < 0.01

through mitochondria-associated ER membranes (MAM) is
initiated by the release of calcium from the ER following
the production of IP; [34]. MAMs integrate many different
proteins. Among these, sigma-1 receptors have been shown
to have a CREB-binding consensus sequence and to
interact with the IP5 receptor [35]. We, therefore, studied
whether VP16-CREB expression leads to increased
expression of sigma-1 receptor with real-time PCR and
western blot. VP16-CREB-expressing astrocytes do have
greater sigma-1 receptor mRNA and protein content than
Null-infected cells (Fig. 6a, b). We then examined if
sigma-1 receptor upregulation contributes to the CREB-
mediated effects on calcium fluxes. Pre-treatment with the
sigma-1 receptors inhibitor BD1047 at 10 pM diminished
the calcium release from the ER (Fig. 6¢, d), and reduced
mitochondrial calcium increases (Fig. 6e, f) in ATP-stim-
ulated VP16-CREB-expressing astrocytes. All in all, the
results provide evidence that the effects of VP16-CREB on
calcium signalling can be mediated by the sigma-1 receptor
and lend support to the following scenario: VP16-CREB
raises the expression of the sigma-1 receptor thus ampli-
fying the functional coupling between ER and
mitochondria, increasing mitochondrial calcium uptake and
thereby reducing cytosolic calcium.

Sigma-1 receptor in the ER membranes can interact with
different proteins of the outer mitochondrial membrane
facilitating the flux of calcium, which might then be driven
to the mitochondrial matrix through the mitochondrial
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Fig. 3 VP16-CREB decreases
calcium responses induced by
transmitters. a VP16
immunocytochemistry and

b western blot of VP16 in
astrocytes infected with VP16-
CREB or Null viral vectors.

¢ Schematic representation of
the protocol used to measured
calcium responses in astrocytes
infected with VP16-CREB or
Null viral vectors.
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calcium uniporter (MCU). Very little is known about reg-
ulation of MCU at transcription levels [36, 37]. We,
therefore, checked if VP16-CREB was also changing MCU
expression. As shown in Fig. 7a and b, MCU is expressed
in astrocytes but paradoxically, VP16-CREB diminished its
expression both at the mRNA and protein level. We con-
sider that this finding is in agreement with our previous
observations that, in VP16-CREB-expressing astrocytes,
mitochondrial calcium uptake is increased but not to very
high levels; therefore, VP16-CREB-induced MCU-down-
regulation might be a protective mechanism to avoid
mitochondrial calcium overload and hence cell death.
Moreover, the changed expression of MCU supports the
notion that mitochondrial calcium uptake is exquisitely
regulated by transmitter-induced gene expression.

CREB-dependent transcription regulates calcium
signals and sigma-1 receptor in adult astrocytes

The first demonstration of the implication of neuronal
CREB in synaptic and plasticity was obtained in simple
model systems like primary cell cultures from Aplysia
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ganglia [10, 38]. Above, we reported the effect on CREB
on astrocyte plasticity using primary cultures from
neonatal astrocytes. Next, we sought to confirm key
findings in cultured astrocytes from adult rats. Following
the protocol stated in Fig. 1a, NA induced CREB acti-
vation by 368.7 = 94.7 % and this resulted in decreased
ATP-induced calcium responses, as shown in Fig. 8a and
b, much resembling the results in postnatal astrocytes.
Reduction of ATP-induced calcium signals to the same
extent was also achieved 18-24 h after VP16-CREB
infection compared with Null-infected astrocytes
(Fig. 8c, d). In this case, the VP16-CREB viral vector
infected around 78 % of astrocytes. Finally, sigma-1
receptor was also upregulated upon VP16-CREB over-
expression (Fig. 8e). We, therefore, checked if sigma-1
receptor is upregulated by CREB in vivo. To do so, we
made use of transgenic mice where VP16-CREB is tar-
geted to astrocytes. In such animals, CREB activation is
driven by a GFAP promoter and is not significantly
increased in the forebrain in normal conditions (see [18]
for a full characterization of the animals and VP16-
CREB expression), but it is after a traumatic brain injury
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Fig. 4 VP16-CREB action on gcaz+
calcium signalling pathways. a
ATP-elicited elevation of ATP

calcium was tested in astrocytes
transducing VP16-CREB with
no added calcium and presence
of 0.5 mM EGTA (0Ca>"), or in
the presence of inhibitors of
calcium release from acidic
lysosomal-related stores: 50 pM
GPN or 100 pM Ned-19.
Control refers to cells without
any treatment other than viral
vector infection. Representative
traces in single cells (a—c) and
quantification (d) of 100 uM
ATP-induced calcium responses
in Null and VP16-CREB-
infected astrocytes. The data are
the mean + SEM of 6-8
independent experiments.

*P < 0.05, #P < 0.01.

e Representative images of
astrocytes transfected with the
ER calcium dye G-CEPIAler
before and after 100 uM ATP
application. Representative
traces (f) and quantification

(g) of the decrease in ER
calcium. Data are mean + SEM
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(cryolesion), which induces gliosis and hence activates
the GFAP promoter. Accordingly, as shown in Fig. 8f,
sigma-1 receptor expression is slightly but not signifi-
cantly different between wild-type (WT) and VPI16-
CREB mice. Cryolesions upregulate sigma-1 receptor
mRNA in both WT and VP16-CREB transgenic mice,
and under such paradigm, VP16-CREB mice show a
statistically significant higher expression of sigma-1
receptor compared with WT. Overall, these results sug-
gest that VP16-CREB upregulates sigma-1 receptor in
astrocytes in vivo.
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Discussion

In this study we provide evidence that transmitter-induced
intracellular calcium responses, the basis of astrocytic
excitability, are regulated by transmitter-triggered gene
expression via the transcription factor CREB. Specifically,
activation of CREB-dependent transcription in astrocytes
by two transmitters, ATP, and NA, or by a constitutively
active CREB, reduces the calcium responses triggered by
the GPCR agonists ATP, NA, and ET-1. The decrease of
calcium responses is transient if the trigger of CREB-
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Fig. 5 VP16-CREB i ses
ig 6-C increases a ATP

mitochondrial calcium uptake.
a Representative traces in single
cells and b quantification of
intracellular calcium responses
induced by 100 uM ATP in
Null and VP16-CREB-infected
astrocytes in astrocytes treated
with FCCP to inhibit
mitochondrial calcium uptake.
The data are the mean &= SEM
of four independent
experiments. ¢ Representative
images of the astrocytes
transfected with the
mitochondrial calcium dye
CEPIA3mt before and after
100 uM ATP application.

d Representative calcium traces
and e quantification of 100 M
ATP-induced mitochondrial
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dependent transcription is transmitters given in pulses,
consistent with the fact that transmitters produce a transi-
tory activation of signalling pathways leading to CREB
activation—namely CREB phosphorylation by kinases—
while VP16-CREB bypasses such kinases and constantly
activates CREB-dependent transcription. All in all, the data
support the novel view that CREB regulates plasticity-like
phenomena by targeting calcium signalling. Interestingly,
CREB activation is independent of calcium in astrocytes
[13], preventing self-depleting feedback negative loops. It
will be of value to further extend our results with experi-
mental approaches that contemplate different magnitudes
and temporal patterns of CREB activation resembling a
range of physiological or pathological conditions.

As to mechanisms, VP16-CREB overexpression does
not interfere with basal calcium concentration nor does it
exert a wide alteration of GPCR or calcium-channel
expression or activation, because there is no change in
extracellular calcium entry or NAADP-driven calcium
mobilization from acidic stores. Rather, studies with
CEPIA-based organellar calcium dyes point to changes in
calcium fluxes between ER and mitochondria as a central
mechanism. Thus, we found that VP16-CREB enhances
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purinergic-induced calcium release from the ER, increases
mitochondrial calcium uptake, and enhances the expression
of sigma-1 receptor, a protein interacting with IP3-recep-
tors at the MAMs [34]. These observations might not be
mere coincidence. First, the inhibition of mitochondrial
calcium uptake with FCCP prevents CREB from decreas-
ing ATP-induced calcium responses, suggesting that
mitochondria are the main uptake or extrusion loci
involved. Second, the inhibition of the sigma-1 receptor
abolishes the increased ER calcium release and lowers
mitochondrial calcium uptake, demonstrating that sigma-1
receptors—whose gene has a CREB-binding site [35]—
mediate the effects of CREB. We also detected upregula-
tion of sigma-1 receptor in cultured astrocytes from adult
rats after infection with the VP16-CREB viral vector, and
in transgenic mice with targeted activation of CREB in
astrocytes. However, we cannot rule out the intervention of
other CREB-dependent genes in the modulation of calcium
responses in astrocytes.

Importantly, the ATP-mediated mitochondrial calcium
increases potentiated by VP16-CREB do not represent
mitochondrial calcium overload, because no cell death was

detected after VP16-CREB expression, during the
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Fig. 6 Sigma-1 receptor mediates the effects of VP16-CREB.
a Quantification of sigma-1 receptor mRNA expression by quantita-
tive PCR and b representative western blot of sigma-1 receptor in
astrocytes infected with Null or VP16-CREB. c¢ Representative
calcium traces in single cells and d quantification of 100 uM ATP-
induced ER calcium decreases measured using G-CEPIAer in
astrocytes infected with null or VP16-CREB viral vectors and in
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Fig. 7 MCU expression decreases in VP16-CREB-expressing astro-
cytes. a Quantification of MCU mRNA expression in Null and VP16-
CREB-infected astrocytes by quantitative PCR (a). Data are the
mean = SEM of 3-4 independent experiments. ****P < (0.0001.
b Representative western blot of MCU in astrocytes infected by Null
and VP16-CREB viral vectors

experimental times used in this study. In this sense, the
decrease in the expression of the mitochondrial calcium
uptake channel, MCU, induced by CREB may be a pro-
tective homeostatic change secondary to a more efficient
coupling ER-mitochondria and confirms recently published
data showing that CREB binds to the MCU promoter in
chicken lymphocytes, although in this case, there is
upregulation of MCU [39]. The CREB-dependent mito-
chondrial calcium rises in astrocytes may potentiate
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the absence and presence of BD1047, a sigma-1 receptor antagonist.
e Representative calcium traces in single cells and f quantification of
100 pM  ATP-induced mitochondrial calcium increases using
CEPIA3mt in astrocytes infected with Null or VP16-CREB viral
vectors and in the absence and presence of BD1047. The data are the
mean = SEM of 3-4 independent experiments. *P < 0.05,
FREEP < (0.0001

physiological functions, such as oxidative phosphorylation
or glutamate recycling and replenishment, since enzymes,
such as alpha-ketoglutarate, isocitrate dehydrogenases,
pyruvate dehydrogenase phosphatase, and ATP synthase,
are activated by mitochondrial calcium [40, 41]. Accord-
ingly, sigma-1 receptor stimulation in cardiomyocytes has
been shown to reinforce calcium transport from the sarco/
endoplasmic reticulum to the mitochondria and increase
ATP production [42]. Although some authors support the
idea that astrocytes are exclusively glycolytic, they have
functional mitochondria and are capable of oxidizing glu-
cose, fatty acids [43], and glutamate after its uptake from
the synaptic cleft [6]. Thus, an adaptive and finely gene-
regulated modulation of mitochondrial calcium, and hence
of tricarboxylic acid cycle and ATP production, may be
more important to astrocyte physiology than previously
thought.

It is noteworthy that CREB does not completely abolish
intracellular calcium signalling in astrocytes but fine-tunes
the response (i.e., decreases are 12-39 %), suggesting that
CREB also regulates non-mitochondrial based mecha-
nisms, such as gliotransmission [28]. Thus far, extensive
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Fig. 8 CREB decreases calcium responses and upregulates sigma-1
receptor in adult astrocytes. a Representative traces and b quantifica-
tion of calcium responses induced by 100 M ATP after 6 h of CREB
stimulation (1 h) with 10 pM NA or vehicle (control). ¢ Representa-
tive traces and d quantification calcium responses induced by 100 M
ATP in adult cultured astrocytes infected with Null or VP16-CREB
viral vectors. e Quantification of sigma-1 receptor mRNA expression
by quantitative PCR in Null and VP16-CREB-infected adult cultured

ex vivo and in vivo evidence implicates calcium-dependent
gliotransmission in the regulation of synaptic transmission
[44—47]—albeit with some controversy [5], but there was
no evidence linking calcium-based astrocyte excitability
and long-term plasticity. To our knowledge, this is the first
report demonstrating that astrocytes, like neurons, do have
long-term and transient intrinsic plasticity-like phenomena
or ‘cellular’ memory in terms of calcium responses.
Although the idea of structural and functional plasticity of
astrocytes has already been explored in other laboratories
[48], the previous reports dealt with short-term changes in
gliotransmission (less than 30 min long), and these changes
were, moreover, not mediated by a transcription factor and
hence gene expression [49, 50]. Because CREB reduces
rather than increases astrocyte excitability, it appears that
we might have discovered an LTD-like phenomenon that
may help memory consolidation by inducing a negative
feedback loop that maintains neural networks in
stable states or very long transients [51]. As noted in a
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astrocytes. In (b, d, and e), data are the mean &+ SEM of 4
independent experiments. *P < 0.05. f Quantification by quantitative
PCR of sigma-1 receptor mRNA expression in cortices in WT and
VP16-CREB mice before (WT and VP16-CREB) and after cryolesion
(WT C and VP16-CREB C). Cryolesions were performed to increase
VP16-CREB expression in astrocytes conditional to gliosis. Data are
the mean = SEM of 4-5 animals in each condition. *P < 0.05,
##P < 0.01, #*P < (0.0001

recent review of 60 years of research in synaptic plasticity,
the importance of memory and modulation in behaviour
relies on the concept of plasticity per se rather than on the
direction of the change in synaptic strength [52]. In any
event, our results need further confirmation in vivo.
Finally, it is worth noting the therapeutic interest of the
capacity of CREB to modulate calcium signals as these are
involved in many and diverse physiological and long-term
pathological events, such as cardiac atrophy [53] or neu-
ronal degeneration [54]. In astrocytes, calcium
hyperactivity is a hallmark of epilepsy [27] and neurode-
generative diseases [29, 55]. In addition, we have recently
reported that the targeted activation of CREB in astrocytes
is beneficial in a model of acute brain damage [18], and
here, we provide evidence that sigma-1 receptor is upreg-
ulated by CREB in such context. Accordingly, disruption
of IP5 receptor-mediated calcium release and activation of
sigma-1 receptors are beneficial in animal models of stroke
[56, 57]. Therefore, reduction of calcium signalling in
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astrocytes may be among the beneficial mechanisms swit-
ched on by CREB in several acute and chronic brain
pathologies.

In summary, two main conclusions can be drawn from
this study: (1) Calcium responses are regulated by trans-
mitter-triggered CREB-dependent transcription, supporting
the idea that not only neurons are endowed with plasticity-
like phenomena, and (2) CREB-dependent transcription
results in increased sigma-1 receptor expression and hence
in a more efficient communication between ER and mito-
chondria. This may potentiate mitochondrial function, thus
linking astrocyte energy metabolism and plasticity.
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Chapter 1. Part2.

CREB inhibition shapes in situ norepinephrine-induced
calcium responses in astrocytes

Eraso-Pichot A, Srinivasan R., Khakh B.S., Galea E., Masgrau R

Rationale

In the previous, published article we have established a new signaling pathway by which
CREB is able to modify astrocytic calcium responses. Specifically, in a culture model of
cortical astrocytes, activation of CREB-dependent pathways with the construct VP16-
CREB or by neurotransmitters reduces subsequent neurotransmitter-induced cytosolic
calcium responses through an increase in mitochondrial calcium entry. The effect is
mediated by SigmaR1, a chaperone located in the interface between both organelles
whose expression is enhanced by CREB in astrocytes.

Calcium signals differ substantially between cultured and in situ or in vivo astrocytes.
While cultured astrocytes are a valid model to unveil new molecular mechanisms, they
only present neurotransmitter-induced somatic events (i.e. IP;R-dependent events with
a global effect), whereas in vivo astrocytes present more complex morphology and
territorial calcium responses.

The objective of this set of experiments is to analyze the effect of CREB in in situ
astrocytes using slices of mouse brain.
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Results

1. Generation and characterization of serotype 9 adenoviruses expressing VP16-
CREB and A-CREB constructs

To analyze in situ calcium signals we generated three different serotype 9 adeno-
asociated viral vectors (AAV9) containing the constitutively active VP16-CREB, the
dominant negative A-CREB, or no construct at all, the so-called control of infection or
Null virus.

Gene maps of the two CREB viruses are shown in Fig 1. Transgene expression is under
the control of a short variant of the GFAP promoter, ABC1D GFAP, thus, its expression is
restricted to astrocytes (Lee et al, 2008). Moreover, the three viruses contain the
TdTomato protein to identify the infected astrocytes by microscopy. Importantly, Red
TdTomato fluorescence does not interfere with calcium fluorescence indicators. These
AAVs contain a 2A sequence, which is a self-cleaving peptide that allows the expression
of both transgenes (TdTomato and the CREB-modifier) separately. This 2A technology
was recently discovered and it may have important uses in the future due to its high
cleavage efficiency (Luke and Ryan, 2018).

2574 _saAAV-GFA-ABCID-TdTomato-2A-VP16CAED 2573 _ssAAV-GFA-ABCLD-TdTomato-JA-CRED
[N

-

Figure 1: Gene maps of CREB constructs inserted into AAV9 viruses.

In order to characterize the effect of the newly generated viral vectors, 6-week-old
C57/Bl16 mice were injected with Null, A-CREB or VP16-CREB AAVs in the hippocampus.
Three weeks later, brains were dissected out and viral expression was analyzed (Figure
2). While Null and A-CREB infected astrocytes looked healthy and TdTomato expression
was high, VP16-CREB infected astrocytes had very little TdTomato expression and their
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morphology resembled those of diseased astrocytes lacking their typical fluffy structure
(Figure 2, right panel).

Null-injected mouse VP16-CREB-injected mouse

Figure 2: TdTomato expression of Null and VP16-CREB infected hippocampal astrocytes.
VP16-CREB astrocytes showed low transgene expression and clear atrophy.

We conclude that virally-transduced CREB overexpression is toxic to astrocytes and
probably induce cell death. This is consistent with observations in the bitransgenic
VP16-CREBhigh mice, where high expression of the transgene in neurons causes
excitotoxic cell death after three weeks of expression (Valor et al., 2010).

Thus, we decided to analyze only the effects of the inhibition of CREB-dependent
transcription in calcium signaling of hippocampal astrocytes. To do so, mice were
injected with AAV9-Null and AAV9-A-CREB together with the calcium indicator AAV2/5-
gfaABC1D-GCamp6f (Shigetomi et al., 2010).

Since the viruses injected together had different serotypes (AAV9 and AAV2/5), we had
to optimize the protocol in order to ensure a good colocalization and that the viral load
resulting from infection with two viruses was harmless for astrocytes. We tested viral
concentrations ranging from 2xE!2 to 2xE10 vg. In this last concentration (2xE10 vg/each
virus), after 3 weeks, most of the astrocytes were successfully targeted by both viruses,
colocalization being higher than 80% (Figure 3). Moreover, using this viral load, calcium
activity showed no differences between Null and GCampé6f-infected astrocytes
compared to those astrocytes expressing only GCamp6f, thus allowing us to continue
with the calcium experiments. GCamp6f-only controls will be analyzed in parallel with
the other viruses in order to detect if our TdTomato viruses affect calcium signals
during the protocol.
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% Colocalization

Figure 3: Combined hippocampal transgene and GCamp6f expression in astrocytes. (A)
Representative images of Null and A-CREB / GCamp6f injected hippocampus. (B)
Percentage of colocalization of both viruses. Data are the mean +SEM of six different
regions of six different animals (three null and three A-CREB).

2. Calcium signals in situ

To analyze calcium signals in situ we selected those astrocytes expressing both the
transgene (TdTomato) and the calcium indicator. In each cell we measured three
different calcium signals: spontaneous calcium activity, ATP-induced responses and
phenylephrine-induced responses. These three different measurements allow us to
detect which type of calcium activity may be affected by CREB inhibition, if any. The
exact protocol used is described in Fig 4A. In addition, all the experiments were realized
with 0.5 uM tetradotoxin (TTX) in the bath, in order to avoid interferences due to
neuronal activity.

Different types of calcium signals have been detected depending on the intracellular
location (Volterra et al.,, 2014). In order to analyze different signals, we measured two
different structures of the astrocyte: the soma and the primary branches (Fig 4B). Figure
4C shows representative traces of calcium events in the soma (red) and primary
branches (yellow) of the same cell. As it can be seen, although most of the response is
similar, some calcium events are really high in the soma and are not translated to the
processes (Fig 4C, red arrow) whereas some events are detected only in the branches
(Fig 4C, yellow arrow). Analyzing both compartments we will be able to detect subtle
differences induced by CREB depending on the area.
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Figure 4: Analysis of astrocytic calcium signals in situ. (A) Protocol used. (B) Analyzed
regions of the astrocyte. (C) Representative traces of somatic (red) and primary processes
(vellow) events during the protocol in the same null-infected astrocyte.

2.1 Spontaneous activity

Spontaneous activity is defined as the calcium peaks of infected astrocytes that are not
induced by an external agonist. To analyze spontaneous activity we measured three
parameters: the number of events (sparks) per minute (frequency), the height of the
peak (amplitude) and the duration of the event (half-width).

Spontaneous activity was very similar between the three groups of animals. No
differences were seen in frequency nor amplitude of calcium responses in the soma (Fig
5A-B) or primary branches (Fig 5D-F). However, differences were seen in the half width
parameter of A-CREB peaks compared to controls, with a clear tendency in the somatic
events (Fig. 5C) and significantly different in the branches (Fig 5F).
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Figure 5: Analysis of spontaneous activity. (A-C) Somatic spontaneous events
characterization. Each point represents a single event. Data are mean +SEM of 137 events
from 37 cells of 4 GCampé6f-injected mice, 147 events of 52 cells of 6 Null-injected animals

and 179 events of 63 cells from 6 A-CREB injected mice. **p<0.01 one way ANOVA. (D-F)
Spontaneous events characterization in branches. Data are mean +SEM of 249 events
from 37 cells of 4 GCampé6f-injected mice, 327 events of 52 cells of 6 Null-injected animals
and 308 events of 63 cells from 6 A-CREB injected mice. ****p<0.0001 one way ANOVA.

2.2. Analysis of ATP and phenylephrine responses

Our previous in vitro results showed differences in agonist-induced calcium events after
CREB activation, independently of the agonist used. In these in situ experiments, we
have used two different agonists targeting different astrocytic receptors and inducing
particular calcium responses in time and magnitude. In this way we will be able to
analyze if the CREB-induced changes are common for all agonists or agonist-specific.
Since we have targeted mainly purinergic and adrenergic receptors in our in vitro work,
we selected ATP and phenylephrine (o1.adrenergic agonist) as neurotransmitters.

ATP is a known neurotransmitter in the CNS, although the calcium signals it induces in
situ are not as strong as the ones elicited by other agonists. Purinergic astrocytic
signaling has gained special interest in recent years since it has been related to the
abnormal astrocytic calcium signals seen in Alzheimer’s disease models (Delekate et al,,
2014). In order to analyze the purinergic responses of CREB-inhibited astrocytes, 300
puM ATP was added to the solution after recording spontaneous activity for 300 seconds.

Phenylephrine (PE) is a as-adrenergic receptor agonist that mimics the effect of
noradrenaline. Adrenergic signaling mediates in vivo startle responses and it has been
proposed as an important neuromodulator of astrocytic physiology (Ding et al., 2013)
(Poskanzer and Yuste, 2016). After a recovery time (240 seconds) for ATP responses, 10
uM PE was added to the bath and responses were analyzed.
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Regarding ATP responses, no differences were seen between the three groups with
regards to somatic responses, both in amplitude (Fig 6A) or area under the curve (AUC)
(FIG 6B). Similarly, no differences were seen in branches responses (Fig 6C-D).
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Figure 6: ATP responses of control, Null and A-CREB infected astrocytes. (A-B) Somatic
responses to ATP. (C-D) Branches responses to ATP. Each point represents a single
response of one cell. Data are mean+SEM of 37 cells of 4 GCamp6f-injected mice, 52 cells of
6 Null-injected animals and 63 cells from 6 A-CREB injected mice.

Likewise, when PE was added, the amplitude of the peak of calcium responses was
similar between the three groups both in somatic (Fig 7A) and branches events (Fig 7C).
By contrast, significant differences were seen in the AUC of the response, especially in
the soma (Fig 7B).
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Figure 7: Phenylephrine responses in infected astrocytes. (A-B) Phenylephrine somatic
responses. (C-D) Branches responses to PE. Each point represents a single response of one
cell. Data are mean+SEM of 37 cells of 4 GCamp6f-injected mice, 52 cells of 6 Null-injected
animals and 63 cells from 6 A-CREB injected mice. *p< 0.05, **p<0.01, *** p<0.001 one way
ANOVA.

Interestingly, reduction in the AUC of the PE responses is produced by a change in the
shape of the response. Representative traces exemplify these differences (Fig 8A). First,
A-CREB astrocytes present a “peaky” response to PE compared to null astrocytes
(smooth arrows), with a similar amplitude peaks but with more oscillated response.
Second, A-CREB astrocytes reach basal calcium levels earlier (dotted arrows). The
resulting average of all cells shows the decrease in the AUC of A-CREB astrocytes in
soma (Fig 8B) and primary branches responses (Fig 8C).
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Figure 8: Average and representative traces of the experiment- (A) Representative traces

of the entire recordings in Null and A-CREB transfected astrocytes. Each trace is obtained

from a different mouse. (B) Average traces of the somatic responses of all cells analyzed.
(C) Average traces of the primary branches responses of all cells.

Discussion

Astrocytic calcium is considered the key mechanism of excitability and the way
astrocytes communicate with other cell types including neurons. In this regard, in situ
calcium experiments are necessary to understand how astrocytic calcium is regulated in
a more physiological situation. In this preliminary study, we have designed and
optimized a protocol to understand how modulation of CREB-dependent transcription
may change astrocytic calcium signals. Two different strategies were used to address
this question: a gain of function strategy, which consisted in the expression of a
constitutively active CREB (VP16-CREB) construct in astrocytes; and a loss of function
strategy using expression of the dominant-negative A-CREB. Unfortunately, VP16-CREB
expression was harmful to astrocytes and thus our experiments only addressed the
effect of the inhibition of CREB-dependent transcription. Importantly, these experiments
had an implicit assumption: the existence of a basal CREB-dependent transcription in in
situ astrocytes.

Taking that into account, our preliminary results showed that A-CREB astrocytes had
reductions in the magnitude of PE and spontaneous calcium responses. Interestingly,
these reductions in calcium fluxes are related to the duration of the event (half width in
spontaneous activity and AUC in PE response) and not its amplitude, which remains
unchanged. One first hypothesis to explain these differences in the duration of the
response will be that inhibition of CREB-dependent transcription does not change ER-
induced release (which may be responsible for the amplitude of the peak), but increases
other mechanisms to extrude calcium to intracellular compartments or to the
extracellular medium. The differences in shape seen in the PE responses, being more
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oscillative and short in A-CREB astrocytes, are in line with this hypothesis of an
enhancement of a buffering mechanism that reduces cytosolic calcium peaks faster.

This hypothesis point to differences in the general calcium toolkit of the astrocyte (a
buffering mechanism). However, our results showed no differences in the ATP
responses, in which calcium signals influx and efflux mechanisms should be similar to
those produced during spontaneous and PE responses. Thus, one other possible
explanation of our results could be that inhibition of CREB-dependent transcription
affects a specific response to the noradrenergic signaling pathway, inhibiting the
transcription of the mediators of the response such as the same a-adrenergic receptors.
If this is the case, adrenergic signaling may be mediating part of the spontaneous
responses of astrocytes, since we also see differences in calcium rises without agonist
stimulation. This is in line with previous discoveries showing that in awake adult mice,
spontaneous events are inhibited by the os-adrenergic receptor antagonist prazosin
(Ding et al, 2013). Interestingly, noradrenaline release has been seen to be only
partially inhibited by TTX (Chiti and Teschemacher, 2007), however, further research is
needed to study the integrity and functionality of adrenergic neurons in brain slices.

The data presented here is not sufficient to discern which hypothesis is more plausible.
Now that the protocol is optimized, further experiments will be done in order to
understand if CREB is affecting a general calcium mechanism (as it does in cultures) or
the adrenergic responses specifically.

Moreover, although we have detected a promising phenotype in these preliminary
studies on A-CREB astrocytes, our results do not fit the characteristic calcium responses
seen in our in vitro experiments after CREB activation. In our in vitro results, CREB
activation by noradrenaline reduced further neurotransmitter calcium responses, a
reduction that was abolished by the dominant negative CREB. Although we did not see
differences in calcium responses in A-CREB astrocytes in cultures, we expected that
CREB might be activated in in situ astrocytes. However, the discordance between both
results make us think that as in cultures, in situ astrocytic CREB may have two different
phenotypes: a basal CREB controlling a specific regulon and an activity-dependent
CREB, which is the one that we mimicked using noradrenaline or ATP in cultures. Thus,
in these in situ experiments, we may have studied the role of basal CREB, which is
different from the one studied in cultures. Taking that into account, apart from the
unraveling of the mechanisms of the inhibition of basal CREB-dependent transcription,
further experiments will include a previous CREB activation. As an example, stimulation
of the locus coeruleus induces noradrenaline release to different brain areas, including
the hippocampus (Hansen, 2017). Thus, it may be interesting to provoke this
noradrenaline release from the locus coeruleus before analyzing calcium signals in A-
CREB infected astrocytes. Incubation of brain slices with noradrenaline before the
calcium experiments may be another possibility to induce astrocytic CREB activation.

Finally, transduction of VP16-CREB in astrocytes using our AAV9 leads to astrocytic

atrophy and cell death. Future work should include the design of new strategies to
increase CREB signalling in in vivo astrocytes to a lower extent, such as astrocytic
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overexpression of the wild type transcription factor (Yu et al.,, 2017) or other CREB
active mutants such as DIEDML (Cardinaux et al.,, 2000) or Y134F (Restivo et al., 2009).

In summary, we have generated two new AAVs to modify CREB in vivo and optimized an
imaging protocol to study calcium in situ. Moreover, we have obtained preliminary
results probably regarding basal CREB inhibition in astrocytes, but establishing the first
steps to understand which are the situations of CREB activation and how to study them.
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Astrocytic CREB controls the expression of Monocarboxylate
Transporter 4 in normoxia

Eraso-Pichot A., Menacho C., Parra-Damas A., Pardo L., Hardingham G., Galea E.,
Masgrau R.

ABSTRACT

Lactate is considered a major communication factor between astrocytes and neurons in
the so-called Astrocyte Neuron Lactate Shuttle (ANLS). One of the main elements of
lactate export to the extracellular medium is the monocarboxylate transporter 4 (MCT4),
which is exclusively expressed in astrocytes. In hypoxic situations, MCT4 expression is
upregulated in astrocytes by the hypoxia inducible factor 1 (HIF-1a), giving rise to the
idea that MCT4 is only regulated by this transcription factor. However, while HIF-1a is
rarely found in normoxia, MCT4 is upregulated in hippocampal training and after -
adrenergic stimulation in normoxic conditions, in correlation with improved
performance in learning and memory tests. Our hypothesis is that cAMP Response
Element Protein (CREB), which is activated by adrenergic transmitters, may mediate the
increase in MCT4 seen in normoxia. In order to test this hypothesis, we evaluated
whether CREB-dependent transcription induced by the adrenergic agonist
noradrenaline (NA) as well as the constitutively active CREB construct VP16-CREB,
increases MCT4 mRNA and protein expression and lactate release. We found that
activation of CREB-dependent transcription in astrocytes increases MCT4 expression in
vitro and in vivo. Importantly, MCT4 upregulation is independent from hypoxia and HIF-
lo. This represents a novel pathway by which astrocytic CREB mediates the
potentiation of adrenergic-induced modulation of learning and memory via the
regulation of MCT4 expression.

INTRODUCTION

Astrocytes present a high glycolytic capacity, consuming most of the glucose in the brain
and extruding lactate, which is considered the main metabolic substrate for
neighbouring neurons (Magistretti and Allaman, 2015). Lactate has been demonstrated
to mediate long-term memory formation and decision making in rodents (Suzuki et al.,
2011) (Wang et al,, 2017), establishing a new pathway by which astrocytes contribute to
synaptic plasticity and the formation of new memories. Besides its function as a fuel,
lactate may act as signalling molecule by binding to a specific G-protein-coupled lactate
receptor in neurons regulating cAMP levels (Morland et al.,, 2015) (Tang et al,, 2014),
thus adding another role in lactate-mediated astrocyte-neuron communications.
Moreover, extracellular lactate is protective in pathological situations such as traumatic
brain injury (Patet et al., 2016), which suggests that the early liberation of lactate from
astrocytes may be a promising target in pathological situations.

Lactate release by astrocytes depends on the monocarboxylate transporters 1 and 4
(MCT1 and MCT4). MCT1 is ubiquitously expressed in the brain (Perez-Escuredo et al.,
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2016), while MCT4 is exclusively found in astrocytes (Pellerin et al, 2005). Both
transporters belong to the family of monocarboxylate transporters, which carry
monocarboxylates such as lactate or pyruvate inside and outside the cell. The transport
is proton-linked and the members of the family are codified by SLC16A genes (Jones and
Morris, 2016). Among all MCTs, MCT4 has the lowest affinity for lactate and pyruvate
(Kmiactate = 22-28 mM, Kmpyruvate = 150mM), MCT4 being the main transporter for the
extrusion of lactate. In fact, MCT4 is found in highly glycolytic tissues, such as skeletal
muscle fibers, white blood cells and tumours (Halestrap and Wilson, 2012).

MCT4 expression in astrocytes in ischemic situations is controlled by HIF-1a, a
transcription factor implicated in protective responses to hypoxia (Rosafio and Pellerin,
2014), in part due to the increase in glycolytic enzymes and lactate release (Sharp et al,,
2004) (Li et al,, 2017). However, recent evidence suggests a regulation of MCT4 in
normoxic conditions. First, MCT4 expression in mouse astrocytes is enhanced after
hippocampal training as in inhibitory avoidance (Tadi et al, 2015). Second,
administration of the B-adrenergic agonist formoterol in mice increases MCT4 gene
expression and improves performance in learning and memory tests (Dong et al., 2017).
Since HIF-1a expression is tightly regulated by oxygen contents and is rarely found
expressed in normoxic conditions (Suzuki et al., 2017), one could speculate that there is
a transcription factor other than HIF-1a governing MCT4 expression in learning-related
context.

In this sense, we have demonstrated that the adrenergic transmitter noradrenaline (NA)
activates CREB in astrocytes (Carriba et al., 2012), inducing long-lasting dependent
changes in calcium signalling (Eraso-Pichot et al., 2017) that might regulate astrocyte-
neuron communications. Thus, our hypothesis is that NA-dependent activation of CREB-
dependent transcription in astrocytes may be responsible for the changes seen in MCT4
expression under adrenergic treatment or after hippocampal learning.

In this study, we propose a novel mechanism of activity-dependent MCT4 regulation via
CREB that is independent from HIF-la regulation in hypoxia. Activation of CREB-
dependent transcription by NA and the constitutively active form of CREB VP16-CREB
increases MCT4 expression under normoxic situations. This effect is CREB-dependent
and HIF-1a-independent since the dominant-negative form of CREB (A-CREB) abolished
MCT4 increases while HIF-la inhibition does not. Moreover, HIF-la-dependent
increases in MCT4 expression in hypoxia seems to be dependent on CREB. Finally,
astrocytic VP16-CREB transgenic mice showed increased expression of MCT4 in vivo. As
a summary, our results demonstrate that MCT4 is regulated by CREB transcription
factor in astrocytes under normoxic conditions, establishing a novel signalling pathway
by which astrocytic CREB contributes to astrocyte-neuron communication.

120



METHODS
Astrocyte cultures

Secondary astrocyte cultures were prepared from one-day-old Sprague Dawley rats.
Briefly, brains were dissected out, minced and treated for 10 minutes at 37°C with
0.025% trypsin in Ca2+-free Krebs Ringer Buffer (KRB). After the incubation, the
reaction was stopped with soybean trypsin inhibitor and the tissue was mechanically
triturated and filtered through a 40-um nylon mesh. Collected cells were plated in T150
flasks in 10% fetal bovine serum DMEM medium with 50 U/mL penicillin and 50pg/ml
streptomycin. Flasks were maintained at 37°C in a humidified atmosphere containing
5% CO2. The medium was replaced after two hours to prevent other cells from growing.
Flasks were plated in 24 and 6-well plates after reaching confluence after a 10-minutes
mechanical shaking to eliminate microglial cells.

Mouse model

To analyse MCT4 expression in vivo, we made use of the Gfa2-tTa/TetO-VP16-CREB
mice, which expresses the VP16-CREB construct in astrocytes (Pardo et al., 2016). Mice
were kept under standard laboratory conditions with ad libitum food and water, 22 + 2
°C of temperature and 12h light/dark cycle. Doxycycline was not administered to mice
to assure continuous expression of the transgene. The Animal Welfare Committee of the
Universitat Autonoma de Barcelona and the Generalitat de Catalunya approved all
experimental procedures. All the procedures were in agreement with the European
Union Laws for the protection of experimental animals.

Cryolesion

To induce robust transgene expression, we performed a cryolesion protocol as
previously described (Pardo et al,, 2016). Briefly, five-to-seven month-old mice were
cryolesioned by the application of a dry-ice pellet directly to the skull under
tribromoethanol anesthesia. Buprenorphin (0.1 mg/kg) was injected i.p. every 12h after
the lesion and until sacrifice. Female and male mice were equally distributed.

Noradrenaline stimulation

Secondary astrocytic cultures were stimulated with 10 uM NA (Sigma) dissolved in
DMEM for the indicated times. NA dilution was freshly prepared every time.

Viral infection

CREB activation/inhibition was done by the viral transduction of CREB constructs.
Three serotype 5 adenoviruses have been used: Ad5-VP16-CREB contained a
constitutively active CREB, Ad5-A-CREB harboured a dominant-negative form of the
transcription factor and Ad5-Null was the control of infection. Infections were carried in
a medium with 1% FBS and without antibiotics. Medium was replaced for full DMEM 3h
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after. The experiments were conducted at 18-24h after viral infection unless otherwise
indicated.

Lactate measurement

Extracellular lactate was detected using a commercial kit (MAK064 from Sigma)
following manufacturer instructions. Medium from 24-well plates was replaced by
200pl of Krebs Ringer Buffer containing 10mM glucose. Lactate was measured after two
hours of incubation by a colorimetric reaction. Oligomycin (1ug/ml) was added to the
KRB when indicated.

Quantitative PCR

Total RNA from cultured cells was extracted using TRIZOL reagent (Thermo) following
manufacturer’s instructions. After RNA purification, 2 pg were reverse transcribed using
RevertAid reverse transcriptase. The mix containing the RNA, 2 uM random hexamer
primers, 0.5 mM dNTPs, 2 uM oligo(dT)is primers, 0.45 mM DTT, 10U RNAse-Out and
200U Revertaid reverse transcriptase was incubated at 25°C for 10 min, 42°C for 60 min
and 72°C for 10 min. All reagents were purchased from Thermo Scientific. After reverse
transcription, cDNA was diluted and amplified in an Applied Biosystems 7500 Fast
quantitative PCR system. The primers used were Tagman purchased from Thermo
Scientific. After running the gqPCR, we obtained efficiencies and Cq values from
LinRegPCR software and compared the Cq values using the comparative Cq method.
Actin, and 18s were used as reference genes.

For the in vivo MCT4 detection, RNA from mice was isolated using RNAeasy spin kit
(Capsumlab). Reverse transcription and quantitative PCR was realized in the same
conditions that the RNA from cultures. Expression was measured with mouse MCT4
primers and reference genes were GAPDH and TBP.

Western Blot

Cultured astrocytes were lysed with RIPA solution (150 mM NaCl,, 50 mM Tris-HCl, 0.1
sodium dodecyl sulphate, 1% Nonidet P-40 and phosphatase and protease inhibitor
cocktails (Sigma and Enzo respectively). The protein content was determined using
Pierce BCA protein assay kit (Thermo). Protein extracts were subjected to SDS-
polyacrylamide gel electrophoresis and transferred to methanol-activated
polyvinylidene fluoride (PVDF) membranes (Enzo). After transfer, membranes were
blocked with 0.1% Tween Tris Buffer Solution (TTBS) with 5% milk for 1 hour. Primary
antibodies were incubated O/N at 4°C: 1/500 MCT4 (Santa Cruz Biotechnology) and
1/20000 B-actin (Sigma) diluted in 1% BSA-TTBS. Membranes were incubated with
secondary peroxidase-conjugated anti-rabbit and anti-mouse diluted 1/10000 in 1%
BSA-TTBS for 1 hour at RT. Finally, bands were detected with an enhanced
chemiluminiscence detection kit (ECL) purchased from Thermo and developed by
autoradiography on X-ray film (AGFA).
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siRNA transfection

Rat HIF-1a siRNAs were purchased from Thermo and were transfected using
lipofectamine RNAimax (Thermo) in DMEM medium without FBS and antibiotics. After
4h, medium was replaced for full DMEM.

Hypoxia experiments

Hypoxia experiments were performed in a temperature-controlled Invivo, hypoxia
workstation (Baker Ruskinn). All experiments were realized at 37° C and humidity was
maintained by placing a beaker filled with deionized sterile water inside the chamber.
Hypoxic conditions were defined as 0.5% 02, 5% CO; and 94% N. Cells were kept in full
DMEM medium inside the hypoxic chamber for 8h, starting when chamber reached the
indicated gas levels.

Statistical analysis

Statistical analysis was perfomed using GraphPad 6 Prism software. Data are expressed
as the mean + SEM of a minimum of three independent experiments or mice. Student’s ¢t
test was used two compare to datasets whereas multiple groups were compared using
ANOVA and Turkey’s post hoc multiple comparisons test.

RESULTS
CREB upregulates MCT4 expression in astrocytes

To determine whether CREB upregulates MCT4 expression, we made use of two
constructs used in previous works intended to modify CREB-dependent transcription
(Eraso-Pichot et al., 2017). On the one hand, VP16-CREB is a modified form of CREB that
acts as a constitutively active form of the transcription factor (Yan et al.,, 1994). On the
other hand, the construct A-CREB acts as a dominant-negative form by binding to
different forms of endogenous CREB thus avoiding their transcriptional activation (Ahn
et al,, 1998). Both constructs were maintained for 18-24h in order to induce a robust
expression of the transgene (Eraso-Pichot et al.,, 2017).

MCT4 expression was increased upon VP16-CREB infection, both at mRNA (Figure 1A)
and protein levels (Figure 1B). Although VP16-CREB increases CREB-dependent
expression, the stimulus is not physiological since it can activate a wide range of
astrocytic functions that may not be enhanced upon more physiological stimuli (Pardo
etal, 2017). To demonstrate that the increase in MCT4 transcription can be produced in
a physiological paradigm, cultured astrocytes were stimulated with NA, a known CREB
activator (Carriba et al.,, 2012) whose functions have been determined to be partially
orchestrated by astrocytes (Gao et al,, 2016). Control (Null) and A-CREB infected cells
were treated with 10 uM NA for different times and MCT4 mRNA expression was
analysed. NA increased MCT4 expression in a bell shape with its maximum peak at 3h of
stimulation, and the effect was totally abolished by A-CREB (Figure 1C), confirming the
CREB-dependence of the effect of NA.
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Interestingly, A-CREB showed a tendency to decrease basal MCT4 mRNA levels (Figure
1C, under line), suggesting that CREB might be involved also in maintaining basal levels
of expression of MCT4. To address this question, and taking into account that the basal
turnover rate of the transporter may be slower (Alvarez-Castelao and Schuman, 2015),
we decided to maintain A-CREB expression for longer times (30h). After 30h, A-CREB
significantly reduced MCT4 mRNA levels by 50% (Figure 1D), pointing to CREB as a
maintenance transcription factor for MCT4 expression.

Next, we wanted to determine if the effects of VP16-CREB and A-CREB with regards to
MCT4 expression are related to changes in lactate release. VP16-CREB increased lactate
release in basal conditions, while A-CREB reduced it (Figure 1E). In order to increase
lactate production, we added 1pg/ml of oligomycin, an inhibitor of the ATP-synthetase
that increases glycolytic activity of the cell. Under oligomycin treatment, VP16-CREB-
expressing astrocytes showed a statistically significant increase in lactate release, while
A-CREB showed a statistically non-significant tendency (Figure 1F).
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Figure 1. Regulation of MCT4 expression by CREB. MCT4 mRNA (A) and protein (B)
expression after VP16-CREB infection. (C) MCT4 mRNA expression in null and A-CREB
infected astrocytes after 10uM NA for the indicated times. (D) MCT4 mRNA expression in
null and A-CREB infected astrocytes after 30h of infection. (E) Lactate accumulated in the
medium during 2h in Null, A-CREB and VP16-CREB infected astrocytes, in basal conditions
and with 1ug/ml oligomycin treatment (F). The data are the mean +SEM of 5 (4), 4-5 (C),
4 (D) and 3-4 (E-F) independent experiments. * p<0.05, **p<0.01, ***p<0.001 and
HH¥p<0.0001.
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MCT4 regulation by CREB is independent of HIF-1a and oxygen tension:

The only known transcription factor regulating MCT4 transcription is HIF-1a (Ullah et
al,, 2006). In fact, previous studies addressing the mechanism of MCT4 transcription in
astrocytes concluded that HIF-1a was activated in astrocytes in vivo since brain oxygen
tension is lower than expected (Rosafio and Pellerin, 2014), suggesting that astrocytes
are slightly hypoxic in normal conditions. However, our results regarding control of
MCT4 expression by CREB under normoxic-cultured conditions indicate that MCT4 can
be controlled by CREB in conditions in which HIF-1a may not be active. Thus, we
analysed if HIF-1a has a role on the regulation of MCT4 by CREB in normoxia.

Importantly, when HIF-1a was inhibited, both NA (Figure 2A) and VP16-CREB (Figure
2B) increased MCT4 mRNA expression to a similar extent. These observations confirm
that HIF-1a may not active in our culture conditions and that the regulation of MCT4 by

CREB is independent of HIF-1a.
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Figure 2. CREB and HIF-1«a interplay in MCT4 regulation in normoxia and hypoxia. (A)
MCT4 mRNA expression in null and A-CREB infected astrocytes with HIF-1« or control
silencing and with 10uM NA treatment for 3h. (B) MCT4 mRNA expression in VP16-CREB
infected astrocytes with or without HIF-1«a silencing. (C) MCT4 mRNA expression under
hypoxia or normoxia, with or without HIF-1a silencing and in null, A-CREB and VP16-
CREB infected astrocytes. The data are the mean +SEM of 3 independent experiments.
*#p<0.01 and ****p<0.0001. (D) JASPAR consensus sequences for CREB and HIF-1«
transcription factors. (E) Conserved binding HRE/CRE sites in rat, mouse and human DNA.

Next, we wanted to analyse the opposite way around, the effect of CREB inhibition on
the HIF-la-mediated increase in MCT4 in hypoxia (Figure 2C). First, we observed a
significant increase in MCT4 mRNA expression after 8h of hypoxia that is mediated by
HIF-1a since it is not produced after the silencing of the transcription factor (Figure 2C,
first two paired columns). Second, in the presence of A-CREB, MCT4 upregulation is not
produced and MCT4 mRNA expression levels are as low as without HIF-1a (Figure 2C,
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third paired columns). Moreover, this inhibition is potentiated when both transcription
factors are inhibited (Figure 2C, fourth paired columns). Third, expression of MCT4
under hypoxia can be further increased by VP16-CREB reaching similar levels to the
ones observed upon VP16-CREB activation under normoxia (Figure 2C, fifth paired
columns). Fourth, HIF-1a inhibition reduces MCT4 expression induced by hypoxia but
not by VP16-CREB (either under normoxia or hypoxia), confirming the necessary and
sufficient role of CREB in the expression of the transporter.

In summary, our results show that the increase in MCT4 expression in hypoxia and
normoxia is regulated by CREB. Unexpectedly, in hypoxic conditions, HIF-1a-induced
increase in MCT4 expression is also dependent on CREB, while CREB-induced increase
in MCT4 expression is HIF-1a independent.

The MCT4 promoter region presents two hypoxia response elements (HRE) that are
crucial for the transcription of the transporter, both in normoxic and hypoxic situations
(Ullah et al., 2006). These two HREs are found close to the transcription start site and
are conserved between species (Figure 2E). Using JASPAR promoter analysis (Khan et al.,
2018), we compared the probabilities of each nucleotide present in HRE sequences and
CRE sequences. A consensus sequence is found in the core of both sequences (ACGT)
(Figure 2D, red square)(Kvietikova et al, 1995), and most important, a putative
CREB/HIF responsive sequence containing those nucleotides that are essential for the
binding of the factor. This sequence is -TGACGTG_- and is exactly the sequence found in
the second HRE site, known to be the most active (Ullah et al., 2006) (Figure 2E).

CREB-mediated regulation of MCT4 in vivo

Regulation of MCT4 by CREB in both hypoxic and normoxic conditions may have
important consequences in physiology and pathology. Thus, we wanted to confirm that
there is CREB-dependent MCT4 regulation in vivo. To do so, we used our VP16-
CREB/Gfa2-Tta mouse model, which expresses the VP16-CREB form specifically in
astrocytes under the GFAP promoter. This model presents low VP16-CREB expression in
basal conditions with clear upregulation of the transgene after a cryolesion, which is a
model of traumatic brain injury (Pardo et al., 2016).

To analyse if CREB activation in astrocytes in vivo increases MCT4 expression, we
examined MCT4 mRNA levels in wild type (WT) and transgenic (Tg) mice in basal
conditions and 1 day after cryolesion, when the transgene is highly expressed. While
there was no difference in basal MCT4 mRNA levels, once cryolesion was performed,
expression in Tg mice was highly increased with respect to all other groups (Figure 3A).
These results indicate that MCT4 expression in astrocytes is also regulated by CREB in
vivo.
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Figure 3. CREB regulation of MCT4 in vivo. MCT4 mRNA expression of wild-type (WT) or
transgenic VP16-CREB/Gfa2-Tta (Tg) mice subjected or not to cryolesion (C). The data are
the mean +SEM of 4-6 mice for each group. **p<0.01.

DISCUSSION

In the present study, we have demonstrated that under normoxic conditions, the
enhancement of CREB-activated transcription by NA and VP16-CREB upregulates MCT4
expression independently of HIF-1a. Moreover, we have seen an interplay between HIF-
la and CREB in hypoxia, which might be carried out through a common HRE/CRE
region in the MCT4 promoter. Finally, we have seen increased MCT4 expression in vivo
after CREB activation in astrocytes. Our results are a step further in the knowledge of
the molecular and cellular underpinnings whereby astrocytes may contribute to
learning and memory. These results will be discussed in three points.

First, regulation of MCT4 by two transcription factors respectively activated by neuronal
activity and by hypoxia opens the possibility of common pathways regulating MCT4 in
normal and pathological conditions in astrocytes. Moreover, CREB inhibition in hypoxia
led to an impaired hypoxic regulation of MCT4, suggesting a role of the CREB
transcription factor also in the regulation of the transporter in hypoxia (HIF-la-
mediated).

Different scenarios could explain the interplay between CREB and HIF-1a regulation of
MCT4 expression. First, both transcription factors may bind to the same region in order
to transcribe MCT4. CREB can be constitutively bound to the CRE/HRE region found
(HRE 2) in the MCT4 promoter even in the absence of stimulation, as it has been seen in
neurons (Parra-Damas et al, 2017). This constitutive binding might maintain basal
MCT4 transcription, since A-CREB expression reduced the transporter even without
CREB stimulation. In addition to basal transcription, neuronal activity leading to
noradrenaline release activates CREB in astrocytes, increasing in turn MCT4 expression.
In hypoxic situations, where HIF-1a is found active (Semenza, 2007), CREB may be
substituted by HIF-la in the HRE/CRE region, inducing the expression of the
transporter. However, when CREB is inhibited (in our case, using the A-CREB construct),
the region is not maintained “opened” and HIF-1a is no longer able to increase MCT4
expression producing the impairment seen in the regulation of the transporter in
hypoxia. In fact, HIF-1a binding analyses have found that the transcription factor binds
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preferentially to HREs found in regions of permissive chromatin and with basal
transcriptional activity, determining the cell-specific differences in the response (Xia
and Kung, 2009) (Dengler et al., 2014). In a second scenario, the cooperative effect
between both transcription factors may be carried out in different binding sites. Here,
the presence of CREB in the CRE/HRE responding region is crucial to allow HIF-1a
binding to the other HRE sites of the MCT4 promoter. Thus, HIF-1a-mediated regulation
of the transporter is done by its binding to the HREs sites 1 and 3 of the promoter, while
CREB binding to the site 2 is necessary for the hypoxic increase in MCT4 transcription
(Ullah et al.,, 2006). Anyway, more research needs to be done in order to understand the
interplay between these two transcription factors in the MCT4 promoter as well as in
other genes that might be controlled by CREB and HIF-1a such as lactate dehydrogenase
A (Firth et al,, 1995).

Second, the regulation of lactate exporters may be important to understand brain
physiology and how astrocytes contribute to synaptic plasticity. Lactate effects on
neuronal excitability, plasticity, synapse formation and behaviour and memory coding
have been intensely studied and there is an agreement on the role of released lactate as
a signaling pathway inducing neuronal plasticity, either as a metabolic substrate or as a
signalling transducer (Magistretti and Allaman, 2018) (Bak and Walls, 2018). Our
results establish the transcription factor CREB as the major regulator of MCT4
expression in cultured and in vivo astrocytes in normoxia. Since neurotransmitters such
as ATP and neuromodulators like noradrenaline (Carriba et al, 2012), and more
recently dopamine (Koppel et al., 2018), have been seen to activate CREB in astrocytes,
one could speculate of an astrocyte plasticity phenomenon, by which potentiation of a
specific neural circuit activates CREB in neighboring astrocytes, increasing the
expression of the monocarboxylate transporters to increase lactate supply in the
synapse. These results are in agreement with previous works, suggesting an increase in
the expression of glycolytic genes in astrocytes in response to neuronal activity (Hasel et
al.,, 2017).

Interestingly, astrocytic adrenergic activation leads to an acute enhancement of lactate
release, probably by increases in glycogenolysis, lactate being necessary and sufficient
to induce long-term memories (Suzuki et al., 2011) (Gao et al., 2016). However, none of
these studies addressed if the acute adrenergic effect is maintained for longer times to
promote the maintenance of these newly generated memories. We propose a
mechanism by which NA, in addition to the acute activation of glycogenolysis and lactate
release, primes astrocytes to increase MCT4 expression via CREB and enhance lactate
release in ensuing exposures to NA, thus constituting a positive feedback to promote
memory consolidation (figure).

Third, the protective effect of CREB activation in astrocytes may be done through an
upregulation of MCT4. Our results confirmed the in vivo control of MCT4 by CREB using
our VP16-CREB/Gfa2-Tta mouse model. This mouse model was found to be more
resistant to the damage produced by traumatic brain injury, probably due to a recovery
of brain energy metabolism (Pardo et al., 2016). The upregulation of MCT4 transporter
may underlie protection (Pardo et al., 2016), since more lactate may be available to
neurons, bypassing the known metabolic downregulation produced in traumatic brain
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injury processes (Carre et al., 2013). Indeed, exogenous lactate supply has been seen to
be protective in TBI (Patet et al., 2016).

Taken together, our results demonstrate CREB dependent regulation of MCT4
transcription, both in normoxic and hypoxic conditions, thus framing astrocytic CREB as
a potential key player in synaptic potentiation and a as possible target to promote
lactate release in injury.
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Addendum to the second chapter:

CREB activation increases lactate release without affecting
oxygen consumption

Eraso-Pichot A., Zorzano A., Galea E., Masgrau R

RATIONALE

Results obtained in the previous two chapters seem counterintuitive. In chapter 1 we
reported activity dependent increases in mitochondrial calcium in VP16-CREB infected
astrocytes, suggesting an increase in mitochondrial metabolism in CREB-activated
astrocytes. In chapter 2, VP16-CREB infected astrocytes showed higher lactate release
both in basal and under oligomycin treatment, indicating that glucose -considered the
main astrocytic fuel- is converted to lactate instead of entering mitochondria as acetyl-
COA.

To answer this paradox, we decided to measure lactate release and oxygen consumption
at the same time using the Seahorse technology. This method detects medium
acidification as a measure of glycolytic activity and lactate release and oxygen
consumption rate (OCR) to analyze mitochondrial activity.

Data published in: Hasel P, Dando O, Jiwaji Z, Baxter P, Todd AC, Heron S, Markus NM,
McQueen ], Hampton DW, Torvell M, Tiwari SS, McKay S, Eraso-Pichot A, Zorzano A,
Masgrau R, Galea E, Chandran S, Wyllie DJA, Simpson TI, Hardingham GE. Neurons and
neuronal activity control gene expression in astrocytes to regulate their development
and metabolism. Nat Commun. 2017 May 2;8:15132.
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RESULTS

VP16-CREB and Null-infected astrocytes were incubated in Agilent Seahorse XF assay
medium, containing necessary osmolytes and aminoacids but lacking buffering agents
and CO; in order to analyze the extracellular acidification. Medium was supplemented
with with 2 mM L-glutamine, 5.5 mM glucose and 1 mM sodium pyruvate.

Under these conditions, OCR and proton production rate (equivalent to lactate release)
of VP16-CREB and null astrocytes were measured before and after the addition of
different inhibitors to study distinct parameters of glycolytic lactate release and
mitochondrial respiration. First, before the addition of inhibitors, basal oxygen
consumption and proton production rates were measured in null and VP16-CREB
astrocytes. Second, 1 pg/ml of oligomycin, a complex V inhibitor were added to the
media in order to measure on the one hand, oxygen consumption that is not related to
ATP-synthesis, and on the other hand, increases in lactate release after the enhancement
of glycolysis. Third, astrocytes were treated with 2mM FCCP, a mitochondrial uncoupler
that collapses the inner membrane gradient allowing the electron transport chain to
function at its maximal rate. Finally, 0.4mM rotenone and 1mM antimycin 4, inhibitors
of complexes [ and III respectively, were added in order to inhibit mitochondrial
metabolism and detect non-mitochondrial oxygen consumption. The proton production
rate after the addition of FCCP and the electron transport chain inhibitors was not
analyzed since oligomycin represents the maximal glycolytic capacity of the cells.

Regarding lactate release, VP16-CREB showed increased extracellular medium
acidification compared to Null-infected astrocytes (Figure 1). The increase in
acidification was doubled and the proportion was maintained under oligomycin
treatment, confirming the previous observed increase in lactate release.
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Figure 1. VP16-CREB over-expressing astrocytes showed increased proton production rate
in basal conditions and under oligomycin treatment. Data are mean #+SEM of three
independent experiments. ****p<0.001 two-way ANOVA followed by Sidak’s post-hoc test.
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Regarding mitochondrial metabolism, VP16-CREB does not change oxygen consumption
in the presence of glucose (Figure 2). No differences were seen under basal conditions,
following inhibition of ATP production (oligomycin), mitochondrial uncoupling (FCCP)
or inhibition of the electron transport chain (antimycin A plus rotenone).
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Figure 2. CREB activation in astrocytes does not affect oxygen consumption in the presence
of glucose. Oxygen consumption rate of VP16-CREB and Null-infected astrocytes is not
significantly different in basal conditions or under oligomycin, FCCP or antimycin A and

Oxygen consumption rate (pmol/min x nyg protiein)

rotenone treatments. Data are mean +SEM of three independent experiments.

These results confirm the increase in lactate release seen in chapter 2, since medium
acidification is highly increased in VP16-CREB astrocytes. Moreover, we have
determined that in basal conditions and in the presence of glucose, oxygen consumption
is not changed after activation of CREB-dependent transcription. Further experiments
need to address two fundamental questions. First, the results obtained in chapter 1
showed increased mitochondrial calcium entry in VP16-CREB astrocytes. Now that we
have determined that basal oxygen consumption is not affected by activation of CREB-
dependent transcription, we need to analyze which is the oxygen consumption of these
cells after stimulation with a calcium-releasing agent such as ATP. Importantly, OCR
depends on mitochondrial calcium entry (Llorente-Folch et al, 2013), thus, one
possibility is that mitochondrial metabolism in VP16-CREB astrocytes is increased only
after calcium stimulation.

Second, in this experiment, VP16-CREB astrocytes were incubated with glucose,

pyruvate and glutamine. Although it is still a matter of debate, some authors suggested
that astrocytes might use substrates other than glucose-derived pyruvate for
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mitochondrial oxidation in order to maintain ATP production. Aminoacids such as
glutamate (Schousboe et al.,, 2014), the same lactate (Tabernero et al., 1996) or fatty
acids (Ebert et al., 2003) have been proposed to fuel astrocytes, however, further
research is needed to understand which are the metabolic pathways of astrocytic
mitochondria.

136



REFERENCES

Ebert, D., Haller, R.G.,, and Walton, M.E. (2003). Energy contribution of octanoate to
intact rat brain metabolism measured by 13C nuclear magnetic resonance spectroscopy.
The Journal of neuroscience : the official journal of the Society for Neuroscience 23,
5928-5935.

Llorente-Folch, 1., Rueda, C.B., Amigo, 1., del Arco, A., Saheki, T., Pardo, B., and Satrustegui,
J. (2013). Calcium-regulation of mitochondrial respiration maintains ATP homeostasis
and requires ARALAR/AGC1-malate aspartate shuttle in intact cortical neurons. The
Journal of neuroscience : the official journal of the Society for Neuroscience 33, 13957-
13971, 13971a.

Schousboe, A., Scafidi, S., Bak, L.K., Waagepetersen, H.S., and McKenna, M.C. (2014).
Glutamate metabolism in the brain focusing on astrocytes. Adv Neurobiol 11, 13-30.
Tabernero, A., Vicario, C., and Medina, ].M. (1996). Lactate spares glucose as a metabolic
fuel in neurons and astrocytes from primary culture. Neurosci Res 26, 369-376.

137



138



Chapter 3:

GSEA of mouse and human mitochondriomes reveals fatty
acid oxidation in astrocytes

Published as: Eraso-Pichot A*, Bras6-Vives M*, Golbano A, Menacho C, Claro E, Galea E,
Masgrau R. GSEA of mouse and human mitochondriomes reveals fatty acid oxidation in
astrocytes. Glia. 2018 Mar 25. doi: 10.1002 /glia.23330.

139



140



Received: 19 December 2017

Revised: 27 February 2018

Accepted: 5 March 2018

DOI: 10.1002/glia.23330

RESEARCH ARTICLE

GLIA ©
WILEY

GSEA of mouse and human mitochondriomes reveals fatty acid
oxidation in astrocytes

Abel Eraso-Pichot! |

Carmen Menacho?! |

Marina Braso-Vives2 |

Enrique Clarol |

Arantxa Golbano! |

Elena Galeal3® | Roser Masgrau?

1Departament de Bioquimica i Biologia Molecular, Unitat de Bioquimica de Medicina, i Institut de Neurociéncies, Universitat Autonoma de Barcelona,

Barcelona, 08193, Spain

?|nstitute of Evolutionary Biology (Universitat Pompeu Fabra - CSIC), PRBB, Barcelona, 08003, Spain

3ICREA, Passeig Lluis Companys 23, Barcelona, 08010, Spain

Correspondence

Roser Masgrau, Departament de
Bioquimica i Biologia Molecular, Institut de
Neurociencies i Unitat de Bioquimica de
Medicina, Universitat Autonoma de
Barcelona, 08193 Barcelona, Spain.

Email: roser.masgrau@uab.cat

or

Elena Galea, Departament de Bioquimica i
Biologia Molecular, Unitat de Bioquimica de
Medicina, i Institut de Neurociéncies,
Universitat Autonoma de Barcelona, 08193
Barcelona, Spain.

Email: elena.galea@uab.cat

Funding information

Ageéncia de Gestié d’Ajuts Universitaris i de
Recerca, Grant/Award Number: 2015
FI_B00730; Association Européenne contre
les Leucodystrophies, Grant/Award
Number: ELA2012-033C1B; Ministerio de
Economia y Competitividad, Grant/Award
Numbers: BFU2012-38844 and BFU2016-
79735-P; Ministerio de Educacion, Cultura
y Deporte, Grant/Award Number: FPU13/
05377

1 | INTRODUCTION

Abstract

The prevalent view in neuroenergetics is that glucose is the main brain fuel, with neurons being
mostly oxidative and astrocytes glycolytic. Evidence supporting that astrocyte mitochondria are
functional has been overlooked. Here we sought to determine what is unique about astrocyte
mitochondria by performing unbiased statistical comparisons of the mitochondriome in astrocytes
and neurons. Using MitoCarta, a compendium of mitochondrial proteins, together with transcrip-
tomes of mouse neurons and astrocytes, we generated cell-specific databases of nuclear genes
encoding for mitochondrion proteins, ranked according to relative expression. Standard and in-
house Gene Set Enrichment Analyses (GSEA) of five mouse transcriptomes revealed that genes
encoding for enzymes involved in fatty acid oxidation (FAO) and amino acid catabolism are consis-
tently more expressed in astrocytes than in neurons. FAO and oxidative-metabolism-related genes
are also up-regulated in human cortical astrocytes versus the whole cortex, and in adult astrocytes
versus fetal astrocytes. We thus present the first evidence of FAO in human astrocytes. Further,
as shown in vitro, FAO coexists with glycolysis in astrocytes and is inhibited by glutamate. Alto-
gether, these analyses provide arguments against the glucose-centered view of energy metabolism
in astrocytes and reveal mitochondria as specialized organelles in these cells.

KEYWORDS

metabolism, mitochondria, neurons, transcriptome

glutamate by the mitochondrial enzyme glutaminase. The ANLS

hypothesis proposes that astrocytes produce lactate from glucose by

Brain activity requires essential and complex metabolic interactions
between neurons and astrocytes. Examples of such crosstalk are the
Glutamate-Glutamine Brain Cycle (GGBC) and the Astrocyte-Neuron
Lactate Shuttle (ANLS) hypothesis (Belanger, Allaman, & Magistretti,
2011). The GGBC frames astrocytes as key regulators of extracellular
glutamate clearance. Glutamate released from synapses is transported
into astrocytes and transformed to glutamine by glutamine synthetase.

Glutamine is then delivered to neurons and converted again to

Abel Eraso-Pichot and Marina Brasé-Vives contributed equally to this work.

aerobic glycolysis (in the presence of oxygen). Lactate is then trans-
ferred to neurons via monocarboxylate transporters. In neurons, lactate
is first converted to pyruvate by lactate dehydrogenase, then to acetyl-
CoA by pyruvate dehydrogenase, and further oxidized in the Tricarbox-
ylic Acid Cycle (TCA). The coupling of the TCA to the mitochondrial
electron transport chain (ETC) would enable neurons to produce ATP.
Interestingly, the conversion of lactate into pyruvate in neurons
increases the ratio NADH/NAD™, which could turn off neuronal glycol-
ysis and facilitate the pentose phosphate pathway for synthesis of glu-

tathione and NADP, without sacrificing neuronal energy requirements
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(Cerdan et al., 2006; Herrero-Mendez et al., 2009). Along these lines,
the intrinsic neuronal activity at resting conditions may depend in part
on aerobic glycolysis taking place in astrocytes (Raichle, 2015). Lactate
availability is necessary to maintain excitatory transmission (Nagase,
Takahashi, Watabe, Kubo, & Kato, 2014), and facilitates synapse forma-
tion and growth in development (Goyal, Hawrylycz, Miller, Snyder, &
Raichle, 2014), albeit the source and levels of lactate are controversial
(Dienel, 2017). In fact, the ANLS hypothesis has not been proven in
humans. Results in favor of or against the hypothesis have been
reported from animal studies in vivo (Ashrafi & Ryan, 2017; Diaz-Garcia
et al., 2017; Machler et al., 2016), and illustrate the complexity of brain
metabolism.

Whatever the nature and source of the fuels used by neurons may
be, the general consensus is that mitochondria are fundamental to neu-
rons, which are oxidative; while astrocytes are glycolytic cells at the
service of neuronal energetic needs. This view underestimates the role
that mitochondria may play in astrocytes. However, several observa-
tions link excitatory neurotransmission with astrocytic anaplerosis and
cataplerosis (i.e., reactions that respectively replenish or deplete TCA
intermediaries). For example, glutamate taken up by astrocytes is con-
verted in part to alpha-ketoglutarate by oxidative deamination and is
incorporated into the TCA cycle (Belanger & Magistretti, 2009;
McKenna, 2007; McKenna et al., 2016; Sonnewald, Westergaard, &
Schousboe, 1997), to generate pyruvate and lactate by cataplerotic
reactions (Schousboe, Scafidi, Bak, Waagepetersen, & McKenna, 2014;
Sonnewald, Westergaard, Petersen, Unsgard, & Schousboe, 1993).
Also, astrocytes typically express pyruvate carboxylase. This prototypi-
cal anaplerotic enzyme produces oxaloacetate, from which glutamate
can be generated if there is an operative TCA cycle (Lovatt et al., 2007;
Shank, Bennett, Freytag, & Campbell, 1985; Waagepetersen, Qu,
Schousboe, & Sonnewald, 2001; Yu, Schousboe, & Hertz, 1982). More-
over, a recent study in isolated mitochondria has revealed comparable
oxidative phosphorylation in astrocytes and neurons, despite molecular
differences in ETC complexes (Lopez-Fabuel et al., 2016). And, finally,
astrocyte mitochondria have an active role in calcium signaling (Agar-
wal et al, 2017; Eraso-Pichot et al., 2017). This is a key element of
astrocyte excitability, mediating astrocyte actions in the so-called cere-
brovascular unit that controls the coupling of brain metabolism with
blood flow (Belanger et al., 2011).

Overall, the view that astrocytes are only glycolytic is simplistic
and underestimates astrocyte metabolic functions. To better under-
stand the complexity of neuroenergetics, we investigated astrocyte
mitochondrial functions. On the premise that the functions of mito-
chondria can be inferred from their molecular makeup, we compared
the “mitochondriome” of astrocytes and neurons. The mitochondriome
was based on the MitoCarta (Pagliarini et al., 2008) and on transcrip-
tome databases of cells isolated from four sources: normal mouse
brains, mouse spinal cords before and after injury, cultured postnatal
astrocytes, and fetal and adult human brains. Functional validation was
carried out in cultured astrocytes. The findings indicate that the metab-
olism of astrocytes is versatile and complex and that mitochondrial

fatty acid oxidation (FAO) in astrocytes is a key element in brain
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metabolism. Our results therefore imply that core tenets in neuroener-

getics, such as glucose is the main brain fuel, ought to be revised.

2 | MATERIALS AND METHODS

2.1 | Databases and their treatment

We used MitoCarta (Pagliarini et al., 2008), the mouse transcriptome
(Anderson et al., 2016; Cahoy et al., 2008; Doyle et al., 2008; Lovatt
et al, 2007; Zhang et al., 2014) and the human brain transcriptome
databases (Zhang et al., 2016). We applied the alias2Symbol function
from Bioconductor organism packages to convert all gene identifiers
from all databases to their official gene symbols. We used logarithm
base two-fold changes of expression (log2FC) to assess expression dif-
ferences between conditions. All in-house R scripts are available under
request. Organelle gene lists were extracted from the “Cellular Compo-
nent” ontology of the GO terms using AmiGO 2.0 software. Lists of
genes used for each organelle are available in Supporting Information
Dataset S5.

2.2 | Standard gene set enrichment analysis (GSEA)

We performed GSEA with the software provided by the Massachusetts
Institute of Technology (Subramanian et al., 2005). Normalized enrich-
ment score (NES) and false discovery rate (FDR) were used to quantify

enrichment magnitude and statistical significance, respectively.

2.3 | In-house GSEA

We designed an in-house GSEA that uses the proportion of genes with
a log2FC greater than 2 (or lower than —2) within a given gene set to
determine the magnitude of enrichment under a particular condition or
conditions. The statistical significance of the enrichments were
assessed post-hoc with an exact binomial test considering the propor-
tion of genes with log2FC greater than 2 (or lower than —2) with
respect to the proportion of over-expressed genes of each cell type in

the whole database.

2.4 | Tissue culture

Primary cultures of cortical astrocytes were obtained from 1-day-old
Sprague-Dawley rats as previously described (Barcel6-Torns et al.,
2011). In brief, rats were decapitated and the brain was immediately
dissected out, minced and incubated for 10 min at 37°C in Ca®"-free
Krebs Ringer Buffer (KRB) containing 0.025% trypsin. Tissue was
mechanically triturated and cells were filtered through a 40-um nylon
mesh in the presence of soybean trypsin inhibitor and 170 1U/ml
DNAse. Collected cells were plated in T150 flasks in DMEM medium
supplemented with 10% fetal bovine serum (FBS), 50 units/ml penicillin
and 50 pg/ml streptomycin. Cells were maintained at 37°C in a humidi-
fied atmosphere containing 5% CO,. After reaching confluence, micro-
glia were removed by mechanical shaking and astrocytes were seeded

in 24-well plates.
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2.5 | B-Oxidation assay

This assay quantifies 3-oxidation measuring BHIH,O generated after
labeling cells with [*H]palmitic acid, as previously described (Cabode-
villa et al., 2013). Rat cortical secondary astrocytes were labeled over-
night with 1 pCi/ml [*H]palmitic acid (10-30 nM, final concentration)
in culture medium containing 0.5% delipidated bovine serum albumin
(BSA). After labeling, cells were washed once with KRB containing BSA
and twice with KRB. Cells were then incubated with fresh KRB for the
indicated times, at different glucose concentrations. Three hours later,
100 pM glutamate was added, if applicable. Etomoxir (30 uM), an inhib-
itor of carnitine palmitoyl transferase 1 and therefore of [°H]palmitic
acid mitochondrial B-oxidation, was added to establish the extent of
[BHIH,O production from

B-oxidation. After the incubations, KRB was transferred to tubes con-

sources other than mitochondrial
taining 1 ml of a 1:2 slurry of Dowex 1 X 2 (chloride form) anionic
exchange resin in H,O. Tubes were vortexed and centrifuged for 2 min
at 1,000 rpm. The resin traps radioactive metabolic intermediates other
than [*H]H,O. Finally, 0.1 ml of the supernatants containing [*H]H,O
were counted for radioactivity. All experiments were done in triplicate
and included a blank control where [3H]H20 was determined immedi-
ately after the addition of KRB buffer without glucose.

2.6 | Reagents

All reagents were from Sigma-Aldrich (St. Louis, MO) except [*H]pal-

mitic acid which was purchased from Perkin Elmer (Waltham, MA).

3 | RESULTS

3.1 | Generation of astrocyte and neuron
“mitochondriomes” in healthy adult brains

To identify the functional signature of astrocyte mitochondria with
respect to neurons, we used the Mitocarta database—the most com-
prehensive inventory of the molecular composition of mitochondria,
comprising of data obtained from 14 mammalian tissues (Pagliarini
et al., 2008). Mitocarta contains 1,098 proteins, which were converted
into 919 genes with the Bioconductor mouse package (Supporting
Information Dataset S1). We first manually classified the mitochondrial
components identified by MitoCarta (Supporting Information Dataset
S1) into 12 functional categories (inner circle, Figure 1). Each category
was further divided into groups. We thus had 12 categories with two
levels of subdivision (Figure 1 and Supporting Information Dataset S1).
For example, the functional category Cellular energy homeostasis was
divided into ATP-related metabolism, Carbohydrate catabolism, Co-fac-
tors metabolism, Ketone body metabolism, Lipid catabolism, Lipid syn-
thesis and Oxidative metabolism. The last group, in turn, was
subclassified in Anaplerosis and cataplerosis, Oxidative phosphorylation
and TCA. Among all the 919 genes analyzed only 69 fell into more
than one functional category. Obviously, categories may contain differ-
ent numbers of genes. Cellular energy homeostasis is the largest group
with 287 genes. This already implies which mitochondrial functions

could be more important.
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FIGURE 1 Functional classification of mitochondrial molecular
components identified by MitoCarta. Genes were classified in 12
functional categories each one represented with a different color in
the inner circle and labeled on the outer ring. Each functional
group was further divided in subcategories (two outer circles)
[Color figure can be viewed at wileyonlinelibrary.com]

Next, mitochondriomes were generated by extracting nucleus-
encoded mitochondrial genes and their relative expressions from the
transcriptomes of mouse astrocytes and neurons isolated from whole
brains or spinal cords. The brain transcriptomes used are available in five
repositories (Anderson et al., 2016; Cahoy et al., 2008; Doyle et al., 2008;
Lovatt et al., 2007; Zhang et al., 2014), and in the Glia Network website
(http://www.networkglia.eu/en). We will henceforth refer to these data-
bases by the name of the first author of the study, viz. Zhang (Zhang
et al., 2014), Doyle (Doyle et al., 2008), Cahoy (Cahoy et al., 2008), Lovatt
(Lovatt et al., 2007), and Anderson (Anderson et al., 2016). The studies
made use of mice at different ages (Zhang, young animals at 7 postnatal
days (P7); Doyle, P17 animals; Cahoy, P1-P30 and Lovatt, 10-12-week-
old mice). Aldh1/1 BAC (Doyle and Zhang), S100B-EGFP (Cahoy) or
GFAP-GFP+/GLT1+ (Lovatt) positive cells were selected as astrocytes,
whereas neurons were selected as L1 expressing cells (Zhang), EGFP-
negative (Cahoy) and Thy1-YFP-positive (Lovatt). In Doyle, 17 cell types
expressing different neuron-specific transgenes under a BAC driven
reporter were used. Isolation of cell-specific materials was carried out by
a combination of FACS and immunopanning (Zhang and Cahoy), translat-
ing ribosome affinity purification (TRAP) (Doyle) and FACS (Lovatt). To
determine gene expression, Zhang used RNA-sequencing, whereas the
other three studies used the Affymetrix microarray platform. All the mito-
chondriomes are in Supporting Information Dataset S2. The diversity of
cell-selection procedures, isolation protocols and mouse age is a strength
of the analysis because it ensures the robustness of the conclusions

derived from the comparisons among mitochondriomes.

3.2 | Mouse GSEA

The mitochondriomes of astrocytes and neurons were then compared
by standard GSEA (Subramanian et al., 2005), which allows detecting
statistically significant expression differences of a given set of genes in
different phenotypes or conditions. Because the standard GSEA
requires raw expression data, and these are only available in the Cahoy,
Doyle and Zhang databases, only these three databases were used at

this stage. As in all other analyses in the present manuscript, only
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FIGURE 2 Heat maps of mitochondrial functions in mouse brain. (a) Standard GSEA analysis of mitochondrial functions (rows) in
astrocytes versus neurons according to Zhang, Doyle, and Cahoy mouse brain transcriptomes (columns). The color scale indicates
Normalized Enrichment Score (NES), from dark blue (over-expressed in neurons) to dark red (over-expressed in astrocytes). Statistical
significance is given by the False Discovery Rate (FDR). *p < .01 and ***p < .0001. (b) In-house GSEA of astrocyte versus neuronal over-
expressed genes in Zhang, Doyle, Cahoy, and Lovatt transcriptomes. The color scale represents the percentage of genes over-expressed
(log2FC > 2) in astrocytes (red) or neurons (blue). *p < .01, **p < .001, and ***p < .0001, according to the exact binomial test [Color figure
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MitoCarta-based functional groups with 10 or more genes were ana-
lyzed. Results clearly show that none of the functional groups are over-
expressed in neurons versus astrocytes (Figure 2a). By contrast, the two
main groups Lipid catabolism/Fatty acid beta-oxidation and Protein
catabolism/Amino acid catabolism, are significantly over-expressed in
astrocytes versus neurons in all databases except for the second group
in the Doyle database. Interestingly, these functional groups belong or
are related, in the case of Amino acid catabolism, to the category of
Cellular energy homeostasis, suggesting the importance of mitochon-
drial metabolic functions in astrocytes.

To include Lovatt data in the analyses, we took the log 2 (fold
change) of the data (log2FC), and performed an in-house GSEA. In
brief, this method gives us the percentage of over-expressed genes
(log2FC > 2 or< —2) in each functional group and gene-set percen-
tages in neurons and astrocytes are compared with a binomial analysis.
The in-house GSEA showed a high coincidence with the previous
standard GSEA. No functional group is over-represented in neurons
compared with astrocytes, but three groups are over-represented in
astrocytes compared with neurons in at least two transcriptomes:
catabolism/Fatty
homeostasis/Protein

Cellular-energy  homeostasis/Lipid acid  beta-

oxidation, Protein catabolism/Amino  acid
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catabolism, and Amine, alcohol and aldehyde metabolism (Figure 2b).
Since the Lovatt database presents slightly different patterns of gene
expression, we performed a correlation analysis of gene expression
among databases. The Zhang, Doyle and Cahoy databases present high
correlation coefficients between each other, and low correlations with
Lovatt (Figure 3a). One can speculate that, different subpopulations of
astrocytes were selected for the Lovatt study, or that older mice brains
perform less oxidative metabolism (discussed below).

Overall, the data indicate over-representation of mitochondrial
gene expression in astrocytes versus neurons. Importantly, this over-
representation is not due to transcriptome bias, because the distribu-
tion of genes according to their relative expression in astrocytes versus
neurons is even when all genes are considered. It is shifted to astro-
cytes in all transcriptomes—except Zhang—when only mitochondrial
genes are taken into consideration (Figure 3b). Specifically, 131 genes
of mitochondrial proteins are over-expressed (log2FC > 2) in astrocytes
compared with neurons versus 24 genes over-expressed in neurons
compared with astrocytes (log2FC < —2) in Doyle; 87 versus 20 in
Cahoy; 74 versus 25 in Zhang and 50 versus 15 in the Lovatt database.
The results contradict the prevailing view that astrocyte mitochondria
are of lesser importance than neuronal mitochondria.
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3.3 | Fatty acid oxidation in astrocytes

To gain further insight into the distinct functional signature of astrocyte
mitochondria, we examined the individual genes over-expressed in

astrocytes in at least two transcriptomes (Table 1). In Cellular energy

homeostasis, 19 out of the 36 over-expressed genes are related to
canonical FAO. Notably, they encompass all the enzymes associated
with this pathway (Figure 4b), including long-chain fatty acid transport
to mitochondria by Ctpla and Ctp2, in agreement with recent findings

TABLE 1 List of genes over-expressed in astrocytes and neurons in at least two transcriptomes of mice cortex

Main group
Amine, alcohol and aldehyde metabolism
Cell death

Cellular energy homeostasis

Membrane lipid metabolism and dynamics
Mitochondrial biogenesis and dynamics
Neurotransmitter metabolism

Nucleic acid metabolism

Protein homeostasis

Redox homeostasis
Signaling
Transport across membranes

Unknown function

Astrocytes

Aldh7a1, Aldh9a1, Adhfel, Sardh

Aifm3, Bcl2

Acaa2, Acad11, Acadl, Acadm, Acat3, Acot1, Acot2, Acss1,
Ak4, Car5b, Cptla, Cpt2, Crot, Decrl1, Echdc3, Ecil, Eci2,
Ehhadh, Etfa, Gk, Glud1, Gpam, Gpt2, Hadh, Hadhb,

Hmgcs2, Idh2, Pcx, Pdk2, Pdk4, Phyhipl, Sfxn5, Slc25a18,
Slc25a20, Suclg2, Ucp3

Agpat5, Gk, Gpam, Idi1

Mfn1

Abat, Glud1, Maob

Aldh1l1, Fars2, Lactb2, Mthfd1

Aass, Abat, Acadl, Aldh6al, Aldh7al, Dhtkd1, Dnajc19,
Gcat, Gesh, Gldc, Glud1, Gpt2, Hibadh, Hibch, Ivd, Lap3,
Maob, Oat, Prodh, Prss35, Pacrg, Sdsl, Serhl, Suox

As3mt, Dhrs4, Gstk1, Msrb2, Prdxé, Sqrdl, Tst

Ddah1, Efhd1, Gng5, Mcurl, Ptgr2

Abcd2, Slc25a18, Slc25a20, Slc25a34, Slc25a35, Ucp3

BC026585, Ccdc90b, Hsdl2, Lyrm5, Pnkd, Pxmp2

Neurons

Acsl1, Acsl4, Acsl5, Atpif1, Ckmt1, Gls, Gls2,
Got2, Me3, Pdp1, Slc25a22

Atp10d

Gls ,GIs2

Nipsnap1

Alas2, Bcat1, GlIs, GIs2, Tomm70a

Dusp26, Pak7
Slc25a22
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(Jernberg, Bowman, Wolfgang, & Scafidi, 2017). There is also over-
expression of enzymes related to the oxidation of unsaturated fatty
acids, namely Decr1, Eci1 and Eci2 (Table 1). In addition to FAO genes,
the over-expression of three groups of genes in astrocytes versus neu-
rons supports that FAO does occur in astrocyte mitochondria. First,
there are Pdk4 and Pdk2, genes that encode for pyruvate dehydrogen-
ase kinases, which inhibit pyruvate dehydrogenase, preventing pyru-
vate conversion to acetyl-CoA. As a consequence, malonyl-CoA would
not be produced from glucose (Foster, 2012) and would not inhibit the
entrance of acyl-CoA (activated fatty acids) into the mitochondrion
(Panov, Orynbayeva, Vavilin, & Lyakhovich, 2014). Second, there are
genes related to enzymes that, if acetyl-CoA comes from FAO rather
than from glucose oxidation, would ensure the replenishment of TCA
intermediates through the following reactions: (1) anaplerotic reactions
such as the transformation of pyruvate into oxaloacetate by pyruvate
carboxylase (Pcx); (2) catabolism of glycogenic amino acids such as Gly-
cine (Gldc, Gesh), Alanine (Gpt2), Valine (Hibadh, Hibch, Aldhéal), Serine
(Sdsl, Serhl) and Proline (Prodh) in astrocytes; and (3) conversion of glu-
tamate to alpha-ketoglutarate, as there is high expression of Slc25a18
in astrocytes, which transports glutamate to the mitochondria. Also
there is high expression of Glud1, a glutamate dehydrogenase that cata-
lyzes the oxidative deamination of glutamate to alpha-ketoglutarate
(McKenna, 2007). Third, there are genes related to protection against
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oxidative stress. The concern that FAO may cause excessive oxidative
stress (Schonfeld & Reiser, 2017) is unwarranted because there is over-
expression of Prdxé in astrocytes, an enzyme participating in the reduc-
tion of H,O,, and Msrb2, which provides protection against oxidative
stress (Ugarte et al., 2013). This agrees with studies showing that astro-
cytes have higher levels of a variety of antioxidant molecules (including
glutathione, ascorbate, and vitamin E) and display greater activities of
cytosolic enzymes that detoxify reactive oxygen species such as gluta-
thione S-transferase, glutathione peroxidase, and catalase (Belanger
et al., 2011). Also there are a further five genes related to Redox home-
ostasis and aldehyde dehydrogenases over-expressed in astrocytes
compared with neurons. Moreover, we should highlight that fatty acid
availability is not a limiting step for astrocyte FAO as fatty acids are
transported into the brain by either rapid passive diffusion and/or
facilitated transport across the Brain Blood Barrier (Ebert, Haller, &
Walton, 2003; Jernberg et al., 2017; Schonfeld & Reiser, 2013). Fur-
ther, astrocytes could oxidize fatty acids from intracellular lipid droplets
(Cabodevilla et al., 2013; Gubern et al., 2008). All in all, astrocytes
appear to be endowed with the necessary molecular tools to carry out
mitochondrial FAO.

In this vein, an active TCA cycle fueled by acetyl-CoA from FAO
and carbon backbones derived from amino acid catabolism can produce

glutamine or pyruvate, from cataplerotic reactions (Lovatt et al., 2007,
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McKenna, 2007; Sonnewald et al., 1993). Hence glutamine and/or lac-
tate could be supplied to neurons. Neurons could convert glutamine to
glutamate via glutaminases Gls and GIs2, which have a higher expres-
sion in neurons compared with astrocytes (Table 1). Alternatively,
acetyl-CoA from FAO could be diverted to ketogenesis, as astrocytes
overexpress Hmgcs2 which encodes HMG-CoA synthase 2, the rate-
limiting enzyme of this pathway (Table 1). But some authors claim keto-
genesis in the brain of fed animals is minimal (Ebert et al., 2003).

Altogether, the computerized analyses suggest that FAO is a con-
stitutive metabolic pathway in astrocytes, compatible with glycolysis.
To validate this prediction experimentally, we measured FAO in astro-
cytes by quantifying the production of [°H]H,O from [*H]palmitic acid.
We chose cultured astrocytes to demonstrate unequivocally that astro-
cytes perform FAO. First, we confirmed that cultured astrocytes were
a valid model by comparing the mitochondriomes of cultured astro-
cytes versus astrocytes isolated from adult mice (Cahoy et al., 2008)
with the in-house GSEA (Supporting Information Dataset S3). We
observed that there is no significant difference in Fatty acid beta-
oxidation between cultured and brain-isolated astrocytes (Figure 4a).
Second, we detected FAO in astrocytes. In the presence of 10 mM glu-
cose FAO decreased by ~50%, but it was not abolished (Figure 4c).
The data thus demonstrate the coexistence and interplay of FAO and
glycolysis. Third, we examined FAO in the context of acutely increased
glycolysis, as it occurs in vivo during task-elicited excitatory neurotrans-
mission. This entails the release of glutamate that stimulates glucose
uptake and glycolysis rate in astrocytes (Pellerin & Magistretti, 1994).
To mimic this scenario, 100 uM glutamate was added 3 hr after the ini-
tial time of measurement of FAO. We observed that glutamate stops
the accumulation of [°H]H,O, suggesting a complete inhibition of FAO
(Figure 4c). The effect is noticeable as early as 30 min after the addition
of glutamate, and does not depend on increased glycolysis, because it
is observed also in the absence of external glucose (Figure 4c). The
data support the capacity of astrocytes to simultaneously use glucose
and fatty acids, except under conditions of high excitatory neuronal
activity.

3.4 | Astrocyte mitochondria upon injury

The data thus far indicate that FAO is constitutive in normal astrocytes
and finely regulated. In order to study what happens in injury, we com-
pared with standard GSEA the mitochondriomes of spinal-cord astro-
cytes versus non-astrocytic cells 2 weeks after spinal-cord injury
caused by severe crush and lateral compression, a model characterized
by the appearance of reactive astrocytes (Anderson et al., 2016). Note
that under normal conditions, the expression of mitochondrial genes in
spinal cord astrocytes compared with other cell types is similar to
astrocytes versus neurons in the healthy forebrain (Supporting Informa-
tion Figure S1 and Dataset S3). Strikingly, the analysis revealed that
mitochondrial functions were globally reduced in astrocytes after
injury, with a statistically significant decrease in: Cellular energy home-
ostasis/Pyruvate metabolism, Lipid metabolism/Fatty acid oxidation,
Oxidative metabolism/Oxidative phosphorylation and TCA, Mitochon-
drial DNA translation, Amino acid catabolism, and Small-molecule
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transport (Figure 5a). Although, we cannot assign these changes of the
mitochondriome to a specific astrocyte population among those
reported to appear in the injured brain (Wanner et al., 2013), our data
support that fatty acid and amino acid based oxidative metabolism is a

normal function of mitochondria that is impaired in brain injury.

3.5 | Astrocyte mitochondria in human brains

At present there is no evidence that FAO takes place in the human
brain, probably due to the difficulty of measuring such activity in living
subjects or in postmortem samples. Therefore, we took advantage of
human brain transcriptomes available in Zhang et al., 2016 as a unique
resource to elucidate the existence of FAO in human astrocytes. How-
ever, we did not perform GSEA-based comparisons between mitochon-
driomes of human astrocytes and neurons because the neuronal
databases are available from only one subject. Instead, we performed
standard GSEA comparing astrocyte transcriptomes with transcrip-
tomes from the whole cortex from the same study. The lists of genes
used can be found in Supporting Information Dataset S4 and the heat
map in Figure 5b. Cellular energy homeostasis/Lipid catabolism/Fatty
acid oxidation together with Oxidative metabolism/oxidative phospho-
rylation and TCA genes, Protein homeostasis and Nucleic acid metabo-
lism/mitochondrial DNA translation are significantly over-expressed in
astrocytes compared with whole cortex. The data therefore supports
the existence of FAO and oxidative metabolism in human astrocytes.

Mitochondrion activity is associated with cell differentiation
(Wanet, Arnould, Najimi, & Renard, 2015). The databases used so far
derive from cells isolated from mice and humans at different ages, sug-
gesting that FAQ is present in both young and adult brains. But does it
increase or decrease with astrocyte maturation? That is, is mitochon-
drial activity also crucial for astrocyte maturation? As noted, the com-
parison between cultured postnatal astrocytes and astrocytes isolated
from adult brain serves to argue in favor of a potentiation of astrocyte
mitochondrial functions with maturation. To further analyze this
hypothesis, we compared, with standard GSEA, mitochondriomes from
astrocytes isolated from fetal and adult human brains (Zhang et al.,
2016). The lists of genes used can be found in Supporting Information
Dataset S4. Almost all mitochondrial functions are over-expressed in
adult versus fetal human astrocytes (Figure 5c). Specifically, Lipid catab-
olism/Fatty acid oxidation is, again, overexpressed in a statistically sig-
nificant manner together with Oxidative metabolism/Oxidative
phosphorylation and TCA, Protein catabolism/Amino acid catabolism,
and Amine, alcohol and aldehyde metabolism as well as Membrane lipid
metabolism and dynamics, Neurotransmitter metabolism and Oxidative
stress. All in all, the GSEA suggest that mitochondrial functions are
increased in astrocytes during development, and that oxidative metab-
olism fueled by FAO and amino acid catabolism takes place in adult
human astrocytes.

Finally, we wanted to check if the increased expression of genes
encoding for mitochondrial proteins upon maturation is exclusive to
this organelle or it is a general trait. To this purpose we examined the
distribution of genes encoding for components of different organelles

with respect to their relative gene expression in adult versus fetal
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FIGURE 5 (a) Heat map of mitochondrial functions after spinal cord injury. Standard GSEA comparing spinal cord astrocytes before and
2 weeks after injury. Colors indicate Normalized Enrichment Score (NES). Groups enriched in WT astrocytes are represented in red while
groups enriched in injured astrocytes are represented in green. *p < .01, **p < .001, and ***p < .0001 FDR. (b) Heat map of mitochondrial
functions after standard GSEA analysis comparing human astrocytic and whole cortex transcriptomes. The color scale indicates NES, from

dark blue (over-expressed in whole cortex) to dark red (over-expressed in astrocytes). *p < .01 and ***p < .0001 FDR (c) Heat map of
mitochondrial functions after standard GSEA analysis comparing adult versus fetal human astrocytes. Color indicates NES, green is
enrichment in adult astrocytes and yellow in fetal astrocytes. *p < .01, **p < .001, and ***p < .0001 FDR. (d) Analysis of log2FC
distributions of total gene expression for different organelles in adult versus fetal human astrocytes. Positive numbers represent genes
highly expressed in adults, while negative numbers represent genes more expressed in fetal stages [Color figure can be viewed at

wileyonlinelibrary.com]

human astrocytes (in log2FC; Supporting Information Dataset S5). The
distribution of “total genes,” genes related to the “endoplasmic reticu-
lum” and genes related to the “Golgi apparatus” is even between fetal
and adult cells. By contrast, genes encoding for ‘nuclear proteins’ are
over-represented in fetal astrocytes, whereas genes encoding for ‘mito-
chondrial proteins’ are over-represented in adult astrocytes (Figure 5d).
This indicates that the increased production of mitochondrial constitu-
ents during development is a unique feature of this organelle, at least

in human astrocytes.

4 | DISCUSSION

This study represents the most extensive and integrated analysis of the
expression of nuclear-genes encoding for mitochondrial proteins in the
nervous system, to date. We have used data from: (1) four databases
generated from mouse brains at different ages using different method-
ologies either to identify and isolate cells or to analyze gene expression;
(2) cultured astrocytes; (3) fetal and adult human astrocytes; and (4) spi-
nal cord astrocytes. The results support the relevance of astrocyte

mitochondria and define different mitochondrial functional signatures
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in astrocytes versus neurons. Importantly, we strongly suggest that
FAQ is active in human astrocytes.

Our analyses show that the expression of TCA and oxidative-
phosphorylation-related genes in mice is not different in astrocytes and
neurons. Previous studies have reached the same conclusions as our
analyses. In fact, Lovatt and colleagues reported that genes related to
oxidative metabolism are upregulated in astrocytes versus neurons
(Lovatt et al., 2007), but our analyses are more restrictive and do not
reach statistical significance. Moreover, activities of complexes I-1V of
the mitochondrial ETC have been recently shown to be the same in
neurons and astrocytes isolated from mouse brains, despite the fact
that complex | is predominantly assembled into super complexes in
neurons but not in astrocytes (Lopez-Fabuel et al., 2016). That astro-
cytes are oxidative in humans is also supported by nuclear magnetic
resonance in vivo showing mitochondrial glutamate oxidative metabo-
lism after the addition of acetate (Bluml, Moreno-Torres, Shic, Nguy, &
Ross, 2002; Lebon et al., 2002). Despite this evidence, the possibility
that astrocytes are oxidative has been overlooked. Indeed, most
reviews about brain metabolism, even recent ones, consider glucose as

the only energy substrate, FAO being ignored (Belanger et al., 2011;
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Lopez-Fabuel et al., 2016; Raichle, 2015), or denied (Schonfeld & Rei-
ser, 2013, 2017). However, FAO was calculated to account for 15-
20% of total brain oxidative energy production (Ebert et al., 2003;
Panov et al., 2014), and direct and indirect evidence argue in its favor
(Cabodevilla et al., 2013; Ebert et al., 2003; Edmond, Robbins, Berg-
strom, Cole, & de Vellis, 1987; Jernberg et al., 2017; Kawamura, 1988;
Panov et al., 2014; Sayre et al., 2017). Nevertheless, which cells per-
form FAO in whole brains has not been clarified. Our study provides
molecular evidence to support that FAO takes place in the CNS, and its
compartmentalization is mainly in astrocytes. Unlike previous findings,
our conclusions come from an extensive range of transcriptomes of iso-
lated astrocytes, FAO being a significant hit in all the astrocyte mito-
chondriomes analyzed. Robustness of the conclusions is also supported
by the fact that all the FAO enzymes are overexpressed in astrocytes
versus neurons at least in two mice transcriptomes, and this coincides
with human data. A drawback of our study is that it is mainly based on
data from transcriptomic studies, and hence it may not precisely reflect
metabolic fluxes (Chubukov et al., 2013). Nevertheless transcriptomic
studies have previously led to the identification of metabolic pathways
(Corominas et al., 2013; Hu, Gu, Sun, Bai, & Wang, 2016) and they are
a sound approach to address brain metabolism in humans (Barros et al.,
2017). Moreover, genomic-based models have been extensively used
to study metabolic networks (Duarte et al, 2007) and to simulate
metabolic-based phenotypes of cancer cells (Gruetter, Seaquist, &
Ugurbil, 2001; Lewis & Abdel-Haleem, 2013; Lewis et al., 2010).

Our experiments in vitro confirm the co-existence of aerobic gly-
colysis and FAO in astrocytes, as forecast in a review (Panov et al.,
2014). They also agree with recent findings that suggest FAO occurs in
the presence of glucose in mouse hippocampus and cortex (Jernberg
et al., 2017). We show that FAQ in astrocytes is versatile, because it is
inhibited by high concentrations of glutamate, resembling states of
high excitatory neuronal activity. It is well established that glutamate
up-regulates glycolysis in astrocytes (Bittner et al., 2011; Loaiza, Porras,
& Barros, 2003; Pellerin & Magistretti, 1994), which may account for
[18F]-Fluorodeoxyglucose PET neuroimaging (Zimmer et al., 2017).
However, the inhibition of FAO by glutamate does not appear to
depend on glycolysis, because it also takes place in the absence of glu-
cose. Without ruling out the possible involvement of glutamatergic
receptors, glutamate induced inhibition of FAO might be a result of its
uptake leading to: (1) an inhibition of the mitochondrial long-chain fatty
acid transporter CPT1, as has been shown in permeabilized hepato-
cytes (Guzman, Velasco, Castro, & Zammit, 1994); (2) activation of
acetyl-CoA carboxylase, increasing levels of malonyl-CoA, and hence
inhibiting CPT1, as shown previously in other tissues (Boone, Chan,
Kulpa, & Brownsey, 2000); and/or (3) acidification of mitochondria and
reduction of oxygen consumption (Azarias et al., 2011). Whatever the
precise mechanism of FAO inhibition might be, it seems paradoxical
that glutamate can inhibit FAO while entering the TCA and giving rise
to lactate to be delivered to neurons (McKenna, 2007; Sonnewald
et al.,, 1993). However, acetyl-CoA entering the TCA could come from
other sources than FAO, namely amino acid catabolism, glucose or gly-

cogen, as previously reported (Dienel & Cruz, 2004; Nissen et al.,
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2017; Nissen, Pajecka, Stridh, Skytt, & Waagepetersen, 2015; Swanson,
1992).

We suggest that FAO is key for brain metabolism. The fine regu-
lated use of glucose, fatty acids and amino acids by astrocytes provide
the brain with high flexibility. FAO also ensures ATP production
needed under different physiological or pathological conditions. In this
regard, our observations that FAO enzymes are downregulated in spi-
nal cord injury agree with a metabolic depression suggested after acute
spinal cord trauma (Levine et al., 2016) and with observations that FAO
is protective in stroke (Sayre et al., 2017). Thus we propose a role of
FAO in brain disease progression and that its restoration could have a
therapeutic benefit. Considering that astrocytes become a heterogene-
ous population after spinal cord injury including reactive and newly
generated astrocytes (Wanner et al., 2013), future studies should clarify
the fate of FAO in each astrocyte type at different times after injury,
and what happens to astrocyte FAO in neurodegenerative diseases.

A most important implication of the existence of a versatile mito-
chondrial metabolism in astrocytes of adult human brain, including oxi-
dative metabolism by way of FAO and amino acid catabolism, is the
interpretation of imaging techniques that monitor neuronal activity
based on oxygen consumption or availability. An example is BOLD-
MRI, which is widely used to monitor neuronal activity, and that also
depends on blood flow. First, if astrocyte FAO consumes high amounts
of O, and it is inhibited by glutamate, it follows that the increase in glu-
cose consumption in astrocytes triggered by excitatory neuronal activ-
ity would be accompanied by a decrease in O, consumption. This
might explain one of the big enigmas in neuroenergetics and neuroi-
maging: why are task-elicited increases in blood flow and glucose con-
sumption only marginally matched by increases in O, consumption
(Belanger et al., 2011; Fox, Raichle, Mintun, & Dence, 1988)? Second,
is astrocyte FAO coupled to blood flow and O, availability, as meas-
ured by the BOLD signal? Third, beyond task-dependent metabolic
requirements—the most studied paradigm in the relationship between
brain function and energy metabolism; does astrocyte FAO sustain
astrocyte functions during intrinsic activity, the activity of the brain in
the absence of external inputs (Raichle, 2015)?

Finally, we demonstrated the over-expression of genes encoding
for mitochondrial proteins compared with other organelles in adult
human astrocytes including FAO, amino acid catabolism and oxidative
metabolism-related genes. Our results are an important addition to
findings showing that glycogen metabolism, aerobic glycolysis and lac-
tate release are markers of astrocyte differentiation from neural stem
cells (Brunet, Allaman, Magistretti, & Pellerin, 2010; Brunet et al.,
2004). Our data confirm that astrocytes also follow the golden rule of
increased mitochondrial activity and metabolism during differentiation
(Wanet et al., 2015), but reveal cell-specific particularities. For example,
when neurogenesis is induced by PGC1lalfa-mediated mitochondrial
biogenesis, there is no upregulation or downregulation of FAO
enzymes (Stoll et al., 2015). However, according to our data, astrocyte
maturation implies an increase in FAO and amino acid catabolism, in
agreement with the developmental upregulation of carnitine palmitoyl
transferases and acyl-CoA dehydrogenases in young mice (Jernberg
et al, 2017). We thus argue that the key point in deriving astrocytes
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from iPSCs, or neurons from astrocytes, is mitochondrial specialization,
and not the switch from a non-oxidative to an oxidative phenotype.
Interestingly, a meta-analysis of glucose and oxygen consumption
across the human lifespan concluded that anaerobic glycolysis appears
to decrease dramatically in the elderly, whereas oxygen consumption is
slightly higher (Goyal et al., 2014). This raises the possibility that astro-
cyte FAO gains importance in aging.

In summary, the study reveals astrocyte mitochondria as key, spe-
cialized organelles in the adult brain and broadens the perception that
astrocytes are merely glycolytic cells. They are glycolytic and fatty acid
and amino acid oxidative cells. This metabolic complexity should be
taken into consideration when examining the relationship between
brain energy metabolism and function in health and disease, as well as
in development.
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VII. GENERAL DISCUSSION

Plasticity is the ability of a specific cell or network to functionally and structurally
modify themselves in response to experience (von Bernhardi et al.,, 2017). In the brain,
plasticity is crucial for all brain functions, from learning and memory processes to
functional recovery after injury (Pascual-Leone et al., 2005).

In the brain, the most studied form of plasticity is neuronal plasticity, consisting of
changes in neuronal functions in response to different stimuli. One of the most well
known forms of neuronal plasticity is synaptic plasticity, which in short consists in
changes in synaptic strength that are linked with learning and memory (Takeuchi et al.,
2014). Interestingly, synaptic plasticity includes different mechanisms performing a
broad range of adaptive responses: from short-term plasticity mechanisms lasting
milliseconds (Abbott and Regehr, 2004) to long-term plasticity, which includes the
typical forms of Hebbian plasticity (LTP and LTD), which last from minutes to months
(Abraham, 2003) (Martin et al., 2000).

Our laboratory is interested in how experience changes pivotal functions of astrocytes
such as calcium signals or metabolism, in what is called “astrocyte plasticity”. These
modifications in astrocyte physiology may, in turn, affect neuronal functions,
establishing a mechanism of bidirectional communication between both cells.
Understanding how astrocyte plasticity is developed -which neuronal signals produce
which changes, for how long, and how they affect higher-brain functions- is one of the
key questions in the astrocyte field. However, “astrocyte plasticity” is a novel concept
rarely used, and it has not been as studied as its importance deserves. Indeed, most of
the works addressing astrocytic changes in response to experience (neuronal
activation) focused on short-term adaptations, without the need of de novo gene
expression.

The results presented in this dissertation show a mechanism of long-term “astrocyte
plasticity” involving the transcription factor CREB, known to be activated by neuronal
activity (Carriba et al., 2012). We have demonstrated that CREB activation in astrocytes
in response to neurotransmitters, neuromodulators, or using the viral construct VP16-
CREB induces changes in calcium signals and energy metabolism. Concretely, our results
point to two specific CREB-dependent targets, the ER chaperone SigmaR1 and the
lactate transporter MCT4 as the two proteins that mediate these changes.

In addition to the CREB-mediated response, we have shown that astrocytic metabolism
is highly adaptive, with changes in mitochondrial gene expression during development
or injury situations and with short-term adaptive responses such as fatty-acid oxidation
(FAO) inhibition after glutamate stimulation.

Taken together, our results represent the initial foundation to address “astrocyte

plasticity” in increasingly complex paradigms, defining the concept in a wider way and
establishing different types of astrocyte adaptive responses.
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CREB-induced astrocyte plasticity

Our results show that CREB activation in astrocytes induces a complex and
multifunctional response. In the first chapter, we have described that CREB activation in
astrocytes reduces astrocytic cytosolic calcium rises, while, at the same time, it increases
mitochondrial calcium entry and ER-release through the expression of the MAM protein
SigmaR1. In the second chapter, we have discovered that activation of CREB-dependent
transcription enhances the expression of the monocarboxylate transporter 4 and
increases lactate release. In order to integrate both functions in a physiological
environment, we have to understand the state-of-the-art of astrocytic calcium and
lactate release, as well as in which situations CREB can be activated:

1. ER-dependent cytosolic calcium rises are implicated in neuromodulator effects

As explained in the introduction, astrocytes release gliotransmitters in response to
increases in cytosolic calcium (Araque et al., 2014). Although the exact mechanism is not
fully understood (Sahlender et al, 2014), astrocytic calcium effects are no longer
questioned, in part thanks to the recent technical advances in the field (Volterra et al,,
2014). In fact, astrocytic calcium rises and gliotransmitter release have been implicated
in neuronal synaptic plasticity (De Pitta et al.,, 2016), but also in the neuromodulatory
effects of volume transmitters (Bekar et al., 2008) and in the global synchronization of
brain electrical activity (Poskanzer and Yuste, 2016).

Interestingly, the recent discovery of different astrocytic signals in different cellular
compartments has changed completely our mind about astrocytic calcium functions,
since what we previously put together as “calcium rises”, now represent different
signals and probably different functions (Volterra et al,, 2014). In this sense, although it
is still being investigated, focal distal events independent from ER-calcium may be
related to the control of synaptic activity in close neurons (Stobart et al., 2018), while
ER-dependent calcium rises might be implicated in the responsiveness to
neuromodulators and in the global control of cortical states.

In our model (cultured astrocytes), calcium signals basically rely on the release from the
endoplasmic reticulum. Thus, the reduction in cytosolic calcium rises may represent an
adaptive mechanism to functions performed by ER-calcium release inducers, this is,
neuromodulators like noradrenaline (NA) or acetylcholine (Ach).

Neuromodulation is the regulation of multiple neurons at the same time via the
chemical release of “volume transmitters”. These neuromodulators target slow-acting
receptors of different neurons thus producing a much global slow-acting response.
These pathways include the previous stated NA and Ach, but also serotonin or
dopamine, among others. These neuromodulator pathways have been implicated in
different brain functions, such as arousal, reward or learning (Lee and Dan, 2012).

Recent studies suggest that part of the effects of these neuromodulators may be

performed by astrocytes. The fact that the modulator is released globally, probably
targeting surrounding astrocytes and that the time course effect of astrocytic activity
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is several orders of magnitude slower than neurons (Vardjan et al,, 2016), as it is the
effect of the neuromodulation, suggest that astrocytes are the ideal candidates to
contribute to the effect.

In fact, both Ach and NA have been implicated in astrocytic calcium responses. In the
case of NA, locus coeruleus (LC) stimulation leads to cortical astrocyte activation
(calcium transients) in vivo (Bekar et al, 2008). Moreover, physiological stimuli
known to activate NA release, such as startle response or sensory stimulation
produced a global activation of cortical astrocytes (Ding et al., 2013). Regarding ACh,
stimulation of the cholinergic nucleus basalis of Meynert induces global calcium rises
in cortical astrocytes. Interestingly these effects are related to cytosolic calcium rises
from ER release, since they are not produced in the IP3R;-KO (Takata et al., 2011)
(Chenetal,, 2012).

These ER-dependent calcium signals have been seen to induce changes in Ach-
induced synaptic plasticity in the hippocampus (Navarrete et al., 2012), in the visual
cortex (Chen et al,, 2012) and in the barrel cortex (Takata et al.,, 2011). In the case of
NA effects through astrocytes, its release primes astrocytes to react to neuronal
stimuli, probably controlling astrocytic responses according to behavioural states
(Paukert et al, 2014). Finally, studies in Drosophila showed that slow-acting
modulators (equivalents to NA or Ach in rodents) such as tyramine and octopamine
produced increases in astrocytic calcium together with alterations in dopaminergic
neuronal firing and behavioural alterations (Ma et al, 2016), confirming the
importance of astrocyte calcium in the neuromodulator signalling.

Neuromodulator activity produce ER-dependent calcium rises in astrocytes, which,
through release of gliotransmitters, induce changes in synaptic plasticity, neuronal
responsiveness and finally behaviour. The reduction in cytosolic calcium seen in our
results has to be framed inside this neuromodulator effects.

2. Mitochondrial calcium entry is related to increased metabolism and glutamate
oxidation

As stated before, in addition to a decreased cytosolic calcium rises, agonist-induced
CREB activation in astrocytes show an increase in mitochondrial calcium entry.
Interestingly, mitochondrial calcium entry is related to an increase in mitochondrial
metabolism, via activation of multiple mitochondrial enzymes (Griffiths and Rutter,
2009).

In astrocytes, recent reports suggested that increases in mitochondrial calcium entry are
related to changes in mitochondrial metabolism (Natarajaseenivasan et al., 2018). At the
same time, this mitochondrial calcium entry is related to the oxidation of glutamate,
arresting the organelle near sites of glutamate uptake (Jackson et al., 2014) (Jackson and
Robinson, 2015) (Stephen et al,, 2015). The increase in mitochondrial calcium entry
seen in CREB-activated astrocytes, suggest an increase in mitochondrial metabolism
that should be integrated in the CREB-mediated response.
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3. Lactate release is involved in synaptic plasticity

As explained in the introduction, there are many controversies about the mechanism
of lactate-induced effect on synaptic plasticity, although there is consensus regarding
the consequences. Recent reports demonstrated that lactate induces plasticity in
neighbouring neurons, inducing a plethora of genes related to synaptic plasticity
(Yang et al., 2014). In fact, aerobic glycolysis, which is the production of lactate from
glucose in the presence of oxygen and seems to be directly related to the astrocytic
compartment in the brain (Belanger et al., 2011), is highly increased during early
developmental stages in humans, with a peak at 5 years of age, a critical period of
brain development (Goyal et al.,, 2014). Aerobic glycolysis persists in some regions,
related to an increase in plasticity related genes in these regions, linking astrocyte
lactate release with synaptic remodelling in human adults (Magistretti, 2014).

Regarding the mechanism, lactate may be used as a metabolite, since their uptake
impairs long-term memory formation (Suzuki et al, 2011) (Wang et al, 2017)
(Steinman et al.,, 2016), or as a signalling molecule through the newly discovered
lactate GPCR receptor: HCAR1 (Bozzo et al, 2013) (Lauritzen et al., 2014). This
receptor, previously studied in different tissues, is highly expressed in the CNS
(Bergersen and Gjedde, 2012). HCAR1 is coupled to Gi proteins, meaning that, upon
activation, cAMP production is inhibited. HCAR1 activation reduces spiking frequency
in cultured cortical neurons (Bozzo et al., 2013), and mediates the VEGF production
and angiogenesis produced by exercise-derived lactate (Morland et al., 2017).

4. Neuromodulation activates CREB, implications for synaptic homeostasis

Previous studies from our laboratory have demonstrated that NA activates CREB in
astrocytes (Carriba et al., 2012), which has been confirmed in our results.

NA release is controlled by the noradrenergic projections from the LC, a small nucleus
containing a low number of neurons but with projections to almost all brain areas
(Aston-Jones and Waterhouse, 2016). NA release is done through non-junctional
varicosities or en passant synapses thus allowing broad changes in different cells
from the area through volume transmission.

NA functions include maintenance of the arousal and wakefulness state, enhancing
memory formation, and mediating the “fight or flight” response. Interestingly, LC
firing is related to these different functions. During wake states, LC exerts a tonic
firing, with low frequency continuous bursts during the state. However, whenever a
relevant stimulus is detected, a phasic high frequency firing from the LC releases NA
to different brain areas (Devilbiss and Waterhouse, 2011). This way, LC is able to
maintain attentional circuits necessary for working memory and sensory processing,
while facilitating shifts in connectivity and coding functions whenever an important
stimuli is produced (Sara, 2009) (O'Donnell et al., 2015).
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These two firing types may explain two different situations in which astrocytic CREB
is activated. On the one hand, high frequency NA release in response to relevant or
strong stimuli may lead to a high concentration of the transmitter in a specific brain
area, activating CREB transcription in those astrocytes. On the other hand, the tonic
NA release may accumulate in the extracellular space activating CREB during the
awake state.

Integration of CREB-mediated effects

We can speculate of the biological meaning of CREB activation in astrocytes. First, our
results showed a CREB-induced reduction in cytosolic calcium responses. Second, CREB
activation in astrocytes leads to an increase in mitochondrial calcium, which has been
shown to increase mitochondrial metabolism. Third, CREB activated astrocytes increase
the expression of MCT4 and lactate release.

As we have mentioned before, astrocytic CREB may be activated in intense firing
situations or due to cumulative NA tonic release. We are going to use the latter as a
paradigm of which can be the consequences of CREB-induced changes, but the same
hypothesis may be valid for the former in cases of high electrical activity. Tonic NA
release during the awake phase may activate CREB in astrocytes. In fact, 20% of
genes increased during wakefulness were seen to be under control of LC-released NA
and related to an increase in CREB phosphorylation (Cirelli et al., 1996) (Cirelli and
Tononi, 2004), without distinguishing between neuronal or astrocytic genes. In fact,
transcriptomic analyses of astrocytes from awake compared to sleep mice showed
that Gem, Crem, Nr4al and Nr4a3 are upregulated during the awake period (Bellesi et
al,, 2015), all of them targets of CREB activation in astrocytes (Pardo et al., 2017).

According to the synaptic homeostasis hypothesis, during the waking periods there is
a continuous evoked activity, which is related to an increased synaptic potentiation
throughout the brain. However, during the sleep state, the low brain activity is
related to a decrease in global synaptic depression, in order to consolidate critical
long-term potentiation (Vyazovskiy et al., 2008) (Tononi and Cirelli, 2014).

As stated before, if astrocytic CREB is activated during the day due to the tonic firing
of the LC, the reduction of the calcium raises may happen during the sleep phase, in
order to promote memory consolidation. This will fit with the fact that CREB
stimulation reduces calcium responses up to 12h, as seen in chapter 1.

Regarding mitochondrial calcium and lactate release potentiation, which seem
counterintuitive at first sight, we can speculate of a global metabolic response
mediated by astrocytic mitochondria, a highly adaptive organelle as we have seen in the
results of the third chapter.

First, neuronal-induced CREB activation in astrocytes produces an increase in glycolytic
enzymes (Hasel et al, 2017) in order to increase lactate production and release.
Although aerobic glycolysis is energetically inefficient, we have demonstrated that it co-
exists with fatty acid and amino acid oxidative metabolism. Therefore, CREB-activated
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astrocytes may develop mitochondrial metabolic adaptation to other substrates. In
agreement, transcriptomic arrays performed by our group showed mitochondrial
functions such as oxidative phosphorylation, TCA cycle or FAO as a clear hit of CREB-
activated astrocytes (Pardo et al, 2017). Interestingly, some of the upregulated
mitochondrial metabolic functions in astrocytes in response to CREB activation are
those that we have described as typically astrocytic in the third chapter of this
dissertation. These results are further supported by a recent study suggesting that
differentiation of glioblastoma cells into astrocytes is mediated by a metabolic
reprogramming towards oxidative metabolism through CREB (Xing et al., 2017).

Thus, CREB activation in astrocytes may lead to potentiation of mitochondrial
metabolism, involving the usage of substrates other than glucose while increasing
lactate release to promote synaptic plasticity. Whether these phenomena appear at the
same time in the same astrocytic processes or it is process-specific needs further study.
In vivo astrocytes present a very complex morphology, with primary and secondary
processes that emerge from the soma and intensely branched ultra-thin
prolongations of the cytoplasm that arise from these processes. All these final thin
prolongations form the known sponge-like structure. Moreover, these thin processes,
which are far beyond diffraction limits, are in close contact with synapses, often
enwrapping them (Papouin et al.,, 2017a). In fact, a single astrocyte can cover up to
100,000 synapses (Oberheim et al., 2012). Thus, it seems plausible that each thin
process may have differences in protein expression and, while some of them control
lactate release to surrounding synapses, in other processes mitochondrial metabolic
oxidation is maintaining the energetic supply of the astrocyte. In fact, a recent study
suggests that astrocytic peripheral processes contain the machinery to induce local
translation, specifically of mRNAs related to fatty acid and glutamate metabolism
(Sakers etal,, 2017).

Second, mitochondrial calcium, in addition to be a mechanism of calcium sink and thus
reduce cytosolic calcium and glutamate release (Reyes and Parpura, 2008), has been
related to glutamate and FAO in astrocytes (Natarajaseenivasan et al., 2018) (Jackson
and Robinson, 2015), supporting the idea of this metabolic change in CREB-activated
astrocytes. In line with that, astrocytic CREB and the transcription factor NFxf have
been seen also to increase the expression of the glutamate transporter GLT-1, the
most important glutamate transporter in astrocytes (Karki et al., 2013). Although we
have not studied this pathway, it will perfectly fit in our hypothesis since glutamate
uptake can be related to the increase in mitochondrial metabolism while at the same
time reduces synaptic glutamate levels to maintain this CREB-induced steady state.

This way, while increasing lactate release and mitochondrial metabolism, CREB
downregulates cytosolic calcium and subsequent gliotransmitter release,
downscaling the electrical stimulation to neighbouring neurons while potentiating
lactate release and maintaining its oxidative metabolism. This way, astrocytic CREB is
feeding synapses after their potentiation probably mediating their plasticity. This
phenomenon may happen both during high frequency stimulation (acute NA firing or
ATP release) or due to the tonic NA release during the awake state.
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In line with that, a very recent and surprising report has demonstrated how
astrocytes contribute to hippocampal NMDA signalling in response to Ach
neuromodulation depending on the time of the day (Papouin et al.,, 2017b). In this
study, hippocampal slices from mouse brains obtained at the end of the active phase
had increased D-serine release, which in turn depended on Ach stimulation of the
astrocyte. However, during night phase, lower Ach stimulation led to lower D-serine
release, contributing to the synaptic downscaling and memory consolidation
occurring during sleep. Whether astrocytic CREB reduction in cytosolic calcium is
implicated in this night downregulation needs to be addressed.

Astrocytic CREB and neuroprotection

Of special interest is the role that astrocytic CREB may develop in different
neuropathologies. Previous studies from our laboratory have demonstrated a
therapeutical role of astrocytic CREB in traumatic brain injury, where it maintains
mitochondrial stability alleviating energy-metabolism dysfunction (Pardo et al,
2016). However, AD patients show metabolic alterations compared to healthy brains
(Thomas et al., 2015), calcium transients in astrocytes are altered in AD models
(Kuchibhotla et al., 2009) and noradrenergic dysfunction is one of the main hallmarks
of neurodegenerative disorders such as Alzheimer’s (AD) and Parkinson’s (PD)
diseases. In fact, LC pathology often precedes the symptoms of each disorder,
probably contributing to their initiation rather than being collateral damage
(Weinshenker, 2018).

Thus, the results of my research allow us to frame astrocytic CREB as a target for
Alzheimer’s disease. In fact, different studies observed downregulated CREB
signalling in AD transgenic mouse models (Pugazhenthi et al., 2011) (Qin et al., 2016)
and AD patients (Bartolotti et al.,, 2016), without analysing if there is also CREB
downregulation in astrocytes. Taking into account the downregulation of LC-released
N4, it seems quite plausible that CREB activation in astrocytes may be impaired as
well.

On the one hand, CREB reduces cytosolic calcium rises while increasing
mitochondrial calcium entry. The effect is mediated by an increase in SigmaR1
expression, which is reduced in AD patients (Mishina et al., 2008) (Jansen et al., 1993)
and its downregulation has been related to AD symptoms (Jin et al., 2015). Thus, the
absence of these CREB-induced changes in astrocytic calcium through SigmaR1 may
be a cause for the excessive calcium transients in astrocytes of AD models, in addition
to previously described mediators (Delekate et al., 2014). On the other hand,
metabolic alterations seen in AD patients, such as a reduction in glucose utilization
and lactate release (Chen and Zhong, 2013) (Merlini et al., 2011), as well as alteration
in FAO (Snowden et al., 2017), may be relieved by astrocytic CREB activation.

It is therefore of capital important to analyse if astrocytic CREB signalling is a
neuroprotective agent in neurodegeneration, and treatments addressed to activate
CREB in AD have to take into account the astrocytic alterations in AD as well (Teich et
al., 2015).
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Mitochondrial metabolic plasticity

We have shown that astrocytes have a complex and adaptive mitochondrial
metabolism, having roughly the same expression of mRNAs related to TCA cycle or
oxidative phosphorylation processes than neurons while containing significantly
more transcripts related to other substrates metabolism. Functions such as
aminoacid metabolism, FAO or amine, alcohol and aldehyde metabolism are
consistently upregulated in astrocytes compared to neurons. Moreover, we have
demonstrated that these mitochondrial functions in astrocytes are upregulated
during development and inhibited in injury situations. Finally, we have demonstrated
that FAO is produced in astrocytes even in the presence of glucose, and that this
oxidative metabolism is inhibited in the presence of glutamate.

The results obtained in this study represent a step forward in the field because
astrocytic mitochondrial metabolism has been completely ignored in important
reviews (Weber and Barros, 2015) (Supplie et al, 2017). Moreover, they establish
astrocytic mitochondria as a highly plastic organelle. First, its components are
transcriptionally controlled since there is global downregulation of mitochondrial
mRNAs in response to injury. The injury-induced downregulation may be
transcriptionally directed, in fact, transcription factors such as PGC-1a are able to
control mitochondrial biogenesis through target genes (Hock and Kralli, 2009).
Interestingly, PGC-1a is a target CREB gene (Herzig et al, 2001). Although the
mechanism of downregulation of mitochondrial functions is out of the scope of our
interests, it represents another transcriptional adaptive process by which external
signalling (in this case from injury processes), modifies astrocytic functions through
transcription modelling. Second, neuronal stimulation -glutamate addition- inhibits
basal FAO, showing an immediate adaptive response to neural activity. The inhibition of
FAO in the presence of glutamate is a paradigm of how astrocytes modify their
functions in response to neuronal stimuli. In this context, the adaptive mechanism
may not require gene expression, since the effect is seen immediately because 3H30
concentration after 30 min is the same than before glutamate stimulation. This means
that glutamate stops FAO as soon as it reaches the astrocyte.

This novel metabolic adaptive response is similar to other metabolic astrocytic
adaptations to neuronal stimuli, such as the increase in aerobic glycolysis in the
presence of glutamate (Pellerin and Magistretti, 1994) or neuronal released
potassium (Bittner et al, 2011). Regarding the mechanism to explain glutamate-
induced inhibition of FAO, one plausible possibility is that astrocytes present an
active mitochondrial metabolism, with acetyl-coA from glucose and FAO and, upon
neuronal firing (through released potassium or glutamate), astrocytes change their
metabolism towards a glycolytic metabolism to release lactate for neurons. This may
explain the subtle increase in oxygen consumption in activated regions compared to
the high increases in blood flow and glucose consumption, as discussed in chapter 3.

In summary, results presented in this dissertation show a wide range of astrocyte
adaptations to different inputs, from neuromodulation to neurotransmission and
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injury processes, and establish astrocytic mitochondrial metabolism as a hub for
these plasticity processes.

Future work

Overall, we have made new contributions to understand astrocytic plasticity, breaking
dogmas and setting up new concepts. Therefore, our results lead to new important
questions and open new fields of research.

Regarding CREB activation, we have shown an astrocyte-based form of long-term
depression in which agonist-calcium signaling is reduced. Undoubtedly, it will be
interesting to explore if CREB is the only mediator of such phenomena, or it can be
activated also by other transcription factors. Of interest, as well, it to know if these
mechanisms can be achieved by short and continuous cell-stimulation, if there is a
threshold in agonist concentration or if activation of other transcription factors can lead
to a similar outcome.

One of the most necessary future directions is to further address effects of CREB
activation in vivo. Preliminary results of CREB inhibition in vivo and analyzing calcium
signals in slices point to differences between in vitro and in vivo; three different but
equally valid reasons may explain these controversial observations:

First, regional differences. All our in vitro experiments were done in cortical astrocytes;
however, the in vivo experiments were performed in hippocampal CA1 astrocytes. Many
recent transcriptomic and proteomic analyses describe different astrocytic populations,
both inter- and intra-regionally. In these studies, morphological differences were
associated with changes in gene and protein expression as well as with different
properties (John Lin et al., 2017) (Morel et al.,, 2017). As an example, in a recent work
striatal astrocytes were found to be different to hippocampal astrocytes in
electrophysiological properties, morphology, synaptic coverage and calcium currents, in
parallel with differences in gene and protein expression (Chai et al.,, 2017). Thus, one
possibility is that cortical and hippocampal astrocytes present different protein
expression and calcium signals. Finally, age differences could also apply. In our in vitro
calcium signalling studies, we used postnatal day 1 astrocytes, whereas adult mouse
where used for the ex vivo calcium signalling studies (Cahoy et al., 2008). However, we
have seen CREB-dependent SigmaR1 expression in astrocyte adult cultures and in our
astrocytic VP16-CREB transgenic mouse model.

Second, it has not been unequivocally demonstrated in which situations CREB is
activated in astrocytes in vivo. As explained during this discussion, CREB may be
activated due to high frequency firing or a constant tonic NA release. However, our first
trials were done with the dominant negative A-CREB without a previous CREB
stimulation, since the VP16-CREB was affecting in vivo astrocyte viability. Thus, one
plausible explanation is that we did not analyze the situations in which CREB is found
active. Stimulation of the locus coeruleus or incubation of the slices with noradrenaline
before the calcium experiment might be a possible mechanism to activate CREB in
astrocytes and see the effect of the inhibition in activity-regulated transcription. In line
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with that, an interesting and necessary experiment is to analyze in vivo situations in
which CREB is activated in astrocytes, such as after induction of physiological NA or ATP
release or even depending on the active/sleep phase. Interestingly, the recent
development of techniques to analyze in vivo CREB activation in different tissues may be
a highly valuable tool (Akhmedov et al.,, 2016) (Akhmedov et al., 2017) (Ishimoto et al,,
2015).

Third, SigmaR1 is known to have other functions in calcium signals, such as modulation
of different membrane calcium channels (Soriani and Rapetti-Mauss, 2017). As
explained before, calcium signals differ in vivo and in vitro, being extracellular calcium
entry (which is relatively small in cultured astrocytes but really important in in vivo
astrocytes) one of the most important differences. Thus, one possibility is that SigmaR1
functions differ between in vivo and in vitro models.

Regarding CREB-induced astrocytic metabolic changes, again, it will be interesting to
understand for how long are they maintained, which other transcription factors might
be implicated and how is it produced in vivo.

First future steps will need to analyze how in vivo CREB activation in astrocytes may
change brain metabolism. My laboratory has done a metabolome analysis of the VP16-
CREB mouse model and we have seen interesting differences in metabolites both in
basal conditions and under traumatic brain injury processes. In vitro, we are interested
in analyzing how other metabolic functions can be changed in CREB-activated
astrocytes. Oxygen consumption measurements using the Seahorse technology
experiments showed no differences in mitochondrial metabolism in CREB-activated
astrocytes in the presence of glucose (addendum chapter 2). However, results obtained
in chapter three suggest that CREB metabolic changes may be related to the usage of
other astrocytic specific metabolites, such as aminoacids (like glutamate) or fatty acids,
while increasing lactate production from glucose.

Finally, results obtained in the third chapter established FAO as a important metabolic
pathway in astrocytes, in turn regulated by neuronal activity. The discovery opens many
questions regarding brain metabolism, such as which is the contribution of this FAO in
basal and active brain. Does it change after in vivo neuronal stimulation? Which would
be the consequences of a global inhibition of FAO in all astrocytes? Inhibition of some
enzymes from the pathway specifically in astrocytes will be a valuable tool to address
this question, as it has been done in Drosophila (Schulz et al., 2015).

It is important to mention the value of analyzing big data from other laboratories, which
was the strategy followed in the third chapter. Global tendency nowadays in big
laboratories is to generate tons of data that will be published in a public repository
without being further analyzed. For small laboratories, access to this data allows us to
reach important conclusions with no cost from data obtained using last-generation
techniques and spending a huge amount of money. Moreover, these data come from
different laboratories and different models, enhancing the power of the results.
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To finalize, in addition to be a step further in astrocyte knowledge, results presented
here involve a wide range of different and original techniques, adding weight to the
resulting conclusions.
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IIX. CONCLUSIONS

Astrocytes undergo adaptive functional changes in calcium excitability and lactate
release as a consequence of transcriptional programs mediated by CREB. Specifically:

o Activation of CREB-dependent transcription decreases calcium responses in
fetal and adult cultured astrocytes.

o The reduction in cytosolic calcium events is mediated by the enhanced
expression of the chaperon SigmaR1, which increases ER-calcium release and
mitochondrial calcium buffering.

o SigmaR1 transcription is also increased by CREB in adult cultured astrocytes
and in vivo in a transgenic mouse expressing the active form of CREB, VP16-
CREB, in astrocytes.

o Inhibition of endogenous CREB ex vivo in hippocampal astrocytes modulates
spontaneous and phenylephrine-induced calcium responses in the soma and
primary processes of astrocytes.

o Activation of CREB-dependent transcription in cultured astrocytes enhances
the expression of the lactate transporter MCT4 and hence lactate release.

o Transcriptional regulation of MCT4 by CREB in normoxia is independent of
HIF-1a, whereas MCT4 expression induced by HIF-1a in hypoxia is dependent
on CREB.

We have generated the mitochondriomes of astrocytes and neurons using the relative
expression of nuclear genes encoding for mitochondrial constituents available in
mouse and human brain-cell transcriptome repositories. GSEA and functional
validations have revealed:

o Greater expression of genes related to oxidative metabolism, namely fatty acid
oxidation and aminoacid catabolism, in astrocytes than in neurons.

o Fatty-acid oxidation coexists with glucose consumption but is inhibited by
glutamate in astrocytes.

o Increased expression of genes related to mitochondrial functions upon
astrocyte maturation and downregulation in injury.
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