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Summary of the thesis

Glucose has been considered the major, if not the exclusive, energy substrate for the brain.
But under certain physiological and pathological conditions other substrates, namely
monocarboxylates (lactate, pyruvate and ketone bodies), can contribute significantly to satisfy
brain energy demands. These monocarboxylates need to be transported across the blood-brain
barrier or out of astrocytes into the extracellular space and taken up into neurons. It has been
shown that monocarboxylates are transported by a family of proton-linked transporters called
monocarboxylate transporters (MCTs). In the central nervous system, MCT2 is the
predominant neuronal isoform and little is known about the regulation of its expression.
Noradrenaline (NA), insulin and IGF-1 were previously shown to enhance the expression of
MCT2 in cultured cortical neurons via a translational mechanism. Here we demonstrate that
the well known brain neurotrophic factor BDNF enhances MCT2 protein expression in
cultured cortical neurons and in synaptoneurosome preparations in a time- and concentration-
dependent manner without affecting MCT2 mRNA levels. We observed that BDNF induced
MCT2 expression by activation of MAPK as well as PI3K/Akt/mTOR signaling pathways.
Furthermore, we investigated the possible post-transcriptional regulation of MCT2 expression
by a neuronal miRNA. Then, we demonstrated that BDNF enhanced MCT2 expression in the
hippocampus in vivo, in parallel with some post-synaptic proteins such as PSD95 and AMPA
receptor GIuR2/3 subunits, and two immediate early genes Arc and Zif268 known to be
expressed in conditions related to synaptic plasticity. In the last part, we demonstrated in vivo
that a downregulation of hippocampal MCT2 via silencing with an appropriate lentiviral
vector in mice caused an impairment of working memory without reference memory deficit.
In conclusion, these results suggest that regulation of neuronal monocarboxylate transporter
MCT2 expression could be a key event in the context of synaptic plasticity, allowing an

adequate energy substrate supply in situations of altered synaptic efficacy.



Résumé du travail de thése

Le glucose représente le substrat énergétiqgue majeur pour le cerveau. Cependant, dans
certaines conditions physiologiques ou pathologiques, le cerveau a la capacité d’utiliser des
substrats énergéiques appartenant a la classe des monocarboxylates (lactate, pyruvate et corps
cétoniques) afin de satisfaire ses besoins énergétiques. Ces monocarboxylates doivent étre
transportés a travers la barriere hématoencéphalique mais aussi hors des astrocytes vers
I’espace extracellulaire puis re-captés par les neurones. Leur transport est assuré par une
famillle de transporteurs aux monocarboxylates (MCTSs). Dans le systéme nerveux central, les
neurones expriment principalement I’isoforme MCT2 mais peu d’informations sont
disponibles concernant la régulation de son expression. Il a été montré que la noradrénaline,
I’insuline et I’'IGF-1 induisent I’expression de MCT2 dans des cultures de neurones corticaux
par un mécanisme traductionnel. Dans cette étude nous démontrons dans un premier temps
que le facteur neurotrophique BDNF augmente I’expression de MCT2 a la fois dans des
cultures de neurones corticaux et dans les préparations synaptoneurosomales selon un décours
temporel et une gamme de concentrations propre. Aucun changement n’a été observé
concernant les niveaux d’ARNm de MCT2. Nous avons observé que le BDNF induisait
I’expression de MCT2 par I’activation simultanée des voies de signalisation MAPK et
PI3K/Akt/mTOR. De plus, nous nous sommes intéressés a une potentielle régulation par les
micro-ARNs de la synthése de MCT2. Ensuite, nous avons démontré que le BDNF induit
aussi I’expression de MCT2 dans I’hippocampe de la souris en parallele avec d’autres
protéines post-synaptiques telles que PSD95 et GIuR2/3 et avec deux «immediate early
genes » tels que Arc et Zif268 connus pour étre exprimés dans des conditions de plasticité
synaptique. Dans un dernier temps, nous avons démontré qu’une diminution d’expression de
MCT2 induite par le biais d’un siRNA exprimé via un vecteur lentiviral dans I’hippocampe de
souris génerait des deficits de mémoire de travail sans affecter la mémoire de référence. En
conclusion, ces résultats nous suggérent que le transporteur aux monocarboxylates neuronal
MCT2 serait essentiel pour I’apport énergétique du lactate pour les neurones dans des
conditions de haute activité neuronale comme c’est le cas pendant les processus de plasticité

synaptique.



Abbreviation list

Akt: serine/threonine protein kinase from
AKT virus

ANLSH: astrocyte-neuron lactate shuttle
hypothesis

AMPA receptor: alpha-Amino-3-
hydroxy-5-methy-4-isoxazol receptor
Arc: activity-regulated cytoskeleton-
associated protein

ATP: adenosine triphosphate

BBB: blood brain barrier

BDNF: brain derived neurotrophic factor
aCamKI1: acalmodulin kinase 11

cDNA: complementary DNA

CNS: central nervous system

DNA: deoxyribonucleic acid

elF: eukaryotic initiation factor

ERK: extracellular-regultaed kinase
GLAST: glutamate aspartate transporter
GLT1: glutamate transporter 1

GLUT: glucose transporter

GIluR, glutamate receptors

IGF-1: insulin-like growth factor-1

kDa: kilodalton

LDH: lactate dehydrogenase

MCTs: monocarboxylate transporters
MEK: mitogen-activated protein kinase
Kinase

miRNA: micro ribonucleic acid
MNK-1: MAPK-interacting kinase 1
MTOR: mammalian target of rapamycin
NA: noradrenaline

NMDA receptor: N-methyl-D-aspartic
acid receptor

NMR: nuclear magnetic resonance
P38 MAPK: p38 mitogen-activated
protein kinase

PBS: phosphate buffer saline

PCR: polymerase chain reaction

PET: positron emission tomography
P13K: phosphoinositide 3-kinase
PSD-95: postsynaptic density-95
RNA: ribonucleic acid

RT: reverse transcription

S6K: S6 kinase

SD: standard deviation

Sem: standard error of the mean

SNAP25: Synaptosomal-associated protein

25

TCA cycle: tricarboxylic acid cycle
TM: transmembrane segment
Zif268: zinc finger protein 268



Chapter 1



Chapter 1

Introduction

The brain is a complex organ which is composed of around 100 billions of cells. The two
principal cell types found in the brain are neurons and glial cells. Neurons are highly
polarized cells and specialized for information transmission. They are interconnected by
synapses. Among glial cells, astrocytes which are up to five times more numerous than
neurons (in certain human brain areas) constitute half of the brain volume and are involved in
many functions such as synthesis of neuroactive substances, neurotransmitter recycling,

synaptic activity modulation, immune roles and trophic as well as energetic support.

This thesis work focused on the regulation of one particular transporter in neurons under
conditions purported to reflect synaptic plasticity. This neuronal transporter, called MCT2
(monocarboxylate transporter 2) is involved in the transport of monocarboxylates such as
lactate, principally produced by astrocytes from glucose and proposed to be a major energy

substrate for active neurons.
In this context, it is essential to describe the processes involved in cerebral energetic

metabolism, as well as the specific roles of the monocarboxylate transporter family and their

regulations at the cellular level to understand the potential role of MCT2 in synaptic plasticity.
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1.1 Brain energy metabolism: an overview

1.1.1 Glucose metabolism in the brain

For more than 50 years, glucose has been considered as the major energetic substrate for the
brain (Mcllwain, 1956). Sokoloff and colleagues have shown that the adult brain consumes
around 50% of the oxygen and 10% of the glucose provided via blood vessels, corresponding
respectively to 20% and 25% of the organism total consumption (Sokoloff, 1960). Glucose
transport takes place across the BBB via specific transporters expressed by endothelial cells
forming capillaries (GLUT1 55KDa), as well as on cerebral cells like astrocytes (GLUT1
45kDa) and neurons (GLUT3) (Maher et al., 1994). After entry into the brain, glucose is
almost completely oxidized to CO; and H,O via glycolysis and the TCA cycle (Review
Magistretti, 1999).

Glycolysis is the energy producing process by which intracellular glucose is metabolized to
pyruvate, resulting in the net formation of two ATP molecules per glucose. Glycolysis
account only for a minor part of the ATPs produced from glucose. The largest amount is
produced by the mitochondrial oxidative phosphorylation cascade which oxidizes pyruvate
into CO, and H,O and leads to the production of about 30 molecules of ATP per molecule of
glucose. Because of its higher ATP yield, oxidative phosphorylation represents the source of
most of the energy needed for neuronal signalling (Raichle and Mintum 2006). Nevertheless,
glycolysis has advantages when energetics needs to be increased rapidly: it is independent of
oxygen and can produce cytosolic ATP faster than oxidative phosphorylation. In such case
however, pyruvate must be converted into lactate to generate NAD" and maintain glycolysis
rate, leading to transient lactate accumulation (Raichle and Mintun 2006). Even if glycolysis
produces far less energy than oxidative phosphorylation, it can be of strategic importance in

particular circumstances as we will see below.

Apart from ATP, another form of energy which is important for cerebral function is carried by
nicotinamide adenine dinucleotide phosphate (NADPH). NADPH represents a source of
reducing equivalents and is produced predominantly by the processing of glucose through the
pentose phosphate pathway. Metabolic energy in the form of reducing equivalents is required
for biosynthetic reactions in which the precursors are in a more oxidized state than the
products (e.g. the reductive synthesis of fatty acids from acetyl-CoA which are components of
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myelin and of neural cell plasma membranes) as well as for scavenging of reactive oxygen

species (ROS) which are highly damaging to cells (Magistretti 2003).

1.1.2 Energy consuming processes in the brain

The cerebral processes consuming the major part of the energy are the maintenance and the
regeneration of the ionic gradient across the plasma membrane. In particular for Na* and K*
which are important for neuronal excitability. These gradients are predominantly maintained
by the Na'/K*-ATPase which is located in both neurons and astrocytes and is fuelled by ATP.
It was demonstrated that these pumps account for about 50% of basal glucose oxidation in the
nervous system (Erecinska and Dagani 1990). The contribution of different energy consuming
processes in the rodent brain (grey matter) has been estimated and reviewed by Attwell and
Laughlin (Attwell and Laughlin, 2001).

In this review, they simplified the model by treating all neurons as glutamatergic because
excitatory neurons are the major class of neurons in the brain and 90% of synapses release
glutamate. According to this study, it exists a definite hierarchy of energy usage devoted to
signalling. Brain grey matter has an energy usage of 33 to 50 umol of ATP/g/min when
considering the neocortex whereas the energy usage of the whole brain is on average of 21
pmol of ATP/g/min. This phenomenon could be explained by the high signalling-related
energy demand in grey matter. Attwell and Laughlin have predicted that the most energy
demanding processes were both action potentials and postsynaptic potentials that represent
47% and 34% of brain energy expenditures respectively. However recently these values have
been revisited by Alle and colleagues (reviewed by Magistretti 2009). Indeed, the excitatory
postsynaptic potentials mediated by glutamate involve six times more charge transfert than
that underlying action potentials (96 versus 15pC, respectively) (Alle et al., 2009).
Maintenance of resting potentials in both neurons and glial cells (13%) represents a smaller
fraction of energy expenses. Presynaptic calcium entry and neurotransmitter recycling (3%
each) account for even less. It is noteworthy that, apart from signalling mechanisms, protein
synthesis consumes only 2% of the rat brain’s total ATP consumption. Similarly, the turnover
of oligonucleotides and lipids represents approximately 5% of the total rate for the whole
brain (Attwell and Laughlin 2001). It is interesting also to note that earlier reports based on
heat production considered action potentials as a very poor energy consuming process (0.3 to
3%) (Creutzfeldt 1975).

12



Concerning human brain energy consumption, there are still very few data but some studies
based upon positron emission tomography (PET) and nuclear magnetic resonance (NMR)
spectroscopy are attempting to fill in the gap. These techniques permit to monitor alterations
in glucose utilization and metabolism, oxygen consumption and blood flow during activation
of specific brain areas. Positron emission tomography (PET) can measure blood flow, oxygen
consumption and glucose use associated with neuronal activity; the degree of blood
oxygenation is currently thought to contribute to the signal detected with functional magnetic
resonance imaging, while magnetic resonance spectroscopy (MRS) identifies the spatio-
temporal pattern of the activity-dependent appearance of certain metabolic intermediates such
as glucose or lactate (Magistretti and Pellerin, 1999). Energy expenditures in human brain are
similar than those from rodent brain. Indeed, several studies using magnetic resonance
spectroscopy measurements in a variety of experimental settings have shown that the resting
brain accounts for up to 80% of the total energy consumption to support events associated
with neuronal activity (energetic consequences of electrical activity associated with cycling of

neurotransmitters glutamate and GABA) (Shulman et al., 2004).

1.1.3 Brain energy metabolism at the cellular level: The neuron-astrocyte-capillary

metabolic unit

At the cellular level, there are three main partners concerned about brain energy metabolism:
The neurons, the astrocytes and the vascular endothelial cells forming capillaries. It is well
established that neurons represent, at most, 50% of the cerebral cortical volume and that a
ratio of ~ 5-10 astrocytes for 1 neuron is a feature of some brain regions (Tsacopoulos and
Magistretti 1996). Astrocytes are particularly well situated to actively participate in the
distribution of energy substrates from blood circulation to neurons. Astrocytes are polarized
cells with one process contacting the endothelial cells forming capillaries and many processes
contacting neurons. Indeed, astrocytes are stellate cells composed of multiple specialized
processes, like those that surround brain capillaries called endfeet (Kacem et al., 1998). Thus,
astrocytes are ideally positioned to provide coupling between neuronal activity and glucose
uptake, even more so as the specific 45kDa glucose transporter GLUTL1 is abundantly
expressed on endfeet (Morgello et al.,1995). This cytoarchitectural arrangement implies that
astrocytes form the first cellular barrier that glucose entering the brain parenchyma

encounters, and it makes astrocytes a likely site of primary glucose uptake (Figurel.1)
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Figurel.1. Schematic representation of the organization and cooperation between neurons, astrocytes and blood vessels
(taken from Kuffler and Nicholl; “neuron to brain; A cellular approach to the function of the nervous system”, 1976).

In addition to perivascular endfeet, other astrocyte processes are wrapped around synaptic
contacts. At these sites, astrocyte processes possess receptor and reuptake sites for a variety of
neurotransmitters (e.g. glutamate) (Magistretti and Pellerin 1999). Another important feature
of astrocytes is that they form an extensive network interconnected by gap junctions
(Benarroch 2005). The astrocytic gap junctions are permeable to small molecules and permit
cell-cell communication, allowing astrocytes to form a functional syncytium through which

energy metabolites, among others, can circulate (Benarroch 2005) (Figurel.2).
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Figurel.2. Metabolic polarity of the astrocytic syncytium. Astrocytes have various processes that make contact either with
capillaries, neuronal perikaryon, or synapses. In addition, they are connected with each other at gap junctions; through these
junctions small molecules (MW < 1000) can be exchanged. These properties endow the astrocytic syncytium with the
capacity to ensure the transfer of metabolic intermediates from areas of production to areas of demand. Glu, Glutamate; Gln,
glutamine. (Picture from Magristretti et al., 1995)

The aforementioned characteristics are of critical importance for astrocytes to exert their main
functions. These include the removal of excess glutamate and potassium from the synaptic
cleft upon neuronal stimulation and to provide neurons with metabolic support (Magistretti
and Pellerin 1996). Astrocytes also possess the largest energy reserve of the brain in the form
of glycogen. Glycogen has been considered as a metabolic buffer during physiological
activity and its turnover as well as overall levels seem tightly coordinated with synaptic
activity (Hevor 1994; Magistretti 2003). Altogether, these features suggest that astrocytes play
a key role in regulating the distribution of energy substrates from their site of entry in the

brain parenchyma (the capillaries) to their site of utilization (active synapses).

1.2 Monocarboxylates in the CNS

During adulthood, in normal conditions, the entry of energetic substrates other than glucose is
low (Stone 1938; Klein and Olsen, 1947; Mcllwain, 1953). However, glucose can be partially
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substituted by other metabolic intermediates under particular conditions such as starvation

(hypoglycaemia), diabetes or breast-feeding in neonates. Indeed, it was shown that these

particular conditions lead to increased plasmatic levels of the ketone bodies acetoacetate and

D-3-hydroxybutyrate which can be used as metabolic substrates by the brain (Sokoloff 1989)

(Figurel.3). Lactate and pyruvate are also possible energetic substrates for the developing and

adult brain and can sustain synaptic activity in vitro (Mcllwain and Bachelard, 1985; Schurr et

al., 1988). Ketone bodies,

lactate and pyruvate are molecules belonging to the

monocarboxylate group which are charaterized by the presence of only one carboxyl group (-

COOH) in their structure (Figurel.4).
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Figure 1.3. Oxidative metabolism of glucose and other substrates in brain cells. LDH: lactate dehydrogenase (Picture adapted
from Brain energy metabolism course, Prof. Luc Pellerin, University of Lausanne, 2006)
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1.2.1 Perinatal utilization of monocarboxylates

Birth is a period of dramatic changes in body nutrient utilization. During gestation, the foetus
is continuously supplied with substrates coming from the placental circulation. This stable
situation changes with birth which imposes changes in metabolic environment to the
newborn. Studies in the rat showed that the very early neonatal period is always associated
with profound hypoglycemia. Indeed, glucose levels are usually between 2.5 and 3.5mM at
birth and drop to approximately 1mM at one hour of postnatal life. This low glucose level is
accompanied by a low concentration of ketone bodies (around 0.2-0.4mM). Immediately after
birth, the principal source of energy for the newborn brain becomes lactate which is present at
high concentrations in the blood during the presuckling period (Dombrowski et al., 1989;
Vicario et al., 1991). However, the majority of this pool of lactate is consumed during the first

two hours after birth, just before the onset of suckling.

It is well known that during the normal development of both human and rodent brain, there is
a switch in fuel utilization from a combination of glucose, lactate, and ketone bodies (beta-
hydroxybutyrate and acetoacetate) in the immature brain to a total reliance on glucose in the
adult (Cremer 1982; Nehlig 1997). With the onset of suckling and the ingestion of the high-fat
milk diet, rat pups become hyperketonemic and remain so during the suckling period (Nehlig
and Pereira de Vasconcelos, 1993). Whereas cerebral glucose utilization is relatively low in
the newborn rat brain (Nehlig et al., 1988; Vannucci et al., 1994), rates of beta-
hydroxybutyrate uptake and utilization actually peak during the second and third postnatal
weeks before declining to low adult levels after weaning (Cremer et al., 1982; Hawkins et al.,
1986; Nehlig et al., 1991). In the rat pup, these two ketone bodies (beta-hydroxybutyrate and
acetoacetate) are formed by hepatic oxidation in the liver of fat contained in maternal milk
(Hawkins et al., 1971; Cremer 1982) before to be used as significant sources of energy. The
high fat content of both human milk and rodent milk generates circulating ketone body
concentrations sufficient to contribute to the energetic and synthetic needs of early cerebral
maturation (Edmond et al., 1985; Nehlig 1997; Nehlig and Pereira de Vasconcelos 1993).

It was shown that ketone bodies can account for at least 30% of the total energy metabolism
balance in suckling rats (Cremer 1982). However, lactate, beta-hydroxybutyrate and
acetoacetate do not cross the BBB easily and require a transport system to reach the brain

parenchyma. It was demonstrated that these monocarboxylates share a common transport
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system: the monocarboxylate transporters (MCTs) (Cremer et al., 1979; Cremer et al., 1982;
Pellerin et al., 1998a). Then, during the suckling period, the MCTs as well as the enzymes for
ketone body utilization are up-regulated and permit the effective utilization of these
alternative substrates by the brain (Pellerin et al. 1998b). There is a 7-fold increase in cerebral
beta-hydroxybutyrate permeability during the suckling period and an equivalent decrease after
the weaning period (Nehlig 2004). At the end of the suckling period, the high level of ketone
bodies in blood tends to decrease and the rate of cerebral glucose utilization concomitantly
increases (Hawkins et al., 1971). It was demonstrated that in the 15 days old rat, glucose
become the predominant energy substrate (57%) and the beta-hydroxybutyrate and lactate

represent respectively 20 and 23% of the total energy supply of the brain.

1.2.2 Adult brain utilization of monocarboxylates

Under specific conditions, monocarboxylates can be used as alternative substrates for adult
brain energy metabolism (Sokoloff 1989). For example under starvation, diabetes,
hypoglycaemia or intense exercise. All of these situations lead to an increase of ketone bodies
acetoacetate and D-3-hydroxybutyrate or lactate in the plasma, all used by the brain as
metabolic substrates (Sokoloff 1989). Owen and colleagues (Owen et al. 1967) showed that
beta-hydroxybutyrate and acetoacetate replace glucose as brain’s primary fuel during
starvation in obese patients. Similarly, it was shown by quantitative autoradiography that the
brain of starved and diabetic rats increase their capacity to use ketone bodies by up to 50%-
60% in such conditions (Hawkins et al.,1986). In the rat under hypoglycemia, cerebral uptake
of beta-hydroxybutyrate was shown to be greatly increased as well as the transport capacity of
ketone bodies through the BBB (Ghajar et al., 1982; Nehlig 1997). In human adults, during
cardiopulmonary resuscitation, arteriovenous differences indicate that lactate is consumed by
the brain (Rivers et al., 1991). The same results were observed during exercice in human brain
(Ide et al., 1999; Ide et al., 2000; Dalsgaard 2006 ; Dalsgaard and Secher 2007). In the mouse,
lactate injection was shown to reduce cerebral glucose utilization, to induce an increase in
lactate uptake from plasma and an increase in brain oxidation under insulin-induced
hypoglycemia or acute stress conditions (Thurston et al., 1983; Thursten and Hauhart 1989).
Measurements made using microdialysis or lactate-sensitive microelectrodes have shown that
lactate utilization is enhanced upon electrical or behavioural activation (Fellows et al., 1993;
Hu and Wilson 1997), or following brief hypoxic episodes in the rats (Jones et al., 2000).

Thanks to NMR spectroscopy, it was further demonstrated that lactate is efficiently
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metabolized by the brain. A (*C)MR spectroscopy study using intravenous injection of
radiolabelled lactate permitted to confirm in the rat that lactate crosses the BBB and is
metabolized in the brain, in a manner analogous to glucose (Qu et al., 2000). Moreover, these
studies demonstrated that lactate is prominently metabolized in neurons (Bouzier et al., 2000;
Hassel and Brathe 2000; Qu et al., 2000).

In parallel, in human, PET has permitted to monitor alterations in glucose utilization, oxygen
consumption and blood flow during the activation of specific brain area. By this technique,
Fox and Raichle observed an uncoupling between oxygen consumption on one hand and
glucose use or blood flow changes on the other in the visual cortex of human subjects during
intense visual stimulation (Figurel.5) (Fox and Raichle 1986; Fox et al., 1988). Indeed, they
observed a 30 to 40% increase in glucose utilization whereas oxygen consumption only
increased by 6%, indicating that the additional glucose utilized during neuronal activation is
processed primarily through glycolysis rather than through the TCA cycle (mitochondrial
tricarboxylic acid cycle). In this case, if glucose is processed through glycolysis and does not
enter the TCA cycle, lactate will be produced and at least accumulate transiently into the

brain.

Figure 1.5. Stimulation of the human visual cortex with a reversing annular checkerboard when compared with a simple
fixation crosshair (a) produces dramatic increases in blood flow and glucose use in the visual cortex that are unaccompanied
by similar increases in oxygen use (b). The result is an increase in the local oxygen availability (b) because the increased
supply of oxygen by flowing blood exceeds the increased local demand for oxygen. (picture taken from Raichle and Mintun
2006).
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To confirm this hypothesis, studies using MRS technique were performed. For instance, MRS
in humans has revealed that a transient lactate peak is observed in the primary visual cortex
during physiological activation of the visual system (Prichard et al., 1991). In addition,
Mintun and colleagues have shown an increase of the lactate/pyruvate ratio in parallel with
blood flow in physiologically activated human brain using a combination of PET and
functional MRI (Mintun et al., 2004). These observations support the view that during
activation, some brain cells may transiently resort to aerobic glycolysis while others may use
lactate as preferential oxidative substrate (Magistretti and Pellerin 1999; Schurr 2006; Smith
D, 2003; Wyss et al., 2011).

1.2.3 Monocarboxylate utilization at the cellular level

A) Lactate: another neuronal substrate?

The idea that lactate could be a satisfactory alternative substrate for the brain did not easily
gain success as it was considered that substrates other than glucose do not readily enter the
brain (Stone 1938; Klein 1947; Mcllwain 1953). Several studies have appeared confirming
that lactate was efficiently oxidized to CO, by brain tissue and particularly by neurons.
Indeed, lactate oxidation rate equals or is even greater than glucose utilization and it reduced
glucose oxidation to CO; in such in vitro preparations including cultured neurons (Vicario et
al.,1991; Tabernero et al., 1996; McKenna et al.,2001), synaptoneurosomal preparation
(McKenna et al.,1993; 1994; 1998) and brain slices (Ide et al.,1969; Fernandez and Medina
1986). In addition, lactate was shown to be able to fully substitute for glucose in order to
maintain respiration rate of cultured cortical neurons as measured by mitochondrial
dehydrogenase activity (Pellerin et al.,1998a). Other evidences were provided from some
structures associated with the peripheral nervous system further suggesting lactate utilization
by brain cells. Indeed, lactate conversion to CO, was shown to be more rapid than glucose
oxidation to CO; in the vagus nerve (Vega et al.,1998). Then it was shown that lactate is a
better energy substrate than glucose for photoreceptors in the retina (Poitry-Yamate et
al.,1995) and that lactate was extensively oxidized to CO; in the chick sympathetic ganglia
(Larrabee 1996). Further evidence that lactate is a prominent energy substrate in neurons has
been provided ultimately by Zielke et al., showing that lactate was readily oxidized by brain
cells in vivo including neurons (Zielke et al., 2007).
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Another confirmation that lactate was efficiently metabolized by neurons, was made with
Nuclear Magnetic Resonance Spectroscopy (NMR). Thanks to its application to biology,
some studies on cultured glutamatergic and GABAergic neurons have shown that lactate was
metabolized through the TCA cycle in both, leading to labeling of TCA cycle intermediates as
well as several amino acids derived from these (Schousboe et al.,1997; Waagepetersen et al.,
2000). From these studies, lactate can be considered equivalent to glucose considering its
accessibility to the TCA cycle (Waagepetersen et al., 1998a). Note that lactate could serve as
a precursor for the synthesis of the neurotransmitters GABA, glutamate and aspartate
(Waagepetersen et al., 1998b). In a recent report, Boumezbeur et al. (2010) demonstrated
using intravenous infusions of **C-lactate, combined with in vivo **C magnetic resonance
spectroscopy (MRS), that neurons metabolized 80% of the radiolabeled lactate, i.e.,
approximately four times more than glial cells in human brain (Boumezbeur et al., 2010;
Figley 2011). Furthermore, in presence of both glucose and lactate, as it is the case
physiologically, it was shown that lactate is largely preferred as an oxidative energy substrate
over glucose by neurons (Itoh et al., 2003; Bouzier-Sore et al., 2003; 2006). Taken together,
evidences suggest that lactate can be used by neurons as another efficient energetic substrate
in addition to glucose.

B) Functional evidence for the role of lactate as supplementary substrate

for neurons

The pioneering work conducted by Mcllwain revealed that brain tissue is able to efficiently
utilize monocarboxylates (such as lactate) as alternative energy substrates. Indeed, it was
demonstrated that lactate could sustain electrical activity of the nervous tissue (Mcllwain
1953) and could maintain synaptic activity in hippocampal slices (Schurr et al., 1988). Several
studies demonstrated that lactate was not only neuroprotective and preserved morphological
integrity of tissue upon glucose deprivation but was also able to maintain synaptic function
and allowed the induction of long-term potentiation (Fowler 1993; Izumi et al., 1994; 19974a;
1997b; Schurr et al.,1999a; Cater et al.,2001). Other studies showed that lactate, not glucose,
was a necessary substrate for neurons following recovery from an hypoxic episode in

hippocampal slices (Schurr et al., 1997a,b,c), supporting its neuroprotective effect.
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However, these results must be moderated as some other studies had previously found that
evoked granule cell field potentials were only partially preserved when glucose was replaced
by lactate (Cox and Bachelard 1988). In contrast to the results of Schurr (Schurr et al.,1999a),
it was reported that lactate was unable to sustain NMDA activation and maintain K*
homeostasis in absence of glucose (Chih et al.,2001). In addition, long-term potentiation as
evidenced by the enhancement of population spike was reduced following glucose
replacement by lactate. More recent results showing that neuronal activity was diminished in
presence of lactate were obtained by the analysis of *“C-labelled energy substrate oxidation
using young adult organotypic slice cultures (Gilber and Bergold, 2005). In contrast, a recent
study in neonatal hippocampal slices shows that lactate effectively covers energy demands
during neuronal network activity (Ivanov et al., 2011). But quite importantly, this last study
points out to a possible caveat in previous studies on hippocampal slices that were not able to
show the capacity of lactate to sustain neuonal activity. In fact, slices oxygenation seems to
play a critical role in the capacity of lactate to sustain neuronal network activity. Thus, despite
some divergent results that might find a technical explanation, it seems that most studies on
hippocampal slices have highlighted the fact that lactate not only allows to maintain energy
status of the tissue as well as insure survival of brain cells, but it can also sustain neuronal

activity.

In addition to studies on hippocampal slices mentioned before, several studies suggest that
lactate could support neuronal functions. It is the case in the rat optic nerve where it was
shown that the evoked compound action potential can be fully supported when replacing
glucose by lactate (Brown et al., 2001). More recently, Bliss and colleagues demonstrated that
overexpression of MCT2 in hippocampal neuron cultures increased lactate utilization
following glutamate treatment and significantly decreased the neurotoxicity of glutamate
(Bliss et al., 2004). In cultured cortical neurons, lactate was shown to be equivalent to glucose
for sustaining synaptic vesicle turnover during activity (Morgenthaler et al., 2006). Moreover,
a study of Aubert et al., based on a mathematical model of brain lactate kinetics, showed that
the kinetic properties of monocarboxylate transporter isoforms strongly suggest that neurons
represent the most likely compartment for activation-induced lactate uptake. They also
demonstrated that neuronal lactate utilization occurring early after activation onset is
responsible for the initial dip in brain lactate levels observed in both animals and humans
(Aubert et al., 2005). Using measurable levels and Kkinetic properties of GLUT (Glucose

transporter) of capillary endothelial cells, astrocytes, and neurons, along with corresponding
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kinetic properties of the MCTs, Simpson and colleagues have successfully modeled brain
glucose and lactate levels as well as lactate transients in response to neuronal stimulation
(Reviewed by Simpson et al., 2007). However, their conclusions were apparently at odds with
the idea of lactate transfer from astrocytes to neurons. In contrast, more recent studies using
distinct mathematical approaches and based on in vitro and in vivo data strongly support the
idea of a neuron-glia compartmentalization in energy metabolism (Aubert and Costalat 2007,
Aubert et al., 2007, Jolivet et al., 2009, 2010). Authors have shown that a significant part of
glucose is taken up by astrocytes while oxygen is mostly consumed within the neuronal
population. They found that this bias tends to increase with the level of activation (Jolivet et
al., 2009). These results rather support the view of an activity-related transfer of glucose-

derived metabolites from astrocytes to neurons.

C) The astrocyte - neuron lactate shuttle

Walz and Mukerji were the first to demonstrate the capacity of astrocytes to produce large
amounts of lactate (Walz and Mukerji 1988a,b). Few years later, some reports independently
proposed that astrocytes might export lactate as energy substrate for neurons. Two of them
suggested that lactate, as a consequence of glycogen breakdown, would be transferred to
neurons (Dringen et al., 1993a,b; Magistretti et al.,1993), while a third one simply proposed
an exchange between the two cell types based upon their difference in lactate formation vs
oxidation (McKenna et al.,1993). Indeed, it was later shown that astrocytic glycogen provide
a source of lactate to support axonal function during intense stimulation (Shulman et al.,
2001; Brown et al., 2003; 2004; 2005) and during glucose deprivation (Wender et al.,2000).
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Figure 1.6. Schematic of the mechanism for glutamate-induced glycolysis in astrocytes during physiological activation (taken
from Pellerin and Magistretti 1994).

Based on a series of in vitro experiments, Pellerin and Magistretti proposed an original model
to explain the coupling between synaptic activity and glucose utilization (Pellerin and
Magistretti 1994) (Figurel.6). They challenged the conventional scheme of brain energetics
which states that neuronal energy metabolism is fuelled by glucose oxidation and introduced
the astrocyte-neuron lactate shuttle hypothesis (ANLSH) (Figurel.6) (Pellerin and Magistretti
1994; 2003a; Magistretti et al., 1999; Bouzier-Sore et al., 2002; Pellerin 2003, 2007, 2008).

In this model, glutamate that is released as a neurotransmitter by neurons is primarily taken up
into astrocytes via specific sodium-dependent transporters: glutamate aspartate transporter
(GLAST) and glutamate transporter 1 (GLT1) (Danbolt et al., 1998; Gegelashvili and
Schousboe 1998). These transporters carry one glutamate, three Na*, and one H* inward while
one K* is moved out of the cell. Thus, the simultaneous entry of glutamate and sodium
increases the intracellular concentration of sodium as measured by cellular imaging (Chatton
et al., 2000). As a consequence of raised intracellular Na* concentration, Na'/K* ATPase
activity will increase to restore ionic balance, while glutamine synthesis from glutamate will
take place at the expense of two ATPs per glutamate, leading to enhanced glucose utilization
and lactate production (Pellerin and Magistretti 1997; Pellerin et al., 2007; Pellerin and

Magistretti 1994). Interestingly, it was shown that a stimulation of the glutamate transporter
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GLAST in cultured astrocytes causes a translocation of the Na'/K* ATPase gamma subunit to
the plasma membrane that modulates the activity of the Na'/K* ATPase (Gegelashvili et al.,
2007; Rose et al., 2009). It was also shown that the a2 subunit of Na'/K" ATPase is
responsible for enhanced glycolysis induced by glutamate via its uptake by specific
transporters (Pellerin and Magistretti 1997). Further observations at the electron microscopic
levels have indicated that the subunit of the a2 Na'/K" ATPase colocalized with glial
glutamate transporters in thin astrocytic processes surrounding glutamatergic synapses
(Cholet et al., 2002). Some studies showed a decreased metabolic response to synaptic
activation (i.e. enhancement of glucose uptake) in both GLAST and GLT1 deficient mice
compared to wildtype mice (Voutsinos-Porche et al., 2003, Cholet et al., 2001; Herard et al.,
2005). The implication of glial glutamate transporters in this metabolic response was further
demonstrated in vivo by monitoring lactate production using microdialysis. Indeed, lactate
production was measured during specific behavioural task and was prevented by use of
glutamate transporter inhibitors (Fray et al., 1996; Demestre et al., 1997, Uehara et al., 2007).
Taken together, these data show that glutamate stimulates aerobic glycolysis in astrocyte, i.e.
glucose transport and glucose utilization and lactate production in presence of oxygen. This
observation was also confirmed by others (Takahashi et al., 1995; Keller et al., 1996; Hamai
etal., 1999; Loaiza et al., 2003; Porras et al., 2004, 2008; Bittner et al., 2010).

In the ANLSH, much of the fuel for increased energy demands of neurons is supplied by
lactate from surrounding astrocytes. As a result, metabolism of astrocytes is largely glycolytic
while that of neurons is largely oxidative. This concept is supported by numerous studies.
First, a transcriptome analysis carried out on both astrocytes and neurons isolated from the
brain of adult animals confirmed the fact that astrocytes have a prominent expression of
glycolytic enzymes as compared with neurons (Lovatt et al., 2007; Rossner et al., 2006;
Cahoy et al., 2008). In addition, a differential expression of the two lactate dehydrogenase
(LDH) isoforms was found between astrocytes and neurons (Bittar et al., 1996; Laughton et
al., 2007; Pellerin et al., 2005; O’Brien et al., 2007). Moreover, glycolytic activity is more
important in astrocytes than in neurons (Itoh et al., 2003; Bouzier-Sore et al., 2006) even if

neurons do exhibit glycolytic activity (Bittner et al., 2010).

The idea of a metabolic compartmentalization between astrocyte and neurons was further
supported by an important finding from Ramos and colleagues. They demonstrated that

astrocytes lack an important component in mitochondria for the recycling of NADH to NAD
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(Ramos et al., 2003; Xu et al., 2007). In order to maintain the glycolytic rate, the cofactor
nicotinamide adenine dinucleotide (NAD) must be regenerated. This could be done in
mitochondria, involving the malate / aspartate shuttle. In astrocyte mitochondria, it was
recently found that the activity of this shuttle was low, showing a weak activity of aspartate /
glutamate transporter (Berkich et al., 2007). In astrocytes, the regeneration of NAD and
maintenance of high glycolytic activity can thus be obtained predominantly by conversion of

pyruvate into lactate by the LDH.

By the use of a method combining immunocytochemistry with high-resolution
microautoradiography, Nehlig and colleagues established in vivo that half of all glucose
utilization occurs in astrocytes under resting conditions (Nehlig et al., 2004). Furthermore,
using a different technique in cerebellar slices, it was recently shown a more important
glucose utilization in Bergmann glial cells than in neighboring neurons (Barros et al., 2009).
Finally, a critical demonstration of the preferential glucose utilization by astrocytes following
synaptic activation was recently provided in vivo (Chuquet et al., 2010). It was shown that
whisker stimulation leads to enhanced glucose utilization in astrocytes of the somatosensory
cortex as revealed by accumulation of the fluorescent deoxyglucose analog 6-NBDG with
relatively little changes in neighboring neurons (Chuquet et al., 2010). These observations
complement the previous demonstration that astrocytes have a prominent glycolytic activity

while neurons are more oxidative.

The ANLSH has also been proposed for other support cell-neuron energetic interactions such
as those between Schwann cells and peripheral neurons (Vega et al., 1998), as well as in the
retina between Muller glial cells and photoreceptors (Poitry-Yamate et al., 1995; Poitry et al.,
2000). Xu and colleagues showed even an absence of the aspartate / glutamate carrier in the
retina Mller cells, supporting the idea of a compartmentalized metabolism between Mdller
cells and photoreceptors (Xu et al., 2007). Thus, as astrocytes exhibit the same type of
metabolic characteristics as Miuller cells, it reinforces the view that a process such as the

ANLS probably exists in various brain regions.
In conclusion, many studies confirmed that monocarboxylates such as lactate can at least

partially substitute for glucose. However, these energy substrates do not cross easily the BBB
as well as other cell membranes, and thus require a transport system. Indeed, it has been
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shown that monocarboxylates are transported by a family of proton-linked transporters called

monocarboxylate transporters (MCTSs).

1.3 The monocarboxylate transporter (MCTs) family: identification, functional

characteristics and distribution

Lactate plays an important role in metabolism, not only in cerebral metabolism but also in
most cells. It is produced by cells which have an important glycolytic metabolism, generating
two molecules of lactate for one molecule of glucose consumed. Lactate must be exported to
maintain the glycolytic rate and an adequate cytosolic pH. Other cells use lactate as an
oxidative or a gluconeogenic (liver) substrate. The transport of L-lactate across plasma
membranes is of considerable importance to almost all mammalian cells. In most cells, a
specific H*-monocarboxylate cotransporter is largely responsible for this process. In order to
support the high rate of production or utilization of L-lactate, the capacity of this carrier must
be very high. Evidence for a family of monocarboxylate transporters came initially from
kinetic studies of lactate transport in various tissues (Poole and Halestrap 1993) and has been
confirmed by the cloning and expression of the first two MCT isoforms, namely, MCT1 and
MCT2. L-lactate is the monocarboxylate which has the highest transport rate across
membranes, but MCTs are also essential for the transport of pyruvate, as well as ketone
bodies such as acetoacetate and beta-hydroxybutyrate. Monocarboxylate transporters have
been studied in a variety of cell preparations, e.g. erythrocytes, hepatocytes, tumour cells,

cardiac myocytes, skeletal muscle cells, as well as in brain astrocytes and neurons.

Up to now, the monocarboxylate transporter family (part of the solute carrier SLC16 gene
family) is composed of 14 members based on sequence homologies, identified as MCT1-9,
MCT11-14 and T-Type amino-acid transporter-1 (TAT1) (Halestrap and Meredith 2004).
Other proteins called sSMCT1 (SLC5A8) and sSMCT2 have been identified as sodium-coupled
MCT transporter (Ganapathy et al., 2005; Martin et al., 2006; Scrinivas et al., 2005). Among
the SLC16 family of monocarboxylate transporters, only four MCTs (MCT1-4) have been
functionally characterized. Each isoform possesses unique biochemical properties such as
Kinetic constants and sensitivity to known MCT inhibitors. In addition, MCT expression is

tissue-specific (Reviewed by Pierre and Pellerin, 2005) (table 1.1; Figurel.7; Figure 1.8)
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A)

B)

Figure 1.7. MCT2 expression in cultured astrocytes and neurons. A) Double immunolabelling of primary cultures of mouse
cortical astrocytes after 14 days in vitro with antibodies directed against MCT2 (green) and GFAP (red). B) Double
immunolabelling of primary cultures of mouse cortical neurons after 7 days in vitro with antibodies against MCT2 (green)
and microtubule-associated protein 2 (MAP2) (red). (Picture from Pierre K and Pellerin L, unpublished)

One difficulty in the characterization of monocarboxylate transport in cultured cells is the
simultaneous expression of multiple isoforms with very similar substrate specificity.
Moreover, several changes in MCT expression may be evoked by modifying physiological
conditions. The molecular mechanisms underlying the regulation of MCTs are poorly
understood and remain to be clarified. In the past few years, our lab has studied
monocarboxylate transporter expression in the brain, notably for MCT1, MCT2 and MCT4
(see point 1.3.2).
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Cellular localization

MCT isoform Regional distribution In vive In wvitro

MCTH Widespread. Neuropil Endothelial cells forming Astrocytes, weak
labelling with a few blood vessels, in a few neurons
entirely labelled cells ependymocytes, astrocytes.

Some neurons in rat

MCT2 Widespread but strong Meurons, some astrocytes Neurons.
expression in cortex, in rat {white matter) Astrocytes also
hippecampus, cerebellum. from rat

Meuropil labelling and
negative somata except
Purkinje cells

MCT4 Widespread but strong Astrocytes Mot determined
cellular expression
in cortex, hippocampus,
striatum. cerebellum

Table 1.1 Regional distribution and cellular localization of monocarboxylate transporters (MCTS) in the adult rodent central
nervous system (Table taken from Pierre and Pellerin 2005)

Figure 1.8 A schematic representation of the cellular localization of glucose transporter (GLUTS) and monocarboxylate
(Taken from Simpson et al., 2007)
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1.3.1 Structure and functional characteristics of MCTs

The secondary structure of MCTs was determined based on hydrophobicity by standard
algorithms, predicting the number of transmembrane segments (TM). By this technique, it
was found that MCT1, MCT2, MCT3, MCT7 and MCT8 possess 12 TM while between 10
and 12 were predicted for the other MCTs. Thus, it seems probable that there are 12 TM
domains with the N- and C- termini located within the cytoplasm for most MCTs, as
illustrated in Figure 1.9 for MCT1. A study using proteolytic digestion of the MCT1 protein
led to a topological model of the transporter with these 12 segments separated between TM 6
and TM 7 by a large hydrophilic loop and an extended hydrophilic C-terminal tail (Figure
1.9). The 12-TM helix topology is shared by many other plasma-membrane transporters such
as the GLUT family (Baldwin 1993; Gould and Holman 1993). It has been proposed that the
N-terminal domain is important for energy coupling, membrane insertion and correct structure
maintenance, whereas the C-terminal domain may be more important for the determination of

substrate specificity.

For expression at the membrane, MCTs require ancillary proteins. CD147 (also known as
basigin), a widely distributed cell surface glycoprotein, enables the proper expression and
function of MCT1 and MCT4 at the cell surface. Without CD147, proteins accumulate in the
endoplasmic reticulum or the Golgi apparatus (Kirk et al.,2000). Similarly, gp70 (also known
as embigin) is required for the translocation and catalytic activity of MCT2 (Wilson et al.,
2005)
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Figurel1.9. Proposed membrane topology of the MCT family. The sequence shown is that of human MCTL1. (Figure taken and
modified from Halestrap and Price 1999)

1.3.2 Distribution of the MCTs in the periphery and in the CNS

The existence of several different MCT isoforms must bear a physiological significance that is
related either to their unique properties or to their regulation. In either case, their tissue
distribution should give some clues as to their role. The mRNA distribution of different MCT
isoforms was achieved by Northern-blot analysis. But it was also important to directly detect
MCT proteins. Several techniques such as Immunocytochemistry, immunogold electron
microscopy and Western-blotting allowed to detect MCT1-4 protein expression. AS
mentioned before, each MCT has been shown to be expressed in specific tissues depending on
the species studied (Table 1.1).

In the periphery, MCTL, in humans and rodents is present in almost all tissues
including muscle, kidney, heart, liver, and brain, in many cases with specific locations within
each tissue (Fishbein et al., 2002; Bonen et al., 2006). In contrast, it was originally thought
that MCT2 expression was more limited, with high level of expression in tissues such as
testis, liver, stomach and kidney, and lower levels in lung and brain. It was also considered

that MCT2 distribution was much more species specific than MCT1 and important differences
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in tissue distribution was observed between rat, mouse and hamster (Jackson et al., 1997;
Merezhinskaya and Fishbein 2009). In mouse tissues, MCT2 was expressed both in kidney
and in liver (Pierre and Pellerin 2005). MCT3 is found exclusively in the retinal pigment
epithelium and choroid plexus epithelia in both chicken and rat (Yoon et al.,1997; Philp et
al.,1998). MCT4 is expressed particularly strongly in skeletal muscle, and is also the major
MCT isoform in white blood cells and some mammalian cell lines. In addition, MCT4 is
expressed in cancer-associated fibroblasts, and its expression is induced by oxidative stress
(Whitaker-Menezes et al., 2011). This has led to propose that it may be of particular
importance in tissues that rely on high levels of glycolysis to meet their energy needs, and
hence require rapid lactic acid efflux (Wilson et al., 1998). In addition, MCT4 is expressed on
various mammalian cell lines (COS, ETL, and NBL-1 cells), in the rat neonatal heart and in
the placenta (Halestrap and Meredith 2004).

In the central nervous system, the MCTs that are expressed in the brain are: MCT1,
MCT2 and MCT4. They exhibit a cell-specific distribution throughout the brain.

a) MCT1
MCT1 is expressed in the whole rodent brain, both at the mRNA and protein levels. In situ
hybridization studies demonstrated that MCT1 mRNA is abundant in the hippocampus, in the
cortex and in the cerebellum of young (15 days-old) and adult rodent brain (Pellerin et al.,
1998a). It was shown that during the suckling period, the endothelial cells forming capillaries
expressed MCT1 mRNA and expression decreased at the adult stage. The same observations
were obtained in rat brain. Indeed, the MCT1 mRNA was strongly expressed from postnatal
day 7 to 21 and was gone at day 27 (Vannucci and Simpson 2003). MCT1 protein is highly
expressed in endothelial cells forming microvessels and ependymocytes lining the four brain
ventricles in both young and adult rodent brain (Gerhart et al., 1997, 1998; Hanu et al., 2000;
Pierre et al., 2000; Baud et al., 2003). Experiments using light and electron microscopy
revealed the presence of MCT1-positive glial end-feet surrounding capillaries and of MCT1
on glial-like processes (Gerhart et al., 1997; Leino et al., 1999). Confocal microscopy using
double labellings with glial markers such as glial fibrillary acidic protein (GFAP) or S100p
confirmed the association in vitro and in vivo between astrocytic processes and MCT1
immunoreactivity (Hanu et al., 2000; Pierre et al., 2000; Ainscow et al., 2002; Debernardi et
al., 2003). In cultured astrocytes, MCT1 protein expression was observed in both soma and
processes of astrocytes (Broer et al., 1997; Hanu et al., 2000; Debernardi et al., 2003).
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Experiments based on chronic administration of nicotine in rat brain have shown an
overexpression of MCT1 within endothelial cells and astrocytes of treated animals (Canis et
al., 2009a).

A low MCT1 expression level was found in some cultured neurons (Debernardi et al., 2003).
In addition, MCT1 expression was enhanced by 6 weeks of high fat diet in mouse brain
neurons (Pierre et al., 2007) and after chronic hyperglycemia in rat brain (Canis et al., 2009b).
Some subpopulations of neurons in vivo expressed MCTL1 protein; it is the case for CAl
pyramidal neurons of the hippocampus (Tseng et al., 2003) and for specific neuronal
populations in the hypothalamus (Ainscow et al., 2002). MCT1 was even found in the
cerebral cortex (Leino et al., 1999). In addition it was shown that neurons express transiently
MCT1 during specific embryonic stages both in rat and in human (Baud et al., 2003; Fayol et
al., 2004).

Other cell types in which MCTL1 protein were detected are microglial cells and
oligodendrocytes. Indeed, in a rat ischemia model, MCT1 expression was increased in
microglial cells after 48h of reperfusion (Moreira et al., 2009). Moreover, in cultured slices of
developing cerebral cortex from mice MCT1 is expressed in both oligodendrocytes and
myelin (Rinholm et al., 2011). Authors have demonstrated that L-lactate can support

oligodendrocyte development and myelination through MCT1.

b) MCT4

In the rodent brain, MCT4 was shown to be expressed exclusively in astrocytes. Immunogold
electron microscopy revealed that MCT4 is localized in the membrane of astrocytes in adult
cerebellum (Bergersen et al., 2001, 2002). The same localization was observed in the
developing rat brain. Indeed, MCT4 expression is very low at birth and is enhanced at P14 in
the hippocampus, in the cerebellum and in the spinal cord (Rafiki et al., 2003). Finally, in the
adult rat brain, MCT4 protein expression is intense in various regions of the brain, such as the
cerebral cortex, the hippocampus, the paraventricular nucleus in the hypothalamus, and the
capsula internalis (Pellerin et al., 2005). Very few data on its regulation are available. It was
described that mice fed with a high fat diet during 6 weeks display an increased expression of
MCT4 in neurons (Pierre et al., 2007). In cultures of cortical astrocytes, MCT4 is expressed at

very low levels, but a recent study shows that MCT4 mRNA and MCT4 protein were induced
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in astrocytes by NO donors (Marcillac et al., personal communication). However, up to now,
specific mechanisms of regulation as well as specific modulators of MCT4 expression remain

to be identified.

c) MCT2

In 1995, Garcia et al., screened a cDNA library from hamster liver and found a cDNA
encoding MCT2, a monocarboxylate transporter 60% identical to hamster MCTL1. The
functional properties of the two MCTs were compared by expression in Sf9 insect cells using
recombinant baculovirus vectors (Garcia et al., 1995). MCT2 is predicted to contain 484
amino acids plus 5°- and 3’-UTRs (of 118 and 496 base pairs respectively) and has a
molecular weight of 52,839 Da. However, on blotted polyacrylamide gel, MCT2 has an
apparent molecular weight of about 43,000 Da. MCT2 has now been cloned and sequenced

from human, rat and mouse.

MCT2 catalyses the proton-linked transport of a variety of monocarboxylates as shown by
expression of rat MCT2 in Xenopus laevis oocytes, but with a considerably higher affinity
than other MCTs. The Ky, value for L-lactate is about 0.7mM and the Vma value of MCT2 is
as much as 20 times lower than MCT1 (Broer et al., 1999) (Table 1.2). It was also
demonstrated by expression in Xenopus laevis oocytes that the human MCT2 is a high affinity
pyruvate transporter with an apparent K, value of 25uM. Thus, MCT2 has been considered a
primary pyruvate transporter in humans (Lin et al., 1998). Functional studies were also
performed in Sf9 insect cells in which the hamster MCT2 was expressed. The K, values
found were 0.8mM and 8.7mM for pyruvate and lactate respectively (Garcia et al., 1995).
MCT2 can be inhibited by CHC (alpha-cyano-4-hydroxycinnamate), anion-channel inhibitors
and flavonoids (Broer et al., 1999).
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K, or K (mh)

Substrate MCTI MCT2

Lactate 3.5 074 +0.07
oL-/-Hydroxybutyrate 12.5 12402
Pyruvate 1.0 0.084+0.01"
2-Oxoisovalerate 1.25 0.3040.02*
2-Dxoisohexanoate 0.67 01040.01"
Acetoacetate 5.5 0.8401"

* K values were determined by assuming competitive inhibition.

Table 1.2. Table 1 Comparison of kinetic constants of MCT1 and MCT?2 (taken from Broer et al., 1999)

As previously mentioned, in the periphery MCT2 is only expressed in kidney and in liver
(Pierre et al., 2005). More specifically, MCT2 is localized to basolateral membranes of
epithelial cells lining the nephron (Becker HM et al., 2010). Moreover MCT2 was also found
in the small intestine, in the epithelium of gastrointestinal tract reindeer (Koho N et al., 2005).
In the central nervous system MCT?2 is widely expressed and is considered as the predominant
neuronal monocaroboxylate transporter. Considering its putative importance for neuronal
energetics, we will devote the next section to describe in details what is known about MCT2

and the central nervous system.

1.3.3 The predominant neuronal monocarboxylate transporter MCT2

a) Distribution of MCT2

MCT?2 is considered as the major neuronal monocarboxylate transporter. MCT2 mRNA is
abundant in the cortex, the hippocampus and in the cerebellum of mouse brain as shown by
northern blot and in situ hybridization studies (Broer et al., 1997; Koehler-Stec et al., 1998;
Pellerin et al., 1998a; Debernardi et al., 2003; Vannucci and Simpson 2003). At the cellular
level, the MCT2 mRNA had a predominantly neuronal pattern of expression in young as well
as in adult rodent brain (Pellerin et al., 1998a; Vanucci and Simpson 2003). Northern blot
analysis on primary cultures of mouse cortical astrocytes and neurons indicated a prominent
expression of MCT2 mRNA in neuronal cultures (Broer et al., 1997; Debernardi et al., 2003).
The demonstration that MCT2 is the major neuronal monocarboxylate transporter was finally
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obtained by immunohistochemistry in adult mouse brain (Pierre et al., 2002). Expression of
the MCT?2 protein follows the distribution pattern of its mMRNA, as it is strongly expressed in
the cortex, the hippocampus and the cerebellum of rodent brain (Bergersen et al., 2001;
Bergersen et al., 2002; Pierre et al., 2002; Rafiki et al., 2003). MCT2 expression was found to
be particularly abundant in the neuropil as well as on several fiber tracts. It was usually absent
from neuronal cell bodies with the exception of Purkinje cells in the cerebellum. Cortical
neurons in culture exhibited MCT2 immunoreactivity at the surface and in the cytoplasm of
their cell bodies and neurites (Debernardi et al., 2003; figure 1.7). MCT2 immunoreactivity in
vivo revealed that MCT2 labeling occurred predominantly in the neuropil of most structures
including the neocortex, caudate-putamen, and hippocampus (Pierre et al., 2002). Authors
have shown that MCT2-positive elements in the neuropil were associated with neuronal cell
processes. Thus, MCT2 appears to be present on many axonal projections, supporting a
putative role in lactate transfer into axons to fuel action potential propagation (Brown et al.,
2003). It was particularly visible on sensory fibers in the brainstem as well as on facial and
trigeminal nerves (Pierre et al., 2002). Except in some astrocytes of the white matter, MCT2
protein expression was never detected in glial-like cells of the mouse brain parenchyma,
whereas it could be visible in some endothelial cells forming brain capillaries (Pierre et al.,
2000; Pierre et al., 2002). In contrast, in the rat brain, MCT2 was present in astrocytes both in
vitro (Hanu et al., 2000) and in vivo (Gerhart et al., 1998).

Observations that MCT2 is expressed on membrane of dendrites in vitro and in vivo suggested
that part of MCT2 expression is associated with synapses. Thus, double immunofluorescent
labellings with the presynaptic marker synaptophysin and MCT2 revealed a parallel
distribution of these proteins in developing cultured neurons (Debernardi et al., 2003). A close
apposition without colocalization between MCT2 and presynaptic elements was observed,
suggesting a postsynaptic localization for MCT2. Similarly, in the mouse brain, double
immunostaining for MCT2 and PSD95 (postsynaptic density protein) indicated a partial
colocalization (Pierre et al., 2002). By electron microscopy, Bergersen et al., showed that
MCT2 was associated with postsynaptic 62-glutamate receptors in the cerebellum (Bergersen
et al., 2001, 2002). Several years later, using immunogold staining, Bergersen and colleagues
demonstrated that MCT2 and AMPA receptor GIuR2/3 subunits have a similar postsynaptic
distribution at glutamatergic synapses with high levels expressed within the postsynaptic
density (Bergersen et al., 2005; Pierre et al., 2009). The MCT2 protein is not only present in

dendrites but it is also specifically associated with spines, where it was found to be expressed
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in the postsynaptic density as well as on vesicle-like structures forming an intracellular pool
(Bergersen et al, 2005). MCT2 was recently found to interact with a specific subset of
postsynaptic proteins (Pierre et al, 2009). This is particularly the case with GIuR2, a subunit
of the glutamatergic AMPA receptor subtype. It was shown that MCT2 seems not only to
determine the subcellular localization of GIuR2 in neural cells but also to regulate its
expression levels (Maekawa et al, 2009). In addition, it was observed that MCT2 together
with GIuR2 undergoes a trafficking process between the plasma membrane and an

intracellular pool under conditions inducing synaptic plasticity (Pierre et al, 2009).

b) Regulation of MCT2 expression in the brain

The brain is capable of adjusting its supply of monocarboxylates to meet specific energy
requirements, under physiological (Cremer 1982; Dombrowski et al., 1989; Vicario et al.,
1991) as well as pathological conditions (Hawkins et al., 1986; Schurr et al., 1999b, 2001a).
For example, during the early postnatal development, monocarboxylate uptake increases
during this period (Cremer et al., 1976; Cornford et al., 1982; Edmond et al., 1985; Cornford
and Cornford 1986; Nehlig et al.,, 1991; Nehlig and Pereira de Vasconcelos 1993).
Furthermore, it was shown that during development, a peak in the expression of both MCT2
and MCT1 mRNA occurs during the suckling period around postnatal day 15, followed by a
rapid decline after weaning to reach at postnatal day 30 levels observed in adults (Pellerin et
al., 1998a). MCT2 expression was shown to be also induced by 6 weeks of high fat diet in
mouse brain neurons as MCT1 and MCT4 (Pierre et al., 2007).

MCT2 was shown to be expressed by mouse cultured cortical neurons. It was found that the
level of MCT2 expression correlated with increased expression of synaptophysin, a
presynaptic protein along days in vitro, suggesting a relationship between synaptic
development and energy substrate requirements (Debernardi et al., 2003). Recent observations
have shown that MCT2 expression can be regulated in primary neuronal cultures. Indeed, it
was found that noradrenaline, insulin, and insulin-like growth factor-1 (IGF-1) increase
MCT2 protein expression in neurons through a translational mechanism (Pierre et al., 2003;
Chenal and Pellerin, 2007; Chenal et al, 2008). Interestingly, each of these neuroactive
substances is known to induce long-term changes in synaptic transmission (Kobayashi and
Yasoshima, 2001; Trejo et al, 2007; van der Heide et al, 2006). Thus, evidences suggest that

changes of MCT2 expression could participate in the process of synaptic plasticity induced by
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noradrenaline, insulin, or IGF-1. Up to now, no direct demonstration was provided of a

putative link between the regulation of MCT2 and synaptic plasticity processes.

1.4 Metabolic plasticity in the brain

1.4.1 BDNF: synaptic plasticity and learning/memory

Brain derived neurotrophic factor is a neurotrophin whose status as a regulator of survival,
growth, and differentiation of neurons during development (Barde et al., 1994; Wang et al.,
1995) has matured to include the adult nervous system. Indeed, it is now known that BDNF
functions to translate activity into synaptic and cognitive plasticity in the adult animal. BDNF
is able to modulate the efficacy of neurotransmitter release (Kang and Schuman, 1995; Bolton
et al., 2000), stimulate the synthesis of vesicle-associated proteins (Lu and Chow, 1999;
Schinder and Poo, 2000), and regulate transcription factors (Finkbeiner et al., 1997; Tully,
1997). In the hippocampus, BDNF is capable of inducing a rapid potentiation of glutamate-
mediated synaptic transmission (Lessmann and Heumann, 1998) and a long-lasting
potentiation of perforant path-dentate gyrus connections in vivo (Messaoudi et al., 1998).
Learning and memory (Falkenberg et al., 1992) and long-term potentiation (LTP), considered
an electrophysiological correlate of learning and memory (Patterson et al., 1992, 2001),
selectively increase BDNF mRNA levels in the hippocampus. Transgenic animals with
diminished BDNF expression lose their ability to induce LTP (Patterson et al., 1996) and are
impaired in learning a spatial memory task (Linnarsson et al., 1997). Quenching endogenous
BDNF with function-blocking anti-BDNF antibodies has been shown to impair learning and
memory in rats in both the water maze and in an inhibitory avoidance task (Ma et al., 1998;
Mu et al., 1999). Similarly, blocking endogenous BDNF was able to significantly reduce LTP
(Ma et al., 1998). Moreover, replenishing the depleted hippocampus with exogenous BDNF
seems to ameliorate these deficits. Exogenous BDNF application (Patterson et al., 1996) or
transfection of hippocampal slices with a BDNF expressing adenovirus (Korte et al., 1995)
has been shown to restore the ability to induce LTP. BDNF, but not NGF or NT-3, seems to
play a role in consolidating short-term memories into long-term memories (Johnston and
Rose, 2001). Clinical studies support the importance of BDNF in learning and memory in
humans (Egan et al., 2003; Hariri et al., 2003). A study conducted by Egan et al. (2003) has
found that individuals expressing a specific polymorphism in the BDNF gene exhibit learning

impairments.
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1.4.2 BDNF and its intracellular signaling pathways in memory

The binding of BDNF to its receptor tyrosine kinase, TrkB, leads to the dimerization and
autophosphorylation of tyrosine residues in the intracellular domain of the receptor and
subsequent activation of cytoplasmic signaling pathways including the Akt and
phosphatidylinositol-3 kinase (P13K), the mitogen-activated protein kinase (MAPK), and the
phospholipase-y (PLC- y) pathways (Figure 1.10) (Kaplan and Miller 2000). Akt, a serine-
threonine protein kinase which is a downstream target of PI3K has been demonstrated to
phosphorylate the mammalian target of rapamycin (mTOR). The PI3K/Akt/mTOR signaling
pathway plays an important role in the regulation of mRNA translation. BDNF increases
protein synthesis by enhancing translation initiation via multiple signaling pathways including
PI3K and Akt (Takei et al., 2001). Regarding the cellular mechanisms of BDNF-induced
synaptic plasticity in vitro, activation of MAPK and PI3K is required to mediate the BDNF-
induced modulation of high-frequency synaptic transmission. It was demonstrated that BDNF
triggers LTP in the hippocampus in vivo through MAPK and selective induction of the
dendritic mMRNA species Arc (Ying et al., 2002). In addition, it was shown that the radial arm
maze training for spatial reference and working memory activates the BDNF/TrkB/PI3K/Akt
signal pathway in the hippocampus of well-trained rats (Mizuno et al., 2000). Activation of
the BDNF/TrkB/PI3K/Akt signal pathway in the hippocampus of well-trained animals is
associated with an increase in phosphorylated 4E-BP1 and a decrease in phosphorylated eEF-
2, indicating an increase in activity to translate mMRNA into protein. These findings suggest
that activation of TrkB /PI3K and protein synthesis signaling pathway by BDNF in the

hippocampus is important for spatial memory (Mizuno et al., 2003).

In contrast to the activation of TrkB/PI3K signaling for spatial memory in the positively
motivated radial arm maze test, the distinct signaling molecule MAPK appears to be activated
by BDNF in the hippocampus for acquisition of fear memory in the negatively motivated
passive avoidance test (Tyler et al., 2002, Alonso et al., 2002). MAPK/Erk also regulates
protein synthesis dependent plasticity by increasing phosphorylation of eukaryotic initiation
factor 4E (elF4E). The 4E-binding protein 1 (4E-BP1) and ribosomal protein S6 (Kelleher et
al., 2004; Klann and Dever, 2004). Thus, MAPK/Erk plays a critical role in protein synthesis
dependent plasticity as well.
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Another signaling pathway activated by BDNF is the PLC-gamma pathway. The
phosphorylation of Tyr785 recruits and activates PLC-gamma which in turn hydrolyzes
phosphatidylinositol 4,5-bisphosphate, to produce diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3) (Huang and Reichardt, 2003; Reichardt, 2006). DAG activates protein
kinase C (PKC), and IP3 releases Ca*" from intracellular stores. In developing hippocampal
neurons, focal application of BDNF results in fast calcium transients at postsynaptic sites
(Lang et al., 2007). Some studies link the PLC-y pathways underlying BDNF induced Ca**
transients directly to synaptic plasticity. The Ca?* elevation triggered by PLCc increases Ca*'-
sensitive adenyl cyclase (AC) activity that is necessary for the formation of synaptic PSD-95-
TrkB complexes (Ji et al., 2005) and that is involved in cyclic AMP responsive element
binding (CREB)-dependent transcription (Nguyen et al., 1994; Shaywitz and Greenberg,
1999).

Although the reasons why distinct signaling pathways are activated are unclear, it is likely

that these three signaling pathways are involved in BDNF-dependent memory formation.
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Figure 1.10. BDNF-TrkB signalling pathways. BDNF binds TrkB with high affinity to induce its dimerization and
autophosphorylation of tyrosine residues in the cytoplasmic kinase domain that serve as docking sites for effector molecules
and trigger the activation of three main signalling pathways: PLCy, PI3K and ERK cascades, which ultimately lead to the
phosphorylation and activation of the transcription factor CREB that mediates transcription of genes essential for the survival
and differentiation of neurons. The recruitment of PLCy increases intracellular Ca®* levels and leads to the activation of
CaMKII to phosphorylate CREB. PI3K can be activated via the Shc/Grb2/SOS complex through Gabl and by IRS1/2. Lipid
products generated by the activated PI3K, the phosphatidylinositides, bind and activate protein kinase Akt, upstream of
CREB. The ERK cascade can be activated both by the Shc/Grb2/SOS complex and by PI3K. ERK phosphorylation leads
directly to CREB phosphorylation. Both Akt and ERK activate mTOR, responsible for enhanced translation initiation. PLCy,
phospholipase Cy; PI3K, phosphatidylinositol 3-kinase; ERK, extracellular signal-regulated kinase; CaMKII, calcium-
calmodulin dependent kinase; Shc, src homology domain containing; Grb2, growth factor receptor-bound protein 2; SOS, son
of sevenless; Gabl, Grb-associated binder 1; IRS1/2, insulin receptor substrates 1/2; CREB, cAMP-calcium response element
binding protein; Ras, GTP binding protein; Raf, Ras associated factor; MEK, MAP/Erk kinase; mTOR, mammalian target of
rapamycin; (Picture taken from Cunha et al., 2010)

1.4.3 Energy metabolism and BDNF

BDNF is intimately connected with energy metabolism. Mice that either lack one copy of the
BDNF gene or have a conditioned deletion of BDNF in the postnatal brain are hyperphagic
and develop obesity (Rios et al., 2001). Moreover, mice with reduced BDNF levels are both
obese and hyperglycemic (Lyons et al., 1999; Kernie et al., 2000). Peripheral or central
infusion of BDNF has been found to reduce body weight, normalize glucose levels (Tonra et
al., 1999), ameliorate lipid metabolism in diabetic rodents (Tsuchida et al., 2002), and
increase insulin sensitivity (Pelleymounter et al., 1995; Nakagawa et al., 2000).
Hypoglycemia and intermittent fasting both increase BDNF levels whereas hyperphagia and

high oxidative stress (OS) levels, the harmful by-products of energy metabolism, decrease
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BDNF levels (Lindvall et al., 1992; Lee et al., 2002; Wu et al., 2004a). It is also notable that,
in the mature CNS, the BDNF protein is most abundant in brain areas foremost associated
with cognitive and neuroendocrine regulation, the hippocampus and hypothalamus,
respectively (Nawa et al., 1995). Evidence showed that during exercise, cellular energy
metabolism can modulate BDNF-mediated synaptic plasticity in the hippocampus. Indeed, by
infusing 1,25-dihydroxyvitamin D3 (D3), a modulator of energy metabolism that acts on
mitochondria, directly into the hippocampus during 3 days of voluntary wheel running,
Vaymann and colleagues found that BDNF, synapsin I, and CREB where significantly
reduced (Vaynman et al., 2006b). Moreover, disrupting energy metabolism in the
hippocampus reduced the expression p-CAMKII, the signal transduction cascade downstream
to BDNF action. Other findings from the study showed that exercise increases the expression
of the uncoupling protein 2 (UCP2), a mitochondrial protein, which uncouples substrate
oxidation from ATP synthesis (Bouillaud et al., 1985; Boss et al., 1997; Vidal-Puig et al.,
1997; Sanchis et al., 1998; Mao et al., 1999). In human, a study by Yeo et al. (2004)
documented a case that may provide clues to evaluate the role of BDNF in metabolism and
cognition in human subjects. A human patient with a de novo mutation affecting TrKB, the
consort receptor of BDNF, exhibited both hyperphagia and obesity and also suffered
developmental delays and other defects in higher order neurologic functions. Thus,
metabolism and cognitive function seem to have common signaling pathways (Gomez-Pinilla
et al., 2008).
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1.4.4 Metabolic plasticity: between synaptic plasticity and energy metabolism

Metabolic plasticity is defined by processes that underlie synaptic plasticity at the energy
metabolism level, resulting in correlated metabolic adaptations. The notion of metabolic
plasticity has indeed found experimental validation (Magistretti 2006). Evidence has been
obtained in a restricted number of experimental paradigms for activity dependent long-term
metabolic adaptations (Barrett et al., 2003; Gonzalez-Lima and Garrosa, 1991; Hyden et al.,
2000; Maviel et al., 2004; Welker et al., 1992; Zhang and Wong-Riley, 1999). Such
adaptations in metabolic pathways are mediated by transcriptional mechanisms that modulate
the expression of genes involved in energy metabolism (Allaman et al., 2000; 2003; 2004;
Debernardi et al., 2003; Pierre et al., 2003; Sorg and Magistretti, 1992). As mentioned earlier,
MCT2 might be one of those target proteins. A restricted set of neuroactive substances
regulates neuronal MCT2 expression. It is the case of noradrenaline, insulin and IGF-1, all
known to be involved in synaptic plasticity (Pierre et al., 2003; Chenal and Pellerin, 2007,
Chenal et al., 2008). Furthermore, based on the peculiar MCT2 distribution (localization at the
postsynaptic density, colocalization with PSD95 and GIuR2 subunit AMPA receptor,...),
evidences suggest that lactate metabolism and synaptic plasticity could be linked processes.

However, most of the data on metabolic plasticity collected so far relate to in vitro analyses at
the molecular level. The mechanisms of metabolic plasticity in a well-established paradigm of
learning and memory are starting to be explored. Recently, Suzuki and colleagues
demonstrated for the first time that lactate transfer through monocarboxylate transporters,
notably MCT2 is essential for the establishment of long-term memory (Suzuki et al., 2011). In
this context, such evidences suggest that metabolic plasticity could be a new essential

component for synaptic plasticity processes and memory formation.

1.4.5 Metabolic plasticity in a learning and memory paradigm

It is now widely recognized that learning and memory processes are correlated with functional
and structural modifications at the synaptic level, resulting in cellular and molecular changes,
named neuronal plasticity. A variety of behavioural paradigms are available to explore the
mechanisms of learning and memory in laboratory animals. Spatial learning is one of the best

established of such behavioural paradigms; in addition the role of a particular brain area, the
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hippocampus in such spatial learning has been extensively characterized. Indeed, the
hippocampus is involved in coding, consolidation as well as retrieval of spatial memory in
rodents (O’Keefe and Nadel, 1979; Riedel et al., 1999). However, it is still unclear how the
hippocampus is working. Electrophysiological studies, partial hippocampal lesion studies and,
more recently human brain imaging, have suggested the existence of functional specialization
within the hippocampus (Jung et al., 1994; Lepage et al., 1998; Moser and Moser, 1998;
Poucet and Buhot, 1994). In addition, studies in rodents have shown that markers of activity
(in particular metabolic markers such as 2-deoxyglucose 2-DG), evolve spatially and
temporally over the different phases of the learning paradigm, including during recall
(Bontempi et al., 1999). Glucose utilization was mapped in a spatial learning paradigm, in the
eight-arm radial maze (Ros et al., 2006). Results obtained indicate that the metabolic demand
during the various learning phases evolved spatially and temporally in the areas engaged by
the task, in particular in the hippocampus. In keeping with the initial hypothesis, distinct
patterns of metabolic activity were observed during the learning and recall phases. Analysis of
metabolic activity in the hippocampus revealed different patterns over the rostro-caudal axis
in its three major subregions, the CAl, CA3 and dentate gyrus (DG). Thus, as learning
proceeded, more portions of the CA1 and CA3 became engaged metabolically, moving from
the posterior and intermediate parts toward the anterior level. In addition, during recall,
increased metabolic activity could be observed only in the anterior parts of the dentate gyrus
(Ros et al., 2006). This set of data is in keeping with the notion that metabolic adaptations

(plasticity) are occurring as a correlate of learning and recall.

1.5 Questions and aim of the present study

Few data are available concerning MCT regulation in the brain. Previously, it was
demonstrated that the predominant neuronal monocarboxylate transporter MCT2 was
enhanced by three different factors: noradrenaline, a neurotransmitter (Pierre et al., 2003;
Chenal and Pellerin, 2007), insulin, a hormone (Chenal et al., 2008) and insulin-like growth
factor (IGF-1), a neurotrophic factor (Chenal et al., 2008). Common points among these
neuroactive substances were that the MCT2 regulation occurred by a translational mechanism
and they were known to induce long-term changes in synaptic transmission (Kobayashi and
Yasoshima, 2001; Trejo et al, 2007; van der Heide et al, 2006).
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Synaptic plasticity and behaviour are likely dependent on the capacity of neurons to meet the
energy demands imposed by neuronal activity. As described in the introduction, lactate seems
to be the preferred energetic substrate for neurons during glutamatergic activity (Pellerin and
Magistretti, 1994). The concept that energy metabolism might be coupled to synaptic
plasticity has first been proposed together with the implication of BDNF in such interactions
(Vaynman et al., 2006 ; Gomez-Pinilla et al., 2008). Considering the critical role of MCT2 in
lactate uptake and its utilization by neurons, we studied first the intriguing possibility of a
coupling between neuronal MCT2 regulation to adapt the supply of lactate in synaptic
plasticity context, and then if these mechanisms of regulation are essential to learning and

memory processes.

In the present study we addressed three main questions:

1- Does MCT2 expression regulated by BDNF in vitro? If yes, by which pathways and by
which mechanism?
2- Does intrahippocampal BDNF injection affect the expression of MCTs?

3- Does an in vivo downregulation of hippocampal MCT2 affect mice cognition?

In the first part of this thesis, it became of interest to investigate whether brain derived
neurotrophic factor (BDNF), a key molecule involved in synaptic plasticity, could regulate
MCT2 expression in cultured neurons and to characterize signal transduction pathways
involved in this effect. We were also interested to investigate if MCT2 could be regulated by a
miRNA, known to be constitutively expressed in cells and to exert a repressor effect on
protein translation. Some of them are known to regulate proteins involved in synaptic
plasticity and neuronal growth (Fiore et al., 2008). Then, we investigated in vivo the effect of
BDNF in the hippocampus on MCT expression in parallel with several pre- and postsynaptic
proteins and with two immediate early genes (Arc and Zif268), both transiently and rapidly
activated during LTP as well as along the process of learning and memory formation (Davis et
al., 2003; Plath et al., 2006; Lonergan et al., 2010). As hippocampal activation is known to be
required for spatial learning tasks, we investigated in the last part, the impact of reducing
hippocampal MCT2 expression on spatial performance in mice. Overall, our findings suggest
the intriguing possibility that energy supply, via monocarboxylate transporters, could be an

important determinant of learning and memory processes.
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Chapter 2

Brain-derived neurotrophic factor enhances the expression of the
monocarboxylate transporter 2 through translational activation in
mouse cultured cortical neurons
(Robinet C and Pellerin L, 2010).

2.1 Abstract

MCT2 is the predominant neuronal monocarboxylate transporter allowing lactate use as an
alternative energy substrate. It is suggested that MCT2 is upregulated to meet enhanced
energy demands after modifications in synaptic transmission. Brain-derived neurotrophic
factor (BDNF), a promoter of synaptic plasticity, significantly increased MCT2 protein
expression in cultured cortical neurons (as shown by immunocytochemistry and western blot)
through a translational regulation at the synaptic level. Brain-derived neurotrophic factor can
cause translational activation through different signaling pathways. Western blot analyses
showed that p44/p42 mitogen-activated protein kinase (MAPK), Akt, and S6 were strongly
phosphorylated on BDNF treatment. To determine by which signal transduction pathway(s)
BDNF mediates its upregulation of MCT2 protein expression, the effect of specific inhibitors
for p38 MAPK, phosphoinositide 3-kinase (PI3K), mammalian target of rapamycin (MTOR),
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase
(MEK), p44/p42 MAPK (ERK), and Janus kinase 2 (JAK2) was evaluated. It could be
observed that the BDNF-induced increase in MCT2 protein expression was almost completely
blocked by all inhibitors, except for JAK2. These data indicate that BDNF induces an increase
in neuronal MCT?2 protein expression by a mechanism involving a concomitant stimulation of
PI3K/Akt/mTOR/S6, p38 MAPK, and p44/p42 MAPK. Moreover, our observations suggest
that changes in MCT2 expression could participate in the process of synaptic plasticity
induced by BDNF.
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2.2 Introduction

Brain-derived neurotrophic factor (BDNF) is a widely expressed neurotrophin in the central
nervous system (Skup, 1994). Acting through specific tyrosine kinase receptors, BDNF
affects neuronal survival, differentiation, and synaptic plasticity after

the activation of multiple intracellular signal transduction mechanisms, such as
phosphoinositide 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK)
signaling pathways (Bramham and Messaoudi, 2005). Presynaptically, BDNF potentiates
depolarization-evoked Ca2+-dependent glutamate release while causing direct glutamate
release through Ca2+ mobilization from Ins(1,4,5)P3-sensitive stores, whereas the
postsynaptic actions of BDNF include changes in glutamate receptor phosphorylation,
subcellular localization and synthesis, and local alterations in protein synthesis, as well as
long-term changes in gene expression (Carvalho et al, 2008). These effects of BDNF
contribute not only to synaptic plasticity but also to modifications in spine density and
morphology (Carvalho et al, 2008). However, one aspect that has not been explored in the
context of synaptic plasticity concerns putative changes in neuroenergetics. Indeed, it is likely
that as a consequence of alterations in synaptic efficacy, the supply of energy substrates must
be adapted to meet the energy needs imposed by new levels of synaptic response. In recent
years, the role of monocarboxylates such as lactate as additional energy substrates for neurons
has attracted increasing attention (Pellerin, 2003), raising interest for the identification of
specific transporters in the central nervous system. MCT2 was shown to be the predominant
monocarboxylate transporter expressed by neurons (Pierre et al, 2002). It belongs to a family
of proton-linked carriers involved in the transport of lactate, pyruvate, and ketone bodies
(Garcia et al, 1994, 1995). MCT2 immunoreactivity was found to be abundant in the neuronal
processes of various brain regions, including the cortex, hippocampus, and cerebellum
(Bergersen et al, 2002; Pierre et al, 2002). At the subcellular level, MCT2 is expressed on
axons and dendrites (Pierre et al, 2002, 2009). Moreover, MCT2 is present at glutamatergic
synapses and exclusively on postsynaptic elements (Bergersen et al, 2002, 2005; Pierre et al,
2009). It is particularly enriched in the postsynaptic density as well as in an intracellular pool
within the spines (Bergersen et al, 2005). Recent observations have shown that MCT2
expression can be regulated in cultured neurons. Thus, it was found that noradrenaline,
insulin, and insulin-like growth factor-1 (IGF-1) increase MCT2 protein expression in
neurons through a translational mechanism (Chenal and Pellerin, 2007; Chenal et al, 2008).

Interestingly, each of these neuroactive substances is known to induce long-term changes in
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synaptic transmission (Kobayashi and Yasoshima, 2001; Trejo et al, 2007; van der Heide et
al, 2006). Therefore, it became of interest to investigate whether BDNF could regulate MCT2
expression in cultured neurons and to characterize the signal transduction pathways involved
in this effect. In addition, the nature of the mechanism (transcriptional or translational) by

which MCT?2 expression is regulated by BDNF has been investigated.

2.3 Material and methods

Neuronal Cultures and Pharmacological Treatments

Primary cultures of mouse cortical neurons were prepared from embryonic day 17 OF1 mice
(Charles River, Lyon, France). As described previously (Debernardi et al, 2003), after
decapitation and brain dissection, cortices were mechanically dissociated in phosphate-
buffered saline (PBS) supplemented with glucose (NaCl, 150mmol/L; KCI, 3mmol/L;
KH,PO,4, 1.5mmol/L; Na;HPO, 7.9mmol/L; glucose, 33mmol/L; penicillin, 0.0069/L;
streptomycin, 0.1g/L; pH 7.4). Cells were plated on poly L-ornithine (15mg/L)-precoated

dishes and cultured in neurobasal-B27 medium (Brewer et al, 1993) supplemented with

0.5mmol/L L-glutamine. All experiments were carried out on day 7 in vitro. At this stage,

cultures contained <5% of glial cells (Debernardi et al, 2003). Neuronal treatments with
pharmacological agents were carried out without changing the medium before or during the
incubation time. Brain-derived neurotrophic factor (CYT-207; Brunschwig, Basel,
Switzerland) was added directly into the culture medium at various concentrations and cells

were incubated for the indicated times. Rapamycin, 20ng/mL (mammalian target of
rapamycin (mTOR) inhibitor), SB202190 HCI, 10umol/L and SB203580 HCI, 10umol/L
(p38 MAPK inhibitors), LY294002, 10xmol/L (PI3K inhibitor), PD98059, 50umol/L
(MAPK/ERK kinase (MEK inhibitor), UO126, 10umol/L (p44/p42 MAPK (ERK,
extracellular signal-regulated kinase) inhibitor), and AG490 25umol/L (JAK2 (Janus kinase
2) inhibitor) were added directly to the medium 30mins before BDNF. All these inhibitors

were purchased from Alexis Biochemicals (Lausen, Switzerland), except LY 294002 (L9908;
Sigma, Buchs, Switzerland) and SB203580 (S8307; Sigma). Transcription and translation
inhibitors (5xmol/L actinomycin D (ActD) and 10umol/L cycloheximide, respectively) were

added 30mins before pharmacological agents. All other chemicals were purchased from

Sigma. Data represent meanzs.e.m. of ‘n’ determinations, which are independent
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measurements (from different culture plates) obtained from at lea