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ABSTRACT
Lactate, a metabolic end product of glycolysis in mammals, has emerged as an important
energy substrate for the brain. In addition to its energetic role, lactate was shown to
modulate the excitability of neurons, to have a neuroprotective role and to participate in
long-term memory formation. One previous investigation from our group reported that
lactate modulates 4 synaptic plasticity-associated genes and potentiates the activity of the
N-Methyl-D-aspartic acid (NMDA) receptor, a major receptor type involved in
glutamatergic neurotransmission.
The current thesis aimed at first to extend these findings by examining genome-wide
transcriptional responses to this metabolite in cortical neurons. Using ribonucleic acid
(RNA) sequencing to evaluate expression changes in protein-coding genes, we found that
lactate modulates robustly after 1h, 20 genes involved in the mitogen-activated protein
kinase (MAPK) signaling pathway and in synaptic plasticity in a NMDA receptor activitydependent manner and that nicotinamide adenine dinucleotide, reduced (NADH), but not
pyruvate, reproduces the modulatory effects of lactate on 70% of all differentially
expressed genes. In a time course experiment, genes modulated after lactate treatment for
6h and 24h were also identified; these are involved in 9 signaling pathways including
circadian

rhythm,

drug

addiction,

and

retrograde

endocannabinoid

signaling.

Bioinformatics analyses indicated CREB1 and CREM as candidate master regulators of
gene expression and the modulatory effect of lactate was prevented by inhibitors of
Ca2+/calmodulin-dependent protein kinase II (CaMKII) activity, indicating a role for this
kinase in mediating lactate signaling.
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An examination of changes in dendritic spines’ morphology and density - a morphological
correlate of synaptic plasticity – has shown that lactate modulated spine density changes
induced by potassium chloride (KCl) and carbachol.
An additional investigation described in this thesis indicated that different gut microbiota
manipulations (germ-free, prebiotics, high-fat diet) regulated mRNA expression of genes
involved in the Astrocyte-Neuron Lactate Shuttle (ANLS) - a metabolic cooperation
mechanism between astrocytes and glutamatergic neurons.
Overall, the results of this thesis help to establish a role for lactate as a signaling molecule
in the brain, highlight mechanisms implicated in its signaling, and open new avenues for
investigation of links between the gut microbiota and brain energy metabolism.
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INTRODUCTION
Lactate: a metabolic product of glycolysis implicated in brain energy metabolism
Lactate is a hydrocarboxylic acid that exists as 2 stereoisomers in nature, L-lactate and Dlactate. L-lactate is a metabolic end-product of glycolysis serving as an energy substrate in
multiple tissues, including the brain (Adeva-Andany, López-Ojén et al., 2014). Its
stereoisomer, D-lactate, is produced at very low concentrations by mammalian cells, from
methylglyoxal, a by-product of fat and amino acid metabolism and glycolysis (Ewaschuk,
Naylor et al., 2005). For the rest of this thesis, I will refer to L-lactate as lactate.
Glycolysis is one of the metabolic pathways involved in energy production from glucose,
which can function both in presence and in absence of oxygen (Magistretti & Allaman,
2018). The metabolic processing of glucose through glycolysis in the presence of oxygen
is termed aerobic glycolysis, and in the brain is predominant in astrocytes (Magistretti &
Allaman, 2018). Astrocytes are the major type of glial cells (non-neuronal cells) in the
brain, which engage in complex metabolic interactions with neurons, particularly relevant
to antioxidant defense and bioenergetics (Belanger, Yang et al., 2011; FernandezFernandez, Almeida et al., 2012a). One such interaction, which was first described in 1994,
is the ANLS (Pellerin & Magistretti, 1994). ANLS is a mechanism that describes the
coupling between synaptic activity and energy production in astrocytes: glutamate, a
neurotransmitter released at excitatory synapses, is taken up by astrocytes from the synaptic
cleft, through specific sodium-dependent glutamate transporters. This process results in a
transient increase in intracellular Na+ levels, which will be restored by the sodium (Na+)/
potassium (K+) ATPase that actively exports three Na+ ions and imports two K+ ions for
each molecule of adenosine tri-phosphate (ATP) hydrolyzed. The resulting consumption
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of ATP, the principal molecule for storing and transferring energy in cells, will lead to
stimulation of aerobic glycolysis and lactate production in astrocytes; lactate is further
released by these cells into the extracellular space and from there it is transported into
neurons via monocarboxylate transporters, being used for energy production to rapidly
meet the high demands of synaptic activity (Pellerin & Magistretti, 1994; Pellerin &
Magistretti, 2012). ANLS is of particular importance in the brain cortex, where most of the
energy consumption takes place at glutamatergic synapses (Alle, Roth et al., 2009; Sibson,
Dhankhar et al., 1998), and in the hippocampus, a region with predominant excitatory
neurons (Graves, Moore et al., 2012), where it plays a critical role in several learning- and
memory-related processes (Newman, Korol et al., 2011; Suzuki, Stern et al., 2011; Tadi,
Allaman et al., 2015).
In neurons, lactate shuttled from astrocytes is further converted into pyruvate, generating
one molecule of NADH, a cofactor that acts as a reducing agent in all living cells, and feeds
the electron transport chain in the mitochondria, where most of the energy is generated in
the form of ATP.
Pyruvate is used as an energy substrate and carbon source in the tricarboxylic acid (TCA)
cycle in the mitochondria, which precedes oxidative phosphorylation in the electron
transport chain.
A schematic of the ANLS and the different energy metabolism pathways described above
are included in Figure 1 and respectively in Figure 2.
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Figure 1. Schematic representation of the astrocyte-neuron lactate shuttle model. Glu, glutamate;
Gln, glutamine; GluR, glutamate receptor; EAATs, excitatory amino acid transporters; GLUT,
glucose transporter; MCTs, monocarboxylate transporter; LDH, lactate dehydrogenase; GS,
glutaminase; GLS, glutamine synthetase. Reproduced from (Belanger, Yang et al., 2011).

Figure 2. The metabolic steps of glycolysis and TCA cycle with their respective intermediates.
Figure reproduced from (Alam, Lal et al., 2016).

19
Lactate: a signaling molecule in the brain
Apart from its role as an energy substrate, lactate has emerged as a valuable signaling
molecule in different tissues and cell types, including circulating stem/progenitor cells
(Milovanova, Bhopale et al., 2008), muscle (Hashimoto, Hussien et al., 2007), bovine
granulosa cells (Baufeld, Koczan et al., 2019) and immune cells (Dietl, Renner et al., 2010;
Gottfried, Kunz-Schughart et al., 2006; Haas, Cucchi et al., 2016; Peter, Rehli et al., 2015).
Evidence for its role in signaling in the brain has been reviewed in detail by (Magistretti &
Allaman, 2018).
It was reported that lactate modifies the excitability of neurons (Sada, Lee et al., 2015;
Tang, Lane et al., 2014), plays an important role in memory formation (Newman, Korol et
al., 2011; Suzuki, Stern et al., 2011) and is neuroprotective (Jourdain, Allaman et al., 2016;
Jourdain, Rothenfusser et al., 2018). Excitability refers to the electrical excitability of a
given neuron, and is determined by the number and distribution of ion channels and
receptors that contribute to the depolarization potential of the neuron - the difference
between the threshold at which an action potential or a burst of action potentials is
generated (typical of neuronal activity) and the resting potential (Rutecki, 1992).
Neuroprotection is an effect that may result in the salvage and recovery of one or more
neurons, in conditions that lead to neuronal damage and death (Vajda, 2002).
The essential role of lactate in long-term memory formation in mice (Suzuki, Stern et al.,
2011) is likely to rely on modulation of synaptic plasticity and neuronal activity-dependent
genes. Yang et al. (2014) have shown that lactate stimulates in mouse primary cortical
neurons and in vivo in the mouse sensory-motor cortex, the expression of Arc, c-Fos, Bdnf
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and Zif268 (Egr1) (Yang, Ruchti et al., 2014). These genes are important for synaptic
plasticity and they are induced by neuronal activity (Flavell & Greenberg, 2008; Guzowski,
Setlow et al., 2001).
The effect of lactate on these genes was dependent on NMDA receptor (NMDAR) activity,
being abolished in the presence of NMDAR antagonist MK801.
NMDARs are glutamate-gated ion channels with important roles in excitatory
neurotransmission, experience-dependent synaptic remodeling, and long-lasting changes
in synaptic efficacy such as long-term potentiation (LTP), which are key processes that
facilitate learning and memory (Cull-Candy & Leszkiewicz, 2004; Lau & Zukin, 2007;
Lynch, 2004).
In parallel to its effect on NMDAR activity, lactate modulates the redox state of neurons
by increasing the intracellular levels of NADH, cofactor that mimics the modulatory effect
of lactate on the expression of synaptic plasticity-related genes and the potentiation of
NMDAR activity (Magistretti & Allaman, 2018; Yang, Ruchti et al., 2014).
The extent to which lactate modulates gene expression is unknown as well as the molecular
mechanisms through which lactate potentiates NMDAR activity.
A possible mechanism responsible for the neuroprotective effects of lactate could be
mediated by increased ATP (upon conversion to pyruvate) and relies on modulation of P2Y
receptors and ATP-sensitive potassium channels (KATP) (Jourdain, Allaman et al., 2016).
Additional mechanisms through which lactate could exert its signaling effect in neurons,
have been proposed by several groups. (Bonnet, Bingmann et al., 2018) reported that
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lactate reduces epileptiform activity, and proposed that this could occur via a slight
intracellular acidification mechanism or via activation of hydrocarboxylic acid receptor 1
(HCAR1), a G protein-coupled receptor that binds lactate and is negatively coupled to
adenylyl cyclase (AC) (Morland, Lauritzen et al., 2015). (Bergersen, 2015) suggested that
lactate could act through the HCAR1, lowering intracellular cAMP (3',5'-cyclic adenosine
monophosphate) - a secondary messenger involved in intracellular signal transduction and in this manner reduce epileptic seizure proneness. In a very recent study, it was shown
that activation of HCAR1 by lactate could tune down neuronal network activity (de Castro
Abrantes, Briquet et al., 2019).
A summary of the different mechanisms underlying the signaling effects of lactate in
synaptic plasticity, neuroprotection, and excitability regulation is displayed in Figure 3.
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Figure 3. Signaling mechanisms of lactate in neurons. Lactate exerts signaling effects in neurons
either through transmembrane transport via monocarboxylate transporter 2 (MCT2) resulting in
intracellular uptake or by acting on specific membrane receptors in the extracellular space. The
processing of lactate in the cytoplasm by lactate dehydrogenase 1 (LDH1) results in the
production of pyruvate, and NADH. NADH affects the redox state of the neuron and positively
modulates the activity of NMDARs resulting in increased Ca2+ entry, the activation of
intracellular signalling cascades and the induction of synaptic plasticity-associated genes.
Pyruvate enters the mitochondria and is used for ATP production. ATP supports the energy
demands of active neurons and modulates the activity of ATP-dependent potassium (KATP)
channels, resulting in prevention of depolarization. Lactate can also act in the extracellular space
on the hydrocarboxylic acid receptor 1 (HCAR1), which is negatively coupled to cAMP
production by adenylyl cyclase (AC), and reduce excitability of neurons. Adapted from
(Magistretti & Allaman, 2018).

23
Synaptic plasticity and dendritic spines
In the previous part of the Introduction, I have referred several times to synaptic plasticity,
term that I would like to appropriately introduce, as it will be further addressed multiple
times in the thesis.
Synaptic plasticity relates to changes in synaptic strength, in the confined space of
interaction between neighboring neurons, which can take place on both a short(subseconds to minutes) and long-term (hours to years) scale and include modifications in
the number of neurotransmitter receptors in the postsynaptic membrane, in the quantity of
neurotransmitters released from the presynaptic neuron, or in the receptor sensitivity to the
released neurotransmitters on the post-synaptic side of the synapse (Heinbockel, 2017).
Synaptic plasticity is critical to complex cognitive functions of the central nervous system,
such as learning and memory, but can also contribute to neuropsychiatric disorders, when
maladaptive (Heinbockel, 2017).
Micron-sized protrusions referred to as dendritic spines, form the postsynaptic component
of 90% of all excitatory glutamatergic synapses in the central nervous system (Harris &
Kater, 1994), and undergo changes during synaptic plasticity (Engert & Bonhoeffer, 1999)
and in different learning and memory paradigms (Chen, Lu et al., 2014; Moser, Trommald
et al., 1994; Yang, Pan et al., 2009). Spines are connected to their parent dendrite by thin
stalks 0.04-1 μm long, and have variably shaped bulbous tips 0.5-2 μm in diameter (Tan,
2015) (Figure 4A); several different types of spines exist and they have been categorized
based on their morphology (Figure 4B).
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Figure 4. Structure and morphology of dendritic spines. A) Schematic drawing of a neuron and
synapse, indicating a postsynaptic spine with neurotransmitter (NT) receptors, and a presynaptic
axon terminal from which neurotransmitters packed inside synaptic vesicles are released in the
synaptic cleft space. Adapted from (Smrt & Zhao, 2010) B) Different categories of spines based on
morphology. Adapted from ((Basu, Saha et al., 2018).

25
The gut microbiota and neuroenergetics
The largest part of this thesis focused on studies of mechanisms and effects of lactate
signaling in neurons, in particular in relation to synaptic plasticity. In addition, a part of
this thesis addressed a topic of rising interest in the field of neuroscience - the relation
between the gut microbiota and brain physiology - and aimed to investigate in particular a
possible influence of the gut microbiota on ANLS. In this context, I introduce several
concepts relating to the gut microbiota.
Microbiota refers to the community of microorganisms present in a given habitat of a living
organism, such as the gut, where it weighs approximately 1 kg in the average adult, almost
as much as the human brain (Cryan & Dinan, 2012; Dinan, Stilling et al., 2015a). While
this community comprises bacteria, fungi, and viruses, most studies addressed the total
community of bacteria only and refer to it as the microbiota.
The gut microbiota is capable of producing numerous compounds with neuroactive
properties and was reported to modulate brain physiology, development, and behavior
(Cryan & Dinan, 2012; Diaz Heijtz, Wang et al., 2011; Dinan, Stilling et al., 2015b) and
has been implicated as a key regulator in several neurological disorders (Goyal, Venkatesh
et al., 2015; Maqsood & Stone, 2016; Rea, Dinan et al., 2016).
The effects of gut microbiota on several brain processes and possible mechanisms of action
are summarized in Figure 5.
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Figure 5. Central nervous system (CNS) processes regulated by the gut microbiota and signaling
mechanisms involved. Reproduced from (Sherwin, Dinan et al., 2018)

Several types of microbiota manipulations exist, among the most widely used are germfree (GF) and antibiotic-treated mice. Germ-free mice lack a microbiota, being born and
raised in sterile conditions characterized by a complete absence of microorganisms.
Multiple investigators have shown that these mice have deficits in cognition, behavior, and
different levels of neurotransmitters, as summarized in Figure 6 (Dinan, Stilling et al.,
2015b). Germ-free mice are very useful models in which contributions of the gut
microbiota on brain physiology can be extensively studied, however they do have
developmental defects in particular related to the function of their immune system
(Kennedy, King et al., 2018). Other models include antibiotic-treated mice, in which a
selective depletion of the microbiota can be performed, however most of the times this
procedure leads to incomplete and inconsistent results, and in addition antibiotics can
produce off-target effects in the organism, which become confounding factors (Kennedy,
King et al., 2018).
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Figure 6. Some of the major deficits in cognition, behavior and neurochemistry observed in germfree mice. Cort, corticosterone; ACTH, adrenocorticotropic hormone; 5-HT, 5hydroxytryptamine/serotonin; Bdnf, brain-derived neurotrophic factor. Reproduced from (Dinan,
Stilling et al., 2015b).

The influence of the gut microbiota on brain energy metabolism has not been extensively
studied to date: there is only one report describing changes in the levels of several
glycolytic intermediates in the brain of germ-free mice (Matsumoto, Kibe et al., 2013), and
two others linking microbiota and brain metabolism in the context of childhood
undernutrition (Goyal, Venkatesh et al., 2015) and respectively microbiota to brain fatty
acid metabolism. At the same time, remarkably, there are several reports of plasticityassociated and neuroprotective effects of diet supplementation with prebiotics
(nondigestible nutrients that facilitate proliferation of beneficial gut bacteria) and
probiotics (live bacterial strains) in mice, some of which are linked to modulation of
NMDARs and Bdnf (Bonfili, Cecarini et al., 2018; Jeong, Woo et al., 2015; Kao, Harty et
al., 2016; Maqsood & Stone, 2016; Savignac, Corona et al., 2013; Sun, Liu et al., 2019).
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OBJECTIVES AND CONTRIBUTION
As described in the Introduction, effects of lactate on cellular signaling have been
characterized in multiple tissues and cell types including the brain and neurons. However,
to date, no extensive investigation of genes and signaling pathways modulated by this
metabolite in neurons was performed. In addition, while mechanisms through which lactate
could exert its modulatory effect on gene expression were described in cardiac cells
(Gabriel-Costa, da Cunha et al., 2015), muscle cells (Hashimoto, Hussien et al., 2007),
macrophages (Samuvel, Sundararaj et al., 2009), and rat male germ cells (Galardo,
Regueira et al., 2014) and they all pointed to reactive oxygen species (ROS) production as
a mediator, only one study directly addressed this in neurons, and it was limited to only 4
target genes (Yang, Ruchti et al., 2014).
This limitation was addressed by studies presented in the first two chapters of this thesis,
as outlined below.
Several phenotype correlates of the signaling effects of lactate have been identified in
animal models, such as memory formation (Newman, Korol et al., 2011; Suzuki, Stern et
al., 2011), antidepressant-like effects (Carrard, Elsayed et al., 2016), and long-term
conditioned responses to cocaine (Boury-Jamot, Carrard et al., 2015). In cultures of mouse
cortical neurons, neuroprotection was assessed by examining percentage of neuronal death
in response to excitotoxic stimuli (Jourdain, Allaman et al., 2016; Jourdain, Rothenfusser
et al., 2018); however, no specific correlate of synaptic plasticity was investigated in the
same type of neuronal culture preparation as the one used for the studies on gene expression
modulation. Therefore, in the third chapter of the thesis, an approach to analyze a
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morphological correlate of neuronal plasticity in the cortical neuron culture and the related
results are described.
Last but not least, the fourth chapter of the thesis contributes to advancing the field of
neuroenergetics by providing the first evidence for a possible influence of the gut
microbiota on ANLS in the mouse hippocampus.
Objective 1:
The first objective of this thesis was to extend previous findings published by Yang et al.
(2014), which showed that lactate modulates 4 synaptic plasticity-related genes in cortical
neurons, potentiates NMDAR activity and that these effects are reproduced by NADH.
Genome-wide RNA sequencing was used to examine transcriptional responses to lactate
in a similar cortical neuron culture preparation, and to determine whether the effects of
lactate on gene expression on a larger scale were mediated by NMDAR activity and
mimicked by NADH.
The results of this study are presented in chapter 1.
Objective 2:
The second study, presented in chapter 2, was designed with the following aims: enhancing
the detection of differentially expressed genes in response to lactate and examining
transcriptional responses after a longer duration of time, identifying genes with similar
time-dependent patterns of regulation that share biological functions, and testing additional
mechanisms through which lactate modulates gene expression.
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Objective 3:
Complementary to the previous two studies, the third study aimed to investigate whether
lactate modulates density and morphology of spines of cortical neurons, as a morphological
phenotype correlate of neuronal plasticity.
The results of this investigation are presented in chapter 3.
Objective 4:
A question that I also wanted to address in this thesis was whether the gut microbiota has
any contribution in regulating ANLS in the hippocampus of mice based on previous
findings showing in the brain of GF mice, changes in the levels of several glycolytic
intermediates (Matsumoto, Kibe et al., 2013) and impaired memory (Gareau, Wine et al.,
2011), and others, from our research group and collaborators, indicating that lactate
shuttling is of particular importance to memory consolidation and learning (Suzuki, Stern
et al., 2011). We investigated whether different gut microbiota manipulations alter in the
brain hippocampus the expression profiles of several genes encoding proteins involved in
the ANLS.
This study is described in chapter 4.
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RESULTS
Chapter 1: Lactate regulates the expression of synaptic plasticity and
neuroprotection genes in cortical neurons: a transcriptome analysis
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1. 1 Abstract
Lactate, a product of aerobic glycolysis in astrocytes, is required for memory formation
and consolidation, and has recently emerged as a signaling molecule for neurons and
various cell types in peripheral tissues. In particular lactate stimulates messenger RNA
(mRNA) expression of a few plasticity-related genes.
Here, we describe a RNA sequencing (RNA-Seq) study that unravels genome-wide
transcriptomic responses to this energy metabolite in cortical neurons. Our results show
that mRNA expression of 20 immediate-early genes involved in the mitogen-activated
protein kinase (MAPK) signaling pathway and in synaptic plasticity were increased by
more than 2-fold following 1h of lactate stimulation. This effect was dependent on NMDA
receptor activity since it was prevented by pre-treatment with MK-801. Comparison with
published datasets showed that a significant proportion of genes modulated by lactate were
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similarly regulated by a stimulation protocol activating specifically synaptic NMDA
receptors known to result in upregulation of pro-survival and downregulation of pro-death
genes. Remarkably, transcriptional responses to lactate were reproduced by NADH (for 74
of the 113 genes, FDR<0.05), suggesting a redox-dependent mechanism of action. Longerterm gene expression changes observed after 6h of lactate treatment affected genes
involved in regulating neuronal excitability and genes coding for proteins localized at
synapses.
Gene set enrichment analyses performed with ranked lists of expressed genes revealed
effects on molecular functions involved in epigenetic modulation, and on processes
relevant to sleep physiology and behavioral phenotypes such as anxiety and hyperactivity.
Overall, these results strengthen the notion that lactate effectively regulates activitydependent and synaptic genes, and highlight new signaling effects of lactate in plasticity
and neuroprotection.
1.2 Introduction
Lactate is a metabolic end-product of glycolysis with established roles as an energy
substrate in multiple tissues, including skeletal muscle, heart, liver, and the brain (AdevaAndany, López-Ojén et al., 2014). In the brain, lactate is mainly produced by astrocytes, a
type of glial cells, and shuttled to neurons in response to synaptic activity - a mechanism
known as the astrocyte-to-neuron lactate shuttle, ANLS (Pellerin & Magistretti, 1994;
Pellerin & Magistretti, 2012).
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Lactate has emerged as a valuable signaling molecule in addition to its energetic role, in
different tissues and cell types, including circulating stem/progenitor cells (Milovanova,
Bhopale et al., 2008), muscle (Hashimoto, Hussien et al., 2007), T cells, monocytes and
dendritic cells (Dietl, Renner et al., 2010; Gottfried, Kunz-Schughart et al., 2006; Haas,
Cucchi et al., 2016). Lactate is also an active metabolite for cancer cells promoting
angiogenesis, immune escape and cell migration (Kim & Dang, 2006; San-Millan &
Brooks, 2017).
Recent work has demonstrated that lactate also acts as a signaling molecule in the brain
(Magistretti & Allaman, 2018), modifying the excitability of neurons (Sada, Lee et al.,
2015; Tang, Lane et al., 2014), playing an important role in learning and memory (Suzuki,
Stern et al., 2011) and favoring neuroprotection (Jourdain, Allaman et al., 2016).
The essential role of lactate in long-term memory formation in mice (Suzuki, Stern et al.,
2011) is likely to rely on modulation of synaptic plasticity and neuronal activity-dependent
genes. Yang et al. (2014) have shown that lactate stimulates in mouse primary cortical
neurons and in vivo in the mouse sensory-motor cortex, the expression of genes such as
Arc, c-Fos, Bdnf and Zif268 (Egr1). These genes are important for synaptic plasticity and
they are induced by neuronal activity (Flavell & Greenberg, 2008; Guzowski, Setlow et
al., 2001).
The effect of lactate on these genes was dependent in particular on NMDAR activity, being
abolished in the presence of NMDAR antagonist MK801.
NMDARs are glutamate-gated ion channels with important roles in excitatory
neurotransmission, experience-dependent synaptic remodeling, and long-lasting changes

34
in synaptic efficacy such as LTP, key processes to learning and memory (Cull-Candy &
Leszkiewicz, 2004; Lau & Zukin, 2007; Lynch, 2004).
Lactate was also shown to regulate gene expression in other cell systems and tissues, such
as L6 muscle cells (Hashimoto, Hussien et al., 2007), HCT 116 colon cancer cells (Latham,
Mackay et al., 2012), glioma cells (Baumann, Leukel et al., 2009), tumour-associated
macrophages (Colegio, Chu et al., 2014), T cells (Haas, Smith et al., 2015), and
mesenchymal stem cells (Zieker, Schäfer et al., 2008).
In the context of the observed effects and in order to gain further insights into the signaling
mechanisms regulated by lactate in the brain, we have evaluated genome-wide
transcriptional responses to this metabolite in primary neuron cultures.
Results show that lactate modulates key genes important for different forms of synaptic
plasticity in an NMDAR-dependent manner and genes under the genomic pro-survival
program activated specifically by synaptic NMDARs; and that NADH, but not pyruvate,
primarily, reproduces these effects on gene expression. In addition, functional
bioinformatics analysis of gene expression data points to the involvement of the MAPK
signaling pathway, the serum response factor (SRF) and transcription factor Zif268 (Egr1).
The transcriptome study also unravels groups of genes modulated by lactate in an
NMDAR-independent manner, for which other signaling pathways and gene regulatory
mechanisms could be responsible. These results open avenues for further investigations
that can contribute to a better understanding of the physiological coupling of energy
metabolism to synaptic activity in the brain.
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1.3 Materials and Methods
Reagents
Sodium L-lactate and sodium L-pyruvate were from Sigma-Aldrich. (5S,10R)-(+)-5methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK801 maleate)
and N-methyl-D-aspartic acid (NMDA) were from Tocris. NADH was obtained from
Roche.
Cell cultures
Experiments were conducted in accordance with the Swiss Federal Guidelines for Animal
Experimentation and were approved by the Cantonal Veterinary Office for Animal
Experimentation (Vaud, Switzerland). Primary cultures of cortical neurons were prepared
from embryonic day 17 (E17) OF1 mice embryos (Charles River Laboratories) as
previously described (Allaman, Gavillet et al., 2010). Briefly, minced pieces (1-2 mm3) of
isolated cerebral cortices were enzymatically digested with papain and gently triturated to
a single-cell suspension. Dissociated cells were plated onto poly-L-ornithine-coated cell
culture dishes at a density of 4 x 104 cells/cm2 and maintained in Neurobasal medium
supplemented with B27, GlutaMax, penicillin (50 U/mL), and streptomycin (50 μg/mL)
(Invitrogen) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. These culture
conditions typically produced 93 - 95% pure neuronal cultures (Belanger, Yang et al.,
2011). Neurons were used for experiments at day in vitro 11.
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Cell treatments
Neuronal cultures were treated by directly adding lactate (20 mM), pyruvate (20 mM),
NADH (4 mM) or NMDA (50 μM) into the culture medium from 50-100x stock solutions
prepared in milli-Q® water. When indicated, MK-801 (40 μM) was added 30 min prior to
lactate. For each independent culture and treatment condition, three biological replicates
were included.
RNA extraction and sequencing
Total RNA was isolated from cultured cells using Nucleospin RNA II kit (MachereyNagel) according to the manufacturer’s instructions. As much as 5 μg of RNA, quantified
using NanoDrop spectrophotometer (Nanodrop 2000, ThermoScientific), were preserved
in RNAstable (Biomatrica) and subsequently shipped to KAUST’s next-generation
sequencing core lab where it was reconstituted in RNAse-free water. The integrity and
level of degradation of the purified RNA was assessed with the Agilent BioAnalyzer 2100
(Agilent Technologies, Inc.). RIN value was above 8 for all the samples, on a scale from
1 (degraded) to 10 (intact).
Illumina RNA-Seq was performed according to manufacturer’s instructions. Library was
prepared using the TruSeq stranded mRNA library protocol. Briefly, mRNA was isolated
from total RNA with poly-T oligo-attached magnetic beads and then fragmented. Firststrand complementary deoxyribonucleic acid (cDNA) was synthesized using SuperScript
III reverse transcriptase and random primers. Second strand cDNA was subsequently
synthesized and double-stranded cDNA generated. The cDNA was adenylated and ligated
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to adapters. cDNA fragments were purified and size-selected with AMPure XP beads
(Beckman Coulter).
Sequencing was performed on the HiSeq™ 2000 (Illumina) with a paired-end (PE)
sequencing strategy. The read length was set at 100 base pairs (bp) and the sequencing
depth was 40-50 million reads.
qRT- PCR
The first strand of cDNA was synthesized from 1000 ng of total RNA (10 min at 25 °C
followed by 120 min at 37°C and 5 min at 85°C) using the High-capacity cDNA reverse
transcription kit (Applied Biosystems). The resulting cDNA was amplified by quantitative
real-time polymerase chain reaction (qRT-PCR) with an ABI Prism 7900 system (Applied
Biosystems). The PCR mix was composed of 16 ng of cDNA, 250 nM of forward and
reverse primers in 10 μL of 1× SYBR-Green PCR MasterMix (Applied Biosystems).
Primer sequences were designed using Primer Express 3.0 software (Applied Biosystems)
and salt-free purified oligonucleotides were synthesized by Integrated DNA Technologies
(IDT). A full list of the primer sequences used is available in Table A1 (Appendix).
The specificity of PCR amplification for each set of primers was checked by the presence
of a single sharp peak in the melting curve analysis. Data were computed using the
sequence detector software SDS 2.3 (Applied Biosystems) and analyzed using the deltadelta-cycle threshold (∆∆ Ct) relative quantification method (Livak & Schmittgen, 2001)
with cyclophilin and β-actin as reference genes.
RNA-seq data analysis
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Raw

sequencing

data

quality

was

evaluated

with

the

application

FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
The raw RNA-seq reads were preprocessed to remove adapter sequences using
trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic) with the following
parameters:

ILLUMINACLIP:…/TruSeq3-PE-2.fa:2:151:10,

LEADING::3,

TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:36
For each sample, reads that passed filtering were mapped to the UCSC mouse reference
genome [build mm10] using TopHat (http://ccb.jhu.edu/software/tophat/index.shtml) with
the following changes to the default parameters described in the protocol of Trapnell et al.
(2012): -G genes.gtf --no-novel-juncs --max-multihits 1. These options specified mapping
to the reference genome without novel splice discovery and selection of uniquely mapped
reads.
The

resulting

aligned

reads

were

then

analyzed

with

the

Cufflinks

suite

(http://cufflinks.cbcb.umd.edu) that assembles aligned reads into transcripts and measures
their relative abundance. The expression of each protein-coding gene was quantified by
adding up the expression levels of all transcripts for that particular gene. Abundance is
reported as the number of reads mapping to that gene divided by the gene length in
kilobases and the total number of mapped reads in millions, which is called fragments per
kilobase of exon per million fragments mapped (fpkm).
For further analysis, only protein-coding genes differentially expressed with a fpkm value
>1 in at least one of the two conditions compared were included. The aim was to remove
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genes with very low expression levels, in order to minimize “background noise” and focus
on more robust gene expression.
The number of independent cultures (n) per treatment condition used for the differential
gene expression analysis differed as follows for the 1h time point: Lactate (n=3), MK-801
(n=2), MK-801 and lactate (n=2), Pyruvate (n=2), NADH (n=1), NMDA (n=1), NMDA
and lactate (n=1); and was n=2 for the 6h time point and treatment with lactate.
Where more than one independent culture was used for the analysis in response to a given
treatment, logarithm to the base 2 of fold change (log2FC) values for genes in common
among the independent experiments were averaged.
GO and pathway enrichment analysis
Gene ontology (GO) and pathway enrichment analysis using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database were performed using the clusterProfiler package
(Yu, Wang et al., 2012) in the R programming environment. The functions enrichGO and
enrichKEGG were utilized with Benjamini-Hochberg (BH) probability value (p-value)
adjustment (cutoff <0.1) and the background set of genes comprised all genes with a fpkm
value ≥1 in one of the two treatment conditions compared. The resulting GO terms were
analysed for semantic similarity (cut-off value of 0.7) with GOSemSim R package (Yu, Li
et al., 2010) to reduce redundancy. Selections of non-redundant enriched terms from the
GO analysis were plotted. All p-values for plotted terms are corrected for multiple testing.
Visualization of results was performed using the dotplot function of the clusterProfiler
package, and the Bioconductor packages pathview and GOplot.
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Gene set enrichment analysis (GSEA)
GSEA was conducted using WebGestalt 2017 online platform (Wang, Vasaikar et al.,
2017) run on pre-ranked list of all the genes expressed in cortical neurons with fpkm
expression values > 1, using the default parameters and identification of enriched
categories based on false discovery rate (FDR) threshold of 0.05. If no terms were enriched
below this threshold, additional terms were identified below a less stringent threshold of
0.1. Ranking was based on fold-change induction in lactate-treated cells compared to
control cells. GSEA results were assessed as being statistically significant by permutation
of 1000 samples.
The enrichment was indicated by the net enrichment score (NES), which accounts for
differences in gene set size and in correlations between gene sets and the expression dataset
(Wang, Vasaikar et al., 2017).
The leading core genes identified are genes that show high correlation between their
expression level and the phenotype to which they are associated and tend to be at the
extremes of the distribution, rather than randomly distributed. This subset is essentially
the genes responsible for the enrichment score for a given biological process or cellular
component.

Transcription factor binding site enrichment analysis
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Detection of over-represented conserved transcription factor binding sites (TFBS) was
performed with the Single Site Analysis tool on the oPOSSUM-3 website (Kwon, Arenillas
et al., 2012) using a conservation cutoff of 0.60 and a matrix score threshold of 85%. The
amount of upstream/downstream sequence analyzed was 3000/1000 bp. A list of all
expressed genes with fpkm values > 1 in cortical neurons was used for background.
oPOSSUM analyzes TFBS enrichment through both Z-score and F-score, which is the
negative log of the Fisher one-tailed exact probability. The Z-score used compares the rate
of occurrence of a TFBS in the target set of genes to the expected rate estimated from the
pre-computed background. The F-score is based on the one-tailed Fisher exact probability,
which compares the proportion of co-expressed genes containing a particular TFBS to the
proportion contained in the background set. Thus the F-score/p-value does not consider the
number of times a TFBS appears near a gene beyond once. For enrichment of TFBS, we
employed a combined threshold of 10 for Z-scores and 7 for F-scores, based on available
recommendations and literature (Ahmed, Wan et al., 2017; Taylor, Reynolds et al., 2017).
Cell type-enrichment analysis
To estimate cell-type sources, including cell culture contaminants such as astrocytes,
endothelial cells, oligodendrocytes and microglia, from which genes may originate, we
used a recently published cell-type deconvolution analysis (Saul, Seward et al., 2017)
using, as reference sets, RNA-seq data of sorted cells from the mouse frontal cortex (Zhang,
Chen et al., 2014). Genes enriched for each cell type were selected on the basis of
expression values greater than 1 fpkm and on expression in a given cell type compared to
all others greater than 5-fold. Overlap with the lists of differentially expressed genes in our
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study was evaluated.
1.4 Results
Lactate modulates expression of immediate-early genes involved in transcription
regulation and early signaling events
Lactate induces plasticity-related genes in cortical neurons (Yang, Ruchti et al., 2014). In
order to gain an exhaustive insight into the transcriptional response to lactate in neurons,
we have performed a genome-wide RNA-seq study. RNA-seq has several advantages over
gene expression microarrays, such as its higher sensitivity and accuracy, broader dynamic
range, and the ability to detect novel transcripts (Rodríguez-García, Sola-Landa et al.,
2017).
RNA sequencing was performed on RNA isolated from day-in-vitro (DIV) 11 cultured
cortical neurons 1h after addition of sodium L-lactate to cell culture media.
All treated samples used in this study had RIN values > 8 (range 8.2-10) confirming that
all RNA samples were of excellent quality (Ibberson, Benes et al., 2009). In total, we
obtained an average of 44 million reads per sample treated with lactate for 1h (n=3
independent cultures, 3 biological replicates per culture). Low quality bases and adapters
were filtered out from the datasets prior to read mapping. An average of 42 million of reads
per sample were mapped to the mouse genome (UCSC, mm10).
Overall, around 12,000 genes were detected in neurons with expression levels above the
threshold fpkm value of 1, used to separate genes with very low expression levels; this total
number of expressed genes is representative for brain tissue which is characterized by the
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expression of more genes with less dominance of few highly expressed genes (Ramskold,
Wang et al., 2009).
Differential gene expression analysis revealed that 113 genes were differentially regulated
in cortical neurons treated with lactate for 1h when compared with the control (no
treatment), of which 80 genes were up-regulated and 33 were down-regulated. These genes
were identified in each independent culture using a q-value < 0.05. The q-value represents
the Benjamin-Hochberg multiple testing corrected p-value and is a measure of the false
discovery rate (FDR). Fold change values for the 113 genes are the average of the three
independent cultures.
To account for possible contribution of non-neuronal cell types to gene expression changes
mediated by lactate in our cultures, we have used a cell-type specific classification method
of genes (Saul, Seward et al., 2017) based on RNA-Seq data sets obtained from sorted
cells of the mouse frontal cortex (Zhang, Chen et al., 2014) and examined the overlap with
our list of differentially expressed genes.
Out of the 113 differentially expressed genes in response to 1h lactate treatment, no
astrocyte- or oligodendrocyte-enriched genes were identified in the overlaps. Two
(Apold1, Kcnj2) and 6 (Calhm2, Egr2, Egr3, Gadd45b, Gm13889, and Txnip) genes were
found to be respectively enriched in endothelial and microglial cells. Interestingly, 6 of
these genes were also robustly expressed in neurons, while only 2 genes, Calhm2 and
Kcnj2, had expression values below 1 fpkm in neurons (Zhang, Chen et al., 2014).
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Some of the genes previously reported as modulated by lactate in neurons after a treatment
of 1h (Arc, Egr1/Zif268, c-Fos) were among the 113 genes identified.
Out of the 113 genes differentially regulated by lactate, 22 genes showed an average fold
change above 2, indicating a strong modulation.
We next performed a gene ontology enrichment analysis to identify over-represented
biological processes, molecular functions and cellular components corresponding to the list
of differentially expressed genes.
For this analysis, all differentially expressed genes with a q-value < 0.1 were used, in total
135 genes. This q-value threshold is more lenient and can be used when aiming to
maximize the discovery of relevant biological processes.
Around 35 of the genes modulated by lactate at 1h are immediate-early genes, with
transcription factor activity, or genes coding for proteins involved in the regulation of
phosphorylation and early signaling events, as emphasized upon conducting a gene
ontology over-representation test (Figure 7A). Interestingly, five out of ten of the most
enriched molecular function terms point to regulation of RNA polymerase II activity.
Among the most enriched gene ontology terms representing biological processes, muscle
tissue development and differentiation are included.
Ten out of the 135 genes differentially regulated by lactate, namely c-Fos, Bdnf, Atf4,
Nr4a1, Gadd45b, Gadd45g, Map3k11, Dusp4, Dusp6, Dusp10 are associated with the
MAPK signaling pathway, a key-signaling cascade mediating, in neurons, cytoplasmic and
nuclear responses to synaptic activity, and NMDAR-dependent neuronal plasticity
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(Bluthgen, van Bentum et al., 2017; Sweatt, 2001; Yang, Ruchti et al., 2014). They are all
up-regulated by lactate (highlighted in green; Figure 7B).
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Figure 7. Functional analysis of genes differentially expressed in response to lactate after 1h. (A)
GO plots showing enrichment of biological processes and molecular functions for the genes
differentially expressed after 1h stimulation with lactate (135 genes, q-value<0.1, three biological
replicates, n=3 independent cultures). Statistical significance for the enriched terms is based on the
multiple testing-corrected P-value, which is color-coded. The number of genes associated with each
respective term is indicated by the dot size. (B) A detailed KEGG graph of the MAPK signaling
pathway with genes modulated by lactate at 1h highlighted in green indicating that they are upregulated. Dusp10 and Gadd45g are not indicated on the pathway map. Genes highlighted in red
are genes down-regulated in the co-treatment condition with MK801 and lactate. (C) Bar plot
showing fold enrichment of specific transcription factor binding sites in the promoters of genes
modulated by lactate at 1 h (FDR<0.1). Z-score is the main enrichment indicator and is obtained
by dividing the rate of occurrence of a TFBS in the target set of genes to the expected rate estimated
from the pre-computed background. The secondary x-axis represent the Fisher score calculated as
the negative natural logarithm of the one-tailed Fisher exact probability.

Genes modulated by lactate are under the regulatory influence of transcription
factors that are induced by synaptic activity and NMDAR signaling
In the context of gene expression changes by 1h lactate treatment, we have searched for
transcription factors with over-represented DNA binding site motifs in promoters of
differentially expressed genes with a q-value < 0.1, using the oPOSSUM web application
and the JASPAR database of transcription factor matrices.
The transcription factors with the highest over-representation (Z-score > 10 and Fisher
score > 7), including SRF, Egr1, CREB1, NF-κB, and Mycn, are known to be modulated
by neuronal activity and to be involved in plasticity. The serum response factor (SRF)
shows the highest enrichment in promoters of genes modulated by lactate at 1 h (Figure
7C). Interestingly, this transcription factor was previously reported in literature to play
important roles in synaptic plasticity, memory and survival (Knoll & Nordheim, 2009;
Stern, Sinske et al., 2012). Both SRF and the cAMP response element-binding protein
(CREB1), another transcription factor that is enriched in the set of genes regulated by
lactate, respond to synaptic activity triggered by activation of NMDA receptors and the
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subsequent intracellular calcium increase (Knoll & Nordheim, 2009; Sala, RudolphCorreia et al., 2000). Egr1, one of the most strongly up-regulated genes by lactate at 1h, is
induced in association with long-term potentiation (LTP) and after specific learning
experiences, and is implicated in regulating plasticity and survival (Cole, Saffen et al.,
1989; Hall, Thomas et al., 2001; Jones, Errington et al., 2001). NF-kB activation was also
shown to be important for induction of synaptic plasticity and memory formation
(Engelmann & Haenold, 2016; Gutierrez & Davies, 2011). The p50 subunit (encoded by
Nfkb1, the transcription factor motif enriched in our analysis) is a subunit of the classical
NF-kB pathway and is implicated in regulating axonogenesis (Haenold, Weih et al., 2014).
In addition, another enriched transcription factor, Mycn, was previously reported as being
induced by neuronal activity (Jopling & Willis, 2001).
The effect of lactate on immediate-early gene expression regulation is NMDAR
dependent
It was previously reported that lactate can potentiate the responses of activated NMDA
receptors (Yang, Ruchti et al., 2014). To determine whether the effects of lactate on gene
expression were mediated by NMDA receptors, we stimulated neurons for 1h with lactate
in the presence of the NMDA receptors non-competitive antagonist MK-801 (Huettner &
Bean, 1988; Wong, Kemp et al., 1986) or with the blocker alone, and compared the gene
expression profiles. This selective NMDA receptor blocker was used at a concentration of
40µM and was applied 30 min before the addition of lactate. Under these conditions
NMDA receptors are fully blocked for the duration of the subsequent treatment (McKay,
Bengtson et al., 2013).
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MK-801 treatment alone modulated 165 genes (q-value<0.05), of which 90 were upregulated and 75 down-regulated. Among the down-regulated genes, we identified Arc,
Egr1, and c-Fos, as well as Rgs4, Rgs2, and Dusp6, previously reported to be induced by
co-treatment with bicuculline (BiC) and 4-aminopyridine (4-AP) and regulated in the
opposite direction by MK-801 (Papadia, Soriano et al., 2008). 4-AP is a K+ channel
antagonist that enhances burst frequency (Papadia, Soriano et al., 2008), and BiC is a
gamma-Aminobutyric acid (GABA)A receptor antagonist that indirectly activates synaptic
NMDAR by blocking synaptic inhibition (Avoli, Hwa et al., 1997). These findings suggest
that MK-801 treatment in the cortical neurons cultures down-regulates several activitydependent genes.
A total of 275 genes were differentially regulated in cortical neurons treated with lactate
and MK-801 (q-value<0.05), of which 160 genes were up-regulated and 115 were downregulated. Five genes were up-regulated with fold changes above 2 - Txnip, Gadd45b,
Bbc3, Ier5l, and Lpin1. Txnip, Bbc3 and Ier5 were previously identified as up-regulated in
cortical neurons treated for 2h with APV, a selective NMDAR antagonist (Chen & Hall,
2017).
Arc, Egr1, and c-Fos, genes up-regulated by lactate treatment alone, were down-regulated
by the MK-801/lactate co-treatment, with fold changes below -1.5.
When comparing expression profiles modulated by lactate and lactate together with MK801, we found that 47 out of 113 (more than 41%) of all the genes modulated by lactate at
1h were also differentially expressed when NMDA receptors were blocked (Figure 8A).
Interestingly, 21 out of the 47 genes, including those with the most pronounced fold
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changes, showed an opposite directionality of response in the co-treatment condition with
MK-801 and the condition with the blocker alone (Figure 8B).
Gene expression validation by quantitative real time-polymerase chain reaction (qRTPCR) was performed for eight of these genes, and it showed good correlation with RNAseq data (Figure 8B).
Five of the previously identified genes involved in the MAPK signaling pathway (Bdnf, cFos, Dusp4, Dusp6, Nr4a1) that were up-regulated by lactate treatment alone were downregulated following co-treatment with MK-801 and lactate (Figure 7B). These observations
suggest that lactate modulates selective MAPK pathway genes in a NMDAR-dependent
manner.
Next, we aimed to validate the effects of lactate on gene expression mediated through the
NMDAR by testing the effects of the NMDAR agonist NMDA and comparing it to that of
lactate. Transcriptional responses 1h after treatment with selective receptor agonist NMDA
alone (50 μM) or lactate and NMDA co-treatment were assessed. NMDA is an established
agonist of the NMDAR, which was previously shown to induce neuronal activity and
modulate gene expression in cortical neurons (Thakurela, Sahu et al., 2015).
We found that 79 out of the 113 genes (70%) modulated by lactate are similarly
differentially expressed in response to NMDA alone (q<0.05; Figure 8D). Notably, the
genes in common between the two conditions have the same directionality of response
(Figure 8C).
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More than 91% of the genes modulated by lactate alone are also modulated by lactate and
NMDA co-treatment (103 out of 113 genes; Figure 8D). All the fold changes for the genes
in common between the two conditions are more pronounced in the case of lactate and
NMDA co-treatment indicating additive effects (Figure 8C).
These observations further confirm that lactate modulates gene expression in a NMDARdependent manner.

52

53
Figure 8. Comparison of transcriptional responses to lactate, MK-801, NADH, NMDA, and
pyruvate. (A) Heatmap with genes regulated by lactate in absence and presence of MK-801 channel
blocker in cortical neurons. Colors red and green indicate down-regulated and respectively upregulated genes with the corresponding log2(fold change) values. (B) Heatmap with genes regulated
by lactate, MK-801/lactate co-treatment and MK-801 alone. (C) Heatmap with genes modulated
by lactate, NMDA, and lactate/NMDA co-treatment, after 1h. All genes represented in the heatmap
are differentially expressed in each of the treatment conditions (q<0.05). (D) Total numbers of
genes differentially expressed in response to lactate, NMDA, and lactate/NMDA co-treatment. (E)
Total numbers of genes differentially expressed in response to lactate, NADH, and NMDA. (F)
Comparison of transcriptional responses to lactate, NADH, and NMDA after 1h. (G) Heatmap
depicting genes modulated by lactate alone, lactate/MK-801 co-treatment, and pyruvate, after 1h.
(H) Venn diagram depicting total number of genes modulated by lactate, MK-801/lactate cotreatment and pyruvate.

Transcriptional responses to lactate are reproduced by NADH and NMDA
Yang et al. (2014) have shown that NADH, a by-product of the metabolic processing of
lactate to pyruvate, mimics the effect of lactate on the expression of Arc, Zif268, Bdnf and
c-Fos genes, and that its effect is antagonized by MK-801 and follows NMDAR activation
(Yang, Ruchti et al., 2014).
In line with these observations, we hypothesized that NADH could regulate a large
proportion of the genes we see modulated by lactate at 1h. Indeed, we found that
approximately 65% of the total number of genes regulated by lactate is also modulated by
NADH (74 out of 113 genes) (Figure 8E).
As many as 95% of the genes modulated by both lactate and NADH at 1h (70 out of 74
genes), were also differentially expressed in response to NMDA treatment, an established
agonist of the NMDAR (Figure 8E).
A very close resemblance of gene expression changes, by directionality and fold change
values, was observed between the NMDA and NADH treatments (Figure 8F).
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This suggests that for a significant proportion of genes (70 out of 113 genes), a mechanism
through which lactate could affect gene expression is by generating an increase in NADH,
which could in turn have a positive modulatory affect on NMDAR signaling.
A subgroup of genes that showed same directionality of response to lactate, NADH and
NMDA, and an opposite directionality upon co-treatment with lactate and MK-801 or the
blocker alone, was identified (Figure 9A). These 17 genes have been differentially
expressed in each of the treatment conditions described above with a q-value < 0.05.
For these genes, we suggest that they are modulated by lactate through downstream NADH
increase, which in turn potentiates NMDAR activity via a possible redox-dependent
mechanism (Jourdain, Rothenfusser et al., 2018). The effect of lactate on these genes, with
one exception only, is MK-801-sensitive and NMDAR-dependent.
The exception is Arrdc3, a gene coding for the arrestin-domain containing protein 3, which
is modulated more strongly by lactate compared to both NADH and NMDA, and for which
the effect of lactate on its expression is diminished but still persists upon NMDAR
blockade (Figure 9A).
We further conducted a gene ontology over-representation analysis for this subgroup of 17
genes. We found that several genes are transcriptional activators, of which Egr1, Egr2,
Npas4, and Nr4a3 are implicated in processes such as memory and behavior, and that also,
some of these genes are associated with muscle tissue development: Egr1, Egr2, c-Fos
(Figure 9C).

55
Next, in order to gain further insights into the biological functions of the NMDAR- and
NADH-dependent genes, and based on the previous observations that lactate stimulates
synaptic plasticity genes (Yang, Ruchti et al., 2014), we have performed a literature search
to identify other genes from this gene set which could be involved in promoting synaptic
plasticity. We were able to identify six additional genes (Egr2, Egr3, Egr4, Npas4, Nr4a3,
Rgs4), which participate in synaptic plasticity-related processes (Atluri, Kanthikeel et al.,
2013; Gerber, Squires et al., 2016). A list with corresponding fold changes is included in
Figure 9D.

56
Figure 9. Subset of genes modulated by lactate. (A) Fold change modulation of genes regulated by
lactate in presence and absence of MK-801, and by NADH, NMDA, and MK-801 alone. (B)
Validation of RNA-seq data with qRT-PCR, comparison of fold expression changes between RNAseq and qRT-PCR data for genes is shown. Error bars correspond to standard error of the mean
(SEM) values. t.test conducted for qRT-PCR analysis, between the different treatments and Ctr
condition; significance (p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****). (C) Genes-terms
relationship heatmap emphasizing genes associated with multiple gene ontology terms of interest
and showing their fold changes expression in response to lactate treatment at 1h. Up-regulated
genes are indicated in green and down-regulated genes in red. All terms displayed are overrepresented with a false discovery rate (FDR) < 0.05. (D) Bar plot showing fold induction of a few
selected known synaptic plasticity-related genes. The x-axis shows gain of expression log2(fold
change) 1h after lactate stimulation.

Pyruvate reproduces only a few of the modulatory effects of lactate on immediateearly genes
When comparing transcriptional responses to lactate alone and to lactate together with MK801, we observed that about half of the genes differentially expressed in both conditions
showed the same directionality of response (Figure 8A). This provides an indication that
there could be non-NMDAR-dependent mechanisms responsible for the effects of lactate
on gene expression.
As lactate is converted into pyruvate by lactate dehydrogenase, some of these effects could
be mediated by pyruvate level increases. It is well known that astrocyte-derived lactate is
taken up by neurons to fuel their energy needs, a process in which lactate is converted to
pyruvate, which is then oxidized to CO2 and water in the TCA cycle to produce ATP
(Brooks & Martin, 2015; Laughton, Bittar et al., 2007; Wyss, Jolivet et al., 2011).
To determine whether some of the effects of lactate on gene expression could be due to
changes in energy metabolism, we tested whether pyruvate could mimic effects of lactate
on gene expression.
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In cortical neurons, 1h of pyruvate treatment modulated the expression of 15 genes, of
which 11 were down-regulated and 4 genes up-regulated (q-value < 0.05).
Among the genes regulated by pyruvate, we found that 8 genes were also significantly
modulated by lactate (Figure 8H). Interestingly, however, as shown in Figure 8G, the
expression of seven of these genes (Phf13, Zfp667, Hes5, Senp8, Jrk, Map10, Arrdc3) was
not affected by the NMDA receptor blocker when co-applied with lactate. This comparison
suggests that the effect of lactate on the expression of these genes could be due to an
increase in the oxidative energy metabolism via pyruvate and its subsequent use by the
TCA cycle, but not through activation of NMDA receptors.
Gene set enrichment analysis reveals epigenetic mediators that are regulated by
lactate and gene targets linked to various phenotypes
In order to achieve additional insights into biological mechanisms modulated by lactate,
gene set enrichment analysis (GSEA) was performed on the full list of genes robustly
expressed (fpkm>1) in cortical neurons treated with lactate after 1h (12259 genes). This
analysis takes into account genes with low or non-differentially expressed values that can
participate in final enrichment through cumulative effects (Fruzangohar, Ebrahimie et al.,
2017; Subramanian, Tamayo et al., 2005).
The GSEA conducted on the 12259 genes ranked by fold change and using the gene
ontology functional database, revealed a positive enrichment of histone acetyltransferase
binding genes and a negative enrichment of DNA packaging complex and protein-DNA
complex genes. The leading core genes, genes which contributed the most to the
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enrichment signal calculation for a given gene ontology term (described in Methods
section), are listed in Table 1.
Table 1. Enriched gene ontology terms as assessed by gene set enrichment analysis of genes
expressed after 1h of lactate treatment. A positive net enrichment score indicates that genes overrepresented associated with the respective term are up-regulated in the expression dataset. Negative
NES indicates the opposite.
Gene ontology
term

Net
False discovery Leading core genes
enrichment rate (FDR)
score (NES)

histone
acetyltransferase
binding

1.92

0.04

Cebpb; Egr1; Zbtb7a;
Cited2; Nr4a3

DNA packaging
complex

-2.38

0.00

Hist1h4m; H1f0;
Hist2h3c1; Hist2h2aa1;
Hist1h2bk; Hist1h2bm;
Hist1h2bp; Hist2h2bb;
Hist2h2be; Hist1h1c

protein-DNA
complex

-1.99

0.01

Hist1h4m; Gins4;
H1f0; Hist2h3c1;
Hist2h2aa1; Nfe2l2;
Nfya; Nfyb; Pold1;
Pole2; Gtf2h3; Terf1;
Xpa; Gins2; Hist3h2a;
Hist1h2bk; Hist1h2bm;
Hist1h2bp; Hist2h2bb;
Hist2h2be; Hist1h1c;
Rpa3

It was previously reported that lactate is a weak histone deacetylase inhibitor (Latham,
Mackay et al., 2012) and that it can induce histone H3 and H4 hyperacetylation and
decrease chromatin compactness in HeLa cells (Wagner, Ciszewski et al., 2015).
The same type of analysis conducted on the 12259 genes using the mammalian phenotype
ontology database, revealed enrichment of a series of phenotypes which have been
previously linked to the ANLS (Magistretti & Allaman, 2018) and lactate, such as learning
(Jin, Gao et al., 2017; Shannon, Vaishnavi et al., 2016; Tadi, Allaman et al., 2015) and
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sleep (Haydon, 2017; Naylor, Aillon et al., 2012; Petit, Gyger et al., 2013), and others for
which there are indications of lactate involvement such as hyperactivity and anxiety
disorders (Dillon, Gorman et al., 1987; Johnson, Truitt et al., 2008; Killeen, Russell et al.,
2013; Russell, Oades et al., 2006)
The leading core genes accounting for the phenotypes enrichment signal are listed in Table
2.
Table 2. Gene targets of lactate linked to selected phenotypes by gene set enrichment analysis.
Phenotype

NES

FDR Leading core genes

abnormal NMDA-mediated
synaptic currents

2.10

0.03

Fosb

impaired spatial learning

2.13

0.03

Fosb

abnormal paradoxical sleep
pattern

2.08

0.03

Fos; Fosb

abnormal sleep pattern

2.28

0.00

Fos; Fosb; Per1; Per2; Ptchd1; Slc18a2

impaired learning

2.29

0.00

Arx; Fmr1; Fosb; Nr4a2; Syt4; Ptchd1;
Tnc

abnormal sleep behavior

2.14

0.03

Fos; Fosb; Per1; Per2; Ptchd1; Slc18a2;
Foxo3

abnormal interleukin-4
secretion

2.09

0.03

Atf3; Cish; Gadd45b; Nfatc1; Nfil3;
Dusp4; Rnf128

decreased dopamine level

2.11

0.03

Gpr37; Hipk2; Nr4a2; Per1; Ptger1;
Sstr2; Slc18a2; Tnc

abnormal tumor necrosis
factor level

2.21

0.01

Ticam; Cebpb; Crebbp; Egr1; Fos;
Ier3; Ldlr; Mapkapk2; Mertk; Ncoa3;
Nfil3; Npy1r; Pcsk1; Dusp1; Relb;
Arid5a; Tnfrsf1a; Pde4d; Sh3bp2;
Rc3h1; Tbk1; Apba3; Peli1

abnormal fear/anxietyrelated behavior

2.15

0.03

Spred; Adcyap1; Arc; Arx; Bdnf;
Crem; Arid3a; Fmr1; Fos; Fosb;
Gpr19; Grin2a; Nr4a2; Penk; Dusp1;
Rgs2; Slc2a3; Sstr2; Cpeb3; Slc18a2;
Git1; Tnc; Npas4; Gpr26; Dcaf10;
B3galt2; Park2; Lrrtm1

hyperactivity

2.13

0.03

Braf; Adcyap1; Arx; Bdnf; Chrm4;
Crem; Fmr1; Fos; Fosb; Ldlr; Nr4a3;
Npy1r; Nr4a2; Per1; Lrrc4; Rgs4;
Slc12a2; Ptchd1; Git1; Tnc; Npas4;
Sik2; B3galt2; Dnajb9; Vgf; Usp2;
Fezf2; Cystm1; Adipor2; Ssfa2; Gpr22
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On the long-term lactate modulates genes involved in receptor signaling and neuronal
excitability
In order to investigate how the transcriptome of cortical neurons is regulated by lactate on
the long-term, differentially expressed genes in cortical neurons after 6h treatment with
lactate were identified.
In total, 313 genes were differentially expressed, of which 112 were down-regulated and
201 were up-regulated, (Benjamin-Hochberg adjusted p-value < 0.05). Fold change values
for the majority of these genes were below 1.5, which indicates weak modulation.
Among these 313 genes, 8 are enriched in astrocytes (Dio2, Fras1, Gfap, Mtmr11, Ngef,
Notch3, Ppp1r3c, Thbs1), 9 in endothelial cells (Apln, Cd55, Lrrc55, Net1, Odc1,
Slc39a10, Tes, Tfrc, Usp43), 3 in microglia (Rtn4rl1, St6galnac4, Txnip), and 3 in
oligodendrocytes (Bcas1, Dnph1, Plp1).
Some of the up-regulated genes with the strongest modulation were Vegfa (vascular
endothelial growth factor-coding gene), Synj2 (synaptojanin 2) and Baiap2l2 (brain
specific angiogenesis inhibitor 1-associated protein 2-like protein 2).
We next performed a gene ontology over-representation test on all differentially expressed
genes with a q-value < 0.1, in total 484 genes.
The enrichment of genes coding for voltage-gated cation channel activity proteins and
potassium channels was observed (Figure 10). Few of the terms are associated with
receptor-mediated signaling events, which could be associated with synaptic plasticity
phenomena.
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Figure 10. Enriched gene ontology terms 6h after lactate stimulation. GO plot shows enrichment
of biological processes and molecular functions for genes modulated in cortical neurons by lactate
after 6 h.

In addition to the gene ontology analysis, we have performed a gene set enrichment
analysis on all genes robustly expressed (fpkm>1) in cortical neurons in the treatment
condition with lactate after 6h (12462 genes).
A positive enrichment of genes located at the synaptic membrane and dendritic processes
was observed, along with a negative enrichment of genes coding for members of the
cytochrome complex, the mitochondrial matrix, and the DNA packaging complex (Table
3).
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Table 3. Enriched gene ontology terms as assessed by gene set enrichment analysis of genes
expressed after 6h of lactate treatment.
Gene
ontology ID
GO:0030425
GO:0097060
GO:0070069

GO:0005759
GO:0044815

Description

NES

FDR

Core genes

dendrite
synaptic
membrane
cytochrome
complex

1.62

0.07

1.62

0.07

Suppl. Table S4
Suppl. Table S4

-1.73

0.08

mitochondrial
matrix
DNA
packaging
complex

-1.79

0.08

-1.79

0.08

Uqcc3; Cox6a2;
Cox7c; Cox8b;
Ndufa4; Cox15;
Uqcr10; Cox10
Suppl. Table S4
Cenpa; Smc2;
Hist2h2aa1; H2afj;
H1fx; Hist3h2a;
Hist1h2bk; Hist1h2bm;
Hist1h2bp; Hist2h2bb;
Hist2h2be; Cenpt;
H2afy2; Hist1h1c;
Ncapd2; Hist3h2ba;
Ncapd3

1.5 Discussion
In this article we report a transcriptional analysis of gene expression modulation in neurons
evoked by exposure to lactate. Taken together, the results obtained expand in an unbiased
manner and refine the findings of the previous investigation made on candidate genes
which demonstrated that lactate potentiates NMDA signaling in neurons, promotes
expression of selected plasticity genes, and that NADH reproduces the effects of lactate on
NMDA signaling (Yang, Ruchti et al., 2014). In addition, the current study shows that
lactate and NADH regulate a majority of immediate early genes (70 out of 113 genes) in a
similar way as the NMDAR agonist, NMDA.
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This study has identified six synaptic plasticity-promoting genes - in addition to Arc, Egr1,
c-Fos and Bdnf (Yang et al 2014) - namely: Egr2, Egr3, Egr4, Npas4, Nr4a3, Rgs4 which
are modulated by lactate in cortical neurons, and ten genes associated with the MAPK
signaling pathway, a key-signaling cascade mediating cytoplasmic and nuclear responses
to synaptic activity, and NMDAR-dependent neuronal plasticity, namely: c-Fos, Bdnf,
Atf4, Nr4a1, Gadd45b, Gadd45g, Map3k11, Dusp4, Dusp6, Dusp10 (Bluthgen, van
Bentum et al., 2017; Sweatt, 2001; Yang, Ruchti et al., 2014).
In a previous study, Zhang et al. (2007) showed data indicating that the sub-cellular
location of the activated NMDA receptors (synaptic vs. extra-synaptic) specifies the
phenotype of the transcriptional response. Stimulation of synaptic NMDA receptors upregulates pro-survival genes and down-regulates pro-death genes, while activation of extrasynaptic NMDA receptors leads to an opposite effect (Zhang, Steijaert et al., 2007).
Interestingly, among the 113 genes significantly modulated by lactate after 1h (q-value <
0.1), 13 genes (1190002N15Rik, Atf4, Dusp6, Dusp10, Fosl2, Frmd6, Junb, Maff, Nfil3,
Npas4, Nr4a1, Pim3, Trib1) were previously reported as regulated by a stimulation
protocol known to specifically activate synaptic NMDARs (Zhang, Steijaert et al., 2007),
whereas none are common with genes regulated by stimulating extra-synaptic NMDA
receptors (Zhang, Steijaert et al., 2007).
In addition, five out of the eight genes previously reported (Papadia, Soriano et al., 2008)
as modulated by BiC and 4-AP in a MK-801 sensitive manner, both in vitro and in vivo,
are significantly modulated by 1h lactate treatment with the same pattern of regulation:
Dusp6, Egr1, Rgs2, Rgs4, and Txnip. It was previously shown that BiC/4-AP treatment
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triggers activation of synaptic but not extra-synaptic NMDARs (Hardingham, Fukunaga et
al., 2002). Together, these observations suggest that lactate may act preferentially on
synaptically localized NMDA receptors regulating transcriptome profile favoring
neuroprotection and plasticity.
A transcription factor motifs binding sites analysis revealed that a majority of the genes
modulated by lactate at 1h are under the regulatory influence of transcription factors, which
are induced by synaptic activity and mediate plasticity events (SRF, CREB1, Egr1, NFkB, Mycn). Of particular note is the gene coding for Egr1, one of the transcription factors
with over-represented binding sites, which is itself up-regulated by lactate after 1h (fold
change of 1.97), and could well represent a master regulator of gene expression in response
to lactate.
The set of 16 genes identified (excluding Arrdc3) for which there is strong evidence of a
NADH-mediated and MK-801-sensitive mechanism (Figure 8I), appear as representing a
“canonical” set of early genes modulated by lactate in cortical neurons in a NMDARdependent manner.
Arrdc3 modulation showed an intriguing feature, presenting an opposite directionality of
response with the blocker alone compared to lactate treatment, but the same directionality
of response in the lactate treatment condition and the co-treatment condition with MK-801.
This partial insensitivity to MK-801 in presence of lactate could be explained by the fact
that pyruvate was also found to modulate this gene and thus the effect of lactate on its
regulation could be a metabolic and not an NMDAR/NADH-dependent one. Arrdc3
regulates the endosomal residence time and intracellular signaling of the β2 adrenergic
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receptor in HEK293 and BT549 cancer cell lines (Patwari, Emilsson et al., 2011; Tian,
Irannejad et al., 2016), however to our knowledge, there is no evidence in the literature for
a role in the brain, where its transcript levels were found to be very low (Patwari, Emilsson
et al., 2011) .
In this study we have identified in total seven genes whose expression is modulated by
pyruvate: Phf13, Zfp667, Hes5, Senp8, Jrk, Map10, Arrdc3.
One mechanism through which NADH reproduces lactate-mediated gene expression could
rely on its ability to positively modulate NMDAR activity through its redox-sensitive
regulatory sites (Choi, Chen et al., 2001; Jourdain, Rothenfusser et al., 2018). Consistent
with this, NADH has been previously shown to trigger an MK-801-sensitive (hence
NMDAR-mediated) rise in intracellular calcium and to amplify NMDAR-mediated
currents (Yang, Ruchti et al., 2014).
A previous study reported that rapid activity-induced transcription of immediate-early
genes (IEGs) in neurons relies on elevated RNA polymerase II presence at promoters
through stalling (Saha, Wissink et al., 2011). It is notable, that some of the most enriched
gene ontology terms for genes modulated after 1h by lactate are associated with RNA
polymerase II activity, binding, and regulation. This evidence could point to a mechanism
responsible for IEGs induction by lactate, upon NMDAR potentiation.
It is also of note that among the most enriched gene ontology terms for biological processes,
muscle tissue development and differentiation are included. This may reflect the presence
of neurotrophin-coding genes which have also been reported to play an important role in
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muscle differentiation and regeneration (Clow & Jasmin, 2010), and could indicate a
conserved gene regulatory role of lactate in muscle and the brain.
The enrichment of genes coding for voltage-gated cation channel activity proteins and
potassium channels after 6h, point to long-term signaling effects of lactate on regulation of
neuronal excitability (Shah & Aizenman, 2014; Sjostrom, Rancz et al., 2008). The positive
enrichment of genes located at the synaptic membrane and dendritic processes, points to
effects on synaptic plasticity processes. Among the genes with the highest fold change
response to lactate after 6h, Vegfa is known to stimulate neuronal survival and axonal
outgrowth (Carmeliet & Storkebaum, 2002; Theis & Theiss, 2018), while Synj2 is
implicated in recycling neurotransmitter vesicles (Planchart, 2013), and Baiap2l2’s
homologue Baiap2 has been implicated in dendritic spine development and NMDA
receptor regulation (Kang, Park et al., 2016).
Apart from Vegfa, other genes implicated in neuronal survival and neuroprotection were
modulated by lactate after 1h, namely Nr4a2, Npas4/Nxf, Bdnf, and Bcl2l11/Bim, and after
6h: Adcyap1, Bdnf, Apaf1, Bim, Gfra2, Hrk (Table 4). Interestingly, Hrk, Apaf1, and Bim
that are key factors in promoting neuronal cell death (Cheung, Melanson-Drapeau et al.,
2005; Ghosh, Cape et al., 2011; Hetz, Thielen et al., 2007; Steckley, Karajgikar et al., 2007)
were down-regulated by lactate, while Bdnf, Nr4a2, Npas4, Adcyap1, and Gfra2, that
facilitate neuronal survival (Lahteenmaki, Kupari et al., 2007) and protection (Husson,
Rangon et al., 2005; Ooe, Motonaga et al., 2009; Shintani, Suetake et al., 2005; Vaudry,
Pamantung et al., 2002; Volakakis, Kadkhodaei et al., 2010) were up-regulated by lactate.
Furthermore, lactate treatment for 1h strongly down-regulated (absolute fold change of 2)
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Txnip, a gene coding for an endogenous inhibitor of the antioxidative function of
thioredoxin. Txnip upregulation was associated with stroke and other neurological
conditions and its inhibition was shown to be neuroprotective (Al-Gayyar, Abdelsaid et al.,
2011; Nasoohi, Ismael et al., 2018). These observations collectively suggest a role for
lactate in modulating a neuroprotective transcriptional program.
Table 4. Neuroprotection and pro-apoptotic genes modulated by lactate 1h and 6h after start of
treatment.

Function

Neuroprotection

Cell death

Gene symbol
Nr4a2
Npas4
Bdnf
Vegfa
Adcyap1
Gfra2
Txnip
Apaf1
Bcl2l11
Hrk

Log2FC
1.91
1.88
0.95
0.40
0.83
0.53
0.30
-0.99
-0.23
-0.35
-0.34

Time
1h
1h
1h
6h
6h
6h
6h
1h
6h
6h
6h

A number of genes significantly modulated by lactate after 1h are not mediated through
NMDAR signaling, or through NADH or pyruvate increases. They could be regulated
through epigenetic mechanisms linked to lactate’s weak histone deacetylase activity
inhibitory role, previously reported in literature (Latham, Mackay et al., 2012). Gene set
enrichment analysis results have provided indications that lactate modulates genes coding
for histone acetyltransferase binding proteins, and histone protein complexes, which could
in turn impact chromatin compactness and organization, and gene expression.
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The phenotypes identified as enriched for the list of genes modulated by lactate at 1h point
to a series of genes relevant to sleep physiology and psychiatric conditions such as anxiety
and hyperactivity that open avenues for further investigation.
In conclusion, the present study provides a molecular dissection of the transcriptome-level
responses to lactate in cortical neurons leading to identification of several groups of genes
that are responsive to this energy metabolite and signaling molecule (Magistretti &
Allaman, 2018) and that are important for the physiology of neurons and processes like
synaptic plasticity and neuroprotection (Figure 11).

Figure 11. Mechanisms through which lactate modulates mRNA expression of genes involved in
synaptic plasticity and neuroprotection. Genes highlighted in red and green are down-regulated,
respectively up-regulated by lactate.
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Chapter 2: Time-course transcriptome analysis reveals long-term
effects of lactate on gene expression and novel signaling pathways
modulated in cortical neurons
2.1 Abstract
Lactate potentiates NMDA receptor activity and regulates genes important for synaptic
plasticity and neuroprotection, modulates the excitability of neurons, and plays an
important role in learning and memory.
Here we describe a time course genome-wide transcriptome study that unravels novel
genes regulated by lactate in primary cortical neurons. Differential gene expression (DGE)
analysis identified 5009 genes modulated by lactate after treatment for 1h, 6h, and 24h, out
of 14264 expressed genes in the neuronal culture. Functional downstream bioinformatics
analysis identified nine biological pathways modulated by lactate in a time-dependent
manner and 5 transcription factors with enriched binding motifs in the promoter sequences
of genes differentially expressed upon lactate treatment.
A time course-specific DGE analysis identified 289 genes with statistically significant
temporal expression profile changes that were grouped in 6 clusters based on the timedependent pattern of regulation. Cluster-specific gene ontology analysis identified
common biological functions for these genes in cognition and regulation of
phosphorylation, among others.
The modulatory effect of lactate on a subset of activity-dependent, neuroprotection and
synaptic plasticity genes was reduced in presence of AR-C155858, an inhibitor of
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monocarboxylate transporters, suggesting that uptake of lactate into neurons is necessary
for modulating gene expression. Furthermore, preliminary results with specific inhbitors
of CaMKII activity, AIP-II and CN21, indicated that the modulatory effects of lactate on
75% and respectively 95% of the total number of genes significantly modulated after 1h,
could depend on CaMKII activity.
2.2 Introduction
Recent studies have demonstrated that lactate, in addition to its metabolic role in energy
production, acts as a signaling molecule in the brain (Magistretti & Allaman, 2018): it
potentiates NMDA receptor activity (Jourdain, Rothenfusser et al., 2018) and regulates
genes important for synaptic plasticity and neuroprotection (Yang, Ruchti et al., 2014),
modulates the excitability of neurons (Sada, Lee et al., 2015; Tang, Lane et al., 2014), and
plays an important role in learning and memory (Newman, Korol et al., 2011; Suzuki, Stern
et al., 2011).
A previous transcriptome study has evaluated the genome-wide transcriptional responses
to lactate in cortical neurons. 113 genes were modulated 1h after adding lactate to the
neuronal cultures (FDR<0.05; n=3 independent cultures), and 313 genes after a period of
6h (FDR<0.05; n=2 independent cultures). 10 genes modulated after 1h were associated
with the MAPK signaling pathway, however no significant pathway enrichment was
observed when conducting the overrepresentation enrichment analysis for the genes
modulated after 6 h.
In order to gain more extensive insights into gene regulation by lactate in the brain, and
specific signaling pathways modulated, a time course experiment was designed, with six
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biological replicates for 4 conditions corresponding to 0 h, 1h, 6h, and 24h duration of
stimulation with lactate prior to RNA extraction. (Burden, Qureshi et al., 2014) and
(Schurch, Schofield et al., 2016) recommend at least six biological replicates per condition
in their study in which they compare different tools for RNA sequencing data analysis
using the false discovery rate as a metric. Time course experiments are well suited for
studying dynamic biological responses to different metabolites and can help identify gene
regulatory networks (Huang, Tao et al., 2016; Kuno, Nishimura et al., 2018; Spies &
Ciaudo, 2015).
In this study, we report that more than 30% of all robustly expressed protein-coding genes
in primary cortical neurons were modulated by lactate after treatment for 1h, 6h, and 24h,
and describe nine signaling pathways activated or inhibited by lactate in a time-dependent
manner, along with transcription factors and master regulators that could mediate changes
in mRNA expression of these genes.
In addition, we report genes with similar time-dependent patterns of transcriptional
regulation in response to lactate treatment, which share common biological functions, and
we provide mechanistic insights into how lactate could exert these gene modulatory effects.
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2.3 Materials and Methods
Reagents
Sodium L-lactate was from Sigma-Aldrich. Cell permeable autocamtide-2 related
inhibitory peptide II (Ant-AIP-II) was from EMD Millipore (catalog no. 189485), tat-fused
CN21 (tatCN21) was from Sigma-Aldrich (catalog no. 532385). AR-C155858 was from
Tocris (catalog no. 4960).
Cell cultures
Experiments were conducted in accordance with the Institutional Animal Care and Use
Committee (IACUC) Guidelines for Animal Experimentation and were approved by the
Institutional Biosafety and Bioethics Committee (KAUST, Saudi Arabia). Primary cultures
of cortical neurons were prepared from E17 CD1 mice embryos (Charles River
Laboratories) as previously described (Allaman, Gavillet et al., 2010). Briefly, minced
pieces (1-2 mm3) of isolated cerebral cortices were enzymatically digested with papain and
gently triturated to a single-cell suspension. Dissociated cells were plated onto poly-Lornithine-coated cell culture dishes at a density of 5.5 x 104 cells/cm2 and maintained in
Neurobasal medium supplemented with B27, GlutaMax, penicillin (50 U/mL), and
streptomycin (50 μg/mL) (Invitrogen) at 37 °C in a humidified atmosphere of 5% CO2 and
95% air. Neurons were used for experiments at day in vitro 12, maturity stage at which
they express functional glutamate receptors and have functional synapses (Lesuisse &
Martin, 2002; Martorell-Riera, Segarra-Mondejar et al., 2015).
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Cell treatments
For the time course experiment subjected to sequencing, six biological replicates were
included per treatment condition. Neuronal cultures were treated by directly adding lactate
(10 mM final concentration in media), into the culture medium from 100x stock solution
prepared in water.
Four biological replicates were included per treatment condition in the experiment with
CaMKII inhibitors subjected to sequencing. Neuronal cultures were treated by directly
adding lactate (10 mM), Ant-AIP-II (10 μM), and tat-CN21 (1 μM) into the culture medium
from 50-100x stock solutions prepared in water.
In the experiment with AR-C155858, neuronal cultures were treated by directly adding into
the culture medium lactate (10 mM) from 100x stock solution prepared in water, ARC155858 (2 μM) from 5000x stock solution prepared in DMSO, and DMSO (0.2% v/v).
In all experiments used for qRT-PCR evaluation of gene expression, three biological
replicates were used per each treatment condition.
RNA extraction and sequencing
Total RNA was isolated from cultured cells using RNAeasy mini kit (Qiagen) according
to

the

manufacturer’s

instructions.

RNA

was

quantified

using

NanoDrop

spectrophotometer (Nanodrop 2000, ThermoScientific), and submitted to KAUST’s nextgeneration sequencing core lab. The integrity and level of degradation of the purified RNA
was assessed with the Agilent BioAnalyzer 2100 (Agilent Technologies, Inc.). RIN value
was above 8 for all the samples, on a scale from 1 (degraded) to 10 (intact).
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Illumina RNA-Seq was performed according to manufacturer’s instructions. Library was
prepared using the TruSeq stranded mRNA library protocol. Briefly, mRNA was isolated
from total RNA with poly-T oligo-attached magnetic beads and then fragmented. Firststrand cDNA was synthesized using SuperScript III reverse transcriptase and random
primers. Second strand cDNA was subsequently synthesized and double-stranded cDNA
generated. The cDNA was adenylated and ligated to adapters. cDNA fragments were
purified and size-selected with AMPure XP beads (Beckman Coulter).
Sequencing was performed on the HiSeq™ 2000 (Illumina) with a paired-end (PE)
sequencing strategy. The read length was set at 100 bp (PE) and the sequencing depth was
40-50 million reads.
qRT-PCR
The first strand of cDNA was synthesized from 500 ng of total RNA (60 min at 37 °C
followed by 5 min at 95 °C) using the SuperScript® VILO™ Master Mix and a highcapacity RNA to cDNA reverse transcription system (Applied Biosystems). The resulting
cDNA was amplified by quantitative real-time PCR (qRT-PCR) with an ABI Prism 7900
system (Applied Biosystems). The PCR mix was composed of 10 ng of cDNA, 300 nM of
forward and reverse primers in 10 μL of 1× SYBR-Green PCR MasterMix (Applied
Biosystems). Primer sequences were designed using Primer Blast online software (NCBI)
and oligonucleotides were synthesized by Sigma-Aldrich. A full list of the primer
sequences used is available in Table A2 (Appendix).
The specificity of PCR amplification for each set of primers was checked by the presence
of a single sharp peak in the melting curve analysis. Data were computed using the
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sequence detector software SDS 2.3 (Applied Biosystems) and analyzed using the ∆∆ Ct
method (Livak & Schmittgen, 2001) with TATA-binding protein (TBP) as a reference
gene.
RNA-seq data analysis
Raw

sequencing

data

quality

was

evaluated

with

the

application

FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
The raw RNA-seq reads were preprocessed to remove adapter sequences using cutadapt
(https://cutadapt.readthedocs.io/en/stable/) with the following parameters:
-q 20 -m 36 --cores 16 \-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCA
\-A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
For each sample, reads that passed filtering were mapped to the UCSC mouse reference
genome [build mm10] using Hisat2 (https://ccb.jhu.edu/software/hisat2/index.shtml) with
the default parameters described in the protocol of (Kim, Langmead et al., 2015).
The resulting aligned reads were then processed with featurecounts, a read summarization
program of the Rsubread package that outputs read counts, using the following changes to
the default parameters: -p -C -s 2, optimized for processing paired-end reads
((http://bioconductor.org/packages/release/bioc/html/Rsubread.html),
expression

analysis

was

conducted

(https://bioconductor.org/packages/release/bioc/html/edgeR.html),

and
with
using

differential
edgeR
robust
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parameters to reduce the number of outlier genes in the statistical dispersion method and a
quasi-likelihood F-test.
Only protein-coding genes with an average number of read counts >10 per treatment
condition were included. The aim was to remove genes with very low expression levels, in
order to minimize “background noise” and focus on more robust gene expression.
GO and pathway enrichment analysis
GO and pathway enrichment analysis were performed using the WebGestalt 2017 online
platform (Wang, Vasaikar et al., 2017). The background set of genes comprised all genes
with an average number of read counts >10 per treatment condition. Selections of nonredundant enriched terms from the GO analysis were plotted. All p-values for plotted terms
are corrected for multiple testing.
Visualization of results was performed using functions of the clusterProfiler package, and
the Bioconductor package pathview.
Signaling pathway impact analysis
Signaling pathway impact analysis (SPIA) was performed with R package SPIA (version
2.32), which identifies signaling pathways most relevant to the treatment condition studied,
using a combination of pathway over-representation testing and a perturbation score
calculated based on the individual fold changes of the genes associated with a particular
pathway (Tarca, Draghici et al., 2009). The background set of genes was the same as the
one used for the enrichment analysis and the list of input genes included all genes
differentially expressed at 1h, 6h, and 24h (with an adjusted p-value < 0.05). SPIA analysis

78
was performed independently at each time point using the corresponding fold changes of
these input genes, using Fisher’s method for computing the significance calculation, a false
discovery rate (FDR) < 0.05 and a Bonferroni adjusted global p-value < 0.05.
maSigPro
Analysis was conducted with maSigPro package version 1.53.0 in Rstudio version 1.1.456.
Only protein-coding genes with an average number of read counts >10 per treatment
condition were included. The counts were previously normalized using the trimmed mean
of M-values method in edgeR.
A degree 3 regression polynome was used for generating the design matrix used for the
p.vector function; 4 time points (0h, 1h, 6h, 24h) were considered relative to lactate
stimulation.
The p.vector function was used to compute a regression fit for each gene. Temporally
differentially expressed genes were detected an adjusted p-value cutoff ≤0.05 after FDR
correction. The counts parameter was set to true, and the rest of the function parameters
were used with default values.
The t.fit function was used to detect genes with significant expression changes over time,
selecting the two.ways.backward procedure for the regression method and theta = 10 for
the negative binomial distribution. Alfa, the significance level used for variable selection
in the stepwise regression was 0.05.
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The final selection of genes with significant temporal profiles was obtained using the
get.siggenes function, with the R-squared parameter set to 0.5 and the vars parameter to
groups. These genes have been grouped into k = 9 groups (default value) with the see.genes
function, using hierarchical clustering method (Wan, Cui et al., 2017).
Ingenuity IPA analysis
Ingenuity Pathway Analysis (IPA) software (Qiagen) was used to identify master
regulators of gene expression and functions of gene groups identified by the time course
analysis with maSigPro. Default parameters were used.
Transcription factor binding site enrichment analysis
Detection of over-represented conserved transcription factor binding sites (TFBS) was
performed as previously described in section 1.2 Materials and Methods (chapter 1). A list
of all expressed genes with an average number of read counts >10 per treatment condition,
was used for background.
2.4 Results
A previous transcriptome analysis reported more than twenty immediate-early genes
involved in the MAPK signaling pathway and in synaptic plasticity that are robustly upregulated by lactate after 1h (more than two fold), among 113 genes in total which were
modulated (FDR<0.05; 3 independent cultures). Longer-term gene expression changes in
response to lactate, 6h after stimulation, included 313 genes, among which there were
genes involved in regulating neuronal excitability and genes coding for proteins localized
at synapses (FDR<0.05; 2 independent cultures).
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In order to gain insight into even longer-term gene expression changes induced by lactate
in cortical neurons, RNA was extracted 24h after stimulation with lactate, in addition to 1h
and 6h. Moreover, the experiment described in this study was designed as a time course
(stimulation started 1h, 6h, and 24h prior to RNA extraction which was performed at once
for all replicates and conditions), to enable an analysis of time-dependent gene regulation
and capture a larger picture of the signaling networks regulated by lactate.
In total, an average of 44 million reads per sample was obtained. Low quality bases and
adapters were removed prior to read mapping. An average of 42 million of reads per sample
were mapped to the mouse genome (UCSC, mm10).
14264 genes were detected in the neuronal culture preparation with expression levels above
10 gene read counts, used to separate genes with very low expression (Bullard, Purdom et
al., 2010).
Differential gene expression analysis with edgeR identified 1924 genes modulated after 1h
(1001 up-regulated; 923 down-regulated), 2173 genes modulated after 6h (1162 upregulated; 1011 down-regulated), and 2778 genes modulated after 24h (1299 up-regulated;
1479 down-regulated). A total of 5009 genes were modulated by lactate after 1h, 6h, and
24h (FDR<0.05). The numbers of genes with fold changes above 1.5 were 96 at 1h, 27 at
6h, and 41 at 24h post-treatment.
A total of 326 genes were modulated by lactate after all three time durations (1h, 6h, and
24h), and they were indicated in green (up-regulated) or red (down-regulated) (Figure 12).
They were associated with the myelin sheath, transcription factor complexes, and
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microtubules. Most of these genes show distinct time-dependent patterns of regulation
with different magnitudes of fold change but same directionality of response (Figure 12),
suggesting dynamic short-term and long-term transcriptional regulation by lactate.
Genes modulated by lactate

log2(fold change)
2
1
0
−1
−2

T.1h

T.6h

T.24h

Figure 12. Gene expression heatmap showing fold change modulation of genes in response to
lactate 1h, 6h, and 24h after start of treatment. Colors green and red indicate up-regulated and
respectively down-regulated genes with the corresponding log2(fold change) values. Genes with
similar expression profiles across time are clustered.

Gene expression validation by quantitative real time-polymerase chain reaction (qRTPCR) was performed for six of the genes with a fold change above 1.5, and it showed with
the exception of Lars2 (mRNA expression 6h after treatment) and Per1 (mRNA expression
6h and 24h after treatment) good correlation with the RNA-seq data (Figure 13).
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Figure 13. RNA-seq and qRT-PCR evaluation of time-dependent gene expression in response to
lactate treatment. Fold changes in gene expression evaluated by RNA-seq and qRT-PCR are shown.
Error bars correspond to standard error of the mean (SEM) values. t.test conducted for qRT-PCR
analysis, between the different treatments and Ctr condition; significance (p<0.05 *, p<0.01 **,
p<0.001 ***, p<0.0001 ****). Bars corresponding to RNA-seq data indicate absolute values
calculated by edgeR statistical functions based on expression of all biological replicates included
in the analysis.

An overrepresentation enrichment analysis was performed for all differentially expressed
genes at each time point, in order to identify biological and molecular functions, and
cellular components enriched in response to lactate.
After 1h stimulation, three of the most enriched biological functions were related to mRNA
processing and splicing; 80 genes were associated with negative regulation of
phosphorylation. 69 genes are known to be transcription activators and 45 transcription
repressors, respectively. 61 genes are associated with transcription factor complexes and
64 genes with nuclear specks (Figure 14).
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Figure 14. Gene ontology analysis results for genes modulated by lactate 1h after start of treatment.
Gene ontology terms showing enrichment of biological processes, molecular functions, and cellular
components for the genes differentially expressed 1h after lactate was added into the culture media
(1924 genes, FDR<0.05). Statistical significance for the enriched terms is based on the multiple
testing-corrected P-value < 0.05.

After 6h, 17 biological functions were significantly enriched (Figure 15). 16 genes were
associated with pri-miRNA transcription by RNA polymerase II, 21 genes with regulation
of neurotransmitter receptor activity, 32 genes with synaptic glutamatergic transmission,
and 56 genes with regulation of transporter activity. In particular, 60 genes that are
involved in regulation of synapse structure or activity were identified, along with 60 genes
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implicated in axon development. 82 genes and 58 genes respectively, are involved in
regulation of GTPase activity and rhythmic processes.
The most enriched molecular function was tau-protein kinase activity, with 9 genes out of
13 genes in total associated with this term, regulated by lactate after 6h. 14 genes coding
for proteins, which are structural constituents of synapses and 100 genes, involved in
GTPase binding were among the 2173 genes modulated after 6h.
Remarkably, an enrichment of more than 3 fold was found for genes associated with
inhibitory synapses, suggesting a possible role that lactate signaling has in regulating this
particular type of synapses. An enrichment ratio of approximately 2 was found for genes
localized to presynaptic active sites and dendritic spines. 97 genes were associated with
axons and 45 genes with the myelin sheath.
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Figure 15. Gene ontology analysis results for genes modulated by lactate 6h after start of treatment.
Gene ontology terms showing enrichment of biological processes, molecular functions, and cellular
components for the genes differentially expressed 6h after lactate was added into the culture media
(2173 genes, FDR <0.05). Statistical significance for the enriched terms is based on the multiple
testing-corrected P-value < 0.05.
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After 24h, the most enriched biological functions were exploratory behavior and regulation
of neurotransmitter receptor activity, indicating long-lasting effects of lactate signaling in
cortical neurons (Figure 16). 73 genes were associated with dendrite development, 115
genes with axon development, and 120 genes were associated with synapse organization.
An enrichment ratio higher than 2.5 was observed for genes forming GTPase complexes,
and lower but statistically significant enrichment was found for intrinsic components of the
endoplasmic reticulum and transport vesicles. 60 genes were associated with spines and
130 genes with the synaptic membrane. Notably, 34 genes were linked to the Schaffer
collateral-CA1 synapse.
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Figure 16. Gene ontology analysis results for genes modulated by lactate 24h after start of
treatment. Gene ontology terms showing enrichment of biological processes, molecular functions,
and cellular components for the genes differentially expressed 24h after lactate was added to into
the culture media (2778 genes, FDR <0.05). Statistical significance for the enriched terms is based
on the multiple testing-corrected P-value < 0.05.

The genes with the highest increase in mRNA expression (more than two fold) after 24h
lactate exposure were Nptxr, Lars2, and Bgn. Interestingly, the neuronal pentraxin
receptor, encoded by Nptxr, is a candidate biomarker of Alzheimer’s disease progression
(its levels in the cerebrospinal fluid decline proportionally with increased severity of
Alzheimer’s disease) (Begcevic, Tsolaki et al., 2018), and has a functional role in
organizing excitatory and inhibitory synapses (Lee, Wei et al., 2017). Mutations in Lars2,
encoding a mitochondrial leucyl-tRNA synthetase, have been linked to neuropathologies
like Perault syndrome, bipolar disorder and schizophrenia (Munakata, Iwamoto et al.,
2005; Solda, Caccia et al., 2016). Biglycan, encoded by Bgn, prevents prevents NOinduced neuronal apoptosis by blocking phosphorylation of Erk1/2 and p38; it was
suggested that it can play a role in preventing NO-induced neurodegenerative disorders
(Chen, Guo et al., 2018). The gene with the highest decrease in mRNA expression (- 1.96),
Tlr7, is a component of the neuronal innate immune system, and it regulates genes
important for neuronal development and activity (Hung, Chen et al., 2018); moreover, it
negatively regulates dendritic growth (Liu, Huang et al., 2015; Liu, Hong et al., 2013).
The subgroup of 16 genes identified previously (Figure 9A; chapter 1), that showed the
same directionality of response to lactate, NADH, and NMDA was also differentially
expressed in response to lactate after 1h, in the current study.
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SPIA analysis reveals seven signaling pathways activated or inhibited by lactate in a
time-dependent manner
In order to evaluate the effect of lactate on signaling pathways, a signaling pathway impact
analysis was performed, which combines pathway over-representation testing and a
perturbation score calculated based on the individual fold changes of the genes associated
with a particular pathway (Tarca, Draghici et al., 2009).
Table 5. A list of signaling pathways from the KEGG database modulated by lactate 1h, 6h and 24
h after start of treatment. The perturbation effect (activation or inhibition) indicates the overall
effect on the signaling pathway based on the fold changes of the genes associated with that pathway
and the type of regulatory relationship they have with other neighboring genes.

KEGG pathway
Cocaine addiction
Amphetamine addiction
Circadian rhythm - mammal
MAPK signaling pathway
Gap junction
Retrograde
endocannabinoid signaling
Morphine addiction
Focal adhesion
Glutamatergic synapse

Perturbation effect
1h
6h
24h
Activated
Inhibited
Inhibited
Activated
Activated
Inhibited
Activated
Inhibited
Inhibited

Inhibited
Activated
Inhibited

The results of the SPIA analysis indicate that lactate regulates in a dynamic time-dependent
manner genes associated with 9 signaling pathways (Table 5). Two pathways are activated
(cocaine addiction, MAPK signaling pathway) and two pathways are inhibited
(amphetamine addiction, circadian rhythm) after 1h. 6h after lactate treatment, retrograde
endocannabinoid signaling, morphine addiction, and MAPK signaling pathway are
inhibited, while circadian rhythm signaling pathway is activated. 24h after lactate treatment
two additional pathways are enriched and predicted as activated - gap junction and focal
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adhesion - and another is inhibited - glutamatergic synapse - along with retrograde
enndocanabinoid signaling.

Figure 17. A detailed KEGG graph of the MAPK signaling pathway. Genes modulated by lactate
after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly upregulated, down-regulated or differentially expressed with a low fold change. Each rectangular box
representing one protein-coding gene is divided in three areas corresponding to the three different
time points.

MAPK signaling pathway has a central role in mediating effects of synaptic activity on
neuronal function (Bluthgen, van Bentum et al., 2017) and in synaptic plasticity (Sweatt,
2001).
In addition to the 10 genes reported in a previous study (chapter 1), which are induced by
lactate after 1h more than two fold and are associated with the MAPK signaling pathway
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(c-Fos, Bdnf, Atf4, Nr4a1, Gadd45b, Gadd45g, Map3k11, Dusp4, Dusp6, Dusp10), in the
current time course experiment, differential gene expression analysis identified 52 genes
modulated by lactate after 1h, 6h, and 24h that are associated with this signaling pathway.
As displayed in Figure 17, the majority of the genes modulated by lactate show an increase
in mRNA expression after 1h (indicated in green), and a decrease or no differential
expression after 6h (indicated in red or white), with some exceptions (Bdnf, Dusp8, Jund),
which show an increase in mRNA expression at all time points.

Figure 18. A detailed KEGG graph of the circadian rhythm signaling pathway. Genes modulated
by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly
up-regulated, down-regulated or differentially expressed with a low absolute log-based fold change
(<0.04). Each rectangular box representing one protein-coding gene is divided in three areas
corresponding to the three different time points.
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Differential gene expression analysis shows that lactate regulates mRNA expression of
circadian rhythm genes Per1, Per2, Cry2, and Clock in a time-dependent manner (Figure
18). One of the genes, Per 1 (robustly up-regulated with fold change above 2 after 1h,
down-regulated after 6h, up-regulated slightly after 24h), has been shown to be critical for
long-term memory formation (Kwapis, Alaghband et al., 2018). Clock gene is downregulated after 24h, and Npas2, which can functionally substitute for Clock (Bertolucci,
Cavallari et al., 2008; DeBruyne, Weaver et al., 2007) is up-regulated after 6h.
The regulatory effect of lactate on circadian clock genes in neurons could provide a
mechanism through which astrocytes could modulate circadian rhythms, in line with a
proposed hypothesis (Chi-Castañeda & Ortega, 2018).
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Figure 19. A detailed KEGG graph of the amphetamine addiction signaling pathway. Genes
modulated by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they
are robustly up-regulated, down-regulated or differentially expressed with a low absolute log-based
fold change (<0.04). Each rectangular box representing one protein-coding gene is divided in three
areas corresponding to the three different time points.

31 genes associated with the amphetamine addiction pathway are modulated by lactate
after 1h, 6h, and 24h, with an overall pathway inhibitory effect after 1h (Figure 19). The
fold change in expression is low for most of the genes except Arc, Fos, Fosb, and Jun,
which are robustly modulated after 1h.
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Figure 20. A detailed KEGG graph of the cocaine addiction signaling pathway. Genes modulated
by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly
up-regulated, down-regulated or differentially expressed with a low absolute log-based fold change
(<0.04). Each rectangular box representing one protein-coding gene is divided in three areas
corresponding to the three different time points.

A previous study by (Boury-Jamot, Carrard et al., 2015) unveiled that astrocyte-derived
lactate has a critical role in positive memory formation in response to cocaine. Lactate
transport was also found critical for the reconsolidation of cocaine memory (Zhang, Xue
et al., 2016). The 24 genes associated with the cocaine addiction pathway that are
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significantly modulated by lactate after 1h, 6h, and 24h (Figure 20), represent possible
mediators for the previously observed effect of lactate on cocaine-induced memory
formation.

Figure 21. A detailed KEGG graph of the retrograde endocannabinoid signaling pathway. Genes
modulated by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they
are robustly up-regulated, down-regulated or differentially expressed with a low absolute log-based
fold change (<0.04). Each rectangular box representing one protein-coding gene is divided in three
areas corresponding to the three different time points.

95
The retrograde endocannabinoid signaling pathway is involved in both short-term and
long-term synaptic plasticity changes (Castillo, Younts et al., 2012) and based on the SPIA
analysis, it is inhibited in response to lactate treatment for 6h and 24h. The most robust
change in gene expression (more than two fold) was observed for Ptgs2 (prostaglandin
endoperoxide synthase 2; Cox-2) an enzyme involved in the metabolism of
endocannabinoids (Figure 21). Ptgs2 promotes neuronal excitation by suppressing
depolarization-induced suppression of excitation (Straiker, Wager-Miller et al., 2011).

Figure 22. A detailed KEGG graph of the morphine addiction signaling pathway. Genes modulated
by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly
up-regulated, down-regulated or differentially expressed with a low absolute log-based fold change
(<0.04). Each rectangular box representing one protein-coding gene is divided in three areas
corresponding to the three different time points.
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Astrocytes determine conditioned response to morphine
via glucocorticoid receptor-dependent regulation of lactate
release
Morphine addiction is another signaling pathway identified by the SPIA analysis, which
is inhibited in response to lactate treatment for 6h. Oprm1, a gene coding for the opioid
receptor mu 1 is down-regulated after 6h lactate treatment (with a negative fold change of
-1.46) and Grk4, coding for a protein implicated in neuronal desensitization is downregulated after 6h and 24h (Figure 22). It has been proposed that astrocytes by regulating
the control of glutamate uptake and the release of neurotrophic factors could influence
behaviors of addiction and play modulatory roles in different types of drug abuse (MiguelHidalgo, 2009).

Figure 23. A detailed KEGG graph of the focal adhesion signaling pathway. Genes modulated by
lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly upregulated, down-regulated or differentially expressed with a low absolute log-based fold change
(<0.04). Each rectangular box representing one protein-coding gene is divided in three areas
corresponding to the three different time points.
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78 genes of the focal adhesion pathway are modulated by lactate after 1h, 6h, and 24h
(Figure 23), with an overall pathway activation effect after 24h. Different members of the
type 4 collagen family are regulated - Col4a1 and Col4a2 are down-regulated after 1h,
Col4a5 is up-regulated after 24h (all represented on graph as “Col4a1”) - and the gene
coding for the Src kinase, implicated in regulation of the NMDA receptor at excitatory
synapses (Ali & Salter, 2001), is up-regulated with a low fold change after 24h. Ptk2,
coding for a focal adhesion kinase implicated in regulation of synaptic function is not
modulated at a transcriptional level at none of the time points investigated (Monje, Kim et
al., 2012).
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Figure 24. A detailed KEGG graph of the gap junction signaling pathway. Genes modulated by
lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they are robustly upregulated, down-regulated or differentially expressed with a low absolute log-based fold change
(<0.04). Each rectangular box representing one protein-coding gene is divided in three areas
corresponding to the three different time points.

44 out of 80 genes coding for proteins involved in the gap junction signaling pathway are
modulated by lactate in a time-dependent manner (Figure 24). Gja1, encoding connexin
43, one of the most abundant connexin proteins, is down-regulated after 1h, 6h, and 24h.
Gjd2, encoding connexin 36, is also down-regulated after 1h. Connexin 43 and 36 play
important roles in regulation of neuronal death/survival, synaptic plasticity (Belousov &
Fontes, 2013; Giaume & Liu, 2012), and in the metabolic coupling between neurons and
astrocytes (Mayorquin, Rodriguez et al., 2018). Several genes encoding kinases that
phosphorylate connexins, such as Cdk1, Csnk1d, Prkaca, Prkca, and Prkg2, are also
modulated by lactate.
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Figure 25. A detailed KEGG graph of the glutamatergic synapse signaling pathway. Genes
modulated by lactate after 1, 6 and 24 h are highlighted in green, red or gray, indicating that they
are robustly up-regulated, down-regulated or differentially expressed with a low absolute log-based
fold change (<0.04). Each rectangular box representing one protein-coding gene is divided in three
areas corresponding to the three different time points.

Lactate modulates 53 out of 112 genes encoding components of glutamatergic synapses
and associated signaling pathways (Figure 25). Genes encoding glutamate metabotropic
receptors (Grm1 and Grm2), ionotropic kainate type glutamate receptors (Grik1), AMPA
type glutamate receptors (Gria1) and NMDA type receptor subunit 1 (Grin1), are all
modulated by lactate, in a time-dependent manner, with low fold changes. With the
exception of Gria1, modulated after 1h, all the other genes encoding glutamate receptors
are modulated significantly in response to lactate after 6h, and 24h. Homer1, which
modulates the function of several components of postsynaptic excitatory neurons including
glutamate recepetors and endoplasmatic reticulum Ca2+ release channels (Kammermeier,
Xiao et al., 2000; Rozov, Zivkovic et al., 2012), is up-regulated by lactate treatment for 1h,
and down-regulated by lactate treatment for 6h, and 24h, respectively.
Homer1a isoform expression is induced by synaptic activity, and dampens excitatory
synaptic transmission through a negative feedback loop (Sala, Futai et al., 2003). Also, it
was previously shown that during sleep it is a key mediator of homeostatic scaling-down
of excitatory synapses.
Slc17a7, a gene encoding the vesicular glutamate transporter 1, which mediates the uptake
of glutamate into synaptic vesicles at presynaptic sites of excitatory neurons, is upregulated by lactate treatment after 6h and 24h.
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Genes with significant temporal expression profiles in response to lactate
A time course differential gene expression analysis with maSigPro, a regression-based
statistical analysis tool designed for the analysis of transcriptomics time course
experiments (Nueda, Tarazona et al., 2014), was performed to discover groups of genes
with time-dependent patterns of regulation and further investigate their biological
functions.
After first regression step, 580 genes were identified based on Benjamini-Hochberg
adjusted p-value cutoff of 0.05. Out of 580, 528 genes were previously identified as
differentially expressed with edgeR (q<0.05).
A gene ontology enrichment analysis was performed in order to identify biological and
molecular functions in which the 580 genes are involved. 19 genes were associated with
cognition, 20 genes with rhythmic processes, 23 genes with regulation of phosphorylation,
and 21 genes with muscle tissue development (Table 6).
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Table 6. Biological processes enriched in the list of genes identified by the time course differential
gene expression analysis
GO: biological process

Genes

cognition

Adnp, Arc, Bdnf, Btg2, Cebpb, Crhr1, Egr2, Fos, Fosl1,
Jun, Ptgs2, Plk2, Srf, Rin1, Npas4, Abca7, Nptx2,
Sorcs3, Hrh3

negative regulation of transferase
activity

Spred3, Chchd10, Smad7, Gadd45b, Dusp1, Rgs2,
Trib1, Pik3ip1, Dusp5, Podn, Irs2, Itprip, Dusp14,
Midn, Dusp6, Errfi1, Ppp1r1c, Tfap4

rhythmic process

Adamts1, Adnp, Bdnf, Cebpb, Crem, Dbp, Egr1, Egr2,
Nr2f6, Jun, Jund, Sik1, Nfil3, Nfya, Npas2, Per1, Per2,
Ciart, Nr1d2, Usp2

response to organophosphorus

Fdx1, Fos, Fosb, Fosl1, Lpar1, Jun, Junb, Jund, Per1,
Ptgs2, Dusp1

negative regulation of
phosphorylation

Spred3, Ppp1r15b, Atf3, Jun, Klf4, Smad7, Ppp1r15a,
Gadd45b, Per1, Dusp1, Rgs2, Trib1, Pik3ip1, Dusp5,
Podn, Irs2, Itprip, Dusp14, Midn, Dusp6, Errfi1,
Ppp1r1c, Tfap4

response to mechanical stimulus

Btg2, Fos, Fosb, Fosl1, Jun, Junb, Jund, Kcnj2, Tlr7,
Ptgs2, Xpa, Ano3, Map3k14, Txnip

response to purine-containing
compound

Fdx1, Fos, Fosb, Fosl1, Jun, Junb, Jund, Per1, Ptgs2,
Dusp1, Ryr1

muscle tissue development

Atf3, Btg2, Egr1, Egr2, Fos, Nr4a1, Smad7, Maff, Sik1,
Ryr1, Srf, Vgll2, Stac3, Homer1, Nr1d2, Dll4, Hdac7,
Taz, 1190002N15Rik, Ccnt2, Tiparp

The molecular functions that were most enriched were transcriptional activator activity,
transcription factor binding and extracellular matrix structural constituent (Table 7).
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Table 7. Molecular functions enriched in the list of genes identified by the time course differential
gene expression analysis
GO: molecular functions

Genes

transcriptional activator activity, RNA Cebpb, Dbp, Ebf1, Egr1, Egr2, Fos, Fosb,
polymerase II transcription regulatory region Fosl1, Nr4a1, Jun, Junb, Jund, Klf4, Maff,
sequence-specific binding
Nfatc2, Nfya, Nr4a3, Nr4a2, Srf, Csrnp1,
Npas4, Creb3l1, Arid3b, Tfap4
extracellular matrix structural constituent

Acan, Prelp, Col11a2, Col4a1, Col4a2, Col5a1,
Fbn2, Col5a3

transcription factor binding

Cebpb, Egr2, Fos, Nr4a1, Jun, Junb, Jund, Klf4,
Sik1, Nfatc2, Nkx3-1, Nr4a3, Per1, Per2, Flna,
Srf, Trib1, Arid5a, Elmsan1, Dact2, Nfkbid,
Hdac7, Tob2, Zfp541, Med30, Bbs10, Ccnt2,
Gtf2a1

transcription factor activity, direct ligand Nr2f6, Nr4a1, Nkx3-1, Nr4a3, Nr4a2, Nr1d2
regulated sequence-specific DNA binding

Several genes are associated with the extracellular matrix including five members of the
Adamts protein family, which may be involved in the activation of plasticity mechanisms
on neurites and synapses (Ferrer-Ferrer & Dityatev, 2018) (Table 8).
Table 8. Cellular components enriched in the list of genes identified by the time course differential
gene expression analysis

GO: cellular component

Genes

extracellular matrix

Ache, Adamts1, Acan, Prelp, Col11a2, Col18a1, Col4a1,
Col4a2, Col5a1, Fbn2, Ibsp, Cyr61, Lgals1, Matn2, Flna,
Adamts18, Adamts2, Wnt9a, Adamts10, Adamts17, Rtbdn,
Podn, Cpa6, Tnn, Col5a3, Smoc2, Cthrc1
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transcription factor
complex

Wtip, Cebpb, Crem, Fos, Nr4a1, Jun, Junb, Jund, Klf4,
Smad7, Nfatc2, Nfya, Nr4a3, Npas2, Rbpjl, Arid5a, Npas4,
Snapc4, Elmsan1, Zfp541, Gtf2a1

16 genes associated with the MAPK signaling pathway were also identified among the set
of 580 genes (Table 9).
Table 9. Genes associated with the MAPK signaling pathway that were identified by the time
course differential gene expression analysis

KEGG pathway

Genes

MAPK signaling
pathway

Bdnf, Cdc25b, Cacng5, Fos, Nr4a1, Jun, Jund, Gadd45b,
Flna, Dusp1, Srf, Gadd45g, Dusp5, Map4k2, Map3k14,
Dusp6

An upstream regulator analysis was performed with Ingenuity IPA software in order to
identify master regulators of gene expression, which modulate the 580 genes. IPA indicated
that CREB1 and CREM were activated by lactate treatment with 26 direct target genes
under their transcriptional control (Table 10).
Table 10. Upstream regulators of genes modulated by lactate in a time-dependent manner

Upstream
Regulator

CREB1

Molecule
Type

Predicted Activation
Activation
z-score
State

transcription Activated
regulator

4.402

Genes

Arc, Atf3, Bdnf, Btg2, Crem,
Csrnp1, Dusp14, Egr1, Egr2,
Egr4, Errfi1, Fos, Gadd45b,
Gpr19, Irs2, Junb, Midn,
Nfil3, Nfkbid, Nr4a1, Nr4a2,
Per1, Ppp1r15a, Sertad1,
Sik1, Tiparp
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CREM

transcription Activated

4.839

regulator

Arc, Atf3, Btg2, Csrnp1,
Dusp14, Egr1, Egr2, Egr4,
Errfi1, Fos, Gadd45b, Gpr19,
Irs2, Junb, Midn, Nfil3,
Nfkbid, Nr4a1, Nr4a2, Per1,
Ppp1r15a, Sertad1, Sik1,
Tiparp

IPA was also used to assess the activation state of biological functions in response to
lactate treatment. Based on predictive scores calculated using the fold changes of the
genes analyzed, functions like neuritogenesis and microtubule dynamics were increased
in response to lactate treatment, while necrosis and neuronal cell death were decreased
(Table 11).
Table 11. Biological functions enriched in the list of 580 genes identified by maSigPro analyis

Functions

p-value

Predicted Activation
State

Activation z-score

Neuritogenesis

2.79E02

Increased

2.186

Microtubule
dynamics

1.45E02

Increased

2.772

Necrosis

3.19E02

Decreased

-2.244

Neuronal cell
death

3.74E02

Decreased

-2.244

Clusters of genes with similar time-dependent patterns of regulation
In a second regression step with the maSigPro package, 289 genes with statistically
significant temporal expression profile changes were identified. They were clustered in 9
groups (Figure 26).
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Figure 26. Hierarchical clustering of genes based on temporal expression profiles in response to
lactate treatment.

Based on similar temporal patterns, genes from clusters 1 and 7 were grouped together,
and genes from clusters 4, 8, and 9 were merged too into one group. Gene ontology and
pathway enrichment analysis were performed independently for each cluster or merged
cluster group respectively.
Genes in cluster 2 with a significant fold change increase in expression at 1h, and return to
baseline expression levels after 6h and 24h, are coding for proteins that regulate
phosphorylation events, have transcription factor activity and are part of the MAPK
signaling pathway (Table 12).

106
Table 12. Gene ontology terms and pathways enriched in the lists of clustered genes

Cluster 2

Gene ontology term

Genes

Biological
process

Negative regulation of phosphorylation

Jun, Smad7, Ppp1r15a,
Dusp1, Rgs2, Trib1, Irs2,
Itprip, Dusp14, Midn, Dusp6,
Errfi1,

Regulation of protein serine/threonine
kinase activity

Dusp1, Rgs2, Stil, Trib1,
Map3k14, Dusp14, Dusp6,

Molecular
function

Transcription factor activity, protein
binding

Erf, Jun, Jund, Srf, Nfkbid,
Zfp667, Tob2, Nfkbiz,

KEGG
pathway

MAPK signaling pathway

Bdnf, Jun, Jund, Dusp1, Srf,
Gadd45g, Map3k14, Dusp6,

Cluster 6

Gene ontology term

Genes

Biological
process

single-organism behavior

Arc, Btg2, Egr2, Fos, Fosl1,
Nr4a3, Nr4a2, Ptgs2, Npas4,

muscle tissue development

Atf3, Btg2, Egr1, Egr2, Fos,
Nr4a1, Maff, Tiparp,

cognition

Arc, Btg2, Egr2, Fos, Fosl1,
Ptgs2, Npas4,

Cellular
component

transcription factor complex

Fos, Nr4a1, Junb, Klf4,
Nr4a3, Npas4,

Molecular
function

transcription factor activity, RNA
polymerase II core promoter proximal
region sequence-specific binding

Atf3, Btg2, Egr1, Egr2, Fos,
Fosb, Fosl1, Fosl2, Nr4a1,
Junb, Klf4, Nfil3, Nr4a3,
Nr4a2, Npas4,

Genes in cluster 6 have a similar temporal pattern to the genes in cluster 2, but higher fold
changes in expression and higher consistency among biological replicates (the spread of
dots representing single biological replicates per time point is reduced). Seven of them are
associated with cognition, and two more genes in addition to the seven (Nr4a2, Nr4a3) are
also associated with single-organism behavior. 6 genes are part of a transcription factor
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complex (Fos, Nr4a1, Junb, Klf4, Nr4a3, Npas4), and 15 genes in total have transcription
factor activity.
The gene ontology and pathway enrichment analysis did not identify any statistically
significant terms for the other clusters or merged cluster groups. However, these genes that
share similar temporal expression profiles could be involved in novel interactions, which
were not previously described.
A full list of genes that are members of each cluster is provided in Table A3 (Appendix).
An upstream regulator analysis was conducted with Ingenuity software to identify master
transcription factors, which modulate the expression of clustered genes. For both clusters
2 and 6, CREM and CREB1 were indicated as activated upstream regulators based on the
fold changes in expression for the individual genes which are under their transcriptional
control (Table 13).
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Table 13. Upstream regulators for clustered genes identified with Ingenuity

Cluster

Upstream
regulator

Cluster 2

CREM
CREB1

Activation
Z-score

Predicted
activation
state

2.828

Activated

Dusp14,Errfi1,Gpr19,Irs2,Midn,
Nfkbid,Ppp1r15a,Sik1

Activated

Dusp14,Errfi1,Gpr19,Irs2,Midn,
Nfkbid,Ppp1r15a,Sik1

2.828

Target molecules in dataset

Arc,Atf3,Btg2,Csrnp1,Egr1,Egr
2,Egr4,Fos,Gadd45b,Junb,Nfil3
,Nr4a1,Nr4a2,Per1,Sertad1,Tipa
rp
Cluster 6

CREM

3.944

Activated
Arc,Atf3,Btg2,Csrnp1,Egr1,Egr
2,Egr4,Fos,Gadd45b,Junb,Nfil3
,Nr4a1,Nr4a2,Per1,Sertad1,Tipa
rp

CREB1

3.965

Activated

Interestingly, Crem is up-regulated by lactate after 1h (fold change 1.35) while Creb1 is
slightly down-regulated (absolute fold changes < 1.18) at all three time points (1h, 6h, 24h)
after lactate treatment.
CREB/CREM are required for neural activity-dependent synaptogenesis, refinement, and
plasticity in the postnatal critical period and adult brain (Aguado, Díaz-Ruiz et al., 2009).
CREB has been implicated as a mediator of NMDA receptor action on gene expression
(Ghiani, Beltran-Parrazal et al., 2007).
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Genes modulated by lactate are linked to transcription factors implicated in synaptic
plasticity and neuroprotection
We have searched for transcription factors with over-represented DNA binding site motifs
in promoters of differentially expressed genes with a q-value < 0.05, using the oPOSSUM
web application and the JASPAR database of transcription factor matrices.
The only transcription factor with significant over-representation above the Z-score and
Fisher score cutoff after 1h is CREB1 (cAMP response element-binding protein) (Figure
27).
For the genes stimulated after 6h, the following transcription factors were enriched
significantly: Egr1, Klf4, SP1, and MZF1 (Figure 27).
CREB1 and Egr1 are themselves regulated by lactate at mRNA expression level, Egr1
being up-regulated more than 3 times after 1h, and CREB1 slightly down-regulated after
1h, 6h, and 24h. Both transcription factors were previously reported as enriched for the
genes modulated by lactate after 1h in a similar neuronal culture preparation (chapter 1).
CREB1 controls immediate early genes expression, was implicated in modulating synaptic
plasticity and intrinsic neuronal excitability (Bahrami & Drablos, 2016; Benito & Barco,
2010) and Egr1 has an established role as a mediator of synaptic plasticity (Duclot &
Kabbaj, 2017).
Klf4 is triggered by glutamatergic stimulation (Zhu, Tai et al., 2009) and is induced
by hydrogen peroxide (H2O2) preconditioning, mediating neuroprotective effects (Su, Sun
et al., 2014)
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In a previous investigation (chapter 1), Klf4 was modulated by NADH, by NMDA, and by
lactate and NMDA co-treatment.
In the present study, Klf4 is up-regulated by lactate with fold change above 1.5 after 1h.
Sp1 is an oxidative stress-induced transcription factor in cortical neurons that positively
regulates neuronal survival (Ryu, Lee et al., 2003), and Mzf-1, a transcription factor
associated with hematopoietic gene expression, was identified in a recent study as a key
component of a novel neuroprotective pathway (Davis, Collier et al., 2019).
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Figure 27. TFBS analysis for genes modulated by lactate. Bar plots show fold enrichment of
specific transcription factor binding sites in the promoters of genes modulated by lactate after 1 h,
and 6h (FDR<0.05). Z-score is the main enrichment indicator and is obtained by dividing the rate
of occurrence of a TFBS in the target set of genes to the expected rate estimated from the precomputed background. The secondary x-axis represent the Fisher score calculated as the negative
natural logarithm of the one-tailed Fisher.
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Uptake of lactate into neurons is necessary for modulating gene expression
Next, we wanted to test if the intracellular entry of exogenously applied lactate is required
for the changes in gene expression to occur. Neurons were pre-treated with AR-C155858,
a selective inhibitor of monocarboxylate transporters MCT1 and MCT2 (Ovens, Davies et
al., 2010), 15 minutes prior to lactate addition. Neurons predominantly express MCT2 and
low levels of MCT1 (Debernardi, Pierre et al., 2003). It was previously shown that
inhibition of lactate uptake with 1 μM AR-C155858 was almost maximal after 5 min preincubation in oocytes (Ovens, Davies et al., 2010), and respectively with 100 nM ARC155858 in cancer cells . The effect was prolonged and slowly reversible (Guan,
Rodriguez-Cruz et al., 2019).
The expression of 9 genes previously identified as modulated by lactate was evaluated by
qRT-PCR: Arc, Bdnf, c-Fos, Egr1, Egr2, Npas4, Nr4a1, Per1, and Txnip. Pre-treatment
with 2 μM AR-C155858 reduced the fold change in mRNA expression in response to
lactate for Arc, Bdnf, c-Fos, Egr2, Npas4, Nr4a1, and Egr1, suggesting that the regulatory
effect of lactate on these genes is dependent on its uptake through the MCT1 and MCT2
transporters (Figure 28).
For Txnip, an interesting effect was observed: its downregulation in response to lactate was
more pronounced when the neurons were pre-treated with AR-C155858 compared to no
pre-treatment, suggesting that lactate modulates this gene through a mechanism which does
not depend on its intracellular uptake.
Remarkably, AR-C155858 had no effect on gene expression when administered alone, with
one exception - it down-regulated Arc expression.
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Figure 28. Effect of AR-C155858, a monocarboxylate transporters inhibitor, on gene expression
changes induced by lactate in neurons. Error bars correspond to SEM values. t.test conducted for
qRT-PCR analysis, between the different treatments and Ctr condition; significance (p<0.05 *,
p<0.01 **, p<0.001 ***, p<0.0001 ****).

Modulation of gene expression by lactate could depend on CaMKII activity
Based on the previous findings that lactate potentiates NMDAR activity (Jourdain,
Rothenfusser et al., 2018; Yang, Ruchti et al., 2014) and stimulates genes in an NMDARdependent manner with indications of a redox-dependent mechanism based on NADH
increase (Yang, Ruchti et al., 2014), we have searched for proteins that interact with
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NMDARs, respond to the intracellular redox state, and could thus mediate the observed
effect on gene expression. A primary candidate is CaMKII, a multifunctional enzyme with
broad substrate specificity (Braun & Schulman, 1995) which is activated by Ca2+ entry via
NMDA receptors (Lisman, Yasuda et al., 2012; Otmakhov, Tao-Cheng et al., 2004) and is
highly expressed in the brain, accounting for 1%-2% of total brain protein (Fujisawa, 1990;
Hell, 2014). CaMKII and NMDA receptors co-localize in neuronal dendritic spines, and
CaMKII interacts with both the NR2A (Gardoni, Bellone et al., 2001; Gardoni, Schrama
et al., 1999) and the NR2B subunits of the NMDAR (Bayer, De Koninck et al., 2001;
Leonard, Lim et al., 1999; Strack & Colbran, 1998) participating in long-term potentiation
(Malenka, Kauer et al., 1989). It was previously shown that a reducing agent - dithiothreitol
(DTT) - enhanced NMDAR response in hippocampal slices, and this effect depended on
CaMKII activity and was blocked by the CaMKII inhibitor myristoylated autocamtide-2
related inhibitory peptide (myr-AIP) (Bodhinathan, Kumar et al., 2010). It was suggested
that intracellular redox state and CaMKII activity are tightly linked (Bodhinathan, Kumar
et al., 2010), consistent with another report indicating that oxidative stress causes disulfide
linkages on the cysteine residues of CaMKII, which decrease kinase activity (Shetty,
Huang et al., 2008). Furthermore, CaMKII is involved downstream in activation of CREB
in the nucleus in response to membrane depolarization (Ma, Groth et al., 2011), and in
regulation of gene expression, possibly by phosphorylating histone deacetylases and
modulating chromatin accessibility to transcriptional activators (Ojuka, Goyaram et al.,
2012).
Our hypothesis is that lactate potentiates NMDAR activity and stimulates gene expression
through a mechanism involving CaMKII activity. So we tested next whether lactate still
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induces changes in gene expression in presence of two inhibitors of CaMKII activity, AIPII and tatCN21.
CN21 fused to a cell penetrating tat peptide was shown to completely block Ca2+stimulated

and

autonomous

substrate

phosphorylation

by

CaMKII

and

autophosphorylation at T305 by interacting with the CaMKII T-site (Vest, Davies et al.,
2007). T-site is where the interaction with the NMDAR takes place, and 1 μM CN21 was
able to completely block CaMKII interaction with NR2B (Vest, Davies et al., 2007).
AIP-II is an enhanced version of the AIP CaMKII-specific inhibitor that was designed
based on the sequence around the autophosphorylation site in the autoinhibitory domain of
the kinase (Ishida, Kameshita et al., 1995). AIP competes with substrates at the active site
of CaMKII, and inhibits activity of CaMKII irrespective of how it was activated
(Skelding, Rostas et al., 2011). AIP-II is fused to the Antennapedia transport peptide,
which enables it to translocate through the cell membrane.
Neurons were treated with 1 μM tatCN21 or 10 μM Ant-AIP-II for 15 minutes prior to
lactate or vehicle treatment, and RNA was extracted 1h after addition of lactate or vehicle;
tatCN21 and Ant-AIP-II were not removed from the media after the 15 minutes incubation.
RNA was also extracted from replicates treated with the inhibitors and vehicle only, and
lactate or vehicle in absence of inhibitors.
Surprisingly, co-treatment with Ant-AIP-II and lactate stimulated 1150 genes, while AntAIP-II alone stimulated 1313 genes, and lactate respectively 354 genes (FDR < 0.05),
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compared to vehicle condition (Figure 29A). In comparison to Ant-AIP-II, tatCN21 and
lactate stimulated 151 genes, and tatCN21 alone modulated only 4 genes (Figure 30A).
Only 86 out of 354 genes stimulated by lactate, were also modulated in presence of AIP-II
(Figure 29F). 40 out of the 86 genes, which were not stimulated by AIP-II alone, showed
similar fold changes in the two lactate treatment conditions, indicating that AIP-II does not
affect the response of these genes to lactate in neurons (Figure 29B).
For the rest of 46 genes stimulated by AIP-II, lactate, and AIP-II and lactate co-treatment,
same directionality of response was observed, with two exceptions - Ogt and Ccno; next,
we remarked that twenty out of the 46 genes had more pronounced fold changes in
expression in the co-treatment condition compared to the individual treatments, suggesting
that AIP-II and lactate have additive effects on the regulation of these genes (Figure 29F).
Overall, these results suggest that most of the transcription-level changes in 268 out of 354
genes responsive to lactate are prevented by pre-treatment with AIP-II, and two of the
genes – Ogt and Ccno – are oppositely regulated in the two conditions.
Of particular note are the 18 genes that were regulated independently by AIP-II and by
lactate, but not by lactate and AIP-II co-treatment (Figure 29D). Three of these genes
showed completely opposite regulation in the two conditions: Slc16a9 (monocarboxylic
acid transporter 9), Arrdc3 (arrestin domain containing 3 protein), and Clec2l (C-type lectin
domain family 2 member L), while the rest had similar directionality and magnitude of
response.
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A comparison between samples that were treated with AIP-II only and samples co-treated
with AIP-II and lactate (FDR < 0.05) was also conducted, and 2 genes were found to be
differentially expressed, which were also differentially expressed in response to lactate
compared to vehicle condition (FDR < 0.05): Phf13 and Arrdc3. The result of this
comparison helped to identify a robust and AIP-II-independent effect of lactate on these
two genes, which were previously reported as stimulated by both lactate and pyruvate in
cortical neurons (chapter 1).
Notably, while AIP-II prevented transcriptional responses in 268 out of 354 genes
stimulated by lactate, CN21 did so for 336 genes (Figure 30A). Only 18 genes were still
modulated in presence of CN21, suggesting that this inhibitor of CaMKII blocks most of
transcriptional responses induced by lactate. With one exception – Romo1 (reactive oxygen
species modulator 1) – the rest of 17 genes showed similar directionality and magnitude of
response in the two conditions (Figure 30B). Romo1 was down-regulated by lactate but
up-regulated by lactate in presence of CaMKII activity inhibitor CN21.
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Figure 29. Comparison of transcriptional responses to lactate, AIP-II, and AIP-II and lactate cotreatment. A) Venn diagram is depicting number of genes in common among the three treatment
conditions. B) Genes stimulated by lactate both in presence and in absence of AIP-II inhibitor.
Colors red and green indicate down-regulated and respectively up-regulated genes with the
corresponding log2(fold change) values. C) Heatmap with genes regulated by both AIP-II and AIPII and lactate. D) Genes regulated independently by AIP-II and by lactate, which are not modulated
in the co-treatment condition. E) Genes identified by comparisons between lactate and vehicle
conditions and AIP-II and AIP-II and lactate co-treatment conditions. F) Heatmap with commonly
regulated genes by AIP-II, lactate, and AIP-II and lactate.

A comparison of transcriptional responses to lactate in absence of inhibitors, and in
presence of AIP-II and CN21, identified 10 genes that showed same directionality and
magnitude of change in gene expression in response to lactate in all three conditions
(Figure 30C-D). We suggest that these genes could be stimulated by lactate in a CaMKII
activity-independent manner.
Based on differential gene expression analysis for samples that were treated with CN21 vs.
samples co-treated with CN21 and lactate (FDR < 0.05), 4 genes that were also
differentially expressed in response to lactate compared to vehicle condition (FDR < 0.05)
were found: Slc38a2, Tob2, Phf13, and Arrdc3 (Figure 2E). Arrdc3 and Phf13 were also
differentially expressed in the samples co-treated with AIP-II and lactate compared to AIPII only (Figure 29E). Slc38a2 encodes a sodium-coupled amino acid transporter, and Tob2
encodes a member of the Tob/BTG antiproliferative protein family.
Notably, AIP-II alone stimulated almost four times more genes than lactate, and there were
628 genes stimulated by both AIP-II and AIP-II and lactate co-treatment that had similar
fold changes in the two conditions, suggesting that the transcription of these genes is
affected by AIP-II but not lactate (Figure 29C).
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In contrast to AIP-II, CN21 alone stimulated only 4 genes - Gadd45g, Ackr3, Ier5l, Klf6 two of which were also modulated by CN21 and lactate co-treatment but not by lactate Ier5l, and Klf6 (Figure 30A).
Both AIP-II and lactate and CN21 and lactate co-treatment conditions stimulated novel
genes that were modulated neither by inhibitors alone nor by lactate, suggesting novel
transcriptional responses generated by lactate in presence of CaMKII inhibitors (Figure
29A; Figure 30A).
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Figure 30. Comparison of transcriptional responses to lactate, CN21, and CN21 and lactate cotreatment. A) Venn diagram is depicting number of genes in common among three treatment
conditions: lactate, CN21, and lactate in presence of CN21. B) Genes stimulated by lactate both in
presence and in absence of CN21 inhibitor. Colors red and green indicate down-regulated and
respectively up-regulated genes with the corresponding log2(fold change) values. C) Venn diagram
is depicting number of genes in common among the three treatment conditions and unique to each
condition. D) Heatmap with commonly regulated genes by lactate, CN21 and lactate, and AIP-II
and lactate. E) Genes identified by comparisons between lactate and vehicle conditions and CN21
and lactate co-treatment and CN21 treatment conditions.
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In an independent neuronal culture, gene expression validation by qRT-PCR was
performed for a subset of seven genes, previously reported as modulated by lactate (chapter
1) and differentially expressed in at least one treatment condition in the experiment with
AIP-II and CN21 inhibitors that was subjected to RNA sequencing (Figure 31). The results
showed good correlation with the RNA-seq data, and remarkably indicated that CN21
prevents the increase/decrease in mRNA expression stimulated by lactate, while AIP-II has
the opposite effect, augmenting the change in mRNA expression for all the genes
investigated except Txnip. Curiously, AIP-II when administered alone to the neuronal
cultures, in absence of lactate, stimulated robustly the expression of 5 out of the 7 genes:
Egr1, Arc, Egr2, c-Fos, and Npas4. At the same time, CN21 administered alone, in absence
of lactate, significantly down-regulated c-Fos and Npas4 expression. Arc, Egr1, Egr2, cFos, and Npas4 are immediate early genes induced by neuronal activity (Flavell &
Greenberg, 2008; Maya-Vetencourt, 2013; Saha, Wissink et al., 2011).
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Figure 31. Evaluation by RNA-seq and qRT-PCR of gene expression changes induced in neurons
by lactate, in absence and presence of CaMKII inhibitors AIP-II and tatCN21, and by inhibitors
alone. RNA-seq bars indicate absolute fold change in gene expression in response to the respective
treatment conditions and were evaluated in an independent neuronal culture. Error bars correspond
to SEM values. t.test conducted for qRT-PCR analysis, between the different treatments and Ctr
condition; significance (p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****). Blue asterisk denotes
significance for the t.test comparison between tatCN21 and tatCN21+lactate conditions. Some
values have been excluded from the repeated barplot to facilitate display of “CN21” and
“CN21+Lac” bars (#).
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2.5 Discussion
Here a comprehensive time course transcriptome study evaluating gene expression changes
induced by exposure to lactate in cortical neurons is reported. The results of this study
expand the findings of a previous investigation, which identified 426 genes modulated by
lactate after 1h and 6h exposure, including 20 immediate-early genes involved in the
MAPK signaling pathway and in synaptic plasticity, genes involved in regulating neuronal
excitability and genes coding for proteins localized at synapses.
A total of 5009 genes were differentially expressed after 1h, 6h, and 24h exposure to
lactate, which represents more than 35% of 14264 robustly expressed genes in the neuronal
cultures. Compared to the previous investigation, there were 2264 more genes detected
(above the cutoff of 10 gene read counts), and the read coverage was the same (average of
42 million mapped reads per sample). It should be noted that for this study, the differential
gene expression analysis was conducted with a different bioinformatics pipeline using
instead of cuffdiff the edgeR package, which is better suited to analyses with a higher
number of replicates per condition (six in this case compared to three used in the previous
investigation), and enhanced detection of differentially expressed genes. In addition, only
one independent culture was used for this transcriptome analysis compared to three
independent cultures in the previous investigation (chapter 1), and 10 mM instead of 20
mM lactate was used for the treatment. All of these aspects can influence the total number
of differentially expressed genes obtained in the analysis. The concentration of lactate used
in this experiment was reduced in order to resemble more closely its physiological range,
2-5 mM in the brain (Magistretti & Allaman, 2018). Levels up to 20 mM lactate are seen
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in human muscle and blood after intense exercise (Hashimoto, Hussien et al., 2007;
Ohkuwa, Kato et al., 1984).
The numbers of genes with fold changes above 1.5 were 96 after 1h, 27 after 6h, and 41
after 24h exposure to lactate. Most of the genes differentially expressed had fold changes
below 1.5 indicating a fine modulation in mRNA expression, which could still be
biologically meaningful for related genes involved in the same signaling pathways and
gene regulatory networks.
Two of the main benefits of conducting a time course experiment were the insights we
could gain into signaling pathways modulated by lactate, and the possibility of identifying
co-regulated genes that share the same biological function.

9 signaling pathways

modulated by lactate were identified.
Based on the transcription-level changes observed in response to lactate for genes involved
in the morphine, amphetamine and cocaine addiction signaling pathways, we suggest that
this metabolite could be an important component enabling astrocytes to participate in
modulating addiction behaviors. Also, in line with a hypothesis proposed by (ChiCastañeda & Ortega, 2018), lactate could be considered a key mediator of astrocytes’ role
in modulating circadian rhythms.
The effect of lactate exposure on modulation of genes encoding structural and regulatory
proteins of the glutamatergic synapse is not surprising. Glutamatergic synapses are
involved in excitatory neurotransmission and undergo structural changes that underlie
different plasticity processes, such as the ones induced by learning and memory formation.

125
This type of synapses are very energy intensive (Alle, Roth et al., 2009; Sibson, Dhankhar
et al., 1998), and here in particular the astrocyte-neuron lactate shuttle was first described
and characterized (Pellerin & Magistretti, 1994), as a mechanism enabling coupling of
local energy production to neuronal synaptic activity. These results indicate that in addition
to its energetic role, lactate could have an important signaling role in mediating plasticityrelated changes at glutamatergic synapses.
It is remarkable that among the transcription factors identified, which could mediate the
effects of lactate on gene expression, Sp1, Klf4, and MZF1 are implicated in
neuroprotection, and Klf4 and Sp1 are induced by oxidative stress. Recently, a study by
(Tauffenberger, Fiumelli et al., 2019) has shown in a C. elegans model that lactate
stimulates cellular stress resistance through ROS signaling.
Also remarkable is that the most enriched molecular function identified by the gene
ontology analysis for the list of genes modulated by lactate after 6h exposure, was tau
protein kinase activity. Tau protein kinases influence the phosphorylation state of tau
protein and the formation of tau aggregates, which are causing lesions in Alzheimer’s
disease (Martin, Latypova et al., 2013). Prkaa1, one of the kinase-encoding genes is downregulated by lactate after exposure for 1h, 6h, and 24h, and Phkg1, another kinase-encoding
gene, is down-regulated only after exposure for 6h. Changes in cerebral lactate metabolism
have been reported in Alzheimer’s patients and different animal models used to investigate
this disease (Newington, Harris et al., 2013b). The genes identified by our analysis could
help better understand the role of lactate in tau pathologies.
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Our results with the AR-C155858 inhibitor confirm to a certain extent those of a previous
study conducted by our group, which showed that the stimulatory effects of lactate on IEG
mRNA expression (Arc, c-Fos, Zif268 or Egr1) was fully prevented in the presence of 50
µM UK5099 (Yang, Ruchti et al., 2014) - an inhibitor of the MCTs that can also inhibit
the mitochondrial pyruvate carrier (Halestrap, 1975). In our study, in the presence of ARC155858, the upregulation of Egr1 by lactate is prevented, and that of c-Fos and Arc is
reduced by more than 2-fold, and respectively by 1.5-fold, but still present.
The observed reduction but not complete inhibition of the response to lactate, for most of
the genes examined (Arc, Bdnf, c-Fos, Egr2, Npas4, Nr4a1), indicate that some lactate
uptake could still take place in the presence of AR-C155858, or, that mechanisms that are
independent of lactate uptake could mediate changes in gene expression for these genes.
It was previously reported that when bound to embigin – a neuroplastin adhesion molecule
- the binding affinity of AR-C155858 to MCT2, but not MCT1, is greatly reduced (Ovens,
Manoharan et al., 2010). Inhibition of lactate uptake with our treatment protocol should
be adequately characterized, possibly with an intracellular lactate sensor.
The existence of additional mechanisms controlling gene expression that do not depend on
intracellular uptake of lactate is suggested by our observation with Txnip gene: Txnip
downregulation by lactate is of a similar magnitude, even further potentiated with ARC155858.
Lactate could act in the extracellular milieu on HCA1, a lactate receptor previously shown
to be involved in mediating neuronal activity of primary cortical neurons (Bozzo, Puyal et
al., 2013) or on other receptors not yet identified (Tang, Lane et al., 2014).
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Our evaluation of transcriptional responses to lactate in presence of CaMKII activity
inhibitors AIP-II and CN21 indicated that lactate could modulate gene expression in a
CaMKII activity-dependent manner. AIP-II and CN21 prevented responses in 268 and
respectively 336 out of 354 genes significantly modulated by lactate.
Two genes were identified whose stimulation by lactate was not affected by any of the two
CaMKII activity inhibitors: Arrdc3 (down-regulated by lactate) and Phf13 (up-regulated
by lactate). Arrdc3 and Phf13 were previously reported as modulated by lactate and
pyruvate and not sensitive to inhibition of NMDAR activity with MK-801 antagonist
(chapter 1). Collectively, these results suggest that lactate could modulate Arrdc3 and
Phf13 in a CaMKII activity- and NMDAR-independent manner. A role in transcription
regulation for Phf13 (encoding the PHD finger protein 13) was previously reported and it
was shown that it interacts with RNA polymerase II (Fuchs, Torroba et al., 2017). In our
previous study, it was found that genes associated with RNA polymerase II activity,
binding and regulation were enriched in the list of genes modulated by lactate after 1h
treatment (chapter 1); RNA polymerase II activity was implicated in rapid activity-induced
transcription of IEGs in neurons (Saha, Wissink et al., 2011). The other gene downregulated by lactate in a CaMKII activity- and NMDAR-independent manner, Arrdc3, has
been implicated in the regulation of energy metabolism (Patwari, Chutkow et al., 2009)
and its mRNA levels were found increased in primary cortical neurons of mice upon
amyloid beta (Aβ) administration (Noh, Park et al., 2014). Arrdc3 regulates the endosomal
residence time and the intracellular signaling of the β2-adrenergic receptor (Tian, Irannejad
et al., 2016). Interestingly, different studies suggest that CaMKII is activated in response
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to β-adrenergic receptor stimulation (Grimm & Brown, 2010; Patriarchi, Buonarati et al.,
2018). Collectively, the results presented here and findings reported in literature might
indicate that Arrdc3 could influence downstream CaMKII activity by interfering with βadrenergic receptor signaling.
The high number of genes stimulated by Ant-AIP-II alone (1313 genes) compared to
tatCN21 (4 genes) indicates possible nonspecific effects of Ant-AIP-II. CN21 is a more
specific inhibitor of CaMKII than AIP-II that was shown to also inhibit other CaM-kinases
(Ashpole & Hudmon, 2011; Smith, Colbran et al., 1990). A concentration of 10 μM of
AIP-II was used, based on a previously published study in which this concentration was
used to potently inhibit CaMKII activity in a hippocampal neuronal culture (Gardoni,
Mauceri et al., 2009). However, it was also previously reported that the AIP-II peptide
could inhibit the activity of protein kinase C (PKC) at this concentration (Ishida, Shigeri et
al., 1998). A proper characterization of CaMKII activity inhibition with different
concentrations of this inhibitor should be conducted in order to lower the concentration and
reduce possible nonspecific effects.
The strong induction by Ant-AIP-II of activity-dependent genes like Arc, c-Fos, Egr1,
Egr2, and Npas4 is surprising and awaits further investigation. A possible cause for this
effect and the high number of genes stimulated by Ant-AIP-II alone could be the cellpenetrating peptide fused to AIP-II, Antennapedia, which was reported to be toxic in
neurons, when applied for 80 min (time of pretreatment and stimulation) (Ashpole &
Hudmon, 2011) and to induce gene expression changes in spinal cord neurons (Biagioni,
Ciuffini et al., 2000); furthermore, a neurotrophic activity of this peptide and DNA binding
properties were also shown (Le Roux, Joliot et al., 1993). The tat cell penetrating peptide
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fused to AIP-II should be tested in future experiments in order to evaluate this hypothesis,
in particular considering that for tatCN21 alone this strong modulation of gene expression
was not observed. The results related to CaMKII presented here should be thus interpreted
with caution, as they are preliminary and await further investigations.
Overall, this study provided an in-depth analysis of time-dependent genome-wide
transcriptome changes induced by lactate, it identified new signaling pathways modulated
by this metabolite in primary cortical neurons, and provided evidence for possible
mechanisms through which lactate exerts this gene modulatory effect.
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Chapter 3: Imaging of dendritic spines reveals plasticity-related and
neuroprotective effects of lactate in a cortical neuron culture preparation
3.1 Abstract
Live cell imaging of neuronal dendritic processes transfected with tdTomato was used to
evaluate density of spines and filopodia structures before and at several time points after
start of treatment with lactate, as a morphological correlate of synaptic plasticity, based on
reports indicating that lactate modulates several genes implicated in this process.
A trend towards increased spine and filopodia density was seen in response to lactate
treatment for 6h in DIV 12-13 neurons, and 1.25h in DIV 18 neurons.
In presence of KCl and carbachol, used to increase neuronal action potential firing and
induce long-term potentiation respectively, lactate modulated processes that affect spine
and filopodia density 1.25h and 6h after start of treatment.
In addition, lactate prevented dendritic beading formation in response to KCl, suggesting
a possible effect on mediating action potential firing of neurons and mitigating
depolarization, and in line with its previously reported neuroprotective role.
3.2 Introduction
Dendritic spines are micron-sized protrusions that form the postsynaptic component of
90% of all excitatory glutamatergic synapses in the central nervous system (Harris & Kater,
1994). Spines are connected to their parent dendrite by thin stalks 0.04-1 μm long, and
have variably shaped bulbous tips 0.5-2 μm in diameter (Tan, 2015).
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Spine formation and synaptogenesis are preceded by a period during which filopodia
projections extend from dendrites; filopodia can facilitate axo-dendritic synaptic contacts
and might be precursors of dendritic spines (Ziv & Smith, 1996). In mice at 2 weeks of
age, over half of all dendritic protrusions are filopodia-like and only a small percentage of
them evolve into stable spines (Berry & Nedivi, 2017; Zuo, Lin et al., 2005).
Spines are dynamic and changes in spine density and shape have been observed in different
learning and memory paradigms (Chen, Lu et al., 2014; Moser, Trommald et al., 1994;
Yang, Pan et al., 2009). Long-term potentiation (LTP), a type of synaptic plasticity, was
associated with long-term enlargement of spines (Matsuzaki, Honkura et al., 2004).
Conflicting observations in cultured neurons reported both increases in dendritic spine
density with an increase in excitatory network activity (Papa & Segal, 1996) and decreases
with blockade of GABAergic inhibition and respectively NMDA treatment (Halpain,
Hipolito et al., 1998; Segal, 1995). As a unifying hypothesis it was proposed that moderate
increase in intracellular Ca2+ levels ([Ca2+]i) will cause formation of novel spines, and
elongation of existing ones, whereas a large and persistent increase in [Ca2+]i will cause
shrinkage and eventual elimination of spines (Segal, 2001). Also, that a central change in
Ca2+ levels will activate CREB and induce novel spine formation, while spine shrinkage
and elongation will probably be triggered by local [Ca2+]i changes (Segal, 2001).
A distinguishable response to LTP in large- and small-sized spines was reported by (Paulin,
Haslehurst et al., 2016). In response to tetraethylammonium chloride (TEA), which
produces chemical LTP, strong synaptic depression mediated by shrinkage of large spines
during and immediately after the application of TEA was observed along with a delay in
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small spine growth, which together protect the neurons by decreasing the influx of Ca2+ and
the damage that this could cause, short- and long-term, if uncontrolled (Paulin, Haslehurst
et al., 2016). De Roo et al. (2008) have observed a selective long-term stabilization of
dendritic spines and a pruning and replacement of nonactivated spines using a LTPinducing protocol with theta burst stimulation (TBS) and carbachol (De Roo, Klauser et
al., 2008).
Spines are lost or malformed in many disease states, including Alzheimer’s disease (Boros,
Greathouse et al., 2019), epilepsy (Drakew, Muller et al., 1996), stroke (Zhang, Boyd et
al., 2005), depression (Duman & Duman, 2015), addiction disorders (Spiga, Mulas et al.,
2014), and aging-related cognitive disorders (Dumitriu, Hao et al., 2010).
Previously it was reported that lactate release from astrocytes and uptake into neurons is
critical for learning-related long-term memory formation and the maintenance of long-term
potentiation of synaptic strength (Suzuki, Stern et al., 2011); also lactate induced a series
of synaptic plasticity genes including Arc (Yang, Ruchti et al., 2014), which encodes the
cytoskeleton-associated protein, reported to increase spine density and regulate spine
morphology (Peebles, Yoo et al., 2010).
As to our knowledge, the effects of lactate on dendritic spines have not been investigated
to date, and changes in the number or shape of dendritic spines could represent a
morphological correlate of neuronal plasticity, we have attempted in this study to
investigate possible changes in spine morphology and spine density induced by this
metabolite in cortical neurons.
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3.3 Materials and methods
Reagents
Sodium L-lactate (catalog no. 71718), potassium chloride (P9541), NADH (43420),
Sodium pyruvate (P2256), and poly-D-lysine hydrobromide (P0899) were from SigmaAldrich; AR-C155858 was from Tocris (4960), Carbachol was from Calbiochem (212385),
and Bdnf was from Gibco (10908010).
Cell culture
Experiments were conducted in accordance with the IACUC Guidelines for Animal
Experimentation and were approved by the Institutional Biosafety and Bioethics
Committee (KAUST, Saudi Arabia). Primary cultures of cortical neurons were prepared
from E17 CD1 mice embryos (Charles River Laboratories) as previously described
(Allaman, Gavillet et al., 2010). Briefly, minced pieces (1-2 mm3) of isolated cerebral
cortices were enzymatically digested with papain and gently triturated to a single-cell
suspension. Dissociated cells were plated onto poly-D-lysine-coated (0.5 mg/mL) cell
culture dishes (Greiner Bio-one, catalog no. 627871) at a density of 5.2 x 104 cells/cm2 and
maintained in Neurobasal medium supplemented with B27, GlutaMax, penicillin (50
U/mL), and streptomycin (50 μg/mL) (Invitrogen) at 37 °C in a humidified atmosphere of
5% CO2 and 95% air.
Transfection
Transfection with a pCAG plasmid carrying tdTomato was performed using Lipofectamine
2000 (ThermoFisher). 1.2 μg of plasmid DNA and 4 μL Lipofectamine were mixed with
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100 μL culture media (without supplements) and pre-incubated at room temperature for 20
minutes. The mix was added to each compartment of the cell culture dish and let incubate
for 4-5 hours at 37 °C with 5 % CO2. Media was completely removed after 4-5 hours and
replaced with half fresh media (with supplements) and half media removed from the cell
culture dish prior to incubation with the plasmid-Lipofectamine mix. Cells were transfected
at DIV 10-11 and used 48h later for the imaging experiments.
Imaging
Live cell imaging was performed using two distinct imaging set-ups. The first one was a
Zeiss LSM 880 confocal microscope with Airyscan super-resolution, for which a 40X PlanApochromat DIC UV-IR M27 1.3 N.A. oil-immersion objective lens was used. tdTomato
was excited with a 561 nm laser (1.2% intensity), and an emission beam splitter set (BP
570-620 and LP 645) and excitation filter (MBS 458/561) were used with the Airyscan
detector. Image pixel size was 94 nm.
The second imaging set-up was a Leica SP8 confocal microscope, for which a 40X HC PL
APO CS2 1.3 N.A. oil-immersion objective lens was used. tdTomato was excited with a
white light laser source of wavelength 554 nm (< 1% intensity) using a HyD hybrid
detector. Image pixel size was 142 nm. CO2 incubation and a heated stage were used for
both imaging set-ups. Cells were maintained at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air during imaging.
A Z-stack with 12 steps using a step size of 0.35 μm was acquired for each neuron imaged.
12 neurons were imaged in each experiment, 3 neurons per each compartment of the cell
culture dish. Labeled transfected neurons were chosen randomly, though it was ensured
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they had similar morphological features (size of soma, dendritic branching), and tdTomato
signal intensity.
Zeiss definite focus and Leica adaptive focus control modules were used for the multilocation time series with auto focus. Z-stacks were acquired every 15 minutes for total time
duration of 16-20 h.
Image processing and analysis
At the end of each experiment, images were post-processed with deconvolution software,
Airyscan for Zeiss, and Lightning respectively for the Leica imaging set-up.
Maximum intensity projection (MIP) images were generated from the acquired Z-stacks.
One dendrite segment (longer than 20 μm) from a secondary dendrite and all the associated
spines and filopodia-like structures were manually annotated using NeuronJ plugin in Fiji
ImageJ software (NIH) for each MIP image corresponding to an individual neuron and
time point. The same dendrite segment was annotated and analyzed for all time points
analyzed, for a given individual neuron. The number of dendritic spines was counted
manually and divided by the dendrite segment length to obtain the spine density.
All protrusions connected to the dendritic shaft with morphologies displayed in Figure 4B
and described by Basu et al. (2018) - stubby, filopodia, mushroom, spine-head protrusions,
branched spines - were considered spines (Basu, Saha et al., 2018).

136
3.4 Results
Analysis of dendritic spines shows trends towards increased protrusion density in
response to lactate, Bdnf, and NADH
We aimed to investigate possible dendritic spines density and morphology changes induced
by lactate in cortical neurons, as a morphological correlate of its modulatory effect on
transcription of genes involved in synaptic plasticity and dendritic spine organization
(Table 14), evaluated at DIV12.
In addition to lactate, we have also examined dendritic spines in response to NADH and
Bdnf. Bdnf was shown to regulate hippocampal spines density and shape (von Bohlen Und
Halbach & von Bohlen Und Halbach, 2018), and we intended to use it to validate an effect
on spine dynamics in our experimental conditions, while NADH was shown to reproduce
the signaling effects of lactate, inducing synaptic plasticity genes and NMDAR
potentiation (Yang, Ruchti et al., 2014).
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Table 14. Genes involved in dendritic spine organization, modulated by lactate.
Gene
Actr2
Bhlhb9
Camk2b
Caprin1
Cdk5r1
Dlg4
Dnm3
Dvl1
Eef2k
Epha4
Ephb3
Hdac6
Itga3
Itpka
Lrp8
Ngef
Pafah1b1
Pak3
Pdlim5
Pten
Sept7
Sipa1l1
Srcin1
Vps35
Wnt7a

Gene name
Actin-related protein 2
Basic Helix-Loop-Helix Family Member B9
Calcium/Calmodulin Dependent Protein Kinase II Beta
Cell Cycle Associated Protein 1
Cyclin Dependent Kinase 5 Regulatory Subunit 1
Discs Large MAGUK Scaffold Protein 4
Dynamin 3
Dishevelled Segment Polarity Protein 1
Eukaryotic Elongation Factor 2 Kinase
Ephrin Type-A Receptor 4
Ephrin Type-B Receptor 3
Histone Deacetylase 6
Integrin Subunit Alpha 3
Inositol-Trisphosphate 3-Kinase A
LDL Receptor Related Protein 8
Neuronal Guanine Nucleotide Exchange Factor
Platelet Activating Factor Acetylhydrolase 1b Regulatory
Subunit 1
p21 (RAC1) Activated Kinase 3
PDZ And LIM Domain 5
Phosphatase And Tensin Homolog
Septin 7
Signal Induced Proliferation Associated 1 Like 1
SRC Kinase Signaling Inhibitor 1
VPS35 Retromer Complex Component
Wnt Family Member 7A

1h

6h

24h
0.92
0.91

1.04
0.95
0.97

0.9

1.06
1.06
0.93

1.15

1.03
0.91
0.95

1.12
1.06
1.09
1.07

0.95
1.19

0.94

1.13
0.94
0.9
0.93
0.88
0.93

1.09
1.04
0.91
0.92

TdTomato fluorescence was visible in dendrites and dendritic spines, and in axons and
soma of neurons. tdTomato-transfected neurons were treated with lactate (10 mM final
concentration), NADH (0.4 mM), Bdnf (10 ng/mL), or vehicle (water). The multicompartment cell culture dish enabled testing all these conditions at the same time on the
same culture preparation and 3 neurons per each treatment condition were imaged.
Time-lapse videos with frames acquired every 15 minutes were generated for each neuron,
over total time duration of 18h. This corresponded to more than 70 frames. Neurons
survived for the entire duration of imaging and for up to 4-5 days after the imaging session
ended, indicating that the incubation and imaging conditions were suitable for live cell
experiments.
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Four time points were chosen to evaluate spine dynamics: 15 minutes, 1h and 15 minutes,
6h, and 18h after treatment (Figure 32). The first observation of the cells after addition of
treatment was within 15 minutes, and the other time points were chosen to match the time
duration at which gene expression in response to lactate was evaluated previously. We were
not able to acquire images 24h after start of treatment, because of autofocus software
limitations, so the last image was acquired 18h after addition of treatment. The density of
spines was calculated by dividing their total number by the length of the dendrite segment
chosen for the analysis.
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Figure 32. Representative images of dendritic segments and protrusions from DIV 12 neurons
treated with lactate, Bdnf, NADH, and vehicle. Indicated in h is the time relative to the start of
treatment. Each square shows the field of view from an individual neuron at the respective time
point of imaging; tdTomato fluorescence is indicated in green pseudocolor for clarity in display.

No statistically significant changes in spine density were observed for any of the conditions
at the different time points after start of treatment compared to the time before treatment
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(baseline). However a trend towards increased dendritic protrusion density could be
observed for Bdnf after 1.25 h and 6h treatment, for NADH after 1.25h and 18h treatment
and a trend towards increased protrusion density for lactate after 6h treatment (Figure 33A).
For each treatment condition and duration of treatment (0.25h, 1.25h, 6h, 18h), we
calculated the average protrusion density change of all neurons that were imaged for that
particular condition, and divided this value by the average protrusion density change of all
neurons treated with vehicle and imaged, to obtain a normalized ratio.
Compared to vehicle, a fold increase of 1.3 was observed after 6h treatment with lactate, a
fold increase of approximately 1.4 and 1.5 for Bdnf-treated neurons after 1.25 h, and 6h
respectively, and a fold increase of 1.3 and 1.2, after 1.25h and 18h treatment with NADH
(Figure 33B).
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Figure 33. Changes in density of dendritic spines and filopodia-like structures of DIV 12 neurons
evaluated at 15 minutes (0.25 h), 1h 15 minutes (1.25h), 6h, and 18h after treatment with lactate,
Bdnf, NADH, and vehicle. A) Each bar represents the ratio between the density of protrusions at
the respective time and at the time just before treatment; n indicates number of neurons used in the
analysis. Error bars correspond to SEM values. B) Each bar represents the average density change
for all individual neurons that received the treatment, divided by the average density change for all
neurons that received vehicle (Control), at each time point.
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At DIV 12, maturation stage at which the neurons were imaged, there was still significant
dendritic morphogenesis, and a high turnover of dendritic protrusions, in line with a
previous study, which showed that most of the protrusions on dendrites of DIV 11 neurons
were transient structures that extended rapidly from various positions along the dendrite
and retracted soon afterwards (Ziv & Smith, 1996) (Supplementary Video 1).
Therefore we have also chosen to image neurons at a later maturation stage, DIV 18, at
which spine density was maximal in a similar neuronal culture preparation (Sala, Piech et
al., 2001).
In DIV 18 neurons from our culture preparation, dendrites were not undergoing rapid shape
and length changes and that most of the spines were mature, with less filopodia than DIV
12 neurons (Figure 34; Supplementary Video 2).
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Figure 34. Representative images of dendritic segments and protrusions from DIV 18 neurons
treated with lactate and vehicle. Indicated in h is the time relative to the start of treatment. Each
square shows the field of view from an individual neuron at the respective time point of imaging;
tdTomato fluorescence is indicated in green.
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Neurons were treated with lactate and spine density was evaluated after treatment durations
of 15 minutes, 1h and 15 minutes, 6h, and 18h respectively. Even though there was no
statistically significant change in density compared to pre-treatment baseline, at none of
the time points investigated, we remarked that there was a trend towards increased density
after 1.25 h treatment with lactate (Figure 35A), specifically a 1.3 fold increase compared
to vehicle-treated neurons (Figure 35B).
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Figure 35. Changes in density of dendritic spines and filopodia-like structures of DIV 12 neurons
evaluated at 15 minutes (0.25 h), 1h 15 minutes (1.25h), 6h, and 12h after treatment with lactate or
vehicle. A) Each bar represents the ratio between the density of protrusions at the respective time
and at the time just before treatment; n indicates number of neurons used in the analysis. Error bars
correspond to SEM values. B) Each bar represents the average density change for all individual
neurons that received the treatment, divided by the average density change for all neurons that
received vehicle (Control), at each time point.
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Lactate prevents dendritic beading induced by KCl treatment
Next, we wanted to test if depolarization-induced increase in cortical neurons’ action
potential firing with KCl (Franklin, Sanz-Rodriguez et al., 1995) would augment changes
in dendritic protrusions density when lactate is added to the culture.
KCl was reported to increase intracellular calcium concentration in cultured rat cortical
cells and induce expression of Bdnf and c-Fos (Fukuchi, Sanabe et al., 2017; Tabuchi,
Nakaoka et al., 2000). Transient treatment with 50 mM KCl depolarization was shown to
induce dendritic spine head expansion (Okamura, Tanaka et al., 2004) and 16 h of KClinduced depolarization (20 mM KCl) significantly increased the ratio of mushroom spines
without affecting spine density (Bencsik, Szíber et al., 2015).
Neurons were treated with 10 mM KCl, concentration at which a moderate level of
depolarization is induced (Jin, Hu et al., 2003), 10 mM lactate, and a combination of 10
mM KCl and 10 mM lactate.
Interestingly, 5-10 minutes after adding the treatments (considering that imaging of
individual positions was sequential), extensive dendritic beading was observed in the
neurons treated with KCl, but not in the ones co-treated with KCl and lactate (Figure 36).
This observation was confirmed in an independent culture. Dendritic beading, the rounding
and enlargement of dendritic regions, was classified as an acute damage to the synaptic
circuitry and associated with the pathophysiology of stroke (Risher, Croom et al., 2012).
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Figure 36. Representative images of neuronal dendrites showing presence or absence of dendritic
beading. Images were acquired 5-10 minutes after the respective reagents were added to the
neuronal culture media. Each square shows the field of view from an individual neuron at the
closest time point of imaging after treatment; tdTomato fluorescence is indicated in green.
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Lactate modulates spine density changes induced by KCl and carbachol
Even though dendritic beading was induced in neurons treated with KCl only, the
morphology of dendrites and spines recovered before the next imaging cycle after
treatment (15 minutes) and they have survived for the entire duration of the experiment
(Figure 37).
Changes in dendritic spine density were quantified and it was found that lactate prevented
the decrease in protrusions density observed with KCl after 0.25h and 1.25h treatment, but
not after 6h. However, the decrease induced by KCl after 6h was less pronounced in
presence of lactate. Interestingly, KCl and lactate co-treatment decreased spine density
after 17h treatment, while for KCl there was a trend towards decreased spine density, but
this was not statistically significant compared to baseline (Figure 38B).
We have also used another approach aimed at enhancing network activity of cortical
neurons, treatment with carbachol, a nonselective cholinergic receptor agonist, which was
shown to trigger rhythmic activity and induce long-term potentiation/synaptic
enchancement in the hippocampus (Huerta & Lisman, 1993) and in mouse primary cortices
(Rahman & Berger, 2011). It was shown that carbachol induces an increase in turnover rate
of spines and stabilizes activated synapses (De Roo, Klauser et al., 2008)
Carbachol induced a significant decrease in protrusion density 1.25h and 6h after start of
treatment. Lactate prevented the decrease in protrusions density observed with carbachol
after 6h but not after 1.25 h treatment. However, the decrease seen after 1.25 h with
carbachol was less pronounced in presence of lactate (Figure 38A).

148

Figure 37. Representative images of dendritic segments and protrusions from DIV 12 neurons
treated with carbachol, carbachol and lactate, KCl, and KCl and lactate. Indicated in h is the time
relative to the start of treatment. Each square shows the field of view from an individual neuron at
the respective time point of imaging; tdTomato fluorescence is indicated in green.
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Figure 38. Changes in density of dendritic spines and filopodia-like structures of DIV 12-13
neurons evaluated at 15 minutes (0.25 h), 1h 15 minutes (1.25h), 6h, and 12h after treatment with
KCl, carbachol, and co-treatment with lactate. A) Carbachol-induced changes in protrusions’
density in absence and in presence of lactate. B) KCl-induced changes in protrusions’ density in
absence and in presence of lactate. Error bars correspond to SEM values. Ratio relative to carbachol
or KCl indicates ratio between average protrusion density change seen with indicated treatment and
average protrusion density change seen with carbachol or KCl treatment.
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Lactate modulates the increase in dendritic branching and growth induced by KCl
Based on a previous observation that 10 mM KCl enhanced dendritic growth and branching
of nonpyramidal cortical interneurons (Jin, Hu et al., 2003), changes in dendritic growth
and branching in our culture preparation were assessed by quantifying the total area with
fluorescence coverage in the field of view imaged for each neuron, 1h, 6h, and 17 h after
KCl, lactate, both KCl and lactate, and vehicle respectively, were added to the media. As
this quantification also includes axonal projections, which can appear transiently in the
field of view, we have confirmed that single axonal projections did not affect strongly the
percentage change in area coverage, and validated visually all observed changes to ensure
that they were coming from dendrites. We could distinguish axonal projections from
dendrites by analyzing successive frames and individually tracking projections that
appeared in the field of view, which had a different morphology compared to dendritic
arborizations, and higher length.
We found that KCl increased significantly dendritic branching and growth at all time points
investigated and more robustly at the later time points (6h and 17h) compared to 1h, and
that lactate prevented this increase after 1h, and reduced it after 6h and 17h treatment, all
relative to baseline level. Lactate by itself did not induce and significant changes in
dendritic branching and growth (Figure 39).
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Figure 39. Changes in total area with fluorescence coverage in the field of view imaged for each
individual DIV 12-13 neuron evaluated at 1h, 6h, and 17h after treatment with KCl, lactate, both
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values. B) Each bar represents the average density change for all individual neurons that received
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3.5 Discussion
The strength of the imaging methodology used in this study was the ability to monitor the
same neurons over time, alive, in culture conditions for the entire duration of the
experiment. The strength of the analysis consisted in comparing the spine density of the
same dendrite segment over time for a given neuron relative to the time point before start
of treatment.
A trend towards increased protrusions density in response to lactate for DIV 12 neurons 6h
after lactate was added to the culture (p=0.0919) and for DIV 18 neurons 1h after
(p=0.2518) was observed. The lack of statistical significance for this effect (p>0.05) and
variability of response could be caused by different activity state of the neurons sampled
or by sampling different types of neurons, as glutamatergic excitatory neurons could not
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be precisely differentiated from inhibitory interneurons. This could also explain the
variability in responses to Bdnf and NADH (Figure 33).
It was remarkable that lactate prevented the formation of dendritic beading in KCl-treated
neurons, observation that was confirmed in a second independent culture for neurons at
DIV 12, and in a third culture for neurons at DIV 18.
Previously, it was reported that spreading depolarization induces dendritic beading upon
KCl microinjection in hippocampal slices (Steffensen, Sword et al., 2015). Steffensen et
al. (2015) have hypothesized that MCT2, a transporter for lactate predominantly expressed
in neurons (Debernardi, Pierre et al., 2003), could also participate in the dendritic beading
by cotransporting water molecules during lactate and proton clearance from the
extracellular space. Interestingly, they found that 250 s after spreading depolarization
initiation with KCl, approximately 20% of beading remained during treatment with a
MCT2 inhibitor, whereas beading had returned to 0.5 % in the control condition
(Steffensen, Sword et al., 2015). This indirectly suggests that blocking lactate uptake from
the extracellular space delays resolution of dendritic beading, and that lactate could play a
role in mitigating this process.
Spreading depolarization and dendritic beading have been linked to pathologies such as
stroke (Risher, Croom et al., 2012) and traumatic brain injury (Brisson, Hsieh et al., 2014)
and it was suggested that uncoupling of dendritic beading from spreading depolarization
should protect dendrites from terminal injury and be neuroprotective (Steffensen, Sword et
al., 2015).
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Lactate therapy has beneficial cerebral metabolic and hemodynamic effects after traumatic
brain injury (Bouzat, Sala et al., 2014), but no direct link has been made, to our knowledge,
with dendritic beading. Lactate could play a neuroprotective role by preventing the
formation of dendritic beading, hypothesis that should be further investigated.
Lactate also prevented the decrease in spines and filopodia density induced by KCl after
0.25h and 1.25 h, effect that could be explained by the prevention of dendritic beading,
which severely affected spine morphology. Even though all neurons that showed bead
formation in the dendritic regions recovered to a normal morphology state within 15
minutes (next imaging cycle), a decreased dendritic spine density after 6h treatment with
KCl was still observed. Interestingly, after 17h, neurons that received the lactate and KCl
co-treatment had decreased protrusions density, compared to pre-treatment baseline. This
long-term effect was also observed with KCl alone for 4 of the neurons imaged in this
condition but not for a fifth one, which experienced beading and doubled its spine density
after 17h. This variability of response could be caused, as previously mentioned, by
different activity state of the neurons sampled or by sampling different types of neurons.
Remarkably, an increase in dendritic branching and growth induced by KCl at all time
points investigated was observed, which was more pronounced after 6h and 17h treatment.
Lactate prevented this increase after 1h, and reduced it after treatment for 6h and 17 h.
While the measure used in this study, total area of fluorescence coverage, provided a quick
indication of this effect, more robust methods for analyzing dendritic morphology, such as
Sholl analysis, should be used in future studies. Based on previous observations that KCl
enhanced specifically dendritic growth and branching of nonpyramidal cortical
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interneurons (Jin, Hu et al., 2003) it would be useful to make a distinction between
excitatory glutamatergic neurons and inhibitory GABAergic interneurons in our culture, in
order to evaluate if this effect takes place only in one of the two neuronal types.
Overall, the results obtained with KCl and lactate, suggest a possible effect of lactate on
mediating action potential firing of neurons and mitigating depolarization.

It was

previously reported that lactate reduces epileptiform activity and suppresses depolarizing
GABAergic potentials, and it was proposed that this could occur via a slight intracellular
acidification mechanism or via activation of hydrocarboxylic acid receptor 1 (HCAR1)
(Bonnet, Bingmann et al., 2018). It has been proposed that lactate could act through the
HCAR1, lowering intracellular cAMP, and in this manner reduce seizure proneness
(Bergersen, 2015). In a very recent study, it was shown that activation of HCAR1 by lactate
could tune down neuronal network activity (de Castro Abrantes, Briquet et al., 2019), and
previously an increase in extracellular lactate was shown to decrease neuronal activity in
mammalian cortical neurons (Gilbert, Tang et al., 2006).
Furthermore, in our study, lactate prevented the decrease in spine density seen after 6h
treatment with carbachol, and reduced the magnitude of decrease after treatment for 1.25
h. The decrease in spine density seen with carbachol at the early time points (1.25h and 6h)
is in line with the reported observation that carbachol increases spine turnover including
the loss of nonactive spines (De Roo, Klauser et al., 2008). The counteracting effect of
lactate could suggest either that lactate blocks the effect of carbachol, possibly by
interacting with downstream signaling pathways modulated by both compounds such as
the MAPK signaling pathway (Hamilton & Nathanson, 2001), or that it reduces pruning of
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nonactive synapses, by potentiating them, given its previously reported effect on NMDAR
activity (Yang, Ruchti et al., 2014).
Collectively the results obtained in our study indicate that lactate modulates processes that
affect spine density 1.25h and 6h after start of treatment with KCl or carbachol, and that it
prevents dendritic beading formation in response to KCl, which is in line with its previously
reported neuroprotective role (Jourdain, Rothenfusser et al., 2018).
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4.1 Abstract
This study has addressed the influence of the gut microbiota on the astrocyte-neuron lactate
shuttle in the brain hippocampus of mice.
Using qRT-PCR, the mRNA expression of 8 genes encoding proteins implicated in the
ANLS (Atp1a2, Slc2a1, Ldha, Ldhb, Mct1, Gys1, Pfkfb3, Slc1a2) was investigated, in
relation to different gut microbiota manipulations, in the brain hippocampus tissue.
We have discovered that Atp1a2 and Pfkfb3, encoding the ATPase, Na+/K+ transporting,
alpha 2 sub-unit, and respectively 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3,
were up-regulated in the absence of a microbiota in the hippocampus of germ-free mice
and also after limited re-colonization of microbiota for 24h compared to conventionally
raised mice. The increase in expression of Atp1a2 was also confirmed on the protein level.
Atp1a2 and Pfkfb3 were also up-regulated in a model of chronic stress upon dietary
intervention with prebiotics, while Atp1a2 and Gys1 were up-regulated in the hippocampus
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of mice fed with a high-fat diet. To our knowledge, these findings are the first to report an
influence of the gut microbiota on mRNA expression of genes implicated in
neuroenergetics.
4.2 Introduction
The gut microbiota modulates brain physiology, development, and behavior (Cryan &
Dinan, 2012; Diaz Heijtz, Wang et al., 2011; Dinan, Stilling et al., 2015b) and has been
implicated as a key regulator in several CNS disorders (Goyal, Venkatesh et al., 2015;
Maqsood & Stone, 2016; Rea, Dinan et al., 2016). Its effect on the metabolic coupling
between neurons and astrocytes, has not been extensively studied to date, even though this
is an important component of brain energy metabolism and physiology (Pellerin &
Magistretti, 2012) and it is implicated in neurodegenerative and cognitive disorders (Jha &
Morrison, 2018; Newington, Harris et al., 2013a).
Astrocytes, a predominant type of glial cells in the brain, and neurons engage in complex
metabolic interactions, particularly relevant to antioxidant defense and bioenergetics
(Belanger, Allaman et al., 2011; Fernandez-Fernandez, Almeida et al., 2012b). A role for
astrocytes in supplying neurons with energy substrates has emerged in the 1990s, a
mechanism known as the ANLS (Pellerin & Magistretti, 1994): in response to glutamate
release at synapses, aerobic glycolysis is stimulated in astrocytes which results in the
production and release of lactate, which is then transported into neurons to fuel the activitydependent energetic demands (Pellerin & Magistretti, 2012), and also acts as a signaling
molecule (Magistretti & Allaman, 2018; Yang, Ruchti et al., 2014).
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To date, a single study has reported an effect of the microbiota on brain glycolytic
metabolism. In their metabolome analysis, Matsumoto et al. (2013) have observed an
increase in the levels of several glycolytic intermediates in the brain of germ-free (GF)
mice compared to ex-GF mice, which were inoculated with a suspension of feces obtained
from specific pathogen-free mice (Matsumoto, Kibe et al., 2013).
Absence of a microbiota during early life increases activity- related transcriptional
pathways in the amygdala of mice, as evidenced by a set of immediate-early genes such as
Fos, Fosb, Egr2 and Nr4a1 and increased CREB signaling (Stilling, Ryan et al., 2015).
These immediate-early genes and CREB are also modulated by lactate, as evidenced by
the transcriptome studies presented in this thesis.
These observations, collectively, point to a potential link between the gut microbiota, brain
aerobic glycolysis and implicitly the ANLS, important for cognitive brain functions such
as learning and memory (Magistretti, 2006; Suzuki, Stern et al., 2011). Here, we suggest
that the gut microbiota could play an important role in the metabolic coupling at
glutamatergic excitatory synapses in the brain.
To test this hypothesis, the expression of 8 genes associated with the ANLS was evaluated
in the hippocampus of mice that underwent different microbiota manipulations: germ-free,
prebiotics-fed, high fat diet and probiotics-fed. The hippocampus is a brain region with
high plasticity and prevalence of glutamatergic synapses, where lactate shuttling was
shown to be of particular importance to memory consolidation and learning (Suzuki, Stern
et al., 2011).
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We have found that Atp1a2 and Pfkfb3, encoding the ATPase, Na+/K+ transporting, alpha
2 sub-unit, and respectively 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, were
up-regulated in the absence of a microbiota in the hippocampus of germ-free mice and also
after limited re-colonization of microbiota for 24h compared to conventionally raised mice.
An increase in protein expression of Atp1a2 was confirmed in germ-free mice. In a model
of chronic stress, Atp1a2 and Pfkfb3 were up-regulated upon diet supplementation with
prebiotics. Atp1a2 and Gys1 were up-regulated in the hippocampus of mice fed with a
high-fat diet.
4.3 Materials and Methods
Animal samples
Tissue samples from three independent studies with different microbiota manipulations
were used in this investigation.
The first study included naïve conventionally raised (CON), germ-free (GF) and colonized
germ-free (ex-GF) C57BL/6J male mice, which were housed and euthanatized as
previously described (Hoban, Stilling et al., 2018). The second study included C57BL/6J
mice fed over 28 weeks with high-fat diet, low-fat diet, and diet-induced obese mice
supplemented with two probiotic strains (Lb. brevis DPC 6108 and Lb. brevis V326)
delivered by oral gavage. A third study comprised of C57BL/6J mice chronically stressed
(chronic unpredictable social stress), without chronic stress (control group), and
chronically stressed and receiving a diet supplemented with fructo- and galactooligosaccharide prebiotics (Burokas, Arboleya et al., 2017).
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Brains were excised, dissected, and brain regions including hippocampus were snap-frozen
on dry ice, and stored at -80 °C.
RNA extraction and quantitative RT-PCR
RNA was extracted from hippocampi that were separated from whole brains, frozen, and
stored at -80 °C previously, using the total RNA isolation procedure with mirVana™
miRNA Isolation Kit with phenol (AM1560, Ambion).
RNA was reverse transcribed to cDNA using the Applied Biosystems High Capacity
cDNA reverse transcription kit (Applied Biosystems, Warrington, UK) according to
manufacturer's instructions.
Quantitative RT-PCR was carried out using primers synthetized by Integrated DNA
technologies (IDT) and two Taqman probes (using 6 carboxy fluorescein (FAM) as
reporter) designed by Applied Biosystems to mouse targeted genes. Gene names are
provided in Table 15 and corresponding primer sequences are provided in Table A4
(Appendix). β-actin was used as an endogenous control.
Each reaction with IDT-designed primers in 384-well plates contained: 10 ng cDNA, 5 μl
of SensiFASTTM SYBR Lo-ROX mix, 300 nM of each primer, and were brought to a total
of 10 μl by the addition of RNase-free water.
Each reaction with Taqman probes in 384-well plates contained: 10 ng cDNA, 5 μl of the
2X PCR LightCycler® Taqman® Master mix (Roche), 900 nM of each primer and were
brought to a total of 10 μl by the addition of RNase-free water.
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All reactions were performed in triplicate using the LightCycler®480 System. Thermal
cycling conditions were as recommended by the manufacturer (Roche). Cycle threshold
(Ct) values were recorded. Data was normalized using β-actin and transformed using the
−ΔΔCT

2

method.

Table 15. List of ANLS genes evaluated in the study
Gene symbol

Description

Atp1a2

ATPase, Na+/K+ transporting, alpha 2 sub-unit

Slc2a1

Glucose transporter type 1 (GLUT1)

Ldha

Lactate dehydrogenase A

Ldhb

Lactate dehydrogenase B

Mct1

Monocarboxylic acid transporter 1

Gys1

Glycogen synthase

Pfkfb3

6-phosphofructo-2-kinase/fructose-2,6biphosphatase 3

Slc1a2

Glial High Affinity Glutamate Transporter

Western blot
Snap-frozen mouse hippocampus was homogenized and lysed by sonication in RIPA buffer
(ThermoFisher Scientific, 89901) with protease (cOmplete™ ULTRA Tablets, Roche,
000000005892970001) and phosphatase (PhosSTOP™, Roche, 000000004906845001)
inhibitors’ cocktails. The lysate was cleared with centrifugation at 14000 g, 15 min, +4°C.
The protein yield in supernatant was quantified by Bicinchoninic acid (BCA) assay
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(Pierce), diluted to 1.4 mg/mL with 5X Sample Buffer (Genescript, MB01015), heated at
95°C for 5 min, stored at -20°C.
60 µg of protein were loaded onto 4-20% Bis-Tris Gels in Tris-MOPS running buffer (all
from Genescript, M42010 and M00138) and wet-transferred to Immun-Blot®
polyvinylidene fluoride (PVDF) (BioRad, 1620177, 100V for 60 min). The membranes
were blocked for 1 hour at RT in 0.09% Tween 20 in Tris-buffered saline (TBS) and 5%
fat-free milk, and then incubated overnight at 4°C with antibodies. Atp1a2 (Millipore, #
AB9094-I, rabbit) 1:4000 dilution in 5% milk in 0.09% TBST and with 0.02% sodium
azide. Pfkfb3 (Abcam, # ab181861, rabbit) 1:5000 dilution in 5% milk in 0.09% TBST and
with 0.02% sodium azide.
After washings with 0.09% TBST, the blots were incubated for 2 hours at RT with the antirabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Sigma, A05451ML), 1:10.000 and 1:100.000 in 0.09% TBST and 5% fat-free milk for Atp1a2 and
Pfkfb3, respectively. After washings with 0.09% TBST, the peroxidase activity was
detected by chemiluminescence using Amersham enhanced chemiluminescence (ECL)
Prime Detection Reagent (GE Healthcare) for the Atp1a2 blots and FEMTO SuperSignal™
substrate (Thermo Scientific) for the Pfkfb3 blots.
The membranes were further re-stained against alpha-tubulin (Sigma, T5168, mouse),
1:5000 in in 5% milk in 0.09% TBST and with 0.02% sodium azide.

Data analysis and statistics
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For qRT-PCR, differences between groups were compared with unpaired student’s t.test in
Graphpad Prism.
For western blots, the signal intensity of protein bands was analysed in ImageJ software.
To merge the results obtained on different blots, both the target gene and the loading control
data on each gel were first normalised to the reference sample. The target genes were then
normalised to the loading control. The differences between groups were compared with
independent Student’s t,test; datasets were checked for the normality of distribution with
the Shapiro-Wilk test and for the homogeneity of variances with the Levene’s test.
4.4 Results
Germ-free mice with absent microbiota have increased Atp1a2 and Pfkfb3 expression
RNA was extracted from hippocampus of naïve conventional (CON), germ-free (GF) and
respectively colonized germ-free (ex-GF) mice (GF mice exposed for 24h to standard
housing conditions and colonized with microbes).
mRNA expression of ANLS genes was evaluated by qRT-PCR, and results are shown in
Figure 40.
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Figure 40. ANLS genes expression evaluated by qRT-PCR in a GF study. Error bars correspond
to SEM values. t.test conducted for significance (p<0.05 *, p<0.001 ***, p<0.0001 ****). Number
of biological replicates: naïve conventional (CON): N=8, germ-free (GF): N=6, colonized germfree (ex-GF): N=6.

Significant changes were observed for Atp1a2 and Pfkfb3. Both genes were up-regulated
in GF mice and ex-GF mice compared to conventional group. No statistically significant
changes were observed for the other genes, but a trend for upregulation was observed for
the rest of the genes in ex-GF mice vs. control group, with a high standard deviation.
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Diet-induced microbiota manipulations lead to changes in expression of Atp1a2 and
Gys1
Gene expression changes were assessed (after 28 weeks) in mice fed with a high-fat diet
supplemented with one of two probiotic strains, both lactic acid producers, Lb. brevis DPC
6108 (6108), and Lb. brevis v326 (v326). The high-fat diet only (HF) and low-fat diet (LF)
conditions were also included in the comparison (Figure 41).
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Figure 41. ANLS genes expression evaluated by qRT-PCR in a high-fat diet study. Error bars
correspond to SEM values. t.test conducted for significance (p<0.05 *, p<0.01 **). Number of
biological replicates: LF: N=6, HF: N=6, v326: N=5, 6108: N=6.
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An impact of high-fat diet on gene expression of Atp1a2 and Gys1 was observed. Atp1a2
and Gys1 expression were increased in hippocampus of mice fed with high-fat diet
compared to mice fed with low-fat diet (Figure 41). It is interesting to remark that no
significant changes with the two probiotic strains were observed for any of the genes.
Mice undergoing chronic stress and supplemented with prebiotics show increased
expression of Atp1a2 and Pfkfb3 genes
Prebiotics are non-digestible food ingredients that promote the growth of beneficial
microorganisms in the intestines and produce gut microbial community changes. The most
common ones are fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS).
C57BL/6 conventional naïve mice (CON), mice undergoing chronic stress and on a normal
diet (STR), and mice undergoing chronic stress and having a diet supplemented with
prebiotics, all included in a previous study, were used for the gene expression comparison
(Burokas, Arboleya et al., 2017). Results are shown in Figure 42.
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Figure 42. ANLS genes expression evaluated by qRT-PCR in a prebiotics study. Error bars
correspond to SEM values. t.test conducted for significance (p<0.05 *, p<0.0001 ****). Number
of biological replicates: CON: N=10, STR: N=9, PREB: N=9.

Atp1a2 and Pfkfb3 were up-regulated more than two fold by prebiotics supplementation in
chronically stressed mice versus mice that were chronically stressed and received a normal
diet. No other significant changes were observed in the genes examined.
We have next chosen to examine protein expression of Atp1a2 and Pfkfb3 in hippocampi
of mice from the germ-free study, based on changes in mRNA expression we had
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previously identified, and found an increase in Atp1a2 protein expression levels in the
hippocampus of GF mice as compared with conventional counterparts (Figure 43A,
p=0.042). No significant changes to Pfkfb3 protein levels but an increasing trend were
observed (Figure 43B, p=0.107).
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Figure 43. Western blot results evaluating protein expression levels for Atp1a2 and Pfkfb3 in
germ-free (GF) and conventional mice. A) Atp1a2 and alpha-tubulin blots and expression levels.
B) Pfkfb3 and alpha-tubulin blots and expression levels. Alpha-tubulin was used as loading
control for normalization of protein expression.
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4.5 Discussion
Two genes associated with the ANLS, Atp1a2 and Pfkfb3, were up-regulated in the
hippocampus of GF mice, and of mice with a limited re-colonization of microbiota. The
increase in mRNA expression of Atp1a2 was correlated with higher protein abundance in
germ-free mice.
Atp1a2 encodes the alpha 2 subunit of the Na+/K+ ATPase, and is primarily expressed in
astrocytes in the central nervous system (Cholet, Pellerin et al., 2002; McGrail, Phillips et
al., 1991), playing an important role in maintaining resting membrane potential and
controlling extracellular K+ concentration during intense neuronal activity (Isaksen &
Lykke-Hartmann, 2016). The Na+/K+ ATPase mediates excitatory amino acids-dependent
stimulation of aerobic glycolysis in astrocytes (Magistretti, 2009; Pellerin & Magistretti,
1996).
The increased expression of Atp1a2 in GF and ex-GF mice, compared to conventionally
raised mice, evidenced by our analysis, could indicate an adaptation to a hyperactivity
phenotype (Hoban, Stilling et al., 2018), and to altered levels of several excitatory amino
acids in the hippocampus (Kawase, Nagasawa et al., 2017) previously reported in germfree mice.
The other up-regulated gene in GF and ex-GF mice, Pfkfb3, is a master regulator of
glycolysis, predominantly expressed in astrocytes (Bolanos, 2016). Its upregulation, at a
mRNA level, was also observed in the amygdala region of GF naïve mice compared to
conventionally raised naïve mice (Hoban, Stilling et al., 2018). In the same brain region,
in GF mice, there were elevated levels of immediate-early genes and genes implicated in
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neural activity, synaptic transmission and nervous system development (Hoban, Stilling et
al., 2018). The increased mRNA expression of this master glycolytic regulator supports
our hypothesis for a metabolic adaptation to a hyperactive phenotype. Furthermore, this
observation supports the findings of Matsumoto et al. (2013), who reported increased levels
of glycolytic intermediates in GF compared to ex-GF mice.
In the model of chronic stress evaluated in our study, mRNA expression of Atp1a2 and
Pfkfb3 was increased upon dietary intervention with prebiotics by more than two fold. The
effect of prebiotics administration on synaptic activity-related genes and proteins was
characterized in several published studies which reported elevated expression of Bdnf,
synaptophysin, and NMDAR subunits in the hippocampus and frontal cortex of adult rats
and an increase in cortical NMDA receptor function (Gronier, Savignac et al., 2018;
Savignac, Corona et al., 2013; Williams, Chen et al., 2016).
In the mice from which hippocampus tissue was collected and used for the evaluation of
ANLS genes expression, prebiotics treatment was shown to protect from the negative
effects of chronic stress on social interaction and long-term memory; also to reduce
depression-like behavior induced by chronic stress (Burokas, Arboleya et al., 2017). Based
on the previously reported role of lactate in modulating synaptic plasticity and activitydependent genes (Yang, Ruchti et al., 2014), in memory consolidation (Suzuki, Stern et al.,
2011) and as antidepressant (Carrard, Elsayed et al., 2016), we suggest that the
upregulation of Atp1a2 and Pfkfb3 could reflect metabolic adaptations to modified
synaptic activity in response to prebiotics treatment, and that increased lactate production
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in the hippocampus could help mediate some of the pro-cognitive and anti-depressant
effects of prebiotics.
Remarkably, no significant changes in expression of genes associated with the astrocyteneuron metabolic coupling were seen when comparing mice that were chronically stressed
and did not receive prebiotics supplementation with non-stressed mice. This is rather
surprising, as several reports indicated that stress induces a large rise in hippocampal
lactate and it was suggested that the ANLS could contribute to metabolic support for stressinduced memory processing (Osborne, Pearson-Leary et al., 2015).
Atp1a2 and Gys1 were up-regulated in the hippocampus of mice fed with a high-fat diet
compared to mice fed with a low-fat diet over a long-term duration of 7 months. High-fat
diet was shown to produce in mice alterations in the gut microbiota (Guo, Li et al., 2017;
Murphy, Velazquez et al., 2015) and neurochemical modifications in several brain regions
including the hippocampus (Lizarbe, Soares et al., 2019). The increased expression of Gys1
in the hippocampus could reflect enhanced glycogen synthesis in astrocytes, a possible
metabolic adaptation to high fat diet. Gys1 was shown to be important for learning and
long-term memory formation (Duran, Saez et al., 2013). The increased expression of
Atp1a2 might reflect another adaptation to the altered neurotransmission previously
characterized in high fat diet-fed and obese mice, which had reduced rates of glutamateglutamine cycle and increased glutamine levels in the hippocampus (Lizarbe, Soares et al.,
2019)
Single probiotic strain interventions in mice fed with a high-fat diet (for two of the strains
tested: Lb. brevis DPC 6108 and Lb. brevis v326) did not produce any significant gene
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expression changes compared to those that did not receive the probiotic supplementation.
These strains were included in the high-fat diet study based on a previous report indicating
that diet supplementation with L. brevis DPC 6108 attenuated hyperglycaemia associated
with diabetes in rats (Marques, Patterson et al., 2016), disease that is a major risk factor
associated with obesity. Both strains are lactic acid and GABA producers and could
contribute to increases in levels of these metabolites in the gut and systemically, however
there is no report indicating a direct influence of these strains on neurotransmission in the
CNS.
Overall, based on the three study models investigated (germ-free, prebiotics in chronically
stressed mice, long-term high fat diet), Atp1a2, Pfkfb3, and Gys1 emerge as ANLS markers
associated with manipulations affecting the gut microbiota. Atp1a2 is a key enzyme
involved in the astrocyte-neuron metabolic coupling which is involved in the initial steps
of ANLS: glutamate uptake and ATP consumption-induced stimulation of glycolysis in
astrocytes. Pfkfb3 produces fructose-2,6-bisphosphate, a potent activator of a rate-limiting
enzyme in glycolysis, 6-phosphofructo-1-kinase. Gys1 is the key regulatory enzyme in
glycogen synthesis. Follow-up studies using a cell-sorting approach should be conducted
to validate specificity of gene expression changes to astrocytes among the other cell types
present in the hippocampus tissue. Nevertheless, these gene-level expression changes
should be taken with caution, as they do not necessarily reflect significant changes in
protein expression levels (as observed for Pfkfb3) and in activity, which should be further
investigated.
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Contribution to the study
Have designed and performed the qRT-PCR experiments with technical advice from Dr.
Eoin Sherwin and Dr. Kieran Rea, who also provided the tissue samples. Have performed
the analysis of the qRT-PCR results. I am writing the initial version of the manuscript,
which will be further improved with contributions from co-authors.
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IMPLICATIONS AND FUTURE DIRECTIONS
Lactate regulates the expression of synaptic plasticity and neuroprotection genes in
cortical neurons: a transcriptome analysis
The objective of this study was to gain an extensive insight into transcriptional responses
to lactate in cortical neurons, and to determine whether the effects of lactate on gene
expression on a larger scale were dependent on NMDA receptors activity and reproduced
by NADH.
This study has shown that:
-

the effect of lactate on immediate-early gene expression regulation is NMDAR
dependent.

-

the transcriptional responses to lactate are reproduced by NADH and NMDA for a
majority of the genes (70%)

-

pyruvate is not able to reproduce the effects of lactate after 1h exposure, with the
exception of 8 genes, suggesting that lactate does not affect gene expression strictly
in a metabolic manner dependent on pyruvate

-

16 genes among the ones regulated with largest fold changes, are also modulated
by NADH and NMDA, and in a NMDAR-dependent manner.

-

lactate modulates 6 additional genes involved in synaptic plasticity (compared to
the ones found by a previous investigation), and 11 genes involved in
neuroprotection.

-

a significant proportion of genes modulated by lactate were similarly regulated by
a stimulation protocol activating specifically synaptic NMDA receptors known to
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result in upregulation of pro- survival and downregulation of pro-death genes, as
published by (Zhang, Steijaert et al., 2007) .
-

lactate modulates genes of the MAPK signaling pathway in a NMDAR-dependent
manner.

As not all the genes modulated by lactate were dependent on NMDAR activity and
MK801-sensitive, we hypothesized that there are other possible mechanisms through
which lactate could affect gene expression. We have suggested that it could affect
epigenetic mechanisms linked to lactate’s weak histone deacetylase activity inhibitory role
and identified genes coding for histone acetyltransferase binding proteins, and histone
protein complexes modulated by lactate, which could be initial candidates for further
mechanistic studies.
While the focus of these transcriptome studies was on examining expression of proteincoding genes at the gene level, the analysis could be expanded in future studies to also
identify gene splice variants, and with an appropriate extraction and enrichment method,
miRNAs modulated by lactate, which could mediate its effects on gene expression.
In addition, even though our culture preparations are enriched in neurons compared to glia
cells, two different major types of neurons are present: glutamatergic excitatory neurons
and inhibitory interneurons. A limitation of our study is that changes in gene expression
cannot be distinguished between the two types of neurons. Strategies aiming to evaluate
transcriptional responses in each type specifically, could be used in the future, such as
single-cell RNA-seq and patch-seq, which will also allow whole-cell patch clamp
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recording from the same neuron, enabling to characterize its electrical properties (Cadwell,
Sandberg et al., 2017).
Time-course Transcriptome Analysis Reveals Long-term Effects of Lactate on Gene
Expression and Novel Signaling Pathways Modulated in Cortical Neurons
The main aim of this study was to gain extensive insights into signaling pathways
modulated by lactate, to evaluate long-term transcriptional responses to lactate, and to
identify co-regulated genes that share biological functions. A secondary aim was to test
additional mechanisms through which lactate could regulate gene expression.
The results obtained contributed:
-

to identify 9 signaling pathways modulated by lactate in a time-dependent manner.

-

to discover clusters of genes co-regulated in a time-dependent manner in response
to lactate.

-

to examine long-term transcriptome modulation by lactate, 24h after start of
treatment.

-

to identify novel transcription factors which could mediate changes in gene
expression, such as Klf4, Sp1, and Mzf1, all linked to a role in neuroprotection.

-

to establish a role for CREB1/CREM as master regulators of transcriptional
responses to lactate in cortical neurons.

-

to assess that lactate uptake is necessary for regulation of mRNA expression of a
subgroup of synaptic plasticity and neuroprotective genes (Arc, Bdnf, c-Fos, Egr1,
Egr2, Npas4, Nr4a1) but not for regulation of Txnip.
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-

to demonstrate that lactate exerts its gene modulatory effect, 1h after start of
treatment, in a CaMKII activity-dependent manner; inhibiting CaMKII activity
prevented transcriptional responses in 95% of all genes modulated by lactate.

-

to identify two genes whose stimulation by lactate was not affected by CaMKII
activity inhibition: Arrdc3 and Phf13.

The transcription factors and master regulators identified by the bioinformatics analysis
should be validated further as candidate regulators of gene expression in response to
lactate. The limitation of mRNA knockdown approaches is that for key transcription factors
in neuronal physiology, knockdown of genes that encode them could severely affect
neuronal survival and impede any further pharmacological or functional read-out assays.
Enzyme-linked immunosorbent assay (ELISA) - based transcription factor activity assays
could provide a semi-quantitative assessment of transcription factor –DNA complexes in
nuclear and cytoplasmic extracts, and indicate if changes occur in the quantity of activated
transcription factors in response to lactate.
While the SPIA analysis was useful in identifying signaling pathways with statistically
significant enrichment and perturbation in the list of genes modulated by lactate, this
statistical tool does not indicate transcription factors or upstream regulators for the specific
pathways, from which a gene regulatory network could be inferred. TimeTP is a novel
bioinformatics method for analyzing time series omics data allowing to identify both
perturbed pathways and regulating transcription factors (TFs) (Jo, Jung et al., 2016). This
tool can examine the relationship between genes and between time points and could be
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used to analyze the time course RNA-sequencing data generated in this study to gain
further insights into gene regulatory mechanisms.
Pre-treatment for 15 minutes with AR-C155858, an inhibitor of MCT1 and MCT2, reduced
or prevented the transcriptional responses to 10 mM lactate, 1h after it was exogenously
applied to the neuronal cultures, for a subset of synaptic plasticity and neuroprotective
genes.
As only nine genes were assessed in this experiment, in order to get a more extensive
insight into how MCT1 and MCT2 inhibition affects the transcriptional responses to
lactate, a genome-wide transcriptome analysis should be performed for the same treatment
conditions.
In future experiments the extent to which our protocol (pre-treatment with 2 µM for 15
minutes prior to lactate addition) is effective at preventing lactate entry into neurons should
be characterized in detail, as it was previously reported that when bound to embigin – a
neuroplastin adhesion molecule - the binding affinity of AR-C155858 to MCT2, but not
MCT1, is greatly reduced (Ovens, Manoharan et al., 2010).
For this purpose, an intracellular lactate sensor, Laconic, could be used to assess changes
in lactate levels in the presence and absence of AR-C155858.
Another inhibitor of MCT2, α-cyano-4-hydroxycinnamic acid (4-CIN), could also be
tested and used in future mechanistic studies addressing intracellular uptake-dependent
modulation of gene expression by lactate.
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Other transporters could be also involved in uptake of lactate. Recently, a new transporter
that co-localizes with MCT2, the sodium-dependent monocarboxylate transporter 1
(SMCT1), has been reported in neurons (Martin, Gopal et al., 2006). As sodium transport
inhibitors, typically used to block SMCT1, will have many side target effects, using an
inhibitor for this transporter will be quite challenging.
The results obtained with Txnip, and the reduction but not complete prevention of
transcriptional responses to lactate in presence of AR-C155858, should also prompt us to
investigate whether lactate could act on an extracellular receptor like HCAR1, which would
mediate its effect on gene expression.
HCAR1 was shown to modify electrical activity in primary neuronal cultures (Bozzo,
Puyal et al., 2013) More recently, action of lactate through a yet unidentified receptor was
reported in locus coeruleus (Tang, Lane et al., 2014).
HCAR1 knockout mice could be used for preparing cultures of primary neurons and testing
this hypothesis.
Our results with the CaMKII inhibitors, AIP-II and CN21, have indicated that a majority
of genes modulated by lactate in neurons, after 1h, could be regulated in a CaMKII activitydependent manner. These results should be regarded with caution, until inhibition of
CaMKII activity with this treatment protocol will be adequately characterized. This study
has helped identify two genes that are modulated by lactate in a manner that is not sensitive
to inhibitors of CaMKII activity, namely Phf13 and Arrdc3, genes that are interesting
candidates for further studies as they are involved in regulation of transcription and energy
metabolism respectively.

180
The results obtained with Ant-AIP-II treatment alone were surprising: it caused modulation
of 1313 genes including activity-dependent genes whose mRNA expression was strongly
induced; this effect could be due to a cellular response to the Antennapedia peptide,
previously reported to induce neurotrophic activity (Le Roux, Joliot et al., 1993), gene
expression changes in spinal cord neurons (Biagioni, Ciuffini et al., 2000), and toxicity in
cortical neurons from rat (Ashpole & Hudmon, 2011) .
Based on our findings that tatCN21 alone affected the expression of only 4 genes, with
limited possibility that this cell-penetrating tat peptide could modulate gene expression on
its own, we should test a custom-made tat peptide fused to AIP-II to confirm whether the
strong modulation of gene expression we have observed was indeed caused by the
Antennapedia peptide. Also, we should test and characterize inhibition of CaMKII activity
with smaller concentrations of AIP-II, as lowering the concentration of AIP-II used could
help avoid a possible inhibitory effect on PKC and other Ca2+/calmodulin

(CaM)-

dependent kinases previously reported (Ashpole & Hudmon, 2011; Ishida, Shigeri et al.,
1998).
Imaging of dendritic spines reveals plasticity-related and neuroprotective effects of
lactate in a cortical neuron culture preparation
The aim of this study was to investigate whether lactate modulates density and morphology
of spines in cortical neurons, as a morphological correlate of neuronal plasticity.
The results obtained showed indicated that lactate modulates processes that affect spine
density 1.25h and 6h after start of treatment with KCl or carbachol, that it prevents dendritic
beading formation in response to KCl, shortly after the start of treatment (5-10 minutes),

181
and that it prevents the increase in dendritic branching and growth induced by KCl after
1h, and reduces but does not prevent it after 6h- and 17h-long treatment.
A limitation of our transfection approach was that we could not distinguish precisely
between excitatory glutamatergic neurons and inhibitory interneurons, solely based on
morphology. The inhibitory interneurons that contain spines are less spiny than excitatory
neurons (Berry & Nedivi, 2017) and thus the rate of change in spine density could be also
different between the two types of neurons. In future experiments, we should aim to label
the two major types of neurons using promoters such as VGLUT1 (for glutamatergic
excitatory neurons) and GAD67 (for GABAergic interneurons). This approach could help
reduce observed variability of responses to the different treatments. At the same time, more
neurons should be imaged to increase the statistical power of our observations, and another
model such as organotypic slice cultures should be considered, with the advantage that the
morphology and location of the cells is preserved and thus the same neuron could be
distinguished and imaged in independent slice cultures and experiments.
Another limitation was the analysis of spine and filopodia density,that included only one
dendrite segment randomly chosen from all secondary dendrites of the imaged neuron that
had a length above 20 μm. Future analyses should include more dendrite segments from
the same image and could employ recently developed algorithms for automatic detection
and quantification of spines (Smirnov, Garrett et al., 2018; Xiao, Djurisic et al., 2018).
Based on the results that showed that lactate prevents dendritic beading in neurons treated
with KCl, in three independent cultures, at both DIV 12 and DIV 18, future experiments
should address whether this effect is also reproduced by pyruvate or NADH, and whether
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it is dependent on lactate uptake by the cells. As the effect is very rapid, as beading appears
5-10 minutes after addition of KCl, we do not exclude an extracellular mechanism that
could explain this effect of lactate, which could involve the HCAR1 receptor. This
hypothesis could be tested using an HCAR1 agonist such as 3,5 – dihydroxybenzoic acid
(DHAB) to check whether it mimicks the effect of lactate, and conduct this imaging
experiment on neuronal cultures prepared from HCAR1 knockout mice.
In order to examine the effect of KCl on dendritic growth and branching and of lactate in
mitigating it, a robust and specific analysis such as Scholl should be used.
Effect of gut microbiota manipulations on genes involved in the Astrocyte-Neuron
Lactate Shuttle in the hippocampus
The objective of this study was to explore possible changes in genes associated with the
ANLS in the hippocampus of mice that had distinct manipulations of their gut microbiota,
The expression of 8 genes associated with the ANLS was evaluated and it was found that:
-

Atp1a2 and Pfkfb3, encoding the alpha 2 subunit of the Na+/K+ ATPase, and
respectively 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, were upregulated in the hippocampus of GF mice, and of mice with a limited recolonization of microbiota. The increase in mRNA expression of Atp1a2 was
correlated with higher protein abundance in germ-free mice.

-

in a mouse model of chronic stress, mRNA expression of Atp1a2 and Pfkfb3 was
increased upon dietary intervention with prebiotics (FOS+GOS) by more than two
fold.
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-

Atp1a2 and Gys1 were up-regulated in the hippocampus of mice fed with a highfat diet compared to mice fed with a low-fat diet over a long-term duration of 7
months

-

single probiotic strain interventions in mice fed with a high-fat diet (for two of the
strains tested: Lb. brevis DPC 6108 and Lb. brevis v326) did not produce any
significant gene expression changes.

In order to gain an understanding of prebiotics effects in absence of chronic stress, a gene
expression comparison should also be performed between mice, which received, or did not
receive prebiotic supplements to establish a clear contribution of the prebiotics-induced
changes in gene expression.
A second step could be to discriminate and confirm gene expression changes specifically
in astrocytes. Based on the evaluation of protein levels for the two genes in the germ-free
and prebiotics studies, a choice for one of the microbiota manipulations should be made
and a new cohort of mice should be used to reproduce the respective study. For this new
cohort of mice, fluorescence-assisted cell sorting (FACS) could be used to isolate
astrocytes and discriminate gene and protein expression specifically in this cell type.
An alternative technique, named Translating ribosome affinity purification (TRAP), could
be used for examining ribosome-associated gene transcript levels only in astrocytes,
without the disadvantages of FACS, such as shear stress to the cells, and disruption of
various cellular processes. Also, as it isolates mRNA transcripts associated with ribosomes,
the levels determined can be better correlated to protein expression levels. Nevertheless,
FACS has been used successfully for isolation of astrocytes and subsequent gene
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expression evaluation, in transgenic mice expressing GFP under the control of the GFAP
promoter in astrocytes (Petit, Gyger et al., 2013).
As both techniques require generation of transgenic mice, additional efforts in doing so for
germ-free condition should be taken into consideration.
A third step would be to evaluate in response to the microbiota manipulation chosen, the
brain levels of various cytokines reported to affect glucose consumption and astrocytic
metabolism. Multiplex ELISA assays can be performed on hippocampal tissue lysates for
simultaneous evaluation of several cytokines. It was previously reported that microbiota
manipulations can affect cytokine production in the periphery, cytokines which can reach
the brain and cross the blood-brain-barrier inducing a pro- or anti-inflammatory response
(Castillo-Ruiz, Mosley et al., 2018; Rea, Dinan et al., 2016). In turn, astrocytic metabolism
is affected by various pro- and anti-inflammatory cytokines, as shown by different studies
in the literature (Belanger, Yang et al., 2011; Gavillet, Allaman et al., 2008). Interestingly,
the Na+/K+ transporting ATPase (alpha 2 subunit), encoded by Atp1a2, was previously
identified as a potential target of cytokines IL-1α and TNF-α (Vega, Pellerin et al., 2002).
TNF-α plays a role in synaptic scaling regulating excitatory synapses (Stellwagen &
Malenka, 2006)
This immune-mediated mechanism would be the first to be tested as the potential link
between gut microbiota manipulations and astrocytic metabolism changes.
An experimental design including 2-deoxyglucose (2-DG) uptake and monitoring of lactate
(using the genetically encoded fluorescence resonance energy transfer (FRET) sensor
Laconic) in hippocampus of mice in a learning paradigm could be informative for whether
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these microbiota manipulations will have a real-time effect on astrocytic metabolism,
glucose uptake and lactate production and consumption. Changes in the expression of
several ANLS genes indicative of metabolic adaptations following learning were
previously reported (Tadi, Allaman et al., 2015).

CONCLUSIONS
The initial aim of the thesis project was to unravel through what mechanisms lactate acts
as a signal in cortical neurons, and which are its molecular targets, based on previous
findings showing that it stimulates the expression of 4 genes (Arc, c-Fos, Bdnf and
Zif268/Egr1) and potentiates NMDAR activity in mouse primary cortical neurons and in
vivo in the mouse sensory-motor cortex (Yang, Ruchti et al., 2014).
Using genome-wide transcriptome studies in primary neuron cultures, we have identified
thousands of genes and 9 signaling pathways, which are modulated by exposure to lactate,
short-, medium- and long-term. We have confirmed a previously proposed mechanism of
action by showing that the regulatory effect of lactate on 20 immediate- early genes
involved in the MAPK signaling pathway and in synaptic plasticity was dependent on
NMDA receptor activity, and reproduced by NADH. Using an inhibitor of MCT2, which
is the main lactate transporter in neurons, we confirmed on a subset of 7 strongly induced
genes that lactate uptake is required for exerting its full modulatory effect. In addition, we
found that the short-term effects of lactate on gene expression (1h after start of treatment)
were prevented by inhibitors of CaMKII activity, a multifunctional enzyme that interacts
with the NMDAR (Gardoni, Schrama et al., 1999; Strack & Colbran, 1998), is sensitive to
the intracellular redox state (Bodhinathan, Kumar et al., 2010; Shetty, Huang et al., 2008),
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and is involved in downstream activation of CREB and other genes (Ma, Groth et al., 2011;
Ojuka, Goyaram et al., 2012).
We have discovered candidate key transcription factors, which could mediate the effects
of lactate on gene expression, such as CREB1, Egr1, Klf4, Sp1, Mzf1, Srf, Nfkb1, Mycn,
which are induced by synaptic activity, and are associated with synaptic plasticity and
neuroprotection functions.
Furthermore, among the genes modulated by lactate, genes relevant to sleep physiology,
behavioral phenotypes such as anxiety and hyperactivity, and addiction behaviors were
identified.
A secondary aim of the project was to examine whether regulation of the expression of
genes related to synaptic plasticity by lactate were correlated with morphological changes
known to occur during synaptic plasticity. Live cell imaging of GFP-expressing neurons
was used to evaluate dendritic processes and density of spines and filopodia structures
before and at several time points after start of treatment with lactate, in absence and
presence of KCl and carbachol, which were used to increase neuronal action potential firing
and induce long-term potentiation respectively.
We determined that lactate modulates processes that affect spine and filopodia density
approximately 1h and 6h after start of treatment with KCl or carbachol, and that it prevents
dendritic beading formation in response to KCl. A trend towards increased spine and
filopodia density was seen in response to lactate 6h after start of treatment in DIV 12-13
neurons, and approximately 1h after start of treatment in DIV 18 neurons.
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Overall, the studies conducted in primary cortical neuron cultures have contributed to
establishing a role for lactate as a signaling molecule in the brain and to identifying
mechanisms though which lactate exerts this effect. Our results may have implications for
the research of mechanisms responsible for the beneficial effects of ketogenic diet (Sada
& Inoue, 2018) and physical exercise in therapy for neuropsychiatric disorders (SobralMonteiro-Junior, Maillot et al., 2019). The ketogenic diet, used to reduce seizure frequency
in epileptic patients, was associated with an increase in the lactate flux in brain cortical
slices, mediated by increased MCT1 expression levels (Forero-Quintero, Deitmer et al.,
2017), and recently it was reported that lactate can mediate the effects of exercise on
learning and memory through activation of hippocampal Bdnf (El Hayek, Khalifeh et al.,
2019).
Future studies should address the matter of specificity in the cortical neuron culture
preparations, which are heterogeneous in nature. Organotypic slice cultures, which
maintain 3-dimensional tissue cytoarchitecture and regional neural connectivity (Annis,
O'Dowd et al., 1994), are a suitable alternative to primary cultures, and could improve
reproducibility of results from independent experiments. Strategies to label and
differentiate specific cell types such as glutamatergic excitatory neurons and GABAergic
inhibitory interneurons should also be employed. In addition, recently developed
methodology to integrate electrophysiology, morphology and transcriptome measures of
single neurons should also be considered in future experiments (van den Hurk, Erwin et
al., 2018).
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While this thesis has been mainly focused on investigating the signaling role of lactate in
neurons, the study presented in its fourth chapter has addressed the influence of the gut
microbiota on the astrocyte-neuron lactate shuttle in the brain hippocampus of mice.

In

our investigation in which we have evaluated the mRNA expression of 8 genes encoding
proteins involved in the ANLS, in relation to different gut microbiota manipulations, we
have discovered that Atp1a2 and Pfkfb3, encoding the ATPase, Na+/K+ transporting, alpha
2 sub-unit, and respectively 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, were
up-regulated in the absence of a microbiota in the hippocampus of germ-free mice and also
after limited re-colonization of microbiota for 24h compared to conventionally raised mice.
Atp1a2 and Pfkfb3 were also up-regulated in a model of chronic stress upon dietary
intervention with prebiotics, while Atp1a2 and Gys1 were up-regulated in the hippocampus
of mice fed with a high-fat diet.
To our knowledge, these findings are the first to report an influence of the gut microbiota
on mRNA expression of genes implicated in this neuroenergetics mechanism; follow-up
studies using a cell-sorting approach should be conducted to validate specificity of gene
expression changes to astrocytes among the other cell types present in the hippocampus
tissue. As novel therapies for neuropsychiatric and neurodegenerative disorders aim to
target astrocytes and in particular energy metabolism-related pathways, these results,
though very preliminary, point to candidate enzymes, predominantly expressed in
astrocytes in the brain, that play a key role in energy metabolism, and could be modulated
indirectly by intervening at the microbiota level, an attractive non-invasive approach.
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APPENDIX
Table A1. Forward and reverse primer sequences (5'-3') for qRT-PCR

Gene symbol

Sequence (5'-3')
Forward: CCAGTCTTGGGCAGCATAGC

Arc

Reverse: TCTGCTCTTCTTCACTGGTATGAATC
Forward: CCATAAGGACGCGGACTTGT

Bdnf

Reverse: GAGGCTCCAAAGGCACTTGA
Forward: CGGAGGAGGGAGCTGACA

c-Fos

Reverse: CTGCAACGCAGACTTCTCATCT
Forward: CAAATGCTGGACCAAACACAA

Cyclophilin A

Reverse: GCCATCCAGCCATTCAGTCT
Forward: GCCGAGCGAACAACCCTA

Egr1

Reverse: TTCAGAGCGATGTCAGAAAAG
Forward: CTTGCTGCCGGACCTCTACT

Egr4

Reverse: AAAACGCCTCCGGAAAGG
Forward: ACCAAATGTCTGTAATGACCCAGTAC

Fosl2

Reverse: CCCATACCCTCTGTCAAAATCTG
Forward: CTGTCCTACCTGCACATCATGAGT

Npas4

Reverse: GGAGTGCCTCCAGCAAAGAA
Forward: CCATCGCCACCCAATAGG

Nr4a3

Reverse: CGCACACGGCACATGTG
Forward: GCTTCTTTGCAGCTCCTTCGT

β-actin

Reverse: ATATCGTCATCCATGGCGAAC
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Table A2. List of genes examined by qRT-PCR and corresponding primer sequences

Gene symbol

Sequence (5’-3’)

Arc

Forward: CCAGTCTTGGGCAGCATAGC
Reverse: TCTGCTCTTCTTCACTGGTATGAATC

Bdnf

Forward: CAGGAGTACATATCGGCCACC
Reverse: ACCTGGTGGAACTTTTTCAGTCA

c-Fos

Forward: CGGAGGAGGGAGCTGACA
Reverse: CTGCAACGCAGACTTCTCATCT

Egr1

Forward: GCCGAGCGAACAACCCTA
Reverse: TTCAGAGCGATGTCAGAAAAG

Egr2

Forward: GTCTCCAGGTTGTGCGAGGA
Reverse: ATGCCATCTCCCGCCACTC

Lars2

Forward: GCCTGGATCTTCTCTTCGGG
Reverse: AGAAGACCCTTCTCTGTAAGCTG

Npas4

Forward: CTGTCCTACCTGCACATCATGAGT
Reverse: GGAGTGCCTCCAGCAAAGAA

Nrtn

Forward: GTGTCCCGCACCCTGTG
Reverse: GCCTCGGCCTGCCAC

Nr4a1

Forward: TGATGTTCCCGCCTTTGC
Reverse: AATGCGATTCTGCAGCTCTTC

Per1

Forward: AGAGTCCCAGACCAGGTGTC
Reverse: GGAGGACGAAACAGGGAAGG

TBP

Forward: CCTATCACTCCTGCCACACC
Reverse: ATGACTGCAGCAAATCGCTTG

Txnip

Forward: ATGCAAGGGTCTCAGCAGTG
Reverse: CCAGGGGCCCTTGAGGAA

220
Table A3. Genes corresponding to clusters identified by maSigPro analysis

Cluster

Genes

1

Cpa6; B230216N24Rik; Amn; Ppp1r1c; Aass; Tuba8

2

Arid5a;Coq10b;Zdbf2;Rgs2;Midn;Dusp6;Peli1;Rel;Dusp14;Cwc25;Map3k14;
Cbx4;Elmsan1;Zfp184;Gadd45g;Pcsk1;Lysmd3;Homer1;Ccno;Trib1;Tob2;Pi
m3;Grasp;Nfkbiz;Adamts1;Dusp1;Sik1;Ier3;Srf;Smad7;Itprip;Gm13889;Bdnf;
Siah2;Mex3a;Pip5k1a;Cyr61;Zfp189;Jun;Stil;Stk40;Gpr3;Errfi1;Phf13;Mob1b
;A830010M20Rik;Serpine1;Peg10;B630005N14Rik;Kdm7a;Gpr19;Zfp667;Er
f;Sertad3;Nfkbid;Ppp1r15a;Spty2d1;Mesdc1;Dcun1d3;Irs2;Jund;Zc3h12c;Ras
sf1;Amigo3;Gla;Piga

3

Nabp1;Mir3064;AF357359;Gm5141;Zfp712;Arrdc3;Tfap4;Gm4944;Zfp518a;
Naif1;Atp11bRnpc3;Zfp709;Nxt2

4

Mettl21a;Ccdc108;Gpr6;Abca7;P4ha2;Ovca2;Myo1c;Adam11;Tha1;Klf11;W
dr89;Meg3;Zfp839;Zkscan4;Tnnc1;Zfhx2os;Fam227a;Dennd6b;Pus7l;Chrd;D
act2;Spaca6;Zfp870;B3galt4;Doc2g;Neat1;Map4k2;Zbtb3;Sfxn2;Sorcs3;Cntrl;
Zc3h6;Fam110a;Txnip;Pars2;Podn;Cc2d1b;Ptch2;Zbtb8a;Miat;Ficd;Zfp775;T
mem150a;Gcfc2;Setmar;Gipr;Arhgef1;Fxyd5;Wtip;Arrdc4;Zfp764;A930013F
10Rik;Rfx1;Pskh1;Tmem231;Tyk2;Abhd14b;Fyco1;Gm14827

5

St8sia4;Adck3;6530411M01Rik;Hrh3;BB031773;Ibsp;Dbp

6

Btg2;Ptgs2;Atf3;Egr2;Gadd45b;Per1;Arl4d;Fbxo33;Fos;Nfil3;Egr3;Arc;Maff;
Nr4a1;Egr1;Npas4;Fosl1;Arl5b;Nr4a2;Tiparp;Nr4a3;Klf4;Fosl2;Egr4;Fosb;Se
rtad1;Ier2;Junb;C2cd4b;Csrnp1

7

Chchd10;Mrps24;Prr7;Nptxr;Scand1;Vstm2l;Adnp;Mocs3;Ube2j2;H1fx;AI85
4517;Ypel3;Zfp771;Fdx1;Erdr1

221
8

Zfp873;Nup37;Stac3;Zfp692;4933439C10Rik;Dhx58;Snhg20;Lrrc45;6430411
K18Rik;Slc39a2;Mir124a-1hg;9930012K11Rik;Mapk15;Thpo;Tmem181bps;Rgs11;Adamts10;Ssh3;Col5a1;Ttc30a1;Cwc22;Snhg11;Thbs3;Ovgp1;Amy
1;Pnisr;Mterf1b;Sirt4;Tmc4;Leng8;Igflr1;Col4a1;Zfp599;Trank1;Firre;Arhgap
4;Flna;Taz

9

Bbs10;Etaa1;Zfp39;Zfp759;Ap1g2;Nkx31;Kbtbd6;Ccdc166;Zfp641;Dnajc28;Tomm6os;Ankrd63;Dll4;Zfp937;Zswim3;
Zfp113;Zc3hav1l;Gm5577;2810474O19Rik;Zfp60;Zfp82;Zfp507;9130023H2
4Rik;Arrdc2;Zfp961;Rtbdn;9330133O14Rik;Map10;Pou2f3;Senp8;Parp16
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Table A4. List of genes examined by qRT-PCR and corresponding primer sequences

Gene symbol

Sequence (5’-3’)

Atp1a2

Forward: TCTCGGATCGCTGGTCTC
Reverse: CAGAAGCCCAGCACTCGT

Slc2a1

Forward: CCAGCTGGGAATCGTCGTT
Reverse: CTGCATTGCCCATGATGGA

Ldha

Forward: TTGTCTCCAGCAAAGACTACTGTGT
Reverse: TTTCGCTGGACCAGGTTGAG

Ldhb

Forward: GCAGCACGGGAGCTTGTT
Reverse: CAATCTTAGAGTTGGCTGTCACAGA

Mct1

Forward: AATGCTGCCCTGTCCTCCTA
Reverse: CCCAGTACGTGTATTTGTAGTCTCCAT

Gys1

Forward: GCTGGACAAGGAGGACTTCACT
Reverse: TGCACACTGGTGGGAAAGAC

Pfkfb3

Forward: AGAACTTCCACTCTCCCACCC
Reverse: AGGGTAGTGCCCATTGTTGAA

Slc1a2

Mm00441457_m1 (Taqman probe)

Actb

Mm00607939-s1 (Taqman probe)

