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Abstract

Lactate has been shown to be used as an energy substrate in the brain to maintain neuronal
activity. Evidence suggests that lactate also acts on a metabotropic receptor called HCAR1, first
described in the adipose tissue. Whether HCAR1 also modulates neuronal circuits is still unclear.
In this study, using qRT-PCR, we show that HCAR1 mRNA transcripts are present in the human
brain of epileptic patients who underwent resective surgery. In acute brain slices from these
patients, pharmacological HCAR1 activation using the non-metabolized agonist 3CI-HBA
decreased the frequency of both spontaneous neuronal Ca?* spiking and spontaneous excitatory
post-synaptic currents (EPSCs). In mouse brains, we found HCAR1 expression in different regions
using a fluorescent reporter mouse line and in situ hybridization techniques. In the hippocampus,
HCAR1 was mainly present in mossy cells of the dentate gyrus. Mossy cells are key players in the
hippocampal excitatory circuitry. Their partial loss is a major hallmark of temporal lobe epilepsy.
By using whole-cell patch clamp recordings in both mouse and rat acute slices, we found that
HCAR1 activation causes a decrease in excitability, spontaneous EPSCs, and miniature EPSCs
frequency of granule cells, the main output of mossy cells. These effects was absent in HCAR1 KO
mouse slices, confirming the inhibitory role of the receptor. Overall, we propose that lactate
acting on HCAR1 can be considered a neuromodulator decreasing synaptic activity in both human

and rodent brains, which makes HCAR1 an attractive target for the treatment of epilepsy.
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Résumé

Le cerveau est I'organe le plus énergivore et consomme jusqu’a 20% du glucose total alors qu’il
ne fait que 2% de la masse totale de notre corps. En plus du glucose, il a été démontré que le
lactate est également utilisé comme substrat énergétique dans le cerveau afin de maintenir
I'activité neuronale. Alors que le lactate est surtout étudié pour ses propriétés métaboliques, de
récentes preuves suggerent que le lactate agit également sur un récepteur métabotrope appelé
HCARL1. Initialement découvert et décrit dans le tissu adipeuy, il a récemment été montré qu’il
était exprimé dans le cerveau et que son activation menait a la diminution de I’activité neuronale
sur des neurones en culture. Cependant, on ne sait toujours pas si HCAR1 module également
I’activité neuronale dans des circuits neuronaux conservés. Dans cette étude, en utilisant la qRT-
PCR, nous montrons que les produits de la transcription, I'ARNm de HCAR1, sont présents dans
le cerveau humain de patients épileptiques ayant subis une chirurgie résective du foyer
épileptique. Dans des tranches de cerveau de ces patients, |'activation pharmacologique de
HCAR1 par I'agoniste non-métabolisé, appelé 3CI-HBA, a diminué la fréquence de l'activité
neuronale spontanée mesurée a |’aide de I'imagerie calcique, ainsi que la fréquence des courants
spontanés excitateurs post-synaptiques (EPSCs). Dans le cerveau des souris, nous avons trouvé
I'expression de HCAR1 dans différentes régions en utilisant une lignée de souris transgénique qui
exprime une protéine fluorescente rouge sous l'influence du promoteur de HCAR1 et une
technique d’hybridation in situ derniére génération. Nous avons constaté une forte présence du
récepteur dans I’hippocampe et plus particulierement au niveau des cellules moussues du gyrus
denté. Les cellules moussues sont des actrices clés dans les circuits excitateurs de I'hippocampe.
Ces cellules sont potentiellement impliquées dans I'épilepsie sachant que leur perte partielle est
une caractéristique majeure de I'épilepsie du lobe temporal. Nous avons donc pour objectif
d’évaluer si HCAR1 est capable de créer un effet inhibiteur dans la circuitrie du gyrus denté. En
utilisant des enregistrements électrophysiologiques dans des tranches de cerveau de souris et de
rat, nous avons démontré que l'activation de HCAR1 engendre une diminution de I'excitabilité,
des EPSC spontanés et miniatures des cellules granuleuses, la principale connection des cellules

moussues. Ce résultat confirme donc la présence d’"HCAR1 sur les cellules moussues. Lorsque
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nous utilisons des souris HCAR1 KO, c’est-a-dire dépourvues du récepteur, nous n’observons pas
d’effet lorsque nous administrons I'agoniste de HCAR1. Dans I'ensemble, nous proposons que le
lactate agissant sur HCAR1 peut étre considéré comme un neuromodulateur diminuant I'activité
synaptique dans le cerveau des humains et des rongeurs, ce qui fait de HCAR1 une cible

intéressante pour le traitement de pathologies comme I'épilepsie.
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Introduction

History of lactate

The history of acid lactic (HLa) or lactate (La") started in 1780 with its discovery in the milk by
a Swedish chemist named Carl Wilhelm Scheele (Ferguson et al., 2018). Within the physiological
pH range of mammalian muscle and blood, HLa is more than 99% dissociated into lactate anion
(La)and protons (H*). Lactate exists under two enantiomers often referred as L(+)La and D(-)La",
although perhaps more correctly as (S)-La” and (R)-La", respectively (Cahn et al., 1956). In the
human body, the L(+) form is by far the most predominant and the one produced by glycolytic
activity. As a comparison, D(-)La” concentration reaches 0.013 to 0.3 mM in healthy humans
(Hasegawa et al., 2003; Filiz et al., 2010), while L(+)La" concentration is between 1.0 mM at rest
and 15mM after exercise (Abi-Saab et al., 2002; Offermanns, 2017). A few years later in a paper
published in 1848, Berzelius described his observations indicating the presence of lactate in
muscle. It will follow a series of studies reporting the presence of lactate in the mammalian body
until the paper of Fletcher and Hopkins (1907) that settled the first principle of lactate. They
postulated that lactate is present at low concentrations in resting muscles, whereas the
concentration increase in resting anaerobic or highly stimulated muscles. Moreover, this increase
disappears when fatigued muscles are placed in Oz-rich environments. From this observation,
lactate production and accumulation were associated with inadequate O supply, leading to the
conclusion that higher lactate levels were the results of hypoxia/dysoxia (Ferguson et al., 2018).
In line with this idea, lactate was believed to be the cause of muscle fatigue, notably because of
the acidosis arising from an increase in lactate concentration. Even though lactate increase and
pH decrease seem to have an effect on muscle fatigue, some studies reported data opposing this
position (Lamb and Stephenson, 2006; Westerblad, 2016). In 1926, Warburg gave his name to
the Warburg effect, a phenomenon that recognized that lactate could also be produced in
presence of O, (Ferguson et al., 2018). This effect was initially described in tumor cells, known to
consume more energy than normal cells. These cells were shown to produce energy using a high
rate of glycolysis rather than a comparatively low rate of glycolysis followed by oxidation of
pyruvate in mitochondria as found in most normal cells, even under conditions of sufficient

oxygen (Li et al., 2015).

Page | 10



Briquet M. PhD thesis

Considered a dead-end and fatigue-causing waste product of the metabolism, it is only in the
1980s that evidence started to accumulate showing that lactate could be in fact used as a
metabolic fuel. It began with the studies of Brooks who demonstrated that lactate could be
transferred from glycolytic cells to oxidative cells in order to sustain the latter (Brooks, 19854, b,
2000, 2002, 2007, 2009, 2016), now known as the intracellular or cell-to-cell lactate shuttle.
Extensively studied in muscles, lactate exchanges also occur in the brain and are called the

astrocyte-neuron lactate shuttle (ANLS) (Pellerin and Magistretti, 1994).

In addition to its metabolic and energy donor role, lactate is now also considered a signaling
molecule —a “lactohormone” (Brooks, 2009). Indeed, lactate is reported to participate in several
mechanisms in which lactate seems to be a regulator rather than being just an energy substrate.
For example, lactate can be oxidized into pyruvate via the lactate dehydrogenase (LDH) and act
as a regulator of the cellular redox state. Lactate is shown to inhibit lipolysis and achieve its
signaling role by interacting with the G-protein coupled receptor GPR81, now renamed
hydroxycarboxylic acid receptor 1 (HCAR1). More recently, HCAR1 was identified in the brain and

a new signaling role was attributed to lactate in the brain.

The aim of this thesis work was to better understand the signaling role of lactate in the brain,
and more precisely in regions where the receptor HCAR1 is found to be expressed. To do so, we
investigated neuronal activity under the activation of the receptor in rodent and human brain

tissue.

Lactate in the brain

Brain metabolism

The brain is a huge energy burner with 20 to 25% consumed of the energy produced in the
body, whereas the brain represents only 2% of the total body mass (Magistretti, 2006). The brain
draws energy from glucose and oxygen delivered by the blood flow, representing 15-20% of the
cardiac output (Xing et al., 2017). Glucose enters the brain after crossing the blood-brain barrier,
composed of endothelial cells, pericytes, basal lamina, and the astrocytic endfeet. The
concentration of glucose in the parenchymal compartment in the brain is about 1.2 mM and the

human brain consumes glucose at 6.5 uM/s (Barros et al., 2007). Glucose is the major source of
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energy in the brain and provides between 30 to 36 ATPs per glucose. In mammalian brain cells,
energy is sequentially produced by glycolysis, the tricarboxylic acid (TCA) cycle, and the
associated oxidative phosphorylation, resulting in the oxidation of glucose into CO; and H;O. In
the ANLS, astrocytes uptake glucose and transform it into lactate via aerobic glycolysis. Lactate
then exits astrocytes before being taken up by neurons and transformed into pyruvate to enter

the TCA cycle and associated respiratory chain (Cali et al., 2019).

During glycolysis (Figure 1), glucose is broken down into two molecules of pyruvate after a 10-

step reaction taking place in the cytoplasm, which results in the net production of 2 ATP

molecules. These reactions are

catalyzed by 10 enzymes, which are
hexokinase

(HK), phosphoglucose

isomerase, phosphofructokinase,

aldolase, triosephosphate isomerase,

glyceraldehyde 3 phosphate
dehydrogenase, phosphoglycerate
kinase, phosphoglycerate mutase,

enolase, and pyruvate kinase (Li et al.,

2015). However, glucose is not
necessarily completely transformed
into pyruvate. After phosphorylation
of glucose by the HK, the first step of
the glycolysis, glucose may enter the
pentose phosphate pathway (PPP).
The PPP branches after the first step of
glycolysis  and  consumes  the
intermediate glucose-6-phosphate to,
in the end, generate NADPH and ribose
5-phosphate. These two metabolites
for the survival and

are vital
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proliferation of cells and take part in the synthesis of nucleotides or aromatic amino acids, the
building blocks of protein, as well as for neurotransmitters such as glutamate, GABA (y-
aminobutyric acid), and acetylcholine (Bouzier-Sore and Bolafios, 2015). The final step of
glycolysis is not necessarily pyruvate either. Cells express high levels of LDH, an oxidoreductase

that catalyzes the interconversion between pyruvate and lactate.

Lactate «——> Pyruvate

Lactate dehydrogenase

002
Acetyl-CoA
Citrate
Oxaloacetate Isocitrate
)g NAD+
CcOo; NADH
Mitochondrial Malate TCA o-KG Inner
matrix \ cycle NAD+ mitochondrial
membrane
Fumarate -~ NADH
Succinyl-CoA
Succinate

H*+

Figure 2. Tricarboxylic acid cycle (TCA) and oxidative phosphorylation (OXPHOS). Adapted from
(Martinez-Reyes and Chandel, 2020).

In a second phase (Figure 2), pyruvate enters the mitochondrial matrix to be oxidized into
acetyl coenzyme A (acetyl-CoA) with the help of the pyruvate dehydrogenase. At the same time,
this reaction produces CO, and NADH that will be further used in the electron transport chain
(ETC). Then, Acetyl-CoA enters the TCA cycle and follows an 8-step reaction leading to the
production of GTP, NADH, FADH;, and coenzyme A. The TCA cycle itself does not generate ATP,
but instead, 1 GTP molecule is produced per pyruvate. However, NADH and FADH,, two electron
carriers, will connect with the last portion of cellular respiration, and deposit their electrons into

the ETC to drive the synthesis of ATP molecules through oxidative phosphorylation.
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In the brain, one finds distinctive metabolic profiles according to the diversity of cells. Such
differences have been particularly investigated in neurons and astrocytes. As a first, high-level
view, one can say that neurons are predominantly oxidative, therefore using pyruvate to produce
energy via the TCA and the oxidative phosphorylation, whereas astrocytes are rather glycolytic
and therefore mainly lactate producers (Hyder et al., 2006; Bélanger et al., 2011; Zhang et al.,
2014). Following the first postulate of lactate shuttling by Brooks and his colleagues, evidence
suggested that lactate could support both synaptic function, and reactivate glucose-depleted
synaptic quiescence in hippocampal slices (Schurr et al., 1988; lzumi et al., 1997). A few years
later, Schurr et al. demonstrated that lactate, rather than glucose (Schurr et al., 1997b), is
shuttled to post-hypoxic neurons to recover functions (Schurr et al., 1997c) and that the lactate
originates from glial cells (Schurr et al., 1997a). During the same period, Magistretti and Pellerin
established the framework of a hypothesis that will become the prevailing contemporary
viewpoints of neuroenergetics by proposing the so-called astrocyte-neuron lactate shuttle (ANLS)

(Pellerin and Magistretti, 1994; Magistretti and Pellerin, 1996).

Astrocyte-neuron lactate shuttle

During excitatory synapse communication, glutamate is the main excitatory neurotransmitter
in the brain. It is released to bind its ionotropic and metabotropic receptors which further trigger
activity. Then, glutamate is removed from the synaptic cleft by several high-affinity glutamate
transporters present in both glial cells and presynaptic terminals. This reuptake mechanism by
astrocytes induces glycolysis (Pellerin and Magistretti, 1994). This is how the ANLS model (Figure
3) brought a new link between metabolism and neuronal activity, in which lactate played a
central role as an energy substrate for neurons (Mosienko et al., 2015). Briefly, in astrocytes,
glutamate is taken up by a Na*-dependent glutamate transporter, which carries one glutamate,
three Na*, and one H* inward while one K* is moved out of the cell. This co-transport results in
an astrocyte intracellular Na* concentration increase leading to an activation of the astrocytic
Na*/K*-ATPase to restore ionic balance (Chatton et al., 2016). During this process, the Na*/K*-
ATPase pump doubles its activity resulting in a corresponding augmentation of the metabolic cost
(Chatton et al., 2000). This ATPase pump activation has an associated energy cost, which

stimulates glucose uptake and utilization by astrocytes to produce ATP mainly by glycolysis.
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Figure 3. Original scheme of the ANLS model proposed by Pellerin and Magistretti (1994).

According to the ANLS, for each glutamate molecule taken up, one glucose enters astrocytes
resulting in the production of two ATP and two lactate molecules through glycolysis. This process
is therefore energetically balanced, as one of the ATP molecule sustain Na*/K*-ATPase activity,
while the other provides the energy needed to convert glutamate into glutamine by the
glutamine synthase. This reaction thereby replenishes the neurotransmitter pool of glutamate
and completes the glutamate—glutamine cycle. Accumulation of lactate induces outward release
along its concentration gradient via monocarboxylate transporters 1 (MCT1) located in the
astrocytic plasma membrane (Pierre and Pellerin, 2005). Once in the extracellular space, lactate
can be taken up by neighbouring neurons via MCT2 located in the neuronal plasma membrane.
At this point, lactate is metabolized into pyruvate, which enters the TCA cycle and is finally used
as an oxidative energy substrate by neurons. This demonstrates the presence of an astroglial
metabolic network, allowing energy substrates exchange between astrocytes from their source,
which is blood vessels, to the site of high energy demand and use, the neurons (Giaume et al.,

2010). Since then, this hypothesis has been further supported by new experimental data (Pellerin
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and Magistretti, 2012) showing, for example, in vivo evidence for lactate gradient from astrocytes
to neurons, determined using genetically encoded biosensor and two-photon laser scanning
microscopy (Machler et al., 2016).

The consequence of glucose utilization by astrocytes, after glutamate release by neurons, is the
production and liberation of lactate in the extracellular space immediately surrounding neurons.
As said, lactate was viewed as a toxic waste for brain cells and rapid clearance must be a
necessary step, because local lactate accumulation would otherwise become an opposing driving
force that would influence many reversible NAD+/NADH-coupled redox reactions, including
continued conversion of pyruvate to lactate under oxygenated conditions (Dienel and Hertz,
2001). Lactate, even in presence of physiological glucose concentration, was shown to be
preferred as an oxidative substrate over glucose by neurons (Bouzier-Sore et al., 2003; Itoh et al.,
2003; Bouzier-Sore et al., 2006; Ivanov et al., 2011), although glucose is also used by neurons
(Mangia et al., 2009) and was shown to be equally effective in energizing activity-dependent
synaptic vesicle turnover in purified cortical neurons (Morgenthaler et al., 2006). This model is
however not exclusive, it is therefore important to consider other models proposed in the

literature (Dienel, 2012).

Lactate function in the brain

In this chapter, we will go over few examples where lactate utilization is essential in several
neurophysiological mechanisms such as the control of respiration (Erlichman et al., 2008),
regulation of blood glucose for energy homeostasis (Lam et al., 2005; Lam et al., 2007), as well
as arousal and food intake regulation (Parsons and Hirasawa, 2010). In addition, lactate
metabolism has a significant function in the regulation of local cerebral blood flow in response
to neuronal activity (Gordon et al., 2008), as well as fuel for the recovery of synaptic functions
after hypoxia (Schurr et al., 1997b) and in neuroprotection (Berthet et al., 2009; Berthet et al.,
2012). Lactate utilization is essential for the support of neuronal activity and cerebral functions

in healthy and pathological conditions.

Besides this metabolic role, lactate, while in the extracellular space, may exert other actions on
brain cells (Barros, 2013). The question of possible direct roles of lactate on neural function was

proposed. Evidence has accumulated to support lactate-mediated signaling, which could
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modulate the activity of multiple molecular targets affecting functions at the cellular and organ

levels.

Lactate, learning, and memory

Lactate has been described to be involved in learning and memory, notably for long-term
memory formation (Newman et al., 2011; Suzuki et al., 2011; Descalzi et al., 2019; Harris et al.,
2019). In 2011, two highly-cited papers revealed a link between lactate produced by astrocytes
and learning and memory processing. Suzuki et al. (2011) reported that long-term memory
formation and long-term potentiation maintenance are two mechanisms for which at least the
lactate shuttle between astrocytes and neurons plays an essential role. By blocking the MCT2
neuronal lactate transporter or glycogen degradation in the hippocampus, the authors could
disrupt long-term memory and decrease gene expression required for memory formation.
Interestingly, administration of exogenous lactate could rescue memory formation when MCT2
was not blocked highlighting neuronal uptake of lactate as an essential process. The addition of
glucose at equicaloric concentration only marginally mimicked the rescuing effect of lactate,
which indicates the lactate mechanism of action was independent of its ability to act as an energy
substrate (Suzuki et al., 2011). Then, Newman et al. (2011) supported the view that, in rat
hippocampus, glycogenolysis in astrocytes and the subsequent production of lactate to support
neuronal functions are important for the regulation of spatial working memory formation. This
was later backed by a study showing that pyruvate and ketone body B-hydroxybutyrate can
functionally replace lactate in rescuing memory impairment after glycogenolysis inhibition or
astrocytic MCT1 and MCT4 inhibition by virus-mediated knockdown in rat hippocampus.
However, both metabolites were unable to rescue memory impairment if neuronal MCT2
expression was suppressed using the same method, which indicates the significant role of
astrocyte-derived lactate in memory processing (Descalzi et al., 2019). In addition, the authors
described the importance of lactate to sustain learning-induced protein synthesis, a hallmark
process required for long-term memory formation. Another study reported that the expression
of synaptic plasticity-related genes such as Arc, Fos-c, and Zif268, which participate in different
physiological processes associated with neuronal plasticity, seems to be stimulated by lactate

(Yang et al., 2014). In this study, the authors demonstrated that lactate action is mediated by the
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modulation of NMDA receptor activity and the downstream ERK1/2 signaling cascade, through a
mechanism associated with changes in the cellular redox state. Recent in vivo experiments
revealed the critical role of aerobic glycolysis and subsequent lactate release by astrocytes during
memory acquisition rather than during retrieval and established memory in mice (Harris et al.,

2019).

Lactate and neuropathology

Lactate has also been reported to play a role in pathological conditions affecting the brain
(Brooks, 2018). Different conditions, such as hypoxia, hyperglycaemia, brain trauma, or seizure,
induce an increase in lactate levels in the brain (Mosienko et al., 2015). Lactate therapy has been
in particular used after traumatic brain injury (TBI) (Bouzat et al., 2014), an injury that leads to
high energy needs for recovery. Indeed, lactate utilization by the brain may be an alternative fuel
to maximize energy functions and limit substrate reduction. Wolahan et al. (2018) investigated
the impact of exogenous sodium L-lactate supplementation by constant intravenous infusion in
TBI patients. The authors demonstrated an increase in total cerebral lactate uptake without
changes in glucose availability or uptake, which could improve cerebral neuroenergetics by

creating more ATP to support cellular recovery mechanisms (Wolahan et al., 2018).

Knowing that lactate may be beneficial for brain recovery processes, studies investigated its
neuroprotective action, notably after cerebral ischemia. Berthet et al. (2009) showed that in vitro
organotypic hippocampal slices that underwent oxygen and glucose deprivation and in vivo mice
that underwent ischemia due to transient middle cerebral artery occlusion (MCAQO), rapid
superfusion and intracerebroventricular lactate injection, respectively, can protect against cell
death, decrease lesion size, and improve neurological outcome (Berthet et al., 2009). The authors
reported a long-term neuroprotective effect of intracerebroventricular injection of lactate in
mice submitted to transient MCAO with improvement in the behavioural outcome and decrease
in tissue destruction resulting in significantly smaller hemisphere atrophy at 14 days (Berthet et
al., 2012). For clinically relevant utilization of lactate, they showed that intravenous injection of
lactate is also able to provide neuroprotection after ischemia by decreasing lesion volume and
neurological deficit 48h hours after transient MCAO in mice, as well as 24 hours after permanent

MCAO (Buscemi et al., 2020). The same research group proposed that lactate, in addition to its
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role as an alternative energy substrate, may exert a neuroprotective effect by acting on the
HCAR1 lactate receptor in an in vitro model (Castillo et al., 2015). Independently of the
enantiomer type, as well as the use of an HCAR1 specific agonist, a receptor-mediated signal
transduction mechanism seems to confer neuroprotection. More recently, preclinical
investigation used transient MCAO mice model that received an intracerebroventricular injection
of lactate together with recombinant tissue plasminogen activator (rtPA), the only currently
approved drug for blood clots removal in acute ischemic stroke. The authors observed a positive
impact on functional outcomes and reduce harmful effects of rtPA, even though the
neuroprotective effect is weaker compared to administration of lactate alone (Buscemi et al.,
2020). This work offers a clearer understanding of the potential use of a lactate-based therapy
for selected patients, namely patients not treated with rtPA. Currently, Prof. Lorenz Hirt started
an exploratory randomized double blind placebo controlled trial on acute ischemic stroke

patients, in which lactate solution or placebo will be administered (personal communication).

It has also been reported that lactate could present neuroprotective properties through
coordinated mechanisms in case of excitotoxic environments. Jourdain et al. (2016) suggested
that L-lactate increases the ATP production via the TCA cycle that, after putative release,
stimulates specific purinergic receptors, in particular, the P2Y1 in hippocampal interneurons.
P2Y1 stimulation then promotes synaptic inhibition of the neuronal network through the

activation of the PI3-kinase pathway that leads to Katp channels activation (Jourdain et al., 2016).

Lactate and neuronal excitability

Recent studies have documented that lactate may also strongly affect neuronal excitability. In
2006, Gilbert et al. reported that elevated concentration of lactate suppresses neuronal firing in
vitro in hippocampal slices cultures, and above all, in vivo in rat hippocampal pyramidal cells
(Gilbert et al., 2006). The authors reported that lactate at high concentration (10mM) suppressed
glucose oxidation in vitro but not at physiological concentration (1ImM), even though glucose
uptake was not altered. In addition, they postulated that the suppression of neural discharge and
the glucose metabolism by lactate resides in the alteration of the redox ratio. Interestingly,
GABAergic neurons of the subfornical organ, the center of the sensing responsible for the control

of salt-intake behavior, seem also stimulated by lactate released from glial cells (Shimizu et al.,
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2007). Another study has also demonstrated that lactate influences the activity of glucosensing
neurons of the ventromedial hypothalamic neurons (VMN). Glucose-excited neurons increase,
and glucose-inhibited neurons decrease, their action potential frequency as glucose increases
from 0.1 to 2.5 mmol/l, however, lactate administration reversed the inhibitory effects of
decreased glucose on VMN glucose-excited neurons via closure of the Karp channel. Lactate did
not reverse the effects of decreased glucose on VMN glucose-inhibited neurons (Song and Routh,
2005). Orexin neurons, involved in food intake, autonomic functions such as hepatic glucose
production, wakefulness, and arousal, seem to possess a mechanism that detects and controls
lactate levels and/or gates brain activation accordingly (Parsons and Hirasawa, 2010). To show
the capacity of orexins neurons to act as lactate sensors, the authors performed conventional
whole-cell patch clamp on orexin neurons in hypothalamic slices incubated (>20 min) with
different concentrations of lactate without glucose. The effect of lactate on the firing rate was
found to be concentration dependent, confirming the role of lactate sensors of these neurons.
Intriguingly, a recently published work using rat hippocampal slices describes distinctive firing
patterns depending on the concentration of lactate in pyramidal cells (Herrera-Lopez and Galvan,
2018). However, this biphasic effect is receptor-dependent as shown by the use of a specific
agonist of HCAR1. Low versus high concentration decrease and increase, respectively, the
excitability of cell during injection of depolarizing current step. This receptor was mentioned for
the first time to be involved in the modulation of neuronal activity in 2013 already by Bozzo et
al. (2013). L-lactate (5mM) was able to reversibly decrease the calcium spiking frequency
acquired during calcium imaging by more than 50% in both principal and GABAergic neurons in
experiments carried out in the presence of 5mM glucose to ensure that neuronal energy
metabolism needs are fulfilled. During the same period, other evidence for non-metabolic
modulation of neuronal activity by lactate was described in the locus coeruleus (LC) (Tang et al.,
2014). Optogenetically activated astrocytes release L-lactate which excites LC neurons and
triggers the release of norepinephrine. Both in vitro and in vivo application of exogenous L-lactate
in physiological concentration had an excitatory effect on the neuronal activity, independently of
its role as energy substrates. This result indicates an opposite effect to what was found in our

laboratory, suggesting the presence of another receptor sensitive to lactate.
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These findings raise the question of whether receptor-mediated non-metabolic mechanisms

of lactate could underlie some of lactate effects observed in the brain. This would confer

additional roles on lactate such as that of a signaling molecule for neurons (Bergersen and

Gjedde, 2012; Barros, 2013; Magistretti and Allaman, 2018).

Hydroxycarboxylic Acid Receptors

The family of hydroxycarboxylic acid receptors is a subfamily of G-protein coupled receptors

(GPCRs), composed of three receptors: initially named GPR81, GPR109A, and GPR109B and

reported to be expressed in various cells and tissue (Lee et al., 2001). GPCRs are a large family of

transmembrane receptors composed of 7
transmembrane domains and mediated effect
through a G-protein composed of three
elements, Ga, GB, and Gy. In 2011, a new
nomenclature was proposed for these
receptors, based on the fact that all known
endogenous ligands of GPR81, GPR109A, and
GPR109B are hydroxycarboxylic acids. They
possess similar agonists since they bind the
metabolite 2-hydroxy-propanoate (lactate),
the ketone body 3-hydroxy-butyrate, and the
B-oxidation intermediate 3-hydroxy-
octanoate, respectively (Cai et al., 2008). They
were then classified as the hydroxy-carboxylic
acid receptors (HCAR), with the individual
names HCAR1 (GPR81) (Figure 4), HCAR2
(GPR109A), and  HCAR3  (GPR109B)
(Offermanns et al.,, 2011). The broad

Figure 4. 3D structure of HCAR1 modeled by IntFOLD6
(https://www.reading.ac.uk/bioinf/IntFOLD) and
created using Mol* Viewer: modern web app for 3D
visualization and analysis of large biomolecular
structures (Sehnal et al., 2021) and RCSB PDB.

expression of HCAR1 across the body tissues suggests that HCAR1 is capable to support a wide

range of physiological functions. Indeed, HCAR1 has been shown to modulate metabolic

processes and lipolysis in adipose tissue (Ahmed et al., 2010; Liu et al., 2012), neuronal excitability
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and activity (Bozzo et al., 2013; Herrera-Lopez and Galvan, 2018; de Castro Abrantes et al., 2019;
Herrera-Lépez et al., 2020; Briquet et al., 2022), cellular development and survival (Roland et al.,

2014), and inflammatory response (Hoque et al., 2014; Harun-Or-Rashid and Inman, 2018).

L-Lactate, the only known natural agonist of HCAR1 under physiological conditions, has an ECso
established at around 5 mM (Liu et al., 2009). The low potency of lactate as a ligand for HCAR1
(in the millimolar range) and its rapid metabolic turnover, cause a serious challenge for in vivo
studies using lactate. It was therefore necessary to find an agonist to facilitate in vivo study of
HCAR1 function. By screening hydroxylated carboxylic acids, Liu et al. (2012) identified a specific
agonist named 3,5-dihydroxybenzoic acid (3,5-DHBA) with a ECso value of 191 + 26 uM in
adipocytes. A few months later, 3-chloro-5-hydroxybenzoic acid (3CI-HBA) was shown to be a
more potent agonist than 3,5-DHBA with an ECso value of ~ 22uM in mouse adipose tissue
(Dvorak et al., 2012). Then, two new agonists, “Compound 1” (N-(5-acetamido-4-(2-thienyl)-1,3-
thiazol-2-yl)-4-methylbenzamide) and compound 1-derived “Compound 2” (4-methyl-N-(5-(2-(4-
methylpiperazin-1-yl)-2-oxoethyl)-4-(2-thienyl)-1,3-thiazol-2-yl)cyclohexanecarboxamide), were
shown to have an ECsovalue of 810 £ 93 nM and 58 + 5.4 nM, respectively (Sakurai et al., 2014).
More recently, new promising agonists were developed for HCAR1, named AZ1 (2-Chloro-4-
ethoxy-N-[[6-[(1-methyl-4-piperidyl)sulfonyl]-1,3-benzothiazol2-yl]carbamoyl]-5-pyrazol-1-yl-
benzamide) and AZ2 (2-Chloro-4-ethoxy-N-[[6-[(4-methylpiperazin-1-yl)methyl]-1,3-
benzothiazol2-yllcarbamoyl]-5-morpholino-benzamide), with an ECspovalue of 5 to 20 nM and 70
to 180 nM, respectively (Wallenius et al., 2017) (Figure 5). It is important to mention that there
is no synthetic or natural specific antagonist available for HCAR1 rendering the investigation of

its functional role more complicated.
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Figure 5. Currently available agonist of HCAR1 and their corresponding ECso.
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Signaling pathways of HCAR1
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Figure 6. Summary of downstream pathway activation by

manipulations. Bozzo et al. (2013)
HCAR1 from (Hu et al., 2020)

showed that the receptor was sensitive

to pertussis toxin (PTX), a Giq subunits inhibitor, confirming the activation of this transduction
cascade. Interestingly, de Castro Abrantes et al. (2019) showed that HCAR1 also interacts with
the Gigy subunits, which regulates phospholipase C (PLC) to reduce neuronal excitability in a
different manner than through the Giq pathway. Several other downstream pathways have been

identified for HCAR1-mediated signaling (Figure 6) (Hu et al., 2020).

Localization of HCAR1

So far, the importance of HCAR1 has been described in the adipose tissue (Ahmed et al., 2010),
the gut (Ranganathan et al., 2018), the stomach (Engelstoft et al., 2013), the immune system
(Hoque et al., 2014; Lerch et al., 2014), the muscles (Rooney and Trayhurn, 2011; Sun et al., 2016),
the brain (Bozzo et al., 2013; de Castro Abrantes et al., 2019; Briquet et al., 2022), the kidney
(Blad et al., 2011; Wallenius et al.,, 2017; Jones et al., 2020), the liver (Blad et al., 2011;
Offermanns, 2017), the pancreas (Hoque et al., 2014) and the blood vessel (Morland et al., 2017;
Sun et al., 2019). This wide expression of the receptor shows the importance of the HCAR1 in

physiological functions throughout the body.
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In the brain, widespread HCAR1 mRNA expression was shown using in situ hybridization
technique, which revealed that the distribution was neuron predominant, including principal
neurons in the cortex, hippocampal pyramidal and granule cells, and cerebellar granule cells,
while astrocytic cells cannot be excluded (The Allen Institute for Brain Science, http://www.brain-
map.org; GENSTAT, http://www.gensat.org). Moreover, quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR) data showed expression of HCAR1 in the cerebellum, the hippocampus,
and the cortex with a relative GPR81 mRNA level ~140 fold smaller than in omental adipose
tissues (Lauritzen et al.,, 2014). Few studies tried to precisely localize HCAR1 using
immunohistochemistry (Bozzo et al., 2013; Lauritzen et al., 2014). However, because current
commercial HCAR1 antibodies lack specificity (Wallenius et al., 2017; de Castro Abrantes et al.,
2019), the precise expression and localization of HCAR1 in the brain are still ambiguous. When
HCAR1-deficient mice became available (Ahmed et al., 2010), our lab tested nine commercial
primary HCAR1 antibodies with different epitope specificities and found that none was specific
for HCAR1 (de Castro Abrantes et al., 2019). During this thesis work, five additional antibodies
were found not to be specific (see Supplementary Figure 1). We, therefore, selected different
approaches by using new in situ hybridization technology and a transgenic mouse line that
expresses a red fluorescent protein under the HCAR1 promoter (mRFP-HCAR1) (Ahmed et al.,
2010) to identify HCAR1-expressing cells in the mouse brain (Briquet et al., 2022).

HCAR1 functions in the body

As mentioned previously, HCAR1 is expressed in various tissues and not only in the brain. In
this chapter, we will better understand the role of this receptor in the periphery. White and
brown adipose tissue was the first tissue in which HCAR1 was described (Cai et al., 2008; Ahmed
et al., 2010; Wanders et al., 2012). In adipose tissue, glucose is converted to lactate under the
influence of insulin and evidence showed that lactate, through the activation of HCARIL,
decreases lipolysis via the reduction of free fatty acid (FFA) and glycerol release (Ahmed et al.,
2010). It is intriguing to see that HCAR1 knock-out (KO) mice lose their insulin induced anti-
lipolytic effect, which suggests a possible synergic effect of insulin (Cai et al., 2008; Liu et al.,
2009; Ahmed et al., 2010; Liu et al., 2012; Wallenius et al., 2017). Interestingly, it has also been

demonstrated that the levels of HCAR1 expression can change depending on the diet (Wanders
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et al., 2012) and together with the sex of the animal (Kwon et al., 2020), as well as a 10% weight
reduction in HCAR1 KO mice compared to wild-type (WT) after high-fat diet (Ahmed et al., 2010).
When WT mice are fed with high-fat diet, male, but not female, mice gain body weight and
develop hyperglycemia. In addition, WT male showed a reduced expression of HCAR1 in brown

adipose tissue, where HCAR1 is upregulated in female WT (Wanders et al., 2012).

Moreover, inflammation seems to also negatively control the level of expression of HCARL.
Infections and inflammation are responsible for a wide range of metabolic changes in the body,
including a marked alterations in lipid metabolism characterized by an increase in serum FFA
levels coming from the breakdown of triglycerides stored in adipose tissue. Feingold et al. (2011)
demonstrated that, after treatment by a model of bacterial infections, HCAR1T mRNA levels were
markedly decreased suggesting that HCAR1 could be involved in the regulation of the

inflammatory response to some extent.

HCAR1 has also been demonstrated to be important for intestinal homeostasis through a
complex interaction with the immune system, which ensures a fine balance between an immune
response against pathogenic bacterial antigen and a tolerance for commensal bacterial and food
antigen (Ranganathan et al., 2018). The study reports that HCAR1-mediated signaling in colonic
dendritic cells and macrophage plays an important role in suppressing colonic inflammation and
restoring colonic homeostasis through inhibition of pro-inflammatory cytokines (IL-6, IL-13, and
TNF-a) and stimulation of anti-inflammatory cytokines IL-10 secretions (Ranganathan et al.,
2018). HCAR1 seems therefore to be essential for maintaining a proper environment in the gut
and preventing inflammation and colitis. Convergent results toward inhibition of inflammatory
factors by HCAR1 were demonstrated by Madaan et al. (2017). Activation of HCAR1 by either
lactate or 3,5-DHBA could reduce mice uterus inflammation during labor by inhibiting
inflammatory factors such as IL-6, IL-1B, and MMP9 expression. At the organ level, injuries induce
inflammation via the recruitment of the NLRP3 inflammasome through toll-like receptors (TLRs)
signaling, also responsible for stimulation of aerobic glycolysis and subsequent generation of
lactate (Hoque et al.,, 2014). Specifically, in macrophages and monocytes, increasing
concentrations of lactate reduced TLR4-mediated induction of the inflammasome and pro-

inflammatory response players by HCAR1 activation (Hoque et al., 2014).
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Finally, HCAR1 has been found to be implicated in the pathogenesis of atherosclerosis (Sun et
al., 2019), an inflammatory disease of the arteries characterized by the accumulation of a fatty
substance called plaque between the layers of the endothelium in places where the vasculature
is subject to oscillatory shear stress (0SS). It has been demonstrated that endothelial cells have
up to 50% reduced expression of HCAR1 in response to OSS at both the protein and mRNA levels
whereas the level of HCAR1 is increased when cells are subjected to high shear stress,
demonstrating that shear stress can change the level of expression of HCAR1 (Sun et al., 2019).
Interestingly, OSS-mediated downregulated HCAR1 expression can be restored by physiological
concentration of lactate, and the following activation of the receptor significantly reduces

oxidative stress and subsequent expression of pro-inflammatory cytokines.

HCAR1 functions in the brain
In this introduction, | discussed several metabolic and signaling functions of lactate in the
brain. However, the involvement of the receptor HCAR1 was not necessarily described. In this

chapter, | will focus more specifically on HCAR1-mediated lactate functions in the brain.

Back in 2013, our group was the first to demonstrate that activation of HCAR1 in neuronal
primary cultures was sufficient to decrease spontaneous calcium spiking frequency (Bozzo et al.,
2013). In presence of glucose to sustain energy metabolism, a concentration of lactate (5mM)
was presented to both glutamatergic and GABAergic primary neurons. Results indicated that
neuronal action potential measured by calcium imaging was decreased by more than 50% in both
neuronal subtypes in a reversible manner. As previously noted, L-lactate can be converted into
pyruvate by the LDH and enter the TCA cycle leading to ATP production and potential membrane
conductance modifications. To invalidate this possibility, pyruvate (5mM), as well as glucose (0.5
and 10mM) were applied and results indicated a negligible decrease of neuronal activity (7%) and
no influence, respectively. In addition, D-lactate, the poorly metabolized stereoisomer of L-
lactate, showed a similar decrease in neuronal activity, indicating one more time the involvement
of HCARL1. Finally, pharmacological activation of HCAR1 by the specific agonist 3,5-DHBA was
shown to inhibit neuronal activity by 33%. Following this work that showed HCAR1-mediated
signaling in the brain, our group continued to investigate the lactate receptor and characterized

associated intracellular pathways influencing neuronal activity. In the study of de Castro Abrantes
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et al. (2019), to which | had the chance to contribute, we found using whole-cell patch clamp that
the activation of HCAR1 with 3CI-HBA decreased miniature excitatory post-synaptic current
(mEPSC) frequency, increased paired-pulse ratio, decreased firing frequency, and modulated
membrane intrinsic properties of primary neurons. Together, these results indicated that HCAR1
seems to influence neuronal activity of primary cortical neurons both pre- et post-synaptically.
Moreover, using pharmacological manipulations, the study confirmed that downstream effectors
of the Gi-protein intracellular pathways were involved. The increased activity due to forskolin
application, an AC activator, was reversed by HCAR1 activation. Interestingly, control
experiments using HCAR1 KO mice indicating a higher increased neuronal activity upon forskolin
application suggesting a tonic inhibition operated by HCAR1. cAMP levels and PKA activity were
also shown to be involved in the modulation of neuronal activity by HCAR1 (de Castro Abrantes
et al., 2019). In another study, a similar decrease in cAMP levels was reported in hippocampal rat
slices after activation of HCAR1 by either L-lactate or 3,5-DHBA, confirming that HCAR1 signaling

is mediated by Gi-coupled receptor (Lauritzen et al., 2014).

Recently, papers published by the same group (Herrera-Lopez and Galvan, 2018; Herrera-
Lopez et al., 2020) investigated the role of HCAR1 in rat hippocampal pyramidal neurons of the
CA1 and CA3 using whole-cell patched clamp. The authors showed that lactate induces a biphasic
effect on neuronal excitability of CA1 pyramidal cells (Herrera-Lopez and Galvan, 2018). Lower
concentrations of lactate (5mM) or 3,5-DHBA (0.56mM) reduced the firing frequency, whereas
higher concentrations (30mM and 3.1mM respectively) increased the action potential discharge.
As observed in primary neuronal culture, experiments in acute slices showed that activation of
the receptors seems to modulate intrinsic properties of CA1 pyramidal cells, notably with a
decreased input resistance and an increased rheobase indicating the inhibitory impact of HCAR1.
In addition, observations made in the CA3 demonstrated that lactate and 3,5-DHBA induce
glutamatergic potentiation on the recurrent collateral of synapse of the CA3 pyramidal neurons,
however not at the mossy fiber synapses (Herrera-Lopez et al., 2020). This form of synaptic
plasticity seems therefore to be input-specific. Surprisingly, the authors reported the

involvement of a lactate receptor, HCAR1 or a maybe yet unidentified Gs protein-coupled
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receptor, and the Gg, subunits downstream signaling cascade involving inositol-1,4,5-

trisphosphate 3-kinase, PKC, and CaMKII.

Up to now, HCAR1 was shown to be involved in many mechanisms as shown by the non-
exhaustive list presented above. It seems that HCAR1 participates in the regulation of the activity
in different regions and types of neurons across species. In addition, the role of HCAR1 in the

human brain remains unknown and needs to be investigated.

In the study presented in this thesis, we demonstrated that cortical neurons from human
pharmacoresistant patients decrease their excitability, spontaneous neuronal calcium spiking,
and spontaneous EPSC (sEPSC) upon activation of HCAR1. We also describe how the activation of
HCAR1 tunes down neuronal network activity in mouse and rat dentate gyrus (DG). The human
and rodent results that we present here enable us to propose that HCAR1 represents a novel
clinically relevant therapeutic target for pathologies characterized by network hyperexcitability

dysfunction, such as epilepsy.
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Results

Preamble

During my thesis, we aimed at better understanding the role of the receptor HCAR1. We first
demonstrated in primary neurons the modulation of the neuronal activity by the receptor and
described parts of its transduction cascade responsible for this modulation. | had the chance to
participate in this study published in Journal of Neuroscience (de Castro Abrantes et al., 2019)
(appendix 2). In my thesis project, we hypothesized that this modulation would be present in
conserved neuronal circuits. We investigated the modulatory functions of HCAR1 in the DG, a
region found to express the receptor, using an ex-vivo approach. In addition, we showed for the
first time that human brain samples from epileptic patients also express the receptor and that
neurons can be modulated by the activation of HCAR1. These results are published in Journal of
cerebral blood flow and metabolism (Briquet et al., 2022). We also raised the question of the
possibility to develop a new tool capable of measuring extracellular lactate in the brain. Indeed,
such a tool would be beneficial for precisely analyzing lactate concentration fluxes within living
tissues and in specific microdomains, such as the synaptic environment. To do so, we built a
genetically encoded fluorescent lactate biosensor based on HCAR1 protein and a cpGFP. Despite
promising results, further development remains to be done to reach a useable tool. This research

is published in Biosensor (Wellbourne-Wood et al., 2022).

Study 1
Activation of lactate receptor HCAR1 down-modulates neuronal activity in rodent and

human brain tissue

Summary of the results

In this study, we describe how HCAR1 down-modulates the activity of human cortical neurons
in acute slices prepared from brain samples from epileptic pharmacoresistant patients. We
demonstrate a decrease in excitability, spontaneous neuronal calcium spiking activity, and
synaptic activity upon activation of HCAR1. We further explored the role and the localization of
HCAR1 in the rodent central nervous system, where it is predominantly found in the

hippocampus and dentate gyrus, especially on mossy cells. In both mice and rats, we describe
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how the activation of HCAR1 tunes down neuronal network activity in the dentate gyrus, a brain

region critically involved in learning and memory, as well as in temporal lobe epilepsy.

Personal contribution

In this study, | performed and analyzed the experiments performed on rodents model.
Together with my colleagues, Anne-Bérengere-Rocher, Nadia Rosenberg, Haissa de Castro
Abrantes, Joel Wellbourne-Wood, and |, participated in the recording of human cells. We
collaborate with the group of Dr. Julien Puyal from our institute for the qRT-PCR experiments.
Some immunohistochemistry and patch-clamp experiments were performed by Maxime
Alessandri, a former master student, who worked under my supervision. Moreover, | contributed
to the experimental design together with Anne-Bérengere Rocher et Jean-Yves Chatton. | also

wrote the manuscript with Jean-Yves Chatton.
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Abstract

Lactate can be used by neurons as an energy substrate to support their activity. Evidence suggests that lactate also acts
on a metabotropic receptor called HCARI, first described in the adipose tissue. Whether HCARI also modulates
neuronal circuits remains unclear. In this study, using qRT-PCR, we show that HCARI is present in the human brain of
epileptic patients who underwent resective surgery. In brain slices from these patients, pharmacological HCARI acti-
vation using a non-metabolized agonist decreased the frequency of both spontaneous neuronal Ca>" spiking and
excitatory post-synaptic currents (SEPSCs). In mouse brains, we found HCARI expression in different regions using
a fluorescent reporter mouse line and in situ hybridization. In the dentate gyrus, HCARI is mainly present in mossy cells,
key players in the hippocampal excitatory circuitry and known to be involved in temporal lobe epilepsy. By using whole-
cell patch clamp recordings in mouse and rat slices, we found that HCARI activation causes a decrease in excitability,
sEPSCs, and miniature EPSCs frequency of granule cells, the main output of mossy cells. Overall, we propose that lactate
can be considered a neuromodulator decreasing synaptic activity in human and rodent brains, which makes HCARI an
attractive target for the treatment of epilepsy.
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brain cells,® notably for long-term memory forma-
tion.”'" Studies have reported that lactate can also
influence the excitability of select populations of neu-
rons via different metabolic pathways. Lactate was
found to change the firing frequency of glucose-
sensing neurons of hypothalamic and GABAergic neu-
rons of the subfornical organ,'? the center for the
control of salt intake behavior. Studies have also dem-
onstrated that lactate influences the activity of glucose-
sensitive ventromedial hypothalamic neurons'® and
orexin neurons.'* Lactate was shown to be necessary
for inducing plasticity-related genes expression in neu-
rons through potentiation of NMDA receptor activi-
ty."> Evidence for L-lactate-mediated excitation of
neuronal activity triggering norepinephrine release
was described in the locus coeruleus.'® These findings
raise the question of whether receptor-mediated non-
metabolic mechanisms of lactate could underlie these
effects in the brain. This would confer additional roles
on lactate such as that of a signaling molecule for
neurons.>!’

In this context, a new family of G-protein coupled
receptors (GPCR) called hydroxycarboxylic acid recep-
tors (HCAR) has recently been identified in adipo-
cytes.'® HCARs are activated by several intermediates
of cellular energy metabolism. Among them, HCARI1
(named GPRS81 before being deorphanized) is consid-
ered to be a sensor for lactate in peripheral organs.'?
HCARSs are reported to be coupled to G; proteins® and
their activation has antilipolytic effects.”’ >* Recently,
we and other labs have demonstrated that HCARI is
present in brain cells.”>*> HCARI expression was
found to be enhanced in models of ischemic stroke
24 hours after reperfusion,”® which was accompanied
with a reduction of cell death.

However, because current commercial HCAR1 anti-
bodies lack specificity,””?® the precise expression and
localization of HCARTI in the brain is still ambiguous.
At the functional level, our group confirmed that
HCARI is active at the membrane of cultured primary
cortical neurons.’*?” Its activation by lactate was
concentration-dependent and was not consistent with
a metabolic effect, considering that it was not observed
with glucose and even the closely related metabolite
pyruvate. Lactate and non-metabolized agonists of
HCARI caused a reversible, concentration-dependent
decrease in spiking activity, an effect that was absent in
HCARI-deficient mice (HCAR1 KO). The intracellu-
lar mechanisms involves the inhibition of the adenylyl
cyclase — cAMP — protein kinase A axis which leads to
a decreased synaptic vesicular release and reduction of
excitability,”” which was also reported in rat hippocam-
pal CAl neurons.”’

In this study, we investigated the specific localiza-
tion and function of HCARI in brain tissue. We report

that HCARI is expressed in the human and mouse
brain. We used HCARI1 fluorescent reporter mice
and new in situ hybridization technology to map the
expression of HCARI1 in the mouse brain in specific
neuronal population including sub-regions of the hip-
pocampus and cerebellum. At the functional level, we
show a neuromodulation caused by HCARI activation
in the dentate gyrus (DG) of the hippocampus in
mouse and rat. Importantly, this modulation is also
present in fresh human cortical slices. Indeed,
HCARI activation by non-metabolic ligands cause a
decrease in firing and spontaneous excitatory postsyn-
aptic current (SEPSCs) frequency. We therefore dem-
onstrate that HCARI drives negative metabolic
feedback on neuronal activity in situ both in rodent
brain tissue and in human epileptic tissue.

Material and methods

Human tissue experiments. Human tissue was made
available for experiments within an experimental
framework approved by the Cantonal Ethics
Committee on human research (CER-VD, protocol
number 207/10) and procedures. Brain tissue samples
resected from patients undergoing surgery at the
Service of Neurosurgery of Lausanne University
Hospital (CHUV) were used for in vitro neuronal
activity recordings. Patients provided written informed
consent to participate in the study, which operated in
accordance with the ethical standards of the institu-
tional national research committee and with the 1964
Helsinki declaration and its later amendments.

Human tissue is classified as ‘epileptic’ as it originat-
ed from resected tissue of the epileptogenic locus of
patients with dysplasia (or other forms of epilepsy)
and who were pharmacoresistant. Brain samples were
from both male (57%) and female (43%) patients with
median age 18years, and originated from frontal
(n=Y5), insular (n=2), parietal (n=1), and temporal
(n=9) cortex from both hemispheres.

Animal tissue experiments. All animal experimentation
procedures were carried out in accordance with the
recommendations of the Swiss Ordinance on Animal
Experimentation, and were specifically approved for
this study by the Veterinary Affair of the Canton
Vaud, Switzerland (authorizations# VDI1288.6-7-
8 and VD2927d) and conformed to the ARRIVE
guidelines. Animals were housed at our local animal
facility with ad libitum access to food and water (max-
imum 5 animals per cage) before euthanasia for brain
tissue preparation. Male C57BL/6N and HCAR1 KO?*'
mice (1825 days old) were used for experiments.
Transgenic mice (male 20 days old) that expresses
monomeric red fluorescent protein (mRFP) under the
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HCARI1 promoter generated and validated as previ-
ously described was used for HCARI localization.?!
This fluorescent reporter protein is not targeted to
the plasma membrane but spreads in the cytoplasm,
allowing us to identify the cells which endogenously
express the HCARI transcripts. Male Sprague
Dawley (30-35 days old) were used for experiments.

gRT-PCR. Human tissue from patient and dissected
brain from C57BL/6N mice at P7 (n=3), P14 (n=3),
and P31 (n=06) were instantaneously frozen in liquid
nitrogen. In another group of P31 mice, brain was fur-
ther dissected out into different brain regions (cerebel-
lum, hippocampus, brainstem and cortex). Extraction
and purification of RNA were done using the RNeasy
Mini Kit (Qiagen, Basel, Switzerland, n°74104) follow-
ing the protocol from the manufacturer. RNA assay
and analysis was performed with Agilent RNA
6000Nano Kit (Agilent Technologies, Santa Clara,
Ca, USA, n°5067-1511). Reverse transcriptase was car-
ried out with High-Capacity cDNA Reverse
Transcription Kit (Applied biosystems, Ca, USA,
n°4368814). qPCR for hydroxy-carboxylic acid recep-
tor 1 (HCARI) was normalized with the housekeeping
gene B-actin for the human tissue and GAPDH for the
mouse tissue. Primer pair sequences (Supplementary
Table 1) was carried out in the CFX Connect™
Real-Time System (BioRad, California, USA) using
the iQ SYBR® Green Supermix 2x (Bio-Rad,
n°1708880) for the human tissue and in the CFX96
Touch Real-time PCR detection system (BioRad)
using the Power SYBR Green PCR Master mix
(BioRad) for the mouse tissue. All samples were run
in triplicate. The homogeneity of the triplicates was
assessed calculating the percentage of difference
between them [(SD/mean)*100] and the ones that had
a difference bigger than 2% were eliminated. For anal-
ysis, all Cq values were rescaled for each gene to the
lowest Cq value as an internal control, converted these

Table I. Primary and secondary antibodies used in the study.

rescaled Cq logarithmically into linear, relative quanti-
ties taking into account the gene specific amplification
efficiency [relative quantity = 1 + efficiency(“ainternal
control = Casample)) * Einally, arithmetical means were
obtained as means from the triplicates. Expression of
HCARI1 was then normalized to the reference gene.

Immunohistochemistry. mRFP mice were anesthetized
with sodium-pentobarbital (150 mg/kg, intraperitoneal-
ly) and transcardially perfused with fresh solutions of
4%  paraformaldehyde (PFA) in phosphate buffered
saline (PBS) 0.1M (pH 7.4) for 10 min. Brain extrac-
tion was followed with 24 h post-fixation at 4°C with
4% PFA. Afterwards, both hemispheres were sliced in
PBS at 50 um with a vibratome (Leica, VT1000S).

Fixed slices were then rinsed 3 times in PBS prior to
a 2-hour incubation in blocking solution (10% donkey
serum and 0.1% Triton X-100 diluted in PBS) at room
temperature (RT). Slices were then incubated overnight
(O/N) at 4°C with primary antibodies (Table 1). Next,
slices were washed 3 times in PBS and incubated 2
hours at RT with respective secondary antibodies.
For nuclei staining, Hoechst (2 pg/pl) a 10-minute incu-
bation was performed. Finally, stained slices were
mounted on slides using FluorSave mounting medium
(Merck-Millipore, Darmstadt, Germany).

Imaging of mRFP stained sections was performed
using a Zeiss LSM780 confocal laser scanning micro-
scope (Zeiss, Oberkochen, Germany) outfitted with
a 63X 1.40NA Plan Apochromat oil immersion
objective lens.

Two-photon imaging. Two-photon imaging of endoge-
nously expressed mRFP in mouse acute brain slices
of 300pum was carried out using a custom-built
two-photon microscope with a 40X 0.8N.A.
water-dipping objective (Olympus, Tokyo, Japan).
Fluorescence excitation was performed using a
Chameleon Vision S femtosecond infrared laser

Source

Catalogue number Concentration

Primary antibodies
Rabbit anti-mRFP
Rat anti-mRFP
Rabbit anti-GIluR2/3
Mouse anti-GFAP
Mouse anti-NeuN
Mouse anti-GAD67

Secondary antibodies

Chromotek

Sigma-Aldrich

Donkey anti-rabbit IgG Alexa Fluor 594 Invitrogen
Donkey anti-mouse IgG Alexa Fluor 488 Invitrogen
Donkey anti-rat I1gG Alexa Fluor 488 Invitrogen

Rockland Immunochemicals
Merck-Millipore

Merck-Millipore
MAB5406 Merck-Millipore

600-401-379 1:1000
AB_2336064 1:100
07-598 1:400
G3893 1:200
MAB377 1:200
MAB5406 1:1000
A21207 1:200
R37114 1:200
A48269 1:200
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including group velocity dispersion compensation
(Coherent, Ca, USA). Captured emission wavelengths
were 607+ 70nm for red channel. Image acquisition
was performed using custom-written software in the
Labview environment. Image] software (RRID:
SCR_003070) was further used for downstream image
processing.

In situ hybridization — RNAscopeTM. C57BL/6N mice were
deeply anesthetized with sodium-pentobarbital and
transcardially perfused with 50ml of 4% PFA in
0.1M PBS (pH 7.4). Brains were dissected out and
post-fixed in 4% PFA for 24h at 4°C. The tissues
were then washed 3 times with PBS and cryoprotected
in 10% (O/N at 4°C), 20% (O/N at 4°C) and 30%
(O/N at 4°C) sucrose in PBS. Tissues were embedded
in Tissue-TEK O.C.T. compound (Sakura Finetek,
Torrence, Ca, USA) sectioned at 14 um with a cryostat
(Leica, CM3050 S), and mounted onto Superfrost
Ultra Plus slides (Thermo Fischer Scientific,
Waltham, MA, USA). For in situ hybridization
(RNAscope™, Advanced Cell Diagnostics, San
Francisco, CA, USA), the manufacturer’s protocol
was followed. All experiments were replicated in three
animals. The probes were designed by the manufactur-
er and available from Advanced Cell Diagnostics.
The following probe was used in this study: Mm-
GPRS81-C1 (#4317421).

Human: Electrophysiology and calcium imaging. After resec-
tion, cortical tissue was quickly placed in ice-cold arti-
ficial CSF (aCSF) slicing solution continuously
bubbled with 95% 0O,/5% CO, and that contained
(mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose,
11.6 ascorbic-acid, 7 MgCl,, 3.1 Na-pyruvate, 2.5 KCI,
1.25 NaH,PO,, and 0.5 CaCl,>*® The tissue was then
swiftly transported to the neurophysiology laboratory.
Transition time from tissue resection to slice prepara-
tion was approximately 10 min. Tissue was placed in a
petri dish containing ice-cold and oxygenated slicing
solution for removal of the pia, if necessary, and ori-
entation in order to slice perpendicular to the white
matter. The tissue blocks were then glued on mounting
plate and submerged in slicing chamber filled with ice-
cold slicing solution. Slices are cut at 340 pm and then
transferred to a holding chamber in which they were
stabilized for 20 min at 34°C. Subsequently, slices were
stored for at least 1 h at RT before recording in aCSF
containing the following (mM): 125 NaCl, 26
NaHCO3, 3 KCI, 1.25 N3H2P04, 1 MgSO4, 2 CaClz,
3 myo-inositol, 3 Na-pyruvate, 0.5 ascorbic acid, and
10 glucose. Recording aCSF solution was similar to
holding solution with glucose reduced to 2.5 mM.

For recording, each slice was transferred in a double
perfusion recording chamber submerged in recording

aCSF (34°C) and attached to the stage of a Zeiss
LSM510 Meta upright microscope equipped with infra-
red differential interference contrast and 40X water
dipping objective. Whole-cell patch-clamp recordings
were made from pyramidal cells using standard
~5MQ borosilicate glass pipettes filled with the inter-
nal solution containing (mM): 130 K-gluconate, 5 KCl,
5 NaCl, 1 MgCl,, 0.1 EGTA, 0.025 CaCl,, 10 HEPES;
5 Na-phosphocreatine; 4 Glucose, 4 ATP-Mg; 0.3
GTP-Na, biocytin 1mg/ml (pH=7.3 adjusted with
KOH, 290mOsm). Recordings were obtained in volt-
age- and current-clamp configuration with a
Multiclamp 700B amplifier (Molecular Devices, San
José, CA, USA). Data were acquired with a Digidata
1440 A (Molecular Devices), at 10 kHz sampling rate
and filtered at 2kHz, controlled with pCLAMP 10
software (RRID:SCR_011323). Access resistance was
monitored by a —5mV step (0.1 Hz). Experiments
were discarded if the access resistance varied by more
than 20%. Spontaneous excitatory post-synaptic events
(sEPSCs) were recorded for 2min from a holding
potential of —80mYV in the absence and in the presence
of 3CI-HBA (40uM). Stable (otherwise rejected)
SsEPSCs recordings were manually analyzed offline
using the MiniAnalysis software (Synaptosoft Inc,
USA, RRID:SCR_002184). For each cell, the frequen-
cy and the amplitude of these synaptic events were ana-
lyzed. We further assessed cell passive properties and
firing frequency in control conditions and after
HCARTI activation. A series of positive and negative
current steps (30pA increments, starting from
—120pA) of 2000 ms duration were injected to measure
the firing frequency. Action potential (AP) frequency
was measured as the number of AP in response to
540 pA current injection. Input resistance was deter-
mined by passing current steps (2000 ms, with 30 pA
increments from —120 to 0 pA), and calculated as the
slope of the current-voltage plot. The rheobase was
determined as the minimal current amplitude able to
evoke an AP, and was obtained by applying 3-sec steps
of positive current (starting at 0 pA, 50 pA increments).
These cell passive properties and firing frequency were
recorded control conditions (baseline) and after
HCARI activation. At the end of recordings, slices
were fixed and processed with streptavidin-
AlexaFluor 647 (1:500, Invitrogen, Catalog # S21374)
for morphological characterization.

Neuronal activity was also monitored by calcium
imaging using the membrane-permeant dyes Fluo-4
AM (Teflabs, Austin, TX, USA) or Fluo-8 AM
(Abcam, Cambridge, UK), diluted at 1mM in
DMSO and applied by bolus loading using a pressure
ejection system (Picospritzer II, General Valve, or
Toohey Company) imaged by wide-field fluorescence
or two-photon microscopy. Widefield calcium imaging
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was performed with an upright epifluorescence micro-
scope (FNI1, Nikon, Tokyo, 163 Japan) using a 40X
0.8 N.A water-immersion objective lens. Fluorescence
excitation wavelengths were selected using a fast filter
wheel (Sutter Instr., Novato, CA) and fluorescence was
detected using an Evolve EMCDD camera
(Photometrics, Tucson, AZ, USA). Digital image
acquisition and time series were computer-controlled
using the Metafluor software (RRID:SCR_014294).
For two-photon imaging, we used a custom-built mul-
tiphoton microscope equipped with a 40X 0.8 N.A.
objective (Olympus) and a femtosecond Ti:Sapphire
laser (Chameleon Vision S, Coherent) with excitation
at 820nm. Fluorescence intensity over time was
recorded at 1-2Hz and ultimately assessed using a
custom image analysis software by placing regions-
of-interest (ROIs) over neuronal somata.

Mouse: Electrophysiology. In anesthetized C57BL/6N and
HCARI1 KO mice, brains were removed promptly after
decapitation and submerged in ice-cold aCSF slicing
solution containing (in mM): 86 NaCl, 75 sucrose, 25
NaHCOs3;, 25 D-glucose, 4 MgCl,, 3 KCI, 1 NaH,PO,,
1 CaCl,. All aCSF solutions were continuously bub-
bled with 95% 0O,/5%CO;. 300pum thick sagittal
acute slices were prepared using a vibratome (Leica
VT-1000S). Slices were then transferred to holding
chambers in oxygenated slicing solution for 15min at
34°C. Slices were then placed for 1h at RT in an oxy-
genated incubation solution containing (mM): 120
NaCl, 26 NaHCOs;, 5D-glucose, 1 MgSO,, 3.2 KCI,
1 NaH2P04, 2 Caclz.

For recording, each slice was transferred in the same
setup described above and continuously superfused
with oxygenated recording solution containing (mM):
NaCl, 26 NaHCOs3, 10 Na-oxamate, 5 Na-pyruvate,
2.5D-glucose, 1 MgSO,, 3.2 KCI, 1 NaH,PO,, 2
CaCl,. Cells visualized in the granule cell layer of the
dentate gyrus were targeted for recording in whole-cell
configuration with borosilicate glass pipettes (6-8 MQ)
filled with internal solution containing (mM): 130 K-
gluconate, 5 KCI, 5 NaCl, 1 MgCl,, 0.1 EGTA, 0.025
CaCl,, 10 HEPES; 5 Na-phosphocreatine; 4 glucose, 4
ATP-Mg; 0.3 GTP, biocytin 1 mg/ml (pH = 7.3 adjust-
ed with KOH, 290mOsm). Experiments were discarded
if the access resistance varied by more than 20%.
sEPSCs were recorded for 3 min from a holding poten-
tial of —70mV in the absence and in the presence of
3CI-HBA (40 uM). mEPSCs were pharmacologically
isolated by having picrotoxin (100 uM) (Tocris,
Bristol, UK, Catalog # 1128) and tetrodotoxin (TTX,
1 uM) (Alomone labs, Jerusalem, Israel, Catalog # T-
550) present throughout the experiment while clamping
the cells at —70mV. Analyses of SEPSC and mEPSC
were performed offline and verified by eye using the

MiniAnalysis software. For each cell, the frequency
and the amplitude of these synaptic events were ana-
lyzed. To investigate the excitability, the maximum
firing frequency reached in each condition was quanti-
fied, as well as the necessary current injected to produce
this maximum firing. RNy, RMP, and rheobase were
acquired and analyzed as described above. At the end
of recordings, slices were fixed and processed with
streptavidin-AlexaFluor 647 for cell identification and
morphological characterization.

Rat: Electrophysiology. Sprague Dawley rats were anesthe-
tized with isoflurane and rapidly decapitated. Once
removed, brain was placed in ice-cold aCSF slicing
solution containing (in mM): 210 sucrose, 2.8 KCl, 2
MgSO,, 1.25 Na,HPO,, 25 NaHCO;, 1 MgCl,, 1
CaCl, and 10D-Glucose.” All aCSF solutions were
continuously bubbled with 95% O,/5%CO,. 385 um
thick horizontal acute slices of each hemisphere were
prepared using a vibratome (Leica VT-1000S). Slices
were then transferred to a holding chamber for
30min at 34°C in oxygenated aCSF containing (in
mM): 125 NaCl, 2.5 KCI, 1.25 Na,HPO,,
25 NaHCO;, 4 MgCl,, 1 CaCl, and 10 glucose.”
Slices were then placed for 90 min at RT before any
experimental procedure.

For recording, each slice was transferred in the same
setup as described for mouse experiments and contin-
uously superfused with oxygenated recording solution
containing (mM): 125 NaCl, 2.5 KCI, 1.25 Na,HPO,,
25 NaHCO;, 2 MgCl,, 2 CaCl, and 10 D-glucose,
pH=7.35-7.4. Cells visualized in the granule cell
layer of the dentate gyrus were targeted for recording
in whole-cell configuration with borosilicate glass pip-
ettes (6-8MQ) filled with internal solution containing
(mM): 135 K-gluconate, 10 KCI, 5 NaCl, 1 EGTA, 10
HEPES, 10 phosphocreatine; 2 Mg-ATP, 0.4 Na-GTP,
biocytin  1mg/ml (pH=7.3 adjusted with KCI,
290mOsm). Experiments were discarded if the access
resistance varied by more than 20%. SEPSCs were
recorded for 3min from a holding potential of —70mV
in the absence and in the presence of 3CI-HBA
(40 uM). Analyses of SEPSC were performed offline
and verified by eye using the MiniAnalysis software.
For each cell, the frequency and the amplitude of
these synaptic events were analyzed. Excitability and
intrinsic properties were analyzed the same way as
the mouse one. At the end of recording, slices were
fixed and processed with streptavidin-Alexa Fluor
647 for cell identification and morphological
characterization.

Experimental design, data analysis, and statistical significance.
Data analysis was performed wusing Clampfit
(Molecular Devices, RRID:SCR_011323) and Prism
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(GraphPad, San Diego, USA; RRID:SCR_002798).
Most data are represented using scatter plots showing
mean + SD and individuals values. We employed the
following statistical tests: Student’s t test, one sample
t test (when compared to the percentage of baseline)
and one-way repeated measure ANOVA. Unless oth-
erwise specified, tests are paired and two-tailed.
Parametric or non-parametric tests were performed
according to data normality verified with the
Shapiro-Wilk test. Post hoc corrections for multiple
comparisons were performed when appropriate (after
one-way ANOVA). Significance was conventionally set
as ¥*¥*P <0.001, **P <0.01 and *P < 0.05.

Chemicals and drugs. 3CI-HBA was obtained from
Sigma-Aldrich (Catalog #16795) or Cayman chemicals
(Catalog #16795). Other chemicals were from Sigma-
Aldrich.

Results

Characterization of HCARI brain expression

Limited data is available on HCARI1 expression and
functions in the brain. In addition, the reported non-
specificity of HCAR1 antibodies led us to select differ-
ent approaches to identify HCARI1-expressing cells in
the mouse brain.?’

First, we looked for the presence of HCAR1 mRNA
using qRT-PCR. Figure 1(a) shows that HCARI
mRNA was found in hippocampus, cortex, brain
stem, and cerebellum of wild-type mice. Hemi-brain
samples prepared from mice at different ages (P7,
P14, and P31) displayed the same levels of HCARI
transcripts, which indicates that HCARI transcription
is not age-dependent (Figure 1(b), P=0.95, one-way
ANOVA). As expected, no cDNA could be amplified
from brain samples of HCAR1 KO mice
(Supplementary Figure 1).

The distribution of HCART expressing cells was then
investigated using a reporter mouse line expressing
mRFP under the HCARI promoter.?!’ Results suggest
that HCARI1 is expressed in specific brain regions of the
mRFP reporter mice. Using 2-photon imaging of endog-
enous mRFP signal in fresh mouse acute brain slices
(Figure 2(a)), we found expression of mRFP in the gran-
ule cell (GC) layer and the hilus of the DG, in the CA3
region, and in the cerebellum. We then acquired immu-
nofluorescent confocal images of mRFP signal to enable
counterstaining of cell nuclei. HCAR1 positive cells are
found in the hippocampus and the cerebellum.
Hippocampal expression is highest in the hilar area of
the DG and in the pyramidal cells from CA3 (Figure 2
(b)). In the cerebellum, the Purkinje cell (PC) layer and
the molecular layer have the strongest expression.
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Figure I. HCARI mRNA transcript expression in different
mouse brain regions and across age. (a) HCARI mRNA
detection in selected regions after dissection of |-month old
mice. (b) HCARI mRNA detection in brains from mice at
post-natal day 7, 14, 31. Results are expressed relative to
GAPDH expression as means = SD. The number of experiments
are indicated in the graph.

Finally, we carried out in situ hybridization assays
(Figure 2(c)). In the hippocampus, HCARI1 transcripts
were observed throughout the DG, while more abun-
dantly expressed in the hilus and in the CA3 region. In
the cerebellum, HCARI transcript was found in the GC
and the PC layers. To further phenotype the cellular
expression of HCART1 in the DG, our main region of
interest, co-staining with cellular markers was per-
formed (Figure 3(a)). We confirmed the neuronal iden-
tity of HCAR1-mRFP positive cell using the neuronal
marker NeuN. The absence of colocalization with
GAD67 and GFAP staining indicates that mRFP pos-
itive cell are not hilar GABAergic neurons and astroglial
cells. HCAR 1-positive cells of the hilus colocalized with
GIluR2/3, a specific marker for the mossy cells (MCs) in
the DG®' (Figure 3(b)). This specific hilar HCARI
expression pattern prompted to further explore its func-
tional role in the DG network.
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Figure 2. HCARI positive cells in dentate gyrus, CA3 and cerebellum. Analysis of brain tissue from reporter mouse line expressing
mRFP under the HCARI promoter revealed scattered mRFP-positive cells in several regions of the brain. (a) Using a 2-photon
microscope, endogenous mRFP signal on fresh 300 um acute slice was found in the GC layer and the hilus of the DG, in the CA3, and
in the Purkinje cell layer of the cerebellum. (b) Using anti-mRFP immunohistochemistry to reveal HCAR|-mRFP positive cells, mRFP
expression was found in the hilus of the DG as well as in the inner molecular layer, in the CA3, and in the Purkinje, molecular, and
granular cell layer of the cerebellum. Alexa 680 secondary antibody staining is shown in red and nuclei (Hoechst) in blue. (c) Using in
situ hybridization (RNAscope'™), HCARI mRNA transcript was found in the hilus and in the GC layer of the DG, in the CA3, and
mainly in the granule and Purkinje cell layer. HCARI transcript is shown in red and nuclei (DAPI) in blue. GC = granule cell layer,

H = hilus, ML = molecular layer, PC = Purkinje cell.

HCAR| influences synaptic events at GCs synapses
in the mouse brain

First, we used organotypic hippocampal slices to assess
HCARI-dependent neuronal activity modulation. By
using calcium imaging, we observed a down-modulation
of neuronal activity by 42% (Supplementary Figure 2;
n=107 cells, P<0.0001, one-way ANOVA) after
HCARI activation by 3CI-HBA, a non-metabolized
HCARI agonist.”?

In the DG, MCs mediate an intrinsic excitatory
loop, receiving powerful inputs from a relatively
small number of GCs and providing highly distributed
excitatory outputs to a large numbers of GCs.** As
we found localization of HCARI mainly in MCs
(Figure 3(b)), we hypothesized that HCARI1 activa-
tion by 3CI-HBA may modulate synaptic events at

GCs. We thus decided to dissect the functional role
of HCARI in the DG network of acute slices by
performing whole-cell patch clamp recordings of
GCs, which receive inputs from MCs. We first
recorded sEPSC from neurons of the GC layer
(Figure 4(a)). We found that HCARI activation sig-
nificantly altered the frequency of events, as indicated
by a rightward shift in interevent cumulative proba-
bility distributions (Figure 4(b); P < 0.0001, K-S test).
The mean frequency was decreased by 36% (Figure 4
(c); P=0.0087, one sample t test), but not the amplitude
(Figure 4(d); P=0.9, one sample t test). Importantly,
this modulation was not observed in cells from HCAR1
KO mice (Figure 4(b), P=0.18, K-S test; Figure 4(c),
P=0,5, one sample t test; Figure 4(d); P=0.98, one
sample t test), highlighting the specificity of 3CI-HBA
effects.
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Figure 3. ldentity and distribution of HCARI positive cells in the dentate gyrus. Hippocampal mRFP-positive cells were found mainly
in the DG. (2) These cells colocalized with the neuronal marker NeuN, but not with the GABAergic cell marker GAD67, nor with the
glial GFAP marker. (b) In the hilar region of the DG, mRFP-positive cells colocalized with the maker GluR2/3 shown to be associated
with MCs. GC = granule cell layer, H = hilus, IML = inner molecular layer.

In addition, MCs also make synapses with
GABAergic interneurons, which mediate feed-forward
inhibition onto GCs.?? Therefore, to focus on the effect
of HCARI activation on MC-GC synapses, we
recorded miniature excitatory post-synaptic currents
(mEPSC) in the presence of TTX (1 uM) and picrotox-
in (100 uM) to block inhibition and exclude any mod-
ulation coming from interneurons. We found a similar
effect consisting in a shift of the cumulative probability
distributions (Figure 4(e); P <0.0001, K-S test. The
frequency of mEPSCs was decreased by 53% when
HCARI1 was activated compared to baseline condition
(Figure 4(f); P=0.009, one sample t test), while the
amplitude was not altered (Figure 4(g); P=0.63, one
sample t test). The specificity of these effects was con-
firmed by the lack of agonist effects on mEPSCs
recorded in neurons from HCARI KO mice
(Figure 4(f), P=0.64, and Figure 4(g), P=0.47, one
sample t test). These results provide evidence for a

pre-synaptic action of HCARI1 on glutamatergic neu-
rotransmission provided by MCs.

Some of our staining approaches and the published
in situ hybridization (the Allen Brain Atlas, http://
www.brain-map.org) are consistent with expression
of HCAR1 by GCs. We therefore tested whether
HCARI influenced GC excitability. Increasing current
injection of 30 pA steps were applied until establish-
ment of neuronal accommodation in baseline and
during activation of HCARI. The resulting maximum
frequency of AP discharge achieved is reported in
Figure 4(h). Result showed that the maximum firing
frequency was decreased by about 20% under
HCAR1 activation (P=0.019, paired t-test).
However, HCARI1 activation did not alter neuronal
accommodation since the current injected to reach
the maximum firing frequency was similar in both
conditions (Figure 4(1), P=0.14, paired t-test). GCs
from HCAR1 KO mice were not affected by 3ClI-
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Figure 4. Granule cells from mice decrease spontaneous and mini EPSCs and firing frequency after activation of HCARI. (a) Example
traces of sSEPSCs measured during baseline condition (black) and following application of 40 uM 3CI-HBA (red). (b) Cumulative
distributions of sEPSCs frequency in WTand HCARI KO were analyzed by using Kolmogorov-Smirnov test. WT: P < 0.0001 versus
HCARI activation; HCARI KO: P=P=0.18 versus HCARI activation (c) Summary of recorded cells showing a decreased frequency
of sEPSC by 36% induced by 3CI-HBA compared to baseline (one sample t, n=>5, mean=63.97 &+ 16.79, P=0.0087). HCARI| KO
recorded cells showed no significant decrease in sEPSC frequency after 3CI-HBA (one sample t, n=9, mean =103 £ 12.58, P=0.5)
(d) sEPSC amplitude showed no statistically significant changes between baseline and 3CI-HBA application in both WT and HCARI
KO (WT: one sample t, n=5, mean=99.22+ 12.72, P=0.9; HCARI KO: one sample t, n=9, mean=100.1 &= 16.07, P=0.98).
(e) Cumulative distributions of mEPSCs frequency in WT and HCARI KO were analyzed by using Kolmogorov-Smirnov test.

WT: P<0,0001 versus HCARI activation; HCARI KO: P = 0.14 versus HCARI activation. (f) Summary of recorded cells showing
a decreased frequency of mEPSC by 53% induced by 3CI-HBA compared to baseline (one sample t, n =5, mean =46.5 1+ 13.42,
P=10.0009). HCAR| KO recorded cells showed no significant decrease in mEPSC frequency after 3CI-HBA (one sample t, n=6,
mean = 103.9 &+ 19.55, P=0.64) (g mEPSC amplitude showed no statistically significant changes between baseline and 3CI-HBA
application both in WT and HCARI KO (WT: one sample t, n =15, mean =96.34 & 15.52, P=0.63; HCAR| KO: one sample t test,
n=46, mean = 108.] +25.10, P=0.47). (h, i) Effect of HCARI activation on neuronal firing frequency following steps of current
injection in WT mice. The maximum number of action potentials evoked was significantly decreased by HCARI activation

(paired t test, n =7, Baseline: mean =36 4= 12.58, 3CI-HBA: mean =29 £ 13.98, P=0.019), but not the current injected to reach the
maximum firing frequency (paired t test, n =7, Baseline: mean = 184.3 £+ 121.8, 3CI-HBA: mean = 162.9 £ 127.1, P=0.14). (j, k) In
HCARI KO, activation of HCARI did not change the maximum number of AP compared to baseline (paired t test, n =8, Baseline:
mean = 36.75 & 14.62, 3CI-HBA: mean =38.75 £ 16.06, P=0.62), nor the current injected to reach the maximum firing frequency
(paired t test, n =8, Baseline: mean =202.5 + 41.66, 3CI-HBA: mean = 198.8 & 35.63, P=0.82). Values are means+SD, *P < 0.05,
P <0.01, ¥*P < 0.001 versus 3CI-HBA application.
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HBA (Figure 4(j), P=0.62, paired t-test; Figure 4(k);
P=0.82, paired t-test). Finally, intracellular passive
properties values of GCs showed no significant differ-
ences between baseline and HCARI activation
(Supplementary Table 2).

These results suggest a marked pre-synaptic effect
on the spontaneous release of glutamate at the
MC-GC synapse and a mild reduction of GC excitabil-
ity suggesting an expression of HCAR1 in GCs as well.

HCARI activation in rat brain tissue modulates
MC-GC synapses

The genetic distance between mice and rats is substan-
tial, which goes along with significant differences at
functional and behavioral levels.>® As rats are widely
used in biomedical research and in order to obtain
comparative information on the functional involve-
ment of HCARI1, we next decided to move to the rat
brain. We investigated the DG network in rat brain
acute slices using the same approach as with mice,
and recorded sEPSC from GCs (Figure 5(a)). We
found that HCART activation by 3CI-HBA significant-
ly altered the frequency of events, as indicated by the
cumulative probability distributions (Figure 5(b);
P <0.0001, K-S test). The mean frequency of sEPSCs
during HCART1 activation was decreased by 27% com-
pared to baseline (Figure 5(c); P=0.018, one sample t
test), while no change in amplitude was observed
(Figure 5(d); P=0.54, one sample t test).

We found that excitability of rat GCs was differently
affected compared to mouse cells. Whereas the maxi-
mum firing frequency was not significantly different
(Figure 5(e); P=0.13, paired t-test), neuronal accom-
modation was reached at lower injected current steps
during HCARI1 activation (Figure 5(f); P =0.0049,
paired t-test). Finally, basic electrophysiological
properties of GCs did not show significant
differences between baseline or HCARI activation
(Supplementary Table 2).

These experiments in rat DG showed a pre-synaptic
modulation of MC-GC synapses comparable with the
mouse results. Overall, our results supports the func-
tional presence of HCARI1 in the DG network and
suggest a pre-synaptic location of the receptor, in line
with recent papers reporting a modulation of CA1 and
CA3 pyramidal cells in the rat hippocampus.”-**

HCARI activation in epileptic human brain neurons

By down-modulating neuronal activity in rodent brains,
HCARI represents an interesting target for tackling
conditions of exuberant activity in humans such as
found in the epileptic brain. The availability of human
cortical tissue resected during surgery for relief of

pharmacoresistant epilepsy gives a unique opportunity
to investigate the physiology of cortical neurons and
drug effects with obvious clinical relevance.

First, we probed HCARI1 expression in the human
cortex using qRT-PCR measurements. Figure 6(a)
shows that HCAR1 mRNA transcripts were found in
all 17 brain samples from patients that we tested. Three
of them showed levels that were on average about nine
fold higher than the average. We did not find a corre-
lation with either gender or age in the samples, or with
any other patient’s parameters available. Interestingly,
these three samples originated from the temporal
region.

We then performed both whole-cell patch clamp
recordings and spontaneous neuronal calcium activity
monitoring. Pyramidal cortical neurons were identified
based on their morphology and electrical properties.
The use of biocytin-containing pipette solutions fol-
lowed by post-fixation and fluorescent streptavidin
counter-staining of slices allowed verifying the mor-
phology of these neurons (Figure 6(b)).

To examine neuronal modulation by HCARI, we
recorded SEPSC in control condition and under
HCARI1 activation using 3CI-HBA (Figure 6(c)).
Results indicate a rightward shift of the interevent
interval  cumulative  probability  (Figure  6(d),
P=0.0005, K-S test), consistent with a decrease of
the frequency of synaptic events by ~40% (Figure 6
(e), P<0.0001, one sample t). No significant change
in amplitude (Figure 6(f), P=0.13, one sample t) or
kinetics of SEPSCs was observed. Next, we looked at
changes in excitability after activation of HCARI1 by
injecting current steps of increasing amplitude. We
quantified the number of AP discharge for 540 pA
steps (Figure 6(g)), which revealed that excitability of
these cells was decreased by about 12% compared to
baseline after 3CI-HBA application (Figure 6(h),
P =0.035, paired t test). No change in intracellular pas-
sive properties values of human pyramidal neurons
between control and 3CI-HBA bath application was
detected (Supplementary Table 2).

We also recorded neuronal spiking activity in
human slices using calcium imaging. Cortical neurons
displayed spontaneous spiking activity, in some cases
with periodic bursting of activity presumably reflecting
the epileptic nature of the tissue. We tested for the sen-
sitivity of these human neurons to the application of
HCARTI agonist. We observed that HCAR1 agonist
3CI-HBA caused a significant and reversible reduction
in calcium spiking activity in these neurons (Figure 6(1)
and (j); P=0.013, one-way ANOVA).

Taken together, these data suggest that neuronal
activity is modulated by the activation of HCARI in
acute brain slices obtained from epileptic patients.
The receptor appears to act at the pre-synaptic
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Figure 5. Granule cells from Sprague-Dawley rat decrease the sEPSC and firing frequency after activation of HCARI. (a) Example
traces of sSEPSCs measure during baseline condition (black) and following application of 40 uM 3CI-HBA (red). (b) Cumulative
distributions of SEPSCs frequency were analyzed by using Kolmogorov-Smirnov test: P < 0.0001 versus HCARI activation. (c)
Summary of recorded cells showing a decreased frequency of sEPSC by 27% induced by 3CI-HBA compared to baseline (one sample t,
n= 13, mean=72.77 +35.96, P=0.018). (d) sEPSC amplitude showed no statistically significant changes between baseline and
3CI-HBA application (one sample t, n= 13, mean = 103.2 & 18.38, P=0.0049). Frequency and amplitude are shown in percentage
compared to baseline. () Summary graph of the effect of HCARI activation on neuronal firing frequency following steps of current
injection. The maximum number of action potentials evoked was calculated for each condition. No difference was observed (paired
t test, n =7, Baseline: mean =51.69 &+ 16.79, 3CI-HBA: mean =47 & 11.59, P=0.13). (f) The current injected to reach the maximum
firing frequency was calculated for each condition. HCARI activation significantly decreases the current needed for reaching the
maximum firing frequency (paired t test, n = |3, Baseline: mean =327.7 +-96.79, 3CI-HBA: mean =270+ 80.31, P=0.0049). Values
are means £ SD, *P < 0.05, **P < 0.01, ***P < 0.001 versus 3CI-HBA application.

level of the cortical network and affect excitability in
recorded cells.

Discussion

Evidence has accumulated over the past two decades
indicating that lactate is more than a waste-product of
metabolism. On the contrary, it is an important mole-
cule used as metabolic fuel for a variety of cells and,
more recently, as a signaling molecule,>>'® particu-
larly since the discovery of a selective plasma

membrane receptor coupled to G-proteins named
HCARI. In the present study, we demonstrate that
HCARI is expressed in rodent and human brains and
that its activation leads to a decrease in neuronal
activity.

The precise functional role of HCARI in neurons
has remained elusive because of the lack of specific
antibodies that have hampered the reliable identifica-
tion of HCARI1-positive cells. In this study, we instead
used a mRFP reporter mouse. HCARI expressing cells
was mainly found in the cerebellum and the
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Figure 6. Cortical neurons from epileptic human patients decrease their spontaneous EPSC frequency following HCARI activation.
(a) HCARI mRNA detection in human brain sample from 17 different pharmacoresistant epileptic patients undergoing resective
surgery. Brain samples were from both male (57%) and female (43%) patients with median age |8years, and originated from frontal
(n=5), insular (n=2), parietal (n=1), and temporal (n =9) cortex from both hemispheres. Basal expression of HCARI is nor-
malized to a reference gene (f-actin). All samples were run in triplicate and data is shown as means=£SD. (b) Maximum intensity
projection of a biocytin-filled recorded human cortical neuron. (c) Example traces of sEPSCs recorded during baseline condition
(black) and following application of 40 LM 3CI-HBA (red). (d) Cumulative distributions of sSEPSCs frequency were analyzed by using
Kolmogorov-Smirnov test: P=0.0005 versus HCARI activation. (e) Summary of recorded cells showing a decreased frequency of
SEPSC by ~40% induced by 3CI-HBA compared to baseline (one sample t, Ncejigjpatients = 7/5, mean = 62.54 4 10.89, P < 0.0001).
(f) sEPSC amplitude showed no statistically significant changes between baseline and 3CI-HBA application (one sample t,
Neelis/patients = 7/5, mean = 87.65 £ 20.2, P=0.13). Frequency and amplitude are shown in percentage compared to baseline.

(g) Representative traces from neurons recorded before and after HCARI activation obtained from a series of current injections
(—120 to 540 pA, 2sec, 30 pA increments); the response to 540 pA current injection is shown. (h) Summary graph of the effect of
HCARI activation on neuronal firing frequency following steps of current injection (n = 6). The firing frequency was calculated from
the number of AP evoked by 540 pA current injection during 2 seconds. Individual data and significance is shown between the baseline
and 3CI-HBA conditions (paired t test, Ncejis/patiencs= 6/5, Baseline: mean = 26.67 + 14.62, 3CI-HBA: mean =23.5 £ 12.9, P=0.035).
(i) Example trace of calcium spiking activity from neurons in human acute slices with application of 3CI-HBA. (j) Summary graph of
spontaneous calcium spiking activity down-modulated by HCARI activation in cortical neurons from epileptic human patients
(one-way ANOVA, neiis/patiencs= 27/5, Baseline: mean = 2.6 4-3.07, 3CI-HBA: mean = 1.04 £ 1.37, Washout: mean =2.21 £ 2.44,
P=0.013). The calcium spiking activity of individual cells is shown. Values are means + SD; P < 0.05, *P < 0.01, **P < 0.001 versus
3CI-HBA application.
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hippocampus, where the positive cells predominantly
correspond to hilar MCs. We did not find evidence
for HCARI expression in interneurons or astrocytes.
These results were confirmed using in situ hybridization
technology (RNAscope™). MCs, via their communi-
cation with GCs, have been implicated in various forms
of mnemonic functions such as associative memory,>®
pattern separation,®” and recall of memory sequences.*®
Systemic administration of D-lactate and of the
HCARTI agonist 3,5-DHBA 15min before performing
inhibitory avoidance training showed memory impair-
ments compared to saline administration, suggesting
the involvement of HCARI signaling in learning and
memory.” However, whether HCAR1 is involved in the
dentate gyrus mnemonic processes is not yet known.

Previous studies by us***” and others®>** reported
evidence for a neuromodulatory action of HCART1 on
neurons. Based on our histological observations and
our functional characterization in cultured neurons,
we asked whether HCAR1 would act as neuromodula-
tor of DG neurons in situ. Hilar MCs provide broadly
distributed excitatory outputs to a large number of
GCs.*?> Using electrophysiology recordings in the
mouse hippocampus, we found that dentate GCs dis-
played a reduction in mEPSC and sEPSC frequency
without changes in synaptic event amplitude. This
result suggests presynaptic control of spontaneous neu-
rotransmitter release at MC-GC, consistent with our
description of HCAR1-expressing cells. These results
could be replicated in rats, and indicate that HCARI
is also present and functional in the DG, where GC
synaptic events were markedly reduced by HCARI1
activation.

This result brings new perspectives for the under-
standing of neuronal activity at MC-GC synapses.
These circuits are critically involved in temporal lobe
epilepsy,*>¥4° where MCs either become overactive
and driving GC firing,*' or undergo cell death, reduc-
ing the magnitude of feed-forward inhibition.*
Therefore, by acting on HCARI, lactate may be bene-
ficial to temporal lobe epilepsy management, an idea
also supported by experiments showing the capacity of
3.5-DHBA to successfully decrease spiking frequency
in hippocampal subiculum neurons in an in vitro model
of epilepsy using 4-aminopyridine.** It was also dem-
onstrated that MCs are more susceptible to excitotox-
icity than GCs,* therefore lactate could exert a dual
role of metabolic neuroprotective support and of sig-
naling molecule acting on HCARI to lower activity.
Whether MCs metabolize lactate has not been directly
addressed to our knowledge. However, the lactate
transporter MCT2 appears to be present in hilar neu-
rons,*>*® suggesting that they are equipped to use lac-
tate as a metabolic substrate. Even though most aCSF
solutions used for in vitro slice electrophysiology

contain high concentrations of glucose (10-25mM),
we chose to use 2.5mM glucose, as found in the
brain in vivo,"’ reasoning that this low glucose level
should prevent excessive lactate production by astro-
cytes that could interfere with HCARI signaling.
Knowing the vulnerability of MCs,** pyruvate (3—
SmM) was supplemented throughout the experiment
to support neuronal metabolic needs and to bring pro-
tective antioxidant effects, as shown before.*®

We did not find unequivocal HCARI1 expression in
GCs, which will needs further investigations to be
established. However, our experiments revealed the
functional involvement of HCARI in diminishing
mouse GC excitability. Rat GCs followed a similar
trend. In support of this idea, it has been shown that
paired-pulse ratio and coefficient of variation (CV~2)
of CA3 pyramidal cell in rats evoked on mossy fiber
stimulation are transiently decreased by lactate perfu-
sion.** Change in the CV~? is indicative of a presynap-
tic modulation. Because mossy fibers consists of axons
projecting from GCs to CA3,* this result would be
compatible with the functional presence of HCARI
in GCs.

Overall, HCAR1 was shown to be functionally pre-
sent in rodent hippocampus. In rat CAl pyramidal
neurons excitability is modulated by lactate and
HCARI agonist.”” Rat subicular neuronal activity is
reduced by HCARI activation.*> CA3 pyramidal neu-
rons are also modulated by lactate or HCARI1 agonist;
however, they appear to express another putative
lactate-sensitive receptor coupled to a different effector
system.>® In the present study, we show that in the DG,
HCARI is mainly present in hilar MCs and acts
on GCs.

To our knowledge, we present here the first report of
functional effects of HCARI activation in fresh human
brain tissue. Indeed, while known to be present in
human peripheral tissue, HCART1 expression and activ-
ity in human brains was unknown. Rodent models,
particularly mice, are widely used in biomedical
research notably due to the ability to manipulate
their genome and to the fact that many mechanisms
and paradigms translate well between species.
Nevertheless, in translational research, over 90% of
neurological drug candidates with promising animal
results have failed in human clinical trials,*® highlight-
ing the crucial importance to validate rodent results
with human tissue. Thanks to our access to fresh
brain tissue from patients undergoing surgical resec-
tions of epileptic foci, we could determine that all
human tissue samples contained HCAR1 mRNA tran-
scripts. However, we faced obvious limitations in work-
ing with human samples, which include that one cannot
compare HCARI1 expression levels in healthy non-
epileptic brains, and that the patient individual
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epileptic condition, the medication received, and the
neurosurgical procedure may also influence HCARI1
expression. By preparing acute brain slices from brain
tissue blocks of patients, we found both by whole-cell
patch-clamp and by calcium imaging that activating
HCARI1 caused a down-modulation of spontanecous
activity. However, we observed that among all cells
analyzed after calcium imaging, 20% of them showed
a moderate increased activity under application of the
HCARI1 agonist 3CI-HBA. This effect could be
explained by the putative existence of other lactate
receptors with Gy activity instead of the HCARI1 G;
activity as proposed by others,'®** or could involve
the additional Gg, action of HCARI observed in pri-
mary neurons.>’

In conclusion, we show consistent effects of HCAR1
activation in the rodent DG as well as human neurons
from pharmacoresistant epileptic patients. In addition
to being a promising new target for the development of
anti-epileptic drug treatment, we can propose that
HCARI could serve the role of providing a metabolic
readout for neurons to tune their activity according to
the metabolic state during brain or physical activity.
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Supplementary Material and Methods

Organotypic culture. Organotypic hippocampal slice cultures were prepared from 3 day-old WT mice.
After decapitation, brains were quickly removed and plunged into ice-cold filtered dissection medium
containing 50% MEM, 1% Penicillin-Streptomycin (Invitrogen, catalog # 15140122) and 10 mM Tris (Merck-
Millipore, catalog # 8382). The hippocampi were rapidly and carefully dissected out and put both on Teflon-
disk in order to obtain 400 um-thick transversal section using tissue-cutter (Mcllwain Tissue Chopper,
TC752). Slices were placed onto porous hydrophilic LCR membrane (Merck-Millipore, catalog #
FHLCO04700) in the Millicell-insert (Merck-Millipore, catalog # PICM03050), which were transferred into
35mm Petri dish. Each Petri dish contained 1mL of pre-warmed culture medium composed of filtered 50 %
MEM, 25% horse serum (Invitrogen, catalog # 26050-047), 25% HBSS, 7.5% NaHCO3, 1% Penicillin-
Streptomycin, 36mM D-Glucose and 5mM Tris, Petri dish containing the slices were incubated during 4
days at 36°C and then transferred into a 33°C incubator for the following weeks. Culture medium was first
changed after 24h and then every 3-4 days. Widefield calcium imaging was performed with an upright
epifluorescence microscope (FN1, Nikon, Tokyo, 163 Japan) using a 40X 0.8 N.A water-immersion
objective lens. Fluorescence excitation wavelengths were selected using a fast filter wheel (Sutter Instr.,
Novato, CA) and fluorescence was detected using an Evolve EMCDD camera (Photometrics, Tucson, AZ,
USA). Digital image acquisition and time series were computer-controlled using the Metafluor software
(RRID:SCR_014294)



Supplementary Table 1. Summary of primers used for gRT-PCR in human and mouse brain
experiments.

Human HCAR1 | GCCCAGCACTGTTTACCTTTTC  CCCCAAAAGCCCAGTGTCTAC
B-actin CTGTACGCCAACACAGTGCT GCTCAGGAGGAGCAATGATC

Mouse HCAR1 GGGGACTGTGTATCTTCTGA GAGTCTTGGTGTAGAATTTGG
GAPDH | TCCATGACAACTTTGGCATTG CAGTCTTCTGGGTGGCAGTGA

Supplementary Table 2. HCARL1 activation did not affect passive properties of cortical human
neurons and rodent GCs.

Human Mouse Rat

Baseline 3CI-HBA Baseline 3CI-HBA Baseline 3CI-HBA

Rheobase 351 +83.6 357.2+71.4 52.2+28.9 55.1+31.6 92.9+33.2 89.4+41.4
RMP -73.8+3.2 -714.4+£22 -74.2+115 -70.6 £ 10.6 -714.3 4.7 -745+5
Rn 68.2+17.1 72.1+12.2 235.9£65.7 235.9 £ 56.6 207.8 £ 52 222.6 £59.8

All parameters were tested in all cells used for analysis. 3CI-HBA was applied at 40uM. Data are shown

as meanstSD and analysis was done using one sample t-test. RMP, resting membrane potential; R,
input resistance.
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Supplementary Figure 1. HCAR1 mRNA detection in hemibrain after dissection of 1-month old mice.
Results showed no expression of HCAR1 mRNA transcript in HCAR1 KO samples (WT: 2.8+0.68; KO: 0).
Results are expressed relative to GAPDH expression as meanszSD. The number of experiments are

indicated in the graph.
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Supplementary Figure 2. Hippocampal neurons from mouse organotypic slices decrease their spiking

i
-

Spiking frequency

frequency after activation of HCAR1. Summary graph of spontaneous calcium spiking activity down-
modulated by HCARL1 activation by 3CI-HBA (40uM) in hippocampal neurons from WT mice (one-way
ANOVA, n= 107 cells from 5 experiments, Baseline: mean = 44.41 +,23.87, 3CI-HBA: mean = 25.99 + 12,
Washout: mean = 44.44 + 19.13, P < 0.0001). The calcium spiking activity of individual cells is shown.
Values are means + SD; P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001 versus 3CI-HBA application

and washout.
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Study 2
Evaluation of hydroxycarboxylic acid receptor 1 (HCAR1) as a building block for genetically

encoded extracellular lactate biosensors

Summary of the results

In this study, we describe—to our knowledge—the first attempt at using the lactate receptor
HCAR1 to build a fluorescent biosensor for extracellular lactate. We developed a set of
intensiometric sensors for lactate based on HCAR1 coupled to cpGFP. Even though several
methods for detecting lactate levels exist, research on lactate effects in living tissue would
critically benefit from a fluorescence imaging approach. These sensors showed selective
expression at the plasma membrane and responded to physiological concentrations of lactate.
However, these sensors lost the original ability of HCAR1 to selectively respond to lactate versus
other related small carboxylic acid molecules. Therefore, while representing a promising building
block for a lactate biosensor, HCAR1 was found to be sensitive to perturbations of its structure,

affecting its ability to distinguish between related carboxylic molecules.

Personal contribution

In this study, Joel Wellbourne-Wood designed the initial sensor candidates. | performed and
analyzed the expression of the different candidates, and together with Jean-Yves Chatton,
developed the final candidates used in the study. Together with my colleagues, Maxime
Alessandri, Francesca Binda, Maylis Touya, and | performed the experiment addressing lactate

and related molecules sensitivity. Jean-Yves Chatton wrote the manuscript.
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Abstract: The status of lactate has evolved from being considered a waste product of cellular
metabolism to a useful metabolic substrate and, more recently, to a signaling molecule. The fluctu-
ations of lactate levels within biological tissues, in particular in the interstitial space, are crucial to
assess with high spatial and temporal resolution, and this is best achieved using cellular imaging
approaches. In this study, we evaluated the suitability of the lactate receptor, hydroxycarboxylic acid
receptor 1 (HCARTI, formerly named GPR81), as a basis for the development of a genetically encoded
fluorescent lactate biosensor. We used a biosensor strategy that was successfully applied to molecules
such as dopamine, serotonin, and norepinephrine, based on their respective G-protein-coupled
receptors. In this study, a set of intensiometric sensors was constructed and expressed in living
cells. They showed selective expression at the plasma membrane and responded to physiological
concentrations of lactate. However, these sensors lost the original ability of HCART1 to selectively
respond to lactate versus other related small carboxylic acid molecules. Therefore, while representing
a promising building block for a lactate biosensor, HCAR1 was found to be sensitive to perturbations
of its structure, affecting its ability to distinguish between related carboxylic molecules.

Keywords: lactate; genetically encoded fluorescent indicator; GPR81; HCAR1; circularly permuted
green fluorescent protein

1. Introduction

Since its discovery at the end of the 18th century and for almost two centuries, lactate
has been viewed as a waste product of the metabolism generated during hypoxia, and
having several adverse effects, such as muscle soreness and fatigue. However, in the
1980s, evidence started to accumulate showing that lactate could in fact be utilized as
a useful metabolic fuel fuel [1], i.e., that it could be transferred from glycolytic cells to
oxidative cells for energizing respiration. Since then, several studies have indicated the
valuable contribution of lactate as a metabolic substrate in tissues, including muscle [2],
as a neuroprotective agent, and more recently as a signaling molecule, for reviews, see,
e.g., [3]. In the central nervous system, lactate was proposed to play an important role as
energy substrate for neurons [4]. Extracellular brain lactate levels are estimated to be in
the low millimolar range at resting state [5,6] and to undergo a two-fold increase during
synaptic activity [7]. During intense physical exercise, plasma lactate, which can cross the
blood—-brain barrier, can rise to 10-20 mM [8].

It has recently been found that energy substrates and metabolites of the energy
metabolism have extracellular signaling properties by acting through G-protein-coupled
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receptors (GPCRs) [9,10]. Lactate is the endogenous ligand of one such receptor, originally
named GPR81, now known as hydroxycarboxylic acid receptor 1 (HCARI) [11]. HCAR1
was initially described as markedly expressed in adipocytes, where its activation induces the
inhibition of lipolysis through the activation of a G;-dependent intracellular pathway [12].
Our research group demonstrated that extracellular L-lactate and non-metabolized HCAR1
agonists decrease the synaptic activity of CNS neurons [13-15].

Methods for detecting lactate levels include enzymatic assays, amperometric lactate
biosensors, microdialysis, or sniffer cells-based detection [16]. Research on lactate effects in
living tissue would critically benefit from a fluorescence imaging approach. Genetically
encoded fluorescent indicators have been developed for a long list of analytes including,
notably, cations (Ca%*, Zn?*, H'), intracellular metabolites (ATP, GTP, cGMP, glucose, etc.),
and extracellular neurotransmitters (glutamate, dopamine, noradrenaline, etc.) [17]. A
ratiometric FRET biosensor for lactate, named Laconic, has been developed [18] but is
only applicable to intracellular lactate detection [19]. Recently, a genetically encoded
biosensor for extracellular lactate was demonstrated that makes use of a prokaryotic lactate
periplasmic binding protein TTHA0766 coupled to a circularly permuted GFP (cpGFP) that
was addressed to the extracellular side of the plasma membrane [19].

In our study, we investigated whether the strategy used previously for several neuro-
transmitters based on their respective specific GPCRs [17] could be deployed to develop
a lactate-sensitive fluorescence biosensor, and constructed an intensiometric fluorescent
lactate-sensitive biosensor based on the HCART1 lactate receptor coupled to cpGFP.

2. Materials and Methods
2.1. Engineering of Constructs

The nucleotide sequences of mouse and human HCAR1 were obtained from GenBank
(KU285433.1 and KU285432.1, respectively). The gene sequences encoding cpGFP used
for the constructs, having LARS as the acronym, were those published previously [20,21].
Constructs were cloned and expressed using the GenScript Biotech (Leiden, Netherlands)
or the VectorBuilder (Chicago, IL, USA) platforms. Transmembrane domains of HCAR1
were determined according to the Uniprot database and implied by the published aligned
sequences comparing >800 GPCRs [22]. The alignment was also compared to the align-
ments of other GPCR-based sensors [20]. Linker sequences (N- and C-terminal ends of
cpGFP) were those used for other similar biosensors [20,21]. Amino acid sequences used
are indicated in Table 1. Predictions of tertiary structures of the LARS constructs were
performed using the IntFOLD tool [23] accessed through its integrated protein structure
and function prediction server [24]. Three-dimensional visualizations of the constructs
were created using Mol* [25], accessed through the RCSB Protein Databank portal [26].

2.2. Cell Culture and Transfection

All animal experimentation procedures were carried out in accordance with the rec-
ommendations of the Swiss Ordinance on Animal Experimentation and were specifically
approved for this study by the Veterinary Affairs of the Canton Vaud, Switzerland (au-
thorizations# VD1288 x 8) and conformed to the ARRIVE guidelines. Cortical astrocytes
in primary culture were prepared from 1- to 3-day-old C57BL/6N mice as described pre-
viously [27]. Astrocytes were plated on coverslips and cultured for 2 weeks in DMEM
(#D7777, Sigma, Schaffhausen, Switzerland) medium plus 10% FCS before experiments.
HEK293 were cultured in DMEM plus 10% FCS, and plated on poly-D-lysin (#P6407, Sigma,
Schaffhausen, Switzerland) coated coverslips.

Transfection with the plasmids carrying the LARS constructs was performed using
Lipofectamine 2000 (#11668019, Invitrogen, Basel, Switzerland) for 5 h. For HEK293
cells, 0.5 pg DNA was applied in Opti-MEM medium (#31985062, Gibco, Thermo Fisher
Scientific, Basel, Switzerland), whereas for astrocytes, 1 g DNA was applied in Neurobasal
medium (#21103049, Gibco, Thermo Fisher Scientific, Basel, Switzerland). HEK293 cells
were transfected 1 day post-splitting and primary astrocytes were transfected at DIV 14. In
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some experiments, astrocytes were loaded with the red fluorescent dye sulforhodamine
101 (SR101) applied in the bath at 1uM for 10 min. Cells were used 48 h after transfection,
unless otherwise indicated.

Table 1. Summary of main construct design rationale.

Construct Name

Membrane Targeting
Sequence

Linkers

Description

Results/Observations

LARS1.1

HA secretory sequence

Based on dLight 1.10r 1.2
N-linker: LSSLI
C-linker: NHDQL

Use mouse HCARI gene;
replace entire IC3 loop

No measurable
fluorescence

LARS 1.2

HA secretory sequence

Based on dLight 1.10r 1.2
N-linker: LSSLI
C-linker: NHDQL

Use human HCARI gene;
replace entire IC3 loop

Some fluorescence,
intracellular localization,
lysosomes or ER

LARS 1.3

HA secretory sequence

Based on dLight 1.10r 1.2
N-linker: LSSLI
C-linker: NHDQL

Using mouse HCARI1 gene;
replace part of IC3 loop

Weak fluorescence,
intracellular localization,
lysosomes or ER

LARS1.5*

HA secretory sequence

Optimized linkers for B2AR
and MT2R !
N-linker: QLQKIDLSSLI
C-linker: NHDQDIKQLQ

Use mouse HCARI gene;
replace part of IC3 loop

Fluorescence partly
intracellular and plasma
membrane in several cells

LARS 1.7

HA secretory sequence

Based on dLight 1.10r 1.2
N-linker: LSSLI
C-linker: NHDQL

Use human HCARI gene;
replace entire IC2 loop

Weak and sparse
fluorescence, intracellular
localization

LARS1.8*

IgK secretory sequence

Optimized linkers for B2A
and MT2 receptors !
N-linker: QLQKIDLSSLI
C-linker: NHDQDIKQLQ

Use mouse HCARI gene;
replace part of IC3 loop; use
IgK secretory sequence and

mutated cpGFP of
GRABs.i71 2

Robust plasma membrane
fluorescence

LARS1.10*

IgK secretory sequence

Based on GRABsyt 2
N-linker: MFLNG
C-linker: GFATA

Use mouse HCARI gene;
replace part of IC3 loop; use
IgK secretory sequence; use

GRABs;.yr linkers and

Robust fluorescence with
mixed intracellular and
membrane localization

mutated cpGFP 2

* Kept for further testing. 1 dLight is a dopamine biosensor [20]. 2 GRABsy is a serotonin biosensor [21]. B2A, p2-
adrenergic receptor; MT2R, melatonin type 2 receptor; HA, hemagglutinin leader sequence; IgK, immunoglobulin
kappa light chain leader sequence.

2.3. Widefield Fluorescence Imaging

Widefield imaging was performed using: (1) An upright epifluorescence microscope
(FN1, Nikon, Tokyo, Japan) using a 40 x 0.8 N.A. water-immersion objective lens. Fluo-
rescence was excited using an LED light source (Lambda 421, Sutter Instr., Novato, CA,
USA) and detected through a 535 & 15 nm filter (Chroma, Bellows Falls, VT, USA) us-
ing an Evolve EMCCD camera (Photometrics, Tucson, AZ, USA). (2) An epifluorescence
inverted microscope (Zeiss Axiovert 100 M) equipped with a high numerical aperture
fluorescence objective (40 x 1.3 N.A. oil-immersion), and fast holographic monochromator
(Polychrome II, Till Photonics, Planegg, Germany) coupled to a Xenon lamp for fluorescence
excitation, with detection using an EMCCD camera (LUCA-R, Andor, Belfast, UK). LARS
excitation spectra were obtained by driving the monochromator light source in the range
350-500 nm, with detection of fluorescence through a 535 £ 20 nm filter (Chroma). Digital
image acquisition and time series were computer-controlled using the Metafluor software
(RRID:SCR_014294). Experimental solutions for live imaging contained (mM): NaCl 160,
KCl 5.4, HEPES 20, CaCl; 1.3, MgSO4 0.8, NaH;PO4 0.78, glucose 5 (pH 7.4) and were
bubbled with air. Solutions containing lactate, pyruvate, 3-hydroxybutyrate (BHB), or
mannitol had their NaCl concentration correspondingly decreased to ensure iso-osmolarity.

2.4. Confocal Imaging

Cells expressing LARS constructs were observed on an LSM780 confocal microscope
(Carl Zeiss, Germany) using oil immersion objectives (20, 40x, or 63x PlanApo). cpGFP
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was excited at 488 nm and detected in the range 493-569 nm. SR101 was excited at 561 nm
and detected in the range 569-712 nm. The GaAsP 32-channel Quasar spectral detector of
the LSM780 was used to measure emission spectra of samples using 488 nm fluorescence
excitation. Image] software (RRID:SCR_003070) was further used for downstream image
processing and analysis.

2.5. Two-Photon Imaging

Two-photon imaging was carried out using a custom-built two-photon microscope
with a 20 x 0.95 N.A. water-dipping objective (Olympus, Tokyo, Japan). Fluorescence
excitation was performed using a Chameleon Vision S femtosecond infrared laser including
group velocity dispersion compensation (Coherent, CA, USA). Fluorescence emission was
measured at 525 + 25 nm (Semrock FF01-525/50). To measure two-photon excitation
spectra, the infrared laser intensity was adjusted to yield a constant value throughout the
Ti:Sapphire emission spectrum using an acousto-optic modulator (AA Opto-Electronic,
Orsay, France). Image acquisition was performed using custom software in the Labview
(RRID:SCR_014325) environment.

2.6. Data Analysis

Bar graphs show mean + SEM based on quantification of individual traces, of which
examples are shown. The mean fluorescence intensity in regions of interest selected around
5-6 cells (later referred to as cell groups) was measured and quantified in the image
series. Graphs and nonlinear curve fitting for ECsy calculations were carried out using
KaleidaGraph software (Synergy Software; RRID:SCR_014980).

2.7. Chemicals and Drugs

Unless specified, chemicals were from Sigma-Aldrich.

3. Results and Discussion
3.1. Design and Characterization of HCAR1-Based Lactate Sensors

A major class of genetically encoded intensiometric fluorescent sensors is based on
engineered chimeric seven transmembrane (7 TM) GPCR that are integral membrane pro-
teins. The binding of the ligand to the extracellular receptor domain causes conformational
changes that are transmitted to an integrated fluorescent protein, modulating its fluores-
cent properties. Several biosensors for neurotransmitters have cpGFP integrated on the
intracellular side of the receptor protein in the third intracellular (IC3) loop [17]. We based
our design on successful biosensors for dopamine, norepinephrine, melatonin [20], and for
5-hydroxytryptamine (5-HT, serotonin) [21]. The design strategies for main candidates are
summarized in Table 1.

The first listed constructs (LARS1.1 and LARS1.2) did not yield any or only sparse
intracellular fluorescence, possibly because of the too close proximity of cpGFP to the
plasma membrane and intracellular segments of HCAR1, which prevented it from properly
folding. Thus, longer stretches of the IC3 loop were kept, along with different linkers. In
addition, two different membrane targeting sequences were compared: the hemagglutinin
secretion motif (HA) and the immunoglobulin k-chain leader sequence (IgK). IgK proved to
significantly better address the protein constructs to the plasma membrane. The complete
sequence of best candidate LARS1.8 is presented in Figure S1.

The three optimized sensors—LARS1.5, LARS1.8, and LARS1.10—yielded green fluo-
rescence associated with the plasma membrane when transfected in HEK293 cells (Figure 1).

Compared to LARS1.5, LARS 1.8 and LARS1.10 were more clearly localized to the
plasma membrane. Primary mouse astrocytes transfected with the LARS1.8 plasmid
displayed plasma membrane expression that extended to their finest lamellipodia (Figure 2),
which strongly contrasted with the distribution of the red cytosolic dye SR101 that was only
visible in the thickest regions of these flat cultured astrocytes. Note that a profile plot, as
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performed on HEK293 cells, would not adequately reflect membrane localization in those

extremely thin cells.

d

LARS1.5

LARS1.8

() It

b
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Figure 1. Cellular expression of candidate biosensors in HEK293 cells. Confocal images of live
HEK?293 cells transfected with LARS1.5, LARS1.8, and LARS1.10 and observed 48 h after transfec-
tion. Images show endogenous cpGFP fluorescence (Aex = 488 nm) (a). A representative profile
plot across cells (at sites indicated by orange lines in left panel) is shown next to the candidate

biosensors (b). Scale bar, 50 um.

In order to further support the correct folding and localization of the protein constructs,
we conducted molecular modeling simulations using the IntFold [23]. Figure 3 graphically
depicts the LARS1.8 construct domains and shows the predicted tertiary structure obtained
for the LARS1.8 amino acid sequence. The expected transmembrane domains of the receptor
part as well as cpGFP tertiary structure appear correctly folded. Similar successful predicted
3D structures were obtained for LARS1.5 and LARS1.10, and provided the indication that
the constructs would be correctly inserted in the plasma membrane.
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Astrocytes

Figure 2. Cellular expression in primary mouse astrocytes. Confocal images of live mouse astrocytes
transfected with LARS1.8 and observed 48 h after transfection. (a) SR101 dye staining (Aex = 561 nm),
(b) endogenous cpGFP fluorescence (Aex = 488 nm), and (c) merged image. Note the cpGFP green
staining extending to the finest membrane processes. Scale bar, 20 um.

a
IgK N-HCAR1 N-Linker cpGFP C-Linker C-HCAR1

Figure 3. Design of candidate biosensors and predicted tertiary structure of the protein. (a) The
general design of the constructs comprises a plasma membrane addressing sequence (IgK or HA)
fused at the N-terminal side of the protein. cpGFP was inserted in the intracellular loop 3 and flanked
with linker sequences at the N- and C-terminal side of the loop. (b) Tertiary structure prediction of
LARS1.8 highlighting the seven-transmembrane domains (7 TM) of HCAR1 and the cpGFP insertion.
For calculations of structure prediction, the disordered N- and C-termini of the sequence were
trimmed to keep 15 amino acid residues before the start of transmembrane domain 1 and 10 residues
after transmembrane domain 7 on N-terminal side. The structure prediction yielded an overall high
level of confidence (p = 0.0024).

3.2. Biosensor Sensitivity to Lactate

The fluorescence emission and excitation spectra of LARS1.8 recorded on live HEK293
cells are depicted in Figure 4a,b. The excitation spectrum displayed the typical —400 nm and
—490 bands of cpGFP corresponding to the neutral and anionic form of the protein, while
emission peaked at —515 nm as observed with the calcium indicator series GCaMP [28].
Two-photon excitation of LARS1.8 using a pulsed femtosecond infrared laser is depicted in
Figure 4c. The optimal two-photon excitation wavelength was found at 950 nm, while a
second two-photon absorption band was observed at —1000 nm.

LARS 1.8 was first selected for functional testing as it displayed the most clearly
defined membrane expression. The fluorescence of LARS1.8 expressed in HEK293 cells
was found to exhibit pronounced changes following lactate application. Interestingly,
an inverse response was observed corresponding to rapid and reversible fluorescence
decreases (Figure 5a). This inverse response could already be seen in the excitation spectra
measured in the presence and absence of lactate (Figure 4b), which indicated that lactate
caused a homogenous decrease in LARS1.8 fluorescence. The dynamic range of fluorescence



Biosensors 2022, 12, 143

7 of 10

over the binding curve is in the range of 30%, providing an ample fluorescence window for
sensing concentration changes. Similar inverse responses to lactate application were also
observed with the LARS1.5 and LARS1.10 constructs expressed in HEK293 cells (Figure 5b).
The apparent affinity of the three LARS constructs was estimated to be 4.5 £ 1.5 mM,
1.5 £1.5mM, and 5.6 £ 2.1 mM for LARS1.5, LARS1.8, and LARS1.10, respectively. These
apparent ECsg values affinities are in the range reported for HCAR1 [12,13].
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Figure 4. Fluorescence spectral properties. (a) In situ fluorescence emission spectrum of LARS1.8
(Aex = 488 nm) in live HEK293 cells. (b) One-photon excitation spectra in the absence (plain line) and
in the presence of lactate (10 mM, dotted line). (c) Two-photon excitation spectrum.
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Figure 5. Responses of candidate biosensors to lactate application. (a) Representative fluorescent
curve of LARS1.8 response to 10 mM lactate application. Widefield fluorescence images of recorded a
group of HEK293 cells before and during application of lactate are shown (Aex = 490 nm). (b) Lactate
concentration dependence of LARS1.5, LAR1.8, and LARS1.10 fluorescence responses. Data points are
mean values measured 6-7 groups of cells for each construct. EC5 values were obtained by nonlinear
curve fitting using the Levenberg-Marquardt algorithm. Data are normalized to the fluorescence
measured in the absence of lactate.
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3.3. Biosensor Selectivity

In the next phase, we investigated whether the LARS constructs were able to dis-
criminate lactate from related molecules. Figure 6 shows that LARS1.8 displayed similar
responses to L-lactate, pyruvate, BHB, and D-lactate when applied at the same concen-
tration (10 mM). The LARS1.5 construct, which differs from LARS1.8 by the membrane
addressing sequence, also responded to pyruvate and BHB. As the original HCAR1 pro-
tein, from which LARS constructs are derived, has selectivity for lactate over these other
molecules, one can hypothesize that the addition of cpGFP with its 11 amino acid long
linkers in the third intracellular loop is perturbing the receptor such that it loses its selec-
tivity for lactate over other hydroxycarboxylic acids. We thus tested whether LARS1.10, a
construct having shorter linkers (5 amino acids) flanking cpGFP, would exhibit a different
behavior. Figure 6 shows that LARS1.10 was also not able to distinguish lactate from
pyruvate or BHB when applied at 10 mM. Importantly, we show that 10 mM mannitol, a
molecule of similar molecular size but that is not a hydroxycarboxylic acid, did not cause
significant fluorescence responses, indicating that the LARS constructs have selectivity for
hydroxycarboxylic acids.

O LARS1.8
- O LARS1.10
m 20 B LARS15 n.s.
g 0 =
Q
© -20 A
X -40 4
% -60
= -80 A
a
E -100 A1
-120 4 - .
] 1 11 ]
@ (2 &
F & £ FF
&) & Q O Q
v £ T D
Q

Figure 6. Selectivity candidate biosensor responses. The amplitude of responses of LARS1.8
(n =16 cell groups), LARS1.10 (n = 14-17 cell groups) and LARS1.5 (n = 3 cell groups) to pyru-
vate (10 mM), and p-hydroxybutyrate (10 mM). Additionally, D-lactate (10 mM), sensitivity and lack
of sensitivity to mannitol (10 mM) were observed. Responses were normalized to the response to
lactate (10 mM) on the same cells.

Thus, it appears that inserting the cpGFP fluorescent protein in the third intracellular
loop, as was successfully performed for several other biosensors based on GPCRs (e.g., for
dopamine, norepinephrine, serotonin, etc.), had the effect of perturbing the selectivity for
lactate found in the original HCARI protein. We postulate that the linkers flanking cpGFP
were not the only culprits, as the same result was found for two linkers that differed both
in their length and in their amino acid composition.

4. Conclusions and Outlook

Overall, in this study, we describe—to our knowledge—the first attempt at using
the lactate receptor HCAR1, a G;j-coupled GPCR, to build a fluorescent biosensor for
extracellular lactate. We identified that addressing the protein constructs to the plasma
membrane was very efficiently achieved using the IgK leading sequence. The strategy
appears promising as the candidate sensors respond to lactate at physiologically relevant
concentrations with cellular resolution. Rapid fluorescence changes were observed with
kinetics that are compatible with the expected kinetics of physiological lactate variations
found in tissues, for instance in response to neuronal activity or to intense physical exercise.
Nevertheless, further improvements of the sensors need to address the issue of selectivity.
When screening for improved versions of HCAR1-based lactate sensors, as was performed
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for other sensors such as the dopamine or serotonin sensors, one needs to include the double
condition of maximum fluorescence change induced by lactate coupled with the lack of
response to other related molecules, such as pyruvate or BHB. Ideally, variants showing
fluorescence increases rather than decreases (inverse response) to lactate application would
be advantageous—but not mandatory—for experiments. Compared with the recently
published lactate biosensor [19] based on a bacterial extracellular lactate binding protein
coupled to GFP, HCAR1-based sensors would arguably have the advantage of positioning
the fluorescent protein inside the cell, protecting it from ion fluctuations that may occur
in the interstitial milieu in particular in pathological situations. In addition, a biosensor
based on HCAR1 that would retain the properties of the original HCAR1 protein could
represent a powerful tool for the screening of new agonists or antagonist of the receptor, as
well as for allosteric modulators. In conclusion, imaging approaches of lactate biosensors
offer the prospect of precisely analyzing lactate concentration fluxes within living tissues,
including in microdomains around cells, which will bring invaluable information for both
physiological and pathological conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios12030143/s1, Figure S1: LAR1.8 protein sequence.
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Figure S1. LAR1.8 protein sequence. The construct comprises a IgK sequence (orange) fused to
mouse HCART1 sequence (grey). cpGFP (green) is inserted in the HCARI1 protein using two sets
of linkers (bue).
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Discussion and Perspectives

In this section, | will further develop some aspects discussed in the published articles.

HCAR1 localization in the brain

In our study, we aimed at better identifying the localization of the receptor in the brain and at
cellular level to delineate its implication in physiological functions. As mentioned in the
introduction, we had to find a method for overcoming the antibody specificity problem we are
facing. We reported so far 14 unspecific antibodies that are commercially available (9 in de Castro
Abrantes et al. (2019) and 5 in Supplementary Figure 1 by comparing the staining in WT and
HCAR1 KO mice. Interestingly, Madaan et al. (2019) were able to show HCAR1 antibody specificity
in the retina. The researchers reported that HCAR1 is specifically expressed on Miiller cells,
principal glial cells of the retina assuming similar functions that astrocytes, oligodendrocytes, and
ependymal cells of the central nervous system, of WT mice. The specificity was confirmed by
Western blot since immunoreactivity to HCAR1 was present in retinal homogenates from WT
mice, but absent in retinas of HCAR1 KO mice. To our knowledge, this was the first study that
show HCAR1 antibody selectivity in glia cells. Regrettably, the antibody used did not show
specificity in our brain slices indicating that antibodies are recognizing a somewhat different
receptor in the brain that are absent from the retina. In addition, the authors contacted
confirmed that they experienced the same problem with brain slices (personal communication).
In addition to HCAR2 and HCAR3, the orphan receptor GPR31 and the 5-ox0-6,8,11,14-
eicosatetraenoic acid (5-oxo-ETE) receptor OXER1 are the receptors most closely related to
HCAR1 with a conserved arginine residue in transmembrane helix 3 serving as an anchor point
for the carboxylic group present in the respective agonists (Ahmed et al., 2009). Nevertheless,
GPCR antibodies are known to lack specificity and many of them are reported to be unspecific
(Michel et al., 2009). For example, one study reported that antibodies raised against either B,- or
Bs-adrenoceptors recognize similar band patterns on immunoblots from cells expressing any of
the nine adrenoceptors subtypes (Pradidarcheep et al., 2008) or another one showed that double
knock-out mice lacking both muscarinic 2 (Mz) and M3 receptors are still stained positive for M,

and M3 receptor antibodies (Jositsch et al., 2009).
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To work around this issue, we used a transgenic mouse line that expresses a red fluorescent
protein (mRFP) under the promoter of HCAR1. HCAR1 expressing cells were mainly found in the
cerebellum and the hippocampus, where the positive cells predominantly correspond to hilar
MCs. This technique still presents limitations such as the fact that the reporter protein is not
targeted to the plasma membrane, therefore, preventing us to determine the precise localization of

HCAR1 using co-staining of membrane or synaptic proteins.

In addition, we used fluorescent RNAscope in situ hybridization as an alternative technical
approach. This novel technology uses a unique probe design strategy that allows simultaneous
signal amplification and background suppression to achieve single-molecule visualization while
preserving tissue morphology. Thus, we confirmed the presence of HCAR1 RNA in the

hippocampus, at the level of the hilus, the CA3, as well as in the cerebellum.

Despite the fact that several techniques were used to better understand the localization of
HCAR1, especially in the hippocampus, we observed some remaining ambiguous results. Indeed,
the HCAR1 staining was very clear on mossy cells (MCs) with all techniques used. However, the
presence of HCAR1 in granule cells (GCs) is more ambiguous. The IHC of mRFP and ISH did not
present obvious cellular staining of GCs. The 2-photon imaging of mRFP in fresh acute slices
exhibited endogenous red fluorescence in the granule cell layer. However, the 2-photon imaging
mode did not include other counterstains and the localization of the signal in the granule cell
layer was therefore less detailed. We cannot exclude that some of the positive cells are close to
but not within the granule cell layer, or that part of the red fluorescence corresponds to fibers of
MCs crossing the granule cell layer. The question of HCAR1 expression by GCs needs further

investigation.

Furthermore, we did not observe the presence of HCAR1 in hippocampal astrocytes using the
mRFP mouse line. No colocalization was found with GFAP, a marker used for astrocyte staining.
Intriguingly, HCAR1 has been found in astrocytes by different groups (Lauritzen et al., 2014;
Ordenes et al., 2021). Lauritzen et al. (2014) revealed the presence of HCAR1 in astrocytes and at
capillaries after performing double-labeling for HCAR1 and the astrocyte marker GS (glutamine

synthetase) in the hippocampus and the cerebellum. Moreover, Ordenes et al. (2021) showed
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that HCAR1 immunoreactivity in the arcuate nucleus (ARC) of the basal hypothalamus was
detected mainly in astrocyte-like cells, and HCA1R co-localized with GFAP. However, these results
are based on immunohistochemical observations using anti-HCAR1 antibodies known to be
unspecific (de Castro Abrantes et al., 2019; Briquet et al., 2022) without control using the HCAR1

KO line. We therefore remain skeptical about the presence of HCAR1 in astrocytes.

In conclusion, the need to find a specific antibody for HCAR1 is crucial for further investigations

of specific brain and cellular structures.

HCAR1 activation in rodent hippocampus

Previous studies by us (Bozzo et al., 2013; de Castro Abrantes et al., 2019) and others (Herrera-
Lopez and Galvan, 2018; Herrera-Lopez et al., 2020) reported evidence for a neuromodulatory
action of HCAR1 on neurons. Thus, as mentioned in the previous section, we showed the
presence of the lactate receptor in MCs of the dentate gyrus of the hippocampus. Therefore, we
asked whether HCAR1 activation is able to modulate neuronal activity in both mouse and rat
hippocampal acute slices. By using whole-cell patch clamp recordings, we showed that HCAR1
activation by its agonist 3CI-HBA decreases spontaneous and miniature EPSCs frequency at MC-
GC synapses without changes in amplitude. This result strongly suggests that the receptor is
expressed at the pre-synaptic terminal (i.e. at the MCs membrane) to weaker the glutamatergic
tone on GCs and make GCs less likely to fire an action potential. This result is consistent with
previous observations on primary neurons, in which the spontaneous activity was decreased

after activation of HCAR1 (de Castro Abrantes et al., 2019).

This finding brings a new component to the understanding of the DG complex circuitry
regulation, especially at the MC-GC synapses. Hilar MCs are prominent cell types of the hilus of
the DG and are proposed to play a central role in the DG network, acting as circuit integrators
(Sun et al., 2017). MCs receive convergent excitatory inputs from axons of the dentate GCs and
from local inhibitory hilar interneurons (Sun et al., 2017). MCs project their axons to the ipsi- and
contralateral inner molecular layer of the DG, where they make synapses into GCs proximal
dendrites (Scharfman, 2016). MCs not only contact GC locally, but also project from the point of

origin both septally and temporally, i.e. along the longitudinal axis of the hippocampus. Thus,
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single MCs may innervate the majority of the DG, establishing an estimated 35,000 synapses in
the inner molecular layer GC dendrites (Buckmaster et al., 1996). Therefore, activation of MCs
may cause monosynaptic excitation as well as disynaptic inhibition of GCs, and the balance of
excitation/inhibition recruited by MC is of critical importance for hippocampal processing.
Obviously, more investigations are needed to understand the precise role of HCAR1 in this
balance. Even though, our hypothesis is that HCAR1, by sensing lactate, could act as a metabolic
sensor of neuronal activity and therefore prevent excessive firing by downregulating glutamate

release at MC-GC synapses.

Epilepsy

The DG is implicated in several neurological diseases and psychiatric disorders, such as
epilepsy and especially temporal lobe epilepsy (TLE), a type of epilepsy acquired after brain injury
where seizures often involve the hippocampus (Botterill et al., 2019). In TLE, the role of MCs has
been particularly puzzling and remains paradoxical, consisting of two distinct theories that need
to be clarified. In TLE, MCs are typically damaged and GCs present abnormal activity. Moreover,
it has been proposed that the loss of MCs conducts to GCs hyperactivity, which is excitotoxic for
hippocampal neurons (Sloviter et al., 2003) because DG-GABAergic neurons called “basket cells”
lose MC afferent input, causing disinhibition of GCs according to the so-called hypothesis “ the
dormant basket cells” (Sloviter, 1991; Sloviter, 1994). A second hypothesis called “the irritable
MC” also exists that postulates that surviving MCs developed an overactive state, which
promotes GC hyperexcitability (Ratzliff et al., 2002). In the context of the second hypothesis,
understanding to which extent HCAR1-dependant inhibition is able to reduce MC overactivity is
critical for further antiepileptic drugs development. One could also postulate that lactate, known
to increase during strong neuronal activity (Barros and Deitmer, 2010), can operate as a
metabolic and neuroprotective substrate and as an inhibitory signaling molecule sensing high

neuronal activity.

Memory
The DG is often considered the first step in information processing that is coupled with
episodic memory (Amaral et al., 2007). In particular, MCs, via their communication with GCs,

have been implicated in various forms of learning and memory, including associative memory
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(Buckmaster and Schwartzkroin, 1994), pattern separation (Myers and Scharfman, 2009), and
recall of memory sequences (Lisman et al., 2005). HCAR1 has been shown to be directly

implicated in memory mechanisms.

Interestingly, numerous studies have shown that lactate modulates behaviour and memory
(Newman et al., 2011; Suzuki et al., 2011), but very few investigated the role of HCAR1, now
known to be expressed in the hippocampus. The group of Scavuzzo et al. (2020) used D-lactate
and 3.5-DHBA, which offer experimental tools capable of testing whether lactate effects occur
through a metabolic or signaling mechanism, to test the modulatory role of lactate on memory
and especially during the consolidation phase. To do so, the researchers performed systemic
administration of L-, D-lactate, or 3,5-DHBA 15 min before performing inhibitory avoidance (lA)
training or after the foot shock received during IA. The results seem to show that learning and
subsequent memory are impaired when HCAR1 agonists are injected prior IA. On the other hand,
if non-metabolized agonist administration takes place after the foot shock, results rather pointed
to an enhancement of long-term memory retention suggesting a memory promoting effect of
HCAR1 signaling. The authors argue in favor of a different role of lactate metabolism over lactate
signaling across memory stages (Scavuzzo et al., 2020). These results are rather in opposition to
previous literature (Suzuki et al., 2011; Harris et al., 2019) where L-lactate is reported to be
detrimental to long-term memory formation. Harris et al. (2019) investigated the role of lactate
production in spatial learning and memory in mice performing the Morris water maze (MWM)
task. Using dichloroacetate (DCA) administration, a chemical inhibitor showed to reduce lactate
production via aerobic glycolysis, the authors observed impaired learning illustrated by an
increased latency time to reach the platform while performing the MWM. In contrast to the study
of Scavuzzo et al. (2020), administration of DCA before the probe trial (i.e. trial after 4 days of

training) does not interfere with memory retrieval (Harris et al., 2019).

In conclusion, lactate seems to participate in the mnemonic process with a certain degree of
signaling role via the receptor HCAR1. In addition to our findings in the DG circuitry, more
experiments should be performed to precisely delineate whether HCAR1 is involved in the

dentate gyrus mnemonic processes.
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Neurogenesis

Adult neurogenesis is the continuous formation of new neurons in the adult brain. It is an
exciting phenomenon that occurs in the lateral subventricular zone (SVZ) and in the DG of the
hippocampus. However, adult neurogenesis in the human brain is a controversial topic among
researchers in the field of neuroscience. Recent publications showed that human hippocampal
neurogenesis drops sharply in children to undetectable levels in adults (Sorrells et al., 2018), and
finally, by using single-cell RNA-seq rather than traditional markers, Franjic et al. (2022)
concluded that adult neurogenesis is absent in the human adult brain. In contrast, their analysis
identified neurogenic lineage in the mouse, pig, and macaques, meaning that adult neurogenesis

does not seem to be conserved across all mammalian species.

Lactate has been shown in rodents to play an undeniable role in adult neurogenesis and
evidence of the involvement of HCAR1 is emerging in few studies (Nicola and Okun, 2021). Adult
neurogenesis is a dynamic process regulated by different factors such as stress, learning, dietary
interventions, and physical exercise, consequently making lactate a potential influencer of adult
neurogenesis. Indeed, different molecular pathways, such as angiogenesis (Morland et al., 2017),
neuronal excitability, and plasticity in which lactate acts as a modulator are interconnected with
neurogenesis and promote the survival of newly formed neurons (Lev-Vachnish et al., 2019). In
addition, since we reported the presence of the receptor in the hippocampal region and
especially in the dentate gyrus, the influence of HCAR1 on adult neurogenesis continues to gain

importance.

The group of Potzsch et al. (2021) studied the effect of L-lactate on hippocampal neural
precursor cells (NPCs) behavior in vitro. They reported that physiological concentrations of L-
lactate increase DG-derived NPC proliferation together with a shortened generation time.
Interestingly, neither D-lactate nor pyruvate was able to stimulate NPC proliferation. However,
L-lactate did not affect NPC differentiation. Thus, we could speculate on the involvement of the
signaling role of lactate via HCAR1 in hippocampal adult neurogenesis. Increasing concentrations
of 3,5-DHBA did not induce proliferation of NPCs, suggesting that HCAR1 is not involved or that

its activation alone is not sufficient to elicit the effect (P6tzsch et al., 2021). In support of this
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result, exercise, but not lactate, has been shown to increase neurogenesis in vivo in a similar

manner in WT and HCAR1-KO mice (Lambertus et al., 2021).

Moreover, besides the hippocampus, the SVZ is the second niche for adult neurogenesis. In
vitro, SVZ-derived NPC did not change in behavior upon L-lactate stimulation (P6tzsch et al.,
2021), a result in contradiction with the findings of Lambertus et al. (2021). The latter showed
that injection of L-lactate five days a week for seven weeks increased neurogenesis in WT mice.
Remarkably, lactate injection in HCAR1-KO mice did not increase neurogenesis above control

levels, indicating a HCAR1-dependant mechanism.

In conclusion, HCAR1 seems not involved in hippocampal neurogenesis or HCAR1 activation is
relevant only together with the substrate effects of L-lactate, despite evidence of its expression
in this region. In the SVZ, opposite results make the hypothesis difficult to postulate. However,

HCAR1, shown to also be expressed in this region, may be required to elicit neurogenesis.
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HCAR1 — dual mode of action ?

In this section, | will discuss contrasting neuronal modulation following HCAR1 activation
reported in the literature (Figure 7). We have shown across three studies that HCAR1 activation
leads to a downmodulation of neuronal activity in vitro and ex vivo. The first observation
demonstrated that physiological concentration of lactate (5mM) decreases spontaneous activity
of primary cortical neurons by around 40% compared to control (Bozzo et al., 2013). Interestingly,
to exclude any metabolic effect of lactate that could lead to this decrease, we used non-

metabolized HCAR1 selective agonists: 3,5-DHBA (1ImM) and 3CI-HBA (40uM). Both agonists

CA1
SUB

CA3 -

CTX

ARH LC

Reported HCAR1 inhibitory effect Reported HCAR1 excitatory effect

Reported subtype of a lactate receptor with excitatory effects

Figure 7. Summary of studies reporting neuromodulatory action of HCAR1 or of a putative subtype of the
lactate receptor still to be identified. These studies include both rat and mouse observations. CTX: cortex
(Bozzo et al., 2013), SUB: subiculum (Jorwal and Sikdar, 2019), ARH: arcuate hypothalamic nucleus
(Ordenes et al., 2021), LC: locus coeruleus (Tang et al., 2014), DG: dentate gyrus (Briquet et al., 2022), CA1
(Herrera-Lopez and Galvan, 2018), and CA3 (Herrera-Lépez et al., 2020).
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showed that selective activation of HCAR1 is sufficient to decrease spontaneous Ca?* activity in
WT primary neurons in vitro (de Castro Abrantes et al., 2019). In addition, the use of HCAR1-KO
animals was of prime importance to prove HCAR1 effect on neuronal activity, considering the
absence of HCAR1 antagonists. Application of either lactate or HCAR1 agonist in HCAR1-KO did
not elicit any modulation of spontaneous activity in primary neurons. These results were of
capital importance to attest to the effect of lactate as a signaling molecule. As mentioned in the
introduction, HCAR1 is a G-protein coupled receptor and seems to signal through different
mechanisms leading to this down-modulation. We hypothesized that, on the one hand, lactate
binding to HCAR1 would signal through the G subunit, inhibiting AC, which leads to the reduction
of cAMP levels, and consequently decreases neuronal exocytosis through PKA-dependent and
PKA-independent mechanisms (Seino and Shibasaki, 2005). On the other hand, the Ggy subunit
would modulate the opening of ionic channels. For instance, Ggy subunit is known to trigger the
opening of K* channels responsible for membrane hyperpolarization, and to repress Ca?* influx
via the closure of voltage-gated calcium channels, leading to the decrease of exocytosis
(Blackmer et al., 2001).

In my thesis, | showed that 3CI-HBA was able to decrease sEPSCs and mEPSCs frequency by
about 40% in the DG GCs of mice and rats. This modulation was not observed in HCAR1-KO mouse
slices, no KO rats for the receptor was available, therefore supporting the role of HCAR1 as a
neuronal activity down-modulator in conserved circuitry of acute slices.

Some studies in the current literature argue that HCAR1 may rather have an excitatory effect
on neuronal activity. A recent study showed that rat CA1 pyramidal neurons respond to L-lactate
in a biphasic way (Herrera-Lopez and Galvan, 2018). In that study, 5mM L-lactate decreased the
intrinsic excitability of these neurons, however; at a concentration of 30mM, L-lactate increased
neuronal firing frequency. The same was demonstrated using 0.56mM and 3.1mM 3.5-DHBA,
respectively. One question raised by this experiment is related to the ICsp oh HCAR1 for both
lactate and 3.5-DHBA. Bozzo et al. (2013) showed that the ICsg value of L-lactate, for the decrease
in spontaneous neuronal Ca%* activity, is 4.2mM for both principal and GABAergic neurons. Liu et

al. (2012) showed that the ICso value of 3.5-DHBA is about 150uM. Therefore, do these
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supraphysiological/supramaximal concentrations (30mM lactate and 3.1mM 3.5-DHBA)

represent a meaningful behavior of the receptor?

Similar observations of excitatory effects of lactate were reported for noradrenergic neurons
of the LC (Tang et al., 2014). Both in vitro application of exogenous L-lactate and in vivo
optogenetically activated astrocytes releasing L-lactate depolarized LC neurons in a metabolic
independent manner and mediated by AC and PKA. Knowing that HCAR1 is described to be a
inhibitory Gi-coupled receptor inhibiting AC, these results rather suggest that LC neurons might
express either a variant of this receptor with a different coupling mechanism or yet another
receptor that recognizes L-lactate and signals via activation of AC. Further studies are necessary
to test this hypothesis. To our knowledge, no further information has been published on the

occurrence of a different lactate receptor in the LC.

Following the same trend, Ordenes et al. (2021) studied lactate effects on rat hypothalamic
POMC neurons. These cells are capable of integrating peripheral signals of the body energy status
and are involved in regulating feeding behavior and glucose homeostasis. POMC neurons were
shown to depolarize when exposed to 15mM L-lactate. The authors suggest that this modulation
is independent of its transport via MCT2, indicating that the underlying mechanism is rather non-
metabolic. Furthermore, POMC neurons showed depolarization when exposed to 3CI-HBA
(40uM), indicating a possible excitatory role of the HCAR1. Unlike the hypothesis mentioned
before arguing for the presence of different excitatory subtypes of HCAR1, Ordenes et al. (2021)
demonstrated that in presence of pertussis toxin, a Gj protein inhibitor, POMC neurons showed
a significant reduction in their response to 3CI-HBA supporting the HCAR1 role in neuronal

modulation.

A possible explanation for this excitatory modulation could come from the following
observations we made. We asked whether HCAR1 is capable of functionally interacting with other
Gi-coupled receptors, such as the adenosine Al receptor, the GABAg, and the aza-adrenoreceptor
(de Castro Abrantes et al., 2019). To answer this question, we monitored in vitro neuronal activity
during HCAR1 activation and subsequent co-activation with one of the Gi-coupled receptors. The

subsequent co-activation showed an additive inhibition of the neuronal activity. It was expected
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that if the activation of HCAR1 and the other Gi-coupled receptors are independent, reversing
the order of the receptor activation should result in the same combined inhibition of neuronal
activity. We thus tested this hypothesis by first stimulating one of the Gi-coupled receptors and
immediately after coactivating HCAR1. Unexpectedly, when one of the Gi-coupled receptors was
first activated, the subsequent coactivation of HCAR1 partially reversed the inhibition induced.
This type of cooperation was not reproduced when selecting pairs among these three GPCRs.
This effect was shown to be mediated by the Gig, subunit and PLC, and only when HCAR1 is
activated in sequence with another receptor. This observation highlights the complexity of the
mechanism and could provide an explanation for the different actions of HCAR1 on neuronal
activity described in the literature. In addition, it implies that the outcome of its activation in vivo
will depend on whether other receptors of this class are active at any given time.

Overall, it appears that lactate may have either inhibitory or excitatory effects when acting in
a non-metabolic way with neurons in different parts of the brain. Nevertheless, at present time

the only lactate receptor non ambiguously described remains HCAR1.

Human tissue

Epilepsy is a chronic noncommunicable disorder of the brain that affects about 50 million
people worldwide (Beghi, 2019). It is defined by an enduring predisposition to generate epileptic
seizures, along with the associated cognitive, psychological, and social consequences (Fisher et
al., 2017). An epileptic seizure is a transient behavioural change that might be objective signs or
subjective symptoms, caused by abnormal excessive or synchronous neuronal activity in the
brain. Despite the fact that a significant number of antiepileptic drugs were developed and
approved over the past 20 years, one third of the population with epilepsy have drug-resistant
epilepsy and therefore do not respond to common pharmacological treatments (Picot et al.,
2008). In this regard, the field is in urgent need of new targets to tackle pharmacoresistance. In
this context, we had a unique opportunity collaborate with the CHUV and a neurosurgeon, Prof.
Roy Thomas Daniel, to have access to fresh brain samples. The tissue is classified as "epileptic"
originating from resected tissue of the epileptogenic locus of patients with dysplasia (or other

forms of epilepsy) and who were pharmacoresistant.
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In the human brain, we showed that HCAR1 mRNA transcripts were found in all 17 brain
samples from epileptic patients that we tested. Interestingly, three of them showed levels that
were on average about ninefold higher than the average. We did not find a correlation with either
gender or age in the samples, or with any other patient’s parameters available. Interestingly,
these three samples originated from the temporal region. In support to this observation, the
human brain atlas has shown using transcriptomic datasets that HCAR1 is present in the human
brain, even though the expression level seems rather low compared to other cell types such as
germinal cells (early and late spermatids) or epithelial cells (club cells of the lungs)
(https://www.proteinatlas.org/ENSG00000196917-HCAR1/celltype). In addition, we faced
obvious limitations such as the fact that no healthy brains tissues is available for comparison, the
different medications received by the patients, or even the surgical procedure itself could affect

HCAR1 expression.

Knowing that HCAR1 is expressed by neurons in the human brain of pharmacoresistant
epileptic patients, we showed for the first time that HCAR1 agonist was sufficient to decrease
neuronal activity recorded by whole cell patch clamp or live calcium imaging. This result opens

doors for further characterization of HCAR1 in the human epileptic brain.
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Supplementary Figure 1. Summary of the 5 new antibodies raised against HCAR1 tested on WT and HCAR1
KO mice. None of them showed selectivity for the receptor HCAR1.
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Appendix 2

The lactate receptor HCAR1 modulates neuronal activity through the activation of Ga and Gy
subunits

Summary of the results

In this study, we characterized the mechanism behind HCAR1 activation in neurons, using
mouse primary cortical neurons from WT and HCAR1 KO mice. First, using calcium imaging, we
demonstrated that lactate modulation of neuronal activity is a metabolism independent
mechanism, since activation of HCAR1 in HCAR1 KO neurons did not induce any changes on
spontaneous neuronal activity. Using whole-cell patch-clamp, we found that activation of HCAR1
with 3CI-HBA decreased mEPSC frequency, increased paired-pulse ratio, decreased firing
frequency, and modulated membrane intrinsic properties. We observed that HCAR1 signaling
involves AC inhibition, decrease of cAMP levels, and decrease of PKA activity. We found that
HCAR1 interacts with adenosine A1, GABAsg, and az-adrenergic receptors, through a mechanism
involving both its Giq and Gigy subunits, resulting in a complex modulation of neuronal network
activity. We conclude that HCAR1 activation in neurons causes a down-modulation of neuronal

activity through presynaptic mechanisms and by reducing neuronal excitability.

Personal contribution
In this study, | performed the experiments concerning the interactions between HCAR1, A1R

and GABAGgR (Figure 5).
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The Lactate Receptor HCAR1 Modulates Neuronal Network
Activity through the Activation of G, and Gz, Subunits

Haissa de Castro Abrantes,' “Marc Briquet,! “Céline Schmuziger,' “Leonardo Restivo,' “Julien Puyal,’
Nadia Rosenberg,' Anne-Bérengere Rocher,! Stefan Offermanns,’ and “Jean-Yves Chatton'>
"Department of Fundamental Neuroscience, 2Cellular Imaging Facility, University of Lausanne, 1005 Lausanne, Switzerland, and *Department of
Pharmacology, Max-Planck-Institute for Heart and Lung Research, 61231 Bad Nauheim, Germany

The discovery of a G-protein-coupled receptor for lactate named hydroxycarboxylic acid receptor 1 (HCAR1) in neurons has pointed to
additional nonmetabolic effects of lactate for regulating neuronal network activity. In this study, we characterized the intracellular
pathways engaged by HCARI1 activation, using mouse primary cortical neurons from wild-type (WT) and HCAR1 knock-out (KO) mice
from both sexes. Using whole-cell patch clamp, we found that the activation of HCAR1 with 3-chloro-5-hydroxybenzoic acid (3CI-HBA)
decreased miniature EPSC frequency, increased paired-pulse ratio, decreased firing frequency, and modulated membrane intrinsic
properties. Using fast calcium imaging, we show that HCARI agonists 3,5-dihydroxybenzoic acid, 3Cl-HBA, and lactate decreased by 40%
spontaneous calcium spiking activity of primary cortical neurons from WT but not from HCAR1 KO mice. Notably, in neurons lacking
HCARLI, the basal activity was increased compared with WT. HCARI mediates its effect in neurons through a G; -protein. We observed
that the adenylyl cyclase- cAMP-protein kinase A axis is involved in HCAR1 downmodulation of neuronal activity. We found that HCAR1
interacts with adenosine A1, GABAy, and a,,-adrenergic receptors, through a mechanism involving both its G;,, and G;,, subunits,
resulting in a complex modulation of neuronal network activity. We conclude that HCAR1 activation in neurons causes a downmodula-
tion of neuronal activity through presynaptic mechanisms and by reducing neuronal excitability. HCAR1 activation engages both G;, and
G;g, intracellular pathways to functionally interact with other G;-coupled receptors for the fine tuning of neuronal activity.

Key words: GPR81; HCARI; intracellular pathway; lactate; neurons; spontaneous activity

(s )

Expression of the lactate receptor hydroxycarboxylic acid receptor 1 (HCAR1) was recently described in neurons. Here, we
describe the physiological role of this G-protein-coupled receptor (GPCR) and its activation in neurons, providing information on
its expression and mechanism of action. We dissected out the intracellular pathway through which HCAR1 activation tunes down
neuronal network activity. For the first time, we provide evidence for the functional cross talk of HCAR1 with other GPCRs, such
as GABAy, adenosine Al- and «, ,-adrenergic receptors. These results set HCARI as a new player for the regulation of neuronal
network activity acting in concert with other established receptors. Thus, HCAR1 represents a novel therapeutic target for pathol-
ogies characterized by network hyperexcitability dysfunction, such as epilepsy. j
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substrate for neurons (Pellerin and Magistretti, 1994). Since then,
several studies indicated the valuable contribution of lactate as a
metabolic fuel in several cell types, as a neuroprotective agent, as
well as its role as a signaling molecule (for review, see Gladden,
2004; Barros, 2013).

The extracellular level of lactate in the brain is estimated to be
in the low-millimolar range at the resting state (Abi-Saab et al.,

Introduction

Lactate has long been considered a waste product of cellular me-
tabolism. In the CNS, this concept was challenged in the 1990s
when lactate was proposed to play an important role as energy

Received Aug. 10, 2018; revised March 19, 2019; accepted March 22, 2019.

Author contributions: H.d.CA., L.R.,N.R.,,A-B.R., and J.-Y.C. designed research; H.d.C.A., M.B.,CS., J.P.,A-BR.,
and J.-Y.C. performed research; S.0. contributed unpublished reagents/analytic tools; H.d.C.A.,, M.B., C.S., LR, J.P.,
A-BR., and J.-Y.C. analyzed data; H.d.CA. and J.-Y.C. wrote the paper

This work was supported by the Swiss National Science Foundation (Grant #31003A_179399). The Epac2-camps
plasmid was provided by Jean-Pierre Hornung (University of Lausanne, Lausanne, Switzerland). We thank Joel
Wellbourne-Wood for critical reading of the manuscript and Christiane Devenoges for the genotyping.

The authors declare no competing financial interests.

Correspondence should be addressed to Jean-Yves Chatton at jean-yves.chatton@unil.ch.

https://doi.org/10.1523/JINEUR0SCI.2092-18.2019
Copyright © 2019 the authors

2002). It has also been reported that physical exercise increases
L-lactate plasma levels up to 10—20 mm (Offermanns, 2017). Un-
der these conditions, the brain becomes a net consumer of lactate
(Dalsgaard et al., 2004). Upon synaptic activity, lactate level un-
dergoes a twofold increase (Dienel et al., 2007). The main cell
type locally producing lactate in the brain is likely to be astrocytes,
as recently reported in the in vivo mouse brain (Michler et al.,
2016), although this notion was recently challenged (Diaz-Garcia
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etal., 2017). The recent discovery of a new mechanism for lactate
release from astrocytes through a K " -sensitive channel (Sotelo-
Hitschfeld et al., 2015) indicates that lactate can be rapidly mo-
bilized and may possibly lead to a transient elevation of its
extracellular concentration to high levels in microdomains close
to neuronal membranes, including synapses.

Recent studies indicated that energy substrates and metabo-
lites of the energy metabolism had extracellular signaling prop-
erties by acting through the activation of G-protein-coupled
receptors (GPCRs; Blad et al., 2012; Husted et al., 2017). One of
them, originally named GPR81, now known as hydroxycarboxy-
lic acid receptor 1 (HCAR1), has lactate as an endogenous ligand
(Cai et al., 2008). HCAR1 was initially described as being mark-
edly expressed in adipocytes, where its activation induces the
inhibition of lipolysis through the activation of a G;-dependent
intracellular pathway (Liu et al., 2009). Our research group was
the first to demonstrate that L-lactate and a HCAR1 agonist de-
creases spiking activity of cortical neurons in a pertussis-sensitive
manner (Bozzo et al., 2013). In the locus ceruleus, L-lactate had
rather an excitatory effect, suggesting the involvement of a differ-
ent receptor, possibly G, coupled, yet to be identified (Tang et al.,
2014). The aim of the present study was to explore the down-
stream effectors of HCARI1 activation and clarify the mechanisms
through which this receptor modulates neuronal activity in
mouse cortical neurons.

We focused on the investigation of the intracellular pathway
mediated by the activation of G;-coupled receptors, which classi-
cally inhibits the adenylyl cyclase (AC) as a first phase of the
intracellular cascade that contributes to the decrease in neuronal
activity (Seino and Shibasaki, 2005). To explore these aspects, we
compared the modulatory effects of HCAR1 activation on neu-
ronal activity of primary neurons from both wild-type (WT) and
HCAR1 knock-out (KO) mice, using electrophysiological re-
cordings and calcium imaging. Our study indicates that HCAR1
activation engages the AC—cAMP—protein kinase A (PKA) path-
way and has a presynaptic effect, which is accompanied by a
decrease in neuronal excitability. We further discovered that
HCARLI interacts with other G;-coupled receptors to fine-tune
neuronal activity through a complex bimodal mechanism that
involves the Gpg, subunit and activation of phospholipase C
(PLC). This interaction adds a higher level of complexity to the
functional outcome of HCAR1 activation.

Materials and Methods

Ethics statement. All experimental procedures were performed in accor-
dance with the recommendations of the Swiss Ordinance on Animal
Experimentation and were specifically approved for this study by the
Veterinary Affair of the Canton Vaud, Switzerland (authorizations
#1288.6 and #1288.7).

Animals. HCAR1 KO and monomeric red fluorescent protein
(mRFP)-HCAR1 mouse lines where obtained from Max-Planck-
Institute for Heart and Lung Research (Bad Nauheim, Germany). The
generation and validation of these lines have been previously described
(Ahmed et al., 2010). The genotype of all animals used for the experi-
ments was confirmed using PCR analysis.

Behavioral analysis. The assessment of general behavior along with
neurological and motor functions was performed in WT and HCAR1 KO
male mice (8 and 15 weeks). In a first phase, mice went through a basic
neurological screening to assess their general behavior/appearance, mus-
cle tone, and motor function. Mice were placed in a transparent Plexiglas
box and observed for 5 min by an experimenter blind to the genotype of
the animals. Mice were checked for stereotyped behavior, convulsions,
compulsive licking, self-destructive biting, and retropulsion. Next, the
grasping reflex was tested by suspending the mouse by the tail and giving
a Yes/No score for hindpaw clasping over three consecutive trials. The
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grip strength was assessed by placing the animal on a grid and gently
pulling its tail; the mean score of three trials per animal was used for
analysis. In the second phase, home-cage behavior was monitored in
PhenoTyper cages (Noldus; RRID:SCR_004074) that allow the auto-
mated scoring of parameters related to locomotion, stereotypic behavior,
feeding, and nesting. Briefly, mice were individually placed inside the
PhenoTyper cage for 1 d with water and food ad libitum. A shelter was
placed in one corner of the cage for automated scoring of nesting behav-
ior. An infrared camera tracked the mouse movements throughout the
1 d session, allowing the monitoring of the above parameters. All the
behavior data were collected and analyzed using EthoVision XT 14 soft-
ware (Noldus; RRID:SCR_000441).

Cell culture and transfection. Mouse primary cultures from cortical
neurons were prepared from embryonic day 17 (E17) embryos, both
male and female, from WT, HCAR1 KO, or mRFP-HCAR1 C57BL/6N
mouse lines. After removing the meninges, extracted cortices were incu-
bated in 2 ml of HBSS with 10 mg/ml Trypsin (Worthington Biochemi-
cal) for 20 min at 37°C, and then mechanically dissociated in Neurobasal
culture medium (Invitrogen) supplemented with 10% FCS. Dissociated
cells were filtered using a 40 wm nylon mesh cell strainer and resus-
pended in Neurobasal culture medium complemented with 2% SM1
(STEMCELL Technologies), 20 mm GlutaMAX (Invitrogen), and 0.02
mu glutamate. Cells were plated at a density of 20,000 cells/cm?* in 12-
and 20-mm-diameter glass coverslips, coated with poly-p-lysine and
laminin (Sigma-Aldrich). Half of the culture medium was exchanged
every 5 d by a maturation medium composed of BrainPhys medium
(STEMCELL Technologies) and 2% SM1. Cells were used at day in vitro
(DIV) 12-18.

Transfection with the plasmid carrying the cAMP fluorescent reso-
nance energy transfer (FRET)-based biosensor (Epac2-camps; Nikolaev
et al., 2004) was performed using Lipofectamine 2000 (Invitrogen) by
adding 3 ug of DNA for 5-6 h. Cells were transfected at DIV 10-12 and
used 48 h after transfection.

DNA extraction and PCR. Tissue was collected from phalanges of WT
and HCAR1 KO E17 embryos used for the primary culture preparation.
The tissue was incubated in the digestion buffer as follows (in mm): NaCl
100, Tris 10, EDTA 25, 0.5% SDS, and 5% Proteinase K (Roche), for 2 h
at 57°C. After three steps of centrifugation, the pellet was dried out and
resuspended in TE (Tris and EDTA) buffer (Tris-HCI, 10 mm, pH 7.5;
EDTA, 0.1 mm). The DNA was amplified using the T-Personal Thermo-
cycler (Biometra). The following two sets of primers were used to amplify
the targets sequences: HCARI: forward, TTCTGCTTTCACATG
AAGACG; reverse, CAGAACAAGATGATTGTCAGG; and Neomycin:
forward, GCAGCGCATCGCCTTCTATC; reverse, GATATCAGGTG
GACAAGTCC.

Quantitative RT-PCR. Brains from WT (n = 3) and HCARI KO (n =
3) mice (1 month old) were dissected in 1 mm MgCl, RNase-free PBS,
then frozen in liquid nitrogen, and kept at —80°C until use. RNA extrac-
tion from tissue or cultured neurons was performed using the commer-
cial RNeasy Mini Kit (Qiagen), and 1 ug/ul was used for reverse
transcription to cDNA with the High capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). The cDNA was amplified by quantitative
RT-PCR (qRT-PCR) using the Power SYBR Green PCR Master Mix
(Bio-Rad), with specific primers for the target genes at 200 nm (HCAR1:
GGGGACTGTGTATCTTCTGA, GAGTCTTGGTGTAGAATTTGG;
GAPDH: TCCATGACAACTTTGGCATTG, CAGTCTTCTGGGTGG
CAGTGA). Samples were run in triplicate, and negative controls were run
for each target gene. All reactions were performed on a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad). Relative mRNA expression was
quantified by using the comparative CT method, and results are shown as the
fold change using the 2CT formula (Livak and Schmittgen, 2001).

Immunohistochemistry. Primary cortical neurons from mRFP-HCAR1
mice (n = 2) grown on coverslips were fixed with 4% paraformaldehyde
in PBS for 15 min on ice. Cells were preincubated with 15% serum and
0.05% Triton X-100 and subsequently incubated overnight with the pri-
mary mouse anti-NeuN antibody (1:200; catalog #MAB377, EMD Milli-
pore) and rabbit anti-mRFP (1:100; catalog #600—401-379, Rockland
Immunochemicals). Cells were incubated with the appropriate second-
ary antibodies (i.e., 1:200; Alexa Fluor 488-conjugated donkey anti-
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HCAR1 expression in primary mouse neurons. @, HCART mRNA expression level in primary neurons (n = 4 experiments). HCART mRNA transcript levels were normalized relative to that

of the housekeeping gene GAPDH. b, Representative PCR image of HCAR1 gene expression in WT versus HCAR1 KO animals. WT and HCAR1 KO embryonic tissue were obtained from animals used to
originate neuronal primary cultures. A WT band at 470 bp and a HCART KO band at 800 bp can be observed. ¢, Representative confocal images of primary cortical neurons immunostained for NeuN
(green) and mRFP-HCART1 (red), along with Hoechst nuclear staining (blue) and the overlay image. d, Quantification of mRFP-, NeuN-, and mRFP-NeuN-positive cells shown as the percentage of

Hoechst-positive cells (1 = 5 experiments, repeated 3 times per experiment). Scale bar, 40 pm.

mouse IgG; catalog #ab105105, Abcam) and Alexa Fluor 594-conjugated
donkey anti-rabbit IgG (1:200; catalog #ab150076, Abcam). Brain sec-
tions from 1-month-old WT (n = 6) and HCAR1 KO (n = 5) mice were
obtained from mice anesthetized with sodium-pentobarbital (150 mg/
kg, i.p.) and transcardially perfused with 4% paraformaldehyde. The
brains were sliced in a sagittal or coronal plane using a vibratome
(VT1000S, Leica), or were cryoprotected in 30% sucrose and sliced using
a microtome (HM 400, Microm); in both cases, 30-um-thick slices were
obtained. Slices were preincubated with 15% donkey serum and 0.3%
Triton X-100 and subsequently were incubated with the primary anti-
body overnight (Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.2092-18.2019.t1-1). In sequence, slices were incubated
with the appropriate secondary antibody (Table 1-2, available at
https://doi.org/10.1523/INEUROSCI.2092-18.2019.t1-2).

Nuclei were stained using Hoechst stain (Invitrogen). Negative con-
trols were performed in the absence of primary antibodies. Coverslips
and slices were mounted in FluorSave Mounting Medium (EMD Milli-
pore). Coverslips were analyzed using the Leica TCS SP5 Confocal Mi-
croscope (Leica). Brain sections were analyzed using the Zeiss LSM 710
Confocal Microscope (Zeiss).

Western blot. Western blot was performed as previously described
(Grishchuk et al., 2011), using WT (n = 4) and HCAR1 KO (n = 4)
cortex, hippocampus, and cerebellum. Briefly, the different brain regions
were dissected and then stored at —20°C in lysis buffer, containing the

following (in mm): HEPES 20, pH 7.4, NaCl 10, MgCl, 3, EGTA 2.5,
dithiothreitol 0.1, NaF 50, Na;VO, 1, 1% Triton X-100, and a protease
inhibitor cocktail (catalog #1187350001, Roche). Protein concentration
was determined using a Bradford assay. Proteins (3040 ug) were sepa-
rated on 12% polyacrylamide gels and analyzed by immunoblotting.
Primary antibodies (Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.2092-18.2019.t1-1) were diluted in blocking buffer with
0.001% PBS Tween-20 and incubated overnight at 4°C. Secondary anti-
bodies (Table 1-2, available at https://doi.org/10.1523/JNEUROSCIL
2092-18.2019.t1-2) were diluted in blocking buffer and incubated for 1 h.
Protein bands were visualized with the Odyssey Infrared Imaging System
(LI-COR) or by using the enhanced chemiluminescence (ECL) method,
using 200 pl of ECL substrate (SuperSignal West Dura Extended Dura-
tion Substrate, Thermo Fisher Scientific). Odyssey version 1.2 software
(LI-COR) or LAS 4000 Mini Luminescent Image Analyzer (FujiFilm)
were used for analysis. Values were normalized with respect to actin.
Live-cell microscopy. Intracellular calcium imaging was performed on
an upright epifluorescence microscope (model FNI, Nikon) using a
40X, 0.8 numerical aperture (NA), water-immersion objective lens. Flu-
orescence excitation wavelengths were selected using a fast filter wheel
(Sutter Instrument) and fluorescence was detected using an Evolve Elec-
tron Multiplying CCD (EMCCD) Camera (Photometrics). Digital image
acquisition and time series were computer controlled using MetaFluor
software (Molecular Devices; RRID:SCR_014294). Up to eight individ-
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Table 1. Anti-HCAR1 primary antibody specificity
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[HC WB

Anti-HCAR1 primary antibody (source, reference) Epitope WT HCAR1 KO WT HCAR1 KO
Santa Cruz Biotechnology, SC-32647 (-terminal, extracellular domain of human HCAR1 § § + +
Santa Cruz Biotechnology, SC-32648 (-terminal, cytoplasmic domain of human HCAR1 + + — -
Sigma-Aldrich, SAB1300090 Mouse GPR81-5296, aa 276 —329 + + + +
Sigma-Aldrich, SAB1300793 Rat GPR81-R320, aa 286 —332 + + § §
Sigma-Aldrich, SAB1300089 Human GPR81-296, aa 310353 + + + +
Sigma-Aldrich, SAB1300792 Mouse GPR81-R203, aa 193-230 + + § §
Sigma-Aldrich, SAB1300791 Mouse GPR81-(7, aa 7-36 + + — -
Novus Biologicals, NLS2095 19 aa peptide from C-terminus of human HCAR1 + + § §
Novus Biologicals, NBP1-51956 (-QQLARQARMKKATR (internal region) + + § §

Experiments were performed in brain slices of cortex, hippocampus, and cerebellum. +, positive signal/band; —, negative/absence of signal/band; IHC, immunohistochemistry; WB, Western blot; §, not tested. See Table 1-1, available at
https://doi.org/10.1523/JNEUR0SCI.2092-18.2019.t1-1, and Table 1-2, available at https://doi.org/10.1523/INEUR0SCI.2092-18.2019.t1-2.

ual neurons were simultaneously analyzed in the field of view. Intracel-
lular calcium was measured using Fluo-8 AM (5 uM; Abcam) loaded for
15 min at 37°C, in a HEPES-buffered balanced solution containing the fol-
lowing (in mm): NaCl 160, KCl 5.4, HEPES 20, CaCl, 1.3, MgSO, 0.8,
NaH,PO, 0.78, and glucose 20, pH 7.4 (adjusted with NaOH), supple-
mented with 0.1% Pluronic F127 (Thermo Fisher Scientific). Fluorescence
was excited at 490 nm and detected at >515 nm, with an acquisition rate of
6—7 Hz. Fluorescence intensity was measured over time in regions of interest
delineating neuronal soma using MetaFluor software. Calcium transients
were analyzed using Mini Analysis version 6.0.3 (Synaptosoft; RRID:
SCR_002184), which includes an algorithm for the detection of complex and
multiple events, giving the possibility to detect overlapping or closely occur-
ring peaks, thus allowing the analysis of the frequency of spontaneous cal-
cium spikes under different experimental conditions.

FRET measurements of intracellular cAMP levels were measured in
cells expressing Epac2-camps 48 h after transfection on an epifluores-
cence inverted microscope (Zeiss) equipped with an image splitter (DV2,
Photometrics), using a high numerical aperture fluorescence objective
(40X, 1.3 NA, oil-immersion). Fluorescence excitation wavelengths were
selected via fast holographic monochromator (Polychrome II, Till Pho-
tonics) coupled to a xenon lamp, and fluorescence was detected using an
EMCCD camera (LUCA-R, Andor). Digital image acquisition was per-
formed using the MetaFluor software. One individual neuron was im-
aged in the selected field of view. Fluorescence was excited at 430 nm, and
detected at 475 and 530 nm for cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP), respectively, with an acquisition rate of
0.2 Hz. Regions of interest were selected from single cell YFP and CFP
images. The FRET ratios (CFP/YFP) were computed using MetaFluor
software. Decrease in FRET ratio signal reflects a decrease in the intracel-
lular cAMP levels.

Electrophysiological recordings. Patch-clamp recordings were made us-
ing borosilicate glass pipettes (5—6 M()) filled with intracellular solution
containing the following (in mm): K-gluconate 135, NaCl 5, Na-
phosphocreatine 5, MgCl, 1, EGTA 1, HEPES 10, Mg-ATP 2, and Na,-
GTP 0.4, pH 7.2 (adjusted with KOH). Recordings were made with a
MultiClamp 700B amplifier (Molecular Devices). Data were acquired
with a Digidata 1440A digitizer (Molecular Devices), at 10 kHz sampling
rate, controlled with pCLAMP 10 software (RRID:SCR_011323), and
analyzed with Clampfit (RRID:SCR_011323) and Mini Analysis (RRID:
SCR_002184). The criterion for experiment inclusion was based on the
verification of stable access resistance and leak current (<200 pA at —70
mV in control solution).

mEPSCs were recorded at —70 mV in voltage clamp in gap-free mode.
A stabilization period of 5 min was routinely allowed after establishment
of the whole-cell configuration. Experiments were performed in pres-
ence of 1 uM tetrodotoxin (TTX) and 60 um bicuculline. mEPSCs were
recorded for 10 min in the absence and presence of HCAR1 agonist and
the last 5 min were analyzed. Cells included in the analysis had a mem-
brane potential less than or equal to —55 mV, stable access resistance,
and recovery after washout.

We further assessed cell passive properties and firing frequency of WT
neurons in control conditions and after HCARI1 activation. The resting
membrane potential (RMP) was measured in current-clamp mode after

Table 2. Summary of behavioral phenotype of WT versus HCAR1 KO

wr n HCARTKO n
(1) Weight () 6304 12 04x09™ 1
Food consumption (g) 35403 10 3302 10
Water consumption (ml) 3102 10 37203™ 10

Total travel distance (cm) 55,374 7352 10 52,059 + 5197™ 10

Dark phase 41,985 = 5419 43,263 * 4515™*
Light phase 13,389 = 2885 8796 * 2224™ 10
Total time in the nest (min) 46,136 = 3363 10 47,686 = 3442™* 10

Dark phase 21,681 = 1781 20,962 =+ 2537™*

Light phase 24,454 + 1785 26,724 + 1369 "
(2)  Rearing (number/min) 8607 12 9.8 +05™ 12
Number of grooming (number/min) 0601 12 06 £01™ 12
Grooming duration (s) 24+53 12 25 55" 12

Data are shown as the mean == SEM. Experiments were performed on independent animals. (1), PhenoTyper cage
observations; (2), free observations; n.s., not significant (Student’s unpaired t test).

the whole-cell configuration was established. The input resistance (Ry)
was determined from the linear slope of the current—voltage relationship
around the RMP, obtained by a series of 160 ms current steps (starting at
—140 pA with 30 pA increments). The rheobase was determined as the
minimal current amplitude able to evoke an action potential (AP) and
was obtained by applying 3 s steps of positive current (starting at 0 pA,
with 50 pA increments). The firing frequency was assessed as the number
of AP evoked in response to 1 s current injection steps (0—450 pA, with
50 pA increments). AP frequency was measured as the number of APs in
response to 150 pA current injection. The membrane time constant was
estimated by fitting an exponential function to a voltage step of =5 mV.

Paired pulse ratio (PPR) experiments were measured using a pipette
solutions containing the following (in mwm): CsF 121.6, CsCl 8.4, Na-
phosphocreatine 5, EGTA 1, HEPES 10, Mg-ATP 2, Nas-GTP 0.4, and
QX-314Cl 1, pH 7.2 (adjusted with CsOH). Neurons were voltage-
clamped at —70 mV in the whole-cell configuration. Stimulation was
performed using a Pt-Ir concentric bipolar electrodes (tip diameter, 2—3
um; model CEA3, MicroProbes for Life Science) placed near the re-
corded neuron and connected to an Iso-Flex stimulus isolator (A.M.P.1.).
The minimum stimulation intensity able to trigger a single evoked EPSC
was determined in the range 0.4—1 mA. Two consecutive 1 ms stimuli
were applied with an interval of 50 ms.

Solutions and drugs. CO,/bicarbonate-buffered experimental solu-
tions contained the following (mm): NaCl 135, KCI 5.4, NaHCO; 25,
CaCl, 1.3, MgSO, 0.8, NaH,PO, 0.78, and glucose 5, bubbled with 5%
C0O,/95% air. Glucose was maintained in a nonlimiting fashion (5 mwm)
in all solutions. Control extracellular solutions and solutions containing
tested drugs were gravity fed at 1 ml/min and at 35°C. The pH of CO,-
equilibrated solutions was 7.4 and was not altered by the added L-lactate
(Bozzo et al., 2013). L-Lactate, 3,5-dihydroxybenzoic acid (3,5-DHBA),
3-chloro-5-hydroxybenzoic acid (3CI-HBA), 9-(tetrahydro-2-furany)-
9H-purin-6-amine (SQ 22536), baclofen, guanfacine, gallein, and QX-
314Cl were obtained from Sigma-Aldrich. H-89 dihydrochloride (H-89),
N¢-cyclopentlyladenosine (CPA), (1-[6-[[(178)-3-methoxyestra-1,3,5
(10)-trien-17-yl]Jamino]hexyl]-1H-pyrrole-2,5-dione; U73122), and bi-
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Figure2. HCART activation decreases mEPSC frequency and modulates intrinsic membrane properties of mouse cortical neurons. a, Representative mEPSCs traces from a neuron recorded in the
presence and in the absence of 3CI-HBA 40 um for WT and HCART KO. Voltage-clamp recordings of mEPSCs were performed in the presence of TTX (1 wum) and bicuculline (60 wum) with neurons
clamped at —70 mV. b, Summary of mEPSC frequency and amplitude (percentage of baseline) in response to 3CI-HBA application in WT (n = 7) and HCART KO neurons (n = 6). A depression of
mEPSC frequency, but not amplitude, was observed upon HCAR1 activation in neurons prepared from WT mice but not from HCART KO mice. ¢, Representative superimposed averaged traces of 1000
events from the same WT neuron in the absence (full line) and in the presence of 3CI-HBA (dotted line), and a table showing corresponding average kinetic values of all events from WT and KO in the
presence and in the absence of 3CI-HBA, demonstrating similar kinetics in WT and KO neurons. Significance is shown compared with baseline and among conditions. d, Left, Representative responses
to paired pulse protocols using an interstimulus interval of 50 ms in WT neurons before and after HCAR1 activation (left). Arrows represent the stimulation. Right, Summary graph of PPR results (n =
7). Significance is shown between the control condition and after 3CI-HBA application. e, Representative traces from neurons recorded before and after HCAR1 activation (left), obtained from a series
of current injections (0—450 pA, 1, 50 pA increments); the response to 150 pA current injection is shown. Summary graph (right) of the effect of HCAR1 activation on neuronal firing frequency
following steps of current injection (n = 5). The firing frequency (in Hz) was calculated from the number of AP evoked by a 150 pA current injection. Significance is shown between the control and
3CI-HBA conditions. **p < 0.01, ***p << 0.001, ns, not significant.

experiment represents responses obtained by the application of the tested

Table 3. Effect of HCAR1 activation on passive properties of cortical cultured !
drugs, one following the other, on the same cells followed by washout

nettor® with the control solution. Statistical analyses were performed using Ka-
Control 3CI-HBA 40 leidaGraph software (Synergy Software; RRID:SCR_014980). Data are

RMP (mV) —593 + 1.1 —629+13*  the mean = SEM and are represented as the percentage compared with

Ry (MQY) 973 + 6.4 77.5 + 6.2*% control; n represents the number of independent experiments. Data nor-

Rheobase (pA) 78.6 * 6.8 93.6 + 8.7% mality was checked using the Shapiro-Wilk test.

Time constant (ms) 16.4 + 1.1 18.8 + 0.5* When more than one condition was tested on the same experiment,

comparisons were made using one-way ANOVA followed by Bonferroni

Data are shown as the mean == SEM. Experiments were performed in five independent WT neurons. All parameters . . e ..
correction for each experimental group to assess statistical significance

were tested in all cells used for analysis.

*p << 0.05 Student’s paired t test.

cuculline were obtained from Tocris Bioscience. Forskolin was obtained
from Biomol and TTX was obtained from BioTrend. All drugs were
diluted in CO,/bicarbonate-buffered solution to their final concentra-
tion and perfused in the same conditions as the control.

Experimental design and statistical significance. Immunohistochemis-
try data quantification was performed using ImageJ software (RRID:
SCR_003070). We first identified Hoechst-stained nuclei in the field,
allowing us to assess the number of cells. We then determined cells that
were NeuN-positive and/or mRFP-positive to assess the number of neu-
rons that were expressing mRFP. For each independent experiment,
three different fields of view were analyzed. The result of the quantifica-
tion is shown as the percentage of Hoechst-positive cells.

To assess the HCARI functional role in neuronal activity, experiments
were performed using a sequential application of drugs. Each individual

against respective control, and among the tested conditions. When only
one condition was tested, the paired or nonpaired ¢ test was performed to
assess statistical significance (*p < 0.05, **p < 0.01 and ***p < 0.001).
Only experiments where the effect of the tested drugs could be washed
out were taken into consideration for analysis.

Results

HCARI expression in neurons

Localization of HCARI protein in neurons has been reported by
us and other research groups based on immunohistochemistry
(Bozzo etal., 2013; Lauritzen et al., 2014). In this study, qRT-PCR
was used to assess HCAR1 mRNA expression in primary neuro-
nal cultures at DIV 14 (Fig. 1a) from WT mice. Figure 1b shows
genotyping results of WT and HCAR1 KO mice. In the gene
construct of HCAR1 KO mice, the coding sequence of HCAR1
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Figure 3.  Effect of neuronal activation in neuronal calcium spiking activity. a, Representative

traces of calcium spiking in control or 5 mm Hactate-containing solutions, for both WT and HCART KO
neurons. b, The effect of the HCART agonist 3CI-HBA on spontaneous calcium activity of neurons was
concentration dependent, with an ICc, value of 21.5 == 6.1 yum (n = 177 neurons from 23 experi-
ments). The ICg, value was obtained by nonlinear curve fitting using the Levenberg-Marquardt algo-
rithm. ¢, Effect of HCAR1 activation on calcium spiking frequency from WT and HCART KO neurons with
5 mu L-lactate (WT: n = 66 cells, 16 experiments; HCART KO: n = 81 cells, 16 experiments), 1 mm
3,5-DHBA (WT:n = 57, 16 experiments; HCART KO: n = 74 cells, 12 experiments), or 40 wum 3CI-HBA
(WT:n = 31 cells, 3 experiments; HCARTKO: n = 32 cells, 5 experiments). Spiking frequency is shown
as a percentage of activity measured in the control condition. The effect of HCART activation was
reversible in all experiments (data not shown). Significance is shown compared with control and
among conditions. d, Comparison of basal spontaneous spiking frequencies of neurons from WT (n =
16) and HCART KO (n = 16) mice. ***p < 0.001, ns, not significant.

was replaced by a cassette containing the lacZ and the neomycin
resistance genes (Ahmed et al., 2010). Samples from WT shows a
PCR HCARI band corresponding to a 470 bp product, whereas
the ones from HCAR1 KO animals have a neomycin-only, 800 bp
product band. In the next phase, we wanted to investigate the
HCARI1 protein expression and localization in primary cultured
neurons. For this purpose, we took advantage of the HCAR1 KO
mice, not available in our first studies, to assess the specificity of
commercial antibodies. Table 1 shows that of nine commercial
antibodies raised against different epitopes, tested by Western
blot and/or immunohistochemistry, none displayed a convincing
absence of signal in HCAR1 KO tissue. To circumvent this issue,
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we used a transgenic mouse that expresses mRFP under the
HCARI1 promoter (Ahmed et al., 2010). This fluorescent reporter
protein is not targeted to the plasma membrane but spreads in the
cytoplasm, allowing us to identify the cells that endogenously
express the HCARI transcripts. In primary neurons from mRFP-
HCARI mice, all Hoechst-positive cells were also mRFP-HCAR1
positive. Among these cells, ~80% were also positive for NeuN
(Fig. 1¢,d). This result indicates that these cultured neurons ex-
press mRFP-HCARI. The 20% of the cells that were mRFP-
HCART1 positive, but NeuN negative, could represent cells that
are not mature neurons and that also express HCARI.

HCAR1 KO animals show normal general behavior

According to previous studies, HCAR1 KO mice do not show obvi-
ous abnormalities when compared with WT mice, which includes
no difference in body weight (Ahmed et al., 2010) or locomotion
when exposed to high-intensity interval exercises (Morland et al.,
2017). We extended the phenotype analysis and performed a basic
behavioral neurological screening in these animals. We did not find
differences in the quantitative observations obtained with the Pheno-
Typer cage or during the free observation (Table 2). Neither WT nor
HCARI KO animals presented traces of compulsive licking, self-
destructive biting, retropulsion, or convulsions. No differences were ob-
served in the grip strength test (t.,,) = 0.49, p = 0.63, unpaired t test) and
in the hindpaw clasping test (none of the mice failed the test; WT, n = 12
animals; HCAR1 KO, n = 12 animals).

Activation of HCARI decreases mEPSC frequency

and excitability

In the next phase, we evaluated the effects of HCARI activation
on basal neurotransmission using the whole-cell patch-clamp
technique. Figure 2a shows representative electrophysiological
traces of mEPSCs recorded from neurons of WT and HCAR1 KO
mice. We observed a significant decrease (~50%) in mEPSC fre-
quency in the WT group during HCARI activation by its agonist
3CI-HBA (40 um; F(y ) = 12.92, p = 0.0013, ANOVA). 3CI-HBA
application did not alter the mean amplitude (F, 5y = 5.84; p =
0.562, ANOVA) or kinetics (rise: ts) = —1.41, p = 0.22; decay:
te) = 0.19,p = 0.85; area: t;, = —0.77, p = 0.48, paired t test) of
mEPSCs (Fig. 2b,c). Importantly, the frequency (F, 5, = 0.09,
p = 1, ANOVA), amplitude (F, 5, = 0.23, p = 1, ANOVA), and
kinetics (rise: t5) = 1.39, p = 0.22; decay: t5, = 0.87, p = 0.42;
area: tsy= —0.63, p = 0.56, paired ¢ test) of mEPSCs were not
influenced by HCARI activation in neurons from HCAR1 KO
mice (Fig. 2¢). These results are a first indication of a presynaptic
mechanism induced by HCARI. To further test this hypothesis,
we performed a PPR experiment before and after HCAR1 activa-
tion. These experiments revealed a significant increase in the PPR
value (t) = —5.18, p = 0.002, paired  test; Fig. 2d), supporting
the notion that HCAR1 has a presynaptic component.

However, previous works indicated that HCARI1 activation
modulates passive properties and decreases the firing frequency
of rat CAl pyramidal neurons (Herrera-Lopez and Galvén,
2018). Thus, we investigated whether HCAR1 activation could
modulate intrinsic properties of mouse cortical neurons as well.
We observed that the activation of HCAR1 with 3CI-HBA (40
M) decreased firing frequency by 45% (t(,, = 6.53, p = 0.003,
paired ¢ test; Fig. 2e), as previously observed by Herrera-Lopez
and Galvan (2018). Table 3 further shows that the activation of
HCARI causes a significant decrease in Ry (t4, = 4.35, p = 0.01,
paired ¢ test) and membrane time constant (f,) = —3.69, p =
0.02, paired t test) increases the rheobase current (#.,) = —4.09,
p = 0.01, paired ¢ test), and hyperpolarizes the RMP (z,, = 3.41,



4428 - ). Neurosci., June 5,2019 - 39(23):4422- 4433

p = 0.03, paired ¢ test). These experiments indicate that HCAR1
activation induces changes in the intrinsic membrane properties
of mouse cortical neurons, eliciting a decrease in excitability in
addition to a presynaptic mechanism.

Activation of HCARI1 decreases neuronal calcium

spiking frequency

The spontaneous spiking activity of primary cortical neurons was
then measured by calcium imaging. As previously demonstrated
(Bozzo et al., 2013), intracellular calcium transients directly cor-
relate with action potentials in single neurons. This approach
offers the advantage of recording a number of cells in parallel
without altering the intracellular solute composition compared
with the whole-cell patch-clamp method.

Activation of HCAR1 was tested in neurons obtained from
both WT and HCAR1 KO mice. HCARI is endogenously acti-
vated by L-lactate in neurons with an apparent ICs, of 4.2 mm
(Bozzo et al., 2013). For these experiments, we tested the endog-
enous ligand L-lactate, as well as two specific nonmetabolized
agonists of HCARI1, namely, 3,5-DHBA and the newer, higher
affinity agonist 3CI-HBA. Figure 3a shows that application of
L-lactate (5 mM) on neurons from WT mice led to a decrease in
spontaneous spiking frequency by ~40%, as observed previously
(Bozzo et al., 2013). We then tested the higher-affinity agonist
3CI-HBA and performed a log-dose analysis of its effect on neu-
ronal activity (Fig. 3b). 3CI-HBA caused a decrease in spiking
frequency with an IC;5, of 21.6 = 6.1 um (n = 23 experiments),
virtually identical to the 22 uM potency originally found with the
mouse HCARI isoform (Dvorak et al., 2012). Figure 3¢ summa-
rizes this series of experiments and shows that L-lactate (F, ,5) =
555.95, p < 0.0001, ANOVA), 3,5-DHBA (F(, ;5 = 429.20, p <
0.0001, ANOVA), and 3CI-HBA (F,,, = 224.57, p < 0.0001,
ANOVA) strongly decreased spiking frequency. In sharp con-
trast, L-lactate (F, 5, = 45.71, p = 0.26, ANOVA), 3,5-DHBA
(Fou1) = 47.59, p = 0.22, ANOVA), or 3CI-HBA (F, ;) = 3.93,
p =1, ANOVA) did not alter the spontaneous spiking frequency
in neurons prepared from HCAR1 KO mice. This result is a
strong indication that HCARI activation is responsible and re-
quired for the modulatory effects of L-lactate on neuronal net-
work spontaneous activity. It should be added that in control
conditions, neurons obtained from HCAR1 KO displayed an ap-
proximately twofold higher basal activity compared with WT
neurons (t;, = —4.83, p < 0.0001, unpaired t test; Fig. 3d),
suggesting that HCAR1 might have a role in the tonic inhibition
of neuronal activity.

Intracellular HCARI signaling pathways in neurons

HCA receptors have been reported to be coupled to G; proteins in
the adipose tissue (Liu et al., 2009). Our group previously dem-
onstrated that the lactate effect on cortical neurons is sensitive to
pertussis toxin, which supports the notion that HCARI in neu-
rons decreases neuronal activity through the G;-protein pathway
(Bozzo et al., 2013). Therefore, we investigated whether the
downstream effectors of G;-protein were involved in the decrease
of neuronal activity induced by HCAR1 activation.

Using calcium imaging, we analyzed the effect of HCARI ac-
tivation on neuronal spiking frequency upon pharmacological
manipulation of the intracellular pathways known to follow the
activation of G;-proteins. Activation of AC by forskolin (10 um)
caused an ~30% increase in spiking activity in WT neurons,
which was reversed by concomitant activation of HCARI (F; 4
= 23.16, p < 0.0001, ANOVA; Fig. 4a). In comparison, forskolin
was found to have a stronger stimulatory effect on neurons from
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Figure 4.  Adenylyl cyclase, cAMP, and PKA involvement in neuronal HCAR1 signaling.
a, Activation of AC with forskolin (10 ) increased spiking activity in both WT (n = 44
cells, 5 experiments) and HCART KO (n = 29 cells, 3 experiments) neurons compared with
their respective baseline activity. b, Application of 3,5-DHBA (1 mw), in sequence with
forskolin, decreased spiking activity in WT, but not in HCART KO neurons. Inhibition of AC
with 522536 (10 m) decreased spiking activity in WT neurons (n = 46 cells, 6 experi-
ments). Application of 3,5-DHBA, in sequence with SQ22536, caused no further decrease
in neuronal activity. ¢, Representative trace of the effects of HCART activation on cAMP
levels measured using the Epac2-camps FRET sensor. The FRET (CFP/YFP) ratio, propor-
tional to the cCAMP levels, is shown for a single neuron along the timeline. Application of
the ACactivator forskolin (10 wm) caused a rapid signal rise, and the subsequent HCAR1
activation using 3CI-HBA (40 wm) reversed this increase. d, Summary of absolute FRET
ratio values in the presence of forskolin before and after stimulation of HCAR1 using
3CI-HBA. The graph shows individual values plotted along with the mean value of all
experiments (n = 6 cells, 6 experiments). e, Inhibition of PKA with H-89 (1 wum) decreased
spiking activity in WT neurons (n = 64 cells, 6 experiments). Application of 3,5-DHBA, in
sequence with H-89, did not further decrease neuronal activity. Significance is shown compared
with control and among conditions in a, b, and e. **p << 0.01, ***p << 0.001, ns, not significant.

HCAR1 KO animals, suggesting a tonic inhibitory effect operated
by HCARI1 on AC. Moreover, the HCAR1 agonist 3,5-DHBA had
no effect on the forskolin-induced activity of these neurons (F; ,,
= 24.89, p = 1, ANOVA; Fig. 4a). Conversely, the inhibition of
ACwith SQ22536 (10 um) decreased neuronal spiking activity by
~40%. In this situation, under AC inhibition, HCARI1 activation
did not cause further spiking activity decrease (F; 5y = 15.39,p =
1, ANOVA; Fig. 4b). These results indicate that HCAR1 activa-
tion impacts AC in neurons. Live-cell imaging of cAMP levels in
neurons was then performed using the FRET sensor Epac2-
camps. Figure 4¢ shows that forskolin application caused a rapid
increase in FRET response, corresponding to cAMP level rise.
This cAMP level increase was efficiently reversed by the applica-
tion of the HCARI1 agonist 3CI-HBA (¢, = 6.62, p = 0.001,
paired t test; Fig. 4¢,d). We then tested PKA as one of the main
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(a,4R). To address this question, we used
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downstream targets of AC-cAMP. To this aim, we used H-89 (1
uM) to inhibit PKA, which led to a decrease in neuronal network
activity. Under PKA blockade, the activation of HCARI using
3,5-DHBA did not cause a further decrease in spiking activity
(Fs6) = 80.75, p = 0.61, ANOVA; Fig. 4e). Together, these ex-
periments demonstrate that HCARI action on neuronal spiking
activity involves the inhibition of AC, causing a decrease in cAMP
levels and in turn of PKA activity.

HCARLI interacts with G;-coupled receptors to modulate
neuronal activity

A characteristic feature of GPCRs is their ability to cross talk with
other GPCRs at the level of their intracellular pathways (Werry et
al., 2003). These interactions significantly complexify their effects
on cellular or network targets. We therefore asked whether
HCARI is capable of functionally interacting with other G;-
coupled receptors, such as the adenosine A1 receptor (A1R), the
GABAjy receptor (GABAgR), and the «,,-adrenoreceptor

HCART interaction with other G;-coupled receptors for the modulation of neuronal activity. a, HCAR1 was first
activated using 3,5-DHBA (1 mwm) and in a second phase, the agonist of A1R, CPA (30 nm), was coapplied, which caused a stronger
decrease in spiking activity compared with HCAR1 activation alone. The same protocol was performed with a reverse order of
receptor activation (i.e., first CPA and then 3,5-DHBA application). b, ¢, Although the secondary 3,5-DHBA application caused a
partial reversal of inhibition in neurons from WT animals (b), it had no effect on neurons from HCAR1 KO animals (c). d, e, The effect
of the coactivation of AR with HCART in the presence of gallein (10 um), a By subunit signaling inhibitor (d), or U73122 (10 um),
a PLCblocker (e), is shown. Both treatments prevented the partial reversal of inhibition observed in b. f, g, Effect of By subunit
inhibition using gallein (10 wum; f) and of PLC blockade with U73122 (10 wum; g) on HCART activation alone using 3CI-HBA-HBA (40
jan). Inhibition of By subunit partially reverted HCAR1 effect on neural activity; however, PLC blockade did not influence the
HCAR1 effect. Data are the mean == SEM from 21 cells, 4 experiments (a); 20 cells, 4 experiments (b); 27 cells, 4 experiments (c);
26 cells, 4 experiments (d); 14 cells, 3 experiments (e); 33 cells, 4 experiments (f); and 22 cells, 3 experiments (g). Significance is
shown compared with control and among conditions. *p << 0.05, **p << 0.01, ***p << 0.001, ns, not significant.

Fig. 5b). We repeated the same protocol
with GABAgR or a,,R, and the same pat-
tern was observed (Table 4). To ascertain
that this effect was specifically brought
about by HCARI, we repeated these ex-
periments with neurons prepared from
HCARI-KO animals. Figure 5¢ (F3 5 =
193.06, p = 1, ANOVA) and Table 4 show
that in neurons lacking HCAR1, no such
interaction was observed, indicating that
the observed effects were indeed mediated
by the HCARI. We then asked whether
this reversal effect caused by HCAR1 acti-
vation was generic to all Gj-coupled re-
ceptors. We repeated the experiments depicted above for AIR/
GABARR, A1R/a,,R, and o, \R/GABAR pairs. The results listed
in Table 5 indicate that this reversal of inhibition was not ob-
served among these receptor pairs, which did not recapitulate the
observations made with HCARI. This indicates that this reversal
of frequency decrease is a distinct property of HCAR1 activation.

Overall, these experiments revealed that, depending on which
receptor is activated first in sequence, different levels of inhibi-
tion of spiking frequency are obtained upon HCAR1 coactivation
with other G;-coupled receptors, highlighting the complexity of
the modulation of neuronal activity operated by HCARI.

The G;3.,—PLC pathway is involved in the interaction of
HCARI with G;-coupled receptors

Although the G; pathway is classically known for its ability to
inhibit AC, both G;, and Gz, subunits can transduce signals.
One of the key effectors directly regulated by G, subunits is PLC.
PLC catalyzes the hydrolysis of phosphatidylinositol 4,5-
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Table 4. HCAR1 interactions with GABA and «,, receptors and neuronal activity

de Castro Abrantes et al. @ HCAR1 and Neuronal Activity

Table 6. Mechanism of HCAR1 interaction with GABA, and a,, receptors

WT HCART KO Frequency (%) Neets Nexp
Frequen(y (%) Deelts s nexp FrEquen(y (%) Deeltss nexp GABABR/HCAR1
GABAGR/HCAR1 Baclofen” #N5*+76 13,3
3,5-DHBA? 323 + 6.9 37,4 —> + 3,5-DHBA + gallein 413 + 696"
—s + baclofen 26+ 33*% Baclofen 36.6 = 16.2 19,3
Baclofen 139+08 12,3 53234 35,4 — + 3,5-DHBA + U73122 125 24"
— +35-DHBA  43.6 + 5.5% 517 =45 ™ 0, RIHCART
a,,R/HCART Guanfacine 405+ 6.0 22,4
3,5-DHBA 484 +89 44,4 —> + 3,5-DHBA + gallein 46.0 = 6.3™*
— + Guanfacine 8.4 £ 3.3* Guanfacine 512 £ 117 17,3
Guanfacine 242+ 28 36,4 268 = 8.4 29,4 — + 3,5-DHBA + U73122 475 95"
— +35-DHBA 542 + 41% 272+ 82"

Data are expressed as the percentage of the frequency observed in baseline conditions and as the mean = SEM.n.s.,
not significant ANOVA, Bonferroni correction, for n cells from n experiments. Statistical significance is indicated for
comparisons between the two displayed conditions.

“Concentrations used: 1 mm 3,5-DHBA, 0.5 rem baclofen, and 10 um guanfacine.
*» < 0.05.

Table 5. Lack of functional interactions among A1, GABA; , and «,, receptors

Ffequency (%) ncells’ nexp
ATR/GABAGR
(PA? 24+21 20,3
— + baclofen 18+ 1.6
Baclofen 15+76 18,3
— + (PA 2.7 +02%
ATR/a,R
CPA 89+388 19,3
— + Guanfacine 84 +33"
Guanfacine 39.2 =83 17,3
— + (PA 3.8 + 1.9%
a,,R/GABAR
Guanfacine 512+ 116 16,3
—> + Baclofen 44 +98"
Baclofen 60.1 =54 18,3
— + Guanfacine 416 £ 75

Data are expressed as a percentage of the frequency observed in baseline conditions or as the mean == SEM. n.s., not
significant. ANOVA, Bonferroni correction, for n cells from n experiments. Statistical significance indicated for com-
parisons between the two displayed conditions.

“Concentrations used: 30 nm CPA, 0.5 um baclofen, and 10 M guanfacine.
*p < 0.05.

biphosphate to generate 1,2-diacylglycerol and inositol 1,4,5-
trisphosphate, which binds to its receptor on the endoplasmic
reticulum (Rhee, 2001). Thus, we investigated whether PLC acti-
vation induced by the Gz, subunit was involved in the observed
effect on the functional interaction between HCARI and G;-
coupled receptors. In experiments repeating the sequence of ag-
onist application presented in Figure 5b, the inhibition of the
Gp,, subunit using gallein suppressed the partial reversal of inhi-
bition induced by the coactivation of AIR and HCAR1 (F; 5y =
84.71, p = 1, ANOVA; Fig. 5d). The same approach was applied
to test the involvement of the G,z subunit on the cooperation
observed between GABARR or a,,R and HCARI. As indicated in
Table 6, in both cases, gallein prevented the HCARI agonist from
reversing the inhibition induced by GABAgR or a,,R stimula-
tion. In all experiments, after washout of gallein and agonists, the
spiking frequency returned to its control value (data not shown).
These results support the involvement of the G4, subunit in the
observed effects.

PLC s classically activated by the G- and Gz, -proteins dis-
sociated from Gg-coupled receptors. However, PLC was also
shown to be activated by G;,-proteins released from G;-proteins
(Tomura et al., 1997; Mizuta et al., 2011). Thus, we investigated
whether PLC was the downstream mechanism activated by the

Data are expressed as a percentage of the frequency observed in baseline conditions or as the mean == SEM. n.s., not
significant. ANOVA, Bonferroni correction, for n cells from n experiments. Statistical significance indicated for com-
parisons between the two displayed conditions.

“Concentrations used: 1 mm 3,5-DHBA, 0.5 wm baclofen, 10 um guanfacine, 10 wm gallein, and 10 pum U73122.

G, subunit and involved in the interplay between HCAR1 and
other Gj-coupled receptors. The application of U73122, the in-
hibitor of PLC, prevented HCAR1 agonist from reversing the
spiking frequency decrease caused by AIR (F; 5, = 1621.87,p =
1, ANOVA; Fig. 5e), GABARR, or a, 4R (Table 6). After washout
of U73122 and agonists, the spiking frequency returned to its
control value (data not shown). These results indicate that the
partial reversal of inhibition caused by HCAR1 activation under
these conditions involves G;g, and PLC. As a control, we assessed
the effect of G;z, and PLC blockade on the HCARI signaling
itself. Blockade of G;g, was sufficient to decrease the inhibitory
action of HCARI (F 5 5, = 84.10, p = 0.008, ANOVA; Fig. 5f). In
contrast, the inhibition of PLC did not influence the effect of
HCARI activation alone (F 5 5y = 59.38, p = 1, ANOVA; Fig. 5g).
Thus, it appears that the G, subunit is necessary for the modu-
latory effects of HCARI, but that PLC is only required upon
activation of an additional G;-coupled receptor. Together, these
results indicate that HCARI interacts with G;-coupled receptors
in a complex but specific manner, through both its G;, and G,
subunits.

Discussion

In this study, we demonstrate that HCAR1 in neurons is neces-
sary for the modulation of spontaneous neuronal activity in-
duced by L-lactate. We observed that HCARI activation with
L-lactate induced a reversible decrease in the neuronal calcium
spiking activity by ~40%, in line with first indications reported
by our group (Bozzo et al., 2013). Activation of HCAR1 with
nonmetabolized agonists 3,5-DHBA and 3CI-HBA also de-
creased neuronal calcium spiking, as well as the mEPSCs fre-
quency and AP firing frequency by similar amounts. We observed
that HCARI activation induced changes in PPR and modulated
neuronal intrinsic properties. As decisive arguments for the crit-
ical role of HCARI, the activity of HCARI KO neurons was to-
tally insensitive to HCAR1 agonists and the basal activity of these
neurons was higher than that of neurons from WT mice. HCAR1
is therefore required for the nonmetabolic effects of L-lactate on
spontaneous and tonic neuronal activity.

The HCARI pattern of expression in the CNS was first de-
scribed to localize at the membrane of excitatory synapses of the
hippocampus and cerebellar cortex (Lauritzen et al., 2014). How-
ever, because of the questionable specificity of HCAR1 antibodies
currently available (Table 1; Michel et al., 2009; Wallenius et al.,
2017), the precise HCAR1 cellular and regional localization in the
brain remains uncertain. At this stage, one can find evidence for
HCARI brain expression from in situ hybridization (the Allen
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In the CNS, several studies provided
evidence for a signaling role of L-lactate.
Suzuki et al. (2011) reported that long-
term memory formation and mainte-
nance are mechanisms for which r-lactate
plays an essential role. Yang et al. (2014)
showed that L-lactate stimulates the ex-
pression of synaptic plasticity-related
genes. In vivo administration of L-lactate
inhibited firing in the hippocampus (Gil-
bert et al., 2006), and in the subfornical
organ 5 mM L-lactate decreased spiking
activity of GABAergic neurons (Shimizu
etal., 2007). A recent study showed that 5
mM L-lactate and the HCARI agonist 3,5-
DHBA, decreased neuronal activity in a
nonmetabolic way by modulating neuro-
nal intrinsic excitability, significantly
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blocking fast-inactivating sodium current
and increasing the delay from inactivation
to a conducting state of the sodium
channel in rat CAl pyramidal neurons
(Herrera-Lopez and Galvan, 2018).
L-lactate also plays an important protec-
tive role in cerebral ischemia. It was
observed that intracerebral L-lactate ad-
ministration, decreases the lesion size and
improves the neurological outcome
(Berthet et al., 2009). A follow-up study
showed that both L-lactate and D-lactate,
which is poorly metabolized but also acti-
vates HCARI, equally provides neuropro-
tection in ischemic conditions, and that
3,5-DHBA reduces cell death, suggesting
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Control HCAR1 HCAR1 that L-lactate protective functions involve

\ GPCRx / HCARI activation (Castillo et al., 2015).
HCARI was also shown to be involved

/ 1st 2nd \ in enhanced brain angiogenesis linked
@ S ® with physical activity (Morland et al.,

2017).

By using electrophysiological record-
ings, we observed that HCARI activation
decreased the frequency of mEPSCs, pro-
viding an indication for a presynaptic ac-
tion of this receptor. This conclusion was
supported by PPR experiments. To our
knowledge, it is the first evidence of a pre-
synaptic effect of HCAR1. A change in ex-
citability has also been observed by others
in rat hippocampal neurons (Herrera-
Lopez and Galvan, 2018). We investigated
whether this was the case in mouse corti-
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the rheobase current, and caused RMP
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Figure 6.

Brain Atlas, http://www.brain-map.org), proteomics (UniProt
database, https://www.uniprot.org), and transcriptomics (Zhang
etal, 2014). HCARI expression in the brain was estimated to be
one order of magnitude lower than in adipose tissue, where it was
initially identified (Lauritzen et al., 2014).

HCAR1 modulation of neuronal activity. Scheme depicting the modulatory effect brought about by HCART, when
activated in isolation (Top) or with concurrent activation of other G-coupled GPCRs (Middle, Bottom).

hyperpolarization. These changes in ex-
citability possibly involve the modulation
of potassium conductances and of fast in-
activating sodium currents reported by Herrera-Lopez and
Galvan (2018). These experiments provided evidence supporting
a presynaptic as well as a postsynaptic effect of HCARI.

In adipocytes, HCARI signals through a G;,-protein pathway
(Geetal., 2008) and L-lactate mediates its antilipolytic effect with
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an IC,, value of ~5 mm (Cai et al., 2008; Liu et al., 2009). In the
present study, we investigated whether in cortical neurons the
G;,-protein pathway and its canonical downstream effectors
were engaged for the observed inhibition of neuronal activity.
Our group was able to reverse the inhibitory effect of L-lactate on
neuronal activity by applying pertussis toxin, an inhibitor of G;,-
proteins, which provided a first indication for the involvement of
G;-coupled receptor-mediated action of lactate in cortical neu-
rons (Bozzo et al., 2013). Here, we found evidence for the in-
volvement of AC, as the enhancement of spiking activity by the
AC activator forskolin could be reversed by HCARI activation.
Importantly, this did not happen in neurons from HCAR1 KO
mice. Conversely, inhibiting AC using SQ22536 decreased spon-
taneous spiking; however, HCARI activation had no further ef-
fect. By directly measuring cAMP in single living neurons using a
cAMP FRET biosensor, we found that the increase of cCAMP level
induced by AC activation was reversed by the HCAR1 agonist.
This result is in agreement with the report made in rat hippocam-
pal slices (Lauritzen et al., 2014). One important downstream
target of cCAMP is PKA. We found that under PKA inhibition,
HCARLI activation did no longer decrease neuronal spiking activ-
ity. Overall, these experiments indicate that the downmodulation
of spontaneous neuronal activity by HCAR1 activation requires a
functional intracellular AC-cAMP-PKA signaling pathway.
Along these lines, cAMP is known to serve as a signal that mod-
ulates neuronal vesicular release through PKA-dependent and
PKA-independent mechanisms (Seino and Shibasaki, 2005).
Moreover, it is known that Gj-coupled receptors (e.g., AlR,
GABAR, a,,R) regulate neuronal excitability by inducing or
modulating ion currents such as various K * conductances, in-
cluding HCN (Wang et al., 2007), two-pore domain K * channels
(Deng et al., 2009), or GIRK channels (Breton and Stuart, 2017).

In several systems, GPCRs have the properties to interact with
each other, enabling them to operate a much more complex
modulation than individual transduction pathways acting inde-
pendently (Werry et al., 2003). It was shown that coactivation of
two G;y/,-coupled receptors (e.g., Al adenosine and cannabinoid
CB1 receptors) reduces cAMP formation in rat hippocampus,
which causes additive inhibitory effects on neuronal activity
(Serpa et al., 2009). Another example of intracellular interaction
of combined G;-coupled receptor activation was found between
adenosine Al and group II metabotropic glutamate receptors:
their sequential activation did not lead to additive presynaptic
inhibition, but to a mutual occlusion of effects on retinotectal
synapses (Zhang and Schmidt, 1999).

We therefore questioned whether HCAR1 follows such inter-
action patterns with other classical G;-coupled receptors. We se-
lected the adenosine A1, GABAj, and «,,-adrenergic receptors,
which are all G;-coupled receptors known to be expressed in
cortical neurons and to signal through the decrease of AC activity,
cAMP levels, and PKA activity. When HCARI1 was stimulated
first in sequence followed by the stimulation of the other GPCR,
an apparent additive decrease in spiking frequency was observed.
However, when the order of receptor activation was permutated,
HCARLI activation rather partly reversed the inhibitory effect of
the first receptor. The observation was made with all three recep-
tors (adenosine Al, GABAy, and «,,-adrenergic receptors) and
was absent in HCAR1 KO neurons. This type of cooperation was
not reproduced when selecting pairs among these three GPCRs.
Thus, HCARI appears to have distinctive actions on neuronal
activity when activated in combination with other receptors shar-
ing similar transduction mechanisms.
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The way HCARI is interacting with other GPCRs likely in-
volves additional mechanisms than the canonical AC-cAMP—
PKA pathway. It was demonstrated that recombinant HCARI1
activation induces ERK1/2 phosphorylation through the activa-
tion of its Gg,-subunit (Li et al., 2014). HCAR1 may therefore
have the ability to signal through both its G;, and G;g,, subunits.
We postulated that the partial reversal of inhibition of G;-coupled
receptors brought about by HCAR1 is mediated by G; ., subunits
released from the G; complex after receptor stimulation. We
found that blocking G;,, subunit not only reduced the inhibitory
effect of HCAR1 alone, but also prevented the reversal of spiking
inhibition observed when HCARI was activated in sequence with
another G;-coupled receptor. In further support of this hypoth-
esis, the blockade of PLC, a downstream target of G By (Katzetal.,
1992), also prevented the observed partial reversal of inhibition.
However, PLC seems to be engaged only when HCARI is acti-
vated in sequence with another receptor, since PLC blockade did
not alter the effect of HCAR1 activation alone.

In this study, we demonstrate that lactate has the ability to
modulate neuronal activity through HCARI, providing further
support for the hypothesis that lactate, in addition to being an
energy substrate for neurons, can function as a gliotransmitter.
HCAR1 mediates its effect through its G;, subunit and its down-
stream effectors, resulting in a decrease of neuronal excitability
and consequent firing frequency (Fig. 6). The ability of HCAR1 to
functionally interact with other GPCRs through both G;, and
G, subunits adds a level of complexity to its mechanism of
action on neuronal activity and implies that the outcome of its
activation in vivo will depend on whether other receptors of this
class are active at any given time.
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