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Abstract 1 

The discovery of a G protein-coupled receptor for lactate named hydroxycarboxylic acid receptor 1 (HCAR1) in 2 

neurons has pointed to additional non-metabolic effects of lactate for regulating neuronal network activity. In 3 

this study, we characterized the intracellular pathways engaged by HCAR1 activation, using mouse primary 4 

cortical neurons from wild-type (WT) and HCAR1 knock-out (KO) mice from both sexes. Using whole-cell patch-5 

clamp, we found that activation of HCAR1 with 3-chloro-5-hydroxybenzoic acid (3Cl-HBA) decreased miniature 6 

excitatory postsynaptic current frequency, increased paired-pulse ratio, decreased firing frequency, and 7 

modulated membrane intrinsic properties. Using fast calcium imaging, we show that HCAR1 agonists, 3,5-8 

dihydroxybenzoic acid (3,5-DHBA), 3Cl-HBA, and lactate decreased by 40% spontaneous calcium spiking 9 

activity of primary cortical neurons from WT but not from HCAR1 KO mice. Notably, in neurons lacking HCAR1 10 

the basal activity was increased compared to WT. HCAR1 mediates its effect in neurons through a Giα-protein. 11 

We observed that the adenylyl cyclase-cAMP-protein kinase A axis is involved in HCAR1 down-modulation of 12 

neuronal activity. We found that HCAR1 interacts with adenosine A1, GABAB, and α2-adrenergic receptors, 13 

through a mechanism involving both its Giα and Giβɣ subunits, resulting in a complex modulation of neuronal 14 

network activity. We conclude that HCAR1 activation in neurons causes a down-modulation of neuronal 15 

activity through presynaptic mechanisms and by reducing neuronal excitability. HCAR1 activation engages both 16 

Giα and Giβɣ intracellular pathways to functionally interact with other Gi -coupled receptors for the fine tuning 17 

of neuronal activity. 18 

19 
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 20 

Significance Statement 21 
 22 

Expression of the lactate receptor HCAR1 was recently described in neurons. Here, we describe the 23 

physiological role of this G-coupled receptor (GPCR) and its activation in neurons, providing information on its 24 

expression and mechanism of action. We dissected out the intracellular pathway through which HCA1R 25 

activation tunes down neuronal network activity. For the first time, we provide evidence for the functional 26 

cross-talk of HCA1R with other GPCRs, such as GABAB, adenosine A1 and α2A adrenergic receptors. These 27 

results set HCAR1 as a new player for the regulation of neuronal network activity acting in concert with other 28 

established receptors. Thus, HCAR1 represents a novel therapeutic target for pathologies characterized by 29 

network hyperexcitability dysfunction, such as epilepsy. 30 

 31 
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Introduction 32 

Lactate has long been considered a waste product of cellular metabolism. In the central nervous system (CNS), 33 

this concept was challenged in the 90s when lactate was proposed to play an important role as energy 34 

substrate for neurons (Pellerin and Magistretti, 1994). Since then, several studies indicated the valuable 35 

contribution of lactate as a metabolic fuel in several cell types, as a neuroprotective agent, as well as its role as 36 

a signaling molecule (for reviews, see e.g. Gladden, 2004; Barros, 2013). 37 

The extracellular level of lactate in the brain is estimated to be in the low millimolar range at the resting 38 

state (Abi-Saab et al., 2002). It has also been reported that physical exercise increases L-lactate plasma levels 39 

up to 10-20mM (Offermanns, 2017). Under these conditions the brain becomes a net consumer of lactate 40 

(Dalsgaard et al., 2004). Upon synaptic activity lactate level undergoes a two-fold increase (Dienel et al., 2007). 41 

The main cell type locally producing lactate in the brain is likely to be astrocytes, as recently reported in the in 42 

vivo mouse brain (Mächler et al., 2016), although this notion was recently challenged (Diaz-Garcia et al., 2017). 43 

The recent discovery of a new mechanism for lactate release from astrocytes through a K+-sensitive channel 44 

(Sotelo-Hitschfeld et al., 2015), indicates that lactate can be rapidly mobilized and may possibly lead to a 45 

transient elevation of its extracellular concentration to high levels in microdomains close to neuronal 46 

membranes, including synapses.  47 

Recent studies indicated that energy substrates and metabolites of the energy metabolism had 48 

extracellular signaling properties by acting through the activation of G protein-coupled receptors (GPCRs) (Blad 49 

et al., 2012; Husted et al., 2017). One of them, originally named GPR81, now known as hydroxycarboxylic acid 50 

receptor 1 (HCAR1), has lactate as endogenous ligand (Cai et al., 2008). HCAR1 was initially described as being 51 

markedly expressed in adipocytes, where its activation induces the inhibition of lipolysis through the activation 52 

of a Gi-dependent intracellular pathway (Liu et al., 2009). Our research group was the first to demonstrate that 53 

L-lactate and a HCAR1 agonist decreases spiking activity of cortical neurons in a pertussis-sensitive manner 54 

(Bozzo et al., 2013). In the locus coeruleus, L-lactate had rather an excitatory effect suggesting the 55 
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involvement of a different receptor, possibly Gs-coupled, yet to be identified (Tang et al., 2014). The aim of the 56 

present study was to explore the downstream effectors of HCAR1 activation and clarify the mechanisms 57 

through which this receptor modulates neuronal activity in mouse cortical neurons. 58 

We focused on the investigation of the intracellular pathway mediated by the activation of Gi-coupled 59 

receptors, which classically inhibits the adenylyl cyclase (AC) as a first phase of the intracellular cascade that 60 

contributes to the decrease in neuronal activity (Seino and Shibasaki, 2005). To explore these aspects, we 61 

compared the modulatory effects of HCAR1 activation on neuronal activity of primary neurons from both wild-62 

type (WT) and HCAR1 knock-out (KO) mice, using electrophysiological recordings and calcium imaging. Our 63 

study indicates that HCAR1 activation engages the AC-cAMP-PKA pathway and has a presynaptic effect, which 64 

is accompanied by a decrease in neuronal excitability. We further discovered that HCAR1 interacts with other 65 

Gi-coupled receptors to fine-tune neuronal activity through a complex bimodal mechanism that involves the 66 

Gβɣ subunit and activation of phospholipase C (PLC). This interaction adds a higher level of complexity to the 67 

functional outcome of HCAR1 activation.  68 
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Material and Methods  69 

Ethics statement 70 

All experimental procedures were carried out in accordance with the recommendations of the Swiss Ordinance 71 

on Animal Experimentation, and were specifically approved for this study by the Veterinary Affair of the 72 

Canton Vaud, Switzerland (authorizations# 1288.6 and 1288.7). 73 

Animals 74 

HCAR1 KO and mRFP-HCAR1 mouse lines where obtained from Max-Planck-Institute for Heart and Lung 75 

Research (Bad Nauheim, Germany). The generation and validation of these lines have been previously 76 

described (Ahmed et al., 2010). The genotype of all animals used for the experiments, was confirmed using 77 

polymerase chain reaction (PCR) analysis. 78 

Behavioral analysis 79 

The assessment of general behavior along with neurological and motor functions was performed in WT and 80 

HCAR1 KO male mice (8 and 15 weeks). In a first phase, mice went through a basic neurological screening to 81 

assess their general behavior/appearance, muscle tone, and motor function. Mice were placed in a 82 

transparent Plexiglas box and observed for 5 minutes by an experimenter blind to the genotype of the animals. 83 

Mice were checked for stereotyped behavior, convulsions, compulsive licking, self-destructive biting, and 84 

retropulsion. Next, the grasping reflex was tested by suspending the mouse by the tail and giving Yes/No score 85 

for hindpaw clasping over three consecutive trials. The grip strength was assessed by placing the animal on a 86 

grid and by gently pulling its tail; the mean score of three trials per animal was used for analysis. In the second 87 

phase, home cage behavior was monitored in Phenotyper cages (Noldus Information Technology, Leesburg, 88 

VA, USA; RRID:SCR_004074)) that allow the automated scoring of parameters related to locomotion, 89 

stereotypic behavior, feeding, and nesting. Briefly, mice were individually placed inside the Phenotyper cage 90 

for one day with water and food ad-libitum. A shelter was placed in one corner of the cage for automated 91 
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scoring of nesting behavior. An infrared camera tracked the mouse movements throughout the 1-day session 92 

allowing the monitoring of the above parameters. All the behavior data were collected and analyzed using the 93 

EthoVision XT 14 software (Noldus Information Technology, RRID:SCR-000441). 94 

Cell culture and transfection 95 

Mouse primary cultures from cortical neurons were prepared from E17 embryos, both male and female, from 96 

either WT, HCAR1 KO, or mRFP-HCAR1 C57bl/6N mouse lines. After removing the meninges, extracted cortices 97 

were incubated in 2ml of HBSS with 10mg/ml Worthington Trypsin for 20 minutes at 37°C, and then 98 

mechanically dissociated in Neurobasal (Invitrogen, Basel, Switzerland) culture medium supplemented with 99 

10% FCS. Dissociated cells were filtered using a 40μm nylon mesh cell strainer and re-suspended in Neurobasal 100 

culture medium complemented with 2% SM1 (Stemcell Technologies, Vancouver, Canada), 20mM GlutaMAX 101 

(Invitrogen), and 0.02mM glutamate. Cells were plated at a density of 20,000 cells/cm2 in 12mm and 20mm 102 

diameter glass coverslips, coated with poly-D-lysine and laminin (Sigma-Aldrich, Buchs, Switzerland). Half of 103 

the culture medium was exchanged every five days by a maturation medium composed of BrainPhys medium 104 

(Stemcell Technologies) and 2% SM1. Cells were used at DIV 12-18. 105 

Transfection with the plasmid carrying the cAMP Förster resonance energy transfer (FRET)-based 106 

biosensor (Epac2-camps) (Nikolaev et al., 2004) was performed using Lipofectamine 2000 (Invitrogen) by 107 

adding 3µg of DNA for 5-6 hours. Cells were transfected at DIV 10-12 and used 48h after transfection. 108 

DNA extraction and PCR 109 

Tissue was collected from phalanges of WT and HCAR1 KO E17 embryos used for the primary culture 110 

preparation. The tissue was incubated in the digestion buffer (in mM): NaCl 100, Tris 10, EDTA 25, 0.5% SDS 111 

and 5% Proteinase K (Roche), for 2h at 57°C. After 3 steps of centrifugation, the pellet was dried out and 112 

resuspended in TE buffer (Tris-HCl 10mM pH7.5, EDTA 0.1mM). The DNA was amplified using the Tpersonal 113 

Thermocycler (Biometra, Analytik Jena AG, Jena, Germany). Two sets of primers were used to amplify the 114 
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targets sequences: HCAR1 forward TTCTGCTTTCACATGAAGACC, HCAR1 reverse CAGAACAAGATGATTGTCAGG, 115 

and Neomycin forward GCAGCGCATCGCCTTCTATC, Neomycin reverse GATATCAGGTGGACAAGTCC. 116 

Quantitative RT-PCR 117 

Brains from WT (n=3) and HCAR1 KO (n=3) mice (1-month old) were dissected in 1mM MgCl2 RNAse-free PBS, 118 

then frozen in liquid nitrogen, and kept at -80°C until use. RNA extraction from tissue or cultured neurons was 119 

performed using the commercial Rneasy Mini Kit (Qiagen, Basel, Switzerland) and 1µg/µl was used for reverse 120 

transcription to cDNA with the High capacity cDNA Reverse Transcription Kit (Applied Biosystems, California, 121 

USA). The cDNA was amplified by quantitative RT-PCR (qRT-PCR) using the Power SYBR Green PCR Master mix 122 

(BioRad, California, USA), with specific primers for the target genes at 200nM (HCAR1: 123 

GGGGACTGTGTATCTTCTGA, GAGTCTTGGTGTAGAATTTGG; GAPDH: TCCATGACAACTTTGGCATTG, 124 

CAGTCTTCTGGGTGGCAGTGA). Samples were run in triplicates and negative controls were run for each target 125 

gene. All reactions were performed on a CFX96 Touch Teal-time PCR detection system (BioRad). Relative 126 

mRNA expression was quantified by using the comparative CT method, and results are shown as the fold 127 

change using the 2CT formula (Livak and Schmittgen, 2001). 128 

Immunohistochemistry 129 

Primary cortical neurons from mRFP-HCAR1 mice (n=2) grown on coverslips were fixed with 4% 130 

paraformaldehyde in phosphate-buffered solution (PBS) for 15 minutes on ice. Cells were pre-incubated with 131 

15% serum and 0.05% Triton X-100 and subsequently incubated overnight with the primary mouse anti-NeuN 132 

antibody (Catalog # MAB377, 1:200, Merck-Millipore, Darmstadt, Germany) and rabbit anti-mRFP (Catalog # 133 

600-401-379, 1:100, Rockland Immunochemicals, Pottstown, PA, USA). Cells were incubated with the 134 

appropriate secondary antibodies, i.e. Alexa Fluor 488-conjugated donkey anti-mouse IgG (Catalog # 135 

ab105105, 1:200, Abcam, Cambridge, UK) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG (Catalog # 136 

ab150076, 1:200, Abcam). Brain sections from 1 month-old WT (n=6) and HCAR1 KO (n=5) mice were obtain 137 

from mice anesthetized with sodium-pentobarbital (150mg/kg/intraperitoneally) and transcardially perfused 138 
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with 4% paraformaldehyde. The brains were sliced in a sagittal or coronal plane using a vibratome (Leica, 139 

VT1000S), or cryoprotected in 30% sucrose and sliced using a microtome (Microm, HM 400), in both cases 140 

30µm-thick slices were obtained. Slices were   pre-incubated with 15% donkey serum and 0.3% Triton X-100 141 

and subsequently incubated with the primary antibody overnight (see Table 1-1). In sequence, slices were 142 

incubated with the appropriate secondary antibody (see Table 1-2). 143 

Nuclei were stained using Hoechst (Invitrogen). Negative controls were performed in the absence of 144 

primary antibodies. Coverslips and slices were mounted in Fluorsave mounting medium (Merck-Millipore). 145 

Coverslips were analyzed using the Leica TCS SP5 confocal microscope (Leica, Wetzlar, Germany). Brain 146 

sections were analyzed using the Zeiss LSM 710 confocal microscope (Zeiss, Oberkochen, Germany). 147 

Western blot 148 

Western blot was performed as previously described (Grishchuk et al., 2011), using WT (n=4) and HCAR1 KO 149 

(n=4) cortex, hippocampus and cerebellum. Briefly, the different brain regions were dissected and then stored 150 

at -20°C in lysis buffer, containing (mM): HEPES 20, pH 7.4, NaCl 10, MgCl2 3, EGTA 2.5, dithiothreitol 0.1, NaF 151 

50, Na3VO4 1, 1% Triton X-100 and a protease inhibitor cocktail (Roche, 1187350001). Protein concentration 152 

was determined using a Bradford assay. Proteins (30–40 µg) were separated on 12% polyacrylamide gels and 153 

analyzed by immunoblotting. Primary antibodies (see Table 1-1) were diluted in blocking buffer with 0.001% 154 

PBS Tween-20 and incubated overnight at 4°C. Secondary antibodies (see Table 1-2) were diluted in blocking 155 

buffer and incubated for 1h. Protein bands were visualized with the Odyssey Infrared Imaging System (LICOR, 156 

NE, USA) or by using the enhanced chemiluminescence (ECL) method, using 200µl of ECL substrate 157 

(SuperSignal West Dura Extended Duration Substrate, ThermoFisher Scientific). Odyssey v1.2 software (LICOR) 158 

or Fujiflim Luminescent Image Analyzer (LAS 4000 mini) were used for analysis. Values were normalized with 159 

respect to actin.  160 
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Live cell microscopy 161 

Intracellular calcium imaging was carried out on an upright epifluorescence microscope (FN1, Nikon, Tokyo, 162 

Japan) using a 40X 0.8 N.A water-immersion objective lens. Fluorescence excitation wavelengths were selected 163 

using a fast filter wheel (Sutter Instr., Novato, CA) and fluorescence was detected using an Evolve EMCDD 164 

camera (Photometrics, Tucson, AZ). Digital image acquisition and time series were computer-controlled using 165 

the Metafluor software (RRID:SCR_014294). Up to 8 individual neurons were simultaneously analyzed in the 166 

field of view. Intracellular calcium was measured using Fluo-8 AM (5µM, Abcam) loaded for 15 min at 37°C, in 167 

a HEPES-buffered balanced solution containing (mM): NaCl 160, KCl 5.4, HEPES 20, CaCl2 1.3, MgSO4 0.8, 168 

NaH2PO4 0.78, glucose 20, pH 7.4 (adjusted with NaOH), supplemented with 0.1% Pluronic F127 (Molecular 169 

Probes, Eugene, OR). Fluorescence was excited at 490nm and detected at >515nm, with an acquisition rate of 170 

6-7Hz. Fluorescence intensity was measured over time in regions of interest delineating neuronal soma using 171 

Metafluor. Calcium transients were analyzed using Mini Analysis 6.0.3 (RRID:SC_002184), which includes an 172 

algorithm for the detection of complex and multiple events giving the possibility to detect overlapping or 173 

closely occurring peaks, thus allowing the analysis of the frequency of spontaneous calcium spikes under 174 

different experimental conditions. 175 

FRET measurements of intracellular cAMP levels were carried out measured in cells expressing Epac2-176 

camps, 48 hours after transfection on an epifluorescence inverted microscope (Zeiss) equipped with an image 177 

splitter (DV2, Photometrics, Tucson, AZ, USA), using a high numerical aperture fluorescence objective (40X 1.3 178 

N.A. oil-immersion). Fluorescence excitation wavelengths were selected via fast holographic monochromator 179 

(Polychrome II, Till Photonics, Planegg, Germany) coupled to a Xenon lamp and fluorescence was detected 180 

using an EM CCD camera (LUCA-R, Andor, Belfast, UK). Digital image acquisition was performed using the 181 

software Metafluor. One individual neuron was imaged in the selected field of view. Fluorescence was excited 182 

at 430nm and detected at 475nm and at 530nm, for CFP and YFP respectively, with an acquisition rate of 183 

0.2Hz. The region of interest from single cells YFP and CFP fluorescence intensities were extracted from the 184 
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CFP/YFP ratio using the Metafluor software. A decrease in FRET ratio signal reflects a decrease in the 185 

intracellular cAMP levels.  186 

Electrophysiological recordings 187 

Patch-clamp recordings were made using borosilicate glass pipettes (5–6 M), filled with intracellular solution 188 

containing (in mM): K-gluconate 135, NaCl 5, Na-phosphocreatine 5, MgCl2 1, EGTA 1, HEPES 10, Mg-ATP 2, 189 

and Na3-GTP 0.4, pH 7.2 (adjusted with KOH). Recordings were made with a Multiclamp 700B amplifier 190 

(Molecular Devices). Data were acquired with a Digidata 1440A (Molecular Devices), at 10kHz sampling rate, 191 

controlled with pCLAMP 10 software (RRID:SCR_011323) and analyzed with Clampfit (RRID:SCR_011323) and 192 

Mini Analysis (RRID:SCR_002184). The criterion for experiment inclusion in was based on the verification of 193 

stable access resistance and leak current (<200pA at −70 mV in control solution). 194 

Miniature excitatory post-synaptic currents (mEPSCs) were recorded at −70 mV in voltage-clamp in gap-195 

free mode. A stabilization period of 5 min was routinely allowed after establishment of the whole-cell 196 

configuration. Experiments were performed in presence of 1μM tetrodotoxin (TTX) and 60μM bicuculline. 197 

mEPSCs were recorded for 10 minutes in the absence and in the presence of HCAR1 agonist and the last 5 198 

minutes were analyzed. Cells included in the analysis had a membrane potential ≤−55 mV, stable access 199 

resistance, and recovery after washout.  200 

We further assessed cell passive properties and firing frequency of WT neurons in control conditions and 201 

after HCAR1 activation. The resting membrane potential (RMP) was measured in current clamp mode after the 202 

whole cell configuration was established. The input resistance (RN) was determined from the linear slope of 203 

the current-voltage relationship around the RMP, obtained by a series of 160-ms current steps (starting at -204 

140pA with 30pA increments). The rheobase was determined as the minimal current amplitude able to evoke 205 

an action potential (AP), and was obtained by applying 3-sec steps of positive current (starting at 0pA, 50pA 206 

increments). The firing frequency was assessed as the number of AP evoked in response to 1-sec current 207 

injection steps (0pA-450pA, 50pA increments). AP frequency was measured as the number of AP in response 208 
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to 150pA current injection. The membrane time constant was estimated by fitting an exponential function to a 209 

voltage step of -5mV. 210 

Paired pulse ratio (PPR) experiments were measured using a pipette solutions containing (in mM): CsF 211 

121.6, CsCl 8.4, Na-phosphocreatine 5, EGTA 1, HEPES 10, Mg-ATP 2, Na3-GTP 0.4, and QX-314Cl 1, pH 7.2 212 

(adjusted with CsOH). Neurons were voltage-clamped at -70mV in the whole-cell configuration. Stimulation 213 

was performed using a Pt-Ir concentric bipolar electrodes (Microprobes, MD, USA. Model CEA3, tip diameter 214 

2-3µm) placed near the recorded neuron and connected to an Iso-Flex stimulus isolator (A.M.P.I, Jerusalem, 215 

Israel). The minimum stimulation intensity able to trigger a single evoked EPSC was determined in the range 216 

0.4-1mA. Two consecutive 1ms stimuli were applied with an interval of 50ms. 217 

Solutions and drugs 218 

CO2/bicarbonate-buffered experimental solutions contained (mM): NaCl 135, KCl 5.4, NaHCO3 25, CaCl2 1.3, 219 

MgSO4 0.8, NaH2PO4 0.78, glucose 5, bubbled with 5% CO2/95% air. Glucose was maintained in a non-limiting 220 

fashion (5mM) in all solutions. Control extracellular solutions and solutions containing tested drugs were 221 

gravity fed at 1ml/min and at 35°C. The pH of CO2-equilibrated solutions was 7.4 and was not altered by the 222 

added L-lactate (Bozzo et al., 2013). L-lactate, 3,5-DHBA, 3Cl-HBA, 9-(tetrahydro-2-furany)-9H-purin-6-amine 223 

(SQ 22536), baclofen, guanfacine, gallein, and QX-314Cl were obtained from Sigma (Buchs, Switzerland). H-89 224 

dihydrochloride (H-89), N6-cyclopentlyladenosine (CPA), (1-[6-[[(17β)-3-methoxyestra-1,3,5(10)-trien-17-225 

yl]amino]hexyl]-1H-pyrrole-2,5-dione) (U73122) and bicuculline were obtained from Tocris (Bio-Techne, Zug, 226 

Switzerland). Forskolin was obtained from Biomol (Anawa Trading, Zurich, Switzerland) and TTX was obtained 227 

from BioTrend (Anawa Trading, Wangen, Switzerland). All drugs were diluted in CO2/bicarbonate-buffered 228 

solution to their final concentration and perfused in the same conditions as the control.  229 

Experimental design and statistical significance  230 

Immunohistochemistry data quantification was performed using the ImageJ software (RRID:SCR_003070). We 231 

first identified Hoechst-stained nuclei in the field, allowing us to assess the number of cells. We then 232 
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determined cells that were NeuN and/or mRFP-positive to assess the number of neurons that were expressing 233 

mRFP. For each independent experiment, three different fields of view were analyzed. Result of the 234 

quantification is shown as percentage of Hoechst positive cells.  235 

In order to assess HCAR1 functional role in neuronal activity, experiments were performed using a 236 

sequential application of drugs. Each individual experiment represents responses obtained by the application 237 

of the tested drugs, one following the other, on the same cells followed by washout with the control solution. 238 

Statistical analyses were performed using the KaleidaGraph software (RRID:SCR_014980). Data are means ± 239 

SEM and are represented as percentage compared to control, n represents the number of independent 240 

experiments. Data normality was checked using the Shapiro-Wilk test. 241 

When more than one condition was tested on the same experiment comparisons were made using one-242 

way ANOVA followed by Bonferroni correction for each experimental group to assess statistical significance 243 

against respective control, and among the tested conditions. When only one condition was tested the paired 244 

or non-paired t-test was performed to assess statistical significance. *, **, and *** refer to P values lower than 245 

0.05, 0.01 and 0.001, respectively. Only experiments where the effect of the tested drugs could be washed out 246 

were taken into consideration for analysis.  247 
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Results 248 

HCAR1 expression in neurons 249 

Localization of HCAR1 protein in neurons has been reported by us and other research groups based on 250 

immunohistochemistry (Bozzo et al., 2013; Lauritzen et al., 2014). In this study, qRT-PCR was used to assess 251 

HCAR1 mRNA expression in primary neuronal cultures at DIV 14 (Fig. 1a) from WT mice. Fig. 1b shows 252 

genotyping results of WT and HCAR1 KO mice. In the gene construct of HCAR1 KO mice the coding sequence of 253 

HCAR 1 was replaced by a cassette containing the lacZ and the neomycin resistance genes (Ahmed et al., 254 

2010). Samples from WT show a PCR HCAR1 band corresponding to 470bp product, whereas the ones from 255 

HCAR1 KO animals have a neomycin only 800bp product band. In a next phase, we wanted to investigate the 256 

HCAR1 protein expression and localization in primary cultured neurons. For this purpose we took advantage of 257 

the HCAR1 KO mice, not available in our first studies, to assess the specificity of commercial antibodies. Table 258 

1 shows that out of 9 commercial antibodies raised against different epitopes, tested by Western blot and/or 259 

immunohistochemistry, none displayed convincing absence of signal in HCAR1 KO tissue. To circumvent this 260 

issue, we used a transgenic mouse that expresses monomeric red fluorescent protein (mRFP) under 261 

the HCAR1 promoter (Ahmed et al., 2010). This fluorescent reporter protein is not targeted to the plasma 262 

membrane but spreads in the cytoplasm, allowing us to identify the cells which endogenously express the 263 

HCAR1 transcripts. In primary neurons from mRFP-HCAR1 mice, all Hoechst positive cells were also mRFP-264 

HCAR1 positive. Among these cells around 80% were also positive for NeuN (Fig. 1c,d). This result indicates 265 

that these cultured neurons express mRFP-HCAR1. The 20% of the cells that were mRFP-HCAR1 positive but 266 

NeuN negative, could represent cells that are not mature neurons and that also express HCAR1. 267 

HCAR1 KO animals show normal general behavior  268 

According to previous studies, HCAR1 KO mice do not show obvious abnormalities when compared to WT, 269 

which includes no difference in body weight (Ahmed et al., 2010) or locomotion when exposed to high-270 
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intensity interval exercises (Morland et al., 2017). We extended the phenotype analysis and performed a basic 271 

behavioral neurological screening in these animals. We did not find differences in the quantitative 272 

observations obtained with the Phenotyper cage nor during the free observation (Table 2). Neither WT nor 273 

HCAR1 KO animals presented traces of compulsive licking, self-destructive biting, retropulsion or convulsions. 274 

No differences were observed in the grip strength test (t (22) = 0.49, p=0.63, unpaired t-test) and in the 275 

hindpaw clasping test (none of the mice failed the test; WT, n=12 animals; HCAR1 KO, n=12 animals).  276 

Activation of HCAR1 decreases mEPSC frequency and excitability 277 

In a next phase, we evaluated the effects of HCAR1 activation on basal neurotransmission using the whole-cell 278 

patch-clamp technique. Fig. 2a shows representative electrophysiological traces of mEPSCs recorded from 279 

neurons of WT and HCAR1 KO mice. We observed a significant decrease (~50%) in mEPSCs frequency in the 280 

WT group during HCAR1 activation by its agonist 3Cl-HBA (40µM; F(2,6)=12.92, p=0.0013, ANOVA). 3Cl-HBA 281 

application did not alter the mean amplitude (F(2,6)=5.84, p=0.562, ANOVA) or kinetics (Rise: t(6)= -1.41, p= 282 

0.22; Decay t(6)= 0.19, p= 0.85; Area: t(6)= -0.77, p=0.48, paired t-test) of mEPSCs (Fig. 2b,c). Importantly, the 283 

frequency (F(2,5)=0.09, p=1, ANOVA), amplitude (F(2,5)=0.23, p=1, ANOVA) and kinetics (Rise: t(5)= 1.39, p= 284 

0.22; Decay t(5)= 0.87, p= 0.42; Area: t(5)= -0.63, p=0.56, paired t-test) of mEPSCs were not influenced by 285 

HCAR1 activation in neurons from HCAR1 KO mice (Fig. 2c). These results are a first indication of a presynaptic 286 

mechanism induced by HCAR1. To further test this hypothesis, we performed a PPR experiment before and 287 

after HCAR1 activation. These experiments revealed a significant increase in the PPR value (t (6) =-5.18, 288 

p=0.002, paired t-test) (Fig. 2d), supporting the notion that HCAR1 has a presynaptic component.  289 

However, previous works indicated that HCAR1 activation modulates passive properties and decreases 290 

the firing frequency of rat CA1 pyramidal neurons (Herrera-Lopez and Galvan, 2018). Thus, we investigated 291 

whether HCAR1 activation could modulate intrinsic properties of mouse cortical neurons as well. We observed 292 

that activation of HCAR1 with 3Cl-HBA (40µM) decreased firing frequency by 45 % (t (4)= 6.53, p= 0.003, paired 293 

t-test) (Fig. 2e), as previously observed by Herrera-Lopez and Galvan (2018). Table 3 further shows that 294 
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activation of HCAR1 causes a significant decrease in input resistance (t (4)= 4.35, p= 0.01, paired t-test) and 295 

membrane time constant (t (4)= -3.69, p= 0.02, paired t-test), increases the rheobase current (t (4)= -4.09, p= 296 

0.01, paired t-test), and hyperpolarizes the RMP (t (4) = 3.41, p= 0.03, paired t-test). These experiments 297 

indicate that HCAR1 activation induces changes in the intrinsic membrane properties of mouse cortical 298 

neurons, eliciting a decrease in excitability in addition to a presynaptic mechanism.  299 

Activation of HCAR1 decreases neuronal calcium spiking frequency 300 

The spontaneous spiking activity of primary cortical neurons was then measured by calcium imaging. As 301 

previously demonstrated (Bozzo et al., 2013), intracellular calcium transients directly correlate with action 302 

potentials in single neurons. This approach offers the advantage of recording a number of cells in parallel 303 

without altering the intracellular solute composition compared with the whole-cell patch-clamp method.  304 

Activation of HCAR1 was tested in neurons obtained from both WT and HCAR1 KO mice. HCAR1 is 305 

endogenously activated by L-Lactate in neurons with an apparent IC50 of 4.2mM (Bozzo et al., 2013). For these 306 

experiments, we tested the endogenous ligand L-lactate, as well as two specific, non-metabolized agonists of 307 

HCAR1, namely 3,5-DHBA and the newer, higher affinity agonist 3Cl-HBA. Fig. 3a shows that application of L-308 

lactate (5mM) on neurons from WT mice led to a decrease in spontaneous spiking frequency by approximately 309 

40%, as observed before (Bozzo et al., 2013). We then tested the higher affinity agonist 3Cl-HBA and 310 

performed a log-dose analysis of its effect on neuronal activity (Fig. 3b). 3Cl-HBA caused a decrease in spiking 311 

frequency with an IC50 of 21.6 ± 6.1µM (n= 23 exp.), virtually identical to the 22µM potency originally found 312 

with the mouse HCAR1 isoform (Dvorak et al., 2012). Fig. 3c summarizes this series of experiments and shows 313 

that L-lactate (F(2,15)=555.95, p<0.0001, ANOVA), 3,5-DHBA (F(2,15)=429.20, p<0.0001, ANOVA), and 3Cl-HBA 314 

(F(2,2)=224.57, p<0.0001, ANOVA) strongly decreased spiking frequency. In sharp contrast, neither L-lactate 315 

(F(2,15)=45.71, p=0.26, ANOVA), 3,5-DHBA (F(2,11)=47.59, p=0.22, ANOVA), nor 3Cl-HBA (F(2,4)=3.93, p=1, 316 

ANOVA) altered spontaneous spiking frequency in neurons prepared from HCAR1 KO mice. This result is a 317 

strong indication that HCAR1 activation is responsible and required for the modulatory effects of L-lactate on 318 
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neuronal network spontaneous activity. It should be added that in control conditions, neurons obtained from 319 

HCAR1 KO displayed an approximately two-fold higher basal activity compared to WT neurons (t(30)= -4.83, 320 

p<0.0001, unpaired t-test) (Fig. 3d), suggesting that HCAR1 might have a role in the tonic inhibition of neuronal 321 

activity. 322 

Intracellular HCAR1 signaling pathways in neurons 323 

HCA receptors have been reported to be coupled to Gi proteins in the adipose tissue (Liu et al., 2009). Our 324 

group previously demonstrated that the lactate effect on cortical neurons is sensitive to pertussis toxin, which 325 

supports the notion that HCAR1 in neurons decreases neuronal activity through the Gi protein pathway (Bozzo 326 

et al., 2013). Therefore, we investigated if the downstream effectors of Gi protein were involved in the 327 

decrease of neuronal activity induced by HCAR1 activation. 328 

Using calcium imaging, we analyzed the effect of HCAR1 activation on neuronal spiking frequency upon 329 

pharmacological manipulation of the intracellular pathways known to follow the activation of Gi proteins. 330 

Activation of AC by forskolin (10µM) caused a ~30% increase in spiking activity in WT neurons, which was 331 

reversed by concomitant activation of HCAR1 (F(3,4)=23.16, p<0.0001, ANOVA)(Fig. 4a). In comparison, 332 

forskolin was found to have a stronger stimulatory effect on neurons from HCAR1 KO animals, suggesting a 333 

tonic inhibitory effect operated by HCAR1 on AC. Moreover, the HCAR1 agonist 3,5-DHBA had no effect on 334 

forskolin-induced activity of these neurons (F(3,2)=24.89, p=1, ANOVA) (Fig. 4a). Conversely, inhibition of AC 335 

with SQ22536 (10µM) decreased neuronal spiking activity by ~40%. In this situation, under AC inhibition, 336 

HCAR1 activation did not cause further spiking activity decrease (F(3,6)=15.39, p=1, ANOVA) (Fig. 4b). These 337 

results indicate that HCAR1 activation impact AC in neurons. Live-cell imaging of cAMP levels in neurons was 338 

then performed using the FRET sensor Epac2-camps. Fig. 4c shows that forskolin application caused a rapid 339 

increase in FRET response, corresponding to cAMP level rise. This cAMP level increase was efficiently reversed 340 

by the application of the HCAR1 agonist 3Cl-HBA (t(5)= 6.62, p=0.001, paired t-test) (Fig. 4c&d). We then 341 

tested PKA as one of the main downstream targets of AC-cAMP. To this aim, we used H-89 (1µM) to inhibit 342 
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PKA, which led to a decrease in neuronal network activity. Under PKA blockade, activation of HCAR1 using 3,5-343 

DHBA did not cause a further decrease in spiking activity (F(3,6)=80.75, p=0.61, ANOVA) (Fig. 4e). Taken 344 

together, these experiments demonstrate that HCAR1 action on neuronal spiking activity involves the 345 

inhibition of AC, causing a decrease in cAMP levels and in turn of PKA activity.  346 

HCAR1 interacts with Gi coupled receptors to modulate neuronal activity  347 

A characteristic feature of GPCRs is their ability to cross-talk with other GPCRs at the level of their intracellular 348 

pathways (Werry et al., 2003). These interactions significantly complexify their effects on cellular or network 349 

targets. We therefore asked whether HCAR1 is capable of functionally interacting with other Gi-coupled 350 

receptors, such as the adenosine A1 receptor (A1R), the GABAB receptor (GABABR) and the α2A adrenoreceptor 351 

(α2AR). To address this question, we used calcium imaging to monitor neuronal activity upon the sequential 352 

activation of HCAR1 and one of the Gi coupled receptors. We found that activation of HCAR1 with 3,5-DHBA 353 

decreased neuronal spiking frequency, as shown above, and the subsequent co-activation of HCAR1 and A1R 354 

using CPA induced a further decrease in neuronal spiking frequency (F(3,3)=20.57, p=0.046, ANOVA) (Fig. 5a). 355 

After washout of the drugs, spiking activity returned to its original frequency (not shown). The same apparent 356 

additive inhibition of spiking was observed when investigating the cooperation of HCAR1 with GABABR or with 357 

α2AR, which were activated using baclofen and guanfacine, respectively (Table 4). It is expected that if 358 

activation of HCAR1 and the other Gi-coupled receptors are independent, reversing the order of agonist 359 

application should result in the same combined inhibition of neuronal spiking. We tested this hypothesis by 360 

first stimulating A1R and immediately after co-activating HCAR1. Unexpectedly, when A1R was first activated, 361 

the subsequent co-activation of HCAR1 partially reversed the inhibition induced by A1R alone (F(3,3)=32.09, 362 

p=0.007, ANOVA) (Fig. 5b). We repeated the same protocol with GABABR or α2AR and the same pattern was 363 

observed (Table 4). To ascertain that this effect was specifically brought about by HCAR1, we repeated these 364 

experiments with neurons prepared from HCAR1-KO animals. Fig. 5c (F(3,3)=193.06, p=1, ANOVA) and Table 4 365 

show that in neurons lacking HCAR1 situation no such interaction was observed, indicating that the observed 366 
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effects were indeed mediated by the HCAR1. We then asked whether this reversal effect caused by HCAR1 367 

activation was generic to all Gi-coupled receptors. We repeated the experiments depicted above for 368 

A1R/GABABR, A1R/α2AR, and α2AR/GABABR pairs. Results listed in Table 5 indicate that this reversal of 369 

inhibition was not observed among these receptor pairs, which did not recapitulate the observations made 370 

with HCAR1. This indicates that this reversal of frequency decrease is a distinct property of HCAR1 activation. 371 

Overall, these experiments revealed that depending on which receptor is activated first in sequence, 372 

different levels of inhibition of spiking frequency are obtained upon HCAR1 co-activation with other Gi coupled 373 

receptors, highlighting the complexity of the modulation of neuronal activity operated by HCAR1. 374 

The Giβɣ-PLC pathway is involved in the interaction of HCAR1 with Gi coupled receptors 375 

Although the Gi pathway is classically known for its ability to inhibit AC, both Giα and Giβɣ subunits can 376 

transduce signals. One of the key effectors directly regulated by Gβɣ subunits is phospholipase C (PLC). PLC 377 

catalyzes the hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP2) to generate 1,2-diacylglycerol and 378 

inositol 1,4,5-trisphosphate (IP3), which binds to its receptor on the endoplasmic reticulum (Rhee, 2001). Thus, 379 

we investigated if PLC activation induced by the Giβɣ subunit was involved in the observed effect on the 380 

functional interaction between HCAR1 and Gi coupled receptors. In experiments repeating the sequence of 381 

agonist application presented in Fig. 5b, inhibition of Giβɣ subunit using gallein suppressed the partial reversal 382 

of inhibition induced by the co-activation of A1R and HCAR1 (F(3,3)=84.71, p=1, ANOVA) (Fig. 5d). The same 383 

approach was applied to test the involvement of Giβɣ subunit on the cooperation observed between GABABR or 384 

α2AR and HCAR1. As indicated in Table 6, in both cases, gallein prevented the HCAR1 agonist from reversing 385 

the inhibition induced by GABABR or α2AR stimulation. In all experiments, after washout of gallein and 386 

agonists, the spiking frequency returned to its control value (not shown). These results support the 387 

involvement of Gβɣ subunit in the observed effects.  388 

PLC is classically activated by the Gqα and Gqβɣ proteins dissociated from Gq-coupled receptors. However, 389 

PLC was also shown to be activated by Giβɣ proteins released from Gi proteins (Tomura et al., 1997; Mizuta et 390 
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al., 2011). Thus, we investigated if PLC was the downstream mechanism activated by the Giβɣ subunit and 391 

involved in the interplay between HCAR1 and other Gi-coupled receptors. Application of U73122, the inhibitor 392 

of PLC, prevented HCAR1 agonist from reversing the spiking frequency decrease caused by A1R 393 

(F(3,3)=1621.87, p=1, ANOVA)(Fig. 5e), GABABR, or α2AR (Table 6). After washout of U73122 and agonists, the 394 

spiking frequency returned to its control value (not shown). These results indicate that the partial reversal of 395 

inhibition caused by HCAR1 activation under these conditions involves Giβɣ and PLC. As a control, we assessed 396 

the effect of Giβɣ and PLC blockade on the HCAR1 signaling itself. Blockade of Giβɣ was sufficient to decrease the 397 

inhibitory action of HCAR1 (F(3,3)=84.10, p= 0.008, ANOVA) (Fig. 5f). In contrast, inhibition of PLC did not 398 

influence the effect of HCAR1 activation alone (F(3,3)=59.38, p= 1, ANOVA) (Fig. 5g). Thus, it appears that the 399 

Giβɣ subunit is necessary for the modulatory effects of HCAR1, but that PLC is only required upon activation of 400 

an additional Gi-coupled receptor. Taken together, these results indicate that HCAR1 interacts with Gi-coupled 401 

receptors in a complex but specific manner, through both its Giα and Giβɣ subunits.  402 
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Discussion 403 

In this study, we demonstrate that HCAR1 in neurons is necessary for the modulation of spontaneous neuronal 404 

activity induced by L-lactate. We observed that HCAR1 activation with L-lactate induced a reversible decrease 405 

in the neuronal calcium spiking activity by approximately 40%, in line with first indications reported by our 406 

group (Bozzo et al., 2013). Activation of HCAR1 with non-metabolized agonists, 3,5-DHBA and 3Cl-HBA, also 407 

decreased neuronal calcium spiking , as well as the mEPSCs frequency and AP firing frequency by similar 408 

amounts. We observed that HCAR1 activation induced changes in PPR and modulated neuronal intrinsic 409 

properties. As decisive arguments for the critical role of HCAR1, the activity of HCAR1 KO neurons was totally 410 

insensitive to HCAR1 agonists and the basal activity of these neurons was higher than that of neurons from WT 411 

mice. HCAR1 is therefore required for the non-metabolic effects of L-lactate on spontaneous and tonic 412 

neuronal activity.  413 

HCAR1 pattern of expression in the CNS was first described to localize at the membrane of excitatory 414 

synapses of the hippocampus and cerebellar cortex (Lauritzen et al., 2014). However, because of the 415 

questionable specificity of HCAR1 antibodies currently available (Table 1 and Michel et al., 2009; Wallenius et 416 

al., 2017), the precise HCAR1 cellular and regional localization in the brain remains uncertain. At this stage, one 417 

can find evidence for HCAR1 brain expression from in situ hybridization (the Allen Brain Atlas, 418 

http://www.brain-map.org), proteomics (Uniprot database, https://www.uniprot.org) and transcriptomics 419 

(Zhang et al., 2014). HCAR1 expression in the brain was estimated to be one order of magnitude lower than in 420 

adipose tissue, where it was initially identified (Lauritzen et al., 2014).  421 

In the CNS, several studies provided evidence for a signaling role of L-lactate. Suzuki et al. (2011) reported 422 

that long-term memory formation and maintenance are mechanisms for which L-lactate plays an essential 423 

role. Yang et al. (2014) showed that L-lactate stimulates the expression of synaptic plasticity-related genes. In 424 

vivo administration of L-lactate inhibited firing in the hippocampus (Gilbert et al., 2006), and in the subfornical 425 

organ 5mM L-lactate decreased spiking activity of GABAergic neurons (Shimizu et al., 2007) . A recent study 426 

https://www.uniprot.org/
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showed that 5mM L-lactate and the HCAR1 agonist 3,5-DHBA, decreased neuronal activity in a non-metabolic 427 

way by modulating neuronal intrinsic excitability, significantly blocking fast inactivating sodium current, and 428 

increasing the delay from inactivation to a conducting state of the sodium channel in rat CA1 pyramidal 429 

neurons (Herrera-Lopez and Galvan, 2018). L-lactate also plays an important protective role in cerebral 430 

ischemia. It was observed that intracerebral L-lactate administration, decreases the lesion size and improves 431 

the neurological outcome (Berthet et al., 2009). A follow-up study showed that both L-lactate and D-lactate, 432 

which is poorly metabolized but also activates HCAR1, equally provides neuroprotection in ischemic 433 

conditions, and that 3,5-DHBA reduces cell death, suggesting that L-lactate protective functions involves 434 

HCAR1 activation (Castillo et al., 2015). HCAR1 was also shown to be involved in enhanced brain angiogenesis 435 

linked with physical activity (Morland et al., 2017). 436 

By using electrophysiological recordings, we observed that HCAR1 activation decreased the frequency of 437 

mEPSCs, providing an indication for a presynaptic action of this receptor. This conclusion was supported by 438 

PPR experiments. To our knowledge, it is the first evidence of a presynaptic effect of HCAR1. A change in 439 

excitability has also been observed by others in rat hippocampal neurons (Herrera-Lopez and Galvan, 2018). 440 

We investigated if this was the case in mouse cortical neurons. Activation of HCAR1 reduced input resistance 441 

and firing frequency, increased the rheobase current, and caused RMP hyperpolarization. These changes in 442 

excitability possibly involve the modulation of potassium conductances and of fast inactivating sodium 443 

currents reported by Herrera-Lopez and Galvan (2018). These experiments provided evidence supporting a 444 

presynaptic as well as a postsynaptic effect of HCAR1. 445 

In adipocytes, HCAR1 signals through a Giα-protein pathway (Ge et al., 2008) and L-lactate mediates its 446 

anti-lipolytic effect with an IC50 value of ~5mM (Cai et al., 2008; Liu et al., 2009). In the present study, we 447 

investigated whether in cortical neurons Giα-protein pathway and its canonical downstream effectors were 448 

engaged for the observed inhibition of neuronal activity. Our group was able to reverse the inhibitory effect of 449 

L-lactate on neuronal activity by applying pertussis toxin, an inhibitor of Giα-proteins, which provided a first 450 
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indication for the involvement of Gi-coupled receptor mediated action of lactate in cortical neurons (Bozzo et 451 

al., 2013). Here, we found evidence for the involvement of AC, as the enhancement of spiking activity by the 452 

AC activator forskolin could be reversed by HCAR1 activation. Importantly, this did not happen in neurons from 453 

HCAR1 KO mice. Conversely, inhibiting AC using SQ22536, decreased spontaneous spiking; however, HCAR1 454 

activation had no further effect. By directly measuring cAMP in single living neurons using a cAMP FRET 455 

biosensor, we found that the increase of cAMP level induced by AC activation was reversed by the HCAR1 456 

agonist. This result is in agreement with the report made in rat hippocampal slices (Lauritzen et al., 2014). One 457 

important downstream target of cAMP is PKA. We found that under PKA inhibition, HCAR1 activation did no 458 

longer decrease neuronal spiking activity. Overall, these experiments indicate that the down-modulation of 459 

spontaneous neuronal activity by HCAR1 activation requires a functional intracellular AC-cAMP-PKA signaling 460 

pathway. Along these lines, cAMP is known to serve as a signal that modulates neuronal vesicular release 461 

through PKA-dependent and PKA-independent mechanisms (Seino and Shibasaki, 2005). Moreover, it is known 462 

that Gi-coupled receptors (e.g. A1R, GABABR, α2AR) regulate neuronal excitability by inducing or modulating 463 

ion currents such as various K+ conductances, including HCN (Wang et al., 2007), two-pore domain K+ channels 464 

(Deng et al., 2009) , or GIRK channels (Breton and Stuart, 2017). 465 

In several systems GPCRs have the properties to interact with each other, enabling them to operate a 466 

much more complex modulation than individual transduction pathways acting independently (Werry et al., 467 

2003). It was shown that co-activation of two Gi/o-coupled receptors, e.g. A1 adenosine and cannabinoid CB1 468 

receptors, reduces cAMP formation in rat hippocampus, which causes additive inhibitory effects on neuronal 469 

activity (Serpa et al., 2009). Another example of intracellular interaction of combined Gi-coupled receptor 470 

activation was found between adenosine A1 and group II metabotropic glutamate receptors: their sequential 471 

activation did not lead to additive presynaptic inhibition, but to a mutual occlusion of effects on retinotectal 472 

synapses (Zhang and Schmidt, 1999). 473 
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We therefore questioned whether HCAR1 follows such interaction patterns with other classical Gi-coupled 474 

receptors. We selected the adenosine A1, GABAB, and α2A-adrenergic receptors, which are all Gi-coupled 475 

receptors known to be expressed in cortical neurons and to signal through the decrease of AC activity, cAMP 476 

levels, and PKA activity. When HCAR1 was stimulated first in sequence followed by the stimulation of the other 477 

GPCR, an apparent additive decrease in spiking frequency was observed. However, when the order of receptor 478 

activation was permutated, HCAR1 activation rather partly reversed the inhibitory effect of the first receptor. 479 

The observation was made with all three receptors (adenosine A1, GABAB, and α2A-adrenergic receptors) and 480 

was absent in HCAR1 KO neurons. This type of cooperation was not reproduced when selecting pairs among 481 

these three GPCRs. Thus, HCAR1 appears to have distinctive actions on neuronal activity when activated in 482 

combination with other receptors sharing similar transduction mechanisms. 483 

The way HCAR1 is interacting with other GPCRs likely involves additional mechanisms than the canonical 484 

AC-cAMP-PKA pathway. It was demonstrated that recombinant HCAR1 activation induces ERK1/2 485 

phosphorylation through the activation of its Gβɣ-subunit (Li et al., 2014). HCAR1 may therefore have the ability 486 

to signal through both its Giα and Giβɣ subunits. We postulated that the partial reversal of inhibition of Gi-487 

coupled receptors brought about by HCAR1 is mediated by Giβɣ subunits released from the Gi complex after 488 

receptor stimulation. We found that blocking Giβɣ subunit not only reduced the inhibitory effect of HCAR1 489 

alone, but also prevented the reversal of spiking inhibition observed when HCAR1 was activated in sequence 490 

with another Gi-coupled receptor. In further support of this hypothesis, blockade of PLC, a downstream target 491 

of Gβɣ (Katz et al., 1992), also prevented the observed partial reversal of inhibition. However PLC seems to be 492 

only engaged when HCAR1 is activated in sequence with another receptor, since PLC blockade did not alter the 493 

effect of HCAR1 activation alone.  494 

In this study, we demonstrate that lactate has the ability to modulate neuronal activity through HCAR1, 495 

providing further support for the hypothesis that lactate, in addition to being an energy substrate for neurons, 496 

can function as a gliotransmitter. HCAR1 mediates its effect through its Giα subunit and its downstream 497 
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effectors, resulting in a decrease of neuronal excitability and consequent firing frequency (Fig. 6). The ability of 498 

HCAR1 to functionally interact with other GPCRs through both Giα and Giβɣ subunits add a level of complexity to 499 

its mechanism of action on neuronal activity, and implies that the outcome of its activation in vivo will depend 500 

on whether other receptors of this class are active at any given time. 501 
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Figure legends 611 

Figure 1. HCAR1 expression in primary mouse neurons. (a) HCAR1 mRNA expression level in primary neurons 612 

(n=4 experiments). HCAR1 mRNA transcript levels were normalized relative to that of the housekeeping gene 613 

GAPDH. (b) Representative PCR image of HCAR1 gene expression in WT versus HCAR1 KO animals. WT and 614 

HCAR1 KO embryonic tissue were obtained from animals used to originate neuronal primary cultures. A WT 615 

band at 470pb and a HCAR1 KO band at 800bp can be observed. (c) Representative confocal images of primary 616 

cortical neurons immunostained for NeuN (green) and mRFP-HCAR1 (red), along with Hoechst nuclear staining 617 

(blue) and the overlay image. (d) Quantification of mRFP, NeuN and mRFP-NeuN positive cells shown as the 618 

percentage of Hoechst positive cells (n=5 experiments, repeated 3 times per experiment). Scale bar 40µm. 619 

 620 

Figure 2. HCAR1 activation decreases mEPSC frequency and modulates intrinsic membrane properties of 621 

mouse cortical neurons. (a) Representative mEPSCs traces from a neuron recorded in the presence and in the 622 

absence of 3Cl-HBA 40µM for WT and HCAR1 KO. Voltage-clamp recordings of mEPSCs were performed in the 623 

presence of TTX (1µM) and bicuculline (60µM) with neurons clamped at -70mV. (b) Summary of mEPSC 624 

frequency and amplitude (percent of baseline) in response to 3Cl-HBA application in WT (n=7) and HCAR1 KO 625 

neurons (n=6). A depression of mEPSC frequency, but not amplitude, was observed upon HCAR1 activation in 626 

neurons prepared from WT but not from HCAR1 KO mice. (c) Representative superimposed averaged traces of 627 

1000 events from the same WT neuron in the absence (full line) and in the presence of 3Cl-HBA (dotted line), 628 

and table showing corresponding average kinetic values of all events from WT and KO in the presence and in 629 

the absence of 3Cl-HBA, demonstrating similar kinetics in WT and KO neurons. Significance is shown in 630 

comparison to baseline and among conditions. (d) Left: Representative responses to paired pulses protocols 631 

using an interstimulus interval of 50ms in WT neurons before and after HCAR1 activation (left). Arrows 632 

represent the stimulation. Right: Summary graph of PPR results (n=7). Significance is shown between the 633 

control condition and after 3Cl-HBA application. (e) Representative traces from neurons recorded before and 634 
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after HCAR1 activation (left), obtained from a series of current injections (0 to 450pA, 1 sec, 50pA increments); 635 

the response to 150pA current injection is shown. Summary graph (right) of the effect of HCAR1 activation on 636 

neuronal firing frequency following steps of current injection (n=5). The firing frequency (Hz) was calculated 637 

from the number of AP evoked by 150pA current injection. Significance is shown between the control and 3Cl-638 

HBA conditions.  639 

 640 

Figure 3. Effect of neuronal activation in neuronal calcium spiking activity. (a) Representative traces of 641 

calcium spiking in control or 5mM L-lactate containing solutions, for both WT and HCAR1 KO neurons. (b) The 642 

effect of the HCAR1 agonist 3Cl-HBA on spontaneous calcium activity of neurons was concentration 643 

dependent, with an IC50 value of 21.5±6.1µM (n=177 neurons from 23 experiments). The IC50 value was 644 

obtained by non-linear curve fitting using Levenberg-Marquardt algorithm. (c) Effect of HCAR1 activation on 645 

calcium spiking frequency from wild-type and HCAR1 KO neurons with 5mM L-lactate (WT: n=66 cells, 16 exp.; 646 

HCAR1 KO: n= 81 cells, 16 exp.), 1mM 3,5-DHBA (WT: n=57, 16 exp.; HCAR1 KO: n=74 cells, 12 exp.) or 40µM 647 

3Cl-HBA (WT: n=31 cells, 3 exp.; HCAR1 KO : n=32 cells, 5 exp.). Spiking frequency is shown as percentage of 648 

activity measured in control condition. The effect of HCAR1 activation was reversible in all experiments (not 649 

shown). Significance is shown in comparison to control and among conditions. (d) Comparison of basal 650 

spontaneous spiking frequencies of neurons from WT (n=16) and HCAR1 KO (n=16). 651 

 652 

 653 

Figure 4. Adenylyl cyclase, cAMP, and PKA involvement in neuronal HCAR1 signaling. (a) Activation of AC 654 

with Forskolin (10 µM) increased spiking activity in both WT (n=44 cells, 5 exp.) and HCAR1 KO (n=29 cells, 3 655 

exp.) neurons compared to their respective baseline activity. Application of 3,5-DHBA (1mM), in sequence with 656 

Forskolin, decreased spiking activity in WT, but not in HCAR1 KO neurons (b). Inhibition of AC with SQ22536 657 

(10 µM) decreased spiking activity in WT neurons (n= 46 cells, 6 exp.). Application of 3,5-DHBA, in sequence 658 
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with SQ22536, did no further decrease neuronal activity. (c) Representative trace of the effects of HCAR1 659 

activation on cAMP levels measured using the Epac2-camps FRET sensor. The FRET (CFP/YFP) ratio, 660 

proportional to the cAMP levels, is shown for a single neuron along time. Application of the AC activator 661 

forskolin (10µM) caused a rapid signal rise, and the subsequent HCAR1 activation using 3Cl-HBA (40µM) 662 

reversed this increase. (d) Summary of absolute FRET ratio values in the presence of forskolin before and after 663 

stimulation of HCAR1 using 3Cl-HBA. The graph shows individual values plotted along with the mean value of 664 

all experiments (n=6 cells, 6 exp.). (e) Inhibition of PKA with H-89 (1µM) decreased spiking activity in WT 665 

neurons (n=64 cells, 6 exp.). Application of 3,5-DHBA, in sequence with H-89, did not further decrease 666 

neuronal activity. Significance is shown in comparison to control and among conditions in panels (a), (b) and 667 

(e).  668 

 669 

 670 

Figure 5. HCAR1 interaction with other Gi-coupled receptors for the modulation of neuronal activity. (a) 671 

HCAR1 was first activated using 3,5-DHBA (1mM) and in a second phase, the agonist of A1R, CPA (30nM) was 672 

co-applied, which caused a stronger decrease in spiking activity compared to HCAR1 activation alone. The 673 

same protocol was performed with a reverse order of receptor activation, i.e. first CPA and then 3,5-DHBA 674 

application. Whereas the secondary 3,5-DHBA application caused a partial reversal of inhibition in neurons 675 

from WT animals (b), it had no effect on neurons from HCAR1 KO animals (c).The effect of the co-activation of 676 

A1R with HCAR1 in the presence of gallein (10µM), a βɣ subunit signaling inhibitor (d), or U73122 (10µM), a 677 

PLC blocker (e) is shown. Both treatments prevented the partial reversal of inhibition observed in (b). (f) Effect 678 

of βɣ subunit inhibition using gallein (10µM) and (g) of PLC blockade with U73122 (10µM) on HCAR1 activation 679 

alone using 3Cl-HBA-HBA (40µM). Inhibition of βɣ subunit partially reverted HCAR1 effect on neural activity, 680 

however PLC blockade did not influence HCAR1 effect. Data are means±SEM from (a) 21 cells, 4 exp., (b) 20 681 
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cells, 4 exp., (c) 27 cells, 4 exp. , (d) 26 cells, 4 exp., (e) 14 cells, 3 exp., (f) 33 cells, 4 exp., (g) 22 cells, 3exp. 682 

Significance is shown in comparison to control and among conditions. 683 

 684 

Figure 6. HCAR1 modulation of neuronal activity. Scheme depicting the modulatory effect brought about by 685 

HCAR1, when activated in isolation (a) or with concurrent activation of other Gi-coupled GPCRs (b, c).  686 
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Table 1. Anti-HCAR1 primary antibody specificity 687 

 688 

 
Anti-HCAR1 

primary antibody (Source, 
Reference) 

Epitope IHC WB 

 
 WT HCAR1 

KO 
WT HCAR1 

KO 

Santa Cruz, SC-32647 C-terminal, 

extracellular domain of 

human HCAR1  

§ § + + 

Santa Cruz, SC-32648 C-terminal, 

cytoplasmic domain of 

human HCAR1 

+ + - - 

Sigma, SAB1300090 Mouse GPR81-S296,  

aa 276-329 

+ + + + 

Sigma, SAB1300793 Rat GPR81-R320,  

aa 286-332 

+ + § § 

Sigma, SAB1300089 Human GPR81-296,  

aa 310-353 

+ + + + 

Sigma, SAB1300792 Mouse GPR81-R203,  

aa 193-230 

+ + § § 

Sigma, SAB1300791 Mouse GPR81-C7, 

aa 7-36 

+ + - - 

Novus Biologicals, NLS2095 19 aa peptide from C-

terminus of human 

HCAR1 

+ + § § 

Novus Biologicals, NBP1-51956 C-QQLARQARMKKATR 

(internal region) 

+ + § § 

Experiments were performed in brain slices of cortex, hippocampus and cerebellum. (+) represents positive 

signal/band and (-) represents negative/absence of signal/band; IHC, immunohistochemistry; WB, Western 

blot; §, not tested; aa, amino acid. See Table 1-1 and Table 1-2. 
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Table 2. Summary of behavioral phenotype of WT versus HCAR 1 KO a 
689 

 690 

  WT n HCAR1 KO n 

(1) Weight (g) 26.3 ± 0.4 12 27.4 ± 0.9 ns 12 

 Food consumption (g) 3.5 ± 0.3 10 3.3 ± 0.2 ns 10 

 Water consumption (ml) 3.1 ± 0.2 10 3.7 ± 0.3 ns 10 

 Total travel distance (cm) 55374 ± 7352  10 52059 ± 5197 ns 10 

 Dark phase 41985 ± 5419  43263 ± 4515 ns  

 Light phase 13389 ± 2885  8796 ± 2224 ns 10 

 Total time in the nest (min) 46136 ± 3363 10 47686± 3442 ns 10 

 Dark phase 21681 ± 1781  20962 ± 2537 ns  

 Light phase 24454 ± 1785  26724 ± 1369ns  

(2) Rearing (number/min) 8.6 ± 0.7  12 9.8 ± 0.5ns 12 

 Number of Grooming 

(number/min) 

0.6 ± 0.1  12 0.6 ± 0.1ns 12 

 Grooming duration (sec) 24 ± 5.3 12 25 ± 5.5ns 12 

 691 

aExperiments were performed on independent animals. (1) Phenotyper cage observations. (2) Free 

observations. Data are shown as means ± SEM, ns, not significant Student unpaired t-test.  

  692 
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Table 3. Effect of HCAR1 activation on passive properties of cortical cultured neurons a 693 

 

 

 

 

 

 

 

a Experiments were performed in 5 independent WT neurons. All parameters were tested in all cells used for 

analysis. Data are shown as means ± SEM,*p<0.05 Student paired t-test. RMP: resting membrane potential; RN: 

input resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Control 3Cl-HBA 40µM 

RMP (mV) 

RN (MΩ) 

Rheobase (pA) 

Time constant (ms) 

-59.3 ± 1.1 

97.3 ± 6.4 

78.6 ± 6.8 

16.4 ± 1.1 

-62.9 ± 1.3* 

77.5 ± 6.2* 

93.6± 8.7* 

18.8 ± 0.5* 
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Table 4. HCAR1 interactions with GABAB and α2A receptors and neuronal activity a 694 

 

 WT  HCAR1 KO 

     

GABABR / HCAR1  Freq. (%) ncells, nexp Freq. (%) ncells, nexp 

     

3,5-DHBA b 32.3±6.9 37, 4  --  

 + Baclofen 2.6±3.3 *   

Baclofen 13.9±0.8 12, 3 53.2±3.4  35, 4 

 + 3,5-DHBA 43.6±5.5 *  51.7±4.5 ns  

     

α2AR / HCAR1     

     

3,5-DHBA 48.4±8.9 44, 4  --  

 + Guanfacine 8.4±3.3 *    

Guanfacine 24.2±2.8  36, 4 26.8±8.4 29, 4 

 + 3,5-DHBA 54.2±4.1 *  27.2±8.2 ns  

 

a Data are expressed as percent of the frequency observed in baseline conditions. Data are shown as means ± 

SEM,*p<0.05, ns, not significant ANOVA, Bonferroni correction, for n cells from n experiments. Statistical 

significance indicated for comparisons between the two displayed conditions. b Concentrations used: 1mM 3,5-

DHBA, 0.5µMbaclofen and 10µM guanfacine.  
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Table 5. Lack of functional interactions among A1, GABAB, and α2A receptors a 695 

   

A1R / GABABR Freq. (%) ncells, nexp 

   CPA b 2.4±2.1 20,3 

 + Baclofen 1.8±1.6 ns 

Baclofen 41.5±7.6 18,3 

 + CPA 2.7±0.2 *  

   

A1R / α2AR   

   CPA 8.9±8.8 19,3 

 + Guanfacine 8.4±3.3 ns  

Guanfacine 39.2±8.3  17,3 

 + CPA 3.8±1.9 *  

   

α2AR / GABABR   

   Guanfacine 51.2±11.6 16,3 

 + Baclofen 42.4±9.8 ns  

Baclofen 60.1±5.4  18,3 

 + Guanfacine 41.6±7.5 ns  

 

a Data are expressed as percent of the frequency observed in baseline conditions. Data are shown as means ± 

SEM,*p<0.05, ns, not significant ANOVA, Bonferroni correction, for n cells from n experiments. Statistical 

significance indicated for comparisons between the two displayed conditions. b Concentrations used: 30nM 

CPA, 0.5µM baclofen, 10µM guanfacine. 
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Table 6. Mechanism of HCAR1 interaction with GABAB and α2A receptorsa 696 

 

   

GABABR / HCAR1 Freq. (%) ncells, nexp 

Baclofen b 

 + 3,5-DHBA + Gallein 

41.5±7.6 

41.3±6.96 ns 
13,3 

Baclofen 

 + 3,5-DHBA + U73122 

36.6±16.2 

12.5±2.4 ns 
19,3 

   

   

α2AR / HCAR1   

Guanfacine 

+ 3,5-DHBA + Gallein 

40.5±6.0 

46.0±6.3 ns 
22,4 

Guanfacine 

+ 3,5-DHBA + U73122 

51.2±11.7 

47.5±9.5 ns 
17,3 

 

a Data are expressed as percent of the frequency observed in baseline conditions. Data are shown as means ± 

SEM, ns, not significant ANOVA, Bonferroni correction, for n cells from n experimentsp. Statistical significance 

indicated for comparisons between the two displayed conditions. b Concentrations used: 1mM 3,5-DHBA, 

0.5µM baclofen, 10µM guanfacine, 10µM gallein, 10µM U73122.  
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