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ABSTRACT 

The brain is one of the most active metabolic organs in the body. Despite accounting for only 

~2% of total body weight, it consumes up to 20% of the body's energy. This energy is primarily 

derived from glucose metabolism, which produces both ATP and lactate. In the central nervous 

system (CNS), astrocytes are the main source of lactate, generated mostly via aerobic 

glycolysis. Neurons, in contrast, rely largely on oxidative phosphorylation for ATP production 

and preferentially utilize lactate as an energy substrate in a process known as the astrocyte-to-

neuron lactate shuttle (ANLS). Beyond its metabolic role, lactate also functions as a key 

signalling molecule involved in neuronal plasticity, memory, and behavioural regulation. 

However, the mechanisms controlling lactate production and release in the brain remain poorly 

understood. 

Recent findings have implicated the cannabinoid receptor type 1 (CB1R) in the regulation of 

astrocytic metabolism. Persistent activation of astroglial mitochondrial CB1Rs (mtCB1Rs) for 

24 hours has been shown to suppress lactate production. In contrast, our recent work reveals 

that transient (5 minutes) stimulation of CB1Rs in astrocytes triggers a transient increase in 

lactate levels. While these effects have been observed in vitro, the impact of CB1R activation 

on brain lactate dynamics in vivo has yet to be directly examined. 

In this thesis, we address this gap using fiber photometry (FP) and eLACCO2.1, a genetically 

encoded fluorescent biosensor for extracellular lactate. We successfully established a protocol 

to monitor lactate dynamics in freely moving mice and validated the responsiveness of the 

sensor to exogenous lactate administration. Our in vivo experiments revealed that lactate levels 

are modulated not only by cannabinoid exposure but also by behavioural state, particularly 

locomotor activity. Specifically, we observed brain region-specific patterns in lactate 

fluctuations during periods of immobility and following Δ⁹-THC administration, suggesting 

that CB1R activation alters the timing and dynamics of lactate regulation in a circuit-dependent 

manner. 

In parallel, we investigated the intracellular signalling mechanisms underlying CB1R-

dependent regulation of lactate in cultured astrocytes, with a particular focus on the switch 

between the transient and persistent effects induced by WIN55 stimulation. Using the broad 

PKC inhibitor Go 6983, we found that PKC activity is required for both the transient lactate 

increase and the later suppression induced by CB1R stimulation. Blocking PKC abolished both 
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effects, indicating that it serves as a critical molecular switch within the CB1R-lactate signalling 

axis. Interestingly, a progressive accumulation of lactate was observed when PKC was inhibited 

in the presence of CB1R activation. Control experiments with PKC inhibition alone did not 

show changes in baseline lactate levels, although technical limitations prevented full 

quantification. 

Together, these findings establish a new in vivo method for studying lactate dynamics in freely 

moving mice, demonstrate that Δ⁹-THC alters brain lactate dynamics specifically during periods 

of immobility, suggesting that CB1R signalling reshapes neurometabolic responses in relation 

to behavioural state and brain region, and uncover a previously not fully characterized role for 

PKC in astrocyte metabolic regulation. This work advances our understanding of the complex 

interplay between cannabinoid signalling, astrocyte function and behaviour, and sets the stage 

for future studies into the neurometabolic consequences of CB1R activity. 
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RÉSUMÉ  

Le cerveau est l’un des organes les plus actifs sur le plan métabolique. Bien qu’il ne représente 

qu’environ 2 % du poids corporel total, il consomme jusqu’à 20 % de l’énergie de l’organisme. 

Cette demande énergétique est principalement satisfaite par le métabolisme du glucose, qui 

produit à la fois de l’ATP et du lactate. Dans le système nerveux central (SNC), les astrocytes 

constituent la principale source de lactate, généré majoritairement via la glycolyse aérobie. Les 

neurones, en revanche, dépendent largement de la phosphorylation oxydative pour la 

production d’ATP et utilisent préférentiellement le lactate comme substrat énergétique dans un 

processus connu sous le nom de navette lactate astrocyte-neurone (ANLS). Au-delà de son rôle 

métabolique, le lactate agit également comme une molécule de signalisation essentielle 

impliquée dans la plasticité neuronale, la mémoire et la régulation du comportement. Pourtant, 

les mécanismes qui contrôlent la production et la libération de lactate dans le cerveau restent 

mal compris. 

Des travaux récents ont mis en évidence le rôle du récepteur cannabinoïde de type 1 (CB1R) 

dans la régulation du métabolisme astrocytaire. Une activation persistante des CB1Rs 

mitochondriaux (mtCB1Rs) astrogliaux pendant 24 heures entraîne une diminution de la 

production de lactate. En revanche, nos travaux récents ont montré qu’une stimulation brève (5 

minutes) des CB1Rs dans les astrocytes induit une augmentation transitoire des niveaux de 

lactate. Bien que ces effets aient été observés in vitro, l’impact de l’activation des CB1Rs sur 

les dynamiques de lactate cérébral in vivo n’a pas encore été examiné de manière directe. 

Dans ce travail de thèse, nous avons abordé cette question en utilisant la fibre photométrie (FP) 

et eLACCO2.1, un biosenseur fluorescent génétiquement codé, permettant la détection du 

lactate extracellulaire. Nous avons établi un protocole permettant de mesurer les dynamiques 

du lactate chez des souris libres de leurs mouvements et validé la sensibilité du capteur à 

l’administration de lactate exogène. Nos expériences in vivo ont révélé que les niveaux de 

lactate sont modulés non seulement par l’exposition aux cannabinoïdes, mais également par 

l’état comportemental, en particulier l’activité locomotrice. Plus précisément, nous avons 

observé des fluctuations spécifiques à certaines régions cérébrales lors des phases d’immobilité 

et après l’administration de Δ⁹-THC, suggérant que l’activation des CB1Rs modifie la 

temporalité et la dynamique de la régulation du lactate de manière dépendante du circuit 

neuronal. 
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Parallèlement, nous avons étudié les mécanismes de signalisation intracellulaire impliqués dans 

la régulation du lactate dépendante des CB1Rs dans des astrocytes en culture, en nous 

concentrant particulièrement sur la transition entre les effets transitoires et persistants induits 

par la stimulation au WIN55. En utilisant l’inhibiteur large spectre de la PKC, Go 6983, nous 

avons montré que l’activité de la PKC est indispensable tant pour l’augmentation transitoire du 

lactate que pour la suppression prolongée induite par l’activation des CB1Rs. Le blocage de la 

PKC a aboli ces deux effets, indiquant que cette kinase joue un rôle de commutateur moléculaire 

essentiel dans l’axe de signalisation CB1R–lactate. Fait intéressant, une accumulation 

progressive de lactate a été observée lorsque la PKC était inhibée en présence de l’activation 

des CB1Rs. Les expériences de contrôle avec inhibition de la PKC seule n’ont pas montré de 

modifications des niveaux basaux de lactate, bien que des limitations techniques aient empêché 

une quantification complète. 

Ensemble, ces résultats établissent une nouvelle méthode in vivo pour l’étude des dynamiques 

du lactate chez l’animal en mouvement libre, montrent que le Δ⁹-THC modifie les dynamiques 

de lactate cérébral spécifiquement pendant les phases d’immobilité, et mettent en lumière un 

rôle encore mal caractérisé de la PKC dans la régulation métabolique astrocytaire. Ce travail 

enrichit notre compréhension des interactions complexes entre la signalisation cannabinoïde, la 

fonction des astrocytes et le comportement locomoteur, et ouvre la voie à de futures recherches 

sur les conséquences neurométaboliques de l’activité des CB1Rs.
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INTRODUCTION 
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1. Brain energy metabolism: an overview 

The brain is widely regarded as one of the most important and complex organs in the body. 

Despite representing only 2% of the total body weight, the brain requires a big amount of energy 

in order to perform its physiological functions. Indeed, the brain accounts for approximately 

20% of the body's total oxygen (O₂) consumption and about 25% of its total glucose utilization 

(Bélanger et al., 2011; Magistretti & Allaman, 2013). This high metabolic demand likely arises 

from the brain complex structural organization, composed of heterogeneous cell populations 

organized into highly intricate signalling networks, whose activity modulate a vast array of 

functions that regulates diverse bodily functions (Bullmore & Sporns, 2012; Suárez et al., 

2020).  

Interestingly, unlike other high-energy-demanding tissues such as muscle or liver, the brain has 

minimal energy reserves, which are insufficient to sustain normal functions for extended 

periods of time in absence of the continuous blood-borne energy supply (Barros et al., 2007; 

Bélanger et al., 2011; Mergenthaler et al., 2013; S. Zhang et al., 2021).  As a result, the brain is 

extremely sensitive to energy deprivation, a vulnerability that becomes evident during 

conditions such as hypoxia or hypoglycaemia, which rapidly disrupt neural function and can 

lead to coma (Brownlee et al., 2020; Cryer, 2007). These observations underscore the critical 

importance of a continuous and stable supply of energy substrates, particularly O₂ and glucose, 

to meet the substantial metabolic demands of the brain (Madrer et al., 2025).  

This supply is tightly regulated by specialized barrier structures at the blood–neural interfaces, 

most notably the blood–brain barrier (BBB) (Abbott et al., 2010; Alahmari, 2021). The BBB 

enables precise regulation of ions and metabolites diffusion while also serving as a protective 

barrier against pathogens and toxins. This regulation is achieved through the formation of a 

tightly controlled neurovascular unit (NVU), composed of endothelial cells, pericytes, and 

astrocytes. These cellular components work together to maintain the chemical stability of the 

neural environment, ensuring proper brain function (Abbott, 2013; Alahmari, 2021). Its 

selective permeability allows the controlled passage of specific metabolites, ions, and hormones 

necessary for brain function, while restricting the entry of others. For instance, glutamate, an 

abundant amino acid in the bloodstream, is largely excluded from entering the brain, while a 

unidirectional efflux mechanism facilitates its transport from the brain to the blood (Bai & 

Zhou, 2017; Daneman & Prat, 2015; Leibowitz et al., 2012). Consequently, since the brain lacks 

direct access to circulating glutamate and other peripheral metabolites, it must synthesize these 

compounds de novo. This local biosynthesis primarily relies on glucose as a carbon source, 
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although alternative fuels such as lipids might also contribute (Schousboe et al., 2014; Weber 

& Barros, 2015). To meet the dual demands of continuous energy supply and localized de novo 

synthesis of signalling molecules and metabolic intermediates, the brain has developed intricate 

intercellular metabolic networks. These networks coordinate the compartmentalization and 

distribution of metabolic tasks among different cell types to ensure adequate availability of both 

energy and biosynthetic substrates (Weber & Barros, 2015).  

In the following sections of this introduction, I will first examine in detail how glucose is 

utilized in the brain, followed by an overview of its principal metabolic pathways. Then, I will 

explore the cellular and compartmental specialization of the brain, with a particular focus on 

the dynamic interplay between astrocytes and neurons in regulating metabolic processes, 

supporting brain function, and influencing behaviour.  

1.1. Glucose metabolism 

Brain energy metabolism functions as a highly dynamic and tightly regulated network that 

maintains a precise balance between energy production and consumption via a series of 

interconnected molecular pathways. As previously mentioned, glucose is an obligatory energy 

substrate for the brain, and ~25% of total body glucose consumption is dedicated to fulfilling 

its energetic requirements. (Bélanger et al., 2011). Of note, and under certain conditions, the 

brain can utilize alternative energy sources, such as ketone bodies during development or in 

times of starvation, and lactate during intense physical exertion. (Magistretti & Allaman, 2013; 

Nehlig, 2004; Van Hall et al., 2009).    

Glucose metabolism supplies the energy necessary for normal brain function by generating 

adenosine triphosphate (ATP), the fundamental energy currency of all cells, and as well the 

synthesis of key neurotransmitters and other metabolites necessary for signalling. Therefore, 

strict regulation of glucose metabolism is imperative for sustaining brain physiology. 

Disruptions in this metabolic balance have been implicated in a range of diseases, affecting not 

only brain function but also systemic homeostasis (Madrer et al., 2025). 

1.1.1. Glucose transporters 

Once transported from the bloodstream across the BBB, glucose enters brain cells via two 

primary transporter families: facilitative glucose transporters (GLUTs) and sodium-dependent 

glucose transporters (SGLTs) (Devraj et al., 2011; Koepsell, 2020). GLUTs belong to the 

SLC2A family of sodium-independent facilitative hexose transporters, which comprises 14 

members: GLUT1-GLUT14, numbered according to their order of discovery (Pragallapati & 
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Manyam, 2019). However, in the brain the most relevant are GLUT1, GLUT3 and GLUT4. 

GLUT1, encoded by the SLC2A1 gene, is predominantly expressed in astrocytes, 

oligodendrocytes and endothelial cells of the BBB. Of note, GLUT1 expression is regulated at 

both the transcriptional and post-transcriptional levels in response to circulating glucose 

concentrations (Benarroch, 2014). The localization of GLUT1 in both endothelial cells and 

astrocytes facilitates the delivery of blood-borne glucose into the brain (Fig. 1). Indeed, more 

than 90% of the total glucose transport across the BBB is mediated by GLUT1, making it the 

main route for glucose entry in the brain parenchyma (Boado et al., 1999). Consistent with its 

localization, GLUT1 primarily mediates glucose uptake into astrocytes, supporting both 

metabolic and antioxidant functions that are essential for maintaining neuronal health 

(Pragallapati & Manyam, 2019). Given its critical role in mediating glucose transport across 

the BBB, GLUT1 deficiency in the brain can result in severe neurological impairments. One 

such condition is GLUT1 Deficiency Syndrome, a rare genetic disorder first described by De 

Vivo et al. in 1991. It results from loss-of-function mutations in the GLUT1 SLC2A1 gene and 

its clinical manifestations include developmental encephalopathy characterized by infantile-

onset refractory epilepsy with important seizures, developmental delay, cognitive impairment, 

and motor abnormalities such as spasticity, ataxia, dystonia, and epilepsy. Additional features 

may include acquired microcephaly and hypotonia (De Vivo et al., 1991).  

GLUT3 instead is the primary glucose transporter in neurons (Fig. 1) (Nagamatsu et al., 1992). 

Between all the GLUTs, GLUT3 is the one that uptakes glucose with higher affinity (I. A. 

Simpson et al., 2007). It is encoded by the SLC2A3 gene (Kayanos et al., 1988) and is 

predominantly expressed in grey matter, with much lower expression in white matter. This 

distribution suggests that GLUT3 plays a key role in supplying glucose to regions of high 

metabolic activity. (Haber et al., 1993). It is located primarily on axons and dendrites where it 

ensures a continuous and efficient supply to neurons even under conditions of glucose shortage 

due to its high affinity for glucose (Liang et al., 2018). 

While GLUT1 and GLUT3 are constitutively expressed at cell membranes, GLUT4, best 

known as the insulin-responsive glucose transporter, is translocated to the membrane in 

response to insulin signalling (McNay & Pearson-Leary, 2019; Pearson-Leary & McNay, 

2016). It plays a significant role in cognitive and memory-related functions, including 

hippocampal memory processing and is thought to support GLUT3 during periods of elevated 

neuronal activity or metabolic demand, such as during learning, memory formation, or 
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sustained synaptic transmission (Albaik et al., 2024; McNay & Pearson-Leary, 2019; Pearson-

Leary & McNay, 2016). 

 

Figure 1. Compartmentalized glucose dynamics in the neuropil.  

Glucose crosses the capillary endothelium via the facilitative glucose transporter GLUT1 and then 

enters astrocytes also via GLUT1. Astrocytes metabolize some glucose and export the remaining 

fraction to be internalized via GLUT3 and metabolized by neurons. The driving force for the flux of 

glucose into the brain is glucose metabolism. Figure from (Barros et al., 2017).  

Beyond GLUT transporters, endothelial cells at the BBB also express SGLTs, which mediate 

glucose uptake by coupling it to the inward sodium gradient, enabling transport against the 

glucose concentration gradient. SGLT1 and SGLT2 are detected in select regions of the CNS, 

including the brainstem, where they are thought to contribute to glucose sensing and the 

regulation of systemic energy balance. In contrast, SGLT3 does not function as a classical 

glucose transporter, instead, it acts as a glucose sensor, modulating neuronal excitability in 

response to extracellular glucose levels (Mei et al., 2024; Wright & Loo, 2020).  
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1.1.2. Major metabolic fates of glucose 

Figure 2. Simplified overview of the major metabolic pathways in the brain.  

This diagram illustrates glucose metabolism through glycolysis, the PPP, the TCA cycle, and glycogen 

synthesis. It also highlights alternative fuel source such as ketone bodies and fatty acids. Figure adapted 

from (Neal et al., 2024). 

The substantial energy demands of brain functions are sustained by a network of tightly 

regulated metabolic pathways that ensure a continuous supply of ATP and biosynthetic 

precursors. Core components of this network include glycolysis, mitochondrial respiration, the 

pentose phosphate pathway (PPP) and glycogenesis (Fig. 2). Mitochondrial respiration 

encompasses both the activity of the tricarboxylic acid (TCA) cycle and the electron transport 

chain (ETC), driving a large part of ATP production within neurons and glial cells. These 

pathways not only generate the energy required for neuronal signalling and maintenance but 

also produce critical intermediates for neurotransmitter synthesis, antioxidant defence, and 

cellular repair. Understanding the organization and regulation of these metabolic routes is 

essential for elucidating how the brain sustains its complex functions and responds to 

physiological challenges (Bélanger et al., 2011; Mergenthaler et al., 2013; Rae et al., 2024). 

Furthermore, a brief overview of lipid, amino acid, and ketone body metabolism is provided 

below.  
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Glycolysis 

Glucose can be metabolized in the glycolytic pathway, which in the presence of oxygen is in 

most cases followed by oxidative phosphorylation. Glycolysis occurs in the cytoplasm of both 

neurons and glial cells and plays a central role in energy production by converting glucose into 

pyruvate in an oxygen-independent manner (Madrer et al., 2025).  

The glycolytic pathway consists of ten sequential enzymatic reactions that convert one molecule 

of glucose into two molecules of pyruvate, alongside the generation of two molecules of 

NADH, two hydrogen ions, two water molecules, and a net gain of two ATP molecules. 

Glycolysis proceeds through two phases: a preparatory phase, which consists in five reactions 

in which ATP is consumed, and a payoff phase, other five reactions in which ATP is produced 

(Tanner et al., 2018). Three crucial enzymes serve as major regulatory checkpoints in 

glycolysis: hexokinase (HK), phosphofructokinase-1 (PFK-1), and pyruvate kinase (PK) (X. 

Zhang et al., 2021). In the first step of glycolysis, HK catalyses the phosphorylation of glucose 

using one molecule of ATP in order to produce glucose-6-phosphate (G-6-P) (Massa et al., 

2011). G-6-P may then proceed through glycolysis, enter into the PPP, or used to synthesize 

glycogen. Between the three main regulatory enzymes, PFK-1 is considered as the crucial one. 

It catalyses the conversion of fructose 6-phosphate to fructose 1,6-bisphosphate, consuming 

one more ATP molecule. The final irreversible step of glycolysis is catalysed by PK, which 

converts phosphoenolpyruvate to pyruvate, generating two molecules of ATP. Pyruvate 

produced at the end of glycolysis follows distinct metabolic fates: it can enter the mitochondria 

to fuel the TCA cycle for oxidative ATP production or, particularly in astrocytes, be 

carboxylated to oxaloacetate, supporting anaplerotic flux and biosynthetic pathways (J. Rose et 

al., 2020; Y. M. Zhang et al., 2023). When required for redox balance, pyruvate can be reduced 

to lactate using NADH produced earlier in glycolysis despite the normal oxygen tension, a 

phenomenon known as aerobic glycolysis (Y. M. Zhang et al., 2023). 

Glycolytic ATP production is closely linked to the cellular bioenergetic state and becomes 

especially important in situations demanding immediate energy availability, such as intense or 

acute neuronal activation (X. Zhang et al., 2021). Beyond its role in ATP production, glycolysis 

generates metabolic intermediates that feed several biosynthetic and catabolic pathways, 

including the TCA cycle, the PPP, the hexosamine biosynthesis pathway (HBP), fatty acid 

oxidation (FAO) and glycogen synthesis (Kierans & Taylor, 2024; H. Wang et al., 2024).   
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The Pentose Phosphate Pathway 

The PPP is a glucose-oxidizing metabolic route that operates in parallel to glycolysis. It serves 

two major functions: the generation of ribose 5-phosphate for nucleotide synthesis, and the 

production of nicotinamide adenine dinucleotide phosphate (NADPH), which is essential for 

maintaining redox homeostasis and supporting various biosynthetic processes such as the 

synthesis of fatty acids, cholesterol, proline, deoxyribonucleotides, and tetrahydrofolate. In 

addition to its antioxidant role, NADPH is consumed by specific oxidases (NOXes) to promote 

the controlled generation of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS), whose levels modulate cell signalling and innate immune responses (TeSlaa et al., 

2023). 

The PPP consists of two interconnected branches: the oxidative (oxPPP) and the non-oxidative 

(non-oxPPP) arms. The oxPPP begins with glucose-6-phosphate, which is also a substrate of 

glycolysis, and its irreversibly conversion into ribulose 5-phosphate, yielding two molecules of 

NADPH per glucose-6-phosphate. In contrast, the non-oxPPP comprises the interconversion of 

ribulose 5-phosphate into ribose 5-phosphate, and a series of reversible reactions that consume 

the latter metabolite to produce the glycolytic intermediates fructose 6-phosphate and 

glyceraldehyde 3-phosphate, enabling metabolic flexibility based on cellular needs (Patra & 

Hay, 2014).   

In the brain, the PPP plays a crucial role in sustaining the function of both neurons and glial 

cells. One of its key contributions is the regeneration of NADPH, which serves as a cofactor 

for glutathione reductase in converting oxidized glutathione (GSSG) back to its reduced form 

(GSH), the major cellular antioxidant. Neurons, which have limited antioxidant capacity, rely 

on NADPH to sustain their GSH levels and protect themselves from oxidative damage (TeSlaa 

et al., 2023; Tu et al., 2019). This is a critical aspect of cellular wellbeing, as the accumulation 

of oxidative damage is proposed to be a key factor in the aetiology of neurodegenerative 

disorders. While glycolysis remains the primary glucose pathway in neurons under normal 

conditions, the PPP becomes critically important under conditions of oxidative stress or high 

biosynthetic demand. Astrocytes, in contrast, exhibit a higher PPP flux capacity, contributing 

not only to antioxidant defence but also to metabolic support of neurons through the production 

of NADPH and biosynthetic precursors. The dynamic balance between glycolysis and PPP 

activity in brain cells reflects the need to simultaneously manage high metabolic demand, redox 

stability, and cellular maintenance. Accordingly, the dysregulation of the PPP in brain cells has 
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been implicated in aging and the pathophysiology of disorders such as Alzheimer's disease, 

Parkinson's disease, and stroke (Bonvento & Bolaños, 2021; Herrero-Mendez et al., 2009).   

Glycogenesis  

Although the brain lacks substantial energy reserves, it retains a limited capacity to store 

glucose as glycogen through a process known as glycogenesis. Glycogen is primarily stored in 

astrocytes within both grey and white matter, where it serves as a critical energy buffer. Under 

conditions of increased energy demand, glycogen is mobilized by glycogen phosphorylase to 

produce G-6-P, which enters glycolysis to generate ATP (Nadeau et al., 2018). Beyond its role 

as an energy reserve, glycogen also contributes to neurotransmitter synthesis and signalling. 

Glycogen-derived lactate can fuel neuronal metabolism, while glycogen breakdown supports 

glutamate uptake and glutamine synthesis, both essential for maintaining synaptic transmission 

(Gibbs, 2016). The importance of brain glycogen is further underscored by evidence showing 

that inhibition of glycogen synthesis impairs long-term potentiation (LTP) and memory 

formation (Duran et al., 2013).  

1.1.3. Glucose oxidation by mitochondria 

In the presence of oxygen, pyruvate generated by glycolysis is transported into mitochondria 

via the mitochondrial pyruvate carrier (MPC), where, at the level of the mitochondrial matrix, 

it undergoes decarboxylation to form acetyl-CoA (Fernie et al., 2004). Acetyl-CoA then 

combines with oxaloacetate to form citrate, initiating the tricarboxylic acid (TCA) cycle, also 

known as Krebs cycle. Through a series of eight enzymatic reactions, the acetyl group is 

oxidized, and electrons are transferred to specific carriers, namely NADH and FADH₂, while 

regenerating oxaloacetate to sustain continued cycle activity. The reducing equivalents 

generated by TCA cycle activity – primarily carried by NADH and FADH₂ - are essential 

substrates for the mitochondrial ETC to drive ATP synthesis. Electrons from NADH and 

FADH₂ enter the ETC via a series of four protein complexes embedded in the inner 

mitochondrial membrane: NADH:ubiquinone oxidoreductase (Complex I), succinate 

dehydrogenase (Complex II), ubiquinol–cytochrome c oxidoreductase (Complex III), and 

cytochrome c oxidase (Complex IV) (Nolfi-Donegan et al., 2020).  NADH and FADH2 

generated from the TCA cycle donate their electrons to complex I and complex II, respectively. 

These electrons reduce coenzyme Q (ubiquinone) to ubiquinol, which then transfers electrons 

to Complex III. Then, complex III passes the electrons to cytochrome c (Cyt c), which in turn 

delivers them to Complex IV. Finally, Complex IV transfers the electrons to O₂, the terminal 

electron acceptor, resulting in the formation of H₂O. As electrons move through the ETC, 
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Complexes I, III, and IV actively pump protons from the mitochondrial matrix into the 

intermembrane space, generating an electrochemical gradient. This proton gradient is used by 

the ATP synthase (Complex V) to condense ADP and inorganic phosphate to produce ATP, in 

a process known as OXPHOS (Fig. 3). The reoxidation of NADH and FADH₂ during this 

process not only drives ATP production but also enables the TCA cycle to proceed 

continuously. (Arnold & Finley, 2023). The OXPHOS can yield ~31 ATP molecules per 

molecule of glucose, making it significantly more efficient than glycolysis. Consequently, in 

the presence of oxygen, most cells preferentially rely on this pathway for energy production 

(Fernie et al., 2004; H. Liu et al., 2025; Magistretti & Allaman, 2013).The availability of 

oxygen, essential for OXPHOS, normally suppresses glycolysis, in a phenomenon known as 

the Pasteur effect. In well-oxygenated cells such as neurons, the Pasteur effect ensures 

preferential use of mitochondrial respiration over glycolysis, thereby maximizing ATP yield 

and supporting high-energy demands. (Barros et al., 2021). The TCA cycle also provides 

metabolic flexibility by processing alternative substrates such as amino acids and fatty acids 

(FA). Moreover, several of its intermediates are critical precursors for anabolic processes, 

including amino acid and nucleotide synthesis, as well as gluconeogenesis. Consequently, not 

all pyruvate entering the TCA cycle is directed toward ATP production only (Arnold & Finley, 

2023). 

In addition to driving ATP synthesis, OXPHOS is associated with the production of 

mitochondrial ROS, a process closely linked to the structural organization of the mitochondrial 

respiratory complex (MRC). Mitochondrial Complex I, a primary source of ROS, can function 

either as an individual complex or as part of higher-order assemblies known as supercomplexes, 

formed with Complexes III and IV (Lenaz et al., 2016). The incorporation of Complex I into 

supercomplexes enhances the efficiency of electron transfer within the ETC, thereby 

minimizing electron leakage and reducing ROS generation (Lopez-Fabuel et al., 2016). 

Mitochondria are the main source of intracellular ROS, and accordingly, these organelles are 

particularly susceptible to oxidative stress. When ROS production exceeds the capacity of 

antioxidant defences, it can disrupt mitochondrial dynamics (including fission and fusion), 

interfere with cell cycle kinases regulation, and activate innate immune responses. These 

disruptions contribute to cellular dysfunction and may play a role in the pathogenesis of 

neurodegenerative diseases (Knott et al., 2008; M. T. Lin & Beal, 2006).  
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Figure 3. Schematic representation of the MRC and OXPHOS.  

This figure illustrates the electron flow through complexes I-IV, proton translocation across the inner 

mitochondrial membrane and ATP synthesis via complex V. Figure from (T. Wang & Zhang, 2024). 

1.1.4. Alternative fuels for mitochondrial function 

Although glucose is the primary energy source of the brain, it is not the only substrate capable 

of fuelling neural activity. Under specific physiological or pathological conditions, such as 

fasting, prolonged exercise, starvation, or ketogenic diets, the brain is capable of using 

alternative substrates, including fatty acids (via fatty acid oxidation, FAO) and ketone bodies. 

These pathways provide metabolic flexibility, particularly during periods of glucose scarcity, 

and contribute to the maintain brain energy homeostasis and adapt to energetic stress (Clarke 

& Sokoloff, 1999; García-Rodríguez & Giménez-Cassina, 2021; Szrok-Jurga et al., 2023). 

Lipids play essential structural roles in the brain, contributing to neuronal membranes and 

myelin sheaths. In addition to these functions, early studies have shown that FAO can meet up 

to 20% of the brain's energy requirements, predominantly within astrocytes (Ebert et al., 2003). 

FAO begins with the activation of fatty acids to fatty acyl-CoA, which is then transported into 

mitochondria via the carnitine shuttle, a system dependent on the carrier molecule L-carnitine. 

This transport involves more than two dozen enzymes and proteins, with carnitine 

palmitoyltransferase I (CPT-1) acting as the rate-limiting enzyme of the pathway (Houten et 

al., 2016). Within the mitochondrial matrix, fatty acyl-CoA undergoes β-oxidation, yielding 

NADH, FADH₂, and acetyl-CoA, which fuel the TCA cycle and the mitochondrial ETC for 

ATP production. Although FAO is highly energy-efficient, producing up to 106 ATP molecules 
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per palmitate compared to ~36 from glucose, it requires substantially more oxygen (31 moles 

vs. 6 per glucose), making it less favorable in the oxygen-limited environment of the brain. 

Additionally, FAO generates considerable amounts of ROS, particularly superoxide, 

contributing to oxidative stress. As a result, while FAO can support brain metabolism during 

energy crises, glucose remains the preferred substrate due to its lower oxygen requirement and 

reduced ROS burden. Notably, recent evidence suggests that astrocytic FAO may serve a 

signalling function by maintaining the mitochondrial respiratory chain in a disassembled yet 

ROS-permissive state, which appears to support cognitive performance through redox-

dependent mechanisms (Morant-Ferrando et al., 2023).  

In parallel, ketone bodies, primarily β-hydroxybutyrate (BHB) and acetoacetate (AcAc), serve 

as alternative energy substrates during periods of carbohydrate depletion. Their oxidation 

(ketolysis) in the brain is facilitated by the concerted activity of BHB dehydrogenase and 

succinyl-CoA:3-oxoacid-CoA transferase (SCOT) to produce AcAc-CoA, which then is 

cleaved into two molecules of Acetyl-CoA via a thiolase reaction catalysed by the 

mitochondrial acetyl-CoA acetyltransferase 1 (ACAT-1). The utilization of ketone bodies 

becomes significant during prolonged fasting, starvation, or chronic ketogenic diet, when 

hepatic production of ketones increases and glucose availability declines (Lamanna et al., 

2009). Beyond their role in energy production, ketone bodies, particularly BHB, also act as 

signalling molecules, influencing gene expression, epigenetic regulation, and pathways related 

to memory, aging, and neuroprotection (García-Rodríguez & Giménez-Cassina, 2021; Saito et 

al., 2022). 

1.1.5. Main biosynthetic pathways  

Beyond energy production, brain metabolism supports a variety of biosynthetic processes 

essential for neural development, signalling, and homeostasis. Two key biosynthetic domains 

in the brain involve amino acid and lipid metabolism, both of which contribute to 

neurotransmitter synthesis, membrane structure, and the regulation of cellular function. 

Amino acids are indispensable for multiple brain-specific metabolic pathways, serving not only 

as protein building blocks but also as neurotransmitters and metabolic intermediates. The 

synthesis and degradation of several key neurotransmitters, including glutamate, γ-

aminobutyric acid (GABA), dopamine, and serotonin, are directly linked to amino acid 

availability (Bak et al., 2006; Kölker et al., 2018). For example, the biosynthesis of L-glutamate 

and GABA consumes α-ketoglutarate (α-KG), an intermediate of the TCA cycle. In a similar 
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context, the glycolytic intermediate 3-phosphoglycerate serves as the precursor for L-serine. 

This L-amino acid plays a particularly important role in brain metabolism, as it serves not only 

as a precursor for glycine and D-serine, co-agonists of NMDA receptors involved in synaptic 

plasticity but also contributes to the synthesis of sphingolipids and phosphatidylserine, essential 

components of neuronal membranes. While L-serine is synthesized primarily by astrocytes, it 

is taken up and utilized by neurons, highlighting one of the many critical aspects of neuron-glia 

metabolic cooperation (Furuya, 2008; Kölker et al., 2018). Additionally, amino acids such as 

alanine and aspartate are involved in key regulatory functions. Both are formed through 

transamination reactions that participate in the urea cycle and pyrimidine biosynthesis, while 

simultaneously generating intermediates like pyruvate and oxaloacetate. These intermediates 

feed into gluconeogenesis and help maintain energy balance in the brain (Chandel, 2021).  

In parallel, lipid biosynthesis is equally vital for brain structure and function. The brain is one 

of the most lipid-rich organs in the body, with lipids making up nearly half of its dry weight. 

These lipids are not only structural components of cellular membranes and myelin sheets but 

also participate in signal transduction and membrane trafficking. Among them, cholesterol is 

particularly important; although it is largely excluded from systemic circulation due to the BBB, 

it is synthesized de novo in the adult brain primarily by astrocytes (D. Yang et al., 2022). 

Cholesterol is essential for synaptogenesis, membrane fluidity, and myelin formation. Its 

synthesis originates from acetyl-CoA through the mevalonate pathway, a multistep process 

regulated by key enzymes such as HMG-CoA reductase. In addition to cholesterol, other lipids 

such as phospholipids and sphingolipids play critical roles in neuronal membrane integrity and 

signalling. Fatty acid synthesis also occurs locally in glial cells, contributing to membrane 

remodelling and the formation of lipid-based signalling molecules. Dysregulation of brain lipid 

metabolism has been implicated in several neurodevelopmental and neurodegenerative 

disorders, including Alzheimer’s disease, where altered cholesterol homeostasis is thought to 

affect amyloid processing and synaptic function (Pfrieger, 2003; J. Zhang & Liu, 2015). 

1.2. Metabolic compartmentalization 

The brain’s cellular architecture is highly specialized, with neurons and glial cells working 

together to support functions such as synaptic signalling, metabolic coupling, blood flow 

regulation, axonal insulation and immune surveillance. A large share of the brain energy budget 

is devoted to ATP production, primarily to fuel the Na⁺/K⁺ ATPase, and to a lesser extent the 

Ca²⁺ ATPase, which are engaged to restore ion gradients dissipated during electrical activity 

such as postsynaptic currents, but also during recycling of synaptic vesicles and 
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neurotransmitters (Pulido & Ryan, 2021; Rangaraju et al., 2014). Regions dense in synapses, 

dendrites, and axon terminals are among the most energy-demanding, with synaptic activity 

alone accounting for up to 80% of the total metabolic cost of neuronal network function. 

Neurons are responsible for approximately 80% of total energy consumption in the brain, while 

glial cells account for the remaining 20% (Harris et al., 2012). Glial cells, however, exhibit 

notable metabolic flexibility. While they primarily metabolize glucose, they can also utilize 

alternative substrates such as lactate, pyruvate, glutamate and amino acids to support a wide 

range of functions (Zielke et al., 2009). In particular, glia contributes to brain lipid homeostasis 

and ATP generation through FAO and amino acid metabolism (Afridi et al., 2022; Mallick et 

al., 2024). This adaptability is essential for maintaining neural homeostasis, and its disruption 

may be linked to neurodegenerative disease. 

Neurons depend primarily on OXPHOS for energy production and exhibit a higher rate of 

mitochondrial respiration than glial cells. Despite this, neurons are not avid glucose consumers 

but rather they preferentially use lactate, supplied largely by glia cells, to fuel oxidative 

metabolism (Bolaños et al., 2010; Bouzier-Sore et al., 2006; Magistretti & Allaman, 2018). 

This preference is linked to their inherently low glycolytic activity, which results from the 

continual proteasomal degradation of PFKFB3, a key glycolytic regulator (Herrero-Mendez et 

al., 2009). As a result, neurons are limited in their ability to upregulate glycolysis during 

metabolic stress, making them vulnerable to OXPHOS inhibition. Indeed, forced 

overexpression of PFKFB3 in neurons induces oxidative stress and apoptosis, indicating that 

excessive glycolytic activity is detrimental to neuronal survival (Herrero-Mendez et al., 2009; 

Jimenez-Blasco et al., 2024). The distinct bioenergetic and redox profiles of neurons and glia 

cells are critical for maintaining correct neurotransmission and neuronal viability. These 

differences are partially attributed to mitochondrial organization: neurons display higher levels 

of mitochondrial Complex I and increased SC assembly, which enhances OXPHOS efficiency 

(Lopez-Fabuel et al., 2016). Accordingly, neurons depend on lactate for ATP production while 

directing glucose toward the PPP, which supports antioxidant defences through regeneration of 

GSH (Bolaños et al., 2010). 

2. Astrocytes  

Astrocytes are the most abundant type of glial cells within the CNS, accounting for 

approximately 30% of all cells in the mammalian brain (Brazhe et al., 2023; Herculano-Houzel, 

2014). The term “astrocyte” encompasses different cells with a great heterogeneous 

morphology. Indeed, astrocytes were first classified based on morphological characteristics and 
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location. Therefore, two main types of astrocytes have been defined in literature. White matter 

astrocytes, named “fibrous astrocytes”, characterized by unbranched, long and thin processes 

that envelop nodes of Ranvier, helping to maintain ion balance and local homeostasis. The 

second type is grey matter astrocytes, named “protoplasmic astrocytes” and characterized by 

many branching processes that occupy a huge volume and enclose synapses. These structures 

allow them to enwrap synapses and blood vessels, contributing to synaptic modulation, 

neurotransmitter recycling, and BBB maintenance (Miller & Raff, 1984; Oberheim et al., 2012). 

In addition, two more specialized types of astrocytes in the central nervous system have been 

described: Müller cells, that are situated in the retina, and a cerebellum-specific type of 

astrocyte, the Bergmann glia,  (Khakh & Deneen, 2019; Oberheim et al., 2012). This 

morphology and density-based classification has been significantly expanded by recent 

transcriptomic studies, which reveal a high degree of molecular heterogeneity and functional 

specialization among astrocytes, both across and within distinct brain regions (de Ceglia et al., 

2023; Doyle et al., 2008; Holt, 2023; O’dea et al., 2025; Yeh et al., 2009).  

Once considered to be only passive support cells, astrocytes are now considered as active 

participants in CNS function, playing essential roles in synaptic plasticity, homeostatic 

regulation, and behavioural control (Perea et al., 2009; Verkhratsky et al., 2021). In this context, 

astrocyte malfunction is linked to the pathophysiology of various neurological disorders (Perea 

et al., 2009; Verkhratsky et al., 2021; Won et al., 2025). Neuronal activity modulates diverse 

astrocyte activities, including for example intracellular Ca²⁺ dynamics, cAMP signalling or 

specific metabolic processes, which in turn promote and shape diverse aspects of brain function 

(Allen et al., 2022; Guerra-Gomes et al., 2018; Khakh & Deneen, 2019; Theparambil et al., 

2024; Verkhratsky et al., 2021; Zhou et al., 2019). Among others, astrocytes actively shape 

synaptic transmission via the release of a variety of signalling molecules (Fig 4.). For instance, 

neuronal-evoked Ca2+ signalling in astrocytes promotes gliotransmission, a process whereby 

these cells release molecules with neurotransmitter-like functions (gliotransmitters), such as 

glutamate or D-serine. Similarly, and likely with a different spatio-temporal pattern than 

gliotransmission, astrocytes can also release other types of signalling molecules like hydrogen 

peroxide (H₂O₂), peptides like brain-derived neurotrophic factor (BDNF) and its precursor 

proBDNF, or metabolites like lactate which act on specific receptors (Lauritzen et al., 2014; 

Won et al., 2025). Notably, astrocytes also play essential roles in supporting neuronal 

metabolism, BBB integrity, regulating neurotransmitter homeostasis, modulating neuroimmune 

responses, promoting the clearance of metabolic waste and maintenance of ion and water 
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balance (Bélanger et al., 2011; Bugiani et al., 2021; Verkhratsky & Nedergaard, 2018; Zimmer 

et al., 2024).  

The following paragraphs will outline the principal functions of astrocytes in the CNS, offering 

a comprehensive overview of their critical roles in brain metabolism and overall physiology. 

2.1. Astrocytic regulation of extracellular environment 

Astrocytes play a pivotal role in modulating neuronal excitability, particularly during periods 

of heightened synaptic activity. One of their primary functions is the maintenance of 

extracellular environment, including the control of diverse ions levels, like K+, and the 

uptake/recycling of neurotransmitters.  

Efficient astrocyte-mediated K⁺ clearance is essential for preventing pathological neuronal 

hyperexcitability and ensuring stable network oscillations (Bellot-Saez et al., 2017; Rupareliya 

et al., 2023). Astrocytes use several mechanisms to control extracellular K⁺ levels. Inwardly 

rectifying K+ channels, particularly Kir4.1 - highly expressed in astrocytes’ membranes - enable 

passive uptake of K⁺ during neuronal activity. The Na⁺/K⁺ ATPase further contributes to active 

K⁺ transport into astrocytes. Additionally, spatial buffering via gap junctions, formed by 

connexins such as Cx43, allows redistribution of excess K⁺ throughout the astrocytic network. 

Other transporters, such as NKCC1, may also play a role during intense stimulation by 

supporting ion and volume regulation (Barros, 2022; MacAulay, 2020).  

Astrocytes are central to the uptake, release, and metabolism of neurotransmitters, exerting tight 

control over synaptic signalling and neuronal responsiveness (Perea et al., 2009). They 

modulate key neurotransmitters including glutamate, GABA, adenosine, and monoamines, 

thereby exerting a tight control over synaptic signalling and neuronal responsiveness (Perea et 

al., 2009). Among these, glutamate clearance is particularly critical, as excessive extracellular 

glutamate can lead to excitotoxicity and neuronal damage. Astrocytes express high-affinity 

transporters such as EAAT1/GLAST and EAAT2/GLT-1, which remove the majority of 

glutamate from the synaptic cleft. (Rose et al., 2018; Schousboe, 2020). Genetic deletion or 

dysfunction of these transporters leads to pathological glutamate accumulation, resulting in 

neuronal hyperexcitability, seizures, and neurodegeneration (Pajarillo et al., 2019).  
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Inhibitory neurotransmission is similarly regulated by astrocytes, primarily through GABA 

uptake mediated by GABA transporters GAT-1 and GAT-3, the latter being predominantly 

localized in astrocytic membranes, while GAT-1 is almost equally present in both (Andersen et 

al., 2023). This astrocytic uptake modulates extracellular GABA concentrations, shapes 

inhibitory tone, and contributes to neurotransmitter recycling (Andersen, 2025; Andersen et al., 

2023; Perea et al., 2016).  

Figure 4. Astrocytic modulation of neurotransmission and synaptic plasticity.  

Neuronal activity triggers neurotransmitter release, which activates postsynaptic receptors (mGluR, 

NMDA, AMPA) to regulate synaptic plasticity. These neurotransmitters also stimulate astrocytic 

receptors, like mGluRs, raising intracellular Ca²⁺ via the PLC–IP₃ pathway. Elevated Ca²⁺ drives 

gliotransmitter release through vesicular and channel-mediated mechanisms. These gliotransmitters act 

on pre- and postsynaptic targets, modulating synaptic vesicle release and plasticity. SWELL1-mediated 

released gliotransmitters and endocannabinoids released by mGlu1 activation also affects synaptic 

transmission. This highlights the central role of astrocytes in dynamic synaptic regulation. Figure from 

(Rupareliya et al., 2023). 

A key integrative mechanism for both glutamatergic and GABAergic systems is the 

glutamate/GABA-glutamine cycle. In this cycle, astrocytes convert glutamate taken up from 

the synaptic cleft into glutamine via the enzyme glutamine synthetase, which is exclusively 

expressed in astrocytes. Glutamine is then shuttled back to neurons, where it is reconverted into 

either glutamate or GABA, depending on the neuronal subtype. This astrocyte-neuron coupling 

ensures a continuous supply of neurotransmitter precursors while preventing excitotoxic or 

inhibitory spill over. Thus, through a coordinated set of transporter and enzymatic functions, 

astrocytes not only maintain extracellular neurotransmitter homeostasis but also enable the 

metabolic recycling necessary for sustained synaptic transmission (Andersen, 2025).  
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2.2. Astrocyte-mediated synaptic signalling 

Astrocytes can directly influence brain function via the controlled release of gliotransmitters, 

which are signalling molecules that fine-tune synaptic function and neural network dynamics 

(Araque et al., 1999; Lei et al., 2024; Savtchouk & Volterra, 2018). This signalling process 

known as gliotransmission has been demonstrated across various brain regions in rodents and 

humans and is now recognized as a critical process in modulating brain function (Miguel-

Quesada et al., 2023; Won et al., 2025). Gliotransmission is engaged when astrocytes sense 

synaptic activity via metabotropic and ionotropic receptors including those for glutamate, 

GABA, endocannabinoids (eCBs), among others. This detection triggers intracellular Ca²⁺ 

signalling, largely mediated by the IP3R2 pathway, which vary depending on the type of 

neurotransmitter and the frequency of neuronal activity involved. Notably, these Ca²⁺ signals 

can propagate across astrocytic networks via gap junctions, enabling the coordination of activity 

across distant synapses (Giaume et al., 2021; Savtchouk & Volterra, 2018). In response, 

astrocytes release gliotransmitters, such as glutamate, GABA, ATP, and D-serine, that act either 

on pre- or post-synaptic neuronal receptors (Fig. 4) (Araque et al., 2014). Importantly, the 

frequency and duration of neuronal activity can influence both the type and effect of 

gliotransmitter release from a single astrocyte, leading to context-dependent, even opposing, 

synaptic outcomes (Covelo & Araque, 2018). The release of gliotransmitters occurs through 

diverse mechanisms, including vesicular exocytosis, transporter activity, and channel-mediated 

pathways, enabling astrocytes to directly modulate neuronal excitability and synaptic function 

(Araque et al., 1999; Haydon & Carmignoto, 2006; Verkhratsky & Nedergaard, 2018). Recent 

findings suggest that a specific subpopulation of astrocytes in the hippocampus may possess 

synaptic-like vesicular machinery for glutamate release (de Ceglia et al., 2023; Harada et al., 

2016). Also, the SWELL1 channel, a subunit of the volume-regulated anion channel (VRAC), 

has been identified as a mediator of glutamate and GABA release from astrocytes (Yang et al., 

2023). This capacity for bidirectional communication between astrocytes and neurons via 

gliotransmission promoted the concept of the 'tripartite synapse', a functional unit composed of 

presynaptic and postsynaptic neuronal terminals along with surrounding astrocytic processes, 

which has become a foundational model for understanding how glial cells integrate into the 

core mechanisms of brain function (Araque et al., 2014). Accordingly, astrocyte gliotransmitter 

release regulates synaptic plasticity (LTP and LTD), neurotransmitter release, and memory 

consolidation (Escalada et al., 2024; Navarrete et al., 2012; Panatier et al., 2011; Perea et al., 

2009). Growing evidence further supports that gliotransmission, through bidirectional 
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communication with synapses, is essential for the regulation of complex behaviours such as 

learning and memory, emotional states including depression-like behaviour and addiction, fear 

processing, sleep-wake cycles, feeding behaviour, and circadian rhythm control (Kofuji & 

Araque, 2021; Mariani et al., 2025; Murat & García-Cáceres, 2021). Moreover, recent in vivo 

studies have shown that astrocytic Ca²⁺ signalling can enhance inhibitory circuit activity, 

thereby modulating sensory processing and limiting excessive excitation (Miguel-Quesada et 

al., 2023; Rupareliya et al., 2023). In this context, it is important to note that the dysregulation 

of astrocytic Ca²⁺ dynamics and gliotransmitter release is proposed to be implicated in the 

pathogenesis of several CNS disorders (Cheong & Lee, 2025; Lei et al., 2024). 

2.3. Neurovascular coupling and cerebral blood flow regulation 

Given the fact that neurons have a little store of glycogen, brain depends on systemic circulation 

for its glucose and oxygen requirements. Thus, local increases in cerebral blood flow are 

essential to meet the heightened metabolic demands that accompany neuronal activity (Brazhe 

et al., 2023; Macvicar & Newman, 2015). The neurovascular unit (NVU) is a fundamental 

concept in order to understand CNS physiology. It is a structure made up of neurons, blood 

vessels, astrocytes, pericytes and microglia, which form contact with each other and regulate 

essential processes in the CNS (Lia et al., 2023; Rupareliya et al., 2023). Astrocytes make direct 

contact with blood vessels via specialized structures called endfeet, and they are well positioned 

to influence cerebral blood flow and neurovascular coupling (Brazhe et al., 2023). Thus, 

astrocytes play an important position in coordinating the neuronal demand with the supply of 

energy substrates. This is achieved by the ability of astrocytes to control the vascular tone 

(Cohen-Salmon et al., 2025; Jha & Morrison, 2020; Macvicar & Newman, 2015; Marina et al., 

2020). When cerebral blood flow is reduced, astrocytes respond via Ca²⁺-dependent signalling 

pathways, activating sympathetic control circuits that increase both cerebral perfusion and heart 

rate (Attwell et al., 2010; Koehler et al., 2009; Macvicar & Newman, 2015; Marina et al., 2020). 

They detect synaptic activity at tripartite synapses and translate this into vascular responses by 

modulating capillary tone releasing different vasoactive molecules such as prostaglandins, NO, 

and arachidonic acid, thereby ensuring that regions with heightened neuronal demand receive 

adequate oxygen and nutrients. (Lecrux et al., 2019; C. Y. Liu et al., 2018).  

In addition to regulating blood flow, astrocytes play a crucial role in the formation, 

maintenance, and dynamic modulation of the BBB. Through their perivascular endfeet, 

astrocytes provide structural support and influence the functional properties of endothelial cells, 

thereby shaping the transport of molecules between the bloodstream and the brain parenchyma. 
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They modulate BBB permeability by regulating enzyme activity in cerebral endothelial cells, 

such as enhancing alkaline phosphatase and Na⁺/K⁺-ATPase function, and by modifying 

transporter systems. For instance, astrocytes can increase the transport capacity of neutral amino 

acids and upregulate glucose transporter activity, reinforcing the barrier’s ability to meet the 

metabolic demands of the CNS. (Ando et al., 2018; Gradisnik & Velnar, 2023). 

2.4. Astrocytes and brain bioenergetics 

Astrocytes traditionally account for only 5–15% of the brain energy budget. However, 

experimental evidence shows that they take up a disproportionately high amount of glucose 

compared to their energy demands. In the resting brain, astrocytes are responsible for 

approximately 50% of glucose uptake, a proportion that increases during functional activation, 

surpassing neuronal glucose uptake under stimulated conditions (Chuquet et al., 2010). 

Remarkably, astrocytes release up to 85% of the glucose they consume as lactate. Neuronal 

activity further enhances both glucose uptake and lactate production in astrocytes (Magistretti 

& Pellerin, 1999). These observations underpin the concept of neuro-metabolic coupling, 

specifically the astrocyte to neuron lactate shuttle (ANLS) model which will be further 

discussed in the next sections (Bonvento & Bolaños, 2021). Astrocytes rely less on OXPHOS 

than neurons, a difference linked to elevated expression of pyruvate dehydrogenase kinases 

(PDKs) and reduced activity of the pyruvate dehydrogenase (PDH) complex (Kumar Jha et al., 

2012). Structurally, astrocytic mitochondria exhibit lower assembly of respiratory SCs and a 

higher proportion of free Complex I, which diminishes respiratory efficiency and elevates 

mitochondrial ROS production (Lopez-Fabuel et al., 2016). This de-active form of Complex I 

favours direct electron transfer to oxygen, promoting superoxide generation. Importantly, 

mitochondrial ROS in astrocytes plays a physiological role by activating hypoxia-inducible 

factor 1α (HIF-1α), thus promoting the synthesis of several glycolytic enzymes (Almeida et al., 

2004; Jimenez-Blasco et al., 2020), while also modulating the PPP and maintaining basal 

activity of the antioxidant transcription factor NRF2 (Vicente-Gutierrez et al., 2019). Beyond 

glucose metabolism, astrocytes are key sites for FAO and cholesterol synthesis, two processes 

that contribute to redox balance, membrane homeostasis, and synaptic support (Eraso-Pichot et 

al., 2018; Morant-Ferrando et al., 2023). 

2.4.1. Lactate shuttling: mechanistic insight into neuron–astrocyte metabolic 

coupling 

Whereas neurons are cells that fully oxidize glucose through mitochondrial respiration, 

astrocytes are less oxidative and instead partially oxidize glucose. In this metabolic process, 
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known as aerobic glycolysis, astrocytes preferentially convert glucose into lactate even in the 

presence of oxygen, resulting in the production of only 2 ATP molecules per metabolized 

glucose (Y. M. Zhang et al., 2023). Although this process is energetically less efficient, 

substantial evidence indicate that astrocytes are net lactate producers (Brooks, 2018; Chatton et 

al., 2016; Magistretti & Allaman, 2018; Vaccari-Cardoso et al., 2022). One molecular 

mechanism underlying this distinct astrocytic metabolic profile involves the regulation of PDH 

complex, which is highly phosphorylated in these cells thereby reducing its activity and 

favouring aerobic glycolysis. In addition, the mitochondrial ETC in astrocytes exhibits a distinct 

structural organization compared to that of neurons. Astrocytes contain higher levels of free 

complex I, and consequently fewer mitochondrial SCs, which are critical for maximizing 

electron flux efficiency and ATP production (Lopez-Fabuel et al., 2016). Furthermore, the 

monocarboxylate transporters (MCTs), responsible for lactate transport across the membrane, 

as well as LDH expression, change significantly between neurons and astrocytes (Magistretti 

& Allaman, 2015; Simpson et al., 2007). These clear metabolic differences between neurons 

and astrocytes provide strong support for the ANLS model, which proposes that astrocyte-

derived lactate is transported to neurons, where it is oxidized as an additional energy substrate 

(Fig. 5) (Magistretti & Pellerin, 1999). This theory reinforces the idea that glucose metabolism 

in the brain is functionally compartmentalized: astrocytes mainly convert glucose into lactate 

and store glycogen, whereas neurons primarily utilize glucose and lactate for mitochondrial 

ATP production (Barros & Weber, 2018; Jolivet et al., 2009). According to the ANLS model, 

astrocytes release lactate during periods of high neuronal activity or energy demand to support 

neuronal oxidative metabolism (Magistretti & Allaman, 2018). The classical ANLS mechanism 

proposes that synaptic transmission elevates extracellular glutamate levels, which are rapidly 

taken up by astrocytes through sodium-dependent glutamate transporters. This uptake triggers 

activation of the Na⁺/K⁺ ATPase, leading to increased ATP consumption and thereby 

stimulating glucose uptake and glycolysis. The resulting lactate is released into the extracellular 

space and taken up by neurons, where it fuels ATP production through OXPHOS (Barros & 

Deitmer, 2010; Bonvento & Bolaños, 2021; Pellerin et al., 2007). In addition to glutamate, other 

neuronal signals, such as extracellular potassium (K⁺), ammonium (NH₄⁺), and activation of 

cannabinoid type-1 receptor (CB1R), have also been shown to stimulate astrocytic lactate 

release (Fernández-Moncada, Lavanco, et al., 2024; Lerchundi et al., 2015; Sotelo-Hitschfeld 
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et al., 2015). The mechanisms by which CB1R modulates lactate dynamics will be discussed in 

greater detail in the following sections of this thesis. 

Figure 5. Illustration of the ANLS model.  

During neuronal activity, glutamate is released into the synaptic cleft, and subsequently glucose from 

blood vessels is taken up by astrocytes and metabolized to pyruvate via glycolysis. Pyruvate is then 

converted into lactate by LDHA and released through MCT1/4 transporters. Neurons take up lactate 

via MCT2 and use it aerobically to meet energy demands and maintain homeostasis. Figure adapted 

from (Wu et al., 2023) 

Over the past few decades, this shift in understanding has led neuroscientists to reconsider 

lactate not merely as a metabolic by-product, but as a key signalling molecule in the brain. 

Emerging evidence now shows that lactate plays an essential role in neurobiological processes 

such as memory formation and consolidation (Magistretti & Allaman, 2018; Newman et al., 

2011; Suzuki et al., 2011; Tadi et al., 2015; Y. Zhang et al., 2016). 

While the ANLS is strongly supported by a substantial body of evidence and remains the most 

widely accepted model, some studies have challenged this view, proposing alternative 

interpretations of lactate flux dynamics in the brain (Díaz-García et al., 2017; Dienel, 2017).  

Therefore, additional experimental studies are needed to further validate the ANLS and 

potentially reconcile the conflicting findings both supporting and challenging this model. 
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2.4.2. Lactate production and transport 

Transport of lactate across cell membranes is mediated by the MCT family, which comprises 

14 isoforms with varying substrate affinities and tissue distributions. These transporters 

facilitate the bidirectional movement of lactate and other monocarboxylates such as pyruvate 

and ketone bodies across cell membranes, depending on concentration gradients and cellular 

context (Morris & Felmlee, 2008). Within the CNS, three specific isoforms, MCT1, MCT2, 

and MCT4, exhibit distinct regional and cell-type specific distributions (Eid et al., 2018). MCT1 

is primarily expressed in endothelial cells of the BBB and in glial cells, mainly astrocytes 

(Pierre & Pellerin, 2005). Due to its strategic localization, MCT1 plays a key role in the 

bidirectional transport of L-lactate across cellular membranes. The direction of this transport, 

either influx or efflux, is determined by the concentration gradients of lactate and protons across 

the membrane (Halestrap & Price, 1999; Vijay & Morris, 2014). MCT2 shares approximately 

60% sequence identity with MCT1 but is predominantly localized to synaptic regions (Pierre 

& Pellerin, 2005; Vijay & Morris, 2014). Recognized as the primary neuronal transporter for 

extracellular lactate uptake, MCT2 exhibits a significantly higher affinity for monocarboxylate 

substrates compared to MCT1 (Descalzi et al., 2019). Lastly, MCT4, despite having the lowest 

substrate affinity among the three isoforms, possesses a high transport capacity. It is 

predominantly expressed in glycolytic tissues, including astrocytes, and is thought to facilitate 

lactate efflux to prevent intracellular accumulation. This export is essential for maintaining 

glycolytic flux, as excessive intracellular lactate would otherwise inhibit glycolysis (Ueno et 

al., 2023; Vijay & Morris, 2014). 

2.4.3. Beyond metabolism: lactate as a signalling molecule 

Lactate, in addition to its role as an energy substrate for neuronal activity, is increasingly 

recognized as a key signalling molecule involved in multiple aspects of brain function. Its 

production by astrocytes has been implicated in long-term memory formation and cognitive 

function. This is supported by evidence showing that disruption of lactate production in 

astrocytes, or interference with MCTs involved in the ANLS, impairs LTP and memory 

consolidation (Alberini et al., 2017; Suzuki et al., 2011). As potential underlying mechanism, 

lactate promotes plasticity gene expression by increased intracellular levels of NADH, 

contributing to redox regulation, and leading to the potentiation of NMDAR signalling in 

neurons (Brooks, 2009; Margineanu et al., 2018; J. Yang et al., 2014). Moreover, lactate in the 

intercellular space serves as a signalling molecule binding to the lactate receptor 

hydroxycarboxylic acid receptor 1 (HCAR1) or GPR81 (Lauritzen et al., 2014), and potentially 
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other G-protein-coupled receptors (GPCRs), in neurons, endothelial cells and glial cells, 

resulting in inhibition of adenylyl cyclase and indicating then its involvement in 

neurotransmission, neurovascular coupling, and brain metabolism (Bergersen, 2014). Key 

signalling pathways activated by lactate include those that involve AMP-activated protein 

kinase (AMPK), HIF-1α, and the modulation of histone deacetylases (HDACs). These 

pathways influence gene expression, mitochondrial function, and overall cellular metabolism 

(J. Zhou et al., 2024). Importantly, several studies have suggested a neuroprotective role of 

elevated lactate levels in the brain, supported by its ability to prevent excitotoxicity through a 

coordinated cellular pathway that involves ATP production and release and activation of P2Y 

receptors and ATP-sensitive K+ channels (Jourdain et al., 2016; Margineanu et al., 2018).  

2.5. Astrocyte functions are coordinated by specific signalling systems 

These regulatory functions highlight astrocytes not only as passive supporters but as dynamic 

integrators of synaptic activity, bridging metabolic, vascular and electrical signalling in the 

CNS. They maintain extracellular ion homeostasis, clear neurotransmitters such as glutamate 

and GABA from the synaptic cleft, and release gliotransmitters that modulate synaptic 

transmission and plasticity (Valles et al., 2023; Verkhratsky et al., 2021). Through the ANLS, 

they provide neurons with lactate to support neuronal oxidative metabolism, while also 

contributing to antioxidant defence and pH regulation (Magistretti & Allaman, 2018; 

Verkhratsky & Nedergaard, 2018) . In addition, astrocytes influence cerebral blood flow via 

vasoactive signalling, coordinate metabolic coupling between neurons and the vasculature, and 

participate in the structural remodelling of synapses (Verkhratsky & Nedergaard, 2018; Zimmer 

et al., 2024). The diversity of these roles is matched by the complexity of their regulation, which 

involves numerous signalling systems, including purinergic, glutamatergic, GABAergic, 

adrenergic, and cholinergic pathways, as well as hormonal and peptide modulators. Astrocytes 

express specific receptors for each of these signalling systems, through which they mediate 

essential functions (Akther & Hirase, 2022). For instance, purinergic signalling, mediated by 

ATP and adenosine, modulates astrocytic Ca2+ dynamics, gliotransmitter release, and 

neurovascular coupling (Akther & Hirase, 2022; Pelligrino et al., 2011). Glutamatergic and 

GABAergic inputs provide astrocytes with direct readouts of synaptic activity, enabling them 

to adjust neurotransmitter clearance and metabolic support accordingly (Akther & Hirase, 2022; 

Magistretti & Allaman, 2018). Cholinergic signalling further modulates astrocyte excitability 

and influences plasticity-related processes (Araque et al., 2014; Takata et al., 2011). Together, 
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these systems and others, provide a rich regulatory framework that allows astrocytes to integrate 

diverse neural and systemic signals.  

Among the neuromodulatory networks influencing astrocyte physiology, the endocannabinoid 

system (ECS) has emerged as a key player capable of integrating synaptic activity with 

metabolic and vascular responses, thereby providing a critical link between neuronal signalling 

and the broader homeostatic functions of the brain (Lu & Mackie, 2021). The following sections 

will examine the ECS in detail, with a particular focus on how activation of the cannabinoid 

type 1 receptor can modulate brain energy metabolism. 

3. Brief overview of the endocannabinoid system  

The ECS has emerged over the past 30 years as one of the most important neuromodulatory 

networks in the mammalian brain (Lu & Mackie, 2021). Its discovery was initially triggered by 

the isolation of the primary psychoactive compound of Cannabis sativa, (–)-trans-Δ⁹-

tetrahydrocannabinol (Δ⁹-THC) (Mechoulam & Gaoni, 1965), which paved the way for the 

identification of cannabinoid-binding receptors (CBRs) in the 1990s (Matsuda et al., 1990; 

Munro et al., 1993). These findings were followed by the description of endogenous ligands for 

these cannabinoid receptors, the so-called endocannabinoids (eCBs). Among others, these 

discoveries helped to define the core components of the ECS: two main receptors, cannabinoid 

type-1 (CB1R) and type-2 (CB2R) receptors, their endogenous ligands, and the enzymes 

responsible for eCB synthesis and degradation (Iannotti et al., 2016; Lu & Mackie, 2021; 

Martinez Ramirez et al., 2023).  

The ECS is now recognized as one of the most extensive neuro-modulatory systems of the 

mammalian brain (Busquets-García et al., 2022; Gorzkiewicz & Szemraj, 2018), regulating a 

broad array of physiological processes including nociception, motor coordination, 

thermoregulation, sleep, synaptic plasticity, learning and memory, emotional behaviour, stress 

responses, appetite, immune modulation, metabolism, and reproductive function (Meccariello 

et al., 2020). Within the CNS, it is especially critical for diverse cognitive functions such as 

emotional regulation and memory formation  (Campolongo & Trezza, 2012; Lowe et al., 2021; 

Marsicano & Lafenêtre, 2009).  

Both CB1R and CB2R are members of the GPCR superfamily, characterized by seven 

transmembrane domains, and are primarily coupled to Gi/o proteins. Upon activation, these 

receptors inhibit adenylyl cyclase (AC), reduce activity of voltage-gated calcium (Ca2+) 

channels, and activate inward-rectifying K+ channels and MAP kinase pathways, though 
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responses vary by cell type (Battista et al., 2012; Iannotti et al., 2016; R. Pertwee, 2010). CB1R 

is the main signalling hub of the brain ECS and are predominantly expressed in presynaptic 

membranes throughout the brain, where they modulate neurotransmitter release. On the other 

hand, CB2Rs are more associated with peripheral immune cells, though they are increasingly 

recognized in microglia and other CNS immune populations, especially during pathological 

conditions (Atwood & MacKie, 2010; Herkenham et al., 1990; Lu & Mackie, 2021).  

Unlike classical neurotransmitters, which are synthesized to be stored in synaptic vesicles, the 

eCBs are produced on demand, typically in response to postsynaptic depolarization or 

activation of GPCRs (Lu & Mackie, 2021). The two primary eCBs are arachidonoyl 

ethanolamide (anandamide, AEA) and 2-arachidonoylglycerol (2-AG), both lipid-derived 

molecules originating from membrane phospholipids (Devane et al., 1992; Mechoulam et al., 

1995). While CB1R and CB2R remain the primary targets of eCBs, many of these lipids also 

modulate the activity of other proteins, including peroxisome proliferator-activated receptors 

(PPARs) and transient receptor potential (TRP) channels, especially the acylethanolamides 

(Howlett, 2002; Lu & Mackie, 2021).  

Classically, endocannabinoids are considered to work as retrograde messengers. They are 

synthesized and released from postsynaptic neurons in response to depolarization and bind 

presynaptic CB1Rs to suppress both excitatory and inhibitory neurotransmitter release (Heifets 

& Castillo, 2009). This mechanism is now a well-established example of retrograde synaptic 

signalling. However, accumulating evidence has expanded our understanding of CB1R 

distribution, revealing that these receptors are also expressed post-synaptically, as well as on 

intracellular organelles such as mitochondria and endosomes, where they modulate metabolic 

and signalling events (Fig. 6) (Fernández-Moncada, Rodrigues, et al., 2024; Lutz, 2020). For 

instance, the mitochondria-associated CB1R (mtCB1R) found in different brain cell types, have 

been shown to play critical roles in controlling intracellular Ca2+ signalling, synaptic 

transmission and brain bioenergetics (Eraso-Pichot et al., 2023; Fernández-Moncada, Lavanco, 

et al., 2024; Hebert-Chatelain et al., 2016; Jimenez-Blasco et al., 2020; Serrat et al., 2021).  
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Figure 6. Schematic representation of endocannabinoid signalling across tripartite synapse.  

eCBs are synthesized in the postsynaptic neuron in response to elevated intracellular Ca2+ and act 

retrogradely on presynaptic CB1Rs to suppress neurotransmitter release.  AEA can also activate 

postsynaptic TRPV1 receptors, triggering long-term depression (LTD) via glutamate receptor 

internalization. Astrocytic CB1Rs modulate intracellular Ca²⁺ levels, promoting gliotransmitter release 

and influencing nearby synapses. In microglia, CB2 receptor activation regulates cytokine release. 

Additionally, mitochondrial CB1Rs contribute to intracellular metabolic regulation. Figure from 

(Scheyer et al., 2022). 

Importantly, CBR1s are also expressed in glial cells, particularly astrocytes. Early studies 

highlighted a significant role for astrocytic CB1Rs in modulating synaptic transmission and 

influencing behavioural responses (Eraso-Pichot et al., 2023; Fernández-Moncada & 

Marsicano, 2023; Metna-Laurent & Marsicano, 2015). These findings expand the classical 

neuron-centric view of the ECS and suggest that astrocyte-specific endocannabinoid signalling 

may be critical for regulating CNS homeostasis and plasticity. 

3.1. ECS ligands: cannabinoids 

Several classes of cannabinoids have been identified over the years, and they are commonly 

categorized based on their pharmacological properties, molecular structure, or origin (Fig. 7). 

These include: 

• eCBs, such as 2-AG and AEA. 

• Phytocannabinoids, naturally occurring compounds found in Cannabis sativa, such as 

Δ⁹-THC and cannabidiol (CBD). 
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• Synthetic cannabinoids, such as indole-derived compounds like WIN55,212-2 and 

bicyclic cannabinoids like CP55,940. 

• Antagonists and inverse agonists, including highly selective CB1R antagonists like 

AM251.  

(Adel & Alexander, 2021; Devane et al., 1992; D’mbra et al., 1992; Morales & Reggio, 2021; 

Rock & Parker, 2021; Stella, 2023).  

Figure 7. Example of the 4 different classes of cannabinoids.  

Picture adapted from (Morales & Reggio, 2021). 

Interestingly, although a lot of agonists are slightly selective between CB1 and CB2 receptors, 

cannabinoid antagonists tend to be highly selective, with some demonstrating over 1000-fold 

preference for one receptor subtype over the other (Howlett & Abood, 2017). 

3.1.1. Endocannabinoids 

eCBs are endogenous lipidic molecules that act as agonists for CB1R and CB2R (Simankowicz 

& Stępniewska, 2025; Wilson & Nicoll, 2001). These molecules are eicosanoids derived from 

arachidonic acid (AA) and other polyunsaturated fatty acids (Morales & Reggio, 2021). Among 

them, AEA and 2-AG were the first discovered eCBs and are the most abundant endogenous 

ligand of the brain ECS in mammals (Martinez Ramirez et al., 2023; Wilson & Nicoll, 2001). 

Several other endocannabinoid-like compounds have since been identified, including 2-

arachidonyl glycerol ether (noladin ether or 2-AGE), N-arachidonoyl dopamine (NADA), 

palmitoylethanolamide (PEA), virodhamine, and oleamide (Bisogno et al., 2000; Hanus et al., 

2001; Iannotti et al., 2016; Porter et al., 2002). Currently, AEA and 2-AG remain the best-

characterized in terms of biosynthesis, metabolism, and pharmacology. Although AEA was 
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identified first due to its CB1R activation properties, earning its name from the Sanskrit word 

ananda (bliss) (Devane et al., 1992), substantial evidence now suggests that 2-AG may serve as 

the more potent endogenous ligand for CB1Rs, particularly in central synapses (Katona & 

Freund, 2008; Nikas et al., 2024). 

Unlike classical neurotransmitters, eCBs are not pre-packaged in vesicles. These molecules are 

derived from hydrophobic membrane lipid precursors, and synthesized on demand in response 

to physiological stimuli, such as GPCR activation or membrane depolarization (Eraso-Pichot 

et al., 2023; Gorzkiewicz & Szemraj, 2018; Lu & Mackie, 2021). Once synthesized, eCBs are 

rapidly released and typically act in a paracrine manner, although autocrine signalling has also 

been described (Bacci et al., 2004; Piomelli, 2003).  

Despite their structural similarity, AEA and 2-AG are generated and degraded by distinct 

enzymatic pathways and display different affinities and efficacies at cannabinoid receptors. For 

instance, 2-AG acts as a full agonist with high affinity for both CB1R and CB2R, whereas AEA 

is a partial and biased agonist, showing moderate affinity for CB1R and low affinity for CB2R 

(Howlett, 2002; Simankowicz & Stępniewska, 2025). In the striatum, a region essential for 

motor and cognitive function and rich in CB1Rs expression and, AEA selectively inhibits 

excitatory (glutamatergic) synapses, whereas 2-AG preferentially modulates inhibitory 

(GABAergic) synapses (Maccarrone et al., 2008). Moreover, the distribution and concentration 

of AEA and 2-AG vary across brain regions (Bisogno et al., 1999; Lemtiri-Chlieh & Levine, 

2022). Notably, 2-AG also serves as a principal source of AA for prostaglandin synthesis in 

tissues such as the brain, liver, and lungs; indicating broader physiological roles beyond 

classical endocannabinoid signalling, including inflammation and immune regulation (Turcotte 

et al., 2015). 

The synthesis and degradation of eCBs are tightly regulated by distinct enzymatic pathways 

that determine the magnitude and duration of ECS signalling. AEA can be synthesized through 

multiple enzymatic pathways starting from N-acyl-phosphatidylethanolamine (NAPE). The 

most well-known route involves the direct hydrolysis of NAPE by a NAPE-specific 

phospholipase D (NAPE-PLD). Alternatively, NAPE can be hydrolysed by a NAPE-selective 

phospholipase C (NAPE-PLC), producing phospho-anandamide, which is then 

dephosphorylated to yield AEA. Another pathway involves dual hydrolysis of NAPE acyl 

chains by the phospholipase B enzyme (ABHD4), followed by the action of 

glycerophosphodiester phosphodiesterase 1 (GDE1) to release AEA. Lastly, hydrolysis of a 

single acyl chain can generate lyso-NAPE, from which AEA is liberated by lyso-NAPE-PLD 
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(Maccarrone et al., 2015; Piomelli, 2003; Rezende et al., 2023; Simon & Cravatt, 2010; Tsuboi 

et al., 2013). On the other hand, 2-AG is produced through a two-step process. First, 

phospholipase C (PLC) hydrolyse phosphatidylinositol-bisphosphate (PIP2), generating 1,2-

diacylglycerol (DAG). Then, DAG is hydrolysed by diacylglycerol lipase (DAGL), which has 

two isoforms, namely DAGLα and DAGLβ (Bisogno et al., 2003; Murataeva et al., 2014; 

Shonesy et al., 2015). Of note, DAGLα seems to be the main isoform responsible for 2-AG 

production (Tanimura et al., 2010). 

Once released, these endocannabinoids are rapidly degraded to terminate their signalling 

actions. AEA degradation is primarily carried out by fatty acid amino hydrolase (FAAH) 

(Cravatt et al., 1996), an enzyme responsible for the hydrolysis of numerous fatty acid amides, 

including ethanolamides. Beyond its involvement on ECS functions, FAAH is an important 

therapeutical component, as its substrates have in general an extensive range of actions in our 

organism (Luchicchi et al., 2010). A different pathway to degrade AEA is mediated by 

cyclooxygenase-2 (COX-2) which oxidizes AEA in order to create prostamides, a class of 

endogenous molecules with its own physiological and pharmacological function (Rezende et 

al., 2023; Urquhart et al., 2015; Woodward et al., 2008). Finally, another less investigated 

pathway for AEA degradation is through N-acylethanolamine-hydrolysing acid amidase 

(NAAA) that supposedly is engaged when alteration to FAAH activity occurs (Tsuboi et al., 

2005; Xie et al., 2022). Finally, 2-AG is primarily degraded through hydrolysis by three key 

enzymes: monoacylglycerol lipase (MAGL) and the alpha/beta domain-containing hydrolases 

6 and 12 (ABHD6 and ABHD12) (Blankman et al., 2007; Rezende et al., 2023). In the mouse 

brain, MAGL is responsible for approximately 85% of 2-AG hydrolysis and its deletion can 

lead to up to a tenfold increase in 2-AG levels (Blankman et al., 2007; Schlosburg et al., 2010). 

ABHD12 and ABHD6 contribute to the remaining hydrolysis, responsible for about 9% and 

4%, respectively (Blankman et al., 2007).  

3.1.2. Exogenous cannabinoids: Δ9-THC, CBD & and synthetic cannabinoids 

Δ⁹-THC is the principal psychotropic compound in cannabis, primarily responsible for its 

euphoric effects, as well as many of its therapeutic properties, including analgesia, appetite 

stimulation, and sedation (dos Santos et al., 2021; Stella, 2023). It belongs to the 

phytocannabinoid class, a diverse group of over 100 terpenophenolic compounds found among 

the ~400 metabolites produced by Cannabis sativa that interact with the ECS (Jurga et al., 2024; 

Maroon & Bost, 2018). The chemical structure of Δ⁹-THC was first elucidated in 1965 by 

Mechoulam and colleagues, following its isolation from the resin of female Cannabis sativa 
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inflorescences (Mechoulam & Gaoni, 1965). Like most phytocannabinoids, Δ⁹-THC is 

biosynthesized in its acidic precursor form, Δ⁹-tetrahydrocannabinolic acid (Δ⁹-THCA), which 

readily decarboxylates into its active form when exposed to heat or light (Rock & Parker, 2021). 

The psychoactive effects of Δ⁹-THC are primarily mediated through its partial agonist activity 

at CB1Rs in the central nervous system. Compared to the precise, endogenous activation of 

CB1Rs by eCBs during retrograde synaptic signalling, Δ⁹-THC elicits a broader and less 

selective response (Blebea et al., 2024; R. G. Pertwee, 2008). Nonetheless, Δ⁹-THC exhibits a 

range of therapeutic properties - including anticonvulsant, antinociceptive, antiemetic, and 

appetite-stimulating effects - which support its clinical application in conditions such as 

multiple sclerosis, epilepsy, neuropathic pain, and cancer (Baker et al., 2003; Blebea et al., 

2024; Jurga et al., 2024; Maroon & Bost, 2018; Moore et al., 2021; Pacher et al., 2006; Stella, 

2023).   

However, the cannabis intoxication occurring with plant varieties high in Δ⁹-THC percentage, 

is also associated with acute cognitive impairments - including deficits in learning, attention, 

and working memory - as well as an increased risk of psychiatric conditions such as 

schizophrenia and psychosis  (Crane et al., 2013; Hoch et al., 2025; Joshi & Onaivi, 2021; 

Ranganathan & D’Souza, 2006; Stella, 2023). Cannabis use disorder (CUD) is a clinically 

recognized condition linked to chronic cannabis consumption, characterized by a range of 

cognitive and behavioural impairments, including deficits in memory processing, decision-

making, academic and occupational performance, as well as disrupted social functioning (Hoch 

et al., 2025; Joshi & Onaivi, 2021; Stella, 2023). Whether these effects persist long-term 

remains still scantly understood (Hoch et al., 2025; Volkow et al., 2016). Importantly, the 

overall therapeutic or adverse effects of cannabis are thought to depend on the synergistic 

interactions among its various phytocannabinoids (dos Santos et al., 2021). For instance, high-

potency cannabis rich in Δ⁹-THC has been linked to a greater incidence of adverse effects 

compared to strains with a more balanced cannabinoid profile, particularly those with THC and 

CBD present in roughly equal proportions (Di Forti et al., 2015; Stella, 2023; Volkow et al., 

2016). 

The pharmacological actions of Δ⁹-THC are complex and appears to be brain region-dependent, 

influenced by the cell type-specific of cannabinoid receptor engaged and the G-protein coupling 

efficiency, which differ between cell subpopulations (Bellocchio et al., 2010). In areas with low 

CB1R or CB2R density, Δ⁹-THC may even antagonize the effects of endogenous or 

exogenously administered cannabinoids (Hempel & Xi, 2021a; R. G. Pertwee, 2008). 
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Pharmacokinetically, Δ⁹-THC is rapidly cleared from plasma but distributes extensively due to 

its lipophilicity (Caicedo et al., 2025; Chayasirisobhon, 2020). It accumulates in adipose tissue, 

where peak levels are reached within five days, followed by slow redistribution to other tissues, 

including the brain (Ashton, 2001; Chayasirisobhon, 2020). In the brain, Δ⁹-THC is unevenly 

distributed, concentrating in neocortical, limbic, sensory, and motor regions (Eggan & Lewis, 

2007; Upadhyay et al., 2023). Its metabolites are primarily excreted via the gastrointestinal tract 

(~65%) and to a lesser extent via urine (~25%), with enterohepatic recirculation further 

extending its effects (Agurell et al., 1986; Chayasirisobhon, 2020; Huestis, 2007). 

Although the present thesis focuses on CB1Rs and consequently on Δ⁹‑THC exposure, certain 

features of CBD merit mention. As the principal non‑psychoactive component of cannabis, 

CBD does not activate CB1R or CB2R receptors, likely explaining its lack of psychotropic 

effects. Instead, it acts via a myriad of alternative molecular targets: it antagonizes the G 

protein-coupled receptor 55 (GPR55) and the transient receptor potential of the melastatin type 

8 (TRPM8), and serves as an agonist at TRPV1, TRPV2 channels, and the nuclear receptor 

PPAR‑γ (Bisogno et al., 2001; dos Santos et al., 2021). Additionally, CBD functions as a non-

competitive CB1R antagonist and an inverse agonist at CB2R (Thomas et al., 2007). Critically, 

CBD modulates Δ⁹‑THC’s pharmacological profile, diminishing some of its psychotropic 

effects while enhancing therapeutic outcomes (Stella, 2023). CBD also exerts anxiolytic, 

antipsychotic, and neuroprotective effects. Emerging clinical and preclinical evidence support 

its potential use in treating epilepsy, substance use disorders, schizophrenia, social anxiety, 

post-traumatic stress disorder, depression, bipolar disorder, sleep disturbances, and Parkinson’s 

disease (Crippa et al., 2018). 

The therapeutic relevance of the ECS has driven the development of numerous synthetic 

cannabinoids. These cannabimimetic compounds aim to create drugs with improved selectivity, 

efficacy, and pharmacokinetic profiles while minimizing adverse effects. Strategies include the 

design of selective CB1R or CB2R agonists/antagonists, allosteric modulators, biased agonists, 

and inhibitors of key metabolic enzymes such as FAAH and MAGL. Additionally, compounds 

targeting peripheral cannabinoid receptors are being explored to reduce central side effects 

(Morales & Jagerovic, 2020; Morales & Reggio, 2021). One of the most know and used 

synthetic cannabinoid is an aminoalkyindole, namely R-(+)-WIN55,212–2, a potent dual 

CB1R/CB2R receptor agonist (D’mbra et al., 1992).  
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3.2. Cannabinoid receptors  

As previously noted, the ECS comprises two well-characterized cannabinoid receptors: CB1R 

and CB2R. CB1Rs are among the most abundant GPCRs in the mammalian CNS, with 

expression levels comparable to those of glutamate and GABA receptors (Chou et al., 2022; R. 

Pertwee, 2010). In contrast, CB2Rs are primarily found in immune and hematopoietic cells and, 

within the brain, are mainly localized to microglia and vascular components, though their 

precise neuronal distribution and functional roles remain subjects of ongoing debate (Atwood 

& MacKie, 2010; Ferranti & Foster, 2022; Joshi & Onaivi, 2021; Munro et al., 1993; Núñez et 

al., 2004). Both receptors belong to the GPCR family and share the canonical seven-

transmembrane alpha-helical architecture (Iannotti et al., 2016). Beyond CB1R and CB2R, 

several other receptor classes interact with cannabinoids, including TRP channels - particularly 

the vanilloid subfamily (TRPVs) - PPARs, and metabotropic receptors such as G protein-

coupled receptor 55 (GPR55) interact with various eCBs (Etemad et al., 2022; Lu & MacKie, 

2016; Ye et al., 2019) Given the focus of this thesis, the discussion will predominantly centre 

on brain CB1Rs.  

3.2.1. Cellular distribution of CB1R in the brain  

CB1R mRNA, transcribed from the CNR1 gene, was identified in brain samples of rodents 

(Marsicano & Lutz, 1999) and humans (Mailleux & Vanderhaeghen, 1994; Westlake et al., 

1994) through in situ hybridization (ISH). Protein-level mapping via immunohistochemistry 

has revealed a dense and heterogeneous anatomical distribution of CB1Rs around the brain, 

particularly in regions involved in motor control, cognition, memory, and sensory integration. 

High CB1R expression is observed in the cerebellum, supporting a role in fine-tuning cerebellar 

output and motor coordination. The basal ganglia also display prominent CB1R expression, 

including the substantia nigra pars reticulata (SNr), entopeduncular nucleus, and the 

dorsolateral caudate-putamen. These areas are key nodes in motor circuitry and suggest that 

CB1Rs are integral modulators of motor planning and execution (Kano et al., 2009; Moldrich 

& Wenger, 2000).  

The hippocampus and neocortex show substantial CB1R presence, where they are primarily 

located on specific subsets of GABAergic interneurons. In particular, CB1Rs are highly 

enriched on cholecystokinin-positive (CCK+) basket cells, which play a critical role in 

controlling local excitability and network oscillations (Katona et al., 2000; Marsicano et al., 

2003). Although CB1R expression on glutamatergic pyramidal neurons is significantly lower, 
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it is nonetheless functionally important and contributes to activity-dependent modulation of 

excitatory transmission (Bodor et al., 2005; Katona & Freund, 2012). 

Beyond the hippocampus and cortex, CB1Rs are also detected in the olfactory bulb, 

contributing to sensory processing (Gómez-Sotres et al., 2024; Soria-Gómez et al., 2014), and 

in limbic structures like the amygdala, involved in emotional regulation (Haghparast et al., 

2014; Katona et al., 2001). Lower receptor densities are found in the thalamus and habenula, 

indicating more specialized or region-specific roles (Dasilva et al., 2012; Soria-Gómez et al., 

2015; Zapata & Lupica, 2021).  

 

Figure 8. Distribution of CB1 receptors expression in the CNS of adult mice.  

The image corresponds to an immunohistochemistry analysis (Kano et al., 2009). 

Notably, the density of CB1Rs varies across interneuron subtypes, leading to differential 

modulation of synaptic transmission (Busquets-Garcia et al., 2017; Fernández-Moncada, 

Rodrigues, et al., 2024; Katona & Freund, 2012). Although CB1Rs are primarily localized to 

presynaptic terminals, they are also found post-synaptically. Additionally, CB1Rs have been 

shown to form heterodimers with other GPCRs, such as dopamine D2, adenosine A2A, and 

orexin type 1 receptors, suggesting a complex and versatile role in neuromodulation (Katona et 

al., 1999; Lutz, 2020; Przybyla & Watts, 2010; Xu et al., 2011).  

Intriguingly, CB1Rs are not limited to neurons but are also expressed in non-neuronal brain 

cells, particularly astrocytes. Although astrocytic CB1Rs are present at relatively low levels, 

their activation has been shown to modulate the energy metabolism, together with triggering 

the release of gliotransmitters, thereby significantly influencing synaptic transmission 

(Busquets-Garcia et al., 2017; Eraso-Pichot et al., 2023; Fernández-Moncada & Marsicano, 

2023). Despite their modest expression, astroglial CB1Rs play a crucial role in neuron–glia 

communication and have been implicated in diverse behavioural processes, including memory 

consolidation and social transmission of stress (Fernández-Moncada, Lavanco, et al., 2024; 



35 

 

Gómez-Sotres et al., 2024; Navarrete & Araque, 2008; Oliveira da Cruz et al., 2016; Robin et 

al., 2018). This underscores the notion that receptor localization - not merely abundance - is 

key to understanding CB1R function (Busquets-Garcia et al., 2016, 2017; Fernández-Moncada 

& Marsicano, 2023; Marsicano & Kuner, 2008). Given the relevance to the central topic of this 

thesis, a more detailed discussion of astrocytic CB1R mechanisms will follow in the next 

sections. 

3.2.2. Subcellular distribution of CB1R 

CB1R is widely expressed on the plasma membrane of neurons, where it primarily functions as 

a presynaptic modulator of neurotransmitter release. This classical localization enables 

retrograde endocannabinoid signalling, leading to the suppression of synaptic transmission 

across a variety of neural circuits (Lu & Mackie, 2021). However, advances in high-resolution 

imaging and subcellular fractionation techniques have shown that CB1Rs are not only confined 

to the cell surface. Instead, they are also present in various intracellular compartments, 

expanding both their anatomical distribution and functional repertoire (Busquets-Garcia et al., 

2017; Hebert-Chatelain et al., 2014).  

At the subcellular level CB1Rs have been detected within endosomal and lysosomal 

compartments, where they can initiate G protein-dependent signalling independent of plasma 

membrane activation (Rozenfeld & Devi, 2008; Thibault et al., 2013).  

In 2012, electron microscopy and immunogold labelling combined with controlled functional 

assays, demonstrated that a small but functionally significant fraction of CB1R in the 

hippocampus are associated to mitochondrial membranes – referred to as mtCB1R - where they 

mediate a reduction of O2 consumption in response to both exogenous and endogenous 

cannabinoids (Bénard et al., 2012; Hebert-Chatelain et al., 2014). Importantly, mtCB1Rs are 

not restricted to neurons; they are also expressed in astrocytes, alongside their plasma 

membrane counterparts, where they play essential roles in modulating diverse cellular processes 

and influencing behavioural outcomes (Gutiérrez-Rodríguez et al., 2018; Jimenez-Blasco et al., 

2020). 

Despite significant progress in characterizing the signalling cascades and intracellular dynamics 

of distinct CB1R subcellular pools, such as those localized at the plasma membrane and 

mitochondria, the full complexity of this system remains elusive. In particular, the mechanisms 

governing CB1R trafficking to either mitochondrial or plasma membranes, the turnover rates, 
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and potential modulation by neuronal activity, metabolic state, or pathological conditions, are 

still poorly understood (Fernández-Moncada, Rodrigues, et al., 2024).  

3.3. CB1R modulation of brain function & behaviour 

CB1R activation exert a powerful control of brain functions, influencing a wide array of 

physiological and behavioural processes, including synaptic transmission, neuroplasticity, 

emotional regulation, feeding behaviour, pain perception, and energy metabolism. The effects 

of CB1R activation are highly context-dependent and are mediated through distinct molecular 

pathways that vary according to the cellular and subcellular localization of the receptor 

(Busquets-Garcia et al., 2017; Fernández-Moncada, Rodrigues, et al., 2024; Lu & Mackie, 

2021). 

As elucidated in the previous paragraphs, rather than functioning as a uniform signalling entity, 

CB1Rs are organized into spatially and functionally distinct pools across various brain cell 

types - neurons, astrocytes, and other glial populations - as well as within specific subcellular 

compartments such as the plasma membrane, endosomes, and mitochondria. Each of these 

pools engages unique intracellular cascades, enabling precise and localized modulation of 

neuronal activity and intercellular communication. This compartmentalization of CB1R 

signalling adds a significant layer of complexity to our understanding of endocannabinoid 

function in the central nervous system. 

In the following sections, I will describe the major signalling pathways triggered by CB1R 

activation and how they differ based on cellular and subcellular localization. Particular attention 

will be given to how specific CB1R pools contribute to the regulation of brain bioenergetics, 

synaptic function, and behavioural outcomes. This framework will provide the foundation for 

understanding the diverse physiological roles of the endocannabinoid system, as well as its 

possible involvement in neurological and psychiatric disorders. 

3.3.1. CB1R-mediated intracellular cascades 

One of the central intracellular mechanisms regulating several cell functions, such as cell health, 

differentiation and proliferation is the AC-cyclic adenosine monophosphate (cAMP) signalling 

cascade (Aslam & Ladilov, 2023; Sunahara et al., 1996). CB1Rs, primarily coupled to 

inhibitory Gi/o proteins on their intracellular domains, suppress AC activity upon activation. 

This leads to reduced cAMP levels and, consequently, diminished activation of protein kinase 

A (PKA) (Howlett, 2002; Howlett & Abood, 2017; Leo & Abood, 2021). PKA is a Ser/Thr 

kinase composed of two regulatory and two catalytic subunits. When cAMP binds the 
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regulatory subunits, the catalytic subunits are released and able to phosphorylate downstream 

targets. Thus, CB1R activation indirectly suppresses PKA activity via inhibition of the cAMP 

production (Di Marzo et al., 1998; Fernández-Moncada, Rodrigues, et al., 2024; Leo & Abood, 

2021; Piomelli, 2003). This pathway also modulates various ion channels, including voltage-

gated K⁺ and Ca²⁺ channels, thereby impacting neuronal excitability and synaptic strength 

(Busquets-Garcia et al., 2017; Y. F. Lin, 2021; Miraucourt et al., 2016; Sánchez et al., 2003). 

Importantly, retrograde cAMP/PKA signalling is essential for short- and long-term regulation 

of excitatory and inhibitory synapses, making it a pivotal mechanism in synaptic plasticity 

(Iannotti et al., 2016; Lu & Mackie, 2021). 

Additionally, CB1Rs can directly inhibit voltage-gated Ca²⁺ channels (VGCCs), particularly N- 

and P/Q-type channels, via Gi/o protein activation. This suppression of Ca2+ influx at 

presynaptic terminals further reduces the probability of synaptic vesicle fusion and 

neurotransmitter release, thereby reinforcing the CB1R-mediated dampening of synaptic 

activity (Boczek & Zylinska, 2021). By modulating both excitatory and inhibitory synapses 

through this pathway, CB1Rs exert a fine-tuned regulatory influence on neuronal excitability. 

Beyond synaptic transmission, this inhibition of Ca2+ entry also has broader implications for 

neuronal health, as it can protect neurons from Ca2+-induced excitotoxicity, a key contributor 

to neurodegenerative processes. As such, CB1Rs play a key role in maintaining neuronal 

homeostasis by regulating both cell viability and synaptic function (Boczek & Zylinska, 2021; 

Elphick & Egertová, 2001; Kano et al., 2009; Twitchell et al., 1997).  

CB1R is not limited to canonical Gi/o-mediated inhibition of AC, but it can also engage a 

variety of intracellular signalling cascades, depending on the cellular context, receptor density, 

and receptor compartmentalization. One well-characterized pathway is the activation of the 

mitogen-activated protein kinase (MAPK) cascade, including ERK1/2, JNK, and p38 MAPKs. 

This pathway is primarily initiated through βγ subunits released from Gi/o proteins, which can 

stimulate Ras-related proteins and subsequently trigger a phosphorylation cascade involving 

Raf, MEK, and ERK. This activation has been implicated in diverse processes such as cell 

survival, synaptic plasticity, and gene expression (Turu & Hunyady, 2010). 

In addition to MAPK signalling, CB1Rs are capable of coupling to alternative G proteins, 

including Gs and Gq/11. For instance, Gq/11-mediated coupling in astrocytes leads to the 

activation of phospholipase C-beta (PLCβ), resulting in the hydrolysis of PIP2 into 

diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 then promotes the release of Ca²⁺ 

from intracellular stores via IP3 receptors, while DAG activates protein kinase C (PKC), 
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influencing downstream targets such as ion channels and transcription factors (Gómez Del 

Pulgar et al., 2000; Navarrete & Araque, 2010). 

Moreover, CB1Rs have been shown to activate the phosphoinositide 3-kinase (PI3K)/Akt 

signalling pathway through both Gi/o and Gq mechanisms. This pathway is crucial for 

modulating cell growth, metabolism, and survival, and it plays a role in the neuroprotective and 

anti-apoptotic effects of CB1R activation in neurons and glia. Importantly, the engagement of 

these non-canonical cascades may vary across subcellular compartments, adding an additional 

layer of complexity to CB1R signalling (Blázquez et al., 2015; Haspula & Clark, 2020; Ozaita 

et al., 2007). 

3.3.2. Neuronal CB1R and synaptic plasticity 

In neurons, CB1R-mediated signalling governs several forms of synaptic plasticity, including: 

• depolarization-induced suppression of excitation and inhibition (DSE and DSI) 

• metabotropic-induced suppression of excitation and inhibition (MSE and MSI) 

• endocannabinoids-induced long-term depression (eLTD) 

(Lu & Mackie, 2021) 

DSI and DSE are transient forms of short-term synaptic plasticity triggered by brief 

postsynaptic depolarization, typically lasting less than 90 seconds. DSI leads to a temporary 

suppression of GABAergic inhibitory inputs, while DSE affects glutamatergic excitatory 

transmission (Augustin & Lovinger, 2018; Kreitzer & Regehr, 2001). DSE generally requires 

longer depolarization for induction and is less prominent in the hippocampus than DSI, likely 

due to the higher expression of CB1Rs on GABAergic neurons relative to glutamatergic 

pyramidal cells (Gorzkiewicz & Szemraj, 2018). Interestingly, in the striatum, AEA appears to 

selectively inhibit excitatory synapses, whereas 2-arachidonoylglycerol 2-AG predominantly 

modulates inhibitory GABAergic transmission (Maccarrone et al., 2008). Both DSI and DSE 

are sensitive to CB1R blockade, confirming their mediation by the endocannabinoid system 

(Martinez Ramirez et al., 2023; Ohno-Shosaku et al., 2001).  

MSE and MSI represent more sustained and widespread forms of endocannabinoid-mediated 

synaptic plasticity. They are initiated through the already described activation of Gq/11-coupled 

GPCRs, which stimulate PLCβ. This enzyme hydrolyses PIP2 into IP3 and DAG; DAG is 

subsequently converted to 2-AG, which then retrogradely activates presynaptic CB1Rs to 
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suppress neurotransmitter release (Augustin & Lovinger, 2018; Lu & Mackie, 2021; Martinez 

Ramirez et al., 2023). MSE/MSI can be elicited by a range of GPCRs, including muscarinic 

acetylcholine receptors M1/M3, metabotropic glutamate receptors mGluR1 and mGluR5, and 

α1-adrenergic receptors (Kano et al., 2009). 

Finally, CB1R-mediated eLTD is a widely expressed mechanism of long-lasting synaptic 

suppression, typically induced by sustained low-frequency stimulation. eLTD is particularly 

prominent at glutamatergic synapses in both the dorsal and ventral striatum (Chevaleyre & 

Castillo, 2003; Gerdeman & Lovinger, 2003; Piette et al., 2020; Robbe et al., 2002), and has 

been implicated in the developmental refinement of cortical circuits (Jiang et al., 2010).  

Interestingly, activation of CB1R at distinct subcellular locations within the same neuronal 

circuit can determine distinct behavioural outcomes. For instance, it has been shown that in the 

striatonigral pathway, pharmacological stimulation of CB1Rs induces both antinociception and 

catalepsy in mice. These effects are mediated by different receptor pools within the same 

neuronal terminals. Specifically, the antinociceptive effect is attributed to plasma membrane 

CB1Rs (pmCB1Rs), which inhibit cytosolic PKA activity and reduce the release of substance 

P. In contrast, mtCB1Rs at the same terminals are responsible for cannabinoid-induced 

catalepsy by suppressing intra-mitochondrial PKA activity, thereby impairing cellular 

respiration and synaptic transmission (Soria-Gomez et al., 2021). These findings underscore 

how subcellular-specific CB1R signalling within a single circuit can exert multimodal 

behavioural control through distinct molecular mechanisms. 

3.3.3. Astroglial CB1R and gliotransmission 

The discovery of CB1Rs in astrocytes has raised important questions about their role in synaptic 

regulation. Notably, the signalling mechanisms triggered by astrocytic CB1R activation differ 

substantially from those mediated by neuronal CB1Rs, adding a further layer of complexity to 

endocannabinoid signalling (Covelo & Araque, 2016; Navarrete & Araque, 2010). Despite 

relatively low expression levels, several studies have shown that hippocampal and cortical 

astrocytes express functional CB1Rs capable of modulating synaptic communication and 

plasticity (Busquets-Garcia et al., 2017; Eraso-Pichot et al., 2023; Navarrete et al., 2014). 

Astroglial CB1R, differently from the ones in neurons, have been suggested to be mainly 

coupled to Gαq/11 proteins. More specifically, both physiological and pharmacological 

activation of astroglial CB1Rs triggers an increase in intracellular Ca²⁺ levels via a PLC-
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dependent signalling cascade, leading to IP3 production and the consequent release of Ca²⁺ from 

the endoplasmic reticulum (ER) (Covelo & Araque, 2016; Navarrete & Araque, 2008). 

These Ca²⁺ transients, in turn, promote the release of various gliotransmitters, which mediate 

diverse short- and long-term effects on synaptic transmission and plasticity (Covelo et al., 

2021). Moreover, this modulation of synaptic activity can occur at distant sites, a phenomenon 

known as lateral synaptic regulation (Covelo & Araque, 2016). First described in the 

hippocampal CA1 region, this mechanism involves astrocytic glutamate release that activates 

presynaptic mGluR1 receptors at distal synapses, enhancing glutamate release and inducing 

short-term potentiation (Navarrete & Araque, 2010). Thus, eCB signalling creates a spatial 

profile: synaptic depression near the release site (<60 µm) via presynaptic CB1Rs, and 

potentiation at more distant synapses (>60 µm) via astroglial CB1Rs. Similar dynamics have 

been observed in the dorsal striatum, central amygdala, and suprachiasmatic nucleus (SCN) 

(Covelo et al., 2021).  

Notably, the physiological spreading of astrocytic Ca²⁺ events during lateral potentiation 

requires mtCB1R signalling. Specifically, activation of mtCB1Rs promotes Ca²⁺ transfer from 

the ER to mitochondria via ER-mitochondria contact sites (MERCs), and the mitochondrial 

Ca2+ uniporter (MCU). Disruption of either mtCB1R or MCU impairs this Ca²⁺ transfer, 

reducing Ca²⁺ signal propagation and abolishing lateral synaptic potentiation in hippocampal 

circuits. Thus, mtCB1R is crucial for astrocytic Ca²⁺ dynamics that support eCB-mediated 

synaptic plasticity (Serrat et al., 2021).  

Importantly, astroglial CB1Rs are not only involved in short-term synaptic regulation, but they 

also mediate different forms of synaptic plasticity (Heifets & Castillo, 2009). In the neocortex, 

spike timing-dependent long-term depression (tLTD) - a form of synaptic plasticity requiring 

precise pre- and postsynaptic co-activation - depends on astrocytic CB1R activation, 

subsequent Ca²⁺ signalling, and SNARE-dependent glutamate release that engages presynaptic 

NMDA receptors to induce tLTD (Min & Nevian, 2012). Astrocytic CB1Rs also mediate LTD 

in the hippocampus, where their activation by Δ⁹‑THC or synthetic agonists elevates glutamate, 

triggering extra-synaptic NMDA receptor activation and AMPA receptor internalization, 

impairing spatial working memory (Han et al., 2012). Beyond LTD, endocannabinoids also 

promote LTP via astrocytic CB1Rs. In hippocampal circuits, astrocytic Ca²⁺ responses to 

endocannabinoids trigger D-serine release, facilitating NMDA-dependent LTP and memory 

consolidation (Robin et al., 2018).  
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3.3.4. CB1R modulation of brain energy metabolism 

Recent studies have showed the involvement of the ECS in the regulation of glucose 

metabolism in brain cells, with CB1R emerging as key modulator of these metabolic processes 

(Fernández-Moncada, Lavanco, et al., 2024; Fernández-Moncada, Rodrigues, et al., 2024; 

Jimenez-Blasco et al., 2020). Exposure to Δ⁹‑THC in rats displays a biphasic effect on brain 

glucose metabolism, wherein low doses promote glucose consumption, while high doses lead 

to its reduction (Freedland et al., 2002; Margulies & Hammer, 1991; Miederer et al., 2017). The 

effects of cannabinoids are well known to be time-dependent (Fernández-Moncada, Rodrigues, 

et al., 2024). Specifically, Δ⁹‑THC exposure reduces glucose consumption in certain brain 

regions after one hour of treatment, but this alteration returns to control levels after six hours in 

most brain structures (Whitlow et al., 2002). Conversely, administration of a high dose of the 

synthetic cannabinoid HU210 induces a widespread increase in brain glucose consumption after 

one hour, which comeback to control levels after 24 hours of exposure (Nguyen et al., 2012). 

These findings indicate that the time-dependent effects of exogenous cannabinoids on brain 

glucose metabolism may play a role in the wide range of behavioural changes associated with 

cannabinoid exposure.   

In the brain tissue, CB1R activation at presynaptic terminals suppresses neurotransmitter 

release, thereby reducing local energy requirements. Following the discovery of mtCB1Rs, it 

was demonstrated that their activation inhibits mitochondrial complex I activity, reduces 

OXPHOS, and decreases ATP production, ultimately modulating neuronal excitability and 

synaptic plasticity (Bénard et al., 2012; Hebert-Chatelain et al., 2014, 2016).  

Notably, it has been shown that persistent activation (24 hours) of mtCB1R in astrocytes 

suppress glycolysis, thereby negatively impacting brain functions and social behaviour (Fig. 9) 

(Jimenez-Blasco et al., 2020). The long-lasting consequences of astroglial mtCB1R 

engagement are attributed to the inhibition of soluble adenylyl cyclase (sAC) and PKA 

signalling, which reduces the phosphorylation of the mitochondrial complex I subunit 

NDUFS4. Therefore, this leads to a decline in complex I stability and activity, together with 

diminished ROS production. This impairment of mitochondrial function results in the loss of 

hypoxia-inducible factor 1 (HIF-1) transcriptional activity, a fundamental regulator of 

glycolytic enzyme expression (Semenza et al., 1996). Eventually, this mtCB1R-mediated 

mitochondrial dysfunction leads to decreased astrocytic lactate synthesis, neuronal energetic 
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stress, and impaired social behaviour following 24 hours of exposure to THC (Fig. 9) (Jimenez-

Blasco et al., 2020). 

Figure 9: CB1 activation in astrocytes modulates Ca2+ dynamics, ROS production and glucose 

metabolism affecting neuronal functioning.  

(1) Transient activation of mtCB1 leads to an ER-dependent increase in mitochondrial Ca2+ mediated 

by the mitochondrial Ca2+ uniporter (MCU), MICU1 phosphorylation and increase in lactate. On the 

other hand, persistent activation of mtCB1 leads to a destabilization of the ETC Complex I and a 

decrease in ROS, affects glycolytic production of lactate and the production of D-serine (3). Lactate act 

as a signalling molecule through the HCAR1 receptor, a signalling impaired with mtCB1 persistent 

activation (4). Lastly, the decrease of lactate transfer from astrocytes to neurons through MCT2 results 

in neuronal bioenergetic and redox stress (5). Figure adapted from (Jimenez-Blasco et al., 2020 ; Serrat 

et al., 2021). 

Conversely, recent data showed that transient stimulation (5 min) of CB1R in astrocytes leads 

to an increase in lactate levels in cultured astrocytes in a non-mitochondrial dependent way 

(Fernández-Moncada, Lavanco, et al., 2024). Following this observation, Fernández-Moncada 

and collaborators showed that the novel object recognition (NOR) memory impairment of mice 

lacking CB1R specifically in astrocytes (GFAP-CB1R-KO mice) can be rescued by exogenous 

lactate administration, in similar way as demonstrated previously with D-serine treatments 

(Robin et al., 2018). Then, through a pharmacological approach, it was demonstrated that the 

lactate-mediated rescue effect requires the activation of the lactate cognate receptor 

hydroxycarboxylic acid receptor 1 (HCAR1), and the activity of the phosphorylated pathway 

(PP), an astrocyte-specific metabolic cascade that links glycolysis to the synthesis of L-serine, 

the precursor of D-serine. Finally, and using electrophysiological recordings of synaptic 
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NDMAR co-agonist binding site, it was demonstrated that lactate enhances synaptic NMDAR 

activity via an increase in synaptic D-serine availability. Notably, this lactate-mediated 

NMDAR potentiation was abolished by the inhibition of the PP, indicating that lactate promotes 

an increase of D-serine availability through the regulation of L-serine synthesis. Of note, the 

activation of HCAR1 also led to increased synaptic D-serine availability. Overall, these findings 

suggest that the transient, physiological activation of astrocytic CB1Rs in the hippocampus 

during the NOR task induces a rise in lactate levels and subsequent activation of HCAR1. This, 

in turn, modulates the PP and enhances synaptic D-serine availability, ultimately facilitating 

NMDAR function, which is essential for adequate NOR performance (Fernández-Moncada, 

Lavanco, et al., 2024). 

Interestingly, in the same article described above it was also demonstrated that the CB1R-

mediated lactate increase transition into a mtCB1R-depedent lactate decrease after one hour of 

cannabinoid exposure (Fernández-Moncada, Lavanco, et al., 2024), further emphasizing the 

central role of temporal dynamics in the regulation of cellular functions by specific subcellular 

pools of CB1R signalling. This finding, together with behavioural and pharmacological 

approaches, demonstrated that the impairment in NOR performance induced by exogenous 

cannabinoid administration is explained by a mtCB1R-dependent reduction in lactate levels, 

leading to the disruption of the HCAR1-PP-serine-NMDAR signalling cascade (Fernández-

Moncada, Lavanco, et al., 2024). Importantly, these results all together suggest that CB1R 

activation exhibits a biphasic, time-dependent, and subcellular-specific modulation of astrocyte 

lactate metabolism, further highlighting the time dependent effects of cannabinoids, and the 

importance of CB1R subcellular localization in modulating brain functions.
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OBJECTIVES 

Despite representing only 2% of the body weight, the brain consumes up to 20% of the total 

body energy. Most of the brain energy comes from the full oxidation of glucose (Bélanger et 

al., 2011; Magistretti & Allaman, 2013), however, a sizeable amount of glucose is partially 

oxidized and transformed into lactate via a process called aerobic glycolysis (Y. M. Zhang et 

al., 2023). Current evidence indicates that astrocytes are the primary producers of lactate within 

the brain, which is subsequently utilized by neurons to meet their energetic demands. Notably, 

lactate is not only a metabolic substrate but also acts as an important signalling molecule in the 

brain (Magistretti & Allaman, 2018). 

The mechanisms regulating lactate production and release in the brain are poorly understood. 

CB1R has recently emerged as an important factor playing a complex role in these processes 

(Fernández-Moncada, Rodrigues, et al., 2024). Whereas persistent (24h) activation of astroglial 

CB1R leads to a reduction of lactate (Jimenez-Blasco et al., 2020), our recent data show that 

their transient stimulation (5 min) triggers an increase of lactate levels (Fernández-Moncada, 

Lavanco, et al., 2024). These data, however, were obtained mainly in cultured astrocytes, and 

the impact of CB1R activity on lactate levels in vivo has never been directly measured. 

To address this knowledge gap, the present work was designed to directly measure and 

characterize CB1R-dependent lactate dynamics in vivo, and to explore their behavioural and 

molecular mechanisms. 

Based on this, the work has addressed the following objectives: 

1. Develop a reliable protocol for in vivo lactate measurements using the genetically 

encoded biosensor eLACCO2.1 in freely moving mice. 

2. Investigate the impact of locomotion on brain lactate levels across different brain 

regions. 

3. Study the role of lactate in the locomotor effects of cannabinoids. 

4. Explore the molecular mechanisms underlying CB1R-dependent lactate modulation in 

cultured astrocytes. 
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MATERIALS AND METHODS 
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1. Animals 

All animal protocols were conducted in accordance with the Guidelines for the Care and Use 

of Laboratory Animals and the European Communities Council Directive (2010/63/EU). These 

protocols were approved by both the French and Italian Ministries, as well as by the Ethical 

Committee for Animal Welfare of the University of the Catania and the University of Bordeaux.  

For the various experiments conducted in this project, we used only males C57BL/6N mice 

(Janvier, France) and inbred conditional and inducible CB1R mutant mice (provided by the 

Neurocentre Magendie facility). The CB1R-flox mice carries the CB1R gene flanked by loxP 

sites (Marsicano et al., 2003). The GFAP-CreERT2-CB1R -inducible knock-out mice (GFAP-

CB1-KO) featured an inducible, conditional deletion of the CB1R gene under the control of a 

tamoxifen-inducible Cre recombinase expressed in GFAP positive cells (Han et al., 2012). For 

induction of CB1R deletion, 7–9-weeks-old mice were treated daily with 1 mg tamoxifen via 

intraperitoneally (I.P.) injections (10 mg/mL dissolved in 90% sesame oil, 10% ethanol) for 8 

days. After each injection, mice were surveyed and weighted every two days to control their 

wellbeing. Mice were used 3–5 weeks after the last tamoxifen injection. In addition, DN22-

CB1R knock-in mice were used, a transgenic line expressing a mutant version of CB1R lacking 

the first 22 amino acids and that lacks mitochondrial localization (Bénard et al., 2012). For all 

experiments, the corresponding wild-type littermates of each line served as controls. 

All animals were housed in transparent group cages (6-8 animals per cage) with bedding and 

nesting material, with ad libitum access to water and food. The animal facility maintained a 

regulated temperature of 21±2°C on a 12-hour light/dark cycle, with lights on at 7:00 am. 

Animals were monitored daily by the animal facility staff. 

In vitro 

2. Primary mixed cortical brain cell cultures 

Mixed cortical cultures of neuronal and glial cells were prepared from 1 to 3-day-old neonatal 

mice. Briefly, mice were euthanized, the brain removed, and cortex dissected in iced cold 

Hank’s balanced salt solution. The tissue was enzymatically digested with trypsin/EDTA for 

5 min at 37 °C and the enzymatic digestion was stopped with 10% foetal bovine serum (FBS) 

in B-27 supplemented neurobasal medium. After this, a gentle dissociation of the tissue was 

performed by repeatedly passing it through a 1-mL micropipette tip. Obtained cells were left in 

suspension to allow debris precipitation and removal. Cells were seeded in 18-mm glass 

coverslips treated with poly-L-lysine and incubated for 90 min to allow cell adhesion. After 
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this, the medium was replaced with fresh B-27 supplemented neurobasal medium with 10 mM 

glucose, 0.24 mM pyruvate, 2 mM GlutaMAXTM, 100 U/mL penicillin, 100 µg/mL 

streptomycin and 2.5 µg/mL amphotericin B at 37 °C in a humidified atmosphere of 5% CO2. 

At day in vitro (DIV) 13–14, cultures were exposed to 1 × 106 plaque-forming units (pfu) of 

adenoviral vectors (serotype 5) coding for Laconic, a lactate-sensitive biosensor (San Martín et 

al., 2013). Measurements were carried out 48–72 h after infection of cells (DIV 16–17). 

Adenoviral vectors encoding the FRET biosensor were custom-made by Vector Biolabs (PA, 

USA). 

3. HEK293T cultures 

HEK293T cells (ATCC, CRL-3216TM, lot 62729596) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 1 g/L glucose, supplemented with 10% FBS, 100 U/mL 

penicillin, and 100 µg/mL streptomycin, 0.1 mM of Gibco® MEM Non-Essential Amino 

Acids, and maintained at 37 °C in a humidified atmosphere of 5% CO2. Cells were transfected 

18–24 h before experiments with 1 µg plasmid DNA encoding for the extracellular lactate 

fluorescent biosensor eLACCO2.1 (Nasu et al., 2023), using polyethylenimine (PEI) as 

transfection agent. 

4. Drug preparation and administration 

For in vitro experiments, water-soluble compounds were dissolved directly in the imaging 

solution (composition detailed below). Drugs prepared as concentrated stocks in DMSO were 

also diluted into the imaging solution immediately before use. In all cases, control solutions 

contained equivalent concentrations of solvent to match those used in drug-treated conditions. 

WIN55,212-2 (Sigma-Aldrich, France) was used at a final concentration of 1 μM, and Go 6983 

(Tocris, France) at 5 μM; both were dissolved in DMSO. 

5. Fluorescence imaging 

Mixed cortical glia-neuron cultures and HEK293T cells were mounted in an open chamber and 

imaged on wide-field mode with an inverted Leica DMI 6000 microscope (Leica Microsystems, 

Wetzlar, Germany) equipped with a resolutive HQ2 camera (Photometrics, Tucson, USA). The 

illumination system used was a Lumencor spectra 7 (Lumencor, Beaverton, USA). The 

objectives used were an HC PL APO CS 20× dry 0.7 NA and an HCX PL APO CS 40× oil 1.25 

NA. Multi-positions were done with a motorized stage Scan IM (Märzhäuser, Wetzlar, 

Germany). A 37 °C atmosphere was created with an incubator box and an air heating system 

(Life Imaging Services, Basel, Switzerland). The system was controlled by MetaMorph 
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software (Molecular Devices, Sunnyvale, USA). Cells were superfused with an imaging 

solution consisting of (in mM): 10 HEPES, 112 NaCl, 24 NaHCO3, 3 KCl, 1.25 MgCl2, 1.25 

CaCl2, 2 glucose, 0.5 sodium lactate and bubbled with air/5% CO2 at 37 °C, at a constant flow 

of 3 mL/min. Three different focal places were manually selected and astrocytes expressing 

Laconic were imaged at 40×, and excited at 430 nm for 0.01–0.05 s, emissions were collected 

at 465–485 nm for mTFP and 542–556 nm for Venus, with image acquisition every 10 s. The 

ratio between mTFP and Venus was computed and normalized to the baseline.  

HEK293 cells expressing eLACCO2.1 were imaged with a 20× objective, excited at 475 nm 

and 400 nm for 0.05–0.1 s and emission collected at 509–547 nm for GFP, with image 

acquisition every 10 s. The obtained GFP fluorescence was normalized to the baseline. 

In vivo 

6. Adeno-associated viruses (AAV) 

To monitor lactate dynamics in distinct mouse brain regions, we generated the pAAV-CAG-

HA-eLACCO2.1-NGR construct starting from the eLACCO2.1 plasmid (Addgene catalog 

number #208017). The construct was engineered to enable adeno-associated virus (AAV)–

mediated expression of the lactate sensor under the control of the CAG promoter, allowing for 

broad expression in targeted brain areas. The titration of the virus was between 1010 and 1011 

genomic copies per ml for all batches.  

Figure M1. Addgene full sequence map for pAAV-CAG-eLACCO2.1.  



51 

 

7. Surgery for viral injection and optic fiber implantation 

Mice were injected intraperitoneally with buprenorphine (0.05 mg/kg, Buprecare), anesthetized 

with 5% isoflurane, and placed into a stereotaxic apparatus (Model 900, Kopf instruments, CA, 

USA; with mouse adaptor and lateral ear bars). 2% isoflurane was used for the duration of the 

surgery. Local analgesia with lidocaine (0.1 ml at 0.5%, Lidor) was used under the skin of the 

head before incision. For fiber photometry (FP) surgeries, viral injections were delivered 

unilaterally either in the hippocampus, SNr or dorsal striatum through a glass pipette using a 

microinjector (NanoInject II, Drummond Scientific). To measure lactate levels in the brain and 

its correlation with locomotion mice were injected in different brain regions with pAAV-CAG-

HA-eLACCO2.1-NGR. For the surgeries in the hippocampus, mice were injected unilaterally 

with an injection of a total volume of 0.800 µl at a rate of 0.3 μl per min in the following 

coordinates: anterior-posterior (AP) -2.20; medial-lateral (ML) - 2.00; dorsal-ventral (DV) – 

1.50. For surgeries in the striatum, mice were injected unilaterally, with 2 injections of 0.750 

µl of a total volume of 1.5 µl at a rate of 0.3 μl per min in the following coordinates: first 

injection AP +0.50, L -2.00, DV –3.50 and second injection AP +0.50, L -2.00, DV –3.00. For 

the surgeries in the SNr, mice were injected unilaterally with an injection of a total volume of 

0.500 µl at a rate of 0.3 μl per min in the following coordinates: AP −3.25, L - 1.35, DV –4.50. 

Then, for all the different regions, the optical fiber (400 μm diameter, 0.5 NA) was placed 200 

μm above the last injection site.  

Following surgery, all mice received I.P. injection of 0.2 ml of saline solution and anti-

inflammatory drug meloxicam (5 mg/kg, Metacam), that was continued for 2 additional days. 

Animals continued to be housed in collective cages, and body weight was monitored daily 

during 4–5 days to assess recovery. FP experiments were carried out 4–5 weeks after surgery. 

8. Pharmacological treatment of mice 

For the behavioural experiments, sodium lactate (Sigma-Aldrich, France) was prepared at 

various concentrations by dilution in physiological saline (0.9% NaCl). Δ9-THC (5 mg/kg or 

10 mg/kg), obtained from THC Pharm GmbH (Frankfurt, Germany), was dissolved in a vehicle 

solution consisting of 0.9% NaCl supplemented with 5% ethanol and 4% Cremophor to ensure 

solubility and stability of the compound. All solutions were freshly prepared on the day of the 

experiment to maintain chemical integrity and consistency across trials.  
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9. Behavioural analyses 

Locomotion and fiber photometry recordings 

Five to six weeks after surgery, pAAV-CAG-HA-eLACCO2.1-NGR signal was imaged in 

freely moving miceusing a 470 nm LED to excite the sensor, and 405 nm for the isosbestic 

control signal. Mice with fiber implants were habituated to the connection for 3 days prior the 

test, in 10-min sessions in which they were connected and allowed to roam in a novel 

environment consisting in a single cage with bedding material only. In the case of mice housed 

in collective cages, all animals were habituated in the same single cage. The fiber photometry 

set-up recorded the emitted fluorescence with a sCMOS camera (Hamamatsu Orca Flash v3) 

through an optic fiber (core 400 μm, N.A 0.5) divided in 2 sections: a short fiber implanted in 

the brain of the mouse and a long fiber (modified patchcord), both connected through a ferrule-

ferrule (1.25 mm) connection. To minimize the photobleaching effect of the recording and 

preserve a high signal to noise ratio, the light intensities in the tip of the patch cord were adjusted 

to ∼100 μW for the 470 nm channel and ∼50 μW for the 405 nm channel. A custom MATLAB 

script (Matlabworks) was used to synchronize video recording with fiber photometry, combined 

with a programmed Arduino board. The sampling rate was settled at either 10 Hz or 20 Hz for 

both photometry (interleaved) and video recording. 

On the test day, mice were connected to the recording apparatus and placed in the novel single 

cage where they had previously been habituated. Depending on the experimental condition, 

they received an I.P. injection of either sodium lactate (at varying concentrations), saline 

(lactate vehicle), Δ⁹-THC (5 mg/kg), or cannabinoid drug vehicle (a mix saline, ethanol and 

Cremophor; See above). 

Raw lactate signals were pre-processed by removing the first minute of the recording to 

decrease the effect of the first exponential photobleaching, and by removing point artifacts. The 

470 nm signal was fitted to the isosbestic 405 nm using a polynomial fit of first degree and, for 

each time point, ΔF/F was calculated as (F470 nm - F405 nm (fitted))/F405 nm (fitted). ΔF/F 

values were smoothed using a moving average of 0.5 s. Z-score was calculated in the whole 

recording to take into account the changes in signal intensity during the experiments. The 

baseline values were used to correct the extracted signal by performing a subtraction of the 

mean of the baseline to the whole extracted signal. 
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Figure M2. Schematic representation of the setup of a generic rodent in vivo FP experiment.  

Figure from (E. H. Simpson et al., 2024).  

Δ⁹-THC-induced tetrad assay 

Either 5 minutes or 50 minutes after Δ⁹-THC administration (10 mg/kg, I.P.), mice received an 

injection of sodium lactate (1g/Kg I.P.). 60 min after the Δ⁹-THC injection, animals were 

sequentially tested for locomotor activity, catalepsy, hypothermia, and antinociception, 

following established protocols (Metna-Laurent et al., 2017).  

For measuring the locomotion, mice were placed in a single actimetry cage (Imetronic, France) 

equipped by infrared beams, with the number of beam breaks recorded over a 5 minute period 

(Mariani et al., 2023).  

For catalepsy testing, mice were placed in a clean cage without bedding, with a horizontal metal 

bar (0.7 cm diameter) positioned 4.5 cm above the floor. Animals were gently positioned with 

their forepaws gripping the bar and hind paws resting on the floor; the duration of immobility 

in this posture was recorded for 5 trials, with a maximum time of 60 seconds, with a cut-off 

time applied to avoid fatigue.  

Hypothermia is expressed as the difference in the body temperature, measured before and after 

the injection by rectal probe thermometer (±0.1 °C accuracy); the change in body temperature 

(Δ °C) was calculated for each animal.  

Immediately afterwards, mice were placed in a Hot Plate (BIOSEB) to measure antinociception. 

The plate was pre-heated at 52°. The escape latency, defined as the time until the mice showed 

signs of discomfort (paw licking, jumping), was recorded. All equipment was cleaned with 

ethanol 25% and dried with paper towels between all the trials. All mice used in the experiments 
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were 8–12 weeks old. Behavioural testing was conducted during the light phase between 9:00 

and 15:00 hours to minimize circadian variability 

10. Histology 

Mice perfusion 

Mice were deeply anesthetized with an intraperitoneal injection of pentobarbital (400 mg/kg). 

Mice were transcardially perfused with 20 mL of phosphate-buffered solution (PBS, 0.1 M, pH 

7.4) for 2 min and then with 50 mL of neutral buffered formalin 10% wt/vol (Sigma, HT501128-

4L) for 5 min. After perfusion, the brains were isolated and postfixed in neutral buffered 

formalin 10% wt/vol for 24 h. After this, the brains were transferred to PBS-sucrose 30% wt/vol 

solution for cryopreservation. Once the brains were completely dehydrated and sunk into the 

bottom of the tube (on average 3–5 days), brains were frozen in isopentane and cut into coronal 

sections of 30 μm using a cryostat (Leica Biosystems, CM1950S). Hippocampal slices were 

stored in an antifreeze solution at −20 °C until further use. 

Double immunofluorescence 

Free-floating sections were permeabilized in blocking solution (PBS containing 10% donkey 

serum and 0.3% Triton X-100) for 1 h at room temperature (RT). Sections were then incubated 

overnight at 4 °C with rabbit anti-GFP primary antibody (1:1000; Invitrogen, A11122) to detect 

eLACCO2.1 expression. After several washes in PBS, sections were incubated for 2 h at RT 

with goat anti-rabbit Alexa Fluor 488 secondary antibody (1:500; Invitrogen, A11008). Nuclear 

staining was performed using 4′,6-diamidino-2-phenylindole (DAPI; 1:20 000; Invitrogen, 

D3571) diluted in PBS. Finally, sections were washed in PBS and mounted. 

Immunofluorescence images were acquired using a Leica DM4000 B LED microscope 

equipped with a Leica DFC365 camera.  

11. Statistical analysis 

Data are presented as the mean ± standard error of the mean (SEM). All datasets were tested 

for normal distribution. For comparisons between two independent groups, an unpaired t-test 

was used for parametric data, and the Mann-Whitney U test was applied for non-parametric 

data. Group means were compared using one-way analysis of variance (ANOVA) for 

parametric data, followed by Tukey’s post hoc test for pairwise comparisons. In the case of 

non-parametric data, the Kruskal-Wallis test was used, followed by Dunn’s post hoc test. For 

analyses involving two factors, two-way ANOVA was performed with Sidak’s post hoc test for 

multiple comparisons. Post hoc tests were only conducted if the ANOVA indicated significant 
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interactions between factors. The specific statistical tests applied to each dataset are detailed in 

the respective figure legends. Statistical analyses were conducted using GraphPad Prism 

(version 9 or 10, GraphPad Software), and statistical significance was set at p < 0.05. 
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Abstract 

Astrocytes control brain activity via both metabolic processes and gliotransmission, but the 

physiological links between these functions are scantly known. Here we show that endogenous 

activation of astrocyte type-1 cannabinoid (CB1) receptors determines a shift of glycolysis 

towards the lactate-dependent production of d-serine, thereby gating synaptic and cognitive 

functions in male mice. Mutant mice lacking the CB1 receptor gene in astrocytes (GFAP-CB1-

KO) are impaired in novel object recognition (NOR) memory. This phenotype is rescued by the 

gliotransmitter d-serine, by its precursor l-serine, and also by lactate and 3,5-DHBA, an agonist 

of the lactate receptor HCAR1. Such lactate-dependent effect is abolished when the astrocyte-

specific phosphorylated-pathway (PP), which diverts glycolysis towards l-serine synthesis, is 

blocked. Consistently, lactate and 3,5-DHBA promoted the co-agonist binding site occupancy 

of CA1 post-synaptic NMDA receptors in hippocampal slices in a PP-dependent manner. Thus, 

a tight cross-talk between astrocytic energy metabolism and gliotransmission determines 

synaptic and cognitive processes. 

Introduction 

Type-1 cannabinoid (CB1) receptors are G-protein-coupled receptors (GPCRs) prominently 

expressed across the central nervous system1,2,3. Physiological engagement of CB1 receptors 

by their endogenous ligands, the endocannabinoids, modulates many behavioral processes, 

including cognition4. Importantly, CB1 receptors can also be targeted by exogenous 

cannabinoids, such as Δ9-tetrahydrocannabinol (THC), the main psychoactive component of 

Cannabis sativa. This exogenous, non-physiological activation can bear therapeutic properties, 

but it can also alter brain activity, impairing, for instance, cognitive, locomotor and perceptive 

functions5. Another remarkable feature of CB1 receptor signaling is its subcellular 

compartmentalization, which deviates from the strict plasma membrane functional localization 

of most GPCRs. Thus, few but functionally significant brain CB1 receptors are found in 
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association with mitochondrial membranes (mtCB1 receptors), where they can alter 

mitochondrial functions and regulate behavior6,7,8,9,10. This uncommon subcellular 

distribution allows CB1 receptors modulating brain functions via parallel signaling pathways 

triggered by specific subcellular pools11. 

CB1 receptors are highly expressed in neurons, but they are also present at low but functionally 

very relevant levels in other brain cell types, such as astrocytes12. Notably, astroglial CB1 

receptors can govern brain functions and cognitive processes, such as novel object recognition 

(NOR)13,14. Recently, it has been shown that astrocytes also possess functional mtCB1 

receptors8,15,16. In particular, persistent (24 h) activation of mtCB1 receptors in astrocytes 

results in decreased mitochondrial functions and diminished lactate production. This astroglial 

metabolic failure brings about neuronal stress and impairment of social behavior as observed 

24 h after cannabinoid exposure16. 

This work originated from the idea of detailing the specific molecular underpinnings of such 

negative mtCB1 receptor-dependent control of brain lactate levels. However, early experiments 

lead to the surprising observation that short-term exposure to cannabinoid agonists can rapidly, 

reliably, and transiently increase lactate levels in astrocytes. Therefore, we set off to investigate 

the molecular mechanisms and the relevance of this observation. The results revealed an 

unexpected molecular link between metabolic and signaling properties of astrocytes, which can 

regulate physiological cognitive processes. 

Results 

As previously shown using other methods16, 24-h stimulation of CB1 receptors in cultured 

astrocytes expressing the reporter Laconic (see ref. 17) led to a reduction of intracellular lactate 

levels (Supplementary Fig. 1A, B). With the intention to investigate the temporal progression 

of this effect, we then analyzed the short-term impact of cannabinoid treatment. To our surprise, 

we observed that acute application of the CB1 agonist WIN55,212-2 (WIN55) was able to 

rapidly increase lactate levels in cultured astrocytes (Supplementary Fig. 1C, D). Therefore, we 

decided to investigate the molecular mechanisms and the potential behavioral relevance of this 

phenomenon from the physiological and pharmacological points of view. 

Parallel cultures of astrocytes from wild-type (CB1-WT) and mutant CB1-KO mice expressing 

the reporter Laconic were shortly exposed to WIN55 (1 µM) and the fluorescent responses were 

imaged and quantified. We observed that the transient intracellular lactate increase induced by 
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WIN55 was fully dependent on the presence of the CB1 receptor (Fig. 1a–b). The previously 

described negative effect of persistent CB1 agonism on lactate levels depends on mtCB1 

receptors16. Thus, we tested if this specific subcellular pool was also involved in the short-term 

lactate increase induced by WIN55. Remarkably, this effect did not require mtCB1 receptors, 

as the lactate rise was not altered in astrocytes derived from DN22-CB1-KI mice, a knock-in 

line in which the DN22-CB1 protein (a mutant version of CB1 lacking mitochondrial 

localization7) replaces the wild-type protein7,18 (Fig. 1a–c). Of note, the basal levels of lactate 

or capacity to produce lactate were not altered by the genotype of the astrocytes (Supplementary 

Fig. 2A–C). Moreover, blockade of mitochondrial oxidative phosphorylation (OXPHOS) with 

sodium azide triggered lactate increases with similar amplitude and kinetics in CB1-WT, CB1-

KO, and DN22-CB1-KI astrocytes (Supplementary Fig. 2D–I). These data indicate that the 

differential acute effects of WIN55 on these cells could not be ascribed to differences in their 

basal levels of lactate or to their general ability to produce or accumulate this metabolite. 

Intracellular increases of lactate can be due to enhanced production, but also to decreased 

release. To dissect these components in the acute effects of cannabinoid on lactate dynamics, 

we measured astrocyte lactate production via a transport-stop technique17,19. The effect of the 

broad monocarboxylate transporter (MCT) inhibitor Diclofenac20,21 on lactate accumulation 

is fully reversible (Supplementary Fig. 3A, B). This allows devising a paired assessment of 

lactate production by measuring the rate of accumulation upon MCT block, before and during 

WIN55 application (Supplementary Fig. 3C). Stimulation of CB1 receptors in WT astrocytes 

resulted in a significant increase in the rate of intracellular lactate accumulation, indicating 

augmented lactate production (Supplementary Fig. 3C, D). To exert its physiological functions, 

lactate is generally extruded from astrocytes into the extracellular space22,23. Thus, we next 

asked whether the WIN55-induced lactate production was accompanied by increased release of 

the metabolite. To explore this possibility, we adapted a “sniffer cells” strategy24,25, in which 

HEK cells expressing an extracellular lactate fluorescent biosensor26 are able to detect the 

amount of ambient lactate levels in an extracellular medium (Fig. 1d), in the presence of a 

constant buffer superfusion. Whereas WIN55 did not alter the extracellular lactate levels in a 

pure culture of sniffer cells, its application to a co-culture of sniffer cells with CB1-WT 

astrocytes led to an extracellular lactate accumulation (Fig. 1e, f). Importantly, extracellular 

lactate remained unchanged upon WIN55 exposure when sniffers cells were mixed with CB1-

KO astrocytes (Fig. 1e, f). 
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Next, we asked what molecular mechanisms might participate in the astrocyte CB1 receptor-

mediated lactate increase. The protein kinase C (PKC) has been shown to be transiently 

activated by CB1 receptor activation and to mediate short-term amnesic effects of 

cannabinoids27. After verifying that the magnitudes of sequential WIN55-induced lactate 

increases are similar (Supplementary Fig. 4A, B), we quantified the effect of WIN55 on lactate 

levels before and during exposure to Go 6983, a broad pharmacological blocker of PKC 

activity28,29 (Fig. 1g, h and Supplementary Fig. 4C). Interestingly, the inhibitor completely 

abolished the lactate increase induced by WIN55 (Fig. 1h, i and Supplementary Fig. 4C). 

Thus, opposite to the persistent negative effects involving mitochondrial CB1 receptor 

signaling16, short-term activation of non-mitochondrial associated astroglial CB1 receptors 

results into the PKC-dependent transient stimulation of lactate production and release. 

To determine if the quick stimulation of lactate metabolism mediated by astroglial CB1 

receptors is relevant for brain functions, we took advantage of the known role of 

endocannabinoid signaling in the long-term memory version of the novel object recognition 

(NOR) task14. Mice lacking CB1 receptors in cells expressing the astrocyte marker glial 

fibrillary acidic protein (GFAP-CB1-KO mice)30 are impaired in long-term NOR 

performance14. This phenotype has been explained by impairment of hippocampal synaptic d-

serine availability and consequent impairment of synaptic N-Methyl-D-Aspartate Receptors 

(NMDAR) functions during the consolidation phase of this task14. Noteworthy, it is not known 

if this physiological control of NOR performance depends on the mitochondrial pool of 

astroglial CB1 receptors. To address this point, we used a specific double-viral rescue approach 

to delete astroglial CB1 receptors and re-express either the CB1-WT or the DN22-CB1 proteins 

in the hippocampus of CB1-floxed mice8,11,14,31, thereby generating Control, HPC-GFAP-

CB1-KO, HPC-GFAP-CB1-RS, and HPC-GFAP-DN22-CB1-RS mice, respectively (see 

“Methods” section, Supplementary Table 1 and Fig. 2a). As expected14, the deletion of CB1 

receptors from hippocampal astrocytes resulted in impaired NOR performance (Fig. 2b). 

Remarkably, this impairment of HPC-GFAP-CB1-KO mice was rescued by re-expression of 

both wild-type CB1 and mutant DN22-CB1 in HPC-GFAP-CB1-RS and HPC-GFAP-DN22-

CB1-RS, respectively (Fig. 2b and Supplementary Fig. 5). This indicates that mtCB1 receptor 

signaling is not necessary for physiological endocannabinoid-dependent control of NOR 

performance. 

The data collected so far show that non-mitochondrial astroglial CB1 receptors can both 

increase lactate accumulation and mediate physiological NOR performance. Considering that 
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efficient lactate metabolism is required for several behavioral processes22,32, we asked 

whether this metabolic function of astroglial CB1 receptors might contribute to determining the 

synaptic activity required for NOR memory consolidation. A post-training intraperitoneal (I.P.) 

injection of lactate at a concentration known to reach the brain parenchyma (1 g/kg)33, was 

able to fully rescue the NOR impairment of GFAP-CB1-KO mice (Fig. 3a and Supplementary 

Fig. 6A). Next, we asked whether this rescuing effect was due to the energetic or signaling 

properties of lactate in the brain22,34. To disentangle this point, we tested if the 

hydroxycarboxylic acid receptor 1 (HCAR1)35,36 is involved in this effect of lactate. An I.P. 

injection of the HCAR1 agonist 3,5-dihydroxybenzoic acid (3,5-DHBA; 240 mg/kg)37 had no 

effect on wild-type animals, but it fully rescued the NOR impairment of GFAP-CB1-KO 

littermates (Fig. 3a and Supplementary Fig. 6A), indicating that the effect of lactate is likely 

due to activation of its cognate receptor. As both lactate and 3,5-DHBA rescuing effects were 

very similar to the one obtained with d-serine14, we hypothesized that astroglial CB1 receptor 

control of lactate signaling might participate in the regulation of synaptic d-serine levels to 

provide physiological NOR performance. d-serine is an amino acid derived from l-

serine38,39,40,41, which, in the adult brain, is mainly produced by astrocytes via the 

consumption of the glycolytic intermediate 3-phosphoglycerate (3PG) in the phosphorylated 

pathway38 (Fig. 3b). To test whether astroglial CB1 receptor-dependent increase of lactate 

might impact l-serine activity in the brain, we first assessed the potential impact of l-serine on 

astroglial CB1 receptor-dependent NOR performance. An I.P. injection of l-serine (0.5 g/kg) 

was also able to rescue the memory deficit of GFAP-CB1-KO mice (Fig. 3a and Supplementary 

Fig. 6A), suggesting that the impaired d-serine availability in these mutants14 might be ascribed 

to a decreased astroglial l-serine production. To address this idea and identify the potential 

relationship between lactate and serine signaling, we adopted a pharmacological approach to 

inhibit phosphoglycerate dehydrogenase (PHGDH), the enzyme providing the first step of l-

serine production in the phosphorylated pathway38 (Fig. 3b). The administration of high doses 

of the PHGDH blocker NCT-503 (Fig. 3c)42 alone impaired long-term NOR memory 

consolidation, possibly due to direct inhibition of l- and d-serine availability (Supplementary 

Fig. 6B, C). Thus, we performed a full dose-response study to identify a sub-effective dose of 

NCT-503 that does not alter long-term memory formation per se (Supplementary Fig. 6B, C). 

Then, we tested the ability of lactate or 3,5-DHBA to rescue the memory impairment of GFAP-

CB1-KO mice under vehicle or in the presence of 6 mg/kg NCT-503. This treatment did not 

alter the NOR performance of GFAP-CB1-WT mice (P = 0.8037, compare Fig. 3a and d; 

Supplementary Table 2) or the impaired memory of their GFAP-CB1-KO littermates (Fig. 3d 
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and Supplementary Fig. 6D). Conversely, the drug fully abolished both the lactate- and 3,5-

DHBA-induced rescue of NOR performance of GFAP-CB1-KO mice (Fig. 3d and 

Supplementary Fig. 6D). Importantly, the delivery of l-serine was still able to rescue the long-

term memory impairment in the presence of the same dose of NCT-503 (Fig. 3d and 

Supplementary Fig. 6D), indicating that the activation of HCAR1 promotes l-serine via 

PHGDH-dependent stimulation of the phosphorylated pathway. 

To explore how HCA1R signaling might impact astrocyte glucose metabolism to promote the 

PP-dependent production of l-serine, we quantified the effect of 3,5-DHBA on both the entry 

and exit points of glycolysis in cultured astrocytes. In order to measure glucose consumption, 

we used a glucose-sensitive fluorescent biosensor43 and we measured glucose levels under 

conditions of glucose transport blockade44 (Supplementary Fig 7A). Interestingly, 3,5-DHBA 

(1 mM) approximately doubled glucose consumption (Fig. 3e and Supplementary Fig. 7B). In 

parallel, we observed that 3,5-DHBA exposure caused a lactate increase (Fig. 3f and 

Supplementary Fig. 7C, D). Therefore, HCAR1 activation by lactate might generally increase 

glycolysis, thereby promoting all downstream metabolites, including lactate derived from 

pyruvate and l-serine from 3PG. However, are these pathways equally potentiated by HCAR1 

activation? To explore this question, we analyzed our data with a mathematical model to extract 

further information on the metabolic fluxes20,45. We modeled the fate of glucose consumption 

toward pyruvate/lactate or branched pathways using a parameter that we called “efficiency of 

glucose-to-pyruvate/lactate conversion” (E – Fig. 3g, see “Methods” section for details). Using 

this model, we observed that at E = 0.7 the lactate increase induced by 3,5-DHBA was much 

smaller than predicted by a 2-fold increase in glucose consumption (Fig. 3h, purple line). 

Interestingly, by simulating a decrease in E during the glycolytic stimulation (E*), the simulated 

lactate concentration reached the observed lactate increase induced by 3,5-DHBA (Fig. 3h – 

blue line). Importantly, similar results were observed for lower (0.5) or higher (0.9) basal E 

values (Supplementary Fig. 7E–G), indicating that the results are independent of the starting 

“efficiency” of glucose-to-pyruvate/lactate conversion. Thus, our mathematical analysis 

indicated that, despite the increase of glycolysis, the “efficiency” of glucose-to-lactate 

conversion is reduced by 3,5-DHBA (Fig. 3g, h and Supplementary Fig. 7E–G). In other words, 

these data suggest that HCAR1 activation promotes biased glucose metabolism, resulting in 

higher efficiency of alternative branched pathways, like the PP. 

Overall, these results indicate that the physiological activation of astroglial CB1 receptors 

enables cognitive performance via stimulation of lactate supply, activation of HCAR1 
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signaling, and further potentiation of biased glucose metabolism, which ultimately increases l- 

and d-serine availability via the phosphorylated pathway. 

These results suggest that lactate might control synaptic d-serine availability, eventually 

resulting in the adequate signaling of NMDARs. However, it is still possible that the 

mechanisms underlying the rescue effect of lactate in the NOR performance of GFAP-CB1-KO 

mice are explained by compensatory mechanisms developed under the specific conditions of 

the mutant mice. In other words, the deletion of the CB1 gene in astrocytes might induce 

alterations that provide lactate with functions that it does not have under physiological 

conditions. To address this point and to clarify the role of lactate levels on the dynamics of 

synaptic d-serine availability, we explored if the link between these metabolites as observed in 

the GFAP-CB1-KO mice is also present in WT animals. To analyze the synaptic d-serine 

availability, we performed electrophysiological extracellular field recordings (fEPSPs) of 

synaptic NMDARs in the stratum radiatum of CA1 area in wild-type hippocampal 

slices14,41,46 (NMDAR-fEPSPs, Supplementary Fig. 8A). In control conditions, the co-

agonist binding site occupancy of synaptic NMDARs are not fully saturated, thus exogenous 

bath application of d-serine (50 µM) results in the increase of synaptic NMDAR activity and 

therefore an increase of NMDAR-fEPSPs slope14,41,46 (Fig. 4a). Intriguingly, bath 

application of exogenous lactate (2 mM) was able to potentiate NMDAR activity with a 

magnitude similar to the one induced by exogenous d-serine (Fig. 4a). However, this lactate-

induced potentiation was slower than the one triggered by d-serine (Fig. 4b). To test whether 

this lactate effect was downstream the increase in d-serine availability, the co-agonist binding 

sites of synaptic NMDARs were first saturated with exogenous d-serine (50 µM) and then 

lactate was bath applied. Notably, lactate application had no impact on the slope of NMDAR-

fEPSPs and therefore on synaptic NMDAR activity in these conditions (Fig. 4c), suggesting 

that the potentiating effect of the metabolite might be due to a downstream increase in d-serine 

availability. However, it is still possible that the application of d-serine might cause a “ceiling 

effect”, impeding a serine-independent effect of lactate to be observed. Therefore, we directly 

tested whether the activity of the phosphorylated pathway was necessary for the potentiation of 

synaptic NMDAR activity by lactate. Notably, this effect was blunted in slices preincubated 

with NCT-503 (Fig. 4d and Supplementary Fig. 8B), showing that PHGDH activity is a required 

step of the process. Of note, the potentiation induced by d-serine was not altered by NCT-503 

(Supplementary Fig. 8C), further suggesting that lactate plays an upstream role in the astrocyte 

cascade leading to increased d-serine availability at synaptic NMDARs. Finally, we tested 
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whether HCAR1 signaling was involved in the lactate-mediated control of synaptic d-serine 

availability. Bath application of 3,5-DHBA (1 mM) resulted in the increase of synaptic 

NMDARs activity (Fig. 4e). However, and importantly, prior application of 3,5-DHBA (1 mM) 

resulted in a complete occlusion of the exogenous d-serine effect on NMDAR activity (Fig. 4f), 

indicating that the activation of HCAR1 promotes an increase in synaptic d-serine availability. 

These results confirm that lactate can modulate the phosphorylated pathway via activation of 

HCAR1 signaling to control synaptic d-serine availability independently of CB1 receptor 

genetic deletion, supporting a physiological role for this phenomenon. 

The data described so far are compatible with a scenario, in which acute activation of 

hippocampal astroglial CB1 receptors leads to increased lactate production and release. This 

lactate would in turn promote l- and d-serine signaling at NMDARs via activation of HCAR1, 

eventually mediating consolidation of NOR memory. This physiological scenario seems at odds 

with the previously described pharmacological effects of CB1 receptor activation7,16,47. 

Indeed, in vivo activation of CB1 receptors by drugs does not only reduce lactate levels16, but 

it also impairs long-term NOR memory7,47. Therefore, we wondered what could be the 

mechanistic explanation of these opposite effects of endogenous and pharmacological 

activation of CB1 receptors. The major differences between endogenous and exogenous CB1 

receptor agonists rely on their spatiotemporal features. Specifically, whereas the physiological 

production of endocannabinoids is generally spatially restricted and is followed by rapid 

degradation1,48,49, exogenous cannabinoids are likely to unselectively spread throughout the 

body and their action is temporally limited only by their pharmacokinetic properties1. In other 

words, the effects of physiologically produced endocannabinoids are generally very local and 

short-lasting, whereas the effects of exogenously administered CB1 receptor agonists are global 

and long-lasting. Based on this reasoning, we asked what is the time course and the mechanisms 

possibly mediating the switch between the CB1 receptor-dependent increase (present data) and 

decrease of lactate (see ref. 16) in cultured astrocytes. A 70-min-long application of WIN55 to 

astrocyte cultures expressing the Laconic lactate sensor resulted in a temporal biphasic effect, 

with the acute increase of lactate occurring during the first 5–10 min and a later shift towards a 

decrease, which became significant at 60–70 min after application (Fig. 5a and Supplementary 

Fig. 9A). We previously showed that the decrease of lactate observed after 24-h cannabinoid 

incubation requires mtCB1 receptors16. Consistently, 70 min treatment of astrocytes derived 

from DN22-CB1-KI mice with WIN55 resulted in an increase of lactate, which never shifted 

to a decrease (Fig. 5b and Supplementary Fig. 9B). Altogether, these data indicate that the 
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respective mtCB1 receptor-independent increase and mtCB1 receptor-dependent decrease of 

lactate levels in astrocytes are a function of time. 

We next asked whether this increase/decrease switch effect of cannabinoids might bear 

behavioral relevance. Using the same strategy as described in Fig. 2, we found that the NOR-

impairing effect of the plant-derived CB1 receptor agonist THC is absent in mice lacking 

mtCB1 receptors (HPC-GFAP-DN22-CB1-RS; Supplementary Table 1; Fig. 5c and 

Supplementary Fig. 9C). This indicates a first mechanistic difference between physiological 

control of NOR performance by the endocannabinoid signaling (mtCB1 receptor-independent, 

Fig. 2b) and the disrupting effect of exogenous cannabinoids on the same process (mtCB1 

receptor-dependent, Fig. 5c and Supplementary Fig. 9C). Thus, we next wondered if this effect 

of THC might be linked to a mtCB1 receptor-dependent decrease of lactate. To address this 

issue, we tested whether lactate could rescue the effect of THC, similarly as it does in mice 

lacking CB1 receptors from astrocytes. The simultaneous administration of lactate and THC 

immediately after the acquisition of NOR did not alter the effect of the cannabinoid drug (Fig. 

5d and Supplementary Fig. 9D). Intriguingly, however, the administration of lactate 1 h after 

THC completely reverted the impairment of long-term NOR performance (Fig. 5e and 

Supplementary Fig. 9E). Importantly, this effect of lactate was mimicked by 3,5-DHBA (Fig. 

5e and Supplementary Fig. 9E), strongly suggesting that the effects of THC on NOR are due to 

a mtCB1 receptor-dependent decrease of lactate signaling through the HCAR1 receptor. This 

suggests that the rescuing effect of lactate on the THC effect might involve the PP cascade, 

similarly to physiological NOR memory consolidation. To address this possibility, we 

administered the PP inhibitor NCT-503 together with lactate 1 h after THC treatment. Notably, 

this treatment abolished the rescuing effect of lactate (Fig. 5e and Supplementary Fig. 9E). 

Altogether, these data clearly indicate that lactate signaling is required to consolidate NOR 

memory. This signaling is disrupted by the insufficient production of lactate occurring both in 

absence of physiological CB1 receptor activity and during pharmacological stimulation of 

mtCB1 receptors in astrocytes. 

Discussion 

This study reveals an astrocyte-dependent metabolic interaction between lactate signaling, the 

phosphorylated pathway, synaptic d-serine availability, and cognitive performance in mice. Our 

data are compatible with a scheme whereupon endogenous activation of astroglial CB1 

receptors leads to a temporary increase of lactate, which in turn activates HCAR1 signaling, 
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switching glycolysis towards serine production, and ultimately providing the NMDAR activity 

necessary for physiological novel object recognition (Supplementary Fig. 10). Interestingly, the 

prolonged exposure of astrocytes to exogenous cannabinoids results in impaired cognitive 

performance through a specular mechanism that involves activation of astroglial mtCB1 

receptors and inhibition of the same lactate signaling (Supplementary Fig. 10). Thus, these data 

provide a mechanistic link between astroglial energy metabolism and gliotransmission, and 

they explain the differential effects of physiological versus the pharmacological impact of CB1 

receptor activation on cognitive processes. 

Astroglial CB1 receptors have been shown to control synaptic plasticity in different brain 

regions and to determine cognitive processes12,14,50,51,52. The regulation of astrocyte Ca2+ 

signaling is generally indicated as the cellular mechanism underlying these functions46,53,54. 

Only recently, cannabinoid signaling was linked to specific metabolic control of behavior, 

showing that persistent activation of astroglial mtCB1 receptors can reduce lactate production 

by astrocytes and induce a bioenergetic crisis in neurons, eventually resulting in impairment of 

social interactions16. Here, using lactate-sensitive fluorescent biosensors, we confirmed that 

long-term application of cannabinoids reduces lactate levels in astrocytes16, but we found also 

that short-term activation of astroglial CB1 receptors stimulates lactate production and release. 

Consistent with this observation, the exogenous administration of lactate is sufficient to rescue 

the NOR impairment of GFAP-CB1-KO mice. Lactate levels increase in the brain parenchyma 

during neural workload34, a phenomenon explained by a shift from complete to partial glucose 

oxidation and known as aerobic glycolysis55. Several signals have been proposed to initiate 

this metabolic shift, such as glutamate56,57, extracellular K+ rises58,59, and others24,60,61. 

The present data indicate that astroglial CB1 receptor signaling participates in these processes, 

suggesting that it can trigger aerobic glycolysis and concomitant increase in extracellular lactate 

levels. When compared to other brain signals, the effect of CB1 receptor activation on lactate 

metabolism shares a similar time scale to the effects of extracellular K+ rises, which activate 

astrocyte glycolysis within seconds62,63 and promote a phenomenon of metabolic recruitment 

of neighboring astrocytes59. However, endocannabinoid signaling is thought to be highly 

local1,48,49, a characteristic similar to glutamate which does not diffuse far from its release 

sites64. This suggests that CB1 receptors may provide fast and local signaling to trigger 

astrocyte lactate metabolism, working in parallel or synergistically with other brain signals that 

control astrocyte metabolic functions. 
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Our data show that PKC activity is required for this phenomenon. PKC signaling is very 

complex and formed by several isozymes exerting different control of cellular activity65,66,67. 

Astrocytes express different types of PKC isozymes68, but their role in astrocyte metabolic 

function is almost unexplored69,70. However, in other cell types, PKC signaling modulates 

glucose uptake71,72,73,74,75,76, glycolytic flux77,78,79,80, and lactate dehydrogenase 

activity81. Thus, it will be very interesting to address the detailed characterization of the 

intracellular machinery linking CB1 receptors, PKC, and lactate metabolism. In this context, 

the present data demonstrate that deletion of (mt)CB1 receptors does not alter basal lactate 

metabolism, and amplitude and kinetics of lactate accumulation induced by OXPHOS 

inhibition. However, astroglial lactate metabolism is regulated by diverse stimuli, including 

neuronal signals22,59, cellular stress, or alterations in mitochondrial respiration17,82. These 

stimuli can trigger a plethora of intracellular cascades, which could each interact with (mt)CB1 

receptors. Thus, we cannot presently exclude that potential alterations in different mechanisms 

regulating lactate production might exist in cells lacking (mt)CB1 receptors. Further studies 

will deal with this potential issue by exploring how CB1 receptors might interact with other 

stimuli that modulate astroglial lactate metabolism. 

Noteworthy, our present and previous16 data altogether indicate that activation of CB1 

receptors results in a biphasic time-dependent modulation of astrocyte lactate metabolism. We 

previously showed that persistent pharmacological activation (24 h) of astroglial mtCB1 

receptors decreases lactate production, thereby causing neuronal bioenergetic stress and 

impairing social interactions in mice16. Conversely, in the present study, we report that a short-

term activation (<10 min) of non-mitochondrial astrocyte CB1 receptors results in a transient 

increase of intracellular lactate. Here we found that this switch between the increase and 

decrease of lactate levels by cannabinoids occurs within one hour, indicating that time plays a 

fundamental role in determining the modalities (e.g., functional engagement of mitochondrial 

or non-mitochondrial CB1 receptors) and the outcome of cannabinoid signaling. This bimodal 

and subcellular-specific action on lactate levels resembles the recently described differential 

involvement of neuronal plasma membrane and mitochondrial CB1 receptors in cannabinoid-

induced antinociception and catalepsy, respectively11. However, those subcellular-specific 

effects of cannabinoids occur simultaneously, whereas the differential impact on lactate levels 

involve an important temporal component. In this context, it is interesting to note that the 

physiological control of NOR performance and its pharmacological impairment by cannabinoid 

agonists intersect at the same molecular pathway, which is promoted or inhibited in a time-
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dependent manner. Indeed, the physiological activation of non-mitochondrial CB1 receptors 

seems to transiently increase lactate levels and successive signaling, whereas persistent 

presence of CB1 agonists engages mtCB1 receptors to decrease the metabolite levels. Our data 

show that this temporal dichotomy bears important functional and behavioral consequences. 

Indeed, they are consistent with a scenario whereupon physiological and pharmacological 

activation of CB1 receptors trigger opposite effects mediated by different subcellular 

populations of the receptor (Supplementary Fig. 9). Thus, endocannabinoids mobilized during 

physiological consolidation of NOR memory activate non-mitochondrial CB1 receptors to 

increase lactate levels, HCAR1 signaling, PP activity, serine availability and NMDAR synaptic 

functions (Supplementary Fig. 9). Conversely, pharmacological administration of exogenous 

cannabinoid agonists reaches astroglial mtCB1 receptors, triggering the exact opposite cascade, 

ultimately impairing NOR memory consolidation (Supplementary Fig. 9). 

Lactate has traversed a long way from being initially viewed as little more than mere cellular 

waste, to become a relevant metabolite for brain physiology22,34. Astrocyte-derived lactate 

has been shown to modulate neuronal functions via multiple 

mechanisms83,84,85,86,87,88,89,90,91,92,93. Most of these proposed mechanisms, however, 

are linked to the consumption of lactate as an energy substrate for neuronal activity, which 

likely fuels mitochondrial energy production, but also increases the cytosolic NADH levels, 

which potentiate NMDAR activity and promote expression of plasticity genes87. Indeed, the 

potentiation of NMDAR activity by lactate in our electrophysiological experiments is 

significantly blunted by the blockade of the phosphorylated pathway by NCT-503. However, a 

nonsignificant “residual” level of potentiation was consistently observed in these experiments, 

suggesting that multiple mechanisms likely link lactate to synaptic functions. This said, the 

present data reveal a receptor-dependent impact of lactate on cognitive processes: the control 

of d-serine synthesis and its synaptic availability. This process requires the HCAR1 signaling-

dependent modulation of the phosphorylated pathway in astrocytes38,41. This signaling 

process likely works in parallel with the other described effects of lactate in the brain that have 

been shown to be essential to sustain learning and memory processes (including 

monocarboxylate transporter-dependent uptake and metabolism)87,92,93,94,95. It is 

reasonable to speculate that these multiple mechanisms might allow astrocytes to minimize the 

resources required to cooperate with neurons to fulfill different behavioral tasks. 

Important to note, that the activation of HCAR1 has been suggested to reduce neuronal 

functions90,91,96, which might contradict our results. However, careful dose-dependent 
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experiments using the 3,5-DHBA agonist in hippocampal slices showed that HCAR1 activation 

exerts a biphasic effect on CA1 pyramidal neurons, with low doses decreasing and high dose 

increasing their excitability88. The concentration of 3,5-DHBA (1 mM) used here corresponds 

to a high dose that increases CA1 pyramidal cells excitability88. Thus, our results are in line 

with the literature and support a more complex view of HCAR1 signaling in the brain. Our data 

show that HCAR1 activation induces a sort of biased increase in glucose metabolism, which 

determines an increased availability of glycolytic intermediates and favors their diversion 

towards branched pathways, like the PP. This idea implies that activation of HCAR1 exerts 

multiple effects on the glycolytic flux of astrocytes. The molecular link(s) between HCAR1 

signaling and the phosphorylated pathway are largely unknown, and future studies will address 

the details of this signaling cascade, investigating the anatomical localization of 

HCAR197,98,99, the molecular components involved in the stimulation of glucose 

consumption, and the exact mechanisms that allow the diversion of glucose-derived 

intermediates towards the PP. HCAR1 is generally considered to couple with Gi proteins35,36, 

which would not intuitively fit with a stimulatory effect on cellular processes. However, 

whereas they inhibit cAMP/PKA activity, Gi proteins can activate several cellular pathways, 

such as extracellular regulated kinases (ERK)100,101. Moreover, GPCRs are now known to 

couple promiscuously with different types of G proteins in different cells or even subcellular 

compartments102,103,104. Future work will define the details of the HACR1 signaling 

involved in the regulation of serine production. Indeed, although virtually nothing is known 

about the molecular regulation of the enzymes of the phosphorylated pathway, it is possible that 

G protein-triggered signaling might impact the activity of at least some of them (e.g., via 

specific kinase- and/or Ca2+ -dependent processes). 

The spatiotemporal pattern of lactate-stimulated l-serine activity might also play a potentially 

important mechanistic role in the link between CB1 receptors and NMDAR activity. It is 

possible that the CB1-dependent increase of lactate and the production of l-serine coexist in a 

single astrocyte, but they are separated in time. In other words, upon CB1 receptor activation, 

astrocytes may first accumulate lactate, and then trigger HCAR1 signaling to promote l-serine. 

Alternatively, CB1 receptor-stimulated astrocytes might act as net lactate providers, whereas 

another astrocyte population expressing HCAR1 may possibly be responsible for the l-serine 

production upon stimulation by lactate. This possibility might be similar to the specific gating 

of striatal circuits by distinctive astrocyte subpopulations105, and the recently proposed 

secondary metabolic recruitment induced by the diffusion of lactate away from its release 
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site59. Further focused studies will be necessary to fully unveil the mechanisms explaining the 

interaction between lactate, HCAR1 signaling, and l-serine. However, the discovery of the 

existence of such interaction reveals key connections between metabolic processes (lactate) and 

synaptic signaling (d-serine), which are required for cognitive processes. 

D-serine is a gliotransmitter and co-agonist of synaptic NMDARs14,41,106,107,108. Despite 

that both neurons and astrocytes can likely release this amino acid39,52, astrocytes are the main 

producers of its precursor l-serine40, thereby representing the main controllers of the total 

amount of d-serine in the brain. By showing that astrocyte-borne lactate promotes d-serine 

signaling via HCAR1-dependent stimulation of the phosphorylated pathway, our results 

underscore another way by which astrocytes modulate brain functions. Thus, this study 

contributes to a unifying concept of astrocyte metabolic functions and gliotransmission. These 

two processes are often considered as independent entities. For instance, researchers either 

study just astrocytes metabolic processes or the impact of astrocytes functions on synaptic 

activity109,110,111,112, with little interactions between these points of view. This is 

particularly true when the roles of astrocytes are investigated in the frame of cognition and high 

mental processes. In this study, we merged the observation that type-1 cannabinoid CB1 

receptors can rapidly and transiently promote lactate metabolism and the regulation of d-serine 

synaptic functions by endocannabinoid signaling in astrocytes. Moreover, we identified the 

same metabolic/signaling cascade as the target of prolonged pharmacological impairment of 

cognition by cannabinoid drugs. Therefore, these data show the tight functional link existing 

between metabolic and signaling processes. This unified notion will have to be taken into 

account in future studies aimed at understanding the role of astrocytes in promoting and 

controlling brain functions and behavior, and in investigating neurological and psychiatric 

disorders characterized by cognitive impairment. 

Methods 

Animals 

All experiments were conducted in strict compliance with the European Union 

recommendations (2010/63/EU) and were approved by the French Ministry of Agriculture and 

Fisheries (authorization number 3306369) and the local ethical committee (authorization 

APAFIS#18111). Animals used in the study were divided into two categories. The first group 

consisted of female and male CB1-KO, CB1-DN22, or CB1-WT mice, used as breeders to 

obtain newborn mice for primary cultures. The second category corresponds to animals used 
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for behavior or electrophysiology studies, consisting of male C57BL/6N (JANVIER, France), 

male CB1f/f, male GFAP-CB1-KO mutant and GFAP-CB1-WT littermate mice (two to three-

months-old). Animals were housed in groups under standard conditions, with free access to 

food and water, in a day/night cycle of 12/12 h (light on at 7 am), at 22 ± 2 °C, and 50% 

humidity. Specific deletion of CB1 on GFAP-positive cells in adult mice was obtained via the 

loxP/Cre system, with a tamoxifen-inducible CreERT2 recombinase113 encoded under the 

GFAP promoter30. Female mice carrying the “floxed” CB1 gene (CB1f/f)114 were crossed 

with CB1f/f;GFAP-CreERT2, to obtain CB1f/f;GFAP-CreERT2 and CB1f/f littermates, named 

throughout the text GFAP-CB1-KO and GFAP-CB1-WT, respectively. For induction of CB1 

deletion, 7–9-weeks-old mice were treated daily with 1 mg tamoxifen via intraperitoneally (I.P.) 

injections (10 mg/mL dissolved in 90% sesame oil, 10% ethanol) for 8 days. After each 

injection, mice were surveilled and weighted every two days to control their wellbeing. Mice 

were used 3–5 weeks after the last tamoxifen injection14,30. 

Surgery and viral stereotaxic injection 

Male CB1f/f (CB1-flox) mice were anesthetized in a box containing 5% Isoflurane (Virbac, 

France) before being placed in a stereotaxic frame (Model 900, Kopf Instruments, CA, USA) 

in which 1.5%–2.0% of Isoflurane was continuously supplied via an anesthetic mask during the 

whole duration of the experiment. For viral intra-hippocampal AAV delivery, mice were 

submitted to stereotaxic surgery, and AAV vectors were injected with the help of a 

microsyringe (0.25 mL Hamilton syringe with a 30-gauge beveled needle) attached to a pump 

(UMP3-1, World Precision Instruments, FL, USA). Where specified, CB1-flox mice were 

injected directly into the hippocampus (HPC) (0.5 µL per injection site at a rate of 0.5 µL per 

min), with the following coordinates: HPC, AP −1.8; ML ± 1; DV −2.0 and −1.5. Following 

virus delivery, the syringe was left in place for 1 min before being slowly withdrawn from the 

brain. To induce the deletion of hippocampal astroglial CB1 receptors and the rescue (RS) of 

CB1 receptor expression either with WT or mutant DN22 sequences, mice were injected in the 

hippocampus with the following combination of viral particles: (i) AAV-CAG-DIO-

empty + AAV-GFAP-GFP (Control mice), (ii) AAV-GFAP-CRE-mCherry + AAV-CAG-

DIO-empty (HPC-GFAP-CB1-KO mice), (iii) AAV-GFAP-CRE-mCherry + AAV-CAG-DIO-

CB1-GFP (HPC-GFAP-CB1-RS mice), and (iv) AAV-GFAP-CRE-mCherry + AAV-CAG-

DIO-DN22-CB1-GFP (HPC-GFAP-DN22-CB1-RS mice). Animals were used around 4–5 

weeks after local AAV infusions. Mice were weighed daily and individuals who failed to regain 

the pre-surgery body weight were excluded from the behavioral experiments. 
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Mixed cortical brain cell cultures 

Mixed cortical cultures of neuronal and glial cells were prepared from 1 to 3-day-old neonatal 

mice44. Briefly, mice were euthanized, the brain removed, and cortex dissected in iced cold 

Hank’s balanced salt solution. The tissue was enzymatically digested with trypsin/EDTA for 

5 min at 37 °C and the enzymatic digestion was stopped with 10% FBS in B-27 supplemented 

neurobasal medium. After this, a gentle dissociation of the tissue was performed by repeatedly 

passing it through a 1-mL micropipette tip. Obtained cells were left in suspension to allow 

debris precipitation and removal. Cells were seeded in 18-mm glass coverslips treated with 

poly-L-lysine and incubated for 90 min to allow cell adhesion. After this, the medium was 

replaced with fresh B-27 supplemented neurobasal medium with 10 mM glucose, 0.24 mM 

pyruvate, 2 mM GlutaMAXTM, 100 U/mL penicillin, 100 µg/mL streptomycin and 2.5 µg/mL 

amphotericin B at 37 °C in a humidified atmosphere of 5% CO2. At day in vitro (DIV) 13–14, 

cultures were exposed to 1 × 106 plaque-forming units (pfu) of adenoviral vectors (serotype 5) 

coding either for Laconic (the lactate-sensitive biosensor)17 or FLII12Pglu700μΔ6 (glucose-

sensitive biosensor)43. Measurements were carried out 48–72 h after infection of cells (DIV 

16-17). Adenoviral vectors encoding the FRET biosensor were custom-made by Vector Biolabs 

(PA, USA). 

 

Cell lines 

HEK293T cells (ATCC, CRL-3216TM, lot 62729596) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 1 g/L glucose, supplemented with 10% fetal bovine serum 

(FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin, 0.1 mM of Gibco® MEM Non-

Essential Amino Acids, and maintained at 37 °C in a humidified atmosphere of 5% CO2. For 

“sniffers cells” experiments, cells were transfected 18–24 h before experiments with 1 µg 

plasmid DNA encoding for the extracellular lactate fluorescent biosensor eLACCO2.1 (Ref. 

26), using polyethylenimine (PEI) as transfection agent. On the day of the experiment, the 

DMEM media was replaced with B-27 supplemented neurobasal (used for the mixed glia-

neuron culture) and cells were detached gently with a micropipette. Immediately after, the cell 

suspension was seeded on mixed glia-neuron and incubated for 4–5 h before imaging. 

Drug preparation and administration 
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For in vitro experiments, water-soluble drugs were dissolved directly in the imaging solution 

(see below for its composition). Drugs or their concentrated stocks prepared in DMSO were 

diluted directly in the imaging solution. The imaging solution contained the same amount of 

solvent respectively to the drug(s). For behavioral experiments, sodium lactate, 3,5-

Dihydroxybenzoic (3,5-DHBA), and L-serine were prepared in saline (0.9% NaCl). Δ9-

tetrahydrocannabinol (THC) and NCT-503 were prepared in a mixture of saline with 2.5% 

cremophor and 2.5% DMSO to obtain a solution of 0.6 mg/ml. All drugs were injected I.P. with 

a 26G needle, either immediately after the acquisition phase of the NOR task or after 1-h post-

acquisition phase. For the injection of two drugs, a 5 min pause between injections was 

performed. Vehicles contained the same amounts of solvents respectively to the drug. All drugs 

were prepared fresh before the experiments. 

Histology 

Mice perfusion 

Mice were deeply anesthetized with an intraperitoneal injection of pentobarbital (400 mg/kg). 

Mice were transcardially perfused with 20 mL of phosphate-buffered solution (PBS, 0.1 M, pH 

7.4) for 2 min and then with 50 mL of neutral buffered formalin 10% wt/vol (Sigma, HT501128-

4L;) for 5 min. After perfusion, the brains were isolated and postfixed in neutral buffered 

formalin 10% wt/vol for 24 h. After this, the brains were transferred to PBS-sucrose 30% wt/vol 

solution for cryopreservation. Once the brains were completely dehydrated and sunk into the 

bottom of the tube (on average 3–5 days), brains were frozen in isopentane and cut into coronal 

sections of 30 μm using a cryostat (Leica Biosystems, CM1950S). Hippocampal slices were 

stored in an antifreeze solution at −20 °C until further use. 

Double immunofluorescence 

Free-floating sections were permeabilized in a blocking solution (PBS + 10% donkey 

serum + 0.3% Triton X-100) for 1 h at room temperature (RT). Then, sections were incubated 

overnight at 4 °C with a mix of primary antibodies: chicken anti-GFAP (1:500, Abcam ab4674) 

and rabbit anti-GFP (1:1000, Invitrogen A11122). After several washes with PBS, slices were 

incubated for 2 h at RT with a mix of secondary antibodies: goat anti-chicken Alexa Fluor 647 

(1:500, Invitrogen A32933) and goat anti-rabbit Alexa Fluor 488 (1:500, Invitrogen A11008). 

Then, sections were incubated with 4’,6-diamidino-2-phenylindole (DAPI,1:20000, Invitrogen 

D3571) diluted in PBS to visualize cell nuclei. Finally, sections were washed in PBS and 
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mounted. Immunofluorescence images were taken with a Microscope Leica DM 4000 BLED 

equipped with a Camera Leica DFC 365. 

Fluorescence imaging 

Mixed cortical glia-neuron cultures, HEK293T cells, or a co-culture of mixed glia-neuron 

culture with HEK293 cells (sniffers), were mounted in an open chamber and imaged on wide-

field mode with an inverted Leica DMI 6000 microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a resolutive HQ2 camera (Photometrics, Tucson, USA). The 

illumination system used was a Lumencor spectra 7 (Lumencor, Beaverton, USA). The 

objectives used were an HC PL APO CS 20× dry 0.7 NA and an HCX PL APO CS 40× oil 1.25 

NA. Multi-positions were done with a motorized stage Scan IM (Märzhäuser, Wetzlar, 

Germany). A 37 °C atmosphere was created with an incubator box and an air heating system 

(Life Imaging Services, Basel, Switzerland). The system was controlled by MetaMorph 

software (Molecular Devices, Sunnyvale, USA). Cells were superfused with an imaging 

solution consisting of (in mM): 10 HEPES, 112 NaCl, 24 NaHCO3, 3 KCl, 1.25 MgCl2, 1.25 

CaCl2, 2 glucose, 0.5 sodium lactate and bubbled with air/5% CO2 at 37 °C, at a constant flow 

of 3 mL/min. Astrocytes expressing Laconic were imaged at 40×, and excited at 430 nm for 

0.01–0.05 s, emissions collected at 465–485 nm for mTFP and 542–556 nm for Venus, with 

image acquisition every 10 s. The ratio between mTFP and Venus was computed and 

normalized to the baseline. To quantify the basal lactate level (Supplementary Figs. 1A, B and 

2A, B), the biosensor occupancy was computed as a proxy of intracellular lactate level with the 

following equation: Occupancy = (R0 − Rmin)/(Rmax − Rmin), in which R0: basal 

mTFP/Venus ratio (before any drug treatment), Rmin: steady-state mTFP/Venus ratio induced 

by sodium oxamate (6 mM) or pyruvate (10 mM), Rmax: steady-state mTFP/Venus ratio 

obtained after MCTs block (1 μM AR-C155858) or 10 mM lactate. Lactate production rates 

(Fig. 1e, f) were computed by fitting a linear rate to the first minutes of lactate accumulation 

during MCTs block with 0.5 mM diclofenac. Glucose consumption rates (Fig. 3e, f) were 

computed by fitting a linear rate to the glucose decrease induced by cytochalasin B (20 µM) as 

described previously44. HEK293 cells expressing eLACCO2.1 (either alone or in co-culture) 

were imaged with a 20× objective, excited at 475 nm for 0.05–0.1 s and emission collected at 

509–547 nm for GFP, with image acquisition every 10 s. The obtained GFP fluorescence was 

normalized to the baseline. 

Novel object recognition memory task 
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The novel object recognition (NOR) test took place in an L-shaped maze as previously 

described14,115. The behavior task was carried out in a room adjacent to mice housing with a 

light intensity of 50 ± 3 lux. An overhung video camera over the maze was used to record mice 

behavior and scoring was performed offline. The task consisted of 3 sequential daily trials of 

9 min each. On day 1, the habituation phase, mice were placed in the center of the maze and 

allowed to freely explore the arms in the absence of any objects. On day 2, the acquisition 

phase, mice were placed in the center of the maze with the presence of two identical objects 

positioned at the extremities of each arm and left to freely explore the maze and the objects. On 

day 3, the long-term memory test phase (24 h after acquisition session), similarly to day 2, mice 

were placed in the center of the maze with two objects but one of the familiar objects was 

replaced by a novel object of a different shape, color, and texture, and mice were left to explore 

both objects. The position of the novel object and the associations of novel and familiar were 

randomized. All objects were previously tested to avoid biased preference. The apparatus as 

well as objects were cleaned before experimental use and between each animal testing with 

water and at the end of the experimental session with ethanol 70%. Some animals were used in 

two consecutive experiments: (i) First NOR task, with an injection of the vehicle immediately 

after the acquisition phase, and (ii) one week after the first NOR task, a second NOR task (with 

different objects) was performed, and an injection of drugs (NCT-503, THC, 3,5-DHBA, etc.) 

was done immediately after the acquisition phase. Cognitive performance was assessed by the 

discrimination index (DI), computed as the difference between the time spent exploring the 

novel (TN) and the familiar object (TF) divided by the total exploration time (TN + TF): 

DI = [TN-TF]/[TN + TF]. Object exploration was defined as the nose-poking of the objects. 

Mice with a total exploration time <15 s were not included in the data analysis. Memory 

performance was also evaluated by directly comparing the exploration time of novel and 

familiar objects, respectively. Experienced investigators evaluating the exploration were blind 

to the treatment and/or genotype of the animals. Normally, mice carried out the task without 

issues, however, some mice performed behaviors incompatible with the test (i.e., not exploring 

both objects, either by chance or due to peeing in a maze arm and refusing to cross over the 

urine.) These mice were returned to the home cage and retested one hour after. If mice failed 

again to perform the behavioral task, they were excluded from the experiment. 

Electrophysiology 

Slice preparation 
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After being anesthetized with 5% isoflurane for two minutes, C57BL/6N mice (12–16 weeks 

old) were decapitated, and the brain quickly extracted in ice-cold artificial cerebrospinal fluid 

(aCSF) containing (in mM): 125 NaCl, 2.5 KCl, 1 NaH2PO4, 1.2 MgCl2, 0.6 CaCl2, 26 

NaHCO3 and 11 Glucose (pH 7.3, 305 mosmol/kg). Coronal hippocampal slices (350 μm) were 

prepared using a vibratome (Leica VT1200 S) and hemisected. Next, Slices were incubated in 

aCSF containing 2 mM MgCl2 and 1 mM CaCl2 for 30 min at 33 °C. Finally, slices were 

allowed to rest for 1 h at room temperature before starting recordings. 

NMDAR field excitatory postsynaptic potentials recordings 

Slices were transferred into a recording chamber, maintained at 32 °C, and perfused 

continuously with aCSF (3 mL/min) containing this time 1.3 mM MgCl2 and 2.5 mM CaCl2. 

Extracellular field excitatory postsynaptic potentials (fEPSPs) were recorded with a Multiclamp 

700B amplifier (Axon Instruments, Inc.) using pipettes (2–4 MΩ) filled with aCSF and placed 

in the stratum radiatum of the hippocampal CA1 area. The stimulation of the Schaffer 

collaterals (0.05 Hz, 100 μs duration) with a concentric bipolar tungsten electrode was used to 

induce synaptic responses. Recorded signals were filtered at 2 kHz and digitized at 10 kHz via 

a DigiData 1440 (Axon Instruments, Inc.). Data were collected and analyzed offline using 

pClamp 10.7 software (Axon Instruments Inc.). For each experiment, a stable baseline was 

recorded for at least 15 min before starting the Input/Output measurement. The stimulation 

amplitude that evokes 50% of the maximal response was used for recordings. NMDA-fEPSPs 

were then isolated with low Mg2+ aCSF (0.2 mM) in the presence of 2,3-dihydroxy-6-nitro-7-

sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX, 10 μM) to block AMPA/kainate receptors, 

respectively. To study the co-agonist binding site occupancy of synaptic NMDARs, after 

obtaining a 20-min stable response, d-serine (50 μM) was bath applied for 30 min. The same 

protocol was applied with lactate (2 mM). For occlusion experiments, the first drug was bath 

applied 20 min before the recording and then during the whole experiment. Drugs used were d-

serine (50 μM), lactate (2 mM), the PHGDH inhibitor NCT-503 (10–20 μM) and the HCAR1 

agonist 3,5-DHBA (1 mM). d-AP5 (50 µM) was applied at the end of 3,5-DHBA occlusion 

experiments to confirm that NMDA-fEPSPs were mediated by NMDA receptors 

(Supplementary Fig. 7A, B). NMDAR-fEPSPs slopes were measured as a linear fit of the rising 

phase, between time points set in the baseline period and corresponding to 20% and 60% of the 

peak amplitude. The change in slope was normalized to the baseline slope taken during the 

15 min immediately before drug applications. Representative NMDAR-fEPSPs traces are the 
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average of successive sweeps that correspond to the last 10 min of baseline versus the last 

10 min of drug applications. 

Mathematical modeling 

The dynamics of pyruvate and lactate were simulated with a model published previously20 but 

with modifications (explained below). The set of ordinary differential equations used were the 

following:  

(1) dTout/dt = (Koff_H x THout) + (f1 x Tin) - (Kon x Tout x Hout) - (f1 x Tout) 

(2) dTin/dt = (Koff_H x THin) + (f1 x Tout) - (Kon x Tin x Hin) - (f1 x Tin) 

(3) dTHout/dt = (Kon x Tout x Hout) + (Koff_L x THLout) + (Koff_P x THPout) –  

(Koff_H x THout) - (Kon x THout x Lout) - (Kon x THout x Pout) 

(4) dTHin/dt = (Kon x Tin x Hin) + (Koff_L x THLin) + (Koff_P x THPin) - (Koff_H x THin) - 

(Kon x THin x Lin) - (Kon x THin x Pin) 

(5) dTHLout/dt = (Kon x THout x Lout) + (f2 x THLin) - (Koff_L x THLout) - (f2 x THLout) 

(6) dTHLin/dt = (Kon x THin x Lin) + (f2 x THLout) - (Koff_L x THLin) - (f2 x THLin) 

(7) dTHPout/dt = (Kon x THout x Pout) + (f2 X THPin) - (Koff_P x THPout) - (f2 x THPout) 

(8) dTHPin/dt = (Kon x THin x Pin) + (f2 x THPout) - (Koff_P x THPin) - (f2*THPin) 

(9) dLin/dt = (LDHfw x Pin) + (Koff_L x THLin) - (LDHrv x Lin) - (Kon x THin x Lin)  

(10) dPin/dt = Glycolysis*E + (LDHrv x Lin) + (Koff_P x THPin) - (Kon x THin x Pin) – 

(LDHfw x Pin) - (Mito x Pin) 

Equations 1–8 represent the eight possible conformations of the MCT carrier: outward- and 

inward-facing, either empty (Tout and Tin), loaded with a proton (THout and THin), loaded 

with both proton and lactate (THLout and THLin), and loaded with both proton and pyruvate 

(THPout and THPin). Equations 9 and 10 represent cytosolic lactate and pyruvate. The 

association constant Kon for protons, lactate, and pyruvate was set at 108 m−1 s−1 (diffusion-

limited); the dissociation constants Koff_H, Koff_L, and Koff_P were 20 s−1, 7.6 × 107 s−1, 

and 7.6 × 106 s−1 (for MCT1). Carrier translocation rates f1 (empty) and f2 (loaded) were set 

at 200 and 3000 s−1. Rate constants were 0.139 s−1 (Mito, mitochondrial pyruvate import), 
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0.5 s−1 (LDHforward, pyruvate to lactate), and 0.025 s−1 (LDHreverse, lactate to pyruvate). 

The cytosolic and extracellular pH was set to 7.2 (63 nM) and 7.4 (40 nM), respectively. The 

extracellular value of lactate was set to 0.5 mM. To explore if the activation of glucose 

consumption by HCAR1 signaling (Fig. 3e) might result in the diversion of carbons toward 

branched pathways, first, the data shown in Fig. 3g (and Supplementary Fig. 7C) was 

transformed to lactate concentration using a two-point calibration with ΔR = 0.38 as described 

previously17. Using this data, it was quantified (i) the average lactate production (40 µM/s), 

(ii) the basal lactate concentration (1.49 mM), and the lactate increase induced by 3,5-DHBA 

(ΔLac = 0.6 mM). To simulate a diversion of carbons toward branched pathways, the parameter 

“Glycolysis” on Eq. 10, was multiplied by a number between 1 and 0.1 to simulate a change in 

the “efficiency” of glucose-to-lactate conversion (E; see Supplementary Fig. 7E for a graphical 

representation). Simulations were carried out either with E = 0.5 (Fig. 3h), 0.7 or 0.9 

(Supplementary Fig. 7) in basal conditions (i.e., before glycolysis stimulation), and a decrease 

in E during glycolysis stimulation (E*) was simulated. The “Glycolysis” value was adjusted to 

obtain a lactate production of 40 µM/s for all E values tested. The amount of total carrier was 

slightly adjusted to achieve identical basal lactate levels for all E values tested. 

Quantification and statistical analysis 

All graphs, linear regressions, and statistical analyses were performed using GraphPad software 

(version 8 or 10). Data is presented as time course (average of imaged cells ± SEM, from a 

representative experiment), scatter plots of individual cells, and bars + symbols. In some 

experimental data, the SEM is small enough to be contained inside symbols. Otherwise, time 

courses without error bars correspond to a representative cell from an independent experiment 

and are indicated in the relevant figure legend. All data was analyzed for outliers using the 

ROUT method (false discovery rate of 1%), and for normality with the Shapiro–Wilk test. To 

perform the statistical analysis, the electrophysiology data was averaged every 5 min. 

Differences between groups were assessed using the average of each independent experiment 

using either by paired t-test, unpaired t-test, one-way ANOVA followed by Tukey’s multiple 

comparison test, Kruskal–Wallis followed by Dunn’s multiple comparison test, Mixed-effects 

model followed by Dunnett’s multiple comparison test or two-way ANOVA followed by 

Tukey’s multiple comparison test. P < 0.05 was considered significant and is annotated in each 

figure and available in Supplementary Tables 2 and 3. Otherwise, nonsignificant data is 

indicated as NS. 
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Fernández-Moncada et al. Figure 1 

 

Fig. 1: Acute stimulation of astrocytes lactate metabolism by CB1 receptors. a Subcellular localization 

of CB1 receptors in the primary astrocytes culture models. b Intracellular lactate measurement during 

exposure to WIN55 (1 μM), in CB1-WT (blue circles, average of 42 cells), CB1-KO (white circles, 

average of 29 cells), and DN22-CB1-KI (red circles, average of 42 cells) astrocytes. c Quantification 

of lactate changes after 5 min exposure to WIN55. CB1-WT: n = 7247 cells. CB1-KO: n = 7252 cells. 

DN22-CB1-KI: n = 6235 cells. d Sniffer cell strategy for the determination of extracellular lactate 

levels. HEK cells expressing an extracellular lactate fluorescent biosensor (sniffers cells) were cultured 

alone or in co-culture with astrocytes. e Extracellular lactate measurements during exposure to WIN55 
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(1 μM), in a pure culture of sniffers cells (yellow circles, average of 81 cells), a co-culture of sniffers 

cells, and CB1-WT astrocytes (green circles, average of 76 cells) and a co-culture of sniffers cells and 

CB1-KO astrocytes (white circles, average of 102 cells). f Quantification of the extracellular lactate 

levels after 10 min exposure to WIN55. Sniffer culture: n = 3406 cells. Sniffer + CB1-WT astrocytes co-

culture: n = 7997 cells. Sniffer + CB1-KO astrocytes co-culture: n = 4469 cells. g Scheme depicting the 

PKC isozymes inhibited by Go 6983. h Intracellular lactate measurement during exposure to WIN55 

(1 μM), in CB1-WT astrocytes, before (blue) and during exposure to the broad PKC inhibitor Go 6983 

(purple). N = 4124 cells. i Quantification of lactate changes after 5 min exposure to WIN55, before 

(blue) and during exposure to Go 6983 (purple), n = 4124 cells analyzed. Data corresponds to the 

average (mean ± SEM) of representative of a single (b, e) or all experiments (g). Circles in scatter or 

before-after plots correspond to individual cells (c, f, i). Bars correspond to experiments average 

(mean ± SEM), with circles representing individual experiment average (c, f, i). Statistical analysis was 

performed using a Kruskal–Wallis test followed by Dunn’s multiple comparison test (c), One-way 

ANOVA followed by Tukey’s multiple comparison test (f) and two-tailed paired t-test (i). See 

Supplementary Table 2 for more details on statistical analyses. Source data are provided as a Source 

Data file. 

 

  

https://www.nature.com/articles/s41467-024-51008-2#MOESM1
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Fernández-Moncada et al. Figure 2 

 

Fig. 2: The astroglial mtCB1 receptor is not necessary for physiological NOR performance.  a 

Schematic of the viral approach used for deletion of hippocampal astroglial CB1 receptors and 

expression rescue with either wild-type or DN22-CB1 sequences. Four groups of animals; Control, 

HPC-GFAP-CB1-KO, HPC-GFAP-CB1-RS, and HPC-GFAP-DN22-CB1-RS mice; were obtained by 

stereotactic injection of a mix of specific AAV constructs (see Methods section for details). b Summary 

of NOR performance in Control (blue), HPC-GFAP-CB1-KO (white), HPC-GFAP-CB1-RS (teal), and 

HPC-GFAP-DN22-CB1-RS (red) mice, n = 7–9 mice per condition. Bars correspond to experiment 

average (mean ± SEM) and circles represent individual animals (b). Statistical analysis was performed 

using a One-way ANOVA followed by Tukey’s multiple comparison test (b). See Supplementary Table 2 

for more details on statistical analyses. Source data are provided as a Source Data file.  

https://www.nature.com/articles/s41467-024-51008-2#MOESM1
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Fernández-Moncada et al. Figure 3 

Fig. 3: Lactate promotes NOR performance via receptor-dependent stimulation of the phosphorylated 

pathway. a NOR performance of GFAP-CB1-WT (blue circles) and GFAP-CB1-KO (white circles) 

mice. Animals were treated with an I.P. injection of either vehicle, lactate (1 g/kg), 3,5-DHBA 

(240 mg/kg), or l-serine (0.5 g/kg), immediately after the acquisition phase. N = 18–53 mice per 

condition. b Scheme depicting the lactate production and phosphorylated pathway, and their interaction 

at the level of 3-phosphoglycerate (3PG). c Scheme depicting the effect of a sub-effective dose of NCT-

503 on the l-serine synthesis. d NOR performance of GFAP-CB1-WT (blue circles) and GFAP-CB1-KO 

(white circles) mice. Animals were treated with an I.P. injection of either vehicle + NCT-503 (6 mg/kg), 

lactate (1 g/kg) + NCT-503, 3,5-DHBA (240 mg/kg) + NCT-503 or l-serine (0.5 g/kg) + NCT-503, 
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immediately after the acquisition phase. N = 6–20 mice per condition. e Glucose consumption in control 

(n = 4, 63 cells) and 3,5-DHBA treated (n = 4, 48 cells) astrocytes. f Intracellular lactate measurement 

during exposure to 3,5-DHBA (1 mM). An average of 54 cells from a single experiment. g Schematic 

representation of the mathematical model used to analyze the data. The glucose-to-pyruvate/lactate 

conversion “efficiency” (E) controls how much glucose is directed into pyruvate/lactate synthesis or 

into branched pathways (e.g., phosphorylated pathway). At E = 0.7, 70% of consumed glucose goes into 

pyruvate and 30% into branched pathways. Pyruvate can be consumed by mitochondria or transformed 

into lactate at a fixed rate. h Numerical simulation of intracellular lactate concentration (normalized to 

baseline) with basal E = 0.7, during a two-fold increase in glycolysis. During this stimulation, a 

decrease in glucose-to-pyruvate/lactate conversion (E*) was simulated. The observed increase in 

intracellular lactate induced by 3,5-DHBA is indicated by a discontinuous line. Bars correspond to 

experiments average (mean ± SEM) and circles represent individual animals (a, d) or single cells (f). 

Data corresponds to the average (mean ± SEM) of representative of experiment (g). Solid line 

corresponds to a single numerical simulation (h). Statistical analysis was performed using a two-way 

ANOVA followed by Tukey’s multiple comparison test (a, d) or two-tailed Mann–Whitney test (e). See 

Supplementary Table 2 for more details on statistical analyses. Source data are provided as a Source 

Data file. 

  

  

https://www.nature.com/articles/s41467-024-51008-2#MOESM1
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Fernández-Moncada et al. Figure 4 

 

Fig. 4: Synaptic d-serine availability is modulated by lactate. a Representative averaged NMDAR-

fEPSPs traces from 30 consecutive sweeps evoked (1) 10 min before and (2) during (25–35 min) bath 

application of d-serine (magenta) or lactate (green). The summary plots show the effect of d-serine 

(50 μM – magenta circles, n = 5 slices, 4 mice) or lactate (2 mM – green circles, n = 9 slices, 8 mice) on 

NMDAR-mediated fEPSPs slopes in WT hippocampal slices. b Increase rate of NMDAR-mediated 

fEPSPs potentiation induced by lactate (n = 8) or d-serine (n = 5) shown in (a). Data obtained by fitting 

a non-linear model. c Representative averaged NMDAR-fEPSPs traces evoked (1) 10 min before and 

(2) during (25–35 min) bath application of lactate (green) in the presence of d-serine. The summary 

plots show the NMDAR-fEPSPs slopes before (magenta) and during lactate exposure (2 mM – 

magenta/green, n = 6 slices, 6 mice) in slices preincubated with d-serine (50 μM). d Representative 
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averaged NMDAR-fEPSPs traces evoked (1) 10 min before and (2) during (25–35 min) bath application 

of d-serine (in magenta) or lactate (in green) in the presence of NCT-503. The summary plots show the 

effect of exogenous d-serine (50 μM – magenta, n = 6 slices, 6 mice) or lactate (2 mM – green, n = 6 

slices, 6 mice) on NMDAR-mediated fEPSPs slopes in slices preincubated with NCT-503 (10–20 μM). 

e Representatives NMDAR-fEPSPs traces evoked (1) 10 min before and (2) during bath application (25–

35 min) of 3,5-DHBA (light green). Summary plots showing the effect of 3,5-DHBA (1 mM – light green 

circles, n = 6 slices, 4 mice) on NMDAR-mediated fEPSPs slopes. f Representatives NMDAR-fEPSPs 

traces evoked (1) before and (2) during bath application of exogenous d-serine in the presence of 3,5-

DHBA. The summary plots show the NMDAR-fEPSPs slopes before (light green) and during exogenous 

d-serine exposure (50 μM – light green/magenta circles, n = 8 slices, 5 mice) in slices preincubated with 

3,5-DHBA (1 mM). Data are presented as mean ± SEM (a, c–f). Bars correspond to the experiment 

average (mean ± SEM) and circles represent single measurement (a–f). Statistical analysis was 

performed using a two-tailed unpaired t-test (a–f). See Supplementary Table 2 for more details on 

statistical analyses. Source data are provided as a Source Data file.  
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Fernández-Moncada et al. Figure 5 

  

Fig. 5: THC impairs NOR performance via mtCB1 receptor-dependent inhibition of the 

phosphorylated pathway. a Intracellular lactate changes measured at different time points during a 

70 min WIN55 exposure in CB1-WT astrocytes. N = 4164 cells analyzed. Data from Fig. 1c (5 min 

quantification) is included in the graph. b Intracellular lactate changes measured at different time points 

https://www.nature.com/articles/s41467-024-51008-2#Fig1
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during a 70 min WIN55 exposure in DN22-CB1-KI astrocytes. N = 4192 cells analyzed. Data from 

Fig. 1c (5 min quantification) is included in the graph. c Summary of NOR performance in Control 

(blue), HPC-GFAP-CB1-KO (white), HPC-GFAP-CB1-RS (teal), and HPC-GFAP-DN22-CB1-RS 

(red) mice, treated with an I.P. injection of THC (5 mg/kg) immediately after acquisition phase. N = 7–

13 mice per condition. d NOR performance of mice treated either with an I.P. injection of either vehicle 

(gray) + saline, THC (5 mg/kg, green) + saline, vehicle + lactate (1 g/kg) or THC (5 mg/kg) + lactate 

(1 g/kg), immediately after the acquisition phase. N = 10–12 mice per condition. e NOR performance of 

mice treated either with an I.P. injection of vehicle (gray) or THC (5 mg/kg, green) immediately after 

the acquisition phase. After 1-h post-THC or vehicle treatment, mice were treated with an I.P. injection 

of either saline, lactate (1 g/kg), 3,5-DHBA (240 mg/kg), NCT-503 (6 mg/kg) + saline or NCT-

503 + lactate. N = 8–49 mice per condition. Bars correspond to the experiment average (mean ± SEM) 

and circles represent an experiment average (a, b) or represent individual animals (c, d, e). Statistical 

analysis was performed using a Mixed-effects model (REML) followed by Dunnett’s multiple 

comparison test (a, b) and a two-way ANOVA test by Tukey’s multiple comparison test (c, d, e). See 

Supplementary Table 2 for more details on statistical analyses. Source data are provided as a Source 

Data file. 
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involvement in NOR performance 

Supplementary Table 2 Statistics details of Main Figures. 

Supplementary Table 3 Statistics details of Supplementary Figures. 

Supplementary Figure 1 – Differential effect of cannabinoids on astrocyte lactate level. a, 

Intracellular lactate imaging in astrocytes previously incubated with WIN55 (2 μM) or vehicle (DMSO) 

for 24 hours. After treatment, and to determine the basal lactate level (occupancy), cells were imaged 

and exposed sequentially to an OXPHOS blocker (5 mM sodium azide), pyruvate (10 mM) and lactate 

(10 mM). R0, basal ratio. Rmin, minimum ratio. Rmax, maximum ratio. Data was normalized to Rmin to 

emphasize the difference in R0. b, Basal lactate level (occupancy) after 24 hours treatment with WIN55 

(2 μM) or vehicle (DMSO). Data was computed as occupancy = (R0-Rmin)/(Rmax-Rmin), using R0, Rmin and 

Rmax from experiments similar to panel A. Vehicle, n=3, 26 cells. WIN55, n=3, 25 cells. c, Intracellular 

lactate imaging in astrocytes acutely exposed to WIN55 (2 μM). BL = baseline. d, Summary of 

intracellular lactate level at baseline (BL) and after 3 min exposure to WIN55 (2 μM), in experiments 

similar to Supplementary Fig. 1C, n=3, 26 cells. Data correspond to representative cells (a,c). Circles 
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in scatter and before-after plots correspond to single cells (b,d). Statistical analysis was performed 

using a two-tailed unpaired t-test (b) and two-tailed paired t-test (d). See Supplementary Table 3 for 

more details. 

Supplementary Figure 2 – The basal lactate level and accumulation upon mitochondria inhibition is 

not altered by CB1 receptor subcellular localization. a, Intracellular lactate imaging in astrocytes. To 

determine the basal lactate level (occupancy), cells exposed sequentially to WIN55 (1 μM), OXPHOS 

block (5 mM azide), Oxamate (6 mM) and AR-C155858 (1 μM). R0, basal ratio. Rmin, minimum ratio. 

Rmax, maximum ratio. Average of 4 independent experiments. Cells: WT=158, KO=145, DN22=154. b, 

Basal lactate level (occupancy) in CB1-WT, CB1-KO and DN22-CB1-KI astrocytes. Data was computed 

as occupancy = (R0-Rmin)/(Rmax-Rmin), using R0, Rmin and Rmax obtained from experiments similar to panel 

A. N = 4, cells analyzed: CB1-WT=158, CB1-KO=145, DN22-CB1-KI =154. c, Basal lactate 
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production rates in WT, KO and DN22 astrocytes. N=4 d, Intracellular lactate accumulation induced 

by OXPHOS block (5 mM sodium azide). Average of several cells in a representative experiment (CB1-

WT=32, CB1-KO=48, DN22-CB1-KI =36 cells). e, Summary of intracellular lactate levels after 2 min 

of OXPHOS block (5 mM sodium azide), in experiments similar to those shown in panel C.  CB1-WT: 

n=7, 247 cells. CB1-KO: n=7, 227 cells. DN22-CB1-KI: n=6, 205 cells. f, Representative non-linear 

fitting of a sigmoidal model (Boltzmann equation, on top) to the lactate increase induced by OXPHOS 

blocking. The fitted parameters A1, A2, x’ and dx were used to compute the amplitude, half-maximal time 

and increase rate presented in panel G-I. Tblock, time of exposure to OXPHOS blocker sodium azide. g, 

Amplitude of lactate changes induced by OXPHOS block obtained from a non-linear fitting data. CB1-

WT: n=7; CB1-KO: n=7; DN22-CB1-KI: n=6. h, Half-maximal time of lactate changes induced by 

OXPHOS block obtained from a non-linear fitting data. CB1-WT: n=7; CB1-KO: n=7; DN22-CB1-KI: 

n=6. I, Half-maximal time of lactate changes induced by OXPHOS block obtained from a non-linear 

fitting data. CB1-WT: n=7; CB1-KO: n=7; DN22-CB1-KI: n=6. Data corresponds to the experiments 

average and represented as mean+SEM (a,d). Circles in scatter plots correspond to single cells (b,e). 

Bars correspond to experiments average (mean+SEM) and circles represent individual experiment 

average (b,c,e,g,h,i). Statistical analysis was performed using Kruskal-Wallis test followed by Dunn’s 

multiple comparison test (b), One-way ANOVA followed by Tukey’s multiple comparison test (c,e,g,h,i). 

See Supplementary Table 3 for more details. 
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Supplementary Figure 3 – Activation of astroglial CB1 receptors increases lactate production. a, 

Transport stop protocol for measurement of lactate production. Diclofenac is a broad inhibitor of 

monocarboxylate transporter (MCT) activity. The blockade of MCT causes an intracellular lactate 

accumulation that is proportional to its rate of production. b, Summary of two sequential measurements 

of basal lactate production with diclofenac. N=4, 95 cells analyzed. c, Measurement of lactate 

production before and during exposure to WIN55 (1 μM). The production rate is indicated with a solid 

line above the corresponding lactate accumulation. D, Summary of the lactate production rates before 

(pale blue circles) and during exposure to WIN55 (grey circles), computed from experiments similar to 

panel E. N=4, 102 cells. Data corresponds to representative cell I. Circles in before – after plots 

correspond to single cells (b,d). Bars correspond to experiments average (mean+SEM) and circles 

represent individual experiment average (b,d). Statistical analysis was performed using a paired two-

tailed paired t-test (b,d). See Supplementary Table 3 for more details. 
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Supplementary Figure 4 – The PKC signaling controls the CB1 receptor-mediated intracellular 

lactate increase. a, Intracellular lactate measurement during exposure two sequential exposure to 

WIN55 (1 μM). N=1, 42 cells. b, Quantification of lactate change induced by the first (blue) and second 

(grey) WIN55 exposure. N=4, 114 cells analyzed. c, Intracellular lactate measurement during the 

sequential exposure to WIN55 (1 µM), Go 6983 (5 µM) and WIN55 + Go 6983. N=1, 40 cells. Data 

corresponds to the average of a single experiment (a,d). Circles in before – after plots correspond to 

single cells (b). Bars correspond to experiments average (mean+SEM) and circles represent individual 

experiment average (b). Statistical analysis was performed using a paired two-tailed paired t-test (b). 

See Supplementary Table 3 for more details. 
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Supplementary Figure 5 – The mitochondrial localization of CB1 receptors is not necessary for 

physiological novel object exploration. a, Histological analysis of the expression of CB1-GFP and the 

astrocyte marker GFAP, in hippocampus sections obtained from HPC-GFAP-CB1-KO and HPC-

GFAP-CB1-WT-RS. The white boxes inside the HPC-GFAP-CB1-WT-RS images correspond to the 

magnification site shown in the third column of images. b, Quantification of GFP-positive cells in the 

CA1 region of the hippocampus of HPC-GFAP-CB1-WT-RS mice. N = 4 mice, 30 – 91 cells analyzed 

in 4 sections per mice. c, Exploration times of familiar versus novel objects in the NOR task, from 

Control (blue lines), HPC-GFAP-CB1-KO (black lines), HPC-GFAP-CB1-WT-RS (teal lines) and 

HPC-GFAP- DN22-CB1-RS (red lines) animals, n = 7-9 mice per condition. A single line corresponds 

to an individual animal. See Supplementary Table 3 for more details. 
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Supplementary Figure 6 – Inhibition of the phosphorylated pathway impairs long-term NOR memory 

in WT mice and in lactate-treated GFAP-CB1-KO mice. a, Exploration time of familiar versus novel 

objects in the NOR task of GFAP-CB1-WT (blue lines) and GFAP-CB1-KO mice (black lines) mice, 

treated either with vehicle (veh), 1 g/kg lactate (Lac) or 0.5 g/kg L-serine (L-Ser), immediately after the 

acquisition phase. GFAP-CB1-WT, n=13-18 animals. GFAP-CB1-KO, n= 15-23 animals. b, NOR 

performance in wild-type mice treated either with vehicle or incremental doses of NCT-503. N=7-15 

mice per condition. c, Exploration time of familiar versus novel object in the NOR task of wild-type mice 

treated either with vehicle or incremental doses of NCT-503. N= 7-15 mice per condition. d, Exploration 

time of familiar versus novel object in the NOR task, of mice treated either with vehicle + 6 mg/kg NCT-

503 (NCT), 1 g/kg lactate + 6 mg/kg NCT-503 (NCT + Lac) or 0.5 g/kg L-serine + 6 mg/kg NCT-503 

(NCT + L-Ser), immediately after the acquisition phase. GFAP-CB1-WT mice (blue lines), n=6-12 

animals. GFAP-CB1-KO mice (black lines), n= 9-16 animals. A single line corresponds to an individual 

animal (a, c, d). Data is presented as scatter plot with the line and whisker corresponding to the 

mean+SEM and circles to individual animals (b). Statistical analysis was performed with a One-way 

ANOVA followed by Tukey’s multiple comparison test (b). See Supplementary Table 3 for more details. 
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Supplementary Figure 7 – Activation of HCA1R promotes a biased glucose metabolism. a, Transport 

stop protocol for measurement of glucose consumption. Cytochalasin B is an inhibitor of glucose 

transporter (GLUT) activity. The blockade of GLUT causes an intracellular glucose decrease that is 

proportional to its rate of consumption by hexokinase (HK), the first enzyme of glycolysis. b, 

Intracellular glucose measurement during exposure to cytochalasin B (CytoB, 20 µM). Astrocytes were 

treated with 3,5-DHBA (1 mM) for 15 min before exposure to CytoB. c, Complete trace of the Fig. 3G 

intracellular lactate measurement during exposure to 3,5-DHBA, showing the two-point calibration 

used for transforming the fluorescent ratio to concentration. d, Quantification of lactate changes 

induced by 3,5 DHBA obtained from similar experiments as shown in Fig 3G. N = 6, 222 cells. e, 

Numerical simulation of intracellular lactate concentration (normalized to baseline) with basal E = 0.5, 

during a two-fold increase in glycolysis. During this stimulation, a decrease in glucose-to-

pyruvate/lactate conversion (E*) was simulated. The recorded increase in intracellular lactate 

concentration induced by 3,5-DHBA (see methods) is marked by a discontinuous line. f, Numerical 

simulation of intracellular lactate concentration (normalized to baseline) with basal E = 0.9, during a 

two-fold increase in glycolysis. During this stimulation, a decrease in glucose-to-pyruvate/lactate 

conversion (E*) was simulated. The recorded increase in intracellular lactate concentration induced by 

3,5-DHBA (see methods) is marked by a discontinuous line. g, Summary of the E* values required to 
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obtain the observed intracellular lactate concentration induced by 3,5-DHBA for each basal E 

simulated. Data corresponds to representative cells (b). Data corresponds to the average (mean+SEM) 

of representative of experiment (c). Circles in scatter plot correspond to individual cells (d). Bars 

correspond to experiments average (mean+SEM) and circles represent experiment average (d). Solid 

line corresponds to a single numerical simulation (e,f). 

Supplementary Figure 8 – Lactate requires the phosphorylated pathway to potentiate NMDAR 

function. a, Representative averaged traces from 20 consecutives sweeps evoked in the presence of, 

before (in magenta) and after bath application of d -AP5 (50 µM) + d -serine (50 µM). Quantification 

of the NMDAR-fEPSP slopes in presence of d-serine (50 μM), before and after application d-AP5 (50 

μM) are shown in the bar plot, n=5. b, NMDAR-mediated fEPSP slopes in the presence of lactate (data 

from Fig. 4A, n=9) and lactate + NCT-503 (data from Fig. 4D, n=6). c, NMDAR- fEPSP slopes induced 

by d-serine (same as Fig. 4A, n=6) and d-serine after NCT-503 preincubation (data from Fig. 4D, n=6). 

Bars correspond to experiments average (mean+SEM) and circles represent individual experiment 

average (a). Data corresponds to the experiments average and represented as mean+SEM. Data points 

were averaged every 5 mins (b,c). Statistical analysis was performed using a two-tailed paired t-test (a) 

and two-way ANOVA (b,c). See Supplementary Table 3 for more details. 
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Supplementary Figure 9 – Lactate rescues the THC-mediated impairment in novel object exploration 

via HCAR1 signaling and L-serine production. a, Intracellular lactate imaging in CB1-WT astrocytes 

exposed to WIN55 (1 μM) during 70 min. After this, cells were exposed to oxamate to deplete lactate 

levels for biosensor calibration. b, Intracellular lactate imaging in DN22-CB1-KI astrocytes exposed to 

WIN55 (1 μM) during 70 min. After this, cells were exposed to oxamate to deplete lactate levels for 

biosensor calibration. c, Exploration times of familiar versus novel objects in the NOR task, from 

Control (blue lines), GFAP-CB1-KO (black lines), GFAP-CB1-WT-RS (teal lines) and GFAP- DN22-

CB1-RS (red lines) animals treated with THC (5 mg/kg immediately after the acquisition phase. N = 7 

– 13 mice per condition. d, Exploration time of familiar versus novel objects in the NOR task of mice 

treated with an IP injection of either vehicle (veh) + saline (sal), vehicle + lactate (lac, 1 g/kg), THC (5 

mg/kg) + saline or THC (5 mg/kg) + lactate (1 g/kg), immediately after the acquisition phase. N= 10 – 
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12 mice per condition. e, Exploration time of familiar versus novel objects in the NOR task of mice 

treated with an IP injection of either vehicle (veh) or THC (5 mg/kg), immediately after the acquisition 

phase. After 1-hour post-THC treatment, mice were treated with an IP injection of either saline (sal), 

lactate (lac, 1g/kg), 3,5-DHBA (240 mg/kg), NCT-503 (NCT, 6 mg/kg) + saline or NCT-503 + lactate. 

N = 8 – 49 mice per condition. Experiments correspond to a representative cell (a, b). A single line 

corresponds to an individual animal (c, d, e). See Supplementary Table 3 for more details. 

 

Supplementary Figure 10 – A lactate-dependent shift of glycolysis mediates synaptic and cognitive 

processes.  Lactate promotes cognitive performance via a cascade involving HCAR1 and 

phosphorylated pathway (PP) activity, thereby increasing L-/D-serine levels and NMDAR activity to 

allow an adequate NOR memory consolidation. Importantly, whereas transient activation of non-

mitochondrial CB1 receptors promote this novel lactate signaling to promote cognitive performance, 

the persistent activation of mitochondrial CB1 receptors impairs the lactate signaling and disrupt the 

consolidation of NOR memory via a specular mechanism. 
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Supplementary table 1. 

Details of the double viral rescue approach to study mtCB1 receptor involvement in NOR 

performance 
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Supplementary Table 2 - Main figures statistics details  

Group sizes, statistical tests and P-values (page 1/2) 
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Supplementary Table 2 – Main figures statistics details  

Group sizes, statistical tests and P-values (page ½) 
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Supplementary Table 3 – Main figures statistics details  

Group sizes, statistical tests and P-values 
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PART 2 – Unpublished data: Cannabinoid type-1 receptor signalling 

and its role in regulating brain lactate dynamics in freely moving mice  
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In this doctoral thesis, we investigated the impact of CB1R activity on brain lactate levels both 

in vivo and in vitro, with particular emphasis on how locomotion influences brain extracellular 

lactate dynamics. Following the presentation of the published article, the thesis continues with 

unpublished data. For clarity and coherence, the results are organized into four chapters, aligned 

with the main objectives. Chapter I describes the development of a reliable protocol to measure 

in vivo lactate fluctuations in freely moving mice. Chapter II examines the effects of locomotion 

on brain lactate levels across different brain regions, while Chapter III addresses the 

contribution of lactate to the locomotor effects of cannabinoids. Finally, Chapter IV explores 

the molecular mechanisms underlying CB1R-dependent modulation of lactate in cultured 

astrocytes.  

Chapter I. Development of a reliable protocol for in vivo lactate measurement 

using eLacco2.1 in freely moving mice. 

As already extensively described in this thesis, CB1R has emerged as a key element in 

regulating brain metabolism and lactate production (Fernández-Moncada, Rodrigues, et al., 

2024). Persistent activation of astroglial mtCB1R for 24 hours has been shown to decrease 

lactate production and release (Jimenez-Blasco et al., 2020), whereas our recent findings 

indicate that transient stimulation (5 minutes) produces the opposite effect, leading to an 

elevation in lactate levels (Fernández-Moncada, Lavanco, et al., 2024). These observations, 

however, were obtained primarily from cultured astrocytes, and the consequences of CB1R 

activation on lactate dynamics in vivo remain unknown. This paucity of knowledge can now be 

tackled thanks to the development of a novel extracellular lactate fluorescent biosensor, 

eLACCO2.1 (Nasu et al., 2023), which as shown in this thesis, allow the direct monitoring of 

brain lactate levels in freely moving mice. Until then, high resolution analysis of lactate 

dynamics had been investigated in vivo in a few studies, but these were conducted mainly in 

head-fixed mice using the FRET-based sensor Laconic combined with two-photon microscopy 

(Mächler et al., 2016; Zuend et al., 2020), an approach that provides high spatial resolution but 

restricts animals from freely moving and requires demanding technical conditions. By contrast, 

FP, despite offering lower spatial resolution, allows reliable real-time monitoring of fluorescent 

biosensors signal in freely behaving mice, making it more suitable for addressing the 

behavioural questions of this work.  

Since the recording of lactate dynamics in freely moving mice had not yet been established at 

the start of this thesis, a substantial part of the initial work was devoted to developing reliable 

experimental protocols. As a first step, we determined the isosbestic point of the biosensor in 
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vitro, a prerequisite for its use in fiber photometry. The isosbestic point corresponds to the 

excitation wavelength at which the fluorescence of the biosensor remains unchanged regardless 

of whether lactate is bound, and is therefore critical for generating a reference signal that 

controls for movement artifacts, fluctuations in biosensor expression, or changes in 

illumination. For determining the eLACCO2.1 isosbestic wavelength, we expressed the 

biosensor in HEK293T cells and exposed them to sequential increases of extracellular lactate 

changes (Fig R1A). Then, I tested whether a 400 nm excitation, an isosbestic wavelength found 

in some GFP-based biosensors, was a suitable isosbestic point for eLACCO2.1 biosensor. 

While the fluorescence resulting from 470 nm excitation increased during stepwise rise of 

extracellular lactate, the fluorescence resulting from 400 nm did not (Fig R1B). Thus, the data 

indicated that an excitation at 400 nm correspond to the eLACCO2.1 isosbestic point, in 

agreement with the original characterization of the sensor (Nasu et al., 2023), which provided 

a less accurate value. This result provided a necessary reference channel for subsequent in vivo 

experiments, ensuring the accuracy and reliability of lactate measurements in freely moving 

mice (Fig. R1A-B) 

Figure R1. In vitro Determination of eLACCO2.1 isosbestic point.  

A) Representative trace of extracellular lactate recording in HEK293 cells. Cells have been excited at 

two different wavelengths, 470 nm for the lactate sensitive signal (in green) and 400 nm for the 

hypothetical isosbestic point (in grey) under increasing lactate concentrations, in order to determine 

the isosbestic point of the biosensor. Data have been normalized to 0 lactate. B) Quantification of dose 

response of lactate levels. n= 180 cells/3 experiments. Two-way ANOVA: **** P<0.0001. 

Once the isosbestic point was determined, we proceeded to optimize the conditions for in vivo 

FP recordings of eLACCO2.1 biosensor. FP has traditionally been developed and optimized for 

monitoring Ca²⁺ dynamics, which posed challenges in configuring the setup to reliably detect 

lactate signals. Unlike Ca²⁺, lactate fluctuations occur on a slower timescale and follow distinct 

kinetics, requiring specific adjustments in acquisition parameters. In addition, because 

eLACCO2.1 had only recently been developed, achieving robust expression in vivo proved 

difficult. We tested several promoters, including GFAP (specific for astrocytes), Synapsin 

(specific for neurons), and CAG (general promoter), but only the ubiquitous CAG promoter 
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yielded sufficient expression, likely due to its ability to drive strong and broad expression across 

multiple cell types. Finally, given the original aim of the project - to investigate the relationship 

between brain lactate dynamics, CB1R activity, and memory - we initially targeted the 

hippocampus for biosensor expression. This choice was motivated not only by the region’s 

accessibility for viral injections and recordings, but also by its central role in memory 

processing and its high density of CB1Rs, making it a biologically relevant site for our study. 

After these validations, we proceeded to perform FP recordings in freely moving mice 

expressing eLACCO2.1 in the hippocampus. To test the responsiveness of the sensor in vivo, 

animals received intraperitoneal (I.P.) injections of either lactate or vehicle (veh). Lactate 

injections produced a clear increase in fluorescence signal compared to veh-treated controls 

(Fig. R2A). This effect followed a dose-dependent pattern (Fig. R2B), demonstrating not only 

that eLACCO2.1 can reliably detect changes in extracellular lactate levels in vivo, but also that 

the sensor exhibits sufficient sensitivity and dynamic range to capture physiologically relevant 

fluctuations. These results provided a critical validation of our FP approach, allowing us to 

move forward to experiments addressing lactate dynamics during behaviour. However, it 

should be noted that recordings from lactate-injected mice exhibited a pronounced fluorescence 

drift (Fig. 2RA), which likely influenced the magnitude of the observed increase. For this 

reason, this experiment should be repeated to strengthen the robustness of this validation. 

Figure R2. FP recording of eLACCO2.1 signal in freely moving mice.  

A) Averaged FP traces of eLACCO2.1 recordings in mice treated with an IP injection of either veh or 

2 g/kg lactate. Injection at 6 min of recording. Baseline: 3 – 6 min of recording. Post injection: 15 – 18 

min of recording. B) Quantification of lactate changes induced by increasing doses of exogenously 

administered lactate. Baseline Z-Score (0) is the averaged signal for the last 3 minutes before injections. 

Recordings lasted 21 minutes, with IP injection after 6 minutes. n=4 mice. One-way ANOVA: * P<0.05 
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To complement these functional experiments, we next examined the expression of eLACCO2.1 

in the hippocampus. Immunofluorescence analyses confirmed a strong and widespread 

expression of the biosensor in transduced cells within the injection site, thereby validating the 

effectiveness of our viral strategy (Fig. R3). 

Figure R3. CAG promoter-mediated expression of eLACCO2.1 in the hippocampus.  

Representative fluorescence images of hippocampal sections showing robust expression of eLACCO2.1 

(green). Panels B, D, and F include DAPI staining (blue) for nuclear visualization. Images are shown 

at both low (A–D, 100 µm scale bars) and higher (E–F, 50 µm scale bars) magnification, confirming 

strong and widespread sensor expression within the targeted region. The track of the implanted optical 

fiber can also be observed, confirming correct placement of fiber optic.  

Chapter II. Investigation of the impact of locomotion on brain lactate levels 

across different brain regions. 

Once we established that it is indeed possible to monitor lactate dynamics in freely moving 

mice, we sought to determine whether these changes could be linked to behavioural processes. 

Lactate plays a critical role in memory formation and consolidation (Alberini et al., 2017; 

Newman et al., 2011; Suzuki et al., 2011), and astrocytic CB1Rs are also known to be essential 

for memory regulation (Robin et al., 2018). In line with this, our recent work demonstrated that 

GFAP-CB1-KO mice, which lack CB1Rs in astrocytes, can recover their associated memory 

impairments through lactate treatments, indicating that astroglial CB1Rs are fundamental for 

brain lactate production and that lactate itself is a key mediator of memory processes 

(Fernández-Moncada, Lavanco, et al., 2024). Based on this background, our initial aim was to 

investigate the relationship between lactate dynamics in freely moving mice, astrocytic CB1R 

activity, and memory. However, despite considerable effort, technical limitations (possibly low 

sensor efficiency and/or the complexity of the required protocols) resulted in data difficult to 
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interpret due the lack of proper tools to carry out correlation analysis of behaviour - lactate 

signal during our first trials. Therefore, we decided to focus on a more controlled experiment 

based on pharmacological treatments, by considering that another aim of this work was 

attempting to record in vivo the impact of CB1R activation on brain lactate levels. As previously 

described, in vitro data showed that persistent stimulation of mtCB1Rs for 24 hours led to a 

reduction in lactate production and release (Jimenez-Blasco et al., 2020), whereas transient 

activation of astroglial CB1Rs for 5 minutes resulted in increased lactate levels (Fernández-

Moncada, Lavanco, et al., 2024). Thus, we tested whether pharmacological activation of CB1R 

can alter extracellular brain levels in a similar fashion as observed in vitro. Surprisingly, we did 

not detect a direct effect of Δ⁹-THC exposure on extracellular lactate levels in freely moving 

mice. However, this approach revealed a consistent pattern whereby lactate levels were lower 

upon periods of inactivity, suggesting that locomotion strongly influences brain lactate levels 

(Fig. R4).  

Figure R4. Representative trace of FP recordings of eLACCO2.1 signal in a freely moving mouse.  

Arrow indicates the IP injection of 5 mg/Kg Δ⁹‑THC. Green areas indicate inactive behavioural phases. 

Recordings lasted 81 minutes, with injection after 11 minutes. 

Once we identified a consistent pattern whereby brain lactate levels fluctuated with locomotor 

activity, we next asked whether this effect was influenced by Δ⁹-THC and whether it occurred 

similarly across different brain regions. Recordings were performed under the same conditions 

as before: 81 minutes in total, with an I.P. injection of either Δ⁹-THC or veh at minute 11, in a 

paired design manner where each mouse received both treatments in separate sessions. 

Accordingly, our initial recordings were performed in the hippocampus, as this was the region 

in which we had already optimized the technique and collected preliminary data. To analyse 

the effect of immobility, we developed a Python-based pipeline that identified all immobility 

events lasting at least 180 seconds and separated by a minimum interval of 15 seconds (Fig. 
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R5A). For each event, we compared lactate levels immediately preceding and during 

immobility. Specifically, we quantified changes in biosensor signal at three specific time points: 

(i) 15 s before immobility (called T1, corresponding to 0-15 s of extracted event), (ii) 15 s 

during the early phase of immobility (called T2, corresponding to 45 – 60 s of extracted event), 

and (iii) 15 s during the late phase of immobility (called T3, corresponding to 150 – 165 s of 

extracted event), to assess both changes before onset and maintenance of inactivity (Fig. R5A).  
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Figure R5. Hippocampal lactate levels before and during immobility in veh or Δ⁹-THC treated mice.  

A) Averaged FP traces of eLACCO2.1 signal, with time periods T1, T2 and T3 highlighted (see main 

text for details).  Δ⁹-THC, n = 8; veh, n =5. B, C) Quantification of lactate levels in mice injected IP 

with either veh (B) or Δ⁹-THC (C) at three time points: T1, T2, and T3. One-way ANOVA: *p < 0.05, 

p>0.05 (not significant, ns). D) Quantification of the difference in net AUC at T2 for veh- and Δ⁹-THC-

treated mice. N=5 mice. Paired t-test: **p<0.001. E) Quantification of the difference in net AUC at T3 

for veh- and Δ⁹-THC-treated mice. N=5 mice. Paired t-test: *p<0.05. 
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Under veh treatment, lactate levels did not differ between the pre-immobility period and the 

early phase of immobility but showed a significant decrease during the late phase (Fig. R5A-

B). In contrast, Δ⁹-THC administration produced the opposite effect: lactate levels increased 

during the early phase of immobility, while no further difference between the pre-immobility 

period and the late phase was observed (Fig. R5A and Fig.R5C). These results indicate that the 

early and late phases of immobility follow distinct patterns depending on whether animals 

received veh or Δ⁹-THC, with significant differences between the two treatments observed in 

both T2 and T3 time periods (Fig R5D-E). Together, these findings suggest that Δ⁹-THC shifts 

the timing of lactate regulation during immobility in the hippocampus. Prompted by this 

observation we investigated whether similar effects occur in other brain regions.  

Next, we investigated whether similar patterns were present in the striatum, a region strongly 

involved in motor regulation, using a similar approach as described for the hippocampus. 

Interestingly, the results suggested that lactate dynamics during locomotion differ between 

brain regions. Under veh treatment, as in the hippocampus, lactate levels did not differ between 

the pre-immobility and early immobility phases but showed a significant decrease during the 

late phase (Fig. R6A-B). However, in contrast to the hippocampus, Δ⁹-THC administration did 

not produce any significant changes in lactate levels between the pre-immobility period and 

either the early or late phases of immobility (Fig. R6A and Fig. R6C). Contrary to the 

hippocampus, there is a slight tendency of decrease in the early phase after Δ⁹-THC 

administration (Fig. R6C). These findings indicate that in the striatum, lactate regulation across 

immobility phases depends on treatment condition, but the dynamics differ from those observed 

in the hippocampus. Importantly, in this case, no significant differences were found between 

veh- and Δ⁹-THC-treated mice in either T2 or T3 time periods (Fig R6D-E). Together, these 

results highlight that the impact of Δ⁹-THC on lactate dynamics is likely brain region-specific, 

suggesting that hippocampal and striatal circuits may rely on distinct metabolic regulation 

during behavioural states.   
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Figure R6. Striatal lactate levels before and during immobility in veh or Δ⁹-THC treated mice.   

A) Averaged FP traces of eLACCO2.1 recordings, with T1, T2 and T3 periods highlighted.  N= 7 Δ⁹-

THC, 6 veh. B, C) Quantification of lactate levels in mice injected IP with either veh (B) or Δ⁹-THC (C) 

at three time points: T1, T2, and T3. One-way ANOVA: *p < 0.05, p>0.05 (not significant, ns). D) 

Quantification of the difference in net AUC at T2 for veh- and Δ⁹-THC-treated mice. N=5 mice. Paired 

t-test p>0.05 (not significant, ns). E) Quantification of the difference in net AUC at T3 for veh- and Δ⁹-

THC-treated mice. N=5 mice. Paired t-test: p>0.05 (not significant, ns). 
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To further explore whether this regional specificity extended beyond the hippocampus and 

striatum, we finally examined lactate dynamics in the substantia nigra pars reticulata (SNr), a 

basal ganglia output nucleus critically involved in the motor control. The SNr also represents a 

particularly relevant region in the context of this work, as it has been shown that the behavioural 

effects of cannabinoids in the SNr depend on the precise subcellular localization of CB1Rs 

within striatonigral terminals (Soria-Gomez et al., 2021), making it an ideal site to disentangle 

spatial aspects of CB1R-mediated neuromodulation. Interestingly, the results again pointed to 

region-specific differences in lactate dynamics. Using a similar quantification strategy as 

before, we observed that under veh treatment lactate levels showed no significant decrease 

during the late phase of immobility which differed from both the hippocampus and striatum 

data, although a tendency toward reduction could be observed (Fig. R7A-B). Moreover, Δ⁹-

THC administration did not produce any significant changes in lactate levels between the pre-

immobility period and either the early or late phases of immobility (Fig. R7A and Fig. R7C). 

Consistently, no significant differences were detected between veh- and Δ⁹-THC-treated mice 

in either T2 or T3 time points (Fig. R7D-E). There is however a tendency of increase with Δ⁹-

THC treatment in both immobility phases (Fig. R7D-E). Together, these findings indicate that 

lactate dynamics in the SNr follow yet another distinct profile, reinforcing the idea that Δ⁹-THC 

differentially modulates metabolic regulation across brain regions. 

Taken together, our results reveal that the regulation of brain lactate dynamics during 

immobility differ from each brain region recorded. In the hippocampus, veh-treated mice 

possessed a late‑phase decrease in lactate (Fig. R5B), whereas Δ⁹‑THC treatment induced an 

early‑phase lactate increase and abolished the late‑phase drop in lactate (Fig. R5C). Consistent 

with this, treatment groups differed significantly in both T2 and T3 phases (Fig. R5D-E). In 

the striatum, veh treated mice also had a late‑phase lactate decrease (Fig. R6B), but Δ⁹‑THC 

treatments produced no detectable change across phases (Fig. R6C), and no significant 

differences were observed between‑treatments during T2 and T3 phase (Fig. R6D-E). By 

contrast, lactate levels in the SNr remained largely stable across immobility phases in veh-

treated mice, with only a tendency toward reduction during the late phase (Fig. R7B), whereas 

no significant effect of Δ⁹-THC treatments were detected (Fig. R7C). Accordingly, no 

differences between treatments were found at T2 and T3 time points (Fig. R7D-E). These 

findings highlight that the impact of locomotor state and cannabinoid signalling on lactate 

availability is not uniform across the brain but instead likely reflects distinct region-dependent 
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patterns of metabolic regulation. Nevertheless, additional batches of mice will be required to 

confirm the robustness of these observations.  

Figure R7. SNr lactate levels before and during immobility in veh or Δ⁹-THC treated mice.  

A) Averaged FP traces of eLACCO2.1 recordings, with T1, T2 and T3 periods highlighted.  N= 7 Δ⁹-

THC, 6 veh. B, C) Quantification of lactate levels in mice injected IP with either veh (B) or Δ⁹-THC (C) 

at three time points: T1, T2 and T3. One-way ANOVA: p>0.05 (not significant, ns). D) Quantification 

of the difference in net AUC at T2 for veh- and Δ⁹-THC-treated mice. N=6 mice. Paired t-test p>0.05 

(not significant, ns). E) Quantification of the difference in net AUC at T3 for veh- and Δ⁹-THC-treated 

mice. N=6 mice. Paired t-test: p>0.05 (not significant, ns). 
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Chapter III. Contribution of lactate to the locomotor effects of cannabinoids. 

One of the main effects of high doses of cannabinoids in mice is a pronounced reduction of 

locomotion, accompanied by other well-characterized responses such as antinociception, 

hypothermia, and catalepsy (Stella, 2023). These effects are mediated primarily through CB1R 

activation and are commonly assessed using the tetrad behavioural paradigm, which provides a 

robust measure of cannabinoid activity in vivo (Metna-Laurent et al., 2017). Building on the 

growing evidence that lactate functions not only as an energy substrate but also as a signalling 

molecule influencing neuronal and behavioural processes (Magistretti & Allaman, 2018), 

together with our findings that lactate dynamics in the brain vary according to activity state, we 

asked whether lactate could rescue the canonical hypo-locomotive effects of cannabinoids. To 

test this, we evaluated the impact of lactate treatments on the THC-induced tetrad, a behavioural 

battery that includes assessments of locomotor activity, nociception, catalepsy, and body 

temperature. To carry out experiments, mice received an I.P. injection of Δ⁹-THC (10 mg/kg), 

followed five minutes later by an I.P. injection of lactate (1 g/kg), and their behaviours were 

subsequently evaluated after one hour of Δ⁹-THC exposure. As expected, Δ⁹-THC 

administration produced the characteristic tetrad responses, including marked hypolocomotion, 

hypothermia, antinociception, and catalepsy. However, subsequent lactate administration failed 

to rescue any of these behavioural effects (Fig. R8A-D). Particularly, no differences were 

observed in locomotor activity between mice treated with Δ⁹-THC alone and those treated with 

Δ⁹-THC followed by a lactate injection, indicating that lactate did not counteract the 

hypolocomotive effect of cannabinoids (Fig. R8A). Similarly, lactate injection did not alter Δ⁹-

THC-induced changes in body temperature, nociceptive thresholds, or cataleptic behaviour 

(Fig. R8B-D). These results demonstrate that systemic lactate administration does not reverse 

the known hypo-locomotive effects of cannabinoids.  
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Figure R8. Lactate treatments did not rescue the hypo-locomotive effect of Δ⁹-THC.  

A) Quantification of locomotor activity using activity cages (see methods). B) Quantification of 

catalepsy using the bar test. C) Quantification of body temperature changes induced by THC treatment. 

D) Quantification of thermal antinociception using the hot plate assay. Mice were treated with veh or 

Δ⁹-THC (10 mg/kg, IP), followed 5 minutes later by saline or lactate (1 g/kg, IP). N=70 mice, 3 

independent experiments. Data analysed by two-way ANOVA. No interaction was observed (p>0.05). A 

main effect of THC was detected (**** P<0.0001), indicating that lactate treatment did not alter Δ⁹-

THC–induced hypolocomotion, catalepsy, hypothermia, or antinociception. 
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Chapter IV. Exploration of the molecular mechanisms underlying CB1R-

dependent lactate modulation in cultured astrocytes.  

In parallel with the in vivo experiments, we also performed studies on cultured astrocytes to 

investigate in greater detail the molecular mechanisms underlying the switch we previously 

described between the transient (5 min) and persistent (24 h) effects of CB1R activation on 

lactate levels. In the same study included in Part 1 of the Results, we also demonstrated that the 

persistent effect of WIN55 on lactate levels in cultured astrocytes occurs earlier than previously 

reported. While it had been previously shown to occurs after 24 hours of treatment (Jimenez-

Blasco et al., 2020), our recent findings revealed that this effect is already detectable after just 

1 hour (Fernández-Moncada, Lavanco, et al., 2024). Moreover, in the same study we 

investigated the molecular mechanisms underlying the CB1R-mediated increase in astrocytic 

lactate levels. PKC is known to be transiently activated downstream of CB1R stimulation and 

to mediate the short-term amnesic effects of cannabinoids (Busquets-Garcia et al., 2018). To 

test whether PKC contributes to lactate regulation, we quantified the effect of WIN55 on lactate 

levels in the presence of Go 6983, a broad pharmacological inhibitor of PKC activity. 

Strikingly, PKC blockade completely abolished the transient lactate increase normally induced 

by WIN55 (Fernández-Moncada, Lavanco, et al., 2024). Based on these results, we next asked 

how PKC activity might influence the persistent effect of cannabinoids on lactate levels in 

cultured astrocytes. Importantly, as expected, we confirmed that the persistent effect of WIN55 

mediated by mtCB1Rs emerged after 1 hour, and that Go 6983 blocked the transient lactate 

increase. Moreover, broad PKC inhibition abolished the persistent decrease and also led to a 

progressive rise in lactate levels over time (Fig. R8A-B). 

Finally, to exclude the possibility that the observed increase reflected cell stress or damage 

during prolonged co-exposure to Go 6983 and WIN55, we performed parallel control 

experiments with Go 6983 alone. Although technical issues again prevented us from obtaining 

a complete dataset, preliminary data suggest that a long exposure to Go 6983 alone does not 

affect basal lactate levels in cultured astrocytes (Fig. R8C). In addition, in the averaged traces 

from this experiment, small peaks can be observed (Fig. R8C); these do not reflect biological 

events but are artifacts caused by instability of the microscope, in particular problems with 

autofocus, which increasingly affected our recordings at this stage.  
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Together, these findings support the idea that PKC activity is required not only for the transient 

but also for the persistent regulation of lactate by CB1Rs in astrocytes, although technical 

limitations prevented us from fully consolidating this conclusion. 

Figure R9. PKC inhibition abolishes both transient and persistent effects of CB1R activation on 

astrocytic lactate levels.  

A) Representative traces of intracellular lactate recordings in CB1R-WT astrocytes before and during 

exposure to WIN55 (1 μM), either under control conditions (blue) or in the presence of the broad PKC 

inhibitor Go 6983 (red). B) Quantification of lactate changes during 70 minutes of WIN55 exposure, 

with in absence (blue) or presence of Go 6983 (red). n = 4 replicates obtained from2 independent 

cultures. Two-way ANOVA: p < 0.05. Two-way ANOVA: * P<0.05. C) Averaged traces of intracellular 

lactate recordings during 90 minutes of exposure to Go 6983 alone. 
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DISCUSSION 
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In this thesis, we investigated how CB1R activity shapes lactate dynamics in the brain, both in 

vivo and in vitro, and whether lactate contributes to cannabinoid-induced behavioural effects. 

Using the extracellular lactate biosensor eLACCO2.1 (Nasu et al., 2023), we developed, for the 

first time, protocols for real-time monitoring of lactate dynamics in freely moving mice using 

FP, and demonstrated that lactate levels fluctuate with locomotor activity in a brain region-

specific manner. We further showed that cannabinoids alter the temporal profile of lactate 

dynamics during immobility in the hippocampus, but not in a clear and significant way in the 

striatum or SNr, suggesting that CB1R-dependent modulation of metabolic function is 

heterogeneous across brain regions. Finally, we examined the role of lactate in well-known 

cannabinoid-mediated behaviours, and the molecular mechanisms underlying the regulation of 

lactate in astrocytes, identifying PKC as a key mediator of both transient and persistent effects 

of CB1R on astrocytic lactate levels in vitro.  

This discussion is structured into four sections, corresponding to the results chapters, followed 

by a concluding summary of the main findings and their broader implications.  

Chapter I. Development of a reliable protocol for in vivo lactate 

measurements using eLacco2.1 in freely moving mice. 

Prior to this work, real-time monitoring of brain lactate dynamics was largely limited to head-

fixed experiments using two-photon microscopy and FRET-based biosensors like Laconic 

(Mächler et al., 2016; Zuend et al., 2020). While these methods offer high spatial resolution, 

they are technically demanding and incompatible with the study of freely moving animals and 

specific behaviours outputs without the use of expensive and complex hardware. With the 

recent development of the GFP-based biosensor eLACCO2.1 (Nasu et al., 2023), we aimed to 

establish a method for monitoring brain lactate dynamics in vivo using FP. Although FP has 

lower spatial resolution, it enables robust, real-time measurement of metabolite fluctuations in 

freely behaving mice (at the fraction of the cost of state-of-the-art two-photon microscope), 

making it well suited for addressing neurobiological questions in more naturalistic and/or 

etiological-relevant conditions.  

A critical step in this work was determining the biosensor’s isosbestic point, which can be used 

for artifact correction in dual-wavelength recordings with FP. By validating 400 nm as a 

suitable isosbestic wavelength in HEK293T cells, we established a reliable reference signal, 

confirming and refining the eLACCO2.1 initial characterization.   
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This technical foundation enabled the implementation of FP-based lactate imaging in freely 

moving mice - marking, to our knowledge, the first such application - and allowed us to explore 

behaviourally relevant metabolic fluctuations across brain regions. Since FP has been widely 

used to monitor Ca²⁺ dynamics, adapting this technique to study lactate posed significant 

challenges. Lactate and Ca²⁺ are fundamentally different: they operate on distinct time scales, 

follow different signalling kinetics, and involve different cellular pathways. As a result, 

protocols optimized for Ca²⁺ sensors were not directly transferable to lactate imaging.   

Developing a reliable protocol for detecting lactate fluctuations required extensive optimization 

of acquisition parameters and sensor expression. One key technical hurdle was achieving 

sufficient in vivo expression of the eLACCO2.1 biosensor. We tested several promoters - 

GFAP, Synapsin, and CAG - but only the ubiquitous CAG promoter produced reliable 

expression levels suitable for detection. This likely reflects several factors. First, FP relies on 

bulk fluorescence detection, which requires strong and widespread expression; cell-type-

specific promoters like GFAP and Synapsin drive more restricted and often weaker expression, 

reducing overall signal. Second, eLACCO2.1 may not yet be sensitive enough to detect 

physiologically relevant lactate fluctuations when expressed at low levels or in sparse 

populations. More importantly, lactate is dynamically exchanged between astrocytes and 

neurons, being primarily produced by astrocytes and then shuttled to neurons as an energy 

source (Brooks, 2018; Magistretti & Allaman, 2018). Therefore, expressing the biosensor in 

only one of these cell types may limit its ability to reliably detect extracellular lactate 

fluctuations. Ubiquitous expression via the CAG promoter likely provides better coverage 

across cell types and compartments, improving the chance of detecting physiologically relevant 

lactate dynamics. Future versions of the biosensor with improved signal-to-noise ratio or 

enhanced fluorescence may overcome this limitation and enable cell-type-specific applications. 

Despite these obstacles, we successfully established high -quality recordings of extracellular 

brain lactate levels in freely moving mice, a first in the field. This opened new opportunities for 

exploring the dynamic metabolic interactions between astrocytes and neurons under 

physiological conditions.  

Chapter II. Investigation of the impact of locomotion on brain lactate levels 

across different brain regions. 

Having established that extracellular lactate dynamics can be reliably monitored in freely 

moving mice using eLACCO2.1, we next sought to explore whether these fluctuations are 

linked to behavioural processes. Although previous work has shown that astrocytic CB1Rs are 
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crucial for memory and lactate regulation (Fernández-Moncada, Lavanco, et al., 2024; Robin 

et al., 2018), our initial attempts to link lactate signals with memory-related behaviours in freely 

moving mice were limited by technical constraints. This may reflect the limited sensitivity of 

the sensor and the complexity of the experimental setup, which made early data difficult to 

interpret, particularly in the absence of tools for precise correlation between behaviour and 

lactate signals. However, with improved analysis pipelines and more refined experimental 

approaches polished during the course of this thesis, these preliminary datasets will be revisited 

in due time, and they could likely provide valuable insight into how lactate fluctuates during 

exploration, learning and memory-related processes. 

We therefore shifted our attention to a pharmacological approach to test whether CB1R 

activation modulates lactate levels in vivo, as previously shown in vitro (Fernández-Moncada, 

Lavanco, et al., 2024; Jimenez-Blasco et al., 2020). Based on these findings, we expected to 

observe either a transient increase in lactate shortly after Δ⁹-THC injection, or a persistent 

decrease developing over time. Unexpectedly, we did not observe a clear effect of Δ⁹-THC on 

lactate levels in freely moving mice.  

This unexpected result led us to examine the data from a different perspective. A consistent 

pattern emerged across conditions: lactate levels decreased during immobility, suggesting that 

locomotor state itself exerts a strong influence on brain lactate dynamics. We began by 

investigating whether Δ⁹-THC affects brain lactate levels during transitions into immobility, 

and whether such changes vary across brain regions. Our initial focus was the hippocampus, 

not due to its specific role in locomotion, but because our experimental protocol was already 

optimized for this region and preliminary data were available. While the hippocampus is not 

classically associated with motor control, it serves as a useful model for detecting generalized 

effects of cannabinoids on brain metabolism, especially given its high density of CB1Rs and 

well-characterized astrocyte-neuron metabolic interactions (De Oliveira Alvares et al., 2008; 

Theparambil et al., 2024). We looked at how lactate levels changed right before the onset of 

immobility, and during two phases afterward: an early and a late stage of immobility. Our goal 

was to see whether Δ⁹-THC altered the pattern of lactate changes during these periods, and if 

this could change across different brain regions.  

In the hippocampus veh-treated mice exhibited a delayed decrease in extracellular lactate 

following the onset of immobility, consistent with a reduction in metabolic demand during rest 

(Aalling et al., 2018; Caporale et al., 2021). This aligns with what would be expected as the 

brain shifts into a lower-activity state. In contrast, Δ⁹-THC-treated animals showed a different 
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pattern: instead of a gradual decline, they exhibited an early increase in lactate levels, which 

then returned to baseline during the later phase of immobility. This shift suggests that activation 

of CB1R by Δ⁹-THC alters lactate dynamics in the hippocampus during periods of reduced 

activity. Rather than allowing lactate levels to fall in line with reduced activity, Δ⁹-THC appears 

to transiently boost lactate availability. This finding indicates that CB1R activation by Δ⁹-THC 

may disrupt the normal link between locomotor activity and lactate regulation. Specifically, it 

suggests that lactate production and release can become uncoupled from immediate neuronal 

energy demand. One possible mechanism is a direct effect on astrocytic glycolysis: Δ⁹-THC 

may stimulate lactate production via CB1R on astrocytes, independently of neuronal activity 

levels.  

In the striatum, a region critical for motor control and heavily involved in basal ganglia circuits 

(Rocha et al., 2023), we observed a lactate profile that partially mirrored the hippocampal 

pattern under veh treatment. Specifically, lactate levels remained stable in the early phase of 

immobility but showed a significant decrease during the late phase. This is consistent with the 

idea that reductions in neuronal activity during prolonged immobility leads to lower metabolic 

demand and a corresponding drop in brain lactate levels. However, unlike the hippocampus, 

Δ⁹-THC did not produce a shift in the timing or amplitude of lactate changes in the striatum. 

Although there was a slight tendency toward a decrease in the early phase (the exact opposite 

of what we observed in the hippocampus), this did not reach statistical significance, and no 

major differences were observed between vehicle- and Δ⁹-THC-treated conditions at any time 

point. This suggests that cannabinoid-induced modulation of lactate dynamics is either weaker 

in the striatum or governed by different mechanisms compared to the hippocampus. One 

possible explanation is that difference in neural circuitry and CB1R distribution within the 

striatum may not favour the same type of astrocyte-neuron metabolic coupling observed in the 

hippocampus. Alternatively, this may also suggest that cannabinoid modulation of lactate 

metabolism is weaker or operates differently in the striatum, possibly due to regional 

differences in CB1R distribution, astrocyte-neuron metabolic coupling, or distinct circuit 

functions (Mathur & Lovinger, 2012; Soria-Gomez et al., 2021). In this context, striatal 

astrocytes may contribute differently to local lactate dynamics or respond to CB1R activation 

with less pronounced metabolic output.  

Finally, we extended our analysis to the SNr, a major output nucleus of the basal ganglia and a 

critical regulator of motor control (Partanen & Achim, 2022a). Moreover, the SNr is also 

particularly relevant to this study as the behavioural effects of cannabinoids in this region have 
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been shown to depend on the precise subcellular localization of CB1Rs at striatonigral terminals 

(Soria-Gomez et al., 2021). This makes the SNr an ideal site to explore spatial aspects of CB1R-

mediated neuromodulation and its potential influence on metabolic regulation. Under veh 

treatment, lactate levels remained relatively stable throughout immobility, with only a slight, 

non-significant decrease observed in the late phase. Despite the lack of statistical significance, 

this trend mirrored the patterns seen in the hippocampus and striatum, supporting the idea that 

prolonged immobility is associated with reduced neuronal activity and a corresponding decline 

in metabolic demand, and thus extracellular lactate levels. Similarly, Δ⁹-THC administration 

did not produce significant alterations in lactate levels, although a modest tendency toward 

increased lactate was observed in both early and late phases.   

This relative stability may reflect unique features of SNr circuitry and metabolism. Unlike the 

hippocampus and striatum, the SNr is composed primarily of GABAergic projection neurons 

with high tonic firing rates and receives dense inhibitory input from striatal afferents (Partanen 

& Achim, 2022b; F. M. Zhou & Lee, 2011). CB1Rs in this region are known to exert precise, 

subcellular-specific effects, particularly at striatonigral terminals (Soria-Gomez et al., 2021), 

and may not broadly influence astrocytic metabolism in the same way as in other brain regions. 

Additionally, given the role of SNr as a downstream integrator of basal ganglia output (Lai et 

al., 2020; Rocha et al., 2023), its metabolic demands may be more constant, and less directly 

coupled to behavioural state transitions like immobility.  

The absence of significant lactate modulation by Δ⁹-THC in the SNr reinforces the idea that the 

impact of CB1R activation on brain metabolism is not homogeneous. Instead, it appears to be 

shaped by the specific cellular architecture, functional role, and CB1R distribution of each 

region. While hippocampal lactate dynamics are clearly sensitive to both locomotor state and 

cannabinoid signalling, the striatum shows a more behaviourally driven pattern, and the SNr 

appears largely resistant to both. These brain region-specific outcomes highlight the importance 

of investigating neurometabolic regulation within the context of local circuit function. They 

also suggest that cannabinoids may affect brain energy metabolism in a highly selective manner, 

with distinct consequences depending on the target region and behavioural context. However, 

these findings should be interpreted with caution, as they require replication in additional 

experimental cohorts to confirm their robustness. Additionally, it would be valuable to explore 

alternative analysis approaches. In the current study, our analysis focused on the first 180 

seconds of immobility, compared to the 15 seconds immediately preceding it. However, it 

would be interesting to examine how the results change when comparing the final phase of 
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immobility to the period immediately after, when mice resume movement. This could provide 

further insight into how lactate dynamics evolve not only during transitions into inactivity but 

also during the return to an active state.  

Chapter III. Contribution of lactate to the locomotor effects of cannabinoids. 

One of the best-established effects of cannabinoids in rodents is the induction of a behavioural 

profile characterized by hypolocomotion, hypothermia, catalepsy, and antinociception, 

commonly referred to as the “tetrad” assay (Metna-Laurent et al., 2017; Stella, 2023). These 

effects are primarily mediated by CB1Rs and have long served as a reliable readout of 

cannabinoid activity in vivo. In this context, and by considering the emerging role of astrocyte-

derived lactate as a neuromodulatory signal involved in various brain functions (Magistretti & 

Allaman, 2018), along with our findings showing that lactate dynamics vary with activity state, 

we asked whether systemic lactate administration could modulate this cannabinoid-induced 

behavioural profile, particularly its effects on locomotion. 

To test this, we evaluated whether a systemic lactate injection could rescue the behavioural 

deficits induced by Δ⁹-THC in the tetrad assay. Mice received an injection of Δ⁹-THC 

(10 mg/kg, I.P.), followed five minutes later an injection of either saline or lactate (1 g/kg, I.P.), 

and their behaviour responses were tested one hour later. As expected, Δ⁹-THC plus saline 

treatments robustly induced all four behavioural features of the tetrad. However, lactate 

treatment had no detectable impact on locomotor suppression, catalepsy, hypothermia, and 

antinociception. These results indicate that, at least under these specific experimental 

conditions, exogenous lactate does not reverse or modulate these acute behavioural effects of 

cannabinoids.  

This finding suggests that the influence of lactate on behavioural outputs may be only related 

to cognitive processes. While lactate may serve as a crucial metabolic signal in circuits involved 

in cognitive function, particularly in the hippocampus, it may not be directly linked to other 

brain functions like nociception or motor control, and its exogenous delivery is therefore not 

sufficient to counteract the widespread neurophysiological effects of a high-dose CB1R 

activation. The behaviours assessed in the tetrad are primarily driven by alterations in 

neurotransmission across different circuits, including cortical, striatal, and brainstem areas 

(Hempel & Xi, 2021b; Metna-Laurent et al., 2017). CB1Rs at these sites acutely suppress 

synaptic activity and network excitability, and this effect may simply overpower any 

modulatory input from lactate under these systemic conditions.  
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It is also worth considering that the mode and timing of lactate delivery may play a critical role. 

Future experiments should explore different time points for lactate injection to determine 

whether more precise temporal alignment alters behavioural outcomes of Δ⁹-THC exposure. In 

addition, systemic administration likely results in widespread, non-targeted elevation of lactate, 

lacking the spatial or temporal specificity of endogenous astrocyte-derived signalling. 

Alternatively, the neuromodulatory effects of lactate may depend on being locally produced 

and tightly coupled to neuronal activity patterns, conditions that are not replicated by a systemic 

I.P. injection.  

In future experiments, it may be interesting to deliver lactate locally into specific brain regions, 

given the brain region-dependent differences in lactate dynamics observed in Chapter II. 

Although an initial attempt using intracerebroventricular injection was unsuccessful, follow-up 

experiments using implanted cannulas for region-specific lactate delivery, such as into the SNr 

or striatum, could provide clearer insights into the potential spatial specificity of lactate 

treatments and their impact on cannabinoid-induced behaviours.  

Chapter IV. Exploration of the molecular mechanisms underlying CB1R-

dependent lactate modulation in cultured astrocytes.  

In this final part of the study, we investigated the intracellular signalling pathways underlying 

CB1R-mediated regulation of lactate production in astrocytes. This work builds on earlier 

findings from our group, which demonstrated that mtCB1Rs reduces lactate production and 

release with prolonged activation (Jimenez-Blasco et al., 2020), while transient stimulation of 

astroglial CB1Rs increases lactate production and release (Fernández-Moncada, Lavanco, et 

al., 2024). The goal of this chapter was to further clarify the temporal dynamics of these 

opposing effects and to explore the molecular mechanisms driving this switch.  

We first replicated the observation that persistent CB1R activation suppress the lactate 

metabolism, however and surprisingly, this effect emerged much earlier than previously 

reported. While earlier studies described this effect at 24 hours post-stimulation (Jimenez-

Blasco et al., 2020), our more recent data show that a significant reduction in lactate levels can 

already be observed within the first hour of exposure to the CB1R agonist WIN55 (Fernández-

Moncada, Lavanco, et al., 2024). This suggests that the metabolic shift induced by CB1R 

activation occurs rapidly and may play a more immediate role in reshaping astrocytic support 

of neuronal energy demands.  
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In parallel, we examined the role of PKC, a key downstream effector in several CB1R signalling 

pathways and implicated in the short-term synaptic effects of cannabinoids (Busquets-Garcia 

et al., 2018). Using the broad PKC inhibitor Go 6983, we found that blocking PKC activity 

abolished both the transient lactate increase and the later persistent decrease induced by WIN55. 

These findings identify PKC as a crucial mediator of CB1R-dependent lactate regulation in 

astrocytes and suggest that PKC may be involved in coordinating the signalling switch between 

early and late metabolic responses. Interestingly, PKC inhibition not only blocked the WIN55-

induced decrease in lactate levels observed after ~ 1 hour but also appeared to induce a 

progressive increase in lactate over time. This was an unexpected result and raised the 

possibility that disrupting PKC signalling during CB1R activation may unmask an alternative 

or compensatory pathway leading to lactate accumulation. We also considered that the 

combined pharmacological stress of WIN55 and PKC inhibition induces a state of cellular 

distress, which could itself contribute to altered lactate dynamics. To determine whether PKC 

inhibition alone could explain this effect, we conducted control experiments applying Go 6983 

in the absence of WIN55. Preliminary data from these experiments suggest that PKC inhibition 

by itself does not alter baseline lactate levels. However, due to technical problems with the 

microscope during this stage, we were unable to collect sufficient data for proper quantification 

and statistical analysis. Thus, while the available traces show no clear change, we cannot yet 

draw firm conclusions about the effects of PKC inhibition alone.  

Taken together, these findings support a model in which CB1R activation dynamically regulates 

astrocytic lactate production through a PKC-dependent mechanism. PKC appears to act as a 

key switch: it is necessary for the transient increase in lactate following brief CB1R activation, 

and also for the later suppression of lactate associated with sustained stimulation. Since the 

transient lactate increase is independent of mtCB1Rs, while the persistent decrease relies on 

this subcellular pool, this suggests that distinct PKC isoforms (Battaini, 2001; Newton, 2018), 

and/or PKC activity in different subcellular compartments, may mediate these opposing effects. 

Future studies using isoform-specific or compartment-targeted PKC inhibitors could help 

disentangle the roles of individual PKC variants in regulating lactate dynamics downstream of 

CB1R activation.  

These in vitro results also offer potential insight into our in vivo findings. The lack of a robust 

lactate response to Δ⁹-THC in freely moving mice may reflect a complex integration of cell-

type-specific, time-dependent, and pathway-specific effects that are difficult to resolve using 

bulk measurement techniques like FP. The temporal sensitivity of CB1R-PKC signalling may 
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also contribute to the regional and behavioural specificity of lactate dynamics observed in 

earlier chapters. 

Future studies should aim to clarify the mechanistic role of PKC in this process, potentially 

through isoform-specific inhibition or genetic knockdown, and explore how PKC interacts with 

key metabolic components such as glycolytic enzymes, lactate transporters, or mitochondrial 

regulators.  
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Overall, our study establishes, for the first time, a robust framework for monitoring brain lactate 

dynamics in freely moving mice. Beyond the technical advance, it sheds light on how CB1Rs 

modulate lactate metabolism and locomotor behaviour in a dynamic, brain region-specific, and 

time-dependent manner. In the hippocampus, Δ⁹-THC disrupts the typical link between 

behavioural state and lactate levels, triggering a transient increase in lactate even during 

inactivity. In contrast, the striatum and SNr show minimal or no response, underscoring regional 

differences in how brain metabolism responds to cannabinoids. Importantly, systemic delivery 

of lactate does not appear to modulate acute behavioural triggered by Δ⁹-THC exposure, 

suggesting its role may be more circuit-specific and dependent on precise timing and 

localization.  

At the molecular level, we identified PKC as a central mediator of CB1R-dependent lactate 

regulation in astrocytes, controlling both the transient rise and persistent suppression of lactate 

production and release. This mechanism may underlie some of the temporal complexity seen in 

vivo, and future work should clarify how it operates across brain regions and behavioural states. 

This thesis provides a new insight into how cannabinoid signalling intersects with brain energy 

metabolism. It highlights lactate not only as a metabolic substrate but also as a dynamically 

regulated signal - one that may bridge astrocytic function, neuronal activity, and behaviour in a 

region - and context-specific manner. 
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