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RESUMO 

Este trabalho foi iniciado partindo da premissa em como, no cérebro, a glucose 

disponível regula a memória e a cognição em humanos saudáveis e pacientes com 

demência. 

Para além disso, a desregulação da glucose cerebral tem sido associada a doenças 

neuropsiquiátricas e as alterações na captação de glucose em áreas cerebrais específicas 

são considerados marcadores seletivos no diagnóstico de doenças neuropsiquiátricas. O 

trabalho experimental apresentado nesta tese de doutoramento teve como objetivo 

revelar como os neuromoduladores, incluindo a insulina, regulam o metabolismo da 

glicose no cérebro e quais as consequências dos danos ao nível do metabolismo da 

glicose cerebral em modelos animais. 

Para concretizar este objectivo, efetuamos estudos bioquímicos e 

eletrofisiológicos em estruturas cerebrais que se correlacionam com a cognição e 

personalidade, que são, o hipocampo e o córtex frontal. Também procedemos a uma 

bateria de testes comportamentais em roedores. Primeiro, optimizamos vários métodos 

in vitro para medições espaço-temporais e quantitativas da captação e metabolismo da 

glucose em fatias de hipocampo, fatias do córtex frontal e em culturas celulares. Depois, 

exploramos as características básicas da captação de glucose e metabolismo em fatias de 

hipocampo, incluindo o papel das vias de sinalização da insulina e de duas outras 

importantes famílias de neuromoduladores. Aqui, reportamos que a administração 

sistémica de streptozotocina (induzindo diabetes tipo 1) afecta tanto o repouso como a 

despolarização induzida pela captação e metabolismo da glucose dependente do 

receptor de canabinóides CB1 no hipocampo. Notavelmente, esta área cerebral é 

responsável pela formação e evocação da memória, que é regulada pela sinalização da 

insulina. Usando o mesmo composto diabetogénico mas agora administrado 

intracerebroventricularmente, obtivemos um modelo animal previamente caracterizado 

como diabetes cerebral, evitando a interferência de modificações periféricas. Além disso, 

os resultados apontaram para que a disfunção sináptica observada nas experiências de 

eletrofisiologia tenham ocorrido antes da perda sináptica e coincidiu com a disfunção 

metabólica. 

Em seguida, outro modelo animal foi utilizado, associado com disfunção 

metabólica, um modelo pré-diabético induzido pelo consumo de uma dieta rica em 



METABOLIC MODIFICATIONS ASSOCIATED WITH MEMORY DEFICITS 

xiv 

sacarose (Hsu). Este modelo tem a vantagem de ser menos invasivo do que a injeção 

cerebral de STZ e melhor mimetizar as doenças associadas ao estilo de vida humano, e 

para além disso permitir ainda o estudo da fase inicial da doença, a fase anterior à 

ocorrência da diabetes. De acordo com a análise de hipocampo por espectroscopia de 

elevada resolução por rotação em ângulo mágico (HRMAS) em tecidos de animais Hsu, 

a dieta Hsu induziu modificações metabólicas periféricas sem um impacto aparente no 

metabolismo cerebral, apesar destes animais exibirem danos na memória. Procuramos 

também modificações nos circuitos da via hipocampal Schaffer-CA1, que está 

conectada com tarefas dependentes de memória hipocampal e não foram detetadas 

alterações. Posteriormente, questionamos se a dieta Hsu afectaria outra via mediadora 

da consolidação da memória espacial e o processo de reconhecimento em ratos, 

nomeadamente a via temporomónica. Observamos que a dieta Hsu danifica a 

plasticidade sináptica na via temporomonica-CA1 das sinapses piramidais. 

Adicionalmente, testamos o papel do receptor adenosinérgico nestas vias e observamos 

que, no hipocampo, a dieta Hsu regula para cima o receptor A1. 

Seguidamente, investigamos a hipótese de que a ativação do receptor A2B com 

baixa afinidade para a adenosina pudesse promover a captação de glucose em neurónios 

e astrócitos relacionando atividade cerebral com o metabolismo energético. 

Desenvolvemos um protocolo para a medição fluorescente em tempo real da captação 

de deoxiglucose em fatias de hipocampo, um complemento ideal das análises 

quantitativas. Verificamos que a ativação do receptor A2B está associada com o aumento 

tónico e instantâneo do transporte de glucose para os neurónios e astrócitos no cérebro 

de ratinho, levantando a possibilidade de em futuras investigações se avaliar o potencial 

clínico deste novo mecanismo glucoregulador.  

Em conclusão, este trabalho de tese contribuiu para elucidar os mecanismos pouco 

definidos que regulam o metabolismo da glucose cerebral. Encontramos novas provas 

que ligam a deficiência da plasticidade sináptica hipocampal e de memória às doenças 

metabólicas. Também identificamos o receptor A2B como um possível novo alvo 

terapêutico para estimular o metabolismo da glucose cerebral com o objectivo de 

atenuar o aparecimento de doenças cerebrais. 
Palavras-chave: memória, metabolismo, captação de glucose, 2-desoxiglucose, 3-O-metilglucose, 2-

NBDG, sacarose, adenosina, hipocampo, estriado, córtex frontal, plasticidade sináptica, receptor de 

adenosina A1, receptor de adenosina A2B, receptor CB1 canabinóide, lactato, glicogénio, insulina, diabetes.



METABOLIC MODIFICATIONS ASSOCIATED WITH MEMORY DEFICITS 

xv 

ABSTRACT 

This work started from the known premise that, in the brain, glucose availability 

regulates memory and cognition in both healthy humans and dementia patients. 

Furthermore, cerebral glucose deregulation has been associated with neuropsychiatric 

disorders, and alterations in glucose uptake in specific brain areas are selective 

hallmarks for the diagnosis of neuropsychiatric diseases. The experimental work 

presented in this doctoral thesis aimed at unveiling how neuromodulators including 

insulin regulate glucose metabolism in the brain and what are the consequences of 

impaired brain glucose metabolism in animal models.  

To this aim, biochemical and electrophysiological studies were performed in brain 

structures that correlate with cognition and personality, that is, the hippocampus and the 

frontal cortex. Also a battery of behavioural studies was carried out in laboratory 

rodents. To begin with, various in vitro methods for both the spatiotemporal and the 

quantitative measurement of glucose uptake and metabolism in acute hippocampal and 

frontocortical slices and cell cultures were optimized. Then the basic characteristics of 

glucose uptake and metabolism in the hippocampal slice were explored, including the 

role of the insulin signalling pathway and the role of two other important 

neuromodulator families. We found and report for the first time that systemic 

streptozotocin-induced untreated type-1 diabetes affects both the resting and 

depolarization-induced glucose uptake and metabolism in a fashion dependent on the 

cannabinoid CB1 receptor in the hippocampus. Notably, this brain area is responsible 

for the formation and recall of memory, which is regulated by insulin signalling. Using 

the same diabetogenic compound but now intracerebroventricularly administered, we 

achieved a previously characterized animal model of cerebral diabetes, thus avoiding 

confounding peripheral changes. This procedure led to the impairment of hippocampus-

dependent memory. Furthermore, the results pointed out that synaptic dysfunction 

observed in the electrophysiological experiments occurred before the loss of synapses 

and coincided with metabolic dysfunction. 

Next, we moved to another animal model associated with metabolic dysfunction, 

a prediabetic model induced through the consumption of a high sucrose diet (HSu). This 

model has the advantage of being less invasive than cerebral STZ-injection, and mimics 
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better human lifestyle-dependent disorders; furthermore it enables the study of the 

initial phase of the disease, prior to the occurrence of diabetes. According to the high-

resolution magic angle spinning spectroscopic analysis of the hippocampal tissue, HSu-

induced peripheric metabolic modifications did not cause an apparent impact on 

cerebral metabolism, albeit these HSu animals exhibited memory impairment. We 

looked for circuitry modifications in the hippocampal Schaffer-CA1 pathway, which is 

connected to hippocampal-dependent memory task, but none was found. Subsequently, 

we asked if HSu affected another pathway mediating spatial memory consolidation and 

recognition process of rats, namely, the temporoammonic branch of the perforant path. 

We observed that high sucrose consumption impairs synaptic plasticity at the 

temporoammonic pathway-CA1 pyramidal synapses. Additionally, we tested the role of 

adenosine receptors in those pathways and observed that high sucrose consumption 

upregulates adenosine A1R in the hippocampus.  

Next we investigated the hypothesis that the activation of the low-affinity 

adenosine A2B receptor (A2BR) could promote glucose uptake in neurons and astrocytes, 

thereby possibly linking brain activity with energy metabolism. We developed a 

protocol for real-time fluorescent measurement of deoxyglucose uptake in hippocampal 

slices, ideal to complement quantitative analyses. We found that A2BR activation is 

associated with an instant and tonic increase of glucose transport into neurons and 

astrocytes in the mouse brain. These prompt further investigations to evaluate the 

clinical potential of this novel glucoregulator mechanism.  

In conclusion, the present thesis work has contributed to the elucidation the ill-

defined mechanisms that regulate brain glucose metabolism. We have found additional 

proofs linking impaired hippocampal synaptic plasticity and memory with metabolic 

disorders. We also identified the A2BR as a possible novel therapeutic target to boost 

brain glucose metabolism with the objective of mitigating the outcome of brain 

disorders. 

Keywords: memory, metabolism, glucose uptake, 2-deoxyglucose, 3-O-methylglucose, 2-NBDG, 

sucrose, adenosine, hippocampus, striatum .frontal cortex, synaptic plasticity, adenosine A1 receptor, 

adenosine A2B receptor, cannabinoid CB1 receptor, lactate, glycogen, insulin, diabetes
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1 INTRODUCTION 

1.1 CEREBRAL ENERGY METABOLISM

1.1.1 Overview of brain metabolism

This thesis work, attempted to characterize the basic features of brain glucose use 

and its regulation by neuromodulators, with special attention to the alterations in brain 

metabolism and physiology under common systemic metabolic disorders. Therefore, it 

is the essential to provide an up-to-date overview of brain energy metabolism from the 

above vantage point.  

The brain is a complex organ composed of a multiplicity of cell types including 

but not limited to neurons, astrocytes, oligodendrocytes, microglial cells, and capillary 

endothelial cells. Each has different metabolic requirements since they have different 

cellular functions (Hertz, 2008). At the cellular level, the distribution of energy 

consumption is still under debate. At a glance, neurons are predominantly oxidative 

while astrocytes are mostly glycolytic, whereas the neuroenergetic roles of 

oligodendrocytes and microglia are still ill-defined (Bélanger et al., 2011; Hyder et al., 

2006). 

1.1.2 The role of neurons and astrocytes

Neurons are communicating cells, organized into complex circuits, which use 

electric, gaseous and chemical synapses to process and transmit information, and these 

phenomena are called synaptic transmission. Neurons are divided into classes according 

to the neurotransmitter they use, hence can be GABAergic (inibitory), glutamatergic 

(excitatory) but also dopaminergic, cholinergic or serotoninergic neurons, as well as 

have "mixed" phenotype (Hof et al., 2004; Lodish et al., 2000).  

The importance of astrocytes in neural transmission emerged with the concept of 

the "tripartite synapse” where astrocytes actively participate in the modulation of 

communication between the pre- and post-synaptic terminals (Araque et al., 1999; Perea 

et al., 2014). In fact, the synapse has at least one more component cell type, i.e.
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microglia, but for sake of simplicity, the putative role of these immune cells in brain 

metabolism will be consistently overlooked in this Thesis.  

Astrocytes outnumber neurons in the human brain (Nedergaard et al., 2003; 

Ransom et al., 2003). Beyond their crucial role in energy and metabolism (Brown and 

Ransom, 2007; Hertz et al., 2007; Magistretti, 2006; Magistretti and Pellerin, 1999), 

they are also involved in the maintenance of extracellular homeostasis, controlling ionic 

composition, pH and transmitter levels among others (Coulter and Eid, 2012; Hansson 

et al., 1985; Kressin et al., 1995). Astrocytes also participate in synaptic modulation 

(Perea et al., 2009; Santello et al., 2011), regulation of blood flow (Howarth, 2014), 

immune and inflammatory response (Aschner, 1998; Rossi, 2015), as well as in 

neuroprotection (Bélanger and Magistretti, 2009). 

1.1.3 Glucose a food for thoughts

Despite the brain being able to consume alternative substrates (Valente-Silva et al., 

2015), brain energy metabolism in adults depends mainly on glucose (Sokoloff, 2004). 

The adult human brain uses ~25% of the total (resting) body glucose consumption and 

~20% of the total oxygen consumed (Magistretti and Allaman, 2015). The majority of 

this energy is spent on the maintenance of membrane excitability, specifically, on the 

Na+/K+-ATPase (Alle et al., 2009; Attwell and Laughlin, 2001) as well as on 

neurotransmitter turnover (Pellerin et al., 2007). Since the brain is highly dependent on 

glucose supply, chronic maladaptive changes in the cerebral glucoregulation may 

compromise brain function and lead to neuropsychiatric disorders (Schubert, 2005; 

Shah et al., 2012). Brain disorders often involve specific early alterations in metabolism 

of glucose in the brain (Mosconi, 2005; Teune et al., 2010). The idea of alleviating 

symptoms of dementia by boosting cerebral energy metabolism has been toyed with for 

decades (Branconnier, 1983). Yet, there is still a lot to understand about healthy and 

pathological brain glucoregulation to define and market safe pharmacological agents 

with well characterized mechanism of action, with the objective of boosting the energy 

demands of the diseased or even the healthy brain.  

Several experimental techniques, such as 3H/14C-2-deoxy-D-glucose (3H/14CDG) 

autoradiographic methods, functional magnetic resonance imaging and positron 

emission tomography employing 18F-fluorodeoxyglucose (18FDG-PET), have shown a 
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correlation between the consumption of glucose and neuronal activity (Magistretti, 

2006). In fact, the increase in neuronal activity boosts energy need, which is probably 

met mainly by an elevation in astrocytic glucose metabolism coupled with increased 

local blood flow (Giove et al., 2003; Magistretti, 2006; Pellerin et al., 2007; Sokoloff, 

1977). The rate of glucose consumption depends on spatiotemporal variables: 3HDG 

autoradiography and 18FDG-PET studies revealed that the functionally active regions 

and especially, the grey matter are associated with greater signals (Raichle and Mintun, 

2006). The rate of glucose use is different for each brain region and this variance is 

comparable between species. For example, rodents have higher metabolic rates than 

primates but the different brain areas consume proportionally similar amounts of 

glucose among mammalian species (McKenna et al., 2012; Sobrero et al., 2011).  

The breakdown of energy consumption at the cellular level is still under debate. It 

is known that the oligodedendrocyte-dominated white matter tracts show a lower 

metabolic rate compared to synapse-laden regions rich in astrocytes and neurons 

(Clarke and Sokoloff, 1999). This higher energy need of synapses is likely the result of 

glutamatergic postsynaptic actions, which account for ~34% in rodents and ~74% in 

humans of the total energy expenditure of brain signalling, while glutamate uptake and 

glutamine synthesis demand only ~2% of energy expenditure in rodents and ~5% in 

humans (Attwell and Laughlin, 2001).  

1.1.4 Brain glucose homeostasis at a glance

In brief, the energy homeostasis of the brain is tightly dependent on energetic 

glucose metabolism occurring either in oxidative or anaerobic pathways (Ivanov et al., 

2014; Pellerin and Magistretti, 2012). The principal oxidative pathway is cytoplasmic 

glycolysis, producing two molecules of pyruvate, which can be further oxidized in the 

tricarboxylic acid cycle in mitochondria (Magistretti et al., 2004). The second oxidative 

pathway is NADPH generation from NADP+ in the pentose phosphate shunt (Dringen et 

al., 2007) in order to reduce the major antioxidant molecule glutathion from its oxidized 

form (Kletzien et al., 1994). In astrocytes, glucose can be stored as glycogen – a reserve 

of glucose equivalents (Brown and Ransom, 2007; Gruetter, 2003). Under the activity 

of the circuitry, brain cells can rapidly mobilize phosphocreatinine and glycogen to 

support the increased energy need (Brown and Ransom, 2007; Gruetter, 2003). But 
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unlike the skeletal muscle, the brain rapidly uses up its energy reservoirs in a second to 

few minutes scale. Therefore, the brain is critically dependent on its continuous energy 

supply, which is tightly regulated by neurohumoral mechanisms (Stern and Filosa, 

2013), and glucose entry is adjusted to demand (Castro et al., 2009; Leybaert et al., 

2007). The underlying neurohumoral mechanisms are little understood at the cellular 

level, which allows us to advance our pioneering studies tackling these questions. In the 

following paragraphs, we overview the relevant features of brain glucoregulation. 

1.1.5 Glucose transport into the brain

Circulating glucose enters the brain parenchima through specific facilitative 

glucose transporters (GLUT) located in the blood-brain barrier (BBB) (Castro et al., 

2009; Leybaert et al., 2007). The first barrier is formed by endothelial cells, where the 

GLUT1 subtype allows the passage of glucose (Maher et al., 1994). The tight junctions 

of BBB endothelial cells serve as a seal to prevent the occurrence of paracellular 

diffusion (Leybaert et al., 2007). The transport across the BBB follows a classical 

Michaelis-Menten kinetics (Choi et al., 2001; Gruetter et al., 1998; Lund-Andersen, 

1979; Vyska et al., 1985). This model proposes a linear correlation between brain and 

blood glucose levels (Gruetter et al., 1998). 

The major GLUT subtypes in the mammalian brain are GLUT1 and GLUT3 

present in astrocytes and neurons (Dwyer et al., 2002; Mueckler, 1992; Shah et al., 

2012), as well as GLUT5, which is specific for microglia (Jurcovicova, 2014; Vannucci 

et al., 1997). The peripheral insulin-sensitive transporter, GLUT4 is also present in the 

brain, mostly co-localizing with GLUT3 (Apelt et al., 1999; Bakirtzi et al., 2009). 

The BBB is endowed with the highly glycosylated 55 kDa isoform of GLUT1. 

The less glycosylated 45 kDa GLUT1 isoform is present in the parenchyma, specifically 

in the astrocytic end feet (around blood vessels), in astrocytic cell bodies but also in 

neurons (Vannucci et al., 1997). GLUT3 is present in neurons, in both dendrites and 

axons and enables glucose transport to neurons (Vannucci et al., 1997). It was observed 

in rodents that GLUT3 displays superior glucose transport capacity than GLUT1, which 

seems logical taken that glucose levels around neurons (1–2 mM) are smaller than in the 

serum (5–6 mM) (Cruz and Dienel, 2002a; Gruetter et al., 1998; Simpson et al., 2007, 

2008). Although GLUT3 readily translocates to neuronal membranes upon combined 
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stimuli with high K+ and insulin (Uemura and Greenlee, 2006), the importance of this 

process has been challenged by the appearance of the astrocyte-neuron lactate shuttle 

(ANLS) hypothesis (Magistretti and Pellerin, 1997, 1999; Pellerin et al., 2007; Pellerin 

and Magistretti, 2012), which is described in section 1.2.5 with more detail. 

1.1.6 Glucose 6 phosphate and glycolysis

Once intracellular, glucose enters the glycolytic (Embden–Meyerhof) pathway of 

neurons and astrocytes. First, glucose is phosphorylated by hexokinases resulting in 

glucose-6-phosphate (G6P), which is the general intracellular representation of 

extracellular glucose in the Animalia. G6P can either enter glycolysis or be stored as 

glycogen (Section 1.1.10). In the late eighties, it was generally believed that G6P 

translocase isoforms were absent in neurons and astrocytes (Fishman and Karnovsky, 

1986). Thus the phosphorylation by hexokinases of the hardly metabolizable 2-

deoxyglucose (2-DG) into 2-DG6P virtually traps 2-DG inside the brain cells, because 

the G6 phosphatase-  enzyme (Ghosh et al., 2005) resides inside microsomes, having 

no direct access to cytoplasmic 2-DG6P (Schmidt et al., 1989). This makes radiolabeled 

2-DG analogues a very attractive tool to measure the kinetics of brain glucose uptake in 

assays that do not last more than 45-60 min (Schmidt et al., 1989). The basis of this 

technique was pioneered by the recently deceased "godfather" of brain metabolism, 

Louis Sokoloff (Sokoloff et al., 1977). Refined techniques based on Sokoloff's method 

were also major research tools used in this thesis studies. Nevertheless, the past 

inference of the lack of microsomal membrane permeability for G6P was largely 

dismissed a few years later (Forsyth et al., 1993).  

Through glycolysis, glucose is converted into two molecules of pyruvate with the 

concomitant formation of two molecules of both ATP and NADH. The key enzymes 

involved are hexokinase, phosphofructokinase, and pyruvate kinase (Lowry and 

Passonneau, 1964). Those enzyme activities are controlled by the levels of high-energy 

phosphates, and by citrate and acetyl-CoA (Magistretti, 2004). Pyruvate then can be 

transaminated to alanine or reduced to lactate or can enter into the mitochondria where 

it is oxidized in consecutive metabolic steps, through the TCA cycle, generating 

reducing equivalents for energy production in the oxidative respiratory chain (Hertz and 

Dienel, 2002) as well as substrates for biosynthetic processes (Gruetter, 2002). When 
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the glycolysis rate exceeds the rate of pyruvate entry into the TCA cycle, a dynamic 

equilibrium between pyruvate and lactate is created through the enzyme lactate 

dehydrogenase (Castro et al., 2009; Magistretti, 2004). In this situation, local lactate 

must be released to avoid influencing the reversible NAD+/NADH/H+-coupled redox 

reactions (Castro et al., 2009). 

1.1.7 The tricarboxylic acid (TCA) cycle 

In the mitochondria, pyruvate is decarboxylated to form acetyl-CoA, which is 

mediated by the pyruvate dehydrogenase complex and allows the production of 

NADH/H+ and the release of CO2 (Patel and Korotchkina, 2001). The tricarboxylic acid 

(TCA) (also known as Szentgyörgyi-Krebs) cycle starts with the condensation of acetyl-

CoA with oxaloacetate to form citrate that subsequently isomerizes into isocitrate. 

Isocitrate is oxidized and decarboxylated to -ketoglutarate, which is oxidized and 

decarboxilated to succinyl-CoA. Succinyl-CoA is then converted to succinate, forming 

GTP in the process. Succinate is further oxidized to fumarate. Afterward, the fusion of 

fumarate with a H2O molecule creates malate, which is subsequently oxidized into 

oxaloacetate. From each acetyl-CoA, one turn of the TCA cycle directly generates three 

NADH/H+, one FADH2, one CO2 and one GTP molecules. Taking into account that 

every FADH2 yields 1.5 ATP and that each NADH/H+ gives rise to 2.5 ATP molecules 

(when oxidized in the mitochondrial respiratory chain) the complete oxidation of one 

molecule of glucose is theoretically expected to produce 30 or 32 ATP molecules, 

depending on whether the NADH/H+ generated in glycolysis is transported via the 

glycerol-3-phosphate or via the malate-aspartate mitochondrial shuttles, respectively 

(Voet and Voet, 1995).  

1.1.8 Glutamate turnover and Na+ pumps

The maintenance of the electrochemical gradient of excitable membranes with the 

help of Na+/K+-ATPases is the biggest consumer of glucose even under resting 

conditions in the brain (Astrup et al., 1981; Attwell and Laughlin, 2001). The Na+/K+-

ATPase pump cotransports 3 Na+ against 2 K+ on the cost of an ATP molecule, and is 

an integral metabotropic receptor in the membranes of virtually most cell types of 
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vertebrate animals, and it possibly has an endogenous ligand called ouabain in 

mammals (Buckalew, 2015; Liu et al., 2007; Wu et al., 2013). While digitalis-like 

toxins such as ouabain act as agonists at the pump protein to induce metabotropic 

signalling, they block the ion exchanger activity of the pump. Thus, ouabain is a 

precious tool to dissect the roles of Na+/K+-ATPase pump in biological models 

(Juhaszova and Blaustein, 1997; Wu et al., 2013). An increase in extracellular glutamate 

levels has been shown to concomitantly augment glucose uptake in astrocytes, which 

can be blocked with ouabain, therefore it was concluded that the Na+-glutamate 

electrogenic cotransport stimulates the Na+/K+-ATPase (Magistretti and Pellerin, 1997; 

Pellerin and Magistretti, 1994). This in turn leads to increased ATP consumption, 

adenosine release and augmented glucose uptake to replenish ATP stores. Nonetheless, 

ouabain is in fact a general Na+ pump inhibitor; therefore, it also inhibits the Na+/Ca2+

exchanger (Blaustein et al., 2002). A recent study unveiled that glutamate-uptake-

induced sodium cotransport is necessary but not sufficient for the stimulation of glucose 

uptake: an additional intracellular Ca2+-rise elicited by glutamate is necessary, too 

(Porras et al., 2008), albeit it remains to be elucidated how much - if any of the 

Na+/Ca2+ exchanger is involved in the glutamate-induced glucose uptake.  

Last but not least, it is worth to mention that the Na+/K+-ATPase pump is sensitive 

to neuromodulators, and three of them are relevant for this thesis. For instance, our 

group in collaboration with Dr. JF Chen (Boston) found that the adenosine A2A receptor 

(Section 1.5.4) is negatively associated with the 2 subunit of the Na+/K+-ATPase pump, 

thus A2AR agonists as well as phasic adenosine peaks are expected to decrease the 

activity of the pump, and consequently, the uptake of glutamate (Matos et al., 2013). 

Moreover, high concentrations of insulin were shown to decrease the activity of 

Na+/K+-ATPases in whole cortical membranes (Bojorge and de Lores Arnaiz, 1987), 

although insulin in general is a stimulator of Na+/K+-ATPases e.g. in myocites, kidney 

proximal tubule cells, corneal endothelium or hepatocytes (e.g. (Féraille et al., 1999). 

Finally, others found that the cannabinoid CB1 receptor (Section 1.4.3) is positively 

associated with the Na+/K+-ATPase pump in nerve terminals (Araya et al., 2007).  
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1.1.9 The pros and cons of astrocyte to neuron lactate shuttle

The brain capillaries are surrounded by astrocytes (Kacem et al., 1998), 

contributing to the first cellular barriers for glucose to enter the brain parenchyma 

(Pappenheimer and Setchell, 1973). Their contact with microvessels well positions 

astrocytes to play a pivotal role in cerebral metabolism. However, the role of astrocytes 

in brain metabolism is currently viewed in strikingly opposite manner by two major 

schools.  

One school believes that during intense activity, neurons obtain energy mainly 

from burning lactate produced for them by astrocytes (Bélanger et al., 2011; Hertz and 

Dienel, 2002; Pellerin et al., 2007; Pellerin and Magistretti, 1994; Wyss et al., 2011). 

This hypothesis is termed as astrocyte-to-neuron-lactate shuttle hypothesis (ANLS), and 

holds that during the activity of the neural tissue, astrocytic glucose uptake surpasses 

neuronal glucose use, and a metabolic link is formed between the two cell types: active 

principal neurons release glutamate which in part is taken up by astrocytes via the 

process of glutamate/Na+ cotransport. As above stated in detail, the rise in intracellular 

Na+ concomitantly triggers the Na+/K+-ATPase of the astrocytes resulting in an 

increased demand for ATP, thus stimulating glycogenolysis as well as the uptake of 

glucose. Astrocytes break down glucose via glycolysis into pyruvate to form lactate, 

and with this process, gain 2 ATP molecules to spend on the activity of the Na+/K+-

ATPase. Lactate is then exported to neurons through monocarboxylate transporters. 

Once taken up by neurons, lactate is reverted into pyruvate to be used in the TCA cycle, 

each contributing to the generation of 15 ATP molecules (Barros and Deitmer, 2010; 

Pellerin and Magistretti, 1994). This way, astrocytes and neurons are linked through 

activity-dependent metabolic trafficking (Magistretti, 2006; Tsacopoulos and 

Magistretti, 1996). Of course, neurons can also use glucose besides lactate for both fuel 

(Brown and Ransom, 2007b; Dringen et al., 2007) and the generation of lipids, proteins 

and certain neurotransmitters such as acetylcholine, GABA and glutamate (Magistretti 

et al., 2002).  

The other school provides experimental evidence that increased neuronal glucose 

uptake is necessary and sufficient to supply amplified energy demand of the circuitry 

(Gjedde and Marrett, 2001; Nehlig et al., 2004; Patel et al., 2014). Unfortunately, the 

gap between the two schools is not only widening when high-impact high-tech 
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publications show that glucose is the source of energy in neurons under activity 

(Lundgaard et al., 2015) contrasting clear molecular evidence of lactate gradient 

flowing down from astrocytes to neurons (Machler et al., 2016), but the scientific 

atmosphere has even become turbulent when others served in vivo support for the 

hypothetical neuron-to-astrocyte lactate shunt (NALS), which - contrasting to ANLS - 

suggests that neurons are the ones which supply astrocytes with lactate (Mangia et al., 

2009, 2011). These latter authors claim that their model eventually does not prohibit 

ANLS to occur, i.e. that lactate flows from astrocytes to neurons, but that would require 

at least 12-times more lactate production by astrocytes and the lack of glycolysis in 

neurons, which they do not think to hold up against scientific evidence (Mangia et al., 

2011). Nevertheless, Castro and colleagues assert that the release of ascorbic acid from 

astrocytes can be triggered by glutamate, which when taken up by neurons, switches 

glucose burning to lactate use, and this mechanism may help to resolve some of the 

discrepancies in the literature. Finally, some found that neurons also can rely on the 

oxidation of recycled glutamate, too, to support energy demands under heavy load 

(Torres et al., 2013).  

1.1.10 Glycogen

Glycogen is the main energy reserve of the brain and mostly localized in 

astrocytes (Brown, 2004; Magistretti et al., 1993; Vilchez et al., 2007). Its levels in the 

healthy rat brain are around 3-8 mol/g tissue (Cruz and Dienel, 2002a; Morgenthaler et 

al., 2008). Glycogen (like other glucans) is toxic to neurons (Brown, 2004; Duran et al., 

2012; Magistretti and Allaman, 2007; Vilchez et al., 2007). The astrocytic glycogen 

reserve can sustain increased energy demand for a few minutes (Castro et al., 2009) and 

can extend white matter axon function for 20 min or longer (Brown and Ransom, 

2007b). Some even claim that astrocytes have sufficient glycogen stores to supply the 

circuitry for more that 100 min of hypoglycemia (Gruetter 2003). Obviously, 

understanding what factors (receptors?) trigger the replenishment of the glycogen stores 

would represent a major breakthrough in the treatment of cerebral infarct, stroke and 

other hypoglycemic conditions.  

Astrocytic filopodes in the synapse are often too slight to accommodate sufficient 

amount of mitochondria, thus increasing the importance of glycolytic energy production 
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(Hertz, 2008; Wiesinger et al., 1997). By the breakdown of glycogen into glucose-1-

phosphate by glycogen phosphorylase, and its subsequent conversion into G6P by 

phosphoglucomutase, glycogen derived glucose enters the glycolysis pathway (Brown 

and Ransom, 2007b) to be further metabolized to lactate, as described above with the 

ANLS. Synaptic lactate has important neurophysiological functions as being 

indispensable for synaptic plasticity and memory formation (Suzuki et al., 2011). 

Consequently, deficits in cerebral glucose metabolism contribute to cognitive 

impairment. 

1.1.11 Insulin

Cognition and plasticity are tightly connected to cerebral glucose (Messier, 2004) 

and insulin homeostasis (McNay and Recknagel, 2011). McNay and Recknagel (2011) 

described glucose transporters GLUT4 and GLUT8 in the brain as insulin-sensitive and 

fettered to the insulin effect in cognition and synaptic plasticity. Brain insulin is 

originated from both peripheral and central sources (Raizada, 1983). It is estimated that, 

independently from its origin, insulin acts through its own receptors present in the brain 

to perform its neurophysiological functions, such as the regulation of food intake, 

weight control, reproduction, cognition and memory formation and also, 

neuroprotection (Duarte et al., 2012a; Ghasemi et al., 2013). 

It is suggested that insulin is de novo synthesised in the brain (Duarte et al., 

2012a). Although there was previous data suggesting that insulin synthesis takes place 

mainly in pyramidal neurons (Duarte et al., 2012a), it is more likely now that insulin is 

released by neurogliaform cells (Molnár et al., 2014), which is a unique GABAergic cell 

type using volume transmission. Insulin from the periphery can be also transported to 

the brain through the BBB by specific concentrative transporters.  

The insulin receptor (IR) and the insulin-like growth factor-1 receptor (IGF-1R) - 

the two major insulin-sensing receptors in the brain - are heterotetrameric protein 

complexes, composed of two extracellular  subunits (insulin-binding domain) and two 

transmembrane spanning  subunits. When the  subunits bind insulin, they undergo 

autophosphorylation through the stimulation of their tyrosine kinase domain, and 

consequently, they activate the signalling cascade. The cerebral insulin signalling 

cascade shares similarities with that in the periphery (Grillo et al., 2009), comprising the 
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phosphoinositide 3 kinase (PI3K)–Akt and the MAPK/ERK kinase pathways, as well as 

G protein-mediated pathways (Biessels and Reagan, 2015; Duarte et al., 2012a; Grillo et 

al., 2015; Nelson et al., 2008).  

We cannot talk about glucose and insulin without mentioning diabetes. There are 

four major types of diabetes currently distinguished. If it is of peripheral origin and 

involves insulinopenia, we call it type-1 diabetes (T1D) or insulin-dependent diabetes. 

Conversely, when insulin’s action is ineffective at its receptors in peripheral tissues, the 

outcome is called type-2 diabetes (T2D). Insulin-resistant diabetes can also occur in the 

brain, and this is called type-3 diabetes, referring to the situation when insulin is unable 

to exert its cerebral roles (independently from the presence or absence of peripheral 

resistance (Lester-Coll et al., 2006; de la Monte and Wands, 2008). It is more and more 

prevailing to assume that Alzheimer’s disease (AD) is a metabolic disease and that AD 

represents a form of diabetes that selectively involves the brain (de la Monte and Wands, 

2008). Finally, hyperglycemia of variable severity and with onset during pregnancy is 

termed gestational or type-4 diabetes (Baz et al., 2015). 

Figure 1.1 – Insulin receptor signalling in the hippocampus (reproduced from Biessels and Reagan, 

2015).  
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In diseases conditions such as AD and T2D featuring hippocampal insulin 

resistance, the impairment in the insulin signalling cascade can occur at different levels, 

i.e. at the level of: 1) BBB insulin transport (Banks et al., 2012); 2) insulin receptors (i.e.

expression/activity); 3) phosphorylation state of insulin receptor substrate (IRS); 4) Akt 

phosphorylation; 5) glycogen synthase kinase 3  (GSK3 ), which is responsible for the 

phosphorylation state of the microtubule-associated proteins, tau; 6) forkhead box O 

(FOXO) family of transcription factors; 7) trafficking through GLUT4 to the plasma 

membrane (Biessels and Reagan, 2015) (Figure 1.1). 

1.2 GLUCOSE METABOLISM AND BRAIN PHYSIOLOGY

Glucose metabolism is the main source of energy in the adult brain and is related 

to cognitive performance. For instance, hippocampus-dependent memory tasks may 

consume up to 32% of extracellular glucose (McNay et al., 2010). Interestingly, these 

authors also observed a positive correlation between the degree of difficulty of the 

behavioural paradigm and hippocampal glucose consumption. Systemic glucose 

administration replenished extracellular glucose levels and allowed improvement in the 

task performance. Indeed, optimal glucose doses administered either centrally or 

systemically improve learning tasks (Flint and Riccio, 1997; Hughes, 2002, 2003; Kopf 

and Baratti, 1995; Lee et al., 1988, 1988; Messier et al., 1998; Ragozzino et al., 1996; 

Winocur and Gagnon, 1998). More specifically, glucose administration right before or 

right after the behavioural training session increased the efficiency in learning and 

memory consolidation (Lee et al., 1988; Messier et al., 1998). Regarding humans, 

studies also linked bolus glucose with enhancement of kinesthetic learning (Scholey and 

Fowles, 2002), facial recognition (Metzger, 2000), long-term verbal and spatial 

(Sünram-Lea et al., 2001) memories as well as with more effective mental capacity 

(Benton, 1990). Contrariwise, poor glucose tolerance was associated with decreased 

general cognitive performance and atrophy of the hippocampus (Convit et al., 2003). 

Additionally, glycogenolysis is also enrolled in cognitive functions, taken that the 

blockade of glucose transporters or other interferences with astrocytic glucose 

metabolism abolished memory consolidation and learning in chicks (Gibbs et al., 2008). 
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1.2.1 Synaptic metabolism and plasticity

Memory is divided into four different phases: 1) encoding, 2) storage, 3) 

consolidation and 4) retrieval (Izquierdo et al., 1999). It is generally accepted that 

hippocampal dependent memory is mediated (or partially mediated) by hippocampal 

synaptic plasticity (Neves et al, 2008). Synaptic plasticity consists in modifications of 

the synaptic strength as response of changes of synaptic activity (Neves et al, 2008) and 

is critical for the encoding and intermediate storage of memory (Morris et al., 2003). 

The interdependence between synaptic plasticity and the storage of memory is known as 

the neurobiological theory of the hippocampus. Understandably, studying synaptic 

plasticity opens a window on the mechanisms of information processing of the brain. 

The hippocampus is organized in simple neural pathways including but not limited to 

the Schaffer collaterals-CA1 pathway and the temporoammonic pathway (see Figure 

1.2). Extracellular recordings of synaptic events in acute slices permit studying the 

phenomena of synaptic plasticity, including but not limited to long-term potentiation 

(LTP) and long-term depression (LTD) (Bliss and Lomo, 1973). Albeit memory 

formation is generally thought to involve LTP, there are also LTD-dependent memory 

processes involved (Nabavi et al., 2014). LTP denotes the persistent increase of synaptic 

strength between two neurons connected via chemical synapses, while LTD refers to it 

persistent decrease.  

The acquisition of new information through learning triggers a cascade of events 

and the formation of short and long-term memories. It is accepted that long-term 

memory formation has high metabolic demands (Suzuki et al., 2011). Suzuki et al. 

(2011) described that the learning process is associated with an increase in extracellular 

lactate levels. This lactate is originated from glycogenolysis – a brain metabolic process 

specific to astrocytes (Magistretti, 2004). Astrocytic glycogenolysis and consequent 

lactate release are fundamental for long-term memory formation, although not 

prerequisite of short-term memory formation as it depends predominantly on 

posttranslational modifications. On the other hand, the formation of long-term 

memories requires the phases of consolidation and stabilization, involving the activation 

of a gene cascade and the synthesis of proteins to modify the synaptic dynamics in 

neurons that store and acquired information (Dudai, 2004; Kandel, 2001; Klann and 

Sweatt, 2008). The breakdown of astrocytic glycogen and consequent lactate release is 



INTRODUCTION 

15

fundamental for the maintenance of LTP. Interestingly, impaired lactate transport causes 

amnesia. If the amnesia is due to the impairment of astrocytic transporters, MCT1 and 

MCT4, it may be rescued by L-lactate but not equicaloric glucose (this same pattern is 

also observed under LTP impairment). If amnesia is due to the dysfunction of neuronal 

MCT2 transporters, neither L-lactate nor glucose are able to prevent it, stressing the 

importance of astrocyte-neuron lactate transport in the formation of long-term memory.  

Figure 1.2 – Basic anatomy of the hippocampus (reproduced from Neves et al., 2008). 

Furthermore, we also need to address the vital role of mitochondria in LTP and 

synaptic transmission (Calabresi et al., 2001; Li et al., 2010; Williams et al., 1998). 

Mitochondria control essential processes in synaptic plasticity through the production of 

energy (ATP and NADH/H+) for maintenance and restoration of ion gradients, 

regulation of subcellular Ca2+ homoeostasis and Ca2+ signalling (Duchen, 2000; 

Nicholls and Budd, 2000; Toescu, 2000) and redox homoeostasis (Cheng et al., 2010). 

Mitochondria move within and between the subcellular compartments involved in 

synaptic plasticity (e.g. synaptic terminals, dendrites, cell body and the axon) (Sheehan 

et al., 1997) and redistribute to optimize neural activity (Miller and Sheetz, 2004). 

Impairment of mitochondrial functions may result in the disruption of synaptic plasticity 

and the appearance of neurodegeneration and diseases, including but not limited to AD, 

Parkinson’s disease (PD) and psychiatric disorders (Cavallucci et al., 2013; Cheng et al., 

2010; Moreira et al., 2006).  
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1.3 METABOLIC DYSFUNCTION AND BRAIN DISEASES

Over the years, an increasing number of studies in animals and humans pointed 

out a link between metabolic dysfunction and cognitive deficits (Strachan et al. 1997; 

Moreira et al. 2006), taken that brain energy metabolism is in part dependent on the 

activity of excitatory synapses (Viswanathan and Freeman, 2007). Synaptic dysfunction 

is the earliest morphological modification in neurodegenerative diseases and is also a 

phenomenon that well correlates with memory impairment (Selkoe, 2002a).  

Obesity, hypertension, dyslipidemia, and insulin resistance are risks factors for 

metabolic syndrome and have been related with cognitive decline and vascular dementia 

(Bloemer et al., 2014; Crichton et al., 2012; Panza et al., 2010; Winocur et al., 2005; 

Winocur and Greenwood, 2005). The relation between metabolic dysfunction and 

dementia is reinforced by the tight association of AD with diabetes (Alexander and 

Moeller, 1994; Exalto et al., 2012a; Xu et al., 2010a). Indeed, epidemiological studies 

revealed that T2D confers susceptibility to AD (Akter et al., 2011b). T2D gradually 

develops from a metabolic impairment named prediabetic state (Tabák et al., 2012). 

T2D then leads to a progressive brain damage and increases the risk for cognitive 

decline and dementia (Carvalho et al., 2012a; Luchsinger et al., 2007; Ravona-Springer 

et al., 2012; Roriz-Filho et al., 2009; Xu et al., 2010a) at an early onset (Bélanger et al., 

2004; Strachan et al., 1997). 18FDG-PET allows detecting reductions in cerebral glucose 

metabolism in patients with prediabetes or T2D, and helps both in the early discovery 

and the monitoring of the evolution of AD (Baker et al., 2011; Cerami et al., 2015; de 

Leon et al., 2007). The technique "spatial covariance mapping combined with 18FDG-

PET" is also used to unveil aberrant metabolic patterns present in other 

neurodegenerative diseases (Alexander and Moeller, 1994; Eckert et al., 2007; 

Eidelberg, 2009; Patro et al., 2015), including PD (Poston and Eidelberg, 2010), 

progressive supranuclear palsy, multiple system atrophy (Habeck et al., 2008) and 

Huntington’s disease (Feigin et al., 2007). 

In Portugal, more than 8% of the adult population suffers from mood disorders 

and comorbid weight changes, often because of antidepressants (Correia and Ravasco, 

2014). Depression is frequently combined with metabolic disturbances, as a result of 

interdependent insulin and serotonin signalling (Kim et al., 2015). Diabetes is also 

associated with mood disorders: 71% of diabetic patients suffer from depression, and 
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70% of them from anxiety – another disorder that is associated with impaired serotonin 

signalling (Detka et al., 2013; Palizgir et al., 2013). Importantly, impaired insulin 

signalling is implicated in the pathogenesis of most neuropsychiatric disorders besides 

depression (Aviles-Olmos et al., 2013; Lang and Borgwardt, 2013), which is in part 

mediated by serotonergic dysfunction (Broderick and Jacoby, 1989; Miyata et al., 2007). 

Hippocampal serotonin has been documented in the antidepressant action of insulin via 

the Akt/GSK3 axis. This axis also links obesity with mood disorders (Papazoglou et al., 

2015) with 99% comorbidity in the Portuguese population (Correia and Ravasco, 2014). 

Both depression and cerebral insulin resistance are associated with decreased glucose 

uptake and brain activity in the limbic regions in adults (Baker et al., 2011; Detka et al., 

2013; Su et al., 2014). Thus, the principal region of interest of our study will be the 

hippocampus.  

1.4 THE ENDOCANNABINOID SYSTEM

The history of scientific research on cannabis stretches back over 150 years, 

which has been reviewed elsewhere (Mechoulam et al., 2014). The curiosity about the 

cellular targets of 9-tetrahydrocannabinol ( 9-THC; the major psychoactive molecule 

of marijuana) and related phytocannabinoids has led to the discovery of a great number 

of proteins and lipid molecules that can be abridged as the "endocannabinoid system 

sensu lato". The term "endocannabinoid" (Di Marzo et al., 1994; Di Marzo and Fontana, 

1995) was coined to distinguish cannabinoid molecules endogenously produced by the 

body from those of exogenous origin such as 9-THC. Strictly speaking, the term 

"endocannabinoid system" refers to the endocannabinoid molecules - among them the 

most studied ones are N-arachidonylethanolamine (anandamide) and sn-2-

arachidonylglycerol (2-AG); their synthesizing and metabolizing enzymes and the 

cannabinoid CB1 and CB2 receptors (CB1Rs and CB2Rs) (Katona and Freund, 2012; 

Pertwee et al., 2010).  

Precursors for both anandamide and 2-AG are believed to be stored in the cell 

membranes where the synthesis and the release of the two endocannabinoids occur 

(Katona and Freund, 2012; Piomelli, 2003). Multiple synthetic routes have been 

identified for anandamide (Katona and Freund, 2012; Placzek et al., 2008). Its principal 
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precursor is N-arachidonyl-phosphatidylethanolamine (NAPE) (Katona and Freund, 

2012; Placzek et al., 2008; Sugiura, 2008). Different enzymatic steps can lead to "on 

demand" anandamide cleavage from NAPE, which can involve the Ca2+-dependent 

activation of specific phospholipases A2, C, D and ,  domain serine hydrolase 4 

(ABDH4) (Katona and Freund, 2012; Placzek et al., 2008; Sugiura, 2008). The chief 

biosynthetic pathway for 2-AG (when participating in endocannabinoid signalling) 

starts with the phospholipase-C  (PLC )-mediated hydrolysis of phosphatidylinositol 

4,5-bisphosphate (PIP2) resulting in the intermediate sn-2-diacylglycerol (DAG), from 

which 2-AG is cleaved by the enzyme sn-2-DAG lipase  (DAGL ) (Bisogno et al., 

1999; Gao et al., 2010; Tanimura et al., 2010). In the nervous tissue, 2-AG – when 

participating in endocannabinoid signalling – is also thought to be released "on-

demand" (Di Marzo et al., 1998). This means that typically in dendrites, a 

depolarization-induced Ca2+ entry and/or the stimulation of Gq/11 protein-coupled 

metabotropic receptors activate DAGL  to produce 2-AG in a millisecond to second 

scale (Castillo et al., 2012; Katona and Freund, 2012; Maejima et al., 2005). 

The cloning and initial characterizations of the central cannabinoid receptor, 

CB1R, were reported in the beginning of the nineties (Gérard et al., 1990, 1991; 

Matsuda et al., 1990, 1993). Only a few years later, another cannabinoid receptor type, 

the human and the rat CB2R was discovered (Brown et al., 2002; Munro et al., 1993; 

Slipetz et al., 1995), with almost exclusive expression in the immune tissues (Galiègue 

et al., 1995). Both of these two receptors belong to the rhodopsin-like G protein-coupled 

receptor (GPCR) superfamily, and contain 7  helical transmembrane domains. The 

high similarity in amino acid sequence of the 473 amino acid-long rat CB1R (Matsuda 

et al., 1990) and the 472 amino acid-long human CB1R (hCB1R) (Gérard et al., 1991) 

represents evolutionary conservation (Irving et al., 2008). The first cloned hCB2R has 

only 360 amino acids, sharing only 44% overall homology with the hCB1R, and 68% 

identical amino acid identity considering only the 7 transmembrane domains (Munro et 

al., 1993). The CB2R also couples predominantly to Gi/o proteins (Howlett, 1995; 

Howlett et al., 2004) to inhibit adenylyl cyclase activity, which is thought to be the 

underlying mechanism of CB2R-mediated downregulation of immune functions 

(Bayewitch et al., 1995; Howlett and Mukhopadhyay, 2000; Kaminski et al., 1994; 

Slipetz et al., 1995). 
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Both the CB1R and the CB2R receptors couple to multiple intracellular effectors, 

including adenylyl cyclase, extracellular regulated kinase 1/2 (ERK1/2) p38 kinase, c-

Jun N-terminal kinase (JNK), and PI3K/Akt (Bouaboula et al., 1996, 1997; Galve-

Roperh et al., 2002; Gómez del Pulgar et al., 2000; Latini et al., 2014; Molina-Holgado 

et al., 2002, 2005; Rueda et al., 2000; Sánchez et al., 1998; Viscomi et al., 2009). The 

graphical visualization of the key intracellular signalosomes can be found elsewhere 

(Guzmán et al., 2001; Harkany et al., 2007). Nevertheless, cannabinoid receptor-

mediated signalling cannot be viewed mechanistically, because context-dependent 

decisions are made at signalling crossroads. For example, CB1R activation converging 

onto PI3K and ERK activation promotes survival against ceramide-induced apoptosis 

(Galve-Roperh et al., 2002), but chronic CB1R and CB2R activation itself stimulates the 

generation of ceramide, which causes sustained ERK activation via Raf-1, leading to 

apoptosis (Guzmán et al., 2001; Herrera et al., 2006; Sánchez et al., 2001).  

CB1Rs and CB2Rs can modulate intracellular cation levels. CB1Rs are negatively 

coupled to N-, L-, P- and Q-types of voltage-gated Ca2+ channels (VGCCs) via the  

subunit of the G protein, and positively associated with inwardly rectifying K+ channels 

(GIRKs), probably via direct physical complexing (Felder et al., 1995; Lozovaya et al., 

2009; Mackie et al., 1995; Mackie and Hille, 1992; McAllister et al., 1999; Roche et al., 

1999). As discussed above, under special circumstances, CB1Rs can trigger intracellular 

Ca2+ transients, too (Lauckner et al., 2005; Calandra et al., 1999). The stimulation of 

CB2Rs may also produce transient increases in [Ca2+]i via PLC  (Shoemaker et al., 

2005; Sugiura et al., 2000), at least in transfected cells.  

1.4.1 The cellular and tissue distribution of cannabinoid receptors

The CB1R has high expression (mRNA levels) and high density (protein levels) in 

the brain, while at lower levels, it is also expressed in adrenal gland, heart, lung, 

prostate, uterus, ovary, testes, bone marrow, thymus and tonsils (Galiègue et al., 1995). 

In the brain, CB1R expression and protein densities are highest in the cerebellar 

molecular layer, substantia nigra pars reticulata (containing the CB1R-laden terminals of 

the striatonigral pathway), globus pallidus externa and interna, inner granule cell layer 

of the olfactory bulb, anterior olfactory nucleus, layers II–III, Va and VI of the cerebral 

cortex (in humans, the highest levels were found in the cingulate gyrus, frontal, 
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secondary somatosensory and motor cortices), hippocampus, as well as in the 

dorsolateral striatum, while moderate levels of CB1R expression is found in the 

hypothalamus and ventral striatum/nucleus accumbens, and finally, low CB1R levels 

can be found in the brainstem with a lack of CB1Rs in the respiratory control centers 

(Egertová and Elphick, 2000; Herkenham et al., 1990; Katona and Freund, 2012; 

Mackie, 2005; Mailleux and Vanderhaeghen, 1992; Marsicano and Lutz, 1999; Matsuda 

et al., 1993; Tsou et al., 1998). These explain why cannabis has mild effects on 

cardiovascular and respiratory functions (Hollister, 1986).  

The CB2R was originally identified as a protein with no expression in the brain 

and high density in the immune cells and tissues (Munro et al., 1993). An emerging 

body of evidence supports now physiological and pathological roles for neuronal CB2Rs 

in the brain. For instance, a recent paper clearly argues that cerebral CB2 proteins are 

mostly neuronal in the healthy brain, while inducible CB2Rs become predominant in 

glia or microglia under disease conditions (Savonenko et al., 2015). In line with this 

evidence, an ultrasensitive and specific in situ hybridization method called the 

RNAscope revealed the CB2R mRNA predominantly in excitatory and inhibitory 

neurons throughout the hippocampus with rare expression in microglia (Li and Kim, 

2015). Although the vast majority of presynaptic cannabinoid receptors in the brain can 

be identified with the CB1R, there is also pharmacological evidence for presynaptic 

inhibitory CB2Rs in GABAergic terminals of the hippocampus (Andó et al., 2012) and 

in its relative vicinity, in the medial entorhinal area (Morgan et al., 2009). There are also 

intracellular CB2Rs in layer II/III pyramidal cells of the medial prefrontal cortex where 

their activation results in IP3R-dependent opening of Ca2+-activated Cl  channels, and a 

consequent inhibition of neuronal firing (den Boon et al., 2012, 2014). 

1.4.2 The endocannabinoid system in systemic energy metabolism

It has been half a century that scientist have recognized that marihuana extracts 

and preparations modulate carbohydrate metabolism in animal models (Mahfouz et al., 

1975; de Pasquale et al., 1978; el-Sourogy et al., 1966) and man (Benowitz et al., 1976). 

CB1R activation increases blood glucose levels via several potential mechanisms, 

including the inhibition of insulin release and of glucose utilization by peripheral tissue. 

It also stimulates appetite and ingestive behaviour through central mechanisms 
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concerning primarily the hypothalamus. Furthermore, CB1R activation facilitates the 

growth of fat deposits rather than burning fat as a fuel for cells (Kunos et al., 2008; 

Matias et al., 2008a; Topol et al., 2010). Accordingly, genetic deletion of the CB1R in 

laboratory rodents leads to a lean phenotype and resistance to diet-induced obesity and 

better insulin sensitivity (Harrold et al., 2002; Ravinet Trillou et al., 2004). Moreover, a 

silent intragenic biallelic polymorphism (1359G/A) of the human CB1R gene is 

significantly associated with a lower body mass index (Gazzerro et al., 2007).  

As a result of decade-long investigations, the CB1R-selective inverse agonist, 

rimonabant was marketed in 2006 as it performed very well to reduce cardiometabolic 

risk factors in human patients (Matias et al., 2008a; Romero-Zerbo and Bermúdez-Silva, 

2014). Unfortunately, rimonabant may trigger serious psychiatric side effects including 

depression and suicidality, which was already known during the clinical trials but those 

findings remained hidden from the authorities. Thus, rimonabant (Acomplia®) was 

banned from the European market for good (Rimonabant: depression and suicide, 2009; 

Romero-Zerbo and Bermúdez-Silva, 2014; Topol et al., 2010).  

In the meantime, it became clear that central inverse agonism was the principal 

and only cause of psychiatric untoward effects, because neutral CB1R agonists such as 

NESS0327 and O-2050 as well as less lipophilic CB1R antagonists which do not cross 

the blood-brain barrier cause no central side effects but are still equally good to reduce 

food intake and combat cardiometabolic risk factors – at least in animals until CB1R 

antagonists are again allowed to be tested in humans (Meye et al., 2014; Tam et al., 

2010). At this point, the reader deserves more explanation about this dual form of CB1R 

blockade.  

Many GPCRs exhibit a so-called constitutive activity, meaning that they 

dissociate from GDP-bound G proteins at a low rate either because of the presence of 

residual levels of endogenous ligands or by a thermodynamically allowed low-

probability reversal of association, in the absence of agonists (Makita and Iiri, 2014; 

Mukhopadhyay and Howlett, 2005). Theoretically, antagonists are not supposed to 

affect the constitutive auto-uncoupling. An antagonist is called silent or neutral when it 

only prevents an agonist from activating the receptor, but itself does not disturb the 

conformational state of the receptor, hence producing no effect per se (Pertwee, 2005). 

The classical cannabinoid O-2050 (Wiley et al., 2011) and the diarylpyrazole 
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NESS0327 (Ruiu et al., 2003) fall under this category as both prevent CB1R activation 

when agonists are present, but per se they do not produce effect (Meye et al., 2013).  

In special cases, a GPCR can assume an inactive structure, which would sequester 

surrounding G proteins rather than allowing their spontaneous dissociation. The 

probability of this to happen is greatly facilitated by certain ligands, which are called 

inverse agonists. The fist prototypic CB1R antagonist, the 1,5-diarylpyrazole 

rimonabant (Rinaldi-Carmona 1994) is in fact an CB1R inverse agonist (Bouaboula et 

al., 1997; Mukhopadhyay and Howlett, 2005; Pertwee, 2005), signifying that it triggers 

responses on its own via the blockade of constitutive (aka basal) CB1R signalling, and 

the consequent disruption of active intracellular coupling. As a result, the direction of 

those responses will be perceived as reversed compared to the responses triggered by a 

true agonist, hence the name inverse agonist. 

1.4.3 The endocannabinoid system in central energy metabolism

At the neuronal and astrocytic level, several in vivo studies have addressed the 

impact of systemic cannabinoid ligand treatment on local cerebral glucose utilization. 

One of the early studies investigated the effects of low to high doses of 9-THC on 

radiolabelled 2-DG uptake using autoradiography in male rats. Interestingly, a low (0.2 

mg/kg) dose of 9-THC increased 2-DG uptake in all examined cortical and limbic 

structures, but not in the examined diencephalic and brainstem areas. In contrast, 9-

THC at 2.0 and 10.0 mg/kg inhibited 2-DG uptake in most of these regions (Margulies 

and Hammer, 1991), revealing different sensitivity of brains structures to 

cannabimimetics. The anatomic localization of 9-THC effects is therefore consistent 

with the distribution of CB1Rs in the brain.  

Another early study utilizing positron emission tomography in eight normal 

human subjects reported that 9-THC increases 18FDG-PET signal (Volkow et al., 

1991). This increase was only observed in the cerebellum, whereas global cerebral 

glucose metabolism in response to 9-THC was variable. In this study, a relatively low 

amount (2 mg) of 9-THC was injected intravenously to the subjects, and furthermore, 

during a PET scan, the majority of CB1R-positive forebrain neurons (those regulating 

motor functions and cognition) are expected to be idle using glucose at baseline level. 

Glucose uptake in an idle neuronal network is not likely subject to modulation by CB1R 
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receptors, questioning the usefulness of a PET scan in this type of research. Returning 

to the rat model, Pontieri and colleagues (1999) have reported that intravenously 

injected low doses of the synthetic cannabimimetic, WIN55212-2 modulated 2-DG 

uptake in selected brain areas of awake rats, and yet failed to affect behaviour. At 0.15 

mg/kg, WIN55212-2 elevated 2-DG uptake in the shell of the nucleus accumbens by 

23%, which was interestingly not observed at the 0.3 mg/kg dose. This bell-shaped 

dose-response curve can be interpreted as a possible outcome of the interaction at the 

network level between CB1R-positive and -negative neurons. At the 0.3 mg/kg dose, 

however, WIN55212-2 decreased 2-DG uptake in the range of 19-33% in the 

ventromedial thalamus and in all subareas of the hippocampus, whereas other brain 

areas were still unaffected (Pontieri et al., 1999). In contrast to the findings of Margulies 

and Hammer (1991) and Pontieri and colleagues (1999), Freedland and colleagues 

(2002) reported that the low (0.25 mg/kg) dose of 9-THC failed to affect 2-DG uptake 

in the rat brain. They found that only moderate (1.0 - 2.5 mg/kg) doses of 9-THC (ip) 

inhibited dose-dependently 2-DG uptake in the rat brain 15 min after the injection of the 

tracer. At the highest 9-THC dose tested, most (28 out of 38) brain areas were affected 

(in the range of -25 – -42%), and all effects were prevented by pre-treatment with the 

rimonabant. Brain areas of the limbic and sensory systems were affected to the highest 

extent. The same laboratory also reported that a single ip injection of 9-THC (2.5 and 

10 mg/kg) caused an inhibition of 2-DG uptake – an effect lasting for hours depending 

on the brain area (Whitlow et al., 2002).  

In conclusion, it is difficult to conclude anything solid from in vivo studies. The 

works listed above certainly carry several limitations: 1) systemic injection with 

cannabinoid agonists decreases cerebral blood flow (Bloom et al., 1997; Goldman et al., 

1975) and concomitantly, the level of available cerebral glucose. 2) Cannabinoids via 

several target organs and receptors also change systemic levels of glucose and different 

types of hormones, as well as core body temperature, in other words, systemic energy 

expenditure, at higher concentrations. 3) Last but not least, cannabinoid ligands may 

affect behaviour and neurotransmission and consequently neuronal activity. These 

inconsistencies therefore prompted us to test the effect of CB1R ligands on brain 

glucose metabolism in vitro, in slice preparations free from systemic influences. 
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Of note, one interesting feature of the CB1R is that it decreases both the release of 

the adenosine precursor, ATP (e.g. in the striatum; Ferreira et al., 2015) and it likely 

physically interacts with the adenosine A1 (Sousa et al., 2011) and the A2A receptors 

(Ferreira et al., 2015). 

1.5 THE ADENOSINERGIC SYSTEM

Adenosine is a purine ribonucleoside that exists in all cells with the ability to 

regulate the central nervous system (CNS) in physiological and pathological situations 

(Cunha, 2008). In the CNS, adenosine acts as neuromodulator and as homeostatic 

regulator (Cunha, 2001a; de Mendonça and Ribeiro, 2001; Sebastião and Ribeiro, 2000) 

as will be described in Section 1.5.3.1. Furthermore, adenosine is a crucial intermediary 

metabolite functioning as a building block of nucleic acids and also functioning as part 

of the biological energy currency that is ATP (Chen et al., 2013). It is present under 

different forms in the cell and each form has a unique role in the cellular processes 

(Cunha, 2008). Adenosine is present freely, or bound to high energy phosphate forming 

AMP, ADP, ATP or cyclic AMP (cAMP) (Cunha, 2001a) .The cellular adenosine levels 

reflect the cell energy state, e.g., the cell metabolic demand and nutrient supply (Newby 

et al., 1985).  

1.5.1 Generation, metabolism and transport of adenosine

Under normal physiological conditions adenosine is continuously produced in the 

intra and extracellular space (Cunha, 2005, 2008; Fredholm et al., 2005), and it is 

estimated that its intra- and extracellular levels are dynamically balanced (Alanko et al., 

2006; Boison et al., 2013; Peng et al., 2005). Physiological extracellular adenosine 

levels in the resting brain are estimated around 25-300 nM (Ballarín et al., 1991; 

Dunwiddie and Diao, 1994; Rudolphi and Schubert, 1997), depending on the balance of 

the release and removal of adenosine by equilibrative nucleoside transporters (ENTs) 

and on the rate of ATP release and conversion into adenosine by ecto-nucleotidases and 

pyrophosphatases (Dunwiddie et al., 1997; Dunwiddie and Masino, 2001). When an 

energy imbalance occurs (stressful conditions) the adenosine levels increase, resetting 

the energy balance and acting as a retaliatory metabolite. Hence, adenosine act also as 
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an endogenous distress signal (Fredholm, 2007), since it accumulates rapidly in 

response to acute stressful conditions such as hypoxia (e.g. oxygen deprivation during 

stroke), ischemia, tissue damage and repair, immune functions of the brain (Cunha, 

2008), increased neural activity and under extreme energy consumption (e.g. seizures) 

(Newby, 1991). 

1.5.1.1Extracellular adenosine formation

In theory, all the different cell types of the CNS grant extracellular adenosine. 

Nevertheless, the source depends upon the stimulus that provoked the release (Haskó et 

al., 2005). There are three known mechanisms responsible for the appearance of 

adenosine in the extracellular milieu: 1) adenosine release, as well as extracellular 

conversion of both; 2) ATP and 3) cAMP. Adenosine release by nucleoside transporters 

(Geiger and Fyda, 1991) follows a rise of the intracellular levels or a change in the 

sodium gradient. This mechanism implies that adenosine is released into the 

extracellular milieu through the brain-type ENTs (ENT1 and ENT2) (Anderson et al., 

1996; Baldwin et al., 1999; Thorn and Jarvis, 1996). As for the extracellular conversion 

by the ectonucleotidase pathway of adenine nucleotides (ATP, ADP and AMP) released 

from the intracellular milieu, Cunha (1997) described this mechanism as the main 

source of phasic adenosine levels in the active synapse. Briefly, the breakdown of ATP, 

released by exocytose (Cunha et al., 1996; Dunwiddie et al., 1997), is called the ecto-

nucleotidase pathway and consists of the hydrolyses of ATP into AMP by ATPases 

and/or by an ATP diphosphohydrolase (CD39) or pyrophosphatases, and the subsequent 

conversion of AMP into adenosine by an ecto-5'-nucleotidase activity (CD73) (Cunha, 

2001b; Zimmermann, 1996). Additionally, adenosine may also be originated from the 

release of the cyclic AMP (cAMP) (Dunwiddie and Masino, 2001; Latini and Pedata, 

2001) via a non-specific energy-dependent transport (Henderson and Strauss, 1991). 

Recent studies suggest that, under physiological conditions, the “ATP-adenosine 

cycle” (adenosine formation from ATP catabolism and vice versa) is mainly responsible 

for the regulation of extracellular adenosine levels in astrocytes (Halassa et al., 2009; 

Inoue et al., 2010; Pascual et al., 2005). Furthermore, when cells or tissues are 
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metabolically stressed, the main source of extracellular adenosine is its release from the 

intracellular milieu (Cunha, 2001a). 

1.5.1.2 Intracellular adenosine formation

Intracellular adenosine is formed from the degradation of adenosine 

monophosphate nucleotides (AMP) by an endo-5’-nucleotidase enzyme (5-

ribonucleotide phosphohydrolase) (Phillips and Newsholme, 1979). 

The second intracellular pathway (but with lower prominence) to form adenosine 

is through the hydrolysis of S-adenosyl homocysteine (Broch and Ueland, 1980), a 

reversible reaction catalyzed by S-adenosyl homocysteine (Hack and Christie, 2003; 

Reddington and Pusch, 1983).  

1.5.1.3Adenosine fate/clearance

When adenosine is present in the intracellular milieu, adenosine kinase (ADK; 

ATP: adenosine 5’-phosphotransferase) and adenosine deaminase (ADA) are the 

enzymes responsible for the removal. When present in low levels, adenosine may be 

phosphorylated back into AMP by ADK (i.e., adenosine + ATP  AMP + ADP). When 

present in high levels, adenosine may be deaminated into inosine by ADA (Fox and 

Kelley, 1978). Under physiological conditions, it is estimated that ADK is the main 

responsible in the regulation of adenosine levels, because the Km of ADK is  1 mM 

(De Jong, 1977; Drabikowska et al., 1985) while the Km of ADA is 25–150 mM (Ford et 

al., 2000; Singh and Sharma, 2000). Furthermore, intracellular adenosine may also be 

integrated back in S-adenosyl homocysteine or released to the extracellular space by bi-

directional ENTs (Crawford et al., 1998; Yao et al., 2002). 

When present in the extracellular milieu, adenosine may be taken up by neurons 

and astrocytes through ENTs and concentrative nucleotide transporters (CNTs) (Latini 

and Pedata, 2001). CNTs displays both higher affinity and selectivity for nucleoside 

substrate then ENTs (Gray et al., 2004). 



INTRODUCTION 

27

1.5.2 Adenosine receptors

Extracellular adenosine exerts its effect through four adenosine receptor (AR) 

subtypes, namely the A1, A2A, A2B and A3 adenosine receptors - all of which are 

commonly expressed in the CNS (Chen et al., 2013). All ARs are metabotropic and 

members of the superfamily of G protein-coupled-receptors (GPCRs) and classified as 

P1 receptor according to molecular, biochemical and pharmacological data. However, 

they show different distribution in the brain, different signal transduction pathways, and 

different responses to agonists/antagonists. Furthermore, these receptors exhibit 

different affinities for adenosine, suggesting a divergence in their role: A1 (EC50, 70 nM 

- high-affinity), A2A (EC50, 150 nM), A2B (rat EC50, 5100 nM, human EC50, 15000 nM - 

low affinity), and A3 (in the rat, EC50, 6500 nM - low-abundance/low affinity, human 

EC50, 290 nM) adenosine receptors (Dunwiddie and Masino, 2001; Fredholm et al., 

2005, 2011). Therefore, the A1R and A2AR may be activated by adenosine under basal 

conditions, while for the activation of rat and human A2BRs, the concentration of 

adenosine should be way much higher, which is the case under pathological conditions 

(Figure 1.3). ARs are conventionally classified according to their differential coupling 

to adenylyl cyclase to regulate cAMP levels. So, ARs act firstly through the enzyme 

adenyl cyclase. This enzyme can be either stimulated or inhibited according to the 

receptor subtype triggered (van Calker et al., 1979; Londos et al., 1980). The most 

evident effect of adenosine in neuronal circuits of adult mammals is the selective 

depression of excitatory transmission (Dunwiddie et al, 1995), conveyed by the 

activation of A1Rs and A3Rs. A1Rs and A3Rs are coupled to Gi/o and Gi3/Gq proteins to 

inhibit adenyl cyclase and consequently, reduce cAMP levels, resulting in decreased 

PKA activity and cyclic AMP response element binding protein (CREB) 

phosphorylation (van Calker et al., 1978; Kull et al., 2000; Londos et al., 1980; Olah, 

1997). On the other hand, A2ARs and A2BRs are related to facilitatory events. The 

stimulation of adenyl cyclase, through the coupling to Gs/olf proteins respectively, leads 

to the consequent increase in cAMP levels, PKA activation and CREB phosphorylation 

(Abbracchio et al., 1995; Akbar et al., 1994; Fredholm et al., 2005; Jockers et al., 1994; 

Kull et al., 2000; Schulte and Fredholm, 2003). 
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Figure 1.3 – Adenosine has different affinity for its four receptor subtypes. Under the blockade of 

adenosine transport, the experimental endpoint was the stimulation or inhibition of cAMP formation 

by human adenosine receptors expressed in Chinese hamster ovary cells. The increasing adenosine 

levels correspond to those observed under basal and extreme physiological conditions (heavy work, 

mild hypoxia, etc.) as well as pathophysiological conditions (e.g. severe hypoxia/hypoglycemia or cell 

lysis) (reproduced from Fredholm, 2007). 

1.5.3 The function of adenosine in the CNS

1.5.3.1Dual role of adenosine in the CNS

Adenosine has a dual role in the nervous system working as a homeostatic 

regulator and also as a neuromodulator. Adenosine is an important upstream regulator, 

having a direct role in the fine tuning of the integration between excitatory and 

inhibitory neurotransmission (Boison, 2008). The duality of adenosine functions are 

tangled according to the coupling between neural activity and glucose metabolism 

(Sebastião and Ribeiro, 1996). Adenosine also regulates how neurons process 

information (Sebastião and Ribeiro, 1996; Wei et al., 2011). 

The homeostatic regulator role of adenosine occurs as transcellular messenger 

through paracrine signalling aiming for the coordination of the cells metabolic activity 

(Cunha, 2001a). Studies showed that this possible role of adenosine occurs through A1R 

activation since a similar effect was observed when using A1R agonists (Boison and 

Aronica, 2015; Meghji and Newby, 1990).  



INTRODUCTION 

29

In parallel, adenosine also behaves as neuromodulator by controlling 

neurotransmitters release and neuronal excitability, and consequently, synaptic plasticity, 

establishing the balance needed between inhibition and excitation that leads to 

homeostasis (Cunha, 2001a, 2008; Gonçalves et al., 2015). Adenosine controls neuronal 

excitability, through cAMP levels and the opening of voltage gate calcium channels and 

potassium channels, affecting the release of neurotransmitters, including glutamate, -

aminobutyric acid (GABA), acetylcholine, and dopamine, and consequently modulating 

synaptic plasticity, neuroinflammation and cell death (Sebastião and Ribeiro, 1996). 

Furthermore, ARs control the purported basic cellular mechanisms involved in memory 

formation, such as LTP and LTD in the hippocampus (Costenla et al., 2010). 

Additionally it enables a mechanism called adenosine-mediated metaplasticity (Dias et 

al., 2013).  

It is commonly accepted that it is the A1R subtype among ARs that inhibits 

synaptic transmission in the hippocampus (Gonçalves et al., 2015; Sebastião et al., 

1990; Zhang et al., 2015), whereas A2AR activation exhibits opposite effect, since it is 

expected to increase the excitability of neuronal networks, though further investigations 

are necessary to better understand the physiological roles of this receptor (Boison, 2008; 

Cunha, 2001a; Rombo et al., 2015). In the hippocampus, the activation of A3R 

modulates synaptic plasticity. Costenla et al., (2001) showed that A3R activation 

increases LTP and decreases LTD. Nevertheless A3R may also be involved in LTP 

impairment (Maggi et al., 2009). 

1.5.4 Adenosine receptors in cognitive function and diseases

Adenosine and its receptors are in the spotlight as therapeutic targets to enhance 

cognitive functions. It has become clear that the homeostatic regulator and 

neuromodulator action of adenosine results in the regulation of cognition under normal 

and also diseases conditions (Chen, 2014). 

The impact of adenosine receptors in cognitive functions was first suspected by 

the psychoactive effects of the caffeine – a non-selective antagonist of adenosine 

receptors (with affinities for A1R, A2AR and A2BR in the micromolar order) (Fredholm 

et al., 2001; Stephenson, 1977). Caffeine is the most widely consumed psychoactive 

drug in the world (Fredholm et al., 1999) and is related with the enhancement of 
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alertness and mood, the attenuation of fatigue (Fredholm et al., 1999; Rogers and 

Dernoncourt, 1998) as well as the improvement of cognition (Ribeiro and Sebastião, 

2010). Preclinical studies have shown the ability of caffeine to mitigate impairments in 

learning and memory, through the antagonism of adenosine receptors (Cunha and 

Agostinho, 2010; Takahashi et al., 2008). Notably, these are the impairments associated 

with a wide diversity of conditions such as AD (Arendash et al., 2006; Canas et al., 

2009; Li et al., 2015; Orr et al., 2015a), PD (Gevaerd et al., 2001), sporadic dementia 

(Espinosa et al., 2013a) and neuropsychiatric conditions such as schizophrenia (Rial et 

al., 2014), attention deficit and hyperactivity disorder (ADHD) (Pandolfo et al., 2013; 

Prediger et al., 2005c), sleep deprivation (Snel and Lorist, 2011), depression, anxiety, 

bipolar and panic disorders (Lara, 2010), as well as drug addiction (Lopes et al., 2011). 

Over the years, human and animal studies were dedicated to the herculean task to 

pinpoint the role of each AR and brain region to cognition and cognitive disorders. Most 

of these studies have been focusing on the A1R and A2AR. Curiously, regarding the A1R, 

pharmacological studies showed “effect inversion” upon the chronic vs. acute 

administration of A1R ligands (agonists or antagonists), i.e., they present diametrically 

opposite effects when administrated chronically and acutely (Jacobson et al., 1996). 

Pharmacological studies showed that hippocampal A1Rs influence the impairment of 

both working (Ohno and Watanabe, 1996) and spatial memories triggered by chronic 

exposure to opiates (Lu et al., 2010). Nevertheless, studies involving two different A1R-

KO mouse lines did not show alterations in Morris water maze (MWM) tasks 

performance (Giménez-Llort et al., 2005, 2005; Lang et al., 2003). In fact, the genetic 

deletion of the A1R mainly affects emotional behaviour among major behavioural 

paradigms (Giménez-Llort et al., 2002, 2005; Johansson et al., 2001; Lang et al., 2003).  

Regarding the A2AR, this receptor is known to contribute to the modulation of 

learning and memory (Cognato et al., 2010; Cunha and Agostinho, 2010; Li et al., 2015; 

Orr et al., 2015b; Pagnussat et al., 2015). In animal models of common human 

neuropsychiatric illnesses, A2AR blockade (e.g. by caffeine) has pro-cognitive and 

neuroprotective roles (Dall’Igna et al., 2007; Prediger et al., 2005a, 2005b, 2005c). 

Through pharmacological techniques, it was observed that A2AR blockade reversed 

memory impairment by reestablishing the functioning of glutamatergic synapses 

(Batalha et al., 2013; Canas et al., 2009; Duarte et al., 2009b; Rebola et al., 2003b). 

Furthermore, the ability of astrocytic A2ARs to physically complex with and inhibit the 
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2 isoform of Na+/K+-ATPases (Matos et al., 2012) provides a molecular basis for the 

metabolic and pro-cognitive effects of caffeine and other more selective A2AR 

antagonists. Indeed, as we discussed above, the activity of this pump is crucial for 

glucose and lactate transport across the astrocytic membrane (Gladden, 2004) to link 

neuronal activity with energy metabolism. 

Regarding the A2BRs, most of the studies have been carried out outside the brain; 

therefore, little is known about the role of these receptors in the CNS. In the brain, the 

A2BR has a widespread distribution but low expression levels (Dixon et al., 1996). 

A2BRs have been previously documented in the hippocampus (among other structures) 

of rodents (Dixon et al., 1996; Zhou et al., 2004) and humans (Perez-Buira et al., 2007). 

At the cellular level, this receptor is present mainly in astrocytes, but is also present in 

neurons (Allaman et al., 2003; Fredholm et al., 2005). A2BRs can also couple with Gq, 

which regulates Ca2+ signalling and vesicular release in astrocytes (Jiménez et al., 1999; 

Peakman and Hill, 1994; Pilitsis and Kimelberg, 1998). Furthermore, A2BR activation is 

associated with the release of leukemia inhibitory factor (Moidunny et al., 2012) and 

glial cell line-derived neurotrophic factor (Yamagata et al., 2007) from astrocytes. 

Additionally, the A2BR knockout (KO) mice may present increased body weight, 

decreased insulin sensitivity and worse glucose clearance when compared to WT 

littermates (Peleli et al., 2015) 

As for the A3R, this receptor is related with neuroprotection, involving both 

neurons and glial cells, when the A3R-selective agonist, IB-MECA is given chronically 

(Von Lubitz et al., 1999). Once again, an inversion of effect was seen by the acute 

administration of IB-MECA, which increased neuronal damage and mortality following 

ischemia (Von Lubitz et al., 1994). Moreover, studies propose that A3R related 

neuroprotection might also result from its modulation of the immune system of the brain 

(Borea et al., 2009; Daré et al., 2007; Haskó et al., 2005) 
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1.6 OBJECTIVES 

A major hallmark of neurological and psychiatric disorders is a region-specific 

dysmetabolism of glucose, which often precedes other symptoms by years, and thus 

bears diagnostic value. If we could understand what signalling systems are responsible 

for cerebral glucose homeostasis we might be able to identify novel pathomechanisms 

for brain diseases. Glucose is the principal source of energy for the brain cells, and 

impaired energy production may render them more susceptible to misfolded proteins, 

excitotoxicity or pathogens. Consequently, impaired glucose metabolism may not only 

be a passive consequence of disease onset but it may actively contribute to disease 

progression. If so, newly identified glucoregulator signals may offer therapeutic 

potential to mitigate the outcome or even halt disease progression. 

Insulin is a widely known stimulator of peripheral glucose uptake. Does insulin 

exert similar roles in the brain? The release of adenosine and endocannabinoids are 

associated with neural activity, which is fuelled by glucose. Do these neuromodulators 

act as feed-forward signals onto glucose uptake? In the following studies, we aimed to 

probe the role of these neuromodulators – insulin, cannabinoids and adenosine – in the 

physiology of cerebral glucose metabolism in vitro. Since these neuromodulators are 

affected in systemic and cerebral illnesses involving glucose dysmetabolism, we were 

interested in the neurophysiological and  behavioural consequences of metabolic 

modifications.  

Our specific aims are the following:  

-The characterization of in vitro and ex vivo glucose uptake and metabolism in 

neuronal and astrocytic cultures as well as in brain slices, with regard to absolute values, 

spatiotemporal kinetics, sensitivity to neuromodulators and metabolic disorders.  

-The exploration of the consequences of type-1 and type-3 diabetes as well as pre- 

diabetes of type-2 (that is, metabolic syndrome) on cerebral metabolism, synaptic 

plasticity as well as behaviour including short- and long-term memory, in rodent models. 

Additionally, we aimed at investigating as much as possible the involvement of the 

above neuromodulators in the observed impairments in any of the outcomes. We hope 

that by identifying one or more neuromodulator receptors, we can pave the way toward 

novel therapeutic strategies to mitigate the outcome of certain brain diseases. 
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2 MATERIAL AND METHODS 

2.1 ANIMALS AND TREATMENTS

2.1.1 Animals

All studies were conducted according to the principles and procedures outlined in 

the EU directive (2010/63/EU) for the care and use of laboratory animals and by the 

Reporting Guidelines Working Group (2010). Every procedure was performed in 

laboratory rodents and was approved by the local Animal Care Committee of the 

University (License Number 025781) and Portuguese Ministry of Agriculture. All 

animal studies were carried out according to the guidelines of "3Rs" (replacement, 

reduction, refinement) in the guidelines of EU (86/609/EEC) and FELASA. Particular 

care was taken to minimize both animal suffering and the animal number used in each 

study. 

All the animals were housed in a conventional animal facility under controlled 

temperature (23 ± 2 ºC), with a scheduled 12 h dark/light cycles and ad libitum access to 

water and food. To perform the in vitro and ex vivo studies, the animals were deeply 

anesthetized with 2-bromo-2-chloro-1,1,1-trifluoroethane (halothane) or 2-chloro-2-

(difluoromethoxy)-1,1,1-trifluoro-ethan (isoflurane), both at 0.015% v/v in air. The 

animals did not react to handling or tail pinch while still breathing, before decapitation.

Most studies were carried out or treatments were initiated in adult male Wistar 

rats (7-12 weeks old) and C57/BL6 mice (10-12 weeks old) from Charles Rivers 

(Barcelona, Spain), except where noted. Adenosine A2B receptor global null-mutant 

(knockout, KO) animals (A2BR KO; Belikoff et al., 2011) were kindly donated by Drs 

Akio Ohta and Michael Sitkovsky (New England Inflammation and Tissue Protection 

Institute, Northeastern University, Boston, MA, USA). The procedures involving A2BR 

KO animals were performed with 10 to 12 weeks old animals. CB1R KO male mice 

(Ledent et al., 1999) and their wild-type littermates on CD-1 background were raised at 

the laboratory of Dr. Catherine Ledent (IRIBHM, Université Libre de Bruxelles, 

Brussels B-1070), and genotyped from the tail before shipping. The mice arrived with 6 

weeks of age and were kept at the animal facility until use, at least for a week. 
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2.1.2 Intraperitoneal STZ administration – animal models of type 1

diabetes

The experimental model of T1D was induced with 2-deoxy-2-(3-(methyl-3-

nitrosoureido)-D-glucopyranose (streptozotocin or STZ) (Calbiochem, Merck 

Biosciences, Germany) – a broad-spectrum antibiotic with oncolytic, oncogenic, and 

diabetogenic properties (Rossini et al., 1977). STZ induces diabetes within 3 days. STZ 

is taken up by the glucose transporter GLUT 2, particularly abundant in pancreatic -

cells (Junod et al. 1969), causing the destruction of those cells (Akbarzadeh et al., 2007; 

Rees and Alcolado, 2005; Szkudelski, 2001). Rats were treated with STZ as follows: 

after four hours of food deprivation, an STZ dose of 60 mg/kg (prepared in 10 mM 

citrate buffer, pH 4.5) was administered by intraperitoneal (ip) injection. CD-1 mice 

were rendered diabetic following published protocol for CD-1 mice (Ventura-Sobrevilla 

et al., 2011). In short, nonfasted CD-1 mice were injected five times in five consecutive 

days with 40 mg/kg STZ dissolved in the above citrate buffer – each mouse receiving 

100 μL/10 g body weight of STZ solution. Control rats and mice were injected with the 

vehicle and maintained in the same conditions as the treated ones. The studies with this 

experimental model of T1D are presented in Section 3.2 of this thesis.  

Blood glucose levels were monitored through the glucose oxidase method from 

tail vein blood, using a glucometer and reactive test stripes (Elite-Bayer SA, Portugal). 

For rats, this test was performed both before and three days after the injection as well as 

on the last day. The glycemia of the mice was measured both before and 2 weeks after 

the first injection, and repeated five times more thereafter. The first post-injection blood 

glucose analysis revealed that almost all STZ-injected animals became diabetic, as they 

had at least 3 g/L blood glucose. All mice and all but one rats became hyperglycaemic.  

2.1.3 Intracerebroventricular STZ administration – a sporadic

Alzheimer’s disease (AD) model

The experimental model of AD employed here is described as a model of type-3 

diabetes. This model enables us to recapitulate many features of sporadic AD (de la 

Monte and Wands, 2008). The studies with this model are presented in Section 3.3 of 

this thesis. The animals were anaesthetised with an ip injection of a mixture composed 

of 90 mg/kg ketamine (Bayer Healthcare) and 10 mg/kg of xylazine (Rompun, Bayer 
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Healthcare) and supplemented throughout the surgical procedure as necessary. The 

animals were immobilized in a stereotaxic frame (Stoelting, US). A single bilateral 

intracerebroventricular (icv) injection was performed with the administration of a STZ 

solution, 3 mg/kg (in 0.05 mM citrate buffer, pH 4.5), 5 μL per ventricle (Espinosa et al., 

2013a; Ponce-Lopez et al., 2011; Tiwari et al., 2009) using a 0.5 mL Hamilton syringe 

at a rate of 0.5 μL/min. The coordinates for the stereotaxic administration were -0.8 mm 

anterio-posterior to Bregma, and + and - 1.5 mm lateral to sagital suture, as well as -4.5 

mm deep at the dorsoventral axis from the skull surface, according to Paxinos e Watson 

(2004). The same procedure was applied to the control rats to inject the same volume of 

vehicle icv. 

2.1.4 High sucrose diet – a prediabetic animal model

The animals were treated for 9 weeks with a diet rich in sucrose consisting in a 

drinking solution of sucrose 35% (S0389; Sigma–Aldrich) and water for the control 

animals. Food and beverage consumption as well as body weight were monitored for 

both groups. These studies with this animal model are presented in Section 3.4 of this 

thesis.  

2.2 IN VIVO STUDIES

2.2.1 Behaviour protocols

The different batteries of behavioural tests were designed according to the 

literature and our previous experience and publications. The tests were organized in a 

gradient of awareness to conduct the most stressful tasks last. The sequence of testing 

and intervals between tests were chosen specifically for the purpose of each study to 

minimize the interference between the tests (McIlwain et al., 2001; Paylor et al., 2006). 

All rat behavioural tests were performed during the night phase of the circadian 

cycle (between 8:30 PM to 3:00 AM), while the mouse behaviour assays were 

performed during the light phase of the cycle (between 8:30 AM to 2:00 PM), all under 

red/low light (DeFries et al., 1966).  



MATERIAL AND METHODS 

37

Between each trial, the apparatus were cleaned with a 10% ethanol solution 

(except the water maze) to avoid odour cues. At the end of the training trial, the animals 

were removed from the mazes and kept in an individual cage in an adjacent room during 

the intertrial intervals. 

All the experimental data was collected and analyzed with the help of the ANY-

maze® video tracking system (Stoelting, US). 

The behavioural experiments described next were the ones used to derive the 

results presented in Sections 3.3.1, 3.4.2 and 3.5.1. 

2.2.2 Open field test

The rat spontaneous locomotor activity was accessed in an open field arena of 

dimensions 100 × 100 × 90.cm. The exploratory behaviour of the animals was evaluated 

over a 5 min period, by counting the total distance travelled. This test also allowed 

screening for anxiety-like behaviour through the analysis of the time spent in the centre 

of the maze vs. the periphery (Matheus et al., 2015). The open field test protocol for rats 

was applied to obtain the results shown in Sections 3.3.1 and 3.4.2.  

2.2.3 Object displacement test

The object displacement test (ODT) was designed to assess long term spatial 

recognition memory (Broadbent et al., 2004; Lee et al., 2005; Murai et al., 2007). The 

test was adapted from a previous protocol (Griffin et al., 2009a) and consisted of 3 

phases: habituation, sample and test phases, all carried out sequentially with a 24 h 

interval after one another. In the habituation phase, the animals were placed in the 

centre of an open field apparatus (100 × 100 × 90 cm) and allowed to explore for 5 min. 

The sample phase consisted of 3 trials (with 5 min inter-trial interval) where the rats 

were placed in the same open field arena containing 2 objects and were allowed to 

explore the arena for 5 min in each trial. In the test phase, one of the same two objects 

was re-arranged in a different spatial combination and the rats were allowed again to 

explore the arena during 5 min. The spatial memory is determined by the localization 

index, corresponding to the ratio of the time spent exploring the displaced object (  novel) 

and the time spent with sniffing/exploring (i.e. being physically within 1 cm distance of 
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all objects, including the objects in the familiar location - familiar), was calculated using 

the following equation (  novel × 100) / (  novel +  familiar) (Assini et al., 2009). The 

exploration time was recorded using a stopwatch. Results obtained using this method 

are presented in Section 3.4.2 and displayed in Figure 3.26A. 

2.2.4 Novel object recognition test

The novel object recognition test (NORT) is based on the spontaneous tendency 

of rodents to spend more time exploring a novel object than a familiar one (Akkerman 

et al., 2012; Antunes and Biala, 2012a; Ennaceur et al., 2005). The NORT is composed 

of a sample and a test phase. The sample phase consists of placing the rats in the open 

field arena (100 × 100 × 90 cm) with 2 similar (familiar) objects (but different from the 

ones used in the object displacement) for 5 min. The test was performed after an inter 

trial interval of 90 min, with one object replaced by a new one and the rat was allowed 

to explore the objects for 5 min. The test phase was performed after 90 min, where one 

of the objects was replaced by an object with a different shape (novel), which the rats 

explored again for 5 min, as previously described (Espinosa et al., 2013). The results 

were analysed as follows and expressed as a recognition index (RI) = (  novel –  familiar) / 

(  novel +  familiar) where  familiar is the time spent with the familiar object and Tnovel is the 

time spent with the novel object (Antunes and Biala, 2012a). The exploration time was 

recorded using a stopwatch. This method was used to obtain the results presented in

Sections 3.3.1 and 3.4.2, and displayed in Figure 3.20B and Figure 3.26B.

2.2.5 Forced swimming test

Helpless behaviour – a measure of depression-like phenotype - was evaluated in a 

forced swimming test (FST), scoring the total duration of immobility during a 5 min test 

session in glass cylinders containing water, as previously described (Matheus et al., 

2015) and adapted from (Porsolt et al., 1977).  

Briefly, the animals were placed individually in 50 cm tall plastic swimming 

cylinders of 20 cm diameter, filled with prewarmed (24±1°C) tap water up to 30 cm of 

height for 15 min (pre-test). Twenty-four hours after the pre-test, the animals were 
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submitted to a session of 5-min forced swim (test session), which was recorded for the 

subsequent evaluation of the immobility time. Small movements required for floating 

was permitted during the immobility phase. Between two animals, the cylinder was 

cleaned properly and the water was changed. After each session (pre-test and test), the 

animals were removed and subjected to drying with clean and dry cloths in a separate 

box before returning to their home cages. During the test phase, the time the animal 

spent immobile (floating motionless) was manually scored by a trained observer. 

Decrease in immobility time is an indicator of a reduced helpless behaviour. This 

method was used to obtain the results presented in Section 3.4.2 and displayed in 

Figure 3.26D. 

2.2.6 Morris water maze test

The Morris water maze (MWM) consists of a circular swimming pool of the 

following dimensions: 1.7 m in diameter and 0.8 m in height, and containing 25 °C tap 

water of 60 cm depth. Inside the water, a target Plexiglas platform of the size of 10 × 10 

cm was hidden 1.5 cm beneath the water surface. There were also 4 marked starting 

points on the inner wall of the pool, and also, there were distant visual cues on the walls. 

The training session consisted of 4 consecutive trials in which the animals were placed 

in the maze starting from the four cardinal positions (North, South, East and West) and 

then were allowed to freely swim for 60 s or until finding the submerged platform. If 

they failed to find the platform within this period, they were gently guided to it. The 

animals were allowed to remain on the platform for 10 s after escape and were removed 

from the tank for 30 s before being placed at the next starting point to re-start their 

searching for the platform. This procedure was repeated for 4 consecutive days. The test 

session was carried out 24 h later and consisted of a single probe trial where the 

platform was removed from the maze and each rat was allowed to swim for 60 s. The 

time spent in the correct quadrant of the removed platform and the number of crossings 

of the original place of the platform counted in the analysis (Soares et al., 2013). All 

trials were video-recorded to accurately score the latency of escape from the starting 

point to the platform and swimming pathway, using an image analyser (ANY-maze®, 

Stoelting, US). 
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This method was used to obtain the results presented in Section 3.3.1 and 

displayed in Figure 3.21 and Figure 3.22. 

2.2.7 Elevated plus maze test

The elevated plus-maze test (EPM) is an ethological test that was developed to 

evaluate anxiety-like behaviour (Walf and Frye, 2007) and to screen for anxioselective 

effects of drugs (Dawson and Tricklebank, 1995; Lister, 1987). The time the animal 

spends in the unprotected open arms is an experimental index of anxiety like behaviour 

(Walf and Frye, 2007).  

An EPM apparatus suitable for mice was made of wood and covered with 

impermeable Formica. Elevated 60 cm above the floor, it was composed of four arms of 

18 cm in length and 6 cm in width. Two opposite arms do not have walls at the sides or 

at the end, and these are called open arms where the mice can feel the cliff. The other 

two arms are enclosed by walls of 6 cm height and thus are termed as closed arms. The 

four arms are radially connected to a 6 × 6 cm platform called the centre of the EPM. At 

the beginning of the experiment, the mice were placed in the centre facing a closed arm 

and were allowed to explore the apparatus for 5 min (Gonçalves et al., 2015). This 

method was used to obtain the results presented in Section 3.5.1 and displayed in 

Figure 3.31.  

The EPM test paradigm relies on the animal tendency for thigmotaxis and to 

avoid threatening situations (such as the open area and the height of the runway) vs. the 

animal tendency to explore novel environments (Walf and Frye, 2007).  

2.2.8 Y maze: spontaneous alternation protocol test

The Y-maze is a gross test to assess working memory (Lalonde, 2002; Myhrer, 

2003). This test relies on the innate preference of rodents to explore new environments, 

i.e., if there is memory formation, the animal will investigate a new arm instead of 

returning to the previously investigated one.  

The apparatus consists of three equal arms of 20 cm in length, 15 cm in height and 

6 cm in width). The mice were placed at the end of one arm and were allowed to freely 

explore the maze for 5 min. The number of alternations, i.e., consecutive entries in all 
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three arms, were quantified as previously described (Dall’Igna et al., 2007). This 

method was used to obtain the results presented in Section 3.5.1 and displayed in 

Figure 3.30.  

2.3 IN VITRO/EX VIVO STUDIES

2.3.1 Kinetics of the uptake and metabolism of radiolabelled glucose

analogues

2.3.1.1Recovery period

These methods correspond to the results presented under Section 3.1. Right after 

cutting 400 μm-thick transversal hippocampal and coronal frontocortical slices of the rat 

brain with the help of a McIllvain tissue chopper (the Mickle Laboratory Engineering 

Co. Ltd), the slices were collected in a 50 mL pregassed (5% CO2, 95% O2) and 

preheated (37ºC) bath. Each chamber contained six submerged baskets, which are 15 

mm tall and 10 mm wide, and have a 80 μm nylon mesh bottom. This setup allows 

freely moving or batch incubating slices from up to 6 animals at the same time. Usually 

the baskets were not fully occupied to avoid the putative accumulation of biomolecules 

in the bath during the usually 90 min assay. Hence, normally we used ~5 mg protein in 

a 50 mL bath), allowing slices from 3 rats or 4 mice to be incubated simultaneously.  

In the first steps of optimization, the recovery of glucose uptake and metabolism 

were tested every 15 min. Thus, starting from zero min (i.e. right after the slice 

preparation, then at min 15, 30… till 135 min after slice preparation), 3 randomly 

chosen hippocampal and 2 cortical slices (~0.5-0.7 mg protein) were transferred to 

another chamber containing 50 mL assay medium supplied with 2-3H(N)-deoxy-D-

glucose (3HDG; 1 nM; specific activity; 60 Ci/ mM; American Radiolabeled Chemicals 

[ARC], USA) and 14C6-glucose (50 nM; 360 mCi/mM; Perkin Elmer, USA). The idea 

behind this is that 3HDG is a glucose analogue generally thought to represent only the 

net uptake process, as once it enters the cell it stays phosphorylated. On the contrary, 
14C6-glucose is subject to metabolism, thus a difference between the final 3H and the 14C 
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contents in the same slice may give a hint about the metabolic activity that affects 

glucose in the slices. The slices were left to incubate for 15 min, and replaced with new 

slices for additional 15 min. The incubated slices were washed 4-times in large 

quantities of ice-cold Krebs solution, transferred to polypropylene 2 mL Eppendorf 

tubes (that have conic bottom allowing the removal of excess liquid with a pipette 

without hurting the slices), and dissolved in 1 mL NaOH (0.5 M). Non-specific labels 

were also measured as detailed in Section 2.3.1.3. 

2.3.1.2The steady state period

As soon as it was established that 60 min resting was sufficient for the slices to 

reach steady-state 14C-loss from 14C6-glucose (see Section 3.1.1), the uptake kinetics of 
14C6-glucose alone or in combination with 3HDG (1 nM) or 3H-3-O-methyl-D-glucose 

(3HMG; 1 nM; 60 Ci/mM; ARC, USA) in the metabolically recovered slices was tested. 

The idea of involving the non-metabolizable analogue 3HMG in the study was that it is 

hardly or not at all phosphorylated once intracellular (Randle and Morgan, 1964; 

Rodríguez-Enríquez et al., 2009), contrasting with 3HDG which is phosphorylated. 

Accordingly, after 60 min of recovery, the medium was supplied with radiolabelled 

glucose analogues for maximum 60 min. We did not surpass 60 min because it was 

previously published that in the brain, DG uptake remains fairly linear within 45-60 min 

(Schmidt et al., 1989). We also did not believe that hours-long uptake periods would be 

relevant for the study of dynamic glucoregulation in the brain. Three cortical and 5 

hippocampal slices were then removed after 15, 30, 45 and finally, 60 min of incubation, 

and washed and dissolved as detailed above. Non-specific labels were also measured as 

detailed in Section 2.3.1.3. 

2.3.1.3The bulk assay in brain slices

As detailed under Section 2.3.1.1, we observed that the best experimental layout 

is to incubate the slices with 3HDG (with or without 14C6-glucose) for the period of 30 

min. This became a major neurochemical approach that was used to study in vitro

glucose uptake and metabolism in slices and with some modifications, in cell cultures. 
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At the end of the total 90 min period of incubation that was the sum of the 60 min 

recovery and the 30 min uptake assay, the slices were washed and dissolved in NaOH as 

stated above. Each time, a few slices were kept in ice-cold assay solution but otherwise 

treated in the same manner as the slices in the main experiment. Slices on ice do not 

transport glucose across their membranes, and thus they only accumulate residual 

radioactivity, representing external (non-specific) labelling. The nonspecific value for 

the different radioligands varied among ~8-15 nmol/mg protein, independently of the 

species used. 

2.3.1.4 Calculations for glucose uptake andmetabolism

After administering the radioactive glucose analogues and allowing their 

dispersion, 181.8 μL of bath of each chamber was sampled and assayed for 14C and 3H 

counts. 181.8 μL volume of Krebs solution contains 1 μmol amount of glucose 

molecules if the total D-glucose concentration is 5.5 mM. Hence, the 3H counts (X) and 

the 14C counts (Y) of a 181.8 μL volume both can be associated with 1 micromol D-

glucose quantity. Upon completion of the assays, the slices were washed gently but 

extensively and sequentially in 4 bathes of ice-cold Krebs solution. Then the slices were 

transferred to 2 mL Eppendorf tubes and dissolved in 1 mL NaOH (0.5 M). 800 μL of 

these samples were counted for the 3H ( ) and 14C ( ) by a dual-label protocol with the 

help of a 2900TR Tricarb -counter (PerkinElmer). The /X and the /Y ratios revealed 

the 3H and the 14C contents of the slices, which we then normalized to protein (see end 

of this section). After subtracting the nonspecific "uptake" or more likely, external 

binding of 3H and 14C labels measured on ice (normally varying between 8 and 15 

nmol/mg protein) we obtained the net glucose uptake value, based on the 3HDG uptake.  
14C can readily leave the slice once metabolized from the parent molecule 14C6-D-

glucose. The loss of glucose-derived carbon atoms can be simply calculate based on the 

difference between total glucose uptake measured with 3HDG and with 14C-glucose, 

which is to be multiplied by 6 - the number of carbon atoms to be oxidized: dissipative 

glucose metabolism  6 × ( /X - /Y) where the values in the parenthesis are already the 

specific uptake values. This approximation is a robust estimation of glucose-derived 

carbon atom dissipation. This method slightly underestimates the actual metabolic 
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activity, meaning that once metabolized, not all glucose-derived carbon atoms would 

leave the slice.  

Protein amounts were determined from the remaining 200 μL by the bicinchoninic 

acid assay (BCA, Smith-assay) method (Smith et al., 1985). It is not necessary to 

prepare fresh bovine serum albumin (BSA) standards each time, as they can be prepared 

as 0.25, 0.5… up to 6 mg/ mL concentration in milliQ water, and kept at 4ºC during 

weeks without losing activity. However, the day-to-day samples were prepared in 0.5 M 

NaOH, which substantially alters the colour of the BCA product. One alternative could 

be the preparation of the BSA standards also in 0.5 M NaOH, but the biological samples 

slowly lose their protein content in NaOH. This NaOH-mediated degradation of protein 

content is notable already after an overnight incubation. Instead, it was only used 25 μL 

of BSA standards made in H2O MQ, in duplicate, which were freshly mixed with 25 μL 

of NaOH (1 M) in the wells. These standards were paralleled with 50 μL of fresh brain 

slice samples in 0.5 M NaOH, after a short, 20 min heating at 70 ºC. 

2.3.1.5 Fluorescent glucose uptake in hippocampal slices

Experiments were essentially the same as for radioactive glucose uptake, but with 

300 μm-thick hippocampal slices so that they remain translucid enough for fluorescent 

microscopy. Experiments were performed essentially in two different modes: 1) batch 

endpoint incubation and later assessment under the microscope; and 2) realtime 

monitoring of fluorescent glucose uptake.  

For the batch endpoint assay, slices were divided in thee chambers, and left to 

recover at 37ºC under gentle gassing with CO2 (5%) and O2 (95%). At min 50 of the 

recovery period, AM251 (500 nM) was added to one chamber, and at min 55 of the 

recovery period, WIN55212-2 (500 nM) or their vehicle DMSO were bath applied for 

the rest of the chambers, and 5 min later, 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-

yl)amino)-6-deoxyglucose (6-NBDG) was added to the bath with the final concentration 

optimized to 30 μM/L, and then the system was protected from light. Half an hour later, 

the slices were removed and gently washed in ice-cold Krebs solution. Three slices from 

each treatment/animal were photographed using a 5× Fluar-objective (NA 0,25, 

Axiovert 200M microscope, Carl Zeiss, Germany) and band-pass filters for excitation 

(BP470/40) and emission (BP525/50), with identical parameters for each set of the 
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slices from one animal. The time of exposure of the digital camera (Axiocam HRm, 

Carl Zeiss, Germany) was set to avoid pixel saturation. The intensity scale embraced the 

scale of 20-214 arbitrary intensity units. Average pixel intensities inside the contour of 

the slice or occasionally, in quadrants of hippocampus subregions were measured with 

ImageJ (NIH, USA), and averaged as 3 slices/treatment/animal. Representative control 

and treatment images were transferred to Jasc Paintshop Pro and their intensity was 

diminished until one of the slices lost its signal, revealing the subregions affected by the 

treatment described in Section 3.1.2.2.  

For the real-time fluorescent measurement of deoxyglucose uptake study, the 

brains were mounted on an iron block in ice-cold Krebs solution, and 300 m-thick 

coronal slices at the level of the dorsal hippocampi were cut with a Vibratome (Leica, 

Germany). After recovering for one hour at room temperature (under continuous 

gassing 95% O2 and 5% CO2) the slices containing the hippocampus were mounted in 

the center of 16 mm coverslips attached to an RC-20 superfusion chamber (specific for 

fluorescence microscopy) supported by PH3 platform (Warner Instruments, Harvard, 

UK) placed in an inverted Axiovert 200M fluorescence microscope (Carl Zeiss, 

Germany) coupled to a Lambda DG-4 integrated 175 Watt light source and wavelength 

switching excitation system and a 5× Plan Neofluar objective (Sutter Instrument 

Company, Novato, CA, USA). The data were band-pass filtered for excitation (470/40) 

and emission (525/50) and a photography of the slice was taken every 30 s over 30 min. 

A closed superfusion circuit (rate of 0.5 mL/min) was established comprising a 

reservoir (containing Krebs solution under continuous gassing) where the drugs were 

bath applied throughout the study.  

With this setup we firstly tested the two fluorescent probes 6-NBDG and 2-NBDG 

(30 μM) for their suitability (See results Section 3.5.1, Figure 3.32) and decided to 

perform this work with 2-NBDG. All the results that lead to the optimization of this 

protocol are presented under Section 3.5.1. At a glance, the experiment started with the 

record of the baseline during 3 min, consisting in the record of 6 images to measure the 

auto-fluorescence of the slice. Then, continuously, the fluorescent glucose analogue 

(2/6-NBDG; 30 μM) tracer was batch applied to the reservoir of the closed superfusion 

circuit and the signal recorded for 30 min to determine the linearity of the curve. As 

within 10 min, the increase of 2/6-NBDG signal reached linearity, a 10-min period was 
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selected to calculate the prediction curve and determined that the drug would only be 

applied following the first 10 min of 2/6-NBDG application. This technique allows the 

real-time monitorization of the glucose probe uptake, crucial to analyse the causal 

mechanisms for glucose uptake and the associated cellular functions in mammalian cells 

(Yamada et al., 2007). 

Once this method was optimized, we moved to the pharmacological study of the 

A2B receptor. After recording 6 images for auto-fluorescence (to establish the baseline), 

2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; 30 μM) 

was applied through the reservoir of the closed superfusion circuit. Since within 10 min, 

the increase of 2-NBDG signal reached linearity (see results Section 3.5.1., Figure 

3.32), we recorded a 10-min predrug period 10 min after the application of 2-NBDG. At 

min 20, the slices were challenged with BAY606583 (300 nM) or its vehicle, DMSO 

(0.1% v/v), and another 10-min period was recorded at every 30 sec. To antagonize 

A2BR, MRS1754 (200 nM) was applied 3-min before 2-NBDG. All measurements were 

obtained in duplicate from each animal. 

2.3.1.6 14C6 glucose incorporation into glycogen

Experiments were essentially similar to the radioactive glucose uptake assays. Rat 

or mouse brain slices were treated with adenosine A2BR or cannabinoid CB1R 

antagonists during the recovery period according to the study. Upon completion of the 

60 min period, 14C6-glucose (1 μM) and 3HDG (or in some cases, 3HMG) (2 nM) were 

added to the maximum three chambers used for 1 animal (to increase protein content per 

chamber and thus sensitivity) for 30 min, with continuous carboxygenation at 37ºC. 

From each chamber, 181.8 μL medium was assayed for 14C and 3H counts to determine 

the radioactivity representing 1 μmole glucose molecules (radioactive and cold). The 

popular sodium-sulfate procedure for glycogen extraction was performed with slight 

modifications (Lemos et al, 2012) to the original protocol (Glock, 1936; van Handel, 

1965: After the uptake process, the slices were dissolved in 2 mL of NaOH (0.5 M) at 

70ºC during 30 min. Then, 100 L of the dissolved slices was removed to determine 

protein quantity and 14C and 3H content. The rest of the material received 1 mL 6 % 

(w/v) Na2SO4 at room temperature and then, salts together with glycogen were 
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precipitated with 7 mL absolute ethanol, and left overnight at 4ºC. Then, the precipitate 

was centrifuged down at 5600 rpm for 15 min, washed with ethanol again and 

centrifuged, and the final pellet was dissolved in 1.5 mL distilled water. Both 

supernatants and the pellet were counted for 3H and 14C. The presence of 3HDG or 
3HMG served as an internal control for the purity of the pellet (see Figure 3.7A). Data 

were expressed as both relative and absolute values. Those results are presented in 

Sections 3.1.2.2 and 3.5.5. 

2.3.1.7 Cell culture preparation

Neuronal and astrocyte primary cultures were prepared from the neocortex and 

hippocampi of E18 male and female C57Bl/6 mouse embryos as described before 

(Matos et al., 2012; Resende et al., 2007). The procedure started with the digestion of 

the neocortex with 0.125% trypsin (type II-S, from porcine pancreas, Sigma-Aldrich 

Portugal) for 15 min and 50 μg/mL DNAse (Sigma-Aldrich) in Hank’s balanced salt 

solution without calcium and magnesium (in mM: NaCl 137, KCl 5.36, KH2PO4 0.44, 

NaHCO3 4.16, Na2HPO4 0.34, D-glucose 5, pH 7.2).  

After dissociation, astrocytes were grown in plastic Petri dishes (p100) for 14 

days in Dulbecco's modi ed Eagle's medium (DMEM) supplemented with 10% fetal 

bovine serum, 50 U/mL penicillin (Sigma-Aldrich) and 50 μg/mL streptomycin (Sigma-

Aldrich), at 37ºC in an atmosphere of 95%/5% air/CO2. Half of the medium was 

replaced after 7 days in culture. The cells were then trypsinized and plated at a cell 

density of 150,000/cm2 onto 24-well culture plates, which were previously coated with 

poly-D-lysine (100 μg/mL, Sigma-Aldrich) and laminin (10 μg/mL, Sigma-Aldrich).  

Neuronal cultures were plated at a cell density of 150,000/cm2 onto 24-well 

culture plates coated with Poly-D-lysine and laminin, in DMEM supplemented with 

10% fetal bovine serum, 50 U/mL penicillin and 50 μg/mL streptomycin. Past 2 h, this 

medium was replaced with Neurobasal medium supplemented with 2% B27 (GIBCO, 

Life Technologies), 50 U/mL penicillin, 50 μg/mL streptomycin and 2 mM glutamine 

(Sigma-Aldrich) and incubated at 37ºC in a 95%/5 % air/CO2 atmosphere. This medium 

was replaced (at 40%) every 4 days through the 14 days of the culture growth (37ºC in 

an atmosphere of 95%/5% air/CO2). See results, Section 3.5.3.
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2.3.1.8 3H deoxyglucose uptake in neocortical neuron and astrocyte cultures

The cultures were used after 15 days in vitro. To perform the experiment, the 

culture medium was washed twice with Krebs-HEPES, and replaced with 250 μL 

Krebs-HEPES assay solution (pH 7.4 at 37ºC) containing either the A2BR antagonist, 

MRS1754 (200 nM) or its vehicle DMSO (0.1%).  

The cultures were then incubated for 60 min at 37ºC, and then either the A2BR 

agonist, BAY656083 (300 nM final concentration) or its vehicle, DMSO together with 
3HDG (16.6 nM final concentration) were pipetted gently in the wells in a volume of 

250 μL. In 4 wells/plate, the glucose transporter inhibitor, cytochalasin B (CyB; final 

concentration 10 μM) was also tested – see below. 

This incubation was performed for 20 min at 37ºC and then placed into ice to stop 

the reaction. The exact 3HDG concentration was determined with aliquots of 181.8 μL 

in each well. The cells were then washed carefully 3 times with 0.5 mL ice-cold Krebs-

HEPES and dissolved in 300 μL NaOH (0.5 M).  

This protocol was validated by measuring the glucose uptake in the presence of 

cytochalasin B (CyB; 10 μM), which inhibits some glucose transporters, including 

GLUT1, in astrocytes (Barros et al., 2009; Klip and Pâquet, 1990. CyB largely inhibited 

the uptake of glucose in astrocytes (n = 5, P < 0.001 vs. DMSO control; Figure 3.34)

and as expected, CyB had a much smaller but still significant effect on neuronal glucose 

transport (n = 4, P < 0.05; Figure 31), which indicates a gain-of-function for GLUT1 in 

neuronal culture (Simpson et al., 2007). See results, Section 3.5.3. 

2.3.2 Measurement of Na+/K+ ATPase activity in rat hippocampal membranes

This assay was optimized following previous studies (Araya et al., 2007; Sarkar, 

2002). Pairs of hippocampi of four rats were dissected and homogenized in ice-cold 

sucrose (0.32 M)-HEPES (10 mM) solution containing protease inhibitor (2 μL/mL, 

Sigma-Aldrich), then centrifuged for 15 min at 1000 g at 4 ºC. The supernatant was then 

centrifuged for 15 min at 14000 g. The pellet of the first centrifugation was also 

resuspended in sucrose solution containing protease-inhibitors, and then pelleted again 

at 1000 g. The two supernatants were resuspended and pelleted at 14000 g during 15 

min. Next, the obtained microsomes were submitted to osmolysis with 1.8 mL in a 
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solution containing 27 mM Tris/HCl, 3 mM MgCl2, and 100 nM CaCl2 and protease 

inhibitors, and then were kept on ice until pelleting them again for the ATP assay.  

Subsequently, membranes were recovered in the assay solution of the following 

composition: NaCl 120 mM, KCl 20 mM, MgCl2 1 mM, Tris/HCl 20 mM and protease 

inhibitors. An approximately 100 μg of protein in 50 μL was added to 200 μL solutions 

containing the substances to be tested, i.e. the CB1R inverse agonists, AM251 (500 nM) 

and rimonabant (500 nM), the CB1R silent antagonist, O-2050 (500 nM), as well as the 

pump inhibitor, ouabain (1 mM) alone or in combination or their solvent, DMSO. Next, 

50 uL of 12 mM MgATP solution was given to each prewarmed tube, so that the final 

concentration of ATP became 2 mM, and the tubes were continued to be incubated at 

37ºC for more 15 min. At the end of this period, 60 μL of 5 M trichloroacetic acid was 

pipetted in each tube to stop reactions and precipitate biological material, which was 

pelleted at 14000 g for 5 min at 4ºC immediately. Next, 96-well plates were filled with 

100 uL of decanted (protein free) samples in duplicate (from each of the individual 300 

uL aliquots), and an additional 100 μL of a modified Fiske-Subbarow reagent (Fiske 

and Subbarow, 1925) of the following composition was added to them to determine free 

phosphate concentrations: 0.8 g Fe2SO4, 2 mL H2SO4 (1 M), 5 mL ammonium-

molibdate adjusted to 10 mL with MQ H2O. The standard curve consisted of 8 points: 

distilled water, and 0.25, 0.5, 0.6, 0.7, 0.8, 0.9, 1 mM KH2PO4. Plates were read 30 min 

later at 825 nm. The results obtained with this method are presented in Section 3.1.2.3.  

2.3.3 In vitro measurement of glycogen accumulation and lactate

release in brain slices

The experimental layout was essentially the same as for the 3HDG uptake study 

with slight modifications. Since MRS1754 (100 nM) strongly reduced 3HDG uptake in 

the bathed slices at 37ºC, we selected this A2BR antagonist to modulate glycogen 

synthesis and lactate release. The frontal cortex of eight mice and the striata of six mice 

were selected for this assay, as these target areas provide more tissue and hence, better 

signal-to-noise ratio. MRS1754 or its vehicle (DMSO) were co-administered in the bath 

with D-glucose labelled at all six carbon atoms (14C6-D-glucose) at the concentration of 

50 nM since the beginning of the 90 min incubation period. This protocol allowed us 

monitoring the recovery of glycogen stores, which become depleted when sacrificing 
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the animals (Hutchins and Rogers, 1970). Glycogen was separated from the tissue as 

described before in Section 2.3.1.6 (Lemos et al. 2012). Upon completion of the 90 min 

incubation period, a sample was taken from the bath to determine lactate release. The 
14C concentration in the bath, the total 14C retention in the slices and the 14C quantity 

incorporated in glycogen were counted with the -counter, while lactate release values 

were measured with a lactate dehydrogenase kit (Sigma-Aldrich) and nanomole values 

were expressed in mg protein contents. See Section 3.5.3 and Figure 3.36. 

2.3.4 Extracellular electrophysiological recordings in hippocampal

slices

Electrophysiological recordings were carried out as previously described for 

Schaffer fibers (Gonçalves et al., 2015) and for the temporoammonic pathway (Dvorak-

Carbone and Schuman, 1999). Rats were decapitated after halothane anesthesia, and the 

pair of hippocampi were dissected in an ice-cold artificial cerebrospinal fluid (ACSF 

solution(in mM: 124 NaCl; 3.0 KCl; 1.24 NaH2PO4; 10 glucose; 26 NaHCO3; 1.0 

MgSO4; 2.0 CaCl2) gassed with 95% O2 and 5% CO2. Four hundred m-thick 

transversal slices were prepared with a McIllwain tissue chopper and allowed to recover 

for 30 min at 35 ºC and for 30 min at room temperature in a resting chamber (Harvard 

Apparatus) with gassed ACSF. For the temporoammonic recordings, cortico-

hippocampal slices were prepared using a vibratome and allowed to recover for 1 h at 

room temperature. Both type of slices come from the same animal hemisphere so it is 

expected that the adenosinergic tonus is be the same independently of the method used 

to do the slicing. Individual slices were transferred to a submersion recording chamber 

of 1 mL capacity, and continuously superfused at a rate of 3 mL/min with gassed ACSF 

kept at 30.5 ºC. A bipolar concentric electrode was placed either on the Schaffer 

collateral/commissural pathway or in the subiculum to stimulate the temporoammonic 

pathway and rectangular pulses of 0.1 msec were applied every 20 sec. The 

orthodromically-evoked field excitatory postsynaptic potentials (fEPSP) were recorded 

through an extracellular microelectrode pipette filled with 4 M NaCl (2-4 M  

resistance) and placed in the stratum radiatum of the CA1 area for both pathways. We 

first built an input/output curve to select the intensity of the stimulus to evoke a fEPSP 
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of about 40% of maximal amplitude. Recordings were obtained with a ISO-80 amplifier 

(World Precision Instruments, Hertfordshire, UK) and digitized using a ADC-42 board 

(Pico Technologies, Pelham, NY, USA). Averages of 3 consecutive responses were 

continuously monitored on a personal computer with the LTP 1.01 software (Anderson 

and Collingridge, 2001). Long-term potentiation (LTP) was elicited by a high-frequency 

stimulation protocol (100 Hz, 1 sec duration). The protocol used to induce long-term 

depression (LTD) was the paired pulse-low frequency stimulation (PP-LFS) (900 paired 

stimuli, with 200 msec paired pulse interval, 1 Hz inter-pair interval) during 15 min. 

Changes in synaptic strength were expressed relative to the normalized pre-LTP and 

PP-LFS and the baseline. Results obtained with this technique are found under Sections 

3.3.2 (for Schaffer fibers) and 3.4.4 (Schaffer fibers and temporoammonic pathway). 

2.3.5 Proton HRMAS analysis

The metabolic profiling of the isolated individual hippocampi was determined by 

proton (1H) high-resolution magic angle spinning (HRMAS) spectroscopy, as 

previously described (Alves et al., 2015). The spectrometer used was a 800 MHz Bruker 

NMR (Bruker, UK) equipped with a 4 mm HRMAS Triple H/C/N probe-head, specific 

for high resolution liquid or semi-solid samples. A 1D Carr–Purcell–Meiboom–Gill 

(CPMG) NMR sequence was used as previously described (Duarte et al., 2009). The 

standard acquisition parameters included a 5.45 sec acquisition time, 12 kHz sweep 

width and a recycle delay of 2 sec. An average of 256 scans were performed to acquire a 

suitable signal too noise ratio for metabolite quantification. Each FID obtained was 

multiplied by a 0.5 Hz Lorentzian before the Fourier transformation, to improve the 

signal to noise ratio. The spectral integration was performed using NUTSproTM software, 

allowing metabolite quantification. The results obtained by employing this method are 

presented in Sections 3.3.3 (Figure 3.24) and 3.4.5 (Figure 3.27). 

2.3.6 Preparation of total membranes

Conventional SDS-page blotting was performed as described before (Duarte et al., 

2007b). Briefly, hippocampal slices of male Wistar rats and frontocortical tissue of 4 

month-old male CD-1 mice of sham and STZ-treated groups were collected right during 

the dissection or after incubation without radioactive tracers. Although during animal 
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sacrifice some changes in phosphorylation state can occur, we believe that due to the 

rapidity of the dissection process (20 seconds after decapitation, the brain is put into ice-

cold Krebs’ solution) it was not significant, thus all changes (upon recovery and 

treatments) were expressed as % of the phosphorylation of the respective protein in the 

slices prepared right after decapitation.  

The tissues were collected and homogenized in 500 μL of SDS-page buffer 

containing glycerol (30% v/v), dithiothreitol (0.6 M), Na3VO4 (1 mM), SDS (5% w/v) 

and 375 mM Tris-HCl pH 6.8, boiled at 70 ºC for 5 min and incubated for 2 h at 37ºC. 

After determining protein quantities the volumes were adjusted to obtain a protein 

concentration of 1 mg/mL.  

2.3.7 Preparation of synaptosomes

The hippocampal synaptosomes were prepared as previously described (Rebola et 

al., 2003a). The tissue was homogenized in 0.32 M sucrose (pH 7.4) containing 10 mM 

HEPES and 1 M Tris, with 12 up-down strokes in a Teflon-glass tissue grinder using a 

motor-driven pestle (700-900 rpm). The mixture was centrifuged (10 min, 3,000 g, 4º 

C) and the consequent supernatant centrifuged once again (14 min, 14,000 g, at 4º C). 

The resulting pellet was then re-suspended into a 45% Percoll solution (v/v of an 

isotonic physiological solution (in mM: 118 KCl; 1.2 KH2PO4, 2.5 HEPES, 5 glucose; 

1.2 MgSO4; 25, 114 NaCl; pH 7.4) and then centrifuged (2 min, 14,000 g, 4ºC). The top 

layer, corresponding to the synaptosomal fraction, was carefully re-suspended in 

isotonic physiological solution and washed by centrifugation (1 min, 7,500 g, 4ºC). The 

protein quantification was done using the bicinchoninic acid (BCA) protein assay 

reagent kit (Thermo Scientific, Pierce Biotechnology, USA) and read at 570 nm in a 

spectrophotometer (SPECTRAmax plus 384, with SoftmaxPro software).  

2.3.8 Western blot for CB1R, Akt and GSK3

These blots were carried out in total membranes. Thirty μg of proteins (for blots 

with CB1R) or 50 μg of proteins (for Akt and GSK3 blots) were loaded together with 

the prestained molecular weight markers (Amersham), and subsequently separated by 

SDS-PAGE (10% with a 4% concentrating gel) under reducing conditions and electro-
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transferred to polyvinylidene difluoride membranes (0.45 μm; Amersham). After 

blocking for 2 hours at room temperature with fatty acid free bovine serum albumin 

(BSA, 5% w/v; Sigma) in Tris-buffered saline, pH 7.6 containing 0.1% Tween 20 

(TBS-T), the membranes were incubated overnight at 4ºC either with rabbit anti-CB1R 

C-terminal antibody (Frontiers Institute co, Hokkaido, Japan; 1:1000), or anti-Phospho-

Ser473-Akt, rabbit anti-Phospho-Ser21-GSK3 , and rabbit anti-Phospho-Ser21-GSK3  

(all at 1:1000; Cell Signal, US). For the reprobing of loaded protein quantities, mouse 

anti- -actin (Sigma-Aldrich, Sintra, Portugal; 1:10,000), or the respective rabbit anti-

Akt, rabbit anti-GSK3  and rabbit anti-GSK3  antibodies (all at 1:1000; Cell Signal) 

were employed. After four washing periods for 10 min with TBS-T containing 0.5% 

BSA, the membranes were incubated with the alkaline phosphatase-conjugated anti-

rabbit secondary antibody (at 1:10000; Calbiochem) in TBS-T containing 1% BSA 

during 90 min at room temperature. After five 10 min-washes in TBS-T with 1% BSA 

the membranes were incubated with Enhanced Chemi-Fluorescence during 5 min and 

then analysed with a VersaDoc 3000 (Biorad). Phospoprotein densities were normalized 

to the respective total protein densities for further comparison. For the results, see 

Section 3.1.2.1 and Figure 3.2. 

2.3.9 Western blot for A1R

Western blotting of the synaptosomal membranes was performed as previously 

described (Rebola et al., 2003a). Each sample was normalized to 1 g/ L by adding 

SDS-PAGE sample buffer containing 30% (v/v) glycerol, 0.6 M dithiothreitol, 10% 

(w/v) sodium dodecylsulphate and 375 mM Tris-HCl, pH 6.8, and boiled (95 ºC, 5 min). 

These diluted samples and the pre-stained molecular weight markers (dual-colour 

standards from BioRad, Portugal) were loaded into the gel and separated by SDS-PAGE 

electrophoresis (in 10 % polyacrylamide resolving gels with 4 % polyacrylamide 

stacking gels, under reducing conditions using a bicine buffered solution (20 mM Tris, 

192 mM bicine and 0.1 % SDS, pH 8.3), and then electro-transferred nitrocellulose 

membranes (from Panreac Química, Barcelona, Spain). The membranes were stained 

using Poinceau S solution and cut separating the membrane according to the target 

molecular weight. The membranes with the primary antibodies, were incubated 

(overnight, 4º C), against A1R (1: 250; from Sigma, code: s0664) which was diluted in 
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Tris-buffered saline (in mM: 20 Tris–HCl; 140 mM NaCl, pH 7.6) with 0.1% Tween 

(TBS-T) and 5% non-fat milk. A mouse or rabbit antibody directed against -actin 

(1:2500, from Sigma) was used as loading control. The membranes were incubated (2 h, 

RT) with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies 

(1:5000; Pierce). They were revealed by SuperSignal West Pico Chemiluminescent 

Substrate (Pierce). The immunoreactivity was detected using an imaging system 

(VersaDoc3000, Bio-Rad) equipped with the Quantity One software version 4.4.1 (Bio-

Rad). The quantification of the protein bands was performed using Image Lab software 

(version 4.4, Bio-Rad). See results, Section 3.4.5 and Figure 3.29.

2.4 DATA PRESENTATION AND STATISTICS

In this Thesis, all data are presented as mean ±, or +/- S.E.M. Some control vs. 

treatment data type (e.g. glucose uptake and metabolism values) were shown as mean 

+/- S.E.M. of either standalone absolute values (Figures 3.12A,B; 3.13A,B; 3.16A-C; 

3.19A-C; 3.35), or of differences from respective control (Figure 10B,D), taking into 

account which representation highlighted better the scientific message.   

In many cases, the mean ±, or +/- S.E.M. data were presented normalized (most 

glucose uptake data, ATP metabolism, some Western blot results, lactate release, 

glycogen experiments), such as in Figures 3.1E,F; 3.3; 3.4; 3.5; 3.6C; 3.8A; 3.9; 

3.10A,C; 3.14; 3.16D; 3.17B; 3.18B; 3.33D; 3.34A-C; 3.36. Normalization was the 

most suitable manner of data presentation, since a treatment only can be compared to its 

own vehicle control from the same experiment. The general rule is that if more than one 

treatment is to be compared to the same control, Repeated Measures ANOVA should be 

used, unless there are missing data points. Naturally, in the countless experimental days 

throughout the course of the multiyear experiments, numerous different treatments were 

in random combinations; therefore, it was not possible to test all the different treatments 

in each and every experiment. Consequently, there is always missing data points, which 

does not allow us using Repeated Measures ANOVA. Instead, treatments were 

normalized to the everyday vehicle. Normalized data sets were tested for normal 

distribution with the Kolmogorov–Smirnov normality tests. Statistical significance was 

calculated by one-sample t-test against the typical hypothetical values of 100 or 0, 

where applicable.  
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For the rest of the data sets, either the text body or the legend to figures indicated 

the statistical method used, most typically an appropriate t-test or a proper combination 

of ANOVA with a post-hoc test. All tests for the data presented in this Thesis were 

performed using the GraphPad Prism 5.0 software package.  
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Results and Discussion
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3 RESULTS AND DISCUSSION 

3.1 OPTIMIZATION AND CHARACTERIZATION OF IN VITRO GLUCOSE UPTAKE 

3.1.1 Optimization of the uptake procedures in acute brain slices

For the optimization of the 3H-2-D-deoxyglucose (3HDG) and 14C6-U-D-glucose 

(14C6-glucose) technique, firstly the slice thickness was established, experimentaly it 

was observed that 400 μm slice thickness is ideal for both tissue sturdiness and optimal 

penetration of radiotracers, chemicals and O2. This optimal thickness was obtained via 

incubating acute hippocampal slices of three rats at different thicknesses ranging from 

300 μm to 1 mm for 60 min in the presence of 1 nM 3HDG. The lowest standard 

deviation was obtained for the uptake value in case of the 400 and 450 μm-thick slices 

(data not shown), and we selected the lower thickness for the following assays. Next, 

optimizing step was the 3HDG and 14C6-glucose uptake in both hippocampal and 

frontocortical slices of the rat, both in terms of recovery period and assay length. Using 

the dual-label counting protocol of the -counter available, allowed up to 99.6% 

efficiency in the separation of 3H and 14C counts in the same samples.  

To establish an optimal recovery period the frontocortical and hippocampal slices 

of 12 rats were divided in 12×10 pools, each pool having 2 cortical and 3 hippocampal 

slices from one rat, and incubated them for 15 min at 37ºC under carboxygenation in the 

presence of 1 nM 3HDG and 50 nM 14C-glucose, starting at every fifteen minutes, i.e. 0, 

15, 30… till 135 min after slice preparation. 3HDG uptake kinetics were fairly stable 

comparing the different time-points (Figure 3.1A,B). One-way ANOVA followed by 

Bonferroni's post-hoc test did not reveal difference in the 15-min 3HDG uptake at the 10 

different time-points of the recovery period (P > 0.05), but visually, was observed a 

tendency toward inverse correlation between recovery time and uptake. Virtually, both 

linear regression and one-phase exponential decay could fairly well represent the 3HDG 

uptake data in the recovery period in both tissues. Using the extra sum-of-squares F-test 

as a method of comparison, we determined that the best model is linear regression. 

Indeed, the dependence of 3HDG uptake on recovery time ( ; min) can be described as 

Y = 22.8 + /-17.7 fmol/(mg protein) uptake for the frontal cortex (r2 = 0.82) and 21.1 + 

/-27.7 fmol/(mg protein) for the hippocampus (r2 = 0.54). For both tissues, the slope 



RESULTS AND DISCUSSION 

59

was significantly non-zero (P < 0.05), confirming that there is a significant effect of the 

recovery on 3HDG uptake (Figure 3.1A,B). 

Figure 3.1 – Kinetics of the uptake of radiolabelled glucose analogues in acute frontocortical (A,C,E) 

and hippocampal (B,D,F) slices of the rat. (A,B) Glucose uptake and metabolism in the recovery period, 

as assayed with the dual 3HDG/14C6 glucose uptake procedure. The 14C dissipation values reflect 6× the 

difference between the 3HDG and the 14C contents (for further explanation, see Sections 2.1.1 and 

2.1.4). (C,D) Cumulative total D glucose uptake as estimated from the accumulation of 3H and 14C 

tracers in 15 min intervals, after 60 min recovery (see also Sections 2.1.2 and 2.1.4). (E,F) A test for the 

putative interaction between the tracers suggests that 3HMG has a small albeit significant inhibitory 

action on 14C accumulation after 60 min of incubation. Data points and bars represent the mean ± 

S.E.M. of n=6 independent observations (rats). *P < 0.05, ***P < 0.001 vs. 100% 
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The ratios of 14C and 3HDG contents of the slices were markedly smaller within 

the first 45 min of the recovery period compared to the last time-points, which suggests 

that in the beginning of the recovery, more glucose is metabolized in a dissipative 

fashion, contributing to greater 14C loss either as 14CO2 or 14C-lactate, among others 

(Figure 3.1A,B). The kinetics of 14C dissipation was significantly better modelled with 

a one-phase exponential decay curve: Y = (572.0 - 56.7) × exp(0.05/ ) - 56.7 fmol/(mg 

protein) for the frontal cortex and Y = (323.8 - 23.8) × exp(0.02/ ) - 23.8 fmol/(mg 

protein) for the hippocampus. The half-life of reaching the bottom plateau of dissipative 

metabolism was ~14 min recovery for the frontal cortex and ~34 min for the 

hippocampus. Indeed, between 60 and 90 min of the recovery period, dissipative 

glucose metabolism became virtually stabilized and exhibited fairly linear kinetics in 

both tissues (Figure 3.1A,B). Hence, it was established that 60 min recovery in a bath at 

37ºC under continuous bubbling is sufficient to reach steady-state glucose transport and 

metabolism in 400 μm-thick acute brain slices of the rat.  

Next step was to investigate which tracers and which assay lengths serve best our 

interest to study glucoregulation in brain slices. Besides 2-deoxy-D-glucose (DG; 

Kipnis and Cori, 1959), 3-O-methyl-D-glucose (MG) can also be used to monitor 

glucose transport across cell membranes (Morgan and Park, 1958). In fact, while DG 

measures both transport and hexokinase activity, it is generally believed that MG uptake 

only represents the pure transport process, because this hexose is not a substrate of 

hexokinases (Randle and Morgan, 1964; Rodríguez-Enríquez et al., 2009). This 

assumption was later challenged because MG is phosphorylated by hexokinases at least 

in the heart muscle (Gatley et al., 1997).  

Here we measured cumulative glucose uptake with the help of the following 

tracers: 14C6-glucose (50 nM) alone or combined with 3HDG (1 nM) or 3H-oxygen-

methyl-D-glucose (3HMG; 1 nM). The assays started after 60 min recovery with the 

bath application of the glucose analogues, and at every 15 min, 5 hippocampal and 2-3 

frontocortical slices (~1 mg protein) were removed from the bath to measure 

accumulated glucose uptake. It was found that the kinetics of specific uptake values 

were similar to radioligand binding isotherms (Figure 3.1C,D), which are derived from 

the following equation: Y = Umax ×  / ( 50 + ), where Umax denotes the theoretical 

maximum uptake,  is for time (min) and 50 stands for the time (min) necessary to reach 
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the half of Umax (Figure 3.1C,D). In fact, the non-metabolizable analogues accumulate 

inside the cells until saturating the hexokinases and thus, reach a point where the re-

release of the non-metabolizable analogues occur at a faster rate than their 

phosphorylation that could prevent their re-release. Theoretically, 14C6-glucose never 

should saturate the slice; therefore the saturable kinetics for 14C6-glucose uptake may 

represent the constant metabolism of the tracer leading to equilibrium between the 

uptake and the loss of 14C. Nevertheless, it is equally possible that the slices gradually 

slow down (regularize?) their energy metabolism, hence causing a departure from 

linearity in these cumulative curves.  

Last but not least, the reason for measuring 14C6-glucose uptake in the absence 

and presence of 3HDG and 3HMG served as a quality control for the alleged toxicity of 

nonmetabolizable glucose analogues, even though they would require much higher 

concentrations for toxic effects (Dringen and Hamprecht, 1993). While the simultaneous 

presence of the 3H analogues at the marginal 1 nM concentration had no effect on 14C6-

glucose uptake up to 45 min incubation (P > 0.05), with 60 min incubation, 3HMG 

significantly reduced 14C content in both the frontal cortex and the hippocampus, in 

comparison with what measured in the absence of 3HMG (Figure 3.1E,F). These data 

certainly can be interpreted either as an increased metabolic efflux of 14C or a result of 

toxicity, which could be tested by the simultaneous use of 14CDG with 3HMG. Although 

this side effect can be avoided with shorter incubation times, 3HMG proved little 

experimental value for additional reasons too: the 50 value for 3HMG (if we represent 

its kinetics with saturation binding) was 5.7 ± 2.4 min in the cortex (30.5 ± 3.6 min for 
14C6-glucose and 27.3 ± 3.3 min for 3HDG), and 5.0 ± 3.7 min in the hippocampus (18.1 

± 0.8 for 14C-glucose and 29.8 ± 3.0 min for 3HDG). The Umax values are also 2-3 times 

smaller for 3HMG than for the rest of the tracers. These may be explained by the 

possibility that 3HMG is indeed not phosphorylated once intracellular. Since we 

measured so far only the resting glucose uptake, 3HMG uptake kinetics reached 

equilibrium of entering and leaving the cells already within a few minutes. In line with 

this, the insulin-stimulated rather than the resting 3HMG transport in the soleus muscle 

is linear at least for 20 min (Dimitriadis et al., 1998).  

Taken that a good signal-to-noise ratio is a prerequisite in the uptake assay, 

especially when the tissue quantity is minor such as when working with mouse 
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hippocampal slices, and that appropriate incubation time with receptor ligands as well 

as good linearity are also key issues, we opted for the  = 30 min (  50) to measure 
3HDG uptake in the rest of the assays presented in this thesis, combined with 60 min 

recovery period. To the best of our knowledge, this is the first systematic 

characterization of in vitro glucose uptake in acute brain slices. The chosen 30 min 

incubation period is well within the maximal 45-60 min period of linearity for in vivo
3HDG uptake in the brain (Schmidt et al., 1989), as discussed in the Introduction. So 

how do this uptake values relate to the values published in the literature? In the book 

chapter of Magistretti et al. (2002), the global rate of cerebral glucose uptake is assumed 

between 50-150 μmol / (100 g wet weight × min), based on the difference between 

arterial and venous glucose content. Using the mean value of 100 μmol glucose and 

counting roughly with 10 g proteins in 100 g wet tissue, we can establish the following 

relationship: 10 μmol glucose / (1 g protein × min), that is 10 nmol glucose / (1 mg 

protein × min). This estimation is close to the range of our resulting observations, since 

the initial velocity of 3HDG uptake after 60 min recovery was 4.71 nmol/(mg protein) 

[SD range: 4.01 - 5.60] for the frontal cortex and 4.01 nmol/(mg protein) [SD range: 

3.49 - 4.63] in the hippocampus in the first minute of the assay, as calculated from the 

curves displayed in Figure 3.1C and D. Additionally, the slices in our experiments were 

resting, while the global cerebral uptake in vivo is a mixed result of ongoing activities. 

3.1.2 Characterization of glucose uptake in acute brain slices

Cerebral glucose uptake is expected to be controlled by numerous factors among 

which the following are thought to have major influence: 1) the Akt-GSK3 pathway; 2) 

the Na+/K+-ATPases, 3) neuronal activity; and according to our recent publication, 4) 

the presence of other oxidable substrates (Valente-Silva et al., 2015). As was already 

described in the Introduction, the endocannabinoid system acting on the cannabinoid 

CB1 receptor (CB1R) plays an important role in activity-dependent neuromodulation 

besides adenosine. The CB1R is associated with the Akt-glycogen synthase kinase 3 

(GSK3) pathway (Aso et al., 2012; Lemos et al., 2012), which is a major intracellular 

signalling route for insulin. Moreover, the CB1R can form heterodimers with the insulin 

and the insulin-like growth factor 1 receptors (InR and IGF-1R) to inhibit their 

activation by the peptide hormones (Dalton and Howlett, 2012; Kim et al., 2012). In the 
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following assays, we aimed at determining the importance and contribution of each 

factor to glucose uptake in acute slices. The aim was to discover novel ways to enhance 

cerebral energy metabolism of glucose by the manipulation of either candidate 

neuromodulator systems or insulin signalling or both. 

3.1.2.1The CB1R Akt GSK3 axis and glycogen synthesis in the acute slice

It is now known that the brain – more specifically, the astrocytes – contain high 

levels of glycogen, which suddenly drops upon sensory stimulation, ischemia and upon 

the decapitation of the animal (Cruz and Dienel, 2002b; Lowry et al., 1964). This rapid 

glycogen clearance explains that early studies did not find significant cerebral amounts 

of this energy reservoir. The literature prompts a tight association between CB1Rs and 

the PI3K-Akt-GSK3 enzymes in metabolic regulation. Therefore, we mapped the time-

course of the phosphorylation of Akt, GSK3  and GSK3  in the freshly prepared 

hippocampal slices during the recovery period at 37ºC. As Figure 3.2A illustrates, Akt 

phosphorylation at serine-473 dropped in the first 45 min of incubation and remained 

fairly constant until 150 min. This suggested that an endogenous signal prevented the 

total dephosphorylation of Akt. The CB1R-selective agonist, arachidonyl-2'-

chloroethylamide (ACEA; 3 μM), which is a non-metabolizable synthetic anandamide 

analogue (Hillard et al., 1999) did not affect the phosphorylation of Akt between 90 min 

and 150 min, i.e. after the metabolic recovery. In contrast, the CB1R-selective neutral 

antagonist O-2050 (1 μM) (Wiley et al., 2011), significantly diminished the Akt 

phosphorylation by 38.0 ± 8.8% (n = 6, p < 0.05) when added from min 90 of the 

recovery period. This suggests that an endogenous tone at the CB1R helped to stabilize 

Akt phosphorylation. Notably, at this early stage of our study we used the highest 

concentrations of the two ligands, which we considered selective (Pertwee et al., 2010). 

Phospho-Akt phosphorylates (deactivates) GSK3  at serine-21 (Sakamoto et al., 2004). 

Figure 3.2B shows that the P-S21-GSK3  signal also dropped significantly until 45 

min, but then returned to a level similar to that measured at 0 min. CB1R blockade by 

O-2050 fully prevented the recovery of GSK3  phosphorylation (i.e. inhibited the 

GSK3  phosphorylation by 48.8 ± 8.4%, P < 0.01). This bolsters our hypothesis that an 

emerging endocannabinoid tone helped to reinstate Akt phosphorylation, and in concert 

with this, the effect of ACEA was endogenously occluded. Albeit phospho-Akt can also 
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phosphorylate GSK3  at serine-9 (Fang et al., 2000), there was no significant difference 

(P > 0.05) among different time-points and treatments vs. control. 

Figure 3.2 – An apparent endocannabinoid tone contributes to the inhibition of GSK3  activity in the 

acute hippocampal slice. The upper panels exhibit representative blots (A) (Ser473)phospho Akt (B) 

(Ser 21)phosphor GSK3  and (C) (Ser9)Phospho GSK3 . The CB1R agonist, ACEA and the silent (aka 

neutral) CB1R antagonist, O 2050 (see later) or their vehicle, DMSO (0.1%) were present since the 

beginning of the recovery period. The lower panels show the mean ± S.E.M. individual densities 

obtained from n=6 rats. Phosphorylated proteins were normalized to the bands obtained with the use 

of total Akt/GSK3 antibodies upon reprobing. The density ratios of phospho/total proteins were taken 

as 100% in the tissues that were directly taken from the ice cold Kreb’s solution during dissection, 

thus more likely representing the in vivo level of phosphorylation. Phosphoprotein vs. total protein 

ratios were first tested for statistical difference with Repeated Measures ANOVA followed by Dunett's 

post hoc test comparing the first time point with later 3 time points, then the values were normalized 

to the first time point and presented accordingly, to enhance differences. $P < 0.05, $$$P < 0.001 vs. 

control time point. 

Although Akt is one principal enzyme to phosphorylate GSK3 , the multifaceted 

signalling cascade of the GSK3  isoform also recruits other upstream elements (Grimes 

and Jope, 2001). In fact, GSK3  dephosphorylation (activation) is restricted in 

hippocampal neurons by redundant mechanisms to prevent apoptosis (Hetman et al., 

2000). These may explain why GSK3  phosphorylation was little affected by the 

dephosphorylation of Akt in our experiments. Interestingly, GSK3  phosphorylation 
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started to recover 45 min after slice preparation, and after 90 min, it was already not 

different from that at the moment of slice preparation. The constant dephosphorylation 

of Akt was slowed down after 45 min incubation by an apparently emerging 

endocannabinoid tone (Figure 3.2A). This reinstated GSK3  phosphorylation, and the 

time-course of this process coincided with that for the transition from the metabolic 

recovery to equilibrium. It is also clear that in vitro, one can only work with suboptimal 

conditions, and we do not even know if the initially increased Akt and GSK3  

phosphorylation is the normal physiological or the hyperphosphorylated state. To 

address this, we investigated if we can modulate glucose uptake and glycogen formation 

in the resting slices by controlling key elements of the insulin pathway. 

3.1.2.2The Akt GSK3 axis and glycogen synthesis in the acute slice

It has been clear for decades that the brain is an insulin-sensitive organ. Although 

insulin has many trophic and homeostatic roles, it is principally known as a hormone to 

increase glucose transport from the plasma into insulin-sensitive organs (Duarte et al., 

2012b; Kleinridders et al., 2014; Kullmann et al., 2015). Thus, it comes as no surprise 

that carefully planned studies also can detect stimulation of cerebral glucose uptake by 

insulin in vivo (Bingham et al., 2002; Lucignani et al., 1987; McNay et al., 2010). Here 

we aimed at testing in vitro if insulin, given one min before 3HDG application, could 

increase glucose uptake in both frontocortical and hippocampal slices. Indeed, as 

Figure 3.3 demonstrates, insulin (recombinant humulin) increased glucose uptake in the 

hippocampal slices by above one quarter over the resting level. However, this effect was 

present only at 30 (n = 7, P < 0.01) but not at 3 nM (n = 6, P > 0.05) or 300 nM (n = 11, 

P > 0.05) of insulin. The effect of insulin (30 nM) was not affected (n = 9, P > 0.05) by 

9 min pretreatment with the insulin-like growth factor-1 receptor (IGF-1R) antagonist, 

I-OMe tyrphostin AG-538 (5 μM) (Blum et al., 2000), which also had no effect on 

glucose uptake per se (n = 9, P > 0.05). These suggest that the likely receptor 

underlying the effect of insulin was the insulin receptor itself. In contrast to the 

hippocampus, insulin (3-300 nM) did not stimulate glucose uptake in the frontocortical 

slices (n  10, P > 0.05). 

The insulin receptor is widely distributed in the mammalian brain (Folli et al., 1994; 

Pacold and Blackard, 1979; Schulingkamp et al., 2000). Cerebral insulin receptors play 
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a major role in the regulation of the energy metabolism of the whole body (Brüning et 

al., 2000; Varela and Horvath, 2012). Insulin receptor activation can also stimulate local 

and global rates of cerebral glucose metabolism, but only a few studies have 

documented these findings in vivo in humans (Bingham et al., 2002) and rats (McNay et 

al., 2010). Partly, this is why the brain has long been regarded as an organ that is not 

dependent on insulin to take up glucose (Biessels et al., 2004). 

Figure 3.3 – Insulin stimulates glucose uptake with a bell shaped concentration response curve, likely 

via the activation of insulin receptors rather than IGF 1Rs, as concluded by the lack of antagonism by 

the IGF 1R antagonist tyrphostin. All data are mean + S.E.M. of n = 6 11; **P < 0.01, ***P < 0.001, n.s., 

not significant vs. 100% (control). 

The above in vivo studies that challenged this dogma are precious as they provide 

the most complete picture of the studied mechanisms, but they are also inherently 

confounded by systemic responses. To avoid this, McNay et al. (2010) applied reverse 

dialysis into the rat hippocampus: insulin rather than IGF-1 facilitated spatial memory 

with a bell-shaped dose-response curve (such as in our in vitro study), and increased the 

uptake of glucose and its conversion into lactic acid (McNay et al., 2010). Still, it is not 

clear if changes represent direct effects on glucose transport or indirect effects on neural 

activity-dependent energy metabolism. In fact, insulin has been shown to stimulate 

glucose uptake (Clarke et al., 1984; Werner et al., 1989), glycogen synthesis (Hamai et 

al., 1999), or both (Kum et al., 1992) in cultured astrocytes. In neurons in culture, the 

picture is more complex. For instance, Werner and colleagues (1989) found no evidence 

for insulin-stimulated glucose uptake in rat neurons. Another study showed that insulin 

increases the translocation of the glucose transporter GLUT3 to rat neuronal cell 
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membranes and an additional depolarization helps to trigger increased glucose transport 

(Uemura and Greenlee, 2006). Finally, Benomar et al. (2006) reported that insulin 

stimulates GLUT4 translocation and glucose uptake in a human neuronal cell line. 

Together, the overall effect of insulin on cerebral glucose uptake is small as compared 

to the skeletal muscle, and is dependent on small concentration ranges and probably 

neuromodulators, therefore it is comprehensible that most approaches failed to unveil 

insulin effect on glucose uptake in brain slices (Abdul-Ghani et al., 2007).  

CB1Rs have been shown to physically complex with insulin and IGF-1Rs both in 

pancreatic and neuronal cell lines and control the intracellular signalling cascade of 

insulin and IGF-1 (Dalton and Howlett, 2012; Kim et al., 2012), just like in Chinese 

hamster ovary (CHO) cells transfected with the human CB1R (Bouaboula et al., 1997). 

Based on the findings presented in Figure 3.2, it was expected CB1R ligands to affect 

glucose uptake and probably, glycogen levels.  

To this end, two CB1R-selective agonists, ACEA (1 μM) and R-methanandamide 

(1 μM; Abadji et al., 1994), as well as two non-selective synthetic cannabinoids, 

WIN55212-2 (500 nM; Haycock et al., 1990) and O-2545 (1 μM; Martin et al., 2006) 

were tested. These agonists were added 5 min before the application of 3HDG (and thus, 

4 min before insulin application when co-administered), because we previously showed 

that 4 min presence of cannabimimetics is enough to achieve CB1R-mediated inhibition 

of evoked transmitter release (Bitencourt et al., 2015a). Figure 3.4 demonstrates that 

none of these agonists affected the uptake of 3HDG per se. This is somewhat surprising 

taken that CB1R agonists are capable of transactivating the insulin receptor in the 

absence of insulin, and to inhibit the autophosphorylation of the receptor in the presence 

of insulin (Dalton and Howlett, 2012; Kim et al., 2012). Assuming that there was no 

significant amount of endogenous insulin present in the slice (which nevertheless can be 

a false assumption taken that insulin is synthesized and released by neurons in the brain 

(Banks, 2004; Molnár et al., 2014; Santos et al., 1999), the lack of insulinomimetic 

action of the CB1R agonists may mean that the CB1Rs were already active in the slice, 

and in fact, data in Figure 3.2 advocates this hypothesis. Also, it may mean that the 

CB1Rs are not present in those cells where insulin receptors stimulate glucose uptake.  

To test if endogenous or constitutive CB1R activity had any impact on 

hippocampal glucose uptake, the slices were incubated with the CB1R inverse agonists, 
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AM251 (500 nM; Gatley et al., 1997), rimonabant (500 nM; Rinaldi-Carmona et al., 

1994) and PF514273 (500 nM; Dow et al., 2009), and the CB1R-selective neutral 

antagonist, O-2050 (500 nM), all added 10 min before 3HDG, i.e. 9 min before insulin, 

at min 50 of the recovery period. Notably, the generally preferred 500 nM concentration 

reflects the view of our laboratory that the low nanomolar IC50 values of these highly 

potent lipophilic antagonists do not justify risking non-specific (off-target) effects often 

seen at low micromolar concentrations of these ligands (Köfalvi, 2008). All in all, the 

three inverse agonists but not the neutral antagonist reduced the resting uptake of 

glucose to similar but not equal extents, which may reflect the individual inverse 

agonist efficacy of each antagonist, i.e. their capacity of perturb the ligand-free structure 

of those CB1Rs that constitutively couples to G proteins (Ledent et al., 1999; Pertwee et 

al., 2010). We speculate that it was not the prevention of endocannabinoid signalling at 

CB1Rs because the CB1R neutral antagonist O-2050 did not affect glucose uptake. We 

also noted that the effect of CB1R inverse agonism was linearly proportional to time: 60 

min incubation with AM251 caused the double of reduction in glucose uptake, from -

10.4 ± 2.4% to -22.0 ± 4.6% (Figure 3.4). Next, we asked if the genetic rather than the 

chemical ablation of the CB1R could mimic the effect seen with the inverse agonists. 

The hippocampal slices of wild-type (WT) mice and their CB1R KO littermates (Ledent 

et al., 1999) were co-incubated. Glucose uptake amounted to 70.9 ± 3.4 % (n = 20) in 

the WT mice (figure not shown). We noticed that glucose uptake was statistically 

significantly reduced in the slices of CB1R KO mice as compared to their WT 

littermates by -17.7 ± 2.8% (P < 0.001) during the 30 min uptake period (Figure 3.4). 

Additionally, AM251 also reduced glucose uptake in the WT mice (P < 0.001) while 

having no effect in the CB1R KO mice (P > 0.05), thus confirming the selectivity of 

AM251. The neutral antagonist, O-2050 did not affect glucose uptake in the WT mice 

either (P > 0.05).  

Above we also asked why CB1R activation is not associated with increased 

glucose uptake. Our experimental data unequivocally respond this question that a 

constitutive coupling of a subset of CB1Rs to undisclosed intracellular pathways 

guarantees 10-20% of basal glucose uptake in the resting slice. The endogenous 

coupling obviously occludes exogenous agonists from further stimulating glucose 

uptake. This may be one reason for why cannabimimetics failed to stimulate glucose 

uptake. Still, if CB1Rs were endogenously stimulating the Akt-GSK3 pathways, how 
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come that insulin was capable of further stimulating glucose uptake? To answer this, we 

decided to test insulin in the presence of CB1R ligands. We applied selected agonists 

and antagonists of the above tested cannabinoids. As Figure 3.5 depicts, neither CB1R 

agonists (ACEA, O-2454 and WIN55212-2) nor antagonists/inverse agonists (O-2050 

and rimonabant) enhanced the stimulatory effect of insulin on glucose uptake. On the 

contrary, while ACEA, rimonabant and O-2545 simply prevented the effect of insulin, 

WIN55212-2 and O-2050 which per se had no effect as we remember, reverted the 

stimulatory action of insulin into inhibition. Insulin was also combined, at the 

concentrations of 3 and 300 nM, with the above ligands but the outcome of those 

experiments was equally disappointing. 

Figure 3.4 – CB1Rs are constitutively associated with basal glucose uptake in rat and mouse acute 

hippocampal slices. Blue (non significant) and red (significant) bars represent data from rat 

hippocampal slices, while light green (wild type, WT) and dark green (CB1R global knockout, KO) bars 

are from CD 1 mice. All data are mean +/  S.E.M. of n  6 animals; *P < 0.05, **P < 0.01, ***P < 0.001, 

n.s., not significant vs. no change (0%, control or WT). In order to visually enhance effects, the net 

change vs. control is plotted.  

Previous in vitro studies were not more successful when dissecting the role of 

CB1Rs in insulin signalling. Some studies showed that CB1R agonists inhibit insulin 
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signalling in pancreatic  cells (Figler et al., 2011; Kim et al., 2012) and in neuronal 

cells (Dalton and Howlett, 2012). Nonetheless, others found that the CB1R inverse 

agonist, rimonabant also inhibited the signalling pathway of insulin and IGF-1 in CHO 

cells (Bouaboula et al., 1997), and eventually, rimonabant stimulated glucose uptake in 

skeletal muscle on its own (Esposito et al., 2008), while it sensitised the skeletal muscle 

to insulin-induced glucose uptake (Lindborg et al., 2010). 

Figure 3.5 – CB1R ligands impair insulin induced glucose uptake in acute hippocampal slices. The first 6 

bars from the top (cannabinoids and insulin alone) have been presented already in Figures 3.3 and 3.4. 

We pretreated the slices with either CB1R antagonists for 9 min or agonists for 4 min before insulin, 

which was bath applied for one min before 3HDG, and present thereafter for the 30 min period of 

incubation (dark blue bars). All data represent mean +/  S.E.M.; *P < 0.05, **P < 0.01, n.s., not 

significant vs. no change (0%, control or WT). In order to visually enhance effects, the net change vs. 

control is plotted.  

The lack of conclusive data from both the literature and our study can be a result 

of the so-called functional selectivity of the ligands, which is also termed as biased 

agonism and ligand-directed trafficking of responses (Bonhaus et al., 1998; Clarke and 

Bond, 1998; Makita and Iiri, 2014; Prather, 2008), which is a phenomenon very 

common for the CB1R (Mukhopadhyay and Howlett, 2005): most G protein-coupled 
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receptor (GPCR) ligands have their own intrinsic efficacy in a given system, because 

when structurally different ligands bind to their cognate receptor they are prone to 

trigger dissimilar conformational changes. This led to the recent discovery that in a 

heterodimer that involves a GPCR, an agonist of the GPCR can impede the signalling 

through the partner receptor in the heterodimer, in part via intercepting the coupling to 

second messengers. However, antagonists of the same can also alter the conformation of 

the receptor by simply binding to their orthostatic binding site, and thereby altering the 

conformation of the partner receptor in the heterodimer, leading to its decreased affinity 

to either its ligands or the second messengers (Bonaventura et al., 2015).  

Another confounding factor from this study is the complexity of the brain 

parenchyma over cell lines and simple tissues such as the skeletal muscle. Even if one 

ignores the contribution of microglia and oligodendrocytes to the metabolic responses, 

which is in fact a common choice, there is difference in the rate of glucose uptake and 

the process of glucose metabolism in neurons and astrocytes, and these parameters are 

intricately interdependent on one another and the activity of the circuitry (Hertz et al., 

2007; Machler et al.; Pellerin and Magistretti, 2003). Our research group and another 

published recently that functional CB1Rs in the mitochondria of astrocytes and neurons 

inhibit the respiratory chain and consequently, the oxidative metabolism of glucose 

(Bénard et al., 2012; Duarte et al., 2012c). Additionally, it is well-known that CB1Rs are 

present in astrocytes, cholecystokinin-positive interneurons and glutamatergic neurons 

in the hippocampus, where they modulate the synaptic communication among these 

elements (Duarte et al., 2012; Katona et al., 1999, 2006; Navarrete and Araque, 2008). 

Consequently, a bulk assay with 3HDG uptake measurement in the whole slice measures 

only the sum of a “potpourri” of responses in different cell types or zones in the 

hippocampus.  

To overcome this difficulty, we mapped the putative subregional differences of 

the uptake of the fluorescent, non-metabolizable deoxyglucose analogue, 6-NBDG (30 

μM). 6-NBDG is readily taken up by type-1 glucose transporters (GLUT1) in astrocytes 

(Barros et al., 2009), and to a smaller extent, probably in neurons, too. The uptake of 6-

NBDG was virtually homogenous among the major subregions of the DMSO-treated 

hippocampus, such as the Cornu Ammonis region 1 (CA1), the CA3 and the dentate 

gyrus (Figure 3.6A, D). It was very clear though that 6-NBDG was preferentially taken 
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up by astrocyte-rich regions, because the strata pyramidale and granulatum (marked in 

panel Figure 3.4D) appeared much darker in the DMSO-treated slices.  

Figure 3.6 – AM251 decreases the uptake of the fluorescent deoxyglucose, 6 NBDG throughout the 

hippocampal slice. Rat hippocampal slices of 300 μm thickness were incubated at 37ºC for 50 or 55 

min, then AM251 (500 nM), WIN55212 2 (500 nM) or their vehicle, DMSO (0.1%) were added in the 

bath, and at min 60 of the recovery period, 6 NBDG (30 μM) was supplied to the bath of the slices. 

After 30 min incubation, the slices were washed, transferred to a slide and photographed with an 

Axiovert 200M microscope. Panels (A) and (B) represent the original photographs of a (A) DMSO

treated (i.e., vehicle control) and a (B) AM251 treated slice from the same animal. (A') and (B') show 

the residual fluorescence in the DMSO treated slice, i.e. the difference between AM251 treatment 

and control. (C) Bar graph representing 6 NBDG intensity values of the AM251  and WIN55212 2

treated slices, as normalized to their control. Bars represent mean + S.E.M.; ***P < 0.001, n.s., not 

significant vs. no change (100%, DMSO control). (D) Reproduction of Figure 5A from (Duarte et al., 

2012c), representing a low magnification (5×) fluorescent microscope image showing the distribution 

of fluorescent immunostaining of the astrocytic marker, glial fibrillar acidic protein (GFAP; green) and 

the CB1R (red) in labelled rat hippocampal subregions: CA1/3, Cornu Ammonis 1/3 regions; DG, 

dentate gyrus; strata: ori, oriens; pyr, pyramidale, rad, radiatum; lac mol, lacunosum moleculare; mol, 

moleculare; gran, granulatum. 

As Figure 3.4C summarizes, WIN55212-2 affected the intensity of the 6-NBDG 

signal neither in the whole slice nor in subregions. This is consistent with what we 

observed for 3HDG uptake. However, AM251 did decrease the relative fluorescence 

intensity by 21.9 ± 0.7% (n = 4 rats in triplicate, P < 0.001) in the whole slice. Since 

that time 6-NBDG uptake on ice was not measure and we also did not have means for 

quantitative fluorescent analysis, we cannot translate the relative fluorescence scale into 
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absolute changes. Nevertheless, similar responses to AM251 in the whole slice as with 
3HDG uptake were observed. When simultaneously decreasing the brightness of a 

DMSO- and an AM251-treated slice of the same animal until the AM251-treated slice 

just become totally black, the possible subregional effects of the treatment may be 

revealed. However, we found no specific region to be more affected, that is, the effect 

of CB1R inverse agonism on glucose uptake virtually affects equally the whole slice 

(Figure 6A', B'). The zones which remained bright in the DMSO-treated slice (Figure 

3.6A') are the ones rich in astrocytes, i.e. the strata oriens, radiatum, lacunosum-

moleculare and moleculare. 

Therefore, it is safe to say that AM251 decreases glucose uptake in the astrocytes. 

Our ultimate aim was to take high-resolution confocal images to compare the 

fluorescence of different cell types among one another and throughout the treatments. 

However, we faced a major technical setback: the autofluorescence of (presumably) 

lipofuscin strongly interfered with 6-NBDG signal at 525 nm emission. Pretreatment 

with Sudan Black could have quenched autofluorescence but it also obfuscated the 

slices making it difficult to reliably work with 6-NBDG.  

Last but not least, we opted for measuring an obvious endpoint of Akt-GSK3 

activity, namely, glycogen levels. Although these data proved negative for CB1R 

antagonists, eventually we could discover some interesting features of glucose 

metabolism during the protocol optimization. 

Hippocampal slices of 14 rats were divided in two pools and the experiments were 

run as previously described in Section 2.1.3. After 50 min of recovery, the slices were 

treated with either AM251 (500 nM) or O-2050 (500 nM) for 10 min to allow the 

disengagement of any active coupling of the CB1R with its intracellular pathways, then 

20 times more 14C6-glucose (1 μM) was added than normally to increase signal in the 

glycogen fraction, together with the usual concentration of 3HDG (1 nM). In 6 

additional experiments, 3HMG (1 nM) was used to monitor glycogen purity. Our idea 

with the inclusion of 3HDG was to scrutinize the purification process, as 3HDG is 

supposed to stay phosphorylated by hexokinases in the form of 3HDG-6-phosphate in 

the brain cells, thus remaining trapped inside. Unlike glycogen, free glucose and its 

analogues are highly soluble in ethanol; hence we expected to get rid of the excess 14C 

labels that are not associated with glycogen after two intensive washing. To make sure 
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that glycogen was sufficiently washed, 3HDG contamination was also measured in the 

precipitate to subtract a molar equivalent from the amount of glycogen measured with 

the 14C label. Figure 3.7 represents the distribution of the 3H and the 14C labels among 

the two supernatants and the pellet. The 3H and 14C contents of the supernatants and the 

pellet (2nd, 3rd and 4th groups of bars) were expressed to the total 3H and 14C contents of 

the slices, which were determined from the 100 μL aliquot removed from the 2 mL total 

sample before the precipitation of insoluble materials  

Figure 3.7 – CB1R blockade does not affect glycogen formation in the hippocampal slice. After 50 min 

of recovery, the acute slices were treated with either AM251 (500 nM) or O 2050 (500 nM) for 10 min 

to allow the disengagement of any active coupling of the CB1R with its intracellular pathways, then 20 

times more 14C6 glucose (1 μM) was added for the regular uptake assay to increase 14C signal in the 

glycogen fraction, together with the usual concentration of 3HDG (1 nM). In 6 additional experiments, 
3HMG (1 nM) was used to monitor glycogen purity. (A) The relative breakdown of radiolabel 

distribution among the first and the second supernatant (1st and 2nd s.n.), as well as the pellet 

(precipitate, aka glycogen), taken the initial label content as 100%. We believe that 14CO2 accounts for 

the missing 14C content after adding up those in the supernatants and the pellet, which disappeared 

during the washing, and is represented with the last red bar. (B) Absolute amounts of 14C incorporated 

in glycogen during the incubation period. Bars represent mean + S.E.M.; $P < 0.05, $$P < 0.05 as 

determined with Student's paired t test, ***P < 0.001 as determined with one sample t test against 

the hypothetical value of 0%, n.s., not significant. 

Intriguingly, the 1st supernatant yielded much less 14C content (43.1 ± 5.2% of 

initial content, n = 14) than what it was expected based on the 3H content (88.9 ± 1.1% 

of initial content) (Figure 3.7A). This difference was maintained for the 2nd supernatant 
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(3.12 vs. 0.84%), but these latter values already suggested that only trace amount of 

soluble 3H and 14C labels should have remained in the second pellet. Curiously, the 14C 

content of the second pellet (11.5 ± 1.2 % of initial) did not account for the 14C atoms 

missing from the supernatant, which allowed us to establish that the unaccounted 14C 

was presumably a volatile 14CO2 fraction that was initially trapped by NaOH in the 2 

mL total sample, but likely disappeared during the two-day treatment with Glauber's salt 

and ethanol. This therefore allows us to calculate that after 30 min incubation with 14C6-

glucose, 55-56% of the 14C label is associated with non-volatile molecules amidst ~11-

12% is 14C-glycogen, and the rest, ~44-45% is incorporated in 14CO2. 

The most striking data still was the significant (>0%) presence of 3H in the 

glycogen fraction, which was greater than the 3H content of the 2nd supernatant (8.0 ± 

1.3% of initial content, Figure 3.7A). This led us to doubt if 3HDG was a non-

metabolizable analogue, taken that once phosphorylated by hexokinases, it may be 

subject to additional metabolism. To test this, glycogen separations were repeated in 6 

other rats, and substituted 3HDG with 3HMG, because it is believed that this latter 

glucose analogue is not a substrate for hexokinases (Randle and Morgan, 1962; 

Rodríguez-Enríquez et al., 2009). 3H content in the two supernatants were slightly but 

significantly greater when 3HMG was used instead of 3HDG to monitor glycogen 

contamination. Accordingly, there was virtually no 3H contamination in the glycogen 

(pellet) fraction when using 3HMG (0.26 ± 0.25% of initial content, n = 6, P > 0.05 vs. 

0%). This is a telltale indication that 3HDG readily incorporated into glycogen, and 

therefore, it is not necessary to subtract a molar equivalent of 3H from 14C-glycogen 

quantity, especially because there is no evidence for a purported contamination by 

ethanol-soluble tracers. In fact, there is sporadic evidence in the literature of 

deoxyglucose incorporation into glycogen: more than 3 decades old neurochemical 

studies have shown that 1-10% of deoxyglucose incorporates into glycogen in the 

nervous tissue (Nelson et al., 1984; Pentreath et al., 1982). The underlying mechanism 

of deoxyglucose incorporation was later addressed for 2-NBDG incorporation (an 

analogue of 6-NBDG), which allowed the authors to establish the monitorization of 

fluorescent glycogen synthesis (Louzao et al., 2008). The authors concluded that 

deoxyglucose-6-phosphate is converted successively into deoxyglucose-1-phosphate by 

phosphoglucomutase, and then into UPD-2-deoxyglucose by UDP-glucose 

pyrophosphorylase. Finally, glycogen synthase utilizes UDP-2-deoxyglucose as one 
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substrate and the non-reducing end of glycogen as another to grow the macromolecule. 

Nevertheless, neither AM251 nor O-2050 affected glycogen synthesis in the slices 

significantly (n = 7, P > 0.05) (Figure 3.7B).  

Taken together, we uncovered that insulin is capable of stimulating glucose 

uptake in the hippocampal slice via the activation of insulin receptors, and this effect of 

insulin is dependent on cannabinoid CB1 receptors. In fact, CB1Rs appear to be 

positively coupled to resting glucose uptake, and CB1R inverse agonists or the genetic 

deletion of the CB1R can decrease basal glucose uptake by disrupting this signalling. 

We also observed that CB1Rs modulate the Akt-GSK3  pathway (Figure 3.2A,B), but 

without effect on glycogen synthesis. Thus, it is probably GSK3  (Figure 3.2C) rather 

than GSK3  which is chiefly responsible for controlling the activity of glycogen 

synthase in the astrocytes. To expose the mechanism responsible for the action of CB1R 

inverse agonists on glucose uptake, we adventured to the field of Na+ pump activity. 

3.1.2.3 Membrane potential and glucose consumption in the acute slices

Although it is generally believed that the majority of glucose taken up by the brain 

is spent on Na+/K+-ATPases, the supporting evidence is still circumstantial, because 

studies were carried out mainly either in vivo or in cell cultures (Astrup et al., 1981; 

Attwell and Laughlin, 2001). The major drawback of in vivo data is the emergence of 

systemic confounding factors, while cell cultures lack tissue context. The intermediate 

solution could be using acute brain slices (or organotypic slices), but slices are not 

favoured in general for energy metabolism studies, as Dr. Luc Pellerin (Lausanne, 

Switzerland) explained during a personal communication: the complexity of 

intercellular metabolic coupling and activity could make it very difficult to disentangle 

the effects of sodium pumps on glucose uptake. Thus we found here a calling challenge 

to answer. 

There are different Na+/K+-ATPases in the brain of varying subunit composition 

and often dissimilar affinity to ouabain (Juhaszova and Blaustein, 1997). Our group has 

previously shown that ouabain exerts virtually maximal inhibition of 3H-aspartate 

uptake into gliosomes (astrocyte-derived microsomes) at the concentration of 1 mM, 

while at 100 μM, it produces only partial, ~50% inhibition of the total uptake (Matos et 
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al., 2013). It was therefore expected that ouabain above 100 μM should significantly 

inhibit resting glucose uptake in the slice. The first concentration tested was an 

intermediate concentration, 300 μM ouabain. Remarkably, ouabain instead strongly 

stimulated glucose uptake, as compared with the DMSO control (P < 0.001) (Figure 

3.8A). 

This strong stimulation of glucose uptake was not entirely expected. For instance, 

De Piras and Zadunaisky (1965) found that ouabain (10 μM) prevents high-K+-induced 

stimulation of 14CO2 production from 14C6-glucose in the frog brain. In rat 

cerebrocortical slices, the same concentration of ouabain also suppressed high-K+-

stimulated brain respiration (Gonda and Quastel, 1962). 

Figure 3.8 – Ouabain massively stimulates glucose uptake in the hippocampal slice, which is a 

consequence of increased GABA release. (A) Bar graph representing the similar effect of ouabain and 

the GABAA receptor agonist, muscimol on 3HDG uptake in the acute hippocampal slices of the rat. 

Accordingly, the GABAA antagonist, bicuculline prevented the majority of ouabain stimulated glucose 

uptake so that ouabain+bicuculline was no longer significantly different from DMSO control (marked 

as 0). The glutamate transporter inhibitor, DL TBOA reduces glucose uptake on its own, which suggest 

that the ongoing glutamate turnover is responsible for an additional ~23% of resting glucose uptake. 

Red numbers at the bottom of the bars indicate the number of animals used (n). Bars represent mean 

± S.E.M.; **P < 0.01, ***P < 0.001, as determined with one sample t test against the hypothetical 

value of 0%, n.s., not significant. (B) A release diagram of preloaded 3HGABA from superfused rat 

hippocampal slices serves evidence of that a 5 min pulse of ouabain (as marked with the horizontal 

red bar) can trigger massive amounts of GABA release. FR%, Fractional Relase %. No statistical 

significance was calculated because the effects are visually compelling.  
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Very soon, another paper came out which reported findings more helpful for the 

interpretation of the obtained data. The authors reported that ouabain (up to the tested 

concentration of 100 μM) stimulated O2 consumption and lactate release from rabbit 

cerebrocortical slices under normokalemia (5 mM K+ in the assay medium), while under 

high-K+ depolarization – which in itself strongly stimulated both O2 consumption and 

lactate release – ouabain returned these values to the (still) elevated levels seen only 

with ouabain alone (Ruscák and Whittam, 1967). This latter paper therefore unveiled 

that albeit ouabain indeed inhibits the stimulation by high-K+ of brain energy 

metabolism, in itself, it stimulates glucose metabolism, albeit lesser than high-K+, and 

that high-K+-evoked depolarization can be reverted by the blockade of the Na+/K+-

ATPase, which normally transports Na+ outside and K+ inside (Ruscák and Whittam, 

1967). Last but not least, a much more recent study by Veldhuis and colleagues (2003) 

revealed that ouabain directly injected into the neonatal brain causes excytotoxic cell 

death by making membrane potentials collapse (by preventing the outward Na+ entry), 

leading to massive Na+ then Ca2+ accumulation intracellularly, with a consequent 

depolarization, and loss of Mg2+ block at NMDA channels (Veldhuis et al., 2003).  

These studies prompted to test if the effect of ouabain was dependent on the 

putative increase in glutamate release and reuptake in the highly depolarized slices. The 

slices pretreated for 10 min with DL-threo- -benzyloxyaspartic acid (DL-TBOA), 

which is a competitive, non-transportable blocker of excitatory amino acid transporters, 

and has an IC50 of 3.2-6 μM for all excitatory amino acid transporters (except the 

EAAT1 at which it has an IC50 of 70 μM) (e.g. Shigeri et al., 2001). Our group also 

observed previously that to achieve the maximal inhibition of glutamate uptake in the 

striatum, one should use more than 100 μM of DL-TBOA, and it displayed a biphasic 

kinetics with two separate IC50 values (Pandolfo et al., 2011). However, extracellular 

recordings in the hippocampal slices (see later) revealed that above 10 μM, DL-TBOA 

triggers chaotic excitatory responses. To avoid this, only 10 μM of this inhibitor was 

used, and as Figure 3.8A documents, DL-TBOA readily reduced resting glucose uptake 

by 22.9 ± 5.2% (n = 8, P < 0.01) on its own. This finding indirectly confirms the 

original observation that glutamate reuptake is associated with extra glucose uptake 

(Magistretti and Pellerin, 1997; Pellerin and Magistretti, 1994), even in the resting slice. 

However, DL-TBOA failed to modify the effect of ouabain: in pairwise comparison, 

DL-TBOA+ouabain vs. DL-TBOA+DMSO gave the difference of +53.3 ± 6.3 (n = 8, P 
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< 0.001) which equals to the effect of ouabain alone (+52.3 ± 5.5%, n = 8, vs. DMSO 

alone) (see Figure 3.8A).  

GABAergic signalling and the consequent activation and phosphorylation of 

GABAA receptors (GABAARs) are also associated with highly increased glucose 

turnover in the hippocampus and elsewhere in the brain (Ackermann et al., 1984; Nudo 

and Masterton, 1986; Peyron et al., 1994). In accordance with this, the GABAAR 

agonist, muscimol (100 μM) also stimulated glucose uptake, comparably to ouabain (by 

44.1 ± 11.6, n = 8, P > 0.05 vs. ouabain) (Figure 3.8A). Moreover, the GABAAR 

antagonist, bicuculline (20 μM) prevented ouabain from stimulating glucose uptake, so 

that ouabain + bicuculline was no longer different from either DMSO control or 

bicuculline alone (n = 8, P > 0.05). This suggests that the ouabain-induced partial 

collapse of membrane potential triggered transmitter release, including that of GABA, 

which in turn massively stimulated glucose uptake via GABAAR activation. Indeed, this 

hypothesis was directly tested by measuring 3HGABA release from hippocampal slices, 

following a protocol modified from our previous publications (Bitencourt et al., 2015b; 

Köfalvi et al., 2000). The slices were loaded for 10 min with 3HGABA after 60 min 

recovery, then transferred to release chambers and superfused thereafter. Ouabain (300 

nM) triggered an immediate and strong release of the preloaded 3HGABA from the 

slices as compared to DMSO, which returned soon to baseline as ouabain was removed 

(Figure 3.8B). 

Next – albeit predicted by a previous study (Bojorge and de Lores Arnaiz, 1987) – 

high concentration of insulin (300 nM) did not counteract the stimulator action of 

ouabain (+55.9 ± 5.55% facilitation with ouabain+insulin combined vs. DMSO control, 

n = 6), suggesting that insulin does not likely affect the Na+/K+-ATPase in this assay 

(figure not shown). 

Last but not least, rimonabant (500 nM) failed to reduce glucose uptake in the 

presence of ouabain (+54.9 ± 6.1% facilitation with ouabain+rimonabant combined vs. 

DMSO control, n = 6, figure not shown), although rimonabant per se did so (see Figure 

3.4). The lack of rimonabant action in the presence of ouabain may seem like ouabain 

preventing CB1Rs from putatively controlling the Na+/K+-ATPase, but it is probably an 

artefact in a metabolically highly challenged and disturbed slice. As mentioned in the 

Introduction, CB1R activation has been shown to stimulate the pump in brain 
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synaptosomes (Araya et al., 2007), but gramicidin, a Na+/K+-ATPase activator alone did 

not trigger glucose uptake in a previous study (Porras et al., 2008), because an 

additional Ca2+ signal was also required to do that. Thus, CB1R inverse agonists were 

not expected either to reduce glucose uptake by deactivating the Na+/K+-ATPase, at 

least not in such an assay where a Na+/K+-ATPase inhibitor depolarizes the slice in 

itself.  

Thus, it was important to compare the action of CB1R antagonists in a direct 

manner, on free phosphate production from 2 mM ATP in hippocampal membranes, in 

the presence or absence of ouabain.  

Figure 3.9 – Effect of CB1R blockade on Na+/K+ ATPase activity in permeabilized synaptosome enriched 

hippocampal membranes. Ouabain was used at a higher concentration than above, at 1 mM, to 

maximize Na+/K+ ATPase blockade. Red numbers at the bottom of the bars indicate the number of 

animals used (n). Bars represent mean ± S.E.M.; *P < 0.05, **P < 0.01, n.s., not significant. 

We found that neither the neutral antagonist, O-2050 nor the inverse agonist, 

AM251 affected the activity of Na+/K+-ATPases (P > 0.05) (Figure 3.9). Curiously, 

rimonabant, which is a structural analogue of AM251, stimulated Na+/K+-ATPase-

mediated ATP metabolism, because ouabain prevented this effect of rimonabant. It is 

well-known that cannabinoid ligands sometimes possess additional off-targets besides 

their cognate receptors (Köfalvi, 2008), which could explain the discrepancy in the 
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results, but based on the known off-targets of rimonabant, we could not make an 

educated guess about its mechanism of action on the Na+ pump. In conclusion, CB1R 

ligands did not prove useful to facilitate either glucose uptake or insulin sensitivity in 

the healthy rodent brains throughout the assays here optimized.  

To expand the quest for the possible utility of CB1R modulators, we decided to 

move onto a systemic metabolic disease model known to alter CB1R expression in the 

hippocampus (Duarte et al., 2007a), namely, the streptozotocin (STZ) -model of T1D. It 

is a general dogma that diabetes does not affect brain glucose uptake, thus it may be 

necessary to push to systems to the maximum performance to reveal differences. In this 

model, we aim at testing the diabetic brain both under resting and strongly stimulated 

conditions. 

To verify which form of chemical stimulation serves best the project interest, 4-

aminopyridine (4-AP) was compared with high K+. Habitually both stimulations to 

evoke transmitter release from synaptosomes are used (Bitencourt et al., 2015b), and 4-

AP is also used to stimulate metabolic fluxes in the hippocampal slices for 13C nuclear 

magnetic resonance studies (Duarte et al., 2012c; Valente-Silva et al., 2015). Comparing 

the results obtained through the stimulation by 4-AP and K+ we observed that the 

hippocampal slices are resistant to at least 30 mM K+ stimulation for 30 min, and both 

K+ and 4-AP produced a concentration-dependent increase in both 3HDG uptake and 
14C loss (i.e. glucose metabolism) (Figure 3.10).  

The EC50 of 4-AP was calculated to 102.2 μM and the Emax amounted to 119.0% 

of control, i.e. much more potent but way less efficacious than high K+ to stimulate 

glucose turnover, hence 4-AP was no longer considered to be included in our 

experiments. Surprisingly, mouse hippocampal slices did not resist to 30 min treatment 

with 30 mM K+ (the cut-off K+ concentration was 50 mM for the rat slices), meaning 

that uptake in 30 mM K+ was even smaller than in the NaCl control, that is, the cells 

probably shut off and died (figure and data not shown). Mouse slices did respond well 

to 20 mM K+ treatment for 30 min (not shown), but to avoid working close to the 

maximal capacity of the system, it was chosen only a reduced 15 mM K+ for the mouse 

slices for the forthcoming experiments. 
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Figure 3.10 – The effect of chemical depolarization on glucose uptake and metabolism in the rat and 

mouse slices. After 60 min recovery, the slices were treated with either the K+ channel blocker, 4

aminopyridine or high K+ concentration in the bath as indicated (where NaCl served as an osmotic 

control, marked as 100%). Red numbers at the bottom of the bars/symbols indicate the number of 

animals used. The high animal number for 20 mM K+ stimulation is due to the inclusion of later data 

from various studies throughout the years which are not presented elsewhere in the thesis. Bars 

represent mean + S.E.M.; *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. 

3.2 TYPE-1 DIABETES IMPAIRS BRAIN GLUCOSE TURNOVER IN A CB1R-

DEPENDENT FASHION

STZ accumulates in pancreatic  cells after systemic injection, and rapidly kills 

them, predominantly via DNA alkylation (Bennett and Pegg, 1981). This leads to the 

strong reduction of circulating insulin levels. Our group previously found that the 

systemic STZ model of T1D decreases CB1R expression in the rat hippocampus (Duarte 

et al., 2007a). As Figure 3.4 documents, both CB1R inverse agonists and the genetic 

deletion of the receptor decrease basal glucose uptake. Hence, we became curious about 
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how STZ would affect CB1R density in the mouse brain and if it had any consequence 

on brain metabolism. Therefore, 16 wild-type (WT) mice and 16 of their CB1R KO 

littermates (Ledent et al., 1999) were randomly assigned into four groups of 8, and one 

of the WT groups as well as one KO group were rendered diabetic, while the other two 

groups served as control. 

3.2.1 Body weight and glycemia

Since there is no available information on the diabetic phenotype differences in 

the CB1R KO mice, we monitored body weight and blood glucose levels during the 

seven weeks post-injection period. The lack of CB1R receptors visibly influenced the 

results of untreated T1D on body mass and systemic glucose disposal (Figure 3.11), 

which is in fact new and interesting information, though not surprising taken the roles of 

CB1R in systemic metabolism, as discussed in the Introduction (Bermúdez-Silva et al., 

2009; Matias et al., 2008b; de Pasquale et al., 1978). 

Figure 3.11 – (A) CB1R KO mice are almost 10% lighter than their WT littermates, and by the 7th week 

post injection, they recover their original body weight, unlike their diabetic WT littermates, which are 

unable to gain mass. B) Blood glucose levels of the diabetic CB1R KO mice also reach maximum within 

two weeks, contrasting diabetic WT mice. Symbols represent mean ± S.E.M. of 8 mice; *P < 0.05, **P < 

0.01, ***P < 0.001, vs. the initial point above 0 weeks, as determined with one way ANOVA followed 

with Dunnett's multiple comparison post hoc test; +P < 0.05, $P < 0.001 between WT and CB1R KO; n.s., 

not significant. 
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As Figure 3.11A illustrates, the starting body weight of the total 16 CB1R KO 

mice (at 6 weeks age) used in this part of the study was 9.1 ± 1.3% smaller (P < 0.001) 

than their wild-type littermates. After provoking insulinopenia by STZ-injection, 

diabetic body weight loss at its peak was slightly less severe for the WT mice (25 day 

post-injection: -7.65 ± 1.25% of starting body weight, P < 0.001 by one-way ANOVA 

followed by Dunett's multiple comparison test) than in the CB1R KO mice (at 25 day 

post-injection: -9.4 ± 3.6%, P < 0.001). However, CB1R KO mice recovered from body 

weight loss by the 7th week post-injection, having only 1.8 ± 2.2% loss of the original 

body weight (P > 0.05) while the WT mice did not fully recover (-4.0 ± 0.8%, P < 0.01) 

(Figure 3.11A). Note that these mice already reached their average adult body weight, 

thus there was no significant weight gain in the sham animals during the 7 weeks of the 

treatment period.  

Blood glucose levels for the WT mice (5.6 ± 0.1 mM) were not different from 

those of the CB1R KO mice (5.6 ± 0.2 mM; P > 0.05). However, after STZ-injection, 

WT glycaemia constantly rose and became significantly different between various time-

points (calculated with one-way ANOVA followed by Bonferroni's post-hoc test), with 

the estimated maximum of 30.6 ± 2.3 mM (mean + S.D.) (Figure 3.11B). As for the 

CB1R KO mice, blood glucose levels stabilized at the plateau of 23.9 ± 0.8 mM by the 

2nd week post-injection (Figure 3.11B). These estimates were obtained from fitting one-

phase association curves onto the data points. 

3.2.2 Diabetes impairs cortical and hippocampal glucose turnover

Upon termination of the treatment period, 1 mouse from each group was 

sacrificed and used simultaneously, in the same experiment, allowing paired analysis of 

the uptake parameters. In the resting and the 15 mM K+-depolarized slices, glucose 

uptake during the 30 min period was ~25% smaller in the cortex and hippocampus of 

both diabetic WT mice and the CB1R KO sham (vs. their WT littermates) (n = 8 mice 

pairs, Figure 3.12A,B).

Interestingly, diabetes failed to further compromise resting or stimulated glucose 

uptake in the cortex and hippocampus of the CB1R KO mice, thus revealing mutual 

occlusion between diabetes and genetic deletion of the CB1R. Although high-K+-

stimulation lost its capacity to trigger equivalent amount of glucose uptake in absolute 
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terms, in either the diabetic or the CB1R KO animals (Figure 3.12A,B), the relative 

effect of depolarization when normalized to the respective resting (NaCl) control was 

similar throughout the groups and brain areas, varying between +53.4% (hippocampus 

sham WT) and +68.3% (cortex sham CB1R KO). There was no statistical difference 

among the absolute amount of K+-induced glucose uptake throughout the groups despite 

strong tendencies, probably due to the low statistical power of n = 8 animals.  

Figure 3.12 – Seven weeks of STZ induced diabetes and the genetic deletion of the CB1R cause 

mutually occlusive impairment on both the resting (with 15 mM extra Na+) and the 15 mM K+

depolarization induced uptake of glucose in the cerebral cortex (A) and the hippocampi (B) of male 

mice of the CD 1 strain. Bars represent mean + S.E.M. of 8 mice; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 

WT sham resting uptake; $P < 0.05, $$P < 0.01, $$$P < 0.001 vs. the respective NaCl control of the same 

animal, as determined with one way ANOVA followed with Dunnett's multiple comparison post hoc 

test. 

Importantly, 14C6-glucose was co-applied with 3HDG in these experiments, and 

thus measured 14C loss from the slices. As expected, K+-depolarization significantly 

increased dissipative glucose carbon atom metabolism, as compared to the NaCl control 

(Figure 3.13A,B). There was no difference in the dissipative glucose metabolism 

throughout the groups (Figure 3.13A,B), with the exception that K+-depolarization 

could not significantly increase the resting value in the hippocampi of the diabetic CB1R 

KO mice (P > 0.05 vs. NaCl control) (Figure 3.13B). 

The obtained data is thrilling for two reasons. First, it reports for the first time that 

chronic hyperglycaemia, insulinopenia or both affect brain glucose uptake, and second, 

that all these are only and exclusively dependent on the CB1 cannabinoid receptor. 
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Nonetheless, further studies are required to unveil the underlying link between CB1R 

deficiency and lower glucose uptake. 

Figure 3.13 – Seven weeks of STZ induced diabetes and the genetic deletion of the CB1R did not 

significantly affect glucose metabolism in acute cerebrocortical (A) and hippocampal (B) slices, except 

when combined in the hippocampus. Bars represent mean + S.E.M. of 8 mice; $P < 0.05, $$P < 0.01, 

$$$P < 0.001 vs. the respective NaCl control of the same animal, as determined with one way ANOVA 

followed with Dunnett's multiple comparison post hoc test. 

There are a handful of in vivo animal studies tackling the effects of STZ-induced 

diabetes on brain glucose transport. In one study, the authors concluded that 13 weeks 

of untreated STZ reduced systemically administered 3HDG accumulation in the frontal 

cortex of rats (Kainulainen et al., 1993). However, when they normalized the uptake 

values to the blood glucose levels, essentially no difference was seen in the cerebral 

uptake between sham and diabetic animals. Diabetes also did not alter the density of 

glucose transporters 1 and 3 (GLUT1,3) in the brain of the animals. Another in vivo

study with only 2 weeks of diabetes concluded similar lack of difference in glucose 

uptake throughout various brain regions of diabetic rats as compared with sham rats, 

and the authors also found no change in either the vascular-type 55-kDa GLUT1 or in 

the parenchyma-type 45-kDa GLUT1 or in GLUT3 densities (Simpson et al., 1999). 

Finally, in rats subjected to 6-8 week of STZ-induced T1D, cerebral rates of glucose 

uptake was found increased under normoglycemia, which was achieved with systemic 

insulin injection (Pelligrino et al., 1990).  

From these, it is clear that differences in blood glucose, cerebral insulin 

concentrations, blood-brain barrier permeability and local blood fluxes all affect the 
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final outcome of in vivo experiments, and either the putative impairment in cerebral 

glucose uptake or the technical approaches were not sufficiently robust to reveal solid 

conclusions.  

The densities of our proteins of interest in the cerebral cortex of the four groups of 

animals were also analysed. As Figure 3.14 illustrates, there was a significant drop in 

CB1R density in total membranes after 7 weeks of diabetes. Apparently, this drop was 

sufficient to produce the "CB1R KO phenotype" on glucose uptake, and this appears to 

be the funnel where systemic diabetes converged onto glucose uptake. How diabetes 

affected CB1R density is unknown to us, but it might be related with the dysregulation 

of the Akt-mTor pathway, which is typical in the diabetic brain and affects protein 

synthesis (Duarte et al., 2012a). Nevertheless, there is still no explanation for the 

decrease in glucose uptake under treatment with CB1R inverse agonists or upon 

reduction of CB1R density. Thus, next we analysed the crucial element of insulin 

signalling in total membranes of the four groups. Although there were differences in the 

densities of insulin receptor -chain, IGF-1R  subunits, in the phosphorylation of Akt 

and GSK3 , we found no repetitive pattern that stood out in all the three protein groups 

(data not shown). We also found no change in GSK3  phosphorylation, and in GLUT1 

or GLUT4 densities (the latter transporter was investigated owing to its sensitivity to 

insulin) (data not shown).  

Interestingly, a previous study did find increased GSK3  phosphorylation in 

C57bl/6 mouse brain 3 days after a single injection of 150 mg/kg STZ (Clodfelder-

Miller et al., 2006). The lack of insulin in fact should have decreased GSK3  

phosphorylation, because the authors found a strong tau hyperphosphorylation in the 

brain of the 3-day-STZ mice, as a consequence of lack of insulin. STZ treatment also 

increased the phosphorylation of both p38 and JNK, indicating activation of these two 

kinases. The authors concluded that in comparison with the previously reported modest 

changes seen in the insulin receptor KO mice, the lack of insulin has much more 

deleterious effects, which may implicate the involvement of the IGF-1R in the actions 

of insulin in the brain. Nevertheless, the experimental layout was substantially different 

from ours thus it does not allow direct comparison of findings.  



RESULTS AND DISCUSSION 

88

Figure 3.14 – Seven weeks of STZ induced diabetes decreases CB1R density in cerebrocortical 

membranes of 13 week old CD 1 male mice. STZ was induced with one intraperitoneal injection of a 

low STZ dose of 40 mg/kg during five consecutive days. All animals became diabetic, and none 

suffered major physical disability during the maintenance of diabetes. The proteins were analysed in 3 

different gels (two gels with samples from 6 animals and 2 gels with 2×2 samples). Ratios of CB1R/

actin densities were averaged and taken as 100%, to which the respective STZ ratios were compared. 

Points represent mean ± S.E.M **P < 0.01 vs. sham ratios. 

3.2.3 Metabolic dysregulation in the rat frontal cortex recovers via a

CB1R dependent mechanism

The above studies in diabetic mice reveal associated deficits in CB1R densities 

and glucose metabolism after 7 weeks of diabetes. Next, we asked if STZ-induced 

diabetes also affects cerebral glucose metabolism in another species, which we assessed 

with a greater temporal resolution. Thus, brain slices were used from ongoing studies 

with diabetic rats with 2, 4 and 8 weeks of STZ (e.g. Baptista et al., 2011). This study in 

question found a transient change in major presynaptic markers without major 

functional consequences in the rat hippocampus with two weeks of diabetes, but these 

alterations returned to normal level by the 8th week. Furthermore, a new group of 

animals was included with an intermediate time-point, to allow better resolution for the 

outcome of the illness. Since the hippocampi of these rats were used for other studies, 

we studied the frontal cortices. Figure 3.15 confirms that the STZ-injected rats involved 

in the study were in fact diabetic. The sham rats showed steadily increasing body weight 

taken that they had only 12 weeks of age at the beginning of the procedures, while the 

STZ-injected rats showed reverse tendency. Blood glucose levels were not different 

among groups of the same treatment, but were highly elevated in the diabetic animals. 
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Slice experiments were carried out in pairwise manner (slices of one sham and 

one diabetic animal divided into four or five common chambers). The age of the sham 

animals (i.e. the fact that they were used at different time-points) did not modify the 

uptake of glucose either in control (+30 mM NaCl) bath or in high-K+ (30 mM) bath. 

The control sham glucose uptake in the two-week sham (2W-sham) amounted to 79.4 ± 

6.9 nmol/mg protein, n = 14), which was not significantly different from the 

corresponding value in the mice shown in Figure 3.12A (66.3 ± 2.3 nmol/mg protein, n 

= 8, P > 0.05).  

Figure 3.15 – Body weight and blood glucose levels of rats (A). Initial values of the sham and diabetic 

animals were not significantly different (see Methods), thanked to the randomization. (B) glycemia 

values for sham and diabetic animals. Bars represent mean + S.E.M. of n = 8 14 rats/group; ***P < 

0.001, as determined with two tailed unpaired Student's t test. 

Two-weeks post-STZ injection (2W-STZ), rat cortical slices exhibited 15.2 ± 

3.9% decrease in resting glucose uptake (n = 14, P < 0.01) (Figure 3.16A), which was 

normalized by acute treatment of the slices with the synthetic cannabinoid agonist, 

WIN55212-2 (500 nM; n = 7, P > 0.05 vs. DMSO). In contrast, the CB1R-selective 

neutral antagonist, O-2050 (500 nM) exacerbated the impairment of glucose uptake to -

24.8 ± 7.3% compared to sham (n = 7, P < 0.05) (Figure 16A). Importantly, neither of 

the tested cannabinoid ligands affected glucose uptake in the sham animals (P > 0.05) 

(Figure 3.5A). This suggested that two weeks of insulinopenia rendered the rat 

frontocortical slices deficient in the CB1R-mediated basal coupling to glucose uptake, 

and this time, even the CB1R neutral antagonist was able to further impair glucose 

uptake, although this effect of O-2050 was not significantly different from STZ DMSO 

control (P = 0.06). Nevertheless, these data revealed some indirect effect for CB1Rs and 
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hinted a possible gain-of-function of an endocannabinoid-CB1R signalling pathway to 

facilitate glucose uptake.  

Figure 3.16 – STZ induced insulinopenia impairs resting glucose uptake in a CB1R dependent fashion. 

A) Two weeks in STZ diabetes decreased resting glucose uptake, which is recovered acutely with the 

synthetic cannabinoid, WIN55212 2 (500 nM). The neutral CB1R antagonist, O 2050 (500 nM) further 

decreased glucose uptake, but it was not significantly different from STZ DMSO control. B) After 4 

weeks in diabetes, resting glucose uptake normalized, but O 2050 uncovered an impairment, which 

was likely masked by boosted endocannabinoid signalling. C) After 8 weeks, there was no impairment 

detected. 30 mM K+ stimulated glucose uptake was tendentiously greater at the three time points, 

but without reaching significance. A C) All bars and symbols represent mean + or ± S.E.M. of n = 7  14 

animals; *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham DMSO, and $P < 0.05, $$P < 0.01 vs. STZ DMSO 

control, as obtained with one way ANOVA following by Bonferroni's post hoc test. D) The amount of 

high K+ stimulated glucose uptake normalized to the appropriate sham or STZ control was 

tendentiously at the border of significant difference between sham and diabetic animals. Note that all 

four chambers had identical osmotic condition (achieved with extra NaCl or KCl) and 0.1% DMSO.  

Indeed, as Figure 3.17 reveals, there was a 30.5 ± 5.6% transient decrease in 

CB1R density of the sham frontal cortex after 4 weeks in diabetes, which returned to the 

sham level by the 8th week post-injection. In accordance with this, resting glucose 
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uptake after 8 weeks in diabetes was not different from that in sham animals, and 

cannabinoid ligands also left glucose uptake unaffected. This is already in clear contrast 

with the above findings in mice, taken that after 7 weeks in diabetes, resting glucose 

uptake remained impaired in the mice, and so did the high-K+-stimulated glucose uptake 

(Figure 3.12A). This latter phenomenon uncovers an additional layer of difference, 

because the high-K+-stimulated glucose uptake tended to be greater in the STZ-treated 

rats - rather than decreased - throughout the 3 time-points (Figure 3.16D).  

Figure 3.17 – Four weeks of STZ induced diabetes decreases CB1R density in frontocortical membranes 

of 14 week old male Wistar rat, which recovers within the following month. STZ was induced with one 

single intraperitoneal injection of streptozotocin (STZ). A) The proteins were analysed in 2 different 

gels (two gels with samples from 6 rats). B) Ratios of CB1R/ actin densities of the sham animals were 

averaged and taken as 100%, to which the respective STZ ratios were compared. All bars and symbols 

represent mean ± S.E.M, **P < 0.01 vs. sham ratios. 

Additional analysis of insulin signalling pathways revealed that the density of 

insulin and IGF-1 receptors as well as the phosphorylation of Akt at Ser473 (figure and 

data not shown) remained unchanged after 1 or 2 months in diabetes, however, by the 

end of the first month, phospho-Ser21-GSK3  levels were 17.4 ± 4.1% smaller in the 

diabetic rats (n = 6, P < 0.01), which was reverted to a small but non-significant 
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facilitation by the end of the 8-week period, and phospho-S9-GSK3  levels became 

elevated 19.5 ± 7.25% (n = 6, P < 0.05) after 8-week in STZ (Figure 3.18).

Figure 3.18 – Four weeks of STZ induced diabetes decreases phospho(Ser21)GSK3  density, while in 

frontocortical membranes of 14 week old male Wistar rat, which recovers within a month. In contrast, 

GSK3  phosphorylation at Ser9 becomes significantly elevated by this time. (A) Representative blots. 

(B) Ratios of phospho GSK3/total GSK3 densities in the sham animals were averaged and taken as 

100%, to which the respective STZ ratios were compared. All symbols represent mean ± S.E.M *P < 

0.01, **P < 0.01 vs. sham ratios. 

As for the resting glucose metabolism, neither diabetes nor cannabinoid ligands 

altered glucose carbon atom loss in the frontal cortex. Nevertheless, under 

depolarization by 30 mM K+, 14C loss from taken up 14C6-glucose was very strongly 

increased in absolute values expressed to protein quantity in both the 2W-STZ rats (by 

109.9 ± 42.7 nmol/mg protein, which corresponds to 43.5 ± 16.3% increase, n = 7, P < 

0.05) (Figure 3.19A) and the 4W-STZ rats (by 147.1 ± 22.0 nmol/mg protein, which 

corresponds to 39.8 ± 15.2% increase, n = 8, P < 0.001) (Figure 3.19B). After 8 weeks 

of diabetes, however, no significant difference was observed (36.6 ± 15.1% increase, n 

= 8, P = 0.08) (Figure 3.19C).  

We recently showed that there are functional CB1Rs in frontocortical 

glutamatergic nerve terminals whose activation leads to decreased glutamate release 

(Bitencourt et al., 2015b). If the decrease in CB1R density affects glutamatergic 

terminals too, it would likely allow greater excitatory activity for the circuitry. In fact, 

some pathological conditions such as juvenile high fever can cause a permanent 
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decrease in CB1R density in glutamatergic terminals, thus leading to the development of 

an epileptic phenotype in the adult (Katona, 2015). 

Figure 3.19 – Increased metabolic responsiveness to depolarization in the frontal cortex of STZ treated 

rats in the first month of untreated diabetes. (A) 2 weeks post injection, (B) 4 weeks post injection 

and (C) 8 weeks post injection. Note that all four chambers had identical osmotic condition (achieved 

with extra NaCl or KCl) and 0.1% DMSO. All bars and symbols represent mean + S.E.M. of n = 7  14 

animals; ***P < 0.001 vs. sham DMSO, and $P < 0.05, $$$P < 0.001 vs. sham KCl, as obtained with one

way ANOVA following by Bonferroni's post hoc test.  

The likely explanation for the increased metabolism in terms of absolute values 

(Figure 3.18A,B) can be therefore a result of possible decrease in CB1R density in 

glutamatergic nerve terminals which permits a greater excitability in the slice under 

high K+-depolarization, and may lead to a greater energy expenditure. Additionally, if 

CB1R density drops in the mitochondria, it would allow glucose oxidation to occur at a 

greater speed (Duarte et al., 2012c).  

Altogether, the therapeutic relevance of the systemic STZ-injection model is 

limited, because apparently, rats and mice are affected differently by untreated T1D, 

and it is not currently known whether the rat or the mouse model resembles what 

happens in diabetic patients. Additionally, it is rare but not uncommon that humans 

endure T1D for a long time without being diagnosed and treated with insulin, at least 

not in the modern world. The more typical complication of T1D is a result of insulin-

induced hypoglycemia – at least in animal models (Sherin et al., 2012), but in diabetic 

patients, there is limited evidence for recurrent hypoglycemia-induced serious long-term 

consequences on brain structure and cognitive abilities (Rooijackers et al., 2015). 

Anyhow, T1D, especially when untreated, is not without deleterious effects to the brain, 

since it causes damage to the microvasculature and the blood-brain barrier, though the 
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permeability to glucose from the blood to the brain remains unaffected (Duarte, 2015). 

Our group and collaborators for instance did not find major neurochemical alterations at 

the presynaptic level in the hippocampi and the retina of STZ-treated rats after 8 weeks 

in diabetes (Baptista et al., 2011). Nevertheless, the lack of conclusive data does not 

contradict other reports that witnessed neurodegeration, deficiency of the principal cells 

and impaired glutamate clearance by astrocytes (Duarte, 2015), alterations in the density 

of GABAARs and cholinergic receptors (Sherin et al., 2012), and impairment in learning 

and memory and hippocampal NCAM expression (Baydas et al., 2003). Many of these 

impairments can also lead to epilepsy, and in fact, there is an apparent causal 

relationship between T1D and focal epilepsy of temporal lobe origin (Keezer et al., 

2015). Assuming that the CB1R has an important role as a circuit breaker, a decrease in 

CB1R density (Ludányi et al., 2008) together with the impaired glutamate clearance can 

surely be the perfect receipt for disaster.  

In summary, evidence for the involvement of the CB1R in the alterations of 

cerebral glucose metabolism in the T1D models were find, although the data do not 

point out a clear therapeutic role for this receptor, which is largely due to the lack of 

conclusive data on the mechanism of action as well as the divergent phenotypes of the 

diabetic rats and mice. Thus, we decided to move onto other metabolic disease models 

known to affect the homeostasis of the brain. 

3.3 ICV-STZ CAUSES MEMORY IMPAIRMENT RELATED TO METABOLIC 

CHANGES AND SYNAPTIC DYSFUNCTION 

Notably, STZ can be administered intracerebroventricularly (icv), which method 

was pioneered by Siegfried Hoyer's group (Duelli et al., 1994; Lannert and Hoyer, 

1998; Nitsch and Hoyer, 1991). This model causes deregulation at the level of energy 

substrates and energy metabolism in the brain, and triggers an Alzheimer's disease 

(AD)-like phenotype. To attempt to further study the relationship between brain 

metabolic dysfunctions and memory impairment, the icv administration of 

streptozotocin (STZ) was selected (Correia et al., 2011; Salkovic-Petrisic et al., 2013). 

The icv-STZ injection has no major known consequence at the peripheral level but does 

decrease cerebral insulin sensitivity (Grünblatt et al., 2007). The metabolic dysfunction 
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in the hippocampus is a key event associated with the initiation and/or evolution of 

memory impairment, therefore strongly resembles Alzheimer's disease (AD).  

AD is a common form of progressing dementia of either genetic or sporadic origin, 

with no cure. The sooner the discovery of the disease the better the chances are to slow 

its progress (Friedrich, 2013; Reiman and Langbaum, 2009). Neuroimaging including 

morphometric analysis of cortical thinning along with hippocampal volume reduction, 

as well as positron emission tomography (PET) evaluation of brain 18F-

fluorodeoxyglucose (18FDG) uptake are routinely used to detect preclinical AD (Mistur 

et al., 2009). As a result of both decreased cellular glucose uptake and regional atrophy, 

a curtailed 1818FDG-PET signal is a reliable early marker of Alzheimer's-type dementias 

preceding most other clinical symptoms by many years (Phelps, 2000). Since AD 

involves both disturbances of glucose homeostasis and cerebral insulin resistance 

(Correia et al., 2012), AD is also termed as “type-3 diabetes” (Lester-Coll et al., 2006; 

de la Monte and Wands, 2008) and cerebral glucoregulation may emerges as a novel 

therapeutic target in AD.  

In patients, one of the first identified symptoms of dementia is the progressive loss 

of the declarative memory (Harrison, 2013; Nestor et al., 2006), which corresponds to 

the spatial memory in rodents, a hippocampal-dependent type of memory. First, to 

evaluate the extent of memory impairment in the icv-STZ animal model we performed a 

battery of behavioural tests. 

3.3.1 Icv STZ induces memory impairment

Firstly, an open field test was performed to access animal locomotion. Icv-STZ 

treatment did not affect the locomotion: the total distance travelled (22.5 ± 3.7 m, n = 6) 

was not significantly different when compared to the sham group (26.5 ± 1.2 m, n = 7, P 

> 0.05), Figure 3.20. 

The novel object recognition task (NORT), developed by Ennaceur and Delacour 

(1988), relies in rodent innate exploratory behavior. This task was used to assess 

nonspatial recognition memory (Griffin et al., 2009b; O’Callaghan et al., 2007) between 

our animal icv injected with the vehicle (icv-veh) and the icv-STZ-treated ones. This 

task gives the recognition index score (RI), which quantifies the relation between the 
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exploration time of the two objects. The RI may vary between -1 and +1, where -1 

represents higher exploration of the familiar object, 0 represents no differentiation 

between them and +1 means higher exploration of the novel object. The icv-STZ 

animals displayed a RI score (Figure 3.20B) with no statistical differences from zero 

(icv-STZ; – 0.014 ± 0.086, n = 7. P  0.005), meaning that there was no discrimination 

between the familiar and novel object. While the icv-veh animals displayed a positive 

recognition index score (icv-veh, 0.32 ± 0.064, n = 8 P < 0.001), Figure 3.20B.  

Figure 3.20  Effect of the icv STZ treatment in the open field (A) and novel object recognition task (B). 

(A) icv STZ treatment did not modify the distance travelled in the arena (P  0.05) (B) icv STZ 

treatment decreased short term memory performance in the NORT task. The data are mean + SEM of 

n = 7 8 rats per group. **P < 0.005 compared to the control group; #P < 0.05 compared to a 

hypothetical value of 0 in (B). 

Note that during the training and testing phases, the total exploration time did not 

differ between the icv-veh and icv-STZ animals. The fact that the animal recognize the 

familiar object and distinguish it from the novel one (RI  0; P < 0.05) means that it 

formed a memory about the former object (Ennaceur, 2010) and preferentially explores 

the novel one. This preference for novelty is merely observed when memory is highly 

accessible – recent memory phase (Antunes and Biala, 2012b; Ennaceur, 2010). This 

recognition task involves more cognitive skills since the NORT paradigm depends of 

the influence of both the hippocampus and the perirhinal cortex (Aggleton et al., 2010). 

Furthermore, the aptitude to gauge a previous item as familiar depends of the integrity 

of the medial temporal lobe (Hammond et al., 2004). The typical rodent exploratory 

behaviour was observed in the control animals while the treated ones displayed no 
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preference between the novel and the familiar object. This impairment observed in the 

icv-STZ animals corresponds to the same memory domain affected in the early phases 

of AD (Espinosa et al., 2013b; Selkoe, 2001), because the early neuropathological 

changes happen in the rhinal cortical region (Braak and Braak, 1985).  

The Morris water maze (MWM) task was used then to evaluate the existence of 

long-term spatial memory deficits. The rats had to learn to escape from the water by 

finding the submerged platform, which is always in the same quadrant. In this way, the 

animals are required to create a cognitive map consisting of the associations between 

the localization of the platform and the environmental cues on the walls of the room or 

the water maze itself and (Morris et al., 1982; Prediger et al., 2006; Vorhees and 

Williams, 2006).  

Figure 3.21 – Morris water maze task – spatial version. Average occupation plot of the animal group's 

centre point representing the pattern of exploration of the icv veh and icv STZ during the MWM task. 

Sham, n=8 and icv STZ, n = 7. The icv veh animals present typical explorations were, in the initial trials, 

the animals show a tendency for thigmotaxis behaviour or to perform random searches in the arena 

(A,B). As expected, in advanced training trials, icv veh show a gradual change in behaviour, 

characterized by progressive active quests for the platform, target oriented. As icv veh animals get 

acquainted with the environment and paradigm rules, they develop the skill of finding the platform 

from different starting positions, as shown by the latency to reach the platform. The icv STZ animal 

behaviour show a general tendency for thigmotaxis behaviour through all the trials with increased 

incursion (the animal starts moving inwards the platform) and scanning among the trial days with high 

target scanning behaviour for the last day of trial. During the probe test, the occupation plot show a 

higher presence of the icv veh animals in the correct quadrant (where the platform used to be) 

compared with the icv STZ animal that present a more random maze exploration. 
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During the training, all the animals learned to navigate to the platform using 

spatial mapping (or distal cue) strategy and showed a decrease in escape latency 

(Figure 3.21). Nevertheless, the icv-STZ treated animals showed a lower spatial 

learning performance and statistical differences were found in the latency times during 

the training phase after the first day of training (P < 0.05) (Figure 3.22A). In the probe 

trial, statistical difference was observed between the control and icv-STZ animals in 

their escape latency (icv-veh 18.6 ± 5.8 sec, n = 8; icv-STZ 33.0 ± 8.4, n = 7; P < 0.05) 

(Figure 3.22B). Regarding the selectivity of the platform search, the control animals 

spent more time in the correct quadrant (icv-veh, 23.5 ± 1.9 sec, n = 8; icv-STZ 15.2 ± 

1.1 sec n = 8, P < 0.05) (Figure 3.22C), and also displayed a higher number of 

crossings of the former location of the removed platform (icv-veh 3.36 ± 0.56 crossings, 

n = 8; icv-STZ 1.36 ± 0.39 crossings n = 7; P < 0.05) (Figure 3.22D), serving as a 

positive control for the probe trial.  

Figure 3.22 – Statistical analysis of the experiments presented in Figure 3.21. (A) Latency to reach the 

platform during the training (learning phase). (B) Latency to reach platform during the probe trial (s). 

(C) Time spent in the correct quadrant (s). (D) Number of the former platform crossings. Data 

represent mean ± or + S.E.M. of n = 8 icv veh and n = 7 icv STZ rats. A) *P < 0.05, **P < 0.01, as 

determined with Repeated Measures two way ANOVA, (B D) *P < 0.05, as assessed with two tailed 

unpaired Student's t test. 

3.3.2 Icv STZ alters the synaptic plasticity in the hippocampus

Considering the cognitive modifications described above, now we probed for 

possible underlying neurophysiological alterations in the hippocampal circuitry and 

synaptic plasticity. First, we aimed at evaluating the effect of icv-STZ treatment on the 
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recruitability of active fibers with increasing stimulus strength, that is, we carried out an 

input-output curve (Katz and Miledi, 1970; McLachlan, 1978). The response to the 

increasing stimulus is saturable, but the maximum density of active synapses and the 

stimulus strength needed for saturation may differ upon treatment. As Figure 3.23A

shows, icv-STZ did not significantly affect synaptic density, that is, the circuitry was 

structurally intact. 

Figure 3.23 – Neurophysiological alterations in the icv STZ animals, assessed with extracellular 

recording of the activity of CA3 CA1 (i.e. Schaffer collateral) synapses of 400 μm thick transversal 

hippocampal slices. (A) Input/output curves show no difference in the density of the density of 

recruitable synapses and their sensitivity to stimulus. (B) Paired pulse stimulation protocol reveals 

presynaptic overactivity of CA3 CA1 synapses. (C) Long term potentiation protocol confirms 

presynaptic overactivity ("noisiness"), because the only smaller LTP amplitude could be elicited in the 

icv STZ rat hippocampus above basal activity, as compared with icv sham. *P < 0.05. (D) Statistical 

comparison of the amplitudes of the recorded last 10 min of LTP seen in panel, while unpaired (C). All 

data points represent mean ± or + S.E.M. of n = 9 icv sham and n = 17 icv STZ slices. *P < 0.05, as 

assessed with as assessed with two tailed unpaired Student's t test. 
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Next, we looked for possible presynaptic modifications in short-term plasticity, as 

gauged by the paired-pulse ratio (PPR). This means the following: when a neuron is 

rapidly stimulated twice, the second stimulus-evoked post-synaptic response may differ 

from the first one. Normally, if this difference is an increase in the PPR, it represents a 

clear presynaptic deregulation in Ca2+ levels, because if the second pulse is delivered 

within 25-100 ms after the first pulse, there is little chance for the first pulse-evoked 

post-synaptic responses to feed-back onto the presynaptic release probability, e.g. via 

retrograde release of dopamine or endocannabinoids (Katz and Miledi, 1970; 

McLachlan, 1978; Gerdeman, 2008). Thus, if the presynaptic boutons were inhibited 

(aka, Ca2+-deprived), the second depolarization will overimpose its consequent Ca2+

entry onto the first stimulus-induced intraterminal Ca2+ rise, which will cause a greater 

transmitter release. Contrariwise, if the second stimulus triggers a smaller than the first 

response, it usually reflects high intraterminal Ca2+ levels, and the second stimulus of 

the paired pulse occurs when intraterminal Ca2+ is being transported outward, leading to 

a smaller release probability than during the first stimulus.  

Our PPR decrease data clearly suggest the second scenario, i.e. that the 

presynaptic terminals were likely harbouring unhealthy amounts of Ca2+, indicating 

possible impairment in presynaptic plasticity as well. Such condition would mean that 

above the already elevated basal activity, long-term potentiation protocol can not 

potentiate synaptic transmission as much as in the icv-sham due to the plafond effect 

(i.e. that synaptic strength can not be of any size). Indeed, LTP protocol (Bliss and 

Cooke, 2011; Bliss and Lomo, 1973, Sackter, 2008) revealed a large, almost two-third 

reduction in the LTP amplitude in the hippocampi of icv-STZ animals. Since impaired 

hippocampal LTP is interpreted as the neurophysiological correlate of cognitive 

impairment (Bliss and Cooke, 2011; Bliss and Lomo, 1973, Sackter, 2008), our data 

may explain the hippocampal-dependent cognitive impairments observed in the 

behavioural studies.  

The hippocampus is an extremely plastic structure with a massive synaptic density. 

Despite that, in some neuropathological conditions the hippocampus assumes 

maladaptive circuitry conformations leading to a synaptic malfunction even without 

significant neuronal loss. For instance, Selkoe (2002b) considered that the memory 

impairment occurring in the initial phase of AD is related to a synaptic failure rather 
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than synaptic loss. In fact, A  is generally believed to be capable of blocking long-term 

potentiation (LTP) (Paula-Lima et al., 2013), even in acute in vitro administrations. In 

concert with this, icv-STZ has been shown to cause tau hyperphosphorylation 

(Grünblatt et al., 2006), progressive -amyloidosis (Salkovic-Petrisic et al., 2011), and 

synaptic dysfunction (Shonesy et al., 2012). According to the above report, amyloid 

pathology likely emerges much later (~3 months past STZ injection) than the time-

frame we allowed for our model to age, i.e. 6-7 weeks post icv-STZ. This allows us to 

conclude that synaptic dysfunction was prior to the synaptic loss and -amyloidosis, but 

coincident with the presence of metabolic dysfunction (lactate/alanine ratio values, 

meaning oxidative stress - see section below).  

3.3.3 Icv STZ induces oxidative stress

As shown in the representative High Resolution Magic Angle Spinning (HR-

MAS) Nuclear Magnetic Resonance (NMR) spectra (Figure 3.24A and B), the 

hippocampi of icv-STZ treated animals exhibit a lower lactate/alanine ratio than the 

control animals, which is an indication of lower glycolytic rate and higher alanine 

content (Duarte et al., 2012d).  

The results obtain for icv-STZ are consistent with an increased oxidative stress 

(Duarte et al., 2012d). The cognitive impairment of the icv-STZ treated animals 

observed in the described behavioural tasks (poorer acquisition and retention of memory 

and deficit in spatial cognition) can be directly related to the damage provoked by the 

increased oxidative stress. 

Indeed, antioxidants such as selenium (Ishrat et al., 2009), S-allyl cysteine (Javed 

et al., 2011), trans-resveratrol (Sharma and Gupta, 2002), berberin (Bhutada et al., 

2011), vinpocetine (Deshmukh et al., 2009) and crocin (Naghizadeh et al., 2013) could 

prevent the deterioration of the cognitive performance of the icv-STZ treated animals, 

directly linking brain oxidative stress and cognitive dysfunction. As a short note, 

oxidative stress can be caused – among others – by insulin resistance (Duarte et al., 

2012a), or even iron, zinc and copper supplement (Wong et al., 2014). Oxidative stress 

precedes the appearance of most hallmarks of AD, hence a causative link may be 

established (De Felice, 2013; Su et al., 2008; Torrão et al., 2012; Xie et al., 2013). 
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Figure 3.24 – Representative in vivo HR MAS spectra of hippocampal tissue of (A) icv STZ and (B) icv

veh rats, expanded from 0.5 to 4.5 ppm. This powerful technique is capable of averaging out the 

majority of dipole dipole broadening, resulting in spectra similar to high resolution NMR spectra in 

solution. Abbreviations: Ala, alanine; Asc, ascorbate; Asp, aspartate; Cr, creatine; Glc, glucose; Gln, 

glutamine; Glu, glutamate; Ins, myo inositol; Lac, lactate; NAA, N acetylaspartate; PCho, 

phosphorylcholine; PCr, phosphocreatine; Tau, taurine. (C) Statistical comparison of the effect of icv

STZ treatment on the hippocampus lactate/alanine ratio. Bars represent the mean ± S.E.M. of n = 4 

pair of animals. *P < 0.05, as assessed with two tailed unpaired Student's t test. 

3.4 HIGH SUCROSE CONSUMPTION INDUCES MEMORY IMPAIRMENT IN RATS 

ASSOCIATED WITH ELECTROPHYSIOLOGICAL MODIFICATIONS BUT NOT 

WITH METABOLIC CHANGES IN THE HIPPOCAMPUS

Intracerebroventricular (icv) injection is one of the most invasive surgical 

techniques, often leading to lasting neuroinflammation that may affect even the sham 

brain. So the above findings were repeat in a non-invasive model known of causing 

cerebral insulin resistance, the high sucrose (HSu) model that we previously developed 

and characterized (Soares et al., 2013). Because insulin-resistant type 2 diabetes (T2D) 

is one of the highest risks factors for AD, depression and other neuropsychiatric 
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disorders, which also involve neurometabolic alterations (Akter et al., 2011a; Anderson 

et al., 2001; Bystritsky et al.; Carvalho et al., 2012b; Exalto et al., 2012b; Xu et al., 

2010b). This Hsu model is a prediabetic rat model and is characterized by fasting 

normoglycemia, hyperinsulinemia and hypertriglyceridemia in the fed state, and insulin 

resistance with impaired glucose tolerance (Soares et al., 2013). Regarding the central 

nervous system, this model is consistent with the assumption that metabolic 

disturbances can lead to cognitive impairment and memory deficits (Soares et al., 2013).  

3.4.1 Impact of high sucrose consumption

The disaccharide sucrose has a monosaccharide glucose conjugated to a fructose, 

thus high sucrose diet causes recurrent hyperglycemia. Taken that fructose is directly 

transformed into fatty acids in the liver which is then shipped into body fat, constant 

fructose intake causes dyslipidemia too, on the long run. The relative contribution of 

hyperglycemia, dyslipidemia and the hypercaloric diet to the animals' phenotype neither 

can be disentangled nor is necessary to do so.  

During the 11 weeks of treatment, rats drinking ad libitum high (35% g/v) sucrose 

as their only source of liquids, had an average weight similar to that of control rats 

(Figure 3.25A), although they ingested an overall greater amount of calories (control: 

3.64  0.13 kJ/2 rats/week, HSu: 4.95  0.19 kJ/2 rats/week, n = 7, P < 0.05; assuming 

that 1 g of sucrose is equivalent with 16.74 J energy and 1 g of chow has 11.72 J) 

(Figure 3.25B): HSu rats tended to consume less chow (control: 310  26 g/2 rats/week 

vs. HSu: 244  21 g/2 rats/week, n = 7 (14 animals), P = 0.073) (Figure 3.25C), but 

consumed greater amounts from their sucrose solution (594  29 mL/2 rats/week) than 

that control rats drank from their drinking water (416  29 mL/2 rats/week, n = 7 cages 

(2 rats/cage), P < 0.05) (Figure 3.25D). 
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Figure 3.25 – Characterization of rats subject to 11 weeks of high sucrose diet administered in their 

drinking water. Time course of (A) body weight, (B) total caloric intake, (C) the consumption of 

standard chow, and finally, (D) liquid consumption of rats drinking 35% sucrose (filled squares) or 

their control, which drink regular water (open circles). Data points are mean ± SEM of n = 14 in (A) and 

n = 7 cages (14 rats) per group in (B C). Unpaired Student’s t test was used to compare the impact of 

sucrose consumption on the different parameters *P < 0.05 compared to the control group. 

3.4.2 High sucrose consumption induces memory and emotional

impairment

The analysis of hippocampal-dependent memory using the object displacement 

(ODT) and novel object recognition (NORT) tests revealed that high sucrose 

consumption impaired memory performance in both tasks (P < 0.01) (Figure 3.26A,B), 

which was not related to changes in the total time exploring the objects in each task 

(control in ODT: 46.9  7.8 sec, n = 8; HSu in ODT: 50.4  6.8 sec, n = 7, P > 0.05; and 

control in NORT: 35.6  6.6 sec, n = 11; HSu in NORT: 32.3  6.1 sec, n = 12, P > 

0.05). Moreover, the locomotion of both animal groups was not statistically different (P 

> 0.05), as evaluated by the distance travelled in an open field (Figure 3.26C). 

However, the rats exposed to HSu showed an increased immobility time in the forced 

swimming test when compared to control rats (P < 0.01) (Figure 3.26D). The latter test, 
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which is generally interpreted as a measure of depression-like behavioural despair, is a 

popular model to evaluate depressive-like phenotype in laboratory rodents (Hales et al., 

2014; Porsolt et al., 1977). 

As reported in our previous study, we now replicated the observation that rats in a 

diabetic or a prediabetic condition present memory deficits (Duarte et al., 2009, 2012; 

Soares et al., 2013; Wang et al., 2014) – a conclusion that was now confirmed with 

additional behavioural tests. This diabetes-associated memory deficit likely involves an 

altered information processing through hippocampal circuits, since we observed a 

disruption of spatial-related memory (Figure 3.26A and Soares et al., 2013) and 

recognition memory (Figure 3.26B), which are known to critically depend on 

hippocampal circuitry (Broadbent et al., 2010; Gril-lo et al., 2015; Pandey et al., 2015). 

Figure 3.26 – High sucrose consumption (HSu) decreased short term memory performance in the 

object displacement test (ODT) (A) and in the novel object recognition tests (NORT) (B), without 

modifying the locomotor profile in the open field (C) in comparison to controls. Moreover, HSu also 

increased helpless behaviour in the forced swimming test, indicating depressive like phenotype (D). 

The data are mean + SEM of n = 6 8 rats per group. Unpaired Student’s t test was used in those tests, 

**P < 0.01 compared to the control group; To validate the ODT and NORT, the t test was used to 

compare the location index against a hypothetical value of 50% in the control group in (A) and the 

recognition index compared to 0 in (B) and the accepted level of significance was #P < 0.05. 

The present results are in line with this contention since we have now showed that 

HSu rats performed poorly in ODT and NORT – two hippocampus-dependent tasks 

(Assini et al., 2009; Warburton and Brown, 2015). In fact, apart from the hippocampus, 

the recognition process in rats also has a cortical participation (via the entorhinal cortex 

and the subiculum), which prompts a seminal role for the temporoammonic pathway in 
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the recognition tasks in rodents (Agster and Burwell, 2013; Warburton and Brown, 

2015).  

The relation between diabetes and emotional disturbances such as depression is 

substantial, as heralded by the fact that insulin resistance by itself (like observed in the 

pre-diabetic condition) correlates with depressive behaviours including suicidal ideation 

(Koponen et al., 2015). Furthermore, classical neurochemical features of depression 

such as a hyposerotoninergic function are also present in insulin resistance-induced 

depression (Muldoon et al., 2006). Accordingly, it was observed that HSu rats spent 

more time immobile in the FST, indicating an increased helpless behaviour, often 

interpreted as a type of depressive-like behaviour in rodents (Porsolt et al., 1977). 

Although the neurobiological basis for this association between HSu and the increased 

helpless behaviour still remains to be explored, it is tempting to speculate that it may 

involve a depression of the temporoammonic pathway, since this was proposed to 

account for the emotional disturbances associated with chronic stress (Kallarackal et al., 

2013). Additionally, it has been also recently published that the insulin pathway (Akt-

GSK3 ) mediates serotonin's antidepressant action in the subgranular neurons of the 

dentate gyrus (Papazoglou et al., 2015). 

3.4.3 High sucrose consumption does not modify the metabolic profile

in the hippocampus

As stated before, from a previous collaboration work (Soares et al., 2013) we 

know that the HSu animals possess profound alterations of peripheral metabolic 

parameters. Consequently, it was hypothesized that the consumption of high sucrose 

might also alter the hippocampal metabolism as a pre-requisite to trigger memory and 

emotional impairments. The method selected was the HRMAS technique since it 

enables to obtain a metabolic profile using small amount of tissue.  

However, this spectroscopic analysis failed to reveal any evident metabolic 

impairment in the hippocampus of HSu rats, at the opposite of what was observed in 

streptozotocin-treated rats using superfused slices (Duarte et al., 2009a). As shown in 

the representative HR-MAS spectra (Figure 3.27A,B), HSu rats displayed a metabolic 

profile in their hippocampi similar to that found in control rats. Further confirming the 

lack of major metabolic alterations, the quantification of some metabolites revealed 
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similar levels in HSu and control rats, namely of n-acetyl-aspartate (NAA) (Figure 

3.27C), which is an indicator of metabolic stress (Surendran and Bhatnagar, 2011), and 

of glutamate (Figure 3.27D) or GABA (Figure 3.27E), the main excitatory and 

inhibitory neurotransmitters, respectively. 

Figure 3.27 – High sucrose consumption (HSu) did not modify the metabolic profile in the 

hippocampus. The comparison of proton (1H) (HR MAS) spectra from (A) control and (B) HSu rats 

revealed a globally superimposable profile. Cre: creatinine; P cre: phospho creatinine; tau: taurine; 

myo ins: myo inositol; NAA: N acetylaspartate; glu: glutamate; ala: alanine; lac: lactate. Accordingly, 

the levels of C) NAA (an indicator of metabolic stress), (D) glutamate and (E) GABA were similar in HSu 

and in control rats. The data in (C E) are mean ± SEM of n = 5 rats per group, n.s., not significant, as 

assessed with two tailed unpaired Student's t test. 

3.4.4 High sucrose consumption affects synaptic plasticity at

temporoammonic pathway CA1 pyramidal synapses

To better understand the physiological meaning of the results obtained in the 

behavioural analysis, we teamed up with electrophysiologists to explore the alternative 

possibility that the memory impairment caused by HSu might result from a hampered 
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information flow through hippocampal circuits. To this end, we decided to study the 

different electrophysiological alterations in the hippocampal Schaffer-CA1 and 

temporoammonic pathways. The rationale behind these experiments is that neuronal 

communication requires a high amount of energy and is critically dependent on the 

cellular metabolic state and energy supply (Fusco and Pani, 2013). An imbalance of 

glucose metabolism affects neuronal circuits and is especially relevant for hippocampal 

functioning, because this brain structure has the greatest density of excitatory synapses 

(Harris and Weinberg, 2012) and the activity of these synapses is strictly dependent on 

glucose availability (Magistretti, 2006). The hippocampus is reciprocally connected to 

the cerebral cortex, processing and storing information by means of synaptic plasticity 

mechanisms like LTP and long-term depression (LTD) (Kemp and Manahan-Vaughan, 

2004; Martin et al., 2000). The entorhinal cortex projections constitute the main cortical 

pathways to the hippocampus through two distinct pathways: neurons in layer II of the 

entorhinal cortex project to dentate gyrus neurons, engaging a tri-synaptic circuit via 

CA3 neurons and then through the Schaffer fibers to CA1 neurons (Witter et al., 1988); 

while a distinct pathway links neurons from layer III of the entorhinal cortex directly to 

the CA1 region via the temporoammonic pathway (Witter et al., 1988). Although both 

pathways are involved in the acquisition and storage of spatial information (Remondes 

and Schuman, 2002), their different functional roles are still unclear, in spite of different 

receptor composition and molecular underpinnings to induce synaptic plasticity present 

in the Schaffer fibers and the temporoammonic pathways (Magee, 1999, Nolan et al., 

2004, Ahmed and Siegelbaum, 2009).

Extracellular electrophysiological recordings at Schaffer collateral–CA1 pyramidal 

dendrite synapses revealed similar input-output curves in HSu and control rats (P > 

0.05) (Figure 3.28A). Likewise, HSu and control rats displayed similar amplitude of 

LTP (t2,0.05 = 0.561) (Figure 3.28B, C). 

Extracellular electrophysiological recordings in the temporoammonic pathway also 

showed similar input-output curves in HSu and in control rats (P > 0.05) (Figure 

3.28D). However, temporoammonic pathway synaptic plasticity was hampered in HSu 

rats, as gauged from the lower amplitude of LTD in HSu compared to control rats (P < 

0.05) (Figure 3.28E,F). 
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Figure 3.28 – Extracellular recordings in hippocampal slices revealed that high sucrose consumption 

(HSu) did not modify synaptic transmission either in the Schaffer pathway or in the temporoammonic 

projections to CA1 pyramidal cells, whereas synaptic plasticity was decreased in the temporoammonic 

pathway rather than in the Schaffer pathway in HSu compared to control rats. Synaptic transmission, 

measured as input/output curves, was superimposable in HSu and control rats, both (A) in the 

Schaffer pathway and in the (D) temporoammonic pathway. (B,C) In the Schaffer pathway, a high

frequency train (HFS: 100 Hz for 1 sec) induced synaptic plasticity, namely LTP induced, which was of 

similar amplitude in HSu and in control rats, whereas a paired pulse low frequency stimulation (PP

LFS) composed of 900 paired stimuli (200 msec paired pulse interval, with a 1 Hz inter pair interval, 

during 15 min) induced a LTD in the temporoammonic pathway with a lower amplitude in HSu 

compared to control rats (E, F). The data are mean + or  SEM of n = 4 rats per group. *P < 0.05 as 

compared to control, determined with two tailed unpaired Student's t test. 

3.4.5 High sucrose consumption alters the density and

neuromodulator efficiency of adenosine A1 receptors in the

hippocampus

Since the adenosine system is a prominent modulator of the neurotransmission in 

the hippocampus through inhibitory adenosine A1 receptors (A1Rs) (Dunwiddie and 

Masino, 2001), we investigated if HSu consumption might affect the density and 

function of A1Rs. Adenosine operating at its most abundant inhibitory A1R has been 
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shown to control synaptic plasticity (Hagena and Manahan-Vaughan, 2010; de 

Mendonça et al., 1997; Rex et al., 2005) and to be affected in diabetic-like conditions 

(Duarte et al., 2006, 2009b, 2012a; Morrison et al., 1992). Thus, we tested if the 

exposure to HSu would affect hippocampal A1Rs. Western blot of hippocampal 

synaptosomal membranes showed an increase of A1R density in HSu compared to 

control rats (P < 0.05) (Figure 3.29A). Accordingly, the exogenous activation of A1R 

with 2-chloroadenosine (Coelho et al., 2006) revealed an increased efficiency to 

decrease synaptic transmission at Schaffer collateral-CA1 pyramidal synapses in HSu, 

as compared to control rats at the two higher concentrations tested (Figure 3.29B). This 

increased sensitivity of the exogenous activation of A1R seems to selectively occur in 

Schaffer collateral-CA1 pyramidal synapses, since the concentration-dependent 

inhibition by 2-chloroadenosine of synaptic transmission in the temporoammonic 

pathway was similar in HSu and control rats (Figure 3.29D). 

Importantly, we observed that the chronic consumption of high sucrose altered the 

physiological role of A1Rs at the Schaffer collateral-CA1 synapses, and left the 

temporoammonic pathway unaffected. In detail, a supramaximal concentration of the 

selective A1R antagonist DPCPX (100 nM) (Sebastião et al., 2000) caused a 

considerable smaller disinhibition of synaptic transmission in the Schaffer collaterals in 

the HSu than in control rats (P < 0.05) (Figure 3.29C), whereas the disinhibition of 

synaptic transmission by DPCPX (100 nM) in the temporoammonic pathway was 

similar in HSu and in control rats (P > 0.05) (Figure 3.29E). This results show an 

increased A1R density in hippocampal synapses of the HSu rats, which was the likely 

cause of the greater efficiency of the A1R agonist 2-choroadenosine to depress synaptic 

transmission in Schaffer collateral–CA1 pyramidal cell dendrite synapses of HSu 

compared to control rats. However, the tonic inhibitory role of A1R depends both on the 

density of A1R as well as on the bioavailability of adenosine in the synaptic cleft 

(Cunha, 2008). The latter might be limited in the Schaffer fiber synapses in HSu rats, 

since we observed a reduced disinhibitory effect of the A1R-selective antagonist, 

DPCPX. 
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Figure 3.29 – High sucrose consumption (HSu) modified the density of hippocampal adenosine A1 

receptors (A1R) and their efficiency to inhibit synaptic transmission in hippocampal slices. (A) Western 

blot analysis of hippocampal synaptosomal membranes showed that HSu increased the density of 

synaptic A1R. This was accompanied by an increased efficacy of the A1R agonist, 2 chloroadenosine to 

depress synaptic transmission in the (B) Schaffer pathway, rather than in the (D) temporoammonic 

pathway. Conversely, the blockade of A1R with a supra maximal concentration of its selective 

antagonist, DPCPX (100 nM), showed a loss of endogenous inhibitory tone on the (C) Schaffer

pathway in HSu compared to control rats, while the endogenous tone at the E) temporoammonic CA1 

synapses remained preserved in the HSu compared to control rats. The data are mean + or  SEM of n 

= 4 rats per group. *P < 0.05, compared to control determined by unpaired Student’s t test. 

This is tentatively in agreement with the previously reported reduction of the 

release of ATP and its conversion into extracellular adenosine (Duarte et al., 2007b) and 

the reduced activity of adenosine transporters in the hippocampus of diabetic rats 

(Cassar et al., 1998; Morrison et al., 1992). However, our detailed analysis of different 

CA1 hippocampal circuits revealed that there was no apparent functional modification 

of the role of A1R in the temporoammonic pathway, which is the pathway associated 

with memory and emotional impairments (Remondes and Schuman, 2002) in HSu rats. 

Therefore, the lack of alteration in A1R-dependent modulation of synaptic plasticity at 
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temporoammonic synapses indicates that that HSu affected behavioural performance 

and hippocampal plasticity in a fashion that was not relied upon A1Rs. Given that 

modifications of microglia-associated neuroinflammation seems to be a precocious 

trigger of diabetes-induced alteration of neuronal function and alterations of microglia 

impacts synaptic transmission and plasticity (Kettenmann et al., 2013), it is tempting to 

speculate that HSu consumption might affect glial function as a candidate mechanism to 

alter synaptic plasticity in the temporoammonic pathway. Certainly, further studies are 

necessary to elucidate this assumption. Thus, the present findings consolidate the 

detrimental impact of high sucrose consumption on memory and emotional performance, 

which appeared independent from an altered metabolic profile in the hippocampus 

associated with this pre-diabetic model. In contrast, we now observed that the 

temporoammonic rather than the better characterized Schaffer projections onto CA1 

pyramids display deficits of synaptic plasticity that have previously been related to 

memory and emotional performance. The brain continuously receives sensorial inputs 

and some of those inputs need to be interpreted by the hippocampus (Biessels and 

Reagan, 2015). Some of these sensorial inputs use the temporoammonic pathway to 

reach the CA1 region of the hippocampus (the output of hippocampal signalling). 

Kinnavane et al. (2015) described the physiological role of the temporoammonic 

pathway connecting sensorial and cognitive signals in different tasks (e.g., NORT). 

Those authors explain that when rats explore familiar objects the information pathway 

starts from the perirhinal cortex to lateral entorhinal cortex, and subsequently to CA1. 

On the other hand, when the rat is exploring new objects, the pathway starts from 

perirhinal cortex to lateral entorhinal cortex, then to the dentate gyrus, next to the CA3 

and finally CA1 (Kinnavane et al., (2015). It is interesting to note that in both 

conditions (familiar and novel) the temporoammonic pathway has an active role. 

Nevertheless, the differences between the two situations are the processing of the 

information. In humans, CA1 participate in the anchoring of novel sensorial (coming 

from the temporoammonic pathway) and spatial inputs (from both temporoammonic 

and CA3) into a pre-existent context (Stokes et al., 2015). Conversely, the Schaffer 

pathway is not actively engaged in the sensorial acquisition. Its main role is the spatial 

memory processing after the sensorial input pathway.  

Finally, we excluded the possibility that the predominant inhibitory 

neuromodulation system operated by A1R might be involved with this HSu-associated 
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modification of plasticity in the temporoammonic pathway. This prompts the search for 

other selective modulator of synaptic plasticity of the temporoammonic pathway as 

possible novel systems to be targeted to correct the memory and emotional deficits 

associated with HSu consumption.  

Therefore, the characterization of HSu model opens a new window of opportunity 

to explore the relation between metabolic changes, synaptic changes and memory 

impairment.  

3.5 A2BR ACTIVATION ENHANCES GLUCOSE UPTAKE ON A SECOND SCALE IN 

ACUTE HIPPOCAMPAL SLICES 

Next, we investigated the putative glucoregulator role of adenosine in the brain, 

taken that this neuromodulator is well suited to link metabolic disorders with memory 

impairment via altered synaptic plasticity, which we also witnessed in the above study. 

Indeed, the glucose-derived ATP is consumed by numerous energy dependent processes, 

including glutamatergic signalling and Na+/K+-ATPases in the brain (Attwell and 

Laughlin, 2001). Increased neuronal activity thus triggers a physiological accumulation 

of extracellular adenosine fed by ATP release (Cunha, 2008) and ATP consumption by 

the sodium pumps (Sims and Dale, 2014). Hence, when the circuitry is under heavy 

load and oxidizes more glucose, peaks of extracellular adenosine may serve as a 

paracrine and/or autocrine adaptive signal to stimulate glucose metabolism via 

activating one of its membrane-bound metabotropic receptors (Cunha, 2001a). 

Additionally, pathophysiological conditions including transient cerebral ischemia, were 

shown to exacerbate ATP conversion into adenosine (Hagberg et al., 1986; Onodera et 

al., 1986). In fact, the assumption has been toyed with for decades that adenosine 

generated under energetic crisis protects from cellular damage by restoring energy 

balance in the brain (Huber et al., 1993; Mori et al., 1992; Newby et al., 1985).  

Accordingly, both of the two most abundant adenosine receptors in the brain, the 

A1 and A2A subtypes (Fredholm et al., 2011), have been documented to impact on 

cerebral glucose metabolism besides being important modulators of neuronal activity 

(Gomes et al., 2011; Nehlig et al., 1994). There are two additional cloned adenosine 

receptors, the A2B and the A3 receptors (Fredholm et al., 2011), but their roles have been 
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less explored in the brain. Notably, A2BRs have been implicated in peripheral glucose 

homeostasis (Csóka et al., 2014; Figler et al., 2011; Johnston-Cox et al., 2012; Rüsing et 

al., 2006) and have been proposed to control astrocytic glycogen metabolism (Allaman 

et al., 2003; Magistretti et al., 1986). These aspects prompt the attractive hypothesis that 

A2BR may be associated with cerebral glucoregulation, especially when a metabolic 

boost is needed. Furthermore, we recently observed that A2BRs control A1R-mediated 

responses in hippocampal glutamatergic synapses (Gonçalves et al., 2015), which may 

indicate the possible mechanism how high-sucrose diet affected A1R-dependent 

plasticity at Schaffer collaterals. Continuing the analysis of the role of adenosine in 

metabolic modifications, we asked if A2BRs confer glucoregulation in the hippocampus 

and what consequences would A2BR have on the animal memory and anxiety-like 

behaviour. 

3.5.1 Behavioural analysis of A2BR KOmice

In those behavioural analyses, it was observed that there was no immediate 

working memory impairment in the A2BR KO (n = 7) compared to WT animals (n = 7) 

(Figure 3.30) since no difference in alternation was observed between the two groups 

under the Y-maze test (P  0.05).  

Figure 3.30 – Y maze test revealing no difference in alternation between the WT and the A2BR KO mice. 

(A) Average occupation pattern plot showing experimental group's center point in the Y maze task. 

The colour gradient from blue (less occupation) to red (more occupation) show that A2BR KO mice 

group spent more time than control mice group in the central area. (B) Bar graph representing the 

percentage of time spent in the novel arm. No difference was observed between the WT and the A2BR 

KO groups (P  0.05), meaning that A2BR KO mice had no impairment in the immediate working 

memory. The data are mean ± SEM, of 7 animals in each group. *P < 0.05 compared to control group 

using an unpaired Student’s t test. 
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Y-maze “spontaneous alternation” test is a behavioural paradigm that relies on the 

willingness of rodents to explore new environments, and requires the animal attention 

and working memory. Rodents typically prefer to investigate a new arm of the maze 

rather than returning to one that was just previously visited and the result counts the 

alternations between the three arms, e.g., consecutive entries in each arm without 

repetition. Many parts of the brain including the hippocampus are involved in this task.  

Regarding the anxiety-like behaviour, the classical assessment parameters of the 

EPM such as the percentage of time spent in the open arm (n = 7, P > 0.05) or the 

percentage of entries in the open arms (n = 7 A), did not show any difference between 

A2BR KO and WT animals (P  0.05) (Figure 3.31). Curiously, in both the y-maze and 

EPM test the A2BR KO animals displayed a pattern of exploration different from the 

WT, i. e., the A2BR KO spent more time exploring the central area (defined as the 

apparatus area inside the black triangle in Figure 3.30) (P < 0.05). Further studies are 

needed to explain this pattern of exploration 

Figure 3.31 – Elevated plus maze test revealing no difference in anxiety for the A2BR KO animals. (A) 

The colour gradient from blue (less occupation) to red (more occupation) shows the average 

occupation plot representing the pattern of the animal group's centre point in the EPM task. While 

WT mice had a similar pattern of exploration for the centre and outside area of the arena, A2BR KO 

mice spent more time exploring the central part of the arena than the periphery. (B) Bar graph 

representing the percentage of time spent in the open arm; (C) Percentage of the number of entries in 

the open arm. (D) Total distance travelled in the elevated plus maze. The data are mean ± SEM, n = 7. 

P > 0.05 as compared to control group using two tailed unpaired Student’s t test. 
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3.5.2 A2BR activation rapidly enhances glucose uptake in hippocampal

slices

In Figure 3.6, is presented the data with the uptake of the fluorescent 

deoxyglucose analogue, 6-NBDG. For the actual study, the 6-NBDG uptake was 

compaired to another commercially available fluorescent deoxyglucose analogue, 2-

NBDG, and it was observed that 2-NBDG provides greater glucose uptake signal (see 

Figure 3.32). This is in agreement with a previous finding of another group pioneering 

2-NBDG and 6-NBDG uptake in brain slices (Jakoby et al., 2014). They claim, in 

accordance with Louzao et al. (2008), that 2-NBDG is metabolizable while 6-NBDG is 

not, hence, its uptake is not likely saturated. We first decided that 2-NBDG would be a 

more suitable analogue to monitor the spatiotemporal uptake of glucose, because it is 

more sensitive to changes in energy metabolism and it provides greater signal. Then we 

analyzed the uptake process and worked out the best mathematical model to model the 

uptake curve of 2-NBDG. First, the autofluorescence of the slices under the microscope 

was measured, and this value was then subtracted from all of the following intensity 

values. Then 2-NBDG (30 μM) was added via an external reservoir where 5 mL of 

initial perfusion solution was gassed with 95% O2 and 5% CO2 and superfused in the 

chambers in a closed-circuit fashion. According to O’Neil and colleagues (2005), the 

first couple of minutes of 2-NBDG show a complex oscillation and thus is to be 

discarded from the calculation.  

As Figure 3.32 shows, data points were discarded in the first 5 min and 30 sec, 

then the following equation was fitted to the useful data points, up to 20 min:  

Y = Tmax × X / (Kd + X) + M × X +  

where Y stands for the intensity (arbitrary units), X denotes the time (secs), Tmax

represents the maximum number of transporters for 2-NBDG, Kd is the inverse of the 

affinity of 2-NBDG for its transporters, while M stands for the constant for the 

"metabolic drain" (as 2-NBDG is slowly metabolizable), which was assumed to be 

steady for the sake of simplicity, and  (autofluorescence) is the value to be subtracted 

from the raw data.  
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Figure 3.32 – Representative fluorescent uptake traces of 2 or 6 (N (7 nitrobenz 2 oxa 1,3 diazol 4

yl)amino) 2 deoxyglucose (2/6 NBDG) in hippocampal slices of 300 μm thickness of one young adult 

C57bl/6 mouse. The slices were mounted in special superfusion chambers made for functional 

fluorescence microscopy, and superfused with gassed Krebs HEPES solution at a rate of 0.5 mL/min in 

a closed circuit, and they were then photographed at every 30 s over the following 30 min, using a 5× 

Plan Neofluar objective on an inverted Axiovert 200 M fluorescence microscope to allow real time 

video imaging. The data were band pass filtered for excitation (470/40) and emission (525/50). After 

recording six images for autofluorescence (to establish the baseline), 2 or 6 NBDG) (30 M) was 

applied through the reservoir of the closed superfusion circuit. As within 10 min, the increase of 2

NBDG signal reached linearity, we recorded a 10 min predrug period that was used for calculating a 

“prediction curve”, following the first 10 min of 2 NBDG application. Subsequently, at 20 min, the 

slices were challenged with a drug (this case, BAY656083, 300 nM) or its vehicle, DMSO (0.1%), and we 

continued recording the changes in fluorescence intensity for more 10 min.  

Having optimized 2-NBDG uptake, we proceed to assessed whether A2BR 

activation affects glucose uptake in superfused hippocampal slices through the 

monitorization of the rate of 2-NBDG accumulation. To do this, we calculated the 

departure of the actually measured intensity values, in the presence and absence of the 

A2BR agonist, BAY656083, from the theoretical curve fitted onto the points up to 

minute 20. The basal accumulation of 2-NBDG was most evident in astrocyte-rich areas 

of transverse hippocampal slices, i.e. in the stratum lacunosum, followed by the strata 

radiatum and moleculare, and the smallest signal was found in the strata pyramidale
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and granulare (Figure 3.33A), this information is consistent with previous findings 

(Jakoby et al., 2014).  

The next step was to perform a pharmacological study based on the use of 

BAY606583 and an antagonist A2BR, MRS1754, together with A2BR KO mice. The 

pharmacological activation of A2BR with BAY606583 (300 nM - i.e. at a concentration 

selective for this receptor) rapidly increased the velocity of 2-NBDG accumulation in 

these hippocampal slices prepared from the wild-type (WT) mice (n = 7 in duplicate, P 

< 0.05), as determined by measuring the fluorescence intensity in the whole surface of 

the transversal slice (Figure 3.33). Pretreatment of the slices with the selective A2BR 

antagonist, MRS1754 (200 nM) for 23 min (i.e. starting 3 min before 2-NBDG 

administration) prevented BAY606583 from stimulating 2-NBDG uptake (n = 4, P > 

0.05; Figure 3.33D). Additionally, BAY606583 also failed to stimulate 2-NBDG 

uptake in the hippocampal slices prepared from A2BR KO mice (n = 6, P > 0.05; Figure 

3.33D). Importantly, 2-NBDG accumulation was not statistically different from the WT 

control neither after pretreatment with MRS1754 (n = 4, P > 0.05; Figure 3.33D) nor in 

A2BR KO mice (n = 6, P > 0.05; Figure 3.33D), even though the uptake velocity was 

tendentiously greater in A2BR KO mice (117.3 ± 9.8% of WT control, P > 0.05). Hence, 

the lack of effect of BAY606583 either in the presence of MRS1754 or in the absence 

of A2BR provides compelling evidence for the involvement of A2BR in the action of 

BAY606583. Interestingly, there was a tendency for increased 2-NBDG influx in the 

hippocampal slices from A2BR KO mice, which contradicts what one would expect, i.e.

a decreased glucose uptake in the absence of A2BR. However, A2BR KO mice exhibit an 

apparent systemic metabolic dysregulation (Csóka et al., 2014) that may also have an 

impact on cerebral glucoregulation – an additional confounding factor to be taken into 

account when the cerebral glucoregulator role of A2BR is investigated in future studies. 
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Figure 3.33 – Time course and regional variation of the effect of A2BR activation on the uptake of the 

fluorescent glucose analogue, 2 NBDG in 300 μm thick transversal hippocampal slices of young 

C57Bl/6j male mice. A) The A2BR agonist BAY606583 (BAY; 300 nM) rapidly increased the accumulation 

of 2 NBDG throughout the hippocampal slices of the wild type (WT) mice. The x axis denotes the time 

of exposure to 2 NBDG (30 μM), and indicates that BAY606583 was applied 20 min after the addition 

of the tracer 2 NBDG. The y axis indicates that the values on the graph are the mean + or  S.E.M. of 

net changes (n = 7 for BAY606583 alone and n = 4 for BAY606583+MRS1754 (200 nM, an A2BR 

antagonist)), after the subtraction of the mean intensity values of the respective DMSO controls in 

each experiment. B) Representative images taken from a WT hippocampal slice immediately before 

and 10 min after the beginning of BAY606583 superfusion. The false colour scale illustrating the 

distribution of the fluorescence signal ranges from blue (low signal), through green (moderate signal) 

up to yellow (strong signal). C) Bar graph summarizing the rate of basal 2 NBDG accumulation, 

expressed in arbitrary intensity units, under control condition (left, red bar; n = 7) or after ~23 min of 

preincubation with MRS1754 (middle, light blue bar; n = 4) in slices from WT mice, and under control 

condition in slices from A2BR KO ( / ) mice (right, striped green bars; n = 6). Each bar represents the 

mean + or  S.E.M. of signal intensities in quadruplicates in 4 7 animals at the linear phase, i.e. 19.5 

min after the addition of 2 NBDG; n.s., not significant, as assessed with one way ANOVA followed by 

Bonferroni's multiple comparison's post hoc test. D) Effect of drugs normalized to the respective 

DMSO controls (dashed line crossing the zero value). Values represent the mean + S.E.M. of the 

individual measurements in duplicates, as obtained with the area under the curve (AUC) method for 

BAY606583 vs. DMSO application in the absence (n = 7) or in the presence of MRS1754 (n = 4) in the 

WT mice, as well as in the absence of A2BR (A2BR KO; n=6). *P < 0.05.  
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3.5.1 A2BR activation stimulates glucose transport in cultured

astrocytes and neurons

Since the uptake of 2-NBDG underrepresents neuronal glucose transport taken 

that this substrate is preferentially taken up by astrocytes (Jakoby et al., 2014), we next 

measured the effect of acute in vitro A2BR activation on glucose uptake in primary 

mouse cortical astrocytes and neurons, using a 3HDG transport assay. Glucose uptake 

during the 20-min assay amounted to 36.2 ± 5.8 nmol/mg protein in astrocytes (n = 6 in 

quadruplicates), 25.9 ± 6.6 nmol/mg protein in the cerebrocortical neurons (n = 5 in 

triplicates) and 10.3 ± 5.5 nmol/mg protein in the hippocampal neurons (n = 4 in 

triplicates). BAY606583 (300 nM) stimulated the uptake of glucose in astrocytes by 

30.4 ± 7.9% (n = 6; P < 0.05 vs. DMSO control) (Figure 3.34A), by 21.8 ± 5.9% in 

cerebrocortical neurons (n = 5; P < 0.05) (Figure 3.34B) and by 43.9 ± 10.7% in 

hippocampal neurons (n = 4; P < 0.01 vs. DMSO control) (Figure 3.34C). The 

pretreatment with the A2BR antagonist, MRS1754 (200 nM) did not affect the uptake of 

glucose indicating a lack of endogenous tone in the cultured cells (Figure 3.34). 

However, MRS1754 prevented BAY606583 from stimulating glucose uptake in both 

cell types (Figure 3.34), indicating the involvement of A2BR.  

The present study provides a direct pharmacological demonstration that the 

activation of adenosine A2BRs triggers a rapid and sustained glucose uptake in the 

mouse brain. This effect appears to occur in both neurons and astrocytes. Hence, A2BRs 

may link extracellular adenosine peaks with increased glucose uptake, thus allowing 

energy metabolism to meet the demands of neural activity. Such mechanism would be 

essential to avoid hypoenergetic crisis, which can lead to cell death. Indeed, A2BR 

activation has been linked with increased survival of hippocampal and cortical cells 

under oxygen-glucose deprivation (Gu et al., 2013; Moidunny et al., 2012; Molz et al., 

2015). Hence, A2BRs seem to generally assist the homeostasis of brain cells. 
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Figure 3.34 – A2BR activation stimulates glucose uptake in cerebrocortical astrocytes as well as in 

cerebrocortical and hippocampal neurons in vitro. The A2BR selective agonist BAY606583 (BAY; 300 

nM; n = 6) stimulated glucose uptake in primary cultures of A) cerebrocortical astrocytes, B) 

cerebrocortical neurons, and C) hippocampal neurons, obtained from E17 C57Bl/6 mouse embryos, as 

assessed using the 20 min 3HDG uptake assay. One hour pretreatment with the A2BR selective 

antagonist, MRS1754 (MRS; 200 nM; n = 5, astrocytes; n = 4, neurons) prevented the action of the 

A2BR agonist, while it had no effect on uptake per se (n = 5, astrocytes; n = 4, neurons). D glucose 

uptake is calculated according to Lemos et al. (2012), and is expressed in nmol/mg protein, mean + 

S.E.M of "n" cultures in quadruplicates for the cerebrocortical cultures (4 wells/treatment/culture) 

and triplicates for the hippocampal cultures. Cytochalasin B (CyB; 10 μM) inhibited the uptake of 

glucose in 5 astrocytic cultures stronger than in 4 cerebrocortical neuronal cultures, because neuronal 

glucose uptake is moderately dependent on GLUT1 transporters in culture, while GLUT1 is the primary 

glucose transporter in astrocytes. CyB was not tested in hippocampal neurons. After 60 min 

preincubation at 37ºC in the assay medium, 3HDG was co administered for 20 min with BAY, CyB or 

their vehicle, DMSO. When used, MRS1754 was present since the beginning of the preincubation 

period. *P < 0.05 and ***P < 0.001 vs. DMSO control; n.s., not significant.  

3.5.2 The inhibition of endogenous A2BR activation strongly decreases

glucose uptake in brain slices

Next we asked if A2BRs could also function as endogenous glucoregulators in 

different brain areas. To this end, acute frontocortical, hippocampal or striatal slices 

from C57Bl/6 mice were batch-incubated at 37ºC under continuous oxygenation. The 

control resting glucose uptake in the subsequent 30 min period was not different among 

the three brain regions investigated (n = 11-14, P > 0.05) (Figure 3.35). It was 

previously observed, in rat hippocampal slices, that the glutamate reuptake inhibitor, 

DL-TBOA (10 μM) significantly reduces resting 3HDG uptake by 23% in a similar 

assay (Figure 3.8). This of course contributes to extracellular adenosine accumulation. 

Indeed, one hour pretreatment and 30 min treatment with MRS1754 (100 nM) reduced 



RESULTS AND DISCUSSION 

122

glucose uptake in the three brain areas by ~33-41% (n = 6, P < 0.01) as compared to 

control (Figure 3.35). This suggests that extracellular adenosine accumulation in these 

bathed slices at 37ºC is sufficient to activate A2BRs. Certainly, the reduction of 

extracellular adenosine levels with one hour pretreatment and 30 min treatment with 

adenosine deaminase (3U/mL) similarly diminished glucose uptake by 17-36% in the 

three types of slices (n = 5-6, P < 0.05) (Figure 3.35). 

Figure 3.35 – Endogenously active A2BR tonically stimulate glucose uptake in acute 400 μm thick 

coronal frontocortical, transversal hippocampal and rostrocaudal striatal slices from C57Bl/6 mice. 

Brain slices were divided into 4 groups and they were incubated in the assay solution at 37 ºC under 

continuous gassing with a mixture of 95% O2 and 5% CO2. One chamber with a group of slices from the 

three brain areas was exposed to MRS1754, another group was exposed to adenosine deaminase 

(ADA; 3U/mL), while the remaining two groups served as control. After 60 min pretreatment, 3HDG (2 

nM) was bath applied to trace the course of glucose uptake for a 30 min period. Total D glucose 

uptake (nmol/mg protein) was determined for each group of slices (for further details, see Materials 

and Methods, and (Lemos et al., 2012). Bars represent the mean + SEM of individual measurements 

from n = 5 14 mice. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.  

3.5.3 The effect of A2BR blockade on glycogen synthesis and lactate

release

Concerning the brain, compelling evidence supports glycogen as a major glucose 

storage with buffer function in astrocytes to mitigate energetic crisis under prolonged 

intense activity of the circuitry (Hutchins and Rogers, 1970; Pellerin et al., 2007). 

Importantly, the activation of A2BR can promote Akt phosphorylation (Johnston-Cox et 
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al., 2012; Schulte and Fredholm, 2003), which in turn can stimulate glycogen synthesis. 

Furthermore, lactate production can be partly supported by glycogenolysis in astrocytes, 

and during activity, neurons and thin astrocytic processes in the synapse rely on the 

oxidation of lactate rather than that of glucose (Pellerin et al., 2007; Pellerin and 

Magistretti, 2012). 

Glycogen levels and lactate release are major parameters reflecting the 

modulation of glucose metabolism (Brown and Ransom, 2007a; Pellerin et al., 2007). 

Hence, with the help of the metabolizable glucose analogue 14C6-glucose the total 

glucose uptake and 14C incorporation into glycogen was measured in frontocortical and 

striatal slices in the 90 min period following slice preparation. Total 14C6-glucose 

retention by the striatal slices during this period (78.8 ± 13.2 nmol/mg protein) was 

significantly smaller (by 9.2 ± 3.1%, n = 6, P < 0.05) in the presence of MRS1754 (100 

nM) (Figure 3.36), which was a considerably lesser effect amplitude than what we 

measured with 3HDG after 1 h recovery. Moreover, 20% of the above total retention 

value represented 14C6-glucose incorporation into glycogen (15.4 ± 3.2 nmol/mg 

protein). As expected, MRS1754 also greatly decreased striatal glycogen levels by 34.9 

± 3.4% (P < 0.05) (Figure 3.36). Last but not least, lactate loss from the control striatal 

slices to the medium amounted to 621 ± 78 nmol/mg protein. MRS1754 significantly 

stimulated lactate release by 24.1 ± 8.9% (n = 6, P < 0.05) (Figure 3.36). 

Frontocortical total 14C retention amounted to 87.9 ± 9.8 % (n = 8). Glycogen 

synthesis was 18.2 ± 4.0 nmol/mg protein (20.7% of total 14C retention), and lactate loss 

to the bath was 504 ± 56 nmol/mg protein (n = 8), i.e. none of these three parameters 

were proved statistically different from those in the striatum (P > 0.05). A2BR blockade 

reduced both 14C retention by 12.8 ± 4.0% (P < 0.05) and 14C-labelled glycogen content 

by 38.6 ± 9.9% (P < 0.05), but did not affect lactate loss to the medium (P > 0.05) 

(Figure 3.36). 
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Figure 3.36 – Mapping the role of A2BRs on glycogen synthesis and lactate release. In acute 400 μm

thick coronal frontocortical and rostrocaudal striatal slices from C57Bl/6 mice. Brain slices were 

divided into two groups and they were submerged in an assay solution containing the metabolizable 

glucose analogue, 14C6 glucose (50 nM) at 37 ºC under continuous gassing with a mixture of 95% O2

and 5% CO2. One chamber with a group of slices from the three brain areas was exposed to MRS1754, 

the other group was exposed to its vehicle, DMSO (0.1%, control). After 90 min incubation, the slices 

were washed 3 times in ice cold assay solution, collected in 2 mL NaOH (0.5 M). After dissolving the 

slices, 200 μL of these samples was used to count total 14C retention in the slices and protein 

quantities, the 1800 μL left were used to precipitate glycogen and count its 14C content as before 

(Lemos et al., 2012). Lactate content in the bath at the end of the 90 min incubation period was 

assessed with a lactic acid assay kit. Bars represent the mean ± SEM of individual measurements from 

n = 6  8 mice. *P < 0.05, ***P < 0.001 vs. control.  

In conclusion, for the studies on the A2BR, we indirectly demonstrated here that 

A2BR activation is positively linked with glycogen synthesis, but this is accompanied by 

a reduction in lactate output in the striatum. One likely scenario is thus the following: 

during strong activity of the circuitry, high extracellular levels of adenosine are 

generated which in turn will stimulate astrocytic glycogen storage via A2BR activation 

in the striatum, at the expense of lactate release. This can be a counterregulatory process 

– a metabolic brake that protects astrocytes from glucose storage depletion and can also 

dampen extracellular acidification.  

That A2BRs are involved in glucoregulation is not surprising: they can also 

directly regulate glucose handling by the three major organs involved in peripheral 

glucoregulation, i.e. the liver, the white adipose tissue and the skeletal muscle 

(Antonioli et al., 2015). Most studies on A2BR in the brain have focused on pathological 
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conditions (Moidunny et al., 2012; Trincavelli et al., 2004). Studies from Németh et al. 

(2007) using multiple-low-dose-streptozotocin mice showed that A2BR activation 

ameliorated T1D reducing hyperglycemia, attenuating proinflammatory mediators and 

avoiding immune-mediated -cell destruction. Those authors even suggest A2BR ligands 

as a possible candidate to help alleviate from some symptoms of T1D (Németh et al., 

2007). 

There is ample evidence for the presence of A2BRs in both neurons and astrocytes 

homogenously distributed in the mammalian brain (Feoktistov and Biaggioni, 1997), 

thus A2BRs are well-positioned to modulate glucose metabolism in both cell types. To 

possibly understand why we did not see changes in lactate loss to the medium in the 

frontal cortex, we should understand the principal difference between the striatum and 

the cerebral cortex. The principal neurons of the cerebral cortex are the glutamatergic 

pyramidal cells, while in the striatum, almost all neurons are GABAergic and there is no 

evidence for glutamatergic cells whatsoever (Reid and Walsh, 2002). It is not easy to 

guess whether A2BR activation affects glucose metabolism in GABAergic inhibitory 

neurons of the striatum, because hippocampal and cerebrocortical cultures at this age 

contain predominantly excitatory neurons (Banker and Cowan, 1977; de Lima and 

Voigt, 1997), and in our neuronal cultures, those were the likely candidates which 

responded with increased glucose uptake to A2AR activation.  

A2BR blockade did not significantly affect lactate release in frontocortical slices, 

contrasting thus the striatal slices. It is possible that A2BR blockade stimulates lactate 

oxidation in pyramidal cells which would reduce lactate loss to the medium, or the other 

way around, it would decrease lactate consumption in GABAergic cells of the striatum, 

hence dumping this energy substrate to the bath. The reason why we believe that this 

discrepancy is more likely associated to an increase in lactate use by pyramidal cells is 

because in cerebrocortical neuronal culture, A2BR activation increased glucose uptake. 

Normally, neurons use either glucose or lactate (Castro et al., 2009), so if A2BR 

activation increases glucose in pyramidal cells, those neurons would concomitantly use 

less lactate. And the other way around, in the slice under A2BR blockade one would 

expect less glucose uptake and more lactate use, on the cost of lactate dumping into the 

medium for good. 
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Besides the direct regulation of glucose transport, the modulation of glutamatergic 

signalling will also affect glucose uptake (Pellerin and Magistretti, 2012). This is 

because glutamatergic neurotransmission is a costly process, being responsible for the 

majority of energetic glucose metabolism in the brain (Attwell and Laughlin, 2001). In 

concert with this, we recently found that A2BR modulate glutamatergic synaptic 

transmission in the hippocampus (Gonçalves et al., 2015). Not only neurons but also 

astrocytes are equipped with A2BR (Feoktistov and Biaggioni, 1997; Verkhratsky and 

Burnstock, 2014), and both cell types are capable of releasing glutamate (Halassa and 

Haydon, 2010). Therefore, A2BR are well positioned in the tripartite synapse to 

coordinate glucose uptake according to metabolic demands. 

The present pharmacological study is based on the use of a selective A2BR agonist, 

BAY606583 and an antagonist of this adenosine receptor, MRS1754, together with 

A2BR KO mice. Hence, the lack of effect of BAY606583 either in the presence of 

MRS1754 or in the absence of A2BR provides compelling evidence for the involvement 

of A2BR in the action of BAY606583. Interestingly, there was a tendency for increased 

2-NBDG influx in the hippocampal slices from A2BR KO mice, which contradicts what 

one would expect, i.e. a decreased glucose uptake in the absence of A2BR. However, 

A2BR KO mice exhibit an apparent systemic metabolic dysregulation (Csóka et al., 

2014) that may also have an impact on cerebral glucoregulation – an additional 

confounding factor to be taken into account when the cerebral glucoregulator role of 

A2BR is investigated in future studies. 

Glucose availability in the brain regulates cognition and memory in both healthy 

humans and dementia patients (Branconnier, 1983; Messier, 2004; Watson and Craft, 

2004). Although normally metabolic boosters (nootropics) do not mitigate the outcome 

of neurodegenerative disorders, A2BR agonists eventually possess multiple beneficial 

actions including boosting cerebral glucose metabolism and increasing cell survival 

apart from effects on energy metabolism (Gu et al., 2013; Moidunny et al., 2012; Molz 

et al., 2015). Therefore, further studies are invited to evaluate the clinical potential of 

A2BR agonists in both animals and man.
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4 CONCLUSIONS 

During this thesis work, the basic features of the still ill-defined brain glucose 

metabolism were studied. The protocols that were optimized allowed characterizing 

some of the possible mechanisms that directly afford glucoregulation, in the absence of 

systemic factors and the BBB. For decades, huge efforts have been made worldwide to 

investigate hot topics in e.g. neuroanatomy, neurophysiology, neurodevelopment and 

neuroprotection, but the energy requirements of these processes are little understood and 

often ignored. For instance, until recently, it was unclear if the brain availed itself of 

energy substrates other than glucose. To address this question, we assessed recently 

how glucose metabolism is affected in vitro in the plentiness of lactate, pyruvate and 

ketone bodies. Intriguingly, we found that ketone bodies can effectively compete with 

glucose and prevail as energy substrate for acetyl-CoA production (Valente-Silva et al., 

2015). Our pioneering study was just scratching the surface and obviously, there is 

much more to it than meets the eye. The complex network of brain energy flow requires 

a simple and effective regulatory system. In my opinion, the simplest regulatory 

mechanism is the fastest and the best, because there is no room for error in the control 

of energy metabolism of tissues of high oxygen and energy dependence, such as the 

brain or the heart muscle. Consequently, dysregulated brain glucose metabolism turns 

the wheel of physiological processes to the direction of pathology, and this path is 

paved with hypoplasticity, impaired synaptic plasticity, neuroinflammation and 

neurodegeneration. 

It is evident that most, if not all, neuropsychiatric disorders bear specific 

hallmarks of dysregulation of brain glucose metabolism (Detka et al., 2013; Mosconi, 

2005; Teune et al., 2010). There is a paucity of tools that can effectively influence brain 

glucose metabolism. Our research group is strongly convinced that the stimulation of 

brain energy metabolism can help to mitigate the outcome of brain disorders. This 

strategy can hopefully alleviate neurons from energy crisis under dysregulated energy 

metabolism when the cells are stressed by the energy demand of dealing with protein 

aggregates. In fact, impaired glucose metabolism shows specific patterns in brain 

disorders, spatiotemporally coinciding with e.g. the density and distribution of 

misfolded protein aggregates. 
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The results showing cannabinoid and adenosine receptors involved in 

glucoregulation came as little surprise. However, the lack of unveil a conclusive 

mechanisms with regard to CB1Rs was disappointing. In an ongoing and here not 

presented investigation, we also found that the CB2 cannabinoid receptor stimulates 

glucose uptake in diverse in vitro models such as those presented in this thesis. The 

manuscript of that study is currently past first revision. Whether the two cannabinoid 

receptors interact in the control of glucose uptake is unknown to us currently, but there 

is solid published evidence for their heteredimerization in the brain, for instance, in 

GABAergic cells (Callén et al., 2012). This prompts us to test now if CB2Rs are 

somehow involved in the decreased glucose uptake seen under the genetic or chemical 

ablation of CB1R. Fortunately, an adenosine receptor subtype that is little studied in the 

brain proved to be a much more promising target to increase brain glucose uptake and 

metabolism, and may in fact underlie an important physiological mechanism. 

Nevertheless, there is still no hard evidence to conclude if these A2BRs confer a 

therapeutic target to boost brain metabolism in disease conditions and if so, such an 

intervention could prevent, halt or revert neuropathology. 

To better understand the usefulness of targeting brain metabolism in disease 

models, the first logical step is to see what goes wrong either with the neuromodulators 

involved in glucoregulation or the glucoregulation itself, or both. Using different animal 

models with different approaches of metabolic impairments such as T1D (ip-STZ 

administration), type-3 diabetes (icv-STZ administration) and prediabetes (high sucrose 

consumption), numerous hippocampal modifications induced by these metabolic 

disorders were identified. Both systemic and central impairments of metabolism 

appeared intertwined with brain dysfunctions, which is in accordance with the literature. 

The involvement of the neuromodulator and glucoregulator cannabinoid CB1 and 

adenosine A1 and A2B receptors were obviated by our results, hence suggesting that at 

least the A2BR has proven worth of further attention. 

During this PhD study, the potential local central glucoregulator roles of insulin – 

the hormone widely known as indispensable for peripheral glucoregulation was also 

dissected. Responsiveness to insulin in hippocampal glucose uptake (Figure 3.3) was 

observed and that this insulin action is somewhat dependent on the CB1R (Figure 3.5). 

In concert with these, in another revised manuscript we report that glucocorticoids, by 
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triggering rapid local endocannabinoid synthesis, stimulate CB1Rs that form physical 

heterodimers with insulin receptors in the nucleus accumbens, and consequently, impair 

insulin signalling. 

Obviously, the data presented in this thesis – albeit promising – represent only a 

tiny bit of the tip of the iceberg, and there is a lot ahead to understand about the basics 

of glucose metabolism in the CNS and the therapeutic targets that would allow 

physicians in the future to restore or boost declining insulin sensitivity and energy 

metabolism in the brain both under healthy aging and in diseases. 
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