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Resumo

Os recetores Aza (A2aRs) desempenham um papel importante em sinapses de diversas
regides do cérebro, sendo que a sua sobre-ativacao provoca défices na plasticidade sinaptica e
na memdria. Sabe-se que o bloqueio dos A:aRs, seja pela ligacdo de antagonistas ou pela
inativacdo genética, confere neuroprotec¢do contra danos cerebrais, nomeadamente nas
regioes corticais do cérebro. Por este motivo, estes recetores sdo apontados como potenciais
alvos terapéuticos para diversas doencas neurodegenerativas, como a doenca de Alzheimer.
Também o metabolismo pode estar intrinsecamente ligado a distUrbios neurodegenerativos,
uma vez que estudos indicam que altera¢cdes metabdlicas influenciam fortemente o inicio e a

progressdo de doencas neurodegenerativas.

Muitas doencas associadas ao cérebro comecam com disfuncdo ou perda sindptica, no
entanto os mecanismos subjacentes ndo sdo totalmente conhecidos. Assim, as alteracdes
metabdlicas sdo propostas como causa possivel para a disfun¢do e perda sindptica. Para além
disso, os mecanismos de neuroprotecdo associados a A;aRs, como é exemplo a cafeina e a
inativacdo genética dos AaRs, ndo sdo também totalmente conhecidos, sendo proposto que

alteracGes metabdlicas sejam o mecanismo subjacente a neuroprotecao.

Para testar esta hipdtese de trabalho foram realizadas experiéncias no modelo animal
APP/PS1, que mimetiza a doenga de Alzheimer, no modelo A>aR KO, que possui inativagdo
genética dos ARs, e ainda em animais controlo (wild-type, WT) sujeitos a tratamento com
cafeina. Assim, sinaptossomas P2 e fatias corticais foram utilizados para a realiza¢ao de estudos
metabdlicos, efetuados com recurso a espectroscopia de Ressonancia Magnética Nuclear

(RMN).

Os resultados das experiéncias realizadas com APP/PS1 mostram que ndo existem
alteragbes metabdlicas significativas em sinaptossomas, estando em concordancia com outro
estudo que afirma que em varios modelos transgénicos de animais que mimetizam a doenca de
Alzheimer, ndo foram observados défices bioenergéticos consistentes em sinaptossomas.
Quanto as experiéncias realizadas nos diferentes mecanismos de neuroprotecdo, os resultados
mostram uma diferenca no indice glicolitico entre sinaptossomas e fatias corticais, mas mostram
também que ndo existem alteracGes significativas nas caracteristicas metabdlicas entre animais

controlo e tratados com cafeina, bem como entre animais WT e AR KO.
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Abstract

A, receptors (A2aRs) play a crucial role in controlling synaptic function in multiple brain
regions, and their over-activation impairs synaptic plasticity and memory. It is acknowledged
that A;aR blockade, using antagonists or genetic inactivation, offers a robust neuroprotection
against brain damage, especially in cortical regions of the brain. Hence, several groups have
considered A,aRs as a promising drug target in different pathologies, namely neurodegenerative

disorders.

Metabolism is also thought to be intrinsically linked to neurodegenerative disorders as
there is increasing evidence suggesting that metabolic alterations strongly influence the onset
and progression of neurodegenerative diseases, in accordance with different studies showing

that brain disorders are accompanied by specific patterns of cerebral metabolic activity.

Most brain diseases begin with a dysfunction or loss of synapses, though the exact
processes involved are still unknown. Nevertheless, metabolic impairments are proposed to
underlie synaptic dysfunction and loss. Moreover, neuroprotection mechanisms associated with
AR, such as caffeine or genetic inactivation of AR, also remain undetermined so a link

between metabolic alterations or adaptations and neuroprotection is proposed.

To test our working hypothesis, experiments were performed in APP/PS1 mouse model
and upon different neuroprotective mechanisms, such as caffeine, and the A;aR KO mouse
model, which has a genetic inactivation of A;aR. P2 synaptosomes and superfused cortical slices
were used to perform the metabolic experiments with samples being analysed by NMR

spectroscopy.

The results show no significant alterations in metabolic features in the cortical synapses
of AD-like mice, which is in accordance with another study in several transgenic mouse models
of Alzheimer’s disease (AD), that reported no consistent bioenergetic deficits. Furthermore, the
experiences performed with the neuroprotective mechanisms indicate a difference in glycolytic
index between synaptosomes and slices, but there are no significant metabolic alterations
between the control group and the group treated with caffeine, and also between WT and AxaR

KO mice.
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1.1. Modulation systems in the brain

The nervous system is divided into two parts: (A) the central nervous system (CNS),
which consists of the brain and spinal cord; and (B) the peripheral nervous system (PNS),
composed of the nerves that connect the brain and spinal cord with the rest of the body. The
CNS has several areas, being the cerebral cortex the outer surface, associated with higher level

processes such as consciousness, thought, emotion, cognition, and memory (1,2).

The process of receiving and processing information, producing different biological
responses is called neurotransmission, in which neurons, electrically active cells, are involved.
Neurons communicate through electrical (action potentials) and biochemical
(neurotransmitters) signals occurring in synapses (junctions between two neurons) (3). The
process of neurotransmission begins when an action potential is generated, causing the pre-
synaptic neuron to release neurotransmitters into the synaptic cleft, which will bind to
neurotransmitter receptors on the cell membrane of the post-synaptic neuron. Different types
of neurotransmitters, for example glutamate and GABA (4), may lead to positive or negative ions

travelling through ion channels of the membrane to trigger or inhibit neurons.

To regulate these synaptic associated processes, there are neuromodulators of the
synaptic activity, such as adenosine, which is also involved in key processes supporting cellular
viability and adaptability, such as balancing the cellular energy charge or regulating metabolic

pathways (5).

1.1.1. Adenosine and Adenosine Receptors

Adenosine is an endogenous purine nucleoside, present in all cells where it regulates
important pathways in the primary metabolism. It is formed from catabolized adenosine 5’ —
monophosphate (AMP), through cytosolic 5’ — nucleotidase, and may be phosphorylated back
into AMP by adenosine kinase. Adenosine can also be metabolized extracellularly in the nervous
system. Its presence in the extracellular media is originated both from its release from cells when
intracellular concentration rises or from the extracellular dephosphorylation of adenine
nucleotides (ATP) locally released, which appears to be one of the main sources of adenosine at

the synaptic level (5-7).
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Besides controlling neuronal excitability, synaptic plasticity, and neurodegeneration,
adenosine also modulates neuronal activity, namely through its action in astrocytes and

microglia (5).

Adenosine operates by interacting with G-protein coupled receptors (GPCR), adenosine
receptors (ARs), expressed in several tissues, with particular high abundance in the brain. These
membrane-associated receptors have seven putative transmembrane domains and exert their
action through the activation of different signal transduction pathways (6,8). There are four
different ARs: A1, Aza, A2s and As. In normal conditions, extracellular adenosine binds to high

affinity A; and A,a receptors, unlike what happens to A;s and A; low affinity receptors (9).

A; receptors (A1Rs) are the most abundant and widespread adenosine receptors in the
brain, being especially present in excitatory (glutamatergic) synapses (9). In physiological
conditions, activation of A;Rs modulates neuronal activity, inhibiting the excitatory
neurotransmission and decreasing the neuronal excitability (10,11). Thus, AiRs are responsible

for controlling basal synaptic transmission (12).

A, receptors (AzaRs) are present at higher levels in the basal ganglia and, like A;Rs, in
excitatory (glutamatergic) cortical synapses (13) throughout the brain. In basal conditions, A;aRs
are engaged upon higher frequencies of stimulation, playing a crucial role in the control of
synaptic efficiency in multiple brain regions. (14-16). Thus, A;aRs are selective controllers of

adaptive alterations of synaptic plasticity (12).

The Az receptor has a low density in the brain, which indicates a possible role in
pathological conditions (9). The As receptor despite being highly abundant in peripheral tissue
and shown to modulate synaptic activity in the hippocampus, is poorly understood and its

effects on neuronal activity are still mostly unknown (7).

1.1.2. Neurodegeneration and A, Receptors

Different roles operated by adenosine in the brain demonstrate that it causes different
and opposite effects, depending on which adenosine receptors (ARs) are activated. Generally,
AiRs are described as neuroprotective whereas AaRs are seen as potentially deleterious. This is
associated to an increased density of A;aRs and decrease in the density of A;Rs in several studies

in different neurodegenerative diseases, such as Alzheimer’s disease (14,17,18).



NMR METABONOMICS APPLIED TO SYNAPTOSOMES AND SLICES TO PROFILE METABOLIC ALTERATIONS IN NEURODEGENERATIVE AND NEUROPROTECTIVE MECHANISMS 5

1.1.3. Alzheimer’s Disease

Alzheimer’s disease (AD) is primarily characterized as an evolving neurodegenerative
disorder, with progressive loss of short-term reference memory, language disturbances
(reading, speaking, writing) and impairment in executing daily routines (19). Characteristics of
early stages of AD include memory and cognitive impairments coupled with emotional
alterations. Also, it is observed a decreased metabolic activity in the cortex and hippocampus
(20,21), which will be detailed in chapter 1.2, and a decreased size of these brain regions with

disease progression (22,23).

Pathological hallmarks of AD are associated with the aggregation of amyloid-B protein
(AB) in senile plaques, accumulation of hyperphosphorylated tau protein in neurofibrillary
tangles and loss of neurons and synapses (24,25). But the morphological trait most commonly
described at the onset of AD symptoms is the loss of synaptic density in the hippocampus and

cortical regions (26,27).

Even though there is no cure nor treatment capable of slowing down or stopping AD
progression, there are a few candidates therapeutic targets, such as AzaRs. In this way, several
studies have converge concluding that the blockade of A2aRs offers a robust neuroprotection
against brain damage, especially in cortical regions of the brain. Notably, A,aRs play a critical role
in learning and memory mechanisms, which makes them relevant in AD. Several studies confirm
this crucial role: 1) the activation of A,aRs is necessary to trigger memory impairment in adult
mice (12); 1) a model of overexpression of A,aRs reported working memory deficits as well as
alterations in synaptic plasticity (28); 1ll) neuronal AaRs are involved in early synaptic deficits

detected in the AD mouse model APP/SP1 (29).

1.1.4. Neuroprotection and A, Receptors

Neuroprotection afforded by A,aRs blockade can be achieved by several mechanisms,
namely by the use of an antagonist, like caffeine, or the genetic inactivation of A,aRs’ gene Adora

24 (16).

Caffeine is the most widely consumed psychoactive substance, being known to improve
attention and alertness, as well as to stabilize cognitive performance and mood. The beneficial
effects of caffeine are associated with a moderated consumption, as higher doses induce a
pattern of physiological and psychological reactions related to neurotic anxiety (30). Even

though caffeine can have multiple targets, in non-toxic doses it is thought to mostly act as an
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antagonist of adenosine receptors (31,32). Notably, the regular consumption of moderate doses
of caffeine attenuates memory impairments upon aging and prevent features of characteristic
of the onset AD (33,34), and that in hippocampus, A.aRs are responsible for regulating the

impact of caffeine on the synaptic plasticity (32).

To study the neuroprotective effects of blocking A;aRs, a mouse model with a genetic
inactivation in the gene Adora2A, which expresses these receptors, has been widely used: A;aR
knockout mice (A2aR KO). A;aR KO allowed to understand the important neurophysiological role
of A,aRs in the brain, namely in the control of dopamine D3R function in the striatum and the
selective impact on synaptic plasticity, though not affecting the basal synaptic transmission in

different brain area (35,36).

These neuroprotective mechanisms may also be associated with alterations of

metabolic pathways in the brain, which will be reviewed in the following chapter.

1.2. Brain metabolism

Brain functioning involves a high metabolic activity required to provide energy for the
process neurotransmission, namely energy to generate and propagate action potentials and for
neurotransmitters’ removal from the synaptic cleft. Neurons expends 70 — 80% of the total

energy in the brain, and the additional amount is used by glial cells (37).

Glucose is believed to be the main source of energy to sustain neuronal activity, both in
resting or activated states (38). Generally, the primary metabolism in the brain starts with the
transport mainly of glucose into glia cells and neurons (39). Glucose enters the glycolytic
pathway, where it is metabolized into two pyruvate molecules. Then, two main metabolic
pathways are possible: aerobic oxidation, where pyruvate is actively transported into the
mitochondria to be decarboxylated to acetyl coenzyme A (acetyl-CoA), which condensates with
oxaloacetate, entering the TCA cycle, also known as Krebs cycle; or lactic acid fermentation, in
which pyruvate is reduced to lactate (Figure 1). The aerobic oxidation permits a higher
production of adenosine 5’-triphosphate (ATP), despite being slower compared to the glycolytic
pathway, and also generates important metabolic intermediates required for biosynthetic

processes, such as synthesis of neurotransmitters (37,40,41).
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Neurons are considered mostly oxidative, whereas astrocytes are more glycolytic,
meaning that most pyruvate originated from glycolysis enters the neuronal Krebs cycle (42). This
can partially result from the expression, in neurons, of the low-pyruvate-affinity isoform of
lactate dehydrogenase (LDH1), limiting the conversion of pyruvate into lactate and facilitating

the oxidative pathway (43,44).

(Gucose)
Qsrinsd¢——@nate)—>actasd

‘Acetyl-CoA
- Cltrate \
‘Oxaloacetate Isocitrate
\g NAD*
NADH
Macchondrial Tc A A !
matrix olete cycle &xa NAD* r:n(!‘géhondﬂol
mMombeane
Succinyl-CoA

Succinat

Figure 1: Two main metabolic pathways are represented: lactic acid fermentation and oxidative

phosphorylation, adapted from (41).

Neurons and astrocytes have a distinct organization of primary metabolism, yet they are
connected by the exchange of metabolites. One important connection between neurons and
astrocytes is the glutamate-glutamine shuttle (45), necessary to fill glutamate losses caused by
neurotransmission, and another important metabolic connection is the astrocyte-to-neuron

lactate shuttle (46).

Glucose is not the only source of energy used by neurons, and there are several theories
being tested as for other precursors/metabolites that can have a greater impact in metabolic
activity such as lactate derived from the astrocyte-neuron lactate shuttle (46). In this shuttle,
lactate produced by astrocytes is transferred to neurons where it is consumed as a substrate for

oxidative metabolism (46,47). Taking a closer look at this process, it postulates that increased
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neuronal activity leads to an increase on the extracellular concentration of glutamate taken up
by astrocytes, via high affinity Na* dependent transporters, stimulating the metabolization of
glucose to lactate (47,48). Also, increasing levels of glutamate and Na*, activate glutamine
synthetase and Na*/K*-ATPase, which leads to astrocytic ATP consumption (48). Then, there is
the activation of anaerobic glycolysis, and the resulting lactate is transported from astrocytes

into neurons (42,45), where it is converted back to pyruvate for ATP generation in mitochondria.

Such mechanism could regulate neurons’ energy supply, as glutamate released from
active neurons could stimulate generation of glycolytic ATP to support astrocytic uptake of
glutamate and its conversion to glutamine, leading to lactate production (49). Some studies
indicate that lactate can even replace glucose as a power source for neurons (50) , though the

matter remains controversial.

In synapses, as in the whole brain, ATP is considered to be mostly generated by the
complete oxidation of glucose, with estimations that mitochondria (oxidative phosphorylation)
provide around 90 % of the ATP generated compared to only 10 % obtained from glycolysis

(lactic acid fermentation) (49).

1.2.1. Metabolism, neurodegeneration, and Alzheimer’s disease

There is increasing evidence suggesting that metabolic alterations strongly influence the
onset and progression of neurodegenerative diseases (37). In fact, several disorders involve
impaired energy metabolism and adverse changes in the cerebral vasculature, resulting in
reduced energy availability to neurons, which can increase vulnerability of the brain to cognitive

impairment and dementia.

In AD, one important process that is altered is glucose metabolism (37). Oxidative stress,
due to an imbalance between reactive oxygen species (ROS) and reactive nitrogen species (RNS)
formation and the availability of antioxidant defences, is known to promote AD progression as
oxidative damage is increased in AD patients (51,52). One of the negative consequences of this
increased oxidative damage is the glucose dysmetabolism, leading to an impaired ATP
production by a decreasing mitochondrial flux and respiratory function (53). Evidences suggest
that various enzymes are altered in the brain of AD patients, namely the mitochondrial
aconitase, creatine kinase and ATP synthase (54,55). With diminished ATP production, the

neuron’s ability to maintain ionic gradients, for the production and propagation of action
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potentials and neurotransmission is decreased, leading to synaptic dysfunction or even neuronal

death.

In addition, some studies also indicate that in patients with mild cognitive impairments
or early stages of AD, there are some changes in nutrient transporters and metabolic enzymes,
such as a reduction in levels of GLUT1 and GLUT3 leading to diminished brain glucose uptake
and subsequent cognitive decline (20,56), and loss of activities of several enzymes, like
phosphofructokinase (PFK), pyruvate dehydrogenase complex, glucose-6-phosphate isomerase

and lactate dehydrogenase (57,58).

The oxidative stress associated with AD originates from mitochondrial damage by the
nitric oxide produced in response to amyloid B (AB) deposits (59), a hallmark of AD and, by an
inhibition of mitochondrial movement by overexpression of Tau, a microtubule associated
protein that is hyperphosphorylated in AD (60), constituting this the second hallmark of AD. Both
mechanisms damage mitochondria within synapses, leading to disruption and decreased supply

of energy to synapses and, as a result, synaptic dysfunction (49,61,62).

1.2.2. Metabolism and neuroprotection

Metabolism might also be involved in various neuroprotection mechanisms, such as the

effects of caffeine or of A,aR blockade.

Converging evidence points out that caffeine, a non-selective antagonist of A,aR, offers
neuroprotection against cognitive and memory impairments related to neurodegenerative
diseases, though the exact mechanisms and processes are not fully understood or known (16).
Caffeine is involved in several mechanisms, ranging from ergogenic effects to metabolism and

mitochondrial function.

As an ergogenic aid, caffeine has been shown to have beneficial effects in wakefulness,
alertness and cognitive performance, especially during sleep deprivation (63), as well as in
exercise performance, in which it increase the duration of the exercise and decreases the
perception of fatigue (64,65). However, these beneficial effects are only observed with lower
doses of caffeine, as higher doses can lead to the appearance of anxiety, psychomotor agitation,
dysphoria, and insomnia (31,32). Moreover, chronic consumption of moderate doses of caffeine

has a positive impact in AD and aging, by attenuating memory deterioration (31,34,66,67).

Furthermore, caffeine increases the rates of cerebral glucose utilization in both acute

(10 mg/kg) and chronic consumption (2 weeks) (68,69), although it also decreases cerebral blood
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flow (70). Duarte et. al (2009, 2012, 2019) (71-73), studied whether there were any induced
hippocampal metabolic alterations associated with its apparent neuroprotective role in type 1
and type 2 diabetes. These studies revealed that caffeine prevented synaptic dysfunction and
memory impairments in both types of diabetes (72), and at the same time showed that,
hippocampal glucose content and transport were not altered in type 1 diabetes (71) and that
metabolic changes induced by type 2 diabetes were not prevented by long-term consumption

of caffeine, though both caffeine and type 2 diabetes had an impact on metabolism (73).

Notably, animals from both types of diabetes displayed increased hippocampal levels of
taurine (71,73). Taurine is a non-essential amino-acid, present in large concentrations (mM) in
the mammalian brain, that plays an important role as an osmolyte (74). In relation to diabetes,
it has been described as a mitochondrial matrix buffer, preserving mitochondrial function (75).
Moreover, caffeine controls taurine release from both neurons and glia through adenosine
receptors (76), so a link between increased taurine levels and neuroprotection is pointed out

(73).

Most neurodegenerative diseases, as mentioned before, are associated with oxidative
stress and mitochondrial damage. The brain is more sensitive to the generated oxidative stress
compared to other organs, due to the high amount of unsaturated fatty acids and lipids which
can be considered as targets for lipid peroxidation (77). Caffeine is considered an anti-oxidant,
inhibiting lipid peroxidation and reduce ROS production and, thus, having a positive effect as an
antioxidant substance (78), therefore reducing oxidative stress and improving mitochondrial
function (79). Moreover, long-term exposure to low doses of caffeine increases the cerebral

glutathione (GSH) content, that is associated with neuroprotection (80,81).

AR blockade, as mentioned before, also affords neuroprotection (16). Extracellular
adenosine levels increase drastically during brain insults (14). A;aRs are upregulated in both
neurons (72,82) and microglia (83), disrupting synaptic function and potentiating inflammatory
cascades, and thus, blocking this receptor affords a robust neuroprotection (84). However, it
remains to ascertain if a control of brain metabolism might underlie the neuroprotective action

of caffeine and of A,AR blockade.
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Several studies from patients and animal models indicate that most brain diseases begin
with a dysfunction or loss of synapses, although the triggering mechanisms are still unknown.
Since function and viability of any biological tissue is dependent on the ability of maintaining a
primary metabolism that sustains its needs, metabolic impairments are, now posted to underlie

synaptic dysfunction and loss.

The main purpose of this Master Thesis was to perform a metabolic analysis, selectively
in cerebrocortical nerve terminals to understand the metabolic alterations underlying synaptic
dysfunction in neurodegenerative disease, such as AD, as well as uncover if metabolic
mechanisms accompanied neuroprotective processes (caffeine and A,aR blockade). To
accomplish these goals, we took advantage of synaptosomes, a purified fraction of synapses and

cortical slices. Two main tasks were established:

1 — Use of proton high-resolution NMR spectroscopy to compare the metabolic profile
of cortical synaptosomes from a mouse model of AD and investigate the consumption of glucose

versus lactate to identify particular metabolic features and preferences of nerve terminals.

2 - Use of proton high-resolution NMR spectroscopy to compare the metabolic profile
of cortical synaptosomes versus cortical slices, subject to caffeine and genetic inactivation of
A.aRs, to grasp alterations related to neuroprotection, with substrate competition (glucose
versus lactate), and also perform an analysis of stable isotope incorporation in metabolic

intermediates by *C NMR isotopomer analysis.

The selection of cortical tissue, although more heterogenous than other brain areas, is
justified by its larger size to maximize the amount of tissue available for NMR spectroscopy
analysis; the selection of mice, despite having a smaller brain size than rats, is justified by the
number of transgenic animals modelling different neuropsychiatric disorders, like AD or other

conditions such as selective genetic inactivation of A;aR.
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3. Materials and
methods
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3.1. Animal models

Mice were housed in groups of 2-4 per cage in a temperature-controlled room (22 +
1°C), with free access to food and water, and with a 12 h light/12 h dark cycle (lights on at 7:00
am). Mice were handled to minimize not only animal suffering, but also the number of animals
used in each study, being sacrificed by cervical dislocation and subsequent decapitation. All
studies were conducted in accordance with the principles and procedures outlined as “3Rs” in
the EU guidelines and animal experiments were approved by the Ethical Committee of the
Centre for Neuroscience and Cell Biology of the University of Coimbra (CNC) — ORBEA n°® 138-
2016/15072016 — in accordance with the European Union (EU) directive 2010/63/EU.

3.1.1. Experiments on Animal models

Different animal models were utilized throughout the experiments: 3 and 9 months of
age male AxaR knockout mice (A2aR KO) (85) and 6 and 9 months of age female double transgenic
APP/PS1 mice (86), as well as sex and age-matching wild - type littermates (WT). In spite of sex
dimorphism in some cardiovascular functions (87), brain maturation (88) and most recently, in
the healing process (89) in A2aR KO mice, we chose to perform our experiments in males. As for

APP/PS1, females were chosen due to the characteristic of our colony.

A;sR KO are characterized by a genetic inactivation of gene Adora2A, which is
responsible for the expression of AxaRs, affording neuroprotection against brain damage, such
as brain ischemia (90-92), without major impact on their development until adulthood (92), in

spite of the role of A;aRs in development of neuronal networks (93).

APP/PS1 mice (86), which mimics AD, were generated by co-injecting two vectors
encoding mutant APP and PSEN1, being characterized by the appearance of AB deposits as well
as memory and synaptic plasticity impairments (29,86). This animal model is associated with

early - onset AD, as previously characterized by our research group (29).

3.1.2. Caffeine Treatment

Caffeine studies were conducted on 3 months old WT male mice, which were kept at

room temperature (20°C - 25°C) in cages with ad libitum access to food and water. Mice were
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divided in two groups - caffeine treated animals and control group — which were housed as pairs

in each cage.

Caffeine was administered in the drinking water (0,3 g/L) to the caffeine treated group
of animals, whereas the control group received regular drinking water. The treatment lasted for
14 days (chronic), starting at 10 weeks of age. During the treatment, weight and caffeine/water
consumption were monitored each three days. To equal the amount of caffeine consumed in

each cage and to avoid any impact of isolation, animals were sacrificed in pairs (two each day).

3.2. Biological Experiments

3.2.1. Nerve terminals (P2 synaptosomes)

In order to study the metabolic alterations occurring in synapses, namely in the
cerebrocortical synapses, we took advantage of P2 synaptosomes, which correspond to a
subcellular fraction of purified synapses that is both biochemical and metabolically competent

and autonomous during up to 7 hours (94).

The protocol used was previously validated in our group (13,95,96) and based on the
description by Dunkley P. et al., 2008 (97). It begins with the homogenization of fresh brain
cortex tissue in an isotonic sucrose-HEPES solution (see in chapter 3.5.) at 4°C and pH 7.4,
allowing the separation between nerve terminal and respective axon, followed by two
differential centrifugations. The first low-speed centrifugation (3,000 x g for 10 min at 4°C)
consists in the removal of nuclei and cell remains as a pellet, leaving the synaptosomes in the
supernatant, whereas the second one (14,000 x g for 12 min at 4°C) pellets synaptosomes,
myelin and mitochondria, leaving small synaptic vesicles and soluble remains in the supernatant.
The pellet was re-suspended in 1 mL of a 45% (v/v) Percoll solution made up in Krebs HEPES
solution (see in chapter 3.5.). After centrifugation (16,000 x g for 2 min at 4°C), the top layer
containing the synaptosomal fraction, was removed and re-suspended in Krebs HEPES solution
(see in chapter 3.5.) (97,98). Protein quantification was performed by a colorimetric method,
BCA method, using BSA as a standard, and Pierce ™ BCA Protein Assay Kit (Pierce ™, Thermo

Scientific ™). The synaptosomal suspensions were maintained on ice until use.

To study metabolic alterations in synaptosomes, several experiments were performed,

namely for protocol optimization and competition between substrates. In all the experiments,
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synaptosomes were incubated at 37°C for 7h (95% O, + 5% CO,) in plates containing Locke’s
buffer (see in chapter 3.5.) with labelled substrates: 5 mM [1,6-13C;] glucose (Cambridge
Isotopes Laboratories, Inc) for the experiments of protocol optimization and 5 mM [U-
13C]glucose (Cambridge Isotopes Laboratories, Inc) and 2 mM [3-13C]lactate (Cambridge Isotopes
Laboratories, Inc) for substrates competition experiments. After the 7h incubation, a
centrifugation (16,000 x g for 2 min at 4°C) was performed to separate medium and
synaptosomes, so extracellular medium samples were prepared - 180 pL of media and 45 pL of
sodium fumarate (10 mM), standard (80/20 relation) (see in chapter 3.5.) — and stored at -20°C
for future analysis by 'H NMR spectroscopy. The extraction of water-soluble metabolites from
synaptosomes (aqueous extracts) was performed using methanol/water (80/20 relation)
(99,100), and the aqueous extract samples lyophilized and stored in a desiccator. Data from the
aqueous extract samples are not shown as the intensity of peaks was too low and quantification

was not possible.

3.2.2. Superfusion of Cortical Slices

To further investigate the metabolic alterations in the brain cortex as well as assess the
existence of metabolic differences between synapses and the whole tissue, coronal cortical
slices (400 um) were prepared, which contain preserved neuronal networks (101,102), as well
as glial cells. Coronal cortical slices were utilized to perform competition of substrates

experiments.

After animal decapitation, the brain was rapidly removed onto a petri dish containing
modified Krebs solution (see in chapter 3.5.), and the isolated cortex transversely cut in 400 um
slices using a Mcllwain tissue chopper. Cortical slices were left to recover in the modified Krebs
solution (previously and continuously gassed with 95 % O, and 5 % CO, mixture) (see in chapter
3.5.) during at least 45 min at room temperature to allow their complete metabolic recovery
(103). Cortical slices, corresponding to half of the cortex tissue, were then transferred to a
submerged chamber and superfused (3 mL/min), in a close-loop circuit, with the same gassed
modified Krebs solution at 37 °C. After 60 min, so as to allow their stabilization, slices were
superfused with a gassed modified Krebs solution, now containing 3C labelled substrates, 5 mM
[U-3C]glucose (Cambridge Isotopes Laboratories, Inc) and 2 mM [3-13C]lactate (Cambridge

Isotopes Laboratories, Inc) for 7h.

In the end of the superfusion protocol, extracellular medium samples were prepared -
180 pL of media and 45 pL of sodium fumarate (10 mM), standard (80/20 relation) (see in

chapter 3.5.) — and stored at -20°C for future analysis by *H NMR spectroscopy. To obtain the
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aqueous extracts of cortical slices, they were transferred to a previously frozen at porcelain
grinder (-80°C) and 300 uL of 7% (v/v) perchloric acid (PCA) were added. The grinded tissue
mixed with PCA was centrifuged (16,000 x g for 15 min at 4°C), and the supernatant, containing
the water-soluble metabolites, was neutralized with a decreasing gradient of KOH
concentrations (from 10 M to 0.01 M). Then, the aqueous extracts were centrifuged to remove
the salt formed with the addition of KOH, lyophilised, and stored in a desiccator until used to

perform *C NMR spectroscopy.

3.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique widely used
in metabolomics, as it is non-invasive and has high quantitative capabilities (104). To trace and
guantify metabolic pathways and fluxes, NMR uses isotope-labelled substrates, tracers. These
tracers are catabolized through different metabolic pathways and the degree of isotopic
enrichment in the metabolites of interest allow us to assess the contribution of different

metabolic pathways (104-106).

Lyophilised extracts were dissolved in 600 pL of 2H,0 (Eurisotop, Cambridge Isotopes
Laboratories, Inc) containing the standard, sodium fumarate (2 mM) (see in chapter 3.5.). For
both H and ¥C NMR quantification of medium samples and aqueous extracts, respectively,

sodium fumarate (2 mM) was used as an internal standard.

'H NMR spectra obtained with a Varian VNMRS 600 MHz NMR (Agilent) spectrometer
using a 3 mm inverse-detection probe, were acquired at 25 °C using a 30° pulse, 7183.9 Hz sweep
width, 32768 number of points and 10 s of recycling time (3 s of acquisition time and 7 s pulse
delay). These analyses were performed at Laboratério de Ressonancia Magnética Nuclear (L-
RMN) from Centro de Quimica de Coimbra at University of Coimbra, and | would like to thank

them for kindly allowing me to use the facility.

'H and 3C NMR spectra for the substrate competition experiments were acquired with
a Bruker 500 MHz Ultrashield Neo NMR spectrometer using a 5 mm TCI C/N Prodigy Cryo probe.
These spectra were obtained at 25 °C using a 30° pulse, 5882 kHz spectral width, 65536 number
of points and 10 s of recycling time (3 s of acquisition time and 7 s pulse delay) for *H NMR
spectra, and using a 30120 Hz sweep width, 32768 number of points and 2 s of recycling time

(1.5 s of acquisition time and 0.5 s pulse delay) for 3C NMR spectra. These analyses were
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performed at NMR facility CERMAX in ITQB-NOVA, and | would like to thank them for kindly

allowing me to use the facility.

3.3.1. *H NMR quantification — Media samples

Medium samples from both set of experiments: protocol optimization and substrate
competition experiments, as described below, were acquired by 'H NMR spectroscopy for
quantification. Two main metabolic pathways were evaluated: the glycolytic pathway/ lactic acid
fermentation and the oxidative pathway (Figure 2 — Panel A). Even though the metabolic
pathways evaluated on both experiments were the same, the metabolic parameters evaluated

were different, as described below.

For the optimization protocol experiments, in which the tracer used was [1,6-
13¢C,]glucose, four metabolic parameters were evaluated: glucose consumption, calculated by
the disappearance of [1,6-13C;]glucose from the medium — measured around 5.35 ppm; lactate
production, calculated by the appearance in the medium of [3-13C]lactate satellites — measured
around 1.4 ppm; and the percentages (%) of glycolysis and OXPHQOS, calculated using the ratio

between glucose consumption and lactate production.

For the substrate competition experiments, in which the two tracers used were [U-
BClglucose and [3-13C]lactate, three metabolic parameters were evaluated in the medium:
acetate production, in which we quantified [1,2-3C,Jacetate and [2-'3C]acetate, being
originated from [U-13C]glucose and [3-3C]lactate, respectively — measured around 1.9-2.0 ppm;
glucose and lactate consumption, calculated as mentioned above — measured around 5.4 ppm
and 1.4-1.5 ppm, respectively; and the glycolytic index, calculated as the ratio between glucose
consumption [U-'3C]glucose, and lactate production [U-3C]lactate. In Figure 2, there is a

schematic of the Krebs cycle summarising the expected isotopomer labelling patterns.

3.3.2. 3C NMR analysis — Extracts samples

Glutamate C4 multiplet resonances, measured around 30-35 ppm in the *C-NMR
spectra of tissue extracts, were used to estimate the contribution of [U-*C]glucose for acetyl-
CoA enrichment and Krebs cycle turnover. Acetyl-CoA enrichment was estimated by the ratio
between the resonances originated from [U-3C]glucose (C4D45 — from the first turn on Krebs
cycle, and C4Q — corresponding to succeeding turns in Krebs cycle) and all the resonance in C4
glutamate. Krebs cycle turnover was estimated by the ratio of C4Q and C4D45. Figure 2 — Panel

B represent the glutamate C4 resonance and its multiplets.



22

NMR METABONOMICS APPLIED TO SYNAPTOSOMES AND SLICES TO PROFILE METABOLIC ALTERATIONS IN NEURODEGENERATIVE AND NEUROPROTECTIVE MECHANISMS
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that arose from the overlapped peaks.
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Figure 2: Two metabolic pathways are summarised in this picture: the glycolytic pathway (upper thick
arrow), which involves the production of pyruvate from glucose then originating lactate and the oxidative
pathway, in which pyruvate is converted to acetyl-CoA which enters the Krebs cycle (green lines) to be
oxidized (Panel A). Glutamate C4 resonance in the *C-NMR spectra (Panel B). The circles painted
represent labelled carbon (*3C) whereas the plain ones represent standard carbons (*C) in the different

molecules/ substrates. In green circles are represented substrates originated by [U-!3C]glucose and in

brown the pathways from substrates originated by [3-13C]lactate.

3.4. Statistics

The NMR spectra were analysed using two different software programs: NUTSpro™
(Acorn NMR) and TopSpin 4.0 (Bruker). For the *H NMR spectra, the areas of the signals from
the metabolites were quantified by line fitting and the concentrations were determined by

measuring the peak areas in the spectra, using sodium fumarate as the internal standard. In $3C
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NMR spectra, after line fitting, each multiplet area was reported as a fraction of the total area

for that specific carbon resonance.

All the statistical analysis was performed using GraphPad Prism 8. In the data, each n
accounts for 1 animal and no exclusion criteria were applied to outliers. Results are presented
as mean + SEM values of n experiments and statistical differences were considered at p<0.05.
Generally, Student’s t test was used to compare two data sets, and Two-way ANOVA followed
by Sidak’s post hoc test was used to compare two independent variables on a dependent

variable.

3.5. Reagents and Solutions

e Sucrose HEPES solution — 0.32 M Sucrose; 1ImM EDTA-Na; 10 mM HEPES; 1mg/mL

bovine serum albumin (BSA)

e Krebs HEPES Ringer (KHR) solution — 140 mM NaCl; 1 mM EDTA-Na; 10 mM HEPES; 5

mM KCl; 5 mM glucose

e Percoll 45% - 45% (v/v) Percoll; 0.067 M NaCl; set volume with KHR

e Locke’s Buffer — 154 mM NaCl; 5.6 mM KCl; 2.3 mM CaCly; 1 mM MgCly; 3.6 mM
NaHCOs; 5 mM HEPES + labelled substrates (5 mM [1,6-13C;] / 5 mM [U-13C]glucose and

2 mM [3-13C]lactate) + intermediaries pool solution

e Modified Krebs solution — 115 mM NaCl; 25 mM NaHCOs; 3 mM KCl; 1.2 mM KH,POyg;

2 mM CaCly; 1.2 mM MgSO, + labelled substrates (5 Mm [U-13C]glucose and 2 mM [3-

1BCllactate) + intermediaries pool solution

e Intermediaries pool solution — 0.2 mM malate; 0.002 mM aspartate; 0.02 mM a-

ketoglutarate

e Sodium Fumarate — 143.98 mM NaH,PO,4 + 56.02 mM Na;HPO, in D,O
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All the reagents used in the experiments were purchased from Sigma - Aldrich, except
for the labelled metabolites, [1,6-13C;]glucose, [U-13C]glucose and [3-13C]lactate from Cambridge

Isotopes Laboratories, Inc.
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4. Results
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4.1. Protocol Optimization

In order to accomplish our goals and test the work hypothesis, some experiments were
performed to build a protocol optimized to tackle our main goal. Firstly, we performed kinetic
studies to select the incubation time needed for synaptosomes to reach metabolic steady state,
then we evaluated the influence of two additional parameters through two separate sets of
experiments: assess the effect of 4-aminopyridine (4-AP) to verify if stimulating the release of
neurotransmitters had an impact on the primary metabolism of synaptosomes, and age-related

studies, since aging is one of the major risk factors related to neurodegenerative diseases.

To determine the incubation time needed for synaptosomes to reach metabolic steady
state, that is when the rate of consumption of a metabolite equals the rate of appearance of its
products (107), while remaining viable and active, kinetic studies were conducted in 3 months
old male AAR KO (n=4) and WT littermates (n=4). Aliquots of incubation media, initially
containing 5 mM of [1,6-13C;]glucose, were harvested at three different time points: 2h, 4h and
7h. The maximal time point evaluated was 7h, as 6-7h is the lifespan time of synaptosomes

according to previous studies (94).

In Figure 3 we can observe an increase in peak intensity for [3-3C]lactate (one of the
possible products of glycolysis, satellite at 1.42 ppm) both in WT and A;aR KO mice, with a
concomitant increase in incubation time. Therefore, 7h was the time point selected as we have
an increased production of [3-3C]lactate without a significant increase of C lactate leading us
to assume that we are closer to metabolic steady state, and thus if we have more incorporation
of tracer, leading to the appearance of [3-13C]lactate, the synaptosomes are still viable and

active as their metabolic networks are functioning.
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Figure 3: Typical *H-NMR spectra of incubation media samples from synaptosomes of male A2aR KO (n=4)
and male WT mice (n=4), in red and blue respectively, with 3 months, acquired in a Varian 600 MHz NMR
spectrometer. There are three time points represented (2h, 4h and 7h) and the peaks represented are
from [3-3C]lactate and *2C lactate with the purpose of indicating whether synaptosomes are

metabolically competent and closer to metabolic steady state.

For the two other set of experiments, four metabolic parameters were evaluated, as
mentioned in chapter 3.3. from Methods and Materials: i) glucose consumption in umol per mg
of total protein from synaptosomes ii) lactate production in umol per mg of total protein from
synaptosomes and the percentages of iii) glycolysis and iv) OXPHOS, in which 100% corresponds
to the total of [1,6-*C;]glucose being catabolized by either glycolysis or the oxidative pathway,
respectively. It is important to notice that in these percentages, we are excluding other
metabolic pathways for consumption of glucose besides glycolysis and oxidative

phosphorylation pathway.

We assessed the effect of 50 uM of 4-aminopyridine (4-AP), concentration used on
previous studies in synaptosomes (108) and hippocampal slices (109), to confirm whether
stimulating the release of neurotransmitters had an impact on the primary metabolism of

synaptosomes. For this experiment, cortical synaptosomes from male A;aR KO mice (n=4) and
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WT littermates (n=3) with 9 months were used, being incubated for 7h in Locke’s buffer initially

containing 5 mM of [1,6-13C;]glucose.
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Figure 4: Parameters measured to evaluate metabolic alterations in cortical synaptosomes of male WT
mice (n=3) and A2aR KO (n=4), in blue and orange respectively, in the absence (buffer) and presence of 50
UM 4-aminopyridine (4-AP). Synaptosomes were incubated for 7h in Locke’s buffer containing 5 mM [1,6-
13Cy]glucose. The parameters evaluated were: (A) quantity of [1,6-13C2]glucose consumed (umol per mg
of total protein content in synaptosomes); (B) quantity of [3-'3C]lactate produced from [1,6-'3C;]glucose
(umol per mg of total protein content in synaptosomes); (C) % glycolysis — percentage of [1,6-13C2]glucose
being metabolized in the glycolytic pathway; (D) % OXPHOS — percentage of [1,6-13C]glucose being
metabolized by oxidative phosphorylation pathway; In these percentages, 100% means that the total
amount of labelled glucose is being consumed by that metabolic pathway. Data are presented as mean %
SEM and n=3-4 animals/group for all measured parameters. ** p < 0.01. Two-Way ANOVA followed by

Sidak’s post hoc test.
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The results showed that glucose consumption varied (p < 0.05) according to genotype,
namely a tendency of decrease between WT littermates and A,aR KO both in the absence and
presence of 4-AP (Figure 4(A)). Lactate production was altered with genotype (p < 0.001); post
hoc analysis confirmed a decrease in A;aR KO compared to WT mice both in the absence and
presence of 4-AP (p < 0.01) (Figure 4(B)). Lastly, and despite the alterations observed in lactate
production, there were no significant differences in the glycolytic or the oxidative metabolism

(Figure 4(C) (D)).

Age-studies were conducted as aging has a high impact on neurodegenerative diseases
(5). In this way, we compared results obtained from the previous experiences with
synaptosomes from A;aR KO mice and WT littermates with 3 and 9 months. The results
compared were cortical synaptosomes of WT littermates (n=4) and A,aR KO mice (n=4) with 3
months for the incubation time of 7h, and cortical synaptosomes of WT littermates (n=3) and

A2aR KO mice (n=4) with 9 months in the absence of 4-AP.

The results showed that glucose consumption was altered (p < 0.01), being lower in the
synaptosomes from A;aR KO with 9 months compared to 3 months (p < 0.05) (Figure 5(A)). As
for lactate production, it varied according to genotype (p < 0.05), age (p < 0.001) and their
interaction (p <0.01); post hoc analysis confirmed that the production of lactate was significantly
higher in synaptosomes from WT mice with 9 months compared to 3 months (p < 0.001), but
also lower in synaptosomes from AxaR KO compared to WT mice with 9 months (p < 0.01) (Figure
5(B)). Finally, percentages of glycolysis and OXPHOS varied according to age (p < 0.01), with a
significantly higher percentage of glycolysis in synaptosomes from both WT littermates and AzaR
KO with 9 months compared to 3 months (p < 0.05) (Figure 5(C)), with a concomitant lower

percentage of the OXPHOS pathway (p < 0.05) (Figure 5(D)).
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Figure 5: Parameters measured to evaluate metabolic alterations in cortical synaptosomes of male WT
(n=3-4) mice and A2aR KO (n=4), in orange and green, respectively, with 3 and 9 months. Synaptosomes
were incubated for 7h in Locke’s buffer containing 5 mM [1,6-'3Cz]glucose. The parameters evaluated
were: (A) quantity of [1,6-'3Cz]glucose consumed (umol per mg of total protein content in synaptosomes);
(B) quantity of [3-13C]lactate produced from [1,6-3C]glucose (umol per mg of total protein content in
synaptosomes); (C) % glycolysis — percentage of [1,6-13C;]glucose being metabolized in the glycolytic
pathway; (D) % OXPHOS - percentage of [1,6-13C:]glucose being metabolized by oxidative
phosphorylation pathway; In these percentages, 100% means that the total amount of labelled glucose is
being consumed by that metabolic pathway. Data are presented as mean + SEM and n=3-4 animals/group
for all measured parameters. * p < 0.05; ** p <0.01; *** p < 0.001. Two-Way ANOVA followed by Sidak’s

post hoc test.
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4.2. Synapses in Alzheimer’s Disease

Having the protocol established, two different sets of experiments were performed in
cortical synaptosomes from APP/PS1, the mouse model that mimics AD phenotype (91), to
understand whether there were any specific metabolic alterations in synapses in the early stages

of AD.

In this way, we evaluated the metabolic parameters of cortical synaptosomes from 6
months APP/PS1 female mice (n=4) and WT littermates (n=3), with Locke’s buffer containing 5
mM of [1,6-3C;]glucose, and then we performed the substrate competition experiment in
cortical synaptosomes from 9 months APP/PS1 female mice (n=7) and WT littermates (n=5), with
Locke’s buffer containing 5 mM of [U-3Clglucose and 2 mM of [3-13C]lactate. In both
experiments, cortical synaptosomes were incubated for 7h, the time point chosen in the

protocol optimization experiments.

For the first experiment, the parameters evaluated were the same as for the previous
experiences: i) glucose consumption in pmol per mg of total protein from synaptosomes ii)
lactate production in umol per mg of total protein from synaptosomes and the percentages of
iii) glycolysis and iv) OXPHOS, in which 100% corresponds to the total of [1,6-13C;]glucose being
catabolized by either glycolysis or the oxidative pathway, respectively. It is important to notice
that in these percentages, we are excluding other metabolic pathways for glucose besides

glycolysis and oxidative phosphorylation pathway.

The results showed that none of the metabolic parameters evaluated was altered

(Figure 6).
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Figure 6: Parameters measured to evaluate metabolic alterations in cortical synaptosomes of 6 months
female WT (n=3) and APP/PS1 mice (n=4), grey and light pink respectively, being incubated for 7h in
Locke’s buffer containing 5 mM [1,6-3C;]glucose. The parameters evaluated were: (A) quantity of [1,6-
13C,)glucose consumed (umol per mg of total protein content in synaptosomes); (B) quantity of [3-
13Cllactate produced from [1,6-13Cz]glucose (umol per mg of total protein content in synaptosomes); (C)
% glycolysis — percentage of [1,6-13C;]glucose being metabolized in the glycolytic pathway; (D) % OXPHOS
— percentage of [1,6-13Cz]glucose being metabolized by oxidative phosphorylation pathway; In these
percentages, 100% means that the total amount of labelled glucose is being consumed by that metabolic

pathway. Data are presented as mean + SEM and n=3-4 animals/group for all measured parameters.

Student’s unpaired t test.
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Afterwards, we performed substrate competition studies using cortical synaptosomes
from 9 months APP/PS1 and age-matched WT littermates. For this experiment, synaptosomes
were incubated for 7h, in Locke’s buffer containing 5 mM [U-3C]glucose and 2 mM [3-
13C]lactate. Different metabolic parameters were evaluated: acetate production, in which we
consider that if acetate is being produced, then acetyl-CoA is also being produced and assume
that the highest producer of acetate is also the highest producer of acetyl-CoA that enters the
Krebs cycle (umol per mg of total protein from synaptosomes); glucose and lactate consumption

(umol per mg of total protein from synaptosomes); and glycolytic index.

The results revealed that acetate production was altered in label (p < 0.001) and in the
interaction between label and genotype (p < 0.05); post hoc analysis confirmed that the
production of [2-3C]acetate was higher in synaptosomes from APP/PS1 compared to WT mice
(p < 0.05), and that the production of [2-13C]acetate was also increased in both WT littermates
(p<0.05)and APP/PS1 (p < 0.001) compared to the production of [1,2-3C,]acetate (Figure 7(A)).
As for glycolytic index and [U-3C]glucose and [3-'3C]lactate consumption, no variation was

observed between WT and APP/PS1 (Figure 7(B) (C)).
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Figure 7: Parameters measured to evaluate metabolic alterations in cortical synaptosomes of 9 months
female WT (n=5) and APP/PS1 (n=7) mice, green and blue respectively, being incubated for 7h in Locke’s
buffer containing 5 mM [U-13C]glucose and 2 mM [3-13C]lactate. The parameters evaluated were: (A)
quantity of [1,2-13C;] and [2-13C]acetate produced from [U-!3Clglucose and [2-'3C]lactate, respectively
(umol per mg of total protein content in synaptosomes) (B) glycolytic index, ratio corresponding to the
[U-3Clglucose being metabolized in the glycolytic pathway (C) quantity of [U-'3C]glucose and [3-
13Cllactate consumed (umol per mg of total protein content in synaptosomes). Data are presented as
mean + SEM and n=5-7 animals/group for all measured parameters. * p < 0.05; *** p < 0.001. Two-Way

ANOVA followed by Sidak’s post hoc test; Student’s unpaired t test.
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4.3. Neuroprotection: Caffeine and A2aR KO

The next set of experiments were performed in both cortical synaptosomes and cortical
slices, which were superfused, obtaining medium and tissue extract samples to be analysed

through *H and *C NMR spectroscopy, respectively.

We performed a substrate competition experiment for both studies, so the parameters
evaluated were the same for the cortical synaptosomes and slices: acetate production, in which
we consider that if acetate is being produced, then acetyl-CoA is also being produced and
assume that the highest producer of acetate is also the highest producer of acetyl-CoA that
enters the Krebs cycle (umol per mg of total protein from synaptosomes); glucose and lactate
consumption (umol per mg of total protein from synaptosomes); and glycolytic index, which

indicates the amount [U-3C]glucose being metabolized in the glycolytic pathway.

4.3.1. Neuroprotection: Caffeine

Caffeine offers neuroprotection against brain damage through binding with A;aRs (31),
so we conducted a study to understand whether there were alterations in the primary

metabolism in synapses and brain when chronic caffeine treatment was applied.

These studies were performed in synaptosomes and slices from 3 months of age male
WT littermates, divided into two groups: the first one subjected to 14 days of 0.3 g/L caffeine

consumption and the other one the control group.

For cortical synaptosomes we had n=5 for the caffeine treated group as well as for the
control group, having performed a substrate competition experiment, so Locke’s buffer

contained 5 mM [U-3C]glucose and 2 mM [3-3C]lactate.

The results showed that acetate production varied in label (p < 0.001); post hoc analysis
established a greater [2-13C]acetate production compared to the production of [1,2-3C]acetate
both in control (p < 0.05) and caffeine treated group (p < 0.01) (Figure 8(A)). For the other
parameters evaluated, glycolytic index (Figure 8(B)) and [U-'3C]glucose and [3-'3C]lactate

consumption (Figure 8(C)) no changes were observed due to label nor treatment (p > 0.05).
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Figure 8: Metabolic parameters evaluated in cortical synaptosomes from male 3 months old WT
littermates subject to chronic treatment for 14 days with 0.3 g/L caffeine (n=5) and age-matched controls
(n=5), blue and orange respectively, being incubated for 7h in Locke’s buffer containing 5 mM [U-
1BClglucose and 2 mM [3-13C]lactate. The parameters evaluated were: (A) total amount of [1,2-13C;] and
[2-13C]acetate produced from [U-3Clglucose and [2-13C]lactate, respectively (umol per mg of total protein
content in synaptosomes); (B) glycolytic index, ratio corresponding to the amount of [U-3Clglucose
metabolized in the glycolytic pathway ; (C) quantity of [U-'3C]glucose and [3-13C]lactate consumed (umol
per mg of total protein content in synaptosomes). Data are presented as mean * SEM and n=5
animals/group for all measured parameters. * p < 0.05; ** p < 0.01. Two-Way ANOVA followed by Sidak’s

post hoc test; Student’s unpaired t test.
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For cortical slices we had n=3-4 for the caffeine treated group and n=5 for control group,
having performed a substrate competition experiment, so modified Krebs solution contained 5

mM [U-3C]glucose and 2 mM [3-13C]lactate.

From the metabolic parameters that were supposed to be evaluated, acetate
production in this experiment, was not possible to quantify as the signal-to-noise ratio
corresponding to [1,2-13C] and [2-!3C]acetate , in the 'H NMR spectra, was very low. As for the
other metabolic parameters, glycolytic index and [1,2-3C]glucose and [2-!3C]lactate

consumptions, similarly to the experiments on synaptosomes, no alterations were observed

(Figure 9).
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Figure 9: Metabolic parameters assessed in superfused slices from male WT littermates with 3 months,
subjected to chronic treatment for 14 days with 0.3 g/L caffeine (n=3-4) and age-matched controls (n=5),
blue and orange respectively, being superfused for 7h in a gassed modified Krebs solution containing 5
mM [U-13C]glucose and 2 mM [3-'3C]lactate. The parameters evaluated were: (A) glycolytic index - ratio
corresponding to the amount of [U-13C]glucose metabolized in the glycolytic pathway; (B) quantity of [U-
3Clglucose and [3-3C]lactate consumed (umol). Data are presented as mean * SEM and n = 3-5

animals/group for all measured parameters. Student’s unpaired t test.

Despite the nonexistence of metabolic alterations in slices extracellular medium
samples, *C NMR analysis was performed in tissue extracts from cortical slices. These
experiences were carried out to have a more detailed information on which substrate, [U-

BClglucose or [3-13C]lactate, have the greater contribution to the oxidative pathway.
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As mentioned in chapter 3.3.2., two parameters were evaluated by looking at the carbon
4 of glutamate: [U-13C] glucose contribution to the enrichment of [1,2-13C;]acetyl-CoA and the

Krebs cycle turnover (Figure 10).
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Figure 10: 3C NMR spectra from two different samples: control and treatment with caffeine. There are
three carbons from different metabolites identified: C4 and C3 from glutamate (left and middle) and C3
from lactate (right). The multiplets analysed were from the C4 of glutamate, which indicate the turnover

of the Krebs cycle and thus of the prevalence of the oxidative pathway.

In the metabolic parameters evaluated, there were no significant changes (n=2 for both
groups), although the results show a tendency for a higher contribution of [U-3C]glucose to Ac-
CoA in the group of animals treated with caffeine compared to controls, which is not reflected
on the Krebs cycle turnover, where no alterations are observed (Figure 11). Nevertheless, the n

number was too low to obtain a firm result.
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Figure 11: Metabolic parameters evaluated through 3C NMR spectra of cortical tissue extracts from male
WT littermates with 3 months, subjected to chronic treatment for 14 days with 0.3 g/L caffeine and age-
matched controls, blue and orange respectively. The parameters evaluated were: (A) contribution of [U-
13Clglucose to the enrichment of acetyl-CoA; (B) Ratio of Krebs cycle turnover. Data are presented as mean

+ SEM and n=2 animals/group for all measured parameters. Student’s unpaired t test.

4.3.2. Neuroprotection: A,aR knockout animals

Similarly to caffeine, blockage of A.aRs also offers neuroprotection against brain
damage, especially associated with an increase in cognitive and memory performance (9,14,16).
In this way, we assessed the same metabolic parameters evaluated in the caffeine experiments,
but using 3 months old male A;aR KO and age-matched WT littermates. The concentrations used

for the substrate competition being the same: 5 mM [U-13C]glucose and 2 mM [3-13C]lactate.

In cortical synaptosomes, acetate production was varied in label (p < 0.01); post hoc
analysis indicated that the production of [2-3C]acetate was diminished compared to [1,2-
13C,)acetate production, both in WT littermates and A;aR KO (p < 0.05) (Figure 12(A)). For the
other metabolic parameters evaluated, glycolytic index and [U-'3C]glucose and [3-3C]lactate

consumption, no alterations were observed (Figure 12(B) and (C)).
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Figure 12: Metabolic parameters evaluated in cortical synaptosomes from male 3 months old WT
littermates and A2aR KO, pink and blue respectively, being incubated for 7h in Locke’s buffer containing 5
mM [U-3C]glucose and 2 mM [3-%3C]lactate. The parameters evaluated were: (A) total amount of [1,2-
13¢C,] and [2-13Clacetate produced from [U-3C]glucose and [2-!3C]lactate, respectively (umol per mg of
total protein content in synaptosomes); (B) glycolytic index, ratio corresponding to the amount of [U-
13Clglucose metabolized in the glycolytic pathway; (C) quantity of [U-13C]glucose and [3-!3C]lactate
consumed (umol per mg of total protein content in synaptosomes). Data are presented as mean = SEM
and n=6 animals/group for all measured parameters * p < 0.05. Two-Way ANOVA followed by Sidak’s post

hoc test; Student’s unpaired t test.
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As for the cortical slices, and despite the metabolic differences observed in the
production of acetate in cortical synaptosomes, no significant changes were observed in each of

the three metabolic parameters evaluated. (Figure 13).
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Figure 13 Metabolic parameters evaluated in cortical slices from male 3 months old WT littermates and
A2aR KO, pink and blue respectively, being incubated for 7h in Locke’s buffer containing 5 mM [U-
3Clglucose and 2 mM [3-'3C]lactate. The parameters evaluated were: (A) total amount of [1,2-3C;] and
[2-13C]acetate produced from [U-13C]glucose and [2-13C]lactate, respectively (umol); (B) glycolytic index -
ratio corresponding to the amount of [U-13C]glucose metabolized in the glycolytic pathway; (C) quantity
of [U-3Clglucose and [3-'3C]lactate consumed (umol). Data are presented as mean *+ SEM and n=5

animals/group for all measured parameters. Two-Way ANOVA. Student’s unpaired t test.
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Next, 3C NMR experiments were performed in cortical tissue extracts, and the

parameters evaluated were the same as for the caffeine experiments. (Figure 14).
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Figure 14: 3C NMR spectra from two different samples WT and AzaR KO. There are three carbons from
different metabolites identified: C4 and C3 from glutamate (left and middle) and C3 from lactate (right).

The multiplets analysed were from the C4 of glutamate, which indicate the turnover of the Krebs cycle

and thus of the prevalence of the oxidative pathway.

The same way as for caffeine experiments, due to the low number of samples analysed
(n=2), none of the parameters assessed revealed alterations, although it appears to be a

tendency of decrease in the Krebs cycle turnover in A;aR KO compared to WT littermates (Figure

15).
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Figure 15: Metabolic parameters analysed through *C NMR spectra of cortical tissue extracts from male
3 months WT littermates and A2aR KO, pink and blue respectively. The parameters evaluated were: (A)
contribution of [U-13C]glucose to the enrichment of acetyl-CoA; (B) Ratio of Krebs cycle turnover.

Student’s unpaired t test. Data are presented as mean + SEM and n=2 animals/group for all measured

parameters. Student’s unpaired t test.
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5. Discussion
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5.1. Protocol Optimization

Some experiments were performed in order to optimize the protocol. In this way, the
first experiment aimed to select the optimal incubation time of metabolic substrates for
incorporation into cerebrocortical synaptosomes. The time point selected was 7h, a limit
imposed by the maximal viability of synaptosomes for a period up to 6-7h, as indicated by
previous studies (94); at this time, we observed the highest peak intensities of the labelled
lactate, which allowed us to assume that we were closer to a metabolic steady state, ideal for

metabolic research (107).

Since the activity of nerve terminals could influence the metabolic profiling, we next
compared resting and stimulated cerebrocortical synaptosomes. Thus, we assessed the effect
of 4-aminopyridine (4-AP) in cerebrocortical synaptosomes purified from 9 months A;aR KO male
mice and WT littermates. 4-AP inhibits potassium channels leading to a threshold depolarization
of synaptosomes, thus allowing intermittent burst-like neuronal activity (110). Some previous
studies in rodents and humans concluded that neuronal activation induces different types of
metabolic alterations: increased cerebral blood flow observed in rodent olfactory bulb (111);
diminished the efficacy in the transport of nutrients, especially glucose, across the blood-brain
barer (112); increased metabolic flow in the of Krebs cycle-associated amino acids, like
glutamate and GABA, observed in rat hippocampal slices (109); and also a metabolic shift from
almost a complete oxidation of glucose to an increased dependency on glycolysis, observed in

humans (113).

Despite the results from these previous studies carried out in more integrated brain
preparations, the present experiments performed in cerebrocortical synaptosomes showed no
significant metabolic alterations in the presence compared to the absence of 4-AP. For this

reason, we chose not to use 4-AP in the subsequent experiments.

5.2. Impact of aging on synaptic metabolism

Age-related studies were carried out using 3 months (young adults) and 9 months

(adults) AR KO mice and WT littermates. The reason for these experiments lies on the fact that
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aging is one of the major risk factors related to neurodegenerative diseases, especially on the

emergence cognitive and memory deficits (114).

With aging, the brain undergoes a series of metabolic changes: a gradual decline in
energy utilization (115), probably arising from the glucose hypometabolism and mitochondrial
dysfunction as also observed in humans (116—-118); diminished blood-brain barer permeability,
leading to a lower import of nutrients as observed in mice (119); and a decrease in the
expression of glucose transporters as well as a change in the expression of key enzymes related
to glycolysis and oxidative phosphorylation observed in humans (120). In relation to altered
glycolytic enzymes, a study conducted in mice using *3C and 'H magnetic resonance spectroscopy
(MRS), showed that the ratio between lactate dehydrogenase A and B (LDH A/LDH B) increases

in older compared to young mice, leading to increased levels of lactate in aged mice (121).

In our studies, several alterations in the metabolic parameters evaluated were
observed, revealing a change in the primary metabolism of cortical synapses upon aging, as
concluded from the shift from oxidative to a more glycolytic metabolism. This would be in
accordance with the previously mentioned study, although it must be kept in mind that the age
of the older animals used in our study might not yet represent “aging” itself, as we compared
animals considered young adults (3 months) and adults (9 months). In this way, and to further
confirm and validate our conclusions, older mice (18/24 months) would be required to properly
evaluate the alterations present in aged mice. Moreover, the results from the previous studies
were all obtained using the whole brain or brain regions, rather than carried out specifically in

nerve terminals as in our experiments.

5.3. Synapses in Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by memory loss and dementia, starting with a
progressive loss of synaptic function (24,27). Studies in vivo revealed bioenergetic alterations in
patients with established AD features, such as a decrease in cerebral blood flow assessed by
functional magnetic resonance imaging (fMRI), a decrease in glucose uptake monitored by
positron emission tomography (PET) due to reduction in levels of GLUT1 and GLUT3 (20,56), and
a reduced activity of some enzymes involved in the Krebs cycle and electron transport chain
(122,123), that are consistent with a decrease in metabolic demand at the early stages of AD

(124).
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Glucose hypometabolism leads, through a decrease mitochondrial flux and respiratory
function, to an impaired production of ATP (53), which can lead to synaptic dysfunction and
neuronal death (125). In synapses, mitochondria play an essential role in maintaining the high
energetic demand, although continuously generating reactive oxygen species (ROS), whose
imbalance lead to oxidative stress, known to promote AD (51,52). Thus, oxidative stress
associated with AD, originated from mitochondrial damage, can lead to decreased supply of

energy to synapses and, as a result, to synaptic dysfunction (49,61,62).

Moreover, a link between lactate and AD has been proposed, based on the astrocyte-
neuron lactate shuttle model (46,47), in which astrocytes metabolize glucose to lactate, which
is released and taken up by nearby neurons and used as a fuel source. Aerobic glycolysis, where
lactate is produced even in the presence of oxygen, is associated with neuroprotective roles in
AD, as nerve cells resistant to AP display a metabolic shift towards an increased lactate
production (126), a phenotype most common in cancer cells (127). Indeed, a study showed that
the risk of developing AD is lower in cancer survivors than in people without cancer (128).

However, more studies are needed on this subject to confirm this hypothesis (129).

Importantly, it is not known if the above mentioned metabolic modifications also occur
in nerve terminals, that have particularly high metabolic demands (49). This question is
particularly relevant to test the hypothesis that a metabolic dysfunction may be at the core of
the synaptic dysfunction that is characteristic of early AD, as best heralded by the conclusion
that AD is a synaptotoxicity at its onset (24). Thus, we now compared some key metabolic
parameters in cerebrocortical synaptosomes prepared from WT mice and from APP/PS1 mice

that model AD (86).

First, other colleagues within our group carried out a battery of behavioural tests to
confirm that 6- and 9-months old APP/PS1 female mice and age—matched WT littermates
displayed the key phenotypic traits of the early onset of AD, i.e. deficits of reference memory
(29). Summarily, the results revealed that 6 months old APP/PS1 female mice had light memory
impairments and anxiety, as assessed by the modified Y maze test and in the elevated plus maze
test, respectively, and that 9 months old APP/PS1 female mice had learning and memory deficits
and anxiety, monitored by the Morris water maze test and open field test (unpublished results),

respectively.

The results presented in this thesis are not consistent with the hypothesis that metabolic
deficits are prominent in cerebrocortical synapses at early AD, as they show no significant

variations in synaptic metabolism between APP/PS1 mice and WT with 6 and 9 months.



NMR METABONOMICS APPLIED TO SYNAPTOSOMES AND SLICES TO PROFILE METABOLIC ALTERATIONS IN NEURODEGENERATIVE AND NEUROPROTECTIVE MECHANISMS 5 O

In particular, experiments assessing the metabolism of synaptosomes, performed in
APP/PS1 and WT with 6 months of age, showed no alterations in any of the metabolic
parameters evaluated: [1,6-3C;]glucose consumption, [3-'3C]lactate production, and the
percentages of glycolysis and OXPHOS. Moreover, in the substrate competition experiments in
synaptosomes from 9 months old APP/PS1 and WT, only one of the three metabolic parameters
assessed showed variations, [1,2-13C;] and [2-13C]acetate production: the results revealed an
increment of the production of [2-13C]acetate compared to [1,2-13C;]acetate in APP/PS1 and WT,
as well as an higher production of [2-!3Clacetate in APP/PS1 compared to WT, indicating that

lactate is the apparent preferential substrate for the oxidative pathway.

The hypothesis posted when starting the present study was that early AD synaptic
dysfunction would occur due to preceding metabolic alterations of synapses, providing that
synapses are sensitive to bioenergetic changes owing to high energy demands (49). Despite not
corroborating the hypothesis proposed, as no significant alterations in metabolic characteristics
were observed, our results are in agreement with a previous study which revealed that in several
transgenic mouse models of AD, no significant nor consistent deficits in bioenergetics were
observed (130). Specifically, this study showed that synaptosomes from all the AD mice models
exhibit normal respiratory variables, membrane potentials, mitochondrial volume fraction, and

tolerance to calcium stress, apart from an increased respiration observed in APP/PS1 mice.

All these observations point out to a preservation of metabolic features in
synaptosomes of the transgenic mouse model APP/PS1, a model of AD characterized by the
appearance of AB deposits (29,86). Thus, based on our findings, there might be no gradual loss
nor changes in the metabolic capacity of synapses associated with progressive synaptic

dysfunction in early stages of AD.

However, it is worth noting that in the substrate competition experiment, lactate
appeared to be the preferential substrate and that the production of acetate originated from
labelled lactate was higher in female APP/PS1 mice than WT littermates. As mentioned before,
ApB resisting cells display a metabolic shift becoming more glycolytic (126), so a question rises of
whether this apparent preservation of metabolic capacity of synapses, might be associated with

aerobic glycolysis, meaning that lactate can act as a neuroprotector.
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5.4. Neuroprotection: Caffeine and A2aR KO

Moderate caffeine intake affords neuroprotection against brain damage, especially
related to cognitive and memory impairments, an effect likely involving A,aRs, since A;aR KO also
display a decreased susceptibility to brain damage (16,92). However, the mechanisms by which
caffeine is an important neuroprotective substance are still unknown (16). Since most
neurodegenerative diseases are associated with oxidative stress and mitochondrial damage
(37), the aim of these experiments was to test the hypothesis that caffeine and the genetic
inactivation of A;aRs might control primary metabolism as a mechanism to counteract any
metabolic changes in the dysfunctional brain. This was investigated both in cerebrocortical
synaptosomes and cortical slices: substrate competition experiments were performed in 3
months old WT male mice, half of which were administrated with caffeine, and 3 months old

A2aR KO and WT male mice.

Caffeine metabolic impacts are yet not fully understood (16), but we know that the
exposure to caffeine increases the rates of cerebral glucose utilization both upon acute and
chronic consumption (68,69), although it also decreases cerebral blood flow (70). Duarte et al
(71-73) showed, in hippocampal slices, that there were changes in the levels of taurine, which
were increased in caffeine-treated mice. Moreover, in cellular models, caffeine is also known to

ameliorate mitochondrial function, being an antioxidant substance (77-79).

The findings in synaptosomes of rats treated with caffeine indicated that there was an
increase in [2-3C]acetate production compared to [1,2-13C;]acetate production in both controls
and caffeine-treated mice, leading to the assumption that lactate is the preferential substrate
for the oxidative pathway in synaptosomes, since lactate produces higher amounts of acetate,
meaning that it is being used the most for feeding the Krebs cycle, and therefore the oxidative

pathway.

In cortical slices, which preserve most neuronal circuits and contain glial cells, we
analysed metabolic alterations both in the medium and in tissue extracts, thus reflecting
alterations of extracellular and intracellular metabolites, respectively. In the medium, there
were no alterations in the levels of the analysed metabolites when comparing slices from
animals exposed or not to caffeine. In the extracts, it was possible to take a closer look at what
is happening in the Krebs cycle and thus the oxidative phosphorylation pathway. The results
show that acetyl-CoA was generated at a higher percentage from [U-13C]glucose compared to

[3-13C]lactate in slices from rats exposed to caffeine. Also, the results reveal a possible increase
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in the contribution of [U-'C]glucose in caffeine-treated mice compared to controls, although
the number of samples is still too low (n=2) to establish firm conclusions. Nevertheless, the
results lead us to assume that there might be no major differences in the primary metabolism

of cerebrocortical synapses of mice subjected to chronic caffeine treatment.

To the best of our knowledge, no study has yet addressed possible metabolic alterations
occurring in A;aR KO mice, though a study performed in mice and focused on the heart, indicates
that these animals had a significantly lower heart rate compared to WT mice, the locomotor
activity was also lower in A;aR KO compared to WT mice, and in male A;aR KO mice compared
to WT mice, the oxygen consumption was also decreased, with no alterations for female A.aR

KO (87).

The results of substrate competition experiments performed in A;aR KO, revealed a
decrease in [2-13C]acetate production compared to [1,2-13C;]acetate production in both WT and
AaR KO mice, contrasting with the caffeine results, and pointing out to glucose being the

preferential energetic substrate in cortical A2aR KO synaptosomes.

In relation to cortical slices, both media and tissue extracts were metabolically
evaluated, thus distinguishing extracellular and intracellular metabolites, respectively. In
medium samples, no alterations in the metabolic parameters evaluated were observed when
comparing WT and A;aR KO mice. In tissue extracts, it was possible to have more detailed
information on the oxidative phosphorylation pathway. The results showed that acetyl-CoA was
generated at a higher percentage from [U-3C]glucose compared to [3-13C]lactate, in the same
way as for caffeine-treated mice experiments. Also, the Krebs cycle turnover from AzaR KO mice
was likely decreased compared to WT, although the number of samples is still too low (n=2), so
no significant conclusion can be made. Nevertheless, the results lead us to assume that there

might be no major differences in the primary metabolism of A,aR KO mice.

Taking into consideration all the above described findings, we can infer that the caffeine-
and A,aR-related neuroprotective mechanisms may not have a significant association with
metabolic alterations in normal mice, meaning that there is no metabolic compliance, even
though we depicted small and distinct metabolic adaptations between both neuroprotective

mechanisms.

Furthermore, in relation to the substrate competition, in synaptosomes, the results
differ between caffeine treated mice, in which the preferential substrate is lactate, and A;aR KO
mice, in which glucose is the preferential substrate, whereas in slices, glucose is the preferential

substrate for the oxidative phosphorylation pathway in both experimental conditions.
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It is worth noting that in both experiments, a difference between the glycolytic index
from synaptosomes (10x higher) and slices were observed, indicating that synaptosomes are,
possibly, more glycolytic than slices. The reason for this can either be because the metabolism
of synapses compared to the whole tissue is distinct, or due to the fact that there are two
different biological preparations with distinct characteristics. One way to confirm whether
different biological preparations can lead to different results, is to assess the mitochondrial

respiratory capacity of both preparations and compare them.

In this way, the hypothesis that caffeine and the genetic inactivation of A,aRs might
control primary metabolism as a mechanism to counteract any metabolic changes in the

dysfunctional brain, was not supported by our findings.
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6. Concluding remarks
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The main goal of this research project was to evaluate the metabolic alterations
underlying synaptic dysfunction in neurodegenerative diseases such as AD and understand
whether metabolic adaptive changes in synapses could underlie neuroprotective processes

(caffeine and selective AzaR blockade).

AD experiments revealed that there were no significant alterations in the metabolic
parameters evaluated in cerebrocortical synapses. Since metabolic alteration are present in
cortical region of patients with established AD, it is possible that the observed lack of metabolic
alterations in cerebrocortical synapses might reflect a possible buffering of primary metabolism
until the very limit of metabolic capacity in cortical synapses. Furthermore, unlike what was
assumed, the preferential energy source in synaptosomes was lactate instead of glucose, so the

hypothesis of a prominent role of aerobic glycolysis arises.

Moreover, our results show that the main source of energy in synaptosomes compared
to slices is different, although the exact reasons for this difference remain unknown. A possibility
is that there might be neurovascular deficits, leading to an impaired glucose transport, which

could be assessed by evaluating the activity of GLUT in cerebrocortical synaptosomes.

In relation to neuroprotective processes, the experiments revealed that there are no
alterations in the metabolism of synaptosomes or slices obtained from mice consuming caffeine
daily compared to mice that do not consume caffeine at all. This apparently excludes adaptive
metabolic changes as a possible mechanism of action of caffeine in the cerebral cortex and still

leaves open the mechanisms underlying caffeine mediated neuroprotection.

All'in all, these are just preliminary and general results, and several experiences should
be performed next to confirm these results, and specially to uncover the questions and
possibilities raised up by these experiments. Possible future experiments would be to use aged
APP/PS1 mice and compare the same parameters to understand if there is a shift in the primary
metabolism, or evaluate different metabolic parameters, pathways, and metabolites in relation

to neuroprotective processes to assess if metabolic alterations arise.
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