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Resumo

A doença de Alzheimer (DA) é uma doença neurodegenerativa progressiva caracterizada pela
morte de neurónios em uma região específica do cérebro, condicionando a pessoa afetada à de-
generação da memória, comprometimento cognitivo grave e deficiência funcional. O número de
pessoas que sofrem de demência relacionada à DA é de cerca de 50 milhões, com este número au-
mentando rapidamente à medida que aumenta o envelhecimento da população em todo o mundo.
O envolvimento de vários sistemas neurotransmissores (dopamina, glutamato, GABA, acetilcol-
ina e serotonina) tem sido progressivamente associado a vários distúrbios neurológicos, incluindo
a doença de Alzheimer. Portanto, a medição e avaliação desses neurotransmissores tornaram-se
imperativas para múltiplos propósitos, incluindo o diagnóstico da doença na fase pré-clínica, pre-
visão/monitorização do comprometimento cognitivo e o desenvolvimento da terapia farmacológica.
Aqui é descrito um método de cromatografia acoplada ao método de espectrometria de massa
(LC-MS/MS) utilizando um equipamento híbrido (quadropolo - tempo de voo Qq-TOF) para a
separação e (semi) quantificação de glutamina, glutamato, ácido aminobutírico (GABA), acetil-
colina (Ach), e colina (Cho) em amostras de líquido cefalorraquidiano (LCR). O método não usa
derivatização; apenas um padrão interno marcado para cada analito e tem um tempo de execução
de 15 min. Para atingir este objetivo, a injeção direta de analitos individuais no sistema MS e
LC-MS/MS foi realizada como parte de uma etapa de otimização do método, sendo possível esti-
mar as condições ótimas para cada analito em termos de separação cromatográfica e fragmentação
adequada no MS, configurando o experimento em modo HR-MRM.

Após a otimização do método analítico, foi realizado um procedimento de validação para testar
a capacidade do método ser aplicado na gama estabelecida. O método foi validado quanto à
linearidade, precisão, exatidão, limite de detecção e limite de quantificação.

Em testes preliminares para ambos os analitos do metabolismo colinérgico, ACh e Cho, foi
observado um comportamento não linear do sinal de resposta produzido em relação à concen-
tração, gerando picos intensos a partir de baixas concentrações e mantendo valores aproximados
em toda a faixa de concentração. Por conta disso, a validação foi realizada com foco nos analitos
do metabolismo glutamatérgico, sendo demonstrada a linearidade do método para glutamato, glu-
tamina e GABA. Uma regressão linear ponderada foi necessária devido à heterocedasticidade dos
resultados.

Os limites inferiores de quantificação (LOQ) foram estabelecidos em 0.02, 0.03, and 0.002
pmol/μM para glutamato, glutamina e GABA, respectivamente, e a precisão e exatidão foram
determinadas para os três compostos em termos de desvio padrão relativo (% RSD) e erro relativo
(% RE).

Depois da validação, o método foi aplicado para medir os compostos em amostras de LCR de
pacientes com DA pertencentes a 2 grupos diferentes Aβ- e Aβ+. Diferenças significativas foram
encontradas entre as mulheres dos grupos Aβ+ e Aβ- para as quantidades obtidas da glutamina,
indicando aumento significativo deste analito nas mulheres com Aβ+. No entanto, não foram
encontradas diferenças significativas entre os pacientes com Aβ+ e Aβ-.

Encontramos ainda uma diminuição significativa nos níveis de GABA no LCR em Aβ+ em
pacientes com mais de 60 anos de idade. Em contraste, não foram observadas alterações significa-
tivas nos pacientes com Aβ+ e Aβ-, nem nos dados baseados no sexo. No caso do glutamato, os
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efeitos da matriz afetaram a capacidade do método de mensurar esse analito, não sendo possível
sua medição.

Além disso, um aumento significativo nas medições de razão de GABA/glutamina foi encontrado
nas mulheres do grupo Aβ-, é provável que a produção de glutamina aumentou enquanto GABA
diminuiu em pacientes Aβ+ do sexo feminino, como um reflexo dos níveis aumentados de glutamato
neste grupo. No entanto, para sugerir isso, é necessário ter medições de glutamato e estudos de
várias vias metabólicas.

Palavras-chave: Doença de Alzheimer, LCR, biomarcadores, neurotransmissores, LC-MS/MS,
validação.







Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the death
of neurons in a specific brain region, conditioning the affected person to memory degeneration,
severe cognitive impairment, and functional disability. The number of people suffering from AD-
related dementia is around 50 million, with this number rapidly rising as increase the aging of
the population worldwide. The involvement of several neurotransmitter systems (dopamine, glu-
tamate, GABA, acetylcholine, and serotonin) has been progressively linked to several neurological
disorders, including Alzheimer’s disease. Therefore, the measurement and evaluation of these neu-
rotransmitters have become imperative for multiple purposes, including the diagnosis of the disease
in the preclinical stage, prediction/monitoring of the cognitive impairment, and the development of
pharmacologic therapy. Here is described a chromatography method coupled with the mass spec-
trometry (LC-MS/MS) method using a hybrid equipment (quadrupole - time of flight Qq-TOF)
for the separation and (semi) quantification of glutamine, glutamate, aminobutyric acid (GABA),
acetylcholine (Ach), and choline (Cho) in cerebrospinal fluid (CSF) samples. The method does
not use derivatization; only a labeled internal standard for each analyte is used and has a run
time of 15 min. To achieve this purpose, the direct injection of individual analytes into the MS
and LC-MS/MS system was carried out as part of a method optimization stage, it was possible to
estimate the optimal conditions for each analyte in terms of chromatographic separation and an
adequate fragmentation in the MS, setting up the experiment in an HR-MRM mode.

After the optimization of the analytical method, a validation procedure was carried out in order
to test the ability of the method to be applied in the established range. The LC-MS/MS method
was validated with respect to linearity, precision, accuracy, the limit of detection, and the limit of
quantification.

In the preliminary tests for both analytes of cholinergic metabolism, ACh and Cho, a non-linear
behavior of the response signal produced with respect to concentration was observed, generating
intense peaks from low concentrations and maintaining approximate values throughout the concen-
tration range. Because of this, validation was performed with a focus on glutamatergic metabolism
analytes, being demonstrated the linearity of the method for glutamate, glutamine, and GABA. A
weighted linear regression was required due to the heteroscedasticity of the results.

The lower limits of quantification (LOQ) were established at 0.02, 0.03, and 0.002 pmol/μM for
glutamate, glutamine, and GABA, respectively, and the precision and accuracy were determined
for the three compounds in terms of relative standard deviation (% RSD) and relative error (%
RE).

Once the method was validated, it was applied to measure the compounds in CSF samples
from patients with AD belonging to 2 different groups Aβ- and Aβ+. Significant differences were
found between the females of Aβ+ and Aβ- groups for the measurements obtained from glutamine,
indicating a significant increase in the females with Aβ+. However, no significant differences were
found between the AD patients with Aβ+ and Aβ-.

We further found a significant decrease in CSF GABA levels in Aβ+ from patients older than
60 years old. In contrast, no significant changes were observed in patients with Aβ+ and Aβ-, nor
in the data based on gender. In the case of glutamate, the effects of the matrix affected the ability



of the method to measure this analyte, so its measurement was not possible.
Furthermore, a significant increase in the ratio measurements of GABA/glutamine was found in

the Aβ- group of females, it is likely that glutamine production increased while GABA decreased in
Aβ+ female patients, as a reflection of the increased glutamate levels in this group. Nevertheless,
to suggest this it is necessary to have glutamate measurements and studies of various metabolic
pathways.

Keywords: Alzheimer’s disease, CSF, biomarkers, neurotransmitters, LC-MS/MS, validation.
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1. Introduction

1.1 Alzheimer’s disease

Alzheimer’s Disease (AD) is a chronic, progressive and, until now, incurable disorder [1–4]. AD
is one of the most common neurodegenerative diseases, characterized by conditioning the affected
person to memory degeneration, severe cognitive impairment and functional disability [2, 5].

AD is an important health problem with a significant economic impact on health care systems,
families, and society, being referred to as the prime cause of dementia, a term used to describe
different diseases marked by a progressive deterioration in brain functions [6–9].

The number of people living with this disease is rapidly rising as increase the aging of the
population worldwide [7, 10, 11]. According to Alzheimer’s Disease International in the World
Alzheimer Report 2019, worldwide, about 50 million people are living with AD-related dementia,
being expected that in 2050 they will increase to around 152 million [4].

In Europe, around 10 million people suffer from AD, being Italy the country with the highest
incidence, 2.37% of its population. In Portugal, the presence of this disease is increasing, represent-
ing 2.11% of the population [12]. Comparing the rates by sex and age, it stands out that women
have approximately 1.5- to 3-fold the incidence concerning men in all European countries, and the
number of people with AD increases with age [12].

AD was first described by psychiatrist Alois Alzheimer in 1906 when the first case was reported.
A 51-year-old German woman named Auguste Deter with symptoms including hallucinations,
disorientation, loss of language and memory [9, 13, 14]. The woman died at 55 years old, and
her autopsy described what is currently considered the main characteristics of AD in her brain
[1, 14, 15]. These main pathological hallmarks of AD include the formation of extracellular senile
plaques caused for the deposition of amyloid β (Aβ) peptides and intracellular neurofibrillary
tangles (NFT) at the microscopic level, causing progressive degeneration of synapsis and neuronal
loss [9, 16–20]. In terms of macroscopic level, it is characterized by a notable atrophy of the brain
(figure 1.1) [9].
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Figure 1.1: Diagram illustrating pathological hallmarks of AD
Representation of a healthy brain section (left) compared with a brain presenting hallmarks of AD (right),
manifesting intracellular NFT and Aβ aggregates in the extracellular space in the form of amyloid fibrils
and plaques.
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These pathological changes that trigger AD can begin years and even decades before the first
symptoms appear [21–24]. Symptoms at the onset of the disease tend to be diffuse and overlap
with other disorders or typical deterioration with age [25].

The onset of the disease is distinguished by an inability to encode information, difficulty holding
or understanding a conversation, and memory loss. But, as the disease progresses, the cognitive
impairments related to synaptic loss manifest as: significant memory loss, hallucinations, learning
problems, difficulty learning new things, and making decisions. Finally, functional impairment
affects self-care activities, leading to permanent dependence on family care [2, 9, 17, 21, 22, 26–29].
Although AD is a complex and irreversible disease, a healthy lifestyle such as, the practice of
physical activities, a balanced diet, keep learning constantly, not smoking, and an adequate sleep
cycle can delay and even prevent the development of AD [7, 10, 13, 30–37].

1.1.1 Alzheimer’s disease aetiology

AD may be subcategorized based on age at symptom onset and heritability. The former category
is, in turn, divided into early-onset (EOAD) and late-onset (LOAD), based on an arbitrary cut-off
that is typically 65 years old, but a 60-year cut-off is also used [38]. EOAD represents approximately
5% of AD cases, and typically occurs in people between the ages of 30 and 50, but around 10-15%
of cases are related to a genetic cause [1, 13, 38–41].

Based on heritability (genetic predisposition), it is classiffied as familial (FAD) and sporadic
(SAD) [1, 39, 41, 42]. FAD is caused by the inherited mutations in three genes: amyloid precursor
protein (APP; chromosome 21), presenilin-1 (PS1; chromosome 14), and presenilin-2 (PS2; chro-
mosome 1) [1, 13, 15, 28, 43–45]. Mutation in these genes affects the synthesis and proteolysis
of APP, leading to increased production of toxic Aβ and Aβ42/Aβ40 ratio, which promotes the
aggregation of Aβ into oligomers, amyloid fibrils and plaques (more details in the section 1.1.2.1).
[28, 40, 41, 43].

People with FAD generally develop symptoms before 60 years old, being considered as early-
onset familial Alzheimer’s disease (EO-FAD). However, when the onset of symptoms is after this
age, it is known as late-onset familial Alzheimer’s disease (LO-FAD)[1, 38, 46].

Most people with AD (95% prevalence) have the SAD form, and it occurs mainly in people
older than 60 or 65 years, know as LOAD. This type of AD is believed to be caused by defective
clearance of toxic Aβ from the brain, subsequent by a combination of environmental and genetic
factors [13, 38, 46–49].

In the development of the disease, the heritability of AD is considered the second factor of
risk, after age [2, 5, 6, 10, 13, 41]. Although, a specific gene that directly causes SAD has not yet
been found, there is one gene that has been consistently found to be associated as a risk, as the
apolipoprotein E (APOE) gene, located on chromosome 19 (19q13.2) [13, 41].

APOE gene codes for making the apolipoprotein E (ApoE) , which is involved in clearance
functions of Aβ such as: cholesterol metabolism, transport and storage in the brain and plasma,
and also have roles in the process of neuroplasticity [13, 41, 50–53].

The APOE gene exists as three different types, called alleles, namely: ε2, ε3, ε4. APOE ε2
is relatively rare, around 8% of the general population, and it is associated with some protection
or decrease in the risk for SAD. APOE ε3 is the most common, around 78% of the population;
however, it is considered that it does not play a crucial role in the development of this disease
[49, 50]. On the other hand, APOE ε4 is described as increasing the risk of developing SAD and



1.1. ALZHEIMER’S DISEASE 5

LO-FAD in people who carry one or more copies of this allele, with a higher incidence in women
[50].

Unlike FAD, where the mutations in one of the three genes (APP/PS1/PS2) that are sufficient
to cause AD, some people carrying the APOE ε4 allele never develop the disease, so inheriting
that gene is not definitive for the development of AD [13, 41, 44, 49, 54].

1.1.2 Alzheimer’s disease pathogenesis

The principal hallmarks lesions of AD at the neuropathological level are extracellular amyloid
plaques and intracellular NFT [55, 56]. Both lesions are distributed throughout the hippocampus,
amygdala, and certain areas of the neocortex [49]. The consequences of these pathological processes
include synaptic dysfunction and neurodegeneration, which may lead to progressive atrophy of the
hippocampus [13, 15, 55, 57, 58].

In this work, the hypotheses of the amyloid cascade and tau aggregation are considered as
the main pathogenesis mechanisms of AD. Other hypotheses are also detailed here, namely the
cholinergic hypothesis, glutamatergic hypothesis, mitochondrial dysfunction, and oxidative stress.
Moreover, there are others processes involved in the development of the disease, such as metal
intoxication, microglial activation, and neuroinflammation [13, 59, 60].

1.1.2.1 Amyloid cascade hypothesis

Amyloid plaques consist primarily of the extracellular accumulation of Aβ peptide, derived from
APP processed by β and γ secretase in the amyloidogenic way, as shown in figure 1.2 [19, 31, 52, 61].
During this process, high amounts of insoluble fragments of Aβ with 40 and 42 amino acids (Aβ40-
Aβ42) are produced, the latter being more toxic due to its potential to promote Aβ aggregates and
form oligomers, protofibrils, fibrils, and finally senile plaques [9, 13, 17, 31, 59, 61, 62].

β-secretase

α-secretase

γ-secretase γ-secretase

Nonamyloidogenic Amyloidogenic

Aβ
aggregates

Figure 1.2: Pathways of APP metabolism.
APP is a natural protein produced in large quantities in neurons, in normal conditions is processed by α
and γ-secretase in the non-amyloidogenic route, a process that does not generate Aβ, shown on the left.
But, due to alterations, the metabolism of APP is altered, causing aggregation of neurotoxic Aβ through
the amyloidogenic pathway, shown on the right, in which the enzymes β and γ secretase are involved. In
the metabolic alteration of APP, the genetic factors, already mentioned in the Alzheimer’s aetiology, are
involved in the generation of Aβ and its clearance. The secretase cleavage sites are represented by colors
(yellow, β-secretase; blue, α-secretase; green, γ-secretase). Adapted from: [14].
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In addition to its presence in extracellular aggregates, Aβ40 and Aβ42 can be found in different
regions of the brain, in intra- and extraneuronal compartments, in cerebrospinal fluid (CSF), and
plasma [63]. In a normal brain, lower amounts of Aβ40 and Aβ42 are released, being Aβ40 more
abundant than Aβ42 [13, 17–19, 64, 65]. But, in the early stage of AD, Aβ42 levels in the brain
increase, while CSF Aβ42 levels decrease by approximately 50%. A hypothesis suggests that this
may reflect the sequestration of soluble brain Aβ42 in insoluble plaques with a resulting decrease
in the transport of Aβ42 from the brain [7, 58, 61, 66, 67]. However, the lack of information on the
ranges of Aβ present in the brain represents a challenge in the study of the Aβ role in the normal
brain [65].

The amyloid cascade hypothesis suggests amyloid plaques as the initiator and main event of
AD pathology [9, 59]. They exert a toxic effect that leads to AD through some mechanisms such
as hyperphosphorylation of tau, increased oxidative stress, mitochondrial dysfunction, synaptic
disruption, and neurotransmitters system dysfunction, trigger neuronal disruption and death of the
brain tissue [7, 17, 35, 48, 58, 61, 68]. Aggregation of Aβ could also trigger an innate immune action
that causes inflammatory response (neuroinflammation) by activation of microglia and astroglia
[2, 35]. In the figure 1.3 the relationship of several pathogenic mechanisms associated with the
disease is represented.

Alzheimer’s 
Diseases

Neurotransmitter disruption

NTFs

Hyperphosphorylation 
of tau Amyloid plaquesNeurodegeneration

Dementia

Amyloid β
aggregation

Cholinergic, dopaminergic, serotonergic, 
glutamergic and GABA dysfunction 

Microglia 
activation

Neuroinflammation

Mitochondrial 
dysfunction 

Oxidative stress

Altered metabolism of amyloid precursor protein (APP)

Figure 1.3: Scheme of pathogenesis
In this scheme is postulated that the accumulation of Aβ caused by an alteration in its metabolism triggers
the activation of microglia and astroglia as an innate immune action which in turn causes an inflamma-
tory response, neurodegeneration, and dysfunction of several neurotransmitters. On the other hand, the
formation of NTFs can contribute to the dysfunction and loss of neurons and lead to various alterations in
neurotransmitter signaling systems, typical in AD and dementia. Furthermore, Aβ aggregation is related
to mitochondrial dysfunction, and this in turn to increased oxidative stress that can alter the metabolism
of APP.
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Neuroinflammation is also associated with as an accelerating event of AD progression. During
the initial stages of AD, the activation of microglia and astroglia could be the key to generating
a set of complex neuroprotective reactions involved in the clearance of Aβ. However, with the
progression of the disease, this response leads to a self-perpetuating cycle of inflammatory processes
that decreases the clearance of Aβ; consequently, the accumulation of Aβ in the brain increases,
resulting in neurodegeneration and neuronal loss [2, 35, 60, 62, 69]. In turn, the dysfunction and
loss of neurons lead to several alterations in the neurotransmitter signaling systems, typical in AD
[70, 71].

As another alternative explanation to Aβ accumulation, disturbances of Aβ-related molecules
in the brain, such as ApoE, can result in a deficient clearance of these oligomers.

In patients with AD the rate of clearance was 5.2% per hour, while in control subjects, it was
7.6% in the same period. The clearance of Aβ in the brain involves some proteases and enzymes;
among these, neprilysin, also known as neutral endopeptidase (NEP), is identified as the most
efficient extracellular proteases [61, 72].

1.1.2.2 Tau hypothesis

Tau is a microtubule-associated protein synthesized in all healthy neurons. As main function, tau
promotes microtubule stability [73–75]. Microtubules are filamentous intracellular structures that
are part of the cytoskeletons, assist in supporting structure, movements, shape, and especially the
transport of nutrients, organelles, and products from the soma to the axon terminal and back [18].

The physiological functions of tau are regulated by various post-translational modifications
through interaction with other proteins. Therefore, a disruption of these modifications can affect
their functioning and even allow the development of pathological conditions [75, 76].

Phosphorylation is the principal modification of tau, which is a result of dynamic regulation
in the activity of protein kinases and phosphatases [18, 73, 76]. In pathological conditions, an
increase in the phosphorylation of tau is produced, probably caused by a deterioration of the
activity of the enzymes mentioned above. This hyperphosphorylation reduces the affinity of tau for
microtubules, resulting in detachment of microtubules, promoting the collapse of the cytoskeleton,
and the formation of new tau filaments structures as straight and paired helical filament, which
forms the NFT [13, 18, 58, 73–76].

The intracellular presence of NFT disrupt the interaction with other proteins by interrupting
transport and their normal functions, and outside of the cell, senile plaques block neural synaptic
junctions causing the neuron to become dysfunctional and leading to neuronal loss [13, 18, 19, 58,
59, 73–76].

Studies showed that in the early stage of AD, NFTs are found in the transentorhinal cortex
or the entorhinal cortex in the medial temporal lobe. NFTs are spread throughout the cerebral
cortex through areas of the hippocampus and finally reach the main areas of the neocortex. The
spread of tau pathology occurs in a stereotyped pattern throughout a neural network, probably by
interneuronal transfer [75].

There is a direct connection between Aβ aggregation and tau hyperphosphorylation in the
development of AD. Hyperphosphorylation occurs after the generation of Aβ, which suggests that
Aβ aggregation could initiate this process, as expressed in the amyloid hypothesis. However, the
tau hypothesis suggests tau as an essential element for pathological Aβ because high concentrations
of tau become neurons more vulnerable to the damage caused by Aβ aggregation [13, 59, 76].
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1.1.2.3 Cholinergic hypothesis

Acetylcholine (ACh) is a neurotransmitter found primarily in the synapses of the central nervous
system CNS, allowing communication between neurons. ACh is involved in a variety of functions,
including learning, memory and motor functions [59, 77].

Under normal conditions, cholinergic neurons release ACh by exocytosis into the synaptic cleft
during neurotransmission [59, 77]. The enzyme choline acetyltransferase (chAT) catalyzes the syn-
thesis of ACh from two precursors acetyl coenzyme A (ACoA) and choline within the presynaptic
endings [77, 78].

ACh interacts with cholinergic receptors (nicotinic and muscarinic) present in the pre-and
postsynaptic membranes. Then, signal transmission is interrupted by rapid hydrolyzation of the
acetylcholinesterase enzyme (AChE) into choline and acetate [77, 78].

The cholinergic hypothesis of AD suggests that the affection of the cholinergic synapse results
in the onset of AD, caused by Aβ aggregation. Having as main alterations the decrease in the
activity of chAT, decrease of choline uptake, deficiency in the expression of receptors, and loss of
cholinergic neurons [4, 59, 71, 79–81].

The decrease and dysfunction of cholinergic neurons in the brain, especially those located in
the nucleus basalis of Meynert, has been detected in AD patients, causing low levels of ACh
[11, 59, 64, 82–84]. Regarding ACh receptor systems, they appear relatively unchanged in patients
with AD [80]. Recent studies suggest that an increase in AchE activity can lead to a lack of Ach
as well [85].

1.1.2.4 Glutamatergic hypothesis

Glutamate (Glu), is the most important excitatory neurotransmitter in the CNS and plays a
crucial metabolic role in the brain. Also, it has a vital role in synaptic plasticity, as a mediator
of excitatory signals in memory and learning. One of the fundamental mechanisms is through
long-term potentiation (LTP) [21, 29, 86].

A disruption in the mechanism of glutamatergic has been demonstrated in AD patients, espe-
cially at the point of glutamate reuptake, which may be associated with a decrease of glutamate
transporter 1 (GLT-1). Also, the increased levels of glutamate and N-methyl-D-aspartate (NMDA)
receptors can be caused by a significant decline in glutamine synthetase (synthesize glutamate to
glutamine) activity affected by increased oxidative stress [87].

The glutamatergic hypothesis suggests that high levels of glutamate can cause excitotoxicity in
the brain [21, 29, 87]. Neurotoxicity leads to an increase in intracellular calcium followed by the
activation of a cascade of enzymes with consequent cell death by necrosis or apoptosis [87]. This
neuronal death appears to depend primarily on NMDA receptor overactivation, and this could lead
to excessive Aβ production [29].

In vivo ante-mortem studies have been reported low glutamate levels in the temporal cortex, but
lower than postmortem levels, suggesting that the damage to the glutamatergic system proceeds
in parallel with the severe cognitive impairment, typical in the terminal stage of AD. However,
not all reports agree with this hypothesis; several autopsies of AD patients showed lower levels of
glutamate and NMDA receptors compared to healthy control subjects [88].
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1.1.2.5 Mitochondria dysfunction and oxidative stress

Mitochondria are cytoplasmic organelles made up of about 1200 proteins. Although these proteins
are synthesized mostly by nuclear genes, mitochondria also contain their mitochondrial genomes
[89–91]. In coordination, both determine mitochondrial function and durability [69, 91–94].

Mitochondria are responsible for multiple biological processes, including intracellular calcium
homeostasis, steroid synthesis, production of reactive oxygen species (ROS), and apoptosis [90, 95].
Also, it fulfills functions associated with membrane excitability and performance of neurotransmis-
sion and plasticity processes [90]. The principal function of the mitochondria is to provide the cell
with adenosine triphosphate (ATP) through oxidative phosphorylation [90, 95].

Accumulation of Aβ can directly alter the functionality of the mitochondria. This alteration
could potentially affect the integrity of the cell by promoting the deficiency of energy metabolism.
Therefore, it can be involved in aging and the development of several common neurological disor-
ders, including AD [91, 96].

Oxidative stress is caused by an imbalance between the production of ROS and antioxidant
systems, causing free radical damage [29, 69, 93–95]. Numerous studies have suggested that oxida-
tive stress can promote the amyloidogenic pathway of APP (which alters its normal metabolism)
by decreasing the activity of α secretase activity while promoting β and γ-secretase expression
[29, 93, 94].

In AD brains, some manifestations of oxidative stress have been found, like increased production
of free radicals, markers of oxidative damage to DNA and RNA, decreased ATP production and
cell viability [97].

1.1.3 Alzheimer’s disease diagnosis

In 1984, it was established the first set of criteria for the AD diagnosis by the National Institute of
Neurological and Communicative Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and
Related Disorders Association (ADRDA). At that time, a probable diagnosis, with 90% confidence
was based on medical records, neuroimaging tests, laboratory tests, family medical history, and
physical-mental evaluations according to the criteria [25, 58, 98]. In contrast, a definitive diagnosis
was possible only through autopsy with neuropathological confirmation of the presence of senile
plaques and neurofibrillary tangles in the hippocampus [17, 48, 99, 100].

These criteria were revised in 2011 by the National Institute on Aging and the Alzheimer’s
Association (NIA-AA). The new guidelines identify three stages: early or preclinical stage with
no symptoms, middle stage or mild cognitive impairment (MCI), and the final stage, dementia.
In addition to this, biomarker tests (see section 1.3) and the use of tools to diagnose AD were
incorporated [101].

The use of neuroimaging techniques provide a relevant aid for the probable diagnosis of AD,
and these are classified into two categories: structural and functional neuroimaging [17, 102].

Structural imaging techniques are widely used to detect and identify structural and morphology
changes in the brain, like magnetic resonance imaging (MRI) and computed tomography (CT)
[17, 102, 103]. MRI is generally used to monitor hippocampal atrophy (reductions in AD patients
are around 15-40% of hippocampal volume). However, this decrease can be related to the aging
process and co-existing conditions [103, 104].

Functional imaging, such as fluorodeoxyglucose (FDG)-positron emission tomography (PET)
and brain perfusion single-photon emission computed tomography (SPECT) offer a more accurate
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diagnosis [17, 102, 103].

Amyloid PET (Aβ-PET) imaging has been incorporated into the research criteria for the di-
agnosis of AD, fulfilling an emerging role in the management of the disease [105]. This technique
uses amyloid radiotracers that cross the blood-brain barrier and bind to aggregated Aβ, providing
a virtual histopathological portrait of the burden and distribution of Aβ in the living human brain.
Among these tracers, carbon-11-labeled Pittsburgh compound B (C-PiB) was the first Aβ-PET
tracer used in humans and is the most extensively used and validated [102, 103, 105–110]. C-PiB
was the prototype in the development of many fluoride-18 (F-18)-labeled tracers, three of which
were approved by the US Food and Drug Administration (FDA) and the European Medicines
Agency (EMA): florbetapir, flutemetamol and Florbetaben [105, 107, 108, 111, 112].

1.1.4 Alzheimer’s disease therapy

Although many promising approaches are being explored, currently, there are no medications that
slow down the progression of the disease. The development of drugs to reduce the burden of brain
Aβ by reducing its production and improving its clearance process has been the main focus in
recent decades. However, these have failed in clinical trials having as main hypotheses that drug
administration did not start early enough to be effective or the doses used were inappropriate
[2, 62, 77, 113, 114].

Currently, only four medical treatments approved by the FDA provide symptomatic relief in
the early stage of AD: donepezil, rivastigmine, galantamine, and memantine [2, 8, 115]. These
drugs have shown high safety and efficacy, complying with certain guarantees necessary to be com-
mercialized internationally, focused on the correction of dysfunctional neurotransmission typical of
the disease [77].

These treatments are classified into two main classes: donepezil, rivastigmine and galantamine
as acetylcholinesterase inhibitors (AChE-Is) for mild to moderate stages of the disease, and the me-
mantine as an N-methyl- D-aspartate (NMDA) receptor antagonist for moderate to severe stages,
as depicts in the figure 1.4 [2, 4, 17, 59, 62, 116].

The rationale for AChE-Is is based on the cholinergic hypothesis, thus increasing synaptic
ACh levels is the basis of treatment for AD patients, being the most successful to date [17, 62].
Reversible AChE-Is block the enzyme AChE delaying the hydrolysis of ACh and consequently
improving cholinergic transmission [59, 77, 117].

NMDA receptor antagonist is a class of drugs that acts inhibiting the NMDA receptors. There-
fore, it works as a neuroprotective agent against excess glutamate [118]. This type of drug shows
therapeutic effects in a short time of treatment achieving improvements in cognitive abilities. The
effectiveness of memantine in cognitive enhancement may be due to a decrease in synaptic noise
caused by the overactivation of NMDA receptor activation, the inhibition of Aβ production or
toxicity, and the readjustment of the balance between inhibition and synaptic excitation [118].

The efficacy of this drug was evidenced by research conducted on glutamate-injected rats [119].
The rats presented various alterations and pathological behaviors, which were significantly abro-
gated with the use of memantine [119].

Other antagonists that inhibit NMDA receptor activation have failed as therapeutic agents due
to side effects related to the inability to fulfill their brain functions, including learning and memory.
It is believed that the mechanism of action of memantine, although it consists in inhibiting the
overactivation of NMDA receptors, allows its physiological activation at the same time [118].
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Figure 1.4: Chemical structure of drug therapy approved by the FDA for the treatment of AD

To date, possible treatments are still under investigation, such as anti-inflammatory agents,
antioxidants, and free radical scavengers [17]. The development of new therapeutic approaches to
prevent the typical pathogenesis of AD is essential. Therapeutic goals include prevention of Aβ
oligomerization at an early stage, modulation of APP/Aβ pathways, modulation of tau phospho-
rylation and tau aggregation [4, 11].

The use of non-pharmacological therapies, such as cognitive training, stimulation therapy, and
rehabilitation, can improve the quality of life of patients with AD. Natural compounds, such as
plants, could also be used because they provide abundant pharmacological effects [17, 60].

1.2 Neurotransmitters role in Alzheimer’s disease

Neurotransmitters are endogenous chemicals synthesized and released by brain cells that use them
to communicate with each other. Formerly, it was believed that neurons transmitted information by
themselves to others through the movement of an electrical charge, but currently, neurotransmitters
are known to be the central mode of synaptic transmission between adjacent nerve cells [120–122].

At a chemical synapse, neurotransmitters are released from vesicles into the synaptic cleft after
exocytosis and bind to receptors on the postsynaptic cell [123]. The neuron sending the signal is
called a presynaptic neuron and the receptor is called a postsynaptic neuron [123, 124]. Once the
actions of neurotransmitters are completed, in most cases, it is stored in the vesicles and reuptake
in the presynaptic neuron where it can be reused. However, in other cases, it is broken down into
its initial components by enzymes and returned to the presynaptic neuron [123–125].

There are more than 100 different neurotransmitters, of which some of them are the ones who
perform most of the body’s functions. These neurotransmitters can be classified based on their
molecular structure into biogenic amine, cholinergic and amino acids [126, 127].

There are five biogenic amine neurotransmitters: histamine, serotonin, and catecholamines,
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namely: epinephrine, norepinephrine, and dopamine. All of them have in their structure one or
more amine functional groups [120, 123, 126].

The cholinergic group is formed only by acetylcholine since it does not fit structurally in the
other groups. ACh was the first neurotransmitter identified in several peripheral synapses, how-
ever, its identification in the CNS was a challenge that was overcome with the development of
electrophysiological and neurochemical techniques [77, 120].

Finally, the group of amino acids neurotransmitters, glutamate, γ-aminobutyric acid (GABA),
and glycine [120, 127].

Neurotransmitters have a pivotal role in regulating many brain functions, including cognition,
behavior, mood, appetite, and sleep [128]. Minor imbalance in the normal levels of neurotransmit-
ters in the CNS can affect the fulfillment of their functions, causing several neurological disorders
[21, 129]. In the specific case of AD, has been evidenced the alteration in the normal functioning of
cholinergic, glutamatergic, dopaminergic, serotonergic, and GABAergic systems [21, 71, 80, 130–
133].

The neurotransmitter receptors associated with the clinical manifestations of AD include the
cholinergic receptors α7 nicotinic and muscarinic M1 or M2, the glutamatergic receptors NMDA
and AMPA, the dopamine D2 receptors, the serotonergic 5-HT6 receptors, and for GABA, the
ionotropic and metabotropic receptors [130, 132–134]. Probably the alterations in their function are
caused by the deterioration of the brain pathways. These brain pathways modulate the receptors
in response to pharmacological treatments, pathological state, or physiological adaptations [134].

1.2.1 Dopamine

Dopamine or 3,4-dihydrophenylethylamine (DA), is the principal neurotransmitter in the family of
catecholamines. It is composed by a catechol nucleus, a benzene ring with two hydroxyls groups
in its structure [123, 135].

DA is synthesized in the CNS and at several peripheral sites. In the CNS, dopamine is present
primarily in the substantia nigra, the ventral tegmental area of the midbrain, and the hippocampus.
Among its functions, DA is responsible for communication between the substantia nigra and other
brain regions associated with movement control, it has a vital role in processes of motivation,
reward, and various cognitive functions as synaptic plasticity and memory [125, 136–139]. In the
peripheral areas, DA acts as a modulator of vascular tone, cardiac, endocrine, and renal function,
blood pressure, glucose metabolism, immune regulation, and gastrointestinal motility [125, 140].

Tyrosine hydroxylase (TH) is the rate-limiting enzyme for DA synthesis [136, 141, 142]. TH
catalyzes the hydroxylation of L-tyrosine (Tyr) to L-dihydroxy-phenylalanine (L-DOPA), it uses
oxygen and tetrahydrobiopterin (BH4) in equimolar amounts as cosubstrate and cofactor, respec-
tively (see figure 1.5) [123, 143]. Individuals with a mutation in the TH gene cause a deficiency of
the TH enzyme that is related to early Parkinson’s disease [142].

L-DOPA is rapidly converted to DA in CNS by decarboxylation mediated by the enzyme
action of L-aromatic amino acid decarboxylase, also called DOPA decarboxylase [123]. After being
synthesized in the cytosol of neurons, DA can be transported and stored in synaptic vesicles. In a
few minutes, DA is released by exocytosis or directly into the synaptic space, where it can interact
with the post and presynaptic dopamine receptors [139, 144].
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Figure 1.5: Biosynthesis of dopamine
Synthesis of the dopamine begins with the conversion of L-tyrosine to L-dihydroxy- phenylalanine (L-
DOPA) by tyrosine hydroxylase (TH), and then is converted to Dopamine by DOPA decarboxylase.

Through enzymatic catabolism and reuptake, the inactivation of dopamine is achieved [143,
144]. Reuptake is the principal mechanism of DA inactivation by the action of monoamine trans-
porters or dopamine transporter that carry it from the synaptic space to the cytosol in presynaptic
neurons [145].

Catabolism of DA occurs rapidly in the neuron. It occurs by two enzymatic pathways, via
monoamine oxidase (MAO) and catechol-o-methyltransferase (COMT) (figure 1.6) [143]. MAO is an
enzyme located in the outer membrane of the mitochondria. MAO has two isoenzymes: MAOA and
MAOB, found mainly in catecholaminergic neurons and astrocytes, respectively [136, 144]. Even
when both act on dopamine, MAOA is most related to norepinephrine and serotonin, instead,
MAOB is more associated with phenylethylamine and benzylamine [136, 144, 146]. The increase
in MAOB activity is related to age, so inhibitors have been used as neuroprotective agents in the
treatment of AD [147].

MAO catalyzes the oxidative deamination of DA to an aldehyde forming 3,4- dihydroxypheny-
lacetaldehyde (DOPAL) and by-products with neurotoxic potential such as hydrogen peroxide and
ammonia [147, 148]. DOPAL is commonly processed to 3,4- dihydroxyphenylacetic acid (DOPAC)
. By oxidation of its aldehyde to a carboxylic acid mediated by the enzyme aldehyde dehydrogenase
(ALDH) with NADH as a cofactor of this reaction. But also DOPAL may be converted to 3,4-
dihydroxyphenylethanol (DOPET) by aldehyde reductase (ALR) [138, 143, 147]. DOPET can be
catalyzed by COMT, to form homovanillyl alcohol (HVAL), and DOPAC via COMT is converted
in the final metabolite homovanillic acid (HVA) [139, 149].

Regarding the other pathway, COMT is a cytoplasmic enzyme, found mainly in the CNS and
expressed by glial cells [120, 136, 143, 150]. COMT is encoded by the COMT gene, located in
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the 22 chromosomes. It is expressed in two isoforms: a soluble form (S-COMT) and a membrane-
bound form (MB-COMT), which is only found in the brain [144, 150]. A common functional
polymorphism of this gene is Val158Met. This polymorphism reduces the enzyme activity and
hence the metabolism of dopamine. Val158Met is associated with the characteristic cognitive
impairment in AD and other disorders [150].

A small fraction of dopamine is modulated by COMT, through the transfer of a methyl group
to the hydroxyl group in position 3 of dopamine from S-adenosylmethionine (a co-substrate) to
generate 3-methoxytyramine (3-MT) [32, 144]. In turn, 3-MT can be converted to 3-methoxy 4-
hydroxyphenylacetaldehyde (MOPAL) by the enzyme MAO, and this is converted to HVA by the
enzyme ALDH [138, 148].
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Figure 1.6: Dopamine metabolism
Dopamine is catabolized by monoamine oxidase (MAO) or catechol-O-methyl transferase (COMT),
resulting in 3-methoxytyramine (3-MT) or 3,4-dihydroxyphenylacetaldehyde (DOPAL). In turn,
3-MT can be converted to 3-methoxy 4-hydroxyphenylacetaldehyde (MOPAL) by the en-
zyme MAO and finally converted to HVA by the enzyme ALDH. Through DOPAL, the
end product is homovanillic acid (HVA). MAO: monamine oxidase; 3-MT: 3-methoxytyramine;
DOPAL:3,4- dihydroxyphenylacetaldehyde; COMT:catechol-o-methyltransferase; MOPAL:3-methoxy4-
hydroxyphenylacetaldehyde; DOPET: 3,4-dihydroxyphenylethanol; ALR: aldehyde reductase; ALDH: alde-
hyde dehydrogenase; DOPAC: 4- dihydroxyphenylacetic acid; HVA: homovanillic acid; HVAL: homovanillyl
alcohol. Adapted from: [138].

DOPAC is the principal intraneuronal metabolite of the DA from MAO pathway, which then
is finally metabolized to HVA, the main metabolite in urine, via COMT [139, 144]. DOPAC and
HVA leave the neuron (where they are formed) crossing the neuronal membranes to enter the
interstitial space where they can then diffuse into the CSF being transported out of the brain to
the bloodstream or merely through the blood-brain barrier [144, 149].
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Plasma DOPAC levels are approximately 50 times higher than dopamine levels due to the slow
DA clearance from the circulation [151]. HVA levels are used as an indicator of dopaminergic
activity since there is a concordance between the HVA concentration found in the CSF and the
DA [143, 149].

3-MT is the O-methylated metabolite of the dopamine [152]. Found in low concentrations in the
synaptic cleft, suggesting that 3-MT is rapidly metabolized from dopamine. Unlike DOPAC and
HVA, 3-MT can be biologically active, having a vital role in the regulation of excessive stimulation
of catecholaminergic neurons in the striatum by acting as an inhibitor [144, 153].

Patients with AD showed a reduction in the levels of striatal dopamine D1 receptors in PET
studies that used the D1 receptor antagonist 11C-NNC756. In the same study, no change was
observed in D2 receptor levels when the D2 antagonist 11C-raclopride was used [130]. Reports
suggest that dopamine levels were higher in AD patients than in controls subjects [133].

Peripheral dopamine is metabolized in the kidneys, liver, gastrointestinal tract, and plasma
by MAO and COMT [151]. In the kidneys, DA production depends mainly on L-DOPA uptake
from the circulation, and the concentration of DA in the urine is mainly due to its uptake and
decarboxylation. The decarboxylation of L-DOPA in kidneys is regulated by salt intake [152, 154].

DA also plays the role of an immediate precursor to the synthesis of norepinephrine (NE). This,
in turn, is the precursor to the synthesis of epinephrine in the periphery [138].

1.2.2 Serotonin

Serotonin, or 5-hydroxytryptamine (5-HT), is a monoamine neurotransmitter of the biogenic amine
group. 5-HT and its receptors are key in the coordination of food intake, body weight, tempera-
ture regulation, sexual behavior, regulation of the sleep-wake cycle, and fundamental in learning
mechanisms where it plays an essential role in energy homeostatic actions [53].

The synthesis in the serotonergic neurons begins with the conversion of L-tryptophan (Trp) to 5-
hydroxytryptophan (5- HTP). Mediated by the action of the enzyme L-tryptophan-5-Monooxygenase,
also known as tryptophan-hydroxylase (TPH) (figure 1.7) [1, 155]. Then 5- HTP is converted to
5-HT by enzyme action of 5-hydroxytryptophan decarboxylase, also called aromatic amino acid
decarboxylase (AAAD) .

As DA, 5-HT in the brain is regulated by reuptake and metabolism [156]. 5-HT is metabolized to
5-hydroxyindoleacetic acid (5-HIAA), catalyzed by the enzyme MAO, also involved in the dopamine
catabolism as was described above [155].

TPH is the limiting step in the synthesis and metabolism of 5-HT. Its activity is influenced by
diverse factors, such as the expression of the TPH gene, post-translational modification of proteins,
and the availability of the substrates required for hydroxylation (oxygen and tryptophan). TPH
also determines the production of 5-HTP and the metabolite 5-HIAA [72].

Some authors have suggested that 5-HT may also be involved in the metabolism of APP, since
the activation of its serotonergic receptors seems to lead to an increase in the cleavage of α-secretase
and reduction of γ-secretase, thus decreasing the reduced load of Aβ in the brain and Aβ production
[21, 33]. Serotonergic neurons are among the first affected in the brain of patients with AD, even
before the symptoms appear. AD patients show signs of degeneration in the serotonergic dorsal
raphe nucleus, which causes a decrease in the serotonin content of the CSF and the neocortex [33].

The decrease in serotonergic neurons occurs as the reduction of 5-HT and consequently its
metabolite 5-HIAA. This reduction is at least partially caused by chronic inflammation that pro-



16 Chapter 1. Introduction

duced degradation in the channeling of tryptophan and thence may reduce the activity of the NEP
in the brain and therefore altering the clearance of Aβ [72].
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Figure 1.7: Serotonin synthesis
Serotonin is synthesized from the amino acid tryptophan to 5-hydroxytryptophan (5- HTP) by action
of the enzymes tryptophan hydroxylase. This is then converted to serotonin by aromatic L-amino acid
decarboxylase. Serotonin is metabolized by MAO to 5-hydroxyindoleacetic acid (5-HIAA).

Even though 5-HIAA does not have an established functional role, measurement of its levels
in the CSF can indicate the status of the serotonergic system in the CNS. If 5-HTP is included in
these measurements, a more in-depth study of this system can be obtained [157].

Although 5-HT is predominantly known in the CNS, it is found mostly in the gastrointestinal
tract. It is also present in blood platelets, and the pineal gland, where it is a precursor to the
hormone melatonin [120].
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1.2.3 Acetylcholine

Acetylcholine (ACh) is a cholinergic neurotransmitter that plays a prime role in the process of
memory and learning [70, 77, 80]. It is diffused in many synapses in the CNS, parasympathetic
ganglia and postganglionic parasympathetic nerves, and peripherical nervous system [77, 78, 158].

ACh synthesis occurs in the nerve terminal cytoplasm in a single step, with the transfer of the
acetyl group from acetyl-CoA to choline mediated by the enzyme ChAT, as shown in figure 1.8
[78, 80, 122, 159, 160].

N+

HO
choline O

O
N+

acetylcholineacetyl-CoA

acetate anion

O

O-

N+

HO

choline

HS-CoA

acetyltransferase acetylcholinesterase

Figure 1.8: Acetylcholine synthesis and metabolism
Acetylcholine is synthesized from choline and acetyl-CoA by the action of the enzyme acetyltransferase.
Then is metabolized to acetate anion and choline by the acetylcholinesterase.

Most of the ACh synthesized is transported from the cytosol to synaptic vesicles, and a small
part remains free in the cytosol [77, 78]. ACh is released by exocytosis into the synaptic cleft
during neurotransmission, where it interacts specifically with the cholinergic receptors (nicotinic
and muscarinic) present in the pre-and postsynaptic membranes. Signal transmission is interrupted
by a rapid hydrolyzation of the acetylcholinesterase enzyme (AChE) into choline and acetate
[77, 78, 161]. Approximately 50% of this choline is reuptaked by the nerve terminal and reused in
the synthesis of ACh [78]. AChE belongs to the group of cholinesterase, mainly distributed in the
brain and neuromuscular junctions in the muscles, liver, spleen, and erythrocytes [77, 162].

The choline necessary for the synthesis of ACh comes from various sources, it can be synthesized
in the liver, brain, and from reuptake, but most of it is obtained exogenously through food and
supplements [159, 161]. Choline is present in the cell and nuclear membrane, as well as in the
membrane of the endoplasmic reticulum and the myelin sheath. Likewise, it is found in most
tissues, such as nervous tissue, plasma, liver, and CSF. Concentration levels of choline found in CSF
are lower compared to plasma but accurately reflect the composition in the brain [161]. While, the
acetyl-CoA is synthesized in the mitochondria by a series of reactions that begin with the oxidative
decarboxylation of pyruvate, derivated from glycolysis. Acetyl-CoA is found in several areas of the
brain and also in many non-neuronal tissues, such as the liver and the heart [78, 81, 122, 161, 163].

In a meta-analysis made by Maneyevitchm et al., (2018), the decrease of ACh levels found in
CSF of AD patients compared to healthy control subjects was attributed to a probable reduction in
the concentrations of the precursor acetyl-CoA, synthesized predominantly from pyruvate, which
also registered lower levels [81]. In another study reported, an increase in the concentration of
choline in CSF was determined, which could imply an alteration in its use in the ACh synthesis
process [71].
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1.2.4 Glutamate and gamma-aminobutyric acid (GABA)

Glutamate (Glu) is the main fast excitatory neurotransmitter in the CNS and the spinal cord,
involved in various aspects related to cognitive functions [87]. Glu plays an important role in
nitrogen trafficking, ammonia homeostasis in the brain, as well as linking carbohydrate and amino
acid metabolism through the tricarboxylic acid (TCA) cycle [164]. The alteration of their normal
levels have been associated with excitotoxicity in several neurological disorders such as AD, as
already mentioned in the glutamatergic hypothesis [120, 165].

The glutamatergic neurotransmission cycle typically begins in the mitochondria of neurons
in the hippocampus. Glutamate is produced in the brain by different metabolic pathways, but
this work is focused on the routes from glutamine by deamidation and from α- ketoglutarate by
transamination, as depicted in figure 1.9 [80, 81, 87, 120].
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Figure 1.9: Glutamate metabolism
Glutamate is synthesized by two major pathways, from α-ketoglutarate by the action of the enzyme pyri-
doxal phosphate, and from glutamine by the action of the enzyme glutaminase. Glutamate is then converted
to GABA by the enzyme glutamate decarboxylase.

Glutamate is packaged into vesicles mediated by the vesicular glutamate transporter molecule,
then is released in the synaptic cleft and can transmit neural signals by interacting with gluta-
matergic receptors in postsynaptic neurons [87]. By the action of glutamine synthetase, glutamate
is converted into glutamine, a nonessential amino acid widely found in plasma [120, 164, 166].
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Aminotransferase is the enzyme responsible for converting glutamate back to α-ketoglutarate, a
crucial dicarboxylic acid intermediate in the TCA cycle [120, 164, 167].

There are no glutamate-degrading enzymes in the synaptic cleft. Therefore, high-affinity presy-
naptic and glial transporters are responsible for clearing glutamate from the synapse after release.
Glutamate transporter 1 (GLT-1) is the major glial transporter associated with this function [29].

Glu is the foremost precursor to GABA, converted by decarboxylation under the enzymatic
action of glutamic acid decarboxylase (GAD) [120, 164, 165]. In contrast to glutamate’s effects,
GABA is the primary inhibitory neurotransmitter in the brain and plays an essential role in its
metabolism [120, 165, 168]. Glutamate and GABA have important effects on sleep, learning,
memory, and LPT [33, 70, 87, 120].

Although initial studies indicated that AD did not alter GABAergic receptors and neurons
[169, 170], recent studies have shown that the GABAergic transmission system undergoes significant
pathological changes due to AD [81, 131, 171]. Low levels of GABA in CSF and the temporal cortex
were measured in patients with AD in these studies [81, 131].

1.3 The search for biomarkers

According to the National Cancer Institute (NCI), biomarkers are defined as biological molecules
that could be an indicator of normal or pathogenic biological processes. Biomarkers can reflect
molecular, cellular, or biochemical alterations. It can be found or measured in tissues and body
fluids such as saliva, serum, plasma, CSF, urine, and bile [15, 172]. The alteration of the biomarkers
caused by any pathology can be reflected with a strong level of imbalance in the affected patient,
but it could also be reflected in the absence of the biomarker [172].

The measurement and evaluation of AD biomarkers has become imperative for multiple pur-
poses, mainly for the diagnosis of the disease in the preclinical stage and the prediction/monitoring
of the progression of cognitive impairment [7, 17, 21, 48, 100, 173, 174]. The ability to diagnose
AD in the preclinical stages would provide a crucial opportunity for effective treatment before cog-
nitive functions deteriorate and damage to neurons and synapses becomes irreversible [58, 175]. In
clinical trials of novel drugs, biomarkers make it possible to classify the population to be studied,
monitor the therapeutic response, and identify side effects [100, 176].

Biomarkers are also used in medical research to better understand disease pathogenesis, identify
genetic and environmental risk factors, and use them to assess populations where biomarker data
exist to attribute whether those factors contribute to AD development [174].

In the NIA-AA 2018 update guidelines, the core AD biomarkers are divided into three categories
(the A/T/N system). In this classification "A" represents Aβ biomarkers, "T" tau, and "N" refers
to neurodegeneration biomarkers or neuronal injury and dysfunction (table 1.1). Each category
is binarized as positive or negative, being the measurement and evaluation of the AT (N) profile
mainly carried out in CSF and neuroimages [23, 24, 100, 101, 173, 177, 178].

According to this categorization, the term "AD" would be applied to an individual with Aβ
and tau neuropathologies, reflected either by a positive amyloid PET, decreased levels of Aβ42 in
CSF, decreased Aβ42/Aβ40 ratio, positive tau PET, or increased levels of T in CSF-tau or P-tau
(for details see next section) [101, 179].

Neurodegeneration is characterized by neuronal injury in specific areas of the brain or hy-
pometabolism, measured by MRI or FDG-PET, respectively. Neurodegeneration is not a specific
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marker of AD, as it can reveal any other disease, but, the combination of the three biomarkers is
admitted as biological predictors of MCI conversion [23, 101, 113, 180, 181].

CSF has been considered the key source in the search for biomarkers because it has proven
to be much more reliable and attractive than other sources to detect changes that occur in AD
patients [23, 113, 175]. AD biomarkers can also be measured in the blood (plasma/serum), being
his collection done routinely, minimally invasive, and cheap. However, a limitation in identifying
AD biomarkers in blood resides in the fact that it is a complex matrix, so standardized protocols
are needed to prepare the sample and analyze it [182].

In the future, when these adversities are overcome, it will be possible to apply tests for biomark-
ers in the blood as a screening tool in primary care [178].

Table 1.1: AT(N) classification of biomarkers in the detection of AD.

Amyloid (A) Tau (T) Neurodegeneration (N)

CSF Aβ42 or Aβ42/Aβ40 P-tau and T-tau T-tau

Imaging
Amyloid PET, MRI,

Computerized tomography
Tau PET MRI; FDG-PET

Aβ40-Aβ42: Amyloid-beta protein with 40-42 amino acids; T-tau; total tau; P-tau: phosphorylated
tau; MRI: magnetic resonance imaging; FDG-PET: fluorodeoxyglucose - positron emission tomography.
Adapted from: [23, 101].

1.3.1 Biomarkers of AD in CSF

CSF is a body fluid produced mainly by a specialized structure called choroid plexus within the
cerebral ventricles, about 20% of the CSF is formed extrachoroidal by the interstitium and the
meninges [183, 184]. CSF not only provides physical protection and buoyancy for the CNS, but
also carries nutrients to neurons and transports by-product of the metabolism of the brain and
toxins acting as a lymphatic system [172, 175, 185–187].

Neurotransmitters have a pivotal role in regulating many brain functions, including cognition,
behavior, mood, appetite, and sleep. Most of the compounds present in cerebrospinal fluid come
from the blood. Substances such as electrolytes, soluble lipids, and water, easily cross the blood-
brain barrier, so they are at roughly the same levels in both fluids. However, other compounds
such as sugar, amino acids, and cations cannot move freely through this barrier, requiring specific
transporters, so there is a difference between these substances in CSF and blood [172, 185, 188].

Normally, CSF is collected by lumbar puncture, in which a needle is inserted into the subarach-
noid space of the lumbar region (L3/L4 or L4/L5) [100, 187, 189]. Even though lumbar puncture
is a safe and routine procedure, it is a highly invasive method that requires a certain experience
on the part of the medical team [149, 187, 189].

The main advantage of CSF is to be in direct contact with the extracellular space of the brain,
so it reflects its composition very well. CSF is an appropriate matrix for the evaluation of different
biomarkers in order to detect lesions caused by pathological processes [21, 71, 129, 187, 189–191].

Three classic CSF biomarkers have been used during the last 25 years for the diagnosis of
AD: Aβ, total tau (T-tau), and phosphorylated tau (P-tau) [23, 58, 100, 113, 180]. Enzyme-
linked immunosorbent assay (ELISA) is the antibody-dependent technique most commonly used
to measure these markers [58, 66, 100, 180].
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Increased levels of T-tau and P-tau in CSF have been measured in AD patients. In the case of
P-tau, the increment has been approximately 2-3 times more than in healthy control subjects [58].
Furthermore, P-tau is considered substantial for differentiating AD from other types of dementia,
because it reflects NFT load and phosphorylation status. On the other hand, even thouth T-tau
is not specific to AD, it is considered as an expression of neurodegeneration [58, 100, 179, 180].

Within amyloid plaques, Aβ42 is more abundant than Aβ40, on the contrary to what was
observed in the brains of healthy subjects (Aβ40 > Aβ42). Therefore, a variation in the Aβ42/Aβ40
ratio is a relevant indicator of amyloid pathology [13, 178, 180]. Studies have shown that the
Aβ42/Aβ40 ratio as an indicator of amyloid pathology, it has shown higher performance than
using only CSF Aβ42 as a biomarker. Nevertheless, there is still no reliable explanation for better
performance using this ratio in identifying AD [13, 178, 180].

The decreased CSF levels of Aβ42 are believed to reflect the sequestration of Aβ in senile plaques
of the brain, since an inverse association has been found in multiple autopsies between the CSF
levels of Aβ42 and the brain amyloid load [67, 180]. ELISA can distinguish between Aβ peptides
of different lengths, which makes it possible to focus on Aβ40 peptide since the variation of this
fragment could represent the compensation produced by the variation of Aβ42 [113, 180].

It was not until the use of Aβ-PET scan, that relationship between brain Aβ deposit and Aβ42
in CSF was demostrated in in vivo studies [67]. CSF Aβ42 and Aβ-PET scan are used to define an
amyloid-positivity, based on low CSF Aβ42 and presence of Aβ plaques [67]. Amyloid positivity
scan indicates the presence of Aβ plaque but does not establish the diagnosis of AD or another
cognitive disorder [108, 109]. A negative Aβ-PET scan, indicate there is little or no neuritic plaque
at the time of image acquisition, it can be used to rule out the disease, so correlation studies
between scans and CSF biomarkers have been studied, proving to be good, but does not have a
complete concordance [103, 192]. In a study developed by Hansson et al. (2018), high levels of
concordance between CSF Aβ42 and amyloid positive and negative PET scans was demonstrated.
Cutoffs for CSF Aβ42 at 1100 pg/mL was established, [Aβ42 ≤1100 pg/mL: test positive; ≥1100
pg/mL: test negative] [192]. However, a negative Aβ-PET scan does not give 100% confidence
that an AD diagnosis is rejected [111]. Nevertheless, a meta-analysis of patients with clinically
diagnosed AD has shown 12% of negative on amyloid PET [193]. Another study established that
the risk of developing AD was elevated 1.9-fold in amyloid-positive vs amyloid-negative participants
[194].

Recently, new biomarkers have been described in the literature, such as neurofilament light
chain NFL and neurogranin, proposing that they can be included as putative biomarkers of axonal
and synaptic degeneration, respectively [23, 179, 195, 196].

NFL is a subunit of neurofilaments (NFs), which are cylindrical proteins that confers structural
stability to neurons [23, 195, 196]. The measurement of NFL can be performed in both CSF and
blood (50 times lower than in CSF). In CSF, it can be easily performed with ELISA, letting,
together with classical biomarkers, better diagnostic precision up to 10 years before symptoms,
differentiating AD from other neurodegenerative disorders [23, 179, 197]. Both, CSF and blood
NFL levels have been shown to have increased in AD patients [180, 197].

Neurogranin is a neural-specific postsynaptic protein, expressed in hippocampus, amygdala and
basal forebrain [23, 179]. Like NFL, neurogranin can be quantified in CSF. Its levels in AD patients
are higher than in control patients, which could help in the identification of early symptomatic AD
[180, 197].
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1.3.2 Biomarkers-targeted and untargeted approaches

The lack of adequate diagnostic tests for neurological disorders has motivated the continuous
search for reliable biomarkers as a valuable early diagnostic tool [198]. Neurotransmitters and
their metabolites are used as biomarkers in CNS disorders at early stages [21]. Since neurotrans-
mitter dysfunction has been linked to these disorders, it is imperative to develop reliable analytical
methods to detect and monitor them [155, 199–201].

Metabolomics has emerged as a high-throughput tool in the search for predictive biomarkers
[175, 201, 202], allowing the identification of alterations in metabolic function, often indicative of
disease, through measurements of small molecules or metabolites resulting from a cellular metabolic
process [202–205].

Metabolomics studies can be performed by two different approaches untargeted and targeted
analysis [200, 206, 207]. Metabolomics approaches have become an optimal strategy to evaluate
neurotransmitters [202–204, 208].

The most widely metabolomic platforms used in these approaches are nuclear magnetic reso-
nance (NMR) and mass spectrometry [200, 206–209].

In the untargeted approach, the aim is to detect the maximum number of metabolites present
in a biological sample, due to the huge amount of data collected after the analysis, it requires the
use of chemometric techniques for the management of the results [202, 206, 210, 211].

In contrast, the targeted approach is used to accurately determine the quantification of specific
proteins or metabolites, since it is possible to optimize not just the chromatographic separation
but only the sample preparation protocol [202, 207, 212, 213]. Consequently, the use of a targeted
metabolomics strategy is the favorite for studying a specific metabolic pathway or a particular
class of metabolites [211].

In quantitative procedures of many fields, including biological sciences and medicine, biostatis-
tics is used for evaluating the quality of the data acquired. Its use allows making inferences about
the population and thus generates hypotheses [214, 215].

Since neurotransmitters are present in low concentrations in some biological samples, being
their detection and selective measurement still a challenge, even with the use of techniques such as
PET, fluorescence, chemiluminescence, colorimetry, microdialysis, and HPLC [84, 200, 216–222].
Some relevant reports of detection and quantification of neurotransmitters in biological samples
based on LC-MS/MS techniques are summarized in table 1.2.
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Table 1.2: Methods for detection and quantification of neurotranmitters in biological samples.

Analyte Sample

volume

(μL);

matrix

Equipment;run time

(min)

LOD or LOQ (ng/L) Linearity (ng/ml) Ref.

ACh, Cho 15 ; H.CSF UPLC-QTOF-MS;

Acquity UPLC BEH

amide column;18

LOQ: 5 for all analytes 5-200 (Ach);

5-1000 (Cho)

[223]

Trp,5-HTrp, E,

HVA,NE,5-

HIAA,Try,

VMA,DA, 3MT,

LDOPA,DOPAC,

5-HT,

10; H.P LC-MS/MS;

Acquity UPLC BEH

HILIC column;20

3;10 (Trp, VMA, 5-HT,
5-HIAA,DA,3-MT, E );

10;30 (5-HTrp,

HVA,NE,

DOPAC,L-DOPA)

10-500 (5-HT,
Trp,5-HIAA, Ty,

DA,VMA, -3-MT, E);

30-500 (5-HTrp,HVA,

L-DOPA, DOPAC, NE)

[216]

5HT,HVA,NE,
5HIAA,DOPAC,
Glu,GABA,DA,

HIS

80; R.CSF LC-MS/MS;

XBridge Amide

BEH column;13.3

0.03;0.15 (5-HT)
1; 5 (5-HIAA)
1; 5 (HVA)

0.05;0.2 (NE)
0.02; 0.15 (DA)
20;100 (Glu)
2;4 (GABA)

0.5;1 (DOPAC)

0.03;0.12 (HIS)

0.25-4000 for all

analytes

[20]

5-HT,DA,

HVA,5-

HIAA,DOPAC

5-10;

H.CSF

UPLC-MS/MS;

Acquity UPLC BEH

C18 column ;25

0.2 ; 1 nM (5-HT) 0.2;

0.5 nM (DA) 6.2; 25 nM

(5-HIAA) 10; 50 nM

(DOPAC) 25;100 nM

(HVA)

1–25nM (5-HT) ; 0.5–25

nM (DA); 25–1000 nM

(5-HIAA); 50-1000 nM

(DOPAC); 100-1000 nM

(HVA)

[156]

DA, 5-HT, NE 10; R.BT UPLC-MS/MS;

Acquity UPLC BEH

C18 column;21

LOD: 25 (DA), 5 (NE)

and 2.5 (5-HT) pg/mL

25 - 5000 pg/mL (DA);
2.5 - 500 pg/mL (5-HT);

5-1000 pg/mL (NE)

[218]

ACh, Cho 10 mL;

R.BT

LC-MS/MS;

Lichrospher diol 100

column;14

Ach (LOD: 0.02 nM (0.2
fmol), LOQ: 0.1 nM (1

fmol));

Cho (LOD: 1 nM (10

fmol), LOQ: 3.5 nM (35

fmol))

Ach (0.1–50 nM);

Cho (100–3500 nM)

[84]

Glu,

Glu-d5,Gln,

Gln-d6,GABA,

GABA-d6

50; H.CSF LC/MS/MS;

Synergi Polar-RP

column ;5

LOQ: 7.8 ng/ml for all

analytes

7.8-2000 for all analytes [165]

Asp, 5-HT, Gly,

GABA,NE, E,

DA, Ach,5HT,

HIS, Glu

5–15;

R.CSF

UPLC-MS/MS;

ACE Excel 2

C18-AR column ;6

LOQ: 1 μM (Asp,
5-HT,Gly,Glu),

0.1 μM
(GABA,NE,E,DA,

ACh, 5HT,HIS)

0.1-10 for all analytes [124]

H.CSF:human CSF; H.P:human plasma; R.CSF: rat CSF; R.BT: rat brain tissue; ACh: acetylcholine; Arg: arginine;
Asp: aspargine; Cho: choline; E: epinephrine; Gly: glycine; Glu: glutamate; Gln: glutamine; GABA:γ-aminobutyric
acid ; HIS: histamine; HVA: homovanilic acid; Trp: L-tryptophan; Tyr: L-tyrosine; Pro: proline; 5-HT: serotonin;
5HT: 5-hydroxytryptamine; 5-HIAA: 5-hydroxyindoleacetic acid; NE: norepinephrine.
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2. Analytical methodologies

2.1 Techniques

2.1.1 Chromatographic techniques

Chromatography is a term applied to a group of various separation techniques based on the same
principle, separating the components of a mixture according to the different speeds at which they
are transported through a fixed stationary phase by a mobile phase [224–227].

Chromatographic techniques are commonly classified according to the nature of the mobile
phase in three general categories: gas chromatography (GC), liquid chromatography (LC), and
supercritical fluid chromatography (SFC) if the mobile phase is a gaseous, liquid, and supercritical
fluid, respectively, and further by the nature of the stationary phase and the types of chemical
equilibrium between both phases [224, 228, 229]. Chromatographic techniques are also classified
by the physical setup in which both phases are brought into contact. When the stationary phase
is fixed in a column, and the mobile phase passes through the column by pressure or gravity force,
it is called column chromatography. When the stationary phase is fixed on a flat surface, and the
mobile phase passes through it either by capillarity or by the influence of gravity, it is called planar
chromatography [224, 228, 229].

2.1.1.1 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is a chromatographic technique widely used in
the analysis of complex mixtures to separate, identify and quantify its components [226, 230, 231].
HPLC has particular advantages compared to GC in the analysis of non-volatile and thermally
sensitive substances making it one of the most used techniques in chemical, pharmaceutical and
food industries, and even for environmental purposes [230, 232–234].

The HPLC system typically consists of a mobile phase delivery system, sample injector, column,
detector, and software for data storage and analysis figure 2.2 [230, 235].

The mobile phase delivery system is made up of reservoirs that containing the mobile phases
or solvents from which the mobile phases are mixed, as well as a degassing system to eliminate
gas bubbles in the solvent, and one or more pumps capable of generating high pressures and low
flow rates of the mobile phase [226, 230, 236, 237]. The sampling system can be entered manually
through a micro syringe or automated from vials. Both allow the introduction of tiny sample
volumes with high precision into the column [226, 228, 230, 235].

The stationary phase is packed on a chromatographic column. It is used to separate the
components of a sample, based on the interaction of each of them with the column, leading to
different elution times (figure 2.1) [236, 237]. The components with the highest affinity adhere for
the longest time and elute at the end carried by a current of the mobile phase [227, 237, 238].

The column is usually made of stainless steel tubes, since it is an inert material, resistant to
high pressures, although there are also columns of glass, PEEK , and even flexible polyethylene
[228, 230, 237].
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Figure 2.1: Elution of components in a mixture from a chromatographic column
Once the sample is injected and interacting with the stationary phase located on the chromatography
column, components of a mixture begin and elute at different times according to their affinity for the
stationary phase.

The temperature of the column affects the retention time and its selectivity. Because of this,
the column is typically placed in an oven at 30-50 °C to improve its precision. Temperatures
are usually not higher to avoid thermal degradation of its components [226]. The use of guard
columns, a small column located between the injector and the analytical column, allows increasing
its half-life by preventing impurities from entering the column [224, 228].

The HPLC separation mechanisms, in addition to being influenced by the physicochemical prop-
erties of the sample, the polarity, pH, composition, and nature of the mobile and stationary phases
are also important [235, 238]. In addition to the above, some variables of the column can influ-
ence the chromatographic separation, including length, diameter, particle size, pore diameter, and
homogeneity between the particles [228, 237]. Therefore, the optimization of the chromatographic
method used to achieve a better separation of each compound is usually achieved by modifying
specific experimental conditions, such as varying polarity, pH or flow rate of the mobile phase and
reducing the diameter of the column [229].

According to the polarity of the phases, chromatography can be classified into normal and re-
verse phases. Chromatography in the normal phase was the first to be developed, it is characterized
by non-polar mobile phase, while the stationary phase is very polar, such as silica [229, 231, 235].
Reversed-phase chromatography was developed later and is currently the most widely used. In this
type of chromatography dissimilar to the normal phase, stationary phases with apolar properties
are used, accompanied by polar mobile phases such as water or methanol [229, 235]. Mixtures of
solvents with different polarities can change the polarity of the mobile phase. If these changes are
desired to occur during the chromatographic run, gradient elution can be used. Otherwise, if no
changes are required during the run, an isocratic elution can be used [235, 239].

Finally, the detector is probably the second most relevant component of an HPLC, after the col-
umn chromatography. The detector establishes the information to be acquired from the separated
components and allows the identification of the components under study.
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The most used detector in an HPLC are UV/Vis, diode array detector (DAD), refractive index
(RI) , fluorescence, conductivity, and MS [230, 235, 240].

Mobile phase 
reservoir

Detector
HPLC pump

Waste
reservoir

Chromatographic column

Data acquisition system

Injector

Sample

Figure 2.2: Scheme of the HPLC instruments
This scheme gives an overview of the HPLC system, which consists of mobile phase reservoirs, HPLC
pumps, sample injector, chromatographic column, detector, and data acquisition system.

2.1.2 Mass spectrometry

Mass spectrometry (MS) is a sensitive and specific instrumental technique based on the production
of ions from molecules or atoms. The ions generated are separated according to their mass-to-charge
relationship m/z and then measured by their abundance [241–244].

Originally, mass spectrometry was used only for the analysis of small inorganic molecules.
But currently, it is widely employed in qualitative and quantitative analysis of a lot of com-
plex molecules, since it provides important information, such as the masses and structure of the
molecules [242, 244–247].

Mass spectrometers are constituted of three principal components: an ion source, a mass ana-
lyzer, and a detector (see figure 2.3) [243, 244, 248, 249].

Mass spectrum

Sample
inlet

Ion 
source

Mass 
analyzer Detector

Vacuum system

Data system

Figure 2.3: Scheme of a mass spectrometer
Mass spectrometers mainly consist of an ion source, a mass analyzer, and a detector, the last two must
operate under high vacuum conditions. Once the sample mixture is introduced, the molecules or atoms are
immediately converted into ions by the ion source, pass through a mass analyzer where they are classified
according to their mass-to-charge ratio (m/z ), and finally reach the detector. Results are recorded and
displayed on a mass spectrum, a plot of signal intensity versus m/z .
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The ion source is where the ionization of molecules or atoms occurs. There is a wide variety
of ionization techniques available for mass spectrometry [242]. In terms of the internal energy
transferred in the ionization process, hard and soft ionization methods that cause extensive and
limited fragmentation, respectively, of the sample molecule [242, 250].

The development of sources like electrospray ionization (ESI) and matrix-assisted laser des-
orption/ionization (MALDI) allowed the ionization of small and thermostable compounds and the
development of new mass analyzers and complex multi-stage instruments [251].

The ESI ion source, presented in the figure 2.4 is the most commonly method used in mass
spectrometry [243, 252]. It is a soft ionization technique with high sensitivity for polar and non-
volatile molecules, providing limited fragmentation [247, 253, 254]. The term electrospray refers
to the dispersion of a liquid into small charged droplets by strong electric fields [242, 255].
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Figure 2.4: Scheme representation of the electrospray process in the positive mode
In the electrospray process, in the positive ionization mode, a weak flux is introduced in the ESI needle.
Positive ions migrate towards the tip of the capillary caused by an electric field, forming analyte droplets
charged with positive ions after the formation of a Taylor cone and the Coulombic explosion. Once the
ions are released, some of them pass through skimmers or a heated capillary and travel toward the mass
analyzer. Adapted from [256].

ESI source consists of a narrow stainless steel capillary and a counter-electrode. A high potential
difference of 3-6 kV is applied (positive or negative according to the type of sample) between the
tip of the capillary and the counter-electrode (detached by 0.3–2 cm), forming electric fields of the
order of 106 V m−1. As a consequence of an accumulation charge generated by this electric field, the
liquid emerging from the capillary assumes a Tylor cone shape at the end of the needle producing
a jet of tiny charged droplets with the same charge from the needle [150, 213, 242, 244, 257]. A
coaxial low gas flow around the capillary (most often dry nitrogen) allows to keep in a limited
space the spray and support the nebulization [255, 256]. The droplets are repelled from the needle
towards the source sampling cone on the counter electrode and drawn to the cone of MS, which is
heald to opposite charge to the droplets [213].
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When the surface tension of the drop cannot withstand the repulsion caused by similar loads
on the surface (Rayleigh limit), the drops break into much smaller ones. This process is known as
the Coulombic explosion, and consequently of this repeated process the ejection of ions from the
droplet is obtained [150, 213, 256]. The process of formation of ions from small droplets has not
been completely solved, but two methods have been proposed: the ion evaporation model (IEM)
and the charge residue model (CRM) [213, 256].

Once the ions are released, some of them pass through skimmers and a curtain gas, such as
nitrogen, or through a heated capillary and finally, they are accelerated to the mass analyzer
where they are sorted according to their m/z [150, 213, 256, 258]. The result is displayed on a
mass spectrum, a plot of signal intensity versus m/z of the sample [244, 259].

Since the ions generated are very reactive, the mass analyzer and detector must be operated at
a high vacuum to avoid that the ions collide with other gaseous molecules in the mass analyzer on
the way to the detector, because this would alter the trajectory of the ions, losing sensitivity, and
increasing the complexity of the mass spectrum [242–244, 256].

Once the ions are formed, they are accelerated to the mass analyzer for sorting according to
their m/z. As it happens with ionization sources, a wide variety of mass analyzers have been
developed which carry out the separation of ions based on different principles [244, 248]. Two of
the most common types of mass analyzers are quadrupole and time-of-flight (TOF) [246, 248].

A quadrupole mass analyzer is constituted by four cylindrically shaped rods extending in the
z-direction and arranged in parallel [247, 248]. Quadrupole acts as a mass filter, separating the
ions based on the stability of their flight trajectories through an oscillating electric field, as it is
shown in figure 2.5 [247].
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Figure 2.5: Scheme representation of a quadrupole mass analyzer
A quadrupole is constituted by four cylindrically shaped rods, connected to RF and DC, generating an
electrical field. Only ions with a stable trajectory will pass through the quadrupole, whereas ions with
unstable trajectories will be lost by colliding with the rods.

This field is generated when a radio frequency (RF) potential is applied in one pair of opposite
rods and then is superimposed a direct current (DC) to the other pair [243, 247–249]. Therefore,
depending on the electric field generated, only ions of a particular m/z will have a stable trajectory
and will pass through the quadrupole, while, ions of different values of m/z (higher or lower) will
have an unstable trajectory and will not reach the detector since they will collide with the rods
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[241, 247, 248]. If only the RF voltage is applied to the rods, all the ions with a wide range of m/z

will pass through the quadrupole [248].
Essentially, TOF is based on the principle that the ions generated in the ionization source are

accelerated with the same kinetic energy through a flight tube in a drift field-free region. Therefore,
ions of different m/z will take different in transit times to pass through the drift region and reach
the detector that will measure the flight time [213, 248, 260]. Ions with lower m/z have a higher
velocity; hence, they will reach the detector first than those with higher m/z [213, 244].

2.1.2.1 Tandem mass spectrometry

MS can be configured in tandem (MS/MS) , meaning that two or more stages of mass analyzers
are arranged sequentially, usually separated by a collision cell [261–263].

This powerful arrangement has become one of the most popular techniques given its high
capacity for structural identification and sensitivity of complex structures [216, 241, 242, 261–263].

In tandem MS/MS, the ions created in the ion source termed as “precursor ions” are selected
on the first stage of mass analyzer, then are fragmented in a collision cell, and finally the fragments
are analyzed in the second stage to generate a spectrum of the product ions [262, 264–267].

Accordingly if these events are performed separated spatially or temporally, the MS/MS in-
struments can be classified into tandem-in-space or tandem-in-time [242, 244, 264, 266, 268].

For tandem-in-time, the process is performed in the same physical space separated only by
time, e.g. ion trap (IT) [242, 243, 264, 267, 269, 270].

Tandem-in-space is also known as beam techniques. In this configuration, all the events occur
sequentially in different mass analyzers on the same instrument e.g., triple quadrupole (QqQ)
[243, 254, 262, 264–266, 270].

The QqQ is obtained by placing an RF-only quadrupole that allows ions to pass and acts as
a collision cell with an inert gas (such as helium, nitrogen, or argon) between two quadrupoles
[241, 243, 244, 247, 249]. The main scan modes available to tandem MS are summarized in the
figure 2.6 [241, 244, 249, 269].

Since tandem MS/MS is not limited to the same type of mass analyzers, the combination of two
or more different types of mass analyzers is called hybrid MS. This arrangement allows obtaining
better characteristics such as better resolution and precision [150, 254, 261, 266].

One typical configuration is achieved by replacing the last quadrupole of a QqQ by a TOF
analyzer to produce a triple quadrupole-time-of-flight (Q-TOF) mass spectrometer [150, 249, 254,
266].

Q-TOF is a high-resolution mass spectrometry (HRMS) system, widely used in LC-MS applica-
tions [271–273]. These instruments are considered a powerful and robust tool used as an alternative
to conventionally QqQ approaches for identifying and quantifying target compounds [211, 272].
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Figure 2.6: Schematic representation of the main scan modes of tandem-in-space instrument

Product ion is the mode scan more widely used in the analysis of target components in a complex mixture
to generate feature fragment ions. This mode consists of the selection of a particular value of m/z in
the first quadrupole (Q1), then is direct into q2 (act as a collision cell) to be fragmented, and finally in
the third quadrupole (Q3) all the product ions are scanned. This process can be repeated for different
precursors throughout the chromatographic run.

In precursor scan mode, the product ion with a specific value of m/z is fixed by Q3 and in Q1 are scanned
all the molecules to establish which molecule can produce that product ion after the fragmentation in q2.

The neutral loss scan consists of choosing a neutral fragment that cannot be detected as it has no charge
by a difference in the masses of the ions passing through Q1 and Q3. In this experiment Q1 is configured
to scan all ions, fragmented into Q2, and finally, all fragmentations that lead to the loss of that neutral
mass are scanned in Q3.
Multiple-reaction monitoring (MRM) mode, also known as Selective reaction monitoring (SRM), is widely
applied using QqQ or QTRAP in the validation of biomarkers and for absolute quantification of low
abundant molecules in biological samples. In this mode acquisition, predefined precursors and products ions
(represent a transition) are simultaneously screened, in Q1 specific ions with m/z of interest are selected,
fragmented in the collision cell and then one of the resulted fragments preselected are monitored by Q3.
Usually, three to five transitions of the same parent ion are monitored for qualitative and quantitative
methods.
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A schematic of the LC-QTOF-MS instrument it is shown in figure 2.7. HRMS instruments are
distinguished by providing high resolution and high mass accuracy, which allows differentiating
compounds with the same nominal mass, identify unknown compounds and also establish the
elemental composition [272].

ESI 
ion source

Collision cellm/z filter

q2Q1Q0

Detector

Ion pulser

TOF mass analyzer

Figure 2.7: Schematic representation of LC-QTOF-MS instrument
The usual configuration of the Q-TOF instrument can be explained most simply as a QqQ with the third
quadrupole replaced by a TOF mass analyzer. Additionally, a quadrupole (Q0) is added operating only in
the RF only mode, as the q2. As TOF mass analyzer prefers a pulse of ions instead of a direct current like
the quadrupole, it is placed after the quadrupole where the ions are filtered and then passed to the TOF.
Adapted from [274].

In figure 2.8 it is displayed one an acquisition strategy of Q-TOF instruments called high-
resolution MRM (HR-MRM) performed in a similar way to the typical MRM of QqQ instruments
that allows a sensitive and fast quantification [271].

Q1 q2 TOF mass analyzer

m/z selection Cell collision m/z

Time

Time

Time

Figure 2.8: Schematic of the high-resolution MRM mode (HR-MRM) performed on a Q-TOF.
High-resolution MRM (HR-MRM) emerges as an alternative to the classical MRM to be performed in high-
resolution instruments like the Q-TOF. In this analysis mode, the precursor ion is seleted in Q1, it will
pass to the collision cell and then to the TOF mass analyzer. All possible transitions of that precursor are
monitored instead of a single fragment on the conventional MRM. The resulting spectra of the entire mass
range collected are recorded in a full scan high-resolution MS/MS. After the acquisition, the fragmented
ions are can be extracted, generating an extracted-ion chromatogram (XIC).
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2.2 Analytical method validation

Method validation is a procedure in which the performance parameters of analytical methods are
evaluated to confirm that the methods are adequate for its intended purpose of providing reliable
and accurate results [275–277].

Many areas such as quality control of food, environmental, pharmaceutical industry, forensic
analysis, and clinical researches, make the validation a critical step to guarantee that the future
results of the analysis are as close as possible to the real values and can be reproducible in other
laboratories [234, 277–279].

Despite the known importance of method validation and being often considered an important
requirement in chemical analysis, many professionals do not know how and why these procedures
should be performed [278].

Among the established classical validation parameters are included selectivity, linearity, limits
of detection and quantification (analytical thresholds), precision, accuracy, and robustness [275,
276, 278, 279], but also can be considered carry-over, matrix effects, [280] and recovery [278, 279].
However, these performance parameters depend on the type of analytical method to be developed
[279].

Several guidelines from various regulatory agencies such as the EMA, the International Orga-
nization for Standardization (ISO), the FDA, the United States Pharmacopoeia (USP), and the
International Union of Pure and Applied Chemistry (IUPAC) have been developed to facilitate
regulation in the validation processes. The International Conference on Harmonization (ICH)
was developed to harmonize various international guidelines, currently being one of the guides for
validation processes [281, 282].

2.2.1 Selectivity and specificity

The way in which the method can unequivocally determine the analyte under study from a complex
mixture in the presence of components is called selectivity [275, 283, 284].

While the terms selectivity and specificity are often mistakenly used as equivalents, they should
not be used interchangeably [275]. Specificity assesses the ability of the analytical method to
respond exclusively to the analyte of interest without interferences [275, 285].

Often in method validation, selectivity is usually the first to be evaluated. Since if an analytical
method shows interferences, the other performance parameters are less reliable [278].

In chromatographic methods, selectivity refers to relative retention, which varies according to
separation conditions, such as mobile phase, stationary phase, or temperature [236, 278]. The
selectivity it is evaluated to ensure that the peak of the analyte response (manifested in the
characteristic retention time) comes exclusively from the analyte and not from other compounds
[286].

2.2.2 Linearity and working range

Linearity demonstrates the ability of the method to provide a response (analyte signals) directly
proportional to the concentration of an analyte in the sample within a working range [234, 287].

Proper analytical calibration is necessary for reliable quantification. This process involves a
series of steps that include the preparation of the calibration standard; the calibration methodology
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(external standard or internal standard); the measurement of the instrument’s response for each
of them, and the construction of the calibration curve [284, 288, 289].

The construction of the calibration curve, also called the analytical curve, represents the rela-
tionship between the signal as a function of the analyte concentration. Therefore, in chromato-
graphic analysis, it is constructed based on the peak areas of standard solutions with a known
amount of the analyte under study [278, 279, 290]. The guidelines of the ICH specify a minimum
of five levels of concentration to assess the range of linearity [234, 275, 284].

Once the calibration is defined and the checks are carried out based on the model parameters,
quantification of the analyte being studied can be performed [286, 287].

The linear range can be expressed as the interval contained in the working range, where the
signal is directly proportional to the concentration of the analyte [275].

The working range of an analytical procedure describes the interval between the upper and
lower concentration of an analyte for which adequate precision, accuracy, and linearity have been
demonstrated [234, 275, 279, 283]. The lower limit of the working range corresponds to the limit
of quantitation (LOQ), while the upper end corresponds to concentrations in which there are
significant anomalies in the sensitivity of the analytic method [291, 292]. Linear range and working
range are derived from linearity studies [234].

2.2.3 Precision study

According to ICH, precision is a term used to describe the closeness of agreement between values
obtained by repeated measurements under specific conditions of the same or similar samples [275,
278, 283, 293]. Precision relates to the random error or the degree of dispersion among individual
test results when the method is applied repeatedly. It is typically expressed as standard deviation
and the percentage of the coefficient of variation (CV), also known as the relative standard deviation
(RSD) of the replicate measurements [234, 275, 278, 279, 283].

Precision can be estimated through analysis of quality control samples under conditions of
repeatability, intermediate precision, and reproducibility [234, 278, 285, 293].

Repeatability, also called intraday test precision, expresses the closeness of the results obtained
from a series of measurements on the same sample over the shortest time interval possible and
under similar conditions (e.g with the same instrument, the same analyst, equipment) in the same
laboratory [234, 293].

Unlike repeatability, intermediate precision is evaluated over a longer period using the same
method but defining variations within the laboratory, such as different analysts, different days,
different equipment, etc. [284, 285].

Under reproducibility conditions, precision assessment has to be carried out under different
conditions, e.g., using different equipments, different days, other analysts, different reagent lots,
etc. [283].

2.2.4 Accuracy

Accuracy is the closeness of an individual experimental value obtained by replicate measurements
to a reference accepted as true value [275, 279, 283, 291].

It is a determining validation parameter of an analytical method because it allows estimating the
total error that affects the method [275, 278]. Total error describes the simultaneous contribution
of random and systematic error components that may affect a test result [275, 286]. Accuracy may
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be evaluated in terms of absolute bias (direct difference between estimated value and corresponding
reference) or relative bias (absolute bias divided by corresponding reference value) [283, 287].

Accuracy can be determined in four ways. By analyzing reference materials (samples of known
concentration), by comparing the test results of a validated procedure existing, recovery test, or
using the technique of standard addition [275, 278, 283, 286].

2.2.5 Analytical thresholds

The limit of detection (LOD) is defined as the lowest amount of analyte reliably detected in a
mixture above the reference noise (commonly three times the noise level), but not necessarily
quantified [234, 275, 283]. In qualitative terms, LOD is the lowest concentration that can be
distinguished from the blank [285].

In turn, the limit of quantification (LOQ) refers to the lowest analyte concentration that can
be quantified with an appropriate level of precision and accuracy and above the reference noise
[234, 275].

LOD and LOQ are frequently assessed in analytical procedures in which the samples contain
low concentrations of the analyte of interest [234]. Both limits can be calculated by different
methods: by replicating the blank (the most recommended), based on the parameters of the curve,
based on precision studies, by the signal to noise S/N approach and finally based on the standard
deviation of fit [284, 287].

2.2.6 Carry-over

The carry-over is a term that denotes one type of systematic error, used to define the increase in
the concentration of a sample derived from the residues of the last run that could be retained in
the column, detector, or other parts of the instrument [294, 295].

In chromatography analysis, sample carry-over is an important encountered problem, especially
at lower concentrations [296, 297].

2.2.7 Recovery

Recovery is defined as the ability of the method to respond to the total amount of the analyte
present in the sample [279]. In different validation guidelines, the term recovery is mostly used as
a parameter concerning extraction efficiency as a step of the sample preparation [278].

Recovery can be expressed as the percentage of the to the analyte response for the true con-
centration of the pure standard before the extraction procedure compared to the response (peak
area) obtained from an amount of the analyte after sample workup added to and extracted from
the matrix [284, 298].

2.2.8 Matrix effects

The terms interference and matrix effects are usually used as interchangeable concepts, but they
are different concepts. The effect of a specific component on the result of the measurement is
called interference. Whereas, matrix effects refer to changes from the combined effect of all the
components present in the sample, except that the analyte under study can affect its identification
and quantification [280].
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Analyses performed by chromatography coupled to MS or MS/MS are susceptible to matrix
effects, especially when using ESI as the ion source. These effects are often overlooked and can be
confused with the appearance of new peaks or the loss of peaks in the chromatograms [212, 280,
299, 300].

Matrix effects could affect the certainty of the method, hence influence the identification and
quantification of the analyte. So the evaluation of this parameter is essential [212, 280]. The two
main protocols used to evaluate the degree of matrix effects on a method are postcolumn infusion
and postextraction addition [299, 300].

2.3 Objectives

Metabolomics studies have been growing progressively in neuroscience as a high-performance tool
in the search for predictive biomarkers of alterations in metabolic function, which are often used
for disease diagnosis and disease progression monitoring. Furthermore, biomarkers can help to
improve knowledge about brain functioning under normal or pathological conditions.

The dysfunction of several neurotransmitter systems has been linked to neurological disorders
(i.e., Alzheimer’s and Parkinson’s diseases). Hence, neurotransmitters and their metabolites have
been studied and used as biomarkers of these disorders.

In the specific case of AD, as part of synaptic dysfunction hypotheses, the dysfunction of the
following systems has been postulated: cholinergic, glutamatergic, dopaminergic, serotonergic, and
GABAergic. Evaluating the metabolism of all these neurotransmitters would be the ideal scenario.
Although, given the lock-down and other measures caused by the pandemic of COVID-19, the
access to the laboratory was restricted. Because of that, the project needed to be focused on a few
of them.

The cholinergic and glutamatergic systems were chosen to be studied because of their impor-
tance in the currently available pharmacological therapies for AD symptoms.

Consequently, in this work, the objectives proposed were: i) the development, optimization, and
validation of an LC-MS/MS targeted metabolomic method for the measurement of five metabolites,
corresponding to the cholinergic (Cho and ACh) and glutamatergic metabolism (Gln, Glu, and
GABA); and ii) the implementation of the developed quantification protocol for the measurement
of the target compounds in CSF samples to assess differences between AD patients from two
different groups, the Aβ+ and Aβ -.
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3. Materials and methods

3.1 Materials

The materials used for the development and optimization of the method were:

• Multipipette Plus (Eppendorf®);

• Micropipettes Research Plus (Eppendorf®);

• Microcentrifuge tubes 1.5 mL (Eppendorf®);

• Centrifuge tubes 15 mL (VWR®);

• Microvials 300 μL (Fisherbrand).

3.2 Equipments

The equipment used in this work are listed below:

• Analytical balance CP 224S (Sartorius);

• Thermomixer comfort (Eppendorf®);

• Concentrator Plus (Eppendorf®);

• Vortex, model MS3 basic (IKA®).

• Components of the liquid chromatography coupled to a mass spectrometer system:

– Liquid Chromatography System NanoLC 425 (Eksigent) with a column SeQuant®ZIC®-
cHILIC (Merck) 3.0 μm, 150 x 0.3 mm,

– Data acquisition was performed with a Triple TOF™ 6600 System (Sciex) using an ESI
DuoSpray™ Source (Sciex) equipped with an emitter of 25 μm of internal diameter;

– The mass spectrometer was operated by Analyst TF 1.8.1 (Sciex).

– The LC-MS/MS data were processed using PeakView™ (Sciex) and Multiquant™ (Sciex)
software.

3.2.1 Standards and reagents

The analytes and internal standards (ISs)used for the analytical method development, optimization
and validation are presented in table 3.1. Additional information about these analytes is detailed
in the Appendix A.1.
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Table 3.1: List of analytes and internal standards used in the investigation.

Compound MW (g/mol) Brand

L-glutamic acid (Glu) 147.13 Sigma-Aldrich

γ-aminobutyric acid (GABA) 103.12 Sigma-Aldrich

L-glutamine (Gln) 146.14 Dr. Ehrenstorfer

Acetylcholine chloride (ACh) 181.66 Sigma-Aldrich

Choline chloride (Cho) 139.62 Sigma-Aldrich

L-glutamic acid (2,3,3,4,4-d5, 98%) (Glu-d5) 152.16 Cambridge Isotope Laboratories

4-aminobutyric acid (2,23,3,4,4-d6, 97%) (GABA-d6) 109.16 Sigma-Aldrich

L-Glutamine (2,3,3,4,4-d5, 97%) (Gln-d5) 151.18 Cambridge Isotope Laboratories

Acetylcholine chloride (N,N,N-trimethyl-d9) (ACh-d9) 190.72 Sigma-Aldrich

Choline chloride (trimethyl-d9, 98%) (Cho-d9) 148.68 Sigma-Aldrich

All solvents used, acetonitrile (ACN), methanol (MeOH), and water LC/MS grade, were pur-
chased from HiPerSolv CHROMANORM®, VWR. Only formic acid (FA) LC/MS grade was ob-
tained from Fisher Chemical.

3.2.2 Standard solutions

Standard stock solutions were prepared by dissolving approximately 20 mg of individually pure
substance in a solvent. Since Glu, Gln and GABA have low solubility in methanol, they were
prepared in water-methanol mixed solution (80:20, ν/ν), heated and agitated in a thermomixer to
50 °C at 750 rpm for fifteen minutes to obtain a homogeneous solution. The respective IS were
prepared in the same way.

ACh, Cho, and their respective IS stock solutions were prepared in MeOH LC grade and
homogenized by vortex mixing. All stock solutions were stored as aliquots of 1.5 ml and 0.5 ml at
-20°C.

Four mix solutions, comprising the analytes and internal standards of each metabolism, were
prepared. In accordance, mix standard solutions were prepared for the glutaminergic metabolism
(Gln, Glu, and GABA) and respective internal standards (Gln-d5, Glu-d5, and GABA-d6), and
for cholinergic metabolism (Cho and ACh) and respective internal standards (Cho-d9 and ACh-
d9). All the mixed solutions were prepared with around 50 µM of each analyte diluting the stock
solutions in a solution of ACN-FA (80:0.1, ν/ν).

Calibration standards from the mixture of the mix solutions where freshly prepared on the day
of analysis, distributed in a wide range of concentrations of 0.01; 0.03; 0.05; 0.07; 0.1; 0.3; 0.5;
0.8; 1 and 4 μM of the analyte. The injection volume into the chromatographic system was 10 μL,
corresponding to 100 to 40000 fmol of the compounds in the colum.

Quality controls (QCs) solutions were prepared at three concentration levels: low, medium,
and high (0.05; 0.1 and 0.8 μM) from dilution of mixed solution.
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3.3 Samples population

This study included forty AD patients aged between 46 and 80 years. CSF samples were collected at
the Centro Hospitalar e Universitário de Coimbra (Coimbra, Portugal), with the code HUC-43-09
and, more recently, using CE-029/2019.

From the 40 CSF samples analyzed, 20 corresponded to patients with Aβ+ (52.5 % female and
47.5 % male) and 20 with Aβ normal or Aβ- (50% female and 50% male).

3.3.1 Sample preparation

All samples were prepared under the same analytical procedure following an extraction/precipitation
protocol and subsequently resuspension. From the collected CSF samples, 200 µL were used, and
four volumes of methanol (800 µl) were added. After homogenizing by vortex mixing, they were
kept for one hour at -80 °C. Then, they were centrifuged (20,000×g for 20 minutes at 4 °C) to
create a protein-free supernatant. The supernatant was collected in a microcentrifuge tube and
evaporated to dryness in a concentrator, and then it was stored at -20 °C until use.

On the day of analysis, samples were reconstituted using 400 µl of a ACN-FA (80:0.1, ν/ν)
solution and 50 µl of mixed compounds of internal standards. They were then sonicated (1 second
on 1-second off cycles, for a total of 4 minutes) and taken to centrifugation (20,000×g for 5 minutes
at 4 °C). The injection volume into the chromatographic system was 10 μL.

3.4 Instrumental conditions

This section describes some optimized parameters in order to develop an efficient and sensitive
LC-MS/MS method.

3.4.1 Mass spectrometry

The MS analysis was performed with a triple TOF 6600, coupled with an ESI DuoSpray source
operating in positive and negative ionization mode. To establish the best performing conditions
for each compound, direct injections of the individual target metabolites standard solutions and
their labeled standards into the mass spectrometer were performed at a flow rate of 5 µL/min
using a syringe pump. The concentrations of the solutions were 100 µM for Glu, Glu-d5, GABA,
GABA-d6, Cho and Cho-d9, and 10 µM for Gln, Gln-d5, ACh and ACh-d9, in an ACN : FA
mixture (80:0.1 ν/ν).

For all compounds, the analysis was carried out in positive ionization mode. The fine-tuned
ion source-dependent parameters were as follows: ion spray voltage floating (ISVF) was 5500 volts
(V), source temperature 100 °C, curtain gas (CUR) 25 psi and ion source gas (GS1 and GS2) were
set at 20 and 15 psi respectively.

Furthermore, compound-specific parameters, namely, declustering potentials (DP), collision
energy (CE), and collision energy spread (CES) were set up as illustrated in table 3.3.

The QTOF-MS was operated in full scan MS/MS mode at high resolution across the 10–1500
m/z range, using 100 ms accumulation time per spectrum. Post-acquisition, fragmented ions were
extracted generating a HR-MRM spectra.

All data were acquired using Analyst TF software 1.8.1 and the fragmentation spectra of each
compound were analyzed by PeakView™.
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Table 3.3: Optimized acquisition method parameters to each compound: declustering potential
(DP); collision energy (CE), and collision energy spread.

Compound Precursor ion (m/z) Product ion DP (eV) CE (eV) CES (eV)

Glutamate 148.06 84.05 70 20 10
130.05 12
102.06 14

Glutamine 147.08 130.05 70 12 10
84.05 21
101.07 13

GABA 104.07 87.05 70 13 10
69.03 18
45.03 23
43.02 20

Aceylcholine 146.12 87.05 80 18 10
43.02 34
60.08 14

Choline 104.11 60.08 100 22 10
58.07 35
45.04 24
44.05 36

Glutamate-d5 153.09 88.07 80 20 10
89.08 18
87.06 21
107.09 14
135.08 11

Glutamine-d5 152.11 135.08 85 12 10
88.07 21
89.08 21
87.06 18

GABA-d6 110.81 93.08 70 13 5
92.11 12
49.06 24
46.04 20

Aceylcholine-d9 155.18 87.05 65 18 10
69.14 16
45.04 14

Choline-d9 113.17 69.14 90 12 10
66.12 20
45.04 16
49.08 19

3.4.2 Liquid chromatography

For chromatographic optimization, three different chromatographic columns were tested: C18
(YMC-Triart) 3.0 μm, 150 x 0.3 mm; ChromXP amino (Eksigent) 3.0 μm, 150 x 0.3 mm; SeQuant®ZIC®-
cHILIC (Merck) 3.0 μm, 150 x 0.3 mm. The best chromatographic separation and peak shape were
reached with the cHILIC column, which was expected, given that the analytes under study are
highly polar hydrophilic.

A mobile phase gradient program was developed to allow an efficient chromatographic separa-
tion of the analyte, the mobile phase consisted of a solvent B containing ACN in 0.1% FA, ν/ν and
a solvent A, containing 10 mM and ammonium formate (NH4HCO2) in 0.1% FA, ν/ν.
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The flow rate was fixed in 5 μL/min with a gradient elution starting from 80% of eluent B and
20% of eluent A as shown in table 3.4.

The volume injected of each calibration standard was 10 μL and between each chromatographic
run, a blank sample was injected.

Table 3.4: Gradient elution optimized for the chromatographic analysis.

Time
gradient
(min)

Mobile phase
(ν/ν)

Solvent B (%) Solvent A (%)

0 80 20
7 50 50
9 50 50
10 80 20
15 80 20

3.5 Analytical method validation

After the optimization of the analytical method, its validation is needed to be carried out in order
to prove the ability of the method to be applied in the established range complying with certain
performance parameters, such as linearity, accuracy, and precision. To achieve this goal, the use of
statistical tests is essential to summarize the data and make objective judgments. The LC-MS/MS
method was validated for the compounds in solvent with respect to linearity, precision, accuracy,
the limit of detection, and the limit of quantification . The statistical test and their acceptance
criteria are described in detail in this section. All calculations made in the method validation
procedure were performed in Microsoft Excel software.

3.5.1 Linearity

The evaluation of the linearity is essential to prove the ability of the developed method to offer
results that are directly proportional to the concentration of the analyte [234, 287, 301].

The assessment of the linearity is not only carried out by means of a graphical representation
of the measured instrument signals as a function of the analyte concentration, but also appropri-
ate statistical procedures should be used, the linear regression model is the most frequent in this
evaluation [289, 293, 301–304]. The objective of a regression is to create a model capable of esti-
mating the relationship between x (independent variable) and y (dependent variable). In the case
of the linear regression model this relationship is established by a best-fitting line mathematically
expressed by equation (3.1), being b (slope) and a (intercept) the parameters estimated [301, 302].

y = bx+ a (3.1)

The model parameters (a intercept and b slope) are estimated by the ordinary least squares
(OLS), the most commonly methodology used in the simplest regression model. As the fit line must
pass through the centroid of the points, there are differences between the experimental values of
y and the predicted values calculated from the model equation, these random errors of prediction
are technically called residuals. OLS by the least-squares method minimizes the sum of squares
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(SS) of these differences to determine the parameters that best describe the variables, calculated
using equation (3.2) [302, 304–306].

SS = (y − ỹ)2 (3.2)

where y are the experimental values and ỹ corresponds to model predicted values.

The coefficient of correlation (r) resultant from the regression analysis is used to measure the
linear correlation between the two variables, and this value should be positive or negative in the
range −1 ≤ r ≤ +1 [278, 306, 307]. The r values can be calculated by equation (3.3), where ẋ and
ẏ are the the mean of the values of x and y, respectively.

r =

∑
{(xi − ẋ) (yi − ẏ)}√[∑

(xi − ẋ)
2
] [∑

(yi − ẏ)
2
] (3.3)

The value of the called coefficient of determination (R2) ranges from zero to one. It is generally
used to determine how well the model can describe experimental results [278, 303]. Values of R2

≥ 0.995 considered evidence that the data fit the regression line. [234, 307, 308]. Nevertheless,
several investigators considered r or R2 a poor indicator in the linearity evaluation, hence other
statistical tests should also be used, such as the residual analysis, Mandel test, and Rikilt’s test
[278, 285, 303].

The estimation of the standard deviation of the random errors in y (Sy/x) from the regres-
sion model is an important parameter to calculate in the linearity study. Since random errors
also influence the values obtained for the slope and the intercept, their standard deviations Sb
and Sa, respectively, should not be forgotten [288, 306]. These parameters were calculated by
equations (3.4), for linear model, equation (3.5) and (3.6).

Sy/xM1
=

√
(y − ỹ)2

n− 2
(3.4)

Sb =
Sy/x√∑
(xi − ẋ)2

(3.5)

Sa = Sy/x

√ ∑
x2
i

n
∑

(xi − ẋ)2
(3.6)

where n is the number of calibration points and n-2 the degrees of freedom from the linear
regression [306].

The linearity of the method was assessed from four calibration curves analyzed in a concentra-
tion range of 0.01 - 4.0 μM. To achieve this, the coefficient of determination, the standard deviation,
the intercept and the slope from the linear regression model were evaluated, and the Mandel test
was also performed.

3.5.1.1 Mandel test

The Mandel’s fitting test is used to assess the linearity, verifying if the data set better fits the
linear or quadratic regression by comparing the residual errors of both models [304, 308].
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From the calibration curve was calculated a test value (TV) from equation (4.7), which is
expressed as the difference of the sum of squares of the residuals, using a first model (M1, linear)
and the second model (M2, quadratic), divided by their degrees of freedom [306, 307]. In the linear
regression the degrees of freedom is n-2 and for the quadratic regression is n-3 [306]. This in turn,
it is divided by the variance of a purely random estimate [307].

TV =
∆νσ2

fit

σ2
pe

=
∆SS/∆ν

σ2
pe

(3.7)

The TV obtained follows a F -distribution, so, can be compared with a tabulated value Fcrit =

Fuα(∆ν,n−3) where α represent the significance level of 0.01 (99% level of confidence) and ∆ν the dif-
ference between the degrees of freedom of the linear and quadratic regression, using the hypotheses
shown in equation (3.8) [308]. {

H0 : S2
y/xM1

≤ S2
y/xM2

H1 : S2
y/xM1

> S2
y/xM2

(3.8)

If the null hypothesis is verified, it means the differences between the variances from the linear
and quadratic model are not statistically significant; therefore, the linear model is appropriate
for the calibration curve. Otherwise, if it is rejected, it means that the calibration curve has a
quadratic behavior and the linear model is not the most suitable [304, 307, 308].

3.5.2 Working range

During the method validation it is necessary to confirm if the developed method can be applied
in the working range used [234]. In this study, the working range was derived from the linearity
evaluation, with the respective confirmation that the method provide adequate linearity, precision
and accuracy in the specified range [303].

When the methodology involves evaluating the performance of a calibration curve, the working
range can be evaluated by means of a test of homogeneity of variances. The reason for evaluating
the variances is that some assumptions about the errors (residuals) in y are considered during the
regression analysis, namely: i) the errors are uncorrelated with the values of concentrations (x )
ii) randomly distributed for the model, and iii) the magnitude is constant across all the different
concentrations i.e., the variance should be approximately equal (homoscedastic) [289, 303, 304,
306, 307, 309].

Verification of these assumptions must be performed in any linear regression analysis, since it
is necessary to have the right model for the data under analysis to ensure a reliable quantification
[284, 303, 305, 310]. This verification can be carried out by means of a visual inspection of a
residual plot and a homoscedasticity test by the F test [303, 305, 308, 310].

The homoscedasticity test was carried out at the lowest (0.05 μM) and one of the highest (0.8
μM) calibrators through 10 independent replicates. The variances of these standards were tested
to examine whether there are significant differences between them, by applying equation (3.9).

TV =
S2

2

S2
1

(3.9)

Being S2
1 and S2

2 the variances obtained for the lowest and the highest calibrator tested, re-
spectively.
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The variances were calculated as presented in equation (3.10), where i is the ith data of n total
data; j is the number of replicates of each calibrator and (ni- 1) is the degree of freedom.

S2
i =

∑n
j=1 (yi − ỹi)2

ni − 1
(3.10)

Then, the TV can be compared with a tabulated value of a F - distribution F bα (ν2, v1) for a
confidence level at 99%, using the following hypotheses (equation (3.11)) [305].

{
H0 : S2

1≈S2
2

H1 : S2
1 6=S2

2

(3.11)

If the null hypothesis is verified, it means there are no significant differences between the
variances from the lowest and highest calibrator, and the residuals are randomly distributed across
the working range [305]. In the case of rejecting the null hypothesis or verify any violation of the
assumptions described above, it may be required to apply a weighting linear regression model to
find the straight line for calibration [303, 307], or decrease the considered concentration range until
reaching the homoscedasticity [303].

3.5.2.1 Weighted least-squares linear regression

Once heteroscedasticity has been evidenced, the use of weighted least squares (WLS) is the most
effective because this model calculates a weight to each variance value at each calibration point to
harmonize the difference of variances [278, 303, 306].

Taking into account the above-mentioned information, the most appropriate weighting factor
would be inversely proportional to the corresponding variance at each point, as presented in the
equation (3.12). Therefore, for those points with lower variance would be assigned higher weights
[305].

wi =
1

S2
i

(3.12)

However, this is not practical at all, so empirical weights based on the variables (xconcentration
and y detector response) are usually studied, such as 1/x, 1/x2, 1/

√
x, 1/y , 1/y2 and 1/√y [305, 310].

The decision about which weighting factor to choose should be made according to the percentage
relative error (%RE) [305]. Thus, the one which originated the lowest value of the sum of %RE (Σ
%RE), plus gave rise to a random distribution in a graph of %RE versus concentration, is considered
as the best weighting factor [278, 305]. On the other hand, Gu (2014) [309] recommended the use
of the weighting factor of 1/x2 for bioanalytical LC-MS / MS assays.

The %RE is a sensitive indicator of the effectiveness of the adjustment. It can be obtained
by comparing the concentration obtained from the regression (Cexp) and the nominal standard
concentration (Cnom), equation (3.13) [303, 305].

%RE =
Cexp − Cnom

Cnom
× 100 (3.13)

The acceptance criterion was set up on ±15 % RE, or in the case of LOQ was 20% [310].
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The parameters a, b from the linear regression must now be calculated considering the wi
established, this can be achieved using equation (3.14) and (3.15) [303, 305].

bw =

∑
wi ×

∑
wixiyi −

∑
wixi ×

∑
wiyi∑

wi ×
∑
wix2

i − (
∑
wixi)

2 (3.14)

aw =

∑
wix

2
i ×

∑
wiyi −

∑
wixi ×

∑
wixiyi∑

wi ×
∑
wix2

i − (
∑
wixi)

2 (3.15)

where xi and yi represents the data pair i from n total data, and wi represents the chosen
weighting factor.

The r -value must also be calculated using the chosen weighting factor by equation (3.16) [303,
305].

r =

∑
wi ×

∑
wixiyi −

∑
wixi ×

∑
wiyi√∑

wi ×
∑
wix2

i − (
∑
wixi)

2 ×
√∑

wi ×
∑
wiy2

i − (
∑
wiyi)

2
(3.16)

Also, the standard error of the response can be recalculated using equation (3.17).

Sy/x =

√∑
wi × (y − ỹ)2

n− 2
(3.17)

3.5.3 Precision and accuracy studies

Evaluation of both, precision and accuracy of the analytical methods, were measured for QC
samples [307]. Since both parameters vary throughout the working range, their evaluation must
be performed at least three levels of concentrations [303, 307]. Taking this into account, the
three different QCs were prepared at three different concentration levels of 0.05, 0.1 and 0.8 μM,
corresponding to concentration levels low, medium, and high, respectively.

As it was already mentioned previously in the Section 2.2.3, precision assessment can be per-
formed at three levels: repeatability, intermediate precision, and reproducibility [234, 278, 285].
However, in this study, the precision was assessed with respect to repeatability and intermediate
precision, since reproducibility is assessed when the method is applied in different laboratories
[291, 310].

Repeatability and intermediate precision can be expressed as the % RSD; the accepted criteria
for both parameters are values that fall within 15% RSD for all concentrations except at lower
limit of quantification level (LLOQ), which must be ±20% [281, 284, 303, 310]. The % RSD can
be calculated following the equation (3.18).

%RSD =
s

ẋ
× 100 (3.18)

where S is the standard deviation and ẋ the mean of the values obtained [306].
Also both parameters can be determined using single-factor analysis of variance (ANOVA)

calculation [291, 310]. Intermediate precision is calculated as the square root of the sum of the
squares of the variances within groups and between groups, divided by the mean of the measured
concentrations. While repeatability can be determined as the square root of the sum of the squares
of the within-group variance, also divided by the mean of the measured concentration [291].

To estimate the accuracy of the method QCs samples were used to evaluate the precision. The
accuracy was obtained by the comparison of the experimental concentrations and the nominal con-
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centrations, expressed in terms of % RE [307]. Accuracy can be calculated through equation (3.13),
the same acceptance criteria mentioned above in precision studies should be applied [303, 307].

3.5.4 Analytical thresholds

More than one approach to calculating analytical limits has been reported by several validation
guidelines [278, 284, 291, 293, 310]. The most commonly used approaches are detailed below:

i) Based on the standard deviation of the intercept of the calibration curve, the determination
of the LOD and LOQ was carried out using equations (4.19) and (4.20), respectively [293, 311].

LOD =
yLD − a

b
(3.19)

LOQ =
yLQ − a

b
(3.20)

where yLD and yLQ are the limits of detection and quantification of the instrument signal,
respectively. These values were calculated from equations (3.21) and (3.22), using the line intercept
value (a), its respective deviation (Sa) and applying the t-student test at the 95% confidence level
for (n-p) degrees of freedom.

yLD = a+ 2× tu0.05(n− p)× Sa (3.21)

yLQ = a+ 6× tu0.05(n− p)× Sa (3.22)

ii) Based on the residual standard deviation of a regression line, the yLD and yLQ values were
obtained applying equations (3.23) and (3.24) [311].

yLD = 2× tu0.05(n− p)× Sy/x (3.23)

yLQ = 3× 2× tu0.05(n− p)× Sy/x (3.24)

iii) Based on the precision approach, the LOD and LOQ can be taken as the lowest concentration
at which the acceptance criteria of 15% RSD are met, and 20% for LOQ [312].

iv) Based on the S/N approach, the limits are calculated by comparing the signals produced
by one analyte with those produced in the blank samples around the retention time of the analyte.
Being established as LOD the lowest analyte concentration which produces a signal equal to 3
times greater than that measured in the blank sample (3:1), and for LOQ equal to or greater than
10 times (10:1) of the signal measured in the blank sample [284, 293, 301, 313, 314].
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4. Results and discussion

4.1 Method development

In this project, the development and optimization of an LC-MS/MS method for the measurement
of Gln, Glu, GABA, Cho and ACh analytes were carried out.

This section describes the results obtained in the optimization stage, focused on the mass
spectrometry parameters. The optimization was carried out to obtain the best conditions for each
analyte.

4.1.1 Compound optimization and fragmentation pattern

One important step during the optimization stage was the determination of several conditions of
each individual analyte as well their labeled standard mentioned in the Section 3.4.1. Further-
more, in this study, values of DP and CE were tested to establish the optimal conditions for each
compound, to produce stable and highly sensitive fragmentation spectra (MS/MS) with a lower
noise baseline.

The DP was ramped from 0 to 300 V, to set the proper voltage to prevent ions from agglutinating
in the inlet orifice of the mass spectrometer, and at the same time avoid that very high DP voltages
could be applied, which can affect the ionization efficiency [315].

In figure 4.1 is shown the intensity profile corresponding to the protonated molecular ions of
Glu, Gln, GABA, ACh and Cho versus a gradual increase in the DP applied to each of them. The
DP values in which the signal intensities of the compounds did not vary significantly were ranged
between 30 and 110 V. The DP ramp record for the labeled standards is presented in Appendix
A.1.

GABA

Cho

ACh

Gln

Glu

Figure 4.1: Declustering potential (DP) ramping from 0-300 V for glutamate, glutamine, GABA,
ACho and Cho.

MS/MS fragmentation for each compound was performed under CE ramping in a range of 5 to
45 V, in order to find the optimal CE to improve the fragmentation of the precursor ions. Then,
taking into account the CE values of each fragment, was chosen a single value for all fragments. For
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Gln and Glu, the optimal value of CE was 15 V; while for GABA, Cho and ACh higher collision
energies were necessary, being 26 V for GABA and Cho, and 25 for ACh, as shown in figure 4.2.
For the internal standards the CE ramping is illustrated in Appendix figure A.2. The MS/MS
spectra and possible fragmentation pathways were acquired and analyzed for each compound after
optimization of these parameters.

GABA

Cho

ACh

Gln

Glu

Figure 4.2: Collision energy (CE) ramping for glutamate, glutamine, GABA, ACho and Cho, in a
range of 5 to 45 V.

It is possible to notice in the fragmentation spectrum (figure 4.3) the precursor ion m/z 148.06
[M +H]

+ corresponds to the protonated Glu. The observed fragment m/z 130.05 is formed by the
loss of water [M +H −H2O]

+. Then, the loss of H2O+CO gives rise to the fragment with higher
intensity, the fragment of m/z 84.05. The fragment m/z 102.06 is formed by a loss of H2O + CO

from [M +H]
+, this also can lead to the fragment m/z 84.05 through the loss of water [316].

O

OH

O

HO

NH2

O

OH
H2N

M+H
+

+

N
H2

O

OHO

+

N
HO

+

O

OH

O

HO

NH2

O

OH
H2N

M+H
+

+

N
H2

O

OHO

+

N
HO

+

O

OH

O

HO

NH2

O

OH
H2N

M+H
+

+

N
H2

O

OHO

+

N
HO

+

Figure 4.3: MS/MS spectrum for Glu precursor ion m/z 148.06 [M +H]
+. The fragments were

acquired by ESI in positive ionization mode with a collision energy of 15 V. Adapted from: Zhang,
et al., 2019.

Regarding to the fragmentation spectrum of the IS (figure 4.4), Glu-d5, its precursor ion cor-
responds to the peak with m/z 153.09 [M +H]

+. The most intense fragments m/z 88.07, 89.08,
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87.97, 107.09 and 135.98 were chosen to be monitored.

Figure 4.4: MS/MS spectrum for Glu-d5 precursor ion m/z 153.09 [M +H]
+. The fragments were

acquired by ESI in positive ionization mode with a collision energy of 16 V.

The fragmentation spectrum of Gln is showN in figure 4.5, the m/z 147.07 corresponds to the
protonated molecule [M +H]

+.

N
HO

+

N
H2O

O

OH

+++

O

H2N

NH2

+

Figure 4.5: MS/MS spectrum for Gln precursor ion m/z 147.07 [M +H]
+. The fragments were

acquired by ESI in positive ionization mode with a collision energy of 15 V. Adapted from: Zhang,
et al., 2019.

The three fragment ions were monitored, the fragment m/z 130.05 is the peak with higher
intensity formed by the loss of ammonia [M +H −NH3]

+. The subsequent loss of H2O + CO

brings on the second higher peak, the fragment of m/z 84.05. Finally the fragment m/z 101.07
was formed by a loss of NH3 +CO from [M +H −NH3]

+ [316]. The fragmentation pathways of
the fragment ions in Glu and Gln spectra were postulated by Zhang, et al., 2019 [316].

The fragmentation spectrum obtained from the IS Gln-d5 presented in figure 4.6, the m/z
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152.11 corresponds to the the protonated molecule [M +H]
+. As in the other spectra already

mentioned, the highest intensity peaks were chosen to monitor the analyte, these were, m/z 88.07,
87.07, 107.09 and 135.08.

Figure 4.6: MS/MS spectrum for Gln-d5 precursor ion m/z 152.11 [M +H]
+. The fragments were

acquired by ESI in positive ionization mode with a collision energy of 13 V.

In the fragmentation spectrum of GABA figure 4.7, the peak at m/z 104.07 [M +H]
+corresponds

to the entire molecule.

O

OH

+

O
+

C OHO

+

+

Figure 4.7: MS/MS spectrum for GABA precursor ion m/z 104.07 [M +H]
+. The fragments were

acquired by ESI in positive ionization mode with a collision energy of 26 V.ChemDraw Professional
(16.0).

During the fragmentation, the peaksm/z 87.05, 69.03, 43.02 and 45.04 were observed. The most
intense peak corresponds to the fragmentm/z 87.05, formed by the loss of ammonia [M +H −NH3]

+,
and its subsequent loss of H2O gives rise to the peak at m/z 69.03.

In the spectrum obtained for the IS GABA-d6 (figure 4.8), it is possible to identify the entire
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molecule at the peak m/z 110.11 [M +H]
+. The fragments with m/z 93.08, 92.10, 49.06 and

46.04 were chosen for the posterior analysis.

Figure 4.8: MS/MS spectrum for GABA-d6 precursor ion m/z 110.11 [M +H]
+. The fragments

were acquired by ESI in positive ionization mode and with a collision energy of 16 V.

The MS/MS product ion scan of ACh (figure 4.9) shows the entire molecule with m/z 146.11
[M +H]

+. For this analyte, the fragments generated were m/z 87.05, 60 and 43.02.

Figure 4.9: MS/MS spectrum acquired for ACh precursor ion m/z 146.12 [M +H]
+. The frag-

ments were acquired by ESI in positive ionization mode and with a collision energy of 25 V.

In the MS/MS spectrum for ACh-d9 (figure 4.10) it is shown the m/z 155.18, which corresponds
to the the protonated molecule [M +H]

+. As expected, a fragmentation spectrum similar to that
of ACh was generated; thus the peaks observed were m/z 87.05, 69.14 and 43.02.
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Figure 4.10: MS/MS spectrum acquired for ACh-d9 precursor ion m/z 155.18 [M +H]
+. The

fragments were acquired by ESI in positive ionization mode and with a collision energy of 16 V.

Regarding to the fragmentation spectrum of Cho (figure 4.11), the entire molecule m/z 104.11
[M +H]

+ was observed. The fragments monitored were m/z 60.08, 58.07 and 45.04.

Figure 4.11: MS/MS spectrum acquired for Cho precursor ion m/z 104.11 [M +H]
+. The frag-

ments were acquired by ESI in positive ionization mode and with a collision energy of 26 V.

Finally, in figure 4.12 the MS/MS spectrum for Cho-d9m/z 113.23 is illustrated. The fragments
m/z 69.14, 66.12, 49.08 and 45.04 were monitored for this internal standard.
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Figure 4.12: MS/MS spectrum acquired for Cho-d9 precursor ion m/z 113.23 [M +H]
+. The

fragments were acquired by ESI in positive ionization mode and with a collision energy of 27 V.

4.1.2 Compound identification and verification

In order to confirm that the peak response is generated by the target compound, for MS/MS
methods it is necessary to have ion transitions for quantification and qualification with the analyte
retention time coinciding with the IS chosen [317].

In the first instance, the development, optimization, and validation of the method for the anal-
ysis of five analytes, corresponding to the cholinergic (Cho and ACh) and glutamate metabolism
(Gln, Glu, and GABA) were proposed. However, after the optimization step, the compounds were
studied in mixed solutions, and both analytes of cholinergic metabolism, ACh and Cho, presented
a non-linear behavior of the signal response produced with respect to the concentration, gener-
ating intense peaks from low concentrations and maintaining approximate values throughout the
concentration range, as it can be seen in the Appendix A.2, figure A.3. Because of this, it was
decided to focus on the analytes of glutamatergic metabolism in the next steps.

For the selection of the quantification ion for each analyte, the following criteria were considered:
it must present a high-intensity peak, best peak shapes, and have a suitable level of linearity and
precision [223].

In figure 4.13, representative LC-MS/MS chromatograms for each selected Glu fragments are
shown. The three fragments have a similar peak shape and retention time, but there are differences
between the intensities of the signal produced by each fragment, being fragment 84.05 the most
intense. LC-MS/MS chromatograms for Gln, GABA, and labeled standards are presented in the
Appendix A.
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b)

a)

c)

b)

Figure 4.13: Representative LC-MS/MS chromatograms of the fragments monitored for glutamate,
a) m/z 84 b) m/z 130 and c) m/z 102.

Taking into account the criteria established above„ the ions used in quantification were m/z
84.05 for Glu and Gln, and m/z 69.03 for GABA, table 4.1.

Table 4.1: Transitions used for quantification and identification, and mean values of retention time
of each analyte.

Compound
Transition (m/z) Retention time

(min)Quantification Qualify

Glu 148.07→ 84.05
148.07→ 130.05

5.66(0.040)
148.07→ 102.06

Gln 147.07→ 84.05
147.07→ 130.05

5.96(0.013)
147.07→ 101.07

GABA 104.07→ 69.03
104.07→ 87.05

5.01(0.093)
104.07→ 43.02

During the analysis of biological matrices such as plasma, urine, CSF, and tissue, variations
in the signal of the samples can occur, either due to losses during the sample preparation, loss of
injection volume, or matrix effect.

The addition of the IS to every sample analyzed at a fixed concentration is typical for bioan-
alytical methods performed in LC-MS. Since the chosen IS must have physicochemical properties
similar to the analyte of interest, its use allows for corrections as the analyte/IS response ratio
would reflect the concentration of the analyte despite the aforementioned situations. Therefore,
the use of an appropriate IS can improve the precision and accuracy in a quantification [318].

The following table illustrates the fragment used in the quantification analysis of each analyte
and the mean retention time table 4.2.
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Table 4.2: Internal standard transitions monitored for the quantification of their respective analytes
and mean value of retention time of each labeled standard.

Compound Quantification transition (m/z) Retention time (min)

Glu-d5 153.09→ 107.09 5.68(0.041)

Gln-d5 152.18→ 135.08 5.97(0.021)

GABA-d6 110.81→ 93.08 5.00(0.079)

4.2 Method validation

Validation of the analytes corresponding to the glutamate metabolism was carried out, in order
to guarantee the quality and reliability of the analytical results. For this purpose, statistical
methods were used as an essential part, to summarize data and make objective judgments about
the differences between data sets. The performance parameters evaluated were: linearity, working
range, analytical limits (LOD and LOQ), precision and accuracy.

4.2.1 Linearity

After a preliminary linearity study, ranging from 0.01 to 4 pmol/μL, in which the statistical criteria
for a linear behavior were not fulfilled, a shorter linearity range was assessed, ranging from 0.05 to
1 pmol/μL. An example of the preliminary test carried out is shown in Appendix A.3.2.

Linearity was evaluated from calibration curves (n=4) in the mentioned range. The calibration
graph of the quantitation fragment of Glu is illustrated in figure 4.14.
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Figure 4.14: Calibration curve of the quantification transition 148.06→84.05 of glutamate in the
range of 0.05 to 1.018 pmol/μL .

Since IS were added in the calibrants for each of the corresponding analytes, the response
relationship between the analyte and the IS was used. To begin evaluating the linearity, the
homoscedasticity of the data was assumed; thus a simple linear regression model was used to try
to explain the relationship between the peak area and the known concentrations of the standards.

Based on the criterion of R2 ≥ 0.995, all three analyzed molecules were found to be linear
throughout the working range for each day (table 4.3). Furthermore, during the evaluation of the
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residuals from the linear regression, all the values were less than the twice of the the standard error
of the regression and randomly distributed around the x-axis (figure 4.15).

Table 4.3: Parameters obtained in the linearity study by means of the simple linear regression
model for each analyte in solvent.

Compound Transition Working range (pmol/μL) Calibration curve R2 Sy/x

Glu 148.07→ 84.05 0.050− 1.018 y = 5.937x− 0.027 0.999 0.070
Gln 147.07→ 84.05 0.049− 1.003 y = 1.911x+ 0.021 0.999 0.0027

GABA 104.07→ 69.03 0.050− 1.024 y = 0.551x− 0.010 0.999 0.0032

-0.15

0

0.15

0 0.2 0.4 0.6 0.8 1 1.2R
es

id
ua

ls

Concentration pmol/uL

Figure 4.15: Plot of the residuals versus concentration from the simple linear regression of m/z
84.05 of glutamate.

Using a t statistic and a p-value, the significance of the regression coefficients was demonstrated.
The slope value was highly significant (different from zero), as expected in a calibration experiment.
On the other hand, the assumption that the intersect passes through zero was confirmed, so the
intersept is not statistically different from zero (tb0.05(5) = 2.57). By means of an F-test of the
overall significance, the fit of the chosen model was compared with a regression model without
predictors, taking as a null hypothesis that both models present the same fit. This was confirmed
by the p-value of the F-test, which was lower than the level of significance used (0.01).

The regression model showed a high significant predictive capacity for the three analytes, since
the values of TV calculated were less than the critical values Fcrit. The results obtained are
presented in the Appendix A.3.1.

4.2.1.1 Mandel test

The linearity of the calibration process was also investigated by the Mandel’s fitting test. This
test makes it possible to decide which model is the most appropriate to calibrate the instrumental
response, by verifying if the data set better fits first degree or quadratic polynomials by comparing
the residual errors of both models [308].

The F test was used as a means of verifying the adequacy of the values. The calculated TV for
each analyte was less than the critical value (Fcrit) at the 99% confidence level (table 4.4). This
means that the variance between both simple and quadratic model is not significantly different.
The quadratic model does not better explain the relationship between the variables, so in this case,
the linear model is the most appropriate for the calibration curves.

In addition, the p values were higher than the significance level used (0.01), which allows to
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confirm the aforementioned . Therefore, the linearity of all three analytes was found to be linear
on each day.

Table 4.4: Results of the Mandel test obtained by comparing a linear & quadratic regression model.

Compound Transition Test value (TV ) Fcrit (N-1;N-3; 99%) Pvalue

Glu 148.06/84.05 0.46
21.20

0.686
Gln 147.07/84.05 0.02 0.890

GABA 104.07/69.03 0.49 0.521

4.2.2 Working range

To evaluate the working range, visual evaluations were carried out from a plot of residues generated
in the regression model versus concentration. An example of the plots obtained is presented in
figure 4.16 for Glu fragment ion at m/z 84.05. This plot shows residuals not homogeneously
distributed nor centered at zero as expected. It can also be inferred that the observed dispersion
increased as a function of concentration; that is, residues were highest in the standard with the
highest concentration, thus suggesting that the assumption of homoscedasticity is not fulfilled.
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Figure 4.16: Plot of the residuals versus concentration used in the homoscedasticity study of the
transition 148.06→84.05 of glutamate.

To confirm these results, an F test was performed to assess the homogeneity of the variances.
First, the presence of outliers was discarded using the Grubbs test. Later on, it was possible
to compare the variances from the lowest and one of the highest calibrators, in ten independent
replicates.

The TV obtained for each of the compounds was much higher than the corresponding critical
value (F b0.01(9,9) = 6.54) at 95% level of confidence; therefore, the assumption that the variations
were similar across the entire working range was rejected. In table 4.5, the results obtained for the
quantification fragments of each compound are presented.

Table 4.5: Results of homogeneity test.

Compound Transition Test value (TV ) Fcrit (N-1;N-1; 95%) Pvalue

Glu 148.06/84.05 230.14
6.54

0.000
Gln 147.07/84.05 22.25 0.000

GABA 104.07/69.03 123.57 0.000
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4.2.2.1 Weighted least-squares linear regression

Once the assumption of homoscedasticity of the data was rejected, the approach used to harmonize
the variances was a weighted regression. To choose the best weighting factor, empirical weights
were evaluated, that is 1/x, 1/x2, 1/y and 1/y2, considering as a criterion for its choice the one that
originated the lowest value of the sum of relative errors % RE and a R2 =0.995.

For glutamate, it was possible to verify that models 3 and 2, with the weight factor 1/x and
1/x2, respectively, gave the lowest sum of relative error (table 4.6).

Table 4.6: Nominal concentrations and their respective sum of absolute relative errors, calculated
using unweighted and weighted models with empirical weights 1/x, 1/x2, 1/y and 1/y2 for glutamate’s
transition 148.06→84.05.

Nominal
concentration
(ßmol/μL)

Model 1
1/x0

(OLS)

Model 2
1/x

(WLS)

Model 3
1/x2

(WLS)

Model 4
1/y

(WLS)

Model 5
1/y2

(WLS)

0.05 36.84 30.82 20.25 34.50 24.84
0.07 17.73 13.00 11.34 14.17 13.39
0.1 40.68 41.48 44.31 39.93 41.67
0.3 5.58 4.69 7.09 4.87 9.44
0.5 5.22 9.04 12.56 9.56 14.38
0.8 13.85 13.22 16.19 13.27 19.38

1.018 8.87 10.71 9.33 9.89 9.84
Σ t %RE t 128.78 122.96 121.06 126.19 132.96
Mean R2 0.997 0.999 0.996 0.999 0.995

When analyzing the criterion based on R2 , it was possible to determine that all the proposed
models meet the established criterion (=0.995), being models 2 (1/x.) and 4 (1/y) the ones that
presented the highest value. Consequently, the best weighting factor determined for glutamate’s
transition 148.06→84.05 was the 1/x2. In the figure 4.17, it can be distinguished that the errors
obtained with model 3 (1/x2) are distributed in a narrower and more harmonic band than in the
simple linear model.
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Figure 4.17: Plot of the percentage of relative error (% RE) versus the concentration corresponding
to glutamate at m/z 84.05 obtained for model 1 unweighted (left) and the chosen model 1/x2 (right).

Regarding the remaining analytes, the same evaluation was carried out to choose the best
weighting factor. Thus, for glutamine (Appendix A.3.4), evaluating the %RE data, the models that
gave the lowest value were model 3 (1/x2) and model 5 (1/y2) with 104.52 and 105.78, respectively.
All models met the criterion of R2 =0.995, taking all this into account, the model 3 (1/X2) was
chosen.



4.2. METHOD VALIDATION 69

Finally, for GABA, the best weighting factor was model 2 (1/x), since it was the one that
presented the lowest % RE value, as with the other compounds, all models obtained values of R2

higher than those used as acceptance criteria (Appendix A.3.3).

4.2.3 Precision and accuracy

The precision of the method was assessed, namely intermediate precision (on three different days)
and repeatability (on the same day) conditions. The study was carried out using QCs at three
levels of concentration: high, medium and low, n = 6 for repeatability, and n=10 for intermediate
precision. The obtained values for both approaches were expressed as % RSD, calculated using
equation (3.18).

The results obtained for each analyte at the intermediate level of precision and repeatability
are shown in the table 4.7. As an acceptance criterion, it was set at ±15% of the nominal value
and ±20% for the LOQ.

All three analytes, for both intermediate precision and repeatability, met this criterion. So, it
can be concluded that the analytical method developed is highly precise in terms of intermediate
precision and repeatability for Glu, Gln and GABA.

Then, to verify the influence of the day factor on the results obtained, the single-factor Anova
statistical tool was applied. By analyzing the results obtained, it is verified, in all the three
analytes, the experimental value does not exceed the critical value (Fu0.05(2,7) = 4.30), indicating
that the day factor does not influence the results obtained, there is thus agreement between the
results obtained on the different days.

Table 4.7: Results obtained for the precision analysis at the level of repeatability and intermediate
precision.

Compound Nominal
concentration
(pmol/μM)

Intermediate
precision
%RSD

Repeatability
%RSD

Glu
0.05 4.3 3.7
0.10 11.2 4.8
0.80 4.04 4.1

Gln
0.05 7.3 4.3
0.10 6.9 5.9
0.79 7.09 2.4

GABA
0.05 12.7 5.1
0.10 10 3.2
0.81 5.5 2.4

Regarding the accuracy analysis, this was expressed in terms of mean relative error % RE,
calculated using equation (3.13). Critical acceptance, as in the precision study was established at
±15% of the nominal value and ±20% for the LOQ.

The results are shown in the table 4.8; from these data,it is possible to conclude that all the
three analytes fulfilled the critical acceptance; thus, it is demonstrated the accuracy of the method
to these two analytes. Therefore, the method is highly precise and accurate for the analytes studied.
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Table 4.8: Results obtained for the accuracy analysis at three concentration levels and with six
daily replicates per QC.

Compound Nominal
concentration
(pmol/μM)

Mean observed
concentration
(pmol/μL)

Accuracy%RE

Glu 0.05 0.06 11
0.10 0.10 -3.0
0.80 0.87 -8.6

Gln 0.05 0.04 12
0.10 0.11 8.4
0.79 0.91 14

GABA 0.05 0.06 16
0.10 0.12 15
0.81 0.88 8.8

4.2.4 Analytical thresholds

As already mentioned in the section 3.5.4, the analytical limits can be calculated from different
approaches, in this study was used the approaches based on the residual standard deviation of a
regression line and repeatability studies. Since the intercept has no statistical significance, it was
not used in calculating this estimate.

After choosing the best calibration model for each of the molecules, the residual standard
deviation of the regression line was recalculated (equation 3.17). The results of LOD and LOQ are
presented in Tables 4.9.

Table 4.9: The limits of detection (LOD) and quantification (LOQ) defined through the two
estimation modes (repeatability studies and the standard deviation of the fit).

Repeatability Sy/x

Compound LOD
(pmol/μL)

LOQ
(pmol/μL)

LOD
(pmol/μL)

LOQ
(pmol/μL)

Glu 0.006 0.020 0.100 0.290
Gln 0.009 0.030 0.090 0.260

GABA 0.007 0.002 0.024 0.071

Based on the limits obtained through the repeatability approach, the lowest analyte concentra-
tion detected for Glu was 0.006 pmol/μL, while the LOQ was 0.02 pmol/μL. Through the another
approach, the limits obtained were higher (LOD= 0.100 pmol/μL and LOQ= 0.290 pmol/μL).

For Gln, like Glu, based on the thresholds calculated using the repeatability approach, the
lower limits of both, LOD and LOQ, were obtained (0.009 and 0.03 pmol/μM).

In the case of GABA, the lowest levels obtained were reached using the same approach based
on repeatability. The LOD and LOQ were defined in 0.007 and 0.002 pmol/μL, respectively.

It was confirmed that in the three compounds the LOQs were lower than the concentration of
the first pattern of the calibration curve.
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4.2.5 CSF analysis

CSF spiked samples with 100 μL of the mixed analyte solution and 10 μL of IS solution were used
to determine whether a correct detection and identification of the compounds in the matrix occurs,
or otherwise the matrix effects inhibit the signal response.

The figure 4.18 illustrates the chromatogram obtained for the glutamate quantification frag-
ment. When comparing the CSF “blank” sample with the spiked samples, no differences were
obtained in the signal response, that is, the molecule was not correctly detected. It was verified
that no apparent changes happen with the labeled standard (Glu-d5, m/z 107.08) as well. It can
be assumed that there was signal suppression for this analyte due to possible matrix effects, so, it
was not possible to measure Glu in real samples.

b)a)

Figure 4.18: Chromatogram of glutamate for quantification of the transition 148.06→84.05 in a)
"blank" CSF sample with no analytes spiking and b) CSF sample spiked with 3000 fmol of Glu
from a mixed solution.

In addition, analyzing the areas of the different transitions, it was found that the area of the
quantification ion (84.05, color blue) and the ion with an m/z 130.05 (color magenta), was not the
one expected according to the ratios obtained by the patterns of the curve figure 4.19. The same
happened with fragment m/z 102.06 (in orange), being its intensity in the CSF blank and spiked
samples much higher than that observed in the calibration standards. Taking this into account, it
could be inferred that the effects of the matrix affected the ability to measure the compound in the
CSF, so the presence of this analyte in this matrix was not confirmed, with which the measurement
of glutamate in the biological samples was not performed.

Figure 4.19: Comparison in the area ratios of the monitored transitions for glutamate in standard
solutions (left), and in spiked samples (right). In orange the fragment at m/z 102.06, magenta for m/z
130.05, and blue for m/z 84.05.

In the case of Gln, its detection was verified in the spiked samples, as shown in figure 4.20.
Emphasizing that the retention time was very similar between both samples, coinciding with the
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values observed in the solvent studied 5.96(0.013).

a) b)

Figure 4.20: Chromatogram of glutamine for quantification of the transition 147.07→84.05 n a)
"blank" CSF sample with no analytes spiking and b) CSF sample spiked with 2960 fmol of Gln
from a mixed solution.

In the same way, for GABA, the detection of this compound was verified in the spiked sample,
but its retention time slightly varied compared to expected from the test performed by the cali-
bration curves 5.01(0.093) figure 4.21. Once the detection of glutamine and GABA in CSF were
demonstrated, the measurements of these analytes were carried out in the biological samples.

a) b)

Figure 4.21: Chromatogram of GABA for quantification of the transition 104.07→69.03 in a)
"blank" CSF sample with no analytes spiking and b) CSF sample spiked with 3000 fmol of GABA
from a mixed solution containing Glu, Gln, GABA plus labeled standards.

4.3 Method application in CSF samples

Once the validation process was carried out, the method was applied to analyze the study samples.
The study included forty CSF samples from AD patients with Aβ+ and Aβ- studies. Supplementary
information of these samples is presented in appendices A.4, in which are detailed the age and sex
of each patient. The content measured for each analyte is also shown in the appendix A.4.

Since transition ions are considered a physical property of an analyte of interest [319], the
transition ion ratios (less intense ion / more intense ion) was assessment in order to improve the
confidence in the measurement of the target metabolites.

Thus, the mean of the ion ratio of each compound from the calibration solutions (Appendix A.4
table A.7), was compared with the means of ion ratios of the samples. According to the European
Commission Decision (2002/657/EC) for analytical methods the ion relative tolerance is sets at
±20% to ±50% depending on the relative ion intensities [317, 320]. Also the variability of the ion
ratio was assessed, expressed as % RSD, the ±20% of deviation is defined in different guidelines
[317, 319, 321].
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Additionally, difference of the retention time was calculated, using the average of the retention
times of the samples compared to those of the labeled standard. For this evaluation, the tolerance
limit is set at ±2.5% [320, 322].

The results of monitoring ion ratios and the difference of the retention time are reported in
4.10. The analysis of the ion ratios, also can be observed in figure 4.22, where it is shown all three
fragments monitored in the CSF samples and in the solvent for Gln and GABA.

Table 4.10: Analysis of the ion ratios of the areas (AR) and mean values of retention time of
glutamine and GABA in CSF samples.

Parameters
Gln GABA

AR 130/84 AR 101/84 RT AR 69/87 AR 43/87 RT

Mean 0.969 21.3 6.02 0.40 7.24 4.55
%RE -29.9 173 0.76 -16.5 134 0.56
% RSD 4.01 21.1 0.31 15.4 31.4 0.57

In the case of glutamine, although the m/z 101.07 did not meet the parameters previously
established for the analysis of ion’s ratio, the m/z 130.05 was in agreement with these parameters,
so this ion was used for the confirmation of the analyte. Regarding the differences in retention
times, both ions were within the tolerance of 2.5% established.

(a) Gln

(b) GABA

Figure 4.22: Chromatogram of the monitored transitions for glutamine and GABA in the curve
(left) and in the CSF samples (right).
Gln (a) the transition at m/z 101.07 in orange, magenta for m/z 84.05, and blue for m/z 130.05. GABA
(b) m/z 43.02 in orange, magenta for m/z 87.05 and blue for m/z 69.03.
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With regards to GABA, as was expected the relationship between m/z 87.05 m/z 69.03 gave
greater reliability in the confirmation of the compound in the CSF samples. For the ion m/z 43.02,
great variability in the area ratio and difference compared to the standards was obtained, so this
transition was discarded for the confirmation of GABA. Like Gln, the retention time was very
similar to that of the internal standard used.

The results of the measurements obtained for these compounds were graphically represented in
box plots, using R statistical software and ggplot2 package. Through this tool it was possible to
visually compare the ranges and the distribution of the areas of the groups in the study. Moreover,
to verify if there is a significant difference in the median of measurements in the Aβ+ and Aβ-
groups, a non-parametric Wilcoxon-Mann-Whitney for independent samples was performed. In
this test, no significant difference between the two groups was established as a null hypothesis for
p-values greater than 0.05.

The figure 4.23 shows measurements of glutamine, comparing in the first square the measure-
ments between Aβ+ and Aβ- from all patients, as in the second and third frame this comparison
between groups is performed in female and male patients, respectively.

Figure 4.23: Box plot of the data acquired for the glutamine measurements in CSF samples from
patients with AD, comparing Aβ+ and Aβ- groups and focused on gender.

In an overall analysis, higher values were observed in the quantities of glutamine in the patients
with Aβ+ compared with those of the Aβ- group (see Appendix 4.2, table A.8). However, the
medians of glutamine in both groups do not differ significantly, with a fold change of 1.21, p-value
= 0.108.

About the data focused on gender, in females, a significant increase of the quantities of glu-
tamine in the Aβ+ patients was determined, fold change of 1.57 (p-value = 0.013).



4.3. METHOD APPLICATION IN CSF SAMPLES 75

In the case of males, no significant differences were found between both groups, reporting values
of fold change of 0.87, p-value = 0.720 (Appendix A.4.2, table A.9).

With respect to GABA, in figure 4.24 it is shown the box plot comparing the data obtained
from Aβ+ and Aβ- groups in the first square. Similar values of medians and variability were found
in the Aβ+ and Aβ- patients. Thus, no significant statistical differences were found, fold change
of 0.87, p-value = 0.056 (Appendix A.4.3, table A.10).

When analyzing the data of the AD patients focused in the gender, in females (second frame),
greater content of GABA was observed for the Aβ- group comparing with Aβ+, however, no
significant differences were found between the two groups, fold change of 0.73 p-value = 0.051.

For males, similar values between Aβ+ and Aβ- groups were observed, thus, no significant
differences were found between the two groups, fold change 0.98, p-value = 0.497 (Appendix 4.3,
table A.11).

Figure 4.24: Box plot of the data acquired for the measurement of GABA in CSF samples from
patients with AD, comparing Aβ+ and Aβ- groups and focused on gender.

Additionally, since GABA is a metabolite of glutamate, and glutamine acts as both a precursor
and a metabolite in the called glutamate-glutamine (GABA) cycle [323, 324], the measurements in
the CSF samples obtained were also analyzed as GABA/Gln ratios, in order to determine if there
are differences in this relationship between the Aβ+ and Aβ- groups. These results are presented
in figure 4.25.
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Figure 4.25: Box plot of the ratios of GABA and glutamine measurements, comparing Aβ+ and
Aβ- groups and focused on gender.

Analyzing these ratios, was observed similar values of median in both groups (Aβ+ and Aβ-),
with greater variability in the Aβ+ patients (Appendix A.4.2, table A.12). However, no significant
differences was found, p-value 0.070.

Focused in the gender, in female patients the median of group Aβ- was much higher than that
obtained for group Aβ+, using a Wilcoxon test was obtained a p-value of 0.038, which indicates
that there is a significant difference between the ratio of the GABA/Gln measurements in the Aβ+
and Aβ- groups (Appendix A.4.2, table A.13). Regarding the ratio in males, very similar values
were obtained for both groups, with no statistically significant difference between groups (p-value
= 0.968).

In addition, the data was also assessed based on age (figure 4.26). The data were pooled taking
as the cut-off point the age of 60 years; this threshold is used to differentiate patients with AD with
early onset and late onset (Seccion 1.1.1. Alzheimer’s disease aetiology). Therefore, two groups
were formed: patients with AD under 60 years of age and over 60 years.

In the group of patients over 60 years old, a slight increase was observed in the levels of Gln, in
AD patients with Aβ+ compared with those with Aβ-. However, when the medians of both groups
were analyzed, it was found not to be significantly difference between them, fold change of 1.31
(p-value = 0.189). Regarding to the patients under 60 years, the Gln levels observed were very
close between both groups (Aβ+ and Aβ-), showing no significant changes (fold change of 0.99,
p-value = 0.918) (Appendix A.4.2, table A.14).
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Figure 4.26: Box plot of the data acquired for the measurement of glutamine in CSF samples from
patients with AD, comparing Aβ+ and Aβ- groups and focused on age.

In line with the analysis performed in the glutamine focused in the age of the AD patients, the
content of GABA was grouped by age, namely patients with 60 years old or older and younger
that 60 years old figure 4.27.

Figure 4.27: Box plot of the data acquired for the measurement of GABA in CSF samples from
patients with AD, comparing Aβ+ and Aβ- groups and focused on age.
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The CSF GABA levels observed in patients younger than 60 years were slightly lower than
those found in patients older than 60 years (Appendix 4.3, table A.15). Analyzing the measures
between the groups Aβ- and Aβ+, statistically significant differences in the medians were found
in the patients with 60 age and older, reporting fold change of 0.63, p-value = 0.006. While no
significant differences were reported in the patients under 60 years old, fold change 1.11, p-value
= 0.536.

When observing the measurements of the GABA/glutamine ratio, a slight difference was found
between the Aβ+ and Aβ- patients (figure 4.28), however, this difference was no significant p-value
= 0.105 (Appendix A.4.2, table A.16).

Figure 4.28: Box plot of the ratios of GABA and glutamine measurements, comparing Aβ+ and
Aβ- groups and focused on age.

In patients older than 60 years, it was observed that the production of GABA is reduced while
glutamine increased in the group of patients with Aβ+, nevertheless, no statistically significant
differences between Aβ+ and Aβ- groups were detected, p-value = 0.164. In patients younger than
60 years, the medians of the measurements were very similar between the groups, no significant
differences was found, p-value = 0.741.

In this study, both groups are comprised of AD patients. Since to date, no data have been
obtained from other studies that analyze these neurotransmitters between the two groups (Aβ+
and Aβ-), some results obtained in other studies for these neurotransmitters comparing patients
with AD and healthy control subjects are described below.

In agreement with the non significant differences levels of glutamine between Aβ+ and Aβ-
obtained in this work, in a meta-analysis performed by Manyevitchm et al., 2018, a non-significant
increase in CSF glutamine levels were reported between AD patients and healthy control subjects
[81]. While Madeira et al, 2018 found a significant increased CSF levels of glutamine in patients
with probable AD compared with healthy control [325]. In contrast, descreased CSF levels in AD



4.3. METHOD APPLICATION IN CSF SAMPLES 79

patients were reported in the study of Hashimoto et al., 2016 [326]. While no significant changes
between AD patients and neurological controls were reported in the recent study of Tommaso et
al., 2021 [327].

A statistically significant difference between the levels of glutamine in CSF between Aβ+ and
Aβ- female patients was identified in our study, indicating higher levels of this analyte in the
females with Aβ+. In male patients, this significant differences were not identified. In contrast, no
gender differences in glutamine levels were found in the study performed by Madeira et al, 2018
[325].

The same analysis for GABA, no significant differences between Aβ+ and Aβ- patients were
identified in our work. In contrast, in the study performed by Manyevitchm et al., 2018, CSF
GABA levels were found to be significantly decreased in AD patients compared to healthy control
subjects [81].

However, in the analysis for ages, a statistically significant difference was identified in the levels
of GABA in the AD patients with 60 or older, showing increased CSF levels of this analyte in
the Aβ- group compared with the Aβ+. This could indicate that above 60, GABA reflects the
deposition of Aβ in the brain. However, more studies are needed to clarify these results.
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5. Conclusions

In the present work, the main objective was the development of an LC-MS/MS method, capable
of performing the measurement of target metabolites (choline, acetylcholine, glutamate, glutamine
and GABA) that characterizes the cholinergic and glutaminergic systems in CSF samples.

To achieve this purpose, the direct injection of individual analytes into the MS and LC-MS/MS
system was carried out as part of a method optimization stage. In this way, it was possible to
estimate the optimal conditions for each analyte in terms of chromatographic separation and an
adequate fragmentation in the MS, setting up the experiment in an HR-MRM mode. However,
when it was attempted to analyze all the analytes in a mix solution, a non-linear response was
observed of the analytes corresponding to the cholinergic system.

Therefore, in the next stages of the project, only the analytes of glutamate metabolism were
studied.

Moreover, a validation procedure was executed, and the following performance parameters were
assessed in solvent samples: linearity, working range, precision, accuracy, and analytical threshold.

In terms of linearity, the developed method proved to be capable of offering results directly
proportional to the concentration of the analytes in intervals of 0.05-1 pmol/μL for each compound.
Linearity assessment was also performed, not just based on the coefficient of determination (R2)
but also evaluating the residuals generated from the linear regression model. Likewise, a Mandel
test confirmed the linearity of the method, indicating that a simple first degree polynomial model
can be used to fit the data.

Once the heteroscedasticity of the residuals was found in the data of all molecules, a weighted
regression model was used to harmonize the variances. In this sense, weighting factors that best
fit the data of each molecule were chosen 1/x2 for both Glu and Gln; and 1/x for GABA.

The analytical method showed high precision under intermediate precision and repeatabil-
ity conditions, expressed by the low relative standard deviation (%RSD) values for all studied
molecules. Furthermore, the method demonstrated accuracy in measurements determinated for
each of the molecules. The limit of quantification in this method was: 0.02, 0.03, and 0.002
pmol/μL for glutamate, glutamine, and GABA, respectively.

After the validation procedure, it was tested if the compounds were detected correctly in the
matrix, CSF. Glutamine and GABA were detected and identified in CSF, in the case of glutamate,
matrix effects affected the ability of the method to measure it, so it was not possible to perform
the measurement of this compound. It is essential in future works to study possible improvements
to the method in order to reduce the matrix effects, with the purpose of improving its ability to
identify this molecule in CSF.

Finally, the analytical method was applied to CSF samples. Two study groups were used in
this project, samples from AD patients with positive or negative amyloid studies (Aβ+ and Aβ-).
With the help of statistics, it was possible to establish differences in the CSF levels measured
between the Aβ+ and Aβ- groups. Analyzing both groups, these differences were non-significant
in glutamine measurements (1.21-fold change, p-value = 0.109), while, interestingly, we found a
significant increase levels of this analyte in the females with Aβ+, fold change of 1.57 (p-value =
0.013). In addition, no age significant differences in glutamine levels were found in this study.

For GABA, non-significant differences were identified between the Aβ+ and Aβ- patients. Nev-
ertheless, in patients with 60 or older, a significant increased in the CSF GABA levels of the Aβ-
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group compared with the Aβ+ was found, reporting a fold change of 0.63, p-value = 0.006. On
the other hand, in the gender analysis, no differences were identified in GABA levels in this study.

Regarding to the significant increase in the ratio measurements of GABA/glutamine found in
the Aβ- group of females, it is likely that glutamine production increased while GABA increased
in Aβ- female patients, as a reflection of a hypothetical increased glutamate levels. However, to
suggest this it is necessary to have glutamate measurements and a full study of various metabolic
pathways should be performed. More studies are needed to clarify whether glutamine and GABA
differ or not in patients belonging to Aβ+ and Aβ- groups, furthermore, the study of how gender
and age influence the alteration of CSF levels of these neurotransmitters should be amplified.

Given neurotransmitter dysfunction has been linked to AD, its detection has become an impor-
tant factor in the diagnosis and control of the disease, as well as in the development of treatments.
This study represents a relevant contribution in their follow-up, by demonstrating to be able to
identify and perform a measurement of glutamine and GABA.
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Appendix

A.1 Materials and methods

Table A.1: Additional information about the analytes used in this project.

Compounds Properties Solvents Solubility Max Conc.
mg/mL

Choline
chloride

Mmi: 139.08
g/mol

ethanol soluble 28 mg/mL

Polar, XLogP3:
-0.4

water soluble 500 mg/mL

Acetylcholine
chloride

Mmi: 181.09
g/mol

DMSO soluble 18.17 mg/mL

XLogP3: 0.2 water soluble 18.17 mg/mL

L-glutamic
acid

Mmi: 147.05
g/mol

methanol insoluble 0.35 mg/mL

XLogP3: -3.7 ethanol soluble 36 mg/mL
water soluble 8.57 mg/mL

L-glutamine
Mmi: 146.07

g/mol
methanol insoluble 3.5 mg/100mL

Polar, XLogP3:
-3.1

water soluble 41.3 mg/mL

ethanol insoluble 46 μg/100mL

GABA
Mmi: 103.06

g/mol
methanol insoluble 1.2 ug/mL

Polar, XLogP3:
-3.2

water soluble 20 mg/mL

Mmi: Monoisotopic mass; DMSO Dimethyl sulfoxide. Source: PubChem Database
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A.2 Results and discussion

A.2.1 Method development

GABA-d6

Cho-d9

Ach-d9

Gln-d5

Glu-d5

Figure A.1: Declustering potential (DP) ramping from 0-300 V for Glu-d5, Gln-d5, GABA-d6,
ACho-d9 and Cho-d9.

Gln-d5 Glu-d5

Cho-d9

GABA-d6

ACh-d9

Figure A.2: Collision energy (CE) ramping for Glu-d5, Gln-d5, GABA-d6, ACho-d9 and Cho-d9,
in a range of 5 to 45 V.
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A.2.2 Compound identification and verification

a) c)b)

(a)

(b)

Figure A.3: Non-linear results obtained from a) ACh precursor ion m/z 87.05, and b) Cho m/z
60.08, at 0.07, 0.1 and 0.3 pmol/μL.

a)

b)

c)

Figure A.4: Representative LC-MS/MS chromatograms of the fragments monitored for glutamine,
a) m/z 84.05 b) m/z 130.05 and c) m/z 101.07.
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a)

b)

c)

d)

Figure A.5: Representative LC-MS/MS chromatograms of the fragments monitored for GABA, a)
m/z 87.05 b) m/z 69.03 c) m/z 45.04 and d) m/z 43.02.

a)

b)

c)

Figure A.6: Representative LC-MS/MS chromatograms of the IS fragments used in quantification
for a) GABA-d6 with m/z 93.08 b) Glu-d5 with m/z 107.09 and c) Gln-d5 with m/z 135.08.



A.3. METHOD VALIDATION 123

A.3 Method validation

A.3.1 Linearity

y = 0,8122x + 0,0671
R² = 0,9864

0
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0,3
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id
ua

ls

Concentration pmol/μL

Coefficients Standard Error (SE) t Stat t. crit p-value

a 0.067 0.046 1.47 2.31 0.533

b 0.812 0.034 24.11 2.31 0.000

R2 0.986

Sy/x 0.070

df SS MS F

Regression 1 1.37 1.36 99.70
Residual 8 0.11 0.014
Total 9 1.48

Figure A.7: Example of a linearity analysis of the fragment m/z 87.05 of GABA in the range of
0.01 to 4.003 pmol/μL.
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y = 1,9722x + 0,0139
R² = 0,9974

0
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Concentration pmol/µL

Coefficients Standard Error (SE) t Stat t. crit p-value

a 0.0139 0.024 0.58 2.57 0.589

b 1.972 0.045 43.46 2.57 0.000

R2 0.999

Sy/x 0.070

df SS MS F

Regression 1 3.34 3.34 1888.81
Residual 5 0.0088 0.0018
Total 6 3.35

Figure A.8: Example of a linearity analysis of the quantification fragment m/z 84.05 of Gln in the
range of 0.049 to 1.003 pmol/μL.
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y = 0.5511x - 0.0107
R² = 0.9998
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Concentration pmol/µL

Coefficients Standard Error (SE) t Stat t crit p-value

a -0.011 0.0019 5.77 2.57 0.002
b 0.551 0.0034 161.01 2.57 0.000
R2 0.999
Sy/x 0.0032

df SS MS F F crit p-value

Regression 1 0.28 0.27 25925.63 6.61 0.000
Residual 5 0.00 0.00
Total 6 0.27

Figure A.9: Example of a linearity analysis of the quantification fragment m/z 69.03 of GABA in
the range of 0.05 to 1.024 pmol/μL.



126 Appendix

A.3.2 Weighted least squares

Table A.2: Nominal concentrations and their respective sum of absolute relative errors calculated
using unweighted and weighted models with empirical weights 1/x, 1/x2, 1/y and 1/y2 for the fragment
at m/z 84.05 of GABA.

Nominal
concentration
(ßmol/μL)

Model 1
1/x0

(OLS)

Model 2
1/x

(WLS)

Model 3
1/x2

(WLS)

Model 4
1/y

(WLS)

Model 5
1/y2

(WLS)

0.05 27.42 19.07 14.14 16.24 9.85
0.07 13.95 12.50 15.34 14.41 17.67
0.1 12.57 11.70 13.00 12.76 13.42
0.3 8.02 8.58 7.88 8.59 7.93

0.503 12.21 11.90 11.32 11.82 12.84
0.805 8.96 8.74 8.98 8.63 9.12
1.024 4.19 4.53 6.39 4.68 8.57
Σ t%RE t 87.32 77.03 77.05 77.13 79.41
Mean R2 0.9989 0.9995 0.9988 0.9994 0.9983

Table A.3: Nominal concentrations and their respective sum of absolute relative errors calculated
using unweighted and weighted models with empirical weights 1/x, 1/x2, 1/y and 1/y2 for the fragment
at m/z 87.05 of Glutamine.

Nominal
concentration
(ßmol/μL)

Model 1
1/x0

(OLS)

Model 2
1/x

(WLS)

Model 3
1/x2

(WLS)

Model 4
1/y

(WLS)

Model 5
1/y2

(WLS)

0.049 17.19 16.81 14.58 14.17 8.98
0.069 32.60 18.11 18.98 19.78 22.50
0.098 19.88 12.19 11.95 13.54 14.30
0.296 20.72 21.08 20.70 20.70 20.87
0.492 15.64 15.11 14.52 14.97 15.25
0.789 16.60 17.05 17.35 17.37 16.70
1.003 7.46 6.87 6.44 6.61 7.18
Σ t%RE t 130.08 107.22 104.52 107.15 105.78
Mean R2 0.9973 0.9988 0.9975 0.9989 0.9970
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A.4 Method application in CSF samples

A.4.1 CSF samples

Table A.4: Complementary information on the CSF samples analyzed.

Nº Age Gender Grup

#05 50 F Aβ -
#06 54 F Aβ -
#07 55 F Aβ -
#08 58 F Aβ -
#09 59 F Aβ -
#10 59 F Aβ -
#11 60 F Aβ -
#12 60 F Aβ -
#13 61 F Aβ -
#24 60 F Aβ -
#27 46 M Aβ -
#28 57 M Aβ -
#29 57 M Aβ -
#30 60 M Aβ -
#31 62 M Aβ -
#32 63 M Aβ -
#33 64 M Aβ -
#34 68 M Aβ -
#35 68 M Aβ -
#36 70 M Aβ -
#38 49 F Aβ +
#39 54 F Aβ +
#40 55 F Aβ +
#41 57 F Aβ +
#42 60 F Aβ +
#43 65 F Aβ +
#44 68 F Aβ +
#45 70 F Aβ +
#46 71 F Aβ +
#47 71 F Aβ +
#48 71 F Aβ +
#52 54 M Aβ +
#53 55 M Aβ +
#54 58 M Aβ +
#55 62 M Aβ +
#56 64 M Aβ +
#57 69 M Aβ +
#58 78 M Aβ +
#59 80 M Aβ +
#60 64 M Aβ +

F – female; M – male
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Table A.5: Measurement of glutamine and GABA in Aβ- group

Nº Gln (area ratio) GABA (area ratio)

#05 2.69 0.03
#06 1.02 0.04
#07 1.26 0.03
#08 1.25 0.11
#09 1.56 0.04
#10 0.81 0.07
#11 0.51 0.06
#12 0.63 0.06
#13 0.87 0.05
#24 1.18 0.08
#27 1.87 0.04
#28 1.43 0.04
#29 1.20 0.04
#30 0.74 0.13
#31 1.68 0.04
#32 1.18 0.03
#33 1.55 0.06
#34 0.76 0.09
#35 1.23 0.06
#36 3.88 0.03

Table A.6: Measurement of glutamine and GABA in Aβ + group

Nº Gln (area ratio) GABA (area ratio)

#38 1.04 0.05
#39 1.43 0.04
#40 1.18 0.03
#41 1.72 0.04
#42 1.44 0.04
#43 1.85 0.03
#44 1.88 0.05
#45 2.16 0.06
#46 4.64 0.02
#47 4.51 0.05
#48 1.54 0.02
#52 2.39 0.04
#53 1.24 0.06
#54 1.08 0.07
#55 1.50 0.02
#56 0.80 0.05
#57 1.44 0.04
#58 1.76 0.02
#59 0.63 0.04
#60 1.13 0.03
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Table A.7: Analysis of variability in the areas ratios obtained for each ion monitored in glutamine
and GABA in the calibration curve. AR: area ratio

Parameters
Gln GABA

AR 130/84 AR 101/84 AR 69/87 AR 43/87

Mean 1.38 7.81 0.48 0.50
Standard deviation 0.06 1.65 0.02 0.03

% RSD 4.01 21.16 5.17 6.69

Table A.8: Statistic analysis of the data acquired for the measurement of glutamine in CSF samples
from patients with AD, with studies Aβ+ and Aβ-.

Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

Aβ+ 1.47 1.77 1.05 59.57 1.21 0.108
Aβ- 1.21 1.36 0.77 56.70

Table A.9: Statistic data analysis for the measurement of glutamine comparing females and males
from Aβ+ and Aβ-.

Gender Group Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

Females Aβ+ 1.72 2.12 1.25 58.90 1.57 0.013
Aβ- 1.10 1.18 0.62 52.54

Males Aβ+ 1.24 1.33 0.53 39.79 0.87 0.720
Aβ- 1.43 1.55 0.90 57.76

Table A.10: Statistic analysis of the data acquired for the measurement of GABA in CSF samples
from patients with AD, with studies Aβ+ and Aβ-.

Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

Aβ+ 0.04 0.04 0.01 33.86 0.87 0.056
Aβ- 0.05 0.06 0.03 46.98

Table A.11: Statistic data analysis for the measurement of GABA comparing females and males
Aβ+ and Aβ-.

Gender Group Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

Females Aβ+ 0.04 0.04 0.01 33.01 0.73 0.051
Aβ- 0.06 0.06 0.02 39.88

Males Aβ+ 0.04 0.04 0.02 36.52 0.98 0.497
Aβ- 0.04 0.06 0.03 55.83
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Table A.12: Statistical data analysis for ratios of measurements of GABA/Gln comparing Aβ+
and Aβ- groups.

Median (area ratio) Average Standard deviation % RSD Pvalue

Aβ+ 0.03 0.03 0.02 0.61 0.070
Aβ- 0.04 0.06 0.04 0.77

Table A.13: Statistical data analysis for ratios of measurements of GABA/Gln comparing females
and males Aβ+ and Aβ-.

Gender Group Median ( ratio) Average Standard deviation % RSD Pvalue

Females Aβ+ 0.03 0.02 0.01 0.50 0.038
Aβ- 0.06 0.06 0.04 0.62

Males Aβ+ 0.03 0.04 0.02 0.58 0.968
Aβ- 0.03 0.05 0.05 1.01

Table A.14: Statistic data analysis for the measurement of glutamine focused on the ages of the
patients in the groups Aβ+ and Aβ-.

Ages Group Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

≥ 60 Aβ+ 1.54 1.94 1.24 63.91 1.31 0.189
Aβ- 1.18 1.29 0.94 72.51

≤ 60 Aβ+ 1.24 1.44 0.48 0.33 0.99 0.918
Aβ- 1.26 1.45 0.56 0.38

Table A.15: Statistic data analysis for the measurement of GABA focused on the ages of the
patients in the groups Aβ+ and Aβ-.

Ages Group Median (area ratio) Average Standard deviation % RSD Fold change Pvalue

≥ 60 Aβ+ 0.04 0.04 0.01 36.45 0.63 0.006
Aβ- 0.06 0.06 0.03 44.54

≤ 60 Aβ+ 0.04 0.05 0.01 0.27 1.11 0.536
Aβ- 0.04 0.05 0.02 0.49
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Table A.16: Statistic data analysis for ratios of measurements of GABA/Gln focused on the ages
of the patients in the groups Aβ+ and Aβ-.

Ages Group Median (area ratio) Average Standard deviation % RSD Pvalue

≥ 60 Aβ+ 0.02 0.03 0.03 0.78 0.741
Aβ- 0.04 0.05 0.03 0.61

≤ 60 Aβ+ 0.04 0.04 0.02 0.49 0.164
Aβ- 0.03 0.04 0.02 0.45
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