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Abstract

An estimated 30 million people worldwide suffer from Alzheimer’s disease (AD), a
neurodegenerative disorder characterized by memory loss and progressive cognitive impairment.
Despite being the focus of enormous research efforts, there remains a lack of accurate pre-mortem
diagnosis and effective treatments against AD. While major discoveries have uncovered some of
the important pathophysiological processes underlying this disease, such as the aggregation of
amyloid protein plaques and neurofibrillary tangles in the brain, AD continues to evade detection
in its pre-symptomatic stages. One of the main hallmarks of AD pathology is a decrease in glucose
metabolism that originates in the hippocampus and precuneus brain structures, and eventually
spreads throughout the brain. Separately, there is increasing evidence that neuroinflammation
plays a role in AD pathogenesis, however it remains unclear whether neuroinflammation and

altered brain metabolism are linked.

Magnetic resonance spectroscopy (MRS) is a non-invasive imaging technique which can
be used to study neurochemistry and brain metabolism in vivo. Specifically, Carbon-13 (13C) MRS
enables quantitative assessment of cerebral metabolism such as tricarboxylic acid (TCA) cycling
and glutamate/glutamine neurotransmitter cycling rates. The aim of the current study is two-fold;
1) to investigate altered brain metabolism in a rat model of AD using 13C MRS, and 2) to determine
the effects, if any, of early treatment with the anti-inflammatory drug, Naproxen, on these

metabolic changes.

Three rat cohorts, each containing ten rats, were investigated in the study; a wild type

control cohort, a transgenic cohort with no treatment, and a transgenic cohort treated with



Naproxen from weaning up to 10 months of age. At 16-months of age, all three cohorts underwent
13C MRS imaging during an infusion of [1,6-13C] glucose. The rate of TCA cycle (Vrca), the
glutamate-alpha—ketoglutarate exchange rate (Vx), and the rate of neurotransmission (VNT) were
estimated by fitting the measured time courses of fractional 13C enrichment to a metabolic model.
Additionally, concentrations of seven metabolites (N-acetylaspartate, taurine, glutamate, myo-
inositol, glutamine, glutathione, glycerophosphocholine (GPC), and phosphocholine (PCh)) were

quantified, and concentrations of these metabolites were compared between groups.

Myo-Inositol levels were found to be elevated in both untreated and treated transgenic animals
relative to wild type animals, suggesting an increase in neuroinflammation. Similarly, there was
a significant increase in GPC+PCh concentrations in transgenic control animal relative to wild
type animals, but no significant difference was observed between wild type and treated
transgenic animals. This finding suggest that AD pathology is associated with elevated levels of
both myo-Inositol and GPC-PCh, but that early treatment with anti-inflammatory drugs is only
effective at reversing the elevations in GPC-PCh in a persistent way. 13C MRS revealed no
difference in metabolic flux rates between treated and untreated transgenic AD rats, but both
groups exhibited significantly lower Vrca and Vx fluxes relative to the wildtype group. The
observation of decreased Vtca in the AD cohorts is consistent with previous PET-based
literature of hypometabolism and the confirmation of altered TCA cycle metabolism could serve
as a potential biomarker for AD. Treatment with Naproxen did not rescue the impaired
metabolism in AD rats, suggesting that the metabolic impairments observed in AD are not linked

to neuroinflammation.



Résumé

Environ 30 millions de personnes dans le monde souffrent de la maladie d’Alzheimer
(MA), une maladie neurodégénérative caractérisée par une perte de mémoire et une déficience
cognitive progressive. Malgré les efforts considérables déployés en matiére de recherche, le
diagnostic pré-mortem précis et les traitements efficaces contre la MA font toujours défaut. Bien
que des découvertes majeures aient mis au jour certains des processus physiopathologiques
importants a l'origine de cette maladie, tels que 1'agrégation de plaques de protéines amyloides et
d'enchevétrements neurofibrillaires dans le cerveau, la MA continue a échapper a la détection a
ses stades pré-symptomatiques. L'une des principales caractéristiques de la pathologie de la MA
est une diminution du métabolisme du glucose, qui prend naissance dans les structures cérébrales
de I'hippocampe et du précunéus et se propage éventuellement dans tout le cerveau. Séparément,
il est de plus en plus évident que la neuroinflammation joue un réle dans la pathogenése de la
MA, mais les liens entre neuroinflammation et altération du métabolisme cérébral ne sont pas
bien compris.

La spectroscopie a résonance magnétique (MRS) est une technique d'imagerie non
invasive qui peut étre utilisée pour étudier la neurochimie et le métabolisme cérébral in vivo.
Spécifiquement, le carbone 13 (13C) MRS permet une évaluation quantitative plus poussée du
métabolisme cérébral tel que le cycle de l'acide tricarboxylique (TCA) et les taux de cyclage des
neurotransmetteurs glutamate / glutamine. Le but de la présente étude est double. 1) étudier le
métabolisme cérébral altéré dans un modele de MA de rat utilisant le MRC 13C chez le rat, et 2)
déterminer les effets éventuels d'un traitement précoce par le naproxéne, un médicament anti-

inflammatoire, sur ces modifications métaboliques.



Trois cohortes de rats, contenant chacune dix rats, ont été étudiés dans 1’étude; une
cohorte de controle de type sauvage, une cohorte transgénique sans traitement et une cohorte
transgénique traitée au Naproxen du sevrage jusqu'a 1'age de 10 mois. Les trois cohortes ont subi
une imagerie MRS 13C au bout de 16 mois avec une perfusion de glucose [1,6-13C]. Le taux de
cycle de TCA (VTCA), le taux d'échange de glutamate-alpha — cétoglutarate (VX) et le taux de
neurotransmission (VNT) ont été estimés en ajustant 1'évolution temporelle mesurée de
l'enrichissement en 13C fractionnaire sur un modéle métabolique. En outre, les concentrations de
sept métabolites (N-acétylaspartate, taurine, glutamate, myo-inositol, glutamine, glutathion,
glycérophosphocholine (GPC) et phosphocholine (PCh)) ont été quantifiées et les concentrations
de ces métabolites ont été comparées entre les groupes.

Les niveaux de myo-inositol étaient élevés chez les animaux transgéniques traités et non
traités par rapport aux animaux normales, ce qui suggere une augmentation de la
neuroinflammation. De méme, il y avait une augmentation significative des concentrations de
GPC + PCh chez I'animal témoin transgénique par rapport aux animaux de type sauvage, mais
aucune différence significative n'a été observée entre les animaux transgéniques de type sauvage
et traités. Le 13C MRS n'a révélé aucune différence dans les taux de flux métaboliques entre les
rats AD transgéniques traités et non traités, mais les deux groupes présentaient des flux de
VTCA et de VX nettement inférieurs a ceux du groupe de type sauvage. L'observation d'une
diminution de la VTCA dans les cohortes de DA est conforme a la littérature antérieure sur
I'hypométabolisme basée sur la PET et la confirmation de la modification du métabolisme du
cycle du TCA pourrait servir de biomarqueur potentiel pour la MA. Le traitement au naproxéne
n'a pas permis de rétablir le métabolisme altéré chez les rats atteints de la MA, ce qui suggere

que les altérations métaboliques observées dans la MA ne sont pas liées a la neuroinflammation.
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Chapter 1: Introduction and Literature Review

1.1 Alzheimer’s Disease

1.1.1 Background

Dr. Alois Alzheimer first published his famous case study of Auguste Deter back in 1906.
Ms. Deter was initially presented to the German Institution for the Mentally 111 with symptoms of
impaired memory recall, loss of consciousness and motor function. After her death in 1906, post-
mortem staining of her brain revealed what Alzheimer described as senile plaques and
neurofibrillary tangles, which remain to be present-day hallmarks of Alzheimer’s Disease.
Alzheimer's disease (AD), is a neurodegenerative disorder and the leading cause of dementia in
late adult life. The World Health Organization estimates that there are currently 50 million cases
of dementia globally, of which 60%-70% are caused by AD pathologyi. Due to continuous
increases in life expectancy, the proportion of people older than 65, who are most at risk of
developing AD, has increased from 7% to 12%; as a consequence, rates of AD are projected to
double every 5 years2. An increase in prevalence will accordingly accelerate the socio-economic
burden of AD on society, which is already substantial; In 2015, the cost of AD on the US economy
was estimated to be $226 billions. Clinically, AD is associated with early symptoms of short-term
memory impairment, leading to deficits in other cognitive domains, such as language and motor
functions with disease progression4. After initial presentation of symptoms, AD leads to the death

of affected individual in anywhere from three to nine yearss.

AD can develop in two forms, sporadic and familial. Familial AD (FAD) is the hereditary

form of AD caused from mutations of one of the three major genes: amyloid precursor protein

(APP), Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2). However, over 99% of cases of AD is
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sporadic (SAD) without any familial link, and is hypothesized to develop due to a combination of

environmental, and life style factors, with age being the single greatest risk factors.

Pathologically, AD is characterized by the formation of intracellular neurofibrillary tangles
and extracellular amyloidal protein deposits contributing to senile plaques; however, these
processes are not selective for cases of AD dementia alone. Despite over a century of research,
there is a lack of both accurate pre-mortem diagnosis and effective treatment for AD. Currently
available treatments such as acetylcholinesterase inhibitors aim to decelerate disease progression
and minimize symptoms severity but have no etiological impact on the disease. The non-
availability of effective treatment stems from a lack of knowledge on the mechanisms of how
factors such as neurofibrillary tangles and plaques contribute to disease progression. A review of
current literature shows a myriad of other pathways as potential processes that contribute to AD
including genetics, oxidative stress, dysfunctional calcium homeostasis, hormonal, inflammatory-
immunologic, and cell cycle dysregulation7. However, by far the most studied and central theory
remains to be the amyloid cascade hypothesis along with the tau hyperphosphorylation as the

major pathogenetic mechanisms.

1.1.2 Amyloid beta

Amyloid beta (AP) is a naturally occurring peptide in the human body that is derived from
the proteolytic cleavage of amyloid precursor membrane protein (APP), expressed both in brain
cells, and in peripheral organs. AP levels are known to be elevated in AD patients when compared
to cognitively normal individualss. There are two main forms of AP expressed after APP cleavage;

AP42, the most aggregation-prone and neurotoxic form and AP40, which is nine times more
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prominent than AB42 in the brains. Under normal conditions, clearance of AP from the brain occurs
through either phagocytosis or endocytosis by phagocytes and microglia. However, evidence from
studies of cerebral spinal fluid suggests that the normal AP clearance pathways are disturbed in
AD patients, thus providing a possible mechanism for pathological A accumulationio. CSF levels
of AP42 are significantly lowered in AD patients, reflecting its accumulation into plaques,
neuronal damage and degeneration, and neocortical neurofibrillary pathologyo. Additionally, APP
and PSEN1/2 mutations, responsible for FAD, bias the cleavage of APP to lead to an increase in
toxic AP42 species production compared to AB40. It is hypothesized that the increased ratio of
AP42 to AP40 facilitates tau hyperphosphorylation, disrupts mitochondrial function, and
dysregulates calcium homeostasis, resulting in synaptic failure, cognitive dysfunction and
ultimately cell deathii-13. The amyloid cascade hypothesis posits that amyloid plaques formed by
aggregates of uncleared AP peptide are the primary feature of AD pathology. Pharmacological
approaches aimed at reducing the cerebral AP load in AD mice have successfully decreased
synaptic loss and the rescue of memory deficits in behavioral tasks, but these effects were not

replicable in humansi4,1s,16.

More recent work showed substantial evidence opposing amyloid accumulation being the
central event in AD pathogenesis. Accumulation of AP naturally occurs with aging in both
asymptomatic and symptomatic elderly patients, and is not correlated with cognitive decline or
neuronal loss, preventing it from classifying disease pathology17,18. Positron emission tomography
(PET) scans have repeatedly demonstrated many individuals who have significant amyloid plaque

burden do not show symptoms of memory impairmentio. While it remains to be seen whether A3
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is the cause or a by-product of AD progression, there is no question that it plays a pivotal role in

AD pathology.

1.1.3 Tau Pathology

Tau is a highly soluble microtubule-associated protein (MAP) that interacts with tubulin to
stabilize microtubule assembly in the brain, facilitating synapse formation and neuronal growth.
There are six different tau isoforms, each with own physiological role and are modified post-
translationally via a multitude of mechanisms. Of these modifications, phosphorylation of tau has
been well defined to play a role in AD pathology where all six tau isoforms are present in an often
hyperphosphorylated state in intraneuronal aggregates known as neurofibrillary tangles (NFTs).
The tau hypothesis of AD states that excessive or abnormal phosphorylation of tau results in the
formation of NFTs which negatively regulates microtubule assembly. Furthermore,
hyperphosphorylated tau disassembles existing microtubules by sequestering unphosphorylated
tau and microtubule associated protein 1 and 2 (MAP1/2), leading to neurofibrillary degeneration
and neuronal cell death. However, the interplay between tau pathology and the accumulation of
amyloid is not understood. Several lines of evidence indicate that amyloid peptide causes initial
tau hyper-phosphorylation and that the two proteins act synergistically to cause cell death2o. In a
3xTg-AD mouse model containing human APP, PS1, and tau mutant transgenes, the appearance
of AP precedes tau tangle formation, supporting tau pathology as a downstream event of amyloid
pathology21. In the same study, removal of intraneuronal AP via immunotherapy led to the removal
of early phosphorylated aggregates of tauz2. Additionally, AP oligomers act in a self propagating
fashion by inhibiting proteasome function resulting in further accumulation of AP and tau2s.

Hyperphosphorylation and aggregation of tau in neurons have also been demonstrated to cause
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downstream secondary pathways involving inflammation, autophagy impairment, and impediment
of axonal transport24. However, APP and APP/PS1 mice without tau mutation produce elevated
levels of AP, without showing any evidence of tangle formationzs.

Interestingly, PET studies have found NFT accumulation to precede plaque deposition in
human AD, contradicting the amyloid theory of tau phosphorylationzs. In fact, tau pathology
correlates much better than plaques with the clinical picture of neurodegeneration in AD27,28. It is
evident that further research is required in the roles of these biomarkers, however a new direction

considering their possible interactions and synergistic effects in AD should be considered.

1.1.4 Glucose Metabolism

Glucose is the primary energy source for the mammalian brain, which consumes around
25% of the body’s glucose levels to produce adenosine tri-phosphate (ATP) for its normal
physiological function2e. Glucose consumption can therefore serve as an indicator of synaptic
activity, the loss of which is one of the main features of AD. A reduction in glucose metabolism
is a recognized hallmark of neurodegeneration and appears years before cognitive symptoms,
making it an attractive potential biomarker for early detection of AD3o. Cerebral metabolism of
glucose typically takes place via aerobic cellular respiration through a series of steps consisting of
glycolysis and the tricarboxylic acid (TCA) cycle (Fig 1). Briefly, glucose is transported through
the blood brain barrier and undergoes glycolysis, converting it into pyruvate via a series of
intermediate metabolites. Pyruvate then enters the mitochondria and undergoes oxidation by the
enzyme pyruvate dehydrogenase, combining with coenzyme A to form acetyl coenzyme A (acetyl
CoA). Acetyl CoA enters the TCA cycle, and is further metabolized to eventually produce 30-32

ATP molecules which are used to drive almost every energy-requiring reaction in the cell.
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One of the metabolic intermediates in the TCA cycle, a-ketoglutarate (a-KG), can be
converted via a reaction with glutamate dehydrogenase to form the predominant neurotransmitter
glutamate. Glutamate is the major excitatory neurotransmitter, accounting for over 90% of all
synaptic connections in the human brain. As such, disturbances of glutamate pathways in the
nervous system are commonly observed in neurodegenerative disorderssi-33. It is hypothesized in
the case of AD, altered glutamate synaptic activity could stem from a decrease in de-novo
glutamate synthesis from glucose as result of altered glucose metabolism. Indeed, PET studies
using the fluorodeoxyglucose (FDG) tracer have found decreases in the rate of cerebral glucose
metabolism in the hippocampus, and posterior cingulate to precuneus regions of the brains4. These
results have been replicated in studies using standard 1H MRS which showed increased
concentrations of glucose and decreased concentrations of downstream metabolites such as
glutamate and glutamine, suggesting lowered metabolismss-37. This pattern of hypometabolism is
consistently found in the vast majority of clinically diagnosed AD patients, and in over 85% of
pathologically confirmed AD cases3s. Furthermore, unlike amyloid plaque loads, glucose
hypometabolism in regions like the precuneus and posterior cingulate has been shown to correlate
with cognitive impairmentso-41. Longitudinal studies have also demonstrated that impaired glucose
metabolism is a good predictor of disease progression from MCI to AD4243. However, FDG-PET
is limited in its ability to link these changes in neuronal energy production with their effects on
downstream neurometabolic pathways such as the conversion from glucose to glutamate and
glutamine. The [18F] FDG glucose analog cannot be metabolized and remains trapped in tissue
until after the radioactive 18F label undergoes positron decay, after which the remaining FDG
becomes glucose-6-phosphate with a heavy oxygen which is able to be metabolized44. Since

metabolism occurs only after positron decay, the signal from PET imaging only reflects the uptake
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of the [18F] FDG label and its phosphorylation by the hexokinase enzyme. As such, there is a need
for another method to look at downstream processes in glucose metabolism to establish its role in

AD pathology and potential as a biomarker.

1.1.5 Neuroinflammation

Separately, studies have shown evidence for early neuroinflammation in AD patients. It
has been hypothesized that excessive inflammation is the link between A aggregation and its
downstream comorbidities, such as tau hyperphosphorylation, in AD4s. Data from transgenic
models indicate that activation of the complement system and cytokines occur as a result of AP
aggregation and that many of these inflammatory mediators such as cyclin-dependent kinase 5 that
are up-regulated by AP can serve to increase tau pathology4e,47. Furthermore, these inflammatory
responses produce reactive oxygen species, which damage cell membranes and lead to
neurodegeneration4s 49. Excessive activation of microglia is also a well-documented feature of AD
pathology, whereby the macrophages secrete proinflammatory molecules in close proximity of
amyloid beta plaques, resulting in neuroinflammation and neurodegenerationso-s2. However, the
link between neuroinflammation and altered brain metabolism, if any, is not well understood. One
hypothesis is that early neuroinflammation contributes to neuronal damage, which gives rise to
later metabolic impairments. As such, nonsteroidal anti-inflammatory drugs (NSAIDs) have been
considered to have possible therapeutic value in treating symptoms of AD through cyclooxygenase
(COX) inhibitions3. COX genes are responsible for the synthesis of prostaglandins, which are lipid
compounds responsible for vasodilation, inflammation, and anaphylaxis pathways. NSAIDs have
been found to help mitigate amyloid deposition and tau hyperphosphorylation, reduce

inflammation and improve cognitive performance in a triple transgenic AD mouse modelss. The
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therapeutic benefits of NSAIDs has become the target of clinical research in humans. Specifically,
the NSAID Naproxen has gained traction over the years by showing potential to postpone or inhibit
AD symptoms. Naproxen’s mechanism of action revolves around non-selectively inhibiting both
COX-1 and COX-2 genes thereby limiting the synthesis of prostaglandin and reducing
inflammationss. The drug has undergone two AD prevention trials which show a possible benefit
against cognitive decline if it was taken during the pre-symptomatic phase of the diseasess. Further
research is required to investigate the components of inflammation involved in AD pathology, and

in determining appropriate therapeutic targets.

1.1.6 Rodent Models of AD

The development of genetically modified animal models of AD has greatly contributed to
our overall understanding of the genome-associated pathologies of Alzheimer’s. Most transgenic
models of AD are mice due to the ease of genetic manipulations7. To date, a complete transgenic
model that fully captures all aspects of AD has not been identified, however existing models can
reliably reproduce specific hallmarks of AD which can be experimentally tested for potential
therapeutic interventions. As the etiology of idiopathic AD is unknown, animal models have relied
on using genetic mutations associated with FAD such as APP and PSEN1, with the rationale that
downstream pathology of the initial genetic trigger are quite similar to SAD. Most transgenic mice
with mutant APP develop pathology that is similar to that found in the human brain, including A
accumulation into extracellular plaques and elevated levels of Ap42ss. Furthermore,
immunocytochemistry experiments have found that AP plaques found in the brains of AD
transgenic mice are structurally similar to those found in the human brainse. Most AD transgenic

models successfully replicate memory impairments, with cognitive deficits strongly correlative to
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the appearance of extracellular plaques, further supporting the validity of animal models of ADso.
Memory-based learning tasks such as the Morris water maze, fear conditioning or the radial arm

water maze are typically used to test for cognitive acuitysi.

Despite these similarities, critics have questioned the translatability of rodent model results
to humans due to two major factors. Firstly, these transgenic rodents have failed capture tau
pathology, specifically the formation of NFTs, the other hallmark marker of human ADs2. The
mouse genome lacks the expression of a class of tau isoforms found in humans, and NFT formation
could only be replicated by expressing additional mutated human tau genes. These multigenic AD
transgenic models do develop NFTs similar to those seen in human brain, with AP pathology
seeming to precede the onset of tau pathology, consistent with the amyloid cascade hypothesises.
The development of these models allowed for longitudinal investigations of the effects AP and tau
has on behavioral measurements of cognitive decline. However, it is important to note that the
employed tau mutations do not occur naturally in either the SAD or FAD forms of human AD, and
therefore the development of tau-related toxicity in these rodent models could be argued to poorly

reflect true AD pathology.

Secondly, as the models carry mutations found in FAD, it is obvious that they are not
representative of late onset SAD, which affects more than 99% of AD patients. Despite sharing
similar pathological features in the late stages of disease progression, FAD has an earlier disease
onset, at around 40-50 years of age, and exhibit different disease pathologies compared to SADs4.
Furthermore, transgenic mouse models fail to exhibit frank neuronal death which is present in
FADss. In addition, cognitive decline in these models is reversible by pharmacological reduction
of AP which does not occur in humans. While transgenic models are a great tool to investigate the

underpinning complexities of AD pathology, models that better encapsulate all aspects of the
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disease needs to be developed to draw conclusions about therapeutic benefits. Recently, the
transgenic TgF344-AD rat model of AD strain was developed by Cohen et al, which expresses all
of the major hallmarks of human AD; AP plaque build-up, tau protein pathology, behavioral
deficits, memory loss, and frank neuronal loss in the cerebral cortex and hippocampuses. This
transgenic rat is created by expressing a Swedish mutated version of the human APP and the
deletion of exon 9 in the human PSEN1 gene without additional insertion of mutated human tau
gene, both increasing the production of oligomeric amyloid betas7. Neuronal loss as well as
behavioral deficits are apparent by 16 months of age where memory related learning deficits in
tasks such as the Morris water maze and Barnes maze were exhibitedes. Rats in general exhibit far
greater cognitive complexity compared to mice, making the TgF344-AD rat model promising for

further AD research.

1.2 Magnetic Resonance Spectroscopy

1.2.1 Background

In vivo magnetic resonance spectroscopy (MRS) is a specialized non-invasive, radiation-free
imaging technique that has been used to study metabolic changes in brain tumors, strokes, seizures,
and other neurological diseases. It has also been used to study the metabolism of other organs such
as muscles and tissues. Proton (1H)-MRS is frequently used in a research setting in complement
with the more common magnetic resonance imaging (MRI) technique. Both methods utilize the
same underlying principles by typically acquire signal from hydrogen protons; MRI acquires
signal primarily from protons which reside within water and fat whereas 1H-MRS acquires the
signal from protons attached to less concentrated molecules. MRS typically acquires its signal

from a single localized region, referred to as a voxel, and allows for quantification of the relative
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concentrations of a variety of metabolites. As MRS techniques suppress the large signals from
water and fat, they can detect low millimolar concentration metabolites, making them ideal for
studying cerebral metabolism. Different metabolites exhibit different NMR resonance frequencies
based on their local chemical environments. These frequency differences are referred to as
chemical shifts (8) and are expressed in parts per million of the Larmor frequency, allowing for
their identification. Once a localized NMR signal has been detected, a Fourier Transform (FT) of
the signal decodes the frequency information contained in the time domain signal to reveal one or

more spectral peaks corresponding to the metabolites in the selected voxel.

1H MRS has been used extensively to study metabolic alterations in Alzheimer’s disease
in both humans and animal models. The specific metabolite changes observed include: increased
myo-Inositol (Ins), reduced N-acetyl aspartate (NAA), reduced glutamate, and reduced glutamine.
Elevated level of myo-Inositol is thought to be linked with heightened glial and microglial activity,
reflecting increased neuroinflammation in AD pathologyss. As NAA is observed in high

concentration in neuronal tissue, its decrease is thought to represent neuronal or axonal loss7o.

1.2.2 Carbon-13 MRS

In order to study cerebral energy metabolism and neurotransmission in vivo, a technique
known as 13C spectroscopy can be used. Similar to how 1H MRS looks at the signal from protons
attached to other molecules, 13C MRS looks at the signal generated from the 13C isotope of carbon.
Following the infusion of a 13C labelled substrate, 13C MRS is able to follow the substrate through
its metabolic pathway and quantify the concentration of downstream intermediate metabolites, as
well as the flux rates of the metabolic processes. Carbon-13 spectroscopy is less commonly

performed due to its increased experimental complexity; 13C has a low isotopic abundance of 1.1%,
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resulting in a signal that is small and hard to detect when compared to 1H MRS and requires
dedicated hardware. However, the low natural abundance also makes 13C MRS the ideal technique
to investigate cerebral metabolism as there is virtually no background signal from naturally
occurring 13C. The process of 13C MRS based metabolic studies can be divided into four steps; the
infusion of the 13C labelled substrate, the actual detection of the NMR signal, quantifying the
spectral peaks and fractional enrichment of metabolites and finally metabolic modelling to
estimate the metabolic fluxes. Recently, 13C MRS has been used to study altered cerebral
metabolism in the ABPP-PS1 mouse model of AD71. Ex-vivo NMR analysis was performed using
brain tissue extracts and found reductions of neuronal glucose oxidation and neurotransmitter

cycling fluxes of glutamatergic neurons in the cerebral cortex and hippocampus of AD mice.
1.2.3 Labeling Pathway

As glucose is the primary source of cerebral energy metabolism, it is the optimal substrate to infuse
and has been used extensively in 13C studies. The 13C label typically replaces either the 1st carbon
position in [1-13C]-glucose or both the 1st and 6t carbon in [1, 6-13C]-glucose. The biochemistry
of the labelled glucose remains the same allowing the 13C signal to be followed through both
glycolysis and the neuronal TCA cycle where the 13C label is transferred onto the 4 carbon of
glutamate, [4-13C]-glutamate on the first turn of the TCA cycle, and the 2nd and 3rd carbon [2-
13C]/[3-13C]-glutamate on the second (Fig 1). As the conversion of glucose into pyruvate is
symmetrical, the labelling pattern of downstream metabolites through glycolysis and TCA does
not differ whether you use [1-13C]-glucose or [1, 6-13C]-glucose; however, the 13C labeling will

double with [1, 6-13C]-glucose and therefore increase detection sensitivity.
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Figure 1: Glucose Metabolism Pathway
Overview of the steps of cerebral glucose metabolism as well as the conversion from glucose into glutamate

and glutamine. Transfer of the 13C label into intermediate metabolites is shown in red.
Abbreviations: TCA cycle, tricarboxylic acid cycle; a-KG, alpha ketoglutarate; Vx, flux of a-KG to
glutamate; Vrca, flux of TCA cycle; Vnr, flux of glutamate to glutamine.

1.2.4 NMR Detection

13C NMR signals can be detected either directly, or indirectly through attached protons.
Direct 13C NMR detection provides increase spectral resolution as the chemical shift for 13C extend
over a wide range from 0 to over 200 ppm, allowing for close-by neighboring peaks to be easily

resolvable even at lower magnetic field strengths. Multiple experiments have shown direct 13C
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Figure 2: Direct 13C MRS Spectra. Reprinted from /n vivo 13C MRS in the mouse brain at 14.1
Tesla and metabolic flux quantification under infusion of [1,6-13C2] glucose, by Lai et Al,
October 19, 2017.
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MRS resolving glutamate and glutamine at C2, C3, and C4 positions, as well as aspartate and

GABA at positions C2 and C372-74 as seen in Figure 27s.

Indirect 1H-[13C] NMR detects instead the protons attached to the 13C nuclei, whose signal
can be isolated by virtue of heteronuclear J-coupling. Most indirect 1H-[13C] pulse-sequence
incorporate heteronuclear J-difference editing to specifically select signals from 13C coupled
protons, combined with heteronuclear decoupling, which collapses the signal from the J-coupled
satellite peaks, to detect the full 13C-coupled proton signal at its original frequency7s. This
approach is sometimes called “proton-observed carbon-edited” spectroscopy, or POCE MRS

outlined in Figure 3. Essentially, the sequence utilizes a specific echo time to take advantage of

N A
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Figure 3: 1H-[13C] POCE MRS Spectra

Spectra data from both the in phase 12C+13C signals (Edit Off) and out of phase 13C signal (Edit On) are
shown. Subtraction of these two scans result in a difference spectrum reflecting only the signal from 13C
coupled spins shown at the bottom.
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the 13C proton’s scalar evolution phenomenon by producing two scans; one scan in which both
coupled and uncoupled proton signals are in phase (Edit Off) and a second scan in which 13C-
coupled proton signals are exactly 180 degrees out of phase (Edit On). Subtraction of these two
scans results in only the signal from protons experiencing a heteronuclear H-13C coupling. The
advantage of using indirect detection method is that proton has a larger gyromagnetic ratio
approximately four times greater than 13C, resulting in a higher precession frequency and
significantly higher sensitivity at the same magnetic field strength. However, this comes at the cost
of spectral resolution as even at higher fields of 7T, resolving glutamate and glutamine C3

continues to be problematic with indirect methods.
1.2.5 Peak Quantification

Spectral quantification is typically done using the LCModel software which fits the
acquired spectrum to a linear combination of individual metabolite basis spectra in order to
estimate the relative concentrations of each metabolite. Absolute quantification of metabolite
concentrations can then be achieved by comparing each metabolite’s signal intensity against that
of an internal reference such as water or creatine, the concentrations of which are approximately
known or can be assumed. The quantification of 13C label incorporated into metabolites can be
expressed as a fractional enrichment (FE) which is defined as the concentration of label 13C in the
metabolite divided by the summed concentrations of 13C and 12C in the metabolite. The time
courses of [4-13C]-glutamate and [4-13C]-glutamine FE following 13C labelled substrate infusion
can then be calculated by dividing the amount of labelled signal by its original pre-infusion value
at each time point. The fractional enrichment of these metabolites can then be used in metabolic

modelling to calculate the rate of labeling as a measurement of metabolic flux.
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1.2.6 Metabolic Modelling

To quantitatively measure the fluxes of these metabolic pathways, a mathematical model
of the underlying labeling processes must be developed to fit the measured fractional enrichments.
Most metabolic models of cerebral glucose metabolism assume that all influxes into the system
equals to its effluxes and that the size of metabolic pools remain constant77. A series of differential
equations can then be written to describe the transfer of the 13C label from glucose to the detected
metabolites namely glutamate and glutaminess. The number of equations written, and which
specific pathways are tracked is determined by the model adopted to best reflect what is being
experimentally measured. Two primary models are used in literature for in vivo 13C NMR; a single-
compartment model that examines the metabolic pathway of 13C label transfer from glucose to C4
and C3 glutamate occurring in neurons (Fig 1), and a more complex two-compartment model that
incorporates both neuronal and astrocyte contributions to glucose metabolism73. As the TCA cycle
is believed to be a predominantly neuronal process, the one compartment model can robustly
measure TCA cycle flux (V1ca) and the rate of transfer from alpha ketoglutarate to glutamate (Vx)
by inputting the measured [3-13C]- and [4-13C]-glutamate concentrations79. The exchange from the
labelled glutamate pool to glutamine pool (Vnt) is then modelled using the measured time courses
for labelled C3, C4 glutamate and C3 and C4 glutamine as well. The two-compartment model
differs by considering the neuron and astrocyte as separate compartments, in order to have a greater
overview of the entirety of the downstream metabolic pathways, especially the labeling of the
glutamine pool which is thought to occur predominantly in astrocytesso. This model typically
requires the addition of a complete glial compartment with its own TCA cycle as well as multiple
other flux equations. While this model provides a more complete picture of the breakdown of

glucose, it is much more complex and relies on assumptions for the respective contributions of
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neuronal and glial cells to each cycle’s flux. As the number of free parameters increases with the
glial component, the robustness of the model is more dependent on the amount of experimental
data needed, such as labelling of C3 and even C2 carbons of glutamate and glutamine which
requires either a direct 13C approach, or extremely high fieldssi. Two compartment model 13C MRS
experiments may also be employed following the infusion of 13C labelled [2-13C]acetate or [1, 2-
13C] acetate which is known to be mainly metabolized in astrocytes in order to quantify both
neuronal and astrocyte compartmentss2,83. In both cases, the robustness of the model should be
tested with Monte-Carlo simulations where noise is introduced at random to the measured
fractional enrichment values through hundreds of iterations to estimate the standard deviation and
degree of confidence for the estimated fluxes. Regardless of which model is used, an input function
for the substrate entry in the brain is required. This is typically done by collecting samples of
arterial blood to determine the concentration of 13C labelling in the plasma followed by modelling
using reversible Michaelis-Menten equations to estimate the amount transported through the blood
brain barriers4,85. 13C MRS studies using both models have shown that it is feasible to study
cerebral metabolic fluxes in rodents, primates, and humans and the technique is starting to be

implemented to research neurotransmission disease pathologiesss-9o.
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Chapter 2: The Current Study

2.1 Rationale for Study

The overall rationale of this project is to investigate altered brain metabolism in a rodent
model of AD. As mentioned above, previous studies using FDG-PET, have found lower glucose
uptake in AD patients compared to healthy controls, suggesting lower total glucose metabolism.
However, the specific downstream metabolic alterations remain poorly understood. In this study,
we will use 13C MRS to investigate alterations in specific downstream glucose metabolism
pathways in a rodent model of AD. This work will contribute significantly to the field of AD
research by developing non-invasive imaging tools for assessment of disease status, and evaluation
of therapeutic efficacy in animal models; discoveries which will ultimately be translatable to

human AD patients.

2.2 Specific Aims and Hypotheses

The first specific aim of this study is to perform 1H MRS to investigate differences in
metabolite concentrations between wild type and the TgF344-AD transgenic rats. Based on
previously published 1tH-MRS studies in AD rodent models, I hypothesize that the transgenic rats

will exhibit elevated Ins levels and lowered NAA concentrations compared to wild type animals.

The second specific aim of the study is to apply indirect 1H-[13C] MRS to detect alterations
in energy metabolism and neurotransmitter cycling rates in the TgF344-AD rat model of AD. I
hypothesize that TgF344-AD rats will exhibit reduced TCA cycle and glutamate/glutamine

neurotransmitter cycling rates relative to wild type rats.
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The third specific aim of this study is to investigate the effects of pre-symptomatic
Naproxen treatment on metabolic changes in the same rat model of AD. In vivo 13C MRS studies
of Naproxen treated subjects could lead to a deeper understanding linking effects of
neuroinflammation and the neuronal metabolic alterations present in AD pathology. Therefore, we
aimed to test the effects of neuroinflammation by studying brain metabolism in AD rodents with
and without anti-inflammatory treatment. If metabolic impairments are caused by early
neuroinflammation, then we would expect rodents treated with Naproxen to have less metabolic
impairment compared with untreated rats. I hypothesize that early treatment of Naproxen on this
rat model of AD will protect them from reductions in both TCA Cycle flux rates, as well as
glutamate glutamine neurotransmission rates.

The experimental study design is shown below in Figure 4. After weaning, the transgenic
treated cohort underwent Naproxen treatment until 10 months of age to test for presymptomatic
treatment benefits. Significant AD pathologies expressed in the transgenic rats are listed at the 6,

15, and 16-month time points. All three rat cohorts underwent 13C MRS scans at 16 months of age.
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Figure 4: Study Design
Timeline of the three rat cohorts in the study is shown. Pathological timepoints are obtained from the
TgF344-AD rat model described in section 1.1.6 Rodent Models of AD.
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Chapter 3: Methodology
3.1 Animal Preparation

Three different cohorts (wild type, untreated transgenic, and Naproxen treated transgenic)
with ten rats per group were used for the experimental design of this study. Wild type rats were
bred from Fischer 344 (F334/NHsd) male and females. To obtain transgenic rats, hemizygous male
TgF344-AD rats on a Fischer 344 background were bred with homozygous F344/NHsd wildtype
females. The offspring of these breeding pairs were genotyped by collecting tail samples, and only
the hemizygous transgenic offspring were studied. The TgF344-AD model is a double transgenic
line that expresses both the “Swedish” mutant human APP (APPswe; APP KM670/671NL) and
deletion of exon 9 mutant human presenilin-1 (PS1AE9). For the transgenic strain, rats were split
into a transgenic treatment group to receive Naproxen and a transgenic control to receive no
treatment. Beginning at one week of age, rats in the treatment group were administered Naproxen
orally through their chow, which was formulated with a concentration of 375 ppm. Naproxen
treatment continued until 10 months of age, at which point it was stopped. 13C MRS scans for all
three cohorts took place at 16 months of age, when TgF344-AD rats exhibit amyloid and tau
pathologies and behavioural deficits are fully developed. Typically, female rats weighed between
200-300g and male rats weighed 500-600g by the time of scanning, and all rats were housed two
per cage. Animal preparation and procedures were previously approved by McGill University's
animal research committee and are in accordance with guidelines set by the Council on Animal

Care.
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3.2 Surgical Procedure and Infusion

On the day of the 13C MRS scan, following an overnight fast of 15 hours, the femoral artery
and vein of the rat were cannulated under free-breathing of 2% isoflurane anesthesia using 30 cm
1.9 to 3 Fr catheters from (Instech Laboratories, Plymout Meeting, PA, USA). The thin diameter
of the catheter is necessary for arterial insertion, especially for female rats, and the length of the
catheter needs to adequately extend out from the scanner bore to allow for blood draw. This
procedure guarantees the infusion of [1,6-13C] glucose directly into the blood stream through the
femoral vein. The same incision allows for the cannulation of the femoral artery for sampling of
glucose concentrations in the plasma, which is needed for metabolic modelling. Special care was
required regarding the cannulation procedure due to the difficulty of the procedure. Firstly, the
femoral artery and veins are extremely thin and delicate vessels which may easily rupture during
the procedure even with an experienced veterinarian, however the same vessels on the contralateral
side were used in case of vessel tearing. Alternative methods such as a tail vein cannulation or
jugular cannulation could be used as a last resort but would not be ideal due to the difficulty of
reliably cannulating the tail vein, and the jugular incision site being in close proximity to the
surface head coil, which may affect animal positioning and image quality. Post-surgery, the animal
was maintained under anesthesia and head-first prone positioned in the MRI scanner with a 1H-
[13C] coil setup previously developed in our labss. [1,6-13C]glucose (1.4 M, 20g/100mL), chosen
as the 13C signal yield is doubled as compared to single labeled glucose, was prepared in saline
and infused intravenously through the femoral vein using a Harvard Apparatus PHD2000 infusion
pump following the first baseline MRS scan. The infusion protocol consists of an initial bolus
infusion over 15 seconds, which is then tapered off exponentially every 30 seconds in a step-wise

fashion designed to rapidly raise and maintain plasma glucose levels at ~20mM with a 70%

30



fractional enrichment as seen in previous literaturesi. An average of 2.5 mL glucose solution was
usually infused per female rats and 6 mL for males. Throughout the scanning session, the animal
was heated with 32°C air in the magnetic bore, and the level of anesthesia was adjusted to maintain
a respiration rate of roughly 40 breaths per minute.

3.3 MRS Set-Up

8m1i5s Slow constant
Bolus [1,6-3C]- infusion until
glucose end of scan
Infusion
2mT1 8mass 8mass 8mass
High Res 1 MRS Pre-Infusion | MRS MRS
Whole
Brain s (N
I I 30 min until next sample
Pre Infusion Post Bolus Infusion
Blood Sample Blood Sample
l POCE PRESS SEQUENCE ’

Total Time: 2h00m

Figure 5 Set-up for in vivo 13C MRS

Home made 1H/13C surface coil and animal head placement is shown. Voxel is selected in the
hippocampal region prior to scanning. Time line of scan overview is shown: a T1-weighted high-
resolution structural scan is first performed for voxel selection, followed by a baseline MRS scan and
pre-infusion blood sample. Infusion begins partnered with repeated MRS scans for the two-hour period
with periodic blood sampling every thirty minutes.

Details of the MRS timeline as well as animal preparation are briefly shown in Figure 5.
Indirect 1H-[13C] MRS scans were performed on a 7T Bruker Biospec 70/30 horizontal bore
preclinical scanner with an actively shielded gradient insert (120 mm inner diameter, 650 mT/m in

150 ps). (Bruker, Massachusetts, USA). As previously mentioned, the indirect POCE detection
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method yields a higher sensitivity in detecting the 13C signal compared with direct 13C methods,
enabling us to achieve better spatial resolution, and to better quantify the label transfer into
downstream glucose metabolites. All MR data were acquired with a custom built 1H-[13C] coiloa.
The 1H-[13C] surface coil is paired with an 86-mm volumetric resonator for homogeneous Bi
transmission. The 1H-[13C] surface coil consists of a 1H receive (Rx)-only surface coil and a
quadrature driven 13C transmit (Tx) surface coil (for heteronuclear decoupling and editing pulses).
The 1H Rx-only surface coil provides sensitivity gains compared with a volume coil approach; the
requirement for a T/R switch (and related losses) before the 1H preamplifier is avoided.
Furthermore, a high-pass filter and preamplifier can be placed proximal to the coil, further
minimizing SNR losses inherent with POCE-MRS systems described in the literature. Prior to each
scan, the 1H Rx-only surface coil was tuned and matched to 300.3 MHz, and quadrature 13C loops
were tuned and matched to 75.5 MHz using a Morris RF Sweeper (Morris Instruments Inc.,
Ottawa, Canada). A high resolution T1-weighted structural image was first taken using the RARE
sequence (TR/TE = 2713/10.8 ms, acquisition time = 2-minutes) to guide selection of a 100 uL
volume of interest (4 x 5 x 5 mms voxel) in the hippocampus and posterior cingulate region (Fig
5). These cortical structures were chosen as they are known to be among the first affected nuclei
in AD pathology, and glucose metabolism and neurotransmission deficits in these areas are
believed to underlie early memory impairments93-95. Localized water-suppressed 1H spectra were
acquired using a PRESS-based POCE PRESS sequence with simultaneous editing and localization
pulses (SEAL-PRESS), TR/TE = 4000/8.13 ms, 6000 Hz spectral width, 128 averages, with an 8
min 48s acquisition timeze. This sequence has a short echo time of 8.1 ms compared to 12.6ms for
a typical PRESS-based POCE sequence, increasing the sensitivity for 4-13C and 3-13C labelled

glutamate and glutamine by more than 20%. First- and second-order Bo shimming was performed
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using FASTMAP until a water line width of ~10Hz was achieved and VAPOR was used for water
suppression using Gaussian pulses (length =27 ms and 17.1 ms, bandwidth = 200 Hz)ss. WALTZ-
16 was used for heteronuclear decoupling during the first 200 ms of the acquisitions7. The WALTZ
composite pulse segment was empirically determined in phantoms to be 0.7 ms in length to provide
>70% decoupling efficiency in the 20—60 ppm 13C spectral bandwidth on a 6 x 6 X 6 mm3 voxel.
One baseline scan was performed to establish baseline metabolic concentrations prior to infusion
of [1, 6-13C] glucose, followed by 15 sequential acquisitions during and following the infusion.

The total scan time, including animal set up in the MRI, was typically two hours.

3.4 Plasma Collection and Processing

Arterial blood samples were taken prior to and immediately after glucose infusion through
the femoral artery, and regular arterial blood samples were taken every thirty minutes thereafter.
A OneTouch Ultra 2 glucose meter (LifeScan, Canada) was used to verify glucose levels after
infusion but was inconsistent in measuring precise plasma glucose concentration. As such, arterial
blood samples were centrifuged at 2000 rpm for ten minutes before extracting the plasma and

storing in a -80°C freezer.

Plasma samples were later analyzed using a high resolution 400 MHz Bruker Ascend NMR
spectrometer, and processed using Bruker TopSpin (Bruker, USA) for glucose concentration
quantification and 13C label fractional enrichment to be used as input functions for metabolic
modelling (Fig 6). Samples were first thawed slowly to room temperature, ensuring to not damage
the plasma proteins. Following which they were centrifuged at 4°C and 18000 RPM for 15 minutes

to ensure plasma separation. 110 uL of plasma was then aliquoted using a pipette into individual
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Eppendorf tubes and centrifuged again for 5 minutes at the same speed and temperature. Plasma
samples would then be processed by a Gilson Liquid Sampler, adding a phosphate buffer to the
solution for NMR. A tetramethylsilane reference was used as the internal standard for chemical

shift calibration and spectral reference at 0 ppm. As well, a 5nM benzoic acid sample was used as
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Figure 6: Processing of plasma MRS spectra and 13C fractional enrichment

Plasma NMR data was analyzed using Bruker TopSpin program. Protons attached to 12Carbon-6 of alpha
D-glucose resonates at 5.22 ppm, however if the sixth position carbon is 13C, satellite peaks will appear at
5.06 and 5.34 ppm. Glucose fractional enrichment was obtained by using the peak integration tool and
dividing the signal of the 13C satellite peaks over the sum of both H-13C and H-12C signals. Molar
concentrations of plasma glucose were calculated using a 5nM benzoic acid reference.

34



reference to calculate molar concentrations. A 1D-CPMG (Carr-Purcell-Meiboom-Gill) sequence
was used to filter out the signal from macromolecules which normally create broad signals in the
background with sequences (such as ID-NOESY) which do not use T2 filters. Negligible broad

lipoprotein contamination can be seen at 5.25 ppm.

3.5 Quantification and Modelling of in vivo spectra

Processing of the in-vivo MR spectra was performed in MATLAB using the FID-A toolkit
and consisted of a retrospective phase and frequency drift correction and zero paddinges. Edit-ON
and edit-OFF scans were then separately averaged and aligned before subtraction. LCModel was
used for analyzing the spectra using two in-house simulated basis sets: one for standard 1H
metabolites which was used to fit the edit OFF spectra, and one for selected 13C enriched

metabolites which was used to fit the POCE difference spectra.

Fractional enrichment (FE) was calculated using LCModel estimates of the concentration
of label 13C in the metabolite divided by the summed concentrations of 13C and 12C in the

metabolite.

B = 13C concentration in C;
Y (13C + 12C) concentration in C;

The time courses of [4-13C]-glutamate and [4-13C]-glutamine FE were then calculated by
dividing the amount of labelled signal by the total concentration of glutamate and glutamine at
each time point respectively. The fractional enrichment of these metabolites can then be used in

metabolic modelling to calculate the rate of labeling as a measurement of metabolic flux.
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Modelling of spectral timeseries data and flux calculations were also performed in
MATLAB using a series of mass and 13C isotope balance equations describing 13C labeling in

neurons from previous literatures.

Glucose transport across the blood brain barrier:
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A single-compartment neuronal metabolic model was fitted to the 13C turnover curves from
each of the three rat cohorts using a Levenberg-Marquardt algorithm. The decision to use a single-
compartment model instead of a neuronal-glial model stemmed from several factors. Firstly, the
two-compartment model requires the input of metabolic pools such as Glu and Gln C2, as well as
aspartate and lactate to generate a complete model. These metabolites are non-resolvable using the
indirect method at 7T, therefore more assumptions would have to be made to use the two-
compartment model. Secondly, glucose metabolism is known to predominantly fuel the elevated
neuronal energy demands, therefore a one-compartment neuronal model provides a thorough
understanding into any alterations in glucose downstream metabolic pathwaysioo,i01. In fact, 1H-
[13C] MRS has difficulty resolving Glu and Gln C3 at 7T, therefore by using a one compartment
model we can sum their metabolic concentrations as Glx C3 in order to generate a more accurate
model. The three fluxes that can be calculated using the three inputs (Glu C4, Gln C4, Glx C3)
include the TCA cycle rate in the neuronal compartment (Vtca), the flux through neuronal
glutaminase from glutamate to glutamine (Vnt), and the rate of exchange from alpha-ketoglutarate

to glutamate (Vx).

Several possible avenues were explored in how to best input the metabolite fractional
enrichments into the model. First, we separately fitted each individual’s FE curves to the metabolic
model in order to obtain subject-specific estimates of Vrca, Vnr, and Vx, which was used for
statistical analysis. Total metabolic pool of glutamate, glutamine, aspartate, and lactate for each
subject were obtained by averaging each subject’s 1H MRS concentrations over all time points and
was used for references in metabolic modelling. A second avenue again fitted each individual’s
FE curves to the metabolic model, however the metabolic pool used in the model in this case were

averaged across each cohort instead. Finally, both the FE curves and pool concentrations were
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averaged for each cohort, and the average FE curve was fitted to the metabolic model to obtain a
single estimate of Vrca, VN1, and Vx for each group (Figure 9). The three group FE curves were
calculated by averaging the FE values at each time point across all animals within the same cohort.
By averaging data within a cohort, the fluxes calculated will have a higher degree of confidence
as noise or possible artifacts will be averaged out with the greater number of subjects. The
robustness of the model was then verified using Monte Carlo simulations by adding random noise
to the calculated flux values and seeing its effect on the standard deviation and degree of

confidence for the estimated fluxes through five hundred iterations.

Finally, statistical testing was done using the SPSS statistics package. For comparison of
1H metabolite concentrations in the brain between groups, a one-way multivariate analysis of
variance (MANOVA) analysis was performed that included seven individual metabolites: total
choline (GPC+PCh), N-acetyl aspartate (NAA), myo-inositol (Ins), Glutamate (Glu), Glutamine
(GIn), and glutathione (GSH), and taurine (Tau). Post hoc Tukey test was performed to identify
which cohorts differed. For comparison of metabolic fluxes, V1ca, Vx, Vnt, between groups, a
one-way ANOVA was performed on the individual flux rates, followed by post hoc Tukey test to

identify the significant differences.
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Chapter 4: Results

4.1 Time Series Spectra

Figure 7 shows an example of a typical 1H-[13C] MRS time series acquired throughout the two-
hour scan duration. The S/N of 13C edited NMR spectra is 16, and the glutamate/glutamine-C2
peak can be seen at 3.7 ppm in a similar enrichment to glutamate/glutamine-C3 peak. The carrier
frequency of 13C nucleus was centered at 35 ppm. At baseline pre-infusion, almost no 13C labeling

can be seen, and the signal is mostly due to noise. As the infusion begins, a gradual increase of 13C
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Figure 7: Sample of 1H-[13C] MRS time series data over an experimental duration
labelled proton signal for the 4th carbon of glutamate (2.35 ppm) and glutamine (2.45 ppm) as

well as their 3rd carbon (2.1 ppm) can be seen over the course of the scan session. Since we are

unable to separately resolve the 3rd carbon peaks of glutamate and glutamine, they were summed
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and labelled as Glx. Similarly, the peak for lactate, further downstream in glucose metabolism, can

be seen slightly increasing at 1.3ppm.

4.2 1H MRS

Seven neurometabolites commonly associated with dementia and neurodegenerative diseases were

compared between the three cohorts using SPSS statistical analysis software (Fig 8).
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Figure 8 1H MRS data

LCModel estimated concentration values of all animals in each
cohort for seven main metabolites are shown. Two metabolites
were found to be significantly different between WT and
transgenic cohorts: myo-Inositol and GPC+PCh, using
MANOVA with post-hoc tukey test p<0.05.

Abbreviations: NAA, N-acetylaspartate; Tau, Taurine; Glu,

Glutamate; Ins, myo-Inositol; Gln, Glutamine; GSH, Glutathione;
GPC+PCh, glycerophosphocholine and phosphocholine;
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Estimated concentrations were taken from water referenced LCModel output and averaged across
all subjects within each cohort. A multivariate analysis of variance with Tukey Post-hoc revealed
a significant difference between myo-Inositol (Ins) levels between the wild type and transgenic
control as well as between wild type and transgenic treated p<0.01. Specifically, Ins levels were
found to be elevated in both untreated and treated transgenic animals relative to wild type animals.
This finding is in line with previous MRS studies in both AD patients and rodent models of AD,
in which elevated Ins is commonly observed and is believed to reflect neuroinflammation.
Similarly, there was a significant increase in GPC+PCh concentrations in transgenic control animal
relative to wild type animals (p<0.05), but no significant difference was seen between wild type
and transgenic treated. This finding may suggest that elevated GPC+PCh levels is associated with
AD pathology, and that early treatment with anti-inflammatory drugs can reverse this change.
Increased GPC+PCh levels are hypothesized to represent a decrease in cellular membrane integrity

and has been seen in previous AD literatureio.
4.3 13C MRS

Fractional enrichment plots revealed the dynamics of label uptake in both Glu-H4 and GIn-H4, as
well as GIx-H3 for the three different cohorts (Fig 9). A comparison between the 13C fractional
enrichment of the three groups show that wild type rats achieve a 40% fractional enrichment in
13C Glu-C4 labeling by 60 minutes whereas the transgenics only reach the same level of fractional
enrichment by 80 minutes. Similarly, the labeling curve for Gln-C4 reaches 20% FE by 60 minutes
but transgenics reach the same level at 80 minutes. Finally, for labelling of GIx-C3, wild types
reach 20% FE by 40 minutes whereas transgenics took 60 minutes. Near the end of the time course,
the fractional enrichment of GIx-C3 can be seen to exceed the fractional enrichment of Glu-C4,

which is in agreement with a few previous studies from literatureios-10s. One compartment
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metabolic modelling of the fractional enrichment data for all three cohorts was performed to fit the

experimental values (Fig 9).
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Figure 9 Fractional Enrichment and Fluxes
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Fractional enrichment rates of the average data for the three cohorts are shown (Wild type n=11, TG control
n=7, TG treated n=8. Fluxes calculated for each cohort is shown after fitting with a one compartment

metabolic model.

Table 1
Modelled Fitted Flux Rates
Cohort Vrca ' %N . Vx .
(umol/g/min) (umol/g/min) (umol/g/min)
Wild Type (n=11) 0.58 £0.05 0.058 £0.005 0.25+0.03
TG Control (n=7) 0.52 £0.04 0.060 £ 0.004 0.22 £0.02
TG Treated (n=8) 0.48 £ 0.07 0.052 £ 0.006 0.15+0.02

42




The flux values for Vrca, VT, and Vx were determined for wild type rats to be 0.58, 0.06, and
0.25umol/g/min respectively, in good agreement results from previous literaturesso1 (Table 1).
Transgenic control rats with AD pathology showed a significant decrease in Vrca cycle as well as
Vx compared to their wild type counterparts with 0.52 and 0.22 respectively, p<0.05. Furthermore,
transgenic rats treated with Naproxen showed further deterioration with even lower Vrca and Vx
values of 0.48 and 0.15. No significant changes were seen between cohorts for rate of

neurotransmission VNT.
4.4 Monte Carlo Simulations

Monte Carlo simulations with 500 iterations were performed on each cohort to verify the validity
of the model. The distribution of resulting fluxes after giving random noise to the fractional
enrichments were graphed in a histogram (Fig 10). All three fluxes for each of the three cohorts
display a normal distribution with small dispersion, centered around the estimated flux value. The
resulting flux estimates were not significantly different when compared to the values after initial

metabolic fitting to the model, demonstrating that the model is adequately robust (Table 2).

Table 2
Monte Carlo Simulated Fluxes
N=500 Vtca VNT Vx
(umol/g/min) (umol/g/min) (umol/g/min)
Wild Type 0.56 £0.02 0.060 £ 0.003 0.24 +£0.01
TG Control 0.52 £0.03 0.061 +0.003 0.22 £0.02
TG Treated 0.46 £0.06 0.053 £0.006 0.14 £0.01
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Figure 10 Monte Carlo Simulation Histograms
A 500 iteration Monte Carlo simulation was performed by adding random noise to the fractional enrichments
of all three cohorts. The resulting histograms of the flux frequency distributions show a normal distribution

with small dispersion, demonstrating strong reliability of the model.
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Chapter 5: Discussion

To date, altered brain metabolism in Alzheimer’s disease has not been examined extensively in
vivo using 13C MRS. The present study has shown for the first-time successful measurement of
13C labeling in the TgF344-AD rat model of AD, as well as quantitative analysis of metabolic rates.
Memory and A plaque load was not measured directly in the current study, however according
to initial descriptions of the animal model, TgF344-AD rats exhibit significant behavioral deficits

in memory related tasks as well as significant amyloid plaque load by the 15 months time pointes.
5.1 1tH MRS

Seven metabolites of interest from previous literature were chosen for analysis due to their
roles in AD pathology as well as the sufficient quality of their spectral peaks using a quantitative
cut off of 15% Cramér—Rao lower bounds error given by LCModel using water referenced
concentrations. These include N-acetylaspartate (NAA), taurine (Tau), glutamate (Glu), myo-
Inositol (Ins), glutamine (Gln), glutathione (GSH), and glycerophosphocholine with
phosphocholine (GPc + PCh). 1H MRS spectra showed that both control transgenics and Naproxen

treated transgenics had elevated levels of Ins compared to wild type.
Ins

The finding of increased Ins levels in transgenic AD rats relative to wild type controls is
consistent with previous literature and has repeatedly been replicated MRS studies of AD1oe,107.
The neurobiological significance of this increase is still under debate. As myo-Inositol is
associated with glial cells, the increase is hypothesized to be a response to increased astrogliosis
in AD, which secretes neurotoxic pro-inflammatory cytokinesios. Interestingly, the increase in Ins
has also been shown to occur in asymptomatic at-risk individuals prior to dementia onset, making

it a potentially early non-invasive biomarkerios. There were no significant differences in Ins levels
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between the Naproxen treated and the non-treated transgenic cohorts which challenges the role of
neuroinflammation in AD pathology. It is possible that since Naproxen treatment is stopped at 10

months of age, there were no long-lasting carry over effects present by the 16-month time point.
GPC + PCh

A significant difference was also seen in total choline levels with untreated transgenics
showing significantly increased levels compared to wild type cohorts, consistent with previous
literature findingsio2. The choline peak represents glycerophosphocholine (GPC) and
phosphocholine (PCh), breakdown products of phosphatidylcholine which is predominantly found
in cellular membranes. The increase in choline peak could signify an increase in the breakdown of
cellular membranes, contributing to cell loss in AD110. Interestingly, the naproxen treated group
had significantly lower GPC+PCh levels compared with untreated transgenic rats, suggesting that
early treatment with Naproxen may reduce pathological elevation of total choline levels and that

this reduction may persist beyond the cessation of treatment.
NAA

Two important negative findings could also be seen from the 1H MRS data. Firstly, there
was no difference in concentration of NAA between all three cohorts. Previous 1H MRS studies
have repeatedly found a significant decrease in NAA levels, representing lowered neuronal density
and integrity in AD pathologyse,i11,112. However, consistent with the current study, at least one
recent study also failed to detect any differences in NAA levels in AD patients and animal
modelsi13. It is possible that since neuronal death is a late-stage symptom, it has not occurred by
the 16-month time point in the TgF344-AD rat model, resulting in no NAA level differences.
However, this seems highly unlikely as this rat model exhibits full blown AD pathology by this

time point, with visible amyloid plaques, NFTs, and behavioral deficits. Additionally, this rat
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model is reported to have 33% neuronal loss by the 16-month time point in its initial publication.
While NAA is generally accepted to be a marker of neuronal viability, some evidence argues that
NAA is not sensitive to neuronal density but rather to cellular dysfunction due to mitochondrial
dysfunction, which has been shown to occur in AD, however this finding is controversialii4. As
the TgF344-AD model is the first rodent AD model to exhibit tau pathology naturally without
human mutated tau genes, it is possible that NAA levels correspond differently to neuronal density
and that mitochondrial dysfunction may be delayed due to endogenous compensatory or protective

mechanisms.
Glu+ Gln

Secondly, we detected no significant difference in glutamate and glutamine levels between
the three experimental cohorts. However, glutamate levels exhibited a trend towards significance
(p<0.08), showing increased glutamate levels in the transgenic cohorts compared to wild type. The
literature findings on glutamate levels in AD have been varied, with findings that show reductions,
increases, or no change. However, the majority of in vivo MRS studies have shown a reduction in
glutamate and glutamine levels in AD11s,116. Contrary to our findings, the leading hypothesis is
that as a result of neuronal damage and loss in AD, the impacted brain regions will have lowered
glutamatergic activity, causing a decrease in glucose metabolic rates and the synthesis of
downstream metabolites glutamate and glutamine. As these metabolites are closely related to the
bioenergetics and metabolism of glucose in the brain, their iH MRS concentration findings will be

looked at in tandem with the 13C MRS results.

5.2 3C MRS
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Referring back to Figure 1, three fluxes of interest were analyzed in the glucose metabolism
pathway. Specifically, we found that the transgenic cohorts had significantly reduced TCA cycle
flux, Vtca, and reduced rate of exchange between alpha ketoglutarate and glutamate, Vx, when
compared to wild types. While previous studies have examined TCA cycle flux, neurotransmitter
cycle and Vx in ex-vivo tissue, the present study is the first in vivo study to quantitatively identify
specific downstream mechanisms that explain the decrease in glucose metabolism in the TgF344-

Presynaptic
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(\ Excess Glutamate

I- 7~ |
AP \_l,l_
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--I;t 11
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- (-—_____'_—-
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Figure 11: Proposed model of glutamate mediated excitotoxicity

AP blocks post-synaptic NMDA receptors and astroglial EAAT activity resulting in an increase of
glutamate at the synapse. Excess glutamate activates extrasynaptic NMDA receptors causing calcium-
mediated excitotoxicity and activation of CaMK II mediated neuronal cell death pathways.

Abbreviations: TCA, tricarboxylic acid cycle; NMDAR, N-methyl-D-aspartate receptor; EAAT,
excitatory amino acid transporter; CREB, cAMP response element-binding protein; BDNF, brain-derived
neurotrophic factor; CaMK 11, Cax+/calmodulin-dependent protein kinase II; ERK, extracellular signal-
regulated kinases.
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AD model. Our findings of changes in glucose metabolism in AD provide a more comprehensive

look on current glutamate-mediated toxicity theories of AD as shown in Figure 11.

Glutamatergic neurons have been shown to be sensitive to AP toxicityi17. Specifically,
elevated levels of A blocks typical neuronal glutamate uptake at the synaptic cleft and disrupts
calcium homeostasis in postsynaptic neurons resulting in the inactivation of cellular survival

pathways and promoting pathways involved in hyperphosphorylation of tauiis.

Our 1H MRS and 13C MRS findings show that despite impaired labelling of glutamate via
the TCA cycle representing decreased de-novo glutamate synthesis, the total cerebral glutamate
pool concentration remains unchanged. In fact, our 1H MRS show that glutamate levels trend
towards a significant increase in the transgenic cohorts instead, hinting at a reduction in glutamate
reuptake and glutamate metabolism, resulting in an excess of glutamate trapped in the synaptic
cleft. However, this speculation requires further testing as the extracellular pool of glutamate
contributes poorly to the overall pool size when compared to the intracellular pool, therefore it is
hard to comment on its contribution to glutamate uptake based on measurements of the total
glutamate pool. Other studies have indeed shown reduced expression of glutamate reuptake
transporters such as the excitatory amino acid transporter (EAAT) have been seen in AD brains,
indicative of lowered glutamate metabolismi19,120. In vitro studies using species of AP peptides in
cell culture also support the idea that toxic Ap may allow for more glutamate availability by

impairing astroglial glutamate uptake/recycling mechanismsioi.

This enhanced glutamate supply is likely to contribute to AD-associated excitotoxicity and
neurodegenerations3. Normally, post-synaptic calcium signaling activates cellular transcription
factors such as cAMP response element-binding protein (CREB) which regulates transcription of

brain-derived neurotrophic factor (BDNF), a neuronal growth factor that helps support survival of
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neuronsi22. However, the synaptic increase of AP in AD disrupts glutamate-mediated
neurotransmission by blocking post-synaptic NMDA receptors and causes an excess of glutamate
at the synapse. Excess glutamate spills over and activate nearby extrasynaptic NMDA receptors
that trigger a sequence of intracellular events resulting in excessive calcium influx and activating
calcium/calmodulin-dependent protein kinase I (CaMKII) neuronal cell death pathwaysi23. This
process is well documented and is the rationale behind Memantine, an NMDA receptor antagonist,
as a potential treatment in AD124,125. It is possible that previous 1H MRS findings of decreased
glutamate levels in animal models and humans captured the final pathological events of neuronal
loss, while our findings more closely replicate the mechanisms of neuronal excitotoxicity caused

by glutamate resulting in neurodegeneration in the earlier stages of AD.

Finally, we found no significant difference in the apparent neurotransmission rate (VNT)
between transgenic and wild type cohorts, which contradicts the hypothesis of reduced astroglial
reuptake of glutamate from the synapse. However, the reliability of this finding is questionable, as
the flux rate is on a factor of 10 times smaller than Vtca, increasing its sensitivity to error
especially with a limited sample size. Furthermore, as mentioned previously, flux rates were
modelled using a one compartment model that focused on the neuronal TCA cycle and glutamine
is considered as one total pool. As such, VNt modelling considered both glial and neuronal
components of glutamine, rather than the glial component alone from glutamine synthetase activity

after glutamate reuptake.

Treatment with Naproxen showed no effect in rescuing any of the three flux rates identified
in the transgenic cohort. These findings are in agreement with our 1tH MRS data, where myo-
Inositol levels did not differ between treated transgenics and transgenic control. Although the lack

of effect may stem from issues with dosage or postponed scanning 6 months after treatment was

50



stopped, human clinical trial data also show no benefit of Naproxen treatment when compared to
placebo, therefore lacks promise as a potential therapeutic optionizei27. That being said,
epidemiological data on the neuroprotective effects of NSAIDs is too strong to simply ignoreizs,
and the effects of neuroinflammation in AD cannot be ruled out with the failure of Naproxen
treatment alone; different types of NSAIDs with diverging targets should be investigated in order

to identify the specific cytokines and inflammatory pathway involved in AD.
5.3 Limitations and future directions

One of the major limitations in 13C MRS experiments, or studies of cerebral energetics in
general is that the effect of anesthesia must be considered. Most commonly used anesthesia
including sevoflurane and isoflurane, used in the current study, are known to cause reductions in
cerebral metabolic rates which would directly impact studies looking to investigate changes in
metabolism in diseased populations. In the present study, this limitation is partially controlled for
as all three cohorts experienced the same level of anesthesia, and their metabolic flux values were
compared to each other rather than stated as an absolute truth. However, future directions must
establish well-developed protocols for the MRS measurements performed in awake animals, in
order for any metabolite concentration and metabolic flux values to be reliable as biomarkers for
AD. Development of these procedures would also facilitate how translatable these methods are in
human research. A second limitation of our experimental protocol was that although the animals
were heated using warm air throughout the scan duration, their body temperatures were not
measured, and therefore could be a factor in the resulting measurements. Future studies should
involve precise monitoring and control of the animal’s body temperature. A third limitation was
touched on briefly, in that this experimental set up was not designed to capture the glial component

of cerebral glucose metabolism and particularly the levels of glutamine in the brain. Future
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direction would be to perform 13C labeled acetate infusion which will predominantly undergo
uptake by glial cells and paint a more complete picture of the full metabolism in the TgF344-AD

rat model.

Future studies should aim to repeat the present study at multiple time points, in order to
better understand the development of metabolism changes through disease progression.
Furthermore, this will allow us to look at how metabolic changes correlate with other markers of
AD such as amyloid beta deposition and NFT development. Similarly, as anatomical MRI scans
are performed for MRS voxel placement, longitudinal structural data can be analyzed to identify
cerebral atrophy correlated with AD progression. Finally, future studies should aim to increase the
sample size per cohort to increase statistical power to verify the validity of trends towards

significance such as in the case of glutamate levels.
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Chapter 6: Conclusion

Here, we demonstrated that 13C MRS can reveal, in vivo, alterations in specific glucose
metabolism pathways in AD. 1H MRS data showed a significant difference between AD
transgenics and wild type in levels of myo-Inositol and phosphocholines, with Naproxen treatment
having no lasting effect on Ins levels, but some lasting effect on GPC+PCh levels. NAA and
glutamate levels have been shown to not exhibit change in the TgF344-AD model. Furthermore,
cerebral metabolic flux is shown to be directly detectable in vivo in this rat model. Specifically,
we found that transgenic AD rats exhibited slower Vtca and Vx fluxes when compared to wildtype.
This is in accordant with our first hypothesis. The decreased Vtca measured is consistent with
previous PET-based literature of hypometabolism in these regions. The confirmation of altered
TCA cycle flux could serve as a biomarker for AD and allow for developments of treatment
approaches to target this metabolic pathway. The flux rates also showed that transgenic rats with
early Naproxen treatment did not demonstrate any carry over therapeutic benefit over non-treated
transgenics contrary to our hypothesis, suggesting that either prolonged Naproxen treatment is
necessary or that the metabolic impairments observed in AD are not linked to neuroinflammation.
These findings indicate further research should be done on Naproxen’s mechanism of action and
its role in neuroinflammation in the AD context. We expect both our experimental methods and
findings to be translatable to humans and that translational 1H and 13C MRS methods will allow

for early detection of decreased glucose metabolism in pre-symptomatic stages of AD.
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