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Abstract

Evaluating the effects of postmortem ischemia on brain metabolites has been a longstanding
challenge in ex vivo metabolomic studies. This thesis sought to first evaluate which metabolites
are affected by short-term postmortem ischemia in rats, through the use of head-focused
microwave irradiation as a control group to one group receiving CO2-induced
hypercapnia/ischemia with microwave irradiation, one group receiving CO2 and microwave
irradiation with a postmortem interval simulating a typical dissection time, and one group
receiving CO only (Study 1). The subsequent objective was to take the postmortem interval into
account in an evaluation of metabolites in postmortem prefrontal cortex taken from AD patients
and control patients, both with and without a cerebrovascular disease (CeVD) diagnosis (Study
2). CeVD represents a state of chronic ischemia potentially discernable from acute postmortem
ischemia, which could manifest in metabolomic differences between AD and CeVD. Study 1
demonstrated substantial postmortem changes in brain energy and glycosylation pathways, as
well as levels of amino acids, nucleotides, neurotransmitters, lipids, and antioxidants as a result
of both ischemia and brain dissection, compared to controls subjected to head-focused
microwave irradiation. Study 2 found that compared to controls without CeVD, AD patients
without CeVD had reduced levels of fumarate, glutathione, and sarcosine, while a-
hydroxybutyrate was confounded by age and postmortem interval in AD subjects without CeVD.
This thesis demonstrates that postmortem ischemia should be considered as an important variable
in postmortem brain metabolomic studies, to better determine metabolite changes that are
potentially masked by the postmortem interval, especially with co-occurring vascular disease

pathologies.



Introduction

Alzheimer’s Disease (AD) is a progressive, irreversible neurodegenerative disorder that
causes cognitive impairment, disability, and ultimately death®. AD affects approximately 6
million people in the US and 24 million people worldwide?>. It is clinically the most common
form of dementia, defined as a syndrome in which there is a deterioration in memory, thinking,
behavior, and the ability to perform everyday activities*. At present, there is no treatment for AD
that can halt or reverse progression.

AD is characterized by the postmortem presence of B-amyloid plaques and deposits of
hyperphosphorylated tau proteins in the form of neurofibrillary tangles (NFTs). These
pathologies have been associated with synaptic loss in multiple areas of the brain®. There is also
postmortem evidence of astrocytosis'® and gliosis’, suggestive of inflammation.

Clinically, AD is associated with dementia. However, there are other forms of dementia
that produce similar symptoms that complicate diagnoses®. The gold standard of AD diagnosis —
the presence of plaques and NFTs in select neuroanatomic regions — can only be confirmed after
death through an autopsy®. One study showed that 25% of patients received a clinical diagnosis
of “probable AD” using clinical dementia ratings, manifested inconsistent AD diagnosis
postmortem, while 64% of AD diagnoses presented mixed pathologies including coexisting
vascular disease or Parkinson’s disease®’.

Pathological diagnosis of AD:

Postmortem diagnosis of AD is evaluated on three scales: the AP plaque score, evaluated
with Thal AB phase (TAP) scoring®, NFT progression, evaluated through Braak scores®, and
CERAD scores, which evaluate the presence of neuritic plaques*?. Braak staging progresses from
scores of one to six evaluating the neuroanatomic location of NFT deposits. Initially, at stage | or

I1, isolated to moderate tangles appear in pyramidal cells in the hippocampus, transentorhinal
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cortex and the antero-dorsal nucleus. It then progresses throughout the hippocampus and cortex,
as well as appearing in the amygdala, basal magnocellular complex, and hypothalamus in stage
Il and IV, before becoming systemically present in all cortical and subcortical regions of the
brain at moderate to large abundance (stages V and V1)®.

CERAD uses a semi-quantitative assessment of neuritic plaques, defined as plaques that
contain abnormal neuronal processes, including both AB and NFTs*?, ranging from a score of
“none” to “frequent”'?,while TAP uses a hierarchical distribution of immunohistochemistry
(IHC) positive AP plaques ranging from a score of “none” to a score of 5, in which A deposits
found in the neocortex, allocortex, diencephalon, brain stem, and cerebellum are recorded as a
measure of location rather than severity*'. The main difference between CERAD and TAP is that
CERAD specifically measures neuritic plaques in the neocortex only, while TAP is scored based
on the neuroanatomic location of any AP plaque. CERAD also only evaluates the entorhinal
cortex, midfrontal cortex, middle temporal cortex, and inferior parietal cortex using a modified
Bielschowsky silver stain. CERAD evaluation of neuritic plaques can also use IHC**® when
available, however, as silver staining requires a well-trained technician and is influenced by
ambient temperature'?. TAP, on the other hand, uses THC with antibodies specific to AB, which
is a more sensitive method for detecting plaques. However, the specificity of TAP has been
called into question, as some studies have found that there is no strong correlation between the
presence of AP plaques in the various regions of the brain evaluated by TAP and clinical
symptoms of dementia®®.

Proposed causes of AD:

Knowing the underlying pathophysiology of AD is paramount to developing effective

treatments which are currently lacking. Multiple pathways have been proposed’-?. These



include beta-amyloid (AB) accumulation?, formation of phosphorylated tau??, inflammation
associated with astrocytosis and microglial activation?®?*, disturbances in monoamine
neurotransmitter metabolism?32>2¢ and energy deficits®+?’,

The “Amyloid-B Hypothesis” argues that the buildup of AB plaques is the root cause of
AD?, The “Tau Hypothesis” argues the same for the buildup of NFTs. Both hypotheses have
had significant academic support for decades??.

Plaques are formed through the aggregation of amyloid-B (Ap), derived from the amyloid
precursor protein (APP) cleaved by beta- and gamma-secretase, of which some oligomers have
been shown to disrupt synaptic function and therefore affect memory in transgenic mice?*. The
gene that encodes for gamma-secretase (which cleaves amyloid precursor protein to produce A
fragments?®) is located on chromosome 21, and patients with trisomy 21 exhibit AD-like
disorders at ages as young as 40%°. While correlations between AP accumulation and AD
progression are strong, there is no clear evidence that AB accumulation is a direct cause of AD®’;
it is a distinct possibility that AR accumulation may promote neurodegeneration through
stimulation of inflammatory pathways.

Further support for the B-Amyloid hypothesis stems from transgenic animal studies®. For
instance, mutations in APP have been shown to lead to plaques in the brain and to cognitive
impairment in mice!®. This mouse model substitutes the valine at residue 717 of APP for a
phenylalanine, and progressively develops the pathological hallmarks of AD, including Ap
deposits, synaptic loss, astrocytosis, and microgliosis. Additional mouse models have
overexpressed human APP transgenes, and have exhibited age dependent amyloid deposition
with gliosis and dystrophic neurites®. Yet others have exhibited elevated levels of AB42 without

any plaque pathology®®. A major drawback of these models, however, is that they only



recapitulate a portion of the disease pathology. APP transgenic mice, for example, do not present
tau pathology, and combine several mutations that do not normally co-occur in AD to generate
AP deposits®*,

NFTs form when tau, a protein associated with microtubules, becomes
hyperphosphorylated, causing it to form insoluble aggregates?? that interfere with microtubule
dependent traffic*®. Some studies have found that these tangles (also known as NFTs) are much
more strongly associated with the duration and severity of AD compared to A plaques®. NFTs
have been shown to lead to the dissolution of microtubules, ultimately leading to a decline in
axonal and dendritic transport and impaired trafficking of proteins through the endoplasmic
reticulum and Golgi body®>®. Like with AP, tauopathies have been linked with specific
mutations, though in this case it is a collection of mutations in the gene coding the tau protein
collectively referred to as FTDP-173"%,

To date, the majority of transgenic animal models that have resulted in phenotypic
manifestations of human tauopathies have been in mice®. While ordinarily, the adult mouse
homolog of tau is spliced into 4R isoforms, human tau is spliced into six isoforms evenly
distributed between 3R and 4R forms*°. Despite this, a transgenic model that demonstrated
human-like pathology, with insoluble hyperphosphorylated tau and argyrophilic intraneuronal
inclusions composed of tau-immunoreactive filaments, was eventually developed*!. Debate
remains, however, as to whether or not tau is protective or pathological. Tau laden neurons have
been demonstrated to be able to live for decades*?, and neuronal loss is correlated with, but
greatly exceeds NFT formation*3. One possible reason for this observation is that NFTs could be
a cellular response to oxidative stress**. It is more likely to be pathological, however, as mutant

tau induces faster misfolding than tau found in sporadic AD patients®.



Despite significant research focus, drugs that target beta-amyloid and phosphorylated tau
accumulation have shown no clinically significant results on dementia symptoms*®47. For
instance, aducanumab, an IgG1 monoclonal antibody that targets A protein aggregates was
halted in phase 3 clinical trials because AD patients showed no difference in the Clinical
Dementia Rating Sum of Boxes (CDR-SB) scale, or the secondary measures of the Mini-Mental
State Exam (MMSE) relative to a placebo?®. Similarly, solanezumab®® and gantenerumab*’, both
monoclonal antibodies targeting Ap like aducanumab, have had no efficacy in reducing clinical
dementia ratings on the Alzheimer’s Disease Assessment Scale (ADAS-cog14). CDKS5 inhibitors
targeting aberrant tau such as roscovitine have been demonstrated to reduce NFTs in mouse
models*®, but clinical trials in humans have resulted in no effect on disease progression®. One
possible reason for this could be that these studies measured two different outcomes; many
animal models use physiological markers for disease severity, such as presence of NFTs or AP
plaques, while clinical trials in humans measure outcomes on clinical dementia scales.

AD is associated with activated microglia in response to the formation of AB plaques?*.
Microglia driven responses release pro-inflammatory cytokines?®2*, which recruit astrocytes that
further enhance the inflammatory response'®. Cytokine signaling is coupled to cyclooxegenase-2
and lipoxygenase enzymes which convert polyunsaturated fatty acids into pro-inflammatory
eicosanoids that exacerbate brain inflammation®1°2, These factors can both in isolation and
synergistically contribute to cellular dysfunction and death®354,

The cholinergic system is considered one of the most impacted neurotransmitter systems
in AD®. Several studies have shown that anticholinergic drugs in healthy subjects have an
amnestic effect and induce memory deficits comparable to those in elderly subjects without

dementia®®. A specific cholinergic deficit involving the nucleus basalis magnocellularis of



Meynert, cortex and hippocampus was consistently identified in postmortem brain samples from
Alzheimer’s patients compared to controls not diagnosed with dementia®’. Thus,
acetylcholinesterase inhibitors are approved by the Food and Drug Administration (FDA) for
delaying early symptoms of memory decline in individuals with dementia, although their use
does not prevent or cure AD%8,

The glutamatergic system has also been implicated in AD>*%°, Glutamate is released into
the synaptic cleft, triggering potentiation in an adjacent neuron'’. Glutamate is then taken up by
astrocytes through excitatory amino acid transporter 1 and 2, the latter of which is responsible for
as much as 95% of all glutamate transport in astrocytes®® and its loss has been observed in AD
patients®?. lonotropic glutamate receptors, notably N-methyl-D-aspartate (NMDA) have been
implicated in cognitive deficits related to AD®? leading to FDA-approval of anti-glutamatergic
drugs (e.g. memantine) for delaying symptoms of early-onset dementia®*.

Disruption of other monoamine neurotransmitter systems has been implicated in
ADZ2526 _Some authors have reported reduced cerebrospinal fluid (CSF) concentrations of
serotonin?® and dopamine?>?, possibly suggesting some systemic damage of monoaminergic
neurons. The concentrations of their downstream metabolites, homovanilic acid, and
dihydroxyphenylacetic acid have been observed to decrease significantly in the cerebrospinal
fluid of AD patients with severe mental deterioriation®%® but not in patients with more mild
symptoms?®6667 potentially suggesting decreased monoamine neurotransmitter turnover is a
contributing factor to the disease. However, this change in monoaminergic neurotransmitters is
also likely the consequence of depression, which is present in as much as 50% of AD patients,
especially those with severe cognitive impairment®®. Pharmacological interventions targeting

monoamine neurotransmitters, such as sertraline, have shown minimal or no efficacy in delaying



cognitive impairment or treating depression concurrent with AD 5°. Further, some studies have
found that antidepressant use is associated with a greater risk of cognitive impairment’°.

Heterogeneity in AD

AD is a heterogeneous brain disorder. It has been evaluated that while clinical AD
diagnoses are accurate in 86-90% of cases, in roughly 36% of cases, at least one additional
neuropathologic diagnosis is present, of which cerebrovascular disease (CeVD), is the most
common, while Lewy Body Disease and Frontotemporal lobar degeneration (FTD) are less
so’t"2, CeVD is a broad classification of conditions, such as large vessel disease and small vessel
disease, in which cerebral blood flow is restricted, leading to chronic ischemia, neuronal death,
and cognitive impairment’®. Lewy Body Disease results from the buildup Lewy bodies derived
from alpha-synuclein aggregation within neurons and FTD is characterized by the atrophy of the
frontotemporal lobe due to TDP-43 accumulation’™, or alternatively with tauopathies’ or
ubiquitin’®.

CeVD is associated with a 12-fold increased risk of AD dementia, as both AD and CeVD
share many common risk factors, such as the APOE &4 genotype’’ and atrial fibrillation”®.
Vascular risk factors have been linked to progression from mild cognitive impairment to full
AD®. However, results are mixed, and other studies have found a lack of association between
vascular risk factors and AD specifically®.

CeVD is typically associated with subcortical white matter hyperintensities (WMH) that
appear on T2-weighted MRI scans, and their presence is associated with a reduction in cerebral
blood flow, leading to significant ischemia and associated impairment in primarily executive
function, and to a lesser extent attention, memory, and social cognition®’. Further, ischemia is the

most common cause of stroke, being responsible for approximately 80% of all strokes®. The



other form of stroke, hemorrhagic stroke, is characterized by bleeding in the brain due to the
rupture of a blood vessel and is associated with high mortality®. CeVD can alternatively manifest
in more sudden vascular insufficiency associated with stroke, which often leads to cognitive
impairment®, While both WMH and ischemic stroke lead to axonal loss through Wallarian
degeneration®* in which affected axons break apart and are infiltrated by macrophages, the main
difference between the two is that the more common subcortical form manifests as chronic low-
grade ischemia whereas the ischemic type is secondary to an infarct within cerebral arterioles®.

Postmortem, CeVD has multiple diagnostic criteria®-%. One such criteria creates a
composite lesion score by evaluating the presence of large infarcts, lacunes (empty spaces), and
leukoencephalopathy®. Another divides vascular dementia pathology into six subtypes: the
presence of either a single large infarct, or several small infarcts summing to a total of 50mL
tissue loss (type 1), the presence of multiple small or microinfarcts (type Il), the presence of
strategic infarcts in the thalamus or hippocampus (type I11), cerebral hypoperfusion such as due
to hippocampal sclerosis, or ischemic damage (type 1V), evidence of cerebral hemorrhages (type
V), or cerebral vascular changes with AD pathology (type V1)®. A third criteria creates a staging
system beginning with vessel wall modifications (such as through arteriosclerosis and amyloid
angiopathy), progressing through perivascular and white matter modifications, to cortical
microinfarcts culminating in large infarcts within the cortex®.

The two main pathologies that are considered to contribute to cognitive impairment
associated with CeVD are arteriosclerosis and cerebral amyloid angiopathy (CAA).
Arteriosclerosis typically manifests in the loss of smooth muscle cells from the tunica media
concurrent with deposits of fibro-hyaline material, resulting in the narrowing of the lumen and

thickening of the vessel wall®®. Arteriosclerosis is evaluated semi-quantitatively with categories



corresponding to “none” (representing no arteriosclerosis), "mild” (in which there is mild
thickening of the vessel media and mild fibrosis), “moderate” (in which there is partial loss of
smooth muscle cells and moderate hyaline fibrosis) and “severe” in which smooth muscle is
completely lost coupled with severe hyaline fibrosis and stenosis of the lumen®. CAA is
conversely characterized by the accumulation of Approtein on the walls of small to medium
sized arteries and arterioles in leptomeninges and the cortex®. These accumulations appear green
under polarized light when stained with Congo Red and fluoresce under ultraviolet light or when
stained with thioflavin S. Diagnosis is further complicated, however as it frequently manifests in
AD as well®,

Metabolomics to understand defective pathways in AD:

In view of the complexity and heterogeneity of AD, a detailed analysis of multiple
underlying pathways impacted by the disease is warranted, particularly in individuals with
CeVD. Metabolomics, using *H Nuclear Magnetic Resonance (NMR) spectroscopy is one way
of comprehensively evaluating changes in inter-linked pathways, as it allows for the
simultaneous measurement of dozens of compounds involved in brain energy utilization, lipid,
carbohydrate and amino acid metabolism, and neurotransmitter and protein turnover.

NMR is performed by using a large magnet to align all of the individual dipoles within a
sample, thereby magnetizing it, and then using a burst of radio frequency energy to tip those
dipoles into a plane perpendicular to the ground magnetic field. The procession of protons as
they return to their lower energy ground state can be captured as the free induction decay, to
identify atoms and synthesize molecular structures involved®?. Protons within different structures
will process at different frequencies, which appear as distinct peaks when the spectrum is Fourier

transformed®2.



NMR analysis is untargeted but quantitative. This means that compounds detected above
the baseline noise can be identified and quantified against an internal standard added to the
sample, to obtain absolute concentrations. A representative NMR profile of a rat brain sample is
shown in Figure 1. As shown, the postmortem rat brain spectrum is high in lactate (labelled with
the letter A), creatine (labelled with the letter B), glutamate (labelled with the letter C), and myo-
inositol (labelled with the letter D). While Figure 1 shows a spectrum of whole rat brain,
regional analysis has indicated variation in only some metabolites, such as inositol, which is
higher in the cerebellum compared to the cortex®. There are also differences in metabolite
concentrations between organs. For instance, neurotransmitters such as glutamate are
significantly lower in peripheral organ systems such as the liver, compared to the brain %,

Prior studies that have used mass-spectrometry analysis have found that choline, GABA,
and N-Acetylaspartate are decreased in the Inferior Temporal Gyrus (ITG) in AD relative to
controls, while cysteine and reduced glutathione are increased®. Further, choline, GABA, and N-
Acetylaspartate were negatively correlated with Braak NFT and CERAD scores while cysteine,
reduced glutathione, and spermidine were positively with those same measures of disease
severity®. Additionally, Braak NFT and CERAD scores have also been found to correlate with
postmortem brain glucose concentrations, as well as levels of the glucose transporter GLUT3 in
humans?’.

The postmortem problem in human research

A current gap in knowledge is that no study has investigated the profile of human brain
metabolites that could be involved in cognitive impairment in patients with or without CeVD.
However, measuring metabolites in postmortem brain samples is complicated in both humans

and animal models by the fact that the concentrations of these metabolites are often disrupted by
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the global ischemia that happens during the agonal state shortly before death, death itself, and the
subsequent postmortem interval (PM1)%-%8, Postmortem ischemia caused by the halting of blood
flow to the brain (i.e. reduced glucose and oxygen), is associated with the rapid release of
glutamate into synapses, resulting in post-synaptic release of extracellular calcium, fatty acids
and excitatory neurotransmitters®1%,

In animal models, conclusively identifying affected pathways requires euthanasia
techniques such as head-focused microwave irradiation, to avoid ischemia-induced metabolic
changes that happen during death. Microwave irradiation involves the channeling of a 6-14 kW
beam of microwave energy to the head of a restrained animal®”%., The interaction of the
microwave with the brain’s water content, increases in the brain’s internal temperature to 70-
80°C%2, thus inactivating enzymes. This approach has been shown to be effective in measuring
brain ATP and acetylcholine concentrations in rats, which otherwise decrease to non-detectable
levels during postmortem ischemial®104,

The process of brain dissection further complicates measurement of metabolites in
postmortem tissue, a problem which microwave irradiation neatly sidesteps. While the effects of
brain dissection on brain energy metabolites such as ATP are understudied, its effects of
dissection on oxidized lipid metabolites have been shown?11%,

The problem of postmortem ischemia and brain dissection cannot be evaded in human
brain research. However, one can lean on rodent models to identify metabolites that could be
affected by postmortem ischemia and / or brain dissection, and are thus unreliable. To date, the
effects of postmortem ischemia on the brain have been limited to a few metabolites in rodents.
For instance, Veech et al.%® showed that ATP and acetylcholine concentrations measured

postmortem reflect in vivo concentrations when postmortem enzymatic activity is quickly
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inhibited either through a “freeze-blowing” technique or through microwave irradiation.®. To
my knowledge, no study has looked at the effects of postmortem brain dissection on metabolite
levels. Thus, a thorough investigation on the impact of postmortem ischemia and dissection on
the entire brain metabolome is needed to better interpret postmortem human brain data.

Thesis hypothesis and objectives:

The overall hypothesis of my thesis is that changes associated with the postmortem
interval (e.g. ischemia and brain dissection) alter metabolomic profiles of AD through changes in
energy and neurotransmitter homeostasis. The hypothesis is based on 1) rodent studies showing
that postmortem ischemia alters multiple brain metabolites such as ATP and
acetylcholine®98196-108 gnd 2) studies showing changes in these pathways in postmortem AD
brain compared to pathologically normal controls'®. Additionally, the contribution of
postmortem ischemia and CeVD to previously reported changes in AD has not been investigated.
Postmortem ischemia is a relatively acute state of reduced blood flow to the brain, compared to
CeVD in which blood flow to several areas of the brain may be restricted chronically due to
blood vessel damage. Thus, the overall goal of my thesis is to dissect both factors to understand
how each may contribute to metabolomic changes in AD. Because CeVD is difficult to model in
animals, I will focus on characterizing the effects of postmortem ischemia and dissection on the
rat brain metabolome. | will then include the postmortem interval as a confounder in my
metabolomics analysis of postmortem AD and non-AD brains with or without CeVD, to
determine whether AD and CeVD have dissociable metabolomic signatures.

The specific thesis aims are as follows:

1) Determine the effects of postmortem ischemia and brain dissection on the rat brain

metabolome using NMR; and
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2) Use this knowledge to determine the effects of AD with or without concurrent CeVD
on postmortem prefrontal cortex brain metabolites, as a first step towards identifying dissociable
pathways underlying AD and CeVD.

In Aim 1, ischemia was induced in rats using CO. asphyxiation for 2 to 6.4 minutes and
compared to rats subjected to head-focused microwave irradiation. Brain dissections were also
performed in microwave-irradiated and non-irradiated rats. Brain metabolites were measured in
whole brain (versus regional analysis), to obtain detectable signals for a broad range of
molecules on NMR.

Aim 2 investigated metabolomic signatures in post-mortem pre-frontal cortex of control
and AD patients with or without CeVD. Pre-frontal cortex was chosen due to the presence of

plaques and NFTs during the advanced phases of the disease®.
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Figure 1: Partially Annotated normal adult Rat Brain NMR Spectrum. Here, the peaks for lactate (a), creatine (b), glutamate (c), and
myo-inositol (d) are labeled. A total of 62 metabolites were identified and quantified in this spectrum. The x-axis represents the ppm
shift of the Fourier transformed spectrum, while the y-axis represents the relative intensity compared to a reference standard of DSS-

d6. Each compound has multiple labeled peaks, each of which corresponds to a different proton in the structure of the compound.
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Abstract

It is known that brain energy metabolites such as ATP are quickly depleted during postmortem
ischemia; however, a comprehensive assessment on the effects of preceding hypercapnia/ischemia
and the dissection process on the larger brain metabolome remains lacking. This study sought to
determine agueous metabolites impacted by ischemia (which is preceded by hypercapnia) and
brain dissection using Nuclear Magnetic Resonance. Metabolites were measured in rats subjected
to 1) head-focused microwave irradiation (control group); 2) CO2-induced hypercapnia/ischemia
followed by immediate microwave irradiation; 3) CO: followed by decapitation and then
microwave irradiation 6.4 minutes later, to simulate a postmortem interval equivalent to typical
dissection times; and 4) CO2—induced hypercapnia/ischemia followed by dissection within 6.4
minutes (no microwave fixation) to test the effects of brain dissection on the metabolome.
Compared to microwave-irradiation as the sole treatment (the control group), concentrations of
high-energy phosphate metabolites and glucose were significantly reduced, while -
hydroxybutyrate and lactate were increased in rats subjected to all other treatments. Several amino
acids and neurotransmitters (glutamate and GABA) increased. Sugar donors involved in
glycosylation decreased and nucleotides decreased or increased following hypercapnia/dissection
and dissection. sn-Glycero-3-phosphocholine decreased and choline increased, indicating
postmortem changes in lipid turnover. Antioxidants increased following hypercapnia/ischemia but
decreased to control (i.e. microwave-irradiation) levels following dissection. This study
demonstrates substantial post-mortem changes in brain energy and glycosylation pathways, as well
as protein, nucleotide, neurotransmitter, lipid, and antioxidant levels due to hypercapnia/ischemia

and dissection. Changes in phosphate donors, glycosylation and amino acids reflect post-
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translational and protein degradation processes that persist post-mortem. Microwave irradiation is

necessary for accurately capturing in vivo metabolite concentrations in brain.
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1. Introduction

Understanding the magnitude of postmortem changes in brain neurochemistry has been
one of the longstanding challenges of brain metabolomic studies. Quantifying metabolites in ex
vivo brain tissue is known to be impacted by ischemia occurring as the animal dies 13110, Historical
methods originally used immersion of the entire animal into liquid nitrogen (-196°C) as a method
of tissue fixation when studying acetylcholine concentrations in the brain 1. However, as noted
by Lust et al., it was lacking as a technique due to deep brain structures requiring sometimes as
much as 75 seconds to reach 0°C, the temperature at which enzyme activity is substantially reduced
%, This led to the creation of the freeze-blow technique ° which very quickly removed brains from
rats by insertion of two hollow probes, one which pumps pressurized air through one ear, to force
the brain into another probe, inserted into the other ear, which deposits it into a chamber containing
pre-cooled liquid nitrogen. This provided better results compared to whole-animal immersion in
liquid nitrogen %€ However, the primary drawback of the freeze-blowing technique is that it
destroys the structural integrity of the brain, limiting its application to brain regions.

High-energy microwave irradiation was then developed to minimize the impact of post-
mortem hypercapnia/ischemia on brain metabolite concentrations, as summarized in
Supplementary Table 1 %9711 Early techniques involved full-body irradiation of the animal
using low intensity (1.25 kW) microwave irradiation for 6-30 seconds 1. The full-body fixation
method was shown to yield ATP, phosphocreatine and lactate comparable to whole-body
immersion in liquid nitrogen %. Measurements of ATP with higher intensity head-focused
irradiation (6 kW) for a minimum of 0.4 seconds has been observed to be comparable to freeze-

blowing ¥'.
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While studies continue to report that major brain neurotransmitters such as y-aminobutyric
acid (GABA) and glutamate remain stable without microwave irradiation 16197, there has not been
any systemic work determining whether these neurotransmitters and other metabolites within the
brain are affected by hypercapnia/ischemia caused by CO- asphyxiation, beyond acetylcholine and
those involved in energy metabolism *819.107 Tgo that end, we sought to determine 1) which brain
metabolites are affected by hypercapnia/ischemia in rats; 2) whether prolonged
hypercapnia/ischemia associated with a postmortem interval comparable to the typical time it takes
to dissect the brains affects metabolite concentrations; and 3) whether the dissection process itself
affects brain metabolite concentrations as recently reported for lipids '°*. Nuclear Magnetic
Resonance (NMR) was used to measure phosphate donors / acceptors, Krebs cycle metabolites,
ketones, carbohydrates (simple sugars and sugar donors), amino acids, lipids, antioxidants,
neurotransmitters, nucleotides and other non-specific compounds. We hypothesized that
significant changes would be observed in metabolites related to energy metabolism and in
neurotransmitters, in view of prior reports demonstrating that these compounds rapidly degrade in

postmortem brain tissue *¢%197 and ex vivo slice preparations %2,

2. Methods

As part of another study *, one month old Long Evans male rats obtained from Charles
River (Saint-Constant, Canada) were fed the 2018 Teklad Global 18% protein rodent diet (Envigo,
Madison, W1) for one month. All procedures were performed in accordance with the Canadian
Council on Animal Care and were approved by the University of Toronto Animal Ethics

committee.
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After one month of acclimatization to the diet and vivarium, rats were randomly assigned
to one of four groups. The first control group (Group 1, n=8) was subjected to high energy head-
focused microwave fixation (13.5 kW for 1.6 s) followed by decapitation and brain dissection. The
second group (Group 2, n=7) was euthanized by CO asphyxiation for 2 minutes to induce
hypercapnia/ischemia, and then subjected to head-focused microwave irradiation at 13.5 kW for
1.6 s, decapitation and brain dissection. The third group (Group 3, n=8) was euthanized by CO;
asphyxiation for 2 minutes as Group 2, but after decapitation, the head was left intact on the bench
for an average of 6.4 minutes, to mimic the dissection time for the fourth group (see next sentence),
and then subjected to microwave irradiation at 13.5 kW for 1.6 s. Temperature after microwave
irradiation was consistent across all animals. This group captures prolonged effects of
hypercapnia/ischemia on brain metabolite concentrations. The fourth group was euthanized by
COo, then decapitated and dissected within this time, thus examining effects of both prolonged
hypercapnia/ischemia and the process of dissection, on brain metabolite levels. Variability in wait
times in Group 3 was matched to dissection times in Group 4. As previously published, dissection
times were 5.3+1.4 minutes for Group 1, 4.7+1.3 minutes for Group 2, 6.4 +2.4 minutes for Group
3, and 6.6+2.5 minutes for Group 4 1. All excised brains were flash frozen in liquid nitrogen,
were shipped to UC Davis from the University of Toronto, and stored at -80°C until analysis at a
later date. All samples were stored for approximately the same amount of time. All rats were
weighed prior to euthanasia, and as previously reported, rat weights did not differ significantly
between the groups °.

The excised brains were subjected to a modified Folch extraction method using 8:4:3
chloroform:methanol:water '* Approximately 800-1000 mg of tissue was homogenized with

zircona beads in a Bullet Blender with 0.9% KCI, 1 mM ethylenediaminetetraacetic acid (EDTA)
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to prepare a 50% brain homogenate by weight mixture. 600 pL of this homogenate was combined
with 4.8 mL of 2:1 (v/v) chloroform:methanol containing 0.002% butylated hydroxytoluene
(BHT). Samples were vortexed and centrifuged at 1000 x g for 10 minutes at 4 °C. The bottom
chloroform phase was removed and the samples were re-extracted with 2.8 mL of 10:1 (v/v)
chloroform/methanol. The bottom chloroform phase of the second extract was removed and
combined with the first extract for future lipid analysis (not part of this study). The upper aqueous
phase (~2 mL) consisting of methanol:water was kept and stored at -80 °C until NMR analysis.

Samples were thawed on ice and a 250 pL aliquot was dried with SpeedVac and
reconstituted in 207 pL of deionized H20. 23 L of d6-4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS-d6) was added as an internal standard, and samples were adjusted to a pH of 6.85 + 0.15
with small amounts of HCI or NaOH. Samples were stored at 4°C until NMR spectra were acquired
using a Bruker Avance 600 equipped with a SampleJet autosampler. NMR spectra were acquired
with a NOESY -presaturation pulse sequence at 25 °C as previously described . The resulting
spectra were phased and baseline corrected, then profiled using Chenomx NMR Suite v8.1
(Chenomx, Edmonton, Canada). A total of 60 metabolites were detected and quantified. Extraction
and NMR analysis of brain samples was blinded.
2.1 Statistical Analysis

Data were analyzed using GraphPad Prism Version 9.1.0 (GraphPad Software, Inc.,
California, USA). Additionally, a principal component analysis (PCA) plot was generated using
untransformed metabolite data to visualize differences between samples using MetaboAnalyst
version 5.0. Data were first tested for normality by Shapiro-Wilk’s test. Metabolites that were
normally distributed were analyzed by one-way analysis of variance (ANOVA) with a post-hoc

Tukey’s test, while metabolites that were not normally distributed were analyzed by a Kruskal-
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Wallis test with a post-hoc Dunn’s test to compare between-group differences. A P < 0.05 was

considered significant. There were no outlier exclusions.

3. Results

The final pH of the samples prior to NMR analysis was 6.92 + 0.26, 6.92 £ 0.11, 6.81 +
0.04 and 6.75 = 0.03 in Groups 1, 2, 3 and 4, respectively. The final sample pH was not
significantly different between the groups by one-way ANOVA.

Figure 1 presents a PCA plot of the unsupervised analysis. As shown, controls subjected
to head-focused microwave irradiation (Group 1) were clustered separated from the CO»-
asphyxiatiated rats that were not subjected to microwave-irradiation (Group 4), with the other two
groups overlapping between them. This suggests distinct metabolic profiles between the groups,
particularly Groups 1 and 4.

Table 1 presents mean (SD) brain metabolite concentrations in rats 1) decapitated directly
after microwave fixation (Group 1); 2) decapitated after 2 minutes of CO_ asphyxiation followed
by microwave fixation (Group 2); 3) subjected to 2 minutes of CO, asphyxiation, followed by
decapitation and a 6.4-minute average wait prior to microwave irradiation of the head and its
dissection, and 4) 2 minutes of CO. asphyxiation, decapitation and dissection which took an
average of 6.4 minutes. As will be presented below, significant differences in many metabolites
were observed in the CO2+microwave group (Group 2), the CO2+wait+microwave group (Group
3), and/or the CO2 only group (Group 4) relative to the control group that received microwave

fixation (Group 1) for phosphate donor, Krebs cycle, ketone, carbohydrate, amino acid, lipid,
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antioxidant, neurotransmitter and nucleotide metabolism. Other non-specific metabolites were also

altered.

3.1 Phosphate donor/acceptor metabolites:

Except for carnitine, all metabolites involved in brain phosphate metabolism were
significantly different by one-way ANOVA or Kruskal-Wallis test. Relative to Group 1, ATP
concentrations were lower in Groups 2, 3, and 4 by 4, 8 and 22-fold, respectively (p<0.0001).
Similarly, ADP was lower in Groups 3 and 4 compared to Group 1, by 4 and 24-fold, respectively
(p<0.0001). AMP was significantly higher in Group 2 compared to Groups 1 and 4 by 3-45 fold
(p=0.0018). Creatine was significantly higher by 65% in Group 3 compared to Group 1, whereas
phosphocreatine was significantly lower by 24- and 51-fold in Groups 3 and 4, respectively,
relative to Group 1 (p=0.0134). GTP was lower in Groups 2, 3 and 4 by 2-5 fold compared to

Group 1 (p<0.0001).

3.2 Krebs cycle metabolites:

Out of the Krebs cycle metabolites, acetate was significantly elevated by 3-fold in Group
4 compared to Group 1 controls (p=0.0057). Succinate was significantly higher in Groups 2 and 3
compared to Group 4, but none of these treatment groups differed significantly from controls
(Group 1) (p=0007). NAD+ was detected in 4-6 out of 7-8 rats in Groups 1, 2 and 3, but was not

detected in any of the rats in Group 4.

3.3 Ketone bodies:
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B-hydroxybutyrate was significantly elevated by 3-fold in Group 3 compared to Group 1

(p=0.0017). Other ketones (acetone and acetoacetate) did not significantly differ.

3.4 Carbohydrate metabolites:

Several carbohydrate metabolites were altered by hypercapnia/ischemia. Lactate was 5-
fold higher in both Groups 3 and 4 compared to Group 1 (p=0.0007). Conversely, glucose was
significantly lower by 9-fold in Group 4 versus Group 1 (p=0.0022). Sugar donors, including UDP-
N-Acetylglucosamine (p=0.001), UDP-galactose (p=0.0457) and UDP-glucose (p=0011) were

significantly lower by 2-3-fold in Group 4 compared to Group 1.

3.5 Amino acids:

Of the amino acids measured, branched chain amino acids (isoleucine (p=0.0017), leucine
(p=0.001), and valine (p=0.0014)), as well as histidine (p=0.0341), phenylalanine (p=0.0027) and
tyrosine (p=0.0056) were significantly elevated by 2-3-fold in Group 4 compared to Group 1
controls. Glutamate was significantly lower by 28% in Group 4 compared to Group 3 (neither

group differed significantly from Groups 1 and 2) (p=0.0431).

3.6 Lipid metabolism:

sn-Glycero-3-phosphocholine was 5-fold lower in Group 4 compared to Group 1
(p<0.0001). This change was paralleled by a 5-fold higher choline concentration in Group 4
compared to Group 1 (p=001). O-Phosphocholine and myoinositol did not differ significantly

between the groups.
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3.7 Antioxidants
Ascorbate (p=0.0111) and glutathione (GSH, reduced form; p=0.027) were significantly
elevated in Group 2 (by 2-fold) compared to Group 1. The higher ascorbate was also significant

compared to Group 4, which was comparable in concentration to Group 1.

3.8 Neurotransmitters

4-Aminobutyrate (i.e. GABA) and N-acetylaspartate, the most abundant neurotransmitters
in brain, were the only two detected. 4-Aminobutyrate was approximately 2-fold higher in Groups
3 and 4 compared to Group 1 (p=0.0008). N-Acetylaspartate was 26% lower in Group 4 compared

to Group 1 (p=0.0102).

3.9 Nucleotide Metabolites

Four out of 6 nucleotides changed significantly. Hypoxanthine (p=0.0025) and uracil
(p=0.0014) were ~6 times higher in Group 4 compared to Group 1. Inosine monophosphate (IMP)
was significantly higher by ~3-fold in Groups 2 and 3 relative to Group 1 (p=0.0004). Uridine

monophosphate (UMP) 2-fold higher in Group 2 compared to Group 1 (p<0.0001).

3.10 Other Metabolites
Dimethyl sulfone was higher (2-fold) in Group 3 relative to Group 1 (p=0.0269), whereas
isovalerate (p=0.0418) and methanol (p=0.0324) were significantly lower in Group 4 compared to

Group 3, and did not differ from Group 1.

4. Discussion
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This study demonstrated notable effects of hypercapnia/ischemia and brain dissection on
multiple metabolites involved in energy pathways (phosphate donors / acceptors, Kreb’s cycle and
ketones), and carbohydrate, amino acid and lipid metabolism, as well as on antioxidants,
neurotransmitters and  nucleotides. Compared to  microwave-irradiated  controls,
hypercapnia/ischemia and dissection depleted high energy phosphate donors such as ATP and
phosphocreatine, as well as substrates that can be used for energy such as glucose, and intermediate
metabolites that can act as sugar donors such as UDP-glucose and UDP-galactose. Lactate
increased, reflecting a shift towards anaerobic metabolism, while amino acids (leucine, isoleucine,
and valine, histidine, phenylalanine and tyrosine) increased due to ischemia/hypercapnia and
dissection (Group 4) compared to microwave-irradiated controls (Group 1). GABA was higher
and N-Acetylaspartate was significantly lower in Group 4 relative to Group 1, indicating a change
in neurotransmitter levels due to hypercapnia/ischemia and dissection. Antioxidants (asorbate and
glutathione), and several nucleotides (IMP and UMP) were higher in Groups 2 or 3 relative to
Group 1, but did not differ from Group 4, suggesting that hypercapnia/ischemia increased their
concentrations whereas brain dissection decreased their levels to those of the control group, likely
due to degradation.

High-energy phosphate donors including phosphocreatine, ADP, ATP and GTP decreased
in Groups 2, 3 and 4 compared to microwave-irradiated controls (Group 1), reflecting enhanced
phosphorylation of kinases downstream of G-protein coupled receptors due to
hypercapnia/ischemia. Global ischemia has been shown to activate G-protein coupled receptor
signaling, consistent with our findings *°. The reduction in brain ATP, ADP and AMP following
hypercapnia/ischemia is in agreement with the findings of Veech et al and Lust et al *¢%, who

found that methods that limit ischemic shock, such as freeze blowing, result in a smaller reduction
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of the ratio of phosphocreatine to creatine than methods that are less effective, such as full-body
liquid N2 immersion and decapitation into liquid No.

Additionally, compared to microwave-irradiated controls (Group 1), lower energy
metabolites such as AMP and phosphate acceptors such as creatine were higher following
hypercapnia/ischemia (Groups 2 and 3). These metabolites were not significantly different in
Group 4 (in which brains were dissected after CO. asphyxiation without microwave irradiation)
compared to Group 1. This indicates that the dissection process itself further consumes phosphate
groups towards kinase and G-protein receptor signaling and potentially utilizes creatine for energy,
consistent with the lower values of ADP, ATP and GTP observed in Group 4 compared to Groups
2 or 3, and significantly lower values relative to Group 1. It is unlikely that the changes we
observed in these phosphate donors was the result of changes in body temperature, as Nilsson
demonstrated that brain tissue concentrations of these metabolites do not change as a result of
lowered body temperature!?®,

Hypercapnia/ischemia resulted in higher concentration of brain energy substrates including
succinate (Krebs cycle metabolite), beta-hydroxybutyrate (a ketone) and lactate in Groups 2 and
f/or 3 compared to Group 4, as well as acetate (a gut microbiome product) in Group 4 compared to
microwave-irradiated controls (Group 1). Group 4 succinate and beta-hydroxybutyrate were not
different compared to control, unlike acetate and lactate which reached the highest concentration
in Group 4 (versus Group 1). Because all of these metabolites can be utilized to make ATP, their
increased concentrations suggest increased accumulation by the brain during
hypercapnia/ischemia either due to increased synthesis in the case of succinate, beta-
hydroxybutyrate 117118 and lactate (reviewed in *°), possibly decreased utilization due to their use

in oxidative phosphorylation'?, or increased protein deacylation in the case of acetate '?*, since

28



acetate is not known to be synthesized by the brain. One study reported the rapid acylation of

acetate (to produce ATP) in cultured cells subjected to hypoxia 22

, suggesting increased utilization
concomitant with accumulation in rats subjected to hypercapnia/ischemia. This is not unexpected
because hypercapnia followed by ischemia depletes the brain’s glucose supply as evidenced by the
downward trend in brain glucose concentrations in Groups 2 and 3, and the significant decrease in
Group 4 relative to Group 1, making it reliant on endogenous sources such a succinate, beta-
hydroxybutyrate, lactate and acetate for energy.

The decline in succinate in Group 4 relative to Group 3, and the increase in succinate in
Group 3 relative to Group 4, suggests increased utilization of these energy substrates during
dissection, a process which likely mimics the effects of acute traumatic brain injury induced by
opening the skull, cutting through the periosteum and removing the brain 23, Metabolic energy
demands of the brain are known to increase during traumatic brain injury *24, which could explain
the reduction in energy substrates (succinate and beta-hydroxybutyrate) in Group 4. This
postulation is further supported by the marked reduction in phosphate donor (e.g. ATP, ADP and
AMP) and glucose concentrations in Group 4 compared to the other 3 groups.

Sugar donor (UDP-N-acetylglucosamine, UCP-glucose and UDP-galactose)
concentrations were significantly lower in Group 4 compared to Group 1. While UDP-glucose
could be utilized as a glucose donor for energy, UDP-N-acetylglucosamine and UDP-galactose are
known to be involved in post-translational modification of proteins. For instance, the transfer of
N-acetylglucosamine to serine and/or threonine residues of proteins within dopaminergic neurons
was shown to be necessary for the release of dopamine and the co-release of glutamic acid and
GABA neurotransmitters '%°, and to enhance GABAergic activity in neurons 2. In this study,

glutamate was significantly lower in Group 4 compared to Group 3, and GABA was significantly
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higher in Group 3 and 4 compared to Group 1, suggesting coupling of post-translational
modification processes to neurotransmitter release due to acute trauma associated with brain
dissection (in Group 4).

Several amino acids (leucine, isoleucine, valine, histidine phenylalanine and tyrosine)
were higher in Group 4 compared to Group 1, as were multiple nucleotides in Groups 2 (IMP and
UMP), 3 (IMP) and 4 (hypoxanthine and uracil). Increased concentrations of amino acids and
nucleotides is likely due to increased catabolism of proteins or RNA during hypercapnia/ischemia
and dissection. Other amino acids such as phenylalanine serve as a precursor to tyrosine, which
can be converted in multiple monoamine neurotransmitters including norepinephrine and
dopamine 27, Thus, the increase of both phenylalanine and tyrosine in Group 4 (versus Group 1)
suggests increased turnover, potentially to compensate for the increased utilization of monoamine
neurotransmitters during brain dissection 28,

Glycerophosphocholine was significantly lower, whereas choline, the main product of
glycerophosphocholine breakdown higher in Group 4 compared to Group 1. Global ischemia is
known to breakdown phospholipids, thus liberating phosphate to further be used for energy °.
Our data herein, indicate that brain dissection per se rather ischemia caused the 5-fold reduction
in glycerophospholipids.

The higher ascorbate and glutathione concentrations in Group 2 versus Group 1 is likely
due to increased synthesis following hypercapnia/ischemia. In vivo, rats are known to synthesize
ascorbic acid and to generate glutathione from oxidized glutathione (GSSG) *°. Ascorbate
administration has been demonstrated to protect the brain from damage secondary to hypoxic-
ischemia in rats by reducing both necrosis and apoptotic cell death **X. Similarly, glutathione has

been demonstrated to prevent the decline in activity of the mitochondrial complexes in transient
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ischemia %32, Thus, endogenous synthesis/formation of these antioxidants was likely prompted by
hypercapnia/ischemia. Dissection appears to have increased ascorbate utilization in Group 4, since
concentrations were comparable to Group 1. One study reported increased oxidation of ascorbic

133 3 scenario which could induce trauma similar to brain

acid following cortical ablation
dissection.

While concentrations of ATP and ADP in microwave-irradiated rats were significantly
lower by 33% and 61% respectively than previously reported, we found that lactate, the major
marker for ischemia, as well as phosphocreatine, were similar in concentrations to the literature;
Supplementary Table 1 %7, This is possibly due to the difference in measurement methods, as
both Medina et al. and Lust et al. used a Lowry assay 3 rather than NMR spectrometry to quantify
the concentrations of these metabolites, or possibly due to differences in microwave output, as
Medina and Lust used 6 kW while we used 13.5 kW. The higher energy output would result in the
faster fixation of tissue, resulting in concentrations that more closely match those in vivo.

In summary, this study found that compared to head-focused microwave irradiation, both
COo-induced hypercapnia/ischemia and brain dissection altered the concentration of metabolites
involved in energy pathways, glycosylation, proteolysis, neurotransmission, nucleotide synthesis, lipid
signaling and antioxidant capacity. Our findings 1) provide new information on the physiological effects
of hypercapnia/ischemia and dissection on the brain metabolome, and 2) suggest that in studies which

examine metabolomics in brain tissue, ischemia/hypercapnia and dissection may mask subtle

differences in metabolites that could be captured by using microwave fixation.
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Figure 1: PCA plot of brain metabolites.
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Table 1: Concentrations of identified metabolites in rat brains subjected to differing methods of fixation. All concentrations are
expressed in units of nmol/g and data are presented as mean+SD. Provided p-values indicate the significance of a one-way ANOVA
test with post-hoc Tukey test if normally distributed, or a Kruskal-Wallis test with post-hoc Dunn’s test if not normally distributed
Superscript letters indicate group similarity as determined by post-hoc test. For metabolites that were not detected in every sample
within a group, the number of samples in which the metabolite was detected is in superscript. Metabolites are grouped by general

function.
Group 3
Group 1 (MW) Group 2 (CO+MW) (CO+Wait+MW) Group 4 (CO»)
Phosphate Donors
ATP 1039.5+626.8% 296.2+134.7° 123.1+53.6° 46.5+25.1° <0.0001
ADP 512.24241.42 489.5+275.9% 136.4+55.6" 21.5+12.59 <0.0001
AMP 282.2+197.1° 944.2+603.5" 548.2+514.0% 21.1+9.9% 0.0018
8635.0+2709.7¢
Creatine 7192.9+2074.1° 10624.8+4964.5® 11856.1+2697.7° b 0.0134
Creatine phosphate 2604.0+1085.6* 128.4+112.8%® 108.7+60.4° 50.9+30.1° 0.0003
GTP 298.7+£118.8% 165.2+49.0° 118.6+38.8™ 56.9+26.0° <0.0001
Krebs Cycle and Oxidative Metabolism
Succinate 134.6+246.9% 420.4+208.9° 626.8+382.8° 18.8+19.8% 0.0007
Fumarate 96.3+42.6 125.5+144.7 200.4+211.3 196.94+94.7 0.1785
Acetate 782.6+£303.7¢ 1414.1+£2059.42 1491.3+1125.6% 2206.9+562.4° 0.0057
Carnitine 83.8+37.5 99.5+£72.5 87.2+33.0 81.4+30.9 0.9878
NAD+ 219.6+36.760utof 8 267.7+5]1.95outof7 139.1+80.54outof 8 NDC outof 7
NADH ND ND ND ND
Ketone Bodies
Acetoacetate 15.5+7.3 28.4+15.4 26.7+12.6 21.1+11.1 0.1588
Acetone 24.5+7.8 32.3+17.8 31.5+6.6 24.1+6.5 0.1007
B-Hydroxybutyrate 12.3+£9.12 20.2+10.8% 39.3+13.3° 23.9+7.2% 0.0017

Carbohydrate Metabolites




GE

14229.5+4902.

Lactate 2955.5+4077.12 12413.1+8170.4%® 15976.6+4542.8" ob 0.0007
Glucose 881.6+568.92 255.4+224.0% 180.8+105.7% 101.0+51.7° 0.0022
Glucose-1-phosphate ND ND ND ND

Glucose-6-phosphate 384.8+234.7 270.0+£179.3 181.4+129.2 136.2+61.9 0.1567
X(I:DeF':yll\g;Iucosamine 79.3£20.02 72.0£12.6* 66.9+£16.2° 35.5425.4° 0.001
UDP-galactose 89.4+43.1° 61.8+20.4% 69.2+41.3® 36.2+22.3" 0.0457
UDP-glucose 83.6+24.1° 79.5+21.2° 75.4+46.3 33.0£12.4° 0.011
Amino Acids

Alanine 578.7+249.9 797.2+676.4 1074.3+431.7 1021.94337.2 0.0194
Aspartate 2693.7+771.8 3903.2+3426.5 3768.6+1369.9 4210.3+1250.3 0.0835
Glutamate 10842.9+2383.7% 11680.8+5242.4%® 13020.7+2963.6° 7834.4+2495.9P 0.0431
Glutamine 5106.8+899.8 4634.7+993.6 5503.1+601.2 4572.9+1645.9 0.1538
Glycine 1226.24532.2 1494.44+1439.6 1799.9+919.6 1981.5+585.1 0.0653
Histidine 59.2+22.6° 100.7+64.1% 96.1+29.2% 112.4+44.0° 0.0341
Isoleucine 42.2+24.12 66.2+84.7° 90.0+47.6% 140.6+42.2° 0.0017
Leucine 91.7+38.8° 145.6+£165.9 174.8+76.6% 304.0+£70.7° 0.001
Lysine 308.7+130.6 388.2+241.2 334.6+89.9 483.7+£100.9 0.0574
Phenylalanine 64.0+21.5 82.1+72.3 92.2+33.0%* 177.2+55.1° 0.0027
Threonine 666.5+196.8 882.6+625.8 958.7+292.7 744.9+270.4 0.1995
Tryptophan ND ND ND ND

Tyrosine 93.1+41.2° 112.9485.0° 138.6+43.0% 200.4+46.3° 0.0056
Valine 92.1+34.3° 130.6+128.9° 160.3+58.5% 207.2+49.5° 0.0014
Lipid Signaling

Choline 145.3+119.7° 144.6+223.1° 191.7+77.4% 667.7+202.4° 0.001
O-Phosphocholine 561.2+152.4 683.3+547.7 796.3+350.9 619.8+284.5 0.498




9¢

sn-Glycero-3-

phosphocholine 637.1+130.3% 809.8+190.4 822.6+133.6° 137.3+61.8° <0.0001
myo-Inositol 6658.3+1465.4 7346.0+3019.7 8083.1+1708.9 6226.5+1885.4 0.3401
Antioxidants

Ascorbate 73.3£63.3° 146.1451.4° 77.2+38.8% 58.5+22.4° 0.0111
Carnosine 52.6+30.3 62.7+51.2 81.5+36.7 94.1+37.1 0.1093
Glutathione-SH 77.2£15.4° 134.8+56.3" 103.0+20.2% 132.5+53.4%® 0.027
Neurotransmitters

4-Aminobutyrate 1688.4+437.6° 2438.1+1759.6% 3132.6+1118.6° 3519.6+1129.6° 0.0008
N-Acetylaspartate 7316.9+1469.4%® 7829.5+2227.9%® 8598.8+1330.6° 5416.0+1749.9° 0.0102
Nucleotide Metabolites

Adenosine 25.6+27.3 27.4+20.1 22.4+6.7 19.1+8.3 0.6229
Hypoxanthine 108.9+114.3% 257.3+442.4° 416.84299.9% 640.8+186.2° 0.0025
IMP 38.1+26.8° 98.0+45.3P 96.4+41.5° 28.7+£18.4° 0.0004
Inosine 823.8+851.5 763.5+862.4 1663.0+442.8 1360.1+451.8 0.0791
UMP 34.5£21.3* 80.0+25.4° 49.6x£24.1% 17.545.1° <0.0001
Uracil 20.7+6.8? 79.1+129.5% 74.8+75.4% 114.8+40.9° 0.0014
Other Metabolites

3-Hydroxyisovalerate | 2.6+1.0 3.4+2.3 3.6+£1.5 3.8+1.5 0.2171
Benzoate 15.5+5.0 21.3£18.2 16.045.6 21.2+12.4 0.7807
Dimethyl sulfone 17.945.42 26.5+14.5% 32.6+9.8° 24.7+10.5% 0.0269
Ethanol 17.9+14.3 25.0£19.1 27.0+£17.0 23.0+12.0 0.4776
Formate 533.3176.3 604.0+225.6 678.7+£168.4 477.3£127.0 0.0515
Isovalerate 11.242.7%® 13.3%8.2% 13.5+2.9° 10.7+4.9° 0.0418
Methanol 771.8+185.4% 884.2+409.3® 1014.5£275.92 666.4+134.0 0.0324
Nicotinurate 97.9+51.95078 122.5+117.8%°'7 179.8469.77°f8 157.6+41.18°8 0.2543
Pantothenate 22.846.5 24.1+8.6 31.848.6 22.7+8.0 0.1286




LE

Propylene glycol
Quinolinate
Sarcosine
Taurine

Urea

20.8+3.6

ND

12.6+3.1
4735.0+£904.9
2625.7+1065.4

22.6%8.0

ND

12.7£7.0
5126.9+1892.8
2828.0+£933.0

30.0+14.8
ND

14.65.1
5837.0+975.6
2734.2+691.9

22.4+50

ND

9.846.6
4176.4+1352.7
2256.3+841.4

0.4075

0.1632
0.0632
0.6486



Supplementary Table 1: Metabolite concentrations reported by other authors. Concentrations
are expressed as mean£SD in units of pmol/g wet brain. Freeze-blowing follows the protocol of
Veech et al ®8, Cells marked with ND denote that the metabolite was not measured.

Lust 1973 Veech 1973 Balcom 1976  Medina Balcom
9% 98 106 1975 % 197517 Nihei 1989 18
Phosphate Donors
2.41+0.08 2.45+0.05
Freeze- Freeze-
blown, blown,
1.68+0.03 1.69+0.02
MW, MW, 2.372+0.102
1.79+0.06 1.54+0.15 MW,
Decapitatio  Decapitatio 2.51+0.06
n into n into Freeze-
ATP liquid N2 Liquid N, ND blown ND ND
0.561+0.02
2 Freeze-
blown,
1.32+0.02
MW,
0.657+0.03
7 0.646+0.015
Decapitatio MW, ND
ninto Freeze-
ADP ND liguid N, ND blown ND ND
0.041+0.00
1 Freeze-
blown,
0.399+0.01
1 MW,
0.403+0.03
9 0.060+0.004
Decapitatio MW, ND
ninto Freeze-
AMP ND liquid N2 ND blown ND ND
5.12+0.05
MW, ND
MW,
7.48+0.33
Decapitatio
n into
Creatine ND liquid N, ND ND ND ND
4.00£0.10 4.05+0.07
Freeze- Freeze-
blown, blown,
1.72+0.08 1.68+0.08
MW, MW, 3.715+0.056
1.41+0.03 1.29+0.13 MW,
Decapitatio  Decapitatio 3.55+0.11
ninto ninto Freeze-
Creatine phosphate | liquid N, Liquid N, ND blown ND ND
GTP ND ND ND ND ND ND
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Krebs Cycle and

Oxidative
Phosphorylation
Succinate ND ND ND ND ND ND
Fumarate ND ND ND ND ND ND
Acetate ND ND ND ND ND ND
Carnitine ND ND ND ND ND ND
NAD+ ND ND ND ND ND ND
NADH ND ND ND ND ND ND
Ketone Bodies
Acetoacetate ND ND ND ND ND ND
Acetone ND ND ND ND ND ND
B-Hydroxybutyrate | ND ND ND ND ND ND
Carbohydrate
Metabolites
1.23+0.07 1.23+0.07
Freeze- Freeze-
blown, blown,
1.71+0.15 1.71+0.15
MW, MW, 1.244+0.37
3.16+0.13 3.16+0.13 MW,
Decapitatio  Decapitatio 1.39+0.09
n into n into Freeze-
Lactate liquid N liquid N2 ND blown ND ND
0.962+0.08
4 Freeze-
blown, ND
MW,
0.199+0.02 1.185+0.114
9 MW,
Decapitatio 1.37£0.05
n into Freeze-
Glucose ND liquid N2 ND blown ND ND
Glucose-1-
Phosphate ND ND ND ND ND ND
0.162+0.00
1 Freeze-
blown,
MW,
0.040+0.00
8
Decapitatio
Glucose-6- n into
Phosphate ND liquid N2 ND ND ND ND
UDP-N-
Acetylglucosamine | ND ND ND ND ND ND
UDP-Galactose ND ND ND ND ND ND
UDP-Glucose ND ND ND ND ND ND
Amino Acids
Alanine ND ND ND ND ND ND
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2.46%0.06

Freeze-
Blown,
1.32+0.02
MW,
0.657+0.03
7
Decapitatio
n into
Aspartate ND liquid N2 ND ND ND ND
11.16+0.27
MW (zero
time),
11.10£0.31
MW (after 30
11.20+£0.25  minutes),
Freeze- 11.23+0.40
Blown, ND  decapitation
MW, at RT (zero
9.92+0.64  time),
Decapitatio  10.44+0.48
n into (after 30
Glutamate ND liquid N2 minutes) ND ND ND
Glutamine ND ND ND ND ND ND
Glycine ND ND ND ND ND ND
Histidine ND ND ND ND ND ND
Isoleucine ND ND ND ND ND ND
Leucine ND ND ND ND ND ND
Lysine ND ND ND ND ND ND
Phenylalanine ND ND ND ND ND ND
Threonine ND ND ND ND ND ND
Tryptophan ND ND ND ND ND ND
Tyrosine ND ND ND ND ND ND
Valine ND ND ND ND ND ND
Lipid Signaling
Choline ND ND ND ND ND ND
O-Phosphocholine ND ND ND ND ND ND
sn-Glycero-3-
phosphocholine ND ND ND ND ND ND
myo-Inositol ND ND ND ND ND ND
Antioxidants
Ascorbate ND ND ND ND ND ND
Carnosine ND ND ND ND ND ND
Glutathione ND ND ND ND ND ND
Neurotransmitters
1.82+0.6
MW (zero
time),
4-Aminobutyrate ND ND ND ND 1.84+0.08 ND
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MW (after
30

minutes),
2.14+0.06
decapitatio
natRT
(zero time),
2.69+0.20
(after 30
minutes)
N-Acetylaspartate | ND ND ND ND ND ND
Nucleotide
Metabolites
Adenosine ND ND ND ND ND ND
0.78620.01
3after 1
hour, then
MW,
0.034+0.00
3 MW
immediatel
Hypoxanthine ND ND ND ND ND y
IMP ND ND ND ND ND ND
Inosine ND ND ND ND ND ND
UMP ND ND ND ND ND ND
Uracil ND ND ND ND ND ND
Miscellaneous
3_
Hydroxyisovalerate | ND ND ND ND ND ND
Benzoate ND ND ND ND ND ND
Dimethyl sulfone ND ND ND ND ND ND
Ethanol ND ND ND ND ND ND
Formate ND ND ND ND ND ND
Isovalerate ND ND ND ND ND ND
Methanol ND ND ND ND ND ND
Nicotinurate ND ND ND ND ND ND
Pantothenate ND ND ND ND ND ND
Propylene glycol ND ND ND ND ND ND
Quinolinate ND ND ND ND ND ND
Sarcosine ND ND ND ND ND ND
Taurine ND ND ND ND ND ND
Urea ND ND ND ND ND ND
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Abstract

Understanding brain metabolic changes that differentiate Alzheimer’s Disease (AD) from
underlying cerebrovascular disease (CeVD) pathology remains an unresolved topic. This study
sought to measure energy, neurotransmitter, lipid, carbohydrate, amino acid and antioxidant
pathways affected by AD and CeVD using Nuclear Magnetic Resonance. Metabolites were
measured in postmortem pre-frontal cortex of non-demented controls and AD patients with and
without CeVD. Linear regression analysis was used to test for AD and CeVD interactions, while
adjusting for postmortem interval and age. Fumarate, glutathione, and sarcosine were decreased
in AD patients without CeVVD, compared to controls without CeVD. 2-hydroxybutyrate was
negatively associated with age and postmortem interval in AD patients without CeVD. This
study demonstrates reductions in transmethylation (sarcosine), antioxidant capacity (glutathione
and 2-hydroxybutyrate), and energy metabolism (fumarate) in AD, changes which were no
longer apparent in individuals with concurrent CeVD. The findings reflect AD-specific

metabolomics changes that could distinguish AD from AD with CeVD.
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Introduction
Alzheimer’s Disease (AD), the most common form of dementia, is characterized by
gradually worsening memory and executive function. AD accounts for 50-70% of all dementia

cases®®

. While it is associated with the buildup of amyloid-beta (Ag) plaques and neurofibrillary
tangles (NFTs)?, efforts to target Ag and NFTs therapeutically have not been successful and to
date there is no effective treatment?%,

AD is complicated by the presence of several co-pathologies of which cerebrovascular
disease (CeVD) is the most common®, co-occurring in 64%-80% of AD cases'®’?. CeVD is
associated with the presence of diffuse white matter hyperintensities on MRI, which have been
attributed to reduced blood flow within the brain®*"13, resulting in significant ischemia and
impairment in executive function, attention, and memory®. CeVD is diagnosed based on either a
composite lesion score that evaluates the presence of large infarcts, lacunes, and
leucoencephalopathy®®, an evaluation of one of six subtypes of CeVD associated with either
infarcts, cerebral hypoperfusion, or vascular changes associated with AD pathology®’, or a
staging system that evaluates the severity of vascular changes beginning with modifications to
vessel walls and culminating in large cortical infarcts®®. Even in cases without evidence of
mixed dementia, as many as 80% of patients diagnosed with AD also present vascular pathology
including lacunes, infarcts, cerebral microbleeds, arteriosclerosis, and cerebral amyloid
angiopathy, suggesting it may be an important contributor to AD pathogenesis and prognosis'®.

While it is possible to image Ag protofibrils and misfolded tau using Positron Emitting
Tomography (PET)*°, metabolomics can help to understand metabolic changes concurrent with

disease pathology. In the neocortex of AD patients, taurine and alanine were shown to increase

compared to neocortex of healthy age matched controls'#!. Another study noted decreases in N-
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acetylaspartate and myo-inositol in the superior temporal cortex of AD patients relative to

controls!#?

, and another study observed decreased concentrations of GABA, N-acetylaspartate,
and choline in the inferior temporal gyrus in AD patients relative to controls®. These changes
were inversely correlated with Braak NFT stage and CERAD scores®®. To our knowledge, all
metabolomic studies performed in postmortem AD brains have not tested for the confounding
effects of CeVD.

Individuals with the APOE4/4 genotype are known to present with increased incidence
and earlier onset of AD compared to individuals with the more common APOE3/3 genotype!#,
and the APOE4 gene has been associated with increased arginine uptake'**. Arginine serves as
an important modulator of macrophages and microglia through the inducible Nitric Oxide
synthase (iNOS) pathway'*, thereby implicating this pathway in AD. It is not known whether
arginine metabolism is affected by CeVD.

Brain metabolomic changes have also been observed in animal models of AD. Astrocytic
synthesis of glycolytic L-serine was shown to be reduced in a mouse model of AD*6, where it
acts as a precursor to a co-agonist of NMDA receptors required for synaptic plasticity.
Intracellular lactate production was higher in the same mouse model, likely due to a deficit in
glucose availability or utilization'*®. Further, a 21% increase in the parahippocampal
concentration of L-arginine in 13 month old APPswe/PS1AE9 mouse model along with
simultaneous increases in concentrations of its downstream metabolites L-ornithine and L-
citrulline have been observed!*’. Bergin et al. also noted that glutamate and GABA did not
change between wild type and transgenic micel#’.

The role of bioactive metabolites and their related pathways has not been studied in AD

patients with CeVVD. Because CeVD pathology is different from AD, it can either present a
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unique metabolomics signature or mask changes in metabolite levels associated with AD.
However, there may also be commonalities that are present due to the same mechanisms
responding to AD-related insults and CeVD related insults, such as gliosis and other
inflammatory processes, which are not useful for discriminating between disease states. In the
present study, we used nuclear magnetic resonance (NMR) metabolomics to probe for disease-
specific metabolomic signatures in postmortem pre-frontal cortex of AD and non-demented
controls with or without CeVD. Prefrontal cortex was chosen due to the presence of plaques and
NFTs in the advanced phases of the disease®.We hypothesized that CeVD and AD would have

unique metabolomic signatures that could be used to differentiate the two.

Methods

This study assessed a total of 41 samples collected from the University of California Davis
Alzheimer’s Disease Center (UCD-ADC) brain bank. The details of cases utilized in this study
are described in a prior publication (Otoki et al)*® and summarized in Supplementary Table 1.
Descriptive statistics (age, sex, PMI, and Braak stage) are summarized in Table 1. Samples were
chosen based on pathological criteria according to the NIA-Alzheimer’s association
guidelines™*; six such cases received a diagnosis of CeVD. Controls (N=20) were defined as
cases with no likelihood of AD according to the NIA-Alzheimer’s association guidelines. Seven
patients in the AD group presented cases consistent with Lewy body Disease, and one with
corticobasal degeneration. Within the control group, one case had a diagnosis of progressive
supranuclear palsy, one had a diagnosis of Lewy body disease, and one had a diagnosis of
frontotemporal dementia. Four control patients were diagnosed with CeVD. Patients with CeVD

are marked as such in Supplementary Table 1.
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Between 50-200mg of pre-frontal cortex containing both grey and white matter was
transferred to 2mL microcentrifuge tubes pre-cooled on dry ice. Polar metabolites were separated
from lipids using a modified “Folch” extraction mixture containing 8:4:3
chloroform:methanol:agqueous solution . To each sample, an aqueous solution of 1 mM
ethylenediaminetetraacetic acid (EDTA) and 0.9% KCI (w/v) was added to reach a final volume
of 1200uL. Samples were then homogenized with zirconia beads in a Bullet Blender Storm 24
(Next Advance, Averill Park, NY, USA) for 30 seconds, three to five times. Between
homogenization runs, samples were cooled in a -20°C freezer for approximately 2 to 4 minutes.
The resulting homogenate was mixed with additional aqueous solution to bring to total volume,
including tissue, to a final volume of 1500 pL. Six mL of pre-cooled 2:1 chloroform:methanol
containing 0.002% butylated hydroxytoluene (BHT) was added to the homogenate. This extract
was centrifuged at 1000g for 10 minutes at 0°C in a Solvall RT 6000 (Bio Surplus, San Diego,
CA, USA) to separate the organic chloroform layer from the upper methanol-water aqueous
phase. The lower chloroform layer was removed, and the remaining aqueous phase was re-
extracted with an additional 3.5mL of 10:1 chloroform:methanol and centrifuged again at 1000g
for 10 minutes at 0°C. The lower chloroform phase was removed, and the upper aqueous layer
was decanted and stored at -80°C until NMR analysis.

A total of 2mL of aqueous extract was recovered, all of which was dried via SpeedVac
and reconstituted in 207uL of DI H20. 23uL of d6-4,4-Dimethyl-4-silapentane-1-sulfonic acid
(DSS-d6) was added as an internal standard, and samples were pH adjusted with small amounts
of HCI and NaOH to bring the pH within a range of 6.85+0.15. Samples were then stored at 4°C

until NMR spectra were acquired using a Bruker Avance 600 equipped with a SampleJet
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autosampler. NMR spectra were acquired with a NOESY presaturation pulse as described

previously*'

. The spectra were then phase and baseline corrected, and profiled using Chenomx
NMR Suite v.8.1 (Chenomx, Edmonton, Canada). A total of 52 metabolites were detected and
quantified. Extraction and NMR analysis of tissue samples was blinded.
Statistical Analysis

Patients with age >90 years were treated as having an age of 90 to comply with HIPAA
regulations. Age, postmortem interval (PMI), Sex, and Braak NFT stage were compared for
patients groups of: Control (lacking a clinicopathologic diagnosis of AD), AD, Control+CeVD
and AD+CeVD groups with a one-way ANOVA with post-hoc Tukey test. Metabolite data were
logio-transformed in Excel, and PMI and age were centered on the overall mean. The data were
subjected to multi-linear regression analysis in GraphPad Prism Version 9.1.0 (GraphPad
Software, Inc., California, USA) incorporating AD versus control and CeVD versus non-CeVD
as categorical variables and mean-centered PMI and age as continuous variables. ApoE genotype
was not included in the regression to minimize the risk of co-linearity, since the majority of the
AD subjects (75%) had one or two alleles of the apoE4*. In contrast, only 11% of controls had
one or two apoE4 alleles!*®, We tested for main effects of each variable, and AD/control
interactions with each variable. A P<0.05 was considered significant. There were no outlier
exclusions.
Results

Table 1 presents descriptive statistics for patients. As shown, there is no difference in sex
between groups, nor is there a difference in age or PMI by one-way ANOVA. Braak NFT stage
differed based on AD status, with no differences between the AD+CeVD and AD groups, as well

as the Control+CeVD and control groups.
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Out of a total of 52 metabolites detected and quantified by NMR, four were significant by
the multi-linear regression model. Table 2 presents descriptive data (mean+SD) for log-
transformed brain metabolite concentrations that were significantly different between controls
and AD patients with and without CeVD. None of these metabolites were significant by one-way
ANOVA. All metabolites measured, including those not significant in the multiple regression
model, are presented in Supplementary Table 2.

Table 3 presents the results of the multiple linear regression model. As shown, main
effects or interactions were observed for sarcosine, glutathione, fumarate and 2-hydroxybutyrate.
There was a main effect of AD without CeVD on sarcosine, glutathione, and fumarate
concentrations, which were significantly lower in AD without CeVD relative to controls without
CeVD. These differences were not significant in subjects with AD and CeVD compared to
controls with CeVD. Additionally, for sarcosine, there was a main effect of PMI, and for
glutathione, there was a main effect of age and AD x PMI interaction, suggesting that differences
between AD and controls (both without CeVD) for these metabolites occurred at the centered
mean PMI or age. 2-hydroxybutyrate was negatively correlated with PMI and age in the AD

group without CeVD.

Discussion

This study found differences in metabolites associated with antioxidant synthesis
(glutathione and 2-hydroxybutyrate), transmethylation (sarcosine), and cellular respiration
(fumarate), in AD subjects without CeVVD when accounting for age and PMI. Compared to

controls without CeVD pathology, fumarate, glutathione, and sarcosine were reduced in AD
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subjects without CeVD. 2-Hydroxybutyrate was negatively associated with PMI and age in the
AD group without CeVD.

Consistent with the changes in 2-hydroxybutyrate (lower in older AD patients without
CeVD), prior studies have observed reduced in vivo concentrations of glutathione in the
prefrontal cortex and parietal cortex of AD patients compared to pathologically normal
controls™®15, 2-Hydroxybutyrate is a byproduct of an intermediate step of glutathione synthesis,
which means that changes in its concentration likely reflect changes in the turnover of
glutathione. One possible reason for the reduction of 2-hydroxybutyrate or glutathione (based on
prior studies) could be due to interactions of antioxidant pathways with soluble oligomeric A,
which has been observed to cause changes in the redox state, and decrease intracellular
glutathione concentrations in human neuronal cell culture*®2. This change in antioxidant
metabolism could also explain the effect of age and PMI on 2-hydroxybutyrate in the AD group;
both likely reduce antioxidant tissue status.

Notably, other studies have shown glutathione to increase in the inferior temporal gyrus
and the middle frontal gyrus of AD subjects®®. The inferior temporal gyrus and middle frontal
gyrus are the first to be affected by AD pathology, while the prefrontal cortex is largely spared
until late in disease progression®, suggesting potential adaptive mechanisms for glutathione
turnover depending on the disease stage. Alternatively, increased glutathione concentrations in
the inferior temporal gyrus and the middle frontal gyrus and reductions in cortical areas of AD
patients may reflect region-specific adaptive changes to oxidative stress, which has been
observed to increase in AD*,

Sarcosine was decreased in AD patients without Ce\VVD compared to controls without

CeVD. Sarcosine is involved in transmethylation pathways. It can be formed either as a methyl
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154

acceptor by glycine-N-methyltransferase*, which acts on S-adenosylmethionine, or through

155 and

conversion of betaine to dimethylglycine by betaine homocysteine methyltransferase
subsequent oxidation of dimethylglycine to sarcosine. These changes could be the result of
altered flux in the transmethylation pathways, and changes in transmethylation metabolites S-
adenosylhomocysteine and S-adenosylmethionine have been observed to decrease in the ITG and
MFG of AD patients, and to correlate with disease severity®®. Additionally, serine homocysteine,
a precursor to S-adenosylmethionine was shown to increase in both AD and vascular dementia
compared to controlst®®.

Fumarate is a Krebs cycle intermediate. The observed decrease in fumarate concentration
in AD patients without CeVVD compared to controls without CeVD could be indicative of an
energy deficit due to reduced flux through the Krebs cycle. Reductions in glucose uptake in the
brain have been demonstrated in AD?’, as have reductions in ATP synthesis in neuronal AD cell
models™. Further, in mouse models of AD, a mitochondrial bioenergetic deficit potentially
caused by reduced glycolysis and Krebs cycle flux, was found to directly increase AP plaque
deposition in the brain*>®. Another contributing factor to this could be changes in cell
populations, possibly through increased microglial apoptosis*®®.

One hypothesis of why we did not observe metabolomic changes that others such as
Mahajan et al. % noted was because we took the PMI into account. Mahajan et al. did not include
the PMI in their statistical model and instead matched AD and control case postmortem intervals.
In the present study, we included PMI as a potential confounder in our multiple linear regression

model. As indicated by the regression analysis, PMI affected concentrations of sarcosine and 2-

hydroxybutyrate.
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The differences between brain metabolite levels in AD versus controls were diminished
when CeVD was included in the regression analysis. Our findings emphasize the need to account
for the heterogeneous presentations of AD in postmortem brain metabolomic studies as well as
heterogeneity within CeVD such as temporal aspects, locations, and types of pathologies. This
should be further investigated in a larger cohort, as only a few subjects (4 controls and 6 AD)
had concurrent CeVD during postmortem pathological examination.

PMI was shown to affect the concentration of some metabolites (2-hydroxybuturate,
sarcosine). In a prior rat study (unpublished), we found post-mortem ischemia altered many brain
metabolites, including glutamate, ATP, ADP, phosphocreatine, lactate, glucose, and glutathione.
It is not known how prolonged postmortem ischemia, as is the case in humans, alters these
compounds. Additionally, we did not account for potential differences in agonal states prior to
death for the patients, which may alter brain metabolite levels. In vivo evaluation of metabolite
concentrations (e.g. with PET) might better inform on brain metabolite changes compared to
postmortem metabolomics, as many metabolite changes may have been masked by the effects of
postmortem ischemia and agonal states.

There are several limitations of this study. First, our sample contained a mixture of grey
and white matter. While this provides a representative picture of changes across the brain as a
whole, this study could not evaluate changes specific to either grey or white matter. We also did
not control for sex in our statistical model as a result of our limited cohort, but this was also done
as there was not a significant difference in sex between the groups. We also did not have an
equal distribution of ethnoracial categories across the groups; patients in the AD group were

white while the controls were more diverse.
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In all, this study found that pathways related to transmethylation, antioxidant capacity,
and energy regulation are reduced in postmortem AD compared to controls. These differences
were diminished when CeVD was present in the control and AD groups. Our findings point to
AD-specific changes in transmethylation, antioxidant and energy metabolism pathways that

could be explored as future drug targets.
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Table 1: Descriptive statistics for patient cohort in Alzheimer’s Disease (AD), Control,
Alzheimer’s Disease with Cerebrovascular Disease (AD+CeVD), and Controls with

Cerebrovascular Disease (Control+CeVD). Values that do not share a common superscript differ

(p <0.05).
Control Control+CeVD AD AD+CeVD | P value
N 16 4 15 6 n/a
Sex 8 female, 8 male 2 male, 2 female 10 2 female, 4 | 0.573
female, 5 | male
male
Ethnicity | 9 White, 4 1 15 White | 6 White n/a
Hispanic, 2 African/American,
African/American, | 1 White, 1 Asian,
1 American 1 Hispanic
Indian/Alaskan
Native
Age at 81.1+9.2 85.0+5.8 81.5+7.3 | 87.5+3.4 0.304
death,
(yrs)
Post- 24.3+32.3 24.4+32.3 7549 |19.3£179 |0.122
mortem
interval
(hrs.)
Braak 1.740.5° 1.3+0.5° 5.8+0.40°% | 5.8+0.4° <0.0001
NFT
stage
(mean,
SD)
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Table 2: Log-transformed means and standard deviations of brain concentrations of metabolites
that significantly differ (glutathione, 2-hydroxybutyrate, fumarate, and sarcosine) by multiple
regression analysis between controls and AD both with and without CeVD. Data are expressed

as meanSD in units of logio(—=l).
g brain
Analyte Control Control+CeVD | AD AD+CeVD
2-Hydroxybutyrate | 1.32+0.51 | 1.50+0.16 1.49+0.36 | 1.36+0.64
Glutathione 1.63+0.30 | 1.47+0.27 1.54+0.30 | 1.32+0.39
Fumarate 1.01+0.35 |0.89+0.30 0.89+0.39 | 0.88+0.50
Sarcosine 1.00+0.45 | 1.04+0.35 0.72+0.39 | 1.18+0.33
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Table 3: Significant results of multiple regression analysis. For each variable (intercept, group effects, CeVD effects, PMI, Age, and
second order effects between Group and CeVD, PMI, and age) results are represented as Estimate + standard error (95% confidence

interval) and are marked with an asterisk (*) if the effect was significant.

Analyte Intercept Group CeVD PMI Age Group:CeVD | Group:PMI Group:Age
2-hydroxy- | 1.327+0.106 | -0.165+0.187 0.137£0.244 0.006+0.012 0.001+0.003 0.234+0.346 -0.040+0.188 -0.026+0.010
butyrate (1.111,1.542) | (-0.545,0.215) (-0.360,0.633) (-0.017,0.030) (-0.005,0.007) (-0.471,0.939) | (-0.079,- (-0.047,-

* 0.002)* 0.006)*
Glutathione | 1.658+0.067 | -0.298+1.118 -0.100+0.154 0.002+0.007 -0.004+0.002 0.188+0.218 -0.026+0.012 -0.009+0.006

(1.522,1.793) | (-0.537,-0.059)* | (-0.412,0.212) (-0.013,0.016) (-0.008,-0.001)* | (-0.255,0.632) | (-0.050,- -

* 0.002)* 0.022,0.004)
Fumarate 1.029+0.091 | -0.379+0.161 -0.042+0.210 -0.001+0.010 -0.004+0.002 0.298+0.298 -0.002+0.016 -0.016+0.009

(0.843,1.215) | (-0.707,-0.052)* | (-0.470,0.385) (-0.022,0.019) (-0.009,0.001) (-0.309,0.905) | (-0.035,0.031) -

* 0.034,0.001)
Sarcosine 1.042+0.099 | -0.400+0.175 -0.031+0.229 0.025+0.011 -0.001+0.003 0.546+0.325 -0.020+0.018 -0.006+0.009

(0.840,1.244) | (-0.756,-0.043)* | (-0.497+0.435) (0.002,0.047)* (-0.007,0.004) (-0.115,1.208) | (-0.056,0.016) | (-

* 0.025,0.014)




Supplementary Table 1: All patient information including age at death, sex, and BRAAK NFT
stage.

Case | Group Age at Sex | Ethnicity PMI BRAAK
ID Death (hrs) NFT
(yrs) stage

1 Control 77 M White 6 1
2 Control 90+ M Hispanic 7 2
3 Control 84 F White 13.1 1
4 Control 90+ F African/American 7 2
5 Control 76 F White 107 2
6 Control 78 F White 48 2
7 Control 65 F White 8 1
8 Control 90+ F White 1 2
9 Amer Indian/Alaskan

Control 90+ F Native 4 2
10 Control 90+ M African/American 7 1
11 Control+CeVD | 81 M African/American 115 1
12 Control+CeVD | 90+ M White 3.5 1
13 Control+CeVD | 90+ F Asian 40 1
14 Control 90+ F White 7 2
15 Control 75 M Hispanic 88 2
16 Control 75 M Hispanic 50 2
17 Control 90+ M Hispanic 22 1
18 Control+CeVD | 79 F Hispanic 4 2
19 Control 66 M White 12 2
20 Control 71 M White 3 2
21 AD 86 F White 1 6
22 AD 89 F White 2 6
23 AD 74 M White 8 6
24 AD 90+ F White 11 6
25 AD+CeVD 90+ M White 13 6
26 AD 87 F White 11 6
27 AD+CeVD 89 F White 35 6
28 AD 86 F White 3 6
29 AD 79 M White 4 6
30 AD 88 F White 11 5
31 AD 79 M White 5 6
32 AD 71 M White 9 6
33 AD 90+ F White 9 6
34 AD+CeVD 87 F White 8 5
35 AD+CeVD 88 M White 7 6
36 AD 85 M White 4 5
37 AD+CeVD 81 M White 5 6
38 AD+CeVD 90+ M White 48 6
39 AD 70 F White 10 6
40 AD 77 F White 5 6
41 AD 72 F White 20 5
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Supplementary Table 2: Log-transformed metabolite concentrations (nmol/g brain) for all
metabolites measured. Metabolites that were not detected are marked as ND. Data are expressed

nmol

as meanzSD in units of logio gbrain).
Control +

Analyte Control | CeVD AD AD + CeVD
2-Hydroxybutyrate 1.32+0.51 | 1.504£0.16 | 1.49+0.36 | 1.36+0.64
3-Hydroxybutyrate 1.49+0.62 | 1.594+0.39 | 1.52+0.35 | 1.39+0.35
3-Hydroxyisovalerate ND ND ND ND
4-Aminobutyrate 2.374£0.33 | 2.40+0.35 | 2.49+0.23 | 2.30+0.46
ADP 0.88+0.48 | 1.03+£0.25 | 1.06+0.32 | 0.64+0.44
AMP 1.23+0.54 | 1.04+0.44 | 1.25+0.48 | 1.09+0.49
ATP 0.91+0.45 | 1.06+£0.38 | 1.12+0.23 | 0.85+0.45
Acetate 2.62+0.39 | 2.56+0.16 | 2.67+0.34 | 2.56+0.31
Acetoacetate 0.72+0.35 | 0.71+0.42 | 0.69+0.23 | 0.40+0.37
Acetone 0.60+0.38 | 0.43+0.50 | 0.58+0.38 | 0.47+0.51
Adenosine ND ND ND ND
Alanine 2.60+0.38 | 2.63+0.22 | 2.77+0.30 | 2.66+0.36
Ascorbate ND ND ND ND
Aspartate 2.71+0.44 | 2.77+£0.22 | 2.80+0.32 | 2.64+0.40
Benzoate ND ND ND ND
Carnitine 1.86+0.27 | 1.74+0.25 | 1.88+0.25 | 1.67+0.26
Carnosine 1.49+0.40 | 1.40+0.17 | 1.56+0.42 | 1.54+0.18
Choline 1.93+0.42 | 1.94+0.18 | 1.80+0.33 | 1.78+0.27
Creatine 3.29+0.41 | 3.30+£0.29 | 3.42+0.28 | 3.27+0.41
Creatine phosphate 1.88+0.36 | 1.96+£0.15 | 1.97£0.26 | 1.92+0.40
Dimethyl sulfone ND ND ND ND
Ethanol ND ND ND ND
Formate 2.21+0.30 | 2.23+0.30 | 2.35+0.27 | 2.25+0.33
Fumarate 1.01+0.35 | 0.894+0.30 | 0.89+0.39 | 0.88+0.50
GTP 1.13+0.61 | 0.96+0.53 | 1.23+0.25 | 0.92+0.79
Glucose 1.82+0.56 | 1.55+0.68 | 1.93+0.69 | 1.70+0.80
Glucose-6-phosphate ND ND ND ND
Glutamate 3.34+0.37 | 3.42+0.33 | 3.47+0.29 | 3.29+0.50
Glutamine 3.0940.41 | 3.13+0.36 | 3.294+0.35 | 3.06+0.54
Glutathione 1.63+0.30 | 1.47+0.27 | 1.54+0.30 | 1.32+0.39
Glycine 2.31+0.27 | 2.60+£0.20 | 2.44+0.31 | 2.35+0.35
Histidine 1.46+0.29 | 1.43+0.32 | 1.56+0.27 | 1.59+0.21
Hypoxanthine 2.08£0.59 | 1.97+0.29 | 2.19+0.41 | 2.04+0.39
IMP 0.81+0.29 | 0.78+0.15 | 0.6740.30 | 0.75+0.40
Inosine 2.13+0.45 | 2.10+£0.37 | 2.32+0.29 | 2.09+0.52
Isoleucine 1.79+£0.45 | 1.9140.17 | 1.9940.34 | 1.92+0.32
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Isovalerate 0.05+0.35 | 0.31+0.33 | 0.23+0.38 | 0.04+0.24
Lactate 3.85+0.37 | 3.85+0.29 | 4.01+0.27 | 3.87+0.43
Leucine 2.06+0.43 | 2.18+0.14 | 2.27+0.32 | 2.19+0.33
Lysine 1.88+0.32 | 1.85+0.24 | 1.85+0.32 | 1.80+0.40
Methanol 2.91+0.25 | 2.93+£0.19 | 2.97+0.28 | 2.93+£0.27
N-Acetylaspartate 3.08+0.38 | 3.01+£0.39 | 3.14+£0.25 | 2.97+0.45
NAD+ 0.54+0.47 | 0.61+0.37 | 0.60+0.47 | 0.45+0.44
NADH ND ND ND ND

Nicotinurate 1.22+0.31 | 1.18+0.34 | 1.25+0.27 | 1.20+0.31
O-Acetylcholine 1.68+0.41 | 1.82+0.19 | 1.85+0.36 | 1.86+0.35
O-Phosphocholine 2.17+0.42 | 2.17+£0.13 | 2.37+0.37 | 2.18+0.45
Pantothenate 0.99+0.49 | 1.05+0.18 | 1.05+0.36 | 0.89+0.39
Phenylalanine 1.82+0.38 | 1.88+0.23 | 2.02+0.37 | 1.91+0.44
Propylene glycol 1.20+0.31 | 1.36+£0.41 | 1.23+0.35 | 1.45+0.34
Sarcosine 1.00+0.45 | 1.04+0.35 | 0.72+0.39 | 1.18+0.33
Succinate 2.09+0.44 | 2.19+0.23 | 2.30+0.29 | 2.11+0.43
Taurine 2.50+0.43 | 2.45+0.27 | 2.57+0.32 | 2.43+0.51
Threonine 2.05+0.32 | 2.15+0.15 | 2.16+0.30 | 2.06+0.37
Tryptophan 1.18+0.40 | 1.23+0.37 | 1.24+0.43 | 1.37+0.42
Tyrosine 1.91+0.41 | 1.99+0.24 | 2.09+0.38 | 2.00+0.42
UDP-N-Acetylglucosamine 0.90+0.35 | 0.83+0.40 | 0.90+0.30 | 1.00+0.38
UMP ND ND ND ND

Uracil 1.25+0.50 | 1.04+0.29 | 1.27+0.44 | 1.18+0.36
Urea 3.50+0.42 | 3.60+0.26 | 3.55+0.46 | 3.87+0.36
Valine 2.00+0.47 | 2.17+£0.18 | 2.23+0.33 | 2.15+0.35
myo-Inositol 3.24+0.47 | 3.20+£0.25 | 3.42+0.30 | 3.28+0.47
sn-Glycero-3-phosphocholine 2.45+0.60 | 2.58+0.51 | 2.72+0.31 | 2.63+0.56
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Conclusion

The work of this thesis indicates that ischemia and brain dissection are significant
problems when performing postmortem metabolomic studies. In Study 1, we found both the
ischemia that occurs postmortem as well as the brain dissection process matters, as many
metabolites changed within the six minute postmortem period. These include changes in
phosphorylation through the depletion of high energy phosphate metabolites such as
phosphocreatine and adenosine triphosphate (ATP), the buildup of lactate, and the depletion of
glucose. We also observed increases in antioxidants following hypercapnia/ischemia, which
decreased back to levels seen in controls that received microwave irradiation. We observed sn-3
glycerophosphocholine to decrease while choline increased, suggesting changes in lipid turnover.
The branched chain amino acids isoleucine, leucine, and valine, as well as histidine and tyrosine
were significantly elevated in the group that received only CO2 compared to controls. In Study 2,
we found differences in a handful of metabolites (sarcosine, fumarate and glutathione) between
Alzheimer’s Disease (AD) without Cerebrovascular Disease (CeVD) and controls without CeVD
only emerged when controlling for the postmortem interval and age. It is likely that the effects
from the postmortem interval and agonal state diminished further metabolomic effects associated
with AD.

There were several limitations to this thesis. The first of these is that we did not control
the temperature of the rats in Study 1. Hypothermia has been shown to decrease concentrations
of glutamate and leucine, and increase the concentration of y-aminobutyric acid (GABA)*°,
During death, the loss of blood flow to the brain reduces availability of oxygen, which leads to a
buildup of CO: in the brain. This is accompanied by a reduction in consumption of oxygen and

shift towards anaerobic metabolism?*62. In humans, algor mortis (i.e. the cooling of the body after
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death) sets in approximately 30 minutes after death, after which the body cools at a rate of
approximately 1°C per hour for the first twelve hours, and approximately 0.5°C per hour

thereafter!®?

until it reaches ambient temperature. Most decedents are stored in refrigerated
conditions at temperatures of between 2°C and 4°C*%3, As rats are smaller than humans, this heat
loss is likely much faster although this is understudied.

The first two groups in Study 1, which received microwave irradiation and CO; followed
by immediate microwave irradiation respectively are unlikely to be affected by hypothermia
since the animals died immediately after head-focused microwave irradiation (algor mortis only
occur postmortem). This represents a potential confounding factor for Groups 3 and 4, which
were decapitated and subjected for a 6 minute wait period to induce prolonged ischemia (Group
3) or dissected within 6 minutes (Group 4). While some metabolites, such as ATP and
phosphocreatine likely were not affected significantly by this hypothermia®®, it remains possible
that some of the metabolites that changed due to dissection, such as UDP-N-acetylglucosamine,
leucine, isoleucine, or phenylalanine were influenced by hypothermia. The effects of algor
mortis could be limited in a future study by using a heating pad during CO; euthanasia.

An additional limitation of Study 1 was that Group 2 received microwave irradiation
immediately after exposure to CO> for 2-minutes, and it was not conclusively determined
whether the rat had died during this 2-minute period. Death would result in postmortem ischemia
(versus hypercapnia) which would alter concentrations of brain metabolites. Additionally, there
is the possibility that two rats in Group 1 (which received microwave irradiation) were not

properly microwaved, as in the PCA plot (Figure 1, Chapter 2), two rats clustered with Groups 2

and 3 (CO2+MW and CO2+Wait+MW).
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Further, in Study 1 only male rats were evaluated. This was done as the evaluation of

101 \was conceived to

small metabolites was a secondary analysis, and the primary analysis
replicate changes in oxidized lipids that other authors had observed in males®®164-167 Future
studies should investigate sex differences in the response to hypercapnia/ischemia and dissection.

Another major limitation of this thesis is that rats do not completely mimic the human
condition. Metabolites that we observed to change in the six minutes postmortem in rats may
change differently or not at all in humans. For example, the half-life of glucose in the rat brain is
approximately 1.6 minutes'® while the half-life of glucose in the human brain has been
measured to be between 2 and 4 minutes'®®1’%, We only measured six minutes of ischemia in
Study 1, whereas in Study 2 the postmortem interval (PMI) for patients in both groups was
orders of magnitude larger. The effects of longer-term ischemia could be investigated by
including an additional group subjected to hours of postmortem ischemia to represent the
average time prior to dissection that a human brain receives. However, due to differences in
metabolism between rats and humans, the applicability of this approach would be limited only to
metabolites whose half-lives are comparable between rats and humans in the timeframe studied.
To exemplify, docosahexaenoic acid, has a half-life of 30-90 days in rats'’* and approximately
2.5 years in humans'’2.

Additionally, the human tissue studied in Study 2 underwent more freeze-thaw cycles
than the rat brain tissue studied in Study 1. Where the tissue from Study 1 only went through a
single freeze-thaw cycle before metabolomic analysis, the tissue from Study 2 went through at
least two. The effects of freeze-thawing could be investigated with an experiment in which CO»-
asphyxiated and microwave irradiated rats are subjected to repeated freeze-thaw cycles, with one

group receiving only a single cycle, a second group receiving two, and a third group receiving as
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many as three. Lastly, the agonal state that humans undergo pre-death is difficult to model in
animals and cannot be adequately captured or statistically controlled for in human cohort studies.

This leaves positron emission tomography (PET) imaging as the most obvious option to
simply perform metabolomic studies in vivo (. Regional evaluation of metabolites could be
performed using PET; however, this methodology is limited by a lack of availability of
appropriate tracers, only one of which can be used at a time, and regional resolution (when
compared to pathology). Additionally, some studies have indicated that due to the limited ability
for many tracers to cross the blood-brain barrier, it is generally more effective to study
compounds that enter the brain via passive diffusion, such as free fatty acids*”® than compounds
that must enter the brain via active or coupled transport.

A major limitation of Study 2 is that the analysis was restricted to one brain region (pre-
frontal cortex). We evaluated metabolite concentrations within the prefrontal cortex, because it is
affected by AD pathology late into the progression of the disease®. This could be one of the
reasons as to why we did not see many of the metabolomic changes that other authors such as
Mahajan observed?”%, as their study evaluated concentrations in regions that are affected earlier
in the disease- potentially suggesting these metabolic changes, which are localized to the brain
region studied, do not develop instantaneously and build up over time as more cells become
affected by AD pathology. A postmortem study evaluating multiple brain regions including the
prefrontal cortex, inferior temporal gyrus, middle frontal gyrus, and also the cerebellum, which is
one of the last regions of the brain to be affected®, would allow for a more comprehensive
mapping of metabolomic changes in AD.

It is possible that one reason we did not see any differences in the CeVD groups in Study

2 was because of the small sample size of patients with a CeVD diagnosis in the control and AD
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groups. Our statistical model likely did not have the power or effect size to determine if there
were any differences in between CeVD and the control groups ,and this could be remedied by
including a larger cohort.

In conclusion, this thesis was able to differentiate the effects of postmortem ischemia
from the changes imposed due to the dissection of the brain, by comparing microwave irradiation
to CO, asphyxiation followed by immediate microwave irradiation, to CO- asphyxiation
followed by a simulated dissection time and subsequent microwave irradiation, and to CO>
asphyxiation and dissection (no microwave irradiation) in Study 1. Additionally, Study 1
identified metabolites that are stable within 6 minutes of postmortem dissection, and metabolites
that are not. However, caution should be exercised when extrapolating these results to a human
PMI, which is typically measured on the magnitude of hours, and because metabolic turnover of
these metabolites may be different in rats than it is in humans. Knowing that the PMI matters,
Study 2 was able to take that into account and still find significant differences between the AD
and control subjects. Many studies® simply match postmortem intervals between groups,
whereas we were able to statistically control for it and therefore minimize its effects.
Additionally, we also considered the effects of vascular disease (i.e. CeVD), which involves a
more chronic and subtle state of localized ischemia within the brain. Few studies consider
heterogeneous presentations of AD in their analyses, although in doing so, we did not observe
any significant effects in CeVD with or without AD with our current sample size, though we
were able to highlight changes in several metabolites in AD without CeVD. Further, the
postmortem brains in Study 2 had confirmed pathological diagnoses which strengthens the

validity of our observations.
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In all, this thesis found that the postmortem effects of ischemia and dissection affects the
brain metabolome. This may obscure or limit potential changes related to vascular disease and
AD pathology in humans. Postmortem studies should consider the confounding effects of PMI
rather than matching PMI between groups since many metabolites likely change depending on

the PMI.
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