Rowan University

Rowan Digital Works

Graduate School of Biomedical Sciences Rowan-Virtua Graduate School of Biomedical
Theses and Dissertations Sciences
12-2017

Brain Energy Homeostasis and the Regulation of N-acetyl-
aspartate Metabolism in Development and Disease

Samantha Zaroff
PhD

Follow this and additional works at: https://rdw.rowan.edu/gsbs_etd

b Part of the Cell Biology Commons, Laboratory and Basic Science Research Commons, Molecular and
Cellular Neuroscience Commons, Molecular Biology Commons, and the Nervous System Diseases

Commons

Recommended Citation

Zaroff, Samantha, "Brain Energy Homeostasis and the Regulation of N-acetyl-aspartate Metabolism in
Development and Disease" (2017). Graduate School of Biomedical Sciences Theses and Dissertations.
51.

https://rdw.rowan.edu/gsbs_etd/51

This Dissertation is brought to you for free and open access by the Rowan-Virtua Graduate School of Biomedical
Sciences at Rowan Digital Works. It has been accepted for inclusion in Graduate School of Biomedical Sciences
Theses and Dissertations by an authorized administrator of Rowan Digital Works.


https://rdw.rowan.edu/
https://rdw.rowan.edu/gsbs_etd
https://rdw.rowan.edu/gsbs_etd
https://rdw.rowan.edu/gsbs
https://rdw.rowan.edu/gsbs
https://rdw.rowan.edu/gsbs_etd?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/10?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/812?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/60?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/60?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/5?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/928?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/928?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://rdw.rowan.edu/gsbs_etd/51?utm_source=rdw.rowan.edu%2Fgsbs_etd%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages

BRAIN ENERGY HOMEOSTASIS AND THE REGULATION OF
N-ACETYL-ASPARTATE METABOLISM IN DEVELOPMENT AND

DISEASE

Samantha Zaroff, B.S.

A Dissertation submitted to the Graduate School of Biomedical Sciences, Rowan

University in partial fulfillment of the requirements for the Ph.D. Degree.

Stratford, New Jersey 08084

December 2017



Table of Contents

Table Of CONENES. ... .vet i e e 2
ACKNOWIBAGMENES. ...t 3
F N o1 1 ¢ T F PP 5
INEFOTUCKION. . .. e et e e e 7
Chapter One: The Synthesis of NAA is Energetically Taxing on the Cell.............. 20
SPECIfIC ATM ONC...unire it 20
INtrOdUCHION. ...t e 20
Materials and Methods..........cooviiiiii i 22
RESUILS. .o 26
L7070 T2 L 13T 5o T SR 32

Chapter Two: The Active Down-Regulation of NAA Synthesis Coincides with
Reduced Energetic Integrity During Early Neurodegenerative Disease Progression as
Demonstrated Through the 5XFAD Transgenic Mouse Model for Familial

AlZNeImMET’S DISCaASE. ...\ttt e 33
SPECIfic ATM TWO. ..ot e 33
INtroduction. ... ..o 33
Materials and Methods......... ..o 40
ReSUIS. ..t 49
CONCIUSION. ..o e 60

Chapter Three: The Possible Role of ASPA in Regulating Nat8L....................... 61
Specific AIm Three. ... ..o, 61
INtrodUCtion. ... oo e, 61
Materials and Methods...........coiiii i 66
ReSUILS. . e 72
CONCIUSION. ..ot e 77

DaSCUSSION. . . sttt et e e e e e e e e 78
Substrate Availability as a Possible Means of NAA Metabolism and Oxidative
PhoSphorylation. ... .. ..o 78
Determining the Time Period Defined by Altered NAA Metabolism in
BXFAD M. .ottt ettt et e et e et e 80
AMPK as a Possible Means of Regulation for Nat8L............................ 82
The Regulation of Nat8L Through miRNA’S..........cccvviviiiiiiiiiiiinn, 84
The Possible Down-Regulation of Nat8L through a Bi-Compartmental
BT =] 1 85
The Link Between NAA Metabolism and Histone Modification............... 87
FULUE EXPEIIMENTS. ..\ ettt e e een, 89
CONCIUSION. ... e e 92

R OTENCES. ...ttt e 94

ADDIEVIAtIONS. ... ot 112

AETIDULES. .. .ottt et e e e 115



Acknowledgments

Undertaking such an extraordinary and demanding thesis project would not
have been possible without the continuous guidance of my mentor, Jeremy Francis,
Ph.D. Throughout my time at UMDNJ/Rowan SOM | have faced numerous
blockades which could have limited my success as a Ph.D. candidate, however, Dr.
Francis maintained a level of compassion and professionalism that allowed me the
ability to successfully complete my thesis project as well as publish a first author
manuscript. Within this section, | would like to acknowledge the extreme amount of
effort and attention that he placed, on not only completing my thesis work but also
assisting me in my future career path. I would also like to acknowledge the members
of my thesis committee for their continued assistance in all scientific concerns | had
throughout my thesis work, as well as their numerous experimental suggestions.
Particularly, the chair of my committee Paola Leone, Ph.D., has truly been an
inspiration and a key ally throughout my 4.5 years. She has helped me not only on a
scientific level, but a personal one as well, and | will forever be grateful for her
kindhearted words of encouragement. It is also important to me that I acknowledge
my lab mates, Vladimir Markov, MD and Dawid Wojas, MS, as they have taught me
many laboratory techniques and had the patience to ensure that | understood, and was
able to carry out every experiment correctly and independently. Also, my thesis work,
although taking place in the laboratory, would not have been possible without the
never-ending support of my immediate and Rowan-SOM family.

Lastly, this project was supported by an NIH/NIA STTR grant (Grant #

1R41G044890-01A1), the Boye Foundation Inc. (NJ), Canavan Research (IL), the

3



Silver Foundation (IL), Bamboo Therapeutics (15-0190 to PL) and partially by
the NIH (STTR#R41G044890-01A1 to JS and NS088763-01A1 to PL) with

additional support from the Ralph & Lois Silver Foundation, and Jacob's Cure.



Abstract

N-acetylaspartate (NAA) is a non-invasive clinical marker of neuronal
metabolic integrity because of its strong proton magnetic resonance spectroscopy (H-
MRS) peak and direct correlation with energetic integrity. Specifically, NAA is used
to track the progression of neurodegenerative diseases due to the characteristic
reduction of whole brain levels of NAA which occur simultaneously with reduced
glucose utilization and mitochondrial dysfunction, but prior to the onset of disease
specific pathology. However, NAA will also significantly increase simultaneously
with energetic integrity during periods of recovery or remission in applicable
disorders, such as traumatic brain injuries. Unfortunately, it remains enigmatic
exactly why NAA is so tightly linked to overall neuronal integrity and why its levels
seem to decrease prior to disease pathology. In order to shed some light on this
unknown, we undertook an analysis of NAA metabolism in two distinct contexts,
neurodegenerative disease progression and post-natal development.

We first analyzed possible controlling mechanisms behind the characteristic
drop in whole brain levels of NAA during neurodegenerative disease progression
using the 5XxFAD mouse model of Familial Alzheimer's Disease. During 5XFAD
disease progression, the reduction of NAA could not be accounted for by neuronal
loss, mitochondrial loss, or the reduction of substrate-providing mechanisms.
However, our results revealed that Nat8L, the gene encoding the NAA synthetic
enzyme, was significantly down-regulated simultaneously with reduced levels of
NAA as well as reduced mitochondrial integrity. We also show that both reductions

are preceded by a significant up-regulation of the gene encoding oligodendrocytic
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aspartoacylase (ASPA); the sole known NAA-catabolizing enzyme. Therefore, we
hypothesized that NAA is reduced during 5XFAD progression due the active down-
regulation of Nat8L and up-regulation of ASPA in response to reduced energetic
integrity.

We then analyzed the expression of Nat8L during the first 4-weeks of
postnatal development of ASPA null (Nur7) mice. Our results revealed that Nat8l was
up-regulated during a period of early postnatal development normally punctuated by
low Nat8L expression and the transcriptional up-regulation of ASPA. Taken together,
the results from our 5XFAD and Nur7 experiments indicate ASPA as a possible
negative regulator of Nat8L in response to energetic crisis. The results also predict
the presence of signaling mechanisms involving cross talk between neurons and
oligodendrocytes which control NAA metabolism during both postnatal development

and neurodegenerative disease progression.



Introduction

NAA is the second most concentrated amino acid derivative in the
mammalian brain (10 mM) (1-2), secondary only to glutamate. The only
experimentally proven role of NAA is to supply oligodendrocytes with acetyl groups
for production of myelin fatty acids during early postnatal development (3-4).
However, concentrations of NAA remain relatively high throughout adult life (5),
despite not having a truly defined role within the adult brain. The only inclination as
to NAA’s function in the adult brain is that reductions of whole brain levels of NAA
coincide with reduced neuronal energetic integrity, specifically during periods of
stress or direct trauma to the brain. Therefore, by investigating NAA metabolism
during early stage neurodegenerative disease, we believed that we might be able to
elucidate a role of NAA in the adult brain.

NAA is drastically reduced from normal biological levels of 5-10 mM during
early stage neurodegenerative disease (6), traumatic brain injury (TBI) (7), various
and mental health disorders (8-9). This reduction of NAA has been indirectly linked
to the overall energetic status of the brain, which is also reduced during early stage
neurodegenerative disease progression (178). NAA will also increase as energetic
status and neuronal integrity improve, such as during periods of recovery from
traumatic brain injury (184). This thesis work was undertaken in an effort to
understand how and why NAA is reduced during early neurodegenerative disease
progression, and to determine if this reduction can be linked to the overall energetic
integrity of the brain. We hypothesize that the characteristic reduction of whole brain

NAA in the early stages of neurodegenerative disease is an active response to the
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simultaneous reduction of energetic integrity. We tested this hypothesis by analyzing
the transcriptional regulation of the gene encoding for the NAA synthetic enzyme N-
acetyl-transferase-8-like (Nat8L), during key periods of neurodegenerative disease in
the 5xFAD model of Alzheimer’s disease (AD).

NAA was discovered in 1956 through the analysis of metabolic components
of protein free extracts from the cat brain (1). The extracts contained an N-
substituted acetylated form of aspartate, which was eventually named N-acetyl-n-
aspartic acid (NAA). NAA is found within neurons of the mammalian Central
Nervous System (CNS) (6). It is synthesized from Acetyl Coenzyme A (AcCoA) and
aspartate via Nat8L (Figure 1.1) either within the mitochondria (11) or the

endoplasmic reticulum (12).

0 O O
” 0 Nat8L HO S0
22, o " 8 N0
H;C SCoA OH NH, \f
AcCoA Aspartate NAA
Figure 1.1 NAA Synthesis. AcCoA and aspartate react to form NAA via the
enzyme Nat8L.

In order for NAA to be synthesized, AcCoA must be diverted from the
neuronal Tricarboxylic acid (TCA) cycle while aspartate is converted from glutamate
and malate (185), most likely diverted from the Malate Aspartate Shuttle (MAS).
These diversions ultimately lead to a significant reduction in NADH available for
oxidative phosphorylation. After synthesis, NAA is shuttled down neuronal axons and

exported into oligodendrocytes through the sodium-dependent dicarboxylate
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transporter (NaDC3) (14). Once within oligodendrocytes, NAA is catabolized by

ASPA, in order to generate acetate and aspartate (15; Figure 1.2).

NAA Metabolism
Neuron Oligodendrocyte
0 O
Myelin PR CH
—— 3
H C)I\S/COA —> TCA Lipids HaC O/Y
3 Acetate CH,
AcCoA
o} 0
HO OH ig OH
NATS8L O HN O | O HN o CASPA
NAA NAA
OAspar‘cate O Aspartate O
o)
OH ——> MAS OH
OH NH; OH NH;

Figure 1.2 NAA Metabolism. NAA is synthesized within neurons when acetate
and aspartate are diverted from the TCA cycle and MAS, respectively, and react in
the presence of Nat8L. NAA is then shuttled into a neighboring oligodendrocyte
where it is catabolized by ASPA back into acetate and aspartate. Acetate is then

used to produce myelin lipids for the myelin sheath during early development.

The resulting acetate formed from NAA catabolism is used to synthesize
various lipids. During early development, acetate will be converted into acetyl-CoA
and malonyl-CoA and become incorporated into the myelin sheath (3; Figure 1.3),

whereas post myelination acetate is incorporated into other lipids for the CNS (16-17)
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Figure 1.3 NAA Catabolized Acetate is Incorporated into Fatty Acids. NAA is
catabolized by ASPA into aspartate and acetate. Acetate is used by
oligodendrocytes to produce fatty acid precursors, such as malonyl Co-A, which
will generate fatty acids and be incorporated into the myelin sheath during early

development, or synaptic membranes during adulthood.

Through bioinformatics mining, it was revealed that only two N-acetyl
transferases (NAT's; 18-20) were primarily expressed in the mammalian brain, Nat8l,
and Natl14. These genes were isolated and cloned into expression cassettes and
transfected into HEK293 cells in the presence of acetate and aspartate, the precursors
to NAA. The only cells which were able to successfully synthesize NAA were those
expressing Nat8L; therefore Nat8L was identified as the gene responsible for
encoding the NAA synthetic enzyme. The identification of this gene also led to the
determination that the disorder hypoacetylaspartia is directly caused by a mutation in

the gene encoding Nat8L (21-25). Hypoacetylaspartia is the only known disorder
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characterized by the complete lack of NAA. There is currently only one patient who
has been identified to have had this disorder, but unfortunately it was a young child
who has since passed. However, the identification of this disorder has revealed that
NAA must have another role in the mammalian brain other than myelination. This is
because, in spite of not being able to make any NAA, this patient somehow
maintained a moderately normal level of myelination. Despite this, the patient still
suffered from mental retardation, microcephaly, and seizures, eventually leading to
his early death. This case study indicates not only that there are other means of
myelination besides NAA metabolism but that the role of NAA in the adult brain is
much more complicated than simply supplying oligodendrocytes with precursors for
myelin fatty acids.

In order to synthesize NAA, AcCoA and aspartate must be diverted from the
TCA cycle and the MAS, respectively. AcCoA is used to initiate the TCA cycle and
produce NADH and FADH: for the electron transport chain (ETC) and oxidative
phosphorylation. Therefore, when NAA is produced, AcCoA is diverted from the
TCA cycle, eventually leading to a net loss of 11 ATP’s (26). Aspartate is found
within neuronal mitochondria as the source of aspartate for the MAS, a shuttle system
which is responsible for supplying the ETC cycle with additional NADH (27).
Therefore, when aspartate is diverted from the MAS, there will be significantly less
NADH available for the ETC. Cumulatively, this causes a significant loss of
neuronal ATP (Figure 1.4) that must be compensated for in order to maintain the

brain’s energetic homeostasis (28-29).
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Figure 1.4 The Synthesis of NAA is an Energetically Unfavorable Process. The
malate-aspartate shuttle uses malate and aspartate transporters to provide reducing
power in the form of NADH for the mitochondrial matrix in times of energetic
stress. The electron transport chain will then use the NADH to produce ATP via
ATP Synthase. However, NAA synthesis diverts AcCoA and aspartate from these

ATP producing mechanisms, leading to a direct loss of ATP.

The synthesis of NAA is indirectly linked to the function of various
mitochondrial components. For example, in 1996 Bates et al published a manuscript
describing the direct correlation between NAA production and ETC activity (132).
Intact rat brain mitochondria exposed to various inhibitors of ETC complexes; complex

I (NADH ubiquinone oxidoreductase), complex IlIl (ubiquinone oxidase ¢
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oxidoreductase), complex IV (cytochrome c oxidase), and complex V (ATP synthase),
produced reduced levels of both ATP and NAA when exposed to sucrose containing
respiration medium (figure 1.5). Therefore, it was concluded that the mitochondria’s
capability for oxidative phosphorylation has a direct effect on the neuron’s ability to
synthesize NAA, however the exact mechanism remains unknown (132). The results
of this study were confirmed through numerous publications detailing the direct
correlation between ETC complex activity and NAA production through the use of
various ETC complex inhibitors (30-33). However, although these studies only
highlighted the direct correlation between NAA synthesis and oxidative
phosphorylation, they failed to identify a mechanism that could account for this
relationship.

Glucose is the brain’s main source of energy and is critical to maintain brain
function.  Therefore, any dysregulation of normal glucose metabolism could
significantly alter the brains ability to perform normally (186). ETC activity and
glucose availability both directly impact the bioavailability of NAA and energetic
substrate. Therefore, since NAA and ETC activity were directly related to one another
it was hypothesized that NAA synthesis and glucose utilization mechanisms would also
be correlated to one another. Glucose utilization is significantly decreased in older
mammals compared with younger controls (58). Therefore, it was hypothesized that
older rats would not only present with decreased glucose utilization but may also show
reduced levels of whole brain NAA. Metabolic flux analysis in older rats showed
reduced bioavailability of glutamate and glutamine, indicating limited ability to

generate ATP. The data also revealed a significant reduction of NAA levels, suggesting
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that NAA mirrors changes in the brains ability to generate ATP (figure 1.5; 34). To
further support this notion, clinical studies of patients with varying degrees of
neurodegenerative disease present with reduced levels NAA simultaneously with
decreases in glucose utilization as shown through positron emission tomography (PET)
(35). Therefore age and neurodegenerative diseases both present with reduced glucose
metabolism and NAA, suggesting substrate bioavailability is a limiting factor for the
synthesis of NAA synthesis in both contexts.

The MAS is responsible for increasing the pool of reducing equivalents
available for oxidative phosphorylation. It appears, on the basis of published data, to
also be rate limiting for NAA synthesis due to the direct competition of mitochondrial
aspartate. One of the main components of the MAS is the exchange of intra-
mitochondrial aspartate for extra-mitochondrial glutamate through the inter-membrane
transport protein aralar; encoded by aralarl (Figure 1.6). Aralarl knockout mice have
essentially non-functional MAS’s due the inability of aspartate to leave the
mitochondrial matrix. Therefore, mitochondrial aspartate levels became significantly
reduced and in turn are unavailable to synthesize NAA (figure 1.5; 36-38). Therefore
Aralarl-knockout mice have significantly reduced levels of whole brain NAA, once
again suggesting substrate competition between NAA synthesis and oxidative
phosphorylation.

These studies revealed a mechanism in which the ability of the cell to produce
NAA is directly affected by the cells overall mitochondrial integrity (Figure 1.5).
However, none of these studies were able to analyze if reduced mitochondrial integrity

had any direct effect on the regulation of NAA synthesis. Our previous data revealed
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that ASPA was transcriptionally regulated during normal wild-type development (39).
Therefore we became interested in determining if Nat8L is also transcriptionally
regulated, and if so, if there is a difference in the regulation during wild-type

development and disease progression.

NAA

Reduction in Glucose
Utilization Leads to a Loss
of Whole Brain NAA
Miccheli et al. 2003

"Acetyl CoA+ ASPARTATE

Cytosol

Inhibition of
Complexes 1-5
Leads toa Loss of
Whole Brain NAA
Bates et al. 1996

Aralar

ASPARTATE
\

y

BAD ——NADH
e 'j‘\ TCAJKrebs Cycle
Malate ¥ -
Aralarl
( / Knockout Mice
Succlnaii: Have Reduced

’ Levels of Whole
*—gﬁi MALATE Brain NAA
Jalil et al, 2005

Mitochondria

Figure 1.5 NAA Synthesis is Directly Correlated with Mitochondrial Oxidative
Integrity. The production of NAA has been experimentally shown to be reduced
during periods of reduced mitochondrial integrity. Levels of whole brain NAA
are significantly reduced in mitochondria which have been exposed to inhibitors
of complexes | to V of the ETC, during periods of reduced glucose utilization, and

when the MAS is inhibited in Aralarl knockout mice.
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Figure 1.6 The MAS. The MAS is essential for the production of glycolytic
NADH for oxidative phosphorylation. Intra-mitochondrial aspartate is converted
to malate in a 2-step system which requires the oxidation of NADH. Malate is
transported into the mitochondrial matrix in exchange for a-KG. Once within the
matrix, malate is converted back to aspartate through a 2-step system which
requires the reduction of NAD™. Aspartate is transported back into the
intermembrane space through the transporter aralar (encoded by Aralarl) in
exchange for glutamate. Aspartate is then converted once again into malate to

continue the shuttle.

A unifying feature of numerous neurodegenerative diseases and disorders is
that reductions in whole brain NAA and oxidative integrity precede
neurodegenerative pathology. For example, NAA is used as a marker of cognitive
decline in Alzheimer’s disease patients (41). The onset of reduced NAA coincides
with the beginning stages of Mild Cognitive Impairment (MCI), a precursor to
Alzheimer’s. This stage in AD progression also presents with diminished glucose

energy metabolism and overall mitochondrial dysfunction (41). A similar pattern has
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been demonstrated in various transgenic models of AD (43-45). These findings have
led to the hypothesis that Amyloid Beta 42 (Ap42) attacks neuronal mitochondria and
causes severe mitochondrial dysfunction, resulting in reduced levels of NAA and
ATP (46-48). This pattern of a disease specific event leading to reduced
mitochondrial integrity and whole brain NAA is repeated throughout the
neurodegenerative spectrum. For example, Huntington’s disease mice expressing the
mutant Htt gene present with significantly reduced levels of NAA which coincide
with symptomatic onset and profound metabolic dysfunction. This is because mutant
HTT is a gain of function mutation which is hypothesized to cause reduced
Ca2*buffering capacity, loss of membrane potential and decreased expression of
oxidative phosphorylation enzymes. Similarly, clinically NAA is significantly
reduced during the early stages of Huntington’s disease, occurring simultaneously
with reduced oxidative capacity (49-52). NAA is also reduced during periods of
global ischemia; or reduced oxygen availability to the brain. The reduced amount of
available oxygen eventually leads to reduced mitochondrial integrity and neuronal
cell death (53). Another example of a disease in which there is significant oxidative
stress and reduced levels of NAA is Parkinson’s disease; a debilitating disorder
caused by mutations in numerous genes specific to mitochondrial function. Some of
these genes include pink1 which leads to reduced complex | activity (54), and parkin;
a Ubiquitin Protein Ligase which assists in mitochondrial degradation (55). These
mutations in mitochondrial function are hypothesized to be the reason for both

oxidative stress and reduced levels of whole brain NAA during PD progression. The
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list of neurodegenerative disorders which present with reduced oxidative integrity and
reduced whole brain levels of NAA is endless (Table 1).

There is a wide variety of mitochondrial disorders which present with reduced
levels of NAA and various CNS defects, such as strokes, seizures, or psychiatric
abnormalities. Some of these disorders include mitochondrial encephalomyopathy,
lactacidosis, stroke-like episodes syndrome, myoclonic epilepsy and ragged red fibers
syndrome, and mitochondrial neuro-gastrointestinal encephalomyopathy syndrome
(56-57). This connection between mitochondrial disorders, reduced NAA, and
reduced CNS function is due to the large energetic investment made by synaptic
mitochondria in order to maintain neuronal synaptic communication (58-59).
Therefore, these disorders not only cause significant synaptic mitochondrial
dysfunction but as a result, also present with reduced levels of NAA. These studies
provide more evidence that abnormalities in levels of NAA are highly dependent on
the overall neuronal mitochondrial integrity.

Numerous experiments have demonstrated that NAA and ATP are intimately
linked to one another’s production and are both affected by neurodegenerative disease
progression. However, it remains unknown how Nat8L is regulated during these
periods of reduced levels of NAA and if there is a link with reduced oxidative
integrity. Therefore, this thesis work was undertaken to understand if Nat8L is
actively regulated during periods of reduced levels of NAA and if it is affected by the

energetic status of the brain during 5XFAD progression.
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Disease

Energetic Stress

Low [NAA] Compared with
Normal Biological Levels

Parkinson’s Przedborski, S. (2005). Pathogenesis of nigral Chahine, L. M., & Stern, M. B.
cell death in Parkinson's disease. Parkinsonism (2011). Diagnostic markers for
& related disorders, 11, S3-S7. Parkinson’s disease. Current
opinion in neurology, 24(4), 309-
317.
PTSD Sapolsky, R. M. (2000). The possibility of Schuff, N., Meyerhoff, D.,

neurotoxicity in the hippocampus in major
depression: a primer on neuron death.
Biological psychiatry, 48(8), 755-765.

Mueller, S., Chao, L., Sacrey, D.,
Laxer, K., & Weiner, M. (2006).
N-acetylaspartate as a marker of
neuronal injury in
neurodegenerative disease. N-
Acetylaspartate, 241-262.

AIDS' Dementia
Complex

Brooke, S. M., Howard, S. A., & Sapolsky, R.
M. (1998). Energy dependency of
glucocorticoid exacerbation of gp120
neurotoxicity. Journal of
neurochemistry, 71(3), 1187-1193.

Meyerhoff, D. J., MacKay, S.,
Bachman, L., Poole, N., Dillon, W.
P., Weiner, M. W., & Fein, G.
(1993). Reduced brain N-
acetylaspartate suggests neuronal
loss in cognitively impaired human
immunodeficiency virus-
seropositive individuals In vivo 1H
magnetic resonance spectroscopic
imaging. Neurology, 43(3 Part 1),
509-5009.

Traumatic Brain
Injury

Signoretti, S., Marmarou, A., Tavazzi, B.,
Lazzarino, G., Beaumont, A., & Vagnozzi, R.
(2001). N-Acetylaspartate reduction as a
measure of injury severity and mitochondrial
dysfunction following diffuse traumatic brain
injury. Journal of neurotrauma, 18(10), 977-
991.

Shannon, R. J., van der Heide, S.,
Carter, E. L., Jalloh, I., Menon, D.
K., Hutchinson, P. J., & Carpenter,
K. L. (2016). Extracellular N-
acetylaspartate in human traumatic
brain injury. Journal of
neurotrauma, 33(4), 319-329.

ALS

Panov, A., Steuerwald, N., Vavilin, V.,
Dambinova, S., & Bonkovsky, H. L. (2012).
Role of neuronal mitochondrial metabolic
phenotype in pathogenesis of ALS.

In Amyotrophic Lateral Sclerosis. InTech.

Rooney, W. D., Miller, R. G.,
Gelinas, D., Schuff, N., Maudsley,
A. A., & Weiner, M. W. (1998).
Decreased N-acetylaspartate in
motor cortex and corticospinal
tract in ALS. Neurology, 50(6),
1800-1805.

Epilepsy

Yang, H., Wu, J., Guo, R., Peng, Y., Zheng,
W., Liu, D., & Song, Z. (2013). Glycolysis in
energy metabolism during seizures. Neural
regeneration research, 8(14), 1316.

Gadian, D. G. (1995). N-
acetylaspartate and
epilepsy. Magnetic resonance
imaging, 13(8), 1193-1195.

Alzheimer’s Disease

De La Torre, J. C. (2008). Pathophysiology of
neuronal energy crisis in Alzheimer's disease.
Neuro-degenerative diseases, 5(3-4), 126.

Adalsteinsson, E., Sullivan, E. V.,
Kleinhans, N., Spielman, D. M., &
Pfefferbaum, A. (2000).
Longitudinal decline of the
neuronal marker N-acetyl aspartate
in Alzheimer's disease. The
Lancet, 355(9216), 1696-1697.

Table 1: Brain Disorders which present with reduced oxidative integrity and low

levels of whole brain NAA

Chapter One
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The Synthesis of NAA is Energetically Taxing on the Cell

Specific Aim One

Specific aim one was to determine the direct energetic cost of NAA synthesis
on a non-diseased cell. Current literature suggests a direct link between compromised
mitochondrial function and reduced NAA synthesis. However, prior to this thesis
work, it was unknown how NAA synthesis affected the energetic status of the cell.
Therefore, by promoting extracellular NAA synthesis in HEK293 cells in
energetically stressed and non-stressed cells, we hoped to identify if/how energetic
integrity actively regulates NAA metabolism in either context. We hypothesized that
the overexpression of Nat8L in HEK293 cells would be energetically unfavorable to
the cell and eventually lead to reduced levels of ATP. We also hypothesized that,
during periods of energetic crisis, the cell would not be able to maintain concomitant
NAA and ATP production due to the direct competition for AcCoA and aspartate,
leading to much greater loss of ATP.
Introduction

Previous literature has demonstrated a direct link between compromised
mitochondrial function; such as inhibited ETC activity, reduced glucose utilization, or
abolished MAS activity, and reduced levels of NAA (Figure 1.5). However, since the
gene responsible for the expression of the NAA synthetic enzyme was only recently
identified and cloned, the effect Nat8L expression may have on ATP production has
yet to be investigated. Therefore, in specific aim one, we were interested in providing

experimental evidence for this effect. We hypothesized that since NAA and ATP
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production require the same intermediates, that overexpressing Nat8L would ultimately

decrease the cell’s ability to produce ATP.
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Materials and Methods

Experimental Protocol

Step 1:
TATP
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Figure 1.7 Experimental Protocol to Prove NAA Synthesis as an Energetic Stress
on the Cell and is Therefore Incompatible with Reduced ETC Activity. Step 1 of
this experiment will involve measuring the amount of ATP and NAA that is
produced in HEK293 cells expressing exogenous Nat8L. The second step of this
experiment will involve analyzing the effect that NAA synthesis has on levels of
ATP in cells incubated with an inhibitor of complex 11 of the ETC (3-NPA). We
hypothesize that expressing Nat8L in this system will result in a significant loss of

ATP, and therefore will be energetically incompatible with reduced ETC activity
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Transfections

Human embryonic Kidney cells 293 (HEK293 cells) were plated at 50%
confluence and incubated in 10% Fetal Bovine Serum (FBS) in Dulbecco's Modified
Eagle Medium (DMEM) for approximately 24 hours. HEK293 cells were chosen due
to their extensive use in a wide variety of research topics (187), their complete lack of
NAA synthesis, as well as being the cell line in which Nat8L was originally
transfected in to confirm Nat8L as the NAA synthetic enzyme. Once 80% confluent,
the media was changed to 5% FBS Iscove's Modified Dulbecco's Medium (IMDM)
and incubated for 2 hours. After incubation, a 1:1 mixture of 2X Hepes buffered
saline (HeBS) buffer: transfection reaction (10ug gene of interest DNA (Nat8L or
GFP), water, and 0.25 M CaCly) was added drop wise to each well. Media was
replaced with 10% FBS in DMEM 24 hours later the cells were collected, counted,
and used for HPLC sample preparation.

GW1CMV-Perceval (Addgene, Cambridge, MA) was isolated and sub cloned
into pAM/CBA-pL to produce a lab stock of pAM/CBA-pL-Perceval using restriction
sites Xbal and EcoR1. The Perceval plasmid was then isolated using a plasmid DNA
maxiprep Kit and stored at -80°C for future transfections. Transfections began by
seeding 1x10° cells/cm? in each well of a 24 well plate in 10% FBS media. The next
day co-transfections of Perceval with Nat8L or empty control plasmid were
performed using Lipofectamine (Thermo-Fisher Scientific, Waltham Ma) reagent
according to manufacturer’s protocol. Briefly, Lipofectamine Reagent was diluted in
Opti-MEM Medium and mixed in a 3:1 ratio with diluted DNA (per pg). The

mixture was then incubated at RT for 15 minutes before being directly added to the
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cells with a final concentration of 500 ng/DNA/well. The following morning, the
media was replaced with 10% FBS in DMEM. The cells were counted via trypan blue
24 hours later prior to Perceval analysis.

Cells that were to be incubated in 3-NPA were plated into a 24-well plate at a
density of 100,000 cells/cm? one day prior to transfection. On day two, 18 wells were
transfected with Nat8L or GFP using Lipofectamine Reagent while the remaining six
went through media replacement. The next day 500 uM 3-NPA was added to each
well and allowed to incubate for a total of 16 hours. The cells were then collected,
counted, and used for HPLC sample preparation.

HPLC of Transfected Cells

HPLC samples were isolated from each individual well by scraping all cells
from the bottom of each well using a rubber policeman. The cells were pelleted by
centrifugation 10 minutes at 10,000xg at 4°C prior to media aspiration. 100 ul of ice-
cold precipitation solution 9 [3:1 acetonitrile: KH2PO4 (pH 7.4)] was added to the
pellet before suspension through low-level sonication. The suspensions were
centrifuged for 10 minutes at 10,000xg at 4°C. The supernatant was retained, and the
remaining pellet was sonicated with an additional 100 pl of precipitation solution
before centrifugation for 10 minutes at 10,000xg at 4°C. The two supernatants were
combined and extracted twice with 2x volume of HPLC-grade chloroform. The
samples were run on a Thermo scientific Surveyor-Plus HPLC system equipped with
UV detection and a Hypersil BDS-C18 column (5 um particle size; 25% 4.9 mm). An
ion-paired reverse phase detection methodology was used to analyze samples using

buffers and sequence as described previously (60). NAA, ATP, AcCoA, and MalCoA
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were quantified in a single run using standard curves generated by purified HPLC-
grade standards and the quantity was expressed as quantity/wet weight of tissue.
Perceval Analysis

10 wells of a 24 well plate were used for Perceval analysis. Of the 10 wells,
five contained HEK293 cells co-transfected with Perceval-HR and GFP while the
other five wells contained HEK?293 cells co-transfected with Perceval-HR and Nat8L.
Each well was placed under a fluorescent microscope and viewed under UV lighting
in order to see Perceval-HR fluorescence. Once Perceval expression was visualized,
five images were taken of each well using IP lab digital imaging software
(Scanalytics Inc., Rockville, MD). Each image was sectioned into 4 equal parts and
Perceval fluorescence was measured via mean densitometry readings with a minimum
reading set to 500 (black) and a maximum reading set to 5000 (white) to establish
background lighting. These readings were all determined using IP lab. The mean
densitometry readings from all five wells of each experimental group (five images per
well with four ROI per image) were averaged to determine the mean Perceval-HR

florescence (and therefore expression).
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Results
The Effect of Nat8L Expression on NAA and ATP: AMP in HEK293 Cells

The synthesis of NAA has been shown to be negatively affected by
mitochondrial dysfunction (Figure 1.5). Considering that the synthesis of NAA
requires the diversion of two prominent energetic substrates, AcCoA, and aspartate,
we hypothesized that the overexpression of Nat8L in HEK293 cells, and therefore the
exacerbated synthesis of NAA, would be energetically taxing on the cell. In order to
test this hypothesis, Nat8L or GFP were expressed in HEK293 cells using
Lipofectamine reagent. Once transfected, HPLC analysis of AMP, ATP, and NAA
was performed on the cells in order to identify if high levels of NAA synthesis had a
direct effect on energetic integrity. Cells overexpressing Nat8L showed significantly
higher levels of NAA compared with GFP transfected controls (Figure 1.8A,
p<0.001), indicating that the transfection protocol was generated NAA producing
HEK?293 cells. The cells overexpressing Nat8L also showed a significant reduction in
ATP: AMP compared with GFP transfected controls (Figure 1.8 B, p<0.001),
indicating significant energetic loss in Nat8L transfected cells. These data confirmed
our hypothesis that NAA synthesis alone was indeed a direct energetic stress on the
cell.

In order to confirm our observation that the overexpression of Nat8L led to a
direct loss of ATP, HEK?293 cells were co-transfected with Nat8L and Perceval-HR.
Perceval-HR is an optimized form of Perceval, a construct which senses live cell
alterations in ATP: ADP and in response directly increases cell fluorescence at 500

nm. The construct contains a GInk (Ammonia transport signaling protein from
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Methanococcus jannaschi) and cpmVenus region (circularly permuted monomeric
GFP inserted into the T-Loop of GInK) (188). This construct will competitively bind
both ATP and ADP; however, the fluorescent output at 500nm will only increase
when ATP is bound. Therefore, if the cell is under energetic stress and is producing
significantly less ATP, ADP will increase and bind to Perceval-HR. If Perceval-HR
is bound to ADP, then there will be no resulting fluorescent output when read at 500
nm (fluoresces as green).

When Perceval-HR and Nat8L were cotransfected into HEK293 cells, there
was significantly less fluorescence in the Nat8L expressing cells compared with a
control empty expression cassette (Figure 1.8 C&D, N=5 wells/treatment group)
These results were obtained through the quantification of cellular fluorescence via the
analysis of histograms displaying the count of fluorescent pixels at 500 nm. These
results confirm our previous data that the overexpression of Nat8L, and the

subsequent synthesis of NAA, leads to a direct energetic stress within the cell.
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Figure 1.8 The Synthesis of NAA is Energetically Taxing on the Cell. HPLC
analysis of NAA, ATP, and AMP was performed on Nat8L and GFP transfected

cells. Once quantified the data revealed a significantly higher amount of NAA (A)

in the Nat8L transfected cells compared with GFP controls. The analysis also

revealed a significant reduction in ATP: AMP (B) in cells transfected with Nat8L

compared with controls. These results were confirmed through the cotransfection

of Perceval-HR with an empty expression cassette or one expressing Nat8L. The

cells expressing Nat8L had significantly less Perceval fluorescence (C&D)

compared with controls. (***<0.001<**<0.01<*<0.05)
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The Cell is Unable to Sustain NAA Synthesis and Oxidative Phosphorylation During
Mitochondrial Dysfunction

As previously described, a common element of early stage neurodegenerative
disease is significant mitochondrial dysfunction and oxidative stress occurring prior
to neuronal loss or phenotypic changes in behavior or cognition. Another shared
common element throughout this diverse pathological spectrum is the reduction of
whole brain NAA, which occurs simultaneously with, and appears to be coordinated
with oxidative stress.

As we have shown, the synthesis of NAA is energetically taxing on the cell.
We hypothesize that this energetic deficit is due to the fact that NAA synthesis
requires the oxidative intermediates ACCoA and aspartate. Therefore, if NAA
synthesis were to occur simultaneously with oxidative phosphorylation the pool of
available energetic substrate would significantly reduce. In order to test this
hypothesis that concomitant NAA and ATP synthesis during periods of reduced ETC
function is energetically detrimental to the cell, we expressed Nat8L in 3-NPA treated
cells. 3-NPA treatment will eventually lead to the inhibition of both complex Il and
the MAS due to its inhibitory effect of succinate dehydrogenase. Succinate
dehydrogenase is the main component of complex 11, therefore, since complex Il is
the only component of the ETC which is directly linked TCA cycle, the inhibition by
3-NPA drastically reduces the cells capacity for oxidative phosphorylation. 3-NPA
also inhibits the MAS because succinate dehydrogenase is required by the TCA cycle
to produce fumarate from succinate, which in turn will reduce malate and

oxaloacetate, both of which are required for the MAS. Therefore, 3-NPA also
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inhibits the TCA cycle and the MAS, leading to an ablation of NADH availability.
The inhibitory effect of 3-NPA was confirmed by HPLC analysis which revealed that
3-NPA treated cells had significantly less ATP than untreated controls (Figure 1.9).
After this confirmation, we were interested in how Nat8L expression affected the
ATP concentration in 3-NPA treated cells. HPLC analysis revealed that the cells
transfected with Nat8L and treated with 3-NPA produced significantly less ATP
compared with GFP transfected controls (Figure 1.8). Interestingly, these cells also
seemed to die relatively quickly compared with any other group as shown via cell
viability assay (data not shown). These data indicated that expressing Nat8L while in
an energetically stressed environment was extremely unfavorable, to the point of
possibly leading to cell death. When a cell senses a loss of ATP levels, various
pathways of cell death may be induced. If the cell loses approximately 15% of its
total ATP levels, cell death will occur via necrosis. However, if the cell loses
anywhere from 25-75% of its total ATP levels, cells initiate apoptosis as opposed to
necrosis. Whichever means of cell death occurs in response to ATP reduction, the
rate of cell death will be directly proportional to the severity of ATP loss (177).
Therefore, it is reasonable to assume that cells treated with 3-NPA and expressing
Nat8L died at a much faster rate than other groups (data not shown) due to the
significant and rapid loss of ATP levels. Specifically, Nat8l transfected cells had

about 2.8 times lower ATP:AMP than GFP transfected cells (N=6/group; P<.001)
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Figure 1.9 Cells Cannot Maintain Nat8L Expression During Disrupted Electron

Transport Chain Activity. HEK293 cells were transfected with plasmids
expressing Nat8L, GFP, and then treated with 500 uM of 3-NPA for 16 hours.

The resulting cells were used for HPLC analysis and revealed a significant

decrease in ATP in any cell given NPA, however cells given NPA and over

expressing Nat8L had a much lower amount of ATP ( N=6/group).
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Conclusion

Our results revealed that the overexpression of Nat8L leads to a direct increase
in levels of NAA (Figure 1.8A). We also demonstrated that the synthesis of NAA
leads to a direct loss of ATP most likely due to the diversion of AcCoA and aspartate
from the TCA cycle and the MAS (Figure 1.8 B-D). Lastly, we demonstrated that
during periods of disrupted TCA cycle activity the synthesis of NAA is unfavorable
for ATP production, and therefore has negative consequences to the cells (Figure
1.9). In fact, left unattended, cells overexpressing Nat8L while treated with 3-NPA
eventually died, most likely due to severe energetic crisis. These results suggest that
the synthesis of NAA is energetically costly to the cell and therefore incompatible
with any existing energetic crisis. However, at this point, it remains unknown if the

expression of Nat8L was altered during neurodegenerative disease progression.
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Chapter Two
The Active Down-Regulation of NAA Synthesis Coincides with Reduced Energetic
Integrity During Early Neurodegenerative Disease Progression

Specific Aim Two

Specific aim two sought to demonstrate that the reduction of NAA in a model
of neurodegenerative disease is an active process. In order to accomplish this aim, the
5XFAD transgenic mouse model for Familial Alzheimer’s Disease was analyzed for
whole brain levels of NAA and ATP via HPLC, and expression of Nat8L via QRT-
PCR and In Situ Hybridization (ISH), during periods of energetic crisis defined by
various mitochondrial integrity assays. We hypothesized that NAA is reduced
during the beginning stages of 5XFAD progression because of the down-regulation of
Nat8L. We also predict that any revealed decrease in expression would occur in
response to the reduced energetic integrity of the brain.
Introduction

A hallmark of neurodegenerative disease is the onset of reduced neuronal
oxidative integrity prior to neuronal loss and disease specific symptoms (61-64).
Depending on the specific disease type, oxidative integrity will coincide with a
clinical reduction in whole brain levels of NAA, as determined via Proton Magnetic
Resonance Spectroscopy (*H-MRS). This is due to the intimate association of NAA
synthesis with neuronal metabolic integrity. Because of this clinically proven link
between NAA levels and energetic status, NAA is used to stage the progression of
neuronal energetic stress throughout the neurodegenerative spectrum (65-69). One of

the neurodegenerative diseases clinically characterized by the concomitant decrease
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of whole brain NAA with reduced oxidative integrity is Alzheimer's disease (AD).
AD can be described as the progressive degeneration of gray matter rich regions of
the brain commonly associated with memory and cognition (70). The cause of most
AD cases are unknown, however there is a small percentage of cases that have a
heritable genetic component; the latter of which is known as Familial Alzheimer’s
disease (FAD). The genes causing FAD have been identified through the generation
of multiple FAD mouse models which present with multiple FAD specific
characteristics. In particular, we were interested in using one of these models, the
5XFAD model, to define if NAA was reduced and if the expression of Nat8L was
involved in or correlated with any abnormalities in NAA level or mitochondrial
integrity.

FAD is associated with the accumulation of the short peptide Amyloid-Beta
42 (Ap42) within the cell body of neurons; this, in turn, leads to perturbations in
energetic metabolism, disrupted synaptic processes, and eventually cell death (71).
Recently, energy deficiency and mitochondrial dysfunction have been recognized as a
prominent, early event in AD (72-82). One hypothesis for these AD pathologies is
the accumulation of A4 interacting with intra-mitochondrial proteins and blocking
mitochondrial import channels (83). The onset of energetic decline occurs
simultaneously with reduced levels of whole brain NAA, as demonstrated through H-
MRS. This relationship between AD pathology, oxidative integrity, and reduced
levels of NAA has been shown through the analysis of human patients as well as

various transgenic rodent models of AD as explained below.
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During neurodegenerative disease progression NAA decreases at a similar rate
to cognitive decline. This has been well-demonstrated through the direct correlation
between whole brain levels of NAA and Alzheimer’s patient’s mini mental state
exam (MMSE) scores (84; Figure 2.1), dementia rating scales (85), and auditory
verbal learning test scores (86). Fluorodeoxyglucose Positron Emission Tomography
(FDG PET) studies have also demonstrated that over 85% of AD patients have a
reduced capacity for glucose utilization (87-89). The reduction of NAA directly
correlates with glucose utilization and cognitive decline in a predictable manner. The
correlation between glucose utilization, energetic integrity, and whole brain NAA
levels has been experimentally demonstrated by revealing that NAA significantly
reduced simultaneously with glutamate and glutamine in older rats which have a
reduced ability to metabolize glucose (Figure 1.5; 34). This direct relationship
between glucose, NAA, and energy is caused by the high reliance of brain specific
ATP generation on glucose availability as well as the demonstrated connection
between TCA cycle activity and NAA synthesis (Fig 1.8&1.9). Various transgenic
mouse models for AD have also demonstrated the direct correlation between AD
pathology, NAA reduction, and mitochondrial dysfunction in a similar timeline (90-
95).

FAD is a rare genetic autosomal dominant disorder caused by mutations in the
genes encoding APP, PS1, PS2 (106). A mutation in either of these genes leads to an
increase in AP42 (107), a 42 amino acid peptide sequence which accumulates within
neuronal cell bodies and can lead to AD pathology. The mechanism of APa42

production is shown in figure 2.2; briefly, the membrane bound APP protein is
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cleaved by a B and y Secretase (contains PS1 and PS2) to produce APBss43. However,
when there are mutations in the genes encoding APP, PS1, and/or PS2 the production
mechanism leads to the favorable synthesis of AB42 over other lengths of AP,

eventually leading to the buildup of amyloid plaques and cell death.
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Figure 2.2 The Afs> model of FAD. APP is cleaved by 3-secretase into a
membrane bound C99 and a free SAPPp region. C99 is then cleaved by gamma-
Secretase, which contains both PS1 and PS2, into a peptide ranging from 38-43
amino acids in length. A peptide ranging from 38-41, or 43 amino acids will be
cleared from the cell body. A 42 amino acid peptide will eventually accumulate

and lead to amyloid plaques and disease.

The main difference between sporadic AD and FAD is that FAD not only has
a specific genetic component but also develops much earlier in life. For example,
specific APP mutations will lead to early onset AD from ages 43-65 (108), where
mutations in PS1 will induce AD progression as early as 28 years of age (109). For
this reason, these mutations have been adapted into transgenic mouse models to be
used to study AD progression and means of intervention. One of the most highly
used models of AD is the Tg2576 transgenic mouse line. These mice overexpress a
mutant form of Amyloid Precursor Protein (APP) which contains the Swedish
mutation (KM670/671NL) (96). These mice develop relatively normally until 9-12

months of age when they begin to show signs of cognitive decline, AP deposition,
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and neuronal loss (96). They also show signs of oxidative damage and mitochondrial
dysfunction by 5-8 months of age, leading to significant oxidative stress occurring
prior to AD pathology (97-98). In order to develop a transgenic line that manifest
cognitive abnormalities in proportion to amyloid load, transgenic models have been
developed which express more than one mutant gene. The 3XTg model expresses 3
mutant genes; APPswe, PS1missv, and TAUpso1L leading to the accumulation of APaz
and Tau (99). These mice develop AD pathology much more rapidly due to the
additive nature of these mutations. AP accumulation begins around 4 months of age
and is most apparent by 6 months; however, Tau immunoreactivity is not apparent
until 12 months of age. These mice show minimal cognitive decline prior to AP
formation, with most learning and memory deficits developing around 6 months of
age (100-102). These mice also present with reduced glucose utilization and low
levels of whole brain NAA around 6 months of age, coinciding with A4
accumulation (103-105). The transgenic model that was used in this thesis research
are the 5XFAD transgenic mouse line (110). The 5XFAD mice are positive for five
separate mutations within the genes encoding APP and PS1. The mutated APP
contains three site-specific mutations, the Swedish (K670N/M671L), Florida (1716V),
and London (V7171). The PS1 gene also contains site-specific mutations, a M146L,
and a L286V, which lead to an increase in APB42 production.

Compared with wild-type or other transgenic mouse models of AD, 5XFAD
mice present with FAD pathology at a much earlier age. As early as 1.5 months of
age the 5XFAD mice begin to accumulate APz, as opposed to the Tg2576 line

(Swedish mutation only) that does not begin to accumulate ABs2 until 9 months of
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age. The 5XFAD mice also present with amyloid deposition and gliosis at 2 months
of age rather than the 9-12 months it takes in the Tg2576 line. The 5XFAD mice are
also positive for insoluble AP42 aggregates at 2 months of age, indicating the
presence of amyloid deposits throughout the brain. The buildup of amyloid
eventually leads to significant synaptic degeneration, neuronal loss, and spatial
memory deficits occurring around 4-5 months of age (110). Therefore, the 5XFAD
transgenic mouse line shows numerous pathologies present in human FAD patients in
an accelerated timeline and is an excellent model for exacerbated amyloidosis. We
were interested in when NAA reduction coincides with mitochondrial dysfunction in
this model of AD. By doing so, we may be able to elucidate if Nat8L plays a role in
this characteristic reduction of NAA and if there is any link between altered Nat8L

expression and reduced oxidative integrity.
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Materials and Methods
Animals

All mice in the 5XFAD colony were housed and maintained at the Rowan
SOM animal facility with ad libitum access to food and water. The colony was
established from founder mice purchased from the Mutant Mouse Regional Resource
Center Network. The 5XFAD model has been described in detail elsewhere
(110; https://mww.mmrrc.org/catalog/sds.php?mmrrc_id=34840) All protocols
performed were done so under an approved Rowan-SOM IACUC protocol, and
adhered to national and institutional guidelines for animal care and use. For all
analyses, mice were humanely euthanized with an intraperitoneal injection of sodium
pentobarbital prior to tissue collection. Further detail on the 5XFAD model can be
found elsewhere (110; https://www.mmrrc.org/catalog/sds.php?mmrrc_id=34840).

All mice began breeding around 2 months of age, once they had reached
reproductive maturity. In order to produce wild-type and heterozygous 5XFAD
offspring, a wild-type female (2 months- 1 year) was placed with one heterozygous
5XFAD male (2 months- 6 months) for 1 full gestation period of approximately 20
days. Once the female showed signs of pregnancy the male was removed and placed
with another breeding female. Once the pups were born they were left with the dam
until weaned (3 weeks of age).

All 5XFAD mice were genotyped between post-natal days three through five,
prior to weaning. Pups were taken from their mothers and placed under
cryoanesthesia. Once anesthetized, the pups were removed from anesthesia and

placed on a sterile work area where one toe and the tip of their tail were removed
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under sterile conditions. The remaining portions of the toe and tail were cauterized
before the pup was placed back with the Dam. The removed portions of toe and tail
were placed into a 1.5 ml micro centrifuge tube and used for DNA isolation using the
Invitrogen Blood and Tissue DNA Isolation Kit (Qiagen 69506). Once isolated, the
concentration of the resulting gDNA was determined by a Nanodrop (Thermo
Scientific NanoDrop® ND-1000)

5XFAD mice were identified by the presence of an internal control gene as
well as the mutated form of the APP in their genome. Since all five FAD mutations
were contained on the same expression cassette, it was only necessary to identify the
presence of one mutation in each mouse in order to identify it as 5XFAD. The gDNA
was used to detect the presence of the APP transgene (5°-3’; F:
AGGACTGACCACTCGACCAG,
R: CGGGGGGTCTAGTTCTGCAT) as well as the internal control (5°-3; F:
CTAGGCCACAGAATTGAAAGATCT,
R: GTAGGTGGAAATTCTAGCATCATCC) via PCR (Peltier Thermal Cycler-200).
The gDNA and both primers were combined with a commercially available 2X
Ranger mix (Bioline Bio-25051) containing Taq Polymerase to amplify the DNA.
Once the PCR program was completed the amplified sample was resolved on a 2%
agarose gel under low voltage for approximately 45 minutes. The internal control
DNA band (324 base pairs), as well as the APP transgene band (377 base pairs), were
detected under UV light (Figure 2.3). Wild-type pups were only positive for the
internal control DNA while being positive for the internal control DNA as well as the

APP transgene identified 5XFAD pups. It is impossible to distinguish between APP
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heterozygotes and homozygotes. This is because the five mutations were introduced
via pronuclear injections as a mixture (five different Thyl-driven cassettes), and the
final strain was selected based on a combination of amyloid burden and memory
deficit. Unfortunately, there was no reference for copy number of each of the five
cassettes, making it impossible to generate an absolute copy number for the
distinction of homo and heterozygotes. However, because the strain is inbred, the
presence of the APP band is the only way of controlling for copy number and

determining the expression of mutations (110)
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Figure 2.3 Representative Agarose Gel of 5XFAD Genotyping. 10 ul of gDNA
PCR reaction was added to 2 pl of 6X loading dye and ran on a 2% agarose gel
under low voltage for 45 minutes. A 1 Kb DNA Ladder was added to lane 1,
followed by 4 lanes of PCR product from wild-type and 5XFAD animals, and lane
5 contained a 5XFAD positive control for the APP transgene. The bands were

visualized under UV light.
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HPLC

Tissue for HPLC analysis was collected from rapidly retrieved brains of
deeply anesthetized 5XFAD mice. One hemisphere was homogenized with a
dispersal element (Ultra Turrax, IKA Works Inc., Wilmington, NC), in 2x
volume/weight of freshly prepared ice-cold precipitation solution (3:1 acetonitrile:
KH2POs4 (pH 7.4). Homogenates were then centrifuged for 10 minutes at 10,000xg at
4°C. The supernatant was retained and the remaining pellet was sonicated with an
additional 500 pl of precipitation solution before centrifugation for 10 minutes at
10,000xg at 4°C. The supernatants from the consecutive preparations were combined
and were extracted twice with 2x volume of HPLC-grade chloroform. All samples
were aliquoted and stored at -80°C until needed for HPLC analysis. The samples
were analyzed on a Thermo Scientific Surveyor-Plus HPLC system equipped with
UV detection and a Hypersil BDS-C18 column (5 um particle size; 25x 4.9 mm). An
ion-paired reverse phase detection methodology was used to analyze samples using
buffers and sequence as described previously (51). NAA, ATP, and AMP were
quantified in a single run using standard curves generated by purified HPLC-grade
standards. Quantities of each metabolite were expressed as a molar concentration per
wet weight of tissue.
Quantitative Real Time RT-PCR

Total RNA was prepared from one entire hemisphere of flash frozen mouse
brain. Tissue was homogenized using Trizol reagent (Invitrogen Corp., Carlsbad, Ca)
as per manufacturer’s instructions (1 ml per 50-100 mg tissue). Purified RNA was

treated with DNase to remove contaminating genomic DNA and cleaned using
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RNeasy columns (Qiagen, Valencia, Ca). The concentration of all purified RNA was
determined by spectrophotometry and the integrity of samples verified by denaturing
agarose/formaldehyde gel electrophoresis. cDNA for QRT-PCR was generated from
1ug of purified RNA using a Superscript First Strand Synthesis Kit (Invitrogen,
Carlsbad, CA). QRT-PCR was performed with SYBR-Green on an Applied
Biosystems Step One Real Time PCR system (Applied Biosystems, Foster City, Ca).
The primers for target transcripts were as follows: Nat8L (5'-3"; F:
CTACCTGGAGTGCGCGCT, R: GGCGGCTTCATGTAGTACTGC), NduSF2 (5'-
3’; F: AGGTTGATGACGCCAAAGTGT, R: GACTCCATGGACGTCTTCATCTC),
and GAPDH (5-3"; F: AACTTTGGCATTGTGGAAGG, R:
ACACATTGGGGGTAGGAACA). The Relative Standard curve method was used
to analyze the expression of Nat8L and delta delta CT method was used for Ndusf2,
both using GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) expression as an
internal control.
In Situ Hybridization

Total RNA from a 4-week old wild-type mouse brain was used to amplify an
830bp fragment of Nat8L to be used as a template for synthesis of a DIG-labeled
RNA probe. This region was amplified by RT-PCR and sub cloned into a TOPO-TA
sequencing plasmid. The Nat8L CDS was then sub cloned into the plasmid pSPT-19
for the synthesis of DIG-Nat8L using a commercially available kit, following the
manufacturer’s instructions (Roche Diagnostics, Indianapolis, IN). Prior to
hybridization, coronal sections were sliced from 4-month-old RNase-free perfused

5XFAD and wild-type brains. The DIG-Nat8L probe was then hybridized to the
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sections at a concentration of 30 ng/ml for 20 hours at 55°C. After hybridization, the
sections were washed, blocked, and incubated for 2 hours with an anti-DIG-AP
antibody (1:20,000; Roche Diagnostics, Indianapolis, IN). For co-labeling with
NeuN, DIG-Nat8L labeled sections were then incubated overnight in NeuN (1:5000)
as explained below prior to mounting and cover slipping.
Immunohistochemistry

All tissue samples for immunohistochemistry were prepared by the
transcardial perfusion of deeply anesthetized animals with ice cold 0.9% saline
followed by freshly prepared 4% buffered paraformaldehyde. Perfused brains were
removed and post-fixed overnight in 4% paraformaldehyde, then cryopreserved in an
ascending sucrose gradient. Cryopreserved brains were embedded in Tissue-Tek OCT
compound (Sakura, Torrance, Ca), and flash frozen in an Isopentane/dry ice bath.
Serial 45 um sections were collected from each brain (beginning approximately from
Bregma 0.20 mm) and stored at -20°C in cryoprotectant until needed. Free-floating
sections were incubated with primary antibodies overnight at room temperature (RT)
in Immuno-buffer (1x PBS, 0.1% Triton X-100, and 1% normal goat serum; mouse
A60 neuron-specific nuclear protein [NeuN] 1:500 [Millipore, Billerica, Ma]. After
incubation in primary antibody, sections were incubated for 2 hours at RT in
biotinylated secondary antibody (Sigma-Aldrich, St. Louis, Mo), followed by
incubation at RT for 1 hour in extravadin peroxidase (Sigma-Aldrich, St. Louis, Mo).
Positive cells were visualized using 3, 3'-diaminobenzidine (DAB; Sigma-Aldrich, St.

Louis, Mo). Developed sections were mounted onto glass slides, dehydrated in an
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ascending ethanol gradient, and then cleaned twice with xylene and coverslipped with
DPX mountant (Sigma-Aldrich, St. Louis, Mo).
Unbiased Stereology

Estimates of NeuN-positive neurons were generated using the optical
fractionator (k=4) and Stereologer software (Stereology Resource Center, Tampa,
FL). Counts were performed on a single hemisphere of processed sections to generate
estimates of NeuN for CA1 of the hippocampus and cortical layer V for 5xFAD and
age matched control brains. All counts were performed at the 100x objective on an
Olympus BX51 upright microscope equipped with an analog camera and motorized
stage. Significance differences in N between experimental and control groups were
determined by a 2-tailed student’s T-test (p<0.05).
Microarray Analysis of Mitochondrial Gene Expression

The expression of 84 nuclear-encoded transcripts for components of the
mitochondrial electron transport chain (Complexes 1-V) was analyzed using
commercially available RT2 Profiler™ Mouse Mitochondrial Arrays (SA
Biosciences/Qiagen, Frederick, MD). Total RNA was isolated from one hemisphere
of flash frozen brains with Trizol reagent as described. Purified RNA (0.5 pg) from 4-
month wild-type and 4-month 5X FAD brains was used to prepare cDNA using the
RT2 First Strand Synthesis Kit, as per the manufacturer’s instructions. The resulting
cDNA was combined with RT2 Syber Green Master mix and added to the wells of a
mouse mitochondrial energy metabolism RT2 Profiler PCR array. The prepared plate
was run on an Eppendorf Mastercycler Ep Realplex 4S. The fold change of each

target gene in 5X FAD samples relative to wild-type controls was determined using
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the cycle threshold (CT) to fold change RT2 Profiler PCR Array Data Analysis
Template V4.0. Significant differences in 5XFAD expression were determined using a
threshold significance of p<0.005.
Mitochondria Isolation, Complex | Assay, and Malate Aspartate Shuttle Assay

Intact mitochondria were isolated from flash frozen brain tissue. Tissue was
homogenized in 6 ml of homogenization buffer (320 mM Sucrose, 10 mM Tris-HCI
[pH 7.4], 2 mM EDTA), and centrifuged for 10 minutes at 1000xg to pellet cell
membranes and debris. The supernatant was removed and centrifuged for 20 minutes
at 20,000xg to pellet mitochondria. The mitochondrial pellet was resuspended in 1mi
of homogenization buffer without EDTA, and total protein concentration determined
by BCA Protein Assay Kit (Thermo Fischer Scientific, Rockford, ).

Malate aspartate shuttle (MAS) activity in intact mitochondria isolated from
brains was assayed using previously published methodology (Jalil et al, 2006).
Briefly, mitochondria (100 mg/sample) were placed in triplicate into a 96 well plate,
and assay solution containing assay buffer (75 mM mannitol, 20 mM Tris-HCI, 0.5
mM EDTA, 100 mM KCL, 5 mM phosphate, 0.1% BSA) and reaction solution (66.6
mM NADH, 5 mM aspartate, 5 mM malate, 0.5 mM ADP, 16 mM CaCl2, and 5 mM
glutamate) added. The reaction was started by the addition of 4U/ml aspartate
aminotransferase and 6U/ml of malate dehydrogenase to each well. Shuttle activity
was defined by the oxidation of NADH over 5 minutes as determined by the change
in OD at 340 nm on an automated microplate reader (BioTek Instruments Inc.

Winooski, VT).
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Mitochondrial complex | activity was determined for the same intact
mitochondrial samples using a commercially available immune-capture microplate
format kit (Abcam, Cambridge, Ma). Briefly, mitochondrial proteins were generated
by detergent extraction of intact samples followed by centrifugation. Lysed samples
were then diluted to 250 ug/ml with supplied buffer, and 200 ul added in triplicate to
the microplate supplied with the kit. Samples were incubated at room temperature for
3 hours, washed, and 200 ul of assay solution (1x Buffer, 1x NADH, and 1x dye)
added. The absorbance of wells was read at 450 nm every minute for 30 minutes
using a Microplate reader (BioTek, Winooski, VT). Complex I activity was expressed

as the average change in absorbance/min/ug of total protein over 30 minutes.
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Results
NAA is Significantly Reduced at 4 Months of Age in the 5XFAD Mouse

As the reduction of NAA has been clinically and experimentally shown to
occur during the early stages of AD progression, we were first interested in
identifying which period of time in 5XFAD pathology was defined by abnormally
low levels of NAA. In order to accomplish this, we first had to uncover if/iwhen NAA
was reduced in the 5XFAD mouse model. Other models have demonstrated a
significant reduction of NAA occurring prior to, or simultaneously with the onset of
AD pathology (103-105). Therefore, we analyzed the months prior to and during the
symptomatic onset of the 5XFAD mouse. As described in the literature, the 5XFAD
mouse begins accumulating amyloid as early as 2 months of age; however neuronal
loss and cognitive decline occur between 5-6 months of age (110). Therefore, we
decided to analyze the level of whole brain NAA in 2- and 4-month 5XFAD brains
via HPLC. Our analysis of these time points revealed a significant reduction of
whole brain NAA occurring by 4 months of age (Figure 2.4). Therefore, we focused
most of our future experiments around this time period, as we were mainly interested

in uncovering the regulatory mechanism controlling this reduction.
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Figure 2.4 NAA is Significantly Reduced at 4 Months of Age in the 5XFAD
Mouse. Whole brain homogenates analyzed by HPLC show a significant reduction
in NAA from 2-4 months of age in 5XFAD brains (N=7 per age and genotype).
(*¥**<0.001<**<0.01<*<0.05)

Nat8L is Down-Regulated at 4 months of Age in the 5XFAD Mouse

After confirming that NAA is reduced at 4 months of age in the 5XFAD brain
it was important to determine if this reduction was due to an active response to
energetic integrity.  In order to determine if the reduction of NAA is due to altered
transcriptional regulation of NAA synthesis, the expression of Nat8L was analyzed in
the 5XFAD mouse brain via QRT-PCR. This analysis was performed on 2 and 4-
month 5XFAD brains in order to determine if altered Nat8L expression could account
for the observed reduction in NAA. The QRT-PCR results revealed a significant
down -regulation of Nat8L at 4 months of age in the 5XFAD brains compared with

wild-type controls (Figure 2.5A).  This decrease in expression was confirmed
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using an in house produced anti-Nat8L mRNA probe for in house ISH. This probe
confirmed that Nat8L was down-regulated, and confirmed co-localization of Nat8L
mRNA with neurons specifically (Figure 2.5B&C). Nat8L mRNA expression was
determined through the side by side comparison of control and 5XFAD sections.
Qualitatively, it was apparent that Nat8L mRNA was significantly reduced in 4-
month 5XFAD brains compared with wild-type, particularly within CA1 of the
hippocampus; a brain region of high interest in AD progression (Figure 2.5D). The
hippocampus is followed during AD progression because it has a well cited history of
having a strong role in memory formation and maintenance as well as being one of
the first areas to suffer from significant neuronal loss, particularly within region CAl
(189). In order to confirm that the reduction in NAA was directly due to the down-
regulation of Nat8L and not because of neuronal loss, we performed neuronal cell
counts via unbiased stereology of NeuN (neuronal marker) positive nuclei within the
cortex (191) (Figure 2.6A) and CA1 of the hippocampus (190) (Figure 2.6B) of wild-
type and 5XFAD brains (110)). These counts confirmed that there was no neuronal
loss at 4 months of age in the 5XFAD mouse brain compared with wild-type controls.
Therefore, NAA was significantly reduced at 4 months of age in the 5XFAD mouse

due to the down-regulation of the NAA synthetic enzyme, Nat8L.
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Figure 2.5 Nat8L is Down-regulated in the 4-Month 5XFAD Brain. (A) QRT-PCR
of 1 hemisphere from 2 and 4-month wild-type and 5XFAD mouse brains revealed
a significant down-regulation of Nat8L at 4 months of age in 4-month 5XFAD
brains compared with wild-type controls (expression presented as fold- 4-month
wild type, N=5/ group). (B-D) This reduction was confirmed through ISH via an in
house made anti-Nat8L mRNA. The probe co-localized to (B) Nat8L within (C)
neurons. (D) When hybridized to 4-month wild-type and 5XFAD brain sections,
there was significantly less hybridization within 4-month 5XFAD brains compared
with the wild-type controls, indicating a significant reduction of Nat8L expression.
(***<0.001<**<0.01<*<0.05)
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Figure 2.6 No Neuronal Loss in 4-Month 5XFAD Brains. Stereological estimates
of NeuN-positive cells in (A) cortical layer V and (B) CA1 of the hippocampus

indicate no significant difference in neuron content in 4-month 5XFAD brains

relative to wild type ( N=4/group).

ATP is Reduced at 2 and 4 Months of Age in the 5XFAD Mouse

A common hallmark of neurodegenerative disease is the onset of simultaneous
loss of mitochondrial function (178) and whole brain levels of NAA (6) prior to
symptomatic onset. We hypothesized that this simultaneous loss of mitochondrial
function and NAA is not a coincidence, but due to the intimately linked synthetic
pathways of both NAA and ATP. We predicted that Nat8L would be actively down-
regulated during periods of energetic stress in order to minimize the negative impact
NAA synthesis has on the pool of oxidative substrates. Therefore, we decided to
investigate the time period of 5XFAD development which presents with reduced
levels of NAA (4 months) in order to identify if mitochondrial dysfunction coincided

with reduced Nat8L expression. To determine if/when energetic crisis began in the
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5XFAD model, HPLC of 2 and 4-month 5XFAD and wild-type brains was performed
to reveal any differences in ATP production. The results showed that ATP was
significantly reduced and AMP was significantly increased at 2 and 4 months of age
in the 5XFAD mouse compared with controls (Figure 2.7) prior to the down-

regulation of Nat8L and the loss of whole brain NAA.
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Mitochondrial Dysfunction as a Possible Transcriptional Regulator of NAA Synthesis
In order to properly assess the level of mitochondrial dysfunction in the
5XFAD brain, 2- and 4-month 5XFAD and wild-type brains were analyzed for
various aspects of mitochondrial function. We were first interested in identifying if
there were any differences in ETC gene expression between wild-type and 5XFAD
brains. The results of this analysis would identify if the progression of 5XFAD had
any effect on the transcriptional regulation of genes utilized for oxidative
phosphorylation. Since ATP and NAA production are so intimately associated, any
significant differences in expression may reveal an upstream mechanism involved in
the transcriptional regulation of ATP and/or NAA. In order to undertake this
analysis, we performed a microarray on 84 nuclear encoded ETC genes in 2- and 4-
month 5XFAD brains and compared them to wild-type controls. Despite earlier data
reporting a significant loss of ATP at 2 months (Fig 2.7A), we did not see any
significant down-regulation of ETC related genes until 4 months of age. In depth
analysis of the resulting delta Ct values revealed that the top 13 most down-regulated
genes (Figure 2.8A) were representative of complexes I, I11, IV and V. In order to
confirm this overall reduction in gene expression of components of the ETC, we
performed in house independent validation of the most significantly down-regulated
gene, Ndufs2 (Figure 2.8B). Our results confirmed our microarray data that this gene,
and most likely the other ETC genes, were down-regulated at 4 months of age in the

5XFAD brain compared with wild-type, not at 2 months.
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A- Table 1: Signficantly Down Regulated Nuclear Encoded ETC Genes in 4
Month 5XFAD Brains Compared with Age Matched WT Controls

Gene Complex Fold WT
Ndufs2 I -1.71
Uqerh 11 -1.71
Besll 111 -1.67
ATP5g3 % -1.59
Cox5a v -1.59
Ndufb3 1 -1.51
ATP5h \"% -1.46
Ndufa2 1 -1.44
Cox8¢ v -1.44
Ndufs7 I -1.41
Ugerfsl 111 -1.41
ATP5j2 % -1.39
Ndufb6 1 -1.37
B.
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Figure 2.8 Nuclear Encoded ETC genes are Significantly Down —regulated at 4
Months of Age in the 5XFAD Brain. (A) Table 1: The 13 most significantly down-
regulated nuclear encoded ETC genes in 4-month 5XFAD brains as identified via
microarray. The threshold significance for the above-mentioned genes was
p<0.005. (B) QRT-PCR confirmation of the most significantly down-regulated
Complex one gene, Ndusf2, from the 4-month array data (Fold- 2-month wild type
values, N=5). (***<0.001<**<0.01<*<0.05)
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Considering the microarray revealed that the most down-regulated nuclear
encoded ETC gene was a component of complex | of the ETC, we were interested in
determining if this down-regulation led to a reduction in complex one activity. If this
correlation was proven correct, then we could assume that complexes Il IV, and V
activities would also be reduced; and therefore the entire ETC would be compromised
during this time period. In order to evaluate complex one activity, intact mitochondria
were isolated from 2- and 4-month wild-type and 5XFAD brains and used in a
commercially available complex one activity assay. The results of the assay revealed
a significant reduction in complex | activity in 4-month 5xFAD mitochondria
compared with wild-type controls (Figure 2.9). The data also revealed that once
again, there was no difference between the activity of 2-month wild-type and 5XFAD
brains. From these data, we concluded that overall mitochondrial dysfunction occurs
at 4 months of age in the 5XFAD mouse brain. This dysfunction occurred
simultaneously with reduced Nat8L expression and NAA synthesis. However, a
significant reduction in ATP: AMP occurs at 2 months of age in the 5XFAD brain,
prior to reduced NAA. Therefore, we hypothesize that NAA is actively reduced in
response to this reduction in ATP: AMP. However, it is also possible that ATP: AMP
and NAA are being actively reduced by a different, yet common active mechanism
related to cellular energetic integrity. At this time the data was not comprehensive
enough to discern between these two possible mechanisms, and was only sufficient to

identify the timeline of correlated events.
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Figure 2.9 Complex I Activity is Significantly Reduced at 4 Months of Age in the
5XFAD Mouse Brain. Reduced Ndusf2 expression correlates with a significant
decrease in 4-month 5XxFAD mitochondrial Complex one activity. Activity
defined as the mean change in OD@450 nm over 30 minutes. Values presented as

fold-wild type activity, N=5). (***<0.001<**<0.01<*<0.05)

NAA Reduction is Not due to Insufficient Aspartate Availability as Shown Through
Increased MAS Activity in 4-Month 5XFAD Mouse

The synthesis of NAA has been demonstrated to be dependent on the activity
of the MAS (13). This is because NAA synthesis and the MAS both rely on the intra-
mitochondrial pool of aspartate to maintain their activity. To determine the
contribution of MAS activity to NAA synthesis during 5XFAD progression, intact
mitochondria were isolated from 4-month wild-type and 5XFAD brains and used for
a MAS activity assay. The resulting data revealed a significant up-regulation of MAS

activity in 4-month 5XFAD brains compared with wild-type controls (Figure 2.10).
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Figure 2.10 Increased MAS activity in 4-month 5XxFAD brains relative to wild type
controls. NADH oxidation, determined by the mean change in OD @ 340 nm
over 5 minutes for 4-month 5xFAD and wild type mitochondrial preparations.
Data expressed as mean change in OD +/- SEM,

n=5. (***<0.001<**<0.01<*<0.05)

Therefore, it is highly unlikely that reduced NAA levels in the 5XFAD mouse
are caused by decreased availability of rate-limiting aspartate. However, since the
MAS is responsible for sending reducing equivalents to the ETC, the significant
increase in MAS activity in 4-month 5XFAD brains could indicate the beginning of
an energetic stress response mechanism. This mechanism could also be responsible
for the active down-regulation of NAA synthesis in order to save mitochondrial

aspartate for increased MAS activity.
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Conclusions

The main conclusion from this chapter is that NAA is reduced due to the
active down-regulation of Nat8L. This reduction in whole brain levels of NAA and
the expression of Nat8L occur after the reduction in whole brain levels of ATP: AMP,
but simultaneously with significant mitochondrial dysfunction and increased MAS
activity. Therefore, we hypothesize that Nat8L expression is either actively regulated
by reduced levels of ATP: AMP or directly down-regulated by an upstream energetic
stress response cascade which serves to reduce mechanisms which reduce the pool of
oxidative intermediates while simultaneously increasing ATP generation.

To identify if NAA synthesis and/or metabolism was transcriptionally
regulated in response to neuronal insult, the brains of TBI mouse models were
analyzed for NAA levels, ATP levels, and transcriptional regulation of ASPA and
Nat8L. The results of this study revealed a significant up-regulation of ASPA which
occurred prior to a decrease in NAA, Nat8L, and mitochondrial function (40).
Therefore, it is possible that ASPA is a primary responder to reduced levels of ATP
and not Nat8L. ASPA may also be an upstream regulator of Nat8L expression in the
5XFAD model, in models of TBI, and/or other models of neurodegenerative
disease/disorder. If this hypothesis were to be proven correct, it would be direct
evidence of oligodendrocytes and neurons participating in the mutual regulation of

their transcriptomes and both contributing to one regulatory mechanism.

60



Chapter Three
The Possible Role of ASPA in Nat8L Regulation

Specific Aim Three

The first goal of specific aim three was to determine if ASPA, similar to
Nat8L, showed any difference in expression between wild-type and 5XFAD mice
during previously defined periods of energetic crisis and reduced levels of whole
brain NAA. We hypothesized that ASPA would be up-regulated at 4 months of age in
the 5XFAD mouse, occurring simultaneously with reduced levels of whole brain
NAA and mitochondrial dysfunction. The second goal of specific aim three was to
determine if in vivo ASPA expression had any direct effect on the expression of
Nat8L. This aim was carried out by analyzing the expression of Nat8L within the
brains of wild-type and ASPA null mice. Specifically, the expression of Nat8L was
analyzed during 1-8-weeks of age, as this time period is defined by the normal
induction of both ASPA and Nat8L expression. We hypothesized that the expression
of Nat8L would be down-regulated in response to the ablation of ASPA expression,
possibly indicating ASPA as a regulatory signal for Nat8L expression.
Introduction

The reduction of NAA is considered a hallmark of most neurodegenerative
diseases, however, it is also a prominent marker in other brain-specific disorders or
injuries. In 2015 DiPetro et al (111) published a paper revealing the direct
relationship between Traumatic Brain Injury (TBI) severity and whole brain levels of

NAA inrats. During periods of injury (both moderate and severe), the rat brains also
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presented with significantly reduced expression levels of Nat8L, increased expression
levels of ASPA, and reduced levels of ATP.

TBI is an umbrella term for any direct insult to the brain due to trauma. This
can vary from a simple concussion (mild TBI) to an accident leading to complete
paralysis (severe TBI) (112). A key means of grading a TBI is the reduction of whole
brain NAA and the amount of time it remains at a low level. This is because,
similarly to neurodegenerative disorders, NAA is used as a marker of overall
neuronal mitochondrial integrity during TBI progression (116-118). However, unlike
neurodegenerative disorders, patients suffering from mild TBIs can, and usually do,
recover. Inorder to track the progression of TBI recovery, clinicians continue to
monitor whole brain levels of NAA until they return to normal levels (5-10 mM in
adult humans; 113-115).

Rat models of TBI have been extremely useful in distinguishing the thin line
between mild and severe TBIs. These models have shown that rats subjected to mild
TBI will present with decreased levels of whole brain NAA which recover after a few
hours to basal levels (111). On the other hand, rats exposed to multiple mild TBI's or
one severe TBI will present with reduced levels of NAA which do not recover over
time. This pattern of NAA fluctuation seems to follow ATP levels, during
recoverable and non-recoverable TBI’s. The reduction of both NAA and ATP is
hypothesized to be caused by injury-induced mitochondrial malfunction, and
therefore will only increase once mitochondrial function returns to normal.

DiPietro’s manuscript was the first of its kind to highlight that reduced levels

of NAA during TBI occur simultaneously with the significant down-regulation of
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Nat8L, the up-regulation of ASPA, and the reduction of ATP (111). This timeline of
events seemed quite similar to what we had demonstrated as occurring during the
progression of FAD in 5XFAD mice. However, despite revealing that Nat8L
expression is significantly down-regulated simultaneously with reduced levels of
NAA and energetic crisis, we still need to determine if FAD progression affects the
expression of ASPA. Therefore, the results of this study prompted our investigation
into the regulation of ASPA during 5XFAD progression.

The Nur7 transgenic mouse line was named after a specific nonsense point
mutation within the gene encoding the ASPA protein which seemed to cause
neurological damage (120). This mutation generated an early stop codon that led to
the translation of a truncated, non-functional form of ASPA (120). Because these
mice express limited ASPA RNA and have no functional ASPA protein, they are
unable to break down NAA, and consequently have significantly higher amounts of
NAA in their cerebral cortex, brainstem, cerebellum, and spinal cord compared with
wild-type controls (120). They also present with significant hypo-myelination
throughout the CNS and begin showing signs of physical disability by three weeks of
age, a period normally defined by myelination and ASPA expression (120). Due to
these characteristics, Nur7 mice are a widely accepted model of the human pediatric
leukodystrophy called Canavan's Disease; the only disorder characterized by high
levels of NAA and non-functional ASPA (193).

Unlike Nat8L, the ASPA gene and its function in NAA metabolism were
identified decades ago (194). However, until recently, it was unknown how the

activity of ASPA was regulated during wild-type development. ASPA expression has
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been shown to be up-regulated between the first and third weeks of postnatal rodent
development (123). This increase was hypothesized to be transcriptionally
controlled, occurring simultaneously with myelination (123-124). A subsequent study
analyzed the expression of ASPA during wild-type rat development and revealed a
significant 5-fold increase in ASPA expression occurring between postnatal days 7-14
(125) (Figure 3.1A). These results were confirmed via Immunohistochemistry (IHC)
of ASPA-positive oligodendrocytes within white matter tracts of 1, 2, 4 and 8-week
old rat brains followed by unbiased stereology. The results revealed a 12-fold
increase in ASPA positive cells (Figure 3.1B) in 2-week wild-type brains compared
with 1-week brains, despite there being no significant difference in oligodendrocyte
number (Figure 3.1C). These results indicated that the increase in ASPA was due to
the transcriptional up-regulation of ASPA mRNA, and not an increase in

oligodendrocyte number (125).
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Figure 3.1 ASPA and APC Expression during Postnatal Mouse Development. (A)

The expression is shown at 1, 2, and 4-weeks of age expressed as a fold difference

relative to 1-week (N = 3/age). (B) ASPA-positive oligodendrocytes in wild-type

brain at ages 1, 2, 4, and 8-weeks of age (N=3/age) for the white matter tracts of

the external capsule. (C) Total count of APC positive cells within the white matter

tracts of the external capsule in wild-type brains ages 1, 2, 4, and 8-weeks
(N=3/age). ***<0.001<**<0.01<*<0.05 (125)
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Materials and Methods
Animals

All mice used in this study were housed and maintained at the RowanSOM
vivarium under approved Institutional Animal Care and Use Committee (IACUC)
guidelines and protocols. All mice were given food and water ad libitum. All mice
used in this aim had a C57BL/6J background with either a wild-type or Nur7
genotype. The nur7 genotype has been described previously (120; Traka et al, 2008)
and the colony was established from founder mice purchased from the Mutant Mouse
Regional Resource Center Network (https://www.mmrrc.org).

All mice began breeding around 2 months of age, once they had reached
reproductive maturity. To breed the Nur7 mouse line one heterozygous Nur7 female
was placed with one heterozygous Nur7 male for 1 gestational period. Once the
female was noticeably pregnant, the male was removed and placed with a different
heterozygous Nur7 female. Heterozygotes are used for breeding to ensure sufficient
impregnation as well as the production of healthy offspring. Homozygous Nur7
mutant mice suffer from disrupted myelin synthesis weeks before they are sexually
mature; therefore they are incapable of adequately conceiving and caring for their
young. Once the pups were born they were genotyped at day 2 and left with the dam
until weaned. Wild-type and heterozygous Nur7 mice were left with the Dam for 3
weeks before being placed in their own cages, while the homozygous Nur7 mutants
must be left with the mother for an extra week to increase chance of survival.

The Jackson Nur7 mouse line can be identified as wild-type, heterozygous for
the Nur7 mutation, or homozygous for the Nur7 mutation. In order to correctly

66



identify the genotype of each pup the genomic DNA had to go through 2 rounds of
PCR in order to determine the normalized copy number of the Nur7 SNP.  Briefly,
after the gDNA was preliminarily quantified using a NanoDrop Spectrophotometer, it
was diluted to a concentration of 4 ng/ul in DNase-free water. It then went through
Quantitative Real-Time -PCR (QRT-PCR) using an Applied Biosystems Step One
Real Time PCR system (Applied Biosystems, Foster City, Ca) to amplify the
housekeeping gene GAPDH. This was done using a 2X TagMan Universal PCR
Master Mix (Applied Biosystems 4324018) and a 20X TagMan Gene Expression
Assay Master Mix Solution containing primers and a 6FAM/MGB probe (Applied
Biosystems 4352932E) specific for mouse GAPDH. Once completed, the QRT-PCR
results were used to determine a more accurate concentration of the gDNA using a
GAPDH expression standard curve.

Equal amounts of gDNA were added to a master mix containing 2X TagMan
Universal PCR Master Mix containing primers and a 6FAM and 1Vic, 40X
commercially available custom SNP Genotyping Assay Solution (Thermo Fischer),
and DNase-free water. The custom SNP genotyping assay was designed in house in
order to identify the copy humber of the Nur7 single nucleotide mutation. The PCR
was performed using an Applied Biosystems Step One Real Time PCR system and
following completion, each gDNA sample was analyzed for the absence/presence of
either dye using a dot plot. Wild-type mice have two copies of the aspa " allele which
is visualized by 1Vic, represented by the blue dots. Homozygous mutant mice have 2

copies of the aspa™ allele which are visualized by 6Fam; represented by the red
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dots. Heterozygotes contain 1 wild-type allele and one nur7 allele, so the DNA is

visualized by both dyes, represented by the green dots (Figure 3.2).

Allele Discrimination Plot (SNP Assay: AHTSPOA )
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Figure 3.2. Representative Allelic Discrimination Plot of Nur7 Genotyping.
Homozygous wild-type mice have two copies of the aspa " allele which is
visualized by 1Vic, represented by the blue dots. Homozygous mutant mice have
two copies of the aspa™ allele which are visualized by 6Fam; represented by the
red dots. Heterozygotes contain one wild-type allele and one nur7 allele, so the

DNA is visualized by both dyes, represented by the green dots
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QRT-PCR

Total RNA was prepared from one entire hemisphere of flash frozen mouse
brain. Tissue was homogenized using Trizol reagent (Invitrogen Corp., Carlsbad, Ca)
as per manufacturer’s instructions (1 ml per 50-100 mg tissue). Purified RNA was
treated with DNase to remove contaminating genomic DNA and cleaned using
RNeasy columns (Qiagen, Valencia, Ca). The concentration of all purified RNA was
determined by spectrophotometry and the integrity of samples verified by denaturing
agarose/formaldehyde gel electrophoresis. cDNA for QRT-PCR was generated from
1 pg of purified RNA using a Superscript First Strand Synthesis Kit (Invitrogen,
Carlsbad, CA). QRT-PCR was performed with SYBR-Green on an Applied
Biosystems Step One Real Time PCR system (Applied Biosystems, Foster City, Ca).
The primers for target transcripts were as follows: Nat8L (5’-3'; F:
CTACCTGGAGTGCGCGCT, R: GGCGGCTTCATGTAGTACTGC), ASPA (5°-3’;
F: TGAGCATCCTTCACTCAAATATGC,
R: GGCTGAGGACCAACTTCTATACCA) and GAPDH (5'-3'; F:
AACTTTGGCATTGTGGAAGG, R: ACACATTGGGGGTAGGAACA). The
Relative Standard curve method was used to analyze the expression of Nat8L and
delta delta CT method was used for ASPA, both using GAPDH (Glyceraldehyde-3-
phosphate dehydrogenase) as an internal control.
Immunohistochemistry

All tissue samples for immunohistochemistry were prepared by the
transcardial perfusion of deeply anesthetized animals with ice cold 0.9% saline

followed by freshly prepared 4% buffered paraformaldehyde. Perfused brains were
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removed and post-fixed overnight in 4% paraformaldehyde, then cryoprotected in an
ascending sucrose gradient. Cryoprotected brains were embedded in Tissue-Tek OCT
compound (Sakura, Torrance, Ca), and flash frozen in an Isopentane/dry ice bath.
Serial 45 um sections were collected from each brain (beginning approximately from
Bregma 0.20 mm) and stored at -20°C in cryoprotectant until needed. Free-floating
sections were incubated with primary antibodies overnight at room temperature (RT)
in Immuno buffer (1x PBS, 0.1% Triton X-100, 1% normal goat serum, and primary
antibody). Primary antibody for mouse A60 neuron-specific nuclear protein [NeuN]
1:500 [Millipore, Billerica, Ma] and ASPA (1:250) was generated by immunizing
rabbits with a recombinant human ASPA peptide (77), generously provided by Dr.
R.E. Viola at the University of Toledo, OH. After incubation in primary antibody,
sections were incubated for 2 hours at RT in biotinylated secondary antibody (Sigma-
Aldrich, St. Louis, Mo), followed by incubation at RT for 1 hour in extravadin
peroxidase (Sigma-Aldrich, St. Louis, Mo). Positive cells were visualized using 3, 3'-
diaminobenzidine (DAB). Developed sections were mounted onto glass slides,
dehydrated in an ascending ethanol gradient, and then cleaned twice with xylene and
cover slipped with DPX mountant (Sigma-Aldrich, St. Louis, Mo).
Stereology

Estimates of NeuN-positive neurons were generated using the optical
fractionator (k=4) and Stereologer software (Stereology Resource Center, Tampa,
FL). Counts were performed on a single hemisphere of processed sections to generate
estimates of NeuN for cortical layer V of 2-week old wild-type and Nur7. All counts

were performed with a 100x objective on an Olympus BX51 upright microscope
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equipped with an analog camera and motorized stage. Significance differences in N
between experimental and control groups were determined by a 2-tailed students T-
test (p<0.05).
In Situ Hybridization

45 uM free floating coronal brain sections were washed with 5X SSC (750
mM NaCl and 75 mM sodium citrate), PBS, PBST, 0.1M TEA, and 0.25M Acid
Anhydride. They were pre-hybridized in hybridization solution (DIG wash and block
buffer set, Roche) while the probe was being denatured. The probe was hybridized to
the tissue sections with 30 ng/ml of Nat8L probe for 20 hours at 55°C. After the
hybridization, the sections were washed thoroughly and blocked with 1X DIG wash
buffer (Roche Diagnostics). The sections were incubated for 2 hours with the anti-
DIG-AP antibody provided in the DIG Nuclear Detection kit at a dilution of 1:20,000.
They were then developed using the detection reagents from the DIG nuclear
detection Kit (Roche) according to the provided protocol. The processed sections

were mounted onto glass slides and cover slipped with DPX mountant.
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Results

ASPA is Up-regulated During 5XFAD Progression

Following the recent publication of a paper describing the up-regulation of
ASPA prior to reduction in levels of NAA in a model of TBI (111), we became
interested in the possible involvement of ASPA in the regulation of Nat8L expression.
In order to determine if ASPA was transcriptionally regulated during the progression
of FAD, we analyzed the expression of ASPA in 2 and 4-month wild-type and
5XFAD brains via QRT-PCR. The resulting data revealed a significant increase in
ASPA expression occurring at 2 months of age in 5XFAD brains compared with wild-
type controls. However, ASPA expression seemed to be unaffected by 5XFAD
pathology at 4 months of age (Figure 3.3A). In order to confirm this up-regulation of
ASPA, 2-month 5XFAD brains were sectioned and used for IHC to detect ASPA
protein. The IHC showed a visually qualitative increase in ASPA protein in 2-month
5XFAD brains compared with wild-type controls, confirming the quantitative QRT-
PCR data. These increases occurred within white matter-rich regions of the internal
capsule (Figure 3.3B & C), subcortical white matter tracts of the external capsule
overlying the hippocampus (Figure 3.3D & E), and white matter of the fornix of the
hippocampus (Figure 3.3 F & G). These data showed that ASPA is up-regulated
simultaneously with reduced ATP levels but prior to the down-regulation of Nat8L
and mitochondrial dysfunction. Therefore, ASPA may be an upstream responder to
the onset of energetic stress which affects the expression of Nat8L, implicating

oligodendrocytes in the regulation of Nat8L.
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Figure 3.3 ASPA is Up-Regulated at 2 Months of Age in the 5XFAD Mouse Brain.
(A) ASPA is up-regulated at 2 months of age in the 5XFAD mouse brain
compared with wild-type as assessed by QRT-PCR. There was no observed
difference in ASPA expression between 4-month wild-type and 5XFAD brains.
ASPA expression presented as fold- wild-type 2-month levels for each group, n=5.
Immunohistochemical confirmation of increased ASPA expression in 2-month
5xFAD brains within white matter tracts of the internal capsule (ic) (B-C), the
external capsule (EC) (D-E) and the white matter of the fimbria (Fi) of the fornix
(F-G). ***<0.001<**<0.01<*<0.05
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Nat8L is Abnormally Regulated During ASPA Null/Nur7 Mouse Development

In order to determine if the expression of ASPA has a regulatory effect on
Nat8L, we examined Nat8L expression in ASPA null mice during the first 4-weeks of
development. The first four weeks were chosen in light of previous data which
showed that ASPA is up-regulated between 1-2-weeks of age in the developing
mouse (195). ASPA expression was also shown to remain high throughout the first
4-weeks of development (123); the time point in which developmental myelination
will be mostly completed (196). Nat8L expression was analyzed at 1, 2, and 4-weeks
of age in the wild-type and Nur7 mouse by QRT-PCR (Figure 3.4 A). Nat8l is
significantly increased at 1-week of age in the Nur7 mouse compared with wild-type
controls, but this increase became more significant (lower p value) at 2-weeks of age,
indicating that is it highly likely that the true increase in expression occurs closer to
2-weeks of age. This increase in expression was confirmed by In Situ Hybridization
(ISH) for Nat8L in 2-week Nur7 and wild-type brains. The ISH images revealed a
visually prominent increase in Nat8L mRNA in 2-week Nur7 brains compared with
wild-type controls. This increase was most prominent within the thalamus and
interneurons of the hippocampus (Figure 3.4 B-1). In order to confirm that the up-
regulation of Nat8L was not due to an increased number of neurons, 2-week Nur7
brains and wild-type brains were stained with the neuronal nuclei marker, NeuN. The
sections were then subjected to unbiased stereology counts of NeuN positive nuclei
within the thalamus and the hippocampus. The results of these counts revealed no

significant differences in neuronal content of Nur7 brains relative to wild-type
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controls (data not shown). Therefore, the up-regulation of Nat8L in Nur7 mice is not
due to an increase in neuronal number, but to an actual increase in Nat8L expression.
The data presented here revealed that ASPA function may play a direct role in
the expression of Nat8L during mouse development. This deduction is due to the
significant difference in Nat8L expression which occurs either in the presence or
absence of a functional ASPA protein. As we have shown, during normal mouse
development when ASPA is fully functional, Nat8L expression starts to increase
between 2 and 4-weeks of age (Figure 3.4). However, without the presence of a
functional ASPA protein, as shown in the ASPA Null/Nur7 mouse model, Nat8L
becomes significantly up-regulated as early as 1-week of age (figure 3.4). These
results indicate that without ASPA, Nat8L is uncontrollably up-regulated, either due
to the lack of an inhibitory signal or the early introduction of an excitatory signal. To
further support this hypothesis, as we have previously stated, ASPA expression
begins prior to Nat8L expression during wild-type mouse development, indicating
that ASPA expression is regulated upstream of Nat8L. Therefore, we hypothesize
that ASPA activity plays a direct role on the timely expression of Nat8L during wild-

type mouse development.

75



>

kkk

|
(8]
;

Owild Type Sooim

Bnur7

-
L

o
o

%%

Fold 4 week
o
-]

Nat8L Expression
o
'S

o
N

o

1 week 2 weeks 4 weeks

500um

Figure 3.4. Nat8L is Up-Regulated at 2-weeks in the Nur7 Mouse Brain. Nat8L
is prematurely up-regulated at 2-weeks of age in the ASPA null/Nur7 mouse as
shown through QRT-PCR (A, N=5). This up-regulation was confirmed via ISH
with clear increase of expression within the interneurons of the hippocampus (7B-

C & F-G) and the thalamus (7D-E & H-1). IC: Internal Capsule, CAL: Region

CAL of the hippocampus.
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Conclusion

The main conclusion from this chapter is that NAA may be reduced during the
development of FAD pathology in 5XFAD mice due to down-regulation of Nat8L
and up-regulation of ASPA. ASPA is up-regulated 2 months prior to the reduction of
NAA, Nat8L expression, or reduced oxidative integrity. Therefore, we tested to see if
ASPA had any effect on the expression of Nat8L through an analysis of Nat8L
expression in ASPA null/Nur7 Mice. The results revealed that Nat8L is significantly
and prematurely up-regulated in the absence of ASPA. Our analysis of ASPA and
Nat8L expression in 5XFAD and Nur7 mice indicate that ASPA could be a negative

regulator of Nat8L.
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Discussion
Substrate Availability as a Possible Means of Regulation for NAA Metabolism

The synthesis of NAA is dependent on the mitochondria’s ability to fully
metabolize glucose into ATP (28, 34, & 36-38). This is because the brain relies on
glucose as its oxidative substrate; (127) therefore any disruption of mitochondrial
integrity could potentially lead to a significant loss of brain function (128). Because
of this sensitivity to energetic status, the CNS has developed acute responses to
combat mitochondrial dysfunction through the minimization of energetically taxing
pathways (129-130). It is our hypothesis, that the active down-regulation of NAA
synthesis during early stage neurodegenerative disease is one of these neuroprotective
pathways (Figure 4.1)

Prior to this thesis work, it was proven that any disruption of mitochondrial
function, including reduced ETC activity (131-132), reduced glucose utilization
(133), or inhibited MAS activity (134-135), led to a significant reduction of
detectable NAA. The tight coupling of oxidative phosphorylation with NAA
synthesis is most likely due to direct competition for the energetic substrates AcCoA
and aspartate (132). This hypothesis is supported by our in vitro data revealing that
exacerbated NAA synthesis results in reduced bioavailability of energetic currency
(ATP). Therefore, it is reasonable to hypothesize that increasing NAA synthesis
reduces the pool of available AcCoA and aspartate required for TCA driven oxidative
phosphorylation (Figure 1.8). The mathematical reasoning behind this is that there
are approximately 4.22X 102 molecules of NAA in the adult brain which are only

turned over once every 70 hours (197). For every molecule of NAA that is
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synthesized, one AcCoA and one aspartate molecule are diverted from their
respective ATP-generating mechanisms. The loss of one AcCoA results in the loss of
one round of the TCA cycle, or three NADHSs and one FADH>, which is equivalent to
10 ATP molecules. The loss of one aspartate molecule results in a loss of one NADH
molecule from the MAS, with a net loss of three ATP molecules. Therefore, every
molecule of synthesized NAA leads to a direct loss of 13 ATP molecules. This
means that every 70 hours the brain uses 8 x 102! molecules of ATP just to produce
NAA. To put this in some perspective, the brain requires 1.64 x 10° ATP to release
one synaptic vesicle (182). This means that the brain could release 4.9 x 106 synaptic
vesicles for the cost of producing one round of NAA. Taken together, these numbers
indicate that these two substrates are extremely important to NAA synthesis and
oxidative phosphorylation, and also that NAA synthesis is an extremely expensive
process, in terms of energy cost, within the brain. For these reasons, we hypothesize
that NAA synthesis must be actively reduced during periods of energetic stress (such
as neurodegenerative disease progression) in order to save these valuable substrates
for ATP production and subsequent necessary brain function.

The balance of NAA synthesis and oxidative phosphorylation is highly
dependent on substrate availability of numerous cellular pathways. For example, the
availability of intra-mitochondrial aspartate is rate limiting not only for NAA
synthesis but also for the continuous activity of the MAS (136). During periods of
reduced oxidative phosphorylation, glycolytic NADH will be used to convert
pyruvate into lactate rather than be used in the ETC for oxidative phosphorylation

(137). As we have shown (Figure 2.7) 5XFAD mice, as well as multiple other
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neurodegenerative disease models (Table 1), show mitochondrial dysfunction.
Therefore, any disruption of NADH delivery to ETC will cause a drastic reduction in
the diseased mitochondria’s ability to generate ATP. This reduction of NADH can
only be compensated for by increasing the activity of the MAS. The MAS functions
by bringing NADH into the mitochondrial matrix through the oxidation of malate to
oxaloacetate (138). NAA synthesis directly competes with the MAS for the limited
pool of intra-mitochondrial aspartate (136-137& 139). Therefore, we hypothesize
that NAA synthesis is actively down-regulated in 5XFAD mice to ensure that the
MAS has a sufficient pool of available aspartate to continue supplying the ETC with
NADH (Figure 1.4).

AcCoA is produced within neuronal mitochondria through the pyruvate
dehydrogenase complex. AcCoA is used to initiate the TCA cycle, however, neurons
are unable to produce de novo oxaloacetate because they do not contain pyruvate
carboxylase (140). Therefore, the neurons ability to metabolize glucose is completely
dependent on the TCA cycle and the MAS. Thus, when NAA synthesis diverts
neuronal AcCoA and aspartate from these ATP producing processes it is damaging to
the overall energetic integrity of the cell.

Determining the Time Period Defined by Altered NAA Metabolism in 5XFAD mice

Our primary goal for undertaking this thesis work was to understand why
NAA is significantly reduced during the early stages of numerous neurodegenerative
diseases, including AD, PD, MS, and HD (141-144). In particular, we were

interested in revealing a time period in which NAA was reduced during FAD
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progression, and if this reduction coincided with any pronounced change in oxidative
metabolism.

The onset of severe mitochondrial dysfunction and oxidative stress has been
clinically and experimentally proven to play a significant role in the onset of various
neurodegenerative diseases, particularly AD (145-147). Since we were able to
reveal that NAA synthesis was a significant energetic stress in vitro (Figures 1.8 &
1.9), we were interested in determining if NAA was reduced during AD progression
and if so, if there was a direct link with overall oxidative integrity. Our hypothesis
was that NAA was reduced during early stage AD in response to reduced
mitochondrial integrity in order to save key energetic substrate for oxidative
phosphorylation. This hypothesis was based on our findings that the cell is unable to
maintain NAA synthesis and ATP production during periods of compromised ETC
activity (figure 1.9) as well as the characteristic metabolic decline present during AD
progression.

First, we showed that NAA is reduced (Figure 2.3) at 4-months of age in
5XFAD mice, prior to the onset of severe FAD pathology. As demonstrated by
Oakley et al (110), 5XFAD mice present with multiple types of FAD pathology. This
includes, but is not limited to, cerebral AB4, deposition around 2 months of age with a
steady increase up to 9 months of age (the latest age examined), significant synaptic
degeneration beginning around 4 months of age, neuronal loss by 6 months of age
(figure 2.5), and spatial memory deficits by 4-5 months.

After identifying that NAA was reduced at 4 months of age in 5XFAD mice,

we were then able to reveal that the reduction was caused by the down-regulation of
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Nat8L and occurred simultaneously with reduced mitochondrial function; as shown
through ATP analysis (Figure 2.6), ETC gene microarrays (2.7), and complex | assays
(Figure 2.8). We also demonstrated that the reduction of Nat8L expression occurred
simultaneously with increased MAS activity (Figure 2.9), indicating that NAA was
not reduced due to limited aspartate availability, but because of an active response to
reduced oxidative integrity. These experiments indicate that our hypothesis is most
likely correct, in that NAA is reduced during 5XFAD progression due to the active
down-regulation of Nat8L in response to mitochondrial dysfunction. We also
hypothesize that this mechanism is a possible novel neuroprotective mechanism
against any neuronal energetic deficit, such as during TBI and neurodegeneration.
AMPK as a Possible Means of Regulation for Nat8L

Although we did not directly investigate possible regulatory mechanisms of
NAA metabolism other than ASPA functionality, our hypothesis is that Nat8L is
actively down-regulated in response to the onset of energetic stress. Therefore, we
believe that Nat8L could be regulated by a cellular energy signaling cascade. The key
energy sensing regulatory protein in the eukaryotic cell is AMP-activated protein
kinase (AMPK) (148). AMPK is highly distributed in regions of the body which
consume the most energy; therefore it is not surprising that it is highly expressed in
the brain (149-150). AMPK is expressed in all cell types of the CNS, however, most
of this expression is within Purkinje neurons of the cerebellum and hippocampal
pyramidal neurons; cell types which have been well established as having high
metabolic rates and increased levels of glucose utilization (151). AMPK is able to

modulate gene expression of downstream targets, eventually leading to the activation
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of various catabolic processes such as glycolysis, lipolysis, fatty acid oxidation, and
autophagy (152). AMPK can also inhibit synthetic processes such as
gluconeogenesis, lipogenesis, and steroid synthesis (153-155). AMPK is activated by
the upstream calcium sensing kinase CamKKf} and AMP binding (156-157).
Therefore, any mechanism which leads to the increase of intracellular calcium, and/or
the increase of cellular AMP, will lead to the activation of AMPK and its downstream
targets (158). Calcium is a prominent secondary messenger in the brain that can alter
neuronal gene expression, energy production, membrane excitability, and synaptic
transmission based on its intracellular concentration. Significant increases in
intracellular calcium have been shown to negatively affect the pathology of numerous
neurodegenerative diseases including Parkinson’s (159), Huntington’s (160), and
Alzheimer’s (161). This relationship is directly demonstrated through the up or down
regulation of AMPK occurring simultaneously with energy metabolism defects
during the progression of neurodegenerative diseases including Alzheimer’s,
Parkinson’s, and Huntington’s (181). Specifically, AMPK activity is significantly
increased in the brains of patients affected by various neurodegenerative diseases,
however, the specific role AMPK plays in each of these disorders individually has yet
to be established (181). Since we predict that the down-regulation of NAA during
FAD progression in 5XFAD mice (Figure 2.5) is a neuronal protective mechanism
against energetic stress (Figure 2.7, 2.8, & 2.9) and AMPK is an energetic response
element whose expression is responsive to energetic status, we hypothesize that
AMPK may be responsible for regulating Nat8L and/or ASPA during FAD

progression.
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An example of a neuronal gene which is down-regulated by AMPK is Insulin
Receptor Substrate 2 (IRS2); a gene that plays an important role in the nonpathogenic
metabolic homeostasis of hypothalamic neurons (162). IRS2 is responsible for
nutrient intake in response to reduced levels of available energetic substrate within
the hypothalamic—pituitary—adrenal axis (HPA) (162). The expression of IRS2 is
activated by the transcriptional activator CREB-regulated transcription co-activator 2
(CrTC2). Within hypothalamic neurons, CrTC2 becomes inhibited when it is
phosphorylated by AMPK during periods of limited energetic resources (163). From
this example, we believe that Nat8L is regulated in a similar manner, and could
become down-regulated by downstream targets of AMPK phosphorylation in
response to reduced mitochondrial integrity.

The Regulation of Nat8L through Neuronal miRNA’s

One possible means of down-regulating the expression of Nat8L is by
silencing Nat8L transcription through microRNA's (miRNA’s). A recent publication
has revealed that the expression of Nat8L in non-neuronal cells can be regulated by
mMiRNA4488 (164). A miRNA ChlIP assay was performed to determine which
miRNA’s were affected by the overexpression of transforming growth factor 2
(TGFB2 -OT1) in human vascular endothelial cells. The assay revealed three distinct
miRNA targets regulated by the expression of TGFB2 -OT1; miRNA4488, miRNA
3960, and miRNA 4459. These targets were then used in bio-informative prediction
software to determine their possible binding targets. The analysis of that data revealed
that miRNA4488 could to bind to the 3’UTR of the gene encoding Nat8L, acting to

inhibit its expression. To determine if mMiRNA4488 could inhibit Nat8L expression, a
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miRNA4488 mimic and an inhibitor were transfected into human vascular endothelial
cells and used for QRT-PCR of the Nat8L transcript. The results revealed that
mMiRNA4488 was indeed able to inhibit the expression of Nat8L (164). The
repression of mMiIRNA4488 was also found to occur through the binding of
miRNA4488 to a competing endogenous RNA TGFB2 -OT1. This protein is able to
sequester numerous miRNA’s through a competitive binding site and increase the
expression of various miRNA targets, such as Nat8L. Interestingly, TGFB2 is down-
regulated in response to amyloid deposition as well as during the progression of
Alzheimer’s disease pathology in transgenic mouse models (165). Therefore, it is
possible that the reduction of TGFB2 during Alzheimer’s disease could lead to an
increase in MiRNA4488, and subsequently inhibit the expression of Nat8L.
The Possible Down-Regulation of Nat8L through a Bi-Compartmental System

As we have demonstrated, the catabolic side of NAA metabolism is also
transcriptionally regulated during early 5XFAD pathology. Specifically, ASPA is up-
regulated at 2 months of age (Figure 3.3), occurring prior to any alteration in Nat8L
expression, NAA concentration, or mitochondrial dysfunction, but simultaneous with
the onset of energetic stress as shown through reduced levels of whole brain ATP:
AMP (Figure 2.6). The possibility of Nat8L down-regulation through neuron-
oligodendrocyte cross talk is novel. However since ASPA seems to be a potential
primary responder to early reductions in energetic status during 5XFAD progression,
and Nat8L expression is significantly up-regulated in the absence of functional ASPA
(Figure 3.4), it is possible that Nat8L is negatively regulated by ASPA through the

communication between neurons and oligodendrocytes.
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Considering NAA is synthesized within neurons and catabolized within
oligodendrocytes, the regulation of Nat8L could come from within either cell type.
However, the concept of oligodendrocyte to neuronal communication is relatively
unstudied other than in the context of myelination. However, recent research has
highlighted a possible means of oligo-neuronal communication through the release of
signaling molecules contained within oligodendrocytic exosomes. In these studies,
primary oligodendrocytes were co-cultured with primary cortical neurons within a
Boyden chamber, allowing both cell types constant access to one another’s media.
Upon glucose and oxygen deprivation, primary neurons exposed to oligodendrocytic
exosomes had significantly higher activation of pro-survival signaling pathways
(MEK/ERK and PI3K/AKT) compared with neurons not exposed to oligodendrocytic
exosomes (166-167). These signaling pathways have numerous downstream targets
which have direct effects on neuronal survival (166-167). In order to determine if the
regulation of any neuronal genes were affected in response to oligodendrocytic
exosomes, the author’s cultured primary neurons and oligodendrocytes within a
boyden chamber and stimulated oligodendrytic exosomal release. After exosome
exposure, MRNA was isolated from the primary neurons and used in a microarray to
determine if gene expression was affected by exposure to the oligodendrytic
exosomes. Compared to unexposed neurons, neurons exposed to exosomes presented
with significantly down-regulated genes, including immediate early response 3 (ler3),
cortistastin, VGF nerve growth factor, and Brain Derived Neurotrophic Factor
(BDNF); all are genes which affect neuronal plasticity, memory function, and neuro-

protection (166-167). The study also revealed that oligodendrocytic exosomes
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contained miRNA’s (MiIRNA-9 and 19a) which have the ability to inhibit the
expression of the gene doublecortin (DCX); a microtubule stabilizing protein that is
down-regulated during neuronal differentiation. This study was the first of its kind to
demonstrate a direct transcriptional effect of neuronal genes from the internalization
of oligodendrocytic exosomal content (166-167). Therefore, the down-regulation of
Nat8L in 4-month 5XFAD brains could be in response from neuronal cues or
controlled through exosomal communication with neighboring oligodendrocytes.
The Link Between NAA Metabolism and Histone Modification

A recently discovered means of gene regulation by ASPA activity, and
therefore oligodendrocytes, is through the acetylation of histones. This hypothesis is
based on recent data revealing an indirect correlation between ASPA expression and
histone lysine acetylation in brown adipose tissue (168). This study investigated the
effect of inhibiting NAA production through Nat8L knock down in immortalized
brown adipose cells (iBacs), a cell type which has recently been shown to express
similar amount of Nat8L AND ASPA compared with neurons and oligodendrocytes,
respectively (198). The study revealed that when NAA production was blocked in
iBacs, ASPA expression became significantly down-regulated and Histone3K became
acetylated and unwound. To support the connection between NAA metabolism and
histone acetylation, other studies have shown that the white matter of ASPA null mice
also exhibited highly acetylated levels of H3K9 and H2B (168-169). Cumulatively,
these studies indicate that ASPA is indeed an upstream regulator of histone

acetylation.
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Histone de/acetylation is a common means of transcriptional regulation for
nuclear-encoded genes (170-171) Histone acetylation is regulated by two main
classes of proteins; histone deacetylases (HDACSs) and histone acetyltransferases
(HATS) (170-172). HATSs are lysine acetyltransferases which acetylate lysine
residues on histones for the main purpose of un-winding chromatin and allowing
transcriptional enzymes access to a gene. On the other hand, HDACs are lysine
acetyltransferases which remove acetate from histones in order to condense chromatin
and block transcription (173). The acetylation of histones depends on the availability
of AcCoA,; the sole donor for histone and protein acetylation through lysine
acetyltransferases and primary substrate of NAA synthesis (174). The indirect
association of ASPA expression and histone acetylation, therefore, indicates ASPA as
a possible regulator of histone controlled gene expression. Currently, it remains
unknown if Nat8L expression is regulated by histone acetylation, however, this
finding opens the door to the possibility of ASPA expression directly regulating gene
expression, and maybe even Nat8L.

Histone acetylation is not the only demonstrated epigenetic modification
regulated by NAA metabolism. A recent publication has demonstrated that
oligodendrocytes from Nat8L knockout mice had a significant increase in histone H3
methylation in H3K4me3, H3K9me2, and H3K9me3 when treated with NAA. These
histones have been shown to regulate cellular energetics, growth, and oligodendrocyte
differentiation (176). This finding suggests that one role of NAA in the adult brain
may be to regulate various histone modifications in both neurons and

oligodendrocytes, perchance in response to overall mitochondrial integrity. There is
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also a possibility, that since histone acetylation is responsive to ASPA expression
within fat cells, this may also be true in the brain. As we have shown, ASPA
becomes up-regulated at two months of age in the brains of 5XFAD mice (figure 3.3),
this up-regulation may lead to the modification of various histones within
oligodendrocytes. Since histone modification is a key means of gene regulation, the
resulting modification of histones in response to ASPA could have a regulatory effect
on neuronal Nat8L expression through cell to cell communication.
Future Experiments

There are endless means of possible regulation in response to energetic crisis,
especially to down-regulate an energetically taxing reaction. However, the bi-
compartmental metabolism of NAA only makes deciphering this mechanism much
more difficult. Therefore, any future experiments based on this research would focus
on our finding that Nat8L is actively down-regulated during periods of reduced
mitochondrial function prior to disease pathology. First, it would be important to
show an identical sequence of metabolic and transcriptional events in other brain
specific diseases/disorders which present with reduced levels of NAA besides
5XFAD and TBI. The hypothesized sequence of events would be a reduction in
ATP: ADP, an increase in ASPA expression, mitochondrial dysfunction, the down-
regulation of Nat8L, a reduction of whole brain NAA, and the onset of
disease/disorder specific pathology. The disorders of most interest would be ones
characterized by significant energetic stress, reduced levels of NAA, and at least one
well-studied mouse model. Examples of these disorders include Parkinson’s disease,

Huntington’s disease, epilepsy, and amyotrophic laterals sclerosis (ALS).
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A key hypothesis of this thesis is that NAA synthesis is reduced during the
progression of FAD in order to save AcCoA and aspartate for oxidative
phosphorylation. Therefore, in order to determine if this hypothesis is true, it is
important to define whether or not substrate deprivation is a key factor in the
transcriptional regulation of Nat8L. This analysis would begin by analyzing the
effect of increased levels of AcCoA on the transcriptional regulation of Nat8L and
ASPA. AcCoA is the NAA synthetic substrate which contributes the most to the
energetic deficit caused by NAA synthesis (10 ATP/13 ATP), therefore we
hypothesize that if any substrate were to have a regulatory effect on the regulation of
NAA metabolism it would be AcCoA. One way to do this would be to increase the
production of AcCoA in mice using the drug Dichloroacetate (DCA). DCA is known
to increase the activity of the pyruvate dehydrogenase complex, and therefore would
increase the amount of available AcCoA (183). The treated mice would be given
DCA intraperitoneally, injected daily over a course of three days, before being
sacrificed. The brain tissue would be flash-frozen and subsequently used to analyze
NAA levels, Nat8L and ASPA expression, as well as used for a control assay to
confirm an increase in AcCCoA levels. This assay can be purchased commercially,
such as the PicoProbe Acetyl CoA colorimetric Assay Kit. By performing this
analysis, we would be able to determine if AcCoA availability has a direct effect on
the regulation of Nat8L and/or ASPA, or if it is simply a substrate of NAA synthesis.

In order to determine if ASPA negatively regulates Nat8L, we are currently
working on overexpressing ASPA in oligodendrocytes of Nur7 and 5XFAD mice

using an oligodendrocyte specific adeno-associated viral vector (AAV). Specifically,
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we plan to overexpress ASPA into developing wild-type and Nur7 mice to see if
reconstituting ASPA has any effect on the expression of Nat8L. We hypothesize that
since Nat8L is significantly up-regulated in ASPA null/Nur7 mice and because ASPA
is up-regulated 2 months before Nat8L is down-regulated in 5XFAD mice,
reconstituting ASPA expression into its native cell type might return Nat8l expression
to a control level. We are also interested in overexpressing ASPA directly into the
brains of 5XFAD mice and measuring the resulting expression of Nat8L and the
energetic status of the brain at 2 and 4 months of age. Since ASPA catabolism is an
energy yielding reaction (199), we hypothesize that the overexpression of ASPA in
5XFAD brains would lead to a significant increase in whole brain levels of ATP due
to the down regulation of Nat8L and the reduction of NAA synthesis. This is because,
as we have shown in a non-neuronal cell type, increased expression of Nat8L and
NAA synthesis leads to a direct loss of ATP with (figure 1.9) or without energetic
crisis (figure 1.8). Therefore, if the exacerbated expression of ASPA did down-
regulate Nat8L, the energetic substrates AcCoA and aspartate would be diverted from
NAA synthesis and could be used to generate more ATP.

Another future experiment would be to analyze if AMPK is activated by
amyloidosis, and if so, does it lead to the down-regulation of Nat8L. An important
preliminary experiment would be to determine the activity of AMPK in hippocampal
slices when treated with soluble amyloid. Amyloid deposition has been shown to
lead to a direct induction of oxidative stress (200) and therefore, should increase the
activity of AMPK. AMPK activity could be measured by many different means, such

as an ELISA activity assay, western blot, or by the phosphorylation of downstream
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targets such as AcCoA carboxylase or HDAC4 (201). If it was confirmed that AMPK
activity was increased in response to amyloidosis, we could then alter activity of
AMPK during periods of oxidative stress and analyze the expression of Nat8L and
ASPA. In order to accomplish this, we would first need to identify a time period in
which AMPK activity was increased in 5XFAD development, which also
corresponded to abnormal expression of Nat8L or ASPA. Then, we could selectively
inhibit AMPK activity through pharmacological intervention with compound C ((6-
[4-(2-Piperidin-1-Cyl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine)
(177) and measure the expression of Nat8L and ASPA via QRT-PCR. If the results
showed that either Nat8L or ASPA expression, and the concentration of whole brain
NAA, were changed in response to the inhibition of AMPK, then we could prove that
AMPK was indeed an upstream regulator of NAA metabolism during
neurodegenerative disease progression.
Conclusion

The data from this thesis work supports the hypothesis that NAA levels in the
brain are reduced during the early stages of neurodegenerative disease through the
active down-regulation of Nat8L and the up-regulation of ASPA. Our data also
suggest that ASPA is a primary responder to reductions in whole brain ATP: AMP
while Nat8L expression is not reduced until significant mitochondrial dysfunction
during the progression of 5XFAD. Recent literature has revealed that this metabolic
pattern of events is identical to what occurs in TBI progression. Therefore, we
hypothesize that Nat8L will be down-regulated and ASPA will be up-regulated during
any brain specific disease or injury which presents with reduced mitochondrial
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integrity. Despite not revealing a specific signaling pathway responsible for the
transcriptional regulation of Nat8L and ASPA, we hypothesize that NAA synthesis is
reduced in direct response to the energetic crisis caused by these various brain
specific diseases due to the direct competition of NAA synthesis and ATP synthesis
for the substrates AcCoA and aspartate. Therefore, we predict that Nat8L and ASPA
are regulated within their own cell types or through neuron-oligodendrocyte
communication by either the metabolism of AcCoA or an energy sensing signaling

molecule such as AMPK.
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Figure 1.4: Samantha Zaroff designed the model, no experiment involved.

Figure 1.5: Samantha Zaroff and Jeremy Francis designed the model, no experiment
involved.

Table 1: Samantha Zaroff designed the model, no experiment involved.
Figure 1.6: Samantha Zaroff designed the model, no experiment involved.

Figure 1.7: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff,

Figure 1.8: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff,

Figure 2.1: Figure adapted from reference 84
Figure 2.2: Samantha Zaroff designed the model, no experiment involved.
Figure 2.3: Experimental Design, performance, and analysis by Samantha Zaroff,

Figure 2.4: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff,

Figure 2.5: Experimental Design, performance, and analysis by Jeremy Francis,
Vladamir Markov, and Samantha Zaroff,

Figure 2.6: Experimental Design, performance, and analysis by Samantha Zaroff
Figure 2.7: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff,

Figure 2.8: Experimental Design, performance, and analysis by Samantha Zaroff

Figure 2.9: Experimental Design, performance, and analysis by Samantha Zaroff
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Figure 2.10: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff

Figure 3.1: Figure adapted from reference 125
Figure 3.2: Experimental Design, performance, and analysis by Samantha Zaroff

Figure 3.3: Experimental Design, performance, and analysis by Jeremy Francis,
Vladamir Markov, and Samantha Zaroff

Figure 3.4: Experimental Design, performance, and analysis by Jeremy Francis and
Samantha Zaroff

Figure 4.1: Samantha Zaroff designed the model, no experiment involved.
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