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ABSTRACT OF THE DISSERTATION

Multiphoton imaging and phasor approach to identify new biomarkers in Huntington
Disease

By
Sara Sameni
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2018

Assistant Professor Michelle A. Digman, Chair

Neurodegenerative diseases occur when brain cells (neurons) start to deteriorate. Changes
in these cells will lead to dysfunction and eventual cell death. This will lead to mild symptoms
like problems with coordination, psychiatric disorders, or memory loss; and as more neurons die
the symptoms also progressively worsen. World Health Organization (WHO) indicates up to 1
billion people worldwide are affected by various types of neurodegenerative diseases. In this
study, I focused on Huntington disease (HD), a model to study neurodegeneration that is caused
by a glitch in a single gene called huntingtin gene (HTT). Huntington disease is an autosomal
dominant inherited neurodegenerative disease characterized by movement, cognitive and
emotional disorders. We all carry HTT; however, the normal length of DNA trinucleotide, CAG,
that codes for glutamine are between 10-35. The expanded repeats of above 40 or more will lead
to HD. Using advanced functional imaging technique called Two-Photon Fluorescence Lifetime
Imaging Microscopy (2P-FLIM), and spectral and temporal phasor approach, spectro-temporal
phasor map in living mammalian cells and animal tissue was obtained. Using this sophisticated

imaging technique, I have developed new methods and identified novel biomarkers that can help

xi



detect Huntington disease early on. This can also help for evaluating the efficacy of treatment.
The novel method established in this work is noninvasive and can be performed at the single cell
level. Phasor transformation used here simplifies the FLIM and spectral measurements by
providing a graphical global view of the process at each pixel and avoids some of the complexity
of the multi-exponential analysis. In this way, using a fit free approach that can be applied to
both time and frequency domain measurements, Fluorescence Lifetime and spectral emission can
be analyzed. It is hoped that this work shed a light on understanding the mechanism of
Huntington disease and for new drug discovery and early diagnosis of the disease. The approach
introduced in this work can also be applied as a method for understating similar
neurodegenerative diseases. This work is supported in part by NIH grant P41 GM103540, NSF

BEST IGERT and UC PDY grant.
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CHAPTER 1: OVERVIEW

1.1 INTRODUCTION

Expansion of cytosine, adenine, guanine (CAG) in the gene encoding polyglutamine (PolyQ)
protein will result in a family of dominantly inherited neurodegenerative disorders including
spinocerebellar ataxia and Huntington disease. When PolyQ homopolymers get extended beyond

40 pairs, normally soluble protein will make cytotoxic protein aggregates [3, 4].

The PolyQ disease belongs to a diverse family of “conformational disease” that is due to a non-
native conformation of the protein that leads to aggregations which include Alzheimer disease,
prion encephalopathy, Parkinson and etc [5]. In these disorders, a specific protein undergoes
conformational changes and rearrangements of aggregate and deposition within tissues or
various cellular compartments. It is still unknown how cells respond to this abnormal protein

conformation which leads to many unanswered questions.

The focus of this study is on Huntington Disease (HD), as a model to study a diverse family of
neurodegenerative disorders. HD is considered as a mitochondrial disorder disease. This fatal
progressive autosomal dominant neurodegenerative disorder was first fully described by George
Huntington in 1872. HD is mainly characterized by cognitive dysfunction and loss of motor
function leading to jerky movements called “chorea” that in Greek means dancelike movements
which describe the unwanted movements. Since HD is usually manifest between 30-45 years of

age, the majority of patients already have children by then[6].

George Huntington didn’t encounter the juvenile form of HD in which the disease onset occurs

before the age of 21.The first clear description of the juvenile form of HD goes back to 1888 and



attributed to J. Hoffman. Hoffman used data from three generations of family. In his article, he

described a woman who developed chorea at the age of 10 and died in her twenties[7].

The gene for HD was first discovered in 1983 and mapped to chromosome 4 and later cloned in
1993. HD gene codes for a large protein called: Huntingtin(Htt) with the molecular mass of
348kDa. Essentially the unstable CAG repeat resides within the first exon of the huntingtin gene
(HTT) is translated into a stretch of polyglutamine in the Huntingtin protein [8]. As it is shown in

Figurel, the extended CAG repeats lead to elongated and pathogenic glutamine chain (polyQ).

Short amm of chromosome 4

HD gene
TRANSCRIPTION (in the nucleus) DNA strand
]
OVOSLCUN PV PV ®0f VR
—_— ——— e —— D e
Codon (triplet of 3 CAG codes for Repeating CAG codons.
nucleotides which code the amino acid The normal gene has less than 36 repeats.
for a specific amino acid) gutamine Mutated gene has more than 36 repeats
Normal Abnormal huntingtin (mHtt) with
cytoplasmic protein, more than 36 glutamine
huntingtin (Htt) with = residues
less than 36 glutamine
residues ﬂ
Vv

Glutamine chain Huntington's disease

Figure 1: Unstable CAG translation to extended polyQ.
Elongated CAG chain in the 4™ chromosome leads to the abnormal length of mutant huntingtin resulting Huntington disease.
Figure adapted based on healthlifemedia.

Despite its gene discovery on decades ago, the normal function of Huntington disease is still not
fully understood and incomplete. Some studies show knocked out of the HTT gene is lethal in
the mouse early in embryogenesis[9]. Reduction of HTT leveled in knockout embryonic stem
cells lead to abnormality in distribution and morphology of different organelles such as

endoplasmic reticulum, Golgi, and mitochondria[10]. Moreover, conditional HTT deletion in



forebrain neurons at the late embryonic stage or early neonatal stage has led to progressive

neurodegenerative phenotype[11].

Although underlying cellular mechanisms that drive neurodegeneration in Huntington diseases
are still not fully understood, dysfunction in energy metabolism, in particular mitochondria
dysfunction is a common trend in Huntington pathogenesis studies in human and animal

models[12].

It has been shown that mitochondria are the target of oxidative stress in Huntington disease.
Under normal condition, mitochondrial and cytosolic antioxidant system control the
mitochondrial and cytosolic ROS levels within the safe level; however, if this fails there is a high

risk for lipids, protein, and DNA damage[13].

On the other hand, an increased level in ROS including superoxide(O2-)hydrogen
peroxide(H202), hydroxyl radical(OH-) and reactive nitrogen species like peroxynitrite(ONOO-
) as well as impairment of cellular function by degradation of proteins, lipids, and nucleic acid
are all associated with oxidative stress. In addition, enhanced oxidative stress in HD leads to
increased level of accumulation of lipofuscin, break of DNA strands, and oxidative modification
of protein and lipids, that is increased in HD brain and animal model of the disease. Compelling
evidence from studies in both HD patients and experimental HD model links oxidative damage

and mitochondrial dysfunction to HD pathogenesis[14].

Another recent study indicates that synthetic mitochondria-targeted antioxidant can prevent
oxidative damage to mitochondria and also shown to delay the disease progression in the HD in

the HdhQ150 knock-in mouse model of HD[15].



Despite ambiguity in the underlying cellular mechanism, changes in the ratio of NAD+ to
NADH, mitochondrial function, and level of ATP production are associated with oxidative stress
independent of the underlying mechanism. Thus, one can monitor and map up the oxidative
stress of the cell at different stages of disease progression in order to better understand the stages
of the disease. Using coenzyme such as NADH, FAD as a natural biomarker, oxidative stress of
the cell can be monitored non-invasively[16] and can be used to predict metabolism dysfunction

in the cells.

As mentioned, aggregates are the hallmark of many neurodegenerative diseases including HD.
Yet, the role of these aggregates in pathogenesis and how it affects the cells is not clear. There
have been many attempts to correlate the presence of aggregate with the onset of phenotype, but
this is very difficult and complicated as detecting and quantifying small aggregates form of
PolyQ is not easy. While some researchers believe aggregates are protective, W. Yang argues the
role of these aggregates and shows that polyQ aggregates are highly toxic when directed to the

cell nucleus[17].

Many other papers indicated that the role of aggregation in the disease is not as obvious and
simple. Some researchers indicate the large insoluble inclusion bodied seen via microscope may
actually be helpful to support the cell with the disease [18-21]. Other studies specify that
pathogenesis might depend instead on small oligomers or micro-aggregates that are formed as a
possible byproduct of aggregation process [21-23]. While these studies all agree and suggest the
presence of mutant protein inclusion, it is not fully understood whether these inclusions are

highly toxic, benign or actually cytoprotective as stated by some studies.



As described, HD is a progressive neurodegenerative disease. It occurs usually in midlife, and
thus there is a lag phase that can be an indication of possible transfer of mutant proteins. On the

other hand, Htt aggregates may have a role in neuropathology in such genetic neurodegeneration.

This lag phase also is a great target for identifying biomarkers, an indication of the disease prior
to major symptoms which can assess the treatment and possibly benefit the prevention of the

disease.

1.2. M.G LETTER

Before getting to the specific objectives of this thesis, here | have included part of the letter that
| received from one of the students | was training during the minority Undergraduate Student
Initiative for Biomedical Research (USIBR) program who was also diagnosed with a

mitochondrial disorder similar to HD.

“ Dear Sara,
Thank you so much for allowing me to work in your lab and for taking the time to give me a

foundation in fluorescence imaging.

Back in 2004 1 was accepted to UCI as a biology major, but could not attend due to a sudden
diagnosis of mitochondrial disease. At the time, doctors had really no concrete clue what that
entailed and just sent me one my way. Three years later, | had a son, then two years after that, a
daughter. I never got genetic counseling and never thought twice about passing my genes to my
children. My son began showing severe symptoms at three years old, but it took me two years to
find a doctor who heard of the mitochondrial disease. Just after his 5th birthday, he passed away

in his sleep from what I now know was a prolonged tonic-clonic seizure. Today, my daughter is



7 years old and was just diagnosed with epilepsy and confirmed that she also carries the

mitochondrial DNA mutation in 100% of her blood.

Early detection could have saved my son. This is why when | first heard about the work you
were doing, | knew I wanted to be a part of it. What you are doing is an incredibly selfless and
incredible. 1 admire you on so many levels for doing this. There is no doubt in my mind that you
will find something great. | look forward to keeping updated with your research. This is all so

very exciting!

Best wishes,

M.G”

Her letter really touched my heart and further emphasize the need for early detection and
identification of new biomarkers as a new screening method and also hopefully to treat such

disorders.

1.3. OBJECTIVES

The main objective of this study was to establish new assays and to identify new biomarkers that
can be used in the diagnosis of Huntington disease. In addition, such biomarkers can help screen
the progression of the disease, use as a targeted treatment, and also test the efficacy of the new
treatments. For this purpose, using phasor approach of two-photon microscopy, the initial aim
was to develop the technique and method to characterize metabolic alteration in HD using
NADH FLIM. Phasor method is a graphical representation of FLIM analysis in which the

fluorescent decay at each pixel is transformed into polar coordinates (i.e phasor plot).The



analysis was done in live HEK293 cell lines in vitro as our model for non-neuronal cells and
further confirmed in live tissue of transgenic Drosophila expressing expanded and unexpanded
polyQ HTT exl in the eye disc. Here, we measured the changes between free and bound
fractions of NADH which is an indirect measure of metabolic alteration in living cells. Using
Phasor-FLIM, pixel maps of the metabolic index in HEK293 cell lines and in transgenic
Drosophila expressing expanded and unexpanded polyQ HTT ex1 in the eye disc was developed.
We found a significant shift towards increased free NADH, indicating an increased glycolytic
state for cells and tissues expressing the expanded polyQ compared to unexpanded control. In
the nucleus, a further lifetime shift occurs towards higher free NADH indicating synergism
between metabolic dysfunction and transcriptional regulation. Our results indicate that metabolic

dysfunction in HD shifts to increased glycolysis which can lead to oxidative stress and cell death.

The proceeding goal of this study was to analyze the effect of HD on the mammalian cells
plasma membrane as a cell structure. In fact, many diseases are rooted in an imbalance of
important lipids. For example, there is an excess of lipids in heart disease, or there is lack of
certain lipids in autism or schizophrenia. In the case of Huntington disease, altered lipid
metabolism is linked to dysfunction in HD. Some researchers indicate the disturbance of
biogenesis of cholesterol and other fatty acids. Other recent literature also suggests rather the
disturbance in trafficking of the lipids due to the interaction of Htt with Cav-1, a vesicle
transporting cholesterol through the membrane. In normal cases, sphingolipids and cholesterol
trafficking are synthesized in the endoplasmic reticulum and transported to the Golgi and then to
the plasma membrane by passing through the endosomal compartment. However, when
trafficking is disturbed, cholesterol and sphingolipids are accumulated in late endosomes and

lysosomes.



Although lipids are an essential part of the cell plasma membrane our understanding on the role
Htt and the disruption of lipid homeostasis and its effect on the cell plasma membrane is very
limited. And thus another aim of this study was to clarify if Htt can affect cell membrane
fluidity. For this purpose spectral phasor analysis coupled with LAURDAN was used to
characterize the plasma membrane fluidity. Spectral phasor analysis is similar to phasor-FLIM
analysis. However, in this case, using the Fourier transformation, the emission spectra at each
pixel will be obtained in the spectral phasor plot. We have also further validated our result using
secondary fluorescent probe Nile red that is sensitive to the polarity of the lipid environment.
Our results indicate a shift in the position of the phasor indicating changes in the emission
spectra. We have also developed the triangular combination method that defines the linear
combination of fluorescent probe and the fluorescent protein. In this case, if there is a third
fluorescent component within the same pixel along with the LAURDAN, the trajectory lies
between the two spectra of LAURDAN connecting to the third components( lies along the
hypothetical triangle connecting two poles of the spectra of LAURDAN to the third fluorescent).
Altogether, our results indicate increased in membrane fluidity of the mammalian cells
expressing expanded polyQ homopolymer. Here we have identified another biomarker. Changes
in the membrane fluidity in the expanded polyQ can be used as a biomarker to screen the

progression of the disease and also to analyze the effect of new treatments.

Lastly, having developed the first two aims, the final goal of this study was to look into the
clinical relevance and to characterize the propagation of Htt via transport of polyQ inclusions
within the infected cells as well as uninfected cells. For this purpose, we looked at the inclusions
translocation between cells via lipid nanotubes and axon in mammalian cells using natural and

synthetic inclusion. Using algorithm developed using the Icy program we characterized the



inclusions using their brightness and intensity characterization and were able to detect the
transfer. In addition, we have characterized the passive transport of inclusions by characterizing
the uptake of the inclusions from the infected medium. Our investigations indicate that
mammalian cells are capable of uptaking synthetic polyQ. In addition, inclusions can be
transported actively via cell to cell contract and through microtubes/ axons. Moreover, we have
also shown normal cells can also get transfected by infected cell medium. This study further
clarifies the understanding of how the disease is propagated between the cells, and to get a better
sense of the interaction of normal and infected cells, as well as understating how normal cells
can be transfected even without a direct cell to cell contact. Altogether the results clarify further

the transport of the inclusions and infection to the uninfected cells.

Here | have developed novel biomarkers that can be used to screen the HD severity. The
proceeding research should focus on whether we can stop the aggregations process or stop the
transfer and if so how significant that is at the single cell level. This has been further discussed as

a future work of this study on the final chapter.

1.4. BACKGROUND INFORMATION

Huntington disease is a great model for identification of biomarkers that contribute to the
pathogenesis of disease condition as it is resulted by a single mutation in HD gene. Unfortunately
available medications are only to relieve some psychiatric problem combined with some speech

and physical therapy, and there is no cure for this fatal neurodegenerative disease[24].

One of the early signs of HD before the occurrence of any other symptoms is an energetic
impairment that is correlated with the severity of the disease. Such impairment is signified by the

profound weight loss despite the adequate food intake. In the past, most of the focus has been on



the central nervous system and solely on the neuronal cells; however, recent studies are
indicative of the HD affecting peripheral tissues and non-neuronal cells as well[25, 26]. Many
studies indicate that these peripheral features in HD including weight loss or skeletal muscle
wasting are affected directly by expression of mutant Htt and is independent of neurological
defects[27].In fact, Htt is not only expressed in the brain, it is also presented in many tissues and

organs in mammals[28-30].

Although the precise function of huntingtin is still not clear, Htt is involved in many cellular
functions including transcription, cellular trafficking, and other vesicular transport[31].In
addition, the dysfunction in peripheral cells has been observed even on the isolated condition
which indicates that genesis of these abnormalities is the results of mutant huntingtin expression
rather than a secondary consequence of brain dysfunction[32, 33]. It is also observed that when
Htt was expressed in the cardiomyocyte of wild-type mice, it leas to heart failure [34]. In another
study, decreased concentration of testosterone in HD patient has been shown that is not
correlated with the decreased luteinizing hormone, a hormone secreted by the pituitary gland

which stimulated the synthesis of androgen in males[35].

More fundamentally, studies show abnormality in metabolism and mitochondrial function[33,
36], and also cholesterol defect[37, 38] that resembles the abnormality in the brain which can

bring valuable insight for the disease mechanism upon further investigations.

Essentially, mitochondria are the powerhouse of the cell with a key function in providing
essential energy demands for all cellular process. Mitochondria play a vital role in programmed
cell death or apoptosis, aging (free radical generation and oxidative stress), as a biomolecular

sensor of glucose, oxygen, and nitric oxide. Thus, it is not surprising that mitochondria
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dysfunction has been linked to a range of disease and health problems like cancer and
neurodegenerative diseases[16].Early detection of mitochondria anomalies and metabolic

dysfunction is a key step toward effective diagnosis and proceeding treatment.

Beside abnormality in mitochondrial function, lipid homeostasis is also disturbed in Huntington
disease. Many studies have shown the decreased biosynthesis of cholesterol and other fatty acids
in HD [37-39]. However, other studies indicate the accumulation of cholesterol in neurons due to

abnormalities in lipid transport mechanism [40, 41].

Clearly, lipids are vital for brain function and any changes to the lipid level either due to
impaired biogenesis or abnormality in its trafficking can ultimately lead to neurodegeneration.
Lipis is also vital structural components of cell plasma membrane which directly influences
membrane solubility and fluidity. Any damage to the cell plasma membrane can lead to the cell
injury as a result of toxic enzyme leakage or trigger of apoptosis[42].However, it is not well
understood how changes in the homeostasis in lipid either due to the cholesterol biosynthesis or
abnormality of its trafficking influences the cell structure, plasma membrane. And thus a
possible single cell assay that can elucidate the alteration in cell membrane fluidity can be a huge

benefit for targeting the pathogenies of HD.

Noninvasive imaging technique:

There are various medical imaging modalities that are becoming popular due to their nature of
non-invasiveness to study neurodegenerative disorders. Many efforts have been put into the
development of advanced imaging protocols leading to the possible identification of imaging-

related biomarkers that can be used as a diagnosis and prediction of the course of the disease for
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HD and similar neurodegenerative disorders. In this section, we will discuss some of the

commonly used technique as well as the imaging and the method used in this work.

fMRI imaging:

One of the cores clinical imaging that is well established is
magnetic resonance imaging (MRI) with the potential to be NMR Signal
used as an important tool in neuroimaging. Using a technique
called nuclear magnetic resonance(NMR), nucleus of

hydrogen behave like a magnet and generate a signal that can

be mapped and turned into an image[1](Fig.2).

MRI relies on the emission of radio frequency (RF) signal,

Echo, arise from the relaxation of the magnetic dipole that is

Figure 2: Generating MRI images from

disturbed using a pulsed magnetic field from aligned state and ~ NMR signal [1]

relaxed back to equilibrium and received by the receiver coil.

MRI is a well-established imaging technique that with an excellent soft tissue contrasts.
However, the in vivo study often suffers from low signal to noise ratio (SNR). Data analysis
relies on fitting multiexponential decays that is sensitive to SNR to perform such multi-
component analysis. Besides, the signal from each pixel can arise from various unknown

components and often demand previous information regarding this sub-pixel composition.

Functional magnetic resonance imaging, fMRI, has been used and shown to be correlated with

neuronal activity[43]. In fMRI, the blood oxygen level contrast (BOLD) is utilized. In an active
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level, neurons utilized increased oxidative metabolic rate and thus increase their demand for
higher oxygenated hemoglobin and also the amount of deoxygenated hemoglobin will be

decreased[44].

In Huntington disease study, Cerebral Blood Volume (CBV) was measured via fMRI. Results in
an R6/2 mouse model of HD indicates that affected area in striatum and neocortex has
abnormally high CBV[45]. Since CBV is high, the affected area should have a greater access to
glucose than other reasons. And so it can be inferred from the results that there are an inherit

differences in metabolism of glucose in HD.
PET imaging:

Positron emission tomography, PET is another molecular imaging technique that probes a
radioactive substance called tracer that is a target like a receptor, an enzyme or a transporter to
look for the disease in the body[46]. In this imaging modality, [*°*O]H,0 and [**F]FDG that is the

marker for cerebral blood flow and glucose metabolism are being typically used.

In FDG-PET scan, the [‘®F]fluorodeoxyglucose (FDG) which is analog to glucose is being
traced.In this case, FDG-PET allows the measurements of glucose consumption. Similar to
glucose, FDG is transferred from blood to different brain regions. FDG is then phosphorylated to
FDG-6-PO,.At this step, glucose gets phosphorylated and continue along the metabolic pathway;
however, since phosphorylated FDG is not the substrate for metabolism it thus gets trapped in

tissue and cannot get further processed[47].

Since glucose is the only energy source in the brain then tracking it reflect the neuronal activity

and underlying pathology in the brain. [*?O]H,0 is also the measurement of blood flow that
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indicates the local cerebral metabolic rate of oxygen, as well as cerebral blood flow that is
usually increased during neuronal activities and is all shown to be diminished in HD models

when supposed to be activated by some tasks [48].

In general whole organ PET can provide a powerful means to determine glucose uptake,
however, these measurement doesn’t show how glucose is being processed in distinct brain
regions. In addition, there are some contradictory results in the field. A study by Gouarné group
reveals early defects in glycolysis in striatum using PET imaging[49].However contradictory to
other studies Nambron et al. reported that their analysis reveals no abnormalities in lipid, protein
or carbohydrate metabolism markers and no significant changes in HD patients compared to
controls[50].This contraction can be in part due to sample preparations, the sensitivity of the
measurements and bulk measurements. In addition, metabolites are in constant flux and leave the
regain of interest multiple times which makes it difficult to do region specific measurements.
And effort should continue to explore more diverse new target classes in this imaging. And also
there is a need for more powerful and sensitive technique to resolve fundamentally the specific
pathways that are being affected and also to provide proven biomarkers that enable the

monitoring of the progression of the disease.

FLIM:

Fluorescence lifetime imaging (FLIM) is a method to measure fluorophore lifetime using
advance microscopic approach. In past few decades, there has been a huge focus on the use of
fluorescence intensity in biological sciences including DNA sequencing and genetic analysis,
environmental and chemical monitoring and sorting cells. The issue with such measurement is

that intensity-based technique is limited due to the fact that it suffers from variation in
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concentration, photobleaching, and other artifacts like detector gain setting or optical loss. In
such, FLIM which describes how rapidly an excited state fluorophore decays can be helpful as
intrinsic excited state lifetime is unchanged due to such variations. In addition, FLIM can be
used to characterize microenvironments such as temperature, pH, polarity, oxygen concentration
and etc, and thus can be used to provide a way to probe local environment as well [51]. There are
different ways to measure flourcent life time of a fluorophore: time domain (TD) and Frequency

domain (FD).

Time domain (TD) FLIM is ideal for large temporal range system and specifically for long
lifetime measurements.TD typically involves pulsed excitation and reconstruction of decay over
time. This can be accomplished using various techniques, among which time-correlated single
photon counting(TCSPC) is the most common one. The reference for timing here corresponds to
excitation pulse. The “ start” here provided by laser pulse while “stop” signal is generated by
detection with a sensitive detector( eg. Photon avalanche diodes). In this technique, a

photomultiplier tube (PMT) is used as a vacuum tube to multiply electrons and detect signal.

Frequency domain (FD) FLIM used any continuous wave light source that is suitable for short
lifetime measurements. A sinusoidally modulated light is used to excite the desired fluorophore.
The resulting emission is modulated and phase shifted. In this case, demodulation is measured
with M and phase delay with phi( ¢).Plotting phase delay and demodulation over a range of

frequency provides a frequency response of the samples[52].

NADH-FLIM imaging:

Reduced nicotinamide adenine dinucleotide (NADH) has been extensively used as an
endogenous fluorescent biomarker in the cell. NADH is the principal electron acceptor in
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glycolysis and electron donor in oxidative phosphorylation[53]. Intracellular NADH can be
found in a form of free and bound to many dehydrogenases and exists in dynamic equilibrium in
the cell. It has been shown that NADH binds to dehydrogenase function in energy metabolism

and thus the ratio of these two forms can indicate the metabolic state of the cell.

Despite the fact that the redox state of the cell is measured based on the measurement of NADH
and NAD+ since NAD+ does not fluoresce, research has been focused on measuring the fraction
of intercellular free and bound NADH[54]. High metabolic demand increases the respiration rate
leading to decrease in NADH/NAD+ ratio[55]. In addition, NADH can bind to the
dehydrogenase Complex I, a mitochondrial membrane protein mediating electron transfer from
NADH to oxygen. This transfer causes hydrogen protons to be pumped into the intermembrane
space of the mitochondria from the matrix creating an electric potential [56]. Thus, ATP is
generated from the activation of ATP-synthase through adenosine diphosphate (ADP)

phosphorylation via this electron potential change [57].
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Figure 3: Glycolysis and oxidative phosphorylation pathways[58]

Consequently, the bound form of NADH serves as a biomarker of energy generation and relative
ratios between the free and bound form can be used as an index of metabolic states [59].Figure 3

summarizes the cellular respiration pathway.

Following the pioneering work of Britton Chance et al., NADH fluorescence level imaging and
relative amounts of reduced and oxidized NADH has been extensively monitored for changes in
metabolism [60]. NADH is characterized by long lifetime when it is bound to protein and short
lifetime when it is free. The shorter lifetime of Free State NADH is due to the dynamic

quenching by adenine moiety (Fig.4).
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Free NADH Bound NADH

Figure 4: Two conformation of NADH are shown here.

The folded form is when NADH is free that leads to shorter lifetime. The other confirmation is extended or open that is shown in the right blue
box with a longer lifetime. The black dot shows the adenine and nicotinamide center of mass and the distance between them is shown with
dotted line. This figure is adapted based on Formoso et al[61].

Bird et al, in 2005, showed the changes in the ratio of free to bound NADH is associated with

NADH/NAD+ in breast cancer cells[62].

Stringari et al. in 2012 also found the ratio of free to bound NADH correlated with
differentiation state of the cells and their role in the fate commitment. Based on their analysis,
they have shown undifferentiated NPSCs to be highly glycolytic characterized by the higher ratio
of free to bound NADH while differentiated neurons have oxidative phosphorylation phenotype

characterized by the lower ratio of free to bound NADH[53].

Despite all the benefit of FLIM imaging, analysis of fluorescence lifetime imaging can be

difficult as it composes of multi-exponential decays coming from different molecular species or
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even different conformation of the same molecule[51, 63]. Analysis of fluorescence decay using
fluorescence lifetime imaging microscopy(FLIM) can be performed in various ways: time-
correlated single photon counting(TCSPC)[64], the frequency domain, and the time domain
approach[65-67]. For analysis of FLIM data using time domain approach, the decay at each pixel
is fitted using one or two exponentials and then decay times and amplitudes are found.

The issue with this approach is that many of the fluorescent protein display a complex decay
behavior[68]. In addition, there is a correlation between the amplitude and characteristics
exponential time. More than that, such analysis(~10"5 pixel in an image) requires expertise to
correctly extract the information regarding the number and abundance of the molecular
species[69, 70]. Here, in this work, using phasor FLIM imaging approach cellular metabolism
that is affected by Huntington disease has been measured and analyzed.

Phasor method:

Phasor transformation used here simplifies the FLIM analysis by providing a graphical global
view of the process at each pixel and avoids some of the multi-complexity of exponential
analysis. In this way, using a fit free approach that can be applied to both time and frequency
domain measurements, fluoresce lifetime can be analyzed.

Fig.5 shows the phasor transformation. Here for each pixel in an image, a phasor lifetime is

plotted in a graph using Fourier transformation (equation set (1)).
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Figure 5: phasor transformation using sine and
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Equation 1: G and S representation in phasor plot equations

We then use a cursor to highlight the cluster of points that correspond to the lifetime in that range

(Fig. 6).
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Figure 6: NADH Phasor plot.

Panel A shows NADH intensity of free NADH, NADH bound to LDH with corresponding lifetime color map underneath. Panel B also shows the
intensity and color map of the NADH autofluorescence in the cells. Panel C is the phasor transformation with colored cursors corresponding to
the figure A and B color map.

Spectral phasor:

Similarly, we have used spectral phasor transformation as a way to characterize the impact of the
changes in the homeostasis of the lipid in HD and the effect this could have in the membrane
fluidity. Similar to what was explained in FLIM-phasor analysis; spectral phasor analysis
calculates the sine and cosine of Fourier components, but now from spectrum profile (shown in

equation set 2). For each component, g and s are obtained and represented in a polar plot.
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|
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G

Figure 7: Spectral phasor graph.

Spectral phasor are depicted in A.B shows three of the simulated spectra to calculate phasor A. Figure adapted based on Cutrale et al. [2]
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In this case, “L” is the total wavelength range of our spectrometer. The angular position, in this
case, is proportional to the average of the spectrum and the spectral width is represented in terms
of the distance from the origin as it is depicted in Fig 7.

2mna

o = T cos
T21)

eq. A

2mna

_ Zal(@) sin(—=)
- LAl

S eq. B

Equation 2: Spectral phasor equations for G and S calculation.

1.5. ORGANIZATION OF THE DISSERTATION

In this study, | focused on identifying new peripheral biomarkers using phasor-FLIM imaging.
During my extensive study, | was able to develop new assays/methods that can be potentially

used to monitor the progression of the disease and evaluate the efficacy of the treatment benefits.

In chapter 2, 1 will discuss the metabolism and FLIM imaging of free/bound NADH that | used
for in vitro and in an animal model of HD. Using FLIM imaging | was able to get a deeper
understanding of how metabolism is affected in HD and also was able to identify a new potential
biomarker that can be used for the disease screening. In addition, the method | have developed in
this study can be applied in a piece of tissue and pixel map of cellular metabolism that is affected

can be obtained.

In chapter 3, | have focused on understanding if the changes in lipid homeostasis in HD that has
been previously reported have any influences in the cell structure. | have studied the plasma
membrane structure at the single cell level using spectral phasor analysis. This study led to a
novel discovery that shows cell membrane of the mammalian cells affected by HD can be the

target of the disease. My results indicate increased fluidity in the cell plasma membrane
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compared to the control. This can also have implication in the propagation of the HD inclusions
and pathogenesis of the disease to the normal cells. In addition, it will affect the normal cell

function and eventually can lead to the apoptosis.

In chapter 4, | have focused on clinical relevance and further explored the transfer of both
synthetic and natural polyQ inclusions. | was able to confirm that mammalian cells can uptake
synthetic inclusions. In addition, using a co-culture study in mammalian cells, | was also able to
track the transfer of inclusion and the propagation of the inclusions to the normal cells by means
of different mechanism like cell uptake or active mechanism via microtubes/axon. The time-
lapse imaging also shows the interaction of the cells and the dynamic of the polyQ inclusions

transfer.

Finally, in chapter 5, I have further elaborated on the outcome of this study and its implications
in HD and similar neurodegenerative disease. In addition, | have further discussed the future

perspective of this work.
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CHAPTER 2: NADH AS A BIOMARKER IN HD

2.1. ABSTRACT:

Huntington disease (HD) is an autosomal neurodegenerative disorder caused by the expansion of
Polyglutamine (polyQ) in exon 1 of the Huntingtin protein. Glutamine repeats below 36 are
considered normal while repeats above 40 lead to HD. Impairment in energy metabolism is a
common trend in Huntington pathogenesis studies; however, this effect is not fully understood.
Here, we used phasor approach and Fluorescence Lifetime Imaging Microscopy (FLIM) to
measure changes between free and bound fractions of NADH which is an indirect measure of
metabolic alteration in living cells. Using Phasor-FLIM, pixel maps of metabolic alteration in
HEK?293 cell lines and in transgenic Drosophila expressing expanded and unexpanded polyQ
HTT exonl in the eye disc was developed. We found a significant shift towards increased free
NADH, indicating an increased glycolytic state for cells and tissues expressing the expanded
polyQ compared to unexpanded control. In the nucleus, a further lifetime shift occurs towards
higher free NADH indicating synergism between metabolic dysfunction and transcriptional
regulation. Our results clearly indicate that metabolic dysfunction in HD shifts to increased
glycolysis leading to oxidative stress and cell death. This powerful label-free method can be used

to screen native HD tissue samples and for potential drug screening.

2.2 INTRODUCTION

L A version of this chapter was also published in nature scientific report [Sameni S, Syed A, Marsh JL, Digman
MA.The phasor-FLIM fingerprints reveal shifts from OXPHOS to enhanced glycolysis in Huntington Disease. Sci
Rep. 2016; 6: 34755. PMCID: PMC5054433]
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The mechanisms underlying neurodegeneration in Huntington Disease(HD) are unknown, but
compelling evidence suggests that mitochondrial defects may play a central role[14].
Mitochondria dysfunction has been linked to a range of disease and health problems such as
cancer and neurodegenerative diseases[16]. Thus early detection of mitochondria anomalies and

metabolic dysfunction is a key step toward effective diagnosis and proceeding treatment.

Previous studies showed that HD onset can be identified from disturbed glucose metabolism.
Glucose metabolism in asymptomatic HD carriers reveals significant hypometabolism and a 2-
3% reduction in caudate glucose metabolism per year. This implies that there would be a
significant reduction of glucose metabolism occurring on the onset of the disease, and the
measurement of striatal metabolism receptor binding would be a good marker for the diagnostic
of the progression of the disease[71, 72]. Yet other studies on the opposite front, report that
lactate produced by glucose uptake is enhanced in HD brain tissue of in transgenic and in 3-
nitropropionic acid-treated mouse models for HD[73]. Olah and coworkers measured a high
glycolytic flux in the posterior region of HD brains by measuring mitochondrial complex
activities, NADH absorption, pyruvate formation and lactate production.[73] In their experiment-
based mathematical model, the authors calculated the increased flux through the glycolytic
pathway where they revealed that the increased energy metabolism enhances the rate of
glycolytic flux in comparison to the control. However, the hypothesis that the ATP production
through oxidative phosphorylation (OXPHQOS ) shifts metabolism to glycolysis in HD is not yet
clear[74]. Here using the phasor-FLIM fingerprinting approach we aim to help elucidate this
pathway. electron donor in oxidative phosphorylation [53]. While NADH fluoresces, its oxidized
form (NAD+) does not, and research has been focused on measuring the fraction of intracellular

free and bound form (to enzymes) of NADH [54]. Given that the fluorescence lifetime of NADH
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shifts in the bound versus free state, NADH autofluorescence has been used as a biomarker for
oxidative stress in alpha-synuclein aggregation, metabolic changes in Wnt signaling in colon
cancer was characterized using NADH-FLIM, [75-77]. Since FLIM is independent of
concentration, the free and bound forms of NADH lifetimes are unbiased from endogenous
levels produced in living cells. Also, the lifetime of free NADH is shorter (~0.4ns), indicating
more glycolysis, compared to the fully bound form (3.2ns-3.4 ns), indicating more oxidative
phosphorylation. Thus their fractional contributions can be a measure of oxidative stress or

cellular homeostasis [16, 75, 78].

In this work, we have used the phasor approach to FLIM to measure the fraction of free to bound
NADH as a way to map the metabolic alteration in cells transfected with expanded and
unexpanded polyQ HTT exon 1. Image segmentation to isolate the cytoplasm was also done and
further characterized lifetime shift towards the free fractional component of NADH in the cell
nucleus. In addition, we have validated our data in the late third instar Drosophila eye disk which
is model of Huntington disease [79]. During this stage (approximately 3- 4.5 days post
fertilization) eye imaginal complete their development and photoreceptor neurons are born [80,

81].

Our results indicate that in the presence of the expanded Huntingtin repeat nuclear fingerprints of
the phasor distributions shifts towards an increased free NADH lifetime. It has been shown that
NADH interaction with regulatory protein such as CtBP influences the transcriptional activity

[82, 83]. Moreover, while NAD(P)H shown to enhance heterodimerization and DNA binding to

Chance et al., in the 1950s, pioneered the measurement and quantification of tissue and cellular

metabolic states, and since then many studies followed [84-86]. These investigations were based
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on fluorescence emission of reduced nicotinamide adenine dinucleotide (NADH) as an

endogenous fluorescent biomarker. NADH is the principal electron acceptor in glycolysis and

transcription factors, its oxidized form, NAD(P), inhibits such activities[83]. Thus we
hypothesize that such an increase in nuclear NADH leads to transcriptional dysregulation.
Further, we observed an increase in the ratio free/bound NADH (shift toward anaerobic
glycolysis) in the cytosolic region in the presence of the expanded Huntingtin repeat.This is in
correlation with previous studies that showed hypoxic conditions by a shortening of NADH
fluorescence lifetime (i.e. more free NADH) in cells [87], tissue [88] and organs in vitro [89] and

in vivo [90].

2.3. RESULTS:

HEK 293 cell lines:

Using the transiently transfected cell lines HEK 293 (EGFP expanded versus the unexpanded
polyQ from exon 1 of the Huntingtin protein) we show that the relative ratio of free to bound
NADH increases as an average. This increase in the free/bound ratio indicates that cells
expressing the expanded Htt repeat show a shift of ATP production from OXPHOS to glycolytic
state. We have used the phasor approach to FLIM in which the fluorescence decay at each pixel
is transformed into a single point in the phasor plot, defined in material and method section and
supplemental figure Al. In the phasor plot, the s(») and g(w) coordinates for every pixel of the
image, Fourier sine vs. the Fourier cosine, are plotted on the y and x-axis where the x coordinate
spans from 0 to 1 and the Y spans from 0 to 0.5. Thus the g coordinate is more sensitive to the

ratio of free to bound NADH as shown in supplemental (figure A2 )[91, 92].
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Figure 8: HEK293 NADH FLIM Map.

Panel A shows confocal images obtained using the 488 nm laser to excite EGFP directly. In panel B NADH emission was obtained with 740
nm two-photon excitation. NADH is detected with a blue filter (442/46nm) in one channel and EGFP emission with a green filter
(520/35nm). Nuclei of the cells are shown with dashed red circle. Panel C represents lifetime maps of NADH colored according to the color
scale in the phasor plot in panels D. When cells express the expanded Htt 97Qp, there is a significant shift toward the shorter lifetime

indicating a higher glycolytic state. Panel D also shows the phasor plot for each representative cell. The phasor histogram of the cell
transfected with 97Q is shifted to the direction of free NADH. Scale bar on the image is 10um.

The color of the lifetime maps (Fig. 8.C) corresponds to the fluorescence lifetime distribution
along the phasor plot shown in panel D for each of the 3 conditions. We applied to image

segmentation to isolate the nuclear compartment from the cytoplasmic pool as it shown in
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supplement A3 to further quantify the average phasor coordinates corresponding to the g and s

axis on the phasor plot.
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Figure 9: A. Scatter plot of NADH cell phasor FLIM

Plot shows in the cytoplasmic pool of the Httex1p25Q (N=12, in blue) expressing cells compared to the Httex1p97Q cells in red
Our (N=18), EGFP control is plotted in green triangle (N=15). Each point represents the average lifetime plotted in the phasor
coordinates. Using image segmentation the cytoplasmic region for each cell is selected. Expanded cells (97Q) shows higher free
to bound NADH ratio (shifted toward right). B. Similar plot was obtained for individual cell nuclei of the Httex1p25Q cells
results compared to Httex1p97Q cells. Cells transfected with 97Q are further shifted towards the right side of the plot indicating an
increase of free NADH in the nucleus.
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indicate a significant shift in NADH lifetime, indicating a transition from the NADH bound to
free form, in cells expressing the expanded Httex1p97Q-EGFP protein compared to the

Httex1p25Q expressing cells as shown in Figure 9 A (P= 1.02x10°).

We identified two distinct populations (Fig. 9) in the nuclear and cytoplasmic phasors
corresponding to the Httex1p25Q-EGFP and Httex1p97Q-EGFP variants in HEK 293 cells. To
further confirm our data and to ensure that changing the fluorescent protein does not perturb
NADH readings we have performed an experiment in 15 more animals (total of 66 ROIs) tagged
with Kaede (Figure A4). The applied image segmentation for the nuclear compartment shows a
decreased nuclear activity in cells expressing the expanded form of the Htt protein. In both
expanded and unexpanded HTT protein expressing cells, the nucleus is characterized by high
amount of free NADH. This is consistent with the results published by Wright et al [75] which
shows reduced nuclear activity characterized by shorter lifetime (more free NADH) for
undifferentiated or early differentiating cells and more bound NADH due to increased nuclear
activity in differentiating cells. In the expanded Htt expressing cells, there is a significantly
increased fraction of free NADH indicating a lower nuclear activity (p= 0.0024) (Fig.9 B). No
differences were observed for the control experiments of the cell cytoplasm and nucleus in the
EGFP expressing cells compared to the wild-type, Httex1p25Q-EGFP with p-value higher than

0.05 ( p=0.206 and p=0.209 accordingly).

Transgenic Drosophila results:

To further validate our results in vivo, we have used the transgenic Drosophila eye disk model.

Drosophila is an excellent source for modeling neurodegenerative disease as it contains fully
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functional nervous system with separate specialized functions including vision, olfaction,
learning, and memory[93]. The most common method for generating restricted transgene
expression in Drosophila is based on the yeast GAL4 protein and its target upstream activating

upstream sequence (UAS) system[94].

The eye develops from the eye-antennal disk. The disk arises from about 20 cells of the optic
primordium in the embryonic blastoderm. By the third instar larva disk forms approximately
2000 cells [95]. Barbaro et al. earlier showed temporal gradients of neurons expressing Htt
transgenes in Drosophila eye disk. Cells begin to differentiate into neurons in the eye disk as a
wave of differentiation derived from the morphogenetic furrow. The wave moves from the
posterior toward the anterior in an array of cells ordered in rows. Each row of cells from the
leading edge of the furrow toward the posterior expresses the Htt transgene 2 h longer than the
rows in front of it [96]. We have selected to analyze the posterior part of the eye disk where cells
are fully differentiated into neuron expressing different concentrations of the 120Q, 96Q

compared with the 25Q and control (no transfection).
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Figure 10: Tiled images of ELAV-GAL4 X UASQ96-GFP Drosophila eye disk.

Bright field image merged with FITC shown here (Scale bar on the image is 50 um).

Figure 10 shows a tiled image of expanded 90%* **®°*" The Drosophila eye disk excited at
488nm in respect to the whole eye disk (bright field image merged with FITC) is depicted here.
The posterior region expressing the Htt 96Q-GFP was selected and the distributions of lifetimes
were mapped on the phasor plot and a scatter graph was obtained (Fig.12). Similar to what we
have observed in the HEK 293 cells, a shift toward shorter lifetime in expressed Htt 96Q-GFP of
the live eye disc was detected. To ensure that the expression of GFP did not perturb the
metabolism in this model, we tested the unexpanded versus the expanded Htt with no
fluorophore tag (Unexpanded 90 %X vs. expanded 90%* 1292 expressing flies). The images here
are obtained from the most posterior part of each animal eye disk that is associated with either
25Q or 120Q expressions. As shown in Figure 11, the three representative tissue ROl of the 25Q
populations are characterized with longer lifetime associated with decreased ratios of free to
bound NADH similar to what was observed in the HEK 293 cell line (white/aqua color) with
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unexpanded transfection; while the expanded models (i.e. 120 Q) are shifted towards the shorter

lifetime with increased ratio of free to bound NADH (pink/red color).
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Figure 11: Unexpanded ELAV-GAL4 X UASQ25 vs. expanded ELAV-GAL4 X UASQ120 expressing flies results are depicted here.

NADH emission obtained with 740 nm two-photon excitation is shown under intensity map. Lifetime color map of NADH is depicted on the
right (color map). Shorter lifetime is color coded with red here while longer lifetime on the phasor plot is associated with cyan. As it is shown
here Htt 120Q cells are characterized by a distinct population shifted toward shorter lifetime (red) that has a higher ratio of free to bound NADH.

Panels C&D show phasor plot for 25Q and 120 Q respectively. The phasor histogram is shifted toward the direction of free NADH (glycolysis) in
the expanded form 120Q compared to unexpanded 25Q.Scale bar is 10 um.

Figure 12 shows the scatter plot of phasor lifetimes averages for the eye discs expressing the
unlabeled unexpanded (blue) and expanded Htt protein (red). The analysis of the phasor

distribution, in this case, is performed by cluster identification as described in [97].
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Figure 12: Scatter plot of the NADH phasor FLIM showing average g and s phasor values for each animal eye disk

ROI for total of 15 animals and 149 ROl measurements. The blue diamond refers to 25Q (N=30), green diamond Venus
control (N=28), gray asterisk wildtype with no Htt (canton-S, N=32).Tissue with expanded expression 120Q (N=32, in red
circle) and 96Q-EGFP (N=27,in red triangles) indicates shortening of the lifetime towards the glycolytic state, shifted to the
right.

The clusters refer to all the pixels selected in the ROI and are the average coordinates lifetime for

each ROI of the three eye discs.

The Student t-test was done to compare the 25Q population and 120Q population in terms of g
values. Our result indicates that these two populations are statistically significant different (p-
value of 0.034). In addition, 25Q group shows significantly longer lifetime compared to 96Q

group (p-value 0.023).

No difference was observed in control group (Venus with no Htt) compared to 25Q with the p-

value >0.05(P=0.14) (Fig.13).
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Figure 13: Summary of the data analysis for live tissue of drosophila eye disk
(expanded 96Q (N=27), 120Q (N=32), unexpanded 25Q (N=30), and control (Venus, N=28) are depicted here. Arrow bar shows

the direction of Free NADH. Expanded Htt ( both 96Q and 120Q) are characterized with significant increased ratio of free to
bound NADH( more Glycolytic) compared to unexpanded Htt (25Q).

2.4. DISCUSSION:

Energy production deficiency contributes to the progression of the HD brain is observed by
weight loss in HD patients[98]. The dysfunction in energy metabolism, in particular,
mitochondrial perturbations, is a common trend in Huntington pathogenesis studies in human
and animal models [12]. It has been postulated that Htt perturbs the activation of SIRT 3 leading
to a decrease in concentration of NAD and PGC-1a (a transcriptional coactivator controlling
mitochondrial biogenesis and function). Given that SIRT 3 acetylates the flavoprotein (Fp)
subunit of complex I, the loss of SIRT 3 activity in HD leads to a reduced binding of complex 11

with the Fpp thereby dysregulating mitochondrial function[99].
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Alterations of metabolism have recently gained traction in identifying the mechanism by which
this pathway is affected. Insight into a metabolic requirement in distinct populations of a striatal
versus cortical neuron is provided by Gorarne and co-workers [49]. They showed that early
glycolysis subtle defects were found in striatal neurons using PET in living patients. However,
contradicting results were recently reported by Nambron at al. that revealed metabolic
carbohydrate, lipid and protein metabolites as wells as hormones related to energy metabolism
screening in HD patients resulted in no significant changes compared to the control subjects[50].
These conflicting results can be due to the sensitivity of sample preparation as well as average
population or bulk measurements. Thus pursuing the quest to understand and learn about
metabolic dysfunctions in a non-invasive manner and at the single cell level will elucidate the

role of impaired metabolic pathways that can leads to transcriptional dysregulation in the disease.

Previous studies in animal models and HD patients reported perturbation of metabolism in HD in
an animal study and HD patients. Several studies associate HD with Diabetes mellitus as
significant numbers of R6/2 mice develop diabetes gradually[72, 100]. Other studies also

reported that glucose metabolism can be an indicator of HD onset[101, 102].

Our present study, using 2P-FLIM, indicates a decreased in fluoresce lifetime of NADH that is
correlated with increased in free to the bound ratio of NADH in HD. These changes indicate
ATP production shifts from oxidative phosphorylation to glycolysis that can lead to increase in
oxidative stress and eventual cell death. Given that the lifetimes of NADH and Nicotinamide
Adenine Dinucleotide Phosphate (NAD(P)H) are virtually indistinguishable, alternations of free

to bound NAD(P)H could also reflect these changes. Our results are consistent with the earlier
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report by Valencia et al group showing elevated NADPH oxidase activity leading to

overproduction of ROS and cell death in HD mice[103].

Here for the first time, we were able to examine changes in fluorescence lifetime of NADH to
increased glycolytic state in HD using Phasor FLIM approach. Earlier, Nicoletta Plotegher et al.
showed shifts of NADH to a shorter lifetime in the presence of alpha-synuclein aggregates in
Parkinson disease(in HEK293-aS)[77].Similar results were also reported recently using 2P-FLIM
by Sandeep et al. in pc12 model of Parkinson disease[104]. In more recent advancement, in a
pilot study, Jentsch used FLIM based technology in ophthalmoscopy based setting to examine
the alteration in the retina of Alzheimer disease patients. In this study, the dependence of

fluorescence lifetime imaging parameter on the severity of Alzheimer’s disease is reported[105].

The real advantage of the powerful method that we have proposed here is that it can be applied in
tissue and pixel map of cellular alteration can be obtained. We foresee that such precise
measurements using phasor-FLIM fingerprinting approach can help address some of the current

issues in the literature.

2.5.CONCLUSIONS:

The underlying mechanism that affects neurodegeneration in Huntington disease is still under
investigation. Compelling evidence indicates that mitochondria may play an essential role that
affects neurodegeneration in Huntington disease. In this work, we have measured metabolic
perturbations of the cells transfected with various glutamine repeats (expanded vs unexpanded)
as well as in the transgenic Drosophila eye disk using FLIM coupled with phasor analysis. We
used the autofluorescence lifetime of NADH as an intrinsic biomarker for such measurements.

Results obtained here indicate a shift toward larger free/bound NADH ratio in the presence of the
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expanded Huntington repeat both in vitro in Human Embryonic Kidney (HEK 293) cells as well
as in the Drosophila eye disk model of Huntington disease. Such shift in the expanded model
may indicate depletion of ATP production and an increase in oxidative stress that can eventually
lead to cell death. In addition, nuclear FLIM analysis on expanded polyQ HTT exonl cells
indicates increased free NADH which influences CtBP activity, a phosphoprotein and
transcriptional corepressor in the nucleus. We propose that such a shift toward increased free
NADH in the nucleus indicates transcriptional dysregulation which is crucial in Huntington

pathogenies.

This report fingerprints metabolic shifts from OXPHOS to glycolysis in HD cells. In addition, it
leads to transcriptional dysregulation in the nucleus which is important to understand in HD
pathogenies studies and also for similar neurodegenerative diseases such as Alzheimer,
Parkinson, ALS, and etc. Further investigations need be done to understand if different stages of

inclusion formation or inclusions themselves uniquely alter redox state of the cells.

2.6. MATERIAL AND METHODS:

Cell cultures and transfection:

Human Embryonic Kidney cell 293(HEK293) plated on 3ug/ml fibronectin were plated with
~70% confluency and transfected overnight with Httex1p containing pcDNA with varying length
of polyglutamine fused at C-terminus to EGFP(Httex1p 97Q-EGFP, Httex1p25Q -EGFP, and

EGFP alone).
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Confocal Imaqging:

The EGFP tagged cells were visualized via confocal microscopy Zeiss LSM 710 confocal
microscope (Carl Zeiss, Jena, Germany). Images are obtained with a 488nm argon-ion laser and
imaged using the internal detectors using a filter 500-550nm. Using laser scanning confocal
microscope, the fluorophore of the entire specimen was acquired and assigned a pseudo-color.

Images are acquired using 63x oil objective.

FLIM set up :

Fluorescence lifetime imaging was acquired using the same Zeiss LSM 710 confocal microscope
equipped with a Ti-Sapphire laser(Mai Tai Spectra-Physics, Newport, CA), using external
detectors (H7422P-40, Hamamatsu Corporation, Bridgewater, New Jersey) and an ISS A320
FastFLIM (ISS, Champaign, IL) acquisition card.NADH fluorescence lifetime was measured at
2—photon excitation at 740 nm. A 495 nm long-pass filter used to separates the blue and the
green fluorescence channel. The pure signal of NADH is detected with a blue filter (442/46nm)

in one channel and EGFP emission with a green filter (520/35nm).

Images were acquired using 63X oil objective. Images were collected with 256x256 pixels with a
minimum of 100 counts per pixel which requires at least integrating 30 frames with the pixel
dwell time of 25.6 us/ pixel.The temperature was set at 37°C throughout the experiment with 5%

CO,.
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Data analysis:

The phasor analysis was performed using the method explained by Digman et al. [106] and
analyzed with the SImFCS software available at (www.lIfd.uci.edu). Briefly, for each pixel in an
image, a phasor lifetime is plotted in a graph using Fourier transformation, we then use a cursor
to highlight the cluster of points that corresponded to the lifetime in that range. Figure Al in
supplemental material schematically shows the transformation process to a single point in a 2D

phasor plot. Phasor plot coordinates are G and S (x and y).

Statistical analysis:

We have used student’s t-test with critical p-value set at 0.05 for our analysis. Total of 45 cells
has been tested for in vitro study of HD. For the animal study, we have used a total of 15 animals
and analyzed 149 ROI (N=30 for 25Q, N=32 for 120Q, N=27 for 96Q-EGFP, N=28 for Venus,

N=32 for wildtype Canton-s).

Animal Study:

ELAV-GALA4 is used for constitutive expression of UAS transgene. Fly stock was cultured on
cornmeal medium at 25 degrees (room temperature). Larvae in the late 3" instar, instar refers to
larvae stage, were selected and transferred into a petri dish with dissection buffer. Using forceps,
the mouth hooks were pulled away from the rest of the body. The eye discs were dissected away
from the rest of the tissue and immediately placed on a coverslip for imaging. In this experiment,
we have used Unexpanded 90%* 2%, expanded 90%* ®°%F"P (a kind gift of T. Littleton),
expanded 90 19 and wild-type, Canton-S, with no HTT transfection and Venus as controls.
In addition, we have verified our analysis by co-expressing Kaede expanded vs. unexpanded

HTT (90 25QKeede g gext 120Q-Kaedey 4 £ rther verify the NADH FLIM readings.
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CHAPTER 3: LIPID ORDER AND MEMBRANE FLUIDITY

3.1. ABSTRACT

Huntington disease (HD) is a late-onset genetic neurodegenerative disorder caused by expansion
of cytosine-adenine-guanine (CAG) trinucleotide in the exon 1 of the gene encoding the
polyglutamine (polyQ). It has been shown that protein degradation and lipid metabolism is
altered in HD. In many neurodegenerative disorders, impaired lipid homeostasis is one of the
early events in the disease onset. Yet, little is known about how mutant huntingtin may affect
phospholipids membrane fluidity. Here, we investigated how membrane fluidity in the living
cells (differentiated PC12 and HEK293 cell lines) are affected using a hyperspectral imaging of
widely used probes, LAURDAN. Using phasor approach, we characterized the fluorescence of
LAURDAN that is sensitive to the polarity of the immediate environment. LAURDAN is
affected by the physical order of phospholipids (lipid order) and reports the membrane fluidity.
We also validated our results using a different fluorescent membrane probe, Nile Red (NR). The
plasma membrane in the cells expressing expanded polyQ shows a shift toward increased
membrane fluidity revealed by both LAURDAN and NR spectral phasors. This finding brings a
new perspective in the understanding of the early stages of HD that can be used as a target for

drug screening.

% A version of this chapter was also published in nature scientific report [Sameni S, Malacrida L, Tan Z, Digman
MA.

Alteration in fluidity of cell plasma membrane in Huntington disease revealed by spectral phasor Analysis.

Sci Rep. 2018; 8(1): 734. PMCID: PMC5768877]
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3.2. INTRODUCTION

One of the common characteristics of neurodegenerative diseases is the aggregation of specific
proteins that lead to deposits in tissue or subcellular compartments. This is commonly known as
protein misfolding or conformational disorder in Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington disease (HD) and other neurodegenerative disorders [107]. HD is a progressive
genetic neurodegenerative disorder with complex pathogenies including protein aggregation and
dysregulation of lipid homeostasis. The key event in such pathologies is the conversion of
protein to an abnormal conformation that may lead to the formation of toxic aggregates. In the
case of HD, polyglutamine (PolyQ) aggregation is the hallmark of the disease. In the last
decades, there has been an intense research effort to determine the toxicity of the aggregate
species as protein aggregation progresses from monomeric to oligomeric and finally a mature
inclusion[18, 108]. This understanding is relevant since there are currently no effective measures
or treatments of HD. Recent research shows that metabolism is also affected as a result of HD
and indicates disturbed OXPHOS pathway and a shift of the metabolism toward more free
NADH as the disease progresses that implies a disruption of glucose uptake in HD cells

compared to normal[109].

Besides glucose, lipid metabolism is also shown to be affected in HD and other
neurodegenerative disorders[110-113]. Lipid and cholesterol are important cell plasma
membrane components as they control normal cell function. In Alzheimer disease (AD),
impaired lipid homeostasis is one of the early events in the disease [114]. The alteration in lipid
composition can lead to instability in the membrane and synaptic loss in AD [113]. Furthermore,
rising evidence indicates that altered lipid metabolism is linked to dysfunction in HD [110]. In
particular, research in animal and human indicates that cholesterol metabolism is disturbed in

42



HD [37]. However, the specific alteration remains controversial. In normal condition, sterol
regulatory element binding protein, SREBPs, regulate lipid homeostasis by sensing the level of
cholesterol in the cell and provides negative feedback in synthesizing more cholesterol. Upon
activation, SREBP acts as a transcriptional factor and stimulates expression of enzymes that
regulate the fatty acid biosynthesis pathway [115]. Some evidence indicates up to 50% reduction
in active SREBP in both HD cells and mouse brain tissue [37]. This can be implicated in HD
pathogenesis by reduced biosynthesis of cholesterol and fatty acids. Other evidence also shows
the slower growth of skin fibroblasts of HD patients compared to normal when they are treated
with lipid deprived medium [110]. However, other studies suggest an accumulation of
cholesterol as a result of dysfunction in the transport of cholesterol due to mutant huntingtin

interaction with Caveolin-1(vesicles transporting cholesterol through membranes)[40].

Given that there is a perturbation in the biosynthesis of fatty acid or disruption of transport
mechanisms of lipid in HD, in this paper we aim to address how membrane fluidity is affected in
HD. For this characterization, we used two distinct fluorescent probes: LAURDAN and Nile
Red. Both dyes are commonly used for membrane phase characterizations[116, 117]. These
probes are sensitive to the polarity of the environment since their emission and lifetimes shift
toward shorter wavelength and longer lifetime with decreasing solvent polarity [118-120].0n the
other hand, in the apolar solvents, the emission of these probes are blue shifted. LAURDAN, 6-
dodecanyl-2-dimethylamino naphthalene, was first developed by Gregorio Weber [121]. It is a
common dye used to study membrane fluidity defined as changes in the lipid order as it senses
the water penetration into the membrane [122, 123]. Nile red (NR), 9-diethylamino-5H-
benzo[alpha]phenoxazine-5-one, is another lipophilic stain that has been successfully used to

label lipid droplets [124, 125], to characterize total lipid content [126], and also to study
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membrane organization [127, 128]. NR is an uncharged red phenoxazine dye and its
fluorescence emission is altered based on the immediate environmental properties and a change

in the dipole moment upon excitation [129, 130].

We used aforementioned dyes and a powerful fit-free approach based on spectral shifts analyzed
with the spectral phasor approach to mapping membrane fluidity in living cells as opposed to the
traditional method using normalized ratio-metric assay known as generalized polarization,
GP[131-133]. The method and technique presented here has the advantage of analyzing the
fluorescently tagged cells and can detect the contribution of multi-components emissions
compared to the GP approach. This method was used in two different cell lines, HEK 293 and
differentiated PC12, where expanded polyQ HTT exon 1 was tagged with different fluorescent
proteins (EGFP and mRuby). We detected membrane fluidity changes by the combining spectral
phasor analysis and solvatochromic dyes related to liquid disordered (Ld) and liquid ordered
(Lo) phases. Our analysis indicates increased membrane fluidity and shifts toward Ld phase
when expanded polyQ was expressed. This approach can open up new frontiers to evaluate the

efficacy of treatments in HD or other similar neurodegenerative disorders.

3.3. MATERIALS AND METHODS

Spectral image acquisition was achieved using the 32 channel QUASAR multispectral scanning
module on the Zeiss LSM710 laser scanning microscope (Carl Zeiss, Jena, Germany) equipped
with Ti: Sapphire laser (Spectra-Physics Mai Tai, Newport Beach, CA) and 63x NA 1.4 oil
objective. For each experiment, cells were first visualized using either 488nm or 561nm
excitation, with respective bandpass filters, to excite either green fluorescent protein (EGFP) or

mRuby with the single channel PMT detector. For LAURDAN experiment, we used a 405nm

44



and 561 nm laser lines to excite LAURDAN and mRuby, respectively. Figure B1 shows a
cartoon representation of LAURDAN in the membrane. Nile red was then used separately as a
sensor to characterize membrane fluidity in the cells with EGFP labeled HTT protein stained
with Nile Red (NR). We employed 2-photon (2-PE) excitation microscopy by setting the
excitation wavelength to 950 nm to co-excite NR and EGFP. For all experiments, spectral
images were acquired using the lambda mode 32 channels from 416 nm to 728 nm and a
bandwidth of 9.78 nm. The frame resolution was set to 256x256 pixels and with a pixel dwell
time of 12.61us/pixel. All data were analyzed using SimFCS software available at

(www.Ifd.uci.edu). All cells were maintained at 37°C and 5% CO, during imaging.

Spectral Phasor Plot and Linear Combination Rule:

Here we employed an elegant way to separate fluorescently tagged protein signal from

LAURDAN signal in living cells using a fit-free spectral phasor analysis (Fig. 14).

Spectral phasor analysis is based on the Fourier transformation (shown in equation.l1 and 2) of
the fluorescence emission spectra (in this case wavelength range is 416 nm to 728 nm) obtained
from at each pixel in the hyperspectral image using the 32 channels detector of the Zeiss LSM

710 [116, 120]. In the equations 1 and 2, | (1) represents intensity at each spectral step, n is the

harmonic number (1 for the data shown in this paper), L is the spectrum range (Amax-Amin):
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By applying the spectral phasor transformation, we produce a polar plot with a single spot for
each pixel. In this case, the emission spectra at each pixel are transformed into two parameters
called G and S (a real and imaginary component of the Fourier transformation, see equation 1
and 2), and then plotted in a four-quadrant polar plot, called spectral phasor plot, as it shown in

Fig.14B.
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Figure 14: Spectral phasor transformation and the three-component analysis.

A) Three spectra for LAURDAN (in a low or high polarity environment, blue and green spectra respectively) and for a red fluorescence
protein (RFP). B) The Phasor polar plot with the transformed spectral emissions and a single spot for the emission of LAURDAN in
ordered membrane (Lo), fluid membrane (Ld) and a red fluorescent protein (RFP) (blue, green and red dots, respectively). The spectral
longer wavelength shift is represented by a counterclockwise shift in the phasor plot from the coordinate (1,0).The spectra of the
LAURDAN are shown in an ellipsoid in 1B which is colored in a gradient from green (high polarity environment) to blue (low polarity
environment). If LAURDAN is coexisting with a RFP in the same pixel, then the pixels should fall in a dotted line shown in the picture
connecting RFP to LAURDAN trajectory.
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Using the phasor approach, we can resolve small spectral shifts on LAURDAN labeled cells that
are induced due to changes in the membrane microenvironment even in the presence of
fluorescent proteins. The phasor is calculated over a finite wavelength range. The position of the
phasor coordinates will change if the emission spectra are truncated as shown in the emission
spectral for (Lo and Ld) LAURDAN (Figure 14A). In the calculations of the Fourier
transformation, we used spectra data of a specified wavelength range (416-728nm). Since all the
data has the same wavelength emission range, the comparison between all the experiments is
valid. However, if the wavelength emission range is changed the data are no longer comparable.
More importantly, the rule of the linear combination of the phasors is not affected by the

truncation

As it is depicted in Fig.14 B the LAURDAN spectral phasors are shown in an ellipsoid with
color changing from blue to green that indicates a low or high polarity environment respectively.
In cells stained with LAURDAN, if there is a third fluorescent component in the same pixel
indicated by the red dot in figure 14B, the position of the phasor at that pixel should fall on the
dashed lines that joins the LAURDAN trajectory and the fluorescent protein (in this case
mRuby) which defines the linear combination. Using linear combination rule, we can resolve
complex combinations and characterize membrane fluidity independent of the spectral
contamination due to the other fluorescent labels or fluorescent proteins. In this case, blue
indicates liquid-ordered membrane (Lo) with highly packed phospholipids, and a shift toward
green indicates loosely packed liquid disordered (Ld) phase. The penetration of water molecules
in the membrane directs the dipolar relaxation of the LAURDAN. Due to the complex
deexcitation mechanism of LAURDAN, the spectral phasor analysis provides a better

interpretation of fluorescence emission of LAURDAN at the membrane interface compared to
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classical GP analysis. Note that the LAURDAN spectrum cannot be determined due to the
dipolar relaxation effect so that spectral demixing methods cannot be applied in this situation.
However, the phasor approach can separate the LAURDAN spectral position from the

contribution of the fluorescent proteins by a simple graphical construction.
Sample Preparation:

The stabilized inducible cell model of HD previously established Htt14A2.6 PC12 cells, as well
as newly generated PC12 cells that inducibly express HTT exon 1 containing either 25Q or 97Q
repeat fused at C-terminus to EGFP or mRuby were propagated as previously described [134,
135]. For differentiation process, cells were supplemented with reduced levels of fetal bovine
serum (FBS, 4% or lower) and plated on poly-L-lysine coated glass bottom dish. Neuronal
differentiation was induced using 50 ng/ml NGF (Harlan Bioproducts for Science, Inc., Madison,
WI) for 7-10 days. Cells were induced with 5 uM ponasterone A (PA) to induce expression of

HTT exon fusion proteins 48 hours prior to the imaging.

HEK 293 (ATCC® CRL-1573™) cells were plated on 35mm glass bottom dish (MatTek,
Ashland, MA) that was previously coated with 3ug/ml fibronectin. Cells were transfected
overnight using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and according to manufacturer’s
protocol. Transfection was performed with Httex1lp 97Q-EGFP, Httex1p25Q-EGFP (kindly
provided by Thompson L.M., UC Irvine) or EGFP alone. Cells were then stained with 1 uM NR

and incubated at 37 degrees for 5 to 10 min followed by imaging.

LAURDAN and NR were used at final concentration of 1.0 pM in the medium for the cell

staining.
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For cholesterol depletion study, first cells were grown to 70% confluency. Cholesterol was
depleted by Methyl-beta-cyclodextrin (MBCD) extracts (Sigma). Cells medium were aspirated,
and cells were treated with Opti-MEM™ [ (ThermoFisher) Reduced-Serum Medium buffered
with HEPES and total final concentration 10 mM of MBCD. Spectral images were then followed

immediately by the treatments (every 2-5 min) for 45 min.
GUV preparation:

Giant unilamellar vesicles (GUVs) were prepared following the electroformation protocol
described by Angelova et al [136]. Briefly, dioleylphosphatidycholine (DOPC) or
dipalmitoilphosphatidylcholine: cholesterol (1:1 molar, DPPC:Chol) was prepared at a final
concentration of 0.3 mM in chloroform. LAURDAN at 0.5 % molar was added to the lipid
mixture in chloroform. Then, 4 uL of the organic mixture was applied to each platinum wire and
dried under vacuum overnight. The electroformation chamber was filled with 300 pL of sucrose
200 mM at 50°C. To keep the temperature constant we used a circulation bath at 50°C. For the
GUV growth, we applied a sinusoidal potential of 2 volts and 10 Hz during 1.5 hours. To detach
the GUV from the wire, the frequency of the sinusoidal potential was reduced to 1 Hz for 10
min, and then the function generator and circulating bath were turned off. For the measurements,
50 ml of the GUVs dispersion were transferred to 8-wells bottom-glass imaging chamber
containing 300ul of a 200 mM glucose solution. The imaging chamber was coated with 1 mg/mi

bovine serum albumin (BSA) solution.

3.4. RESULTS:

LAURDAN Fluorescence
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Figure 15 shows the range of LAURDAN fluorescence in DOPC representing Ld phase in the
membrane (green vesicle) and DPPC: Cholesterol, 1:1 molar (blue vesicle) representing Lo
phase in the membrane combined with RFP forming a theoretical triangle with the area of the

green triangle indicating all possible linear combinations.
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Figure 15: Three component analysis depicting LAURDAN fluorescence emission in Ld/Lo in GUVs and mRuby expressing cells
(differentiated 97QmRuby).

The framework for the three-component analysis is done by defining the emission of LAURDAN in the liquid disorder (Ld, DOPC,
green GUV ) or liquid ordered (Lo, DPPC: Cholesterol, 1:1 molar, blue GUV) membranes, and cells expressing the 97Q-mRuby (cell
colored by red cursor).

First, we identified the spectral phasor position for differentiated PC12 cells expressing 97Q-
mRuby. Figure 16 A shows a zoomed in the region in the phasor plot selecting all the pixels,
color-coded in pink, corresponding to the phasor position of a cell expressing mRuby. Next, we
characterized membrane fluidity using the spectral phasor plot in differentiated PC12 cells
stained with LAURDAN (Figure 16C; the average intensity of LAURDAN is shown in the inset
image). In this case, we used blue and green cursors to identify low to high polar environments

sensed by LAURDAN. Then we imaged differentiated PC12 cells expressing 97Q-mRuby
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(Figure 16 D) to show the phasor position of LAURDAN emission in the presence of 97Q-
mRuby. The position along the Lo to Ld phases are shown as a normalized histogram along the
blue to the green trajectory (Figure 16 E & F). A hypothetical triangle is drawn to depict the

combination of the possible lipid phase emissions of LAURDAN with the emission of mRuby.
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Figure 16: Phasor plot signature for PC12 cell stained with or without LAURDAN.

A) Zoomed region from the phasor plot in (B) showing a pink cursor highlighting the spectral emission of mRuby of a differentiated PC12 cells
expressing 97Q-mRuby in the absence of LAURDAN. Using a pink cursor at the phasor plot we can color code the pixels at the spectral image
(see pseudo color image on the top figure). C) Differentiated PC 12 cells stained with LAURDAN in the absence of mRuby with its correspondings
fluidity fraction histogram shown in E. The histograms (E&F) indicate the position along the green/ trajectory that identifies the fluidity fraction.
Here, green cursors means high and blue means low fluidity. D) Differentiated PC12 cells expressing 97Q-mRuby stained with LAURDAN. A
trajectory representing all the linear combinations between LAURDAN and the 97Q-mRuby can be seen on the phasor plot. The spectra
intensity image is provided on the right side of the spectral graph with the corresponding fluidity histogram shown on F. All Scale bars have a
length of 10um.
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To characterize the cell plasma membrane fluidity, we either applied a threshold or cell mask to
separate cell plasma membrane and background as it is shown in the supplemental material
(Figure B2). Figure 17 shows the spectral phasors of differentiated PC12 cells stained with (A)
LAURDAN alone, (B) expressing mRuby alone, (D) 97Q-mRuby stained with LAURDAN and
(E) expressing mRuby stained with LAURDAN. On the corresponding phasor plot (Figure 17
C), the light green cursor identifies the liquid disorder (Ld) phase and the dark blue cursor
highlights the liquid order (Lo) phase, both connecting to the red cursor (mRuby) to make the

theoretical triangle, in gray, that encompasses all possible emission species.

C. Spectral Phasor Map

A. LAURDAN only D. 97Q-mRuby + LAURDAN

Figure 17: Mapping the emission spectra of LAURDAN and mRuby using spectral Phasor plot in differentiated PC12 cells.

A) Differentiated PC12 cells stained with LAURDAN alone are highlighted by the light green and dark blue cursors corresponding to the Ld and
Lo phases, respectively. The Ld and Lo spectral emission coordinates were plotted from DOPC and DPPC GUVs (light green and purple cursors;
respectively). B) Shows the red pseudo-color image of mRuby alone. C) Corresponding Spectral phasor plot is depicted here in which the light
green (Ld) phase and the purple (Lo) phase are connected to the red cursor (mRuby) to make the theoretical triangle of the three pure emission
peaks, in gray. As it is shown in D, 97Q-mRuby is characterized with increased fluidity in the membrane (shift to Ld phase, highlighted in dark

green) compared to the controls (LAURDAN alone and mRuby+ LAURDAN, blue color, Lo phase). Scale bar in images is 10um.
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Figure 17A shows the pseudo-colored highlighted image of the PC12 cells stained with
LAURDAN where the dark blue cursor in the spectral phasor plot highlights the pixels
identifying the Lo phase and light green cursor highlights the Ld phase. Note that the cell
membranes of PC12 cells are highly ordered (dark blue pixels) compared to the inner cellular
compartment (light green pixels). As it is shown in Figure 17D, when we have 97Q-mRuby
stained with LAURDAN, we observed a shift towards the liquid disorder phase (Ld) phase
(highlighted with dark green pixels) compared to the controls (Fig. 17A&E). When we have both
mRuby and LAURDAN presents, the spectral phasor coordinates are aligned in the triangle

connecting the fractional contribution of LAURDAN with mRuby.

To further characterize the membrane stained with LAURDAN, we plotted the normalized
histograms of the solid to fluid fractions in PC12 cell membranes along the line between green to

the blue cursor (Figure 18).

When the phasor position of mRuby is presented together with LAURDAN, the mixture of the
possible components will fall inside the theoretical triangle that connects the green/blue cursors
and the red cursor. We defined the position along the green (Ld) and blue (Lo) trajectory as a
fluidity fraction. Supplemental Figure B3 and B4 show the histogram of the fraction of solid to
fluid phases on the membrane obtained in the differentiated PC12 cells(control line) and in

differentiated PC12 cells expressing 97Q-mRuby, respectively.

Figure 18 summarizes the results obtained with LAURDAN. As it is depicted in this summary
graph, the 97Q-mRuby histogram is shifted toward increased fluidity in the membrane (Ld

phase) compared to the cells with LAURDAN alone and LAURDAN-mRuby (controls).

53



/

Decreasing Membrane Fluidity N

LAURDAN-Control

>

Normalized histogram

00 = b

-
> o

~

o

0 20 40 60

LAURDAN-mRuby Control

T

»
L8]

oo
o o

Normalized histogram
e

o o o ©°

~

o
4
K

0 20 40 60 80 100

e
~

[

Normalized histogram
> o ™

o o o o

&

o ~N

0 20 40 60 80 100

Ld Phasor coordinate along L.d-Lo Lo

Figure 18: Normalized histograms of the solid to fluid fractions in PC12 cell membranes.

(A) Cells were stained with LAURDAN only. (B) PC12 cells expressing mRuby stained with LAURDAN. (C) Histogram of the solid to fluid fraction in
cells expressing 97Q-mRuby stained with LAURDAN showing a shift toward increased membrane fluidity (Ld phase) compared to control
lines(top two curves, A&B). Data are averaged for N=25 for LAURDAN-Control, N=19 for LAURDAN-mRuby-CTR, and N=16 for 97QmRuby, N=

number of the cells, standard deviation are represented by error bars.

We have also further characterized the histograms shown in Figure 18 by analyzing the shift in
the center of mass, termed it as fluidity index, where 0 corresponds to the extreme red spectrum
(fluid) and 100 corresponds to the extreme blue emission (rigid). The axis is divided linearly
according to the linear combination between the Lo and Ld phasor coordinates. Figure 19 shows
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an increasing shift in membrane fluidity index for the membrane of PC12 cells expressing

97QmRuby.
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Figure 19: Fluidity index bar graph.

Cells expressing 97Q-mRuby have a decrease in membrane fluidity index indicating increased membrane fluidity compared to controls.

Nile Red Fluorescence:

To confirm if the expression of the 97Q was sufficient to cause a spectral shift in the plasma
membrane, we expressed 97Q with EGFP and used another fluorescent probe, Nile Red, which
has also shown to be sensitive to the polarity of the lipid environment. NR has an emission peak
at 633nm in Phosphatidylcholine (PC) vesicles and emission spectra at 621nm in (1:1) PC:
Cholesterol vesicles[125]. For the spectral analysis, we determined the fractional contribution of

liquid-ordered (Lo) versus liquid disordered phases (Ld). The emission distribution in each pixel
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in the image is color-coded with two different pseudo-colors within the phasor plot: yellow

corresponding to low fluidity and blue corresponds to high fluidity in the membrane.

Similar to the experiment with LAURDAN, we applied linear combination properties of the
phasor plot to characterize membrane fluidity. Supplemental Figures B5 and B6 display the
condition when a green fluorescent protein with or without HTT is expressed in HEK293 cell
(Fig. B5) and differentiated PC12 cells (Fig. B6). NR was used to stain the cell and characterize
lipid order. In this situation, we identified the location of EGFP tagged protein in the spectral
phasor, recognized by the cursor shown in green. Then, we calculated the fraction of the
contributing pixels in the lines connecting the protein (green cursor) to the high/low polarity
environment for the NR probe (cursors shown in blue and yellow, shown in Fig. B6).
Supplemental Figure B5, confirm that HEK293 cells expressing 97Q-GFP are shifted toward

blue in the yellow/blue trajectory that indicates increased membrane fluidity (Ld phase).

Similar results indicate a shift toward higher polarity sensed by NR in 97Q-GFP indicating fluid
membrane in PC12 cells expressing 97Q-GFP compared to 25Q-GFP (control) (Supplemental
Figure B6). Supplemental Figure B7 summarizes the results shown in a bar graph as a
normalized fraction of color contribution obtained in this section. As it is shown in the bar
graphs, control cells have a higher fraction of yellow color (Lo phase) indicating highly packed
membrane. However, in the case of 97Q-GFP, we have a higher fraction of blue color (Ld phase)

indicating the shift toward higher polarity and increased membrane fluidity.

Acute Cholesterol Depletion Influences Cell Membrane Fluidity:

To correlate the effect of polyQ on cholesterol depletion and modulation of the cell plasma

membrane fluidity, cholesterol was depleted by methyl-beta-cyclodextrin (MBCD) extracts
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(Supplemental Figure B8 and Figure B9). Cells were treated with 10 mM of MBCD that is well
characterized to deplete cholesterol in the membrane[137]. The previous study indicates a
decrease of up to 70% of cellular cholesterol when cells were treated with 10 mM of MBCD for
10 min[138]. Following the treatment with MBCD, we characterized the LAURDAN stained
HEK?293 and PC12 cells by spectral time-lapse imaging for 45 min. Similar to the shift we
observed with 97Q, the shift in membrane fluidity was observed as early as 4 min in HEK293
cells and 2 min in PC12 cells indicated by a shift from a membrane fluidity index of ~70 to~15.
Figure B8 and B9 summarize the results obtained here in terms of a shift in the fluidity

histogram’s center of mass analysis.

3.5. DISCUSSION:

While numerous studies indicate a reduction of cholesterol and biosynthesis of fatty acid in
HD[37-39], other researchers show the interaction of mutant huntingtin with Cav-1, a major
cholesterol transporter protein, which results in accumulation of cholesterol in neurons [40, 41].
Rising evidence also suggests the role of Huntingtin as a trafficking protein[139-141]. This
suggests that there is a problem with the lipid homeostasis in HD. In this paper, we aimed to
investigate possible modulation of cell membrane fluidity in HD. For this purpose, we used
hyperspectral fluorescent microscopy together with the spectral phasor analysis. Two distinct
fluorescent dyes (LAURDAN and NR) were used to characterize changes in the fluidity of
plasma membrane of the cells affected by the expanded polyglutamine protein. LAURDAN, in
particular, has been well characterized in the literature and shown to be sensitive to the lipid
order phases due to the lipid composition and the amount of cholesterol present in the
membranes[142, 143]. The shift we observed in membrane fluidity measured in the HD cells
when expanded polyQ was expressed may reflect depletion of the cholesterol on the
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membrane[144, 145]. We have further verified this by depleting the cholesterol in cells using
MBCD. The results show a sharp shift in emission spectra of LAURDAN towards a longer
wavelength. This suggests that there may be a possible correlation between the aggregated state
of expanded polyQ and its lipid interaction at the membrane. Further studies in this area will
need to be done to elucidate the role of the expanded huntingtin protein and cholesterol

regulation.

Our results show a clear shift in membrane fluidity of HD cells from a highly packed membrane,
liquid-ordered, to the loosely packed membrane, liquid disordered phase. This shift in fluidity
may be implicated in HD pathogenesis, and can also be reconciled with following observations:
First, research indicates morphological and mechanical changes in the synthetic lipid membrane
due to the interaction of huntingtin aggregates with the membrane [146]. This implies that that
physical interaction of huntingtin aggregates can contribute to the membrane fluidity of the cells.
Second, the cytotoxic entities of polyQ aggregates that are not eliminated from the cell can
influence the cell membrane. It has been shown that dysregulation of fatty acids disrupts
autophagy in the cell, the lysosomal degradation pathway essential for cell survival [147]. This is
important as autophagic failure is the hallmark of HD and other neurodegenerative diseases
[148]. Failure to induce autophagosome in HD allows for the accumulation of the polyQ
aggregate forming many toxic small aggregates and large insoluble inclusions that can affect cell
membrane. Finally, modulation of fatty acid can directly modify the structure of the lipid
membrane and alter micro-domain structure and organization that can be the origin of altered cell
signaling [149]. Not surprisingly, alteration of endocannabinoids (eCBS), a powerful regulator of
synaptic function signaling has been reported in Huntington disease and other similar

neurodegenerative diseases, and it is also believed that this altered eCBs signaling is due to
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changes in the cell membrane environment with research focused on therapeutic drugs to
modulate the eCBs activity [150, 151]. Together, our measurements on the fluidity properties of
membranes in HD cells shows for the first time that expanded polyQ results in an increased
membrane fluidity which can influence other membrane properties such as lipid domain
sequestering, ion transport, receptor dynamics, cell to cell contact, and membrane

trafficking[152-154].

The methodologies described in this paper can be used as a platform for better understating of
HD and similar neurodegenerative disorders. It also provides a powerful mean to characterize
small changes in the membrane microenvironment. This study demonstrates that changes in
membrane fluidity can be used as a biomarker for Huntingtin Disease. In addition, the spectral
phasors presented in this article, can also rapidly and non-invasively screen for the efficacy of

lipid membrane therapies.

3.6. CONCLUSION:

Cell membrane degradation and defects in membrane trafficking is the hallmark of many
neurodegenerative diseases. Here, we have characterized the fluidity in the cell plasma
membrane of the HD cells using two distinct membrane probes: LAURDAN and NR in
conjunction with spectral phasor analysis. Our investigations indicate an alteration in plasma
membrane homeostasis that is relevant as it can play a role in cell death, and also can affect
control mechanism of ions and molecular transport. We observed a sharp shift using spectral
phasor analysis in LAURDAN emission toward longer wavelength indicating increased fluid
membrane in HD in both HEK 293 cells and differentiated PC12 cells. As previously discussed,

increased membrane fluidity observed here can be related to the observation due to alteration of
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biosynthesis of fatty acid or disruption of the transport mechanism of lipid in HD. In addition,
mHTT toxicity through physical or biochemical means can also result in the cell membrane
defects reported here. Such alternation in membrane fluidity can be used as an HD biomarker

and also for future drug discovery.
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CHAPTER 4: CLINICAL RELEVANCE

4.1 INTRODUCTION

Huntington disease and other similar neurodegenerative diseases like Parkinson, Alzheimer etc.
are characterized by misfolding of protein to its not native conformation which leads to
aggregations. In the case of Huntington disease PolyQ aggregation is the hallmark of the disease,

and one of the neurophysiological symptoms of such pathology.
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Figure 20: PolyQ aggregations process.

Here the schematic shows how native monomer get to the larger aggregates and form oligomers and other amorphous aggregates and finally
form solid structure inclusions [155]

Protein aggregation process progress from misfolded monomer to oligomeric and finally mature
fibril like inclusion as it is depicted in Fig.20. While some studies found and argue that the
aggregate are toxic to the cell others argue the opposite. In particular soluble form of oligomer
have reported as a proteotoxic [156].Yang et al also reported that aggregated polyQ delivered to

the nucleus are considered toxic[157].In addition formation of aggregates into 1B, inclusions
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bodies can trigger other effects: example includes transcriptional dysregulation[158], disruption
of normal synaptic transition, and proteasome, a protein complex in charge of clearance
mechanism in the cells, impairment[159]that can all affect cell survival. However, other studies
argue that the formation of 1B reduces the level of toxic diffuse polyQ mutant Htt and thus the
risk of neuronal death. So in that sense, IB formation is considered as a new adaptive state of the
cells [18, 22].Interestingly, the study also found that when IBs form, there is also smaller fiber

like aggregates species presents(example shown in Fig. 21)[160].

d

Figure 21: 16 hours post-transfection shows the spread of aggregates thought the cell bodies for 46Q and 97Q.

These images were obtained using super-resolution microscopy and after photobleaching the IB to reduce the brightness that makes the
smaller aggregates evident. Adapted based on Sahl et al[160].

So based on the earlier studies, it turns out that there is an early stage of aggregations in which
soluble aggregates are cytotoxic to the cells and can affect the cell survival directly and later with
the formation of the IBs, smaller fiber like aggregates might be reduced which can affect the cell
toxicity; however, these inclusions can disrupt cell normal function leading to the cell death.
Recently, it was also found that both forms of aggregation can lead to the cell death. The only
difference is that the soluble mutant aggregate trigger apoptosis while the mature inclusions will

lead to delayed necrosis[161].
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Based on these new understating, now the burning question is that how does the disease
propagate. For this purpose, a better understanding of the transfer of these aggregates at the
single cell level is crucial. The goal of this chapter is to first speculate the transmissibility of HD
at the cellular level. And if such confirmed, determine if this can be done in a passive versus

active manner.

4.2. BACKGROUND:

Tunneling nanotube (TNT) has been the focus of many studies in the past decade and became
apparent as a fundamental mechanism of the cell to cell communication [162, 163]. This thin
tubular structure shows to facilities selective transfer of membrane vesicles and organelles
between cells[164]. As an example report indicates that for TNT is essential for the regulation of

osteoclastogeneist[165](Fig 22).

Figure 22: Confocal micrographs showing DC-STAMP along lipid tubes.

This is a key protein which is associated with osteoclastogenesis (bone resorption) that are migrating along a TNT(a tunneling nanotube ). Scale
20 um[165].
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A recent study also suggests the possibility of aggregates relocation via TNT. Nanotube has been
demonstrated to be involved in prion spreading[166]. Other studies also suggest the spread of
pathology from host tissue to the graft in Parkinson’s disease (PD)[167, 168].

These emerging evidence suggest the role of TNT in addition to the classically known intrinsic
characteristics of neurons like gene expression profile, in the determination of the vulnerability
to degeneration in these disorders.

Recently, there is a growing debate about the possible transfer of aggregations/inclusions and
whether it can propagate via the passive or active mechanism. Ren et al. following by Yang et al
showed that synthetic polyQ can be uptaken by mammalian cells[157, 169]. However, cell to cell
transmission of polyQ showed to be in inefficient in non- neuronal cells[169]. This study
suggests that the aggregates are released in a passive manner from dead cells that can be uptaken
by healthy cells. In a newer study, however, Costanzo et al. argue that they did not detect any
dead cell 48 hrs post transfection indicating that the aggregate transfer is active and can occur
efficiently between intact cell at an early stage post transfection[170].And contradictory to the
previous research, when supernatant of normal cells was replaced with infected cells, no
aggregates were found on normal cells. And thus it was concluded that the direct cell to cell
contact is required for transfer of aggregate and secretion is not the main transfer mechanism.
Here we sought to clarify the current debate and further determine if A) transfer of HTT large
inclusion is possible and can occur through cell- cell contact ( ex. through TNT), active transfer
B) if secretion in the culture media in both synthetic and natural inclusions can be taken up by
different compartment of the cells ('i.e nucleolus and cytoplasm), passive transfer and c) to gain
better understating if HD inclusions can be transferred between neuronal and non-neuronal cells

and to gain better knowledge of normal and infected cell interactions.
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4.3. METHOD AND DESIGN:

1-Cell-Cell Contacts

NN

87
® TNT

PolyQ propagationin
living mammalian
cells
Healthy cell Healthy cell
2-Endocytosis or 3- synthetic or natural polyQ
membrane permeable inclusions in the supernatant

Figure 23: Hypothesized images of polyQ aggregations in living mammalian cells

Here we have tested the transfer of polyglutamine aggregates via three main possible methods
(Fig. 23): transfer via lipid tube /axon in live mammalian cells (A), in addition we have further
confirmed the penetration of both synthetic and natural polyQ aggregates by cells uptake (B) and
finally we have characterized the propagation of polyQ homopolymer from infected cells to

normal cells by cell to cell contacts(C).
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Aggregates preparation:

Synthetic polyglutamine homopolymers ( Q40 tagged Cyan) was obtained as a generous gift
from Charles G. Glabe lab- UC Irvine. 4 ul of the synthetic homopolymer solution was added to
1.5 ml of cell media. Cells that were plated for imaging and treated with synthetic homopolymer
were incubated overnight at 37 °C.

To obtained natural aggregates, inducible Htt14A2.6 PC12 cells were first treated with 5 uM
ponasterone A (PA) to induce the expression of with 97Q-GFP. Following the expression of
97Q-GFP, the supernatant was aspirated. To ensure that there are no viable cells in the media,
the supernatant was centrifuged for 10 min with G= 45000 rpm to lyse any possible cells.
Co-culture study:

HEK?293 cells were cultured on 6 well plate to 70 % confluency. Cells were transfected
overnight using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and according to manufacturer’s
protocol. Transfection was performed with Httex1p 97Q-EGFP , Httex1p25Q-mRuby,
Httex1p25Q-EGFP for 5- 20 hours. We found 5 hours to be efficient for polyQ expression in the
cells. Cells of interested then were washed with PBS and trypsinized and planted together on
35mm glass bottom dish (MatTek, Ashland, MA) that was previously coated with 3ug/ml
fibronectin and co-culture for 4-16 hours. Time-lapse imaging was then followed to track the
inclusions transfer and uptake in live mammalian cells. Figure 24 shows the generic schematic of

the co-culture study.

66



Figure 24: Hypothesized schematic showing translocation of
inclusions between co-cultured cells

Microscopy:

Mammalian cells were imaged using confocal microscopy Zeiss LSM 710 confocal microscope
(Carl Zeiss, Jena, Germany). The sample was excited with 488nm for EGFP and 561 nm for
mRuby excitation. The GFP emission was then collected in 500nm-550nm channel while the
emission of mRuby was assigned to 607nm-683 nm channel. Using laser scanning confocal
microscope, the fluorophore of the entire specimen was acquired. Images are acquired using 63x

oil objective.

4.4. RESULTS:

Transfer via TNT/ axon:
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We observed the active transfer of polyQ natural inclusions via TNT and axon in primary rat
hippocampal neurons. Figure 25 shows an example of 4 different images obtained from primary
neurons transfected with 97Q-EGFP. As it is shown here inclusion is transferred in both axon

and tunneling nanotubes.

Figure 25:

Live primary neuron imaging indicates Transfer of polyQ inclusions between Rat primary hippocampal neurons expressing 97Q-EGFP

Top two images in figure 25 show the FITC and the locations of inclusions and active transfer
through axon. On the bottom images, FITC and bright field are merged to better depict axon and

nanotubes. As it is shown in the bottom left corner images inclusion are transferring through
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TNT while the bottom right image shows a lot of inclusions transferring via axon. We observed
that 71 percent of neurons after transfection with 97QEGP are expressed with some aggregates in
the cells. In addition, our results show that about 37 percent of these cells can actively transfer
these aggregates between cells as it is shown in figure 25. The graph shown in figure 26

summarizes these results.
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Figure 26: Mammalian neurons PolyQ transfer bar graph.

The graph here shows the percent aggregations in rat hippocampal neurons expressed with 97Q-EGFP as well as the ability of the neurons to
actively transfer these aggregates via TNT/Axonal connections(N=38).

Here we have shown that in contrast to the study done by Ren et al[169] which relies on the
dead cells( lysed cells) to release aggregates to be taken up by neighboring cells, we believe
mammalian cells can actively transfer the aggregates and inclusions between cells. And thus this

process doesn’t necessarily require the cells to die to release these aggregates.
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In addition, similar to neurons, we observed transfer between inducible differentiated PC12 cells
expressing 97Q-mRuby. As it is shown in figure 27, polyQ homopolymers are actively

transferring through axon between differentiated PC12 cells that are expressed with 97QmRuby.

Cell 1

Transfer

Transfer
— Cell 1

Cell2 —

b cel2

Figure 27: Live cell imaging of differentiated PC12 cells expressing 97Q-mRuby.

Images indicate the cell-cell trafficking of polyQ inclusions between differentiated PC12 cells.

Cellular uptake of Inclusions:

In this section, we have focused on the ability of the cellular uptake of both synthetic and natural
polyQ. Our results in both HEK293 (Fig. 28) cells and primary rat neurons (Fig 29) indicates that
cells are able to uptake Synthetic polyglutamine homopolymers ( Q40 tagged Cyan) when it was

presented in their medium.

Figure 28: Uptake of Cy3Q40 seeds by HEK293 cells.
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A) 2D images of HEK 293 cells with cy3q40 homopolymer shown in green. B) 3D of HEK293 cells further confirmed the uptake of synthetic
inclusions.

Figure 29: Uptake of synthetic Cy3Q40 seeds by hippocampal neurons.

A) 2D images of hippocampal neurons with cy3g40 homopolymer shown in green. B) 3D images hippocampal neurons further confirmed the
uptake of synthetic inclusions

Next, we evaluated the cellular ability of inclusion uptake when natural inclusions were
presented in the supernatant. For this purpose after expression of 97Qgfp on PC12 cells, the cell
supernatant was aspirated and further process to ensure there are no living cells. After evaluating
the supernatant of infected 97QGFP cells and processing it as it is explained in the method
section, the medium of healthy HEK293 cells was exchanged with the infected supernatant. Our
result here, show that cells are capable of up taking the natural inclusions even without any

contacts with infected cells and just by the contact with infected supernatant (Fig 30).
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Figure 30: Cellular uptake of natural inclusion.

Example showing the uptake of natural polyQ inclusion when Healthy HEK293 cells were in contact with infected supernatant of pc 12
expressing 97Q- GFP

We have also evaluated cell-cell contacts and possible propagation of polyQ inclusion in healthy
mammalians cells. For this purpose, we co-cultured HEK293 cells with Rat hippocampal cells.
In this experiment, neurons were stained with Nile Red (Red) to further distinguish them from
other cells. Our results indicate that HEK293 cells expressing 97Q-EGFP were able to release
their inclusions to the medium that were uptaken by rat neurons. Figure 31 shows an example of
the polyQ homopolymer transfer between neuronal and non-neuronal co-cultured mammalian

cells.
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Figure 31: Live mammalian cells imaging shows the transfer of polyQ between HEK 293 and Rat hippocampal neurons.

Mammalian cells are co-cultured together. As it is shown here the Rat neuron stained with Nile Red has up taken a large inclusion from HEK
293-97QEGFP cell.
In addition and beside the transfer of inclusions we observed that 97QEGFP cells can penetrate

through neurons by making protrusion as it is shown in figure 32.

So based our studies, the cells infected with extended polyQ( i.e 97Q) can not only release their
inclusions that can be uptaken by other normal cells, they are also capable of making protrusion
in the normal cells. This is particularity important when studying the pathogenesis of
neurodegenerative diseases like Huntington disease as the infected cells can translocate their

inclusions and protrude the uninfected neighboring cells.

HEK293-97QEGFP

NR-Rat
Hippocampal
Neuron

Figure 32: HEK293 cells infected with 97Q-EGFP invading the uninfected rat hippocampal neurons by making protrusion.
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The dotted white circle shows the location of the protrusion inserted by HEK cell into a neuron.

The summary graph shown in Figure 33 shows the percentage of aggregation in infected non-
neuronal cells as well as translocation of aggregate to uninfected neuronal cells in the co-cultured

study.

To further investigate the aggregations and propagation of polyQ aggregates from infected to
uninfected cells that are potentially relevant to pathogenies of neurodegenerative diseases we
have further evaluated the co-culture live mammalian cells in a time-lapse series imaging. Figure
34 shows an example of HEK293 cells expressed with 25Q mCherry co-cultured with HEK293
cells expressed with 97Q-EGFP. Here cells were followed for about 4 hours and images were

acquired for every 10 minutes interval.

Mammalian neuronal and non-neuronal co-culture study: PolyQ transfer
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Figure 33: A summary graph showing the percent inclusions formation in non-neuronal cells infected with 97Q-EGFP and the propagation of
polyQ inclusions to normal neighboring neuronal cells (N= 17 transfected cells & N=15 normal cells).
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Two interesting phenomena is happening in this case. First, the uninfected cell is interacting with

the invading infected cell that is completely pushed away during our imaging window. Second,

the normal cell is taking up inclusions that are completely internalized during our imaging period

as it shown in figure 34 and during about 3 hours imaging.
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Figure 34: Time-lapse imaging of co-cultured mammalian cells shows the propagation of inclusions to uninfected cells.

As it is shown here the green polyQ inclusions are taken up by normal cells expressing 25Qmcherry and completely internalized by the end of

our imaging period. White arrow shows the green inclusion that is taken by the cell. In addition, as it is shown here the normal cell

(25Qmcherry) is also interacting with the invading cell ( 97Q-EGP). The infected cell is completely gone by the end of the imaging window
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Figure 35 also shows a condition where the infected cell is interacting with the uninfected cells
and pushing them away. In this case, the time-lapse imaging was performed for 9 hours and 30
min for every 30 minutes interval. During this experiment, we observed in this time-lapse
imaging that not only infected mammalian cells can propagate their inclusions that can be taken
up by other normal cells; in addition, they are capable of directly attacking and invading the

normal cells.
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Figure 35: Time-lapse imaging of mammalian cells shows the infected cell interaction with normal cell and how it is pushing it away during
our 9 hours and 30 min imaging window. white arrows also show the interactions between the infected and normal cell.
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But also more interestingly, as it is depicted in figure 36 and 37 uninfected cells ( HEK293 cells
expressing 25Qmcherry) can also attack the infected cells( HEK293 cells expressing 97Q-
EGFP). In these examples, we can also see the evolution of the inclusions. The images were

acquired for 9 hours and 30 minutes window with 30 minutes interval.
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Figure 36: Time-lapse imaging of mammalian cells shows the situation when the uninfected cell (25gmcherry expressed) is interacting with
the infected cells (97Q-EGFP). In this figure, we can also see how inclusion is evolving during about 10 hours imaging window. Yellow arrow
shows the evolution of the inclusion. As it is seen by 5 hours imaging the inclusions become very bright so that the rest of the cell becomes
invisible relative to the brightness of the inclusion.
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Figure 37: Normal cells interaction with infected cells.

— e

Similar to figure 36 normal cell (25Qmcherry) is interacting with the infected cell (97QGFP) and pushing it away. White arrow shows the two
cells that are interacting at different points (the normal and infected cells).

One of the challenges for this study was that as inclusions are forming and as they get larger it is
harder to detect the entire cell. Sometimes the smaller inclusions, as well as the cell body,
become invisible as these large inclusions are very bright relative to the cell body and smaller

inclusions.
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Figure 38: Uninfected cells expressing 25Qmcherry is squishing the neighboring infected cell expressing 97QGFP but with no visible
inclusions.

Images were acquired for about 3 hours window with a 10-minute interval. White arrow shows the interactions of two cells ( 25Q mcherry and
97Q GFP) Scale bar is 10 um.

Figure 38 shows an example in which infected cells with no appeared and visible inclusions, but
also, in this case, we can see how normal cell is attacking the neighboring infected cells. Here we

image for four hours window for every 10 minutes.

We have also performed co-culture study with HEK293 cells transfected with 25Q mCherry and

another group with 25QEGFP as our control (figure 39). Images were acquired for 7 hours for
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every 30 minutes interval. In this case, cells retained a diffused cytoplasmic expression of
fluorescence. Also, we imaged cells that have some cell-cell contact but we didn’t find any

protrusion or invasion toward neighboring cells in our control group as it was seen before.
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Figure 39: Control condition showing HEK293 cells transfected with 25Qmcherry and co-cultured with HEK293 cells transfected with 25Q-
EGFP. No deformation or squashing shown in this control experiments and the interactions appear to be more mutual between the 25Q
mcherry and 25Q EGFP. There is also no formation of inclusions in this 7 hours period and GFP expression is more homogenous in this case.

To further confirm the uptake of natural inclusion in a co-culture setting and to analyze if
infected cells can propagate their inclusions, we also taken Z-stack of the image 21 hours post-
transfection. Cells were co-cultured for 16 hours prior to the imaging. Figure 40 shows three

different examples in which normal cells were able to uptake the inclusions from infected cells.

80



Figure 40: Z-Stack of the mammalian cells showing the uptake of the natural inclusions by normal cells. Cells were expressed with 97QEGFP
and 25Qmcherry.

And finally, the graph shown in figure 41 summarizes the results obtained in time-lapse imaging
for HEK293 co-culture study. As it is shown in this graph about 68.2 percent of the cells
expressed inclusions and among those about 11.8 percent of PolyQ inclusions were transferred

and taken up by healthy cells.
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Figure 41: HEK293 co-culture time-lapse imaging bar graph.

As it is depicted in the graph about 12 percent of the inclusions formed in infected cells are propagated to the normal cells.

Icy inclusion analysis:

For characterization of inclusions, we have used the quantitative image analysis software, Icy

which is a platform for bio imaging informatics. Using the protocol devolved in Icy software,
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polyQ inclusions were characterized. Figure 42 shows the steps for isolation of the inclusion
from the original figure. 42.A shows the original image in FITC and bright-field channel. In 42.B
the bright filed channel was first deleted and using the FITC channel, inclusions were selected
based on their intensity and brightness. And finally, in 42.C, the mask of the inclusions was
generated. Based on this automated masks, further information from inclusions was obtained and
characterization was performed. The table shown in figure 43 summarizes the results obtained

from polyQ inclusions formed in mammalian cells.

o
-
‘m

Figure 42: PolyQ inclusions characterization using Icy software shown in primary hippocampal rat neuron.

A. Shows the FITC and brightfield images of primary neurons expressing 97Q GFP.B inclusion selection process based on the intensity. In C.
automated mask of the inclusions that are generated are shown with corresponding to size measurement for each inclusion.
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Figure 43: Table summary of polyQ inclusions characterization in mammalian cells.

Inclusions formed in neuronal versus non-neuronal cells expressing 97Q GFP are compared here. As it is shown here based N= 608 inclusions
measurements, the inclusions formed in neuronal cells are significantly different and smaller in size compared with the one formed in non-
neuronal cells.

4.5. SUMMARY:

Our findings establish for the first time to the best of our knowledge that expanded polyQ
expressing mammalian cells invade and attack the normal cells; in addition, polyQ inclusions
translocate between cells and can propagate to uninfected cells. But more interestingly, our
results indicate that normal cells can also attack the invading cells.
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In the study that we have performed, we observed transfer between rat neurons, PC12 cells, and
HEK 293 cells. In this study, we confirmed that the HTT polyQ inclusions transfer can occur in
both passive and active manner. Mammalian cells were also able to readily uptake the synthetic
inclusions (cyn40Q). In addition, we observed that cells can also uptake natural inclusions from
different cell types. In specific, we observed that stable line PC12 expressing 97QGFP were able
to expel inclusions in their media and normal HEK 293 cells were able to uptake these formed
inclusions. Furthermore, our time-lapse imaging on co-culture cell line of HEK 293(25Qmcherry
co-culture with 97QGFP) indicates that natural inclusion uptake can also occur in non-neuronal
cells. Besides, we observed active transfer as another mechanism of exchange on the axons of
both rat neurons and PC12 cells, and via lipid tubes on HEK293 cells. Beside the propagation of
inclusions, we also observed the cell-cell interactions both from healthy cells toward infected

cells and vice versa as a possible defense mechanism.

Based on our study, we believe that the inclusions are therefore an important biomarker of the
HD and have a key role for the propagation of the infections at the single cells level. Importantly,
this spread and transfer can occur with/out cell contacts as inclusions can be spell out of the cells

and pass to the normal cells.
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CHAPTER 5: CONCLUSIONS & FUTURE PERSPECTIVE

5.1. SUMMARY AND DISCUSSIONS

The underlying mechanism undergoing the genetic and progressive neurodegeneration in HD is
still not fully understood. At the early stage, HD pathology causes only a minor alteration in the
brain. And since HD manifest in midlife, many patients don’t have any symptoms and bear
children before knowing they have HD and that they can pass their genes to their offspring.
Recently, there is a growing community of researchers directing their effort to find a treatment to
slow down the progression of the disease or even to delay the onset. However, finding effective
therapeutic or even preventive drugs requires accurate ability and sensitive measure of the
clinical signs of the HD[171]. And based on the recent publication in the human genome, it
appears that the there is a desire for a paradigm shift from treatment to prediction and prevention
of the disease in healthy appearing pre-manifest HD[172].Yet, at the moment, there is no proven
biomarker that enables the screening of the disease progression and can help assess the efficacy
of new drugs. And thus, it is critical to examine and explore possible new biomarkers, early
indicators, of Huntington disease during what is known as “ prodrome” that is a pre-HD stage.
This will provide distinct and valuable information about true nature and progression of the
disease on the individual that appear healthy but have about 99% confidence to develop this fatal

brain disorder [172].

In this study, | was able to identify multiple biomarkers and establish new assays that can be
used to screen HD and to evaluate the efficacy of the treatments. First and foremost, as | have
discussed in chapter 2, using phasor-FLIM imaging and by analyzing mammalian cells and
examining the tissue in an animal model of the HD, | have discovered a new biomarker in HD.
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Based on the results, the cells/tissue that was expressed with extended polyQ showed the
elevated level of the free/bound ratio of NADH compared to control. Here for the first time using
FLIM measurements, | was able to resolve glycolysis vs. OXPHQOS pathway. As it was discussed
in chapter 1, current exciting techniques like fMRI or PET imaging are not able to characterize
how glucose is being processed in distinct tissue regions. In addition, the bulk measurements
provided by means of these techniques are not very sensitive and also difficult to assess for the
specific section due to the fact that the metabolites are in constant flux and leave the regions of
interests multiple times. However, using the FLIM we can get the metabolic pixel map of the
tissue. In this study, besides understanding the specific metabolic pathway that is affected in HD,
the great advantage of this label-free method that | have developed is that it can be done in a
native tissue sample of HD which can be used for screening progression of the disease or the

effect of therapeutic.

In chapter 3 of this study, we are moving from phasor approach in fluorescent lifetime imaging
discovery to the hyperspectral imaging. Here | have characterized the fluorescent emission of
each pixel in spectral phasor analysis. First, | have developed an elegant and original method to
separate fluorescently tagged protein signals from Laurdan in the living cells using the fit-free
spectral phasor analysis. The traditional method like well-studied radiometric method known as
Generalized Polarization, GP, is usually used on unlabeled cells. On the other hand, the method
that | have established here using hyperspectral imaging technique can detect the contribution of

multi-components emissions that were not able to resolve using GP approach.
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Second, using the developed method, | was able to characterize the membrane fluidity affected in
HD and identify another novel biomarker using spectral phasor analysis and employing

solvatochromic dyes.

Earlier studies indicate that there are some abnormalities in cholesterol homeostasis that is
associated with neurodegenerative disorders like Huntington, Alzheimer, and etc[173].These
research indicate that the biosynthesis of cholesterol and fatty acids are impaired in both in vitro
studies in cells as well as animal studied in vivo in Huntington disease[37]. In fact, it has also
been shown that total level of the cholesterol is also reduced in the central nervous systems of
mice model of HD as well as in human cell expressing mutant huntingtin. Research also
indicates that the total serum cholesterol concentrations in HD patients are approximately 40
mg/dl lower than normal[174]. This is important as cholesterol is the main compartment of the
peripheral membrane as well as it is essential and is highly enriched in the brain[173]. In
contradictions to these lines of research, there are other literatures that discuss the abnormality in
trafficking rather than biogenesis of the cholesterol. In particular, the study indicates that
cholesterol trafficking was impaired in striatal neurons of HD mouse model[41].Whether the
impairment of cholesterol and fatty acid is due to their biogenesis or its trafficking, it is still not
fully understood how such impairments can have a pathological impact and influences the cell

plasma membrane structure.

And thus using the hyperspectral imaging coupled with fluorescent probes that detect changes in
the membrane phases, | have studied and characterized the membrane fluidity of the cells
affected by HD. The results were astonishing and indicated that mammalian cells expressed with

expanded polyQ show an increase in the fluidity of plasma membrane compared to control. This

87



can have an impact on the cell to cell contact, membrane trafficking, ion transports as well as

propagation of the polyQ inclusions to the neighboring normal cells.

To further characterize the HD pathology and its influence on normal cells and to see how and if
the polyQ inclusions can be transported across cells, | have also designed a separate study that
has been discussed in chapter 4 of this work. Our analysis in this section is divided into two
parts. In the first part, | have characterized the uptake of the synthetic inclusions ( Cy3 tagged-
40Q) by mammalian cells. Here we have confirmed that cells were able to uptake the synthetic
inclusions. Beside this passive mechanism, our time-lapse imaging shows that inclusions can be
transferred actively between cells via axon/microtubes and can be pass to the neighboring
uninfected cells. In addition, we have also shown that cell medium of the HD cells was enough
to pass the polyQ inclusions to uninfected cells. Together with our results strongly suggest that
the polyQ inclusion can freely pass from infected cells to uninfected cells. Normal cells can
either get contaminated via the supernatant obtained from diseased cells or directly from the cell
to cell contact. In addition, for the first time, we have also shown that normal cells also attack

and make protrusion to the HD cells.

Future studies need to be done to show how such transfer and propagation of inclusions to
uninfected cells also affect the normal cells. This has a great impact on the fundamental
understanding of the pathology of the HD and also can enlighten the path for future cell/ tissue

transplantation therapy.

5.2. FUTURE PERSPECTIVE:

Having developed novel methodology and biomarkers to look into the progression and screening

of Huntington disease, the future works would be to look into the therapeutic effect using in vitro
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and in vivo Study. The future prospect of this study is to look into an intervention mechanism
that can slow down or stop the propagation of the disease. And so the sections below are

designed based on some of my hypothesis and as potential future works for this study.

Can Hypothermia protect from neurodegeneration?

As early as 1987, hypothermia has shown in an animal study to reduce neuronal death after brain
injury [175]. In addition, it has been shown that cooling may influence protein overexpression
that can potentially benefit neurodegenerative diseases [176]. Also based on some of our
preliminary data (not shown here) mild hypothermia were able to reduce the aggregates
formation in synthetic polyQ. Since the neuroprotective effect of hypothermia is not still well
studied, the future work should focus on understating how hypothermia may affect Huntington

disease. The study can focus on:

A) Effect of mild hypothermia on metabolism and based on the developed biomarker in this

work

B) Influence of therapeutic hypothermia on cell structure and plasma membrane fluidity

C) Effect of mild hypothermia on aggregation process and inclusions transfer mechanism

Figure 44 depicts the hypothesized image showing the influence of hypothermia and
hyperthermia on both synthetic and natural aggregations formations and process based on our

earlier preliminary data( not shown here).
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Figure 44: Hypothesized figure showing the effect of therapeutic hypothermia on aggregations

Peptide-based therapeutic approach to fight HD: P42

It has been shown that the onset and progression of the Huntington disease are based on the ratio
of normal and mutant Huntingtin. Recent literature indicates that the addition of normal
huntingtin may improve the disease defects[177]. A 23 aa peptide, P42, is part of endogenous
Huntingtin protein located within the proteolytic rich region.P42 has shown to play a critical role
in HD pathogenesis. An earlier study indicated that P42 may have a therapeutic effect and

reduces the aggregation process[178].

For this purpose using the developed assay and methodology, the therapeutic power of P42 can
be evaluated in live mammalian cells. The future work should focus on analyzing the effect of

P42 on aggregations process, transport, and propagation of the inclusions.

After confirming the effect of P42 on possible reduction of aggregating formations, the following
experiments should focus on analyzing the mammalian cells to see how that would possibly
influence the cell metabolism that we have discussed in chapter 2. In addition, research should

follow to see if the increased in membrane fluidity that we have shown earlier in HD cell plasma
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membrane is reversible using a treatment such as P42 therapy based on the biomarker that was

identified and discussed on chapter 3 of this work.
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APPENDIX. A

The phasor-FLIM fingerprints reveal shifts from OXPHOS to
enhanced glycolysis in Huntington Disease

Sara Samenil, Adeela Syedz, J. Lawrence Marshz, and Michelle A.
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!Laboratory for Fluorescence Dynamics, Department of Biomedical Engineering, 2Department of
Developmental and Cell Biology,
*Department of Chemical Engineering and Material Sciences, University of California Irvine
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Figure Al: The process of Phasor transformation is depicted here. Coordinates g and s were
obtained using the formulas in the right panel. o is the angular modulation frequency obtained
as w=2nf where f is 80 MHz for our laser system
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Figure A2: Phasor plot is obtained by calculating the cosine and sine transform of the fluorescence
decay at each pixel of an image (Digman et al, 2008). And thus the measured fluorescent decay is
transformed to single points in the 2D phasor with g and s coordinates(x and y-axis corresponding to
cosine and sine components. The pure NADH is shown in a pink circle with a lifetime of 0.4ns The
NADH phasors shifts towards the longer lifetime (3.2ns) when free NADH is incubated with lactate
dehydrogenase (LDH) depicted by the green/white circle. The dotted blue line connecting Free (pink
circle) to the bound NADH (green/white circle) is the total possible range. Due to the linearity rule of
phasor coordinate, the cluster of data shown as a mixture of free and bound NADH lays on the straight
(blue line) line connecting the pure free to bound NADH
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Figure A3: A shows confocal images of 97Q-EGFP using 488 nm. B is the intensity FLIM map
obtained with two-photon excitation at 740 nm. C&D shows the segmented image that isolates
cytoplasmic portion(C) from the nuclear compartment (D).
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Figure A4: NADH phasor FLIM scatter plot of 25QKaede vs. 120Q Kaede showing average g and s phasor values
for each animal eye disc ROI for a total of 15 animals and 66 ROI measurements. The blue diamond refers to 25Q
Kaede(N=27), and expanded expression 120QKaede (N=39, in red diamond) that indicates shortening of the
lifetime towards the glycolytic state, shifted to the right similar to the other Drosophila experiments that we
reported here.
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APPENDIX. B

Alteration in Fluidity of Cell Plasma Membrane in Huntington
Disease Revealed by Spectral Phasor Analysis
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Figure B1: Schematic of LARUDAN in the membrane. A) schematic figure of plasma membrane is depicted with fluorescent
membrane probe LAURDAN with the emission sensitive to the polarity of the membrane B) schematic of cell membrane fluidity ; fluid
membrane (Ld) is depicted in blue compared to ordered membrane(Lo) depicted in yellow.
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Step 2. Generating negative mask to exclude
cytoplasm for membrane analysis

Step 1: denoising the data,
thresholding the background noise

Selected region of interests(ROI) is shown here

Step3. ROl is color mapped and
further threshold

Figure B2: The process of generating membrane masks. First image is threshold to remove the background, and then negative
masks are made by excluding the cytosolic region to isolate the membrane. Selected ROI are then color coded on spectral phasor
and then further threshold to generate the optimum masks.
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Figure B3: Normalized histogram of the fraction of solid to fluid contribution with LAURDAN in the masked membrane (differentiated PC12
cells without PA). The histogram shows the position along the green/blue trajectory in the membrane as a fluidity fraction which indicates a
shift toward blue trajectory (Lo phase).
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Figure B4: Normalized histogram of the fraction of solid to fluid contribution of cells expressing 97Q-mRuby stained with LAURDAN in the
masked membrane (expanded PolyQ). The histogram shows the position along the green/blue trajectory as a fluidity fraction which shows the
shift towered green trajectory (Ld phase).
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Masked membrane:
Confocal images color coded spectral Spectral phasor
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Figure B5: Nile Red and HEK 293 cells. HEK 293 cells expressing 97Q-GFP(bottom panel) and GFP( top panel) that are stained with Nile red are
depicted here with the corresponding cell masks generated and color coded with blue and yellow with a black outline as it is shown in the
phasor plot on the right. The triangle on the graph shows the linear combination rules. As it is presented here 97QGFP is shifted toward longer
wavelength indicating increased polarity in NR and increased in the fluidity of the membrane (Ld). Scale bar is 20um.
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Figure B6: Differentiated PC12 cells expressing 25Q-GFP (control) and 97QGFP are shown here. Color-coded membrane masks
are depicted next to intensity images. The corresponding spectral phasor plots are shown on the right-hand side. The first plot
shows how cells are color coded. As it is shown here, there is a shift toward higher polarity for NR in 97Q-GFP indicating fluid
membrane. Scale bar is 20um.
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Figure B7: The results obtained using fluorescent probe NR is summarized on the bar graph and by calculating the fraction
of color contribution. Yellow bars (pseudo-color) designates fraction of Lo compared to blue bars(pseudo color) fraction of
Ld phase in the membrane for N=20 HD (n=10 for HEK293 97Q GFP and n=10 differentiated PC12 97Q GFP) stained with NR
and N=21 control cells(n=11 HEK293-GFP,n=10 differentiated PC12 25Q GFP) stained with NR . The graphs indicate shift to
high fluidity in the membrane of 979-GFP cells((Ld phase) compared to control.
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100
90
80
70
60
50
40
30
20
10

Fluidity index

0O 2 5 8 10 12 16 20 25 28 32 36 41 45
Time(min)

Figure B8 PC12 cells treated with MBCD are shown with smaller fluidity index that indicates increased in membrane fluidity.
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Figure B9: Similar to PC12 cells, HEK293 cells with depleted cholesterol in the membrane shows smaller fluidity index correlated with
increased fluidity in the membrane
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