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ABSTRACT

The mitochondria act as a bridge between cell metabolism and overall cell health due to the dual
roles it plays in both apoptosis and as the site of mitochondrial respiration. Using a combined
analytical approach of extracellular flux analysis and Raman spectroscopy, studies and predictive
estimations of cell health can be made through metabolism. Here, the protective effect of a
D2/D3 agonist D512 is shown on the metabolism of oxidopamine treated neuronal origin cells
(PC-12). D2/D3 dopamine receptor agnostic agents have been shown to alleviate symptoms of
neurodegenerative diseases including Parkinson’s disease in mouse models. It was observed that
pre-incubation and co-incubation with D512 rescued metabolic parameters back to control
levels. In addition, the effect of the bacterial quorum-sensing molecule 2-aminoacetophenone
(2-AA) on RAW macrophage cells was studied. It was determined that at low concentrations
(<200uM), 2-AA acted to increase mitochondrial metabolism, while at higher concentrations

(>200uM), the metabolic rates decreased.



CHAPTER 1: INTRODUCTION

For cells moving through the cell cycle, there are two jobs that need to be performed. First one is
expression of certain proteins to sustain the biochemical functions while the second being division of
cells. For example, liver cells produce proteins that allow it to breakdown drugs or other xenobiotic
compounds. Expressing protein, catalyzing replication of DNA, and dividing all require a tremendous
amount of energy, which is derived from the biosynthesis of adenosine triphosphate (ATP) through
metabolic pathways.

Healthy cells can respond quickly to times when high energy output is required. The increased
energy requirement may also be required when cells sustain damage and attempt to repair themselves. If
cells are unable to meet these increased energy demands, there exists an energy deficit. Cells in this state
can undergo programmed cell death, called apoptosis (Fulda, 2014; Michael, 2016; Wang, 2009).
Conversely, if a cell is undergoing apoptosis, metabolism will suffer, as the mitochondria are losing
integrity (Orrenius, 2007). If protons are pumped across the inner mitochondrial membrane, fewer are
passing through ATP synthase, and less ATP is generated. Once apoptosis has begun, the mitochondria
reverse their polarity, releasing cytochrome ¢. This begins a cascade where caspases are released, and they
begin breaking down the cell (Porter, 1999). Thus, characterization of cellular damage from the point of
view of metabolic output and chemical analysis can be potentially indicative of failures in cellular process.

Currently, there exist many methods to study metabolism in vitro (Simmonet, 2014; Teslaa, 2014).
Though they are non-destructive, conventional fluorescent tags are bulky molecules and could possibly
affect the microenvironment of a given cell. For example, certain dyes like those of the MitoTracker
product line permanently bind with the mitochondria (Chazotte, 2011). This could modify the mitochondria

and lead to measurements that are distorted. Traditional fluorescent probes are only useful as an endpoint



assay. Most interactions between fluorescent molecules and their substrates are irreversible, which causes
an inability to measure future states of the cells. = Two non-destructive and non-disruptive methods will
be used to measure metabolism: extracellular flux analysis and Raman microspectroscopy (Mookerjee,
2018; Pelletier, 2014). Extracellular flux analysis is a fluorescence spectroscopy technique which uses
solid state fluorescent probes to characterize the extracellular environment of a given cell sample.
Extracellular environments have been shown to be similar to intracellular environments, and thus
measurements of metabolism using extracellular flux analysis can be associated with the metabolism inside
the cell (Mo, 2009). The fluorophore in a solid state probe does not enter the cell, thus it is much less
disruptive to the cells, and the data acquired is more realistic.

Raman spectroscopy allows for spatial and temporal characterization of metabolites in the cells. It
uses the properties of inelastic scattering of light to identify certain bonds that are associated with
metabolites that are of importance to metabolism. Every bond motion scatters light differently, which
allows for identification of functional groups in the cell. Unlike IR-spectroscopy, samples can be in aqueous
states, which allow imaging of biological samples.

For the purpose of this project, the metabolic health of two cell types will be determined under
various in vitro conditions. In chapter two, the protective effect of D512 will be studied in PC-12 cells that
have been incubated with the neurotoxin 6-hydroxydopamine. D512 is part of a class of molecules that
have agonistic action against the dopamine receptors D2 and D3. Previously, many treatments for
Parkinson’s have been shown to act as agonists to these two receptors. 6-hydroxydopamine generates an
oxidative environment as it breaks down, thus it generates a cell model of the Parkinson’s disease state. As
stated previously, there is a link between metabolism and overall cell health. Measurements of metabolic
properties will be made for various treatments of D512 to determine if D512 can protect metabolism in
cells treated with 6-hydoxydopamine.

In chapter three, the effects of 2-aminoacetophenone on RAW cells will be determined. When
bacteria invade a host, a host-pathogen relationship is formed. Pathogens must walk a thin line between

surviving and being detected in the host. If the pathogen disrupts immune cells, a stronger immune response
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may be generated by the host. Without any protection from the immune system, the pathogen will be
quickly dispatched. The opportunistic bacterium p. aeruginosa is a common bacteria associated with the
frequent infections seen in the lungs of cystic fibrosis patients. It uses quorum sensing to modulate its gene
expression, and to change how its colonies behave once established in the host. 2-aminacetophenone is one
of the molecules it uses for quorum sensing, and it has been shown to both aid in and disrupt how hosts
deal with pathogens. Study of the effect of 2-aminoacetophenone on metabolism in RAW 264.7
macrophages will illuminate how this specific pathogen interacts with hosts.

This multimodal spectroscopy technique will determine a variety of metabolic parameters, from

which, larger claims about overall cell health can be made.



CHAPTER 2: PROTECTION OF METABOLIC FUNCTION BY
D2/D3 AGONIST D512

Neurodegenerative diseases affect a large portion of the elderly, with the most common being
Alzheimer’s disease and Parkinson’s disease. In both of these diseases, loss of dopaminergic
neurons is seen, and is thought to be the cause of each disease’s typical symptoms. In
Alzheimer’s the loss of neurons occurs most notably in the cortex, while in Parkinson’s this loss
is seen in the substantia nigra (Bhat, 2015). The substantia nigra controls reward and movement,
and neuronal loss here leads to the typical motor afflictions seen in patients with Parkinson’s.
Mood disorders and cognitive decline are also attributed to this loss (Adler, 2005). Though it is
unclear how these cells are lost, it is thought that apoptosis and oxidative stress play roles
(Cadenas, 2000; Cohen, 1997; Singh, 2007). Oxidative environments have been previously
shown to negatively impact cells due to changes in DNA and proteins, in addition to lipid
oxidation. Under oxidative conditions, dopamine is converted to 3,4-Dihydroxyphenylacetic
acid (DOPAC), which then could be reacted with hydrogen peroxide to generate more oxidative
metabolites (Pires, 1992). Oxidation of L-DOPA, a precursor of dopamine, also produces free

radicals (Basma, 1995; Lotharius, 2002).

Oxidopamine (6-OHDA) allows for the study of this oxidative environment in dopaminergic cell
models. Through the oxidation of dopamine, 6-OHDA can be produced (Linert, 2000). 6-
OHDA autoxidizes to produce hydrogen peroxide, which then generates an oxidative

environment both intracellularly and extracellularly (Blum, 2000; Gee, 1989; Saito, 2007). This
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leads to both necrosis and apoptosis in dopaminergic cells (Hanrott, 2005). Exposure to 6-

OHDA causes Parkinson’s symptoms in mice (Blum, 2001; Breese, 2005).

The PC12 cell line is derived from rat pheochromocytoma, and serves as a model cell for
dopaminergic neurons (Greene, 1982; Shafer, 1991). The purpose of this experiment is to
measure metabolic parameters for the potential treatments of a novel D2/D3 agonist D512 (Pre-
Incubation, Pre/Co-Incubation), and compared them to the positive control and negative control
(6-OHDA). The D2 and D3 receptors are dopamine receptors that, when bound to, will inhibit
formation of cAMP through inhibition of adenyl cyclase. (Neves, 2002; Usiello, 2000) These
two receptors have been shown to be targets for novel compounds that offer treatments for
Parkinson’s (Biswas, 2008; Glennon, 2006; Gogoi, 2011; Jones, 2010; Joyce, 2007; Millian,
2010). D512 not only binds with the D2/D3 receptors, but it has the ability to scavenge free

radicals, which in turn lessens the effects of oxidative stress on the cell (Johnson, 2012).

Cl NH

D-512

Figure 1: Structure of D512



Since D512 has already been shown to prevent apoptosis in in vitro cell samples, it is expected
that either Pre-Incubation or Pre/Co-Incubation will counter the effect of 6-OHDA, and rescue
metabolic parameters to the levels seen in the control condition (Shah, 2014). If only the Pre/Co-
Incubation succeeds in rescuing the metabolic parameters, it will indicate that the effects of

D512 on the cells are not long-lasting.

Metabolic parameters will be measured using extracellular flux analysis. Extracellular flux
analysis allows for non-destructive, real time measurement of mitochondrial and glycolytic
activity. Conventional assays for measuring metabolism are destructive or disruptive, and only
yield what is essentially a basal measurement of activity at a set time. Agilent’s Seahorse xFp
Extracellular Flux Analyzer use solid-state fluorescent probes to measure both oxygen level and
pH over short periods of time (Moura, 2014). From these measurements Oxygen Consumption
Rate (OCR), and extracellular acidification rate (ECAR) are calculated. OCR corresponds to
mitochondrial activity, as oxygen is converted to water when electrons are passed to complex [V
of the electron transport chain (Kadenbach, 1987). ECAR is a measure of glycolytic activity due
to a proton leaving the inorganic phosphate when it binds to adenosine diphosphate (ADP) to
form adenosine triphosphate (ATP). Each condition of cells was subjected to a mitochondrial
stress test, and a glycolysis stress test. Sample mitochondrial and glycolytic tests are included in

the appendix.

In addition to these metabolic measurements, measurements of growth will also be collected, to

indicate if D512 can improve growth rate in cells treated with 6-OHDA.

Raman spectroscopy will be used to measure phenylalanine to CHz ratios, as phenylalanine plays
an important role in catecholamine synthesis (Wang, 2014). Some change is expected in cells

undergoing apoptosis. Raman spectroscopy is a vibo-rotational spectroscopy method that is
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reliant on inelastic scattering of light (Stavely, 2016). Each bond, when scattering light
inelastically, will rotate or vibrate in some way, releasing lower energy light than what initially
struck the bond. This shift is called Stokes-Raman scattering, each bond motion has its own
specific shift. This allows for fingerprinting of molecules, like in IR spectroscopy. However,
unlike in IR spectroscopy, Raman spectroscopy allows for imaging of solutions, which is the
form most biological molecules are in. Ratios can be made of the wavenumbers of the light that
returns, and that can indicate comparable concentrations of desired bond in each treatment. It is
worth noting that Raman spectroscopy is non-destructive and non-perturbing, allowing for a
more realistic, cell by cell measurement of each condition. A sample Raman spectrum of a

simple trehalose in water system is shown in the appendix.

Materials and Methods

Cell culture and treatments

Cells were cultured in T-25 flasks (Thermo Fisher Scientific, Waltham, MA) and maintained in
RPMI 1640 (Gibco) medium supplemented with 10% heat-inactivated horse serum (Gibco), 5%
fetal bovine serum (Gibco), 100U/mL penicillin, and 100ug/mL streptomycin at 37°C in 95%
air/5% CO2. Stock solutions of D-512 and 6-hydroxydopamine were prepared in DMSO and
aliquots were stored at —20°C and —80°C, respectively. For all experiments assessing
neuroprotective effects of D-512, the treatment conditions are as follows: D512 alone, 6-OHDA
alone, D512 then 6-OHDA, and D512 then D512/6-OHDA. All treatments are 24hr incubation
with either 10 uM D512 and/or 75 uM 6-OHDA. These concentrations were optimized by Shah

et al. in their previous work[Shah].



Treatments Incubation

Control 24hr media

D512 24hr 10uM D512

6-OHDA 24hr 75uM 6-OHDA

Pre-Incubation 24hr 10uM D512, then 24hr 75uM 6-OHDA

Pre/Co-Incubation 24hr 10uM D512, then 24hr 10uM D512 and
75uM 6-OHDA

Table 1: List of Conditions

Metabolic Analysis

Analysis of metabolic function for both conditioned and control cells were carried out on an
extracellular flux analyzer (XFp Seahorse, Agilent Technologies, Santa Clara, CA). All
Seahorse consumables were purchased from Agilent. Cells were trypsinized and counted using
trypan blue exclusion. Cells were seeded in prescribed microwell plates at a seeding density of
10 cells per well. After 24 hr incubation, the media was replaced with conditioned media and
the plates were incubated for 24 hr more. Both oxygen consumption rate (OCR) (representing
mitochondrial respiration) and extracellular acidification rate (ECAR) (representing glycolysis)
measurements were taken using standard Seahorse protocol, following optimization, with N=3.
Briefly, xFp cartridge sensors were hydrated and injection ports loaded by the following;
mitochondrial test reagents used oligomycin (1 uM), carbonyl-cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP, 0.5 uM), and rotenone/antimycin A (0.5 uM). Glycolysis test reagents
used D-glucose (10 mM), oligomycin (1 pM), and 2-deoxyglucose (2-DG, 50 mM). All reagents
have corresponding final concentrations in cell chambers immediately after being listed.
Oligomycin was used as the F.F.-ATPase inhibitor and oxygen consumption rates measured in

presence of this inhibitor indicate proton leak. FCCP acts as an uncoupling agent that collapses
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the mitochondrial proton gradient and thereby uncouples oxidation from phosphorylation,
maximizing oxygen consumption rates. The contribution of energy generation via non-
mitochondrial processes was quantified in relation to the overall oxygen flux using rotenone and
antimycin A. Rotenone and antimycin A inhibit complex I and III, respectively, of the
respiratory system. Glucose was supplied as to fully saturate basal ECAR. Then, since
oligomycin inhibits ATP synthase in the electron transport chain, ATP/ADP ratio decreases,
which stimulates glycolysis. 2-DG is a glucose analog which competitively inhibits hexokinase,

effectively arresting glycolysis.

Measurement of cell viability

To determine the neuroprotective effect of D-512 on 6-OHDA-mediated cell death, a long-term
viability study was performed. PC12 cells were plated in T-25 flasks at approximately 2.5x10
cells/flask density in 5 mL media and allowed to grow for 24hr. Cells were treated with each of
the treatment conditions, then were removed to fresh media. Cells were collected using
trypsinization followed by centrifugation. A hemocytometer (Hausser Scientific, Horsham, PA)
was used to count live cells using Trypan Blue exclusion technique. Cells were enumerated on

days 1 and 3 with N=4.

Raman microspectroscopy

Spatially correlated Raman microspectroscopic measurements were employed to
characterize living PC-12 cell samples in in-vitro culture conditions. A customized
confocal microscope (Zeiss Corp., Germany) and Raman spectrometer combination
(UHTS 300, WITec Instruments Corp., Germany) was used and the Raman spectra

were collected using an EMCCD camera (Andor Technology, UK) at a spatial resolution

of 500 nm. A 532 nm solid state laser calibrated to 20 mW was used for excitation and a



custom 50X high resolution objective (Mitutoyo, Japan).

The changes in the spectral signature from the intracellular space were analyzed using
a hyperspectral molecular analysis technique. Raman spectral arrays were acquired for
neurofibroma cells. Hyperspectral maps were collected using a spatial dimension of
40pmx=40pm with a spectral dimension of 80x80 pixels, with N=3. Each array of scans was
collected using an integration time of 0.5 s. Principal component analysis (PCA) was
used to reduce the dimensionality of the collected spectral data arrays into principal
components (PCs). A non-linear iterative partial least squares algorithm was used for
related vector analysis to eliminate noise in the spectral baseline. Following noise
reduction using PCA, hierarchal cluster analysis was used to construct an average
spectral signature for the cells.

Statistical analysis

Data are expressed as mean value + standard error mean (SEM). For multiple groups, statistical
significance was determined using one-way analysis of variance (ANOVA) following Tukey’s
Multiple Comparison post hoc test. In all cases P< 0.05 was considered as statistically

significant.
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Figure 2: Mitochondrial Parameters of treated PC-12 from Mitochondrial Stress Test

Mitochondrial Parameters were calculated using formulae present in the Agilent’s Mito Report
Generator Guide. Values were normalized by number of cells in each well to yield values per
million cells. *<0.05 against control. Error is +/- SEM, n=3.

In Figure 2, Mitochondrial Parameters are shown. Briefly, all measurements for each condition
had the respective non-mitochondrial respiration subtracted from them to normalize. Maximal
respiration is the value of OCR after addition of FCCP, a mitochondrial uncoupling agent. Spare
respiratory capacity (SRC) is calculated as maximal respiration minus basal respiration. ATP
Production is calculated as the difference between basal OCR and minimum OCR after
oligomycin is added. The difference between the minimum OCR after oligomycin addition, and
the minimum OCR after rotenone addition is the proton leak. This describes the protons that are
not passing through ATP synthase when pumped across the membrane by Complexes I, III and

IV Pre and Co incubation with D512 in addition to 6-OHDA rescues mitochondrial parameters
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to control levels. D512 alone had no effect on any mitochondrial parameters except for non-
mitochondrial respiration. A ~70% decrease in all parameters was seen in cells only pretreated

with D512 and in cells that were treated with 6-OHDA alone.

—_

4000
Control
D512

3000 4 I 6-OHDA
Pre-Incubation

T o Pre/Co-Incubation
20004 | [ s
T+ *

1000

N
=

Glycolytic Parameters (mpH/min per 10 cells

Figure 3: Glycolytic Parameters of treated PC-12 from Glycolytic Stress Test

Glycolytic Parameters were calculated using formulae present in the Agilent’s Glyco Report
Generator Guide. Values were normalized by number of cells in each well to yield values per
million cells. #<0.05 against control. Error is +/- SEM, n=3.

In Figure 3, Glycolytic Parameters are shown. Briefly, non-glycolytic acidification is the ECAR
value upon addition of 2-DG, which halts glycolysis. Acidification due to basal glycolysis is
maximum ECAR upon addition of glucose minus non-glycolytic acidification. Glycolytic
Capacity is the maximum ECAR value after addition of oligomycin minus non-glycolytic

acidification. Glycolytic Reserve is Glycolytic Capacity minus Glycolysis. Glycolytic
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parameters were non-significantly elevated in cells treated with D512 alone. Cells treated with
D512 alone also had a significantly higher non-glycolytic acidification. No significant
differences in glycolytic parameters were seen for both Pre/Co-incubated cells and cells treated
with 6-OHDA alone when compared to control. Significant differences from control are seen in

Glycolytic Capacity and Glycolytic Reserve for Pre-incubated cells.
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Figure 4: Growth Rate between days 1 and 3

The ratio between the number of cells on day 3 and the number of cells on day 1 is shown. *<0.1
against control and D512. #<0.1 against D512. Error is +/- SEM, n=4.

As seen in Figure 4, Cells treated with 6-OHDA had a ratio of close to 1, indicating no growth in
this time. Both pre-incubation and pre/co-incubation had lowered growth when compared to

control. D512 treated cells had a non-significantly higher growth rate than control.

13



10

= g
>
@®
O ‘{
—
s}
g o1
s 1]
=}
T
o 47 #
o
__g #
E *
o 2 T
T
0 T T T T T
N A o0 ot
00{\“0 Or._)’\ ,O\)\OP‘ \)‘03“0 ‘09\\0
) a’\(\G 0’“\0
P ?‘e\(}

Figure 5: Growth Rates of Conditioned PC-12

Difference in cell number between day 1 and day 3 was divided by 48 hours to generate a
linearized growth per hour parameter for each condition. These parameters were the normalized
by their respective day 1 counts to yield growth per hour as a percentage of day 1 for each
condition. *<0.1 against control and D512. #<0.1 against D512. Error is +/- SEM, n=4.

Like seen in Figure 4, Figure 5 shows that 6-OHDA treated cells had almost no growth. Growth
rates were increased ~60% from control in cells incubated with D512 alone. Growth rates in the
treatment conditions are non-significantly higher than 6-OHDA, but are still ~75% lower when

compared to control.
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Figure 6: Normalized Respiration Parameters for treated PC-12

The difference of each parameter from control was calculated for each treatment. These values
were then normalized by the change in growth rate from control for each respective treatment.
The absolute value of the ratio of these differences is presented here. Error is +/- SEM, n=3.

For Figure 6, a higher value for normalized respiration parameter indicates higher correlation
with change in growth rate for that treatment. Pre-Incubation and 6-OHDA have changes in
mitochondrial parameters that have high correlations to their respective changes in growth rate.
Pre/Co-Incubation has little change from control in terms of mitochondrial parameters, but has a
lower growth rate, leading to a smaller normalized respiration parameter than Pre-Incubation or

6-OHDA.
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Figure 7: Normalized Glycolytic Parameters for treated PC-12

The difference of each parameter from control was calculated for each treatment. These values
were then normalized by the change in growth rate from control for each respective treatment.
The absolute value of the ratio of these differences is presented here. Error is +/- SEM, n=3.

Similar to Figure 6, in Figure 7, a higher value for normalized glycolytic parameter indicates
higher correlation with change in growth rate for that treatment. Most notably, the value is high
for D512 for Glycolysis and Glycolytic Capacity. Both growth and these respective parameters

are increased from the control condition.
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Figure 8: Ratio of Phenylalanine Spectral Intensity CH2 Spectral Intensity

Ratios are of the intensity of the 1004cm™! peak to the intensity of the 29040cm™'. *<0.05. Error is
+/- SEM. N=3.

In Figure 8, the 1004cm™ is the peak associated with phenylalanine, and 2940cm™ is associated
with presence of organic molecules. Higher phenylalanine to organic compound ratios are seen
in cells treated with 6-OHDA in some form. A slight non-significant decrease in phenylalanine

to CH: ratio is seen in D512 when compared to control.

Discussion
Glycolytic parameters are not changing significantly in any condition when compared to control,

though cells treated with D512 alone had slightly elevated glycolytic parameters compared to

control cells. D512 treated cells also have unchanged mitochondrial parameters when compared
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to control. This indicates that D512 causes an extra energy demand, and the cells are addressing

this demand through increased glycolytic activity.

Mitochondrial parameters are significantly lower in cells treated with 6-OHDA. This aligns with
what has been seen in previous studies when PC-12 cells are exposed to 6-OHDA (Shah, 2014).
The mitochondria of these cells have most likely begun apoptosis, and they have lost integrity

(Hanrott, 2005).

Mitochondrial and glycolytic parameters for the Pre/Co-Incubated condition are not statistically
significant, indicating that a pre/co-incubation of D512 with 6-OHDA negates the apoptosis-
inducing effect of 6-OHDA. This protective effect has been seen before in the work by shah et

al.

The difference seen between pre-incubation and pre/co-incubation shows the impermanence of

the effect of D512 on PC-12 cells.

Growth rate is slightly elevated in PC-12 cells treated with D512. As seen in figure 6, this
increase in growth is well correlated to the increase in glycolytic parameters seen. This
stimulation of growth could explain the increased energy demand the cells are under, which then

the cells make up for by increasing glycolytic activity.

Growth rate is severely depressed in 6-OHDA treated cells. This aligns with the high correlation
seen in figure 5. These cells are likely apoptotic, and this can be seen through both metabolism
and growth (Hanrott, 2005; Orrenius, 2007). Pre-treated cells also have this high correlation

between depressed mitochondrial parameters and depressed growth.

Pre/Co-incubated cells had a low correlation between mitochondrial metabolism and growth as
seen by the decreased growth coupled with no change in mitochondrial parameters. This shows
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that even though the cells are metabolizing properly, the energy from this metabolism is not
being used for growth, but more likely repair. The cells must repair damage from the 6-OHDA

before growth rates are restored

Phenylalanine plays an important role as an intermediate in the synthesis of signaling molecules
like dopamine and epinephrine. From Figure 9, and increase in phenylalanine with respect to
organic material indicates higher phenylalanine concentrations in cells treated with 6-OHDA in
any form. This could be showing a failure in the pathways used to synthesize signaling

molecules.

Conclusion and Further Work
This study confirms the anti-apoptotic effect of D512 seen by Shah et al. Though pre/co-

incubation with D512 protected the metabolism, growth rate post treatment was still depressed
when compared to control. This is indicative of non-mitochondrial oxidative damage that is

cause by 6-OHDA, and this damage must be repaired before growth returns.

The failure of pre-incubation to protect the cells from apoptosis shows the timescale on which
D512 is acting. The effect of D512 is not permanent, which allows for controllability should this
drug be used as a treatment for Parkinson’s disease. D512 alone also had no adverse effects

when compared to control cells.

Raman spectroscopy analysis offers another method to differentiate the treated cells.
Phenylalanine is an important precursor in the reactions needed to produce dopamine and
epinephrine. As PC-12 cells are dopaminergic, they react to signaling molecules, and produce

them. An increase is seen between conditions that were treated with 6-OHDA in any form, and
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those that were not. Cells treated with 6-OHDA may have damage done to this pathway, and as

a result, phenylalanine could be accumulating.

Further studies can be run on increased concentrations of D512 to determine if growth rates can
be rescued in 6-OHDA treated cells. Further characterization of potential oxidative damage can

also be done.
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CHAPTER 3: EFFECT OF QUORUM SENSING MOLECULE 2-
AMINOACETOPHENONE ON METABOLISM IN RAW 264.7
MURINE MACROPHAGE CELLS

When a bacterium invades a host, a complex relationship is formed, commonly known as the
host-pathogen relationship. Both host and pathogen are modifying their gene expression, trying
to defend themselves against the other side. This change in gene expression is frequently found
in the opportunistic bacterium Pseudomonas aeruginosa (Olizer, 2000; Parsek, 1999; Whiteley,
2001). P. aeruginosa causes many of the lung infections that are typical in patients suffering
from cystic fibrosis, and approximately 46% of patients test positive for PA (Cystic Fibrosis
Annual Report, 2017). P. aeruginosa uses a quorum sensing system to determine when to
expresses certain genes while its bacterial colony is expanding. Quorum sensing is a signaling
pathway where unless a certain population of bacteria is reached, certain genes will be expressed
(Miller, 2001). P. aeruginosa releases 2-aminoacetophenone (2-AA) as a quorum sensing

molecule. 2-AA is formed as one of many quorum sensing molecules (Kim, 2009).

It has been shown that pre-treatment with 2-AA before infection with P. aeruginosa improves
survival of mice in vivo (Bandyopadhaya, 2012). It has also been shown that 2-AA disrupts
mitochondria in skeletal muscle (Tzika, 2013). This ebb and flow between the immune system

and the bacteria is commonly seen when studying the host-pathogen relationship.

21



NH, O

Figure 9: Structure of 2-aminacetophenone

The purpose of this study is to examine the effect that 2-A A might have on the metabolism of
RAW 264.7 murine macrophages. Due to the results of the previous studies on the effect of 2-
AA, some change in metabolism is expected. Metabolism not only powers growth, and new
protein synthesis, but it also provides energy for existing proteins to perform their functions.
Whether presence of 2-A A signals macrophages to divide, to make protein, or to generate ATP
in anticipation of increased demand, changes should be seen in metabolism (James, 1995).

These changes will reveal the relationship between 2-AA and metabolism in RAW macrophages.

A synthesis of extracellular flux analysis and Raman microspectroscopy will be used to study

metabolism.

Metabolic parameters will be measured using extracellular flux analysis. Extracellular flux
analysis allows for non-destructive, real time measurement of mitochondrial and glycolytic

activity. Conventional assays for measuring metabolism are destructive or disruptive, and only
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yield what is essentially a basal measurement of activity at a set time. Agilent’s Seahorse xFp
Extracellular Flux Analyzer use solid-state fluorescent probes to measure both oxygen level and
pH over short periods of time (Moura, 2014). From these measurements Oxygen Consumption
Rate (OCR), and extracellular acidification rate (ECAR) are calculated. OCR corresponds to
mitochondrial activity, as oxygen is converted to water when electrons are passed to complex IV
of the electron transport chain (Kadenbach, 1987). ECAR is a measure of glycolytic activity due
to a proton leaving the inorganic phosphate when it binds to adenosine diphosphate (ADP) to
form adenosine triphosphate (ATP). Each condition of cells was subjected to a mitochondrial
stress test, and a glycolysis stress test. Sample mitochondrial and glycolytic tests are included in

the appendix.

In addition to the Mito and Glyco Stress Test, a Real-Time ATP Assay will conducted on the
conditioned RAW cells. This helps to determine how much ATP is produced per cell, and where
the ATP is coming from. The conditions of the Real-Time ATP Assay are more similar to
growth conditions. Sample curves for OCR and ECAR during the ATP Test are included in the

appendix.

Raman spectroscopy will be used to study the ratio of NADH to organic molecules in RAW cells
incubated with various concentrations of 2-AA. Raman spectroscopy is a vibo-rotational
spectroscopy method that is reliant on inelastic scattering of light. Each bond, when scattering
light inelastically, will rotate or vibrate in some way, releasing lower energy light than what
initially struck the bond. This shift is called Stokes-Raman scattering, each bond motion has its
own specific shift. This allows for fingerprinting of molecules, like in IR spectroscopy.
However, unlike in IR spectroscopy, Raman spectroscopy allows for imaging of solutions, which

is the form most biological molecules are in. Ratios can be made of the wavenumbers of the
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light that returns, and that can indicate comparable concentrations of desired bond in each
treatment. It is worth noting that Raman spectroscopy is non-destructive and non-perturbing,
allowing for a more realistic, cell by cell measurement of each condition. A sample Raman

spectrum of a simple trehalose in water system is shown in the appendix.

Materials and Methods
Cell culture and treatments

RAW 264.7 cell lines were purchased from American Type Culture Collection (ATCC® TIB-
71™)_ Cells were cultured in T-25 flasks (Thermo Fisher Scientific, Waltham, MA) and
maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 4mg/mL L-
glutamine, 100U/mL penicillin, and 100ug/mL streptomycin at 37°C in 95% air/5% CO2. All
conditioning with 2-AA was performed as a 24hr incubation with the desired concentration of 2-

AA.

Metabolic Analysis

Analysis of metabolic function for both conditioned and control cells were carried out on an
extracellular flux analyzer (XFp Seahorse, Agilent Technologies, Santa Clara, CA). All
Seahorse consumables were purchased from Agilent. Cells were trypsinized and counted using
trypan blue exclusion. Cells were seeded in prescribed microwell plates at a seeding density of
5x10° cells per well. After 24 hr incubation, the media was replaced with conditioned media and
the plates were incubated for 24 hr more. Both oxygen consumption rate (OCR) (representing
mitochondrial respiration) and extracellular acidification rate (ECAR) (representing glycolysis)
measurements were taken using standard Seahorse protocol, following optimization. Briefly,
XFp cartridge sensors were hydrated and injection ports loaded by the following; mitochondrial

test reagents used oligomycin (1 uM), carbonyl-cyanide-4-(trifluoromethoxy) phenylhydrazone
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(FCCP, 0.5 uM), and rotenone/antimycin A (0.5 uM). Glycolysis test reagents used D-glucose
(10 mM), oligomycin (1 uM), and 2-deoxyglucose (2-DG, 50 mM). The Real-Time ATP Assay
used oligomycin (1.5 uM), and rotenone/antimycin A (0.5 uM). All reagents have corresponding
final concentrations in cell chambers immediately after being listed. The ATP Assay used N of

6, while the mitochondrial and glycolytic stress tests used N of 3.

Oligomycin was used as the F,F-ATPase inhibitor and oxygen consumption rates measured in
presence of this inhibitor indicate proton leak. FCCP acts as an uncoupling agent that collapses
the mitochondrial proton gradient and thereby uncouples oxidation from phosphorylation,
maximizing oxygen consumption rates. The contribution of energy generation via non-
mitochondrial processes was quantified in relation to the overall oxygen flux using rotenone and
antimycin A. Rotenone and antimycin A inhibit complex I and III, respectively, of the
respiratory system. Glucose was supplied as to fully saturate basal ECAR. Then, since
oligomycin inhibits ATP synthase in the electron transport chain, ATP/ADP ratio decreases,
which stimulates glycolysis. 2-DG is a glucose analog which competitively inhibits hexokinase,

effectively arresting glycolysis.

Raman Microspectroscopy
Spatially correlated Raman microspectroscopic measurements were employed to

characterize living RAW 264.7 cell samples in in-vitro culture conditions. Cells were incubated
in various concentration of 2-AA for 24hr, then imaged. A customized

confocal microscope (Zeiss Corp., Germany) and Raman spectrometer combination
(UHTS 300, WITec Instruments Corp., Germany) was used and the Raman spectra

were collected using an EMCCD camera (Andor Technology, UK) at a spatial resolution
of 500 nm. A 532 nm solid state laser calibrated to 20 mW was used for excitation and a
custom 50X high resolution objective (Mitutoyo, Japan).

The changes in the spectral signature from the intracellular space were analyzed using
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a hyperspectral molecular analysis technique. Raman spectral arrays were acquired for
macrophage cells. Hyperspectral maps were collected using a spatial dimension of
40umx40um with a spectral dimension of 80x80 pixels, with N of 3. Each array of scans was
collected using an integration time of 0.5 s. Principal component analysis (PCA) was

used to reduce the dimensionality of the collected spectral data arrays into principal
components (PCs). A non-linear iterative partial least squares algorithm was used for

related vector analysis to eliminate noise in the spectral baseline. Following noise

reduction using PCA, hierarchal cluster analysis was used to construct an average

spectral signature for the cells.

Statistical analysis

Data are expressed as mean value + standard error mean (SEM). For multiple groups, statistical
significance was determined using one-way analysis of variance (ANOVA) following Tukey’s
Multiple Comparison post hoc test. In all cases P< 0.05 was considered as statistically

significant.
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Results

80

~
o
1

~
()]
1
—a—
—a—
1

65 E

60

% Mitochondrial ATP Production
()]
($)]
1

50

T T T T T T T T T T T 1
0 150 300 450 600 750 900
Concentration 2-AA (uM)

Figure 10: Mitochondrial ATP Production as a share of total ATP Production for treated
RAW cells

OCR and ECAR measurements were converted to mitochondrial ATP production and glycolytic
ATP production, respectively, using the equations found in the ATP Assay Report Generator.
These equations can be found in the appendix.

An increase in share of ATP produced from mitochondrial respiration is seen in cells incubated
in lower concentrations (<400uM) of 2-AA. A decrease in percentage of ATP from

mitochondrial respiration is seen when concentration of 2-AA is increased from 400uM to

800uM.
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Figure 11: Coupling Efficiency of treated RAW cells

Coupling Efficiency is used to measure how intact the inner mitochondrial membrane is for a
given condition. It measures how many protons return through ATP Synthase after being
pumped across the membrane by Complexes I, III and IV.

Though an increase in Coupling Efficiency is seen in cells treated with 100uM 2-AA, the
differences of other treatments to control are not statistically significant. This increase in
coupling efficiency could be a potential method the cells are using to increase their

mitochondrial activity.
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Figure 12: Basal Mitochondrial Respiration as a percentage of Maximal Mitochondrial
Respiration for treated RAW cells

Basal mitochondrial respiration is expressed as a percentage of maximal mitochondrial
respiration. Error is +/- SEM, n=3.

Two modes of activity occur in this test as concentration of 2-AA is increased. Between OuM
and 100uM, basal mitochondrial respiration increased ~40%. At concentrations below 200uM, 2-
AA has an activating effect on mitochondrial respiration. At concentrations beyond this point,

usage decreases ~13%, and no change is seen between 400uM and 800uM.
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Figure 13: Basal Glycolysis as a percentage of Maximal Glycolysis for treated RAW cells

A decrease of ~27% is seen in basal glycolysis from control to 100uM 2-AA incubation. Then a
~130% increase is seen from 100uM 2-AA to 200uM 2-AA. No changes are seen from 200uM
to 800uM, and all three are above 90% usage of total maximum glycolysis. Error is +/- SEM,
n=3.
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Figure 14: Glycolytic Index of 2-AA treated RAW cells
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Glycolytic Index (GI) is a method used to describe how reliant a given cell is on glycolysis.
Higher angle indicates higher reliance on glycolysis as a source for energy as opposed to
mitochondrial respiration. Error is +/- SEM, n=3.

A shift of -17° is seen between cells incubated in OuM 2-AA and those incubated in 100uM 2-
AA. The cells in the 100uM condition are favoring mitochondrial respiration more than cells in
the OuM condition. A shift of 23° is seen between 100uM and 200uM, indicating a shift back
towards glycolysis. The shifts between 200uM and 800uM are fairly small and the differences

may be non-significant.
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Figure 15: Ratio of NADH peak to CH: for treated RAW cells

The ratios of NADH (1590cm™) to CHz (2940cm™) were calculated for each concentration of 2-
AA. The association between NADH and the 1590cm™ peak was established by direct scans of
pure NADH. The association between CHz and the 2940cm! peak has been previously
established (Bellamy, 1975). Error is +/- SEM, n=3.
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The ratio of the intensity of the NADH peak to the intensity of the CH peak is increasing
between OuM and 400uM. From OuM to 200uM, an increase of ~19% was seen. Between

200uM and 400uM, a ~24% increase is seen.
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Figure 16: Cell Phenotype Analysis Matrix for RAW cells treated with 2-AA

For each condition, Basal Respiration and Basal Glycolysis are each plotted as a percentage of
Maximal Respiration and Maximal Glycolysis, respectively. Error is +/- SEM, n=3.

Metabolic regions are overlaid on the left. Descriptive and predictive regions are shown on the
right. Descriptive and predictive regions are generated with knowledge of the changing

concentration of NADH in mind.

Discussion
In Figure 11, the coupling efficiency is fitted with a sine dampening curve (R?=0.992). Coupling

efficiency increases from OuM to 100uM, but then decreases back to control levels for 400uM
and 800uM. The Pasteur shift towards mitochondrial respiration from OuM to 100uM seen in

Figure 14 could be due to this increase in coupling efficiency.

Mitochondrial ATP production as a percentage of total ATP production forms a parabolic curve

(R?=0.998), where a simulative effect is seen on mitochondrial ATP production, then a
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depressive effect is seen at higher concentrations of 2-AA. The stimulation aligns with previous

work done on in vivo effects of 2-AA (Bandyopadhaya, 2012; Tzika, 2013).

Due to the two modes of activity seen in Figure 10, the nature of the relationship between RAW
macrophages and 2-AA is seen. The data is fit with a sine dampening curve (R?=0.9999). At
100uM, it produces a stimulating effect on mitochondrial respiration, which when coupled with
the slight depressive effect seen on glycolysis, explains the Pasteur shift seen in Figure 12.
Increasing concentration of 2-AA to 200uM shows a maximizing effect on the cells, which is
best shown in Figure 13. A new energy demand is seen going for 100uM to 200uM, and the
cells cope by increasing use of glycolysis. Increasing concentration further to 400uM and
800uM, a decrease from the maximized mitochondrial state is seen. If a hypothetical cell was
incubated in a higher concentration, it would appear on the matrix near the failure region, and
would be undergoing apoptosis. The descriptive and predictive regions hold true for only this
cell line and this condition, but allows for estimation of effect of concentrations between those

tested in this study. 2-AA must play a role in lowering mitochondrial efficiency.

NADH is a molecule that transfers electrons from glycolysis and the TCA cycle to the electron
transport chain. Energy from those electrons will go on to pump protons across the membrane,
which will then generate ATP. As concentration of 2-AA increases beyond ~200uM,
suppressive effects are seen on mitochondrial respiration. Paired with a maximization of
glycolysis, this indicates a potential breakdown in molecules that couple glycolysis with the
electron transport chain, possibly NADH. Using Raman spectroscopy, ratios of NADH to CH
were calculated. A Boltzmann curve was fitted to the data (R>=0.922). These show that the

amount of NADH is increased as concentration of 2-AA is increased. The mitochondria are not
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able to use these energy molecules as effectively in this case, which could be leading to the

suppressive effect. This is similar to the effect seen on mitochondria by Tzika et al.(Tzika 2013)

Conclusion and Further Work

The combination of extracellular flux analysis and Raman spectroscopy allows for a deeper
study of metabolism in macrophages treated with 2-AA. This study further confirmed both the
stimulation of the mitochondria at low concentrations (<200uM) and the suppression of the
mitochondria at high concentrations (>400uM) seen previously. This combination of techniques
also offers a potential cause for the suppression of mitochondrial activity as disruption of the

ability of NADH to deliver its high energy electrons.

More work will need to be done to determine why the amount of NADH is changing, and what
specifically 2-AA is doing to the mitochondria. Further multimodal tests can be done on other

quorum sensing molecules, or on metabolites of 2-AA. It is expected that similar trends will be
seen in the case of known quorum sensing molecules HHQ and PQS (Kim, 2009). Using this

multimodal system, studies of the host-pathogen relationship can be made.
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CHAPTER FOUR: CONCLUSION

This multimodal technique, when paired with other non-destructive assays like long-term
viability studies, allows for a deeper study of metabolism and overall cell health. Unlike
destructive assays, cell dependent and real-time measurements can be made. This multimodal

technique can be used for any cell type and any condition, which makes it very versatile.

As seen in chapter 3, once a certain amount of data is collected, large scale trends can be
identified. These trends can then be extrapolated to predict metabolic health at conditions

beyond the scope of what was studied.
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APPENDIX I: SUPPLEMENTAL FIGURES
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Figure 17: Sample Illustration of a Typical Mitochondrial Stress Test
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Figure 18: Sample Illustration of a Typical Glycolytic Stress Test
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Figure 19: Sample Illustration of a Typical Real-Time ATP Assay

44



Control

D512

T 6-OHDA

4000 Pre-Incubation

I I Pre/Co-Incubation

2000 -

O I 1 I I
Basal Oligomycin FCCP Rotenone

Oxygen Consumption Rate (pmol O,/min per 10° cells)
—
}_|

Figure 20: Measurement of OCR of treated PC-12 during Mito Stress Test

*<0.05 against control. Error is +/- SEM, n=3.
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Figure 21: Measurement of ECAR of treated PC-12 during Glyco Stress Test

*<0.05 against control. Error is +/- SEM, n=3.
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Figure 22: Difference in Growth Rate from Control in treated PC-12

Using normalized growth rates from Figure 4, control rate was subtracted from the growth rates
of the treated cells. Error is +/- SEM, n=4.
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Figure 23: Sample Raman Spectrum of Trehalose in Water
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Figure 24: Hyperspectral Image of a PC-12 cell

The hyperspectral map was generated using total signal. The dimensions of the scan are 20um
by 20um. Extracellular regions are set as zero. The bright yellow region most likely
encompasses the nucleus of the cell and the surrounding area.
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Figure 25: Single point Raman spectrum of a PC-12 cell
Phenylalanine (1004cm™) and CH; (2940cm’!) are labeled.
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