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Measuring the Metabolic Changes that Occur with Prostate Cancer

Progression Using HR-MAS and Hyperpolarized **C MR Spectroscopy
by

Mark J. Albers

Abstract

The accurate detection and characterization of prostate cancer remains a major
problem for the clinical management of individual prostate cancer patients and for
monitoring their response to therapy. In-vivo 'H Magnetic Resonance Spectroscopic
Imaging (MRSI) has demonstrated that secretory prostatic tissue contains uniquely high
levels of citrate, which decrease as prostate cancer evolves. It is unclear whether the
decrease is caused by an increase in fatty acid biosynthesis, an increase in citrate
oxidation in the citric acid cycle, an increase in glycolytic lactate production, or a
combination of these mechanisms. In this project, *C labeling protocols and
measurement techniques were developed to simultaneously interrogate these pathways
in primary cultured prostate epithelial cells and tissue slice cultures as well as transgenic
mice. The primary cultures were labeled using thermally polarized *C-3 pyruvate and
analyzed using High Resolution — Magic Angle Spinning (HR-MAS) spectroscopy.
Subsequently, the exceptional 80,000-fold enhancement in signal provided by Dynamic
Nuclear Polarization (DNP) was used to investigate the same metabolic pathways in the
TRansgenic Adenocarcinoma of Mouse Prostate (TRAMP) model by injecting the mice
with hyperpolarized ®C-1 pyruvate. The spatial distribution of the hyperpolarized
pyruvate and its metabolic products were measured in just 14 seconds using a rapid °C
MRSI technique. Furthermore, the time course of the conversion of pyruvate to lactate
and alanine was measured in the mice. The prostate cancer cell cultures demonstrated

that the citric acid cycle consumed significantly more pyruvate than lactate synthesis or
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fatty acid biosynthesis. In addition, the tissue cultures indicated that the citric acid cycle
utilization of pyruvate was higher in prostate cancer than in normal secretory tissue,
along with higher lactate synthesis in cancer. Moving towards the clinic, the in-vivo
hyperpolarized studies demonstrated that the conversion of pyruvate to lactate was
grade dependent with late stage tumors having the highest lactate levels. Since there
was minimal overlap between the lactate levels from normal prostates and early and late
stage tumors, hyperpolarized 3C pyruvate has great potential as a new biomarker
capable of non-invasively staging prostate cancer and great potential for future studies

of prostate cancer patients.
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Chapter 1
State of the Art and New Opportunities for Prostate Cancer
Imaging and Prostate Biochemistry

1.1 Motivation and Specific Aims of the Project
The accurate detection and characterization of prostate cancer remains a major

problem for the clinical management of individual prostate cancer patients and for
monitoring their response to therapy. During the past several years, technological
advances in Magnetic Resonance Spectroscopic Imaging (MRSI) have made it possible
to correlate in-vivo prostatic citrate concentrations with the presence and grade of
prostate cancer. Based on the analysis of human prostate tissue samples and results
obtained from animal models of prostate cancer, it has been hypothesized that the
observed decrease in citrate with prostate cancer is associated with increased citrate
oxidation in the citric acid cycle, increased fatty acid synthesis, and/or increased
glycolytic lactate production. By using ">C labeled pyruvate to study prostate cancer, it is
may be possible to simultaneously and noninvasively assess changes in metabolic
intermediates from all the biochemical pathways (glycolysis, citric acid cycle, and fatty
acid synthesis) of interest and thereby explain the observed changes in prostatic citrate
concentrations. In this project, these hypotheses will be investigated with *C labeled
pyruvate in two types of prostate cancer model systems to accomplish the following

specific aims.

A. Incorporate synthetically enriched '*C-3 pyruvate in a prostate cancer culture
model system and measuring the labeling of pyruvate and its products using
HR-MAS.

A1. Devise a spectral quantification strategy for the HR-MAS experiments.

A2. Develop an HR-MAS protocol for efficiently detecting the C labeled
metabolites.

A3. Establish a protocol for incorporating '*C-3 pyruvate into the pathways of

interest within primary cultured prostate cancer cells and prostate tissue
cultures and detecting the uptake of the label with HR-MAS.
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B. Measure the amount of *C labeling in the products of *C-1 pyruvate within
prostate cancer tissue following the injection of hyperpolarized "*C-1 pyruvate
into a transgenic mouse prostate cancer model.

B1. Develop an in-vivo MRSI protocol for injecting hyperpolarized 3C-1
pyruvate into a mouse and detecting its metabolic products before the
polarization is lost.

B2. Quantify the changes in hyperpolarized "*C-1 pyruvate and its metabolic
products that occur as prostate cancer develops and progresses in a
transgenic mouse prostate cancer model.

The results from this project will help explain the changes in citrate concentrations
that occur with prostate cancer and may provide new biomarkers for detecting the
cancer and monitoring therapy. The new biomarkers will likely be clinically useful in the
near future because of recent advances in high field in-vivo scanners and '*C
hyperpolarization techniques. In this chapter the clinical need for new imaging

biomarkers of prostate cancer and the unique metabolism that leads to these biomarkers

are described.

1.2 Clinical Importance
The American Cancer Society estimates that 222,389 males will be newly

diagnosed with prostate cancer in the United States alone in 2007 (1). This makes
prostate cancer the most commonly diagnosed non-cutaneous cancer among American
men in the United States, with an incidence rate higher than breast cancer in women (1).
At this rate, 1 out 6 men in the U.S. will develop prostate cancer during their lifetime (1).
While the use of PSA (Prostate Specific Antigen) screening and TRUS (transrectal
ultrasound) guided biopsies has lead to an increase in early detection of prostate cancer
(2), the decision on how to manage prostate cancer once diagnosed poses a great
dilemma for patients and their clinicians because it possesses a tremendous range in
malignancy and risk. It is one of the only cancers that can grow so slowly that it will
never threaten the lives of some patients. However, if the cancer metastasizes, there is

no cure and it becomes lethal, causing an estimated 26,059 deaths in the United States
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in 2007 (1). Consequently, it is treated with a broad spectrum of approaches ranging
from routine monitoring, referred to as active surveillance, and hormone deprivation
therapy to aggressive treatments, such as surgery, radiation, and cryosurgical therapies
(3, 4). The less aggressive treatments will not eradicate the metastatic cancers and, the
more aggressive treatments present a significant risk for life altering side effects, such
as incontinence or impotence. Clearly, early detection of the cancer's metastatic
potential or therapeutic response and selecting the appropriate treatment for the type of
cancer is necessary. Unfortunately, the metastatic potential of the prostate cancer
cannot be reliably predicted in individual patients with current prognostic markers (5-9).
Currently, the risk assessment of individual patients at diagnosis primarily relies on a
number of clinical parameters including serum PSA, clinical stage (determined by means
of digital rectal examination and TRUS), and systematic TRUS-guided biopsy results
(number and percentage of positive cores and grade of the core) (2). However, these
are often inaccurate or inadequate, particularly when used alone for individual patients.
Therefore, prostate cancer management, in contrast to the management of most other
cancers, requires accurate imaging information to select the most appropriate treatment

for individual patients.

1.3 Current In-Vivo MR Techniques
The use of magnetic resonance imaging (MRI) and magnetic resonance

spectroscopic imaging (MRSI) has provided a new approach for non-invasively
diagnosing and staging prostate cancer. Conventional MR imaging of the prostate relies
on abnormal signal intensities that result from morphologic changes within the prostate
to define the presence and extent of cancer (10, 11). Unfortunately, the morphologic
changes observed by MRI often do not accurately reflect the presence and spatial extent
of active tumor (10, 11). When 'H MRSI is performed in conjunction with high-resolution

anatomic imaging, it can non-invasively detect changes in cytosolic and extracellular
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metabolites caused by prostate cancer, such as decreased citrate, increased choline,
and decreased spermine (see Figure 1.1) (12). Studies in pre-prostatectomy patients
have indicated that when 'H MRSI is combined with MRI (13) there are significant
improvements in the assessment of the cancer’s location and extent within the prostate
(14-19), extracapsular spread (20, 21), and the cancer's aggressiveness (22, 23).
MRI/MRSI has also been shown to provide a direct measure of the presence and spatial
extent of prostate cancer after therapy (24-31), a measure of the time course of
therapeutic response (25, 28), and information concerning the mechanism of therapeutic
response (25, 28). While the combined imaging technique has shown great promise for
improving in-vivo prostate cancer detection and characterization prior to and following
therapy, it still has several limitations. Namely, 1) it is unable to measure a couple of key
Krebs cycle intermediates as well as lactate and alanine because of their low
concentrations, and overlapping lipid in the case of lactate and alanine, 2) it is unable to
detect and characterize small amounts of cancer (< 0.5cc) (32), and 3) it is unable to
discriminate a number of benign conditions (stromal BPH, prostatitis) from prostate

cancer (33, 34).
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Figure 1.1 In-vivo 'H spectra taken from an MRSI exam of a human prostate showing
an example of the spectral profile for healthy peripheral zone prostate tissue (A) and
prostate cancer (B). The 'H HR-MAS spectra of prostate tissue samples taken from
healthy peripheral zone prostate tissue (C) and prostate cancer (D) exhibit a similar
metabolic profile with more detailed spectral information. The spectra were adapted
from reference (35). Cho: Choline, PA: Polyamines, Cr: Creatine, GPC:
Glycerophosphocholine, PC: Phosphocholine.

More recently, high resolution magic angle spinning (HR-MAS) spectroscopic
techniques have been developed that allow solution-like nuclear magnetic resonance
(NMR) spectra to be obtained from intact tissue specimens while preserving the tissue
for further pathologic and genetic study (35-42). Historically, high-resolution NMR
systems have produced spectra with larger spectral peak separations because of their
stronger magnetic field. However, metabolite peaks from prostate tissue samples are
still relatively broad (43) due to chemical shift anisotropy (CSA) and dipolar coupling.

The CSA can almost be eliminated by using perchloric acid tissue extracts as previously

shown (44-46). Unfortunately, labile metabolites can be lost during extraction and it
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makes it impossible to histologically analyze the tissue. High resolution — magic angle
spinning (HR-MAS) is another technique that reduces CSA by spinning the sample at an
angle (54.7°) relative to the main field. This approach is completely nondestructive to
the tissue if performed at low enough spin rates. Swanson et al. have shown that H
HR-MAS can be used to detect the known metabolic changes in prostate cancer
(decreased citrate, decreased polyamines, increased choline containing compounds,
etc. as shown in Figure 1.1). Furthermore, they were able to correlate the metabolic
changes with the histopathological analysis performed on the prostate tissue samples
following the HR-MAS experiments (35). More recently, the group has shown that
surgical (40) and biopsy (47) specimens taken from prostate cancer exhibit higher levels
of lactate and alanine relative to benign specimens using HR-MAS as well. Therefore,
HR-MAS produces spectra with great spectral resolution (narrow peaks with large
separations) from small tissue samples (5-40mg) and allows correlation with quantitative
histopathology data from the same tissue sample. In addition, the improved sensitivity
afforded by the higher magnetic field strength and improved filling factor of the RF coil
make it possible to detect changes in metabolites, such as lactate and alanine, which
historically haven’t been investigated using in-vivo '"H MRS for technical reasons. These
findings indicate that HR-MAS provides an excellent platform for investigating new
biomarkers that may eventually be translatable to clinic MR exams. On the down side,
the technique cannot be directly applied to in-vivo studies. Thus, the clinical translation
of HR-MAS discoveries may necessitate the development of new MR techniques that

probe the same biomarker using a slightly different approach.

1.4 Prostate Anatomy
The prostate is a pale firm exocrine gland shaped like an inverted pyramid that

surrounds the urethra between the bladder neck and genitourinary membrane, lying just

anteriorly of the rectum. The ejaculatory ducts pass obliquely through the gland to enter
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the prostatic urethra at the verumontanum. The normal adult gland is about the size of a
walnut, measuring approximately 4 (left-right) x 3 (anterior-posterior) x 3 (superior-
inferior) cm, and weighing 15 to 20 grams. The contemporary approach to prostate
anatomy describes the internal structure in terms of zones. The simplest conceptual
approach to the zonal anatomy of the prostate is the two-compartment model, where the
prostate is likened to a cone containing a scoop of ice cream (48). The cone is the
peripheral zone, and makes up 70% of the prostate gland by volume in young men. The
ducts of the peripheral zone glands drain to the distal prostatic urethra. The scoop of ice
cream is the central zone, and makes up 25% of the prostate gland volume in young
men (Figure 1.2). The ejaculatory ducts traverse the central zone, and the ducts of the
central zone drain to the region of the verumontanum clustered around the entry of the
ejaculatory ducts. The final 5% of the prostate consists of the transition zone, which is
composed of two small bulges of tissue that surround the anterior and lateral parts of the
proximal urethra in a horseshoe-like fashion. This two-compartment model is deficient
anteriorly, where the peripheral zone is interrupted by the anterior fibromuscular stroma,
a band of smooth muscle mixed with fibrous tissue that forms a thick shield over the
anterior aspect of the gland as shown in Figure 1.2. As a result, the peripheral zone lies

predominantly lateral and posterior to the central zone.
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Figure 1.2 Sagittal cross section of the human prostate depicting the zonal anatomy of
the prostate. S: Superior, I: Inferior, A: Anterior, P: Posterior, SV: Seminal Vesicles,
CZ: Central Zone, PZ: Peripheral Zone, AFB: Anterior Fibromuscular Band.

1.5 Unique Biochemistry of Prostate
Normal secretory epithelial cells in the peripheral zone of the human prostate

uniquely synthesize very high amounts of citrate causing them to have higher citrate
concentrations than any other human tissue type (49). In addition, prostate tissue has
zinc levels that are 2-10 times higher than other organs with the lateral lobes of the

prostate’s peripheral zone having the highest levels at 211 ug of zinc per gram of tissue

wet weight (50). The zinc levels have been shown to be at least 2 times higher in the
epithelial cells of the prostate as compared to the stromal cells (51) and it increases with
exposure to testosterone (50). The high zinc levels are a direct result of an increase in
the number of high velocity zinc transporters present in the secretory epithelial cells.
Costello and Franklin have shown that hZIP1 is a zinc transporter that is strongly

expressed in normal peripheral zone tissue and the velocity of zinc uptake is significantly
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enhanced in cells over-expressing hZIP1 (52, 53). Interestingly, the citrate levels are
tightly coupled to the zinc levels because zinc slows the conversion of citrate to isocitrate
in the citric acid cycle by inhibiting mitochondrial (m-) aconitase (54, 55), the enzyme
that converts citrate to isocitrate. As shown in Figure 1.3, the inhibition of m-aconitase
by zinc produces high citrate concentrations in the cytosol and even higher
concentrations in the prostatic fluid secreted by the epithelial cells into the lumen of the
prostate gland. As a result, high levels of citrate can be observed in ex-vivo and in-vivo
'H (35) and ex-vivo *C MR spectra (56) of healthy glandular prostate tissues as shown
in Figure 1.1. While its exact role is not definitely known, citrate is a major component in
prostatic secretions and it is believed to be involved in sperm activation and motility.
More specifically, it has been suggested that the citrate may serve as a buffer to
maintain the pH of semen; as a chelator for zinc and other cations which are also highly
concentrated and involved in liquefaction of semen; as an energy source for the viability

of sperm and/or the capacitation process of fertilization (49).

The ability to produce high amounts of citrate distinguishes normal secretory
epithelial cells in the peripheral zone of the prostate, which will be referred to as
secretory prostatic cells from this point forward, from all other human epithelial cells. In
all healthy epithelial cells, glycolysis converts glucose into pyruvate, which is
subsequently oxidized into acetyl-CoA (AcCoA) by pyruvate dehydrogenase. Within all
healthy epithelial cells that are NOT secretory prostatic cells, the AcCoA enters the citric
acid cycle by condensing with oxaloacetate to form citrate that is subsequently
converted to isocitrate by m-aconitase. In these cells, the oxaloacetate is derived from
malate by malate dehydrogenase, the last step in the citric acid cycle. Whereas, in
secretory prostatic cells, the high zinc levels inhibit m-aconitase from converting citrate

to isocitrate and oxaloacetate is derived from aspartate by mitochondrial aspartate
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aminotransferase (AAT) as shown in Figure 1.3. The secretory prostatic cells require an
alternate source of oxaloacetate because the citrate production deprives these cells of
the citric acid cycle intermediates downstream from citrate. The inhibition of m-
aconitase results in a cellular steady-state citrate/isocitrate ratio between 20:1 and 40:1
in healthy prostate tissue (57). In contrast, most other mammalian cells have a
citrate/isocitrate ratio on the order of 10:1. Thus, citrate is accumulated in the cytosol of
the cell (~ 1.2mM) and secreted into extracellular ducts where it reaches 150 mM
concentrations (54, 55) (Figure 1.3). When the citrate is secreted into the ducts instead
of being oxidized, the prostate epithelial cells sacrifice up to 63% of their potential

energy production.

Once the cells become cancerous, the affected secretory prostatic cells produce
significantly less citrate. Early biochemical studies have indicated that citrate levels in
prostatic adenocarcinomas are grade dependent, with citrate levels being low in well-
differentiated, low-grade prostate cancer and effectively absent in poorly-differentiated
high-grade prostate cancer (46, 58). In more recent in-vivo proton MRSI studies,
decreases in citrate also correlated with increasing cancer aggressiveness (Gleason
grade) (22). The hypotheses that explain these changes involve perturbations to the
citric acid cycle, fatty acid synthesis, and glycolysis and serve as the basis for the

metabolic labeling studies being proposed in this work.

Changes in the Citric Acid Cycle: When secretory prostatic cells become
cancerous, zinc levels are dramatically reduced, and the malignant epithelial cells
demonstrate a diminished capacity for net citrate production and secretion (50, 59). The
zinc levels in prostate cancer tissue are reduced to the levels found in other soft tissues
as a result of a down-regulation in the hZIP1 transporters present in the secretory

prostatic cells (49, 53). Lower zinc levels lead to a reduction in m-aconitase inhibition
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causing an increase in the conversion of citrate to isocitrate and subsequent oxidation in
the citric acid cycle. As a result, the citrate-to-isocitrate ratio in prostate cancer may be
reduced to ~10:1 ratio observed in other normal mammalian cells. The Bioenergetic
Theory of prostate cancer suggests that the transformation of secretory prostate cells to
citrate oxidizing cells, which dramatically increases energy production capability of the
cell, is essential to the process of malignancy and metastasis (60). For some cells, the
normal cellular energy metabolism may be sufficient to meet the energy requirements
associated with the neoplastic transformation to a malignant and/or metastatic state, but
there is evidence that is not the case for prostate cancer (60). Healthy prostate tissue
has been described as having a low rate of respiration, high anaerobic glycolysis and
considerable aerobic glycolysis (glycolytic lactate production). It has been proposed that
this low level of energy production is insufficient for cells to perform the activities
associated with the process of malignancy (60). An increase in citrate oxidation would
provide the cancer cells with 171% more ATP per glucose molecule than what is
available to citrate producing prostatic cells, which may provide the energy they need for

their malignant activities and proliferation.

Changes in Fatty Acid Synthesis: An increase in fatty acid synthesis may also
contribute to the decrease in citrate levels observed in prostate cancer. An ex-vivo °C
NMR study of prostate tissue samples taken from surgical specimens demonstrated that
triacylglycerol, a molecule composed of three fatty acid chains, levels were higher in
prostate cancer samples relative to benign samples (56). In addition, the androgen-
regulated enzyme fatty acid synthase (FAS), required for de novo lipogenesis, is
overexpressed in several cancers including prostate carcinoma and has been
associated with aggressive disease (61). Both of these findings can be linked back to

citrate through fatty acid synthesis, which begins with lipogenesis, a process that utilizes
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cytosolic AcCoA to assembly fatty acid chains. Since the inner mitochondrial membrane
is impermeable to AcCoA and AcCoA is typically produced inside the mitochondria, the
bulk of the AcCoA used for de novo fatty acid synthesis is derived from citrate that has
been transported out of the mitochondria as shown in Figure 1.3. After the citrate is
exported to the cytosol, it is cleaved into AcCoA and Oxaloacetate (OAA) by ATP-citrate
lyase. The cytosolic AcCoA is carboxylated by acetyl-CoA carboxylase (ACC) to form
malonyl-CoA and combined with a second AcCoA molecule by FAS, which completes
the first two steps of lipogenesis and fatty acid synthesis. The OAA is converted to
malate and imported back into the mitochondria, where it reenters the citric acid cycle
and replaces 4 of the 6 carbons lost when citrate was exported. Since this process
consumes cytosolic citrate, it reduces the citrate levels from those observed in healthy
secretory prostatic tissue. Also, it reduces the epithelial cells need to import aspartate
because fatty acid synthesis returns 4 of citrate’s 6 carbons to the citric acid cycle,
whereas net citrate production utilizes all 6 carbons. The increase in de novo fatty acid
biosynthesis may support the desire of these parasitic cancer cells to grow and
proliferate (62). Prior studies have shown that alterations in distinct phospholipids and
fatty acid levels are associated with malignant transformation and metastasis of prostate
cancer (63-65). In recent proton HR-MAS studies of human prostate tissue samples
taken from surgical specimens, there is strong evidence documenting elevation of
choline compounds, key phospholipid membrane components, in prostate cancer (40).
These studies provide further evidence that prostate cancer is tightly coupled with an

increase in de novo fatty acid synthesis.
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Figure 1.3 Diagram of pertinent intracellular metabolic pathways that exist in secretory
prostatic cells. The red lines represent the pathways that are active in healthy secretory
prostatic cells and the black lines along with the gray background highlight the metabolic
adaptations proposed to occur with prostate cancer. The orange metabolites are in the
cytosol and the green metabolites are in the mitochondria. While the diagram illustrates
the reactions that affect the various metabolites, it does not document the entire
reaction. As a result, several of the reactions are not balanced. AAT: Aspartate
Aminotransferase, ACC: Acetyl-CoA Carboxylase, ACL: ATP-Citrate Lyase, CS:
Citrate Synthase, FAS: Fatty Acid Synthase, Glut: Glutamate, a-KG: o-Ketoglutarate,

LDH: Lactate Dehydrogenase, PDH: Pyruvate Dehydrogenase.
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Changes in Glycolysis: A third explanation for the decrease in citrate levels
observed in prostate cancer may be an increase in glycolysis that results in an increase
in lactate production. '®F-2-deoxy-2-fluoro-D-glucose (FAG) positron emission
tomography (PET) studies have shown there is an increase in glucose uptake with
prostate cancer that is dependent on the histological grade and clinical stage of the
disease (66, 67). In addition, '"H NMR spectroscopic studies performed on extracts of
transurethral resection specimens (44) and HR-MAS spectroscopic studies of intact
surgical (40) and biopsy (47) samples taken from human prostate tissue have
demonstrated significantly higher levels of lactate in prostate cancer samples than in
normal prostate samples. Typically, an increase in glycolysis would only cause an
increase in lactate production under anaerobic conditions. However, the well known
observations by Otto Warburg demonstrated that cancer cells produce high amounts of
lactate even when they have plenty of oxygen, a behavior often referred to as the
Warburg Effect (68) or aerobic glycolysis (69). More recently, it has been hypothesized
that the cellular evolution associated with carcinogenesis selects for lactate-producing
glycolytic cells because they can withstand the intermittent hypoxic that malignant cells
likely endure and it supports the microenvironmental acidosis they need to breakdown
and invade healthy tissues (69). Additionally, the increase in lactate production may
provide the parasitic cancer cells with a rapid energy source since the glycolytic
production of ATP is 100 times faster than the mitochondrial production of ATP (62).
Initially, it may seem rather inefficient to rely on lactate production to generate energy
since it requires 18 times more glucose than if the energy were produced within the
mitochondria. However, the wasteful consumption of glucose is more of a problem for
the neighboring healthy cells, which use the glucose for net citrate production as well as

energy production in the case of normal prostatic secretory epithelial cells, than the
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parasitic cancer cells. For the parasitic cancer cells, a rapid energy source is likely more

important as it supports their primary desire to grow and proliferate (62).

Clearly, there are many metabolic adaptations that may occur as the healthy
prostate secretory epithelial cells transform into neoplastic, parasitic cancer cells and
may impact the unique ability of healthy prostate secretory cells to produce citrate. At a
high level, the decrease in citrate levels associated with prostate cancer could be a
result of an increase in citrate oxidation within the mitochondria, an increase in fatty acid
synthesis, or an increase in lactate production. Since there is strong supporting
evidence for each of these possibilities, it is very likely that prostate cancer development
is dependent upon or requires a combination of these metabolic adaptations. For
example, it has been hypothesized that the increase in lactate production may also
support lipogenesis and fatty acid synthesis by providing a readily available carbon
source that can quickly be converted to AcCoA (62). Thus, the increase in fatty acid
synthesis and glycolytic production of lactate may be linked to one another.
Unfortunately, to date, it has not been possible to directly investigate the metabolic
adaptations that may explain the reduction in citrate in-vivo. Therefore, it is not known if
the mechanisms behind the citrate reduction could provide a more sensitive (able to
detect more smaller amounts of disease) and/or specific biomarker for prostate cancer
detection and/or therapeutic monitoring than what is currently available. In fact,
identifying the actual mechanism in humans may provide a new opportunity for
therapeutic intervention if it turns out that the mechanism is essential to the development
or progression of the disease. Fortunately, recent advances in high field in-vivo
scanners and ®*C hyperpolarization techniques may allow the simultaneous investigation
of these pathways in-vivo by providing a measurement of the metabolism of "*C labeled

substrates through these pathways. As result, the overall goal for the studies included in
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this thesis will be to investigate how "*C labeled pyruvate could be used to interrogate
these metabolic adaptations and to develop clinically translatable measurement

techniques for "*C labeled pyruvate and its products.

1.6 Creating Metabolic Tracers for Studying Prostate Biochemistry with
3C Labeling

While '?C is the most common form of carbon, '*C is the isotope of choice for any
carbon based NMR experiments because it is the only NMR active (detectable) isotope
of carbon. Since °C, like 'H, possesses a spin ' nucleus, its nucleus resides in one of
two energy states when placed inside of a magnetic field and can be detect using the
same NMR techniques developed for 'H. Unfortunately, the natural abundance of '*C is
only 1.1%. Even worse, only 0.94% of the atoms in the human body are carbon, often
referred to as the biological abundance. Combining these two factors, "*C is only 0.01%
of the atoms in a typical human, whereas 63% of the atoms are 'H’s. Since the human
body contains so much water, 'H NMR has a huge signal to noise ratio (SNR) advantage
over ®C NMR. On the flip side, carbon atoms are present in every metabolite found in
the human body. Consequently, *C NMR techniques have been used to investigate
non-focal diseases in human beings for many years. In an attempt to overcome the
lower SNR of *C, a typical experiment requires averaging many acquisitions and rather
large volumes resulting in long scan times and poor spatial resolution. Additionally,
many biologically relevant compounds have been synthetically enriched with "*C to 99%
and can be purchased from Isotec, a subsidiary of Sigma-Aldrich, or Cambridge Isotope
Laboratories. With the added SNR from the enriched substrate, it has been possible to
perform kinetic metabolic studies in-vivo following the infusing of a synthetically enriched
compound. A typical infusion study involves infusing a synthetically enriched, metabolic
active substrate, such as glucose, and following it through the pathway of interest by

measuring the increase in the C signal from a downstream metabolite, such as
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glutamate. The low natural abundance of C is actually beneficial for these studies
because it ensures that the majority of the recorded '*C signal is from the synthetically
enriched substrate and its products because the background or baseline "*C signal is
very small. Furthermore, the relatively small atomic mass difference between *C and
3C ensures that the *C labeled compound will be metabolized in the same manner as

its '2C counterpart.

Despite the long history of *C NMR and MR, it has not yet been used to
investigate the metabolic adaptations that may occur as secretory prostatic cells
transform into malignant cancer cells. Since all the metabolic adaptations described in
the previous section have glycolysis as a common starting point, it should be possible to
simultaneously investigate these three proposed changes by incorporating a 3C label
into glycolysis. For example, *C-1 pyruvate would produce C-1 labeled lactate if the
pyruvate were converted to lactate or "*C labeled bicarbonate (derived from CO,) if the
pyruvate were converted to AcCoA and subsequently oxidized in the citric acid cycle or
ultimately used for fatty acid synthesis as shown in Figure 1.4. "*C-2 or "*C-3 pyruvate
would provide an even more detailed interrogation of the potentially aberrant pathways
in that the label could be directly followed into lactate, a citric acid cycle intermediate
such as glutamate, or a fatty acid synthesis intermediate such as AcCoA as shown in
Figure 1.4. These pyruvate derivates could be used as reporter metabolites to
noninvasively detect an increase in glycolytic lactate production, an increase in citrate
oxidation in the TCA cycle, or an increase in fatty acid synthesis, respectively. A direct
measure of these pathways in-vivo will improve the understanding of the mechanisms
that cause the reduction in citrate that occurs with prostate cancer development and

evolution. More importantly, the experiments may reveal a new biomarker for prostate
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cancer detection and/or therapeutic monitoring that is more sensitive and/or specific than

the current biomarkers.

Investigating the aberrant metabolic pathways in prostate cancer with "*C labeling
will require navigating around a few obstacles, as is often the case in research. The
gyromagnetic ratio (usually denoted y) for "*C is % the y of 'H causing its resonant
frequency to be % that of 'H. The large difference in resonant frequency requires
fabricating or procuring a special RF coil that functions at the "*C frequency. In practice,
it is usually necessary to have both a 'H RF coil to obtain anatomical information and a
3C RF coil to record the carbon data. Furthermore, in high-resolution NMR and HR-
MAS, the SNR is proportional to y. * 5, where ye and yo are the gyromagnetic ratio for
the excited and observed nucleus, respectively. Therefore, the SNR for *C will be
another factor of 32 lower than that of 'H, in addition to the reduction caused by its lower
natural abundance and biological abundance of *C. In the case of in-vivo MRI and
MRSI, the SNR is proportional to y2” * y5’, resulting in "*C being another factor of 16
lower than that of 'H. Since the thermal MR noise produced by the sample is the
dominant noise source for in-vivo MR and it increases with vy, the in-vivo SNR is slightly
less dependent on y than the high-resolution SNR causing the SNR difference between
3C and "H to be smaller. For high-resolution experiments, the dominant noise source is
the RF coil and the electronics. In the past, synthetically enriched substrates have been
infused in an attempt to improve the SNR of *C experiments. While the enriched
substrates have reduced the scan times and/or increased the spatial resolution for *C
studies, the scan times and spatial resolution have not been sufficient for routine clinical
use. More recently, new developments in hyperpolarization techniques and
improvements in high field in-vivo scanners have invigorated ">C MR and NMR with new

enthusiasm.
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Figure 1.4 Diagram of the fate of °C labeled pyruvate in the pertinent intracellular
metabolic pathways that exist in secretory prostatic cells. The pink, blue, and yellow
boxes highlight the fates of *C-1, *C-2, and "*C-3 pyruvate, respectively, as they pass
through the various pathways. The hatched yellow and blue boxes on oxaloacetate
indicate which positions will be labeled if it is derived from malate following the
incorporation of a *C labeled pyruvate molecule. The labeling of oxaloacetate in this
case is split between two carbon positions because succinate is a symmetric molecule.
The red lines represent the pathways that are active in healthy secretory prostatic cells
and the black lines along with the gray background highlight the metabolic adaptations
proposed to occur with prostate cancer. While the diagram illustrates the reactions that
affect the various metabolites, it does not document the entire reaction. As a result,
several of the reactions are not balanced. Glut: Glutamate, a-KG: a-Ketoglutarate, Zn:

Zinc.
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Chapter 2
Studying Prostate Biochemistry Using "*C Labeled Metabolic
Substrates

The use of "*C labeled pyruvate appears to be very promising approach for
investigating the metabolic adaptations proposed to occur with the development and
evolution of prostate cancer. In an attempt to explore these possibilities, the metabolism
of '3C labeled pyruvate will be investigated in two newer prostate cancer model systems.
For the first round of experiments, '>C-3 pyruvate will be added to the culture medium for
primary cultured human prostate cancer cells and prostate tissue slices. The '*C
labeling of pyruvate and its metabolic products will be measured using HR-MAS
spectroscopy after the culture samples have been quickly frozen. For the second set of
experiments, pyruvate will be injected into anesthetized, transgenic mice that develop
prostate cancer. The uptake of the hyperpolarized pyruvate and its metabolic
conversion will be measured in real time using MR spectroscopy. In this chapter, a brief
description of HR-MAS and "®C hyperpolarized imaging techniques will be given, along

with an overview of '°C labeling experiments used for each set of experiments.

2.1 Measuring Incorporation of *C Labeled Metabolic Substrates in Model
Systems using HR-MAS

High Field and HR-MAS Background

Since the advent of nuclear magnetic resonance, the quest to improve the
sensitivity of the technique has motivated the use of magnets with stronger magnetic
fields (Bo) because the SNR of NMR spectroscopy is directly proportional to BS/Z. As a
side note, in theory, the SNR for a whole body MRI is directly proportional to B,. The
SNR of whole body MR measurements is slightly less dependent on By because the
noise is dominated by sample noise. At any rate, the stronger magnetic fields have also

improved the spectral resolution of NMR and MR spectra. This benefit is easily
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understood by reviewing the relationship that defines the resonant frequency (w) of a

nucleus when it is exposed to an external magnet field

Eq. [2.1] o = yBO(l - 0)

where y is there gyromagnetic ratio for that nucleus and o is the molecule specific
shielding constant for that nucleus. Since the shielding is produced by the electrons in
the electron cloud surrounding the nucleus, the shielding constant is not only nuclei
dependent, it is also affected by the neighboring atoms in the molecule and their impact
on the electron cloud’s density and shape. The difference in the resonant frequency
(Aw) for two like nuclei that have different shielding constants (o4 and ©;) can be
calculated by subtracting the resonant frequencies that were determined for the two

nuclei by using Eq. [2.1].

Eq. [2.2] Aw = yB(0, - 0,)

Since the difference in the resonant frequencies of the nuclei scales linearly with By, an
improvement in the spectral resolution is observed in the spectrum. While the
improvement in spectral resolution is very evident in spectra obtained from solution
samples, it is not so obvious in spectra from tissue samples because the increase in By
also increases the effect of chemical shift anisotropy (CSA), leading to an decrease in
the nucleus’ T, and an increase in its spectral line width. CSA occurs when the o in Eq.
[2.1] is dependent upon the orientation of the molecule relative to the external magnetic
field. This situation can occur whenever the electron cloud surrounding a nucleus is not
spherical and the molecule’s mobility is restricted either because the molecule’s mass or
because its environment is hindering its motion. For most molecules, the electron

clouds surrounding its nuclei are not spherical and the net magnetic field experienced by
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the nucleus is orientation dependent. However, as long as the molecule is tumbling at a
fast rate relative to the timescale of the NMR experiment while it is inside the magnet,
the observed shielding constant is a weighted average of the shield constants for each
orientation. Whereas, when the molecule’s motion is restricted, the different shielding
constants for the molecule are actually observed in the NMR experiment, resulting in a
broadening of the molecule’s linewidth in the frequency domain (70). In these cases, the

o in Eq. [2.1] becomes a tensor (O') and was defined by Andrew (71) as:

Eq. [2.3] Oavg = %Sinz(ﬁ) * tr(6) + %[3 cosz(B) - 1]2 ocosz(xp)
P

Oavg is the time average of 0. f is the angle of the sample’s primary axis relative to the
axis of the magnetic field. ¥ is the azimuthal angle between the primary axis of 0 and
the axis of the magnetic field. As shown in the top portion of Figure 2.1, increasing the
magnetic field strength to 11.7 T permits the observation of several metabolites that are
not easily observed in 1.5 T spectra of tissue. However, the resonances are still relative
broad because of CSA. Since the CSA is virtually nonexistent for small molecular
weight compounds in solution, it can almost be eliminated from the tissue spectra by
using perchloric acid extracts of the tissue as previously shown (44-46). Unfortunately,
labile metabolites can be lost during extraction. In addition, the extraction requires
rather large amounts of tissue for each sample and, it makes it impossible to
histologically analyze the tissue sample since it is digested as part of the extraction

process.

HR-MAS is another technique that reduces CSA by spinning the sample at an
angle (54.7°) relative to the main field (By), referred to as the magic angle. Generally

speaking, Magic Angle Spinning (MAS) is a technique applied to solid samples, and it
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reduces the impact of CSA and dipolar interactions on the measured spectra from these
samples (71-73). For MAS, the samples are held at the magic angle inside the magnet
and spun about this slanted axis at very high speeds, typically between 20 and 70 kHz.
HR-MAS is the slow speed counterpart of MAS because it typically involves spinning the
sample at 500 to 5,000 Hz. At these spin rates, the CSA of small molecules present in
tissue samples can be significantly reduced, which can be understood using Eq. [2.3].
When B in Eq. [2.3] is set to 54.7°, Oayg reduces to

tr(G) = o

1
Eq [24] cyAvg = g

Thus, the observed shielding constant for these molecules (0Oag) under HR-MAS

conditions is equivalent to the molecule’s shielding constant when it is in solution,
despite the presence of CSA. Qualitatively, the magic angle is the diagonal of a cube
and it has the unique property that the effect of CSA is averaged away when the sample

is spun fast enough about this angle.

After comparing the HR-MAS and standard NMR spectra from rat brain tissue in
Figure 2.1, it is clear that HR-MAS substantially improves the spectral resolution of high
field tissue spectra. The high spectral resolution enables the quantification of
compounds with similar chemical shifts. For example, choline can be distinguished from
the other choline containing compounds (glycerophosphocholine (GPC) and
phosphocholine (PC)). In addition, this approach is completely nondestructive to the
tissue if performed at low enough spin rates and, the high filling factor achieved with the
HR-MAS probe permits measurement of metabolites from small samples, ranging from 3
to 40 mg. Swanson et al. have shown that '"H HR-MAS can be used to detect the known

metabolic changes in prostate cancer (decreased citrate, decreased polyamines,
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increased choline containing compounds, etc.). Furthermore, they were able to correlate
the metabolic changes with the histopathological analysis performed on the same
prostate tissue samples following the HR-MAS experiments (35). Therefore, by using
HR-MAS, spectra with great spectral resolution (narrow peaks with large separations)
can be generated from small tissue samples and correlated with quantitative

histopathology data.

Standard NMR
—— HR-MAS

Choline Lactate
GPC + PC

Myo-Inositol .
y Taurine

Alanine
AN

Aspartate

Chemical Shift (ppm).

Figure 2.1 High resolution NMR spectra recorded from rat brain cortex at 11.7T after it
was placed in an NMR tube (TOP) and under HR-MAS conditions (BOTTOM). The
spectrum acquired using HR-MAS exhibits a significant reduction in chemical shift
anisotropy as demonstrated by the decrease in the linewidth of N-Acetyl-Aspartate
(NAA) from 17.4 to 4.3 Hz.

Incorporating and Measuring '>C Labeling in Prostate Cell and Tissue Cultures

Using the current culture techniques, it is possible to grow human prostate cancer
cells and prostate tissue slices in primary culture. Since primary cultures have not been
immortalized, they more accurately represent the cells and tissue type from which they
were derived. Both culture techniques begin with a radical prostatectomy being
performed on a prostate cancer patient. Once the man’s prostate has been surgically
removed, the cells or tissue are harvested from the region of interest in the prostate

specimen. The cells or tissue are then cultured in a serum-free medium that has been
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supplemented with a custom blend of nutrients and growth factors (74). Peehl et al.
developed the custom medium specifically for the primary culture of prostate epithelial
cells. Using the custom medium it has been shown that the prostate epithelial cells can
be grown in primary culture for approximately 30 days, during which they will double in
number every 24 hours (75, 76). Similarly, functional prostate tissue slices have been

maintained in the custom medium for up to 5 days (77).

These prostate model systems provide a great platform for conducting the 3c
labeling experiments described in Chapter 1 since the *C labeled pyruvate can be
delivered to the cells or tissue by simply adding it to their medium. Additionally, it is easy
to control and vary the amount of labeled pyruvate delivered to the cells or tissue as it
only requires varying the pyruvate concentration in the medium. Therefore, the
metabolic adaptations described in Chapter 1 will be investigated in these two prostate
model systems by adding "*C-3 pyruvate to their media. After the culturing is complete,
the cells or tissue slices will be rinsed, quickly frozen, and stored at -80°C. While the
culture process will be described in more detail in Chapter 4, it is important to point out
that the samples must be rinsed to remove the residual culture medium from the sample.
Otherwise, its component molecules will contaminate the HR-MAS spectra. The optimal
washing procedure and culture duration for these experiments will be described in
Chapter 4. By cooling the samples down immediately after the culture process was
completed and storing the samples at -80°C, the cells or tissue should have minimal to
no metabolic activity during this time. As a result, the samples’ metabolite levels and
their "*C labeling should represent the metabolism that occurred during the culture
process and not any aberrant metabolism that could have occurred while samples were

being harvested or stored.
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Ultimately, the amount of activity in the metabolic pathways of interest will be
measured using HR-MAS spectroscopy to analyze the samples. At the time of the HR-
MAS experiment, the cell or tissue samples will need to be transferred to the HR-MAS
rotor (sample holder) shown in Figure 2.2. Ideally the sample will be kept frozen during
the transfer to simplify the process and to minimize any metabolism that may occur
during the transfer. In order to achieve this goal, the cell and tissue samples were
stored in custom sample holders, as described in Chapter 4, which as part of the
harvesting procedure molded the samples into a shape that was similar to the shape of
the sample cavity in the HR-MAS rotors. Additionally, the custom sample tubes were
designed to facilitate transfer of the frozen samples into an HR-MAS rotor in 30 s or less.
Once the sample was loaded into the HR-MAS rotor and positioned inside the magnet, it
was spun about the magic angle at 2,250 Hz and maintained at 1°C. By keeping the
sample at 1°C, the metabolic activity of the cells or tissue was reduced as much as
possible without freezing the sample. Unfortunately, once the sample becomes a solid,
the CSA and dipole-dipole interactions significantly increase resulting in extremely short
T,’s. Therefore, the sample was cooled down as much as possible without freezing
them. The HR-MAS spin rate was chosen as a compromise between mechanical
degradation imposed on the tissue by the centrifugal force of the spinning, the overlap of
spinning side bands with metabolites of interest, and the reduction of CSA and
associated increase in T, provided by HR-MAS. At higher spin rates, more of the
molecules’ CSA is removed from the experiment, along with the dipole-dipole
interactions at extremely high spin rates. The higher spin rates also increase the
spacing of the spinning sidebands observed in HR-MAS spectra, which occur at the
frequency of the nuclei’s primary resonance determined by Eq. [2.1] plus/minus integer
multiples of the spin rate. Unfortunately, the high spin rates also degrade the tissue,

leading to metabolic profiles that are different from those measured in in-vivo conditions
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and eliminating the possibility of histologically and/or genetically analyzing the tissue
after the HR-MAS experiment. Swanson et al. have shown that it is possible to record
high quality high-resolution spectra at 11.7 T by spinning the sample at 2,250 Hz and to
subsequently obtain high quality histopathological analysis from the same samples (35,
40). Furthermore, at this spin rate, the spinning sidebands are 4.5 ppm apart in a 500
MHz spectrometer. Since the dominant metabolite resonances span a 3.2 ppm range in
the 'H spectrum and are within 4 ppm of water, no significant spinning sidebands

overlap with the metabolites of interest at this spin rate.

Figure 2.2 Photograph of an HR-MAS rotor. The rotors consisted of a T-shaped
zirconium base, a plastic collar with machined groves on the underside, and an opaque
plastic insert fitted with a rubber O-ring and a threaded head. The insert mated with the
plastic collar and provided a leak proof seal for the rotor. The groves in the collar served
as a turbine and caused the rotor to spin when air was blown across it (40).

The amount of "*C labeling present in the samples was evaluated by estimating the
concentration of the "°C labeled pool for the reporter metabolites along with fractional
enrichment of these metabolites. While a detailed description for these calculations will
be presented in Chapter 4, for now it is sufficient to point out that computing the
fractional enrichment requires a measurement of the metabolite concentrations and the

concentrations of the *C label pools for the metabolites. Furthermore, as mentioned in
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Chapter 1, "*C spectroscopy of biological specimens is severely SNR limited. Since the
SNR of high resolution spectroscopy is proportional to y. * y5> and y of "*C is ¥ the y of

'H, the SNR of the *C measurements can be improved by a factor of 32 if 'H’s are
excited and observed instead of '*C nuclei. However, in order for this to provide a
measure of the °C labeled pools, the detected or observed 'H’s must be weighted by
the presence of a "®C atom, an approach referred to as indirect detection. One such
NMR experiment that achieves this goal is the heteronuclear single quantum coherence
(HSQC) experiment. Since the HSQC detects the presence of '*C atoms through their
directly attached 'Hs, the metabolites of interest must be '*C labeled in carbon positions
that have directly attached 'Hs. By using the C-3 pyruvate as the C labeling
substrate this will be the case for all the reporter metabolites. Therefore, the HR-MAS
spectroscopy protocol used for the experiments described in Chapter 4 will consist of a
'H spectrum to provide a measure of the total metabolite pools and a '*C HSQC
spectrum to provide a measure of the '*C labeled metabolite pools. As a quality
assurance measure and a sanity check, a second 'H spectrum was acquired after the
rather time consuming HSQC experiment, which was used to quantify any changes in
metabolite concentrations that might have occurred during the HR-MAS experiments.
Since the 'H spectra from prostate tissue are already relatively crowded, the spectra
were acquired with *C decoupling. The decoupling has the added benefit of increasing
the individual peak SNR for the ™C labeled resonances by combining the J-coupled
resonances. The optimal "*C decoupling scheme for these experiments will be

described in Chapter 3

In order to calculate concentrations from the HR-MAS spectra recorded from the
prostate cell and tissue cultures, it was necessary to add a quantification reference

signal to the spectra. The Electronic Reference To access In-vivo Concentrations
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(ERETIC) method produces an electronically generated reference signal that has been
shown to provide an accurate and stable quantification reference for high resolution
NMR spectra (78). In Chapter 3, the implementation of the ERETIC method on a Varian
Inova console is described, and the method is evaluated as a quantification reference for
HR-MAS spectra. Since this quantification reference was not available for the prostate
cancer cell experiments conducted in Chapter 4, the HR-MAS spectra were quantified
using a reference compound, 13C-g|ycine, that was added to samples at the time of the

HR-MAS experiments.

2.2 Measuring Incorporation and Metbolism of *C Labeled Substrates in
Live Transgenic Mice using Hyperpolarization

The *C HR-MAS experiments performed on the prostate cancer cell culture and
prostate tissue culture samples will provided useful information about the relative
importance of the metabolic adaptations that have been proposed to occur with prostate
cancer development and evolution. However, the experiments did not permit a real time
measurement of the metabolism of the *C labeled pyruvate and, the HSQC is too time
consuming to be carried out in-vivo. In order to obtain a real-time measurement of the
metabolism in-vivo with "*C, the SNR of the "*C labeled metabolites must be significantly
enhanced. Fortuitously, "*C hyperpolarization techniques have been recently developed

that may provide the SNR boost required to make these experiments a reality.

Motivation and Background for Hyperpolarization

The signal intensity produced by a population of nuclei exposed to an external

magnet field is directly influenced by several factors as indicated in Eq. [2.5].

Eq. [2.5] Signal « u x w, x V x [C] x FE x P

where w is magnetic moment of an individual nucleus, wg is the resonant frequency of

the nucleus determined using Eq. [2.1], [C] is the concentration of the nuclei in a volume
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(V), FE is the fractional enrichment of the nuclei or the percentage of the nuclei that are
NMR active, and P is the polarization of the nuclei or the percentage of the extra nuclei
that are aligned with By as defined in Eq. [2.6].

N~ — N*

Eq. [2.6] "N AN

N* and N” are the number of nuclei anti-aligned with B, and aligned with By, respectively.
Looking at the values of the parameters in Eq. [2.5] for some typical molecules of
interest in human prostate tissue, it is obvious that the signal intensities for metabolites
are tiny compared to the signal intensity of water because of the huge reduction in the
[C] x FE x P product for metabolites (Table 2.1). The situation only gets worse when
measuring the metabolites using '*C instead of 'H. As was mentioned in Chapter 1, the
signal intensity for '*C metabolic studies can be improved by injecting "*C enriched
metabolic substrates. While the enriched substrates will likely improve the *C signal
from metabolites by a factor of 10-50, the improvement is miniscule compared to the 10°
reduction in NMR signal obtained from lactate when measured with *C NMR instead of

'H and the 10° reduction in signal intensity relative to the water signal (Table 2.1).

One reason the signal level from NMR is rather low is that the nuclear polarizations
are ridiculously low at body temperature. From the data in Table 2.1, the nuclear
polarization of 'H and "*C in a 3.0 T magnet field at 37°C are 9.34e-6 and 2.34e-6,
respectively, or just 0.000934 and 0.000234%. The polarization of NMR active nuclei in
an external magnet field is a function of u, B,, the Boltzmann constant (kg), and the

sample’s temperature (T) as indicated in Eq. [2.7].

B
Eq. [2.7] P= tanh(iB—_F)
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Based on this relationship, the polarization can be increased by increasing the magnetic
field strength, by using a particle with a larger magnetic moment, or by decreasing the
temperature. As shown in Figure 2.3, the polarization increases linearly on a log-log plot
as the sample is cooled down. However, the sample temperature must be reduced by 4
orders of magnitude to the millikelvin range in order to increase the polarization of the
3C or 'H nuclei by 4 orders of magnitude. Interestingly, since the u of an electron is
2,628 times larger than w of a "°C nucleus, electrons in a 3.35 T magnetic field are
nearly 100% polarized at just 1°K. While this is a very cold temperature, it is far more
obtainable than nearly absolute zero temperatures because helium, a liquid when kept
between 0 and 4 °K, is already used to cool most superconducting NMR and MR
magnets to 1 - 4°K. Therefore, if it were possible to cool the sample to 1°K and transfer
the polarization from the electrons in the sample to the 3C nuclei, a radical improvement
in the polarization of the "*C nuclei could be achieved. By combining this approach with
synthetically enriched "*C labeled substrates, it is possible to increase the [C] x FE x P
product and consequently the MR signal by 10° to 10° for the polarized substrate and/or

its metabolic products.
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Figure 2.3 Thermal polarization for "*C nuclei, 'H nuclei, and electrons (e’) when they
are exposed to a 3.35 T external magnetic field. The polarizations were computed using
Eq. [2.7].

Molecule Nucleus [C] FE P [C]XFEXxP
Water H ~110M 99.985 9.34E-06 1.03e-1 M
Lactate H ~3mM 99.985 9.34E-06 2.80e-6 M
Lactate B¢ ~1mM 1.11 2.34E-06 2.60e-9 M

Table 2.1 Key biological and NMR properties for water and lactate in humans. The
concentrations ([C]) refer to the concentrations of the specified nucleus within the
molecule of interest. In the case of lactate, the concentrations are for C-3 lactate. Since
these values are for natural conditions, the fractional enrichment (FE) values are
equivalent to the nuclei’s natural abundance. The polarization values (P) were
determined using Eq. [2.7] and assuming the nuclei were in a 3.0 T magnetic field at
body temperature (310°K).

Dynamic Nuclear Polarization (DNP) is a polarization technique that is based on
the concept of transferring the polarization from the electron’s to the nuclei of interest at
approximately 1°K. For DNP, the polarization substrate must be doped with unpaired

electrons prior to cooling the substrate. This is usually done by adding an organic free

radical to the polarization substrate. In addition, the radical must be homogeneously
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distributed throughout the polarization sample for efficient polarization of it, which
requires that the sample form an amorphous solid when it is cooled to 1°K. If the
substrate does not do this naturally, a glassing agent must be added to the sample (79).
Once the sample has been prepared, it must be cooled to ~1°K and exposed to an
external magnetic filed. At the moment, this has been accomplished using a NMR
magnet customized by adding a variable temperature insert (VTI) to the bore of the
magnet which can be filled with liquid helium and pressurized (79). Using one of these
polarizers with a magnetic field strength of 3.35 T, the sample is lowered into the liquid
helium bath in the VTl and cooled to 1.1 — 1.4°K by lowering the pressure in the VTI.
Since the unpaired electrons are briefly coupled to the protons in the sample, the nuclear
polarization can be increased by stimulating the sample at a frequency equal to the
difference in the resonant frequency of the electrons and the protons (from the nuclei of
interest), which is ~94 GHz at 3.35 T. As a result, the polarizer is also equipped with a
microwave source and transmission system that can irradiate the sample with a 94 GHz
signal while it is in the VTI (79). The microwave stimulation converts an electron aligned
with the external field and a proton anti-aligned with the field to an anti-aligned electron
and an aligned proton. After the electron relaxes back to the aligned state, the process
can be repeated again with another anti-aligned proton, resulting in an increase in the
proton polarization. Since the electron polarization in the sample is very high and it

relaxes back to the aligned state very quickly (T4 ~ 1 us), the polarization of the protons

can be significantly increased for protons with long T4’s at ~1°K.

In order for the substrate to be used for biological experiments, it must be
converted to an injectable form and warmed to the appropriate temperature without
losing the polarization.  Ardenkjaer-Larsen and co-workers have developed an

apparatus that accomplishes this by dissolving the polarized sample with a hot solvent
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while the sample is still inside the VTI. The apparatus mates with the sample holder
inside the VTI and uses pressurized helium gas to force the hot solvent through a small
diameter tube and mix the solvent with the sample (79). The warm solution is forced out
of the VTI though a second tube and collected in a glass flask in ~ 10 s. Since the
solvent contains a buffering system the pH of the final solution is neutralized and
appropriate for injecting into a living organism. Similarly, the temperature of the solvent
is such that once it is mixed with the frozen substrate, the temperature of the final
solution is approximately 37°C. Therefore, the solution contains a substrate with a
substantially enhanced nuclear polarization and is ready for injection. In theory, DNP
can be performed on any NMR active nuclei. In practice, '°C-1 pyruvate, *C urea, and
3C-1 cyclo-propane have been polarized to 10 — 20% using DNP (80-83). As the
technology is commercialized by GE Healthcare and Oxford Instruments, the technique
will become readily available and it will likely be possible to produce ~20 mmol of

hyperpolarized compound per hour with a single DNP system.

While DNP appears to be a very promising technique for hyperpolarizing a
compound and producing an injectable solution, there are other techniques that may
provide alternatives for hyperpolarization. As indicated in Eq. [2.7] and the plot in Figure
2.3, the polarization can be increased by decreasing the sample’s temperature and
increasing the magnetic field strength, the so called “Brute-Force” technique. Brute-
force polarization is universally applicable and can be applied to all NMR active nuclei
and all molecules. However, using magnetic field strengths available today, it requires
cooling the sample to temperature very close to absolute zero in order to produce the
hyperpolarization needed for "*C labeled metabolic studies. In addition, the Ty’s of the
nuclei increase as the temperature is decreased, making the polarization times longer as

the temperature is lowered. As a result, it has not been practical to use the brute-force
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technique to routinely hyperpolarize samples. Another hyperpolarization technique
involves incorporation of parahydrogen into the molecule of interest through catalytic
hydrogenation and is referred to as ParaHydrogen-Induced Polarization (PHIP) (84, 85).
The spin order in the resulting molecule is then used to polarize the nuclei of interest by
cycling the magnetic field (86, 87). The technique requires less sophisticated equipment
than DNP and is capable of polarizing a sample in a few seconds (88). Unfortunately,
the substrate molecule must incorporate the nuclei of interest with a double or triple
bond in order for the nuclei to be bonded with the parahydrogen at the time of
polarization. As a result, PHIP can only be used to polarize "*C, N, and 'H nuclei and
only molecules that contain double or trip bonds. Since DNP can be applied to a
broader range of molecules and nuclei and the polarizer is commercially available, it was

used for the in-vivo hyperpolarized C labeling studies included in this project.

Using Dynamic Nuclear Polarization to Investigate Prostate Cancer In-Vivo

Even though access to the DNP technology has been somewhat limited since its
first in-vivo application was demonstrated four years ago (80), numerous studies have
been published since that time. '™C urea and '*C-1 cyclo-propane have been
hyperpolarized and used for coronary imaging, angiography, and perfusion imaging in
rats (80, 81, 89). Hyperpolarized *C-1 pyruvate has been injected into rats and pigs
and provided a measure of metabolic differences between tumors and muscle, metabolic
differences between normal liver, kidney, and muscle, and therapeutic response in
lymphoma (82, 83, 90-92). Typical polarizations for these studies were between 12 and
25%, providing sufficient SNR for in-vivo imaging at a resolution of ~0.135 cc. Although,
the T, of the hyperpolarized nuclei and its products was a very important consideration
for these studies because the polarization was exponentially reduced to the thermal

equilibrium polarization with a time constant of %. While DNP can be used to polarize
1
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any NMR active nuclei in any molecule when it is cooled to 1°K, the molecule is only
useful for biological experiments if the polarization lasts for enough time after it has been
dissolved to conduct the experiment. In response to this limitation, most of the in-vivo
hyperpolarization studies to date have polarized *C labeled substrates in which the *C
nucleus is rather distant from any fast relaxing nuclei such as 'H’s. The >C nuclei in
these molecules often have T4's on the order of 60 seconds and are capable of

producing detectable signal in-vivo for several minutes as shown in Chapter 5.

As mentioned in section 1.6 and shown in Figure 1.4, '*C-1 pyruvate could be used
to investigate whether or not prostate cancer is connected with an increase in glycolytic
lactate production. If pyruvate continues to enter the citric acid cycle in prostate cancer,
the "*C labeled carbon of pyruvate would be detected as bicarbonate. Additionally, *C-1
pyruvate is an excellent candidate for DNP experiments because it has a rather long Tj.
Therefore, "*C-1 pyruvate was polarized using DNP and injected into anesthetized
transgenic mice that spontaneously develop prostate cancer. For these studies,
synthetically enriched "*C-1 pyruvic acid was mixed with the trityl radical (tris(8-carboxy-
2,2,6,6,-tetra(methoxyethyl)benzo[1,2-d:4,5d']bis(1,3)dithiole-4-yl)methyl sodium salt)
(GE Healthcare, Oslo, Norway), which provided the unpaired electrons needed for DNP,
and polarized using the DNP technique just described. The polarized substrate was
quickly dissolved with a pH balanced TRIS buffer and injected into the transgenic mice.
3C MR spectra were acquired from mice with different histologically classified stages of
prostate cancer using a whole body 3T MR scanner. The spectra were quantified and
signal levels of hyperpolarized 3C-1 pyruvate and its metabolic products were compared
across the histologically defined groups. A detailed description of the experiments and

the results is presented in Chapter 5.
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Chapter 3
Development of HR-MAS Techniques Necessary for Measuring
and Quantifying Metabolism of **C Labeled Compounds

3.1 Quantification References for One Dimensional 'H HR-MAS
Spectroscopy

High resolution magic angle spinning (HR-MAS) spectroscopy is a rapidly
developing technique that allows solution-like NMR spectra to be obtained from intact
tissue specimens while preserving the tissue for further pathologic and genetic study
(35-42). The measurement of absolute metabolite concentrations in tissue would
provide important biochemical information and allow changes in individual metabolites to
be compared directly between samples. Current methods of quantification often rely on
relative ratios of metabolites, which are not ideal since they do not permit detection of
individual metabolite changes that may occur with a particular disease state.
Furthermore, metabolite ratios can yield ambiguously high or low values when one
metabolite peak area approaches zero and thus skew the average among many
samples. The measurement of absolute concentrations requires the presence of an
endogenous reference, such as tissue water (36), or the addition of an external or
internal reference standard to which other metabolites can be compared. Unsuppressed
water is not ideal for quantitation because the water signal intensity is typically 1,000 to
10,000 times larger than the most concentrated metabolite in tissue and it assumes that
the density of water does not change between pathologies. External silicone rubber
beads produce an NMR signal close to 0 ppm (39, 93), but the peak area varies with
spin rate and therefore must be calibrated (94). Additionally, the bead must be
embedded in an insert, which isolates it from the tissue sample inside the HR-MAS rotor.
Although these inserts reliably secure the silicone bead in the rotor and improve the By
homogeneity, tissue and associated fluids can be trapped under the insert, leading to

cross contamination between samples.
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Numerous internal chemical standards (e.g., formate, 3-(trimethylsilyl)propionic-2-
2-3-3-d4 acid (TSP)) have also been described for quantitative analysis in conventional
solution NMR and HR-MAS spectroscopy (95). An ideal internal standard in tissue
should be highly reproducible from sample to sample, non-toxic to the tissue or cells in
the sample, chemically inert (metabolically inactive), non-volatile, and nonhygroscopic.
It should also resonate at a frequency that does not overlap with other peaks, possess a
sufficiently long T, to allow good signal detection, and possess a short enough T4 to
prevent signal saturation when using a repetition time (TR) appropriate for the tissue.
Unfortunately, most internal standards evaluated to date do not meet all of these criteria.
Formate is metabolically inactive and reproducible; however, the T, and T, relaxation
times of formate are much longer than those of endogenous metabolites and must be
corrected for when analyzing the data (96). TSP is metabolically inactive, is non-toxic,
and has desirable T, and T, relaxation times. While it has been used as a quantification
reference in HR-MAS spectroscopy of tissue (40), there are concerns about its
reproducibility due to protein binding (96) or other interactions with the tissue.
Additionally, internal chemical standards, which are typically pre-mixed with deuterium
oxide (D,0) to provide a lock signal, may be inhomogeneously distributed within the

rotor (40).

The Electronic REference To access In-vivo Concentrations (ERETIC) method is a
promising alternative to the use of chemical reference standards in HR-MAS
spectroscopy of tissue and has several unique advantages. Because the ERETIC
method employs a synthesized RF pulse during the acquisition period to produce its
signal, no chemical substance needs to be added to the sample. Thus, there are no
concerns about toxicity or chemical activity. The frequency, linewidth, and amplitude of

the ERETIC signal may also be modified easily by the experimentalist and, the lineshape
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is independent of By, homogeneity. Furthermore, there are no relaxation time
considerations when using ERETIC because the linewidth can be chosen freely. Also, if
the spectrometer is configured correctly, the RF coil loading caused by the sample
reduces the ERETIC signal by the same amount as the metabolite signals from the
sample, as expected for a quantitation reference (97). The ERETIC method has
previously been shown to provide reproducible and robust concentration measurements
in solution and solid state NMR (97, 98); however, very little has been reported on the
use of ERETIC with HR-MAS spectroscopy of tissue. The aim of this study was to
evaluate the accuracy, precision, and reproducibility of ERETIC compared to TSP in HR-
MAS spectroscopy of solutions and prostate tissues in order to establish its reliability as

a quantitative reference.

Materials and Methods

Hardware and ERETIC parameters
Spectral data were acquired at 11.7 T (500 MHz for 1H), 1 °C, and a 2,250 Hz spin

rate using a Varian INOVA spectrometer equipped with a 4 mm gHX nanoprobe. All
samples were analyzed inside custom designed 20 pl or 35 pl leak proof zirconium

rotors which can be purchased from Varian, Inc. (Palo Alto, CA).

Generation of the ERETIC signal required the development of a custom pulse
sequence and modification of the system configuration as shown in Figure 3.1. The
output of the H synthesizer was shared between channels 1 and 3 within the system
cabinet by connecting the synthesizer ports (SYNTH) for the waveform generators on
these two channels to the same synthesizer output. This parallel configuration ensured
that the 'H transmitter and receiver were phase locked with the ERETIC transmitter.
Channel 3 was set up to produce a programmable, low power output capable of

generating an electronic signal with an amplitude comparable to the NMR signal
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produced by the sample. The low power signal was created by bypassing the amplifier
on channel 3 and transmitting the signal from output #4 on the attenuator module. The
channel 3 output and the filtered output from channel 2 were combined with a directional
coupler (Varian Inc, Palo Alto), allowing the signals from both channels to be transmitted

through the X channel of the nanoprobe as shown in Figure 3.1 (78, 97).
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Figure 3.1 A) Pulse sequence diagram of the ERETIC sequence and B) system
diagram of the Varian INOVA console highlighting the modifications required for
generating an ERETIC signal at the 'H frequency. The output of the 'H synthesizer was
shared between the waveform generators (WG) for channels 1 and 3. The ERETIC
signal was taken directly from the output of the Programmable Attenuator (PA) module,
combined with the output from channel 2 using a directional coupler, and transmitted
through the X channel of the nanoprobe. The transmission of the ERETIC waveform
and the data acquisition were synchronized in the pulse sequence. (d1: relaxation
delay; satdly: presaturation delay; pw: pulse width; at: acquisition time; BP: bandpass)

The ERETIC signal was created using Pandora’s Box (Pbox) software (Varian,
Inc., Palo Alto) to generate an exponentially decaying waveform with a user-defined

decay constant and offset frequency and synthesized using the waveform generator on
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channel 3 as shown in Figure 3.1. The desired power and phase for the ERETIC signal
were applied to channel 3, allowing independent control of the ERETIC signal’s
amplitude and phase relative to the rest of the spectrum. The 'H RF pulses were
transmitted on channel 1, the ERETIC signal was transmitted on channel 3 during the

data acquisition and channel 2 was set and tuned to the "*C frequency.

Because the ERETIC signal was transmitted through the RF coil tuned to the "*C
frequency, it was effectively transmitted through a detuned RF coil, and its transmission
was unaffected by sample loading, as described by Ziarelli et al (97). In short, the
quality factor (Q) of the X channel RF coil at the ERETIC frequency was insensitive to
the sample loading differences because the X coil was tuned to the '*C frequency,
whereas the Q of the 'H RF coil at the ERETIC ('H) frequency was sensitive to sample
loading differences. Thus, transmission of the ERETIC signal was constant for different
loads. However, differences in sample loading or tuning of the 'H RF coil attenuated the
reception of the ERETIC signal by the same amount as the NMR signal originating from
the sample. As a result, the ERETIC signal was equivalent to an NMR signal from a
fixed amount of compound added to the sample. The ERETIC signal was phase cycled

in synchronization with the receiver to maintain phase coherence across the scans.

Sample Preparation and Acquisition

Deuterium oxide (D,0, 99.9% atom-D) and deuterium oxide containing 0.75 wt% 3-
(trimethylsilyl)propionic-2-2-3-3-d, acid (D,O+TSP) were purchased from a single batch
manufactured by Sigma-Aldrich (St. Louis, MO). All solution samples were prepared by
loading aliquots of D,O+TSP (weighed to £0.01 mg) into an HR-MAS rotor and filling the
remainder of the rotor volume with D,O containing no TSP. Samples containing 3.0 pL
of D,O+TSP were prepared and analyzed on five consecutive days over three separate

weeks and monthly for five months to test the short term and long term stability of the
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ERETIC and TSP peak areas. Calibrations were performed separately on 20 pyL and 35
ML rotors spanning five TSP concentrations to determine rotor-specific conversion
factors for ERETIC, which were later used to calculate metabolite amounts. Then, the
precision and accuracy of measurements made using ERETIC were evaluated in a 35
ML rotor by acquiring five spectra on samples containing 1 pL, 15 pL, and 30 pL of
D,O+TSP. Spectra were also acquired at ERETIC transmitter power levels of -6, 0, 6,
12, and 18 dB to evaluate the linearity of the corresponding increase in ERETIC peak

area.

One-dimensional spectra were acquired on all solution samples with a calibrated
90° pulse, 40,000 complex points, 20,000 Hz spectral window, 2 s delay (d1), 2 s water
presaturation period (satdly), 2 s acquisition time (6 s repetition time, fully relaxed), 4
steady state pulses, and 64 transients as depicted in Figure 3.1. The phase and
amplitude of the ERETIC peak were chosen to match other peaks in the spectrum, and
the signal was transmitted during acquisition using 0 dB of power, a full width at half

height of 3.5 Hz, and an offset frequency equivalent to -0.5 ppm.

This study was approved by the Institutional Review Board at our institution and
informed consent was obtained from all patients. Tissue samples were obtained from
patients undergoing transrectal ultrasound guided prostate biopsies (n=48) and radical
prostatectomy surgeries (n=12), frozen on dry ice, and stored at -80 °C until the time of
the HR-MAS experiment. The HR-MAS experiments were designed based on the
methods described by Swanson et al. (40). In brief, to provide a lock signal and
frequency reference, 3.0 pL of D,O+TSP was pipetted into the bottom of a tared rotor
and weighed to +0.01 mg, after which a biopsy (mean = 5.90 + 1.15 mg) or surgical

(mean = 18.70 £ 3.44 mg) sample was weighed and added to a 20 uL (biopsy) or 35 uL

(surgical) rotor. When necessary, the magnetic field homogeneity was optimized using
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an automated routine. A presat sequence analogous to the one described for the
solution samples was used for tissue samples, but with 128 transients to obtain a signal
to noise sufficient for quantification. In addition, the TR was reduced to 4 s by setting the
d1 = 0 s (Figure 3.1) because the metabolite T, relaxation times in tissue were shorter.
As in previously published HR-MAS spectra of prostate tissue (40), a spin rate of 2.25
kHz was selected in order to minimize the overlap of the spinning sidebands with the
metabolites of interest, while maintaining the pathologic integrity of the tissue.
Moreover, as illustrated in Figure 3.5, with adequate water suppression, spinning
sidebands due to residual water were usually not observed. Thus, the tissue HR-MAS
experimental design minimized the impact of T, saturation and spinning sidebands on

the results.

Data Analysis

Spectra were processed and analyzed using Advanced Chemistry Development’s
1D NMR Processor, Version 9.15. (ACD/Labs, Toronto). Each FID was zero-filled to
262,144 complex points and Fourier transformed (FT). All tissue FIDs were multiplied by
a 0.5 Hz exponential filter prior to the FT. The spectra were then phased manually, after
which the baseline was corrected by fitting a 6th order polynomial curve to the spectrum
and subtracting it from the spectrum. The TSP and ERETIC signals were quantified
using peak areas, making the analysis less sensitive to sample-to-sample variations in
Bo homogeneity and T, that would affect the TSP lineshape. In the solution spectra,
peak areas were measured by integrating a region spanning 100 Hz on each side of the
peak’s center, which was greater than 50 times the full width at half maximum of the
peaks of interest (99). Whereas, peak areas in tissue spectra were measured using
Lorentzian-Gaussian peak fitting as previously described (40) because the baseline near

TSP was not flat enough to accurately measure its peak area with integration.
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A conversion factor Mg equal to the number of protons equivalent to the ERETIC
peak area was empirically derived in order to assess the quantification accuracy of
ERETIC. Mg is related to the number of millimoles of TSP protons M+gp as shown in Eq.

[3.1]:

Eq. [3.1] M = * Mrgp

where Arsp is the area of the TSP peak and Ag is the area of the ERETIC peak. In this
study, Mg was determined separately for each rotor by plotting the ratio of (Arsp/Ag)
versus M+gp calculated by weight for five concentrations of TSP and then performing a
linear regression on the data. Mg was calculated by taking the inverse of the slope
obtained from the linear regression. The plot used for the linear regression can be

modeled by rewriting Eq. [3.1] as shown in Eq. [3.2]:

A 1
Eq. [3.2] ATSP = * Mrse
E E

The precision and accuracy of the measured amount of TSP protons were
assessed using a separate set of spectra recorded from solutions with varying TSP
concentrations. The moles of TSP protons were calculated for these experiments using

Me, the measured peak areas from the spectra, and Eq. [3.3]:

ATSP % ME

Eq. [3.3] Mrgp =
E

The precision of the measured amount of TSP protons was evaluated by
computing a relative standard deviation (RSD) for the measurements. The accuracy of

the measured amount of TSP protons was then determined using Eq. [3.4]:
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(TS—PE - TSPW)
TSP,

%100

Eq. [3.4] Accuracy =

where TSPk is the average number of TSP protons measured using ERETIC, and
TSP, is number of TSP protons determined using the weight and concentration of

D,O+TSP.

The linearity of the increase in the ERETIC peak area with the increase in the
ERETIC power as well as the slope of the increase was assessed by analyzing the data
acquired with five different ERETIC power levels spanning -6 to 18 dB. In a
spectrometer with ideal components, the area of the ERETIC peak (Ag) would be directly
proportional to the voltage of the signal used to produce the ERETIC peak (V). In
practice, the electronics used to generate the ERETIC signal are not perfectly linear
causing the actual voltage range to be slightly different, usually smaller, than the
expected voltage range. This reduction is often referred to as the compression factor

(C) and can be modeled using the following relationship for Ag:

Eq. [3.5] Ag =R#C*V,

In Eq. [3.5], R is the receiver conversion coefficient and it accounts for the
amplification produced by the preamplifier as well as the attenuation caused by
sensitivity of the RF coil. It is important to note that V| is expressed on a linear scale

and it is related to the voltage specified in the Varian software (Vgg) by:

Eq. [3.6] Vg =20+Log(V, )

Also, it should be noted that C is a function of V. In the treatment presented here,

it will be modeled as two piecewise linear segments where C is 1 for 0<V, <1072

Mark J. Albers Page 45



Measuring Metabolic Changes with HR-MAS and Hyperpolarization

(V,5<-6) and an unknown constant (C;) for 10°° <V, <10°° (-6<V,5=<18). After
using Eq. [3.6] to replace V| with V4g, Eq. [3.5] becomes:

Vd B

Eq. [3.7] Ag=R#C#1020

Since C has been defined as 1 for Vg = -6 (V.= 10%?), R can be determined from
Eq. [3.7] using the Ag measured at Vg = -6. This yields a value of 3.92e8 for R. Next
Eq. [3.7] and the ERETIC power data were normalized by R to produce Eq. [3.8] and the

data in Figure 3.2.

Eq. [3.8]

The ERETIC peak area versus transmit power data shown in Figure 3.2 was fit to a
linear model (y = ax + b) using the curve fitting toolbox in Matlab. The conversion of the
power values from the dB scale to the linear scale was assumed to be perfect since it
was computed by the spectrometer software and was applied to the data before fitting.
If the ERETIC transmitter was a linear, one-to-one system, the slope of the fit (C4) would

be equal to one across the voltage range -6 <V, 5 <18.

Finally, the variability of the TSP and ERETIC peak areas in the prostate tissue
spectra were evaluated, as well as the error in the TSP peak areas. The variability in the
TSP and ERETIC peak areas was evaluated by computing the RSD for spectra recorded
from the biopsy and surgical samples, separately. The error of the TSP peak areas was
calculated by comparing the measured amount of TSP protons determined using the
spectra to the amount expected based on the mass of the TSP added to the rotor. The
measured amount of TSP protons was calculated using the TSP and ERETIC peak

areas, Mg, and Eq. [3.3]. These results were validated by comparing the TSP and
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ERETIC signals in a representative prostate surgical spectrum to those in a solution

spectrum acquired using the same HR-MAS protocol.
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Figure 3.2 Linearity of ERETIC signal area with ERETIC power plot. The blue
diamonds represent the average of three HR-MAS measurements taken on the same
solution sample after they were normalized to remove arbitrary scaling factors
introduced by the spectrometer’s electronics. The black line is a plot of the fit obtained
on the data from Matlab. The equation for the fit is written in the inset along with its R?
value. Since the leading coefficient of the fitted model is 1.187, the model indicates that
the ERETIC signal area does NOT exhibit the one-to-one correlation with the ERETIC
power that would be expected from an ideal spectrometer.

Results
The weekly RSD of the ERETIC peak area in solution ranged from 2.09% to 4.25%

over three weeks and was 4.10% over the five month period (Figure 3.3). The RSD of
the TSP peak area corrected for mass was slightly higher than that of the ERETIC peak
for the three weeks and slightly lower for the five months, but the difference was not
significant in either case (combined p<0.72). ERETIC peak areas in individual spectra

deviated from the long term peak area mean by a minimum of 0.98% and a maximum of
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8.35%. The ERETIC peak area deviated by less than 5% of the mean peak area in 80%

of the spectra.
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Figure 3.3 Relative standard deviation (RSD) of the ERETIC peak area and TSP peak
area (corrected for mass) from identically prepared solution samples acquired A and B)
on five consecutive days during three separate weeks and C and D) over five months.
The solid line represents the mean peak area over the relevant time period, the dotted
lines represent 5% deviations from the mean, and the small dashes in plots A and B
represent the weekly means. Samples were prepared by adding 3 pL of D,O+TSP
(weighed to +/- 0.01 mg), and filling the remainder of the rotor volume with plain D;O.
The average weekly RSD of the ERETIC peak area was 4.25%, 3.29%, and 2.09%
during each week respectively, while corrected TSP peak area RSD’s were 4.30%,
6.76%, and 3.57% during the same periods. The average monthly RSD was 4.10% and
2.47% for ERETIC and TSP, respectively.

The ratio of TSP and ERETIC peak areas was plotted versus the number of umols
of equivalent protons for TSP (9 per molecule) determined by weight for each of the rotor
sizes in Figure 3.4. A linear relationship was established with an R? of 0.999 for the 20

WL rotor and an R? of 0.998 for the 35 L rotor using least squares regression. Next, Mg
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was derived using Eq. [3.2]. At an ERETIC transmit power of 0 db, Mg equaled 0.393

pmol of protons in the 20 pL rotor and 0.269 pymols of protons in the 35 L rotor.

Serial studies were then conducted to validate the accuracy and precision of these
conversion factors. The number of pmoles of TSP protons was calculated using the
mass of D,O+TSP and compared to the number of protons calculated using ERETIC, as
summarized in Table 3.1. For each amount of TSP, the ERETIC-derived number of
protons was accurate to within 4.2% and precise to within 2.9% of the weighed

measurement.

The ERETIC peak area increased linearly with the ERETIC transmitter power as
the power was increased from -6 dB to 18 dB (Figure 3.2). However, the rate of the
increase in the ERETIC peak areas was not one, as would be expected from an ideal
spectrometer. The slope (C+) of the Matlab fit to peak area data was 1.187 after the data
was normalized to remove arbitrary scaling factors introduced by the spectrometer’s
electronics (R? = 0.9998). Since the slope was 18.7% greater than the theoretically
expected value of 1, the increase in the ERETIC peak area is 18.7% greater than

theoretically predicted for a 24 dB boost in power.

Figure 3.5 demonstrates the addition of the ERETIC signal to a representative
prostate surgical tissue spectrum at a frequency of -0.5 ppm, where it does not overlap
with other metabolite peaks. The peak had a Lorentzian lineshape, a full width at half
height of 3.5 +/- 0.01 Hz, and a phase and amplitude comparable to the peaks
originating from the tissue metabolites. In prostate biopsy and surgical tissues, the RSD
of the ERETIC peak area was significantly lower than that of the TSP peak area
corrected for TSP mass (4.53% compared to 20.1% in surgical tissue, p < 0.001; 3.33%
compared to 31.7% in biopsy tissue, p < 0.001), while no significant difference was

found between ERETIC and TSP peak area RSDs in solution (Table 3.2). A plot of
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ERETIC peak area versus TSP peak area corrected for mass (plot not shown) showed
no correlation (R? = .020), indicating that variation in TSP was not caused by differences

in coil loading or coil tuning between samples.
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Figure 3.4 Plot of the TSP peak area (Arsp) / ERETIC peak area (Ag) versus
micromoles of TSP protons determined by weight in the A) 20 uL and B) 35 pL rotors.
Linear regression was performed on the data to calculate the rotor-specific conversion
factors (Mg), as contained in Eq. [3.2]. Mg represents the equivalent amount of protons
for the ERETIC peak and can be used for quantification of metabolites. The Mg for the
20pL rotor was 30% greater than the Mg for the 35pL rotor.
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TSPw TSPg Precision Accuracy
0.408 0.425 + 0.004 0.99% 4.16%
6.41 6.18 £ 0.18 2.91% -3.60%
12.79 12.72 £ 0.30 2.36% -0.49%

Table 3.1: Precision and accuracy of the number of TSP protons (umol) measured
using the ERETIC method from solution samples of equal volume. The left column
shows the number of TSP protons calculated using the mass of TSP in the rotor
(weighed to +/- 0.01 mg). The second column shows the mean and standard deviations
of the same protons calculated using Mg and the ERETIC and TSP peak areas from five
consecutive acquisitions. The third column shows the precision of the measurement
expressed as the RSD. The fourth column shows the accuracy obtained using Eq. [3.4].

Additionally, the TSP peak areas in the tissue spectra were considerably smaller
than what was expected based on the mass of the TSP added to the sample. For the
prostate surgical spectra, the peak area was 73.4 = 7.0% less than the expected area.
The TSP peak area in the prostate biopsy spectra was 72.1 + 14.4% less than the
expected area. These large differences were verified by comparing the ERETIC and
TSP peaks from a surgical spectrum to those from a solution spectrum acquired using
the same HR-MAS protocol and a comparable amount of TSP. The ERETIC peak from
the solution spectrum was 22.1% larger than the peak in the surgical spectrum due to
lower RF coil loading caused by the solution sample, further substantiated by a 14.3%
shorter 90° pulse width for the solution sample. After amplifying the surgical spectrum
by 22.1% to correct for the loading difference, the ERETIC peaks were nearly identical,
whereas the TSP peak was substantially smaller for the surgical spectrum (Figure 3.6).
In order to match the linewidths of TSP peaks in the surgical and solution spectra, the
TSP peak in the solution spectrum was apodized with a 2.9 Hz Lorentzian filter to

facilitate the visual comparison present in Figure 3.6. The error in the TSP peak area for
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the surgical spectrum in Figure 3.6 was 71.6% and its TSP peak area was 28.7% of the

corresponding peak in the solution spectrum.
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Figure 3.5 Representative HR-MAS spectrum of prostate surgical tissue with the
ERETIC signal generated at a frequency of -0.5 ppm and with a transmitter power of 0
dB. The phase of the ERETIC signal was matched to the metabolites before the
acquisition and produced a peak that had a phase and amplitude comparable to those of
the tissue metabolites. The frequency of the ERETIC signal was well separated from the
other peaks in the spectrum and allowed for accurate quantification of its peak.
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Sample TSP ERETIC p value

TSP Solution (n=19) 2.72% 3.69% 0.32
Prostate Surgical (n=12) 20.1% 4.53% < 0.001
Prostate Biopsy (n=48) 31.8% 3.34% < 0.001

Table 3.2: Relative standard deviations (RSD) of the TSP peak area (corrected for
mass) and ERETIC peak area in solution and prostate biopsy and surgical tissues.
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Figure 3.6 Comparison of the A) TSP and B) ERETIC peaks from a prostate surgical
sample and solution sample with a comparable amount of TSP. The surgical sample
was amplified by 22.1% to correct for loading differences between the two spectra,
determined by the differences in the ERETIC peak area and the 90° pulse width. The
TSP peak from the solution spectrum was apodized by 2.9Hz to match the linewidths of
the TSP peaks in the two spectra. Since the TSP peak area in the tissue spectrum was
28.7% of the peak area in the solution spectrum, a significant amount of the TSP was
not detected in the HR-MAS experiment.

Discussion

In this study, the ERETIC method was used to generate a stable and robust
electronic quantitative reference signal for HR-MAS NMR spectroscopy applications.
The ERETIC signal was then added reproducibly to prostate tissue data acquisitions at a
consistent frequency and in phase with other metabolites. Modifications for the addition

of ERETIC were minimal and used only standard components found on many modern
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spectrometers and a commercially available directional coupler. Even though ERETIC
has been used successfully in solution and solid state NMR applications (97, 98), little
work has been done showing its feasibility as a quantitative reference standard for HR-

MAS spectroscopy of tissue.

The ERETIC peak area was found to be stable in solution over the short term
(weekly intervals) and long term (5 months), with a RSD of 3.69% over all experiments.
This level of stability was comparable to that observed with TSP using the same
acquisition parameters. However, the stability of ERETIC signal was slightly lower than
previously reported (78). The lower stability was not surprising because the amplitude of
the ERETIC signal was chosen to be relatively low to mimic the intensity of the
metabolite signals observed in tissue. The lower amplitude produced a signal-to-noise
(SNR) that was more than sufficient for these studies, but lower than what was used in
the previous reports. The lower SNR resulted in a higher RSD, as has been published
(100). In addition, small differences in the baseline correction applied during post-
processing and variations in the probe tuning from sample to sample would also impact
the ERETIC peak area stability. Lastly, a small coupling between the ERETIC
transmitter and the digital receiver inside the system cabinet was observed on the
INOVA spectrometer that contributed to the lower ERETIC peak area stability. Despite
all of the small sources of error in the measured ERETIC signal, the variability of the
ERETIC signal was much less than the biological variability that exists between samples

(35).

Due to differences in volume and sensitivity, the conversion factor (Mg) differed by
more than 30% between the 20 yL and 35 pL rotors for ERETIC signals transmitted with
the same power. Therefore, the ERETIC response must be calibrated for each rotor.

This difference may be explained partly by signal dampening due to increased thickness
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of the zirconium walls in the 20 pL rotor. Specifically, the TSP peak area for a

comparable amount of TSP was significantly lower when recorded using the 20uL rotors.

This decrease in the TSP peak area caused an increase in Mg as expected from Eq.
[3.1]. Since the signal from the TSP molecules must propagate through the walls of the
zirconium rotors, the decrease in the TSP signal from the 20uL rotors suggests that the
thicker walls of the 20uL rotors produced more attenuation of the TSP signal. There
was, however, no need to recalibrate Mg during the five-month time frame of the
experiments presented here because of the relative long term stability of the ERETIC
signal. Relative standard deviations of less than 3.0% and errors of less than 4.2% were
found using Mg and the ERETIC peak for quantification of TSP in solution compared to
values expected by weight. The fact that these precision and accuracy percentages are
higher than the 0.5 — 3% range typically reported in '"H NMR (95) and the 0.25 — 1.3%
previously reported for the ERETIC added to solution spectra (78) can be explained by
the small errors described above, with the exception of the probe tuning variations. If
necessary, the accuracy of quantifications based on ERETIC could be improved by

increasing the signal to noise ratio, but this would not affect the metabolite SNR.

The increase in the ERETIC peak area as a function of the ERETIC transmitter
power was linear, but the rate of increase was 18.7% higher than the rate of increase
expected for an ideal spectrometer. The increase may have been a result of
imperfections in the electronics or it may have been designed to compensate for a loss
in gain introduced by the amplifier over this voltage range. Since the amplifier was by-
passed for the transmission of the ERETIC signal, the effects caused by the amplifier
are excluded from these measurements. For the experiments included in this study, an
ERETIC power of 0 dB produced a peak with an amplitude comparable to the metabolite

peaks from the tissue samples. However, the optimal power depends on the sample
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size and the metabolite concentration in the tissue and would likely vary across different
spectrometers and probes. While the power can be changed easily, the deviation of the
slope of the ERETIC peak area versus power from unity indicates that the ERETIC

conversion factor needs to be calibrated at the desired power.

The reproducibility of the ERETIC peak area was comparable in tissue and
solution (RSD = 4.07% versus 3.94%, respectively), while the reproducibility of TSP
corrected for mass was much poorer in tissue than in solution (RSD = 20.1% and 33.7%
in prostate surgical and biopsy, respectively, versus 4.90% in solution). Furthermore, a
significant amount of the TSP added to the tissue samples was not observed in the
spectra, as indicated by the large error in the amount of TSP measured from the tissue
spectra. The presence of this error was confirmed and illustrated in Figure 3.6 by
comparing the TSP and ERETIC peaks from a prostate surgical sample and a solution
sample acquired using the same HR-MAS procedure and the same amount of TSP.
While the increased coil loading created by the tissue sample would decrease the signal
from the TSP, the observed decrease in the TSP peak area was much greater than the
decrease in the ERETIC peak area and increase in the 90° pulse duration, which should
be equivalently affected by the loading changes. The observed error in the TSP peak
area would lead to an over-estimation of metabolite concentrations if used as a
quantification reference as previously noted (40). Effects such as T, saturation and
overlap with spinning sidebands could have contributed to the errors observed in the
tissue samples. However, the T, of TSP when added to HR-MAS tissue experiments at
1°C is ~600 ms (40) leading to a signal loss of 0.13% with a 4 s repetition time. At a
spin rate of 2.25kHz, the ERETIC and TSP peaks would overlap with spinning sidebands
from molecules resonating at 4.0 and 4.5ppm, respectively. The spectral intensities at

these frequencies are small (Figure 3.5), rendering their spinning sidebands almost
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undetectable at 0 and -0.5ppm (data not shown). As illustrated in Figure 3.5, with
adequate water suppression, spinning sidebands due to residual water were usually not
observed. Thus, the tissue HR-MAS experimental design minimized the impact of T,

saturation and spinning sidebands on the results.

The large measurement error and variation in the TSP peak area may also be
attributed to an inhomogeneous distribution of TSP within the rotor, By inhomogeneity,
and weighing errors, all of which are avoided with ERETIC. Additionally, the variability
and error in the TSP signal observed in both tissue types is consistent with a previous
study, which found that when comparable amounts of TSP were added to blood serum
samples, the TSP had a very short T, due to possible protein binding (96). Regardless
of the cause of the TSP errors, the superior reproducibility of ERETIC would reduce the
measurement error of metabolite concentrations in tissue, thereby providing values that
are more reflective of true biological differences between tissues of different disease

states.

While ERETIC shows great promise as a quantitation reference for HR-MAS
spectroscopy of tissue, the method has a few limitations. First, the ERETIC phase must
be matched to that of the metabolite signals on a per sample basis prior to the data
acquisition or else the resulting signal may be out of phase from the metabolite signals.
However, within the same day these phase adjustments were often small or negligible
when the same rotor was used. In addition, this limitation can be overcome by using a
spectral quantification tool that has the ability to quantify peaks with different phases.
Second, the ERETIC frequency was offset by a constant amount from the center
frequency, chosen to be water. Because of small frequency shifts in the water peak

caused by minor temperature fluctuations and variations in determining the center
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frequency for the relatively broad water peak, the ERETIC frequency will vary slightly

from sample to sample.

In this study, the ERETIC method provided an electronic reference that was stable,
accurate, and precise compared to TSP under HR-MAS conditions. In prostate tissue,
the ERETIC peak was also shown to have a reproducible area and a shape that was
independent of By homogeneity. The ERETIC signal’s frequency, linewidth, and
amplitude can be optimized for each application; however, the signal must be calibrated
at the desired amplitude or power as the system does not behave as an ideal one-to-one
system. In addition, the amplitude of the recorded ERETIC signal is sensitive to the
rotor volume and must be calibrated for each rotor, even those of the same volume.
Once the ERETIC signal was properly calibrated, its variability and accuracy as a
quantification reference in HR-MAS spectra from prostate tissue was superior to that of
TSP. The enhanced quantification accuracy and precision provided by ERETIC will
improve the quantification of absolute metabolite concentrations in individual tissue
samples and facilitate comparisons between tissue populations representing various
biological conditions and diseases. Beyond quantifying spectra from prostate surgical
and biopsy samples, the benefits afforded by ERETIC will be useful for quantifying HR-
MAS spectra from other organs, such as brain, breast, liver, or kidney, and other sample

sources, such as cell cultures, tissue cultures, or biological fluids.

3.2 Quantification References for *C HSQC Experiments
As indicated in Chapter 2, the C labeling of the reporter metabolites of interest

will be measured using an HSQC experiment. In order to interpret and quantify the "*C
HSQC spectra, a reference molecule must be present in the spectra. The reference
molecule must provide a chemical shift reference to facilitate identification of the

molecules producing the HSQC cross-peaks as well as a concentration reference to
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permit measurement of concentrations associated with the HSQC cross-peaks. In
addition, it will be necessary to calibrate the pulse widths for the carbon pulses in the
HSQC experiments. Without calibrated carbon pulses, the HSQC cross-peak volumes
will not accurately reflect the concentrations of the molecules they represent. Therefore,
the HSQC reference should also support the calibration of the carbon pulses on an
individual sample because the metabolite concentrations in the sample will be too low to
permit pulse width calibrations. Thus the HSQC reference molecule must serve as a
quantification reference, a chemical shift reference, and a calibration reference. For
simplicity, the reference molecule will be referred to as a quantification reference from

this point forward.

Based on the uses for the quantification reference, it will not be possible to use one
of the molecules in the HR-MAS sample as an internal quantification reference for the
HSQC because they are of an unknown concentration and their SNR will be too low for
pulse width calibrations. As a result, an external reference must be added to the HSQC
spectrum. In section 3.1, several important characteristics of an external reference were
highlighted. Namely, the reference should be highly reproducible from sample to
sample, non-toxic to the tissue or cells in the sample, chemically inert (metabolically
inactive), non-volatile, nonhygroscopic, resonate at a frequency that does not overlap
with other peaks, possess a sufficiently long T, to allow good signal detection, and
possess a short enough T4 to prevent signal saturation when using a repetition time (TR)
appropriate for the tissue. In addition to these requirements, the HSQC quantification
reference must produce a cross-peak in the HSQC spectrum. Since a *C HSQC only
detects "H’s bound to C nuclei, the quantification reference needs to contain a *C
nucleus with a directly attached 'H nucleus. Ideally, the "C nucleus will resonate

between 0 and 100 ppm in the carbon spectrum and have multiple chemically equivalent
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'H’s attached to it that are not split by other 'H’s. The extra 'H’s will increase the SNR of
the reference’s cross-peak. Furthermore, the low natural abundance of "*C will require
that the reference compound be synthetically enriched with "*C to further improve the
SNR of its HSQC cross-peak. Therefore, the compound must be commercially available
in a *C enriched form at a reasonable price. Clearly, the long list of requirements for the

quantification reference limits the number of compounds that could used as a reference.

One easy way to satisfy these requirements would be to use an electronic
reference as was done for the 1D 'H experiments. The ERETIC method provides a very
accurate quantification reference for HR-MAS spectroscopy and is fairly easy to
implement on modern multi-channel spectrometers for one-dimensional experiments as
shown in the previous section. Unfortunately, even though it has been demonstrated
that ERETIC can also be applied to two dimensional experiments (101), the limited
memory available in the hardware of many multi-channel spectrometers makes it
significantly more difficult to use ERETIC as a quantification reference for two-
dimensional experiments. Since an electronic reference is not a practical option for the

HSQC quantification reference, a suitable reference chemical must be identified.

Historically, several quantification references have been used for '*C metabolic
studies. Lactate and myo-inositol have both been used as references for natural
abundance *C studies (102, 103). However, neither would be appropriate as an
external reference for HR-MAS studies on prostate tissue because they are already
present in prostate tissue. Dioxanne was used as a reference for extract studies (104,
105). While it is highly soluble in water, it is a known animal carcinogen and a
“reasonably anticipated” human carcinogen.  Therefore, it was excluded from
consideration because it posed a possible health hazard to the experimentalist and, it

would likely be harmful to the tissue sample as well. Ethylene glycol also was ruled out
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because it costs $668 per gram, even though it was previously used for '>*C NMR studies
on cells (106). Fortunately, two other compounds seemed to be more promising options
for a quantification reference. Both '*C labeled glycine and formic acid are commercially
available and are more reasonably priced at approximately $220 per gram. While formic
acid has been used as an external reference, there are some concerns that it may be
toxic to human tissue and its carbon chemical shift is 166 ppm. Since its carbon
chemical shift was greater than 100 ppm and its toxicity would have to be investigated,
formic acid was eliminated from consideration. On a more positive note, the *C
chemical shift of C-2 glycine is 42.56 ppm and it is not toxic to human tissue as it is a
naturally occurring amino acid. Even though it is naturally occurring, its concentration is
virtually undetectable in prostate tissue and it is metabolically inactive. As an added
benefit, glycine has 2 chemically equivalent 'H’s that are not split. It does slightly
overlap with C-1 and C-3 myo-inositol. However, it was used in such high concentration
for the HR-MAS experiments that the overlap did not affect the quantification of the
glycine reference. Therefore, synthetically enriched ®*C-2 glycine was used as the

HSQC quantification reference for the HR-MAS experiments included in this project.

3.3 Decoupling Optimization
While ®C labeling of metabolites of interest and their products provides a powerful

tool for studying product formation and the pathways linking the products to their
precursors, it increases the complexity of the HR-MAS spectra. The primary difference
in the spectra is caused by the J-coupling that exists between the "*C nuclei and the
neighboring nuclei, in many cases the attached "H nuclei. The proton-carbon J- coupling
(Jcn) affects both the 'H and *C spectra of these metabolites by splitting the spectral
peaks of the coupled nuclei into additional peaks. The extra information provided by the
Jen splitting in a one-dimensional spectrum can be used to separate the 3C labeled pool

of the metabolite from the C labeled pool. In addition, the spins of the "*C labeled
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metabolite pool can be manipulated using the Jcy coupling so that only the signal from
the *C pool is recorded, as is done with the HSQC sequence. These benefits come
with some disadvantages as well. Since the 'H spectra of prostate tissue is already
rather densely populated, the additional peaks produced by the Jcy splitting lead to even
more complex and crowded spectra and often increase the number of metabolites with
overlapping peaks. In the case of Lactate, Alanine, and Glutamate at 11.7T, most of the
new peaks overlap with other metabolite peaks making it difficult to quantify these
peaks. In addition, the Jcn splitting divides the signal from the chemically equivalent
nuclei into separate, smaller peaks resulting in a lower signal-to-noise for the individual
peaks. Fortunately, the complications caused by the Jcy coupling can be eliminated by

decoupling the "*C nuclei from the "H nuclei while the spectrum is being recorded.

Over the years, several schemes have been developed for decoupling neighboring
nuclei from one another. Naturally, each scheme has advantages and disadvantages
relative to the other schemes. In order to select the scheme appropriate for the
proposed studies, it is necessary to define the requirements for the decoupling. The HR-
MAS protocol described in Chapter 2 relies on carbon decoupled proton ('H["*C])
spectra to measure the total metabolite concentration and HSQC spectra to measure the
3C labeled metabolite concentration. Both of these experiments will be used to record
the 'H signal from compounds that have been labeled with *C. Therefore, both
experiments require ">C decoupling. Even though the ">C NMR spectrum spans a huge
range from 0 — 220ppm, only the "*C nuclei attached to 'H nuclei need to be decoupled,
reducing the decoupling range to 0 — 100ppm. At 11.7T, this decoupling range
corresponds to a decoupling bandwidth of 12.5kHz. In addition, it is important to limit the
amount of power used for the decoupling to avoid heating the sample during the HR-

MAS experiment. As was described in Chapter 2, in order to minimize the metabolic
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activity during the HR-MAS experiment, it is necessary to keep the sample cold for the
entire experiment. The last requirement for the decoupling is that the noise produced by
the decoupling, mainly decoupling sidebands, be minimal. If the decoupling noise
becomes too large, two problems arise. First, the spectral noise spikes created by one
metabolite may overlap with the peaks of another metabolite leading to an inaccurate
area or volume measurement for the second metabolite. Second, the spectral noise
includes a portion of signal produced by the metabolite. If a significant percentage of a
metabolite’s signal is lost to decoupling noise, the area or volume measurements for that
metabolite will lead to inaccurate estimations of the metabolite’s concentration. Thus,
there are three requirements for the "*C decoupling necessary for these studies: 1) a
bandwidth greater than 12.5kHz, 2) low enough power to avoid sample heating, and 3)

minimal decoupling noise or decoupling sidebands.

After surveying the various decoupling schemes, continuous wave (CW) and
WALTZ decoupling could be ruled out because they do not satisfy the first requirement.
CW decoupling is effective for decoupling a narrow frequency range because it does not
require large amounts of power and provides good quality decoupling across the
frequency range. Unfortunately, the decoupling bandwidth is far too narrow for the HR-
MAS studies proposed here. WALTZ decoupling works very well for H decoupling
where the bandwidths are approximately 2.5kHz at 11.7T. However, WALTZ does not
work well for **C decoupling because the bandwidth required is much larger than for 'H.
Fortunately, there are two other decoupling schemes that work very well for 3c
decoupling, namely GARP decoupling and adiabatic decoupling. In an attempt to
evaluate these two decoupling schemes against the three requirements presented in the
previous paragraph, several experiments were conducted on a concentrated solution of

3C-2 glycine with a small amount of TSP added as a reference. The decoupling
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bandwidth was measured by varying the decoupling offset frequency (DOF) from -
18.5kHz to 6kHz in increments of 500Hz. As a side note, the DOF controls the center
frequency of the decoupling channel. By varying the DOF, the decoupling window or
absolute frequency range that was successfully decoupled was also adjusted. Since the
spins from the glycine molecules resonant at a fixed frequency for a given magnetic field
strength (125.6540 MHz at 11.7T, DOF of -6.3kHz), the decoupling bandwidth, the width
of the decoupling window, was measured by shifting the decoupling window across the
resonant frequency of the "*C-2 glycine. The decoupling bandwidth was calculated by
taking the difference between the largest and smallest DOF that produced a fully
decoupled peak for *C-2 glycine. The heating of the sample for the two decoupling
schemes was monitored by measuring the chemical shift of the TSP in the '*C-2 glycine
solution relative to the lock while the sample was decoupled 36 times using a 2 second
data acquisition time, a 6 second TR, and 90° excitation pulse. Since the resonant
frequency of the TSP is temperature dependent, the chemical shift will change as the
sample temperature changes. The amount of decoupling noise was quantified by
measuring the peak height of the decoupling sidebands relative to the decoupled peak
height for *C-2 glycine.

Before the decoupling scheme comparison experiments could be performed, the
90° pulse width had to be measured for the *C channel. Since the *C RF coil is the
outer coil in the Varian Nanoprobe, the sensitivity of the coil is much poorer than the

inner 'H coil. As a result, the *C pulse was calibrated using the indirect method

depicted in Figure 3.7. The sequence, named PWXCAL on the Varian console, uses a
spin echo pulse combination on the 'H channel with an echo time of }_ and C

excitation pulse synchronized with the 'H 180° pulse. Since the coupling constants for

"*C-2 glycine was 143Hz, the inter-pulse delay was 3.50msec ( 5, ). When the flip
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angle of the ™*C pulse is 90°, the two peaks from " 3C-2 glycine will be nulled. Therefore,
the sequence was used to calibrate the ">C pulse width by varying the width of the "*C
pulse in the PWXCAL sequence and determining which value produced a null in the "*C-

2 glycine peaks.

Figure 3.7 A diagram of the PWXCAL pulse sequence used to perform an indirect
calibration of the C 90° pulse width. The numbers in white are in seconds, the
numbers in yellow are in milliseconds, and the numbers in light blue are in
microseconds. The 'H channel is displayed at the top of the diagram, labeled as Tx, and
the "3C channel is displayed at the bottom of the diagram, labeled as Dec.

Equipped with a calibrated ®C pulse, the GARP decoupling scheme was
implemented using Varian’s standard GARP waveform by setting the dmm parameter to
ccg and using the attval macro to calculate the pulse-width that would produce a 90°
pulse on the "C channel at the desired power level. The GARP scheme was
characterized using three different power levels, 41, 42, and 43dB. The adiabatic
schemes utilized a WURST-40 adiabatic pulse (107) and were generated using a
customized version of Varian’s makeCshp macro. The makeCshp macro employed
Pbox to create a Varian shape file for the adiabatic decoupling sequence that

theoretically exhibited the desired decoupling bandwidth and pulse length and was
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based on the specified adiabatic pulse and calibrated *C pulse width. For most of the
adiabatic pulses, a 15kHz bandwidth was requested to ensure that they provided
complete decoupling of the carbon nuclei spanning a 12.5kHz range. The pulse length

for the individual pulses was varied from the default of 1,400usec to 444usec, a duration
equivalent to one rotation of the HR-MAS rotor, as well as 222usec. The spectrometer

was configured to use the adiabatic decoupling sequence by setting dmm to ccp and
dseq to the name of the shape file created by the makeCshp macro. The dres, dmf, and
the power parameters were set based on the information provided by Pbox in the shape
file. The DOF was arrayed as described above for both the GARP and the adiabatic

decoupling schemes.

The data in Figure 3.8 show the decoupling profile and bandwidth achieved on *C-
2 glycine with various permutations of the GARP and adiabatic schemes. The variation
in the peak height of the decoupled glycine peak revealed that the there was some
variation in the decoupling across the decoupling window for all the decoupling
sequences. The decoupling bandwidth of the GARP sequences and the adiabatic
sequence with 1,400usec pulses satisfied the 12.5kHz decoupling bandwidth
requirement. However, the adiabatic sequences with 222 and 444usec pulses did not
provide a 12.5kHz decoupling bandwidth unless the bandwidth used to design the pulse
was increased above 15kHz as can be seen by the data in Table 3.3 and Figure 3.8. As
expected, the frequency shift of the TSP peak increased with the decoupling power and
the overall duty cycle of the decoupling, indicating that the amount of sample heating
was directly proportional to the decoupling power and duty cycle. When using
decoupling powers of 47 dB or more the TSP peak shifted by at least 10 Hz. After
decreasing the power to 41 dB, the TSP peak only shifted by a couple Hertz. The

decoupling sidebands were largest for the adiabatic decoupling sequence that used
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1,400usec long pulses. Although, the amplitude of the decoupling sidebands decreased

as the pulse length was shortened to the point that the sidebands were almost

nonexistent with 222usec long pulses (Figure 3.9). The GARP decoupling sequences in

general had lower decoupling sidebands as compared to the adiabatic sequences.
Furthermore, the decoupling sidebands decrease for the GARP sequences as the
decoupling power was increased from 41dB to 43dB. Out of the decoupling options that
provided sufficient decoupling bandwidth, the GARP decoupling sequence with a pulse
power of 43dB provided best combination of low power deposition and minimal
decoupling noise. Thus, the GARP sequence with 43dB pulse power was used to
decouple the ™®C nuclei from the 'H nuclei for all the HR-MAS studies presented in
Chapter 4. In an attempt to further reduce the power deposition and corresponding
sample heating, the decoupling duty cycle was slightly reduced for these experiments by

decreasing the data acquisition time to 1.5 s and increasing the TR to 7 s.
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Figure 3.8 (A) Carbon decoupling profile plot and (B) decoupling bandwidth vs.
decoupling power plot for several permutations of GARP and adiabatic decoupling. All
the data are taking from 'H['°C] spectra collected from a solution sample of '*C-2
glycine. The top panel depicts how well the glycine was decoupled as function of the
decoupler offset frequency. The small depressions in the flattops of the profiles indicate
that the decoupling performance was slightly degraded at certain frequencies. The
bottom panel illustrates the tradeoff between the decoupling bandwidth and the
decoupling power. The best combination, large bandwidth and low power, is shaded
white on the plot and the worst combination is shaded red. The adiabatic scheme with
1,400psec pulses exhibited the largest decoupling bandwidth with the least amount of

decoupling power.
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. Pulse Design Measured
D‘;‘;%‘;ﬂ'gg Width | Bandwidth | Power | Bandwidth
(usec) (kHz) (kHz)
GARP 41 13
GARP 42 15.5
GARP 43 18.5
Adiabatic 1400 15 38 13
Adiabatic 444 15 43 11
Adiabatic 222 15 46 8.5
Adiabatic 1400 25 41 24.5
Adiabatic 444 25 46 24.5
Adiabatic 222 25 49 19.5

Table 3.3 The measured decoupling bandwidth for various permutation of the GARP
and adiabatic decoupling schemes.
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Figure 3.9 Decoupling sidebands for various decoupling schemes. The 'H["3C] spectra
were obtained from a solution of "*C-2 glycine.
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Chapter 4
Investigating Metabolic Changes in New Human Prostate Cancer
Model Systems with '>C Labeling

4.1 Requirements for a Model System of Prostate Metabolism
Nuclear magnetic resonance has been used to study intermediary metabolism in

an effort to characterize the metabolic changes associated with the evolution and
progression of a variety of human diseases. One clinically relevant disease, prostate
cancer, has been shown in in-vivo and in vitro studies to undergo unique metabolic
changes as the healthy prostate tissue is neoplastically transformed into prostate
cancer. In-vivo, proton magnetic resonance spectroscopic imaging has confirmed that
the healthy glandular tissue in the peripheral zone of the prostate has a uniquely high
concentration of citrate and that it is significantly diminished in prostate cancer (46, 108,
109). In vitro, proton NMR spectroscopic studies performed on extracts of transurethral
resection specimens (44) and high-resolution magic angle spinning (HR-MAS)
spectroscopic studies of intact surgical (40) and biopsy (47) samples taken from human
prostate tissue have demonstrated that prostate cancer samples contain significantly
higher levels of lactate and alanine than normal prostate samples. Interestingly, the
reduction in citrate that occurs with the development of prostate cancer may be related
to the higher lactate and alanine observed in prostate cancer. In particular, an increase
in glycolytic lactate production may provide the parasitic cancer cells with an energy
source that is independent of its oxygen supply, a carbon source for the biosynthesis of
cell membranes that begins with lipogenesis (62), and/or an acid source that likely
enables the cells to invade neighboring tissue (69). Since the glandular secretory cells
in the peripheral zone of the prostate use pyruvate to synthesize and secrete large
amounts of citrate, an increase in the conversion of pyruvate to lactate would cause a
decrease in citrate production. Alternatively, it has been suggested that the parasitic

prostate cancer cells may generate the extra energy they need to grow and proliferate
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by increasing citric acid cycle utilization of citrate. The complete oxidation of citrate
provides the cancer cells with 171% more ATP per molecule than when citrate is
secreted into the prostatic lumen, as it is in healthy peripheral zone tissue. Additionally,
an increase in the biosynthesis of fatty acids through lipogenesis would reduce the
cytosolic concentration of citrate (62). Turning to alanine, the higher alanine levels may
indicate an increase in the conversion of pyruvate to alanine. The increased alanine
levels suggest that the cancer cells rely on the oxidation of glutamate, as opposed to the
oxidation of pyruvate, to provide the additional carbons required for lipogenesis or that
they need the alanine for protein synthesis. Since there is evidence that all of these
changes occur with prostate cancer, it would be beneficial to understand the relative
importance of these changes in prostate cancer cells or tissue. This knowledge could be
used to identify better metabolic biomarkers of prostate cancer evolution, progression,

and response to therapy, as well as potentially elucidate new therapeutic targets.

The most reliable way to measure the relative importance of these pathways would
be to conduct an experiment that examines all the pathways simultaneously in a
controlled environment. Since all the metabolic pathways of interest start with glycolysis,
it would be possible to measure the relative activity in these pathways by labeling one of
the glycolytic intermediates with 3C and following the label through the pathways. More
specifically, by delivering 3C-3 pyruvate to prostate cells or tissue and monitoring the
incorporation of the label in downstream metabolites, it may be possible to
simultaneously evaluate all the proposed metabolic adaptations that affect alanine,
lactate, and citrate production in prostate cancer. While there are many metabolites
downstream of pyruvate in the pathways of interest, monitoring the activity in these
pathways with NMR techniques requires measurement of metabolites that are outside

the cells’ mitochondria, unless the cells are extracted prior to the NMR experiments.
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The metabolites within the mitochondria typically have very short T.’s, likely due to
binding or limited mobility, making them difficult to detect with NMR. Nonetheless, if
there is an increase in glycolytic lactate or alanine production, '*C-3 lactate or alanine
will be produced. Similarly, an increase in citrate oxidation by the citric acid cycle would
cause an increase in '°C-4 and *C-3 glutamate. An increase in lipogenesis and fatty
acid synthesis would produce more ">C labeled cytosolic acetyl-CoA and fatty acids. In
addition, the sparsity of the >*C NMR spectrum makes identification and quantitation of
peaks easier than for the proton spectrum, which is relatively crowded with significant
overlap between peaks. Therefore, the relative significance of the pertinent metabolic
pathways was assessed by delivering *C-3 pyruvate to the primary cultured human

prostate cells or tissue and analyzing the sample with *C HR-MAS spectroscopy.

In order to use "*C-3 pyruvate to investigate the metabolic adaptations that occur
with the evolution of prostate cancer, the prostate cancer model system must
accumulate a sufficient amount of *C label in the reporter metabolite for each pathway
of interest. Since the flux through some of these pathways is relatively low, such as fatty
acid synthesis for example, the model system must be viable for multiple days. Ideally,
the model system will yield 15-30 mg of cells or tissue per sample for the HR-MAS
analysis. The larger samples will increase the amount ">C labeled compound present in
each sample, which will increase the SNR of the '>C HR-MAS spectra. Since these
sample sizes are relatively large (typical HR-MAS samples range from 3-30 mg for
prostate tissue), the model system must yield a relatively large amount of prostate cells
or tissue without dramatically increasing the time and effort required to produce the
sample. As a result, the model system must be widely available or easily derived from a

wide range of patients. In the following section, the labeling patterns following exposure
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to '*C-3 pyruvate were investigated in two prostate cancer model systems that use

tissue specimens from surgically removed human prostates.

4.2 Primary Cultured Epithelial Cells
In an attempt to better understand the metabolic adaptations that occur in-vivo with

prostate cancer, it would be ideal to conduct the "*C labeling experiments in pure human
prostate cancer cells. One difficulty with the assessment of prostate cancer in-vivo and
of prostate biopsies in vitro is that stromal and benign glandular tissue can be mixed with
cancerous tissue. While significant advances have been made in spectroscopic imaging
of the prostate, imaging resolution is not sufficient to produce voxels that contain only
one type of tissue (110). Similarly, in vitro studies of prostate cancer biopsies followed
by histological examination have shown that there is significant presence of these
benign tissues in the cancer biopsy samples as well (35, 111). However, during the past
two decades, the procedures and conditions required to isolate and culture unaltered
human prostate cancer cells have been established and are typically referred to as
primary cultures. The primary cultures are grown from a small population of parent cells
that have been histologically classified using the clinically accepted Gleason Grading
system, and thereby provide a uniform population of cells for experimentation.
Furthermore, the reproducibility of the results can be assessed because multiple NMR
samples can be grown from the same parent population. As an added benefit, cell
cultures provide the ability to directly control and vary the concentration of *C labeled
substrate available to the cells and the amount of time they are exposed to the
substrate. Whereas, in-vivo the substrate concentration in the extra-cellular space can
only be indirectly controlled. Primary cultured cells are preferred over immortalized cells
because the immortalization of the cells can directly affect their function and metabolism.

Therefore, the primary cultures provide an opportunity to investigate how human
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prostate cancer cells, which have been classified using the clinical histological grading

system, behave as they grow and proliferate.

The measurement of the *C labeled metabolites requires very sensitive NMR
techniques for the following reasons. The NMR measurements must be capable of
detecting the '*C labeling in approximately 2e6 cells because the primary cultured
prostate cells are only viable for a limited number of population doublings and their
availability is somewhat limited. While NMR extraction protocols often require 1e8 cells
for a single sample, HR-MAS spectroscopy has the ability to record spectra from smaller
samples. HR-MAS spectroscopy is a rapidly developing technique that allows solution-
like NMR spectra to be obtained from intact tissue and cell specimens while preserving
the tissue for further pathologic and genetic study (35-42). The solution-like linewidths
are achieved by spinning the sample at a rate sufficient to remove much of the chemical
shift anisotropy present in intact cell and tissue samples. The sensitivity of the HR-MAS
is very high because it employs an RF coil with a very small diameter, making it a very
sensitive detector. Additionally, since the HR-MAS experiments are performed on intact
samples, the measurements are unaffected by any artifacts the extraction process may
introduce. On the negative side, the intact samples make it possible for metabolic
conversion to occur during the HR-MAS experiments because the samples still contain
all their enzymes. As a result, the samples are usually cooled to 1°C during the HR-
MAS experiment in an attempt to minimize the metabolic activity that occurs during the
HR-MAS experiment, a time when the sample is not provided with physiological levels of

nutrients or oxygen.

The goal of this study was to develop a method for studying metabolism of intact
primary cultured prostate cancer cells using HR-MAS and to evaluate how well the cells

incorporated '>C-3 pyruvate into the metabolic pathways implicated in the citrate, lactate,
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and alanine changes that occur with the formation and evolution of prostate cancer. As
part of the study, a cell culture protocol was developed that successfully incorporated the
label from "*C-3 pyruvate into many of the reporter metabolites of interest. In addition,
the culture protocol was optimized to permit measurement of "*C labeling in intact cells
with HR-MAS spectroscopy. This required making changes to the medium near the end
of the cell culture’s life and determining how to prepare the cells for the HR-MAS
experiment (harvesting the cells, removing the media, freezing the cells, and transferring
them to the HR-MAS rotor) while maintaining the metabolic integrity of the cells. An HR-
MAS spectroscopy protocol was established that provided a measurement of the amount
of metabolite present in the cells, the fractional enrichment of the metabolites, and the
concentration of the ">C labeled pool for the metabolites. Finally, an initial comparison
was made between the metabolic adaptations proposed to occur with prostate cancer
and a preliminary comparison was made between Gleason grade 3+3 and 4+3 primary

cultured prostate cancer cells.

Materials and Methods

Cell Culture and Labeling Procedure

In this study, cancers from 5 different prostate cancer patients were studied. Two
of the cancers were from Gleason grade 4+3 prostate cancer samples, while three were
Gleason grade 3+3. The primary cultured prostate cancer cells were isolated and
cultured based on a technique previously developed by Peehl et al (112, 113). Briefly,
cells were harvested using ultrasound-guided needle biopsy or from radical
prostatectomy specimens and then incubated in specialized media. PFMR-4A medium,
which was used to culture the cells once they reached 50% confluency, was a serum
free medium that was supplemented with cholera toxin, bovine pituitary extract,

epidermal growth factor, insulin, phosphoethanolamine, hydrocortisone (1 pg/ml),
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selenous acid, retinoic acid and gentamicin. Cells were passaged twice, and grown until
they reached 80% confluency, resulting in 5 to 8 HR-MAS samples for each cancer.
Since the PFMR-4A medium resulted in significant contamination of the proton
spectrum, even after washing the cells three times in phosphate buffered saline (PBS), a
modification was made to the cell culture protocol described in (112). The majority of the
spectral contamination shown in Figure 4.2, which overlapped with aspartate at 2.8 ppm,
creatine at ~3.0 ppm, choline at ~3.2 ppm, and the gilx C-2 peaks at 3.75ppm, was
traced to the HEPES buffering system in the PFMR-4A medium. For this reason,
Dulbecco's Modified Eagle's (DME) medium, which results in less contamination, was
used for the final 24 hours of cell culture. The supplements to the PFMR-4A medium
mentioned above were added to the DME medium along with 1TmM glucose and 1mM
pyruvate. Additionally, threonine was excluded from the DME medium because the
threonine resonance at 1.33 ppm significantly overlaps the lactate resonance at 1.31

ppm and was detected in the "H spectra when it was present in the medium.

Following incubation in DME for 24 hours, the DME medium was aspirated from
the cell culture plate. Then DME medium containing 5 mM 3C-3 pyruvate and 1 mM
unlabelled glucose was added to the cells, and they were returned to the incubator. For
one set of cells, several different labeling durations were used: 30 min, 60 min, 90 min.
It was determined that after 60 minutes, the glutamate C-4 enrichment had reached a
maximum. For the remainder of the cells, therefore, a 60 minute labeling duration was

implemented.

Harvesting the Cells

Following incubation in labeled medium, the conditioned medium was aspirated
from the plate. Plates were washed in 25 mL of phosphate buffered saline (PBS), which

was then aspirated. Tryp-LE was added to the plate, and the plate was returned to the
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incubator for 6 minutes. Following trypsinization, the cells were maintained at a
maximum of 1°C in order to minimize degradation and further metabolism. The cells
were washed by adding 25 mL of PBS, previously cooled to 1°C, to the plate. The cell
suspension was transferred into a 50 mL conical tube and centrifuged at 1°C and 400

RCF for 5 minutes. The supernatant was then aspirated.

Cells were washed a second time by resuspending them in 2 mL of 1°C PBS. The
suspension was pipetted into a sample tube as described below and centrifuged for 5
minutes at 1°C and 400 RCF again. The sample tube was broken at the point at which it
had been scored, and the top part of the apparatus was discarded. The supernatant
was aspirated from the remaining portion of the tube. The tube was capped at the top,

transferred to a cryo-container, and cooled to -80°C for storage.

Preparation of Sample Tubes

For HR-MAS studies, a sample must be placed in a rotor (sample holder) that is 3
mm in diameter. In order to minimize metabolic activity and breakdown of the cells
during the transfer to the rotor, the harvested cells must be stored in such a way that
they can be transferred to the rotor without thawing. A specialized apparatus was
constructed for this purpose. The narrow end of a shortened Pasteur pipette was
inserted into a modified blood Caraway Tube (2.8 mm inner diameter, Chase Scientific
Glass, Inc., Rockwood, TN). The two glass components were fused together using an
epoxy to seal the joint between them. A rubber cap was placed at the bottom of the
blood capillary tube, and the tube was scored with a metal file approximately 3 cm from
the bottom so that it could later be broken. A fully assembled sample tube is shown in

Figure 4.1.
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<— Pasteur Pipette

<4— Epoxy Joint

44— Jewelry File Score
<4— Blood Caraway Tube

<— Rubber Cap

Figure 4.1 A photograph of a sample tube just after fabrication. The sample tube was
assembled from a modified Pasteur pipette and a modified blood caraway tube.

HR-MAS Experiments, Data Acquisition and Processing

A sample tube containing frozen cells was removed from the freezer and placed on
dry ice. A 35-uL leakproof zirconium HR-MAS rotor (Varian Inc, Palo Alto, CA) was
weighed using a balance capable of 0.01 mg accuracy. Three microliters of D20+TSP
was pipetted into the rotor and provided a frequency reference. Three microliters of
101.24 mM C-2 glycine was then added to the rotor to enable calibration of the '°C
pulses and provide a quantification reference for the HSQC spectra. The sample tube
was removed from the dry ice, and its two rubber caps were cut off. The frozen cell
sample was transferred to the HR-MAS rotor by holding the sample tube above the rotor
and pushing the cells out the sample tube into the rotor using a small plastic rod.
Following the insertion of each solution or cell sample, the rotor was weighed in order to
determine the mass of the most recently added substance. The HR-MAS rotor was then

assembled and closed as previously described by Swanson et al. (40).
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The cell sample was analyzed using Varian INOVA 11.7 T (500 MHz for 'H)
spectrometer equipped with a 4 mm gHX nanoprobe, previously cooled to 1°C. Once
the rotor was loaded into the HR-MAS nanoprobe which held the sample at the magic
angle, the sample was spun at 2,250 Hz and maintained at 1°C. A pulse-acquire
sequence was used to obtain a 1H[13C] spectrum with a 90° flip angle, 30,000 complex
points, 20 kHz bandwidth, TR = 7 s, 128 averages, and 10 dead scans for a total scan
time of 16.1 minutes. As described in Chapter 3, the carbon decoupling was
implemented using the GARP scheme with a pulse power of 43dB. The result spectrum

was zero-filled to 131,072 points and Fourier transformed.

To obtain information from '*C labeled metabolites, a HSQC experiment was
performed, allowing detection of signal only from those protons that were attached to °*C
nuclei. The evolution times were set to a single bond scalar coupling (Jcu) of 143 Hz,
which corresponds to the J-coupling constant for the C-2 labeled glycine reference. This
choice necessarily resulted in incomplete polarization transfer for '*C labeled
metabolites of the pyruvate substrate, including glutamate C-4 (Jcy = 127 Hz), glutamate
C-3 (Jcn = 130 Hz), aspartate C-3 (Jcy = 129 Hz) (Jcy = 130 Hz), alanine C-3 (Jcuy = 130
Hz), and lactate C-3 (Jcy = 128 Hz). However, correction was made for the incomplete
transfer, as described below. HSQC spectra were acquired with 4096 points and a 10
kHz spectral width along the proton dimension, 256 complex increments and a 15 kHz
spectral width along the carbon dimension, GARP '*C decoupling during the data
acquisition, a TR of 2.41 s, 32 dead scans, and 8 averages for each increment leading to
a total scan time of 2.78 hrs. Linear prediction was used along the ">C dimension to
produce an additional 512 points resulting in a matrix size of 4,096 X 768 points. This
matrix was then zero-filled to 16,384 X 4,096 points and multiplied by Gaussian

apodizations in both dimensions before Fourier transformation. Following the HSQC
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experiment, a second 1H[13C] spectrum was recorded to determine whether the

metabolite concentrations had changed during the course of the HR-MAS experiment.

Quantitation

Metabolites were quantified by integrating the peaks in the 1D and 2D spectra. For
the 'H data, the spectra were baseline corrected and integrated using the frequencies
whose intensities are 5% of the peak height as the integration limits. The amount of

each metabolite (Molesx) was calculated using the *C-2 glycine reference as follows:

Areax w NEPGIy % MOIeSG|
y

Eq. [4.1] Moles, = :
Areag, NEP,

where Areax and Areagy are the peak areas in the 'H spectrum for the metabolite of
interest (X) and glycine, respectively; NEPx and NEPg, are the number of equivalent
protons for X and the glycine reference; Molesg, is the number of moles of the glycine
reference that were added to the HR-MAS sample. A similar method was used to
calculate the amount of "*C labeled metabolite (Molesisc,) from volumes of the cross
peaks in the HSQC data, with a small correction factor included to account for

incomplete polarization transfer as shown in Eq. [4.2].

Eq. [4.2] Moles, .., = —Chsex NEFey ! + Moles,
q 13Cx J 13C-Gly
Vol gy  NEPy 005(2” CHX)
143

where Voliscx and Voliscgy are the peak volumes in the HSQC spectrum for the
metabolite of interest (X) and "*C-2 glycine, respectively; Jchx is the J-coupling in hertz
for X; Molesiac.aly is the number of moles of the ">C-2 glycine reference that were added
to the HR-MAS sample. The concentration of the '*C labeled metabolites was

calculated by dividing Molesqscx from Eq. [4.2] by the mass of the HR-MAS sample.
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The fractional enrichment of the metabolite (FEx) was calculated by computing the

ratio of the two quantities calculated in Eq. [4.1] and Eq. [4.2]:

_ Moles, ¢,

Eq. [4.3] FE Molos
X

X
For this calculation, the Molesx was determined from the first "H[*C] spectrum recorded

for each cell sample.

Results
Reducing Contamination

The 'H spectra in Figure 4.2 illustrate that the PFMR-4A medium produced several
large peaks. While the glutamine concentration was much higher in the PFMR-4A
medium, it was present in both media (Figure 4.2), resulting in uncertainty in the
quantitation of glutamine in the proton spectra from the cells. Most of the other large
peaks (highlighted with black stars at 2.6, 2.87, 3.15, and 3.75 ppm in Figure 4.2A)
present in the PFMR-4A medium spectrum were absent from the DME medium and
were produced by the HEPES component of the PFMR-4A medium. When the cells
were cultured in this medium and washed three time with cold PBS, high concentrations
of glutamine were observed in the proton spectra along with spectral contaminants at
~3.0, ~3.2, ~3.8, and ~3.9 ppm as shown in Figure 4.2B. Because of these
observations, the medium was switched to DME for the final 24 hours of the experiment.
The proton spectra in Figure 4.2B from the cells cultured in the complete DME medium
for the last 24 hours of the culture demonstrated a reduction in the glutamine
concentration and all of the spectral contaminants. The final adjustment to the cell
culture protocol was made by optimizing the number of times the cells were washed in

cold PBS after they were harvested. Figure 4.3 demonstrates the tradeoff between
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residual medium contamination and the number of washes performed during the cell
harvesting process. The third wash further reduced the spectral contamination caused
by the PFMR-4A medium. However, it also washed away the metabolites of interest, as
evident from the reduction in PC and myo-inositol seen in Figure 4.3. While the spectral
contamination at ~3.2 ppm was slightly higher with two washes, it did not obscure the
peaks from the choline containing compounds. In addition, the metabolite intensities
were higher with two washes and the other spectral contaminants were virtually
unchanged. Therefore, the cell cultures were washed only two times for the remaining

experiments.

The Proton Spectrum

Similar to the published spectral profiles for prostate cancer tissue, the
representative 'H['*C] HR-MAS spectrum in Figure 4.4 contains high levels of
phosphocholine (PC) and lactate and no citrate. In addition, the high spectral resolution
of these intact cell samples readily permits identification of alanine, creatine, choline,
glycerophosphocholine (GPC), and myo-inositol (ml) in the spectra, many of which are
the subject of current prostate cancer research. Very important to the '*C labeling
experiments included in this study, aspartate and glutamate have very prominent
resonances in the spectra, along with glutamine, glutathione, and an n-acetyl moiety.
The strong glycine resonance was produced by the 3c-2 glycine reference added to the
HR-MAS sample. While there are still contamination peaks present in the 'H[*C]
spectra, they are small enough and isolated enough that most of the metabolites are
easily identified and quantified. The high PC levels suggest that the cells were actively
growing and proliferating, indicating the cells cultures were viable when they were
harvested. The high lactate levels are little more difficult to interpret, particularly since

the lactate levels change significantly during the course of the HR-MAS experiments as
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summarized below. Also, as noted above, glutamine was present in the modified DME
medium that was used for the final 24 hours of incubation and for the 60-minute labeling
experiment. Therefore, it is unknown if recorded glutamine levels are representative of
the intrinsic cellular concentrations or if they have been biased by the presence of

glutamine in the medium.

The HSQC Spectrum

The representative '°C HSQC spectrum presented in Figure 4.5 clearly
demonstrates that it is possible to measure "*C enrichment of metabolites in an intact
prostate cancer cell sample using HR-MAS. The most prominently labeled metabolites
were C-3 lactate, C-3 alanine, C-4 glutamate, C-2 glutamate, C-3 aspartate, and C-2
aspartate. Also labeled were an N-acetyl peak, C-2 glutamine, C-3 glutamine, C-4
glutamine, and C-4 glutathione. While the PC was observed in the HSQC spectrum, its
peak represents natural abundance enrichment. The large peak at 3.54 ppm was from
the *C-2 glycine reference compound. As a side note, the spectrum in Figure 4.5 was
graphically modified by removing the T4 noise from the 3c-2 glycine peak in the carbon
dimension. This was done to facilitate easy viewing of the 2D spectrum and its
projections. Very importantly, since lactate, alanine, and glutamate, three of the reporter
metabolites of interest, were significantly labeled with '*C after the cells were offered
'3C-3 pyruvate for just two hours, it is clear that the "*C labeling experiments will provide
a mechanism for comparing the metabolic adaptation proposed to occur with prostate

cancer evolution.
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Figure 4.2 (A) Proton HR-MAS spectra of DME medium (TOP) and PFMR-4A medium
(BOTTOM). The PFMR-4A spectrum contains several large peaks (%) that ultimately
contaminated the spectra of the cells cultured in this medium prior to harvesting the cells
as shown in the bottom of (B). By culturing the cells in DME for the last 24 hours (TOP
of B), the spectral contamination caused by the PFMR-4A medium was significantly
reduced as indicated by the black arrows. In addition, the glutamine levels were
significantly reduced because the DME medium contained less glutamine. Note the
large glycine peak in the DME cell spectrum was produced by the reference compound
added for the HR-MAS experiment. Also, the chemical shifts of the contaminants were
slightly different in the cells than in the medium solution, which was likely caused by
binding differences.
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Figure 4.3 "H["*C] HR-MAS spectra of primary cultured prostate cancer cells after the
cells were washed with cold PBS twice (TOP) and three times (BOTTOM). The
contaminant at 3.18 ppm was residual contamination from PFMR-4A medium and was
slightly higher when the cells were only washed twice. However, the PC peak was also
larger with two washes, suggesting that the additional wash removed metabolites as
well. Ultimately, two washes were used in the experiments in order to avoid washing
away metabolites at the expense of some minor additional contamination.
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Figure 4.4 Representative 'H["*C] HR-MAS spectrum from primary cultured prostate
cancer cells. The spectrum was acquired from 25.6 mg of cells in 16.1 min. Prominent
peaks include the glycine reference, lactate, phosphocholine (PC), aspartate,
glutathione, glutamine, glutamate (Glu), and GIx (composite of glutamate, glutamine,
and glutathione). Cho: choline; Cr: creatine; NA: N-acetyl peak.

Comparison of "H['*C] spectra obtained before and after the HSQC experiment
demonstrated that lactate was the only metabolite that changed during the HSQC
experiment. Thus, with the exception of lactate, the duration of the HSQC experiment
had no affect on the results of the metabolic measurements because the metabolism
reflected in these measurements took place during the cell-labeling portion of the
experiment rather than during the HR-MAS measurements. Lactate, however, increased
in concentration by approximately 80% in the 2.78 hours between the first and second
one-dimensional acquisitions. The significant evolution of lactate during the HR-MAS
experiment, indicating there was significant LDH activity even at 1°C, precluded the
precise quantitative evaluation of lactate in these experiments. Nonetheless, the lactate
FE computed using the first "H['*C] experiment provided an estimate of the upper limit

for the FE of the primary cultured prostate cancer cells.
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Figure 4.5 Representative *C HSQC spectrum from primary cultured prostate cancer
cells using HR-MAS. Maximum intensity projections along 'H and "*C dimensions are
shown at the top and left, respectively. The spectrum was acquired from 26.5 mg of
cells in 2.78 hrs. It contains strong "°C labeled signals from Glutamate-C4, Aspartate-
C3, Alanine-C3, Lactate-C3, Aspartat-C2, and Glutamate-C2. Since the relative peak
intensities for the prominent peaks in this spectrum are greater than their relative
intensities in "H["®C] spectrum (Figure 4.4), it is clear that the '°C label is incorporated
into the pathways of interest.
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Quantitative Results:

As demonstrated by the fractional enrichment plot in Figure 4.6A, the C-3 of
alanine, the C-4 of glutamate, C-3 of glutamate, and the C-3 of aspartate were enriched
well above the natural enrichment of 1.1% along with a slight enrichment of the C-3 of
lactate for all the prostate cancer patients’ cells. The metabolite enrichment values for
the samples from the first three patients were from Gleason grade 3+3 cancers and the
last two were from Gleason grade 4+3 cancers. The average relative standard
deviations for the fractional enrichments for each cancer were 12.6, 11, 9.4, and 22% for
C-3 alanine, C-4 glutamate, C-3 aspartate, and C-3 lactate, respectively. While there
was no significant difference between the 3+3 and 4+3 cancers, there was a difference
in the FE for the various metabolites. Average enrichment across all cancers was 32.4 +
5.4% for C-3 alanine, 24.5 + 5.4% for C-4 glutamate, 9.1 £ 2.5% for C-3 glutamate, 25.2
+ 5.7% for C-3 aspartate, and a maximum of 4.2 + 1.0% for C-3 lactate. Even more
striking, there was a substantial difference in the amount of °C labeled metabolite that
was produced for each of the reporter metabolites following the two hour incubation of
the cells with medium containing *C-3 pyruvate. In particular, the amount of *C-4
glutamate was produced during the labeling experiment was substantially more than
amount of *C compound produced for the other reporter metabolites. Combing all of
the samples, the prostate cancer cells produced an average of 0.115 + 0.061 mM of C-3
alanine, 1.21 * 0.29 mM of C-4 glutamate, 0.440 * 0.11 mM of C-3 glutamate, 0.308 *

0.12 mM of C-3 aspartate, and 0.154 + 0.031 mM of C-3 lactate.
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Figure 4.6 (A) Fractional enrichment of the several metabolites following the delivery of
3C-3 pyruvate to primary cultured prostate cancer cells derived from five different
prostate cancer patients. The prostate cancers from patients 1-3 had a Gleason score
of 3+3 and the patients 4 and 5 had a Gleason score of 4+3. (B) The average and
standard deviation of the concentration of the "*C pool for each of the metabolites is also
presented. While all the metabolites were enriched above natural abundance, the "*C-3
pyruvate was converted to glutamate more than any of the other metabolites during a 2
hour exposure to the pyruvate. Pt: Patient; Ala: Alanine; Glut: Glutamate; Asp:
Aspartate; Lac: Lactate.

Mark J. Albers Page 89



Measuring Metabolic Changes with HR-MAS and Hyperpolarization

Discussion

This work describes a new method for performing HR-MAS spectroscopy on intact
prostate epithelial cells grown in primary culture, and provides a method to analyze their
metabolism using information obtained from both 'H and ®*C spectra. By performing the
experiment using intact cells rather than extracts, fewer cells were necessary to produce
a single HR-MAS sample; cell samples were estimated to include approximately 10°
cells while cell extracts require 107 (114) or more cells. In optimizing the cell harvesting
procedure, a simple device was employed for centrifugation of the cells, and it was
determined that two washes of the cells in PBS were sufficient. Although an additional
wash is usually performed on cultured cells before NMR experimentation, experiments
showed that there was some loss of signal from metabolites when three washes were
used rather than two. Although this resulted in greater contamination of the spectrum
with elements of the PFMR-4A medium, it was determined that two washes represented
a reasonable compromise between spectral contamination and preservation of the

metabolites.

The results of the one-dimensional experiments yielded several new conclusions,
which can best be appreciated by comparison to prior work. Yacoe et al (114)
previously studied high resolution NMR of prostate cancer cells in primary culture. A
number of conclusions of that study are corrected here. First, the large complex peaks
that were found at 2.87 and 3.15 ppm in that study were assigned to a-ketoglutarate.
This was a somewhat surprising observation because this metabolite is usually present
in tissue in low concentrations, and is indirectly observed as its conjugate amino acid,
glutamate. In our study of the cell culture media, it was found that these peaks were in
fact not from the cells but rather from the medium. Similarly, the large unidentified triplet
found at 2.73 ppm was seen to come from the PFMR-4A medium as well. The absence

of these spurious peaks in the cell spectra described in this work, because of the use of
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a modified DME medium for the final 24 hours of incubation, enabled observation of
aspartate in the "H['*C] spectra. This is of interest because aspartate is hypothesized to
play a significant role in the metabolism of both normal and diseased prostate (115,
116), and we confirmed that although the peaks are relatively small, it is nonetheless

present. Furthermore, it is significantly enriched upon incubation with 3C-3 pyruvate.

The N-acetyl peak has been observed previously in some proton spectra.
Schiebler et al (117) performed in vitro studies of human adenocarcinoma and benign
prostatic hyperplasia using proton NMR spectroscopy and noted a significant N-acetyl
peak at 2.05 ppm in a minority of samples. The peak was tentatively but not definitively
assigned to N-acetyl neuraminic acid. In all of our studies, we observed the same
resonance, albeit in lower concentrations. The peak was easily observed in the HSQC
spectra, where it was well separated from other metabolites. In the one-dimensional
proton data, it was partially obscured by the strong C-3 resonances of glutamate,
glutamine and the glutamyl moiety of glutathione. Because quantitation of the N-acetyl
peak in the 'H['®*C] experiment was difficult due to overlap with other resonances,
fractional enrichment of this peak could not be calculated. In the cell samples from at
least one of the cancers (patient 4), however, significant fractional enrichment of the N-
acetyl resonance was present. This claim is evidenced by the fact that the N-acetyl
peak was far higher than that of the glutamate C-3 peak in the HSQC spectrum, while in
the "H["*C] spectrum the N-acetyl peak was too low to distinguish from the glutamate C-
3 peak. Therefore, it seems likely that a metabolic pathway from pyruvate to the N-
acetyl molecule exists, likely via the PDH enzyme, which produces acetyl CoA from
pyruvate. Polymorphisms in the N-acetylase enzymes, NAT1 and NAT2, have been

associated with several cancers, including prostate cancer in particular (118, 119). The
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method of metabolic profiling described in this work will allow further characterization of

this association.

The "*C HSQC spectra recorded from intact primary cultured cells under HR-MAS
conditions provided a robust measurement of ">C labeling in all the metabolites observed
in the 'H['*C] spectra from the cell samples. Although the duration of the HSQC
experiment was relatively long at 2.78 hours, the resulting spectra obtained from these
experiments demonstrated high SNR and easily identifiable peaks. Acquisition of
'H["3C] spectra before and after the HSQC data demonstrated that with the exception of
lactate, the other metabolites of interest were stable throughout the HR-MAS
experiment. This supports the conclusion that the quantitation of these metabolites
reflects metabolism that occurred during the incubation of cells in medium rather than
during the HR-MAS measurements. Although lactate enrichment cannot be absolutely
quantified because of the lactate synthesis that occurred while the cells were in the HR-
MAS spectrometer, an upper bound on the lactate '*C enrichment can be determined
using the HSQC peak volume and the peak area of the first "H['*C] experiment. Finally,
the method used for quantifying enrichment demonstrates sufficient reproducibility that
enrichments of glutamate and aspartate can be measured with 10% precision, and
alanine within 12%. In fact, the precision of the FE was superior to the precision of the
metabolite concentrations calculated using the values from Eq. [4.1] and the samples’
masses (data not shown). The poor precision in the metabolite concentrations was likely
caused by an error in the accuracy of the reference compound added (in this case
glycine) or by a variation in the hydration of the cells when they were weighed. An
increase in the hydration of cells would have lowered the measured metabolite

concentration because the additional water would have increased the sample’s mass.
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The fractional enrichment estimates avoided both of these problems because it did not

use the sample’s mass and the amount of glycine canceled out in Eq. [4.3].

By virtue of the excellent reproducibility of the fractional enrichment calculations
between different samples taken from the same cancer, the results of the experiments
indicate that the percent enrichment calculated for a single sample is in fact
representative of the cells from that sample. The metabolites that show the greatest
degree of enrichment in our combined proton and HSQC experiments are alanine,
glutamate C-4, and aspartate C-3. Comparing the Gleason grade 3+3 and 4+3 cancers,
there was no obvious difference in percent enrichment of any metabolite between the
cells with the higher Gleason score and those with a lower Gleason score. The lack of a
statistically significant difference was likely due to the small sample size. With a larger
sample size, significant differences may emerge between the different grades of prostate

cancer.

Combining all the sample from the five cancers, alanine was the most enriched,
while glutamate and aspartate also exhibited significant enrichment. However, the
fractional enrichment did not permit comparison of the amount of each metabolite that
was produced from the "*C-3 pyruvate because the FE was biased by the concentration
of metabolite that existed prior to the labeling experiment as well as any amount of the
metabolite that was derived from other substrates. However, it was possible to make
relative comparisons of the conversion of pyruvate through the pathways of interest by
analyzing the concentration of the "C labeled pool for each metabolite. Based on the
data in Figure 4.6B, it is clear that more pyruvate was converted to glutamate than other
metabolite, evidence of progression of pyruvate into the citric acid cycle. Interestingly,

the amount of pyruvate converted to lactate and alanine was an order of magnitude less
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than the glutamate conversion, with lactate conversion being slightly greater than the

alanine conversion.

Comparing these result to other '*C studies of cancer cells, Wehrle used *C-1
glucose to probe metabolism in EMT6 tumor cell spheroids and found that the glucose
was metabolized almost entirely to "*C-3 lactate (120). Singer used '*C-1 glucose to
probe metabolism of HCT-116 cells on microcarrier beads and concluded that they
exhibited a high level of aerobic glycolysis because 63% of glucose was shunted to
lactate (121). In the present study, some pyruvate was metabolized to lactate but, far
more was converted to glutamate. The low lactate evolution relative to glutamate
evolution suggests that prostate cancer exhibits significant citric acid cycle metabolism.
This would be consistent with a large body of work by Costello and Franklin (62, 122-
127), who have studied the loss of the citrate production in secretory prostatic cells,
which occurs when the cells become cancerous. Their bioenergetic theory suggests that
the secretory prostatic cells transform from citrate producing cells to citrate oxidizing
cells to provide the energy the prostate cancer cells need for the activities of
carcinogenesis (60). This transformation would provide the cells with 171% more ATP

per glucose molecule.

In addition to increase citrate oxidation, there are other plausible explanations for
the difference in flux to lactate seen in the primary cultured prostate cancer cells and the
other cell lines. First, the other studies used "*C-1 glucose as a substrate while a high
concentration of pyruvate was used in this study. When traversing the pathway from
glucose to lactate, no net NADH is produced or consumed. However, when pyruvate is
converted to lactate, one net NADH molecule is consumed and NAD+ is produced.
Since NADH was not present in the medium in excess concentration, it is possible that

the production of lactate was artificially low because of the absence of the cofactor.
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Further experimentation will be necessary to determine if the conversion of pyruvate to
lactate was limited by the availability of NADH. Nonetheless, the current results suggest
that probing TCA cycle metabolism of prostate cancer by using high levels of pyruvate,
may show unique metabolism of prostate cancer. A second possible reason for the
difference is the experimental setup. In the previous studies, cells were not cultured on
plates but rather on beads or as spheroids. It is possible that a difference in mechanical
or structural queues lead to a difference in lactate production. A third explanation for the
difference in lactate synthesis between the prostate cancer cells and the other cell lines
is that the different cell types have different metabolic behaviors. Since the healthy
secretory cells of the prostate already have a unique metabolism, their malignant

counterparts may also have a metabolism that is different from other human cells.

The method described here will be used in future work to provide quantitative
information about metabolic fluxes. For a system that is in metabolic and isotopic steady
state, fractional enrichment measurements of the metabolites described here can be
used to calculate citric acid cycle flux, anaplerotic flux, as well as others (128-130).
These will be useful in characterizing the change of prostate cells from citrate producing
to citrate oxidizing cells when they undergo neoplastic transformation. Further studies of
the nature that were described here will be necessary to determine what the appropriate
labeling duration is for prostate cancer cells to reach metabolic and isotopic steady state.
For a system that is in metabolic but not isotopic steady state, metabolic flux information
can be derived from serial enrichment measurements of a single population of cells that
are perfused inside a spectrometer (131, 132). Such an apparatus for prostate cancer
cells in primary cultures has not yet been developed. However, the reproducibility

demonstrated in this work indicates that reliable enrichment measurements can be made
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from multiple cell groups grown from the same parent population. By labeling these

groups for different durations, kinetic information can be derived.

One shortcoming of this method is the inability to culture normal secretory prostate
epithelial cells capable of synthesizing citrate. While metabolic differences between
neoplastic cells and normal secretory prostatic cells would likely be apparent in cell
cultures, the inability to culture normal cells that produce citrate prevents this
observation. This shortcoming likely arises from the absence of stromal cells in the
model system, which may be necessary to cultivate citrate-production capability. Thus,
a previous study that attempted to compare primary cultured normal secretory prostate
epithelial cells to neoplastic prostate cells (114) was unable to demonstrate any
significant difference in citrate concentration between these groups, despite the apparent
difference in studies of in vitro prostate cancer samples and in-vivo studies. Future work
on metabolic studies of prostate cancer cells will include co-cultures of prostate epithelial
and stromal cells, as well as culture of prostate tissue.

Conclusion:

The method presented in this work for studying metabolism of prostate cancer cells
in primary culture enabled quantitation of the fractional enrichment and the concentration
of the C labeled pool for the metabolic products of '>C-3 pyruvate. Fractional
enrichment of these metabolites was consistent to within approximately 10% for multiple
cancer samples obtained from the same parent population. While alanine demonstrated
the highest fractional enrichment in these cells, more '*C-3 pyruvate was converted to
glutamate than any other metabolite, indicating that citric acid cycle metabolism may be

the dominate consumer of pyruvate in prostate cancer cells.
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4.3 Human Tissue Cultures
The current primary culture techniques and protocols developed for prostate

epithelial cells have enabled the investigation of prostate cancer in cell cultures that are
closer to the in-vivo prostate epithelial cells. However, these primary cultured cells are
still not completely representative of the in-vivo secretory prostatic cells. Since these
cells are transitional epithelial cells, they have not completely differentiated into fully
functional secretory prostatic cells. As a result, the healthy, primary cultured prostate
epithelial cells do not produce citrate, nor do they possess high levels of polyamines.
While it is not known why the primary cultured prostate cells do not differentiate into
citrate producing cells, it is clear that the primary cultures lack some of the essential
features that exist in-vivo. It is possible that these essential features are mechanical
queues provided by the three-dimensional structure that exists in-vivo and/or the cell-to-
cell signaling that occurs between the epithelial cells and the neighboring cells, such as
stromal cells. An alternative prostate culture technique that uses thin slices of human
prostate tissue for the culture specimens and has been maintained for a maximum of 48
hours. Since this culture technique includes much of the three-dimensional structure
that exists in-vivo as well as most of the other cell types that reside in the human
prostate, the model system may accurately represent the in-vivo metabolism of prostate
tissue. Therefore, the tissue cultures were investigated as a possible improvement over
metabolic model system provided by the primary cultured prostate epithelial cells. An
overview of the process for culturing these tissue slices and a summary of the

preliminary metabolic experiments conducted on them will be presented in this section.

Tissue Culture Procedure

The preparation of the prostate tissue used for the prostate tissue cultures began
immediately after the prostate had been surgically removed from the patient. First, an 8

mm diameter cylinder of tissue was harvested from a region of interest in the excised

Mark J. Albers Page 97



Measuring Metabolic Changes with HR-MAS and Hyperpolarization

prostate. Then, the core of tissue was submerged in phosphate buffered saline (PBS)
and briefly stored on ice. Next it was positioned in the center of a barrel shaped,
stainless steel embedding tube that contained a warm agarose solution. The floor of the
embedding tube was the sample holder / plunger for the microtome. After the entire
assembly and its contents were carefully cooled on ice, the agarose solidified and
adhered to the microtome plunger. The cylinder of agarose gel surrounding the tissue
core attached the core to the microtome plunger as shown in Figure 4.7 and supported
the core during the cutting process. Using a Krumdieck Tissue Slicer, a microtome
manufactured specially for cutting soft tissue (Alabama Research and Development,

Munford, Al), the core was sliced into 300 um thick disks. The excess agarose was

removed from the tissue slices using a cold PBS bath and the slices were either saved
for subsequent histological analysis or immediately placed on stainless steel screens
that were resting in a custom medium. The screens were designed to fit into the wells of
a 6-well culture plate. Histology was taken from the first, middle, and last slices for each
core after the slices had been preserved in optimal cutting temperature (OCT)

compound, frozen, cut into 10 um thick sections, and stained with Heomatoxylin & Eosin

(H&E). Once the slicing of the tissue core was finished, 2.5 mL of fresh medium was
placed in each well of a 6-well culture plate and the stainless steel screens were
positioned in the wells. The 6-well plates were placed inside an incubator on a slanted
surface that slowly rotated about an axis perpendicular to the surface. Since the tissue
slices were raised above the bottom of the culture plate wells by the screens, the
rotation of the plates cycled the slices through a period of submersion in the medium
followed by exposure to air. The air was warmed to 37°C by the incubator and infused
with 5% CO,. For the preliminary studies presented here, the tissue slices were cultured

in this environment for two hours.
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Figure 4.7 Photograph of prostate tissue core (Green Open Arrow) after it has been
embedded in agarose gel (White Solid Arrow) to attach it to a stainless steel microtome
plunger (White Star).

The tissue slices were cultured in a custom medium that was originally developed
for the primary culture of the human prostate epithelial cells. For longer-term
experiments, the tissues were maintained in the supplemented PFMR-4a medium that
was described in section 4.2. However, as was the case for the HR-MAS spectroscopic
studies on the primary cultured prostate epithelial cells, the medium produced many
unwanted peaks in the 'H spectra, making it difficult to quantify the metabolites of
interest. As a result, for the two hour experiments, the tissue slices were cultured in the
same threonine free DME medium after it was mixed with the custom formulation of
supplements as was done for the cell cultures. In addition, the tissue culture medium
was supplemented with androgens by adding 10nM R1881 to the medium. The glucose

concentration was 1mM.

Once the culturing of the tissue slices was complete, they were quickly rinsed in a
bath of cold PBS to remove any residual medium that was coating the tissue slices. By
culturing the slices in DME and rinsing them with PBS, the 'H spectra obtained from
them were almost totally free of contamination. After the slices were carefully strained
from the PBS bath, they were placed in a customized sample tube, developed

specifically for the tissue slices. The sample tube shown in Figure 4.8 was fabricated by
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modifying a transfer pipette. It was designed to from the tissue slices into a cylindrical
shape with a 3mm diameter that mimicked the shape of the HR-MAS rotor. By quickly
forming them into the shape of the HR-MAS rotor prior to freezing, the slices could be
transferred to the HR-MAS rotor at the time of the HR-MAS experiment with minimal
effort and without thawing them. Once the tissue slices were collected in the bottom of
the sample tube, they were weighed and immediately frozen on dry ice. The frozen
samples were stored at -80°C until they were analyzed using an HR-MAS protocol
based on the protocol developed for the primary cultured cells. In an attempt to improve
the SNR for the spectra from the tissue cultures, the number of averages was doubled
for the 1D and 2D HR-MAS experiments resulting in a 31 minute 'H['*C] experiment and

5.55 hour HSQC experiment.

Figure 4.8 A photograph of a sample tube designed for storing tissue cultures. The
sample tube was fabricated from a plastic transfer pipette.

Metabolic Accuracy of the Tissue Culture Model System
The representative 'H['*C] HR-MAS spectrum presented in Figure 4.9

demonstrates that the tissue culture samples histologically classified as healthy prostate
tissue exhibited the characteristic metabolic profile of human prostate tissue with high
levels of citrate and polyamines. In addition, the choline containing compounds were
similar to in-vivo spectra with moderate levels of choline, PC, and GPC. Whereas, the
normal primary cultured prostate epithelial cells have exceptionally high levels of PC

because they are actively multiplying in the culture environment. Even better, the
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representative 'H["°C] HR-MAS spectrum from a histologically confirm prostate cancer
tissue culture sample exhibited the same metabolic changes observed in in-vivo spectra.
Namely, PC was higher in the cancer sample and citrate and polyamines were almost
eliminated. For comparison, a typical '"H HR-MAS spectrum obtained from a biopsy of
healthy prostate tissue and biopsy from cancer are shown in Figure 4.10. Reviewing the
histology obtained from the prostate tissue cultures, the H&E stained sections in Figure
4.11 clearly demonstrate that high quality histology can be obtained from the tissue
cultures and that loss of the glandular architecture was readily detected in the sections
from the cancer samples. Conducting a more comprehensive metabolic comparison
across multiple prostate biopsy samples and prostate tissue culture samples, the plots in
Figure 4.12 show that there were similar trends between healthy and cancer samples.
In particular, there was a decrease in citrate with cancer and an increase in lactate and
total choline levels. While the magnitude of the metabolic changes with cancer was
somewhat smaller for the tissue culture spectra, the overall accuracy of the tissue

cultures as a metabolic model system for prostate tissue was quite good.
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Figure 4.9 'H['*C] spectra acquired from ~25 mg of healthy (TOP) and cancerous
(BOTTOM) prostate tissue slices after being cultured for 2 hours. Similar to in-vivo 'H
spectra, the healthy sample had high levels of citrate and polyamines and moderate
levels of choline. Compare the cancer sample to the healthy sample, it had higher levels
of PC and lactate as well as almost no citrate nor polyamines.
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Figure 4.10 Proton spectra acquired from ~5mg of healthy (TOP) and cancerous
(BOTTOM) prostate biopsies. The cancer shows a significant reduction in Citrate,
Polyamines, and an increase in GPC / PC and lactate.
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Figure 4.11 Prostate tissue slices viewed under 10X magnification after they were cut
into 10um thick sections and stained with Heomatoxylin & Eosin. Based on the
histology, the cancer sample was graded as a Gleason 3+4 cancer.

Mark J. Albers Page 103



Measuring Metabolic Changes with HR-MAS and Hyperpolarization

Prostate Biopsies Prostate Tissue Cultures

20
28 2 I
ﬁ :]12 W Healthy | | § 5 M Healthy
5 :]% M Cancer | o ) M Cancer
st = s
= 4 s 2
e 3 &

0 0|

Cho* GPC tCho* Cit Lac* Ala Cho GPC tCho Cit* Lac* Ala Glu*
+PC* +PC

Figure 4.12 Metabolite averages and standard deviations for 10 healthy and 8
cancerous prostate biopsies (LEFT). Averages and standard deviations for 8 healthy
and 10 cancerous prostate tissue cultures (RIGHT). Total choline (tCho) was computed
by summing choline, PC, and GPC. Asterisks indicate statistical differences.

Investigating Prostate Cancer Metabolic Adaptations with "*C Labeling

Since the prostate tissue cultures provide an accurate metabolic model of healthy
and cancerous human prostate tissue, they provide an excellent platform for
investigating the metabolic adaptations that have been proposed to occur as the healthy
tissue is transformed into cancer. Particularly since the healthy tissue cultures contain
high levels of citrate, it may be possible to interrogate the metabolic changes that lead to
a reduction in citrate and an increase in lactate and alanine with prostate cancer.
Therefore, as part of the preliminary metabolic experiments performed on the prostate
tissue cultures, they were labeled with "*C for two hours by adding 5mM '*C-3 pyruvate
to the culture medium. The amount of "*C labeling in the metabolic products of pyruvate
was measured using an HSQC experiment as was done for the prostate cell cultures. A
representative HSQC obtained from a healthy and a cancerous prostate tissue culture
are shown in Figure 4.13. Since the fractional enrichments in the healthy sample in
Figure 4.13 for glutamate, lactate, and alanine were 6%, 17%, and 38%, respectively, it
is clear that the prostate tissue cultures incorporated the '*C-3 pyruvate added in
medium into the metabolic pathways of interest. Furthermore, a qualitative comparison

of the HSQC spectra in Figure 4.13 indicates that there was increase in the conversion

Mark J. Albers Page 104



Measuring Metabolic Changes with HR-MAS and Hyperpolarization

of *C-3 pyruvate to *C-4 glutamate and '*C-3 lactate in the cancerous tissue cultures
relative to the healthy tissue cultures. While other changes likely exist in the data, it will

require more careful quantitative comparisons of the data to identify those changes.
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Figure 4.13 "*C HSQC spectra acquired from healthy (LEFT) and cancerous (RIGHT)
prostate tissue slices after being cultured for 2 hours with "*C-3 pyruvate. The cancer
sample was graded as a Gleason 3+4 cancer.

As was discussed for the primary cultured prostate cancer cells in section 4.2, the
increase in conversion of '*C-3 pyruvate to glutamate strongly supports the hypothesis
that citrate oxidation by the citric acid cycle is up-regulated in prostate cancer, referred to
as the Bioenergetic Theory of prostate cancer by Costello and Franklin (60). While the
primary culture data demonstrated that '*C-3 pyruvate was converted to glutamate more
than any of the other reporter metabolites, the preliminary tissue culture data suggests
that the pyruvate conversion to glutamate is also much higher in prostate cancer than
normal secretory prostate tissue. In addition, the preliminary tissue culture results

suggest that there is an increase in the glycolytic lactate production with prostate cancer
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since there was more *C-3 lactate produced in the cancer tissue culture relative to the
normal tissue culture. Unfortunately, it is not possible to determine if the increased
lactate production was caused by an increased demand for energy, an evolutionary
selected adaptation to withstand intermittent hypoxia, an increase need for extracellular
acid to invade neighboring tissue, or a need to have extra carbon readily available for
fatty acid synthesis. Although, the tissue culture model system may provide an ideal
platform for investigating these interesting scientific questions in the future. Perhaps
more importantly, the data suggest that the "*C labeling of glutamate and lactate may
provide new clinically useful biomarkers. Better yet, recent advances in '°C
hyperpolarization techniques may improve the feasibility of performing these time

consuming experiments in the clinic.
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Chapter 5
Using Hyperpolarized *C-1 Pyruvate, Lactate, and Alanine to
Non-Invasively Detect and Stage Prostate Cancer in Transgenic
Mice

The primary cultured human prostate cancer cells and the prostate tissue culture
model systems provide the prostate cancer research community with more accurate
model systems that can be used for experimental investigations. The results in Chapter
4 indicate that the model systems exhibit metabolic profiles that are very similar, virtually
identical in the case of the tissue cultures, to the in-vivo metabolic profiles for normal and
cancerous human prostate tissue. In addition, the environmental conditions, include
access to "°C labeled substrates, can be meticulously controlled for the cultures.
Unfortunately, the culturing process and the preparation of the cells and tissue samples
for HR-MAS analysis involves many steps and introduces the possibility for increased
variability between samples. Furthermore, the measurement of 3c labeling in the HR-
MAS samples is rather time consuming because of the small signal produced by the "*C
labeled metabolites. Alternatively, one can consider conducting investigational studies
on transgenic murine models of prostate cancer, such as the Transgenic
Adenocarcinoma of Mouse Prostate (TRAMP) model. While the experimentalist does
not have the luxury of directly controlling all the environmental conditions that can be
manipulated in the cultures systems, the process for maintaining the system is
significantly less involved than that for the cultures. For example, it is no longer
necessary to monitor and maintain the pH, temperature, oxygen levels, etc. because the
mouse takes care of those issues on its own. Additionally, the process for measuring
metabolite levels can be streamlined if they can be measured in-vivo. In particular, the
sample-to-sample variability introduced by the HR-MAS sample preparation is
eliminated. Historically, it has been somewhat technologically demanding to non-

invasively measure metabolite levels in-vivo because of the limited SNR for these
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measurements as was discussed in Chapter 1 and Chapter 2. However, with the new
hyperpolarization techniques described in Chapter 2, it may be possible to overcome
some of the SNR limitations. While the in-vivo metabolic measurements in transgenic
mice benefit from some procedural simplifications, they are not perfect. The transgenic
mice by definition have a genetic modification that induces the formation of prostate
cancer, which may or may not occur with in human prostate cancer. Also, the mice must
be anesthetized during the metabolic measurements and they must have a catheter
inserted into their vasculature system for delivery of any 3C labeling substrate. Despite
these rather minor disadvantages, the transgenic mice provide a unique opportunity to
investigate the benefit of using hyperpolarization to measure the metabolic changes that

occur with prostate cancer development and evolution.

Recent metabolic studies have indicated that lactate and alanine levels are higher
in cancer than in normal tissue (40, 44, 47), and this has been associated with increased
glycolysis and cell membrane biosynthesis (62, 69). '®F-2-deoxy-2-fluoro-D-glucose
(FAG) positron emission tomography (PET) studies have shown high rates of glucose
uptake in several human cancers and that the glucose uptake correlates directly with the
aggressiveness of the disease and inversely with the patient’s prognosis (133, 134).
The high glucose uptake leads to increased lactate production in most tumors even
though some of them have sufficient oxygen, a condition know as the Warburg Effect
(68) or aerobic glycolysis (69). The increased glycolysis provides the parasitic cancer
cells with an energy source that is independent of its oxygen supply, a carbon source for
the biosynthesis of cell membranes that begins with lipogenesis (62), and an acid source
that likely enables the cells to invade neighboring tissue (69, 135). In the case of
prostate cancer, FAG-PET uptake has been shown to correlate with the histological

grade and clinical stage of the disease (66, 67). However, FAG-PET has played a
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limited role in prostate cancer diagnosis mainly because of the relatively low differential
uptake of FAG in most primary prostate tumors and because the bladder produces a
very strong FdG signal near the prostate. Meanwhile, proton NMR spectroscopic
studies performed on extracts of transurethral resection specimens (44) and HR-MAS
spectroscopic studies of intact surgical (40) and biopsy (47) samples from human
prostate tissue have demonstrated significantly higher levels of lactate in prostate cancer
samples than in normal prostate samples. Based on the FdG-PET studies and the
spectroscopic studies, it seems likely that prostate cancer causes or is dependent upon
an increase in glycolytic rates as has been suggested for other cancers (69). In addition,
the spectroscopic studies found higher alanine levels in prostate cancer samples relative
to the normal prostate tissue samples. The extra alanine might be a byproduct of
lipogenesis because alanine transamination would support the oxidation of glutamate to
a-ketoglutarate, which could provide the carbon molecules required for lipogenesis
instead of pyruvate/lactate oxidation (136, 137) or, it may be used directly for protein
synthesis. Whatever the biological mechanism may be for the enhanced lactate and
alanine production, lactate and alanine levels have yet to be measured non-invasively in-
vivo because the low concentrations of lactate and alanine in prostate tissue make the
detection of these metabolites difficult. Furthermore, the need to suppress large fat
signals from lipids surrounding the prostate (138) has made it difficult to observe lactate
and alanine with in vivo '"H MRSI studies as the lipids resonate at frequencies near
lactate and alanine. However, new hyperpolarized '*C spectroscopic imaging
techniques (79, 90, 139) may provide an opportunity to observe the changes in lactate

and alanine in a clinical MR imaging exam.

3C labeled substrates have recently been polarized using dynamic nuclear

polarization (DNP) techniques to obtain tens of thousands fold enhancement of the *C
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NMR signals from the substrate as well as its metabolic products (79, 140, 141).
Preliminary DNP studies in rats, rat xenograft tumors, mouse lymphoma tumors, and a
transgenic mouse model of prostate cancer have demonstrated greater than 50,000-fold
enhancements in the polarization of "*C pyruvate and its metabolic products, lactate and
alanine, providing sufficient MR signal for high spatial and temporal resolution
spectroscopic imaging of the metabolites (83, 90-92). Pyruvate is ideal for these studies
because the hyperpolarized MR signal from the C-1 carbon relaxes very slowly as a
result of its long T4 and it is at the entry point to several important energy and
biosynthesis pathways. In particular, it is converted to lactate in glycolysis, to alanine for
protein synthesis and/or lipogenesis, and to acetyl-CoA and oxaloacetate to support the
TCA cycle and biosynthesis of membrane lipids. Based on the published success of
DNP and its application to pyruvate (83, 90, 91), hyperpolarization of 3C-1 pyruvate
provides an excellent opportunity to non-invasively measure the lactate and alanine

differences that likely exist between the various stages of prostate cancer.

The aim of this study was to quantify the differences in hyperpolarized "*C-1
pyruvate and its metabolic products between the various stages of prostate cancer in the
Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) model. The TRAMP model is
particularly useful for studying the metabolic changes that occur with prostate cancer
evolution and progression since TRAMP mice demonstrate a histopathologic disease
progression (142) and the associated metabolic changes that mimic the human disease.
Furthermore, preliminary studies have shown that TRAMP mice tumors exhibited
significant lactate and alanine signals following the injection of hyperpolarized 3C-1
pyruvate (83). In the present study, normal mice, early stage TRAMP mice, and late
stage TRAMP mice were injected with hyperpolarized *C-1 pyruvate and imaged using

a custom 3D C MRSI technique. The histopathological findings from the resected
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tumors were used to stage the disease and to classify the mice into the three groups.
The results from this study provided a 3D visualization of the distribution of
hyperpolarized pyruvate and its metabolic products throughout the tumors and the
surrounding anatomy. The differences in hyperpolarized lactate levels were so distinct
that it would have been possible to non-invasively stage the disease in all but one of the

mice included in this study.

Materials and Methods

Animal Preparation and MR System Configuration

All the mice were bred by crossing C57BL6 and FVB mice and were studied under
a protocol approved by the UCSF Institutional Animal Care and Utilization Committee.
The four TRAMP mice histologically classified as early stage mice (21 - 28 weeks old)
and the three late stage mice (27 - 40 weeks old) were imaged a total of 6 times and 5
times, respectively. The five normal mice (17 to 39 weeks old) were imaged a total of 7
times. For all the mice, a 28 gauge catheter that extended from the dorsal surface of
their neck was surgically implanted into one of their jugular veins at least one day before
the hyperpolarized MR study. At the time of the MR experiment, the mice were
anesthetized with 1-1.5% isoflurane and a 90 cm long, 24 gauge extension tube was
connected to the jugular vein port (Strategic Applications, Libertyville, IL). This special
extension tube made it possible to quickly inject the hyperpolarized agent into a mouse
inside a human MR scanner while maintaining a low dead volume in the tubing. Next,
the mice were placed on a water-filled, temperature-controlled pad that was heated to
approximately 37°C and positioned inside of custom built dual-tuned proton-carbon
Transmit/Receive coil. The entire setup was positioned in the bore of a 3T human GE
scanner equipped with the multinuclear spectroscopy package (GE Healthcare,

Milwaukee, WI).
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MR Imaging and Hyperpolarization Studies

All the mice were scanned following a previously published protocol (139). In brief,
T,-weighted 'H anatomical MR images were acquired in sagittal, axial and coronal
views. A mixture of "®C-1 pyruvic acid and the trityl radical (tris(8-carboxy-2,2,6,6,-
tetra(methoxyethyl)benzo[1,2-d:4,5d']bis(1,3)dithiole-4-yl)methyl sodium salt) (GE
Healthcare, Oslo, Norway) were polarized to 21.7+2.0% using a prototype polarizer
developed by GE Healthcare (79). After the mixture was polarized, it was rapidly
dissolved into a pH balanced TRIS buffer solution using previously published techniques
(79) and yielded a hyperpolarized 79mM pyruvate solution with a pH of 7.9 + 0.2 (90,
139). Next, the solution was quickly transported to the MR scanner and 350 + 50uL (28
umoles of pyruvate) of it was injected into the mouse during a 12 second interval,
resulting in a blood concentration of approximately 9mM pyruvate. The hyperpolarized
pyruvate was immediately cleared from the injection tubing using a 150 pL saline flush.
For the hyperpolarized dynamic study, a 3C spectrum was acquired every 3 seconds
from a 10mm thick slab centered on the primary tumor in a late stage TRAMP mouse.
The spectra were recorded using a 5° excitation pulse, 2048 points, and a 5 kHz
bandwidth. For the hyperpolarized MR spectroscopic imaging studies, a double spin-
echo pulse sequence with a small, variable flip-angle excitation pulse, adiabatic
refocusing pulses, and a flyback echo-planar readout trajectory was used to acquire in-
vivo 3D "®C MRSI data in 14 seconds (143). Based on the time course in Figure 5.1, the
imaging data acquisition was initiated 35 seconds after the start of the pyruvate injection
because the hyperpolarized lactate signal was relatively constant from 35 to 49 seconds.
3D-MRSI data were acquired from the abdomen of the mice using a TE/TR of
140/215msec, an 8x8x16 matrix, a 40x40x86.4mm field of view (0.135 cc spatial

resolution), 59 points per spectrum, and a 581 Hz bandwidth.
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Figure 5.1 Diagram of the >C-1 pyruvate and the metabolic pathways relevant to this
study (A). The hyperpolarized *C spectra (B) and peak height plots (C) show the time
course for the hyperpolarized "*C-1 pyruvate and its metabolic products following the
injection of 350 uL of hyperpolarized pyruvate. The pyruvate was injected at a constant
rate from 0 to 12 seconds. The MR spectra were acquired every 3 seconds from a 28
week old TRAMP mouse with a late stage tumor using a 5° flip angle and a 10 mm thick
slice. The peak height plot was corrected for the amount of magnetization used to
record the previous n spectra by dividing each peak height by cosn(5°). The
hyperpolarized pyruvate quickly reached a maximum at 24 seconds before being
converted to lactate and alanine. Based on this time course, the subsequent MRSI data
were recorded between 35 and 49 seconds, a time when the hyperpolarized lactate
signal was roughly constant. Glut: Glutamate; a-KG: a-ketoglutarate; LDH: Lactate
Dehydrogenase; ALT: Alanine Transaminase.

Histopathological Analysis

The pathology was correlated with the anatomical images by displaying the
sagittal, coronal and axial images of the TRAMP mice on a laptop computer during the
dissection using OsiriX (Open Source™, Los Angeles, CA). Furthermore, digital
photographs and videos were taken during the dissection and subsequently reviewed.
The excised tissues were immediately fixed in 10% buffered formalin. Fixed tissue

specimens were subsequently transitioned into ethanol and embedded in paraffin
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blocks. Tissue blocks were cut into 5 um thick sections on a Leica microtome. Sections
were dried onto glass slides and stained using a standard hemotoxylin and eosin
protocol. The percentage of normal, well differentiated (WD), moderately well
differentiated (MWD) and poorly differentiated (PD) tissue was estimated from
microscopic examination and was used to classify the primary tumors into early and late
stage categories (Table 5.1). The percentage of necrosis was also estimated for the
early stage tumors and lymph node metastases (Table 5.1). Using these percentages, a
histology index was determined for each of the tumors by assigning the normal, WD,
MWD, and PD tissue with a value of 0, 1, 2, and 3, respectively. The index was
computed by multiplying the volume percentages by these values and summing the
weighted percentages. For tumors smaller than 0.2 cc (volume of cylinder containing a
0.135 cc square cuboid), the percentages were adjusted to represent a 0.2 cc volume for

the index calculation by assuming the non-tumor tissue in this volume was normal.

Data Processing

The primary and metastatic regions of prostate cancer identified during dissection
were traced on the corresponding anatomic images using custom software that reported
the volumes for the traced regions. For the hyperpolarized dynamic study, the peak
height of pyruvate, lactate, and alanine were measured in the "*C spectrum at each time
point, after the spectrum was apodized with a 11.4 Hz Gaussian filter. The metabolite
peak heights were then corrected for the magnetization used to acquire the previous
time points and plotted as a function of time. For the hyperpolarized carbon imaging
studies, the MRSI data were spatially zero-filled to a 16x16x32 matrix, spectrally
apodized with a 4 Hz Gaussian filter, frequency referenced to '>C-1 lactate (144), and
aligned with anatomical images using custom software. Since the metabolite peak area

is proportional to the amount of the metabolite present in the voxel, all of the
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spectroscopic voxels were integrated over a predetermined frequency range for each of
the metabolites. Images of the lactate integrals were created by spatially interpolating
the lactate data to the resolution of the anatomical images using a sinc kernel and

overlaying the lactate image onto the anatomical image with 60% opacity.

Data Analysis

For each study, the integrals for a given metabolite from voxels containing the
same tissue type were scaled by the noise calculated from a region of the spectrum that
did not contain any metabolites and were averaged together. The sum of the lactate,
alanine, and pyruvate integrals, labeled Total Hyperpolarized Carbon (THC), was
computed and was used as an estimate of the amount of hyperpolarized compounds
taken up by the tissue. Using SAS, an Analysis of Variance was computed for each
metabolite and for THC along with pair-wise t-Tests across the four groups that were
corrected for multiple comparisons with the Tukey correction. A Random Effects model
was incorporated into the statistical tests to correct for any correlation that may have
been caused by including multiple studies from the same animal (145). Next, the
saturation of the conversion of the hyperpolarized compounds to lactate was evaluated
for each tissue type by fitting the lactate vs. THC data with a linear function and
comparing the slope to one. A slope of one would indicate complete conversion to
lactate. Last of all, a correlation coefficient was computed for the histological index and

the lactate levels in Table 5.1 as well as the lactate levels in Figure 5.5.
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Mouse Gros.s Tis.sue Histological Classification (%) Volume Average Metabolite SNR
Designation Normal WD* MWD* PD*  Necrotic Index& (cc) Lactate Alanine Pyruvate
MS46 Normal 1008 0 0 0 0 0 0.068 29 15 32
MS47 Normal 1008 0 0 0 0 0 0.051 36 10 24
MS43 Normal 1008 0 0 0 0 0 0.038 39 17 64
MS45 Normal 1008 0 0 0 0 0 0.058 43 19 72
MS67 Normal 100° 0 0 0 0 0 0.043 48 15 46
MS44 Early Tumor 1 94 5 0 0 0.74 0.14 63 20 55
MS72 Early Tumor 15 78 7 0 0 0.92 0.35 61 16 78
MS36 Early Tumor 1 33 1 65 0 1.76 0.15 83 23 52
MS54 Early Tumor 2 35 35 30 0 1.95 0.26 86 18 86
MS61  Late Tumor | O 0 0 g1t qoff 243 | 124 128 17 30
MS51  Late Tumor | O 0 1F ggt 14t 266 4.0 147 22 50
MS53  Late Tumor 0 0 0 o45 55 2.84 43 173 21 78
MS51 LN Metastasis 1 0 0 64 35 1.40 0.14 75 17 48
MS53 LN Metastasis 2 0 0 93 5 1.45 0.10 91 19 60
MS61 LN Metastasis 0 0 76 20 2.28 0.99 131 19 31

Table 5.1: Histological classification and average hyperpolarized 13C metabolite SNR
for each mouse. *The histological classifications were defined as Well Differentiated
(WD), Moderately Well Differentiated (MWD), and Poorly Differentiated (PD). %The
histological index ranges between 0 and 3, where 0 indicates that 100% of the tissue
was normal and 3 indicates that 100% of the tissue was PD. The values for the small
tumors were corrected for partial volume effects. $The normal mice were assumed to
have a 100% normal prostate based on histological analysis of separate mice. "Due to
the large size of the late stage tumors, the histological classification for these tumors
was estimated from 3-5 sections taken from the tumor. 'The percentage of necrosis for
the late stage tumors was estimated from the anatomical MR images because it was not
practical to estimate it from the histology.

Results

The hyperpolarization of 'C-1 pyruvate provided ample signal-to-noise for
measuring the time course of the delivery of the labeled pyruvate as well as it metabolic
conversion to lactate and alanine in a 10mm thick slab from an anaesthetized TRAMP
mouse with a late stage tumor as shown in Figure 5.1. The hyperpolarized pyruvate
(173 ppm) was detected in the slab approximately 12 seconds after the start of the
injection, and it reached its maximum level approximately 12 seconds later, as expected
from a 12 second long injection of pyruvate. Hyperpolarized 3C-1 lactate (185 ppm)

was observed in the axial slab from the mouse almost immediately following the arrival
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of the labeled pyruvate and increased in concentration at a slightly slower rate than the
labeled pyruvate. Since the labeled lactate was reduced from the labeled pyruvate by
lactate dehydrogenase (LDH), the signal from the hyperpolarized pyruvate rapidly
decreased from its maximum until the lactate and pyruvate approached isotopic
equilibrium at approximately 45 seconds. At this point, both lactate and pyruvate
decreased at a slower rate as result of T, relaxation, utilization of the hyperpolarized
signal for the MR experiment, and possibly metabolic conversation to other compounds.
The slow decrease allowed the labeled lactate signal to persist for over two minutes.
Hyperpolarized '*C-1 alanine (178.5 ppm) was also observed in the slab through the
TRAMP tumor and exhibited a behavior analogous to lactate, except the conversion
from pyruvate to alanine was controlled by alanine transaminase and the amount of
hyperpolarized alanine produced was an order of magnitude lower than that of lactate.
The pyruvate-hydrate (181 ppm) present in the spectra followed the same time course
as pyruvate because it was in equilibrium with the pyruvate. However, it had a
substantially lower signal level. While the time course of the hyperpolarized pyruvate
and its metabolic products contained a wealth of biological information, it was mainly

used to plan the timing of the spectroscopic imaging experiments for this study.

Out of the seven TRAMP mice included in the hyperpolarized imaging
experiments, three were histologically classified with late stage tumors and four were
classified with early stage tumors. The late stage TRAMP mice had very large primary

tumors and peri-aortic lymph node metastases that were 6.9+4.8 and 0.41+0.50 cm?,

respectively. As indicated in Table 5.1, the late stage primary tumors were almost
exclusively poorly differentiated cells with a histological index between 2.4 and 2.8. The
lymph node metastases were mostly poorly differentiated cells along with some necrosis

and had a histological index between 1.4 and 2.3. A representative TRAMP mouse with
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a late stage 4.3 cm® tumor and a right peri-aortic lymph node metastasis is shown in
axial cross-section in the anatomical image in Figure 5.2A. The spatially interpolated
hyperpolarized lactate image from this mouse presented in Figure 5.2B shows a very
strong lactate signal (165+34) from the active region of the primary tumor and a
moderately strong lactate signal (104 +6.5) from the lymph node metastasis. The
remaining tissue, including the necrotic regions in the anterior aspect of the tumor,
yielded orders of magnitude lower lactate. The grid of '*C spectra taken from the 3D

MRSI shows a high lactate-to-pyruvate ratio across the tumor (2.2+£0.48) and in the
lymph node metastasis (2.0 +0.03) along with low alanine levels relative to pyruvate. All

the metabolite levels in the spectra located outside of the tumors were substantially

lower.

The early stage TRAMP mice had primary tumors that were 0.23+0.10 cm® and

were comprised of well differentiated, moderate well differentiated, and poorly
differentiated tumor tissue along with a few normal epithelial areas (Table 5.1). Their
tumors had histological indices ranging from 0.7 to 1.9. As illustrated by the
representative case in Figure 5.3A and Figure 5.3B, the early stage primary tumors were
clearly visualized on the anatomical images and exhibited higher hyperpolarized lactate
levels (75) than the surrounding tissue. The carbon spectrum taken from the 3D MRSI
shows that the hyperpolarized lactate and pyruvate levels were comparable in the early

stage tumors, whereas the alanine levels were again much lower.
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Figure 5.2 Axial T, weighted H image depicting the primary tumor and lymph node
metastasis from a Late Stage TRMP mouse (A) and the overlay of an interpolated
hyperpolarized *C lactate image following the injection of 350 uL of hyperpolarized "*C-
1 pyruvate (B). After spatially zero-filling and voxel shifting the "*C spectra to maximize
the amount of tumor in the voxels, a subset of the spectral grid was selected (C) and
displayed (D). The 3D MRSI was acquired with a nominal voxel resolution of 135 mm?
and zerofilled to a resolution of 17 mm?®. The spectra show substantially elevated lactate
in the late stage tumor as compared to the early stage tumor shown in Figure 5.3. In
addition, the metabolite signal is significantly lower in the necrotic regions of the primary
tumor. Lac: Lactate, Ala: Alanine, Pyr: Pyruvate.
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Figure 5.3 Axial T, weighted 'H image depicting the primary tumor from an Early Stage
TRMP mouse (A) and the overlay of an interpolated hyperpolarized "*C lactate image
following the injection of 350 uL of hyperpolarized *C-1 pyruvate (B). The numerical
range of the color map in the lactate image was reduced to half the range used in Figure
5.2 to allow visualization of the lower hyperpolarized lactate levels. After spatially zero-
filling and voxel shifting the *C spectra to maximize the amount of tumor in the voxels,
one voxel from the primary tumor was selected (C) and displayed (D). The 3D MRSI
was acquired with a nominal voxel resolution of 135 mm® (dashed white box) and
zerofilled to a resolution of 17 mm? (solid white box). The spectrum shows prominent
signals from lactate and pyruvate and smaller signals from alanine and pyruvate-
hydrate.

After comparing the hyperpolarized lactate levels with the histological index
determined from the H&E stained sections, the lactate levels and histological index had
a correlation coefficient of 0.95 when using the average lactate values in Table 5.1 and
0.92 when using the individual lactate values in Figure 5.5. The representative
hyperpolarized carbon spectra and H&E stained sections from each of histologically
defined groups shown in Figure 5.4 illustrate this strong correlation. The hyperpolarized

spectrum from the normal murine prostate exhibited the lowest lactate level out of all the
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representative spectra, while pyruvate produced the largest peak in the normal
spectrum. As a side note, the normal prostate spectra also included metabolic signals
from surrounding tissues since the spectroscopic voxel was larger than the normal
mouse prostate. Similar to the healthy human prostate, the murine prostate histology
was very glandular with secretory epithelial cells lining the glands and stromal tissue
supporting the glands as shown in Figure 5.4A. The histological sections from the early
and late stage tumors depict the gradual replacement of the secretory epithelial cells by
less differentiated epithelial cells until the glands are completely eliminated and only
anaplastic sheets of pleomorphic cells with irregular nuclei remain in the late stage
tumors. The carbon spectra showed significant higher hyperpolarized lactate levels in
the early and late stage tumors, with the late stage tumors having the highest lactate
levels. Pyruvate levels in the early and late stage tumors were similar and were
comparable to the normal prostates and lymph node metastases (Figure 5.4). Lactate
levels in the lymph node metastases fell between those of the early and late stage
tumors. Histologically, the lymphocytes in the lymph nodes were almost completely

replaced by poorly differentiate epithelial cells.
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Figure 5.4 Representative H&E stained sections and hyperpolarized 3C spectra for one
case from each of the histologically defined groups. The histology slides were
processed using 5 um thick sections and photographed with 40X magnification. The
hyperpolarized "*C spectra represent voxels taken from MRS datasets and normalized
to correct for differences in polarization and receiver sensitivity. The normalized spectra
illustrate the strong correlation that exists between the amount of hyperpolarized 3c
lactate and the progression of the disease from the normal prostates to the early stage
tumors and the late stage tumors.

Evaluating all of the samples collectively, statistical comparisons revealed that the
lactate levels between all the groups were different with the exception that early stage
tumors were not different from lymph node metastases (p<0.05). Very importantly, there
was almost no overlap between the normal prostates, early stage tumors, and late stage
tumors, an essential characteristic of an accurate staging tool. In fact, the lactate levels
from 6 of the 7 normal prostates were lower than the lactate levels measured in all the
tumors as shown in Figure 5.5. Using the THC as a rough measure of uptake of the
hyperpolarized substrates, it was clear that the seventh normal mouse prostate also
received much more hyperpolarized carbon. Despite the higher uptake, the lactate

levels were only slightly higher, indicating that a small amount of additional
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hyperpolarized carbons present in the prostate had been converted to lactate. Whereas,
the late stage tumors had much higher THC relative to the normal prostates and much
higher hyperpolarized lactate. As a rough measure of the conversion to lactate, the
lactate versus THC data for the groups plotted in Figure 5.5D were fit with linear
functions. The slopes of the lines were 0.27, 0.41, and 0.53 for the normal prostates,
early, and late stage tumors, respectively. Since the slope increased with stage, it
suggests that the ability to convert pyruvate to lactate increased with stage or the
demand for converted lactate increased with stage. Furthermore, the increase in THC
with stage indicates that the uptake of the hyperpolarized compounds increased with
stage as well. Statistically, THC levels in the late stage tumors were different from all of
the other groups (p<0.05). The difference in THC levels between early stage tumors and
normal prostates was approaching statistical significance with p=0.08. Meanwhile
hyperpolarized alanine levels were only marginally different from a statistical standpoint
with the comparison between late stage tumors and normal prostates yielding p=0.05.
Nonetheless, alanine levels exhibited trends that were similar to the trends in lactate
levels but with smaller differences and standard deviations as shown in Figure 5.5. The
individual hyperpolarized pyruvate values had significant overlap between the groups

(plot not shown) and were not statistically different across the groups.
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Figure 5.5 Numerical comparisons of hyperpolarized ®C metabolites with the
pathologically defined groups. A bar plot summarizes the peak area to noise ratios
(average + standard deviation) of the *C labeled lactate, pyruvate, and alanine for the
four histologically defined groups (A). The lactate peak area SNR values were
statistically different for all four groups, except that early stage tumors were not different
from lymph node metastases (p < 0.05). While the alanine SNR values were not quite
statistically different, they exhibited similar trends to the lactate values as shown by the
lactate versus alanine plot (B). The box plot of the individual values for the lactate SNR
(C) shows that there was almost no overlap between the normal prostates, early stage
tumors, and late stage tumors. The plot of lactate versus total hyperpolarized carbon (D)
suggests that much of the within group scatter of the lactate SNR may be related to
variability in the amount of hyperpolarized carbon delivered to the tissue.

Discussion

The data from this study demonstrate that hyperpolarized '*C-1 lactate levels
measured after the injection of hyperpolarized '*C-1 pyruvate provide a non-invasive
measure of the histological stage (analogous to Gleason grade employed in humans) of
prostate cancer in TRAMP mice. Not only were the lactate levels stage dependent, the

lactate levels in the tumor were higher than those from the surrounding anatomy
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indicating that hyperpolarized lactate has the potential to be a very sensitive biomarker
for prostate cancer localization and detection. In addition, the overlap between the
normal prostates, early stage tumors, and late stage tumors was minimal with just one

normal prostate having a lactate level that overlapped with the early stage tumors.

The hyperpolarized lactate levels were strongly correlated with the cancer’s
histological index (0.95), which was determined from the amount of well, moderately well
and poorly differentiated epithelial tissue present in the tumor. Since the same
histological data was used to determine the histological stage, the hyperpolarized lactate
levels also correlated with the tumor’'s stage. Early stage tumors, analogous to low
grade tumors in humans, contained a significant percentage of well differentiated
epithelium and produced tumors that were slightly larger than the normal murine
prostate. Late stage tumors, analogous to advanced, high grade tumors in humans,
consisted of mostly poorly differentiated epithelium and coexisted with significant lymph
node metastases. The disease progression in the TRAMP mice included in this study
was consistent with a previous study, which showed that the TRAMP transgene causes
the glandular architecture of the murine prostate to gradually be replaced by less
differentiated epithelial cells resulting in primary tumors that are almost entirely poorly
differentiated cells in the advanced stages of the disease (146). In addition, the
investigators demonstrated that as the primary tumors progressed, the TRAMP mice

also develop metastases that first appeared in the regional lymph nodes.

The higher lactate levels found in the tumors are consistent with lactate
measurements made on human prostate tissue samples (40, 44, 47) as well as
hyperpolarized lactate measurements made in rat tumor xenografts (147) and mouse
lymphoma tumors (92). These findings support the hypothesis that the cellular evolution

associated with carcinogenesis selects for lactate-producing glycolytic cells because
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they can withstand the intermittent hypoxia that malignant cells likely endure and it
supports the microenvironmental acidosis they need to breakdown and invade the
surrounding healthy tissues (69, 135). Additionally, the larger lactate pool may be a
carbon source for the lipogenesis that is required to sustain cellular proliferation (62).
Since LDH is the only known mechanism for converting pyruvate to lactate, the
hyperpolarized lactate levels reported in this study are likely a reflection of LDH activity
within the region of interest. Furthermore, the increase in the slope of the lactate versus
THC data indicates that the LDH activity increased as a function of prostate cancer
stage. While it is possible that the pyruvate to lactate conversion occurred prior to its
delivery to the tumor tissue, the fact that the pyruvate signal buildup preceded the lactate
signal buildup in the time course data suggests that the pyruvate was delivered to the
tumor tissue. In addition, the hyperpolarized lactate-to-pyruvate ratio was found to be
much less than one in the blood of rats with tumor xenografts (91) and the blood of mice
with lymphoma tumors (92) that were examined using a similar hyperpolarized imaging
protocol. Naturally, these assertions need to be verified in future TRAMP mice studies
by directly measuring the LDH activity levels in the tumors and by developing a
hyperpolarized imaging technique capable of measuring the time course of the

hyperpolarized metabolites in smaller regions of interest.

Differences in hyperpolarized alanine and pyruvate were not as substantial as the
changes in lactate across the various tumor stages. Although, the differences were
much smaller for alanine, it did show a trend for the same stage dependent changes
observed for lactate. A study performed on isolated mitochondria demonstrated that
tumor cell mitochondria produced alanine in the presence of pyruvate to support the
conversion of glutamate to citrate, which would enable the biosynthesis of new cell

membranes (136). These findings along with the elevated alanine levels measured in
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human prostate cancer samples (40, 44, 47) suggest that the hyperpolarized alanine
differences from this study are real and would have reached statistical significance with
a larger sample size. The pyruvate levels were more variable than the lactate and
alanine levels and gave no indication of a difference between the groups. Since the
hyperpolarized pyruvate signal was rapidly decreasing while the *C MRSI data were
being recorded (Figure 5.1), the large variability was likely caused by the timing of the
data acquisition. If one assumes that most of the lactate and alanine were converted
from the pyruvate after it arrived in the tissue of interest, then the THC levels provide a
good estimate of the amount of pyruvate taken up by the tissue. As it turned out, the
THC levels increased with the cancer’s stage and suggest that the amount of pyruvate
uptake was stage dependent as well. The higher pyruvate uptake in cancer is consistent
with a cellular study which demonstrated that a monocarboxylate transporter (MCT-2)
had high affinity for pyruvate and had higher m-RNA expression in epithelial tumor cell
lines (147). Although the THC levels increased with stage, there was slightly more
overlap in the individual THC levels between stages as compared to the lactate levels.

However, the THC levels helped explain the variation in lactate levels within each tumor
type.

In the clinic, the detailed information obtained from the spectroscopic imaging of
hyperpolarized pyruvate and its metabolic products may improve prostate cancer patient
care by providing a method to non-invasively characterize cancer throughout the entire
prostate with a single procedure. The hyperpolarized MRSI procedures presented here
allowed 3D visualization of the distribution of lactate, pyruvate, and alanine throughout
the prostate tumor and surrounding anatomy. With this technique, it was possible to
non-invasively detect small aggressive tumors as well as regional lymph node

metastases. As part of current clinical practice, TRUS guided pattern biopsies, a more
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invasive approach, are employed to diagnose prostate cancer, but the procedures are
limited by the ability of TRUS to locate the tumor and the small percentage of the
prostate that is sampled. Clearly, a more comprehensive non-invasive measurement
would be superior. In addition, the strong correlation between the hyperpolarized lactate
levels and the tumor’s stage, along with the minimal overlap in lactate levels between
stages, suggest that physicians could use the information to chose the best therapy and
treatment schedule for an individual patient, or improve TRUS guided biopsy planning.
For the murine studies presented here, the THC levels did not improve the accuracy of
the tumor staging. However, the combination of lactate levels and THC levels may
prove even more beneficial than lactate alone for in-vivo human exams. From a
biological standpoint, the highly reproducible difference in the hyperpolarized lactate
levels suggest that the hyperpolarization assay augmented with the appropriate
experimental conditions may provide a non-invasive technique for monitoring changes in

LDH activity.

Conclusion

In summary, the stage dependence of hyperpolarized lactate levels was measured
for the first time in a transgenic mouse model of prostate cancer. The amount of
hyperpolarized lactate measured after injection of hyperpolarized '*C-pyruvate
demonstrated great potential as a new biomarker capable of non-invasively staging
prostate cancer in mice and great potential for future studies of prostate cancer patients.
The amount of THC was also stage dependent, but the THC levels in individual tumors
produced slightly more overlap between the different tumor stages than the individual
lactate levels. However, the THC explained some of the within group variation in
hyperpolarized lactate suggesting that a combination of these biomarkers will likely

provide the best characterization of prostate cancer aggressiveness in patients.
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