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Abstract

Hyperpolarization via the Dynamic Nuclear Polarization (DNP) technique has revo-

lutionized our ability to study metabolic changes in real time. The aim of this thesis

was to build upon previous work centered around the use of DNP within the iso-

lated perfused rat heart, a well established model system for the study of cardiac

metabolism, to enhance the information that can be obtained through the combi-

nation of DNP with perfused organs. Initially this was done by using the widely

studied DNP probe, [1-13C]pyruvate, to generate images of metabolism within the

isolated perfused rat heart. The developed technique was then successfully demon-

strated in two models of myocardial infarction. The thesis then proceeds to develop

an understanding of how the supra-physiological concentrations of [1-13C]pyruvate

commonly used in DNP experiments can affect metabolism in the isolated perfused

rat heart, and the way in which the myocardium responds to those changes if it is not

adequately supplied with substrates ordinarily present in vivo, namely fatty acids.

New methods of providing the heart with these required substrates were developed,

without significant interference to the biochemical information acquired from DNP

experiments. As [1-13C]pyruvate only provides information on a small subset of car-

bohydrate metabolism, the next chapter develops new compounds to be used with

DNP, which would allow the exploration of short chain fatty acid metabolism (bu-

tyrate) as well as ketone body metabolism (b-hydroxybutyrate and acetoacetate), and

other aspects of carbohydrate metabolism (lactate and alanine). These compounds

were developed and then tested for their potential usefulness in the isolated perfused

heart. Finally, as the isolated perfused rat heart lacks the diversity of genetic disease

models available in the mouse, the final chapter expanded the use of DNP to the

isolated perfused mouse heart with all the size challenges that this entails, and makes

the transition from the heart to the liver, in order to provide an alternative metabolic

viewpoint on the biochemistry of disease models. This thesis thereby permits studies

involving isolated perfused organs to be carried out whilst exploiting all the tools

that DNP has to offer and consequentially, allows for a vast array of physiologically

derived information to help us better understand metabolic diseases.
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Chapter 1

Introduction

1.1 Overview

Extensive developments into the understanding of the human body and its functioning

at the biochemical level have been made over the last century. “Underground maps”

of metabolic pathways now exist [1], and over time, new techniques have emerged to

further our understanding of the way in which these metabolic pathways fit together.

These techniques can be roughly grouped into those that provide information about

the identity of the different species within a pathway and those that predominantly

provide kinetic information, and therefore require prior knowledge of the pathway.

Radiolabelling and positron emission tomography (PET) are examples of two tech-

niques which provide kinetic information. In radiolabelling, a metabolite of interest,

such as glucose, is labelled with 3H or 14C, injected into the tissue of interest, and a

known product is collected [2]. In this example, either labelled water or carbon dioxide

is measured, and gives information on the rate of production, as well as an absolute

value of how much glucose was metabolised, which can be compared in control and

disease groups.

PET systems rely on decay by positron emission, and therefore isotopes such as
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Isotope Half life
15O 2 mins
11C 20 mins

68Ga 68 mins
18F 110 mins

64Cu 9 hours
124I 4 days

Table 1.1: This table gives the half-lives of some commonly used PET isotopes. The
most useful of these clinically, 18F has a long enough half-life that compounds based
on it can be synthesized away from the site of the scanner.

11C, 18F, 15O are required, which leads to the need for a cyclotron to produce these

isotopes. Often these isotopes have very short half-lives (Table 1.1), and thus need to

be generated close to the PET system (with the exception of 18F, an extensively used

probe which can be made off site). In addition, time is required to synthesize relevant

probes from the isotope. PET does, however, provide images of acceptable resolution

(around 1 – 2 mm), with no depth limit, and a temporal resolution from 10’s of seconds

to minutes. The sensitivity of tracers is exceptionally good, with detection limits

around the pico-mol range (nano grams of the PET probe are sufficient for clinical

use [3]). Fluorodeoxyglucose (18FDG) is a good example of a glucose analogue which

is used for detecting highly glycolytic tumours in oncology [4,5]. It is also possible to

design probes capable of interrogating metabolic kinetics, as well as antibody binding

sites [6], peptides [7] and hormones [8], using the PET isotopes listed in Table 1.1.

Examples of systems providing identification of the particular species in a metabolic

pathway include nuclear magnetic resonance (NMR) and mass spectrometry (and

its many variants [9]). NMR is developing into a particularly useful tool in clinical

research [10–12]; and in the same way that radiolabelling can be used to measure

oxidation rates, so too can NMR with the infusion of a stable, NMR visible isotope

(13C being the most common for metabolic studies) [13]. Additionally, following

substrate perfusion into tissue, blood samples can be taken and submitted for NMR

analysis [14]. This gives a snap shot of all the metabolites present at that moment
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in time, and their ratios. NMR, however, has a low sensitivity for the 13C nucleus,

which results in long scan times for metabolic studies (on the order of several hours

for the metabolic analysis of a rat heart).

Mass spectrometry, especially when combined with liquid and gas chromatography,

is a useful tool in metabolic analysis [15] in that it provides additional information to

aid with the elucidation of unknown metabolites in NMR. It also has the advantage

that it provides a quantitative measure of metabolite levels. NMR is not typically

used for this purpose, rather it is generally used to provide ratiometric information,

although some NMR methods do aim to provide absolute quantification [16].

Lacking from the methods described so far is a technique that allows identification

of the metabolites of interest at the same time as providing real-time kinetic data.

Dynamic Nuclear Polarization (DNP) is a form of NMR that allows metabolic probes

to be traced in real time with a high signal to noise ratio (SNR) thus providing

kinetic information and uptake parameters, as well as the identity of the intermediate

metabolites in the pathway. A disadvantage however, is that the high level of signal

from the metabolite being traced typically lasts less than 60 seconds. To compound

this, although there are a large range of potential probes for metabolic assessment,

few are likely to yield high enough signal to noise ratios to be useful in perfused

organs or in vivo, or to provide information on a useful metabolic pathway.

1.2 Aims

This thesis aims to address some of the issues associated with the DNP technique by

making improvements to its methodology and application, thereby allowing it to be

used routinely in elucidating metabolic changes and pathways in biological systems

with a specific focus on isolated perfused organ systems.

Chapter 2 provides some background on the fundamental theory of NMR and DNP,

along with a general discussion on the metabolic pathways relevant to the material
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in this thesis. Chapter 3 looks at extracting further information from pyruvate,

the most routinely used DNP probe due to its ease of use and ability to provide

relevant metabolic information on carbohydrate metabolism. By developing a method

of imaging (and thereby localizing) metabolism in the isolated perfused heart, the

aim was to provide a spatial assessment of metabolism in the diseased heart. Current

approaches rely on techniques such as MRI, ultrasound and computed tomography

(CT) to examine the diseased heart. Unfortunately, these do not reveal information

about the metabolic changes that are occurring – and whether underlying changes

in metabolism could predict the observed physiological changes. To do so, molecular

imaging techniques need to be employed, and PET could potentially be used for this

purpose [17]. However, in the study of cardiac ischemia in a rat model, it is used

essentially as a contrast agent as there is difficulty in distinguishing between reduced

uptake of FDG due to changes in metabolism or the presence of non-perfusing necrotic

tissue. DNP, when combined with novel imaging techniques, will aim to provide this

distinction, and to provide further information on metabolic changes.

In order to be truly useful, it should be possible to use the DNP technique without

making any compromise to the physiological requirements of the biological system un-

der examination. Currently, supra-physiological concentrations of pyruvate are being

used in order to obtain a greater SNR. Isolated heart preparations are also frequently

being perfused without the presence of fatty acids (which would ordinarily account

for around 70% of their fuel in vivo [18]). This is due to the need for albumin to

solubilize the fatty acids, which has previously been shown to eliminate the enhanced

pyruvate signal [19]. As such, Chapter 4 aims to investigate both these issues. Firstly,

to investigate the applied pyruvate concentration, the metabolic effects of using such

high concentrations will be explored to determine whether lower pyruvate concentra-

tions could be used while maintaining sufficient signal to noise ratio (SNR). Secondly,

methods will be developed to allow the use of fatty acids in the perfusion buffer for
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DNP experiments to achieve the ideal physiological preparation.

The next critical step in making the use of DNP more widespread is to increase

the availability of different metabolites to survey alternative metabolic pathways.

Chapter 5 aims to do this by developing probes that allow the exploration of the

major metabolic fuel types, i.e. the fatty acids, the ketone bodies, and the products

of glycolysis, alanine and lactate. This development involves appropriate formulation

to allow the high signal to noise ratio of the chosen probe to be created during the DNP

process. It is also important to minimize adverse effects from the non-physiological

compounds sometimes needed in order to create suitable probes. Within Chapter

5, these probes will be characterized with respect to their physical properties and

metabolic activity. They will then be further evaluated for potential use in isolated

perfused organ systems.

Whilst DNP has so far been evaluated in the isolated perfused rat heart, it remains

unexplored in the mouse heart (to date, no literature exists on the process). This is

due to the difficulty of achieving a good signal to noise ratio with DNP probes in a

system a fraction the size of the rat heart. Yet in avoiding the mouse, a vast array

of easily available and clinically relevant transgenic and mutant mouse models are

left untouched by a technique that could reveal information on metabolic processes

in these animals. Chapter 6 aims to develop the ability to use DNP in the perfused

organs of mice. The technical challenges of mouse heart perfusion include the delivery

of the hyperpolarized probe within a suitable time frame to an organ which has 1/10th

the buffer flow of the perfused rat heart. Chapter 6 then proceeds to develop the use

of the isolated perfused mouse liver with DNP, a natural choice following the mouse

heart, due to the central role that it plays in the metabolic alterations occurring

within the body during changes in substrate supply and disease. An understanding

of the changes that occur in the liver, as well as the adaptations in the heart, would

better lend itself to a whole body understanding of metabolism.
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Chapter 2

Theory

2.1 Aims

This chapter aims to introduce the basic theory of nuclear magnetic resonance (NMR),

which underpins all the work carried out in this thesis. The physical basis behind the

technique of hyperpolarization via dynamic nuclear polarization (DNP) which allows

the signal from low concentration metabolites to be amplified, and the way in which

this technique is practically applied will then be explained. Finally, an overview of

metabolism will be given, to introduce the pathways that will be probed throughout

this thesis using DNP hyperpolarization.

2.2 NMR physics

NMR is an exceptionally useful technique as it allows assignment of a specific sig-

nature to a nucleus, thereby helping to identify it through its interaction with the

environment, whether that is with another nucleus, an external magnetic field, or

radio frequency irradiation. NMR relies on the physical property that nuclei possess,

namely a magnetic moment (essentially allowing it to act as a bar magnet), which

arises whenever any charged species is spinning. Nuclei without this magnetic mo-
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Figure 2.1: Graphical depiction of Equation 2.1 with increasing magnetic field
strength, B0.

ment are NMR invisible, and in practice this is the case where a species has a nuclear

spin of 0.

In terms of quantum mechanical theory, the result of placing nuclei with magnetic

moments into an external magnetic field is an interaction which creates different

energy levels (the Zeeman effect [20]), whereby the gap between energy levels has a

defined energy spacing given by Equation 2.1. ∆E denotes the spacing between energy

levels, g is the gyromagnetic ratio (the ratio of the magnetic moment to angular

momentum) and B0 is the external magnetic field experienced by the nucleus. Note

the proportionality to g and B0, i.e. the higher the external magnetic field, the higher

the energy gap between energy levels. This energy spacing is depicted graphically in

Figure 2.1.

∆E = gћB0 (2.1)

Using hydrogen as an example (with a magnetic spin quantum number of S = ½),

placement in a magnetic field will generate two magnetic orientations; nuclear spins

either aligned with the B0 field, or opposed to it. The ratio of the populations within

the two energy states created is dependent on the Boltzmann distribution (Equation

2.2). From this equation, it can be seen that the population difference is very small,

for example, at T = 293 K, k = 1.38*10-23 (the Boltzmann constant) and B0 = 11.7

T (the magnetic field of the magnet used in the experiments described in this thesis),
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the population difference between the upper (Nupper) and lower (Nlower) energy states

is 512 parts per million (ppm). The difference in population between this upper and

lower energy state is known as the polarization, and its low values are the reason for

the inherent insensitivity of NMR.

Nupper/Nlower = e−∆E/kT (2.2)

This difference in populations, or polarization, can be exploited in a similar way to

other types of spectroscopy (e.g. infrared or ultraviolet); energy is absorbed by a small

proportion of the population, altering their energy state. This energy (∆E) is supplied

to the system by emitting radiation from a coil located around the sample. For the

magnetic field strengths used in NMR, the frequency of this energy corresponds to

the radiofrequency (RF) range, and is related to the energy needed to change from

the lower to the upper energy state by Equation 2.5.

These changes from the lower to the upper energy state will occur as long as they

are not forbidden by the rules of quantum mechanics (forbidden transitions can be

forced in both NMR and DNP, briefly discussed later in this chapter). The energy,

and therefore the frequency of the radiowaves required to induce transitions between

energy levels will change depending on the local environment of the nucleus, meaning

that it is possible to distinguish different nuclei in a molecule. This is known as

chemical shift, and occurs in part because elements have differing electronegativities.

Oxygen for example is able to pull more electrons toward itself than Carbon and

this decreased electron density around Carbon gives it a higher chemical shift. Upon

relaxation, the absorbed energy is released and observed by a detector tuned to the

correct frequency.

In terms of classical theory, the NMR experiment can be visualized as the magnetic

dipole of nuclear spins pointing toward the Z axis (the direction of the external mag-

netic field) in their thermal equilibrium position, with magnetization M0. The mag-
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∆E = hf (2.3)

After substitution of Equation 2.3 into Equation 2.1:

gћB0 = hf (2.4)

Rearrangement of 2.4 gives Equation 2.5:

f = gB0/2p (2.5)

Figure 2.2: Pane A depicts the two
populations of spins (aligned with the
magnetic field, or against it) pre-
cessing around the Z axis, at a fre-
quency proportional to B0. Pane
B depicts the net magnetization of
the system. Image adapted from
http://www.process-nmr.com/.

netic dipoles are in fact precessing around the Z axis, with a frequency proportional

to B0, called the Larmor frequency. This frequency is equivalent to that required in

the quantum mechanical description of NMR to induce energy level transitions. At

equilibrium, there is no significant contribution to magnetization in either the X or Y

planes, as the dipoles are randomly distributed around the Z axis, with vanishingly

small probability of significantly strong magnetization in any one given direction (Fig-

ure 2.2). In order to detect these nuclear generated magnetic dipoles, it is necessary

to force a sizeable magnetization component into the transverse plane, either X or

Y, which will in turn induce an electromagnetic field perpendicular to the external

magnetic field B0. This is done by generating an RF field in the transverse plane,

thereby creating an additional magnetic field (B1), which now forces the magnetic

dipoles (Figure 2.3) to be coherent, thus producing a non-zero magnetic field in a

given direction. Information here is extracted in different ways. Each of these spins

may be in different chemical environments, and therefore precess at slightly different

Larmor frequencies (exposure to different chemical environments alters the B0 field
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Figure 2.3: This figure shows the change in bulk magnetization from the z axis to the
transverse plane (x-y) when an RF field is applied.

experienced). This magnetization recovers back to the Z axis (its thermal equilib-

rium) after a time (T1). In addition, the spins begin to become non-cohesive after a

specific time (T2). The detected signal measured by an RF coil is separated into sine

and cosine components using a Fourier transform, to obtain a spectrum made up of all

the frequencies detected within the sample being excited. From here, the components

of the sample (whether living tissue, or a test tube containing a compound) can be

identified.

T1 relaxation can occur via different mechanisms, the most relevant of which are

dipolar interactions, paramagnetic relaxation and chemical shift anisotropy (CSA).

Dipolar coupling arises from the distance and angle between two nuclei, and is an

effect particularly relevant to molecules with protons. This means that generally,

13C nuclei with protons attached relax more quickly than those without. This can

be demonstrated by replacing protons with deuterium (spin = 1), and observing the

longer T1 seen. The distance and angle between two nuclei varies rapidly over time

due to the natural motion of nuclei in a liquid (known as tumbling), and has the effect

of inducing small changing magnetic fields. If a portion of these small changes happen

at the NMR frequency of the nucleus, relaxation can happen, allowing nuclei to flip

between their different spin states. Paramagnetic relaxation is commonly seen when
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metals are present, due to the number of unpaired spins present. In the case of DNP,

this is the case, in addition to the organic radical also used which will contribute to

paramagnetic relaxation. It works in a similar manner to dipolar coupling, except

that it is now an unpaired electron which is generating a small and variable magnetic

field, which allows relaxation of the nucleus it is interacting with. CSA is another

important relaxation mechanism, and adds another aspect to the dipolar coupling

discussed above. In perfect theory, a nucleus and its electron distribution would be

spherical. In practise, it is anisotropic (i.e. the electrons are not evenly distributed

around the nucleus at any given time), and interacts in a certain way with the main

magnetic field to alter the relaxation of the nucleus. In liquids, given the rapid motion

of the nuclei, this effect does not play a significant role since all these interactions

average out over time, unless discussing solid state NMR, where each of the nuclei

would be held in fixed positions.

2.2.1 Dynamic Nuclear Polarization (DNP)

The concept of hyperpolarization dates back to the 1950s, when it was hypothesized

that electronic and nuclear transition states could be coupled together in different

ways to allow high levels of nuclear polarization and therefore higher signal levels

in NMR [21–29]. These techniques were applied in the solid and gaseous states

over the next few years [30–33], to achieve higher than thermal equilibrium polar-

izations. By using microwave irradiation, or other types of radiation of appropriate

frequencies to excite typically forbidden transitions, spin exchange between nuclear

and electronic spin states can be achieved. From the foundations of this research, the

methods used to hyperpolarize nuclei diverged considerably, using different principles

and techniques. Those with the potential to be used for metabolic experiments will

be described here.

Para hydrogen induced polarization (PHIP) induces polarization by using a singlet

species of hydrogen (parahydrogen, default is orthohydrogen, a triplet, both species
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existing in a 1:3 ratio at room temperature), and transferring that polarization to a

nuclei of interest [34]. Typically, this has relied on the generation of parahydrogen,

done by taking advantage of the fact that it is the more stable species at very low

temperatures, and is dominant at around 20 K. Thus when hydrogen is cooled to

very low temperatures, with the help of a paramagnetic catalyst, parahydrogen is

produced, which can be warmed to room temperature. Its decay back to an equilib-

rium state with orthohydrogen is very slow, and the sample is relatively stable for

several hours. When required, the parahydrogen can be added to a species capable of

an addition reaction (typically alkene and alkyne species), creating a molecule with

polarized protons that can be detected in very small concentrations by an NMR spec-

trometer. Any subsequent reactions of this species can also be tracked, by looking

at the resonance changes to the polarized protons. It is also possible to transfer this

very high polarization to other nuclei with lower gyromagnetic ratios (and thus less

sensitive species such as carbon) [35]. The technique is problematic due to the limited

number of metabolically relevant species that can undertake hydrogenation reactions

in this manner. To look at a compound of interest, a precursor with the appropriate

unsaturated functional group has to be synthesized (rather than being commercially

available), thereby reducing the widespread usefulness of the technique. A clever

improvement to PHIP has recently been developed [36], which allows para-hydrogen

polarization to be transferred to a much wider variety of compounds using a metal

complex centre (signal amplification by reversible exchange, SABRE).

Another technique with good potential is the use of optical pumping to achieve hy-

perpolarization of gases with a spin of ½. These include 129Xe and 3He which have

been widely used in MRI to image the air cavity within the lungs [37], and have been

shown to have potential in the diagnosis of pulmonary diseases in the clinic [38–40].

Xenon tracers have a more interesting application, in that they can be bound to

biomarkers and tracked [41], or can be used to image perfusion within the brain for
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example [42], either by inhalation or by administration as an aerosol injection. Both

nuclei have the advantage that no background signal exists within the human body.

Concerning 3He, while it has the potential to be useful in the clinic, its development

will likely be hindered by the prohibitive cost caused by a low natural availability of

the isotope [43].

Finally, there is dynamic nuclear polarization (DNP), which is the technique used in

this thesis. Different physical methods exist for achieving this type of hyperpolariza-

tion, and can be grouped into thermal mixing, the solid effect, the Overhauser effect

and the cross effect [44,45]. These methods all rely on the much higher gyromagnetic

ratio that electrons possess when compared to nuclear spins and their considerably

shorter longitudinal relaxation time (T1), which means that electrons are easily po-

larisable (near complete polarization is achieved at liquid helium temperatures, as

predicted using the Boltzmann distribution [46]). This high potential for polariza-

tion is exploited with DNP, using microwave irradiation to drive transitions between

forbidden states, thereby allowing transfer of the high electronic polarization to nu-

clei. DNP was made truly useful when it became possible to transfer the high solid

state polarization achieved through hyperpolarization to the liquid state at room

temperature [47]. This technique, known as dissolution DNP, is the basis of all the

experiments discussed in this thesis.

Dissolution DNP can make use of the cross effect, solid effect and thermal mixing

mechanisms for polarization transfer. The Overhauser effect mechanism is a spe-

cialized case of the solid effect and is reserved for polarization in the liquid state or

of metals. The Overhauser effect has demonstrated some interesting applications,

including hyperpolarized water [48], as well as having made an extensive impact in

NMR allowing 2D correlation spectroscopy, but is not applicable to the dissolution

DNP technique used in this thesis. Both the Overhauser effect and the solid effect

work by irradiating at the difference between electron (we) and nuclear Larmor fre-
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quencies (wn), to induce zero and double quantum transitions (which are normally

forbidden for the solid effect, and thus the process requires large amounts of energy)

to produce a population distribution which falls off at frequencies that differ from we

± wn, as shown by looking at the effect of microwave frequency against polarization

(microwave sweep) (Figure 2.4).

In Figure 2.4, pane (a), the pure solid effect is seen, which reveals clear separation

between the positive and negative phases. Unlike in the Overhauser effect, the para-

magnetic electrons are static, the electron spin resonance (ESR) band is considerably

narrower, and the greatest enhancement can be obtained by irradiating at we ± wn.

Progressing further down the diagram in pane (b), a pseudo solid effect is seen, which

occurs when nuclei with lower gyromagnetic ratios are used, or at lower magnetic

fields [49]. Of note is the less efficient polarization, largely due to microwave ir-

radiation driving transitions of opposing signs, resulting in a partial cancelling of

polarization. As the concentration of the electrons is increased, the we term becomes

dominant, and so the microwave irradiation frequency can be approximated by w =

we ± we(1/2) (where we(1/2) is the electron paramagnetic resonance (EPR) linewidth

of the electron source, in this case, a chemical molecule known as a radical). As a

consequence, cross effect and thermal mixing mechanisms start to dominate (panes

(c) and (d) respectively). Cross effect and thermal mixing are difficult to distin-

guish from each other, and even the comparison between thermal mixing and the

pseudo-solid effect can be difficult to judge solely by looking at the microwave sweep.

Both thermal mixing and the cross effect work on a three body system (two or more

electrons and a nucleus). The transitions here, however, are no longer forbidden, and

each double quantum transition is replaced with sequential, single allowed transitions.

The ability to predict which of thermal mixing or cross effect will occur depends on

the EPR spectrum of the radical being used; for a symmetric EPR lineshape, theory

would predict thermal mixing being dominant, for an asymmetric EPR, the cross
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Figure 2.4: Pane (a) shows a well resolved solid effect, where the peaks are clearly
separated. (b) shows a pseudo solid effect, where merging begins as a result of using
low gyromagnetic ratio (g) nuclei, or weak magnetic fields. Panes (c) and (d) show
the cross effect and thermal effect respectively, which occur via non-forbidden spin
transitions. Figure taken from [44].
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effect is likely the dominant mechanism. The OX063 radical typically employed for

dissolution DNP (and exclusively used in this thesis) induces polarization via thermal

mixing, whilst certain biradical forms of the TEMPO radical have asymmetric EPR

lineshapes and cause a cross effect mechanism to be employed.

2.2.2 Dissolution DNP

The equipment required to perform dissolution DNP for use with animals has been

extensively described previously [50], and will be briefly described here to detail the

two dissolution DNP systems used in this work, with particular focus on the way in

which they integrate to their respective MRI / NMR systems to allow both in vivo and

ex vivo experiments. The general experiment is as follows. A sample cup, containing

a sample to be hyperpolarized is inserted into the polarizer, cooled to 1.4 K, and

irradiated with microwave irradiation for about an hour. Once the sample is polarized

(has undergone the DNP process, to achieve a high polarization), the dissolution

process can begin. To provide a means of extracting the frozen, hyperpolarized sample

from the centre of the cavity, melt it, and deliver it outside the system, a dissolution

stick was created (Figure 2.5).
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Figure 2.5: An image of the dissolution stick, used with the “alpha system” hyper-
polarizer. The system is largely the same in the HyperSense hyperpolarizer, with
the exception that the insertion of the dissolution stick is done mechanically, and the
valves are all automatically controlled.

It is a long stick (pane A), with the upper portion, shown on the right (pane C), and

the lower portion comprising of a tube, the end portion of which is shown on the

left (pane B). With the lower valve closed, the cold solvent (usually a water based

NaOH buffer) is injected into the top port, and is stored in the heating chamber. The

air space is then pressurized with gaseous helium, and the upper valve closed. The

heating process begins, and when a temperature of 160oC and a pressure of 10 bar

are reached, the dissolution stick is rapidly inserted into the center of the polarizer

magnet, where it docks with the sample cup containing the sample being polarized.

With the sample cup attached, as in pane B of the figure, the lower valve is then

17



opened, to allow the hot solvent to proceed down the dissolution stick, along one of

two fluid paths, as shown by the blue arrows. The solvent then enters the docked,

hollow sample cup, containing the frozen hyperpolarized sample, melting the sample,

before the hyperpolarized liquid proceeds up the second fluid path, marked by the

red arrows, and out of the fluid path exit, to be injected in vivo or into an isolated

perfused organ. The high polarization of the sample is retained in the liquid state at

room temperature for a short period of time determined by sample T1, following a

decay curve as shown in Figure 2.6. The specific systems that have been used in this

thesis to polarize samples will now be discussed.

Figure 2.6: This figure shows the nature of the decay of hyperpolarized samples,
after they are ejected from the polarizer. The top pane shows a series of spectra,
each representing about a second, taken over two minutes. The small peaks represent
metabolites that result from the injection of hyperpolarized [1-13C]pyruvate (largest
peak) into a rat heart. The lower pane quantifies this, by showing the decay of
hyperpolarized pyruvate, and its metabolites in the rat heart, lactate, alanine and
bicarbonate over time. Image adapted from [51].

The primary system, the so called “alpha system”, is a prototype dissolution DNP

system (Figure 2.7) that is used mainly for in vivo work, and is coupled to a Var-

ian INOVA spectrometer for monitoring the build up of the solid state polarization

throughout the DNP process.
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Figure 2.7: The prototype “alpha system”, used for in vivo hyperpolarization exper-
iments.

It is adjacent to a horizontal bore 7 T MRI system (Varian Inc, Oxford, UK) system,

where injections of the hyperpolarized solutions generated are carried out into the

animal, and spectroscopic monitoring occurs. The second system is a commercial

“HyperSense” (Abingdon, Oxfordshire, UK) dissolution DNP system (Figure 2.8),

based on the alpha system, where the dissolution process and other events involved

in starting the hyperpolarization process have been largely automated.
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Figure 2.8: The HyperSense, a largely automated version of the alpha system, used
primarily for ex vivo work, such as that using the isolated perfused heart.

It is placed adjacent to a vertical bore 11.7 T MRI system (Bruker, Inc), and the

setup is generally used for ex vivo metabolic experiments in perfused organ systems.

Both systems are based on a magnet operating at 3.35 T, this magnetic field being

specifically chosen because it causes nuclear and electronic Larmor frequencies to be

such that polarization can be induced by a small, commercially available microwave

source at approximately 94 GHz. Higher magnetic fields can be used, requiring higher

microwave frequencies (up to 460 GHz as of 2011), but yielding higher polariza-

tions [52–55]. The problem is that the microwave sources are considerably larger,

and more technically involved to maintain and run. Nevertheless, current research is

ongoing into the potential of these systems, particularly for samples without isotopi-
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cally enriched nuclei (i.e. without 13C labelling), such as proteins for example [56].

Within the polarizing magnet of both systems is an accessible bore (cavity), with a

valve at the bottom to allow the entry of liquid helium from the outer to the inner

cryostat. The cavity is fitted with an insert (Figure 2.9), which contains:

• A microwave guide: to guide microwaves from source to the sample cup

• An RF coil: to allow sample polarization monitoring

• Low temperature resistors: to determine the level of liquid helium, to ensure

it covers the sample [57] (the HyperSense uses a capacitance measurement for

this purpose)

The cavity is also linked to a vacuum pump, which pumps on the cavity to lower

the pressure to less than 1 mbar (< 3 mbar for the HyperSense), reducing the tem-

perature inside to less than 1.4 K. The polarization achieved is inversely proportional

to temperature [58], thus having larger pumps is beneficial to the system, but more

costly.

2.2.3 Tracer requirements

The metabolic tracer, comprised of a low molecular weight metabolite, in order to

ensure that the signal decay time (T1) is not too short, is mixed with a radical to

provide a source of electrons for the DNP process. The commercially available radi-

cal, OX063 (Oxford Instruments, Abingdon, UK) has been shown to provide the best

polarization for dissolution DNP, in part because it has a narrow ESR linewidth in

comparison to TEMPO. A small amount of a Gadolinium (Gd) based contrast agent

is added, to facilitate coupling between the nuclear and electron spin systems. The
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Figure 2.9: This figure shows a schematic representation of the alpha system, though
the principles are applicable to the HyperSense. 1. the polarizer itself, 2. the vac-
uum pumps connected to the insert, 3. the insert, which contains the sample to be
polarized, and where the dissolution stick is inserted to dissolve the sample, 4. the
microwave source, 5. the pressure transducer, to measure the vacuum generated, 6.
the microwave guide, which directs the radiation to the sample, 7. the container for
the sample, 8. the outer guide for both sample insertion and the dissolution stick,
9. the sample cup, 10. the dissolution stick in the process of being inserted into the
insert, to dissolve the sample. Figure taken from [50].

radical and Gd must dissolve in a solvent or solution, which can be the metabolite

itself. In cases where the metabolite is a solid (or sometimes even when it is a liq-

uid), a neutral solvent is required to achieve this solubility. In addition, this neutral

solvent should allow the entire sample to form a glass (vitrify) upon freezing, which

allows maximal transmission of microwave irradiation, necessary for the DNP hyper-

polarization process. The formulation process required for specific molecules will be

discussed in further detail in Chapter 5.
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2.3 Metabolism

In order to provide a general background to the applications described in this thesis,

particularly with regards to the development of suitable metabolic probes for use in

dissolution DNP, a description of both the underlying physiology and metabolism

will be provided below. The pathways described will discuss the origin of each of the

metabolites investigated in this thesis, as well as their transformation, and the way

in which they relate to the overall working of human biochemistry.

2.3.1 Digestion

The cephalic phase marks the beginning of digestion, the initial neural response to

the thought, sight, smell and taste of food, which elicits the release of saliva, insulin

stimulation [59], as well as gastric secretions via parasympathetic action. The bolus

of food, after having been macerated and briefly acted upon by a-amylase, makes its

way down the oesophagus into the stomach. It is further churned for several hours,

and acted upon by hydrochloric acid, and various enzymes, including gastric lipase,

to break down the fat components, and pepsin, which acts to decompose protein.

Chyme, the mechanically, chemically and enzymatically processed food bolus, is se-

creted via the pyloric sphincter into the duodenum, where its acidity is neutralized

by discharge from the common bile duct.

In the small intestine (both the duodenum and the jejunum), most carbohydrates,

protein and fats will be broken down to allow absorption. The inner lining of the

small intestine is made up of many villi, small protruding folds from the wall, each in

turn coated with a brush border, the aim of both components being to increase the

available surface area for absorption by several orders of magnitude.

Carbohydrates are broken down by the amylase family of enzymes, where the small
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units produced, such as glucose, are then taken up into the blood stream via active

transport using the sodium – glucose linked transporters (SGLT-1) [60]. The purpose

of this active transport, which requires energy, instead of a passive transport system

such as the GLUT family of glucose transporting enzymes, is that complete carbohy-

drate extraction from the gut into the blood stream is required and a system which

relies on passive transport will only ever take up carbohydrates such that the con-

centration of the blood stream glucose is equal to that of the gut. The blood stream

supplying the gut now makes its way to the portal vein, usually at a concentration of

glucose many times higher than that of the systemic circulation.

Proteins, having been previously denatured by the acid in the stomach, are now

further broken down by trypsin, and several other enzymes each designed to target a

different functional group within the protein in order to obtain either the free amino

acid, or di and tri peptides (though amino acids are typically found in much higher

concentrations within di and tri-peptides, rather than in the free form [61]). Uptake

of these amino acids is broken up into several transporter families, which very broadly

speaking, can be characterized into small, neutral amino acid transport (system A),

those which are basic or acidic (system B) and those that have branched chains

or large aliphatic or aromatic side chains (system L). System A is responsible for

transporting serine, glycine and alanine (a metabolic probe discussed in Chapter 5).

It is worth noting that these transporters do not appear to be particularly specific,

and there is a large amount of overlap.

Fats are emulsified in the gut with the aid of bile salts, and enzymes secreted by the

gall bladder and pancreas via the common bile duct. Pancreatic lipase (lipoprotein

lipase, LPL) breaks down fat bound to glycerol backbones into the free constituents,

and emulsification is done to a small enough size so as to enable fats to cross the

intestinal membrane via various different mechanisms. One such system is the FAT

/ CD36 transport system, found in varying concentrations along different segments
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of the gut [62], and allowing for the uptake of long chain fatty acids (LCFA) into the

blood stream. There is uncertainty however over the extent to which fat transport is

facilitated [63] or passive [64]. The longer chain fatty acids are packaged into protein

based chylomicrons, which feed into the lacteal system, bypassing the portal vein

(where most nutrients would first be expected to pass) and into the major branches

of the circulatory system above the heart. Short chain fatty acids (SCFA) are not

packaged in this way; they are instead released into the blood stream as non-esterified

fatty acids (NEFA) bound to albumin, which then progress into the portal vein blood

stream, and on into the liver. Butyrate, one of the metabolic probes formulated

in this thesis, is only present in small quantities via this method, a major source is

discussed below. Fats of special importance such as cholesterol and plant sterols, have

their own transporters regulated in different ways [65].

The remaining material, after absorption of the bulk of nutrients make their way into

the large intestine (the ileum), and it is here that butyrate is produced in significant

quantities by intestinal microflora [66]. Any material for fermentation by these mi-

croflora would have to be substances that were not digested or absorbed at an earlier

stage in the gut, and therefore mostly comprise insoluble plant matter. In addition to

butyrate, other SCFAs are produced, namely propionate and acetate. These SCFAs

have an important role in the health of the gut, and butyrate in particular is the

primary fuel source of the colonocytes [67]. Butyrate, in addition, has many other

roles and effects in these cells, as well as being a fuel substrate [68]. The remain-

ing butyrate (after being taken up by colonocytes [69]) and SCFAs pass through the

portal vein into the liver, where the majority is metabolized via the end stage of the

b-oxidation pathway. Small quantities of butyrate pass through into the peripheral

circulation [70], where it can be metabolized by various tissues in the body, including

the heart [71].

The metabolism of the three major nutrient groups will now be discussed generally,
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Figure 2.10: The pathway of glycolysis, with the key end product, pyruvate. Image
courtesy of the Wikimedia Commons.

as it broadly applies to all tissues. Where there are differences, these will be specified

and limited to the hepatic and cardiac systems.

2.3.2 Carbohydrates

Glucose, as the principle carbohydrate, will be the focus of this discussion. It is

taken up in the liver in a concentration dependant manner via GLUT 2, and in the

heart principally via GLUT 1 and the insulin mediated GLUT 4. From here, it is

phosphorylated either by hexokinase (heart) or glucokinase (liver), the difference be-

tween each enzyme reflecting the function of the liver as a glucose buffer, and the

heart as a regulated consumer. Within the cytosol, it proceeds via various differ-

ent intermediates within the glycolytic pathway generating ATP and NADH, before

arriving at the first of the relevant endpoints, pyruvate (a probe discussed later)

(Figure 2.10). In the heart, the fate of pyruvate will depend on the metabolic status

of the heart, namely whether it is working aerobically or anaerobically. In anaerobic

conditions, the predominant pathway is conversion of pyruvate to lactate via the lac-
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tate dehydrogenase (LDH) enzyme, which exists as a tetramer, made up of different

ratios of the m-form (muscle) and the h-form (heart). The purpose of this lactate

production is the oxidization of NADH in order to regenerate NAD+, to allow the

glycolytic pathway to continue. The lactate produced is either exported to the liver

as part of the Cori cycle for gluconeogenesis, or it can be later oxidized by the heart

as a fuel under different conditions. Pyruvate metabolism can also proceed via the

alanine transaminase enzyme (ALT) to produce alanine, which is then exported to

the liver for gluconeogenesis [72] or used for energy generation and protein synthesis.

Two main isoforms of ALT exist [73], and each isoform predominantly favors either

the formation of pyruvate for gluconeogenesis in the liver, or the formation of alanine

for amino acid synthesis for example.

Aerobically, pryuvate is transported into the mitochondria from the cytosol using the

mitochondrial pyruvate transporter (MPT). The main pathway from here is the ox-

idative decarboxylation of pyruvate via the pyruvate dehydrogenase (PDH) enzyme,

to CO2 (which is then subsequently converted into bicarbonate by the carbonic anhy-

drase enzyme) and acetyl CoA. Acetyl CoA then proceeds via the TCA cycle (Figure

2.11) and electron transport chain (ETC) (Figure 2.13) as described below.

The pathway for pyruvate metabolism in the liver is slightly different; the focus here is

on generating precursor materials for biosynthesis. While there is some flux through

PDH, the majority of pyruvate metabolism occurs via pyruvate carboxylase, which

produces oxaloacetate (OAA) which then proceeds via the TCA cycle to produce var-

ious intermediates, including citrate, malate and others shown in Figure 2.11. PDH

is indirectly regulated by many factors including PDH kinase (PDK), which phospho-

rylates and inactivates PDH, and PDH phosphatase (PDP), which dephosphorylates

and activates PDH. PDK expression and activity is upregulated by acetyl CoA lev-

els, produced as a result of fatty acid oxidation (FAO), amino acid metabolism, and

pyruvate oxidation, and generally signals an abundance of fuel, and therefore a signal
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to stop the wastage of glucose. The glucose can then be shuttled into glycogen or fat

storage mechanisms. Downregulation of the PDK mediated phosphorylation mecha-

nism occurs in the presence of excess pyruvate. PDK has 4 main isoenzymes [74,75],

with the PDK1, 2, and 4 isoforms being substancially expressed in heart and PDK2

being predominant in the liver. PDP is upregulated by Ca2+ (produced by hormonal

signaling pathways, as well as local muscle contraction). In liver, it is also upregu-

lated by insulin, which signals high circulating glucose concentrations, and therefore

a need to store any excess pyruvate via the fatty acid synthesis pathway.

2.3.3 Fats

Only SCFAs will be considered here as these are most relevant for hyperpolarized

work (the reasons for this are discussed in Chapter 5). Fatty acids bound to albumin

are released and taken up into the heart and liver, where acetyl CoA is produced

via the cyclic process of b-oxidation (fatty acid oxidation). SCFAs enter toward the

end of this cyclic process, where they are fully metabolized (Figure 2.12). The end

result is two molecules of acetyl CoA which may now enter several different pathways.

The two most relevant are the TCA cycle (described below) via condensation with

oxaloacetate to produce citrate, or the synthesis of ketone bodies (liver only). In

ketone body synthesis, two molecules of acetyl CoA condense to eventually form

acetoacetate, the production of which is in part regulated by the intermediary enzyme

HMG CoA synthase, almost exclusively found in the liver [76]. Acetoacetate may

now spontaneously decarboxylate to acetone, losing CO2 in the process, making this

an irreversible reaction. It can also be exported as is, or converted to b-hydroxy

butyrate (3-BHB) in an NADH concentration dependent manner, whereby it can also

be exported. The ratio of acetoacetate and 3-BHB therefore gives an indication of

the NAD+ / NADH ratio inside the mitochondrion. However, whilst the liver can

produce ketone bodies, it is unable to oxidize them as a metabolic fuel, due to the lack
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of the 3-ketoacyl CoA transferase enzyme required to activate acetoacetate. Previous

literature [71], and indeed work in this thesis, has shown that the heart actually can

produce ketone bodies via the oxidation of butyrate. However, this discrepancy can

be explained by the unique structure of butyrate, and the fact that its conversion

does not simply follow the FAO, or indeed the ketogenic pathway.

Butyrate is first activated to produce butyryl CoA (a butyrate CoA ester), which is

then converted into crotonyl CoA via a dehydrogenase enzyme, to produce a double

bond. The purpose of this reaction is to then allow subsequent nucleophilic addition

of water to produce an activated 3-BHB-CoA intermediate, which marks the first

similarity to the ketone bodies. Where ordinarily in the liver, this product might be

metabolised via the HMG CoA synthase enzyme, in other tissues, it can be directly

oxidized via acetoacetyl CoA thiolase (ACAT1) to produce acetyl CoA, which then

proceeds into the TCA cycle. It can in addition, re-equilibrate with acetoacetate in

an NADH coupled manner, first via conversion of acetoacetyl-CoA to acetoacetate

via the SCOT1 enzyme, and then via BDH1 (b-hydroxybutyrate dehydrogenase-1) to

give 3-BHB (Figure 2.12).
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Figure 2.12: The metabolism of butyrate, via the key ketone body enzymes.

2.3.4 Amino acids

Using alanine as a primary focus, its metabolic fate depends on the tissue under

study. In liver, its main purpose is to be used as a substrate for gluconeogenesis. This

occurs via ALT mediated conversion to pyruvate, which is then converted to OAA

via the pyruvate carboxylase enzyme. This allows conversion to malate, which has

a transporter available to cross the mitochondrial membrane into the cytosol, where

glucose production occurs. Where alanine is oxidized, e.g. in the heart, it again does

so using ALT, to produce pyruvate, where it is then decarboxylated producing acetyl

CoA and CO2.
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2.3.5 TCA cycle and the ETC

The resultant products of the metabolites described above usually enter the TCA

cycle (Figure 2.11), a linked series of chemical reactions, whose overall purpose is

to generate reducing potential in the form of NADH and FADH2 to feed into the

ETC. The TCA cycle, however, can also provide precursors for other products, such

as amino acids, fatty acids and glucose synthesis. The ETC (Figure 2.13) is made up

of four complexes, each of which are intricately linked to generate a proton gradient

across the inner mitochondrial membrane. The end result is the reduction of oxy-

gen to water, and a driving force for oxidative phosphorylation via ATP (adenosine

triphosphate) synthase, to produce ATP from ADP (adenosine diphosphate) and Pi

(inorganic phosphate) which can then be used as a direct energy source. Oxidative

phosphorylation requires aerobic conditions, however, in anaerobic conditions during

a sudden demand for energy, creatine kinase may phosphorylate ADP anaerobically

from a pool of phosphocreatine (PCr). These substrates form the basis of the ener-

getic measurements used in this thesis.
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Figure 2.13: A diagram of the electron transport chain (ETC), showing the four major
electron transport complexes, which power the ATP synthase enzyme to produce ATP.
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Chapter 3

Metabolic Imaging

3.1 Introduction

With the recent advances in the MR sensitivity of the 13C nucleus using Dynamic

Nuclear Polarization (DNP) [47], it is now possible to complement structural data

using MRI with global metabolic information in the myocardium [77–79]. In ad-

dition, work with several in vivo animal models has combined DNP with different

imaging techniques [80–82], including Chemical Shift Imaging (CSI) [83], to obtain

metabolic maps of the heart using hyperpolarized [1-13C]pyruvate [84–86]. However,

these studies have focussed on large animals (i.e. pigs) and, to date, there have been

only limited studies performed in the in vivo rat heart [81]. This is primarily due

to the small size and high heart rate of the rat heart [87]. There have also been no

metabolic images generated of the perfused rodent heart, despite the wide range of

rodent models of heart disease available for study [78,88,89].

The isolated perfused rat heart [90] is ideal for the assessment of both physiologi-

cal and pathological metabolism. It can be studied independent of hormonal and

neuronal influences present in vivo, making causal changes in disease easier to deter-

mine. In addition, as the isolated perfused rat heart is devoid of surrounding tissues,
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metabolite signal contaminations from adjacent tissues such as the liver and chest

wall are removed. Also, rapid metabolic changes can be assessed after cardiac is-

chemic interventions more quickly than is possible with in vivo models [77]. Higher

signal-to-noise ratios (SNR) and improved signal homogeneity can be obtained due

to the use of RF coils with a birdcage design, which allow closer placement of the RF

coil to the heart. Better spectral separation and narrower linewidths are also possible

due to the higher field strengths and narrower bore magnets generally used with the

isolated perfused rat heart.

The aim of the work described in this chapter was therefore to develop a combined

DNP and CSI protocol for application in the isolated perfused rat heart to generate

metabolic images of hyperpolarized [1-13C]pyruvate and its downstream metabolites.

As shown in Figure 2.11, following infusion, [1-13C]pyruvate is converted into [1-

13C]lactate, via lactate dehydrogenase, [1-13C]alanine, via alanine transaminase and

[13C]bicarbonate, via pyruvate dehydrogenase [51]. It should therefore be possible to

generate maps of these metabolites in the isolated perfused rat heart and to use the

metabolic images of [1-13C]pyruvate as a marker of tissue perfusion, [1-13C]lactate

as a marker of anaerobic metabolism and [13C]bicarbonate as a marker of aerobic

metabolism.

To demonstrate the utility of the developed DNP-CSI protocol, two different models of

myocardial infarction were studied. An acute model, where imaging was performed

immediately before and following ex vivo occlusion of the left anterior descending

(LAD) coronary artery, and a chronic model, where LAD occlusion was performed

in vivo and the heart perfused and imaged four weeks later. To date, the only

known hyperpolarized study of an ischemic model has been performed in pigs [91],

and while this study revealed changes in bicarbonate metabolism, it was not easy to

separate the effect of the nutritional state of the animal from the effects of ischemia on

bicarbonate production [51]. Studying the heart in isolation avoids this problem, and
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will allow more confident assessment of metabolic changes. In all infarcted hearts,

DNP-CSI data was used to generate cross-sectional maps of pyruvate, lactate and

bicarbonate, which were compared to those from control perfused hearts. In addition,

MR images acquired during the first passage of a gadolinium contrast agent were

used to assess myocardial perfusion, and phosphorus-31 (31P) magnetic resonance

spectroscopy was used to examine myocardial energetics. Histological assessment

was performed following imaging in the chronically infarcted hearts to confirm the

presence of scar in the region of infarction.

3.2 Materials and methods

The [1-13C]pyruvic acid and all unlabelled compounds were obtained from Sigma

Aldrich (Gillingham, UK) and the trityl radical, OX063, was obtained from Oxford

Instruments (Abingdon, UK). All investigations conformed to Home Office Guidance

on the Operation of the Animals (Scientific Procedures) Act, 1986 (HMSO) and to

institutional guidelines.

Software and equipment: For all studies, a vertical 11.7 T wide-bore MR imaging

system (Magnex, Oxfordshire, UK) was used in combination with a Bruker Avance

console (Bruker Medical, Ettlingen, Germany) running Paravision 2.1.1 and XWin-

NMR 2.6. Protocols using 13C nuclei were acquired with a single channel, home built,

20 mm birdcage volume RF coil. Those using 1H or 31P nuclei were acquired using a

20 mm, dual channel, RF probe (Rapid Biomedical GmbH, Germany). Spectra and

images were processed using jMRUI 2.2, Matlab 2011b (Mathworks, MA, USA) and

ImageJ (W. Rasband, NIH, USA) as detailed below.

Perfusion protocol: Male Wistar rats were anaesthetized with a 1.3 ml / kg in-

traperitoneal injection of pentobarbital sodium (200 mg / ml Euthatal), and after

loss of pedal reflexes, a thoracotomy was performed and the heart excised and placed

into ice-cold Krebs Henseleit (KH) buffer. The aorta was then cannulated and the
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heart perfused in the Langendorff mode initially under 65 mmHg perfusion pressure

and maintained at 37 oC. A drain was inserted into the left ventricle (to alleviate

intraventricular pressure from Thebesian flow) along with a polyethylene balloon to

measure heart rate and contractile function. The rate pressure product (RPP) was

used as an index of cardiac function derived from the multiplication of the heart rate

(HR) and the developed pressure (DP). A 20 mm NMR tube was placed over the

heart and inserted into the bore of the 11.7 T magnet, whereby the heart was then

subjected to 85 mmHg perfusion pressure. After a 5 minute stabilization period,

a constant flow pump was set to deliver KH buffer at a flow rate of 15 ml / min.

The KH buffer contained 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4.7H2O, 1.75

mM CaCl2.2H2O, 0.5 mM Na2EDTA, 11 mM glucose, 25 mM NaHCO3 and 2.5 mM

sodium pyruvate.

Hyperpolarized sample preparation and dissolution: Aliquots (30 µl) of [1-

13C]pyruvic acid were mixed with the trityl radical (OX063, 15 mM), 3 µl of 0.1 M

solution of Dotarem (Guerbet, France) and placed in a HyperSense hyperpolarizer [77]

(Oxford Instruments, Abingdon, UK). The samples were polarized at 94.128 GHz for

one hour and, following polarization, the frozen [1-13C]pyruvic acid was dissolved with

6 ml of hot NaOH (60 mM)/EDTA (0.2 mM)/Tris buffer (40 mM) to neutralise the

pH. Following dissolution, the hyperpolarized sodium pyruvate solution was added to

178 ml of Krebs-Henseleit buffer (without pyruvate) to yield a 2.5 mM hyperpolarized

sodium [1-13C]pyruvate solution. This solution was then delivered to the heart as a

bolus over 120 seconds, and the CSI protocol (detailed below) applied.

Parameter optimization: Prior to commencement of the myocardial infarction

studies, a B1 field map was constructed using the 13C RF coil to ensure that the sen-

sitive region of the coil was homogenous. To ascertain the ideal flow rate to the heart

the maximum hyperpolarized [1-13C]pyruvate signal amplitude was investigated using

a simple pulse-acquire acquisition at flow rates of 5, 10, 15 and 20 mls / min. Follow-
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ing this, several parameters relevant to the CSI acquisition protocol were optimized.

The effect of variation in the acquisition flip angle (n = 3; 22.5o, 45o, 67.5o and 90o)

and repetition time (TR; n = 3; 200, 400, 600, 800, 1000 and 1200 ms) on the max-

imum signal amplitude of [1-13C]pyruvate, [1-13C]lactate and [13C]bicarbonate were

then investigated. These acquisitions were performed using the CSI protocol but with

the gradient amplitudes set to zero, thus allowing the temporal variation in signal

amplitude to be explored.

Infarct studies: Two groups of isolated hearts were investigated, one in which hearts

were isolated and a myocardial infarction induced during perfusion (n = 9) to inves-

tigate acute metabolic changes, and a second group that was surgically infarcted in

vivo (n = 4) then isolated and perfused 4 weeks after infarction to investigate chronic

metabolic changes. For the acute study group, hearts from healthy male Wistar rats

(BW & 300 g) were assessed as described below. These same hearts were then in-

farcted by occlusion of the LAD and the assessment repeated. All hearts recovered

contractile function. To generate the in vivo infarcts, animals were anaesthetized

with isoflurane, intubated and connected to a ventilator (Harvard Apparatus, MA,

USA). A lateral incision was made along the sternum, and clamps inserted between

the 3rd and 4th intercostal space on the left side of the rib cage to reveal the heart.

The LAD coronary artery was identified and ligated to create a myocardial infarction.

Dr Carolyn Carr from the Cardiac Metabolism Research Group at the University of

Oxford kindly performed all in vivo myocardial infarction surgery. The rats were

then left for 4 weeks and, on the day before metabolic assessment, in vivo CINE

MRI scans [87] were performed on the rats to characterize the severity of the infarct

(slice thickness = 1.5 mm, slices = 10, matrix size = 256 x 256, ECG triggered and

respiratory gated). For metabolic assessment, the hearts were subsequently excised,

perfused in the Langendorff mode, and subjected to the assessment protocol described

below.
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Assessment protocol: An initial localizer scan was performed to ensure that the

heart was placed within the most sensitive region of the RF coil and shimming per-

formed to give a proton linewidth of approximately 50 Hz. A high-resolution axial

scan (TR = 100 ms, TE = 1.28 ms, slice thickness = 1 mm, FOV = 24 x 24 mm,

matrix = 128 x 128, averages = 8) allowed orientation of the heart with subse-

quently acquired data. Following polarization and dissolution, the hyperpolarized

[1-13C]pyruvate solution was infused into the heart and a CSI acquisition performed.

The CSI protocol consisted of an in-house developed elliptical CSI acquisition with

parameters: TR = 0.5 s, FA = 45o, slice thickness = 5 mm, FOV = 24 x 24 mm,

matrix = 8 x 8, averages = 2, lasting approximately 30 seconds. This provided a

metabolic distribution map of [1-13C]pyruvate and its metabolites, lactate and bi-

carbonate. Subsequently, a first-pass gadolinium contrast agent scan was performed

to quantify the degree of myocardial perfusion and, where relevant, to confirm the

presence and location of the infarcted region. The gadolinium protocol, derived from

previous work [88], comprised a fast gradient echo (FGRE) sequence to acquire an

image every 128 ms with an in-plane spatial resolution of 78 µm (TR = 2 ms, slice

thickness = 1 mm, FOV = 20 x 20 mm). Six seconds after the start of this sequence,

25 µl of Gadoteric acid DTPA complex (0.5 mM Omniscan, GE Healthcare) was ad-

ministered via a prefilled drug line. A total of 128 images were acquired giving a

total imaging time of 22 seconds. Following this scan, global cardiac energetic status

was measured using a fully relaxed 31P spectrum (TR = 15 s, flip angle 90°, 40 av-

erages, bandwidth = 49.39 ppm, number of points = 2048). Upon completion of all

acquisitions, chronically infarcted hearts were frozen in a water based glycol mixture

(OCT) for later histological analysis to determine the extent of cell necrosis. Slices

were stained with Hematoxylin and Eosin (H&E), as well as Picrosirius Red [92,93].

Data analysis: The high-resolution axial slice was used for heart orientation when

analyzing gadolinium and CSI data. For both sets of data, four square regions of
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interest were created, one over the infarct region, two in the peri infarct zones, and

one in the remote inferior region of the left ventricle. The two peri-infarct zones

were averaged for analysis. An outline of the heart from the epicardial border of the

high resolution axial proton scan was overlaid onto the gadolinium and CSI images to

further aid orientation. The larger circular dashed segment of this outline corresponds

to the left ventricle, the smaller crescent shaped segment is the right ventricle.

The data acquired using the CSI protocol were zero filled to match the resolution

of the proton images and Fourier transformed using software written in-house in

Matlab R2011b (Mathworks, MA, USA). Following Fourier transformation, the fre-

quencies of the pyruvate, lactate and bicarbonate resonances were selected and the

area under each resonance calculated on a pixel-by-pixel basis to allow the genera-

tion of metabolic images. The mean signal intensity within the four selected regions

of interest was then calculated for each metabolic image. The gadolinium contrast

agent scans were initially processed in ImageJ (W. Rasband, NIH, USA) where the

mean signal intensity in the four regions of interest was recorded for each of the 128

frames of the acquisition. The time-course data produced was subsequently fit to a

sigmoidal function to allow calculation of the signal increase observed upon addition

of gadolinium.

Statistical analysis: Data are reported as mean±SEM and all statistical analysis

was performed using GraphPad Prism (Graphpad, CA, USA). Statistical significance

between the pre-occlusion and post-occlusion data for each selected region of interest

in the acute infarct model was assessed using a paired Student’s t-test. Statistical

significance between the different regions of interest in the chronic infarct model was

performed using a one-way ANOVA and a post-hoc Bonferroni multiple comparison

test. Statistical significance was considered at the p<0.05 level.
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3.3 Results

3.3.1 CSI protocol optimization

Variation of the buffer flow rate (Figure 3.1 , Panel A) showed that a higher flow rate

led to earlier arrival of the hyperpolarized [1-13C]pyruvate at the heart, resulting in

a higher pyruvate signal amplitude due to the shorter hyperpolarization decay time.

Based on these results, and previous measurements of flow in the Langendorff perfused

heart, a flow rate of 15 mls / min was chosen as a suitable compromise between en-

hanced signal and an appropriate workload for the isolated perfused heart. Variation

of the applied flip angle (Figure 3.1, Panel B) demonstrated no significant relation-

ship between pyruvate, bicarbonate or lactate signal amplitudes and the applied flip

angle. There did appear to be a trend toward higher hyperpolarized pyruvate signal

amplitude and lower metabolite signal amplitudes with increasing flip angle. This

may be expected, as higher flip angles would lead to increased signal intensity from

the in-flowing pyruvate but would destroy the enhanced polarization therefore limit-

ing the signal from downstream metabolites. As a result, 45o was chosen as the flip

angle for this study, providing the best compromise between pyruvate and metabolite

signal intensities. A range of repetition time (TR) values between 200 and 1200 ms

were subsequently investigated (Figure 3.1, Panel C) and a significant increase in

both pyruvate and downstream metabolite maximum signal intensities was observed

at longer repitition times. Again, this would be expected, as an increased TR would

allow more time for in-flow of new hyperpolarized pyruvate and subsequent conver-

sion into lactate and bicarbonate. However, increased repetition times also lead to

an increase in the total CSI imaging time and therefore increased decay of the hyper-

polarized signal in the later stages of the image acquisition. As a result, a repetition

time of 500 ms was chosen to maintain imaging times at approximately one minute

whilst allowing the acquisition of two signal averages and an 8 x 8 acquisition ma-
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Figure 3.1: Panel A shows the variation in signal amplitude of hyperpolarized [1-
13C]pyruvate with respect to flow rate from the cannula into the perfused heart.
There is a direct correlation between flow rate and maximum signal amplitude. Panel
B shows the variation in signal amplitude with respect to flip angle for both pyruvate
and its metabolites. No significant correlation was observed and a flip angle of 45o

was chosen given the trend for increasing pyruvate and decreasing metabolite signals.
Panel C demonstrates the correlation between TR and signal amplitude for each of
the metabolite signals, as expected a positive correlation was obtained in each case.
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trix, thereby maintaining relatively high signal amplitudes from the hyperpolarized

pyruvate and its metabolites.

Figure 3.2: Example gadolinium contrast perfusion and DNP-CSI images from the
acute infarct model. Panels A-E shown the images acquired before occlusion of the
LAD and Panels F-J shows the images acquired immediately after LAD occlusion.
Panels A/F detail high resolution axial scans used to allow better correlation between
the gadolinium contrast perfusion and DNP-CSI scans. The 4 boxes shown represent
the infarcted (I), peri-infarcted (P) and remote (R) regions of interest used for sub-
sequent data analysis. Panels B/G show the final frame of the gadolinium contrast
agent scans, with the white arrow indicating an area of decreased perfusion following
infarct. The large circular segment in dashed lines is the left ventricle, the cres-
cent shaped segment is the right ventricle. Example metabolite images for pyruvate
(Panels C/H), bicarbonate (Panels D/I) and lactate (Panels E/J) are also shown.

3.3.2 Acute infarct model

Figure 3.2 shows example images acquired before (Panels A-E) and after (Panels F-J)

occlusion of the LAD in the Langendorff perfused rat heart. Panels A and F represent

the high-resolution axial images and demonstrate the regions of interest selected as

infarct (I), peri-infarct (P) and remote (R) tissue for subsequent analysis. Panels B

and G show single timeframe acquisitions from the end of the gadolinium contrast

agent scans. There is a clear area of low signal intensity in the region of the heart

supplied by the occluded LAD, as shown by the white arrow. Panels C-E and H-J
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Figure 3.3: Quantitative analysis of the metabolic images and gadolinium contrast
agent scans generated in the acute infarct model. Panels A-C show the mean signal
intensities of pyruvate, bicarbonate and lactate respectively in the remote, infarct and
peri-infarct regions before and after occlusion of the LAD. Panel D shows the signal
increase observed upon addition of the gadolinium contrast agent, whilst panels E
and F show the normalized bicarbonate and lactate signal intensities respectively in
the same regions. (** p<0.01, *** p<0.001)

show metabolite maps of pyruvate, bicarbonate and lactate from before and after

the LAD occlusion respectively. In the images generated before the LAD occlusion,

there is a reasonable level of signal homogeneity around the circumference of the left

ventricle, although there is a slight elevation in signal intensity in the septal wall,

potentially caused by contamination from the right ventricular cavity/myocardium.

In the post occlusion images, there is a clear area of reduced signal in the pyruvate

and bicarbonate images, which corresponds to the infarct area, as demonstrated by

the low signal intensity in the gadolinium contrast image. Conversely, the post oc-

clusion lactate image shows an elevated signal intensity, which correlates with the

infarct area. Quantitative analysis of the gadolinium and CSI images for all hearts

is shown in Figure 3.3. A significant reduction in pyruvate signal intensity in the

infarct region was observed (Panel A) which corresponded with a significant reduc-
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tion in gadolinium induced signal increase (Panel D), indicating a reduction in buffer

perfusion to the infarct region. No difference in perfusion to the peri-infarct or remote

regions was observed in either the pyruvate images or the gadolinium contrast agent

scans. A significant reduction in bicarbonate signal intensity (Panel B) was observed

in the infarct region but not in the peri-infarct or remote regions. To account for the

reduced perfusion of the hyperpolarized pyruvate to the infarct region, the bicarbon-

ate signal intensity was normalized to that of the pyruvate. No significant change in

the normalised bicarbonate signal was seen in any region, before or after occlusion

of the LAD (Panel E). No significant differences in the lactate signal intensity were

observed for any region of interest, before and after occlusion. However, following

normalization to the pyruvate signal intensity to account for the reduced perfusion to

the infarct region, a significant increase in lactate signal intensity was observed in the

infarct region (Panel F). To provide an index of the relative balance between anaer-

obic and aerobic metabolism within the different regions, Figure 3.4 shows the ratio

of the lactate to bicarbonate signal intensities for the different regions of interest. A

highly significant elevation in the ratio was seen in the infarct region, indicating an

increased reliance on anaerobic metabolism in the area of tissue no longer perfused

via the LAD. Following occlusion of the LAD, there was a significant reduction in the

RPP (Table 3.1, 27±6x103 vs. 18±3x103 mmHg / min, p<0.05) but no significant

change in the PCr / ATP ratio (Table 3.1, 2.0±0.1 vs. 2.3±0.1, p=0.2), indicating

reduced cardiac function but maintenance of normal global cardiac energetics in the

acutely infarcted perfused rat heart.

3.3.3 Chronic infarct model

The CINE protocol used for in vivo infarct verification showed a significantly reduced

ejection fraction in the infarcted hearts as compared to control scans taken 1 week

prior to surgery (n=4, 56±4% vs 78±3%, p<0.05). When perfused, the hearts showed
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Figure 3.4: The ratio of lactate and bicarbonate signal intensities in the remote,
infarct and peri-infarct regions before and after occlusion of the LAD. The ratio
represents an index of the balance between anaerobic and aerobic metabolism in
the different regions. A significant increase was seen in the infarct region following
occlusion of the LAD. (**** p<0.0001)

PCr / ATP Heart Rate
(bpm)

RPP (x103

mmHg / min)

Control (pre-occlusion) 2.0±0.1 290±30 27±6

Acute infarct (post occlusion) 2.3±0.1 310±40 18±3*

Chronic infarct (in vivo
occlusion)

1.6±0.1* 300±30 16±7*

Table 3.1: Cardiac energetic and functional status. The table shows a significant de-
crease in the PCr / ATP ratio when comparing controls to chronic infarcts and a sig-
nificant decrease in RPP when comparing controls to both infarct groups (*p<0.05).
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a significantly reduced RPP (Table 3.1, 27±6 x103 vs 16±7x103 mmHg / min, p<0.05)

and PCr / ATP ratio (Table 3.1, 2.0±0.1 vs 1.6±0.1, p<0.05) when compared to the

acutely infarcted hearts pre-occlusion. Taken together, these data demonstrated a

significant functional and energetic impairment in the chronically infarcted hearts.

Figure 3.5 shows example images (Panels A-E) and quantitative analysis (Panels F-

J) of the chronically infarcted Langendorff perfused rat heart. Panel A shows the

high-resolution axial scan and indicates the selected regions of interest for this exam-

ple heart. The gadolinium contrast agent scan in panel B highlights the reduction in

gadolinium induced signal increase seen in the infarcted region, which is quantified in

panel G, confirming a reduction in perfusion to the infarcted area when compared to

the remote and peri-infarct regions. Panels C-E show example pyruvate, bicarbonate

and lactate images from this heart. There is an obvious reduction in signal ampli-

tude for both pyruvate and its downstream metabolites in the infarct region. This

is confirmed by the quantitative analysis shown in Panels H-J, which indicate reduc-

tions in pyruvate, bicarbonate and lactate signal intensities in the infarct region when

compared with the remote and peri-infarct regions. This would imply a significant

reduction in perfusion and as a consequence, reduced metabolism in the infarcted

region of the heart. The anaerobic / aerobic ratio, as measured for the acute heart,

revealed no significant differences in the chronic model (Figure 3.6). H&E histology

staining revealed necrosis in the chronically infarcted hearts (Figure 3.7) via visual-

ization of delocalized nuclei and a reduced tissue mass in the infarcted area when

compared to controls. In addition, a large number of collagen deposits in the infarct

region could be seen as visualized with Picrosirius Red staining.
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Figure 3.6: The ratio of lactate to bicarbonate (the anaerobic to aerobic index) in
the chronic infarct model, shows no significant differences across any region of the
myocardium.

Figure 3.7: An example histological section from the chronically infarcted heart.
Panel A shows H&E staining revealing in blue the nuclei that have been delocalised
from the membrane (top left of Panel A). Panel B shows the collagen that is stained
in red using Picrosirius red (top left of Panel B). Anatomically, the top left region
corresponds to the area of the heart supplied by the left anterior descending coronary
artery (the septum and part of the left ventricle) which was ligated to create an
infarct. The images are 10X magnification, 15 mm wide.
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3.4 Discussion

In this study, an optimized DNP-CSI protocol has been developed for the perfused rat

heart. The ability to visualize metabolic distribution and map it to the anatomical

layout of the heart has been demonstrated using two different infarct models. Clear

differences in the metabolic response within the acutely and chronically infarcted

heart were observed and were correlated with alterations in perfusion, function and

energetics.

Images with a higher spatial resolution, and thinner slice thickness than have been

previously demonstrated in vivo were produced in this study. This was particularly

relevant for a rodent infarct model, where it may be difficult to distinguish healthy

myocardium from ischemic tissue in a thick slice, given the small size of the rat heart.

Further, this study allowed the same heart to be studied before and after an inter-

vention, allowing the acquisition of control and ‘disease’ data within the same heart.

Changes in metabolism induced minutes after an ischemic intervention were assessed;

looking at metabolic changes of the heart minutes after infarct generation would be

exceptionally difficult in an in vivo model. The DNP-CSI protocol generated here

can be easily incorporated into standard perfused heart protocols and the examples

presented demonstrate the ease with which the DNP-CSI acquisition can be combined

with other acquisitions (such as late gadolinium perfusion and 31P spectroscopy) to

generate a comprehensive assessment of the perfused heart.

Several different metabolic acquisition sequences have recently been developed, broadly

categorised into spectroscopic and spectral-spatial sequences. A spectroscopic se-

quence is used here, and has the advantage that no prior knowledge of which metabolic

peaks are expected was needed. Conservatively rated gradient amplifiers can also be

used. The disadvantage, however, is that acquisitions require a long period of time

when compared to the hyperpolarized T1 of the sample, resulting in a lack of tempo-

ral information from the imaging. An elliptical CSI sequence was employed here, as
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tends to be used generally in imaging sequences so as to acquire the centre of k-space

as quickly as possible whilst the hyperpolarized signal is still high, before acquiring

the finer detail on the outer edge of k-space. A variable delay sequence, that allo-

cates more acquisition time to the centre of k-space, and less to the outer edge could

improve this technique further. Spectral-spatial acquisition methods allow for very

good temporal resolution due to the very short acquisition times [85], however, the

expected metabolites must be known [94]. In addition, high performance gradients

are needed to image the area of interest rapidly. Based on these short acquisition tech-

niques, three dimensional methods were made possible [95–97], and would certainly

find good use in cardiac imaging.

The work developed here made use of a spectroscopic elliptical-CSI sequence, and

before acquiring data in the infarcted heart, it was first necessary to optimize the

DNP-CSI protocol for small volume imaging in the perfused heart system. While

previous studies [86, 98] have performed DNP-CSI in vivo, the acquisition of data

from the perfused heart is different in several ways:

1. The in vivo situation is complicated by in flow and multiple pass effects. Gen-

erally, there is a single bolus injection and, therefore, a single source of hyper-

polarized [1-13C]pyruvate, whose decay can be predicted in a straightforward

manner with respect to both T1 and RF pulse considerations. In comparison,

the perfused heart has a constant influx of hyperpolarized pyruvate throughout

the acquisition. This fresh influx of hyperpolarized pyruvate allows for much

larger flip angles to be used for the RF excitation and results in subsequently

higher metabolite signal levels. In the in vivo experiments, more complex RF

pulse sequences are required to avoid destroying the hyperpolarized pyruvate

signal too quickly [82].

2. Frequently, when imaging in vivo, surface RF coils have been utilized. This

generally results in a drop-off in sensitivity with distance from the coil and
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requires correction for the inhomogeneous flip angle experienced [99]. In the

isolated perfused heart, the heart can be located inside a birdcage RF coil,

therefore ensuring that the entire heart is within the homogenous region of the

coil. Even with the use of volume coils in vivo, the chest wall can contaminate

the signal, and the close proximity of air spaces within the lungs can increase

spectral linewidths.

Following optimization, the DNP-CSI protocol allowed the generation of high signal-

to-noise ratio (SNR) metabolic images, which clearly delineate the structure of the

left ventricle (Figure 3.2). However, this was only possible for metabolites into which

the 13C label was significantly incorporated. In our experiments, [1-13C]alanine did

not fit this criterion, generating low SNR images, which were therefore excluded from

our subsequent analysis. In light of in vivo studies which have either demonstrated

the presence of alanine [81,84] or have chosen not to process it [85,91] in the cardiac

region, the low SNR warrants comment. Studies carried out in pigs [84] tend to show

low levels of alanine in comparison to lactate and bicarbonate, yet recent work in the

in vivo rat heart appears to show alanine levels comparable to those of bicarbonate. It

is interesting that relative to the myocardium, a large contribution of alanine appears

to come from the chest wall. This chest wall contribution cannot be the case in the

isolated perfused heart, providing one possible reason for the low alanine signal seen in

this study. In addition, the thick slices needed with current and future rodent in vivo

studies are likely to acquire some contamination from the liver, despite respiratory

motion compensation. Even with the acquisition of high SNR images provided by

pyruvate, bicarbonate and lactate in the perfused heart, there was still a residual level

of inhomogeneity in the images generated in this study. This may be due to inherent

regional differences in perfusion within the different territories of the myocardium.

To demonstrate the utility of the developed protocol in the study of the diseased

heart, two different models of myocardial infarction were investigated. In both mod-
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els, LAD occlusion was used to reduce perfusion to the anterolateral region of the

heart, thereby creating an infarct. The reduction in flow to the LAD territory was

clearly visible using a first-pass gadolinium perfusion acquisition and resulted in a sig-

nificant reduction in the gadolinium-induced signal increase in both infarct models.

This reduced perfusion was also apparent in the corresponding [1-13C]pyruvate im-

ages demonstrating the utility of hyperpolarized pyruvate as an index of myocardial

perfusion.

In the acute infarct model, LAD occlusion led to a significant decrease in cardiac func-

tion (Table 3.1) but no alteration in the PCr / ATP ratio, implying that despite the

reduced tissue perfusion, global cardiac energetic status was able to be maintained,

at least for a limited time period. In the acutely ischemic environment of this model,

there should be a reduction in oxidative metabolism and a concomitant increase in

anaerobic metabolism [100]. A decrease in the bicarbonate signal, due to a drop in

PDH flux, and an increase in lactate signal in the infarct region would therefore be

expected. In support of this, a significant decrease in the absolute bicarbonate signal

in the acutely infarcted region was observed. However, whilst there was a trend for

the absolute lactate signal to increase, this was not significant (p=0.2). Interpretation

of this data is complicated by the change in perfusion to the infarcted area and the

subsequently reduced supply of [1-13C]pyruvate. The simplest ways to account for

this are to either eliminate the effect of perfusion by calculating the ratio of lactate

and bicarbonate signal intensities or to normalize the metabolite data with respect to

the hyperpolarized pyruvate. The ratio of lactate and bicarbonate signal intensities

provides an index of the balance between anaerobic and aerobic metabolism and, as

would be expected, this ratio was significantly increased in the acutely infarcted heart.

The normalized lactate signal was also seen to be significantly increased demonstrat-

ing an increased anaerobic metabolism. However, the underlying mechanism may

not be as simple as an increased flux through lactate dehydrogenase. Experimental
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evidence has shown that in the presence of a large amount of isotopically unlabelled

lactate, as would be the case in infarcted glycolytic cardiac cells, an infusion of hy-

perpolarized [1-13C]pyruvate will result in a greater than expected hyperpolarized

lactate signal [101]. This implies that the lactate seen is essentially a reflection of the

lactate already present in the myocardium. The normalized bicarbonate data, how-

ever, does not reveal a significant decrease as might be expected, suggesting that the

reduction in aerobic metabolism in the infarct region is proportional to the reduction

in pyruvate delivery to the area.

In the chronic infarct model, there was a significant reduction in both cardiac function

and energetics, resulting from significant structural remodelling of the heart. This

was seen in combination with a significant reduction in perfusion to the infarct region

(as assessed by both gadolinium contrast and pyruvate signal intensity) and reduc-

tions in the signal intensity of both bicarbonate and lactate. The absolute decrease

in metabolite levels can be explained by the decrease in pyruvate flow to the area

and a decrease in the number of cells in the infarct area that are capable of pyru-

vate metabolism (Figure 3.5). Normalizing this data to the pyruvate signal showed

no change, which leads to two possibilities. Either there are cells remaining in the

necrotic infarct area that are metabolizing as expected or, due to the slice thickness

of the DNP-CSI acquisition (5 mm), some healthy tissue was encompassed within the

myocardium above and below the infarcted area.

In conclusion, the value of applying the developed DNP-CSI protocol in the perfused

rat heart has been demonstrated. Metabolism can be elucidated independent of hor-

monal influences, revealing the true contribution of ischemia to PDH flux. Metabolic

contamination both from the ventricular cavity and non-myocardial tissue, problem-

atic in vivo, are removed in the isolated perfused heart, to allow for accurate metabolic

assessment of the myocardium. DNP-CSI in the isolated heart can therefore be a use-

ful tool for the visualization of metabolic alterations in the diseased heart.
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Chapter 4

Pyruvate Optimization

The tracer molecule first tested in a liquid state DNP experiment was urea [47]. It

was shown to provide a high nuclear polarization, but presented little in the way of a

breakthrough application in the biomedical sciences. Urea was initially demonstrated

in angiographic applications [102], but DNP needed a different direction. Attention

quickly turned towards pyruvic acid [103], which as a starting compound, proved

ideal for metabolic assessment. Although unknown at the time, it would become the

flagship for dissolution DNP, as demonstrated by its use in the first human clinical

trials [104]. Pyruvic acid is self glassing, has the potential for a very high nuclear

polarization (few metabolically relevant compounds can rival this), and is a key com-

ponent in the glycolytic pathway, as previously described in Chapter 2.

Hyperpolarized pyruvic acid (pyruvate) has found application in assessing metabolic

pathways, both in vivo and ex vivo [51, 77, 78, 105, 106] as well as for metabolic

imaging [85,107,108]. Whilst technical developments have been rapid and exciting for

the field, thought is now needed as to whether the DNP technique is being employed

in a way that gives accurate metabolic information about the systems being probed.

Two examples of potential areas where further work is required to opimize the use of

pyruvic acid will form the focus of this chapter.
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The first example is the large concentrations of pyruvate currently being used in

isolated perfused organ systems (both cardiac [109] and hepatic [19]), in order to gen-

erate high signal to noise ratios. This same problem does exist in vivo, but work has

been carried out in the rodent model to investigate and address the issue [110,111]. In

bringing a new technique such as DNP to the research environment, with the eventual

aim that it should be widely used in the clinic, the importance of understanding the

information being obtained and the ways it can provide an incorrect result are crucial.

In the pyruvate concentration study described in this chapter, a striking example will

be shown where this is the case.

The second area covered in this chapter will examine the provision of fatty acids to

the perfused heart. To ensure that a perfused heart preparation is as physiological

as possible, fatty acids should ideally be provided in the perfusion buffer, given that

in vivo, hearts would typically derive about 70% of their energy from fatty acid

sources [18]. However, previous work [19] has shown that the common method of using

bovine serum albumin (BSA) to solubilise long chain fatty acids significantly reduces

the observed signal from hyperpolarized pyruvate. This is due to the binding of

pyruvate by the albumin, leading to a quenching of the hyperpolarized signal. The aim

of the work described here was to find a solution to this problem, and to therefore allow

the use of albumin and long chain fatty acids (typically palmitate) in hyperpolarized

experiments. In addition, an alternative way of providing the perfused heart with

a source of fatty acids, without compromising the hyperpolarized signal intensity in

any way needed to be found, particularly in instances where low polarization probes

may need to be used. This chapter will go on to describe the metabolic differences

seen with and without the provision of fatty acids, and the impact these results may

have when planning future studies.
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4.1 Pyruvate concentration

4.1.1 Introduction

The aim of this study was to elucidate the impact of pyruvate concentration on the

metabolic assessment of the perfused rat heart. Over the last 10 years, the use of

DNP has allowed very high signal to noise ratio MR spectra to be generated from

suitable metabolic probes. Despite this remarkable development, it can still be dif-

ficult to obtain adequate signal from downstream metabolites in biological systems.

This is due to a number of factors, including the polarization of the probe itself, its

rate of T1 decay, the rate and steps involved in its enzymatic transformation, and to

a small extent, the RF pulses used in order to acquire the data. Of the above factors,

enzymatic conversion is arguably the most important. Decay time is a matter of good

initial probe selection and not a factor that can currently be altered significantly, al-

though a great deal of work is ongoing in this area [112]. Taking [1-13C]pyruvate as

an example, 13CO2 will be considered in terms of the problems downstream metabo-

lites can pose with regards to low signal levels. It has a low signal to noise ratio,

as compared to the production of lactate or bicarbonate for example. The initial

steps involved in [1-13C]pyruvate metabolism are either conversion to [1-13C]alanine,

[1-13C]lactate or 13CO2. The enzyme with the highest driving force for these transfor-

mations will determine which of these metabolites has a higher visible polarization.

In turn, each of these metabolites will also have varying T1 decay times, and therefore

lose their polarization at different rates. From here, lactate and alanine can be con-

verted back to pyruvate, further diminishing their polarization. 13CO2 in comparison,

is irriversibly formed and subsequently converted via the enzyme carbonic anhydrase

to [1-13C]bicarbonate in a reversible manner. The balance between bicarbonate and

CO2 is driven by the pH of the local environment and at physiological pH values leads

to a 10:1 ratio between bicarbonate and CO2. This balance means that CO2 is often
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observed at very low levels in cardiac spectra. In addition, a poor initial polarization

can often render these low signals too noisy for accurate analysis, or will make them

“invisible”.

One simple solution to this problem of low downstream signals is to increase the

concentration of the original tracer. This greatly improves the acquired signal to noise

ratio, allowing acquisition of high temporal resolution spectra, without the need for

spectral summing. Unfortunately, little appears to be known about the consequences

of such supraphysiological concentrations. While it may intuitively be accepted that

enzymes must have a limit as to the number of substrates that can be processed per

unit time, it has either been assumed that this limit is high enough not too matter

in this case (i.e. enzyme saturation is not an issue) or that through the lack of an

alternative choice, larger concentrations had to be used.

The widely used [113], and well polarized [77] [1-13C] and [2-13C]pyruvate were chosen

as the basis for this study, and it was the aim of this work to demonstrate not only that

saturation effects are evident at the high concentrations typically used in the perfused

heart, but that using these high concentrations may lead to incorrect conclusions being

drawn from experiments.

To this end, two groups of hearts were studied in the same way, with each group

being perfused with KH buffer, using either [1-13C] or [2-13C]pyruvate as the hyper-

polarized probe, spanning physiological to vastly supraphysiological concentrations.

In all hearts, cardiac energetics were monitored using 31P spectroscopy at each of the

pyruvate concentrations. Receiver gain was carefully controlled to achieve the best

signal possible with each concentration, and hyperpolarized samples were allowed to

buildup until maximal polarizations were achieved.

Finally, in order to demonstrate the utility of the information provided by this con-

centration study, a method was needed to change the activity of the PDH enzyme, in

order to see whether the use of different [1-13C]pyruvate concentrations could reveal
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this change in activity. Dichloroacetic acid (DCA), an inhibitor of PDK [114] was

used to alter PDH flux. PDK is responsible for the phosphorylation of the PDH

enzyme, hence inhibiting it. The outcome of DCA provision is therefore an increase

in pyruvate to bicarbonate flux, demonstrated in previous radiolabelled studies [115].

Therefore, in order to demonstrate the importance of this study, two further groups

of hearts were perfused with standard KH initially, before being switched to a KH

buffer containing 1 mM DCA. Each group was probed using either 0.625 mM or 2.5

mM pyruvate. At all times, the concentration of pyruvate in the KH buffer was equal

to that of the probe being investigated.

4.1.2 Materials and methods

Perfusion protocol: For both [1-13C]pyruvate (n = 5) and [2-13C]pyruvate (n =

5) studies, male Wistar rats were anaesthetized with a 1.3 ml / kg intraperitoneal

injection of pentobarbital sodium (200 mg / ml Euthatal), and after loss of pedal

reflexes, a thoracotomy was performed and the heart excised and placed into ice-cold

Krebs Henseleit (KH) buffer. The aorta was then cannulated and the heart perfused

in the Langendorff mode initially under 65 mmHg perfusion pressure and maintained

at 37 oC. A 20 mm NMR tube was placed over the heart and inserted into the bore

of the 11.7 T magnet, whereby the heart was then subjected to 85 mmHg perfusion

pressure. After a 5 minute stabilization period, a constant flow pump was set to

deliver KH buffer at a flow rate matching that of the coronary flow of the heart.

The perfusion buffer contained 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4.7H2O,

1.75 mM CaCl2.2H2O, 0.5 mM Na2EDTA, 11 mM glucose, 25 mM NaHCO3 and

concentrations of sodium pyruvate as follows: 0.15 mM, 0.3 mM, 0.625 mM, 1.25 mM

or 2.5 mM. Following polarization of the frozen [1-13C] or [2-13C]pyruvic acid, the

sample was dissolved with 6 ml of hot NaOH/EDTA/Tris buffer to neutralise the pH.

Following dissolution, different hyperpolarized pyruvate concentrations were achieved
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by dilution of the output from the polarizer in different volumes of KH buffer (Table

4.1). This solution was then delivered to the heart as a bolus over 120 seconds, with

the hyerpolarized pyruvate concentration reaching the heart being equal to that in

the perfusion buffer.

Concentration (mM) Sample size (ml) KH buffer volume (ml)

0.15 3.75 328
0.3 7.5 328

0.625 7.5 164
1.25 30 328
2.5 30 164

Table 4.1: This table shows the different pyruvic acid sample sizes and buffer volumes
used to generate different hyperpolarized [1-13C] and [2-13C]pyruvate concentrations.
The KH buffer volume does not include the 6 ml of dissolution buffer injected into
the HyperSense to melt the pyruvic acid sample.

Spectroscopy: A 13C pulse-acquire experiment was started immediately after the

dissolution of the hyperpolarized tracer (TR = 1 s, FA = 30o, BW = 180 ppm, 4096

pts), and the sum of 60 spectra were taken beginning with the first spectrum showing

hyperpolarized pyruvate. The ratio of the bicarbonate and CO2 signals to that of the

pyruvate was used as a measure of flux through the pyruvate dehydrogenase (PDH)

enzyme. All other metabolites were similarly normalized. pH was obtained using the

ratio of bicarbonate and CO2 in the Henderson-Hasselbalch equation, with a pKa =

6.15, as previously reported [116].

Immediately following the acquisition of the 13C spectra, a series of rapid 30 second

31P scans (as described in Section 3.2) was performed using a dual tuned 10 mm 1H

/ 31P probe, over a period of 25 mins. Fully relaxed 31P scans were not performed

in order to reduce the length of the protocol, and thus the absolute PCr / ATP

ratios reported here may appear low due to partial saturation effects on the PCr

and ATP resonances. Ten minutes into the rapid 31P scans, the perfusion buffer

delivered to the hearts was changed from the initial KH buffer with pyruvate, to
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KH buffer with a different, randomized concentration of pyruvate. The phosphorous

and hyperpolarized 13C scans were repeated, and another buffer change carried out.

A final hyperpolarized pyruvate scan was then performed. Figure 4.1 shows this

diagrammatically. The experiment as designed resulted in four hyperpolarized scans

being performed per pyruvate concentration. pH using 31P data was calculated by

using the change in chemical shifts between PCr and Pi automatically within the

jMRUI processing software.

Figure 4.1: The protocol used in the concentration study experiment is shown here
digrammatically.

Dichloroacetic acid: The protocol described above was repeated with the initial

buffer containing either 0.625 (n = 6) or 2.5 mM (n = 4) pyruvate, and being switched

to the same buffer but also containing 1 mM DCA.

Software and equipment: For all studies, a vertical bore 11.7 T wide-bore MR

imaging system (Magnex, Oxfordshire, UK) was used in combination with a Bruker

Avance console (Bruker Medical, Ettlingen, Germany) running Paravision 2.1.1 and

XWinNMR 2.6. Protocols using 13C nuclei were acquired with a dual channel 20 mm

RF coil (M2M, Cleveland, USA). Those using 1H or 31P nuclei were acquired using a

20 mm, dual channel, RF probe (Rapid Biomedical GmbH, Germany). Spectra were

processed using jMRUI 2.2 and Matlab 2011b (Mathworks, MA, USA).

Data analysis: All statistical tests were carried out at the p<0.05 significance level.

Units are a.u., unless otherwise specified. Correlations between data sets were per-
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formed using a Pearson’s correlation coefficient (CC) analysis. Data are expressed

as mean±standard deviation. Following processing, all 13C metabolite signal ampli-

tudes were corrected for pyruvic acid sample size, receiver gain on the NMR sys-

tem, and the polarizations achieved on the HyperSense. Metabolite data were fitted

against hyperpolarized [1-13C] and [2-13C]pyruvate concentrations using a linear or a

Michaelis-Menten fit, with linear regression (R2 value) used to determine the most

appropriate fit.

4.1.3 Results

4.1.3.1 [1-13C]pyruvate

Sample spectra at each concentration are shown in Figure 4.2.
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(a) 0.15 mM

(b) 0.3 mM

(c) 0.625 mM

(d) 1.25 mM

(e) 2.5 mM

Figure 4.2: Representative spectra are shown from each concentration used. Peak (1)
is pyruvate, (2) lactate, (3) pyruvate hydrate, (4) alanine, (5) bicarbonate, (6) CO2.
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The SNR with increasing [1-13C]pyruvate concentration demonstrated a positive cor-

relation (CC = 0.93), and is shown in Figure 4.3.

Figure 4.3: This figure shows the increasing SNR as [1-13C]pyruvate concentration
increases. n = 5

Looking at the downstream metabolites of [1-13C]pyruvate, alanine and lactate also

had linear relationships (R2 = 0.9889, and 0.9790 respectively) with [1-13C]pyruvate

concentration, while bicarbonate and CO2 showed strong saturation kinetics at the

higher infused pyruvate concentrations, and both were best fitted with Michaelis-

Menten functions (R2 = 0.9561 and 0.9931 respectively). The plots and fits of these

metabolites are shown in Figure 4.4 and Table 4.2.
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(a) (b)

(c) (d)

Figure 4.4: These plots show the change in metabolites with respect to [1-13C]pyruvate
concentration. n = 5

Metabolites Linear Michaelis-Menten

Lacate 0.9790 N/A
Alanine 0.9889 0.9739

Bicarbonate 0.7593 0.9561
CO2 0.7046 0.9931

Table 4.2: Linear regression (R2) value using different fitting functions for [1-
13C]pyruvate metabolite data. Michaelis-Menten fitting was not possible for lactate.

There was a positive correlation between PCr / ATP ratios and pyruvate concentra-

tions, although this did not reach significance (CC = 0.85, p = 0.07, Figure 4.5).
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Figure 4.5: The figure shows the correlation of [1-13C]pyruvate concentration with
PCr / ATP ratio as measured by 31P MRS. The correlation is not significant (p =
0.07), n = 5.

pH, as measured with 31P spectroscopy at the different [1-13C]pyruvate concentrations

showed no correlation with [1-13C]pyruvate concentration (CC = -0.08, Figure 4.6).

Figure 4.6: pH, as measured by 31P MRS shows no correlation with [1-13C]pyruvate
concentration.
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pH, as measured by the bicarbonate and CO2 ratio, is plotted over time in Figure

4.7. This was done because, in order to obtain an accurate pH, it was not sufficient

to use the summed 13C bicarbonate and CO2 data. This is due to the fact that a

period of time is needed for the two metabolites to reach an equilibrium, thus giving

a more accurate reflection of pH. It was not possible to obtain pH from the lower

[1-13C]pyruvate concentrations due to the low signal to noise ratio of the CO2 peak.
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(a) 7.11±0.10

(b) 7.11±0.07

(c) 7.12±0.05

Figure 4.7: Cardiac pH, as measured by bicarbonate and CO2 ratio derived from
hyperpolarized [1-13C]pyruvate (n = 3). The establishment of a steady state pH
takes approximately 50 seconds from the first appearance of signal. In each of the
plots, the pH was calculated from the 10 seconds following establishment of a steady
state.
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4.1.3.2 Dichloroacetic acid

No significant change in PDH flux (bicarbonate and CO2) was seen between the

control 2.5 mM [1-13C]pyruvate group, and that containing 1 mM DCA (p = 0.692),

however, a significant increase in PDH flux was seen upon the addition of 1 mM DCA

when using 0.625 mM pyruvate (p<0.05) (Figure 4.8).

Figure 4.8: This shows the effect of adding 1 mM DCA to the perfusion buffer,
using either 0.625 mM or 2.5 mM [1-13]C pyruvate as the hyperpolarized probe. No
difference was seen within the 2.5 mM group, but a significant increase in PDH flux
was seen when DCA was added to the system probed with 0.625 mM hyperpolarized
pyruvate (* p < 0.05), n = 10.

4.1.3.3 [2-13C]pyruvate

Sample spectra at each concentration are shown in Figure 4.9.
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(a) 0.15 mM

(b) 0.3 mM

(c) 0.625 mM

(d) 1.25 mM

(e) 2.5 mM

Figure 4.9: Representative spectra are shown from each concentration used. Peak
(1) pyruvate, (2) C5-glutamate, (3) citrate, (4) acetyl carnitine, (5) C1-pyruvate, (6)
pyruvate hydrate, (7) impurity, (8) C2-lactate, (9) C2-alanine. Not all peaks are
visible by eye at the lower pyruvate concentrations. Small unidentified peaks are
impurities, present in the injected sample.
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The SNR with increasing [2-13C]pyruvate concentration demonstrated a positive cor-

relation (CC = 0.89), and is shown in Figure 4.10.

Figure 4.10: This figure shows the increasing SNR as [2-13C]pyruvate concentration
increases. n = 5

Lactate and alanine were not considered in this study, as they were better dealt with

using [1-13C]pyruvate, as previously discussed. Acetyl carnitine and citrate were best

fit with a Michaelis-Menten function (R2 = 0.9702, 0.9749 respectively), whereas

glutamate showed no evidence of variation with concentration and could not be fitted

with a simple function, as shown in Figure 4.11.
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(a) (b)

(c)

Figure 4.11: These plots show the change in metabolites with respect to [2-
13C]pyruvate concentration. No suitable fit was possible for glutamate. n = 5

The fits of these metabolites are shown in Table 4.3.

Metabolites Linear Michaelis-Menten

Acetyl Carnitine 0.9588 0.9702
Citrate 0.8577 0.9749

Glutamate 0.0093 0.1590

Table 4.3: Linear regression (R2) value using different fitting functions for [2-13C]
pyruvate metabolite data.

Following the trend seen with [1-13C]pyruvate, a significant positive correlation be-

tween PCr / ATP ratio (CC = 0.87) and [2-13C]pyruvate concentration was observed,

but none with pH (CC = 0.51) as assessed by 31P spectroscopy (Figure 4.12).
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(a) (b)

Figure 4.12: Plots of the change in PCr / ATP ratio and pH as a function of [2-
13C]pyruvate concentration. n = 5

4.1.4 Discussion

The [1-13C]pyruvate concentration study showed a linear relationship between initial

pyruvate concentration and signal intensity for alanine and lactate, but the appear-

ance of saturation kinetics for bicarbonate and CO2. This would suggest that the

alanine transaminase (ALT) and the lactate dehydrogenase (LDH) enzyme pathways

are not being saturated and also that pyruvate uptake into the cell is not limiting

at the concentrations studied. At the highest concentrations investigated, pyruvate

dehydrogenase (PDH) flux had clearly reached near complete saturation, as observed

from the bicarbonate and CO2 signals seen. This may have significant implications

in studies where the experiment may cause PDH flux to increase, as the full extent of

such changes may not be revealed using such high concentrations of pyruvate. This

was successfully demonstrated here with the DCA experiments, which only revealed

a significantly increased PDH flux at the lower [1-13C]pyruvate concentration. The

converse is also true, an agent (either pharmacological or physiological, such as ke-

tone bodies [117]) expected to decrease PDH flux may not reveal significant changes

at higher pyruvate concentrations, in the saturation region. In addition, aspects of
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metabolic control such as end product inhibition would also likely be affected [77].

The DCA data provides the most satisfactory result from this study, a demonstration

that the choice of pyruvate probe concentration when assessing metabolism can be the

difference between rejecting or accepting the null hypothesis (by a very large margin in

this case, where h0 = DCA increases PDH flux in the isolated perfused heart). This

experiment should provide thought for all hyperpolarized experiments carried out,

whether ex vivo or in vivo. With the development of new probes, especially those with

plans to move into the clinic (such as pyruvate and fumarate), the concentration of

DNP hyperpolarized probes used will become a very important area for investigation.

The [2-13C]pyruvate concentration study showed no linear relationships between ini-

tial pyruvate concentrations and the downstream metabolites, glutamate, acetyl car-

nitine and citrate. Acetyl carnitine was beginning to show some evidence of saturation

at the higher pyruvate concentrations. When large quantities of acetyl-CoA (resulting

from a TCA cycle unable to use it rapidly enough [118]) are produced, acetyl car-

nitine is formed via the carnitine acetyl transferase (CAT) enzyme [119]. The CAT

enzyme provides a mechanism by which acetyl CoA may be stored for later use. This

would however imply an excessive level of substrate being provided, and the global

physiological response in such situations would be hepatic fatty acid synthesis. The

saturation seen in the citrate graph would seem to support the argument that the

TCA cycle is being saturated with acetyl CoA, as a result of too high a concentra-

tion of pyruvate, and the resultant shuttling of excess energy to the CAT system.

As for glutamate, spectral quality at the lower concentrations was poor, and thus

establishing a pattern with respect to [2-13C]pyruvate was not possible.

A brief comment on PCr / ATP ratio for both [1-13C] and [2-13C]pyruvate. Whilst

in the former case not quite significant, and in the latter, only just significant, both

appear to show a trend for increasing PCr / ATP concentrations with increasing fuel

supply. This is perhaps not unexpected, given the role of PCr as an energy buffering
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compound, for use in times when a sudden energy demand is required.

Based on this study data, while 2.5 mM offers spectra with the highest signal to noise

ratio, 0.625 mM offers a very acceptable compromise, with each metabolite clearly

distinguishable and the time course still quantifiable with good results. Below this

optimal concentration, bicarbonate and CO2 became difficult to reliably quantify.

The lower concentration is particularly suitable in light of the saturation effects seen

with both [1-13C] and [2-13C]pyruvate probes, and as further demonstrated with the

DCA data. The very low concentrations can mean losing the per-second resolution

quantification that is possible with high signal to noise, as spectral summing becomes

necessary (0.15 mM certainly, and sometimes 0.325 mM, but never 0.625 mM and

above). Some information is lost as a result of summing, for example accurate de-

termination of the arrival times of different metabolites with respect to pyruvate,

although the importance of this data is not yet fully understood. However, judgment

on which concentration to use will need to be made on the basis of the expected

metabolic change in any given study, and the importance of measuring the absolute

value of a change in say PDH flux, or merely any change, however small. It should

be noted that it is possible to overcome some of the effects of the low signal to noise

ratio for the lower concentrations, by using smaller pyruvic acid sample sizes (which

generate higher polarizations than larger samples), and smaller KH buffer volumes to

generate lower concentrations.

An interesting technique recently developed [120], useful to the study of probe con-

centration, would allow for individual enzyme kinetics to be measured using hyperpo-

lariztion. By embedding the enzyme to be looked at (LDH was used in this example)

in a large alginate matrix and perfusing it with hyperpolarized [1-13C]pyruvate, the

rate and kinetic parameters of the transformation could be determined under any

conditions desired. Using this technique would allow verification of the saturation

effects seen in this concentration study, and to separate out the influence of cellular
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uptake, cofactors and product feedback inhibition for example.

In conclusion, a better understanding of the relationship between pyruvate concen-

tration and metabolic effects has been established in perfused rat hearts, and will

alter the way in which future experiments are performed. This development will,

where possible, also be applied carefully to the study of new compounds, in deciding

a suitable concentration to use. This study marks a further step taken in being able

to incorporate DNP as a truly physiological method of assessing metabolic function,

and brings us closer to using more relevant perfusion buffers for the isolated perfused

rat heart.

4.2 Fatty acid supply to the heart

4.2.1 Introduction

This section aims to discuss the supply of fatty acids to the perfused rat heart during

hyperpolarized experiments. The in vivo heart, under healthy conditions, derives

most of its energy supply from fatty acids [18]. In order to derive accurate metabolic

information from the isolated perfused heart, attempts should therefore be made to

ensure that it too is supplied with fatty acids. Supplying these insoluble fatty acids,

however, requires a large carrier molecule, albumin, in order to solubilize the fatty

acids in aqueous solutions (such as blood and KH buffer). As previously reported [19],

the use of albumin also binds other molecules, including pyruvate. Thus, when perfus-

ing the heart with hyperpolarized [1-13C]pyruvate, it is bound reversibly to albumin,

thus considerably reducing the observable hyperpolarized signal. One solution to this

might be to increase the concentration of pyruvate used, as performed in previous

work [19], but in that study [1-13C]pyruvate concentrations of 20 mM were needed to

achieve a sufficient SNR. However, using such a pyruvate concentration would negate

the benefit of preparing a physiological, fatty acid perfused isolated heart as demon-
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strated previously in this chapter. This study has therefore examined alternative

methods enabling the provision of fatty acids to the isolated perfused heart. A re-

duced concentration of albumin (0.5%) bound to palmitate (0.4 mM), was attempted,

thus allowing the supply of a long chain fatty acid, with the intention being that the

supply of a physiological quantity of fatty acid was more important than achieving

physiological levels of albumin in solution (around 4% in blood). To supplement this

study, a method that did not involve the use of albumin and which should not have

any deliterious effect on hyperpolarized [1-13C]pyruvate signal was also attempted.

Intralipid, a triglyceride emulsion containing largely linoleate, palmitate and oleate,

was therefore considered. Intralipid is a non-physiological triglyceride extensively

used in the clinic [121–123] for fatty acid provision (as well as other applications). It

is a soybean oil emulsion, commercially prepared and easily available and is primarily

composed of linoeic (40%), oleic (20%) and palmitic (10%) acids, with the balance

being other fatty acids and phospholipids [124]. Intralipid is known to be taken up

by the heart [125] as verified by radiolabelled experiments, and thus makes a good

potential candidate for FA supply in the form of triacylglycerols (TAG). Intralipid

lacks, however, the sophisticated protein based delivery system of chylomicrons and

VLDL in combination with the VLDL receptor and lipoprotein lipase (LPL), or the

mechanism of FFA transfer from albumin to FABPpm or FAT/CD36 [126, 127]. It

is likely that breakdown of Intralipid first occurs via LPL, before being transported

via FABP [128–131]. Intralipid in this study was used in two concentrations, 0.4 mM

and 4 mM.

In this study, both of these fatty acid sources were assessed with regard to their ability

to induce the expected decrease in PDH activity, which should occur upon supply of

fatty acids to the heart (the Randle cycle). In addition, their effect on the signal from

hyperpolarized pyruvate was also considered. To further investigate the mechanism

by which signal loss occurs when albumin was used in the presence of hyperpolarized
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solutions, both hyperpolarized and thermal T1 studies on [1-13C]pyruvate were also

carried out in the presence of different buffer compositions.

4.2.2 Materials and methods

Albumin / palmitate buffer preparation: Palmitic acid (10 mmoles) was added

to 2 ml of ethanol and heated in a water bath at 70 oC until melted. Potassium

carbonate (anhydrous, 10 mmoles) was dissolved in a minimum amount of water,

and added dropwise to the molten palmitic acid solution to create a white salt. This

was then heated in a water bath until dry (approx. 5 hours). The powder was then

dissolved in saline solution (154 mM), made up to 100 ml and stored in the fridge.

Dialysis tubing was prepared as follows: 50 cm of dialysis tubing was cut, and placed

into 3 L of double distilled water at 80 oC, containing 60 g of sodium carbonate and

1.116 g Na2EDTA, and left for 30 mins. The tubing was then rinsed with ddH2O, and

stored in water to avoid cracking. The albumin KH buffer was prepared by adding

10 g albumin (0.5 % final) to 200 ml KH buffer (without glucose, 1.45 mM CaCl2,

and containing 4.3 mM KCl, due to the potassium salt in the palmitate preparation)

in a glass beaker, heated to 37 oC and slowly stirred until completely dissolved, in

order to avoid foam formation. The previously prepared palmitate salt (100 mM)

was heated in a water bath to 70 oC, and once molten, was transferred carefully in

1 ml aliquots to the KH-albumin solution, using a preheated pipette tip to achieve a

final palmitate content of 0.8 mmoles. The KH-albumin-palmitate solution was then

diluted with 1800 ml KH, and ion concentrations adjusted as required (particularly

calcium and potassium). The solution was then transferred to two portions of dialysis

tubing, tied off at one end. The other end was tied off, and left overnight in a cold

room to dialyse in KH. The following day, the KH solution was discarded, and the

ionic concentration of the albumin-palmitate solution was readjusted. Glucose (11

mM) was then added to the buffer. This produced a KH solution containing 0.5 %
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albumin bound with 0.4 mM palmitate.

Perfusion: Hearts from 13 male Wistar rats (Harlan, UK) in three groups (Intralipid

(0.4 mM) n = 4, Intralipid (4 mM) n = 5, albumin (0.5 %) bound to palmitate (0.4

mM) (alb/palm) n = 4 were perfused in the Langendorff mode as previously described

(Section 4.1.2).

Spectroscopy: The hearts were initially perfused with KH buffer containing only

11 mM glucose and 0.625 mM pyruvate. A small drain was inserted into the left

ventricle, followed by a polyethylene balloon and the EDP adjusted to achieve a

pressure of approximately 4 – 5 mmHg once in the magnet. This balloon was set

to continually monitor heart rate and developed pressure throughout experiments as

a measure of cardiac function. RPP (the rate pressure product) was derived from

multiplying heart rate by developed pressure, and was assessed 10 minutes either side

of any change in buffer composition.

After locating the heart in the centre of the magnet and shimming to reduce the proton

linewidth to around 50 Hz, a hyperpolarized pyruvate study was performed as previ-

ously described in Section 4.1.2. Briefly, a 0.625 mM hyperpolarized [1-13C]pyruvate

solution was delivered to the heart as a bolus over 120 seconds under a gravity fed

system, and a 13C pulse-acquire experiment commenced (TR = 1 s, FA = 30 o, BW

= 180 ppm, 4096 pts). Following acquisition, the sum of 50 spectra were taken,

beginning with the first spectrum which showed the appearance of hyperpolarized

pyruvate, and the ratio of the bicarbonate and the CO2 signals to the pyruvate signal

was used as a measure of flux through the pyruvate dehydrogenase (PDH) enzyme.

All other metabolites were similarly normalized. A fully relaxed, 31P acquisition was

performed, followed by a series of rapid, high temporal resolution 31P acquisitions, as

previously described in Section 3.2. The KH buffer was subsequently switched to one

containing pyruvate (0.625 mM) and either Intralipid (0.4 mM or 4 mM) or palmitate

(0.4 mM) bound to albumin (0.5 %) and following a period of stabilization (around
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30 minutes) a repeat hyperpolarized pyruvate dissolution was carried out.

T1 measurements: Hyperpolarized T1 measurements were carried out by dissolving

2.9 ml of a 20 mM hyperpolarized [1-13C]pyruvate solution into 2.9 ml of either KH,

KH with albumin, or KH with albumin bound palmitate, to yield a final pyruvate

concentration of 10 mM, with a 16% albumin solution in a 1:3 ratio with palmitate.

These values were scaled up from the 0.625 mM pyruvate, 0.5% albumin and 0.4 mM

palmitate used above, in order to yield a high enough signal to noise ratio for the

thermal T1 experiments to be performed, so that both hyperpolarized and thermal

datasets could be directly compared. Hyperpolarized T1 was measured by using a

multiple flip angle acquisition in order to correct for the effects of RF pulses, and

subsequently fitted to an exponential decay function, of the form e−t/T1 . Thermal

T1 measurements were performed on a Bruker Avance 300 MHz system, using a 500

µl volume of the combinations previously stated, with the addition of 10% D2O for

frequency locking. A 13C proton decoupled spectrum was run (zgpg30, n = 128, FA

= 30 o, d1 = 2 seconds) in order to determine the frequency of the pyruvate resonance

(which was subject to variation with pH and temperature). This value was then used

to run an inversion recovery T1 protocol with power gated decoupling (t1irpg pulse

program, with parameters n = 12, d1 = 300, and variable delays of 10 msec, 10, 30,

60, 90, 120, 150 and 180 secs). Thermal T1 data were processed using TopSpin 1.3

(Bruker BioSpin, Ettlingen, Germany).

Data analysis: Comparisons between two measurements were carried out using a

paired t-test. For temporal data with more than two measurements, a 1 way ANOVA

with a posthoc Bonferonni-Holm correction was applied. All tests were carried out

at the p<0.05 significance level. Units are a.u., unless otherwise specified. Data are

expressed as mean±standard deviation. Spectra were processed and quantified using

jMRUI.
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Group PCr /
ATP
(a.u.)

Cardiac pH Heart
rate

(BPM)

RPP
(mmHg /

min)

1. KH alone 1.1±0.1 6.9±0.1 310±30 30000±4000
1. Intralipid (0.4 mM) 1.2±0.2 6.9±0.1 310±20 29000±3000

2. KH alone 1.2±0.2 6.9±0.1 290±40 24000±5000
2. Intralipid (4 mM) 1.4±0.1 6.9±0.1 280±20 22000±5000

3. KH alone 1.4±0.1 6.9±0.1 280±20 21000±4000
3. Albumin bound palmitate 1.4±0.2 6.9±0.1 280±20 21000±4000

Table 4.4: Summary of results. Each buffer containing Intralipid (0.4 mM), Intralipid
(4 mM) and albumin bound palmitate have their own controls containing KH alone.

4.2.3 Results

Cardiac energetics and function: 31P data and cardiac pH revealed no significant

change in PCr / ATP ratio during the change from KH alone to KH with either

Intralipid (0.4 mM), Intralipid (4 mM) or albumin bound palmitate (0.4 mM). There

were no significant differences in the heart rate or RPP within any of the groups. The

data is presented in Table 4.4.

Signal loss: The signal to noise ratio (SNR) of the hyperpolarized [1-13C]pyruvate

signal in each of the KH buffers containing 0.5% albumin with 0.4 mM palmitate, 0.4

mM Intralipid or 4 mM Intralipid was measured. There was a significant reduction in

SNR upon addition of the albumin / palmitate containing buffer (200±60 to 90±50),

but no significant differences in SNR upon addition of 0.4 mM Intralipid (170±50

to 200±70) or 4 mM Intralipid (130±50 to 120±50) were seen. To see if there were

changes in the kinetic parameters of the pyruvate signal, an initial analysis was carried

out by looking at the time during which hyperpolarized [1-13C]pyruvate maintained

signal amplitude above 50% of its maximum during the time course of the hyperpo-

larized dissolution. Perfusion with hyperpolarized [1-13C]pyruvate in the presence of

albumin (0.5%) bound palmitate (0.4 mM) showed a significant increase in the rate

of pyruvate signal decay. With perfusions involving 0.4 mM and 4 mM Intralipid,
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there was no significant change in the pyruvate signal decay (Figure 4.13).

Figure 4.13: The graph shows the time during which the hyperpolarized [1-
13C]pyruvate signal remains above 50% of its maximum without and with fats. **
p<0.01, n = 13

To try and understand this observed difference further, the hyperpolarized signal

data from the perfused heart experiments with and without albumin / palmitate

were further considered. In the absence of a suitable kinetic hyperpolarized signal

model for the perfused heart (although no shortages exist for in vivo models [19, 51,

111, 132–134]), the first portion of the signal (net increase) was approximated by a

linear fit, with the second portion, after the maximum signal had been reached (net

decay), was fitted to an exponential decay function (Figure 4.14).
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Figure 4.14: Representative hyperpolarized [1-13C]pyruvate signal infusion and decay
curves with KH alone or KH with alb/palm. The signal infusion portion begins from
the moment signal is seen, up to and including the maximum signal value, indicated
by the black arrows. The signal decay portion is everything after the black arrows.
The signal amplitudes have been normalized relative to their peak maximum.

Hyperpolarized pyruvate signal infusion and decay were then compared in the absence

and presence of albumin / palmitate. In the initial signal increase, the rate of pyruvate

(0.032±0.008 vs 0.07±0.03) was significantly increased in the presence of KH and

albumin / palmitate, as compared to KH alone. In the signal decay portion, the decay

constant of pyruvate (-0.013±0.004 vs -0.052±0.003) was significantly decreased when

albumin was present, showing that the rate of decay was significantly increased, as

compared to KH alone.

Cardiac metabolism: Example spectra of hyperpolarized [1-13C]pyruvate in the

absence and presence of fats are shown in Figure 4.15.
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(a)

(b)

(c)

(d)

Figure 4.15: Representative hyperpolarized [1-13C]pyruvate spectra in the absence of
fatty acids (control), and in the presence of Intralipid (0.4 mM), Intralipid (4 mM)
and 0.5 % albumin / 0.4 mM palmitate. Peaks are (1) pyruvate, (2) lactate, (3)
pyruvate hydrate, (4) alanine, (5) bicarbonate, (6) CO2.
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The use of 0.4 mM Intralipid as a source of fatty acid did not elicit any significant

change in PDH flux (0.48±0.07 to 0.47±0.08). However, using a higher concentra-

tion of Intralipid (4 mM) did reveal a significant decrease in PDH flux (0.34±0.16

to 0.29±0.14). The use of 0.5% albumin in conjunction with 0.4 mM palmitate

also proved successful, with a significant decrease in PDH flux seen (0.23±0.07 to

0.09±0.04) (Figure 4.16). There were no significant changes observed for lactate, or

alanine.
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(a)

(b)

(c)

Figure 4.16: The change in PDH flux, and other [1-13C]pyruvate metabolites, without
and with 0.4 mM Intralipid (n = 4), 4 mM Intralipid (n = 5) or Albumin (0.5%) bound
palmitate (0.4 mM) (n = 4). *p < 0.05

Hyperpolarized and thermal [1-13C]pyruvate T1: The T1 of hyperpolarized

86



pyruvate in KH buffer was measured to be 27±2 seconds. In the presence of albumin,

the hyperpolarized T1 dropped to 6±1, but partially recovered in the presence of

albumin bound palmitate (0.4 mM) to 22±1 seconds. The thermal T1 of pyruvate

in KH alone was 61±5, and with albumin dropped to 29±10 seconds. As with the

hyperpolarized T1 data, this value was recovered in the presence of palmitate to 62±7

seconds. All hyperpolarized T1s between groups were significantly different. Thermal

T1s between KH alone and albumin were significantly different. The large differ-

ences in T1 values between thermal and hyperpolarized experiments can potentially

be explained by an increase in relaxation rate (decrease in T1) of the 13C nucleus

with magnetic field strength, since the experiments were carried out on two different

magnets at different field strengths.

4.2.4 Discussion

This study was carried out in order to obtain a method to deliver physiologically

appropriate long chain fatty acids to the isolated perfused heart, whilst still being

able to use hyperpolarized pyruvate. Previous work [19] concluded that the presence

of albumin, even with palmitate, would not allow the use of hyperpolarized pyruvate,

unless pyruvate was used in extremely high concentrations (> 20 mM) to achieve a

greater signal. This concentration is not desirable for the reasons previously explained

in this chapter, nor is it physiologically accurate to provide the perfused heart with

a buffer that does not contain fatty acids.

As an example, Boehm et al [135] looked at the effect of palmitate (as would be

present in vivo) on the isolated rat heart derived from a model of hyperthyroidism, and

found a significant drop in cardiac output when fatty acids were supplied. This was

associated with decreased myocardial efficiency (caused by increased mitochondrial

uncoupling proteins (UCP)). A significant increase in fatty acid oxidation was noted

[136], which would be expected to cause a decrease in glycolysis, and therefore a drop
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in PDH enzyme activity. This was confirmed in a separate study, where Atherton et

al [78], using the same model, carried out a hyperpolarized pyruvate study in vivo and

found a near 60% drop in PDH flux. Provision of the long chain fatty acid palmitate

caused increased uncoupling, by inducing a stressor. By solely providing glucose

and pyruvate to the isolated heart, these major effects are likely to be overlooked.

For example, had this PDH enzyme activity been measured in the isolated perfused

heart, without the use of fatty acids, it could be tentatively predicted that if indeed

the primary cause for the PDH reduction was the hyperthyroid mediated increase in

FAO, then little or no change would have been seen in PDH flux.

The work described here has successfully demonstrated that it is possible to use al-

bumin and palmitate in combination with sensible, near physiological concentrations

of pyruvate, but that there is a reduction in T1, and therefore a reduction in observed

signal. In addition, it has also been shown that an alternative exists, in the form of

Intralipid which can be used in cases where a hyperpolarized probe with a low polar-

ization is to be used, and any potential decrease in its T1 would cause unacceptable

signal loss. In terms of mechanism for the hyperpolarized signal loss in the presence

of albumin, both the thermal and hyperpolarized T1 data shows that a decrease in

T1 was responsible for the loss of signal, and that the binding of pyruvate to albumin

effectively renders a portion of the hyperpolarized pyruvate pool MR invisible. This

happens in a dynamic fashion however, such that there is constant exchange between

the albumin – pyruvate pool and the free pyruvate pool. As the magnetization caused

by hyperpolarization is non-recoverable, the result is a quenching of the hyperpolar-

ized signal. The significant increase in the gradient of the hyperpolarized pyruvate

signal in the presence of albumin is due to the competing effect between the influx

of fresh, but constantly decaying hyperpolarized signal, with the rapid signal decay

due to albumin binding (Figure 4.14). Looking at this graph, the manner in which

the signal decays is different for both. In the KH only situation, it appears that there
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is still a continuous influx of hyperpolarized pyruvate, thus giving the decay curve

a more convex appearance (of the form –Ax2 – Bx), where contributions from new

signal and decay are roughly equal. In the situation with KH and alb/palm, whilst

there is at all times during acquisition an influx of pyruvate, it appears that the po-

larization is lost much sooner, and so the decay portion resembles much more closely

an exponential decay function (Ae-kx), as it is dominated by the T1 decay. Looking

at the beginning of the signal (signal infusion), it would seem that in the case where

alb/palm is present, the magnetization of the entire hyperpolarized pyruvate pool is

reduced considerably (to a third of the KH alone value, as previously shown), which

would mean that it takes less buffer flow (containing the hyperpolarized pyruvate) to

obtain maximum signal, since the mixing of pyruvate and buffer is not perfect, and

there will be a gradient as it reaches the heart. This is further exasperated by the

fact that albumin itself is absorbing part of the pyruvate pool (albeit dynamically),

which would worsen this effect.

It is possible to reduce the extent to which this loss of magnetization happens however,

by binding albumin with palmitate in a high density (3:1 was used here), and indeed

this is confirmed in the results with a partial recovery of the T1 of pyruvate. The

albumin / palmitate ratio was chosen as the result of previous work on the kinetics of

albumin [137,138], which demonstrated that there are six high availability sites with

strong binding affinity for palmitate and a further six sites with medium binding

capability. As the limiting factor for binding is unlikely to be the availability of sites,

and much more likely to be due to the negligible solubility of palmitate in any form

in aqueous solutions [139], a conservative 3:1 ratio was chosen. It was also shown

that the binding of these sites reduces the binding constants for the other secondary

and tertiary sites present on albumin (of which there are more than 60), so possibly

explaining the reason for the recovered T1, as pyruvate is less likely to bind to these

sites if palmitate binding has induced a conformational change. Other more involved
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techniques were explored, including the possibility of acetylating or guanidating BSA,

thus removing many of the polar interactions that a small molecule like pyruvate is

likely to rely on for binding. This was shown to be successful, in that palmitate could

still be bound, but this possibility was not explored further as little is known as to

how chemical alteration of BSA may alter FA delivery to the myocardium.

A possible biological alternative to providing the heart with fatty acids (in the form

of triacylglycerols), without the possibility of interfering too much with the hyper-

polarized signal would be using chylomicron and VLDL preparations. These can be

generated in vivo by liver perfusion over several hours [140] to produce VLDL in very

small quantities. The resultant lipoproteins are successfully taken up by the isolated

perfused heart [141]. This method is typically used for radiolabelled experiments,

but with a small enough recirculating volume, could be adapted for hyperpolarized

experiments.

The results of perfusions with Intralipid unfortunately did not demonstrate a signifi-

cant PDH reduction at the lower concentrations (0.4 mM), and it required a ten-fold

increase in Intralipid (4 mM) before being able to observe a significant change in

PDH flux (Figure 4.16). It would seem that the lack of an efficient transfer mecha-

nism for cardiac uptake, as described for VLDL and albumin, is partially responsible

for the much larger concentrations of Intralipid required. However, the advantage is

that there is no appreciable change in hyperpolarized signal or its decay in the pres-

ence of this substrate, which makes it particularly suitable for those hyperpolarized

probes with low SNR to begin with. In addition, no significant detrimental alterations

to cardiac function or energetics were seen when using the higher concentrations of

Intralipid. One caution with Intralipid, particularly during long perfusions is its

stability with the high ionic concentration of the buffer used. Flocculation was not

observed to occur (this would manifest fairly evidently as the buffer consistency would

change from skimmed milk to a yellow, unevenly distributed solution). Nevertheless,
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this should be checked carefully.

Other possible experimental methods for fatty acid delivery to the heart without

the extent of signal loss seen using high albumin concentrations might include the

creation of palmitic acid based micelles [142], or the use of large molecules that can

surround palmitate (or other FA molecules), and render them soluble [143,144]. The

referenced works demonstrate this method using b-methyl cyclodextrin, which is able

to successfully and efficiently transfer large chain fatty acids to membranes, although

done in an uncontrolled manner. This remains to be tested on a larger scale, using

whole organ systems.

In conclusion, this work has demonstrated two classes of potential alternatives to the

problem facing hyperpolarization with isolated perfused organ models, to successfully

provide the perfused heart with a source of fatty acids without affecting the integrity

of the hyperpolarized pyruvate experiment. The use of Intralipid in the perfusion

buffer would appear to provide a satisfactory source of fatty acids to allow for more

physiological experiments when using hyperpolarized pyruvate in the setting of the

perfused heart model. However, when using hyperpolarized probes with high polar-

ization, that have a certain binding affinity to albumin, such as pyruvate, the use of

albumin and palmitate can still provide the gold standard for heart perfusions.
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Chapter 5

Hyperpolarized Probe

Development

5.1 Introduction

From the outset of dissolution DNPs’ rapid development, one of the major prob-

lems has been a lack of variety in the availability of useful metabolic probes. [1-

13C]pyruvate has become extremely popular due to its ease of use and very good

signal to noise ratio, but allows for only a small subset of metabolism to be ex-

plored. Recently however, the development of novel hyperpolarized probes has been

expanding rapidly. [2-13]pyruvate has been used to explore cardiac metabolism [77],

fumarate to localize and attempt to quantify cell death [145], ascorbic acid to de-

termine the oxidative state of tissue [146], amongst many others [113]. Whilst these

probes have shown promising results for their specific applications, there was still a

lack of suitable compounds addressing the many pathways of cardiac metabolism (re-

cently, alanine [147] and lactate [148] have, however, been tested in vivo in different

models). In order to address this issue, the aims of this chapter were to develop and

test new metabolites of interest, in particular, those that could act as fuels for the
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heart.

In order to complement the information provided by pyruvate, at the end of the gly-

colytic pathway, hyperpolarized lactate and alanine were characterized. In addition,

given the prominence of fatty acids as a fuel for the heart, these needed to be con-

sidered. Due to the very short T1s of long chain fatty acids, which would primarily

be used in the heart, the short chain fatty acid butyrate was considered. Following

this, its metabolites, the ketone bodies (and cardiac fuels in themselves during fast-

ing) were hyperpolarized and tested. The metabolic pathway for this is described in

Chapter 2.

There are a number of factors that make compounds suitable for the DNP hyperpo-

larization process. For metabolic work, the compound chosen must be metabolically

relevant, or at least be a prodrug (and therefore metabolize to a compound that is of

use, the conversion of ethyl pyruvate or ethyl acetoacetate to pyruvate and acetoac-

etate are examples of such conversions). Compounds also need to satisfy the following

criteria:

Relaxation time: The T1, a measure of the length of time the hyperpolarized

metabolite will retain its high signal (high polarization), must be sufficiently long

for it to be taken up by the biological system of interest and metabolized, whilst

considering the delay in getting the hyperpolarized compound from the hyperpolarizer

to the isolated perfused organ, or in vivo model. In practice, this usually translates

to a compound having a molecular mass of around 200 or less, which results in a T1 of

20 seconds or more. Secondly, only certain functional groups within these compounds

typically have such long relaxation times, namely carbonyls, carboxyls or quaternary

carbons. It is possible to overcome this limitation, however, by deuterating (replacing

a hydrogen with a deuterium atom) a carbon in a metabolite of interest. Several

successful compounds with high T1s and polarizations have been developed in this

way [149]. However, such compounds are rarely commercially available and must be
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synthesized. Ubiquitously deuterated compounds will tend to improve T1, irrespective

of the carbon of interest, and whilst they are more easily available commercially, are

prohibitively expensive. It is also possible to increase the T1 by using deuterated

solvents in either the formulation of the compound (which also increases polarization

[150]), and / or the dissolution buffer, but in practice, this serves little purpose as the

DNP hyperpolarized compound will spend most of the time within (non-deuterated)

physiological KH buffer, or blood. In addition, deuterated compounds are toxic to

living tissue in large quantities, due to the altered enzyme kinetics of the deuterium

bond.

T1 can also change with field strength (though not necessarily linearly). Whilst little

can be changed in this respect, it is worth noting, as it implies that hyperpolarized

compounds which prove successful in the isolated perfused organ model (generally

used in conjunction with a high field magnet), may prove less successful in vivo

(where a lower field magnet is typically used) or vice versa. Another interesting

effect is the acidity and basicity of a compound, which is also capable of having an

extremely large effect on the observed T1. Certain small amino acids demonstrate

this very well. Under very acidic conditions (i.e. when the amine and carboxylic acid

groups are protonated), the T1 is very high. However, under basic conditions, the T1

reduces to a fraction of its original value. There is generally a good middle ground

at physiological pH. Therefore, care should be taken when choosing the pH of the

compound formulation – changing this is sometimes necessary to ensure compound

solubility (discussed later), and if basic conditions, which dramatically reduce T1 for

amino acids, are chosen for this, the dissolution must neutralize the hyperpolarized

sample rapidly. Failure to do so will remove any hyperpolarized signal very quickly.

As a guide for formulation, thermal T1s of at least 25 seconds or more for compounds

can be used as a good indicator of the likelihood of success. For comparison, the very

successful [1-13C]pyruvate has a T1 of & 60 seconds.
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Glassing: The compound must form a glass (a state of matter with a short range

order) in the solid state after freezing. Formation of a crystalline solid is opaque

but a glass will be translucent when frozen. Glassing is required so that the inter-

action between the compound and the microwave irradiation allows polarization of

the nuclei. This is as a result of better microwave distribution in the glass, and sec-

ondly, the improved 13C-13C spin diffusion that must occur for the hyperpolarization

process to be successful. Given that there is generally about 1 paramagnetic center

(i.e. the OX063 radical) per 1000 13C nuclei in the optimum polarization mixture,

the importance of spin diffusion becomes evident. In a few cases (notably pyruvic

acid), the liquid metabolite of interest glasses without any additional solvents. Typi-

cally, however, another solvent is required to allow glassing, for both liquid and solid

metabolites. Where metabolites are present in the solid state, these must first be dis-

solved before they can be used. Typically, as these metabolites are small, as a result

of the T1 requirements, a small amount of water can be sufficient to create a glassing

mixture. However, these are exceptions, and in the majority of cases, another solvent

(or mixture of solvents) is needed.

Many compounds will glass when dissolved in glycerol, a physiologically occurring

alcohol produced from triglyceride metabolism. It is self glassing, and excellent at

glassing a wide range of small metabolites. It should arguably be the compound of

choice in formulations used in humans, as its metabolism is well understood, and

should not cause any undue physiological disturbances in vivo since it is used in

such small quantities. However, in the research setting, glycerol suffers from several

drawbacks. It is extremely viscous, and dissolving solids in it is very difficult and

time consuming. The final mixture is difficult to work with, in terms of transferring

the prepared sample to a sample cup for hyperpolarization. Finally, glycerol based

samples additionally can produce unreliable polarizations. However, where chemistry

facilities with adequate equipment allow for the preparation of prepackaged samples
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ready for hyperpolarization, glycerol should be used in the clinical setting.

In routine use, DMSO has been the solvent and glassing agent of choice for all sample

preparations. It is an excellent glassing agent, very miscible with polar molecules, and

not at all viscous. A disadvantage with DMSO is that it is not naturally produced

in living systems, but in experiments typically run, less than 1 mM DMSO is used

for the isolated perfused heart. Therefore, DMSO should be considered safe in the

concentrations used (DMSO is used extensively in vitro and in vivo, with extensive

characterisation [151]), however, DMSO does have one issue which was observed in

some hyperpolarized samples. If left for a period of time in formulation, the OX063

radical will tend to come out of solution, and cannot be easily reincorporated. For

this reason, in this work, DMSO was always added to the sample immediately prior

to insertion into the polarizer. With careful consideration of the order in which all the

components of the probe formulation are added, issues such as these can be avoided.

In terms of strategies for solubilizing and glassing compounds, there are two further

factors to consider. Both the OX063 radical, and the Gd based contrast agent must

dissolve in the final mixture. If the compound is a liquid, but does not glass, adding

a small amount of DMSO will usually glass the solution. Deciding on the amount to

add depends on ensuring that the sample is not diluted too much (discussed later),

but it is also important that the sample glasses in a stable and repeatable manner,

and thus adding a little more than the minimum required amount of DMSO (or other

glassing agent) is recommended. Examples of other glassing agents will be discussed

later in considering the formulation of butyrate. It is unsual that solid compounds

dissolve well in DMSO – for this reason, solids should be dissolved in a minimum

amount of water, with the help of a sonicator. This solution should be fluid, with a

little more water added if necessary. This will ensure easy and reliable transfer to the

sample cup, where DMSO is then added prior to insertion in the hyperpolarizer. The

caution with adding additional fluid to the sample is that more concentrated samples
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tend to have shorter build up times, and higher polarization amplitudes [50].

Radical and gadolinium contrast agents: The radical used throughout this the-

sis (OX063, sometimes referred to by the internal identification at GE Healthcare,

AH100136) is a green powder, with a molecular mass of 1426.78. It is light sensi-

tive and highly susceptible to static charge. It is surrounded by many bulky ligands,

whose purpose is to prevent interaction between the radical and external molecules.

Radicals are highly reactive species, and their protection is key in maintaining their

effectiveness for DNP hyperpolarization experiments. OX063 is very soluble in water,

glycerol and DMSO, and is supplied in purities ranging from 80% to 99% - a fact which

should be taken into account when preparing sample formulations. This is currently

the best radical available for wide spread DNP hyperpolarization experiments. Other

radicals can be used, though these tend to produce lower hyperpolarization levels.

These radicals are structurally similar to OX063, and include Finland (AH110355,

MW = 1036.14) and OX063Me (AH111501, MW = 1546). More complex biradicals

have been generated, but ultimately have not proved successful enough to justify the

increased cost [152].

The gadolinium complex generally used is a commercially available contrast agent

(Dotarem, Guerbet, France) with bulky ligands surrounding the gadolinium metal

complex. The reason for this is slightly different to that of the OX063 radical – in

this case, the bulky ligands serve to prevent electron interaction between the gadolin-

ium itself and the hyperpolarized nuclei. Without these ligands, DNP hyperpolar-

ization would occur as normal inside the hyperpolarizer, but upon dissolution, all

enhanced signal would be lost, as free gadolinium acts as a rapid relaxation agent.

This is demonstrated with the use of free gadolinium chloride in sample preparations

producing excellent polarization amplitudes, but no liquid state polarization. Where

gadolinium is used in this text, it is taken to refer to the complexed form. Gadolinium

sample addition has the effect of increasing both polarization amplitude and buildup
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time until saturation occurs. The role of gadolinium as a facilitator of electronic – nu-

clear spin diffusion is particularly interesting, as its use appears to become redundant

when DNP hyperpolarization occurs at higher magnetic field strengths [153].

Deciding on the amount of radical and gadolinium agent to add to a formulation

is largely based on trial and error, but this process can be improved by observing

certain trends. Minimization of experimental time in this way is especially important

given the high cost of the OX063 radical. Increasing radical concentration increases

polarization amplitude to a maximum point, after which it decreases again linearly.

Buildup time (the time it takes to reach maximum potential polarization) however

decreases exponentially with increasing radical concentration (Figure 5.1).

Figure 5.1: A diagram showing the change in buildup amplitude and time with varying
OX063 radical concentration using [1-13C]pyruvic acid in the solid state. Reproduced
from [58].

By using these properties, a great deal of time can be saved in troubleshooting com-

pound formulations. A good starting point for the radical concentration is 15 mM,

as this is the concentration currently used for a wide variety of compounds.

Dissolution considerations: To ensure adequate dissolution of the frozen hyper-

polarized compound, 6 mls is typically used as a dissolution volume, though this can

range from around 4 mls to 10 mls, in order to better control the concentration at

which the hyperpolarized sample leaves the polarizer. Whilst the assumption has
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always been that the developed probe needs to be soluble in an aqueous solution,

usually the case in metabolic experiments, organic solvents could also be used for

the dissolution step in the hyperpolarizer, perhaps for probes that are difficult to

solubilize. This may prove useful for specialized experiments.

Taking all of these factors into account, a summary of the steps needed to optimize

a sample for DNP hyperpolarization is shown in Figure 5.2. In the light of these

steps, the aims of this chapter were to demonstrate a specific example of compound

formulation from initial testing to application in a disease model in vivo. Hyperpo-

larized [1-13C]butyrate was chosen as it provided a novel way to assess short chain

fatty acid metabolism. In addition, formulations for the other relevant metabolites,

lactate, alanine, acetoacetate and b-hydroxybutyrate were developed, characterized,

and tested in the isolated perfused rat heart and subsequently described.

5.2 General methods

Compound development: The labelled compounds [1-13C]pyruvic acid, [1,3-13C]b-

hydroxybutyrate, [1-13C]lactate (sodium salt) (50:50 w/w solution with water), [1-

13C]alanine, [1-13C]ethyl acetoacetate and [1-13C]butyric acid were obtained as high

purity samples (> 98%) from Sigma Aldrich (Gillingham, UK).

[1-13C]alanine was converted to the aqueous soluble hydrochloride salt as follows: 142

mg of [1-13C]alanine was added to 200 ml 37.5 % w/w concentrated hydrochloric acid

with 600 ml ethanol and vortexed until completely dissolved. This solution was very

slowly added to 25 mls of ethyl ether, and spun down for 10 minutes at 1500 rpm. The

top ethyl ether layer was removed by pipetting, and the white powder ([1-13C]alanine

hydrochloride) was then air dried.

It was not possible to directly obtain free acetoacetic acid or the sodium salt, pre-

sumably due to its short half life (2 hours for the acid, several days for the base),
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Figure 5.3: An example microwave sweep reflecting the thermal mixing effect of [1-
13C]pyruvate hyperpolarization. The difference between the maxima of each of the
peaks is shown by Df. Microwave irradiation time was 300 seconds per 1 MHz step.

whereby decomposition occurs via decarboxylation. [1-13C]Ethyl acetoacetate was

therefore converted to sodium acetoacetate as follows: 500 ml [1-13C]ethyl acetoac-

etate was added to 8 ml of 1M NaOH and stirred for 10 hours at room temperature.

The solution was then freeze dried overnight, to create the product, a white powder.

Characterization: Microwave sweeps, i.e. the variation in maximal polarization

with microwave frequency, were carried out for all compounds, and show the same

profile (a pattern reflecting a likely thermal mixing effect). An example of this is

shown with [1-13C]pyruvate in Figure 5.3. Differences in the absolute optimum po-

larization frequency occur over time due to instability in the microwave source, and

therefore the frequency difference between the positive and negative polarizations are
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Figure 5.4: A sample plot showing the variation in acquired hyperpolarized signal
amplitude over time using three different flip angles (10o, 20o and 30o).

quoted in this thesis. Polarization amplitudes and buildup time constants for each

of the compounds were obtained from the HyperSense, following polarization of each

compound for 1 hour. Liquid state hyperpolarized T1 and polarizations were derived

by injecting 4 ml of hyperpolarized compound into a pre-shimmed 20 mm NMR tube,

and two 13C scans were started. The first was a multiple flip angle experiment (FA

= 10o, 20o, 30o, NS = 20 per FA, TD = 4096, SW = 180.693, TR = 1.25 secs) to

obtain the T1 as derived from a modified exponential fit. This protocol was used as

it allowed FA variation within the T1 fitting algorithm, to minimize FA calibration

errors. An example of the data acquired is shown in Figure 5.4. The second scan was

a thermal equilibrium experiment (NS = 24, TD = 4096, SW = 180.693, TR = 250

secs) of the hyperpolarized sample (after complete loss of hyperpolarization), in order

to derive the liquid state polarization relative to the hyperpolarized state. The SNR

from the first hyperpolarized spectrum and the thermal scan were used in Equation

5.1 to derive the polarization. For the above characterizations, [1-13C]pyruvate was

used as a comparison.
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Algorithm 5.1 The equations used to measure the polarization as dervied from the
measured signal to noise ratios (SNR). NS = number of scans, FA = flip angle and
B0 = 11.7 T.

Polarization =
(

SNRhyp

SNRthermal

)(
tanh

(
γћB0

2kbT

))
SNRhyp = SNRmeasured

Sin(FA)
√
NS

SNRthermal = SNRmeasured

Sin(FA)
√
NS

Finally, all hypepolarized samples were tested in the isolated perfused rat heart,

using methods previously described in Chapter 4. All KH buffers were matched in

composition to the concentration of the hyperpolarized probe used. Hyperpolarized

[1-13C]alanine, was tested at 2.5 mM, [1-13C]lactate, [1,3-13C]b-hydroxybutyrate, [1-

13C]acetoacetate and [1-13C]butyrate were all tested as 4 mM solutions.

5.3 Butyrate

Butyrate, as one of the most promising compounds of those developed in this thesis,

was followed through as a case study in order to demonstrate an approach to probe

development from start to finish, thus completely evaluating a potentially useful hy-

perpolarized metabolite. Each of the steps taken will be described below.
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5.3.1 Glassing

Compound mixture Glasses

Butyric acid Opaque
Butyric acid:glycerol 50:50 Opaque
Butyric acid:ethylene glycol 50:50 Opaque
Butyric acid:EtOH 50:50 Opaque
Butyric acid:CHCl3 50:50 Opaque
Butyric acid:propan-2-ol 50:50 Transparent
Butyric acid:DMSO 50:50 Transparent

Table 5.1: Glassing experiments

The first step taken was to glass the compound, by cooling it in liquid nitrogen and

observing whether it becomes transparent or opaque. The results of this development

are shown in Table 5.1. It can be seen that butyric acid itself does not glass, and

therefore a variety of solvents, which could act as glassing agents were surveyed.

Some of the agents used require comment. All solvents used were miscible with

butyric acid. At this stage, the aim was not necessarily to choose glassing agents

which were biologically sound, but to obtain an idea of the classes of compounds

that could be used for the task. This can be misleading, however, as not all glassing

agents work for all compounds. Ethylene glycol for example has previously been used

to glass 15N labelled nitrate for hyperpolarization but was not seen to work in this

case. Increasing the ratio of glassing agent to compound would not be sensible, as

this would reduce the compound concentration, thereby reducing potential buildup

amplitude, and therefore the achievable polarization and acquired SNR levels. DMSO

appeared to be the better choice here for general compound formulation. In contrast

to alcohols, DMSO has a higher dipole moment, and is therefore better able to dissolve

small polar molecules (of the kind that make up a large number of small metabolites

under consideration for hyperpolarization studies). The OX063 radical did not appear

to be stable in the alcohols for any length of time. DMSO is relatively unreactive

with respect to the compounds used in this thesis. Given the above properties, and
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therefore its ability to glass a far wider range of metabolites, DMSO was chosen as

the glassing solvent for all hyperpolarized probes in this thesis.

5.3.2 Radical and Gd addition

A series of different OX063 and Gd concentrations were attempted, with the aim to

maximize potential polarization, and minimize buildup time. This is perhaps not

as acute an issue with in vivo work, where only one hyperpolarized injection per

animal tends to occur, or indeed for the newest hyperpolarization system (Spinlab,

GE Healthcare), which is capable of multiple sample hyperpolarizations at one time,

but for isolated perfused organ work, where more than one hyperpolarized dissolution

is carried out per organ, a balance must be made between buildup time, and the

total duration of the perfusion experiment. Therefore, a time limit of 1 hour was

imposed in order to achieve the best polarization. Table 5.2 summarizes some of

the formulations attempted for hyperpolarized [1-13C]butyric acid. Some comments

are needed on the formulation table. Increasing the OX063 radical concentration

is seen to increase buildup amplitude (until it decreases again), but drops the time

constant. Gd increases both buildup amplitude and time constant. Initially, a 50:50

ratio of glassing agent (DMSO) and [1-13C]butyric acid was used, and whilst this

produced satisfactory polarizations, it was unlikely to be adequate for experimental

use. Therefore, the ratio between the two was changed, and less DMSO was added,

and replaced with [1-13C]butyric acid. This would naturally be expected to increase

the buildup amplitude, simply by virtue of the fact that there is more labelled probe

present. However, if this ratio changes too much in favour of [1-13C]butyric acid, the

sample will no longer glass.

105



Formulation OX063 (mM) Gd (mM) TC (s) Buildup (a.u.)

Ba:DMSO 50:50 7.5 0 3000 1500
15 0.2 1500 3000
15 0.5 1500 6600
15 1.5 2700 12000
15 1.7 2600 11000

22.5 1.0 2000 10000
22.5 1.5 2100 10800

Ba:DMSO 80:20 15 0.7 3100 17000
15 1.0 4000 18500
15 1.4 4200 17000
20 0.7 2000 12000
20 1.0 2800 17000
22 0.7 2000 10000
22 1.0 2800 15000
22 1.2 3000 18000

Table 5.2: A table showing some of the formulations attempted for hyperpolarized
[1-13C]butyric acid. TC (time constant) is a metric used to indicate the time taken
for polarization buildup. Buildup is the measure of hyperpolarization achieved within
the polarizer, as a function of the total sample volume. Ba = butyric acid

5.3.3 Final formulation

From this development work, the final formulation of [1-13C]butyric acid was seen to

be made up from 20.74 ml butyric acid, 0.54 mg OX063, 5.18 ml DMSO and 3.4 ml 10

mM Dotarem. The liquid state polarization obtained was 7±4%, with a measured

hyperpolarized T1 of 20±1 seconds. A sample microwave sweep is shown in Figure

5.5. An example spectrum of both the thermal and hyperpolarized [1-13C]butyrate

are shown in Figure 5.6.

5.3.4 Testing

Following good sample polarizations, hyperpolarized [1-13C]butyric acid was then

tested on the isolated perfused rat heart, using a 4 mM concentration of the compound

(a sample spectrum is shown in Figure 5.7), which produced a series of metabolite

peaks. A compound such as this had never been developed before, and there was little
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Figure 5.5: A sample microwave frequency sweep of hyperpolarized [1-13C]butyric
acid. Df denotes the frequency separation between the peak maxima.

(a)

(b)

Figure 5.6: Shown are representative [1-13C]butyrate spectra, under thermal condi-
tions (a) and following hyperpolarization (b).
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in the way of spectral peak information, as compared to the information available on

hyperpolarized pyruvate metabolites. Therefore establishing the identity of the peaks

required further work.

Figure 5.7: A representative hyperpolarized [1-13C]butyrate spectrum from the iso-
lated perfused rat heart. The peaks were positioned at (1) 184 ppm, (2) 181.16 ppm,
(3) 181.1 ppm, (4) 178.43 ppm, (5) 175 ppm, (6) 174.6 ppm and (7) 172.6 ppm.

Metabolite identification: A male Wistar rat heart was perfused for 40 min with

KH buffer, at a constant flow rate of 15 mls / min, with recirculating buffer, using

labelled [1-13C]butyrate at a concentration of 4 mM. After 40 mins, the heart was

freeze clamped in liquid nitrogen and kept at −80°C until needed. Metabolite extrac-

tion was performed as follows: 200 ml of 2:1 methanol / chloroform was added to half
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of a heart (˜ 500 mg) crushed in liquid nitrogen, and sonicated for 15 mins. Following

this, 200 ml of water and 200 ml of chloroform were then added, briefly vortexed and

centrifuged at 13,500 rpm for 20 minutes. The aqueous layer was then removed and

air dried (approximately 2 hours). The dried yellow extract had 400 ml of D2O in

250 mM sodium phosphate (pH 7.4) added to it, vortexed, put into a 5 mm NMR

tube and run on a Bruker Avance 300 MHz system. 1H spectra were acquired using

a water suppression pulse sequence (SW = 4789, NS = 1024, points = 16384, ppg

= zg60pr), followed by a 2D HMBC acquisition correlating 1H and 13C nuclei across

multiple bonds (NS = 256, ppg = hmbcgpndqf, SW = 2635, 16762). 13C spectra were

then acquired (SW = 17985, NS = 16384, ppg = zgpg30).

An example 1H spectrum of the metabolites seen in the isolated perfused rat heart

upon perfusion of [1-13C]butyric acid is shown in Figure 5.8. It is a complex spectrum,

with many overlapping features, and is of little use on its own as a way of identifying

possible metabolites in the [1-13C]butyric acid metabolic pathway. Looking at an ex-

ample 1D 13C spectrum (Figure 5.9) proves to be more useful, but still not conclusive.

The reason for this is that many metabolites can be located in a very similar position

on a spectrum. Thus, a way was needed of being able to decide which metabolite

belongs to which spectral position. This was done by using the now useful 1H in-

formation, and physically correlating it to the 13C data. The technique works by

exciting only bonds which are nearby to the 13C nucleus of interest, and a sample

spectrum is shown in Figure 5.10.

Peak allocations for the acquired data are shown in Table 5.3, using an NMR database

(www.smpdb.ca). The peaks were assigned as (1) butyrate, (2) C5-glutamate, (3) b-

hydroxybutyrate, (4) citrate, (5) unknown, (6) acetoacetate, (7) acetyl carnitine.
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Peak number Allocated metabolite 13C (ppm) 1H (ppm)

1 Butyrate 184.04 1.45, 2.05
2 C5-glutamate 181.28 1.97, 2.19
3 b-hydroxybutyrate 181.02 2.29, 2.26, 2.32
4 Citrate 177.78 2.47, 2.23
5 Unknown 174.62 1.96, 2.01
6 Acetoacetate 174.53 1.99, 3.84
7 Acetyl Carnitine 172.51 2.03, 2.94

Table 5.3: This table gives the peak allocations for each of 13C and the correlated 1H,
as acquired from the 2D HMBC data.

5.3.5 Trial perfusion study

With reasonably confident metabolic peak assignments having been made, an isolated

perfused rat heart study was carried out to look at the effects of butyrate on the

myocardium, and to assess whether altering the substrate delivered to the heart

would have any effect on hyperpolarized [1-13C]butyric acid metabolism.

5.3.5.1 Methods

Perfusion protocol: A 25.9 ml [1-13C]butyric acid sample was polarized for 1 hour.

Following polarization of the frozen [1-13C]butyric acid, the sample was dissolved with

6 ml of hot NaOH/EDTA/Tris buffer to neutralise the pH. This was diluted in KH

buffer to give a 4 mM butyrate solution. This solution was then delivered to the

heart as a bolus over 120 seconds under gravity flow, with the hyerpolarized butyate

concentration delivered to the heart being equal to that in the perfusion buffer. The

Langendorff perfusion protocol was as previously described in Chapter 4. Male Wistar

rats were perfused in groups as follows. Hearts were assigned randomly to be perfused

either with KH containing 0 mM glucose and 4 mM butyrate, or 2.5 mM glucose and

4 mM butyrate, or 10 mM glucose and 4 mM butyrate (N = 5).

Spectroscopy: Following localization of the isolated perfused heart and shimming

to reduce the proton linewdith to around 60 Hz, a hyperpolarized [1-13C]butyrate
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Figure 5.11: A figure showing the protocol for the trial perfusion study.

dissolution was performed. Following acquisition, the sum of 90 spectra were taken,

beginning with the first appearance of hyperpolarized butyrate and processed with

ACD / NMR. The ratio of the metabolites to the butyrate signal was then calculated.

The carbon coil was removed, the phosphorous coil inserted, and a fully relaxed 31P

scan was performed as described in Section 3.2. Following this, a series of rapid 30

second 31P scans were acquired for 25 minutes as described in Section 3.2. Ten minutes

into this scan, the buffer was switched to another as per the perfusion protocol. A

further hyperpolarized [1-13C]butyrate dissolution was carried out, a fully relaxed

and rapid 31P scan were started, with a final buffer change. Finally, a hyperpolarized

[1-13C]butyrate dissolution was performed, with a final fully relaxed 31P scan. This

protocol resulted in four [1-13C]butyric acid dissolutions per group of varied glucose

concentrations. Cardiac functional data was obtained from a balloon inserted into

the left ventricle as described in Section 3.2. Finally, 31P and functional data from a

control group of hearts (N = 7), perfused only with KH containing glucose, with no

hyperpolarizations carried out were included in the comparisons made with butyrate

perfused hearts, in order to assess the effects of butyrate on myocardial energetics

and function. A summary of the protocol is shown in Figure 5.11.

Data analysis: Comparisons between two groups were carried out using a paired t-

test. For temporal data with more than two groups, a 1 way ANOVA with a posthoc

Bonferonni-Holm correction was applied. All tests were carried out at the p<0.05

significance level. Units are a.u., unless otherwise specified. Data are expressed as

mean±standard deviation. 31P spectra were processed and quantified using jMRUI.
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Glucose concentration PCr / ATP Heart rate (BPM) RPP (mmHg / min)

0 mM 2.8±0.9 340±30 27,000±4,000
2.5 mM 3.0±0.8 320±30 29,000±4,000
10 mM 2.80±0.33 315±40 25,000±4,000
Control 2.3±0.5 320±40 26,000±4,000

Table 5.4: Cardiac energetics using different concentrations of glucose in the presence
of 4 mM butyrate. Control data contains only 10 mM glucose with no butyrate. No
differences were seen between any of the groups.

13C data was processed in ACD / NMR.

5.3.5.2 Results

Table 5.4 shows the cardiac energetic changes in the presence of different glucose

concentrations. There were no significant differences between any of the groups in

the hyperpolarized [1-13C]butyric acid metabolites, as shown in Figure 5.12.

Figure 5.12: This graph shows the normalized metabolites dervied from hyperpo-
larized [1-13C]butyric acid. There are no significant differences between any of the
groups containing either 0 mM glucose, 2.5 mM glucose or 10 mM glucose.
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5.3.5.3 Discussion

The data does not appear to show any adverse effects on the heart from the presence

of butyrate as a source of fuel in the KH buffer. This was demonstrated with the

use of control heart perfusions, which were done in the presence of 10 mM glucose,

but no butyrate, and showed no differences using either 31P or contractile function

compared to hearts initially perfused with butyrate. The 4 mM concentration of

hyperpolarized [1-13C]butyrate was chosen as this was the lowest concentration that

provided adequate spectral quality. A higher concentration was not used, as this

value is already supraphysiological [154]. In terms of hyperpolarized [1-13C]butyric

acid metabolism, no changes were seen in the absence or presence of an alternative

source of fuel (glucose). Whilst it is likely that the proportion of butyrate taken up

by the heart would change with differing concentrations of glucose and it would be

reasonable to expect a change in ketone body and glycolytic metabolites, as suggested

by previous work [71], the high concentration of butyrate used in this study may have

masked any such changes.

5.3.6 Trial in vivo study

With satisfactory evidence that hyperpolarized [1-13C]butyric acid does not appear

to detrimentally affect the isolated perfused heart, despite the relatively high 4 mM

concentration used, it remained to be seen whether the probe was suitable for use in

an in vivo rat model, and to carry out a study to assess both safety, and to determine

whether hyperpolarized [1-13C]butyric acid would demonstrate any alterations in its

metabolism, using a simple fed and fasted model.

5.3.6.1 Methods

A 25.9 ml sample of [1-13C]butyric acid was inserted into the alpha system, and hy-

perpolarized for an hour. Male Wistar rats (N = 6, BW = 300±10 g) were kept in
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a 12 hour light / dark cycle, and were were fasted from 17:00 the evening prior to

scanning the following morning, thus inducing the fasting state. The same animals

were then scanned a minimum of 48 hours later, with no fasting, generating a fed

group. All scanning was completed by 13:00. Male Wistar rats were anaesthetized

with 2% isoflurane in oxygen, followed by insertion of a tail vein catheter. They were

then placed into a home built cradle, had a rectal thermometer inserted, and were air

heated to ensure a core body temperature of 37 oC. ECG leads were attached and a

respiration loop fitted, with continous monitoring of heart and respiration rate for the

duration of the experiment. The rats were placed such that their chest was located

over a small home built 13C 20 mm diameter butterfly coil. The cradle, holding the

anaesthetized rat, was placed into the bore of a 7 T horizontal scanner, connected

to a Varian INOVA console. Localization of the heart was confirmed by acquisition

of a proton axial image (TE = 1.17 ms , TR = 2.33 ms, matrix size = 64X64, FOV

= 60X60 mm, slice thickness = 2.5 mm, FA = 15o), and shimming was performed

to reduce the proton linewidth to 180±40 Hz. Immediately prior to injection of the

hyperpolarized sample into the rat, an ECG gated 13C pulse acquire sequence (TR =

1 sec, FA = 5o, SW = 6,000 Hz, points = 2048, NS = 60) was started, and following

dissolution with 6 ml of 30 mM NaOH buffer, 1 ml of a 36.4 mM hyperpolarized [1-

13C]butyric acid solution was then injected over 10 seconds into the rat, via the tail

vein catheter. The remaining hyperpolarized solution was injected into a homebuilt

polarimeter, to measure polarization. 13C data were summed over 30 spectra, and

metabolites normalized to the [1-13C]butyrate peak.

5.3.6.2 Results

All animals used in this study recovered completely, with no obvious deliterious effects

to the animals from the injection of hyperpolarized [1-13C]butyric acid. The average

[1-13C]butyric acid polarization, as measured by the polarimeter was 8±3%. Figure
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5.13 shows example spectra from both the fed and fasted state animals. No differences

in hyperpolarized[1-13C]butyric acid metabolism were seen in the fed and fasted state

(Figure 5.14).

5.3.6.3 Discussion

As compared to the isolated perfused heart, where much narrower linewidths are

possible (on the order of 50 Hz), this study suffered from broad linewidths, as a result

of respiratory motion and susceptibility as a result of the tissue and air interfaces

near the heart. As a result, b-hydroxybutyrate could not be visualized. In addition,

the quality of the spectra in the in vivo model was considerably worse than that

achieved in the isolated perfused heart. For reasons previously discussed, it would be

expected that spectral quality in the perfused heart would be better, given the nature

of the birdcage RF coil used, and its proximity to the heart, as compared to the large

distance in vivo between the surface coil and the heart. Therefore, consideration

is needed as to what else could be done in order to improve the signal to noise in

vivo. Increasing the sample concentration is one such method, which should result in

better signal to noise. However, the main disadvantage with this study was that it was

wasteful of sample. Only 1 ml was used for animal injection, another 1 ml was used

for polarimeter and pH measurement, which left around 3 – 4 mls of sample which

was discarded. A better alternative might have been to inject more hyperpolarization

solution into each animal. Other similar rodent studies using DNP hyperpolarization

have done, using up to 3 mls per injection [147]. With an adult rat, this volume would

equate to less than 10% of its blood volume. This technique could have further been

improved by altering the volume and composition of the dissolution medium.

As compared to the isolated perfused rat heart study, not all metabolite peaks were

quantifiable in this case. Of the metabolites that were quantifiable, no differences

were seen between the fed and fasted states. It would be reasonable to expect that
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(a)

(b)

Figure 5.13: These spectra show representative hyperpolarized [1-13C]butyric acid
metabolism in both the fasted (a) and fed (b) state. The peaks are butyrate (1),
C5-glutamate (2), citrate (4), acetoacetate (6), acetyl carnitine (7).
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Figure 5.14: Hyperpolarized [1-13C]butyric acid metabolite comparison in both the
fed and fasted state. b-hydroxybutyrate could not be adequately quantified in this
study. There are no differences across metabolites.

following a period of fasting, the increased uptake and oxidation of fatty acids and

ketone bodies would have resulted in increased hyperpolarized [1-13C]butyric acid

oxidation, and upregulated ketone body oxidation as previously described [155–157]],

but these changes were not seen in this study. Whilst there is research on the effects

of long chain fatty acid uptake and metabolism in the fed and fasted conditions, little

exists on possible changes that may occur with short chain fatty acids. Therefore,

further work is first required to establish the expected changes in short chain fatty

acid metabolism, using techniques such as radiolabelling, to determine uptake under

different conditions.

5.3.7 Application: diabetic study

It could be reasonably concluded that there does not appear to be a deliterious effect

on animal health, as a result of the dose of hyperpolarized [1-13C]butyric acid injected.

Whilst the use of the butyric acid probe appears to be very promising, it would appear
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that more severe metabolic alterations are required in order to alter the metabolism

of short chain fatty acids. Hyperpolarized [1-13C]pyruvate would be expected to, and

indeed does, show significant metabolic changes in the fed and fasted state [51]. In

order to attempt to elicit metabolic changes using hyperpolarized[1-13C]butyric acid,

relevant to those of short chain fatty acid metabolism, a model of type II diabetes

was induced in male Wistar rats. This diabetic model was chosen as it is rapid to

induce using a combination of high fat feeding and streptozotocin (STZ), an antibiotic

which targets pancreatic beta cells [158]. The combination has been demonstrated

to simulate a mild model of type II diabetes [159]. Milder or more severe diabetic

models can be induced by altering the dose of STZ administered, as described in the

methods.

5.3.7.1 Methods

The diabetic model was induced as follows. Male Wistar rats (diabetic group) (N

= 8) were fed a high fat diet for 3 weeks (60% fat, 35% protein, 5% carbohydrate,

ID:829197, Special Diet Services, Witham, England), whilst the control group (N =

6) were chow fed for 3 weeks, and age matched to diabetic group animals. After

two weeks on the high fat diet, diabetic group animals were fasted overnight and the

following morning, were injected with 15 mg / kg bodyweight streptozotocin (STZ) in

300 ml citrate buffer (pH 4.5) prepared 15 minutes prior to injection. Diabetic animals

were then fed high fat diet as normal, until the end of the 3rd week, where they were

assessed as previously described in Section 5.3.6.1. Diabetic status was assessed

by saphenous blood sampling using a portable glucose meter (Abbott Laboratories,

Maidenhead, UK), as well as post mortem glucose and insulin measurements, assessed

on a Pentra ABL 400 (Horiba Medical, Montpellier, France) and an insulin ELIZA

assay (Mercodia, Uppsala, Sweden).
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(a) (b)

Figure 5.15: These spectra show hyperpolarized [1-13C]butyric acid metabolism in
both the fasted (a) and fed (b) state. The peaks are butyrate (1), C5-glutamate (2),
citrate (4), acetoacetate (6), acetyl carnitine (7).

5.3.7.2 Results

Sample spectra from both control and diabetic animals are shown in Figure 5.15.

No detrimental effects were seen as a result of hyperpolarized [1-13C]butyrate injec-

tion on either control or diabetic group animals. Control and diabetic group animal

weights were 315±15 and 314±23 g respectively, and were not significantly different.

Insulin levels, as measured post mortem were significantly decreased in the diabetic

group (4.6±1.7 vs 1.8±1.3 mg / L). There was a significant increase in blood glucose

as measured during anaesthesia via the saphenous vein (9.6±1.9 vs 16.6±4.9 mM),

although no significant differences were seen in blood glucose post mortem (15.9±1.4

vs 20.8±6.9 mM, p = 0.12). Significant changes in hyperpolarized[1-13C]butyric acid

metabolism were seen when comparing control and diabetic animals (Table 5.5 and

Figure 5.16).
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Metabolite Control Diabetic

C5-glutamate 0.05±0.02 0.018±0.002*
BHB 0.013±0.006 0.004±0.001*

Citrate 0.002±0.001 0.003±0.001
Acetoacetate 0.004±0.001 0.002±0.002

Acetyl Carnitine 0.015±0.006 0.004±0.003*

Table 5.5: The metabolic changes seen with hyperpolarized [1-13]butyrate under con-
trol and diabetic conditions are shown in this table. *p<0.05 denotes significant
changes with respect to control data.

Figure 5.16: This chart shows the differences in hyperpolarized [1-13C]butyrate
metabolism in both the control and diabetic (STZ / HF) groups. Significant reduc-
tions were seen in acetyl carnitine, C5-glutamate and b-hydroxybutyrate. Whilst the
other metabolites did not show significant differences, it does appear that metabolism
across all butyrate metabolites was reduced in the diabetic animals. *p<0.05
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5.3.7.3 Discussion

The animals were confirmed as being mildy diabetic, although the lack of a significant

difference in glucose post mortem may be due to the method of terminal anaesthesia

used. Nevertheless, this diabetic model appears to have produced a change in the

metabolism of hyperpolarized [1-13C]butyrate. The only information that can be

confidently derived from the data is that there is likley a reduction in uptake of

hyperpolarized [1-13C]butyrate, by looking at both the significant differences, and

the overal trend of the metabolites in the diabetic state. It is believed that MCT1

is responsible for butyrate uptake into cells [160, 161], a transporter also shared by

pyruvate, lactate and the ketone bodies amongst other small metabolites. In muscle,

MCT1 has been shown to be downregulated in type II diabetes [162], which would

go some way to explaining the observed results.

In conclusion, butyrate has been demonstrated to reveal a large number of metabo-

lites, with reasonably good spectral quality, both ex vivo and in vivo. It had been

shown that it is sensitive enough to detect changes in butyrate uptake in the diabetic

heart, which may occur due to alterations in the transporter MCT1. However, fur-

ther work is required to thoroughly investigate the metabolic information that can

be obtained in both healthy and diseased states from hyperpolarized butyrate.

5.4 Alanine

The formulation of alanine was made up from from 20 mg [1-13C]alanine.HCl, with

5 ml of 60 mM OX063 dissolved in water, 15 ml DMSO and 2 ml 10 mM Dotarem. It

has a hyperpolarized T1 of 22±1 seconds, and a polarization of 3±1%. An example

microwave sweep of hyperpolarized alanine is shown in Figure 5.17. The formulation

used for alanine solidifies soon after preparation, and should be transferred quickly

to the sample cup. It was however easily miscible initially, and appeared as a light
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Figure 5.17: An example of a hyperpolarized [1-13C]alanine microwave sweep. Df
represents the difference in microwave frequency between the peak amplitude maxima.

orange coloured sample. Upon testing, spectral quality in the isolated perfused rat

heart was dissappointing, presumably as a result of rapid polarization decay (an ex-

ample spectrum is shown in Figure 5.18). This was in spite of using a very high

supraphysiological concentration of the probe. Only pyruvate could be seen as a

metabolite, whilst lactate was not visible above the noise floor. Metabolites derived

from hyperpolarized [1-13C]alanine would be difficult to quantify for use in a study.

Other work has used hyperpolarized alanine in vivo [147], and despite the injection

of 3 mls of a 6 M hyperpolarized [1-13C]alanine solution into a normal male Sprague

Dawley rat, summing of the pyruvate and lactate metabolites was needed across the

entire animal (abdomen, kidneys, heart, liver) to obtain sufficient signal to noise, thus

rendering the probe as it stands of no particular value. Currently, no recommendation

for the use of hyperpolarized [1-13C]alanine can be made for the isolated perfused rat

heart, let alone for in vivo studies. The only envisaged possibility for its use is in a

system where high flow rates are present, thus delivering fresh hyperpolarized sub-

strate quickly, and enabling the use of high flip angle acquisitions. Such an example

might be the isolated perfused adult rat liver, where flow rates exceed 40 mls / min.
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With such flow rates, it may also be possible to use more reasonable concentrations

of hyperpolarized alanine.

Figure 5.18: A representative spectrum from hyperpolarized [1-13C]alanine in the
isolated perfused rat heart. The peaks are (1) alanine 178.50 ppm, (2) impurity
173.50 ppm, (3) pyruvate 172.80 ppm. Lactate could not be seen above the noise.

5.5 Lactate

The formulation used for lactate was straightforward to prepare, and remains a non-

viscous liquid upon formulation. 13C lactate is commonly supplied as a mixture with

water, likely due to its hygroscopic nature. Obtaining the labelled compound with less

water present should improve polarization considerably. Its liquid state polarization

was 6±2%, with a hyperpolarized T1 of 32±9 seconds. An example microwave sweep

is shown in Figure 5.19. It polarizes well, and good quality spectra were obtained,
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Figure 5.19: An example microwave sweep of hyperpolarized [1-13C]lactate. Df rep-
resents the difference in microwave frequency between the peak amplitude maxima.

an example of which is shown in Figure 5.20. Due to the successful polarization of

lactate, with excellent signal to noise spectra and in sensible physiological concen-

trations (which can span anything from 1 mM to around 10 mM in excercise [163]),

a concentration study was performed, to evaluate its use across a range of relevant

physiological concentrations.

5.5.0.4 Methods

Perfusion protocol: For [1-13C]lactate, male Wistar rat hearts (n = 6) were perfused

as previously described in Chapter 4. The perfusion buffer was standard KH, with

the addition of 0.1 mM sodium pyruvate, and either 2 mM, 4 mM or 8 mM sodium

lactate. Following polarization of the frozen [1-13C]lactic acid for an hour, the sample

was dissolved with 6 ml of hot NaOH/EDTA/Tris buffer to neutralise the pH, and

diluted into KH buffer. This solution was then delivered to the heart as a bolus over

120 seconds, with the hyerpolarized lactate concentration reaching the heart being

equal to that in the original perfusion buffer.
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Figure 5.20: A representative spectrum from hyperpolarized [1-13C]lactate in the
isolated perfused rat heart. The peaks are (1) lactate 185.02 ppm (2) impurity 179.20
ppm (3) alanine 178.30 ppm (4) pyruvate 172.80 ppm (5) impurity 171.96 ppm (6)
bicarbonate 162.69 ppm (7) CO2 127.15 ppm.
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Spectroscopy: A 13C pulse-acquire experiment was then started (TR = 1 s, FA =

30o, BW = 180 ppm, 4096 pts), and the sum of 60 spectra were taken beginning with

the first appearance of hyperpolarized lactate. All metabolites were normalized to

the hyperpolarized lactate signal. A 10 minute fully relaxed 31P scan was performed,

followed by a series of rapid 30 second 31P scans using a dual tuned 20 mm 1H

/ 31P probe, over a period of 50 mins. Twenty minutes into the rapid 31P scan,

perfusion buffer in the hearts was changed from the initial KH with lactate, to KH

with a different, randomized concentration of lactate. The hyperpolarized 13C scan

was then repeated. pH using 31P data was calculated by using the change in chemical

shifts between PCr and Pi automatically within the jMRUI processing software.

Data analysis: Comparison between two groups was carried out using a paired

t-test. For multiple group comparisons, a 1-way ANOVA with a posthoc Bonferonni-

Holm correction was applied. All tests were carried out at the p<0.05 significance

level. Units are a.u., unless otherwise specified. Correlations between data sets were

performed using a Pearson’s correlation coefficient (CC) analysis. Data are expressed

as mean±standard deviation. Spectra were processed and quantified using jMRUI,

as was the signal to noise ratio (SNR). Following processing, all 13C metabolite signal

amplitudes were corrected for lactic acid sample size, receiver gain on the NMR

system, and the polarizations achieved on the HyperSense.

5.5.0.5 Results

Cardiac energetics: The data for cardiac energetics are shown in Table 5.6, with

respect to different sodium lactate concentrations.

Cardiac metabolism: Spectra had suitable spectral quality at all hyperpolarized [1-

13C]lactate concentrations (a sample spectrum is shown in Figure 5.20). As expected,

[1-13C]lactate signal increased linearly with concentration (R2 = 0.91). There were

significant increases in pyruvate (2 mM: 0.0006±0.00008, 4 mM: 0.0008±0.0002, 8
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Sodium
lactate

concentration

Heart
rate

(BPM)

RPP
(mmHg /

min)

PCr /
ATP
(a.u.)

pH

2 mM 280±40 34000±8000 1.4±0.1 7.3±0.1
4 mM 270±20 25000±8000 1.5±0.01 7.3±0.1
8 mM 270±30 25000±8000 1.7±0.1 7.3±0.1

Table 5.6: Cardiac energetics with different concentrations of sodium lactate. There
were no significant differences between any of the groups.

mM: 0.0019±0.0005) and PDH flux (2 mM: 0.002±0.0002, 4 mM: 0.002±0.0004, 8

mM: 0.004±0.0005), with no changes seen in alanine (2 mM: 0.0002±0.0001, 4 mM:

0.0002±0.0001, 8 mM: 0.0003±0.0003), as shown in Figure 5.21.

Figure 5.21: There were significant increases for both PDH (bicarbonate and CO2

flux) and pyruvate amplitude when using a hyperpolarized [1-13C]lactate concentra-
tion of 8 mM with respect to 4 mM ($, p<0.05) and 2 mM (#, p<0.05). No significant
differences were seen with alanine.

5.5.0.6 Discussion

There was no evidence of increasing lactate concentration detrimentally affecting the

heart at any concentration used in this study. Lactate was particularly useful as a

hyperpolarized probe, in that physiologically, it has such a wide concentration span
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in blood, during both physiological and pathological conditions. This means that

using high concentrations in order to obtain better signal to noise ratio could be

justified, depending on the animal model used. In any case, this would not be needed

as the lactate probe hyperpolarizes very well. From the data obtained, it is difficult

to conclude that enzyme saturation is present. In the case of alanine production for

example, whilst a consistent linear increase was seen with increasing hyperpolarized

[1-13C]pyruvate concentrations, the same was not seen in this study. There are only a

few possibilities for the channeling of hyperpolarized lactate. Its uptake could simply

be reduced (via the MCT1 transporters), and thus not metabolised, although this

argument is not supported by the increased PDH flux, and that of pyruvate shown in

the data. Or, it could be converted to pyruvate, after which it could proceed either

to alanine or via the PDH enzyme. In any case, the data would suggest that much

higher concentrations of lactate would be required to saturate PDH flux.

5.6 b-hydroxybutyrate and acetoacetate

Both preparations were extremely similar in their formulation, due to their struc-

tural similarities and therefore similar molecular masses and chemical properties.

b-hydroxybutyrate was formulated by taking 280 mg b-hydroxybutyrate and mixing

with 9.4 mg OX063, 50 ml DMSO and 150 ml H2O. Each sample was made up from

32.94 ml of this sample, with 3.5 ml 10 mM Dotarem. Acetoacetate was formulated

by taking 277 mg sodium acetoacetate and mixing with 9.4 mg OX063, 50 ml DMSO

and 150 ml H2O. Each sample was made up from 32.94 ml of this solution, with 3.5 ml

10 mM Dotarem. The liquid state polarizations obtained for b-hydroxybutyrate and

acetoacetate respectively were 3±1% and 8±2%. The hyperpolarized T1’s for both

compounds were 20±1 and 28±3 seconds respectively. Microwave sweeps for the com-

pounds are shown in Figure 5.22. Good results were observed in the isolated perfused
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(a)

(b)

Figure 5.22: Figures (a) and (b) show the microwave sweeps for b-hydroxybutyrate
and acetoacetate respectively. Df represents the difference in microwave frequency
between the peak amplitude maxima. Microwave irradiation was carried out for 300
seconds per 1 MHz step.
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Figure 5.23: A representative spectrum from hyperpolarized [1-13C]acetoacetate in
the isolated perfused rat heart. The peaks are (1) acetoacetate 174.6 ppm, (2) C5
glutamate 181.08 ppm (3) b-hydroxybutyrate 180.11 ppm (4) unknown 179.58 ppm
(5) unknown 178.78 ppm (6) citrate 178.25 ppm (7) unknown 177.02 ppm (8) acetyl
carnitine 172.52 ppm (9) ethyl acetoacetate (impurity) 169.34 ppm.

heart (Figure 5.23) particularly with acetoacetate as compared to b-hydroxybutyrate

(Figure 5.24) , which would make these probes interesting compounds to follow up.

The use of ketone bodies have so far not been seen in published literature concerning

hyperpolarization experiments, although it has been suggested that these experiments

have already been attempted, but have failed. This is perhaps explained by the fact

that such experiments would likely have been attempted in vivo, and comment can-

not be made as to whether these compounds would successfully work as formulated.

Attempts to improve the formulation of these ketone bodies, as a result of failure
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Figure 5.24: A representative spectrum from hyperpolarized [1-13C]b-hydroxybutyrate
in the isolated perfused rat heart. The peaks are (1) b-hydroxybutyrate 180.11 ppm
(2) acetoacetate 174.6 ppm (3) acetyl carnitine 172.52 ppm.
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to see any metabolites upon testing are being actively developed. It is extremely

promising that hyperpolarized ketone bodies could be explored as one of the major

fuel substrates in the human body. Ketone bodies have so far been widely used in

steady state 13C and 14C experiments [164, 165], as well as real time 12C PET ex-

periments [166–168], and have provided a great deal of information on ketone body

metabolism. In addition, the metabolites of both b-hydroxybutyrate and acetoacetate

were visible with good spectral quality at a concentration of 4 mM representative of

a mild disease state, such as that induced by the type II diabetic study performed

earlier in Section 5.3.7. However, this concentration is toward the lower limit in order

to obtain spectra with good signal quality, and thus a concentration study was not

possible, nor necessary. The next step for these compounds should be evaluation in

vivo, as was previously described using the hyperpolarized butyrate probe. The use

of the fed / fasted study, followed by the diabetic study would be ideal models, given

the wealth of information concerning ketone body metabolism in these states [169].

5.7 Discussion

In summary, a variety of metabolically relevant compound for the rat heart have been

formulated and evaluated for their potential use. These results are summarized in

Tables 5.7 and 5.8, with the inclusion of the widely used [1-13C]pyruvate used as a

comparison for the different physical property values stated.

It can now be seen why [1-13C]pyruvate has become so widespread in its use. With its

long T1, good polarization and simple formulation, it was the ideal metabolite with

which to lead research into DNP hyperpolarization. A vast amount is now known

about compound formulation, and using standard techniques with a systematic ap-

proach, it is possible to attempt the polarization of any small metabolite with a long

T1. The biggest challenge that currently exists will be the synthesis of interesting
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metabolic targets with a labelled 13C nucleus placed as required. Solving this prob-

lem will require better collaborations with academic chemistry facilities, or, as the

technique of DNP hyperpolarization becomes more widespread, the largest chemical

suppliers will begin to, and indeed have already started, to work with research groups

to fulfil demands in this respect.
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Chapter 6

Assessment of Alternative Organs

6.1 Introduction

The aim of the work described in this chapter was to develop a new perfusion system

that would allow the use of DNP in combination with the isolated perfused mouse

heart and liver. Ample work exists on the use of DNP with in vivo mouse models,

particularly for the study of cancer [98, 113, 145, 170, 171]. The advantages of using

isolated perfused organ models have been discussed throughout this thesis, and whilst

some preliminary work has been performed on the use of the isolated perfused mouse

liver with DNP [172], it is not routinely used in research. As a crucial organ in

metabolic homeostasis in the body, the ability to probe murine hepatic metabolism,

along with the isolated perfused mouse heart using DNP, on which no literature

currently exists, would allow for a broader understanding of metabolic dysfunction in

diseased models.

The mouse is an ideal model system in which to incorporate DNP studies, due to

the extremely wide range of transgenetic models available for study [173]. Genetic

models of rats have only existed in the last ten years [174], using somatic cell manip-

ulation for example [175], but this appears to be particularly difficult in the rat as
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compared to the mouse. Attempts at characterising and generating new models us-

ing arbitrary chemical mutations have also been slow to develop [176], and provide a

questionable method of genetically diversifying a species. It is only very recently that

rat models [177] have shown considerable expansion potential by using a zinc finger

based technique [178], although even this, whilst promising, is currently very limited

in terms of available models [179]. In addition, these new models and their breeding

licenses are very expensive. In terms of study design, the mouse has a shorter gesta-

tion period, with more rapid growth rates than the rat, and is therefore better suited

for studies requiring several generations of mice for model generation (eg [180]).

In terms of experimental design, the use of the small isolated perfused mouse heart

opens up the potential use of smaller RF coils with higher homogeneity and sensi-

tivity, providing spectra with increased signal to noise ratios. Narrower linewidths

should also be possible, to allow for better separation of metabolite peaks. Explo-

ration of the isolated mouse liver may allow for the visualization of hyperpolarized

[1-13C]pyruvate metabolite peaks not previously seen in vivo [181], offering an insight

into its anaplerotic nature.

This chapter discusses the complete design and implementation of a system capable

of perfusing the isolated mouse heart and liver. To demonstrate the stability of the

developed system, and the ability to visualize useful metabolic information via DNP,

an ischemia reperfusion study was performed on both the isolated mouse heart and

liver. This provided a simple, reliable and robust demonstration of the developed

techniques to visualize changes in metabolism that are known to occur following

periods of ischemia [182, 183]. Further, it allowed for demonstration of the ability to

combine these novel DNP studies with more traditional assessments, such as 31P MR

spectroscopy to probe high energy phosphate levels.
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6.2 Rig design

6.2.1 Methods of perfusion

Before proceeding to modifying the existing perfusion system, we first sought to

address the question of how isolated organ preparations should ideally be carried out

when combined with DNP experiments, and whether it was possible to have a system

that could easily accomodate different approaches.

6.2.1.1 Cardiac perfusion

Cardiac perfusion techniques can be split into two major types of perfusion, the

Langendorff mode (retrograde perfusion) [90] or the working heart preparation [184].

Langendorff heart perfusion involves cannulation of the aorta, and subsequent per-

fusion with KH buffer. The retrograde perfusion of buffer via the aorta closes the

semilunar aortic valve (by design to prevent oxygenated blood from re-entering the

left ventricle), which forces buffer flow to proceed via the left and right coronary

arteries, thus perfusing the myocardium itself. The buffer then flows via the coro-

nary sinus, and Thebesian veins, predominantly into the right atrium, and to a small

extent into the ventricles themselves. For this reason, to allow buffer to escape the

various chambers of the heart upon perfusion, the pulmonary artery is cut, and a

small drain is placed inside the left ventricle (depending on the size of the heart).

The problem with the Langendorff method, as described so far, is the lack of a work-

load for the heart to contract against. The use of the isolated heart without workload

(unless by design, such as simulating the unloaded condition as in a left ventricular

assist device (LVAD) for example) is metabolically and physiologically unsound as a

model [185,186]. This problem is normally solved by inserting a polyethylene balloon

connected to a pressure transducer, into the left ventricle, and inflating it so that an

end diastolic pressure of around 4 mmHg is reached. This is a good alternative to the
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working heart model described below in providing the heart with a workload, and is

essential for the study of metabolism in the Langendorff perfused heart.

The second perfusion method is the working heart (Neely’s model), where the heart

is initially perfused in the Langendorff mode. During this time, the pulmonary vein

is also cannulated. Buffer flow is then directed as it would be in vivo; i.e. the buffer

proceeds through the left atrium at an adjustable pressure (preload) into the left ven-

tricle before being ejected via the cannulated aorta, where the height of the column

against which the heart contracts can be adjusted to set the desired workload (after-

load). The preload and afterload can both be monitored using pressure transducers,

and it is possible to acquire pressure volume loop data from inside the left ventricle

using this model. It is the ideal perfusion model for metabolic and physiologic studies,

as it best reflects the in vivo situation. A summary of both perfusion modes is shown

in Figure 6.1.

However, this preference for the working heart model changes in experiments where

the perfusion equipment needs to be mobile, e.g. to allow placement of the perfused

organ into the bore of a superconducting magnet for NMR data acquisition. The

technical challenges of using the working mode in this situation become very time

consuming. The constaints of the magnet are such that it must be possible to freely

move the organ and the tubing connected to it (the umbilical) in and out of the

magnet, without too much disruption in cardiac function. In addition, there is a

space constraint within the RF coils used to acquire the NMR data. The RF coils are

generally either 10 mm or 20 mm wide and the perfused heart must fit within this

space, in its own sealed container, to prevent fluid leaking into the magnet which could

damage it and the RF and gradient coils inside (Figure 6.2). Given the Langendorff

model allows the myocardium to be provided with a workload to contract against

using an intraventricular balloon, and thus provides a physiological assessment of

metabolism, this was chosen as the perfusion method used in the work described
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Figure 6.1: A diagram showing the two perfusion modes. Langendorff, where per-
fusion is done in a retrograde fashion, via the aorta. The buffer typically leaves the
coronary circulation via the right atrium, the right ventricle and then the pulmonary
artery. Some buffer builds up in the left ventricle, which is removed by an inserted
drain. In the working heart mode, buffer is perfused via the left atrium, left ventricle,
and out of the aorta against a set pressure column.
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Figure 6.2: This figure shows a typical RF coil (20 mm), in the leftmost pane. This
coil would be inserted underneath the magnet, and the umbilical, supporting the
organ is inserted from the top of the magnet, such that the organ is positioned within
the top 6 cm of the coil. On the right panes, are the NMR tubes attached to the
umbilical, which would contain a rat heart / mouse liver (top right) or mouse heart
(bottom right), shown next to the RF coils used with them. These tubes would be
inserted approximately 2 - 6 cm into the top of each of the coils.
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here.

6.2.1.2 Hepatic perfusion

The available choices for perfusion are easier for the liver. First implemented in

the rat model around thirty years ago [187], liver perfusion is a widely used model

for studying hepatic metabolism and function [188]. The liver is most commonly

cannulated via the portal vein, which in vivo is responsible for the majority of the

blood flow to the liver [189]. The function of the portal vein has been previously

described in Chapter 2, but needs to be supplemented in vivo by the hepatic artery

to provide adequate oxygen supply. Ex vivo, perfusion via the portal vein is preferred

and was therefore chosen as the approach in this work. For more intricate studies of

liver function, the hepatic vein and the bile duct may also be cannulated, and the

output analysed to provide a measure of liver performance.

6.2.1.3 General perfusion requirements

Before detailing perfusion techniques in further detail, a broad overview of the stan-

dard perfusion machinery is provided (Figure 6.3). It consists of a heated reservoir

containing KH buffer which is then pumped to a heated lung, via a filter, where a

mixture of 95% O2 and 5% CO2 is passed across the buffer over a very large surface

area, in order to oxygenate the buffer. The carbon dioxide is required to maintain

normal pH within the perfusion buffer, and is in equilibrium with the bicarbonate

present in the KH buffer. The lung is very efficient, and can saturate the buffer with

an oxygen tension of around 600 mmHg. Other methods exist for oxygenating the

buffer, including the use of gas permeable silastic tubing or a simple glass diffuser in

the buffer resevoir. All these oxygenation methods have their uses depending on the

particular experiment being performed. The oxygenation level is especially important

for both the liver, which has a very high O2 demand, and for the mouse heart, whose
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Figure 6.3: This figure shows the back of the perfusion rig. On the left pane, the two
buffer resevoirs are shown, whose buffer proceeds up to the lung, and back to both the
buffer reservoir (thereby oxygenating the buffer in the resevoir), and to the umbilical
(red oxygenated buffer arrow), where it arrives at the end of the umbilical, where the
organ is perfused (right pane). It is then returned deoxygenated (blue arrow) back
to either the buffer reservoir, or to a waste container.
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perfusion buffer loses oxygen rapidly, due to the low coronary flow rate of the mouse

heart (around 2 mls / min [190]). In the heart, a lack of adequate oxygenation is

observed as a gradual increase in end diastolic pressure (EDP). In the liver, other

than through the use of continuous flow oxygen probes, a suitable alternative is to

take samples of buffer immediately before and after the liver, to ensure the oxygen

gradient is sufficiently high. From the lung, the buffer can then take two paths; it can

either return back to the resevoir, or can proceed to the perfused organ, after which

it is returned via a separate line back to the buffer resevoir (in cases where the buffer

is to be recirculated), or to a waste container.

With the decision to choose the Langendorff mode as the perfusion method, there is a

need to choose between using either the constant flow method, where a fixed flow rate

of buffer is delivered to the organ irrespective of vascular resistance, or a constant

pressure method, where a fixed pressure head is established but the flow through

the organ depends on the resistance offered. Constant flow perfusions override the

physiological mechanisms in place in both the heart and liver to regulate flow. In the

heart, the majority of coronary flow occurs during diastole, due to the contraction of

the heart occluding a portion of the coronary arteries. A constant flow would then

impose a large pressure on the aortic valves and coronary arteries. In the liver, this is

perhaps more important, due to the particularly large degree of vasculature present,

which is carefully regulated by vasodilating and vasoconstricting agents. In studies

involving ischemia for example, the liver has been shown to use these mechanisms

to protect itself against ischemia-reperfusion injury [191]. Changes in coronary flow,

for example in ischemia studies, would be expected to change in the presence of

infarcted, or otherwise metabolically compromised tissue [192, 193]. The constant

flow system therefore masks the true physiological changes effected by the target

organ system. However, it is technically easier to implement and when combined with

pressure transducers to measure changes in coronary or hepatic pressure, can provide
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useful data. It also makes the task of integrating DNP perfused organ preparations

considerably easier. The challenge with DNP integration is that the hyperpolarized

probe is always decaying rapidly, and thus must be delivered to the organ as quickly

as possible. Using a constant flow system, with small diameter tubing (reducing the

dead volume), the time to delivery can be shortened considerably and standardized

across experiments. In the heart, a suitable compromise can be to initially perfuse

under constant pressure, measure the coronary flow, and then set the constant flow

pump to match it.

However, a constant pressure setup provides a more physiological way of perfusing

isolated organs, without significantly overriding vascular regulation. The heart will

typically rely on large pressure heads (80 – 100 mmHg [190]) for optimal perfusion

and function, whilst the liver uses a lower perfusion pressure of around 20 mmHg.

It is sometimes necessary, particularly with the liver, to force supra-physiological

flow rates to ensure adequate oxygen delivery to the organ in preparations that use

colloidal buffers (as opposed to buffers mixed with erythrocytes, or even blood [188]).

An interesting side-effect of the low oxygen carrying capacity of colloidal buffers in

the heart is a reported doubling in ventricular wall thickness during perfusion, not

seen when oxygen carrying substrates are added (such as perfluorocarbons) [194].

The constant pressure setup is more difficult to achieve in combination with DNP.

The requirement for larger bore tubing than would be needed with constant flow

systems (to ensure adequate flow rates) means an increase in dead space within the

tubing, and thus a longer period of time before the hyperpolarized probe reaches the

organ. Nevertheless, given the physiological advantages, a constant pressure system

was chosen for the final design. A constant flow system could however easily be added

without modification, should the need arise.

In terms of isolated perfused organs exclusively used with DNP, the literature reveals

published material from only two other laboratories. For the mouse liver, the protocol
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previously used involved constant, weight independant flow [172], and with the rat

heart, perfusion was carried out using a constant pressure preparation at 100 mmHg

[19].

6.2.1.4 Rig specifications

Table 6.1 summarizes the ideal specifications that the perfusion setup should have,

given the above considerations.
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Organ
manipulation

1. A simple, universal luer lock attachment for cannulated organs.
2. A sturdy, NMR safe container to hold the organ should be
provided, and suitable for both 10 mm and 20 mm diameter coils.

Organ
monitoring

1. Easy placement of a polyethylene balloon for functional
measurements (heart).
2. Inflow buffer temperature monitoring to organ.
3. Ability to sample buffer inputs and organ effluent.

Flow rates 1. Must be able to deliver a flow rate of at least 25 mls / min, at
80 mmHg, in the presence of an isolated rat heart and at least 10
mls / min for the isolated mouse heart [190].
2. Must be able to deliver up to 15 mls / min for the mouse liver.

Oxygenation 1. The lung must oxygenate the buffer to a partial pressure of at
least 550 mmHg.
2. The buffer, at the input to the organ must be at 37 oC and
must have an O2 tension of around 500 mmHg at the lowest flow
rate of 2 ml / min for the mouse heart.

Durability
and

maintenance

1. The tubing and material used must be resistant to strong acids
and bases (used for cleaning), as well as high temperatures. It
should have a non-stick internal wall.
2. The umbilical should be easy to clean. For this reason, the
requirements in (1), concerning high temperature and acid
stability are important for the use of boiling water and acid
washing.
3. The buffer lines must be water tight, so as not to allow water
jacketing fluid to mix with buffer.
4. The umbilical in particular should be easy to dissasemble and
maintain. Ideally, this would involve adhesive free compression
fittings where possible.

Buffer
quality

1. A mechanism should be in place to filter buffer being delivered
to the organ.
2. Air bubbles that may block vascular flow should be trapped
before entering the organ.
3. The last remaining portion of apparatus (umbilical head)
delivering buffer to the organ should be transparent, for visual
confirmation that no air bubbles are present.
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DNP
substrate
delivery

1. The hyperpolarized substrate should be delivered quickly to the
target organ, without disruption to its function, using a reliable
switching mechanism.
2. It should reach the organ within a time frame that would
provide adequate signal to noise ratio for the acquisition of
metabolic NMR data.

Additional
protocols

1. A line to supply drugs or other compounds to the organ should
be in place.

Magnet
safety and

data quality

1. Whilst metal is acceptable in the umbilical, it must be non
magnetic.
2. For any metal present, it should be kept far from the organ, or
the sensitive region of the coil, in order to avoid disruption to the
magnetic field homogeneity.
3. The organ should have sufficient space in its enclosure, in order
to avoid artefacts from turbulent fluid motion, which disrupts
NMR signal quality.
4. The sensitive central area of the coil must be accessible to the
organ.

Target organ 1. The rat and mouse heart must be perfused within the sytem.
2. The rat and mouse liver should be perfused within the system.
3. Perfusion of other organs should be possible with no additional
effort (i.e. the kidney).

Type of
perfusion

1. This perfusion setup must be capable of constant pressure
perfusion.
2. Ideally, it should integrate the ability to use constant flow in
combination with an additional pressure transducer when using
this method.

Table 6.1: Specifications for the design of a perfusion rig.

In developing the perfusion apparatus for perfused mouse heart and liver studies, the

following steps were taken in order to meet these specifications:

Organ manipulation: a male to male luer lock adapter was used for universal at-

tachment of readily available cannulae. This allows perfusion of organs either where

cannulation is done ex vivo (the heart) or in vivo (the liver). The container for the

organ in NMR experiments is typically NMR quality borosilicate material. However,

it is fragile, expensive, and unnecessary in a hyperpolarized experiment involving the

perfused organ, where SNR levels are relatively high. For this reason, a 20 mm Per-

spex tube was used for the rat heart and mouse liver experiments. It was necessary to
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maintain a 10 mm NMR glass tube for the mouse heart, as it was not easily possible

to create a magnet safe tube with the thin wall thickness required.

Organ monitoring : a groove was etched into the umbilical head to allow a balloon

line to run uninterrupted, and without risk of compression, from a secured pressure

transducer to the heart. The balloon line was kept as short as reasonably possible to

ensure accurate measurements. The use of a long balloon line can induce standing

waves causing artificially high contractile functions. Balloon line selection was impor-

tant – stiff tubing caused extreme sensitivity of the balloon to EDP, giving inaccurate

readings. A small bore, flexible tubing was used, which provided the correct balance

for transmitting hydrostatic pressure to the pressure transducer. The balloon line was

connected to a blunted needle, attached to a disposable blood pressure transducer.

Flow rates : Given the disparity between the potential flow rates of the mouse heart

and liver, and those of the rat heart, two switchable buffer transmission lines were

used, with different bore sizes. This was done to minimize the dead volume for

hyperpolarized applications in each situation, and to ensure rapid substrate delivery.

The small bore buffer line is used for mouse heart and liver applications, whereas the

much larger flow capacity line is used for the rat heart.

Oxygenation: A glass lung was used (instead of other methods previously discussed),

due to its efficiency at oxygenating buffer, where space is not a concern. In order to

maintain oxygen tension as far as possible to the organ, gas impermeable buffer lines

were used. In addition, careful temperature regulation can have a large impact on

buffer oxygenation. Temperature should be increased gradually across the perfusion

apparatus to reach 37 oC at the organ, so as to ensure the buffer is as saturated as

possible with oxygen, which decreases as temperature increases. For this reason, the

main buffer resevoirs were heated to 38 oC, and the umbilical was then heated as

appropriate given the flow rate to achieve the desired temperature.

Durability and maintenance: To provide the chemical and thermal resistance needed
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for this system, as well as tubing which is designed to be smooth (in that it does not ac-

cumulate deposits easily), medical grade Tygon S-50-HL tubing was used exclusively

in the umbilical except for the buffer lines. This Tygon tubing was temperature resis-

tant to beyond 74 oC (though may suffer from discoloration above this value), did not

readily absorb fluid and had a large bend radius (the minimum radius that the tubing

can be bent before it folds and halts flow). The buffer lines used flexible NORPRENE

tubing, which shares many of the properties of the S-50-HL tubing used, however,

it was considerably more flexible, and had a smaller bend radius. Its disadvantage

however was that it is opaque. Transparency should be used wherever possible in a

perfusion system, to aid with problem solving. In order to maintain watertightness

between the buffer lines, and the external waterjacketing, cyanoacrylate glue was used

for all connections. All other connections with no surrounding fluid were compression

fitted. Connections between metal and non-tubing components were made using two

part epoxy adhesive with a 24 hour curing time.

Buffer quality : All buffer was filtered on initial preparation with a 0.45 µm filter, but

further filtered on the rig with a 5 µm filter (between the buffer reservoir and the

lung, and between the organ, and the return buffer line). This was to avoid any large

deposits blocking the microvasculature within the organs. To avoid air bubbles in

the buffer, the umbilical head was fitted with a wide bore buffer delivery path, which

acts as a large bubble trap, and does not disrupt flow signicantly when air is present.

Polymethylmethacrylate (Perspex) was chosen as the material for the umbilical head.

It was transparent, a desirable quality when monitoring the buffer for air bubbles

upon organ perfusion.

DNP substrate delivery : The most reliable way to deliver DNP substrate to the heart

was to use a simple three way tap system for both lines (Figure 6.4), which allows

buffer from the lung to pass through to the organ, or can be switched to allow buffer

from a heated buffer reservoir (into which the hyperpolarized substrate is mixed) at
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the same height as the lung to proceed to the organ. This creates the shortest path for

the hyperpolarized solution to the organ, whilst keeping the pressure head constant.

Once the hyperpolarized experiment has finished, the tap can be switched back to the

buffer flow from the lung. The tubing bore size for the small flow (mouse heart and

liver) and large flow (rat heart) lines were chosen on a trial and error basis. The time

for the hyperpolarized substrate to reach the organs was assessed (described later in

this chapter).

Additional protocols : a multiway port was added to the umbilical head, which sup-

ports an in-line thermocouple to monitor buffer temperature, as well as a drug injec-

tion port, for experiments such as late gadolinium contrast (as used in Chapter 3)

or other drug delivery. This port can also be attached to a pressure transducer for

constant flow experiments.

Magnet safety and data quality : all tubing connectors used within the umbilical were

stainless steel, and were kept well outside of the sensitive coil region, to avoid mag-

netic field disturbances. The tubes used to contain the organ were large enough

to accomodate the organ, with enough space below the organ effluent area to allow

circulation without signicant flow artefacts.

Target organ: Other than factors already mentioned, including oxygenation, and

adequate buffer line bore size, no further actions were needed to allow the perfusion

of rat or mouse hearts within the system, nor for the mouse liver. The rat liver,

however, warrants comment. It was not possible to perfuse the rat liver within this

system, due to the large size of the rat liver following perfusion. The problem arises

in particular when the organ is perfused with colloidal buffer, which increases the size

of the liver beyond the maximum size that can be accomodated in a 20 mm tube.

Other methods were tried, including attempts to perfuse isolated lobes following the

surgical anatomy of the liver [195], but ultimately, the lobes could not be sufficiently

isolated, and separating the lobes caused severe trauma. The only other possibility
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Figure 6.5: A schematic of the perfusion apparatus used. Perfusion buffers (KH) can
be drawn from either cylinder, and proceed to be oxygenated with a mixture of oxygen
and carbon dioxide. This gassed buffer proceeds to a tap, above the magnet, which
can either allow the buffer through uninterrupted, or, can be switched to let through
KH buffer containing a hyperpolarized probe. In both cases, the buffer proceeds to
supply the isolated perfused organ inside the magnet, where spectral data is then
acquired. The buffer is then returned back to the storage cylinders. The buffer in
this system is delivered to the organ at 37oC.

may be to use juvenile rats, as this could be achived on the current perfusion setup,

but did not offer a feasible method for long term experimental work.

Types of perfusion: The system is capable of perfusing at constant pressure, from

80 mmHg to 120 mmHg. A constant flow system can easily be integrated using the

existing umbilical tubing.

An overview of the perfusion setup used is shown as a diagram in Figure 6.5.
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6.3 Perfusion setup testing

In order to evaluate and test the performance of this new perfusion design, an ischemia

reperfusion protocol was chosen for both the mouse heart and liver.

6.3.1 Mouse heart

6.3.1.1 Materials and methods

Perfusion: Hearts from 6 male C57/BL6 mice (Harlan, UK) (body weight: 36±5 g,

heart weight: 250±10 mg) were perfused in the Langendorff mode as follows. A 3

ml / kg injection of sodium pentobarbitone was administered via the intraperitoneal

route using a 27 Gauge needle. After loss of pedal reflexes and those of the tail, an

upper midline incision was made, a thoracotamy performed, and the heart removed

by clamping the attached lungs, and carefully excising the bundle of tissue. The lungs

and thymus were removed, and the aorta cannulated using a 16 Gauge cannula and

5/0 suture.

Spectroscopy: The hearts were initially perfused with modified KH buffer contain-

ing 11 mM glucose, 1.9 mM CaCl2, 0.5 mM Na2EDTA and 1.25 mM pyruvate at

100 mmHg pressure. A small polyethylene balloon was inserted into the left ventricle

and the EDP adjusted to achieve a pressure of approximately 4 – 5 mmHg once in

the magnet. This balloon was set to continually monitor heart rate and developed

pressure throughout experiments as a measure of cardiac function. The hearts were

allowed to equilibrate for 15 minutes, during which time they were centered in the

sensitive region of a 20 mm dual tuned 1H / 13C coil, and shimming was performed to

reduce the proton linewidth to around 40 Hz. A hyperpolarized pyruvate study was

performed as previously described in Section 3.2. Briefly, a 1.25 mM hyperpolarized

[1-13C]pyruvate solution was delivered to the heart as a bolus over 150 seconds, and

a 13C pulse-acquire experiment commenced (TR = 1 s, FA = 30o, BW = 180 ppm,
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4096 pts). Following acquisition, the sum of 60 spectra were taken, beginning with

the first spectrum showing the appearance of hyperpolarized pyruvate, and the ratio

of the bicarbonate and CO2 signals to the pyruvate signal was used as a measure of

flux through the pyruvate dehydrogenase (PDH) enzyme. All other metabolites were

similarly normalized. pH was assessed using the ratio of bicarbonate and CO2 in the

Henderson-Hasselbalch equation, with pKa = 6.15, as previously reported [116].

A fully relaxed 10 minute 31P acquisition was performed using a dual tuned 10 mm 1H

/ 31P probe (TR = 15s, NS = 40, SW = 49.391 ppm, TD = 2048, FA = 90o) , followed

by a series of rapid 30 second 31P scans for 30 minutes (NS = 120, SW = 49.391 ppm,

TD = 2048, FA = 60o). The period up until this point will be referred to as “pre-

ischemia”. Ten minutes into these scans, the buffer flow was stopped, to begin a period

of global ischemia (referred to as “ischemia”). Following the end of the rapid 31P scan,

ischemia was maintained for an additional 5 minutes, during which time the 20 mm

13C coil was re-inserted. Immediately upon reperfusion (referred to as “reperfusion”),

another 1.25 mM hyperpolarized [1-13C]pyruvate acquisition was carried out, marking

the end of the ischemic period after a total of 25 minutes. The period following this

will be referred to as “post-ischemia”. A further series of rapid 31P scans were carried

out for 20 minutes, followed by a fully relaxed 10 minute 31P scan. The rapid 31P

scans were analyzed by normalizing the data against the fully relaxed 31P initially

acquired to account for partial saturation effects. Following normalization, the middle

ten minute segments during the pre-ischemic, ischemic and post ischemic periods for

PCr, ATP, Pi levels were taken and averaged. Each of these segments were normalized

to pre-ischemia. Flow rates were measured at the beginning, and end of perfusion.

Figure 6.6 summarizes this protocol diagrammatically.
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Figure 6.6: A diagrammatical representation of the protocol carried out in the isolated
perfused mouse heart. Ten minute 31P scans are fully relaxed, whilst the rapid 31P
scans are partially saturated.

Data analysis: Comparison between two measurements was carried out using a

paired t-test. For temporal data with more than two measurements, a 1 way ANOVA

with a posthoc Bonferonni-Holm correction was applied. Data were analyzed in a

paired fashion, by normalization. All tests were carried out at the p<0.05 significance

level. Correlations between data sets were performed using a Pearson’s correlation co-

efficient (CC) analysis. Units are a.u., unless otherwise specified. Data are expressed

as mean±standard deviation. Spectra were processed and quantified using jMRUI as

previously descibed in Chapter 4.

6.3.1.2 Results

Cardiac function: A trace of RPP over time is shown in Figure 6.7.
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Figure 6.7: Cardiac function (shown as RPP) over the duration of the experiment,
averaged across all hearts. RPP can be seen to decrease quickly upon ischemia, and
gradually return upon reperfusion. n = 6

In terms of heart function, no significant differences were seen in heart rate 15 minutes

immediately pre or post ischemia (330±50 vs 340±20 BPM), nor for EDP (5±1 vs 6±1

mmHg). Significant differences were seen in both developed pressure (80±10 vs 60±20

mmHg), and RPP (heart rate x developed pressure) (27,000±7000 vs 20,000±6000

mmHg / min, equivalent to a recovery to 75±17% of pre-ischemic RPP), as shown

in Figure 6.8. Cardiac function was not assessed during ischemia, due to the lack of

any detectable heart rate, or developed pressure.
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Figure 6.8: Summary of the cardiac functional data. Significant changes between
pre-ischemic and post-ischemic periods were present only with developed pressure
and RPP (rate pressure product). *p<0.05, **p<0.01, n = 6

Cardiac energetics: 31P data revealed no significant change in PCr / ATP as judged

from the fully relaxed scans taken during pre-ischemic and post-ischemic periods of

the experiment (1.9±0.3 to 2.8±0.7, p = 0.09, Figure 6.9), but did reveal a significant

increase in PCr post-ischemia when compared to pre-ischemia (14±9% increase), with

no significant change in ATP.

Figure 6.9: This figure shows the PCr / ATP ratio pre and post-ischemia, which was
not significant. n = 6
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This is reflected in the temporal 31P data as shown in Figure 6.10. There were

significant differences in PCr levels between pre-ischemic, ischemic and post-ischemic

time periods (ischemia: 27±5%, post-ischemia: 112±12% of pre-ischemic PCr values).

Significant changes in Pi were seen only between pre-ischemia and ischemia, and

between ischemia and post-ischemia (ischemia: 950±30%, post-ischemia: 170±180%

of pre-ischemic Pi values). No differences were seen between any of the periods for

ATP levels.
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Figure 6.10: A representative overview of the temporal changes (in minutes) that
occur with PCr, ATP and Pi during the course of the experiment. The red dashed
line represents the induction of ischemia, and the green dashed line represents reper-
fusion, which occurs during the break in 31P acquisition, when hyperpolarized [1-13C]
pyruvate data is being acquired. n = 6
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These results are summarized in Figure 6.11, depicting the averages taken over 10

minutes, during each of pre-ischemia, ischemia and post-ischemia. pH could not be

determined in the pre-ischemic period, due to very low levels of Pi.

(a)

(b)

Figure 6.11: The graphs show the changes in PCr, ATP and Pi over the course of
the experiment during pre-ischemia, ischemia and post-ischemia. Signicant differ-
ences between all groups exist for PCr. No significant changes were present between
any groups for ATP. Pi shows significant differences only between pre-ischemia and
ischemia, as well as ischemia and post-ischemia. n = 6

Signal timings: In order to assess how quickly the hyperpolarized substrate was
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reaching the mouse heart, timings were calculated from the point of switching to the

hyperpolarized pyruvate buffer to the instant that the hyperpolarized pyruvate signal

was seen on the spectrometer. During the pre-ischemic period, the minimum time

was 31 seconds, and the maximum was 140 seconds (mean was 80±40 seconds), with

the time being inversely proportional to coronary flow rate (R2 = 0.779, linear fit,

Figure 6.12).

Figure 6.12: A plot of coronary flow rate against the arrival time of the hyperpolarized
pyruvate signal. n = 6

Flow rates were significantly higher during reperfusion (202±92% increase compared

to control flow, n = 3). This was reflected in the hyperpolarized signal times seen

upon reperfusion when compared to pre-ischemic values (80±40 vs 40±10 seconds, p

= 0.06). In addition, the pre-ischemic and reperfusion hyperpolarized [1-13C]pyruvate

scan revealed a significant increase in signal to noise ratio (50±40 to 90±20 a.u.),

reflecting the increased flow rate to the heart and therefore the reduced time for

hyperpolarized signal decay. Post-ischemic when compared to pre-ischemic coronary

flow rates were each different, but showed no trend for either net increase or decrease

(4.5±2.4 vs 4.2±2.7 ml / min, p = 0.17). This serves to validate the use of a perfusion

system capable of variable flow rates.
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Cardiac metabolism: Figure 6.13 shows sample hyperpolarized [1-13C]pyruvate

spectra obtained from the mouse heart, pre-ischemia and during reperfusion.

Figure 6.13: Sample spectra in the isolated perfused mouse heart of hyperpolarized
[1-13C]pyruvate (1) and its metabolites, lactate (2), pyruvate hydrate (3), alanine (4),
bicarbonate (5) and CO2 (6). PDH flux was seen to be higher pre-ischemia. Note
also the higher signal to noise ratio seen upon reperfusion, due to the increase in flow
rate to the isolated heart, and therefore increase in hyperpolarized signal.

Comparing pre-ischemic and reperfusion periods, hyperpolarized [1-13C]pyruvate scans

revealed significant decreases in alanine from (0.07±0.03 to 0.031±0.007), and PDH

flux (0.120±0.05 to 0.026±0.007). No significant changes were seen for lactate (0.08±0.04

to 0.04±0.01, p = 0.06) (Figure 6.14).
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Figure 6.14: Quantification of the main metabolites seen in the isolated perfused
mouse heart. PDH, the sum of bicaronate and CO2 fluxes, was significantly decreased
upon reperfusion. *p<0.05, **p<0.01, n = 6

pH, as determined using the ratio between bicarbonate and CO2 from the hyperpolar-

ized pyruvate dissolution, showed no significant differences between the pre-ischemic

and reperfusion period (6.9±0.3 to 6.8±0.2, n = 5). PDH flux as measured by hyper-

polarized [1-13C]pyruvate and cardiac contractile function (RPP) were plotted against

each other during both hyperpolarized dissolutions (pre-ischemia, and reperfusion),

however, no strong correlations were found (CC = 0.40 and 0.25 respectively).

6.3.1.3 Discussion

This study has successfully demonstrated that DNP hyperpolarization can be used

in combination with the isolated perfused mouse heart. In all but one of the hearts

studied, the signal to noise ratio seen was very good, although where coronary flow

rates were very low, spectra were considerably noisier, but still analysable. It was
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necessary to sum spectra to quantify the hyperpolarized data, which is not normally

necessary in the rat heart when using a hyperpolarized pyruvate concentration of

0.625 mM. This is due to the increased coronary flow rates in the rat heart, provid-

ing greater signal. In terms of metabolism, PDH flux was greatly reduced during

reperfusion following ischemia. This may be expected since the heart has been under

anaerobic metabolism conditions for around 25 minutes, and thus would be produc-

ing and exporting lactate via the same monocarboxylate transporter (MCT) used

to import hyperpolarized pyruvate. This would imply that all metabolism of pyru-

vate, not simply PDH flux should be decreased, which was the case. In addition,

it is possible that pyruvate was being diverted from PDH, to replenish TCA cycle

intermediates depleted during ischemia [196], although this was not reflected in the

spectra seen, where metabolites such as aspartate or malate should be present if there

was a high level of anaplerosis. Surprising however was the decrease seen in lactate

levels. Following such an experiment, high lactate levels would be expected due to

the need to produce ATP anaerobically [197], as previously shown in the isolated

perfused rat heart [77]. It has further been shown that the ability of the heart to

recover its contractile function is inversely proportional to lactate levels and other

anaerobic metabolites causing disruption to the ETC enzymes [198], even when, as

in this study, no significant changes are seen in the adenosine nucleotide levels [199].

One possible explanation for the absence of an observed large lactate pool via hy-

perpolarized [1-13C]pyruvate is that the dead volume of the mouse heart perfusion

line was too large and thus by the time the hyperpolarized substrate had reached the

myocardium, the accumulated lactate pool had been washed away. It was a shortfall

of this study that a further hyperpolarized [1-13C]pyruvate dissolution was not car-

ried out upon stable recovery of the hearts following ischemia, to see the extent to

which metabolic fluxes had recovered, and whether that was linked to the recovery

of the contractile function. It is particularly interesting to note in light of the work
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performed in Chapter 4, that even less PDH flux would be seen if fatty acids had

been supplied [118], and the way in which this may have affected post-ischemic PDH

recovery.

Given the flow rates seen from this study, and the relatively high signal to noise from

the hyperpolarized data, it would seem feasible to make use of fatty acids bound

to BSA, as proposed in Chapter 4, in studies involving the perfused mouse heart in

future, especially given that from a metabolic point of view, fatty acid oxidation has

been shown to be inhibited during ischemia [200, 201] and to predominate oxidative

metabolism upon reperfusion, even if cardiac recovery is impared [202–204]. Intralipid

in large concentrations, or combined with heparin [118] could be used with no hyper-

polarized signal loss, if the maintenance of a higher hyperpolarized pyruvate signal

level were needed. Concerning flow rates, it is also believed that lower concentrations

of pyruvate (< 1.25 mM) could be used but this should however be evaluated properly

to ensure that enzyme saturation is not occurring as demonstrated in Chapter 4.

Cardiac energetics, as measured by 31P, revealed a sharp decrease in PCr during

ischemia, in order to maintain the ATP pool via the creatine kinase shuttle [205],

with a corresponding increase in inorganic phosphate (Pi), occuring as ATP and

ADP are hydrolyzed, providing energy for the myocardium. That the ATP levels did

not decrease significantly pre and post-ischemia implies that this model of ischemia

reperfusion was not so severe as to cause complete myocardial failure [206], as further

demonstrated by the stability, and lack of significant change pre and post-ischemia in

EDP and heart rate [207], as well as by the contractile recovery of all hearts to 75±17%

of preischemic RPP. This was in surprising contrast to a similar protocol carried out

in the perfused rat heart, where hearts were maintained in global ischemia for only

10 minutes, yet saw a steady drop in ATP levels of around 25%, and contractile

recovery to only around 56% of pre-ischemic levels [109], findings also reflected in

other animal studies [208,209]. This is perhaps best explained, at least in one of the
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studies carried out, by a difference in myocardial temperature. Greve et al used a

system whereby the NMR probe itself was heated to 37 oC, which meant the heart

would remain at a physiological temperature irrespective of whether or not any buffer

flow was present. However, the protocol as carried out in this study required a buffer

flow to maintain physiological temperature. Thus the model of ischemia reperfusion

used here can be considered mild, as a result of the drop in myocardial temperature,

having a preservative effect. Also demonstrated was the increase in post-ischemic

PCr over pre-ischemic values seen in this study, with a concomitant decrease in the

forward creatine kinase reaction (PCr –> ATP). Although not reflected elsewhere,

the measured reverse creatine kinase reaction was increased post-ischemia (i.e. ATP

–> PCr) [205]. This may suggest a compensatory mechanism, to protect the heart in

the event of further ischemic insults.

6.3.2 Liver perfusion

6.3.2.1 Materials and methods

Perfusion: Livers from 4 male C57/BL6 mice (Harlan, UK) (body weight: 23±4 g)

were all perfused in the fed state before 11:00 AM as follows. A 3 ml / kg injection

of sodium pentobarbitone was administered via the intraperitoneal route using a 27

Gauge needle. After loss of pedal reflexes, and those of the tail, a lower midline

incision was made, and the abdominal epidermal layer removed. The abdominal

viscera were pushed aside, to expose the inferior vena cava (IVC), the right kidney, the

portal vein, and the lower portion of the liver. A loose suture (3/0, used throughout)

was placed around the inferior vena cava, distal to the right renal vein junction, and

another around the portal vein, 1 cm from the junction to the liver, taking care to

avoid the thin, yellow bile duct running parallel. The portal vein was then cannulated

with a 24 Gauge cannula, taking care not to insert the cannula too far into the portal

vein junction. Success was denoted by the inflow of blood into the cannula. The
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suture to the portal vein was tied, the hepatic vein cut, and the suture around the

IVC tied. Approximately 10 mls of cold KH solution was perfused through the liver.

If the perfusion had been successfully performed, all the lobes showed a distinct colour

change, to a lighter shade; failure of any of the lobes to do so typically indicated a

cannula that has been inserted too far forward into the portal vein. This was corrected

by withdrawing the cannula slightly and reperfusing with KH solution. The liver was

now carefully [183] removed, starting from the diaphragm, and cutting the ligaments

attaching the stomach to the left lobes of the liver, working down toward the dorsal

connecting tissue until the liver was free. Cyanoacrylate adhesive compound was then

applied at the portal vein – cannula junction, to provide additional support due to

the large weight of the liver (around 2 g).

Spectroscopy: The livers were initially perfused with KH buffer containing only 11

mM glucose and 0.625 mM pyruvate at 80 mmHg pressure. A 20 mm Perspex tube

was inserted around the liver, and the organ allowed to equilibrate for 15 minutes,

during which time it was centered in the sensitive region of a 20 mm dual tuned 1H /

13C coil, and shimming performed to reduce the proton linewidth to around 50 Hz. A

hyperpolarized pyruvate study was then performed as previously described in Section

3.2. Briefly, a 0.625 mM hyperpolarized [1-13C]pyruvate solution was delivered to the

liver as a bolus over 120 seconds, and a 13C pulse-acquire experiment commenced (TR

= 1 s, FA = 30o, BW = 180 ppm, 4096 pts). Following acquisition, 60 spectra were

summed, beginning with the first spectrum in which hyperpolarized [1-13C]pyruvate

signal could be seen, and the ratio of the bicarbonate and CO2 signals to the pyruvate

signal was used as a measure of flux through the pyruvate dehydrogenase (PDH)

enzyme. Other metabolites were analyzed in the same way. A fully relaxed 10 minute

31P acquisition was then performed using a dual tuned 20 mm 1H / 31P probe (TR =

15 s, NS = 40, SW = 49.391 ppm, TD = 2048, FA = 90o), followed by the acquisition

of a series of rapid 30 second 31P spectra over a period of 30 minutes (NS = 120,
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SW = 49.391 ppm, TD = 2048, FA = 60o). This period of time will subsequently

be referred to as “pre-ischemia”. Ten minutes into this 31P acquisition, the buffer

flow was stopped, to begin a period of global ischemia (referred to as “ischemia”).

Twenty minutes into the ischemic challenge, at the end of the 31P scan, ischemia

was maintained for an additional 5 minutes, during which time the 13C coil was

re-inserted, and immediately upon reperfusion, another 0.625 mM hyperpolarized [1-

13C]pyruvate dissolution was carried out (referred to as reperfusion), marking the end

of the ischemic period after a total of 25 minutes. The period following this point

will be referred to as “post-ischemia”. A further rapid 31P scan was carried out for

20 minutes, followed by a fully relaxed 10 minute 31P scan. The rapid 31P scans were

analyzed by normalizing the data against the fully relaxed 31P scan initially acquired

to correct for partial saturation effects. Following normalization, the middle ten

minute segments during the pre-ischemic, ischemic and post ischemic periods for ATP

and Pi levels were taken and averaged. Each of these segments were normalized to

pre-ischemia. pH, as derived from 31P data was calculated by measuring the relative

chemical shift change between Pi and ATP. Flow rates were measured during pre-

ischemia, upon reperfusion and post-ischemia. Figure 6.15 summarizes the protocol

diagrammatically.

Figure 6.15: A schematic representation of the ischemia reperfusion protocol carried
out in the liver.

Data analysis: Comparisons between two measurements were carried out using a

paired t-test. For temporal data with more than two measurements, a 1 way ANOVA
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with a posthoc Bonferonni-Holm correction was applied. Data were analyzed in a

paired fashion, by normalization. All tests were carried out at the p<0.05 significance

level. Correlations between data sets were performed using a Pearson’s correlation

coefficient (CC) analysis. Units are a.u., unless otherwise specified. Data are ex-

pressed as mean±standard deviation. Spectra were normally analyzed using jMRUI

as previously described, however, it was not possible to analyze small metabolites

(the anaplerotic pathway products - malate C1 and C4, and aspartate C1 and C4)

using jMRUI due to their close proximity to larger metabolites. For these resonances,

ACD/NMR 12 was used (Ontario, Canada).

6.3.2.2 Results

Hepatic energetics: 31P data revealed a significant change in ATP / Pi as judged

from the fully relaxed scans taken during the pre-ischemic and post-ischemic pe-

riods of the experiment (4.2±1.6 to 2.5±1.6), as well as a significant increase in

Pi (17,800±8,000 to 20,600±10,600 a.u.) and a significant decrease in ATP levels

(33,500±10,300 to 21,000±5,600 a.u.), but no significant change in pH (7.3±0.1 to

7.2±0.1), as shown in Figure 6.16. Representative temporal 31P data is shown in

Figure 6.17.
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(a) (b)

(c) (d)

Figure 6.16: The diagrams above show the changes in ATP, Pi, ATP/Pi ratio and
pH as derived from the fully relaxed 31P data. n = 4, *p<0.05
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Figure 6.17: A representative overview of the temporal changes (in minutes) that
occur with ATP, Pi and pH during the course of the experiment. The red dashed
line represents the induction of ischemia, and the green dashed line represents reper-
fusion, which occurs during the break in 31P acquisition, when hyperpolarized [1-13C]
pyruvate data is being acquired. PCr is not typically seen in the liver.

Using the averages derived from the temporal 31P data, there were significant differ-

ences in ATP levels between pre-ischemic, ischemic and post-ischemic time periods

175



(ischemia: 12±2%, post-ischemia: 72±15% of pre-ischemic ATP values). Signifi-

cant changes in Pi and pH (as measured by relative chemical shift change between

Pi and a-ATP) were seen only between pre-ischemia and ischemia, as well as be-

tween ischemia and post-ischemia (ischemia: 805±24%, post-ischemia: 145±38% of

pre-ischemic Pi values), and for pH (pre-ischemia: 7.0±0.3, ischemia: 5.9±0.1, post-

ischemia: 7.1±0.1) (Figure 6.18).
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(a)

(b)

(c)

Figure 6.18: Bar graphs showing the relative changes in ATP and Pi, and the absolute
pH values. The ATP chart has significant differences between all groups. Pi and pH
values during ischemia and post-ischemia are both significantly different relative to
pre-ischemia. The white bar represents pre-ischemia, the grey ischemia and black
post-ischemia. n = 4
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Signal timings: In order to assess how quickly the hyperpolarized substrate was

reaching the mouse liver, the timings were calculated from the point of switching to

the buffer containing hyperpolarized pyruvate, to the instant that a hyperpolarized

pyruvate signal was seen on the spectrometer. During the pre-ischemic period, the

minimum time was 8 seconds, and the maximum was 16 seconds (mean was 11±3

seconds), with the time being inversely proportional to hepatic flow rate (CC = -0.97,

Figure 6.19).

Figure 6.19: A plot depicting the arrival time of the hyperpolarized [1-13C]pyruvate
signal against hepatic flow rate. n = 4

The time taken for the hyperpolarized signal to reach the perfused liver upon reper-

fusion when compared to pre-ischemia did not vary (11±1 vs 11±3 seconds respec-

tively). Flow rates showed individual variations 30 minutes post-ischemia relative to

pre-ischemia for all livers but this was not significant (11±1 to 10±2 mls / mins, p =

0.16).

Hepatic metabolism: Example spectra are shown in Figure 6.20.
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(a)

(b)

Figure 6.20: Shown are example hyperpolarized [1-13C]pyruvate spectra acquired dur-
ing the pre-ischemic and reperfusion periods in the liver. The peaks correspond to
pyruvate (1), lactate (2), 1-malate (3), 4-malate (4), pyruvate hydrate (5), 4-aspartate
(6), alanine (7), 1-aspartate (8), bicarbonate (9) and CO2 (10).

Spectra acquired both during pre-ischemia and reperfusion were of good spectral
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quality, with well defined anaplerotic metabolite peaks seen. Comparing pre-ischemic

and reperfusion hyperpolarized [1-13C]pyruvate scans, revealed a significant increase

in alanine (0.18±0.06 to 0.6±0.2), and a significant decrease in PDH (0.27±0.13 to

0.05±0.02). Whilst not significant at the p<0.05 level, an increase was seen for lactate

(0.22±0.03 to 0.39±0.14, p = 0.09) (Figure 6.21).

Figure 6.21: The metabolites lactate, alanine and PDH (the sum of bicarbonate and
CO2). Significant differences were seen for alanine and PDH. n = 4

It was not possible to determine pH using the bicarbonate and CO2 ratio (as de-

scribed in Section 6.3.1.1), due to the very low production of CO2 upon reperfusion

following ischemia, as shown in Figure 6.20. Concerning the anaplerotic metabolites,

a significant decrease was seen in 1-aspartate (0.017±0.009 to 0.001±0.0003). Whilst

not significant, decreases in 4-aspartate (0.029±0.018 to 0.005±0.001, p = 0.073) and

4-malate (0.013±0.010 to 0.005±0.005, p = 0.054) were seen. 1-malate showed no

apparent change (0.026±0.026 to 0.017±0.014, p = 0.34) (Figure 6.22). This data is

shown in diagrammatic form in Table 6.2.
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Metabolite Pre-ischaemia Reperfusion

Alanine 0.18±0.06 0.6±0.2*
PDH 0.27±0.13 0.05±0.02*

Lactate 0.22±0.03 0.39±0.14
1-aspartate 0.017±0.009 0.001±0.0003*
4-aspartate 0.029±0.018 0.005±0.001

1-malate 0.026±0.026 0.017±0.014
4-malate 0.013±0.010 0.005±0.005

Table 6.2: Hepatic metabolites. * denotes p<0.05

Figure 6.22: The anaplerotic hepatic metabolites during pre-ischemia and during
reperfusion. A general trend for their decrease is seen, although only 1-aspartate
revealed a significant difference. n = 4

6.3.2.3 Discussion

This study has demonstrated that DNP hyperpolarization can successfully be com-

bined with the isolated perfusion of mouse livers and can provide spectra of excellent

quality (Figure 6.20). Before proceeding to their analysis, some comments should

be made concerning the perfusion methods used. Given the recommended perfu-

sion pressure of 20 mmHg or less via the portal vein, explanation is warranted as

to why this perfusion was done at 80 mmHg. Magnet based liver perfusion studies

predominantly use constant flow systems, either with a flow rate of around 3 mls /
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gram wet weight / min of liver tissue [188] or a mass independant constant flow rate

ranging from 8 mls / min [172] to 20 mls / min [210] for reasons previously stated

concerning adequate hepatic oxygenation. As a perfusion using 20 mmHg was not

technically possible within the vertical bore magnet without additional equipment,

which could potentially be implemented within a new rig system, and a constant flow

system was not desireable, a cannula specifically selected to have a maximum flow

rate of 14.5 mls / min was selected in order to protect the liver from an overload of

buffer. Firstly, the liver is able to control its vascular resistance according to oxygen

demands [211–214], and thus to a limited extent, determine its own flow rate. A

small sample of buffer, immediately pre and post the liver revealed oxygen removal

from the liver of around 200 mmHg, equivalent to approximately 1.5 µmol O2 / gram

wet weight / min extraction rate, which is comparable to previous work, when taking

flow rate into account [172,210].

Flow rates in the liver were more than rapid enough to provide all hyperpolarized

spectra with high signal to noise ratios. Liver metabolism has a large anaplerotic

component [215], to support its role in controlling glucose homeostasis within the

body, which it performs via glycogenolysis, gluconeogenesis and ketone body pro-

duction. This was reflected in the hyperpolarized [1-13C]pyruvate spectra (Figure

6.20), where the anaplerotic TCA cycle intermediates malate (labelled at C1 and

C4) and aspartate (labelled at C1 and C4) were seen. PDH flux was reduced in

the liver following ischemia, (it is naturally low as a result of anaplerotic flux via

pyruvate carboxylase, with pyruvate distributed in a 1:1 ratio for both routes in the

fed state, or 1:7 in the fasted state (PDH:pyvuate carboxylase respectively) [216]).

This may suggest diversion of pyruvate away from PDH upon reperfusion. The sig-

nificant increase in alanine, and substancial increase in lactate therefore warrants

further comment. Lactate is typically expected to be increased during conditions of

anaerobic metabolism, as would be present in ischemia, and there is a protective role
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for the associated acidosis in ischemic injury [217]. In addition, during hypoxia, a

decrease in the alanine pool (despite an increase in production [218]) via glutamate

metabolism has been suggested, for anaerobic metabolism to produce energy, with

the end product succinate. Upon reperfusion, the priority for energy generation is

the use of pyruvate to supply anaplerotic components, in particular malate and ox-

aloacetate to allow continuation of the TCA cycle, following their depletion [196].

The rise in alanine upon reperfusion however, is particularly interesting in this case.

The activity of the enzyme ALT (catalysing the conversion of alanine to pyruvate)

may rise for several reasons. During periods of fasting, cold [219] or with the use of

steroids known to promote gluconeogenesis, the activity of ALT (sometimes referred

to as GPT, glutamic pyruvic transaminase) rises several fold above control levels,

with a concomitant increase in protein derived nitrogen utilization [220]. In the case

of a stressor, such as ischemia or fasting [221], it would therefore be expected that

increases in alanine (and lactate) production would be seen in order to produce glu-

cose [216,222–224] upon reperfusion. This is partially validated in a 13C steady state

metabolism study, demonstrating an increase in label to the gluconeogenic precur-

sors lactate and alanine [225]. The gluconeogenic pathway has however been shown

to be downregulated during ischemia and following reperfusion [225]. More recent

work however demonstrates a reversible decrease in glycolytic enzyme activity, with

a maintenance of the gluconeogenic pathway [226]. The information combined would

suggest a role for the increased levels of alanine to be diverted into gluconeogene-

sis. In addition, given the suggested maintenance of the gluconeogenic pathway, it

would seem that given the decrease in PDH flux (and thus a decrease in acetyl CoA

production), that the anaplerotic pools of aspartate are being depleted, and shuttled

into gluconeogenesis. Finally, it is simply possible that as PDH flux is downregu-

lated during and immediately following ischemia, that the hyperpolarized pyruvate

taken up by the liver cannot proceed via the anaplerotic pathway quickly enough,
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and therefore has no other choice but to accumulate as alanine and lactate.

Looking at the 31P data, the ATP levels were shown to decrease substantially upon

ischemia, without complete recovery, and have been demonstrated to be good mark-

ers for liver energetics and disease [227, 228]. Ideally, a further hyperpolarized [1-

13C]pyruvate scan should have been performed during the post-ischemic recovery

period, in order to determine whether any changes in carbohydrate metabolism ac-

company the partial ATP recovery post-ischemia.

It has also been shown that the fed state of the animal is key to the impact of

ischemia, sub-sequential ATP depletion and its ability to recover [229–231] (although

there is some disagreement [232]). This is due to the low critical ATP levels in

the fasted liver [233], presumably as a result of gluconeogenic processes. Indeed,

it is likely that as a result of this ATP depletion, a proportion of cells underwent

apoptosis [234]. The ATP levels recovered to 72±15% of the pre-ischemic values,

and remained stable, perhaps indicating a chronic decrease in ATP synthesis [235].

Preconditioning may improve this recovery, by reducing lactate accumulation and

ATP usage via AMPK [236]. The Pi levels increased significantly during ischemia

and have been shown to be deleterious to the hepatocytes [237]. The ATP / Pi

ratio [238,239], used as a marker of liver energetics, reflects the drop in ATP and was

significantly decreased. This data is in keeping with previous ischemia reperfusion

work carried out, using both pseudo in vivo [240,241] or traditional isolated perfused

liver models [242]. It should be noted that no PCr was present in the liver, due to

the very low expression of the CK enzyme.

6.3.2.4 Conclusion

In conclusion, the work in this chapter has demonstrated the possibility of using both

the perfused mouse heart and liver with hyperpolarized DNP. Despite being unable to

see all the acute metabolic changes that would have been expected in the mouse heart,

184



hyperpolarized DNP in combination with the isolated perfused mouse heart should

have no problems looking at genetic models of disease, nor drug treatments, where

the effect is not transient (less than a couple of minutes). The isolated perfused

liver proved to be an excellent demonstration of the ability to look at changes in

both transient and long term metabolism, given its higher flow rate. There was no

evidence that the methods of perfusion used were deliterious, as the liver provided

stable energetic parameters throughout the experiment.

185



Chapter 7

General Discussion and Future

Directions

It has taken more than 40 years for the DNP technique to expand from its initial

applications in physics [26] and biophysics [243], to its use today in the study of the

biology of living systems, as a means of looking at the real-time changes that occur

in metabolism. Developing the creativity and envisaged use for any technique often

relies on developments in other areas of science, even if seemingly unrelated at the

time. The development of techniques for isolated perfused organs and extensive in

vivo testing alongside the progression of theoretical physics are what have allowed

the concept of DNP to exist as widely as it does today. This thesis has explored the

combination of DNP with isolated perfused organ systems, and has found new ways

in which to optimize and further develop hyperpolarized DNP experiments, which

will improve the available methods to study biological systems.

The ability to acquire high quality metabolic images using CSI will allow for the local-

ization and visualization of metabolic dysfunction in any region of the myocardium,

in addition to the global information previously obtained using a variety of different

hyperpolarized probes. Such a technique may be useful in various cardiac models of
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disease, where inhomogenous damage across the myocardium is observed (e.g. my-

ocardial infarction), or where the location of biochemical disturbances are simply

unknown in a given disease model. Further developments to the use of DNP and CSI

would involve a shorter protocol, as is currently possible in vivo [85]. This should

allow acquisitions of higher spatial and temporal resolution images of the isolated

perfused heart, and should also permit probes other than pyruvate, which tend to

have lower polarizations, to be imaged. Improved spatial resolution of the CSI proto-

col should also allow the possibility of imaging in the isolated perfused mouse heart,

which at present would be difficult due to its small size. In addition, imaging the

metabolism of the isolated perfused liver should form part of future work performed,

as a way of assessing liver viability, as real-time techniques allowing assessment of hep-

atic performance are lacking. This may prove to be particularly useful in measuring

the extent of disease induced hepatic damage.

The work carried out in this thesis exploring the effects of deviating too far from

the physiological conditions that organs are subjected to in vivo should provide a

framework under which more physiologically relevant experiments can be performed.

Deviations from normal in vivo conditions not only affect the physiological data

acquired, but also the quality of the hyperpolarized signal, and therefore solutions to

this needed to be devised with regards to careful probe concentration selection and

the use of fatty acids. Keeping these considerations in mind should avoid inaccurate

conclusions being drawn from DNP metabolic data.

Concerning the probes developed in this thesis, the basic principles for compound

development have been detailed, and allow for initial trials of probes of interest to

be carried out rapidly, before deciding upon whether or not they are suitable for

extended study in altered metabolic models, both ex vivo and in vivo. Improvements

in this area will come from research into better electron sources (the radical used), as

well as ingenious new ways of using the higher polarizations of nuclei such as protons
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to augment those of carbon, the most relevant nucleus metabolically.

With regard to the work performed on isolated perfused mouse organs, all genetic

models available in the mouse have now been unlocked for use with the combination

of DNP and perfused organs. Such experiments will make it possible to study a large

variety of disease models, obtaining data from both the mouse heart and the mouse

liver, thus providing insight on the wider metabolic picture of disease. Future work in

this area should involve experimental work with murine disease models, characterizing

the changes seen with different hyperpolarized probes, in tandem with a validation of

the technique and data interpretation using established methods involving destruc-

tive tissue analysis. Only in this way can DNP be accepted not only in the field of

magnetic resonance, but also in dedicated metabolic laboratories. Performing hyper-

polarized work in the isolated perfused mouse organ is particularly relevant where

in vivo technology is let down by inadequate performance of the magnetic resonance

imaging system, unable to adequately localize metabolism from myocardial or hep-

atic tissue. This results in contamination from muscle, blood, as well as from other

organs. This problem is made worse by the small size of the mouse, and the large

slice thicknesses typically used in imaging.

Beyond the scope of the work performed in this thesis, there is the potential for more

global changes to improve all aspects of DNP experimentation. The most impor-

tant change would be to find a way to increase the polarizations produced across all

probes. This intrinsically depends on two factors, firstly, maintaining a low sample

temperature, and, secondly, using higher magnetic fields in the polarizer (and there-

fore higher microwave frequencies). Cooling systems and materials that are capable

of very low temperatures (<< 1 K) are available, but large cooling power is required

to dissipate the heat generated from the insertion of the initial room temperature

sample, the microwave source and the dissolution process, which presents a complex

engineering problem. Further, with the increasing availability of commercial high
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frequency, high power microwave sources, enhanced polarizations are also possible

by increasing the magnetic field of the polarizer system. Such improvements have

recently been demonstrated with the development of a commercially available sys-

tem [244], although there is still much progress that could be made in this area. Such

increases in polarization would help counteract the issues seen when using albumin

bound fatty acid preparations, thus improving the signal seen from hyperpolarized

probes under physiological conditions. Also, in organ systems with low flow rates,

such as the isolated perfused mouse heart demonstrated in this thesis, increased hy-

perpolarized signal would ensure that good quality spectra were obtainable across a

wide range of coronary flow rates. Further, increased polarizations would allow for a

wider array of novel probes to be used, some of which have already been developed,

but cannot be used at present due to the constraints of low sensitivity.

In summary, throughout this thesis, many developments have been made to allow

routine use of DNP hyperpolarization in ex vivo isolated perfused organ models. It

has been demonstrated to work reliably, and in conditions that are closer to accurately

reflecting the desired variables present in vivo, whilst offering all the advantages of a

controlled and reproducible method of assessing metabolism in real-time.
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[128] L Giménez-Llort, J Vilanova, N Skottova, G Bengtsson-Olivecrona, M Llobera,
and M Q Robert. Lipoprotein lipase enables triacylglycerol hydrolysis by per-
fused newborn rat liver. The American journal of physiology, 261(4 Pt 1):G641–
647, October 1991. PMID: 1928350.
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