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1 General introduction

Biomedical research depends on the use of animal models to understand the
pathogenesis of human disease at the cellular and molecular level and to
provide systems for developing and testing new therapies. Mammalian
models, such as the mouse, have been pre-eminent in modeling human
diseases, primarily because of the striking homology between mammalian
genomes and the many similarities in the biology of mice and human
beings, spanning from anatomy to cell biology and physiology. Despite the
pre-eminence of the mouse in modeling human disease, several aspects of
murine biology have limited its routine use in large-scale genetic and
therapeutic screening. For example, although forward-genetic screens (1-4)
and randommutagenesis-based reverse genetics (5, 6) are feasible in the
mouse and are currently underway, they cannot be applied routinely on the
desired scale because they require considerable staff and infrastructure
support. Hence, such approaches in mice are limited to a few large projects,
often operating as screening consortia. In this context, the zebrafish (Danio
rerio) has emerged recently as a versatile and genetically tractable
alternative vertebrate model system. Sophisticated mutagenesis and
screening strategies on a large scale, and with an economy that is not
possible in other vertebrate systems, have generated zebrafish models of a

wide variety of human diseases.

The zebrafish has also proven to be a useful and relevant model for studying

vertebrate development and organogenesis (7, 8). It exhibits high fecundity,
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about 200 eggs per week per female. Embryos develop rapidly in fresh
water externally to the mother and are therefore easily manipulated ex utero,
while progressing from fertilized eggs to free swimming larvae in 60 h. In
addition, zebrafish embryos are transparent. Visualization of all stages of
organ development is relatively easy in the first few days of life when the
fish is only a few millimetres in length, and this can be combined with
manipulation of gene expression at RNA and protein levels. Gene
expression can be induced using microinjection of specific vectors at very
early stages and is generally highly effective for at least the first 2 days of
development (9). Because it can easily take up chemicals from water,
zebrafish is also used as a pharmacological tool in drug discovery and
ecotoxicity research (10-12). As it can live in as little as a few microlitres of
fluid, only micrograms of compound per assay are needed for screening.
This facilitates screening of compounds, enabling in vivo analysis of
compound action at much earlier stages and higher throughput than hitherto
possible. Clearly, the zebrafish model combines the relevance of a
vertebrate with the scalability of an invertebrate and, in many studies, could
provide an interesting intermediate vertebrate model to laboratory small

mammals.

1.1 Zebrafish as a model for Cancer

In recent years, zebrafish received strong attention from cancer researchers,
after it was discovered that zebrafish can develop almost any type of cancer
(13). A critical asset of zebrafish as a cancer model is that many tumors
histologically resemble human tumors (14). In addition, more general cancer
characteristics such as genomic instability, invasiveness, transplantability,

and the existence of cancer stem cells (15) apply to zebrafish tumors as well,
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and many tumor suppressor genes and oncogenes have been conserved.
Further, the development of fish lines harboring oncogenic transgenes and
their amenability to genetic and pharmacological testing also made zebrafish
a favorable model. Cancer progression in zebrafish recapitulates many
aspects of human disease and opens the door for studies to identify genetic
and chemical modifiers of cancer (14, 16-20). The development of xenograft
models allow the propagation and visualization of human cancer cells
engrafted in optically transparent zebrafish (21-25). Numerous mutant or
tissue-specific transgenic cancer fish lines are available (14, 16-20).
Zebrafish can also efficiently absorb anticancer agents directly from water
which makes this organism appealing for screening these compounds (20,
26). Taken together, these studies validate zebrafish as a bona fide cancer

model.

Advanced melanoma is a devastating and lethal cancer (27). Melanoma
arises from melanocytes, which are the pigment producing cells of human
skin. Melanocytes can proliferate and give rise to various types of benign
nevi, which are commonly referred to as moles. Transformed melanocytes
can yield melanomas that initially grow radially in the epidermis. This is
followed by the transition to a vertical growth phase that involves invasion
through the basement membrane into the underlying dermis, preceeding

metastasis.

There are many areas of melanoma biology that are underexplored. For
example, the steps by which a normal melanocyte becomes or generates a
melanoma cell are largely unknown. How the disease subverts properties of
normal melanocytes and their neural crest progenitors has been a topic of

recent investigations, and this will be a fertile area of research in the future.
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Lastly, while great progress has been made in identifying genetic defects
that contribute to melanoma (28), there are clearly many more genes that
remain to be tied to this disease. And significant challenges in the clinical
management of this disease remain. These challenges are reflected in a very
poor overall prognosis for patients with advanced melanoma, largely
because there is no non-invasive early diagnosis and no effective therapy.
(29). Translational research that uses fundamental knowledge of a disease to
develop diagnostic and therapeutic strategies holds promise for improving
melanoma treatment. The zebrafish melanoma model has unique attributes
that may lead to important insights at the interface of melanocyte biology

and clinical medicine.

1.2 Zebrafish as a model for studying brain disorders

Due to similar basic organization of brain components as that of human,
zebrafish is increasingly used as a model for studying brain disorders (30-
34). However, till now, modelling a brain disease in zebrafish requires
optically transparent embryonic or larval, rather than adult, stages for optical
detection that allows real-time imaging of developing pathologies.
Experimentation with adult animals is not possible with optical methods,
while diseases like neurodegeneration occur mainly at later stages in life.
Considerable knowledge concerning the embryonic development of the
central nervous system of the zebrafish has been collected in recent years. In
contrast, there is an apparent lack of information on the organization of the
adult zebrafish brain (35).

The zebrafish brain aminergic systems share many structural properties with

the mammalian systems and practically all important physiological systems
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in the brain involve the modulatory aminergic neurotransmitters. Many of
these are also involved in human central nervous system diseases, including
Parkinson's disease, schizophrenia, Alzheimer's disease, and depression. The
noradrenergic, serotonergic, and histaminergic systems are highly similar
(30-34). The dopaminergic systems also show similarities with the major
difference being a lack of dopaminergic neurons in zebrafish
mesencephalon. Development of automated quantitative behavioral analysis
methods for zebrafish and imaging systems of complete brain
neurotransmitter networks have enabled comprehensive studies on these
systems in normal and pathological conditions at early developmental
stages. Alterations of brain dopaminergic systems with neurotoxin such as
MPTP, that in humans and rodents induces Parkinson's disease, induces both
changes in the zebrafish dopaminergic system and quantifiable abnormalities
in motor behavior (32). Chemically-induced brain histamine deficiency
causes an identifiable alteration in histaminergic neurons and terminal
networks, and a clear change in swimming behavior and long-term memory.
Combining the imaging techniques and behavioral methods with zebrafish
genetics is likely to help reveal how the modulatory transmitter systems
interact to produce distinct behaviors, and how they are regulated in
pathophysiological conditions and diseases. Several transgenic zebrafish
models for neurodegeneration, such as Parkinson disease (30, 34),
Huntington disease (36) and Alzheimer’s disease (33) have been developed
in recent years. However, imaging adult zebrafish brain in vivo was not

feasible.

MRI is an imaging technique that can provide access to adult zebrafish brain
anatomy with good resolution. It has been applied at embryonic stages, but

not yet in adult fish. In addition, MRI in conjunction with MRS can be
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invaluable for studying disease at molecular levels. In the following
paragraph, a brief introduction of MRI and MRS and its relevance to

zebrafish imaging and spectroscopy is presented.

1.3 MRI theoretical background

Magnetic resonance imaging (MRI) is a well-established non-invasive,
diagnostic medical imaging technique based on the nuclear magnetic
resonance (NMR) phenomenon (37). Every tissue in the body has a specific
chemical makeup and thus the strength of the hydrogen NMR response
differs from tissue to tissue. MRI allows the anatomy inside the body to be
seen in either tomographic images taken along at any angle through the
body, or three-dimensional volume images. The NMR information present
in each pixel of one of these images is both temporal and spectral in nature.
Conventional MRI relies on differences in a weighted average of the
spectral and temporal information collected from different species to

facilitate the diagnosis of diseases.

MR is based upon the interaction between an applied magnetic field and a
nucleus with a nuclear magnetic moment or “spin” (37-39). Several nuclei,
including IH, 31P, 13C, 15N, and ""F have nuclear magnetic moments
corresponding with spin %% and are most suitable for detection by magnetic
resonance (38-40). Protons are the most abundant spin 2 nuclei in living
organisms and they have the best NMR sensitivity (38-40). For this reason
protons are the most frequently studied nuclei. As a crude simplification,
nuclear spins can be thought of as small magnets. When placed in an
external magnetic field (By) a large number of proton spins will be aligned

parallel to By, with a somewhat smaller number oriented anti-parallel. This
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orientation yields a net nuclear magnetization and a net magnetization

vector M, parallel to B,.

After the RF pulse is switched off, the net magnetization vector will start
reverting back to its equilibrium state as a result of a process which is called
relaxation. The recovery process along the longitudinal axis is called T
relaxation, spin-lattice relaxation or longitudinal relaxation (Fig. 1A) and is

described as:

t

M.(t)=M, (1-e") (1.1)

During a 7} process, the nuclei are giving up energy to their immediate

surroundings.

The dephasing process in the transverse plane (the plane orthogonal to By) is
referred to as 7, relaxation, or spin-spin relaxation.

In the 7, process, nuclei exchange energy with each other and the spins lose
phase coherence. Therefore to first order the net magnetization in the xy-
plane decays exponentially to zero over time. The rate at which this occurs

is dependent on 73 (Fig. 1B) and the 7> process is described as:

t

A
M, (=M, e (1.2)

In reality the signal will decay at shorter relaxation time 7, due to field
inhomogeneities and magnetic susceptibility differences. This shorter

relaxation time is known as 73 , and can be determined according to
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(1.3)

Here T»\ is the dephasing due to inhomogeneity of the applied field, and
Thwus is the dephasing due to magnetic susceptibility differences (40).

An RF coil placed perpendicular to the transverse plane will detect the
transverse component of the net magnetization vector as it precesses around
By. The length of the magnetization vector is the magnitude of the signal,
while the angle between the magnetization vector and the y-axis is referred
to as the the transverse plane after a single RF pulse is known as the free
induction decay. Depending on the sample the FID can contain multiple
resonance frequencies. A simple spectrum can be obtained from the FID by
converting it from the time domain to the frequency domain using the
Fourier transform. The resulting spectrum contains peaks for the various

different frequencies contained within the FID.

To spatially resolve the NMR signal for MRI, an additional step is required.
Spatial variations in frequencies can be translated to spatial information and
subsequently to an image. Assigning spatial information to the spins is
achieved by adding a magnetic field gradient inside the MR scanner. The
gradient field in MRI is usually parallel to By. The gradient has three
components, G,, G,, and G, associated with the x, y, or z spatial axis,
respectively. The spins experience different field strengths depending on
where they are within the gradient field. Positional dependence of the field

strength and resonance frequencies can be calculated according to:
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Figure 1.1 (A): Re-growth of the longitudinal magnetization M, and the definition
of T;; M, will return to its original distribution along the z-axis through T,
relaxation (eq. 1.1) . (B) Decay of the transverse magnetization M,, and the
definition of T,; Loss of phase coherence, and thereby loss of magnetization in the

xy-plane, is determined by T, relaxation (eq. 1.2).
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B(ry=B,+rG (1.4)
o(r) =yB(r) =B, + wG (1.5)

Here B(r) and w(r) are the position dependent field strength and resonance
frequency, respectively. The position in the magnetic field is denoted by the
vector r and the magnitude and direction of the gradient is represented by G
(1.4). Spins in different volume units within the field gradient experience a
different magnetic field, and are associated with a different Larmor
frequency. The selection of the desired cross-section or “slice” is achieved
by applying a gradient along the z-axis in combination with an excitation
pulse of a convenient bandwidth and shape (e.g. Sinc or hermite). This RF
pulse excites only the spins in the desired slice, while leaving adjacent spins
unaffected, as they have a different resonance frequency due to the applied
z-gradient. Within the acquired slice, x- and y-gradients are applied to assign
the spins at each position within the slice with a unique frequency and
phase. The gradients in this example are often referred to as the slice
selection- (G:), the frequency encoding- (Gy) and the phase encoding
gradients (G,). G, is usually kept constant over the course of an experiment,
thus assigning a different frequency to each position along the x-axis. G, is
stepped a number of times each scan, depending on the desired resolution in
the y-direction. G, applies a specific phase angle to the transverse
magnetization vector. While G, is switched on, each transverse
magnetization vector has its own unique Larmor frequency. When G, is
subsequently switched off, the spins return to the frequency they had prior
to phase encoding, however, the phase angle of each transverse

magnetization vector is different. A variety of imaging pulse sequences can

24



Introduction

be created by combining slice selection, phase encoding and frequency

encoding.

What distinguishes the 7, process from its 7] counterpart is that the
magnitude of the field changes over the dephasing period is important,
rather than the rate of their fluctuations. As far as biological tissue imaging
is concerned, nature offers us a convenient handle in the form of 7} and 7,
for constant discrimination. Generally, 7, values are about one-tenth of the
T, values for soft biological tissues, which have sufficiently different 7,

values to allow them to be differentiated by contrast on 7,-weighted images.

Among the most important and widely used pulse sequences for MRI are
the spin echo sequence and the gradient echo sequence. Gradient Echo (GE)
sequences use slice selective pulses of 90° or less, and subsequently employ
the gradient coils for producing an echo (Fig. 1.2). This is done by first
applying a negative frequency-encoding gradient, which is subsequently
reversed, causing the spins to rephase and form an echo. Following signal
detection the phase coherence of the precessing spins in the transverse plane
is dephased or “spoiled” using spoiler gradients, thus ensuring contribution
of only the longitudinal magnetization to the net magnetization M at the
time of the next excitation pulse (40). Conversely, SE sequences use a slice
selective 90° pulse for excitation, followed by a 180° pulse at t = TE/2. The
180° pulse serves to reverse or refocus the transverse magnetization. This
produces an echo at t = TE. During SE acquisition, the phase encoding
gradient is applied following the 90° pulse, and the frequency encoding, or
read out-, gradient is applied centered around the echo at t = TE (40). The
TE in these examples is the echo time, and is measured from the center of

the excitation pulse to the center of the echo. As multiple excitation-refocus-
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echo steps are needed to build up an entire image, the sequence is looped
several times, depending on the desired resolution. The repetition time is

defined as the time from the start of one loop of the sequence to the next.

1.3.1 Rapid acquisition with relaxation-enhancement imaging

Rapid acquisition with relaxation-enhancement imaging (41) is a fast spin
echo imaging sequence in which multiple spin echoes are generated by
employing multiple 180° refocusing pulses (Fig. 1.2). Each refocused echo

is acquired after having experienced a different phase-encoding value.

TE 2
> JTE3

»E4

Figure 1.2: RARE pulse sequence: A four-segment (RARE factor of 4) version is

shown. Each cycle has four phase encoding steps, the sequence will be looped
until the desired number of phase encoding steps is reached. As this sequence
acquires four times the data per loop as a standard SE sequence, the scan time
is roughly 25% shorter than for an equivalent SE sequence. The effective TE is
the TE time during which the G, = 0 lines of data are acquired (4).
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Because refocusing of the transverse magnetization is inherent in the
sequence, it is less vulnerable to susceptibility-induced dephasing than
gradient echo sequences, but it is substantially faster to apply than a spin-

echo sequence with a single-phase encoding step per repetition time.

The primary contrast is 7>-based, although this can be mixed with 7 and
perfusion effects by combining it with the inversion recovery sequence (IR-
RARE). The contrast in the final image can be modified depending on the
choice of TE and TR. Choosing a long TR, and a relatively long TE, for
example, will yield a 7,-weighted image, where elements with long 7, will
appear bright, and elements with a short 7, will appear dark. A practical
implementation of RARE imaging in visualizing in vivo zebrafish is

demonstrated in chapter 2 and 4.

1.3.2 Transverse relaxation mapping

Intrinsic MR parameters, such as transverse (7,) relaxation times are
sensitive to changes in the biophysical environment of water, and are
thought to be affected during impared cell physiology. Disease mechanisms
influence the composition of tissue, and can have an effect on the tissue
specific relaxation rates. Thus 7, mapping can be used to diagnose or
predict disease. For example, 7> mapping can be used to delineate the
disease volume. The regional distribution of 7, values within a tumor is a
measure of the tissue heterogeneity within the tumor volume (42). In
addition, the large differences in 7, relaxation times between normal and
diseased tissue can be used in a computer algorithm to automatically

demarcate the boundary of abnormal tissue.
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Since the polarization present in the xy-plane depends on 75, while different
T»-weighting factors are obtained by modifying the TE value of a spin echo
technique, it is possible to calculate the value of 7, from a series of SE
images with different echo times. As the signal intensity in these images is
related to the magnetization in the xy plane, 7, can be calculated by

substituting the measured signal intensity for M,,(f), according to

t

I
M, (=M, e (1.6)

where 7 equals the experimental TE mentioned above.

This can be calculated for the individual voxels of the sample, thus creating
a T, map, or for specific regions of interest, by averaging the signal
intensities for the pixels located within the ROI, and calculating the average
T, for that region. Since an SE technique is used here, the signal is rephased
before detection, which causes the effects of field inhomogeneities and
susceptibilities to cancel. Hence, the calculated 75 is the “true” 7, and not
T,". In chapter 4, T, mapping was used to monitor the heterogeneity of the

tumors in zebrafish.

1.4 Magnetic Resonance Spectroscopy

In vivo magnetic resonance spectroscopy (MRS) is a unique method
providing quantitative biochemical information from the selected volume of
interest (VOI) inside the body non-invasively. It provides vital biological
information at the molecular level. Combined with magnetic resonance

imaging (MRI), an integrated MRI/MRS examination provides anatomical
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structure, pathological function, and biochemical information about a living
system. MRS provides a link between the biochemical alterations and the
pathophysiology of disease. MRS has been widely applied in human and

animal studies examining a variety of tissues (43-47).

The fundamental basis of MRS is governed by the same principles of
nuclear magnetic resonance (NMR) (48, 49). MRS requires a magnetic field
and a radio frequency (RF) transmit pulse at a particular resonant frequency
to observe the signal of a specific nucleus (e.g., 'H, *'P, °C etc.) in the
region of interest. The product of MRS is a ‘‘spectrum’’ with a frequency
axis in parts per million (ppm) and a signal amplitude axis (50-54). The
signal amplitude measures a particular metabolite concentration. Specific
nuclei (e.g., 'H) from the metabolite, depending on their characteristic
signature, give rise to either a single peak or multiple peaks that are
uniquely shifted along the frequency axis, depending on their chemical
environment. The shift dispersion increases with magnetic field strength. /n
vivo '"HMRS and *'P-MRS are the most widely used applications of MRS,
but other nuclei that are used for MRS studies include *C, N, "F, and
»Na.

A wide variety of spatial localization techniques are in use to localize the
spectroscopic measurement in a specific volume of interest, or voxel. These
methods rely on the spatial selection of slices by the application of
frequency-selective RF pulses in the presence of a magnetic field gradient.
Some of them require several acquisitions to achieve complete localization,
whereas others can achieve localization in a single experiment (39). Among
the most popular methods is point resolved spectroscopy (55, 56). The

PRESS sequence is a double spin-echo sequence. Three slice-selective
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pulses (90°, 180°, 180°) along three orthogonal axes define three orthogonal
slices, and make it possible to localize the signal in the voxel formed by the
intersection of the three slices. Outer volume suppression schemes excite
narrow slices positioned around the volume of interest to selectively remove
unwanted signals from outside the voxel. Following slice selective
excitation, the transverse magnetization in these slices is dephased by a
subsequent magnetic field crusher gradient. OVS is most commonly
employed to remove lipid signals from the spectrum (39). As water is the
most abundant compound in tissue, the NMR proton spectrum of almost all
tissue is dominated by a resonance at ~4.7 ppm that originates from water
protons. While metabolite detection is possible without water suppression,
the water peak does lead to baseline distortions and spurious signals due to
vibration-induced signal modulation, which makes the detection of
metabolites unreliable (39). Suppression of the water signal eliminates these
problems, leading to a reliable and consistent detection of metabolite
spectra. Water signals can be eliminated by utilizing differences in
relaxation parameters. One such method, VAPOR, combines 7)-based water
suppression and optimized frequency-selective perturbations to provide
excellent water suppression with a large insensitivity towards 7 and B
inhomogeneity (39, 57). The combination of OVS and water suppression
improves localization performance and reduces the demand for spoiler
gradients (57). The PRESS sequence in combination with water and outer
volume suppression schemes has been optimized for zebrafish brain in

chapter 3.
MRS techniques have been developed and applied extensively in brain

research (58). The brain has multiple levels of compartmentation ranging

from the type of cellular compartment (neuron versus astrocyte) to the type
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of tissue compartment (the gray matter vs. the white matter). These
compartments are highly integrated and work together to attain various brain
functions. MRS is useful in understanding the neurochemical changes in the
brain due to different physiological processes. Many MRS applications have
been reported exclusively in the brain due to the lack of motion artifacts in
the brain. In addition, the brain is more or less spherical; hence, it is easier
to adjust to a high degree of homogeneity of the magnetic field by shimming
for MRS studies. However, there are susceptibility differences in the brain
between the intracellular and extracellular space. The problems with
sensitivity and susceptibility differences can become more serious when

considering small zebrafish brain.

1.5 MRI/MRS at ultra-high magnetic field

Magnetic field strengths for in vivo MRI and MRS have seen a steady
increase, and are currently up to 9.4 T for humans and 17.6 T for animals.
This drive has largely been fueled by the greatly improved contrast-to-noise
(CNR) ratio of functional MRI (fMRI) techniques, as well as the linear
increase in signal-to-noise (SNR) ratio and spectral resolution with

increasing field strength (59).

Since 7 and T, relaxation parameters play an important role in the actual
SNR and resolution, they should be critically considered while imaging at
high-magnetic field. In general, 7} relaxation times increase with increasing
field strength, while the absolute differences between tissue 7;’s become
somewhat smaller. Therefore, overall the 7 contrast will decrease at higher
magnetic fields. However, since the SNR is improved at higher magnetic

fields, the CNR is typically higher. It has been demosnstrated in earlier
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studies that even at 9.4 T and 11.7 T high-quality 7;-weighted images can
be obtained from rat brain (59), in close analogy to high-quality 7;-weighted
human brain images reported at 7 T (60). Thus 7;-weighting remains a
valuable image contrast mechanism even at very high magnetic fields.
Water 7> relaxation times decrease dramatically in high magnetic field. The
relative differences in tissue 7>’s remain the same or actually increase with
increasing field strength. Therefore, while it may be more difficult to attain
the shorter TE’s required, 7, weighting is a viable high-field image contrast
mechanism, as shown by the excellent 7> contrast obtained at 9.4 T in
previous studies (61). For NMR spectroscopy a higher magnetic field
strength is always desirable. The spectral resolution and the quantification
accuracy of metabolites, especially those with strongly coupled spins and
those present in low concentration, will continue to improve in moving
toward increasingly high magnetic fields. Therefore, both the information
content and the quantification accuracy of metabolites will improve at

higher magnetic fields.

Thus, the use of high magnetic fields will be highly beneficial for MR
imaging as well as MR spectroscopy of zebrafish. This can be achieved by
using high (9.4T) and ultra-high magnetic fields (17.6T) in combination
with strong magnetic field gradients and the use of small, high-sensitivity

RF coils to achieve the necessary sensitivity.

1.6 Scope of the thesis

The necessity to study an adult zebrafish non-invasively and the recent
developments in the field of MR microimaging and spectroscopy has

brought us to use MR microimaging and spectroscopy as analysis tools to
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visualize anatomical and molecular details of live adult zebrafish. Although
a large pool of genome wide studies in zebrafish at early embryonic stages
is available, in vivo studies in adult zebrafish are missing. Non-invasive
studies of adult zebrafish performed in this thesis provide a means to bridge
the gap between genetic studies at early embryonic stages and the structural
and functional investigations at the adult stages. The specific aim of this
thesis is to implement and optimize high resolution MR microimaging
methods to obtain in vivo anatomical information from adult zebrafish.
These methods were then successfully applied to investigate the presence of
internal tumors in transgenic zebrafish. In addition, in vivo MR
spectroscopy has been applied to detect metabolites in adult zebrafish brain

for the first time.

In chapter 2, high-field pMRI methods have been optimized and
successfully implemented to visualize anatomical details of adult zebrafish
in vivo. Described in chapter 3 is the implementation and optimization of a
localized 1D MR spectroscopic sequence, at 9.4T. Using this sequence,
highly resolved 1D MR spectra were obtained, for the first time, from the
adult zebrafish brain in vivo. In chapter 4, uMRI was applied to track
spontaneous melanomas in stable transgenic zebrafish model expressing a
RAS oncoprotein and lacking P53. The heterogeneity of the tumor has been
probed by measuring 75 relaxation times in different regions of the tumors.
Chapter 5 provides a general discussion to the work presented in this thesis,

and presents some future prospects.
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