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1 General introduction”

1.1 Alzheimer’s disease

Alzheimer’s disease is the most common neurodegenerative disease, the exact cause of
which is still unknown. AD increases in incidence exponentially with age and is therefore
poised to become a leading health problem as the population ages. The disease is
characterized by a disruption of the neuronal function, progressive memory loss and

gradual cognitive, functional and behavioral deterioration (1,2).

The two most prominent pathological
features of AD are the extracellular senile

plaques, and intracellular neurofibrillary

tangles (Fig. 1.1) (1). Senile plaques consist
of aggregated amyloid B protein, and are s
located mainly in the hippocampus, cerebral
cortex and other areas of the brain essential
for cognitive function. Neurofibrillary tangles
consist of the hyperphosphorylated form of

the microtubule associated protein tau. As the
Amyloid

® e

‘ ] Fig. 1.1. Pathology of AD. Senile plaques
structures in the neurons (Fig. 1.1). Other  snar consist of A are located extracellularly,

tau starts to form neurofibrillary tangles, it

loses its cytoskeleton stabilizing function,

leading to a collapse of the supporting

while neurofibrillary tangles consisting of

] ] o hyperphosphorylated — tau  are  located
neuronal cell loss, microglial activation, gross  jusacellulary in AD brain.

pathological features of the disease include

cerebral atrophy and synapse loss. Synaptic
alterations and loss are considered by some investigators to be the most likely cause of

the observed clinical symptoms (2).

The core of senile plaques consists mainly of aggregated amyloidogenic peptide AP, a
highly hydrophobic peptide that spontaneously aggregates in vitro (3). The amyloid
protein is a 39- to 43-amino acid protein derived from the amyloid protein precursor
through proteolytic cleavage by B- and y-secretases (4,5). Soluble AP is a product of

normal cell metabolism, and found in various body fluids including blood and

*Parts of this chapter were submitted to Curr Alzheimer Res



Chapter 1

cerebrospinal fluid. Recent studies have shown that in AD brain, AP protein with 42
amino acid residues (APi.42) is deposited first and is the predominant form in senile
plaques, while AP protein with 40 amino acid residues (Ai.40) is deposited later in the
disease and is prominent in vascular amyloid deposits (6). During aggregation, single
monomeric AP peptides bind together to form oligomeric strings that assemble into
fibrillar sheets. Multiple fibrils bind to form the backbone of the amyloid plaque, trapping
other macromolecules along the way. There is recent consensus that the disordered
metabolism of AP is central to the pathological cascade that ultimately leads to clinical
AD, although the presence of AP plaques does not correlate well with neuronal loss and
the onset, progress, or severity of dementia (7,8). The wide variety of mouse models of
AD currently available (see section 1.2) has helped validate the assumed close
relationship between AP accumulation and the formation of neurofibrillary pathology and
neurodegeneration (4). Fig. 1.2 shows a recently proposed scheme of the interaction

between AP and microtubule associated protein tau in AD pathogenesis (4).

MAPT
mutations

Aggregation and
hyperphosphorylation
events

Neurofibrillary '

tangles '

4
4

4&

Neuronal loss

Cognitive
phenotype

TRENDS in Genetics

Fig. 1.2. The interaction of Af and microtubule associated protein tau (MAPT) in AD pathogenesis. In
this scheme, accumulation of aggregated Ap oligomers accelerates the parallel process of the formation
of MAPT pathology. The toxic MAPT species then initiates neurodegeneration. Reprinted, with
permission, from McGowan et al. 2006 (4). © Elsevier Ltd.
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Introduction

In this scheme, AP monomers can form soluble oligomeric species that cause synaptic
dysfunction but do not lead directly to neuronal cell death (9). AP oligomers also
aggregate to form senile plaques, and these dense cored structures have been shown to
cause synaptic degeneration directly (10,11). In addition to a direct impact on synaptic
activity, soluble AP oligomers can target MAPT pathogenesis, causing an acceleration of
MAPT aggregation to form NFT with associated hyperphosphorylation (12). However,
the major MAPT toxic species is not NFT. Earlier stage aggregates or modified
monomers that appear to initially cause the reversible neuronal, or perhaps synaptic,
dysfunction. Increasing accumulation leads to neuronal loss and permanent effects on

cognitive phenotype (13).

The amyloid in senile plaques forms spherical cores that can range from 2 to ~200 wm,
and are typically 20-60 um in diameter (14). AP plaque formation precedes disease onset
by many years and is generally accepted as a biomarker for onset and progression of the
AD (7,15). Consequently, amyloid reduction in humans is now a major therapeutic
objective. The map of plaque deposition established from post-mortem tissue samples
indicates that amyloid is initially deposited in the basal temporal neocortex or entorhinal
cortex. Deposition is then extended through the hippocampal formation and, in the final
stage, to virtually all cortical areas, including the highly myelinated areas of the
neocortex (16,17). However, establishment of the true map of plaque deposition as the
disease progresses in living subjects is difficult due to lack of in vivo imaging methods

for visualizing the development of AP plaques in humans.

Currently there is no definitive diagnosis for AD, except by post-mortem observation of
senile plaques and neurofibrillary tangles and by eliminating other neurodegenerative
disorders. The ability to visualize plaques or neurofibrillary tangles with an in vivo
imaging technique coupled with clinical diagnosis would add a large degree of
confidence to the diagnosis of AD. Non-invasive rapid visualization of AP plaques and
identification of new early biomarkers of AD would not only facilitate intervention and
enhance treatment success but also contribute toward understanding the mechanism of

Alzheimer’s disease.

1.2 Alzheimer mouse models

The main link between AD and AP is based on genetic mutations which were discovered
in familial forms of AD and result in increased levels and deposition of AP. The three

known classes of mutations associated with early onset, or familial AD all directly affect

17



Chapter 1

amyloid metabolism and are: (a) mutations associated with the APP gene; (b) mutations
associated with presenilin 1; and (c¢) mutations associated with presenilin 2. Presenilins
are part of the y-secretase protein complex, an internal protease that cleaves within the
membrane-spanning domain of its substrate proteins, including APP (4). Transgenic
mouse models of AD have been created by inserting one or more of these human
mutations into the mouse genome (4,18,19). These transgenic mice display extensive
amyloid plaque formation, while plaques are not found in the corresponding wild-type
mice (15,20). Different strains of transgenic AD mice develop plaques at different rates
(15,20). However, despite the amyloid deposition observed in these models, none of them
develops widespread neuronal loss (21,22). Recently transgenic mice with MAPT
mutations have also been developed. These mice develop neurofibrillary tangles similar
to humans, coupled with neuronal losses in the affected brain regions (13,23,24). Several
groups have combined APP, PS1, PS2 and/or MAPT mutations to generate double or
triple transgenic mice. In these mice it was observed that AP deposition precedes
neurofibrillary tangle development by several months, and furthermore that
neurofibrillary tangle pathology was enhanced compared to MAPT-only transgenic mice
(12,25,26). These findings suggest that A accumulation can accelerate, if not initiate, the
formation of neurofibrillary tangle pathology (12,27,28). A brief overview of the most

commonly used transgenic mouse models of AD is given in Table 1.1.

Among the various commonly used mouse models, Tg2576 (19) is one of the most
widely used models. This model over-expresses a human APP cDNA transgene with the
K670M/N671L double mutation (APPgy. or Swedish mutation from the location of the
family where the gene was originally identified). Tg2576 mice develop plaques starting
at ~9 months of age and show memory deficits. The plaque distribution is primarily in the
cortex and hippocampus, and, at later ages, is quite pronounced in the cingulate cortex.

Tg2576 mice were used in the studies presented in chapters 3 and 5 of this thesis.

18
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Table 1.1: Overview of the most commonly used mouse models in AD research

Model Transgene

name (mutation) Cognitive deficits Age of onset: Pathology reference
Tg2576 APP Impaired reference and 9-11 months: A plaques, (19)
(APPgys) working memory, OR, CFC astrogliosis, microgliosis,
increased oxidative stress,
dystrophic neurites
APP23 APP Impaired: reference memory, 6 months: AP plaques, neuronal (29)
(APP;s5;) passive avoidance. Abnormal loss in CA1 region of
reflexes and stereotypic hippocampus
behavior, seizures
PS1y46vs PS1 No behavioral abnormalities ~ No abnormal pathology; elevated (30)
PS1yu461 (PS1i146v, PS1it1a61) AP42, altered mitochondrial
activity, disregulation of calcium
homoeostasis in PS1yj46v
PSAPP APP/PS1 Impaired reference and 6-9 months: (accelerated) AB (18,31)
(PS1y1461, APPsos  working memory deposition, gliosis, dystrophic
PS1-A246F, APPgys) neurites
JNPL3 Tau Not reported; Mice show NFTs in spinal cord, spinal cord (24)
(Taupsp;r) progressing motor atrophy, astrocytosis in spinal
impairment with age cord, brain stem, diencephalon
and telencephalon
Taupsgs Tau Not reported NFTs, severe paralysis of lower (23)
(Taupsg;s) limbs due to motor neuron loss
Tauyizm Tau Increased locomotor activity, NFTs and neuronal degradation in (32)
(Tauysz ) deficits in plus maze hippocampus
Tauggoew Tau Impaired associative memory Accumulation of insoluble tau, (33)
(Taugosm) in CFC, abnormality in PPI hyperphosphorylated tau
inclusions in forebrain
rTgd4510 Tau Spatial defects, cognitive Progressive age-related NFTs, (13,34)
(Taupszp;r) effects early. At 9.5 months neuronal loss and forebrain
exhibit decreased ambulation, atrophy
body weight, hunched
posture
Htau Tau Not reported NFTs and neuronal death (35)
(Human Tau)
TAPP APP/Tau Not reported AB plaques, NFTs, gliosis (12)
(APPgys, Taupsp;z)
3xTgAD APP/Tau/PS1 Age-progressing memory Age-dependent A plaques, (25,27)
(APPgsos, Taupsp;;,  impairment that followed by the development of
PS1y146v) NFTs. Age-dependent synaptic

dysfunction

Cognitive deficits: OR, object recognition; CFC, contextual fear conditioning; PPI, pre-pulse inhibition. Neuropathology: NFT,
neurofibrillary tangle; CAA, congophilic amyloid angiopathy.

1.3

Magnetic resonance techniques in studies of Alzheimer’s disease

Due to the importance of visualizing AD pathology in vivo to track disease progression

and evaluate possible therapeutic interventions, much effort has focused in recent years

on developing an imaging technique capable of accomplishing this. A major

breakthrough in the imaging of AD has been the development of amyloid imaging

tracers, such as the “Pittsburgh-B” compound, for positron emission tomography (36).
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Although these markers allow visualization of plaque burden with PET in living AD
patients (37), individual plaques with sizes ranging from 2-200 um (14), are beyond the
resolution of PET. Magnetic resonance imaging is an alternative imaging technique that
should theoretically be able to reach the resolution necessary to visualize individual
plaques, especially at high fields. An additional benefit of MRI is that it is a safer

technique than PET as it does not require the use of ionizing radiation.

Presently various MR techniques that measure the anatomic, biochemical,
microstructural, functional, and blood flow changes are being evaluated as possible
surrogate measures of AD progression. MR based volumetry is being explored to detect
anatomical changes and differentiate patients with AD from cognitive normal elderly
(38), however, the validity of these MR-based volumetry for AD diagnosis remains to be
established. Furthermore, volumetric imaging in transgenic mouse models of Alzheimer’s
disease is challenging due to the small size of the structures of interest in the brain and the
low contrast between these structures. Although manual segmentation is still considered
as the gold standard in morphometric studies, the variability in these findings is large
(39). Consequently, relatively few studies on volumetric imaging in mice have been
reported thus far. Efforts to image plaques using MRI are also underway. Over the last
few years, multiple research groups have attempted to image AP plaque-load using MR
microimaging (Table 1.2). For uMRI, strong magnetic field gradients and specialized
radio frequency coils are used to generate images with higher spatial resolution than with
normal MRI. Several studies involving UMRI of AP plaques ex vivo in human and ex vivo
and in vivo in different transgenic mouse models of AD have been carried out with or
without targeted contrast agents (Table 1.2). However, imaging of AP plaques in vivo still
lacks sufficient sensitivity and requires further improvement. Another strategy to detect
the presence of AP plaques in AD brain is to look for changes in MR relaxation rates
which might be associated with the presence of AB. For instance, the transverse relaxation
time of brain tissue might be modified due to the presence of iron in AP deposits (40).
Functional MRI methods are being tested in an attempt to differentiate between AD
patients and cognitively normal people. These methods measure differences in brain
activation, such as visual saccades, visual and motor responses, semantic processing,
angle discrimination, and memory (38). MR angiography is being investigated as a
method to detect blood flow voids in transgenic mouse models of AD (41). Arterial spin
labeling might aid in identifying blood flow reductions in AD patients relative to controls
(42). MR spectroscopy is another MR-based technique that allows detection of

biochemical changes in the brain and provides a noninvasive way to investigate in vivo
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neurochemical abnormalities. MRS is being explored for detection of the altered
neurochemical profile in AD brain (43). However, neurochemical changes that are
specific only to AD have not yet been identified by MRS. A brief account of the
development and future demands of MR imaging methods for AP plaque visualization,

MR relaxometry and MRS for assessment of AD pathology is given below.
1.3.1 MRI to visualize AP plaques

Nearly a century after the first observation of plaques in post-mortem brain tissue by
Alois Alzheimer in 1906, investigators are beginning to visualize AP plaques using MRI.
MRI can provide much better resolution than SPECT or PET and can theoretically
resolve individual plaques non-invasively. The first successful attempt to visualize
plaques in fixed human tissue was achieved by Benveniste et al. in 1999 (44) using 7,*-
weighted MRI at 7T with a spatial resolution in the range of 40x40x40 um3 (~6x107
mm’). Plaques emerged as black, spherical elements on 7>* images, which can be
attributed to the known presence of metals, particularly iron, in AP plaques (44). This
finding was not replicated in another study, which reported the observed hypointensities
to be vascular structures rather than AP plaques (45). Subsequently several types of
transgenic mouse models of AD have also been used to visualize plaques in fixed mouse
brain at different field strengths (4.7T, 7T, 9.4T). The scan times in these studies varied
from ~60 min up to 15h. The best resolution achieved was 46x72x72 um’ using a spin
echo sequence at 9.4T in 14h (46). Utilizing a fast spin echo sequence, plaque
visualization was possible in 10-11 hours with a resolution of 54x58x200 um3 47).
Gradient echo sequences have been utilized for the ex vivo imaging of plaques in mouse

brain that were stained with unspecific or target specific gadolinium based contrast agents
(48,49).

Visualization of either plaque-load, or preferably individual plaques, in living human AD
patients is an important goal of MRI studies in AD. However, current in vivo pMRI of
AP plaques has only been successfully implemented in mouse models of AD, as the
required field strengths are not yet widely available for human use. For the imaging of A}
in mice, two distinct methods have been implemented: (i) methods using plaque specific
gadolinium-, MION-, or '"F-based contrast agents (50,51), and (ii) methods relying on
the endogenous chemical properties of plaques to generate the desired contrast on MR
images (8,52-54). The first reported study of in vivo plaque visualization in transgenic
mice was by Wadghiri et al. in 2003 (51). This study was performed at 7T, using 7>
weighted SE and 7>* weighted GE sequences to obtain spatial resolutions of 59%59x500
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um and 59x59x250 um’, in scan times of 1-2 hrs. However, in this study the mice were
administered different contrast agents prior to imaging, requiring a relatively invasive
procedure. As a result longitudinal studies are generally not possible using this technique.
In subsequent studies, AP plaques have been visualized in live mouse brain, without the
need for an exogenous contrast agent (52,53). These studies were done at 9.4T with a
spatial resolution of 60x60x120 pum’ using a 7> weighted SE sequence. However,
imaging time was more than lh and cardio-respiratory triggering was necessary to
prevent motion artifacts (52,53). An overview of the described in vivo AP imaging
studies is given in table 1.2. Despite these developments, plaque visualization still
requires long measurement times, which makes it difficult to perform studies in human
patients, or with a large number of animals. In addition, longitudinal MR studies to
follow the development of plaques with age in the same animals have not been attempted

in the above studies.

Table 1.2: MR imaging of A} plaques in humans and mouse models of Alzheimer disease.

Reference Species  invivo/ Contrast MRI Field Image resolution Imaging
ex vivo agent method  Strength time
Benveniste et Human ex vivo - 3D T>* GE; 7T 5.9%10% mm? 2.7-21.8 hr (GE)
al. 1999 (44) 3D DW SE 4.6-18.2 hr (SE)
Dhenain et al. Human ex vivo - T* GE 11.7T 46.9X23.4X23 4 Hm3 16-18 hr
2002 (45) 3
23.4X23.4X23.4 um
Poduslo et al. Mice: exvivo PUT-Gd- AR Not specified 7T 62.5%62.5%62.5 pm’ ~14 hr (T\W)
2002 (49) APP/PS1 ~15 hr (T,W)
Wadghiri et Mice: in vivo; AB-Gd; 2D/3D T, SE; 7T 59X59%X500 pm’ 120 min (7, SE)
al. 2003 (51) APP, APP/PS1 exvivo  AB-MION 2D T, SE; 50X 3 59 min (7,*GE)
2D Ty* GE 59X59X250 pm
Zhang et al. Mice: ex vivo - T, SE 94T  46x72X72 Hm3 14 hr
2004 (46) APP, APP/PS1
Lee et al. Mice: ex vivo - T, FSE 7T 54X58%X200 um3 65-80 min
2004 (47) PS1, APP/PS1
Jack et al. Mice: in vivo; - T, SE; 94T  60X60%X120 pm’ 67 min (SE)
2004 (52) APP/PS1 ex vivo T,* GE 87 min (GE)
Jack et al. Mice: in vivo, - T, SE 94T 60X60X120 Hm3 100 min
2005 (53) APP/PS1 ex vivo

(30%X30%X60 pum’)
V]agl(l)(())l;ttzit Al\élfi’ce: in vivo - 3D I,* GE 7T 78X 156X234 llm3 68 min
al. 2005 (34) Vi (78X78X58 um®)

Higuchi et al. Mice: invivo  F-FSB 2D FSE; 94T 156X156X500 um® 42 min
2005 (50) Tg2576 3D FSE;

T\ GE
Dhenain et al. Mice: ex vivo - 3D 7,* GE 47T 63X47X%59 pm’ 7-9 hr
2006 (48) APP/PS1

2D/3D, 2- or 3-dimensional; T,/T»/T»*, applied weighting in MR imaging experiments; DW, diffusion-weighted; '°F,
imaging of Fluorine-19 labeled contrast agent; GE, Gradient Echo; SE, Spin Echo; FSE, Fast Spin Echo.
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1.3.2 MR relaxometry for the assessment of AD pathology

In addition to anatomical or pathological features, several intrinsic MR parameters can be
studied to determine the effect of disease progression. In relaxometric approaches, the T;
(longitudinal, or spin-lattice) and 7, (transverse, or spin-spin) relaxation rates can be
studied to facilitate the quantification of disease processes. T; specifies the rate at which
the net magnetization returns to its equilibrium state along the axis of the magnet bore,
while 75 specifies the rate at which the net magnetization in the transverse plane returns
to zero after RF excitation. Alternate relaxation parameters are 7>* and 7'wo; Unlike 7>,
T>* is influenced by magnetic field gradient inhomogeneities and is always shorter than
the 7, relaxation time. The spin lattice relaxation time constant in the rotating frame,
T, determines the decay of the transverse magnetization in the presence of a “spin-
lock” RF field (55).

Since both the 75 and T relaxation times are sensitive to changes in the biophysical water
environment it has been hypothesized that the presence of increased deposition of AP in
the brain affects these parameters (40). As such they might be used as independent
markers for changes occurring in tissue, averaged over an ROI. Based on the findings
reported thus far, 75 relaxation appears to be more sensitive to pathophysiology than T
relaxation. Several groups have studied the effects of AD progression on the transverse
relaxation rate 75. There is converging evidence that the 7, values of affected brain tissue
are lower than in controls, and decrease as AD progresses (40,56,57). It has been
proposed that a decrease of 7, values provides evidence of early involvement of regional
pathophysiological changes in the absence of neuronal cell loss in mouse brains
exhibiting amyloid plaque neuropathology. The explicit influence of plaques on 75
reduction is not yet clear. It has been proposed that the presence of iron in the plaques
and/or cell shrinkage may be associated with decreased 7, relaxation in plaque affected
areas. Very recently, El Tannir El Tayara et al. have shown that 7, relaxation can be
affected by plaque deposition, without histochemically detectable iron (57). Furthermore,
it has been proposed that a reduced cerebral blood flow resulting from amyloid deposition
on vessel walls could contribute to the reduction in 75 (40,56). A decrease of both 7>* and
Timo values in plaque affected areas has been reported as well (54,55). An overview of
recent relaxometry research in AD mouse models is presented in table 1.3. In most of
these studies relaxation time and progressive AP deposition has been studied either at one
time point or at various time points in different mice belonging to different age groups. A
proper longitudinal MR study which follows both the development of AP plaques and

changes in 73 relaxation times with age in the same animals is lacking.
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Table 1.3: Relaxometry measurements in AD mouse models

Relaxometric AD mouse

Reference Parameter model Remarks

Helpern et al. T, T, APP/PS1; PS1 T, lower in APP/PS1 and PS1 mice than in controls.
2004 (40) No significant changes in T; detected.

Falangola ef al. T, APP/PS1; PS1 T, decreased in APP/PS1 mice compared to controls
2005 (58)

Vanhoutte ef al. T,* APPy7 71 T,* decreased in APPy;;7; mice compared to controls
2005 (54)

Borthakur et al. Titho APP/PS1 T decreased after 12 months of age in APP/PS1
2006 (55) mice

El Tannir El Tayara et al. T, APP/PS1; PS1 T, decreased in amyloid loaded areas in APP/PS1
2007 (57) mice.

Falangola et al. T, APP/PS1; APP; Significant decrease in 7, in APP and APP/PS1 mice.
2007 (56) PS1 A longitudinal study*.

*several mice at each time point were measured longitudinally for 7, measurements. However, as the experiment progressed, several
of the mice that the experiment was started with were no longer included. To maintain a fixed number of animals, those that died

between measurements were replaced with fresh ones.

1.3.3 MR spectroscopy of Alzheimer’s disease

MRS is a noninvasive tool that can be used to measure the chemical composition of
tissues in vivo and characterize functional metabolic processes in different parts of the
body. In brain, MRS can provide a wealth of information on various facets of in vivo
neurochemistry, including neuronal health, gliosis, osmoregulation, energy metabolism,
neuronal-glial cycling, and molecular synthesis rates. A number of different nuclei can be
observed using MR, and those that are most commonly seen in brain disorders - in
decreasing order of number of studies - are IH, 31P, 13C, PR , 15N, 23Na, and "Li, with the
first three accounting for approximately 99% of all studies. Of these, 'H MRS is the most
commonly applied in brain research, due to its higher sensitivity. At lower field strengths
(1.5T and 3T), the number of metabolites that can be reliably quantified is relatively low.
Metabolites that can be quantified include lactate, N-acetylaspartate, glutamate plus
glutamine, creatine/phosphocreatine, choline-containing compounds, myo-inositol, and,
in the rodent brain, taurine. Generally, little taurine is observed in primate brain, while in
rodent brain taurine concentrations are quite high at ~5 mM. As with MRI, the current
movement towards higher field strengths offers important advantages for MRS, because
of the increase in signal-to-noise ratio coupled with the increase in spectral dispersion.
This leads to easier identification of the many overlapping resonances. At much higher
field strengths, such as 7T in humans and 9.4T in animals, it is possible to quantify an

increased number of metabolites (59,60).
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Both 'H and *'P NMR have been applied in the study of AD in humans. A decrease of
NAA in AD has been reported in at least 18 studies, including in vitro studies showing a
correlation with AD pathology (61,62). In addition to the decrease in NAA, numerous
studies have shown an increase in myo-inositol in AD (63,64). The pathological
significance of this increase in myo-inositol is not yet clear. It is possible that the increase
is due to gliosis or osmoregulatory problems, and it has been inferred that it may be
related to changes in osmoregulation (43). °'P MRS studies of AD have shown
abnormalities in the levels of membrane phospholipids and high energy metabolites that

may depend on the severity of the illness (65).

In transgenic mouse models of AD, '"H MRS has been applied in four different studies. In
the first study Dedeoglu et al. studied Tg2576 mice using both in vivo MRS at 4.7T and
in vitro MRS at 11.7T (66). The data revealed decreased NAA and Glu, and increased
taurine levels compared with the wild-type controls. In addition, they were able to detect
a decrease in GSH from spectra in vitro. A second MRS study examined another model
of AD: the APP/PS2 model. APP/PS2 mice showed a similar age-dependent decrease in
NAA and Glu. A correlation with the plaque burden in 24-month-old animals was found,
with little spectroscopic abnormalities before 16 months of age (67). The third MRS
study examined the age-dependent spectroscopic changes noted in yet another mouse
model of AD, the so-called APP/PS1 model. APP/PS1 mice start to develop plaques at an
earlier age than the single transgene APP mice. In the APP/PS1 model, there was an age-
dependent increase in myo-inositol and decreases in NAA and Glu were detected. The
changes in myo-inositol were only significant after about 400 days of age (68). The
observation of increased myo-inositol in APP/PS1 mice was very different from those
made in the previous studies using APP and APP/PS2 mice. APP mice showed an
increase in tau rather than myo-inositol and changes in neither myo-inositol nor taurine
were reported in APP/PS2 mice. However, the increase in myo-inositol is consistent with
observations in human AD studies. Marjanska et al. proposed that the ratio of NAA and
myo-inositol might be a sensitive spectroscopic marker for following AD in human
disease as well as in mouse models such as the APP/PS1 (68). However, if NAA and
myo-inositol represent two different pathological mechanisms coupled to cellular
processes in different cellular compartments, they can have independent temporal profiles
as the disease progresses, and the ratio may mask this. For instance, in the study of
APP/PS1 mice (68), NAA appears to decline fairly linearly with age, while the myo-
inositol does not show an increase until after 400 days of age. This may reflect different

roles and cellular compartments of NAA and myo-inositol, the former being primarily
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neuronal and the latter glial (68). The fourth study examined 3xTgAD mice, and it was
found that at 6 months of age NAA was already declining, while changes in other

metabolite levels were not reported (43).

Although a decrease in NAA and an increase in either myo-inositol or taurine has been
consistently observed in AD, these changes are not specific to only AD, since they have
been shown to occur in other neurodegenerative diseases such as Huntington’s disease,
Parkinson’s disease as well as in other brain disorders (43,69,70). Therefore, specific in
vivo MRS markers of AD are still missing. While transgenic mouse models of AD might
be instrumental in discovering new in vivo biomarkers of AD, the use of localized in vivo
1D MRS in mice is often hampered by low sensitivity of local measurements due to both
the small size of the brain resulting in limited signal-to-noise ratio and low concentrations
of several brain metabolites. Important neurotransmitters and other metabolites cannot be
reliably distinguished due to overlapping or merging of their respective peaks in 1D
MRS, although the recent development of high field magnets suitable for in vivo
investigations in small animals has partly overcome this limitation. However, even with
high-field magnets, the spectral dispersion in the proton spectra is limited, since most of
the metabolites appear in a narrow spectral range of 5 ppm. Due to local field
inhomogeneities in the small mouse brain, signals are broad (10-20 Hz), which results in
a considerable overlap of resonances of numerous metabolites, especially those from
coupled spin systems (71). Thus, ambiguity in assignment in 1D MRS is unavoidable for
localized in vivo studies, especially in mouse brain. While 1D spectra at high magnetic
field can yield accurate quantification of the known metabolites using analysis software
such as LCmodel, which uses a linear combination of model spectra from a predefined
basis set to simulate the measured spectra (72), unexpected metabolites are easily

overlooked.

Spectral editing MRS sequences offer the possibility to resolve specific metabolites from
overlapping regions in the spectra, thus facilitating their unambiguous resonance
assignment and characterization in vivo. However, this requires pre-selection of
metabolites of interest and only a single selected metabolite can be detected per
measurement. A correct assignment of metabolite resonances in vivo is essential for their
quantification under normal and various pathophysiological conditions and for

identifying potential biomarkers of various brain disorders, including AD.
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Compared to localized 1D MRS, localized 2D '"H MRS overcomes the problem of
spectral overlap considerably, as the resonances are dispersed over a two-dimensional
surface, allowing the separation and unambiguous assignment of resonances of several
metabolites in a single measurement. Recently several 2D MRS sequences have been
proposed and implemented for studying brain metabolism in human subjects, using
clinical MRI scanners (71,73,74). The techniques based on localized variations of the
COSY sequence appear most promising with regards to identifying metabolites that are
unresolved in 1D MRS sequences due to spectral crowding. With regards to 2D MRS in
small animal models, there have been a few reports of localized 2D MRS performed on
rat brains (75,76), but thus far 2D MRS studies in the brains of mice have not yet been
reported.

1.4 Thesis scope

The rapidly expanding range of MR techniques for imaging neuropathologies and non-
invasively assessing neurochemistry in vivo, in parallel with the rapid development of
transgenic mouse models, offers great potential for the discovery of novel biomarkers of
disease progression. Presently no definitive in vivo biomarker of AD is available, which
impedes both clinical diagnosis in humans and drug discovery in transgenic animal
models. Non-invasive rapid visualization of AP plaque pathology and identification of
new in vivo early biomarkers of AD using the various MR based techniques in transgenic
mouse models of AD would not only facilitate intervention and enhance treatment
success but would also contribute to understanding the mechanism of Alzheimer’s
disease. The in vivo uMRI approaches used for AP plaque visualization thus far need
further improvements in resolution and reduction in scan times. Furthermore, longitudinal
MR studies which follow plaque development are required, to study plaque biology and
its effects in the same animals as they age. In addition, longitudinal MR studies may
prove beneficial for assessing the efficacy of amyloid reduction therapies currently under

intense development by major pharmaceutical companies.

In addition to the use of AP plaque imaging, some of the intrinsic MR parameters such as
T, relaxation times, which are sensitive to changes in the biophysical environment of
water in tissues, may be applied as a sensitive marker for detecting early changes in
Alzheimer’s brain. These changes can be followed with time in longitudinal studies to
identify correlations between plaque development and 75 relaxation times. Another
possibility for identifying potential early biomarkers of AD is the application of in vivo

localized magnetic resonance spectroscopy to study neurochemical changes resulting
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from the disease. As described in the previous section, a major concern with one-
dimensional MRS is that there is strong signal overlap which can make identification and
precise quantification difficult, in particular for metabolites with coupled spin systems.
Better signal dispersion, easier assignment and more accurate quantification can be
achieved by the combination of: a) high magnetic field, since the dispersion of chemical
shifts increases with magnetic field strength and b) localized 2D MR techniques, since
the added dimension in a localized 2D MR spectrum yields an improved spectral
resolution compared to conventional 1D MR spectra. In addition to unambiguous
assignment opportunities of the various known neurometabolites in vivo, 2D MRS has
great potential for resolving the resonances of brain metabolites at low concentration that
are hidden by overlapping signals. This may be extremely beneficial in future studies,
and significantly aid in detecting new biomarkers of the various neurodegenerative
diseases, including AD. However, as previously mentioned, 2D MRS has thus far not
been applied in studies using mouse models of disease. The specific aim of this thesis is
to implement and optimize high resolution MR imaging methods to follow longitudinally
the AD pathology in transgenic mouse models of AD, to optimize localized 2D MRS
methods for the mouse brain, and to map the neurochemical composition of the brain of

AD transgenic mice using high resolution 2D MRS.

Chapter 2 of this thesis presents the basic theoretical background behind MRI and
1D/2D MRS techniques. In chapter 3, high-field uMRI methods have been optimized
and successfully implemented to visualize AP plaques in the Tg2576 transgenic mouse
model of AD, and to follow AP plaque development in the same transgenic mice with
age. Additionally, the 7, relaxation times were studied as the mice aged, to study how
AD progression and AP plaque deposition influence the MR relaxometric properties of
brain tissue. Described in chapter 4 is the implementation and optimization of a localized
2D MR spectroscopic sequence, L-COSY, at 9.4T. Using this sequence, highly resolved
2D MR spectra were obtained, for the first time, from localized regions in the mouse
brain in vivo. In chapter S, two-dimensional MRS is applied to study the age-dependent
metabolic changes in the brain of Tg2576 mice and correlate these changes with the
severity of plaque deposition as observed by UMRI. Chapter 6 provides a general

discussion to the work presented in this thesis, and presents some future prospects.
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2 Theoretical background: MRI and MRS

Without a basic knowledge of MRI physics, basic imaging phenomena, including the
source of image contrast, relaxometry and 2D spectroscopy, would be very difficult to
explain. This chapter gives a brief introduction of MR physics with emphasis on fast spin

echo imaging, transverse relaxation mapping and 2D correlated spectroscopy.

MR is based upon the interaction between an applied magnetic field and a nucleus with a
nuclear magnetic moment or “spin” (1-3). Several nuclei, including IH, 31P, 13C, ISN, and
F have nuclear magnetic moments corresponding with spin ¥ and are most suitable for
detection by magnetic resonance (2-4). Protons are the most abundant spin ’2 nuclei in
living organisms and they have the best NMR sensitivity (2-4). 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 orientation yields a net nuclear magnetization and a net

magnetization vector M. parallel to By (Fig. 2.1a).

When tilted away from the magnetic field, the spins precess about the axis of By
(commonly taken as the z-axis) at a frequency proportional to the magnitude of the

external field, according to
w B
Vo= 0/2n:y /2 2.1)

with vy the Larmor frequency in MHz, and y the gyromagnetic ratio. For protons y/2n =
42.576 MHz Tesla’. When a second, time-dependent magnetic field (B)) is applied
perpendicular to By, by using an RF pulse at the Larmor frequency, the magnetization
vector M, will rotate away from the z-axis towards the xy-plane. The angle of rotation (a),

or flip angle, of M. around B; is defined as
_VBiT
a=""1"Y ", (2.2)

with t the time during which the RF pulse field B is switched on.
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Figure 2.1: MR basics. (a) Protons ('"H) possess a magnetic moment, or “spin”. When placed in an
external field B, the majority of these spins align parallel to B, (along the z-axis), resulting in a
magnetization vector M. (b) Application of a 90° RF pulse flips M, into the xy-plane (perpendicular to By),
resulting in magnetization vector M,, and phase coherence between spins. (c) M. will return to its original
distribution along the z-axis through T, relaxation (eq. 2.3). (d) Loss of phase coherence, and thereby loss

of magnetization in the xy-plane, is determined by T, relaxation (eq. 2.4).

After application of a 90° pulse the magnetization vector will be in the xy-plane, and the
spins will be in phase coherence; M. will be zero and M,, will be at a maximum (Fig.
2.1b). This process is commonly referred to as pulse excitation. 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 7; relaxation, spin-lattice relaxation or longitudinal relaxation

(Fig. 2.1c) and is described as:

M.()=M, (1-6' TLI) (2.3)

During this 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 75

relaxation, or spin-spin relaxation.
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T, decay

-t Figure 2.2: Free induction decay; after a single
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over time under influence of the transverse

relaxation.

In this process, nuclei exchange energy with each other and the spins lose phase
coherence. 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 75 (Fig. 2.1d) and the 75

process is described as:

+
M, ()=M,, e . (2.4)
In reality the signal will decay at a faster rate than 7, due to field inhomogeneities and
magnetic susceptibility differences. This shorter relaxation rate is known as 75 , and can

be determined according to

L (2.5)

1
T, Tn Toam Towms

1
—*:

Here T,y is the dephasing due to inhomogeneity of the applied field, and Thvs is the
dephasing due to magnetic susceptibility differences (4).

An RF coil placed in 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 phase of the signal. The decaying sinusoidal signal detected in
the transverse plane (Fig. 2.2) 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.

2.1 Magnetic Resonance Imaging

In the above model where nuclei are placed in a homogeneous magnetic field, and an RF
excitation pulse is followed by relaxation of the nuclei, the entire sample would only give

a single signal. In other words, in the above highly simplified system, the NMR signal
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cannot be spatially resolved. In order to assign spatial information to smaller volume
units, commonly denoted as voxels, an additional step is required. From the basic
equation in the previous section, it is clear that the resonance frequencies of spins depend
on the magnetic field strength in which they reside. 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 is parallel to By and its strength varies with position relative 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:

B()=By+rG (2.6)
o (r)=yB(r)=yBy+yrG (2.7)

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 as G (2,4). Spins in different volume units within
the field gradient experience a different magnetic field. Each “sub-field” is associated
with a different Larmor frequency. The initial localization step is most commonly in the
selection of the desired cross-section or “slice”. This is achieved by applying a gradient
along the z-axis in combination with an excitation pulse. 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, the 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- (G,) 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 be created by combining slice selection, phase encoding and

frequency encoding. In two-dimensional experiments, all three of the above components
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are used in an orthogonal manner. In true 3D imaging experiments, two phase encoding

directions and one frequency encoding direction are used.

Among the most important and widely used pulse sequences for MRI are the spin echo
sequence and the gradient echo sequence. GE sequences use a slice selective pulse of 90°
or less, and subsequently employ the gradient coils for producing an echo. 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 (4). Conversely, SE
sequences use a slice selective 90° pulse for excitation, followed by a 180° pulse at ¢ =
TE/2. The 180° pulse serves to reverse or refocus the spins. This produces an echo at ¢ =
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 (4). 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-
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.

2.1.1 Rapid acquisition with relaxation-enhancement imaging

Rapid acquisition with relaxation-enhancement imaging (5) is a fast spin echo imaging
sequence in which multiple spin echoes are generated by employing multiple 180°
refocusing pulses (Fig. 2.3). Each refocused echo is acquired after having experienced a
different phase-encoding value. 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 T>-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 Alzheimer’s AP plaques is

demonstrated in chapter 3.
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Figure 2.3: 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).

2.1.2 Transverse relaxation mapping

The relaxation times (7> and 77) mentioned in the introductory section of this chapter
may vary depending on tissue type, protein molecular structure, water content or presence
of metal ions such as iron or manganese. As mentioned in chapter 1, disease mechanisms
influence the composition of tissue, and can have an effect on the tissue specific
relaxation rates. As AD pathology is predominantly visualized in MR research using 7>-
weighted methods, 7, mapping has been proposed as a tool to diagnose and/or predict

AD (see chapter one).

Considering that the amount of magnetization present in the xy-plane depends on 75, and
that by modifying the TE value of a spin echo technique different 7>-weighting factors
are obtained, 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,,(), according to

!

My (=M, € (2.8)

Xy max

where ¢ equals the experimental TE mentioned above.
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This can be calculated for the individual voxels of the sample, thus creating a 7, map, or
for specific regions of interest, by averaging the signal intensities for the pixels located
within the ROI, and calculating the average 7> 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” 73

and not 7,". Chapter 3 contains a practical implementation of this technique.

2.2 Magnetic Resonance Spectroscopy

The most basic method to obtain MR spectra is by placing a sample within the magnetic
field of an MR scanner, exciting the spins in the sample by means of an RF pulse, and
recording the FID as the spins relax back to their equilibrium state. Subsequent Fourier
transformation of the recorded signal yields the magnetic resonance spectrum. Despite
the numerous variations on this sequence that can be implemented, the obtained spectrum

will always be of the entire sample within the scanner.

For in vivo applications it is desirable to localize the spectroscopic measurement in a
specific volume of interest, or voxel. In the first in vivo experiments, the signal was
approximately localized using a coil suitable for the observed organ, such as a surface
coil to study the brain. However, a wide variety of more accurate spatial localization
techniques using By gradients have since been developed. These methods rely on the

selection of spatially selective slices by the application of frequency-selective RF pulses
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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 (6), (Chap. 5). Among the most popular methods is point resolved
spectroscopy (7,8). The PRESS sequence (Fig. 2.5a) is a double spin-echo sequence.
Three slice-selective 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 (Fig. 2.5b).
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Figure 2.5: a) PRESS sequence: The slice selective pulses along orthogonal axes define three
orthogonal slices, with the volume of interest (voxel) located at the intersection of the slices (b). The
crusher gradients on either side of the 180° pulses dephase unwanted magnetization. The entire
sequence is preceded by a water-suppression and outer volume suppression schemes. These remove the
water signal and signals outside of the voxel from the final spectrum. c) An example of an MR spectrum

obtained from a localized region in the brain of a mouse.
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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 (3). 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 make the detection of metabolites unreliable
(3). 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 (3,9). The
combination of OVS and water suppression improves localization performance and

reduces the demand for spoiler gradients (9).

When implementing MRS, in particular at ultra-high fields (> 7 Tesla), several important
factors should be considered when preparing an experiment. The first is field
inhomogeneity. A sample brought into the main magnetic field of the scanner distorts the
magnetic field. Properly shimming the field prior to the experiment ensures that the
magnetic field homogeneity is at its optimum. The need for a proper shim is that the
resonance frequency of the sample depends on the magnetic field strength. Hence, spins
“experiencing” the same field will resonate at the same frequency and thus produce a
resonance with a narrow line, with a low FWHH. A poor shim will result in spins
resonating at a range of frequencies rather than one single frequency, which in turn
results in broad peaks and high FWHH. An additional benefit of narrow resonances is
that the signal will be stronger, as the FWHH is inversely related to 7, (10,11). The
second important factor is short echo times. This criterion is closely related to the
previous one, since 7, relaxation rates increase with increasing field strength, yielding a
shorter 75. The choice of the shortest possible echo time ensures the least signal loss due
to dephasing (10,11). Finally, the RF pulse bandwidth and gradient strength are
important. Short, high bandwidth pulses, coupled with strong gradients are preferable, as
these reduce the likelihood of chemical shift displacement artifacts (3,10,11).
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2.3 Two-dimensional Magnetic Resonance Spectroscopy

The general idea of 2D experiments is to generate a second frequency axis by introducing
an evolution delay into a pulse sequence, during which the transverse magnetization
precesses at a different frequency than during signal acquisition (12,13). Generally, 2D
MRS experiments consist of four stages: preparation, evolution, mixing and detection.
Starting from a spin system in thermodynamic equilibrium, during the preparation period
this spin system has to be prepared in a coherent non-equilibrium superposition of
quantum states. One of the simplest 2D experiments is the correlation spectroscopy
sequence (12,13). Here the preparation period consists of a single pulse. The spin system
evolves during the evolution period #;. To sample the changes during 7, a series of
experiments is carried out with a systematic increment of ¢;. This provides the
information in the frequency domain F (13), (Chap. 6). During the mixing time a pulse is
applied that transforms coherences into observable transverse magnetization. The
observable magnetization is recorded during the detection time, commonly designated #,,
and corresponds to the other frequency domain in the 2D experiment. The experimental
dataset collected therefore corresponds to a time domain matrix that comprises the time-
dependent signals in the two time dimensions #; and #,, and a double Fourier transform
converts this into a matrix with two frequencies axes, F; and F>. The result is a three-
dimensional landscape representing the variation of the signal intensity over the plane
spanned by the two frequency dimensions F; and F», and is commonly presented as a

contour plot (14).

For the COSY experiment, incrementing the evolution period reveals the frequencies w;
during #; according to w; = dp/dt;, where ¢ is the phase of the coherences at #, = 0. For
uncoupled spins the resonance frequency is identical during the evolution and detection
period (i.e. ®; = wy), giving rise to diagonal peaks in the 2D MR spectrum. For J-coupled
spin systems, additional off-diagonal or cross-peaks will arise at (w), @,) and (w2, @)
where w; # w,. This gives direct information on the connectivity pattern within a spin
system via the J-couplings, and NMR signals can be assigned even when the spins are not
resolved in the 1D spectrum (3), (Chap. 8).
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Figure 2.6: a) Localized two-dimensional shift correlated MR spectroscopic sequence. The RF pulse
scheme consists of three RF pulses (90°, 180°, 90°), which are slice-selective along three orthogonal axes.
A pair of By gradient crusher pulses is symmetric with respect to the slice-refocusing 180° RF pulse. The
last slice-selective 90° RF pulse with a pair of symmetric B, gradient crushers also serves as a coherence
transfer pulse for the L-COSY spectrum. The sequence is preceded by a water suppression scheme. The
coherence transfer  pathway  diagram depicts the different stages of conversion of
magnetization/coherences (13). The t; evolution for the 2D spectroscopy, o,-0,, is integrated with volume
localization and follows the evolution during the slice selection ¢;-0; that refocuses the chemical shift
prior to the 2D evolution. b) Sample 2D L-COSY spectrum obtained from a 27 ml voxel localized in the
occipito-parietal gray matter region of a healthy human volunteer. Reproduced, with permission, from
Thomas et al. 2003 (15). © John Wiley & Sons, Inc.

Localized 2D shift-correlated MR spectroscopy (L-COSY)

In localized 2D MRS the preparation, evolution, mixing and detection are integrated with
volume selection. The L-COSY sequence achieves this through the integration of an
evolution period in a spatially selective PRESS sequence that comprises three slice
selective RF pulses (90°, 180°, 90°) combined with three orthogonal B, gradients. The L-
COSY sequence is derived from the COSY experiment and was first developed and
published by Thomas and colleagues in 2001 (16). The pulse sequence with a
representative 2D spectrum obtained from a localized region in the brain of a human
subject is depicted in figure 2.6. The advantage of the L-COSY sequence is that the
volume localization and the coherence transfer via the J-couplings are achieved
simultaneously, without adding additional RF or gradient pulses. For high magnetic
fields, the frequency differences between signals from different nuclear spins is often
much larger than the scalar coupling constant J, and the spins are weakly coupled. In that
case a straightforward description of the L-COSY experiment (Fig 2.6a) can be given
using the product operator formalism instead of a full density matrix treatment. The

calculation of the amplitudes and phases of L-COSY diagonal and cross peaks in a
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weakly coupled two spin system, with / the spin under consideration and S its J-coupled
partner (/, S = spin '2), is summarized below (3,13,16). The coherences gy-o5 describing

the conversion of magnetization are depicted in Fig. 2.6a.

Prior to the first slice-selective 90° RF pulse, the preparation stage, the spin-state is
represented by
oo L. (2.11)

After the rotation by the first 90° RF pulse, the spin-state is represented by
o «l, (2.12)

After the first evolution during the interval of 24, the spins evolve under the influence of
the gradients and J-coupling, but the chemical shift will be refocused by the slice

selective 180° pulse resulting in an echo characterized by
oy I, cos(2nJiA) -21,.S, sin(2nJiA). (2.13)

Starting from o, t; evolution allows for the encoding of chemical shift (") for 2D
spectroscopy, while in parallel the J-coupling sustains the development of the I.S.

coherence for the detection of 2D correlations, yielding

0,0¢ [Iy cos(wf)tl) cos(mJsty) -21.S. cos(wg])tl) sin(mJgt;)
-1, sin(w{l) t;) cos(mjst;) -21,S, sin(a)gl) t,) sin(nJygt))]
x cos(2mA) -[21,.S. cos(a)gj) t1) cos(mJjst;)

+I, cos(wg[) t;) sin(mJyst )+ 2L,S, sin(wgl) t;) cos(mJjst;)

-1 sin(01,) sin(njst)) ] sin(2nJjsA). (2.14)
Using
A= cos(a)ql)tl) cos(mJysty), (2.14a)
B= cos(a)gl)tl) sin(mJgty), (2.14b)
C= sin(a)gl)tl) cos(m/st), (2.14¢)
D=sin(o1)) sin(nst)), (2.14d)

eq. (2.4) simplifies to:
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oy 0c[A1,-B21.S.-CI,-D21,]| cos(2mJ;sA) -[421,S,+BI,+C21,S,-DI | sin(2mJsA). (2.15)

A second pair of By gradient crusher pulses is transmitted around the last slice-selective
90° RF pulse. After an evolution during the first set of crusher gradient pulses (6,), the

spin state is represented by
03 oc{AIy cos 0y -Al, sin 0,-CI, cos 0, -CI, sin 6,
-B2I.S, cos 0, -B21,S sin 0, -D21,S, cos 0,
+D2I.S, sin 0, } cos(2nJ;5A) -{Bly cos ¢, -BI, sin 0,
-DI, cos 0, -DI, sin 0, +A21,S, cos 0) +A21,S, sin 6,
+C21, cos 0 -C21,S, sin 0, } sin(2nJ;5A). (2.16)

The spin state after the last 90° RF pulse rotation, or mixing stage, is

o4 {Al, cos 0, -Al, sin 6,-CI, cos 8, -CI, sin 6,
+B2I.S, cos 0 +B2L.S, sin 0; +D2I.S, cos 6,
-D21,S, sin 0, } cos(2mJ;5A) -{BI, cos 0, -BI sin 0,
-DI, cos 0, -DI sin 0, -A21,S, cos 0, -A21.S, sin 0,
-C2I, cos 0, +C2LS, sin 91} sin(2mJgA). (2.17)
At this point, evolution of /. and 2/.S, will be excluded since there will be no observable
signal. The spin state after an evolution during the last set of By gradient crushers (6,):
1
050C-5 cos(2nJ;gA) [Iy cos(a)f) t;) cos(mjst;)
+1, sin(a)f) t;) cos(mst;) +2L.S, cos(wgl) t1) sin(nJyst;)
1
-2L.S, sin(wq[)tl) sin(7t/, Isfl)] + 5 sin(2nJ;gA) [Iy cos(cof)tl) sin(mJgt;)
+1, sin(a)gl)tl) sin(rJ;5t,) -21,S, cos(wg])tl) cos(mJ;st1)
+21.S, sin(a)gj)tl) cos(mJyst))]- (2.18)

Equation (2.8) shows the 2D encoding for the I-spin that was achieved during the ¢,

period. It was calculated under the assumption that the gradient crushers are balanced (6,

= 6») and also using

1 2n 1 2n 1
— | cosfsin0dd=0 and —f sin® 0d6 =~ (2.19)
2m ), 2m ), 2

The phase factors, ¢, and 6,, are defined as:
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0,=2ny [ ABydr, and 6,=2mny [ ABydx, . (2.20)

Here 7; and 7; are the durations of the second pair of gradient crusher pulses. It is also
evident from Equation (2.8) that the coherence transfer from spin / to spin § is
characterized by 2L.S; and 2LS,. A similar equation can also be calculated for spin §
resulting in a coherence transfer to spin /. Finally, the 2D signal acquired after the last

crusher gradients, during the detection time #,, is given by

s(ty,ty) =Tt {(L)os b @ 2e1/T x /T2 [1 - TR (2.21)

A double Fourier transformation along both # and # axes will result in a 2D MR

spectrum as a function of two frequency variables (£, F>) described by:

S(F1,Fy) = [ s(t,t,)dtdt,. (2.22)

Aue et al. (17) reported that the diagonal peaks were dispersive, whereas the cross-peaks
were absorptive when two hard 90° RF pulses were used to acquire the COSY spectrum.
In contrast to the amplitude modulation in conventional COSY, phase modulation is
present in the L-COSY, which is caused by the evolution during the B, gradient pulse
before the last 90° RF pulse (18). Equation (2.8) clearly indicates that both the diagonal
and cross-peaks of an L-COSY spectrum have mixed phases along the F axis. Hence a

drawback of including the gradient pulses is mixed line shapes in the 2D NMR spectra
(18).

In this thesis the 2D L-COSY sequence has been applied for the first time in mouse brain,
demonstrating its potential for simultaneously resolving and assigning several metabolite
resonances in vivo (chapter 4) and examining the age-dependent neurochemical changes

occurring in AD transgenic mice (Tg2576) as a result of disease progression (chapter 5).
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3 Longitudinal assessment of Alzheimer’s [3-
amyloid plaque development in transgenic mice
monitored by in vivo magnetic resonance

. . . %
microimaging

3.1 Abstract

The development of B-amyloid plaques with age in the brains of the transgenic mouse
model of Alzheimer’s disease pathology was assessed by in vivo magnetic resonance
microimaging. Towards this goal live transgenic mice (Tg2576) and non-transgenic
littermates (control) were studied at regular intervals between the age of 12 and 18
months. Plaques were visualized using a 7, weighted Rapid Acquisition with Relaxation
Enhancement sequence. Changes in 7, relaxation times were followed using a Multi-
Slice Multi-Echo sequence. SCIL image software was used to calculate the plaque-load
in the 7, weighted MR images. AP plaques were clearly detected with the 7, weighted
RARE sequence in a scan time as short as 25 min in the hippocampal and cortical regions
of the brain of Tg2576 mice but not in control mice. Following the plaque development
in the same animals with age shows that the plaque-load and plaque size increased
markedly, while 7, relaxation times show a decreasing trend with age. These results
demonstrate that tMRI is a viable method for following the plaque developmental
characteristics in vivo in the same animals and suggest that monitoring the effect of future
therapeutic interventions over time in the same animals would ultimately be possible by
uMRI.

3.2 Introduction

Alzheimer’s disease is the most common neurodegenerative disease and currently afflicts
about 10% of the population over 60, with numbers still rising (1). The neuropathologic
features of AD include the occurrence of senile plaques, neurofibrillary tangles,
decreased synaptic density, and loss of neurons. The core of senile plaques consists
mainly of aggregated amyloidogenic peptide AP which is derived from the amyloid

precursor protein. The role of AP in AD may be substantial, as soluble AP polymers have

*This chapter was published in J Magn Reson Imaging 2006; 24:530 - 536
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been reported to be neurotoxic, both in vitro and in vivo (2). Although it is not yet clear
whether senile plaques themselves are neurotoxic, AP plaque formation precedes disease
onset by many years and is generally accepted as a biomarker for onset and progression
of the disease (2,3). Early diagnosis of Alzheimer’s disease is prevented by difficulties in
visualizing AP plaques in vivo in the brain, and the only definite diagnosis for AD at
present is post-mortem observation of AP plaques and neurofibrillary tangles in brain

sections (4).

In order to study the pathogenesis of AD, its development over time, and to ultimately
develop adequate therapeutic agents or preventive strategies, it is important to establish
non-invasive in vivo imaging methods to visualize AP plaques and to validate if the
UMRI is feasible for quantitative monitoring of the plaque development with age in the
same animals. Imaging methods such as single photon emission computed tomography or
positron emission tomography use ionizing radiation and suffer from low resolution (5).
MRI can provide much higher resolution than SPECT or PET without ionizing radiation
and can theoretically resolve individual plaques non-invasively. The first effort to
visualize AP plaques by MRI in fixed post-mortem human brain tissue was made by
Benveniste et al. (6) using T>*-weighted MRI at 7T. Subsequently several different
transgenic mouse models of AD pathology have been used to visualize AP plaques either
ex vivo in fixed brain (5,7,8) or in vivo using targeted contrast agents (9,10) or
amyloidophilic probes (2,11). However, the delivery of these agents requires a relatively
invasive procedure. Very recently, initial efforts for in vivo detection of AP plaques using
MRI without the aid of an exogenous plaque-specific contrast agent have also been
reported in transgenic mouse models of AD (12,13) using 7>-weighted spin echo and 7*-
weighted gradient echo sequences. Vanhoutte et al. (13) used basic 7>*-weighted MRI to
visualize plaques associated with iron in vivo in the thalamus region of the brain, but
failed to detect plaques in the cortex and hippocampus areas which are the main regions
of AP deposit in the brain in human as well as in transgenic mouse models of AD
pathology (14,15). Although imaging of AP plaques in vivo without the aid of an
exogenous plaque-specific contrast agent still lacks sufficient sensitivity and requires
further improvement, to date no longitudinal MR studies to follow the development of AP
plaques with age in the same animals have been attempted. In recent longitudinal studies
concerning the detection of AP plaque-load in mouse models of AD pathology, post-
mortem biochemical and/or histological examinations were performed on different mice

belonging to different age groups (16).
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In the present study, high field uMRI was used to detect AP plaques in a living transgenic
mouse model of AD pathology, without contrast agent, and to track the development of
plaques with age in the same animals. Our results demonstrate that uMRI is a viable non-
invasive method for longitudinal studies to assess AP plaque development in a
quantitative manner and thus would be invaluable for evaluation of new anti-amyloid

treatment strategies.

3.3 Methods

3.3.1 Transgenic mice

The transgenic mice used in this study contain as transgene the Swedish double mutation
of the human amyloid precursor protein (APPgos), as developed and described previously
by Hsiao et al (17). The transgene is expressed in C57B6 breeders. The N2 generation
mice of both genders (n=5) were studied at ages between 12 and 18 months. Age-
matched non-transgenic littermates served as controls. All animal experiments were
approved by the Institutional Animal Care and Animal Use Committee in accordance
with the NIH Guide for the care and Use of Laboratory Animals.

3.3.2 pMRI

All uMRI measurements were conducted on a vertical wide-bore 9.4T Bruker Avance
400WB spectrometer, with a 1000 mTm™' actively shielded imaging gradient insert
(Bruker). The imaging coil used was a 25 mm volume coil (Bruker) which was best
suited to acquire full brain images in both the coronal and the horizontal plane. The
system was interfaced to a Linux pc running XWinNMR 3.2 and Paravision 3.02pl

(Bruker Biospin).

For in vivo pMRI measurements the mice were anesthetized using Isoflurane (Forene,
Abott, UK) inhalation anesthesia, together with air and oxygen (1:1) at 0.3 1/minute. The
anesthetic gas was administered via a special face mask, which also served as a fixation
device for the mouse head by coupling it with a specially designed toothbar to hold the
head in place (Bruker Biospin). While inside the probe, the respiration rate of the mouse
was constantly monitored by means of a pressure transducer placed on the abdomen. The
transducer was connected to a BioTrig acquisition module, which was interfaced to a
BioTrig command module and laptop running BioTrig BT1 monitoring software (Bruker

Biospin).
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T,-weighted MR images were acquired using a RARE sequence (18) which employs a
single excitation step followed by the collection of multiple phase-encoded echoes. This
reduces the total scan time significantly compared to normal multi slice spin echo
methods. Basic measurement parameters used for the RARE sequence were: TE = 10.567
ms (22.45 ms effective), TR = 5-6 s, flip angle = 90°, averages = 4+, RARE factor (echo
train length) = 4. The field of view was 2.0x2.0 cm?, with an image matrix of 256x256.
This yields an effective in plane resolution of approximately 78 pm. Coronal (transverse)
image slices (30-60) were acquired from the olfactory bulb to the cerebellum with a slice
thickness of 0.2 mm spaced 0.2 mm between slices, or 0.5 mm spaced 0.5 mm between
slices. The horizontal and coronal slices shown in Fig. 3.1 and those used for longitudinal
studies (Fig. 3.4) were obtained with a slice thickness of 0.5 mm and a total scan time of

approximately 25 minutes.

For T, relaxation measurements, an MSME sequence was used. Imaging parameters
were: FOV 2.0x2.0 cmz, matrix size 256x256, number of averages 2, number of slices 6
with slice thickness of 1 mm, number of echoes = 8 with TE of 8.5, 17.0, 25.5, 34.0, 42.5,
51.0, 59.5, and 68.0 msec, and a repetition time of 1.5 seconds. To calculate the 7,
relaxation time, regions of interest were drawn around the cortex and hippocampus in two
adjacent mid-coronal slices. Another ROI in the muscle was used as an internal control
according to Helpern ef al. (7). The means and standard deviation of the 7, relaxation
times for each ROI were calculated. Mean values were compared using Student’s t-test

assuming equal variance, and significance was assigned at P < 0.05.

3.3.3 Brain preparation and histology

Following in vivo MR measurements, mice were deeply anesthetized and transcardially
perfused with phosphate-buffered saline (pH 7.4) followed by 4% buffered
paraformaldehyde (Zinc Formal-Fixx, ThermoShandon, UK) through the left cardiac
ventricle. After perfusion fixation the brain was dissected out and placed in the same
fixative for 48 h. Following fixation, the brain was dehydrated and embedded in paraffin.
Subsequently coronal sections (40 um thick) were carefully cut using a vibratome while
maintaining as much as possible the same spatial orientation of mouse brain as in the MR
imaging experiments. To detect the AP plaques, brain sections were subjected to
immunohistochemistry using monoclonal anti-amyloid B (6E10) antibody at 1:1000
(Signet Laboratories, Inc). Immunolabeling was visualized by using the ABC kit

(Vectastain) according to the manufacturer’s instructions.
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Detection of redox active iron associated with the AP plaques was done histochemically
as described previously (19,20). Briefly, the brain sections were incubated for 15 h in 7%
potassium ferrocyanide in aqueous hydrochloric acid (3%) and subsequently incubated in
0.75 mg/ml 3, 3’-diaminobenzidine (DAB) and 0.015% H,O; for 5-10 min. This method
involves the formation of mixed-valence iron (II/IIl), (Prussian blue) when iron (III)
released from iron containing plaques by the hydrochloric acid reacts with potassium
ferrocyanide. The mixed-valance complex then catalyzes the H,O,-dependent oxidation
of DAB to give a brown color. Images of the histological sections were obtained using a
Leica DM RE HC microscope, interfaced to a Leica DC500 3CCD digital camera.
Quantitative histological analysis of AP plaque density and iron associated plaques was

performed by SCIL image software (21).

For co-registration, immuno-histological images were matched with MR slices using
common anatomical landmarks such as the ventricles, corpus callosum and hippocampal
fissure using PhotoShop 7.0 (Adobe Systems, San Jose, CA). As a result of differences in
the slice thickness in pMRI (200pm) and histology (40 um), each MR image could be

matched with at least 4 immuno-stained histological images.

3.3.4 Image analysis and quantification

For quantification of AP plaque-load and numerical density in MR images, image files
with calibrated scale markers were imported in SCIL image software (21). The brightness
of the images was altered so that the average optical density measurement for each
imported image was similar. Regions of interest were manually drawn on the cortex and
hippocampus, corresponding to the same anatomical markers used for histological AP
quantification. Dark spots, with intensity below a preset threshold value (equal for all MR
images), were considered as AP plaques. AP plaque-load (percentage hypointense area of
the ROI) and numerical density of plaques (number of plaques per mm” of the ROI) were

calculated for cortex and hippocampus.

3.4 Results

Figure 3.1 shows horizontal (axial) and transverse (coronal) slices through the brain of a
living 18-month-old APP transgenic mouse (Tg2576) and its non-transgenic littermate
(control) obtained by using a 7>-weighted RARE sequence. As can be seen in this figure,
numerous dark spots were clearly evident in the cortex and hippocampus areas in both
horizontal and transverse MR slices of the brain of Tg2576 transgenic mouse (Fig. 3.1,

right panels).
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Figure 3.1: In vivo T,-weighted MR images of the brain of an 18-
month-old control mouse (left panels) and AD transgenic Tg2576
mouse (right panels) obtained at 9.4T. The top row shows horizontal
slices (Bregma: -6 mm), the middle row shows coronal slices
(Bregma: -3.4 mm) and the bottom row shows magnified sub-sampled
insets of the coronal slices, showing adequately resolved individual
plaques in the bottom right panel. MR images were obtained with an
in-plane resolution of 78 um x 78 um (TE = 10.567 ms, TR = 6s, echo
train length = 4, averages = 4, total scan time 25 min). Arrows
indicate areas with differences in the signal intensities between the
Tg2576 mouse and its non-transgenic litter-mate. Numerous circular
hypointensities can be clearly observed in the images of the cortical
and hippocampal areas of the Tg2576 mouse right column), while no
clear signal hypointensities are visible in the images collected from

the control mouse shown in the left column.
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These hypointense regions could be detected with scan times as short as 25 minutes. Such
signal hypointensities were not observed in the brains of control mice (Fig. 3.1, left
panels). MR hypointensities can be seen more clearly with higher magnification as

displayed in the bottom row in Fig. 3.1.

To confirm that the hypointense signals seen in MR images correspond to the AP
plaques, in vivo MR images of an 18-month-old transgenic mouse were compared with
immunostained images obtained from the same mouse brain (Fig. 3.2). Immunolabeled
sections show that dense-cored plaques are the predominant form of senile plaques in the
cortical and hippocampal areas of the Tg2576 transgenic mouse brain (Fig. 3.2b). Many
are giant plaques with core diameters above 100 pm. In addition a few diffuse plaques
were also observed. Co-registration of plaques between in vivo uMRI and corresponding
immunostained sections validates that many circular hypointense regions seen in uMRI

correspond to A plaques (Fig. 3.2).
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Figure 3.2: Co-registration of Ap plaques seen in the brain of an 18-month-old AD mouse by
(a) in vivo uMRI and (b) histological section of the same mouse brain stained with Ap
antibodies. Many MR circular hypointense spots could be matched to immunostained Af

plaques (arrows), seen more clearly in the higher magnification insets. Scale bar, 500 um.
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Figure 3.3: Co-registration of Af plaques and iron in the adjacent brain sections of an 18-month-old
Tg2576 mouse. Brain sections (4 um thick) were stained with (a) an Af antibody (6E10) or (b) Perl’s
reaction following 3, 3-diaminobenzidine enhancement. Arrows indicate co-registered plaques. Scale
bar, 250 um.

Although association of iron with plaques in human and in mouse models of AD
pathology is known (19,22,23,24), it is yet to be established if it is the main reason for
plaque specific 75 contrast in MR images. As can be seen in Fig. 3.3, iron (III) was found
to be associated with many dense-cored senile plaques, although not all AP plaques seen
by immunohistology contained iron. Iron loaded plaques were restricted to the cortical

and hippocampal regions of the brain (Fig. 3.3).

To examine the utility of uMRI for detecting the development of AP plaques in
longitudinal studies, the same mice (n=5 for each group) were imaged at regular intervals
of approximately one month starting at the age of 12 months. An example of MR images
obtained from the brain of a Tg2576 transgenic mouse at the age of 12, 14, 16 and 18
months is displayed in Fig. 3.4. A consistent increase in the MR hypointensities was
observed with age in the cerebral cortical and hippocampal regions. In addition to the
overall rise in MR hypointensities, the size of the circular hypointense spots also
increased, suggesting an increase in the size of AP plaques with age (Fig. 3.4). Some of
the AP plaques observed in the brain at the age of 12 months were detected consistently
at all ages, while the sizes of these plaques showed an increasing trend with age (Fig.
3.4).
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Figure 3.4: Development of A plaques with age in the brain of AD transgenic mouse
monitored by in vivo uMRI. MR images showing successive coronal slices (left to right) of
the brain of the same Tg2576 mouse at the ages of 12 months (a), 14 months (b), 16
months (c), and 18 months (d). Magnified subsampled areas on the right show an
increase in plaque-load with age. Arrows indicate the same plaque seen at 12, 14, 16 and

18 months of age. Note the increase in size with age. Scale bar, 400 um.

Quantification of AP plaque-load in Tg2576 mice with age is shown in Fig. 3.5a. A
marked age-related increase in both plaque-load and numerical density of the AP plaques
is evident in this figure. Although the increase in numerical density of AP plaque shows
an almost linear trend from 12 to 18 months of age, the overall plaque-load shows a much

more rapid increase from 16 to 18 months of age (Fig. 3.5a).
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Figure 3.5: Age dependent changes in: (a) Af plaque-load and numerical density of Af lesions detected by
UMRI and T, relaxation time in the hippocampus (0) and cortex (®) regions of AD transgenic mice (b) and

control mice (c). Data represents a mean of n=5 (£SD).

An increase in the plaque-load with age was associated with a significant reduction in the
mean transverse relaxation time 75 in the hippocampus and cortex of Tg2576 mice (Fig.
3.5b). A region in muscle, used as the internal control, did not show any significant
change in 7, relaxation time with age. The 7, relaxation time in muscle was 27.6 = 0.95
ms at the age of 12 months, and 27.9 + 0.82 ms at the age of 18 months. A similar study
using the age-matched nontransgenic control mice did not show any significant age-

dependent decline in 7, relaxation time in the cortex or hippocampus (Fig. 3.5¢).

3.5 Discussion

This study demonstrates the application of uMRI to resolve AP plaque in the brain of
living transgenic mouse model of AD pathology and to follow the development of the
plaques in the same animals over time. Tg2576 mice overexpressing human APPsys with
the “Swedish” mutation develop AP plaques and memory deficit with age, (17,25,26,27)

making them suitable for longitudinal MR studies.

The T,-weighted RARE sequence used in this study allowed clear identification of
hypointense lesions corresponding to AP plaques identified by immunohistochemistry
(Fig. 3.2). Previously, a similar fast spin echo sequence has been used to visualize
plaques very clearly in ex vivo brain of AD mice at 7T (5). Our results suggest that a
similar sequence with careful adjustment of MR parameters can be applied for detection
of plaques in the brain in vivo at a moderately higher magnetic field of 9.4T. The
characteristic size of AP plaques in Tg2576 mice varies from 20 to 150 um. Fig. 3.2
shows many giant plaques with sizes above 75 um in diameter, which is within the spatial

resolution (78 pm) of our MR experiments. Vanhoutte et al (13) have recently reported in
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vivo visualization of AP plaques at 7T using intrinsic MRI contrast arising from the iron
associated with plaques using a 7>* -weighted 2D gradient echo sequence. One of the
major limitations of their study was that the plaques were seen only in the thalamus but
not in the cortex or hippocampus, which are the main areas for the AP plaque deposition
in humans as well as in all known AD transgenic mouse models. In addition, the size of
the plaques in 7>* -weighted images is often overestimated (12). Jack et al. (12) recently
demonstrated MRI visualization of plaques in vivo at 9.4T in another transgenic mouse
model without the use of a contrast agent and using a trigger desensitizing modification
of a T, -weighted spin echo sequence. With this method they resolved the plaques in an
acquisition time as short as lh 7 min. However, without trigger desensitizing
modification or cardiorespiratory triggering, plaques could not be resolved (12). In our
present study we use the multi-slice RARE method employing a single excitation step
followed by the collection of multiple phase encoded echoes. With this method we have
reduced the acquisition time significantly to 25 minutes and clearly identified plaques
even with an in-plane resolution of 78 pm (Figs. 3.1 and 3.4). In addition, plaques can be
resolved without any cardiorespiratory triggering or trigger desensitizing modification. It
is difficult to directly compare the results of this study to those of Jack ef al. (12) due to
the differences in the employed pulse sequence, as well as the different mouse models

used.

The reason for plaque specific 7> contrast is not known. It has been speculated that the
presence of iron in the AP plaques may be responsible for MR contrast (5,12,13,22).
Defective iron homeostasis, resulting in an increased iron level in AD brain, has been
reported (9,28). In AD brain, iron is apparently mainly concentrated in amyloid plaques
and may catalyze the formation of free radicals (29). The source of iron is unknown, but
evidence suggests that induction of heme oxygenase, which occurs in AD, converts heme
into tetrapyrrole and free iron (30). In AD such iron binds with the abnormal protein
constituents of the lesions e.g. AP. It has been shown earlier that plaque-associated iron is
redox active iron and is not bound to normal iron binding proteins but to the abnormal
protein constituents of the AP lesions (19,20,24). To understand whether the presence of
iron is the main reason for plaque specific 7> contrast in MR images, we examined the
distribution of iron in the adjacent histological sections of the Tg2576 mouse brain. The
results show that iron is associated with many dense-cored AP plaques seen in the cortex
as well as in the hippocampus (Fig. 3.3). Iron seems to be associated with the central
region of the B amyloid deposits (Fig. 3.3). This observation is in line with earlier

histochemical studies (19), which show that redox active iron is specifically localized to
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the lesions of AD and not the glial cells surrounding senile plaques, which contain
abundant iron binding proteins. Our results suggest that iron may be the source of the
intrinsic MR contrast from AP plaques as has been recently proposed for this mouse
model (22). However, signal hypointensities arising from the reduced water content in AP
plaques compared to the surrounding tissue and from other unknown factors cannot be

ruled out.

In addition to the presence of AP plaques, the lateral ventricles are visible as hyperintense
regions in the coronal MR slices of the brain of AD mouse at Bregma -2.4. At the same
location in the brain of wild-type mice, only very small portion of lateral ventricles is
seen (Fig. 3.1, middle row). This can be explained by the fact that AD brains show
immense enlargement of the lateral ventricles due to significant loss of surrounding tissue
in comparison to control brains. The ventricular enlargement in AD brains was

previously shown in humans (31) and another AD mouse model (32).

As illustrated in Fig. 3.4, Tg2576 mice show a marked age-related increase in amyloid
deposition in the hippocampal and cortical regions of the brain (Fig. 3.4). The plaques
increase rapidly in number, in size and in the degree of compactness. Only a few circular
hypointense regions corresponding to AP plaques were observed in 12 month old Tg2576
mice, while the density of AP deposits, seen as dark circular hypointense regions in the

cortical and hippocampal region, considerably increased at 18 months (Fig. 3.4).

A quantitative estimation of AP plaque-load and numerical density with age in the MR
images shows that plaque burden increased markedly with age (Fig. 3.5a). The increase
of plaque-load was more significant after 16 months than between 12-16 months. In
comparison to AP plaque-load, the numerical density of the AP plaques shows a linear
increase between 12 and 18 months. These results can be explained by a significant
increase in the size of the plaques after 16 months contributing to an increase in the
plaque area in the cortex and hippocampus. These results are well in line with
immunohistochemical observations (16). Since the trend toward an increase in plaque
burden seen by uMRI is clearly significant within 12 and 18 months of age, it is
suggested that monitoring the effect of anti-amyloid drugs in Tg2576 mice during that

time window is feasible using in vivo pMRI

AP plaques in mice and humans are quite similar in size (up to 200 pm). In principle, the
detection of AP plaques by MRI can be extended to human subjects. However, this would

require improvement in instrumentation and MR sequences to permit imaging of human
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brain with a similar contrast-to-noise ratio at a slightly lower spatial resolution, in a much
shorter imaging time. With the growing awareness of the feasibility of human imaging at
ultrahigh fields (> 7T) and improvements in RF coil technology, it may be possible to
apply this approach to humans in the future (12).

The spin-spin relaxation time 7> is a specific attribute of spins that depends on their
surroundings. Interaction between spins destroys the phase coherence and therefore, the
T relaxation time can be a sensitive indicator of impaired cell physiology. A lower 7,
relaxation time was previously observed in cortex and hippocampus of Tg2576
transgenic mice compared to non transgenic control (7). We followed the changes in 75
relaxation time with age in Tg2576 transgenic mice. A good correlation has been
observed between increase in the plaque-load and decrease in mean transverse relaxation
time 7, with age in both the hippocampus and cortex of Tg2576 mice (Fig. 3.5a and b). A
similar study with age-matched non-transgenic control mice did not show any significant
age dependent decline in 75 relaxation time (Fig. 3.5c). These observations suggest an
influence of plaque-load on 7, reduction. Although the reason for reduction in 7, time is
not yet clear, earlier studies have speculated the involvement of iron associated plaques in
reducing the 75 time in AD brain (7,22).

In conclusion, we have applied uMRI to resolve AP plaques in the brains of living
transgenic AD mice without the aid of exogenous contrast agents in a reasonably short
scanning time, and followed the development of the plaques in the same animals with
age. Our results show that the developmental characteristics of Af plaques, such as
number, size and compactness can be followed with age in the same animals using in vivo
uMRI. Such MR longitudinal studies may be a valuable tool for evaluating the efficiency
of novel anti-amyloid treatment strategies for arresting the growth or preventing the

development of new plaques using AD mouse models.
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4 High resolution localized two dimensional
magnetic resonance spectroscopy in mouse brain

. . *
in vivo

4.1 Abstract

Localized two-dimensional magnetic resonance spectroscopy is making an impact in the
in vivo studies of brain metabolites, due to the improved spectral resolution and
unambiguous assignment opportunities. Despite the large number of transgenic mouse
models available for neurological disorders, localized 2D MRS has not yet been
implemented in the mouse brain due to size and sensitivity constraints. In this study we
optimized a localized 2D proton chemical shift correlated spectroscopic sequence at a
field strength of 9.4T to obtain highly resolved 2D spectra from localized regions in
mouse brains in vivo. The combination of the optimized 2D sequence, high field strength,
strong gradient system, efficient water suppression and the use of short echo times
allowed clear detection of cross-peaks of up to 16 brain metabolites and their direct
chemical shift assignments in vivo. To our knowledge this is the first in vivo 2D MRS
study of the mouse brain, demonstrating its feasibility to resolve and simultaneously
assign several metabolite resonances in the mouse brain in vivo. Implementation of 2D
MRS will be invaluable in the identification of new biomarkers during disease
progression and treatment using the various available mouse models of

neurodegenerative disease.

4.2 Introduction

Proton magnetic resonance spectroscopy is an indispensable tool for noninvasive in vivo
analysis of brain metabolites. MRS is increasingly used in the area of neurodegenerative
diseases and other brain illnesses (1-2) and can be used to identify crucial in vivo
biomarkers of these diseases (3-4). However, low concentrations of brain metabolites and
difficulty in resolving the resonances of metabolites with coupled spin systems restricts
the application of in vivo 1D MRS in identifying potential biomarkers of these diseases.
In contrast to localized 1D MRS, localized two dimensional MRS reduces the problem of

spectral overlap considerably, since the resonances are dispersed over a two-dimensional

*This chapter was published in Magn Reson Med 2008; 60:449-456
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surface rather than along a single frequency dimension. In addition, 2D MRS provides
spectral assignment opportunities from correlations between pairs of related resonances.
Thus, in vivo application of localized 2D MRS can allow separation and unambiguous
assignment of resonances of several metabolites in a single measurement (5). The linear
relationship between cross-peak volume and concentration has been previously used for
quantification of metabolites using 2D MRS (6-8). Several studies in humans (9-12) and
a few studies in rats (6,7,13) have shown promising results with localized 2D MRS by
correctly distinguishing metabolites that could not be unambiguously identified using 1D
MRS. However, due to a low signal-to-noise ratio, a relatively small number of
molecules could be clearly detected and a large sample volume (voxel) was necessary to
achieve a reasonable temporal resolution. Hence, improvement in signal-to-noise ratio of
in vivo localized 2D MRS will be critical for exploiting its potential benefits in terms of

resolution and assignment opportunities.

A large number of transgenic mouse models are currently available for various brain
disorders, including neurodegenerative diseases (4). 2D MRS has not yet been
implemented in mouse brain, due to its small size and associated sensitivity issues (5).
Successful implementation of 2D MRS in mice, however, will be important for studies of
neurological diseases, since it will enable the possibility of identifying new and
potentially crucial in vivo biomarkers in the various transgenic mouse models available

for these diseases.

In this study we implemented and optimized a PRESS-based localized 2D 'H
homonuclear correlation spectroscopy sequence on a 9.4T MRI scanner using a phantom
solution and obtained for the first time highly resolved localized 2D MR spectra from the
living mouse brain. In comparison to the earlier in vivo localized 2D studies in rat brain at
7T (7), we achieved significantly higher signal-to-noise ratio in a smaller voxel of only
27 ul and provide direct in vivo assignment of several brain metabolites in a single

measurement in mouse brain.

4.3 Materials & Methods

4.3.1 Mice

Six female C57bl6J mice aged between 5 and 6 months were used in this study. All
animal experiments were approved by the Institutional Animal Care and Animal Use

Committee, in accordance with the NIH Guide for the care and Use of Laboratory
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Animals. For all in vivo MR measurements the mice were anesthetized and their

respiration rate and temperature was constantly monitored as described earlier (14).

4.3.2 Brain phantom

As a reference for the in vivo measurements, a brain phantom was designed that
contained 11 different brain metabolites in physiologically relevant concentrations. The
phantom was made in potassium phosphate buffer (50 mM; pH 7.5) containing the
following metabolites: creatine hydrate (10mM), N-acetyl-DL-aspartic acid (12.5mM),
phosphocreatine sodium salt (4 mM), choline chloride (3 mM), L-glutamine (1.5 mM), L-
glutamate (12.5 mM), glutathione (1.25 mM), y-aminobutyric acid (1.8 mM), myo-
inositol (7.5 mM), taurine (1 mM) and DL-lactic acid (5 mM). The final pH of the brain
phantom was 7.5. All chemicals were purchased from Sigma-Aldrich Chemie BV
(Netherlands).

4.3.3 MR spectroscopy

All measurements were conducted at 25° on a vertical wide-bore 9.4T Bruker Avance
400WB spectrometer, with a 1000 mTm™ actively shielded imaging gradient insert
(Bruker BioSpin). The RF coil used was a 25 mm volume coil, specifically, a birdcage
transmit/receive coil (Bruker BioSpin). The system was interfaced to a Linux pc running

Topspin 1.5 and Paravision 4.0 imaging software (Bruker BioSpin).

Localized T,-weighted multislice RARE images were acquired to select a volume of
interest (voxel) as described previously (14). The MRS voxels were localized either in:
(a) the middle of the mouse brain, covering predominantly the thalamus region and some
parts of the hippocampus (4x4x4 mm?; 64 pl), or (b) in the cortex-hippocampus regions
in the mouse brain (1.7x4x4 mm’; 27 pl). The local field homogeneity was optimized by
adjustment of first- and second-order shim coil currents using the FASTMAP sequence.
The field homogeneity in a 27-64 pl voxel typically resulted in water line-widths of 5-11

Hz in phantoms and ~16-20 Hz in live mouse brain.

The PRESS sequence (15) was used for 1D localized 1H MR spectroscopy. This
sequence uses 3 hermite RF pulses (90°, 180°, 180°). The sequence details are described
by Mandal et al. (2). The repetition time and echo time were 1500 ms and 15 ms
respectively. The PRESS sequence used 2048 complex points, with a spectral width of
10 ppm. The final 1D spectra were obtained with number of scans = 512 and scan times

of approximately 13 minutes.
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Figure 4.1. The pulse sequence of 2D L-COSY preceded by a VAPOR sequence for global water
suppression interleaved with outer volume suppression. The initial value of TE = 15 ms, consisting of 2
separate echo times; TE; (6ms) and TE, (9ms). The values of the variables in the figure are determined
as follows: A=TE;/22;t;=TE; + At;; A’ = TE,/2.

For 2D localized MRS, the PRESS protocol was modified based on the paper of Thomas
et al. (10) to generate a localized 2D chemical shift correlated spectroscopic sequence for
the 9.4T MR spectrometer. The resulting PRESS based L-COSY sequence was integrated
in the Paravision 4.0 imaging software (Bruker BioSpin) and is shown in Fig. 4.1. The
sequence consists of three RF pulses (90°, 180°, 90°), slice-selective along 3 orthogonal
axes. The last slice-selective 90° RF pulse also served as a coherence transfer pulse for
the L-COSY spectrum necessary for correlating the metabolites peak in the second
dimension. Optimized hermite 90° and 180° RF pulses with 1 ms durations were used for
localization. The bandwidth of 90° and 180° RF pulses were 5.4 KHz and 3.4 KHz,
respectively. A total of 16 phase cycles for all three RF pulses were used for each
localized At¢; increment. To achieve a short echo time of 15 ms, the duration of the spoiler
gradient necessary to dephase the unwanted magnetization from outside the voxel was

kept to a minimum.

Both the 1D PRESS sequence and 2D L-COSY sequences were preceded by a VAPOR
sequence (16) for global water suppression. The sequence consists of 7 variable power
RF pulses with an optimized relaxation delay. The relaxation delays 7,-7;7 between the
consecutive pulses were 150, 80, 160, 80, 100, 37.11 and 57.36 ms, respectively. Water

suppression bandwidth was set at 350 Hz. Outer volume suppression (OVS) was
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combined in an interleaved mode with the water suppression scheme, thus improving the
localization performance and reducing the demands for spoiler gradients. The OVS
scheme used a total of 18 hyperbolic secant RF pulses, each with 90° nominal flip angle

and 1 ms pulse length. The OVS slice thickness was 4 mm with a 0 mm gap to the voxel.

Localized 2D MR spectra were recorded using a TE of 15 ms (TE;=6ms and TE,=9ms),
and a TR of 1500 ms (Fig. 4.1). In order to obtain a feasible scan time, 2D MR spectra
were recorded using 2048 complex points along F, and 192 points (incremental
excitation steps) along F'j, with a spectral width of 11 ppm and 20 averages per excitation
step. This resulted in a total of 3840 scans (192 A¢; increments and 20 NEX/A¢), yielding
a total scan time of approximately 1 hr 36 min. For the data in the F2 direction only the
first 1024 data points were used. The data in the F direction were zero-filled to 1024
points, yielding a square matrix. Subsequently a squared sine windowing function was
applied, with a sine bell shift of 8. Spectra were symmetrized to eliminate noise and
obtain clearly defined cross-peaks. Processed data are presented in magnitude mode. The

in vivo 2D spectra were referenced to the diagonal peak of Cr at 3.02 ppm.

4.4 Results and discussion

4.4.1 Invitro study

Figure 4.2 shows a highly resolved 2D MR spectrum obtained from the 64 pl voxel
placed at the centre of the brain phantom. Despite low physiological concentrations of
metabolites in the brain phantom and the reasonably small voxel size of 64 L, excellent
spectral dispersion was realized at 9.4T. In addition to the resonances of total creatine
which were assigned based on their diagonal peaks, 9 other metabolites can be directly
assigned based on their network of cross-peaks in the 2D MR spectrum (Fig. 4.2). A
summary of the assignment of metabolites is given in table 4.1 (17). The cross peak (H,
H?) of N-acetyl aspartate is not visible in Fig. 4.2. However, this cross-peak was present
in the spectrum before symmetrization (data not shown) and was highly asymmetric,
possibly due to the unequal effect of water suppression as also observed in previous 2D
studies (6,12). As is clear from Fig. 4.2 and table 4.1, excellent separation of the cross-
peaks of the methylene protons of glutamate (H—H*; H*~H") and glutamine (H>-H?) is
achieved using the 2D L-COSY sequence at 9.4 T and small 64 pl voxel. In addition, the
cross-peaks of the Glu-moiety of glutathione were clearly separated from free Glu (Fig.
4.2). The cross-peaks of Choline (H'-H?) and myo-inositol (H'-H?) which were
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overlapping at 3T in a previous phantom study (12) were clearly resolved in the present
study (Fig. 4.2).
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Figure 4.2. High resolution localized 2D MR spectrum obtained from 64 ul (4 %4 >4 mm’) voxel placed in

a brain phantom composed of 11 brain metabolites, namely creatine, N-acetylaspartate, phosphocreatine,
choline, glutamine, glutamate, glutathione, y-aminobutyric acid), myo-inositol, taurine and lactate. Spectra
were obtained at 9.4T using TR=1500 ms and TE=15 ms. The 2D data set was apodized with OQSINE
function and zero filled to 1024 in both dimensions. A summary of the chemical shifts assignments and

cross-peaks is presented in table 4.1.
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4.4.2 Invivo study

In vivo high resolution localized 2D MRS was performed in the mouse brain after image
guided positioning of a 64 ul voxel (4x4x4 mm’) in the centre of the brain, covering
predominantly the thalamus region and some parts of the hippocampus, as depicted in
Fig. 4.3a. A characteristic in vivo 1D MR spectrum of mouse brain from the same voxel
is shown on top of the 2D MR spectrum in Fig. 4.3b. Generally short echo time
localization methods minimize 7, relaxation effects, which increases the sensitivity and
reliability of metabolite quantification (18). A short echo time of 15 ms was used for in
vivo 2D MRS in the present study. Fig. 4.3b demonstrates how in vivo localized 2D MRS
allowed separation of most overlapping peaks for the coupled spin systems that gave rise
to off-diagonal peaks. The singlet resonance of the methyl group of NAA (2.0 ppm)
appeared on the diagonal and protons from the aspartate moiety of NAA give rise to an
off-diagonal peak, not contaminated by other resonances (Fig. 4.3b; table 4.1). In
addition, 2D spectra showed clear separation of the cross-peaks of Glu, Gln, GSH and
GABA, thus allowing the direct in vivo assignment of resonances of these coupled spin
systems. A cross-peak at 2.35 ppm/1.95 ppm was assigned to the GABA moiety of
homocarnosine, a dipeptide that consists of histidine and GABA (Fig. 4.3b). The
resonances which overlap at 4.2 ppm in the 1D spectrum are resolved into cross-peaks of
ml (H’/H*), Tau (H/H") and phosphorylethanolamine (H*/H") which could be clearly
seen in the 2D spectrum (Fig. 4.3b). Comparison of the intensities of cross-peaks of Tau
and ml reflects that the level of Tau was slightly higher than ml in the mouse brain. This
is in contrast to human brain which contains 4-5 fold higher concentrations of ml than
Tau (17,19). The higher level of Tau in comparison to ml in mice is consistent with
levels reported by Tkac et al. (20) based on their 1D MRS data at 9.4T. The brain
phantom used in this study contained 1 mM Tau, which is a physiologically relevant
concentration for human brain. Other studies have shown that for mouse brain, a Tau
concentration of up to 10 mM will be more relevant (20). The 2D spectrum in Fig. 4.3b
also shows well-resolved cross-peaks of many other metabolites present in lower
concentrations, such as alanine, aspartate and a-glucose. As can be seen in Fig 4.4b and
4.5b, only the a-anomer of glucose showed cross-peaks in the 2D spectra, despite the fact
that the overall concentration of the B-anomer of glucose is believed to be higher in brain
than that of the a-anomer. Presently we are unable to explain why the B-glucose did not
show any cross-peak. However, our results are similar to earlier in vivo 2D MRS studies

in human (12) and rat (8) brain where cross-peaks of only a-glucose were detected.
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Figure 4.3. In vivo high resolution localized 2D MR spectrum from mouse brain obtained at 9.4T. (a)

Coronal MR image of the mouse brain, obtained using a RARE sequence, showing the position of the
selected voxel of 64 ul (4%4%4 mm’) covering predominantly the thalamus region and some parts of
hippocampus. (b) 2D MR spectrum from the selected 64 ul voxel in the mouse brain obtained by the
PRESS based 2D L-COSY sequence as shown in Fig. 4.1. 1D spectrum from the same brain region (64 ul
voxel) is shown on top of the 2D spectrum. Spectra were obtained using TR=1500 ms and TE=15 ms. The
2D data set was apodized with a QSINE function and zero filled to 1024 in both dimensions. A summary
of the chemical shifts assignments and cross-peaks is presented in table 4.1. The peak M4 arises from

macromolecules and is labeled in accordance with Behar and Ogino (21).
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Table 4.1: Proton chemical shifts of metabolites obtained in vivo, in the mouse brain, or in vitro, in a brain
phantom, from localized 2D MR spectra at 9.4T.

Metabolites Group "H-Chemical shift (ppm)* Origin of
In vitro In vivo® cross-peaks
In H,OV In Phantom®
Ala CH, (H) 3.77 3.8° e
3CHy () 1.46 1.5% )
Asp CH (D) 3.89 3.9° o
3CH, (HY) 2.80 2.89" )
Cho 'cH, # 4.05 4.05 HH
CH, (HY) 3.50 3.50 )
Gle ‘CH (0 3.70 3.62° —
‘CH  (HY 3.40 3.4° H4'H5
SCH (H) 3.82 3.80%° )
GABA CH, (HY) 3.01 3.02 3.0° P
‘CH, (H) 1.89 1.9 1.9%,1.86° o
‘CH, (HY 2.28 2.29% 2.2°
Gln ‘CH (H) 3.75 3.8° P
CH, (H) 2.13 2.13 2.17%,2.19° -
‘CH, (HY 2.45 2.46 2.49*°
Glu CH D) 3.74 3.76 3.76% 3.78" o
CH, (HY) 2.12 2.04 2.10° H3ZH4
(H) 2.04 2.12 2.12%,2.17° -
‘CH, (HY 2.34 238 2.47°,2.45°
GPC 'CH, HY 3.61 3.72%0 HH
CH  (HY) 3.90 3.912° )
Gro 'CH, HY 3.55 3.52°
H") 3.64 3.67° H'-H'
CH, (H) 3.55 3.52° H-H?
) 3.64 3.67°
GSH Glutamate moiety 2CH  (H?) 3.77 3.78 o
CH, () 2.16 2.18 2.17* -
‘CH, (HY 2.56 2.55 2.55%
HCar GABA moiety CH, (HY) 1.89 1.95° .
‘CH, (HY 237 2.35°
Lac ‘CH (W) 4.10 4.11 4.14° A
3 3 b H™-H
CH, (H) 131 131 1.33
ml 'CH #HY 3.52 3.56 HH
*CH (H) 4.05 4.05 R
‘CH  (H) 3.52 3.56 g
‘CH (HY 3.61 3.67 3.62*° HH
‘CH  (H) 3.27 3.27 3.29%, 3.25° HH
‘CH (H 3.61 3.67 3.62*°
NAA Acetyl moiety ICH; (H%) 2.01 2.04 2.02%°
Aspartate moiety ~ °CH, (H’) 2.67 2.67 2.70*° H-H?
(H) 2.49 2.5 2.50*°
NAAG Aspartate moiety ~ °CH, (H’) 2.72 278", 2.74° i
H) 2.52 2.55%2.51° )
PEA 'CH? (H) 3.98 3.98° —_
CH, (H) 3.22 327 )
Tau 'CH, (HY 3.42 3.42 3.42%0 _r
CH, (HY) 3.25 3.26 3.25% )
Thr *CH (H) 3.58 3.52° P
3CH (1) 425 42° )
a, o b
Tyr ﬁg{l (Hﬁ) 3.93 3.8%1 o
) 3.19 3.1 He 1P
PcH, (HP) 3.04 3.0

YGovindaraju et al (17); *This work; *Estimated accuracy £0.05ppm.
“Proton resonances seen in vivo in a 64 pl voxel covering predominantly the thalamus region
"Proton resonances seen in vivo in a 27 pl voxel placed in cortex/hippocampus region.
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A complete map of the in vivo resonances of the observed cross-peaks is depicted in table
4.1. A strong cross-peak at 3.0 ppm/1.7 ppm is assigned to macromolecules (M4)
according to Behar and Ogino (21). It has been shown earlier that the contribution of
macromolecule resonances increases rapidly with decreasing echo time (16). Stronger
signals from macromolecules in Fig. 4.3b might have been due to the use of a short echo

time of 15 ms in the present studies.

While a large voxel as shown in Fig. 4.3b gave better signal-to-noise ratio in 2D spectra,
a small voxel would be necessary to achieve regional specificity in the mouse brain.
Especially localized information from regions such as the cortex and hippocampus which
are more severely affected during neurodegenerative diseases would be invaluable.
Figure 4.4b shows an in vivo 2D MR spectrum obtained from a smaller voxel (1.7x4x4
mm’; 27 pl) that was positioned in the cortex and hippocampus region as shown in Fig.
4.4a. Despite the small size of the voxel, the signal-to-noise ratio was sufficient to allow
separation of most overlapping peaks, which resulted in clear identification and
assignment of 15 brain metabolites. This was possible due to excellent localization
performance, successful first and higher order shimming, efficient water suppression and
careful optimization of acquisition parameters at high magnetic field (9.4T). Cross-peaks
of Glu, GIn and GSH were clearly separated. In addition, the cross- peak of NAAG was
separated from NAA (Fig. 4.4b). NAAG is the most abundant peptide neurotransmitter in
the human brain (17), and consists of NAA with a peptide bond to Glu. It is difficult to
differentiate NAAG from NAA and Glu by in vivo 1D MRS. Recently, Edden ef al. (22)
have used the MEGA-PRESS sequence to selectively separate the aspartyl spin system of
NAA and NAAG. However, due to a low signal-to-noise ratio, a large voxel was
necessary to observe the signal from NAAG. Moreover, only one spin system could be
monitored at a time. As shown in Fig. 4.4b, using 2D MRS at high magnetic field, we
could separate the cross-peaks between aspartyl B-protons of NAA (2.70, 2.50 ppm) and
NAAG (2.74, 2.51 ppm) in the same spectrum from the living mouse brain and could
simultaneously detect many other metabolites in a single data set. Well resolved cross-
peaks from ml and Tau were also detected. Interestingly, the Tau/ml ratio is even higher
in the cortex-hippocampus region (Fig. 4.4b) than in the centre of the brain covering
predominantly the thalamus region (Fig. 4.3b). This is evident from the intensities of the
cross-peaks of these two metabolites in the cortex-hippocampus, suggesting that the
cortex and hippocampus of the mouse brain contain very high concentrations of Tau in
comparison to ml. The 2D MR spectrum also shows cross-peaks of a-glucose, tyrosine,

threonine, and glycerol (Fig. 4.4b). Similar to previous studies (6,12), not all cross-peaks
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of these metabolites could be easily detected. Three cross-peaks labeled as U1, U2 and
U3 were also observed (Fig. 4.4b) which could not be assigned to any of the 35 known

brain metabolites (17).
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Figure 4.4. In vivo high resolution localized 2D MR spectrum from the cortex-hippocampus region of the
mouse brain obtained at 9.4T. (a) Coronal MR image of the mouse brain, obtained using a RARE sequence,
showing the position of the selected voxel of 27 ul (1.7x4x4 mm’) covering the cortex-hippocampus
region. (b) 2D MR spectrum from the selected 27 ul voxel in the cortex-hippocampus region of the mouse
brain obtained by the PRESS based 2D L-COSY sequence as shown in Fig. 4.1. The spectrum was obtained
using TR=1500 ms and TE=15 ms. The 2D data set was apodized with a OSINE function and zero filled to
1024 in both dimensions. A summary of the chemical shifts assignments and cross-peaks is presented in

table 4.1. Ul, U2 and U3 are unassigned cross-peaks. The peak M4 arises from macromolecules and is

labeled in accordance with Behar and Ogino (21).
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Further studies would be needed to assign these resonances to new metabolites or
macromolecules present in the cortex-hippocampus region of the mouse brain. The in
vivo resonance assignment of metabolites in the cortex-hippocampus region of mouse

brain is summarized in table 1.

In general, in comparison to 2D MRS, 1D MRS is a more efficient method for absolute
quantification of metabolites when it is combined with data analysis methods such as
LCmodel. For example 16 brain metabolites were quantified in mouse brain using this
method (20). Two dimensional MRS, however, allows unambiguous visualization of
cross-peaks and thus has great potential to unearth unknown brain metabolites so far
hidden under overlapping multiplets (7) which will have significant implication in

detecting new biomarkers of various brain diseases in future.

In conclusion, the results presented in this paper clearly demonstrate the feasibility of 2D
MRS in combination with high magnetic field (9.4T) to get localized access to the mouse
brain for efficient identification of metabolites. A large number of metabolites were
assigned simultaneously without contamination based on their network of cross-peaks in
localized regions of the mouse brain in vivo. These results suggest that localized 2D 'H
MRS at high field strength can offer a better scope for identifying potential biomarkers of

neurological diseases using a variety of transgenic mouse models.
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5 Correlation between the severity of amyloid-f
deposition and altered neurochemical profile in a
transgenic mouse model of Alzheimer’s disease,
observed by UMRI and high resolution two-

dimensional MRS’

5.1 Abstract

Localized two-dimensional magnetic resonance spectroscopy was applied in combination
with high resolution pMRI to follow the exact sequential relationship between the
severity of AP deposition and altered neurochemical profile with age in the brain of a
transgenic mouse model of Alzheimer’s disease. Localized 2D MR spectra obtained from
the cortex-hippocampus area of the 18 month old transgenic mice show a significant
alteration in a number of neurometabolites. N-acetylaspartate, glutamate and glutathione
show a clear decline, while the level of taurine shows an increase in AD mice as
compared to controls. In addition, a significant increase (~75%) was detected in the level
of glycerophosphocholine in AD mice. A correlation between age dependent changes in
the level of GPC measured by 2D MRS and severity of AB deposition visualized by
UMRI has been followed in the same transgenic mice. Our results show that the increase
in GPC with age in transgenic mice is directly correlated with the severity of plaque
deposition up to 18 months of age. Interestingly the level of GPC drops drastically at the
age of 20 months, which may signify gross membrane impairment at later stages of AD.
This study provides the first direct in vivo evidence for the increase in GPC in plaque
affected areas and suggests that altered GPC may be a valuable marker for early

diagnosis and for testing therapeutics in the AD mouse model.

5.2 Introduction

Alzheimer’s disease is the most common form of dementia, afflicting mainly the elderly.
With the rapid aging of western societies, this disease is set to become a major problem

in healthcare. Currently several methods are employed in attempts to diagnose AD; In

*Manuscript in preparation



Chapter 5

addition to psychological examination and examination of metabolite levels from
collected blood samples, several neuroimaging techniques have been employed in an
attempt to visualize AD pathological hallmarks (see Chapter 1). However, a definitive
diagnosis of AD is only possible post-mortem, by detecting the two hallmarks of the
disease- amyloid plaques and neurofibrillary tangles in the brain tissue (1). There is thus
a great need for biomarkers to diagnose AD with high specificity and sensitivity in a
clinical setting in humans, as well as in transgenic animal models for preclinical drug

research.

Proton magnetic resonance spectroscopy provides a non-invasive way to investigate in
vivo neurochemical abnormalities of many brain disorders. Several groups have applied
MRS in the study of AD, both in transgenic mice (2-4) and in humans (5-10). In these
studies the most commonly altered metabolites in AD were myo-inositol, taurine,
glutamate, glutamine and N-acetylaspartate. Although a decrease in NAA, glutamate,
glutamine and an increase in myo-inositol or taurine has been consistently observed in
AD, these changes are not specific to only AD, since they have been shown to occur in
other neurodegenerative diseases such as Huntington’s disease (11,12), Parkinson’s
disease (13,14) as well as in other brain disorders (15-17). Therefore, specific in vivo
MRS markers of AD are still missing. While transgenic mouse models of AD might be
instrumental in discovering new in vivo biomarkers of AD, the use of localized in vivo 1D
MRS in mice is often hampered by low sensitivity of local measurements due to both the
small size of the brain resulting in limited signal-to-noise ratio and low concentrations of
several brain metabolites. In addition a considerable overlap of peaks of metabolites with
coupled spin systems restrict the number of molecules which can be uniquely assigned in
1D MRS (18).

To overcome the problem of spectral resolution and peak overlap, we have recently
employed a 2D MRS at 9.4T and obtained the first highly resolved localized 2D MR
spectra from the hippocampus-cortex regions of the living mouse brain (Chapter 4). Due
to spreading of resonances in two dimensional surfaces, a large number of metabolites
were unambiguously assigned based on their network of cross-peaks in localized region
of the mouse brain in vivo. These results show that localized 2D MRS at high field
strength can offer a better scope for identifying potential biomarkers of various brain

diseases, including AD, using the various available transgenic mouse models.

In the present study we have mapped the neurochemical composition of transgenic AD

mice and control mice, and followed the neurochemical changes with age in the same
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animals, using high resolution localized 2D MRS. A noteworthy finding in this study was
an increase in the level of GPC in Tg2576 mice compared to control mice. A correlation
between age dependent changes in the level of GPC measured by 2D MRS and severity
of AP deposition visualized by uMRI has been followed in the same transgenic mice.
Our results show that the age-dependent increase in GPC in transgenic mice correlates
well with the severity of plaque deposition. Altered GPC levels may be a valuable marker

to test therapeutics in the AD mouse model.

5.3 Materials & methods

5.3.1 Transgenic mice

The transgenic mice used in this study contain as transgene the Swedish double mutation
of the human amyloid precursor protein (APPgos), as developed and described previously
by Hsiao ef al. (19). The transgene is expressed in C57B6 breeders. The N2 generation
mice of both genders (n=30) were studied at ages between 8 and 24 months. Age-
matched non-transgenic littermates served as controls. All animal experiments were
approved by the Institutional Animal Care and Animal Use Committee in accordance
with the NIH Guide for the care and Use of Laboratory Animals. For all in vivo MR
measurements the mice were anesthetized using Isoflurane (Forene, Abott, UK)
inhalation anesthesia, together with air and oxygen (1:1) at 0.3 I/minute. The anesthetic
gas was administered via a special face mask, which also served as a fixation device for
the mouse head by coupling it with a specially designed toothbar to hold the head in place
(Bruker Biospin). While inside the probe, the respiration rate of the mouse was constantly
monitored by means of a pressure transducer placed on the abdomen. The transducer was
connected to an SA Instruments MR compatible small animal monitoring and gating
system, which was interfaced to an SA Instruments command module and laptop running
SAM PC monitoring software (SA Instruments, Inc. Stony Brook, NY, USA).

5.3.2 MR Measurements

All uMRI and 1D & 2D MRS measurements were conducted at 25° on a vertical wide-
bore 9.4T Bruker Avance 400WB spectrometer, with a 1000 mTm™ actively shielded
imaging gradient insert (Bruker BioSpin). The RF coil used was a 25 mm volume coil,
specifically, a birdcage transmit/receive coil (Bruker BioSpin). The system was
interfaced to a Linux pc running Topspin 1.5 and Paravision 4.0 imaging software
(Bruker BioSpin).
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UMRI

All uMRI measurements were done using a RARE sequence (20) which employs a single
excitation step followed by the collection of multiple phase encoded echoes. Basic
measurement parameters used for the RARE sequence were: TE = 10.567 ms (22.45 ms
effective), TR = 6 s, flip angle = 90°, NA = 4, RARE factor (echo train length) = 4. The
field of view was 2.00 x 2.00 cm’, with image matrix of 256 x 256. This yields an
effective in-plane resolution of approximately 78 um. Coronal (transverse) images were
obtained with a slice thickness of 0.5 mm in a total scan time of approximately 25

minutes.

MR spectroscopy

To select a volume of interest, localized 7>-weighted images were acquired using the
RARE sequence as described above. The MRS voxels were localized either in: (a) the
middle of the mouse brain, covering predominantly the thalamus region and some parts
of the hippocampus (4x4x4 mm®; 64 pl), or (b) in the cortex-hippocampus regions in the
mouse brain (1.7x4x4 mm’; 27 pl). The local field homogeneity was optimized by
adjustment of first- and second-order shim coil currents using the FASTMAP sequence.
The field homogeneity in a 27-64 ul voxel typically resulted in water line-widths of ~16-

20 Hz in live mouse brain.

The PRESS sequence (21) was used for localized 1D MR spectroscopy. This sequence
uses 3 hermite RF pulses (90°, 180°, 180°). The sequence details are described by
Mandal et al. (22). The repetition time and echo time were 1500 ms and 15 ms
respectively. The PRESS sequence used 2048 complex points, with a spectral width of
11 ppm. The 1D spectra were collected in 512 scans with a scan time of approximately

13 minutes.

The localized 2D MRS was measured using the 2D L-COSY sequence (18) as described
in Chapter 4. The sequence consists of three RF pulses (90°, 180°, 90°), slice-selective
along 3 orthogonal axes. The last slice-selective 90° RF pulse also served as a coherence
transfer pulse for the L-COSY spectrum necessary for correlating the metabolites peak in
the second dimension. Optimized hermite 90° and 180° RF pulses with 1 ms durations
were used for localization. The bandwidth of 90° and 180° RF pulses were 5.4 KHz and
3.4 KHz, respectively. A total of 16 phase cycles for the three RF pulses were used for
each localized Aty increment. To achieve a short echo time of 15 ms, the duration of the
spoiler gradient necessary to dephase the unwanted magnetization from outside the voxel

was kept to a minimum. Both the 1D PRESS sequence and 2D L-COSY sequence were
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preceded by a VAPOR sequence (23) for global water suppression. The sequence
consists of 7 variable power RF pulses with an optimized relaxation delay. The relaxation
delays 7,-7; between the consecutive pulses were 150, 80, 160, 80, 100, 37.11 and 57.36
ms, respectively. The water suppression bandwidth was set at 350 Hz. Outer volume
suppression was combined in an interleaved mode with the water suppression scheme,
thus improving the localization performance and reducing the demands for spoiler
gradients. The OVS scheme used a total of 18 hyperbolic secant RF pulses, each with 90°
nominal flip angle and 1 ms pulse length. The OVS slice thickness was 4 mm with a 0

mm gap to the voxel.

Localized 2D MR spectra were recorded using a TE of 15 ms (TE;=6ms and TE,=9ms),
and a TR of 1500 ms (Fig. 5.1). In order to obtain a feasible scan time, 2D MR spectra
were recorded using 2048 complex points along F> and 192 incremental steps along F1,
with a spectral width of 11 ppm and 20 averages per excitation step. This resulted in a
total of 3840 scans (192 A¢; increments and 20 NEX/At;), yielding a total scan time of
approximately 1 hr 36 min. For the data in the F, direction only the first 1024 data points
were used. The data in the F direction was zero-filled to 1024 points, yielding a square
matrix. Subsequently a squared sine windowing function was applied, with a sine bell
shift of 8. For presentation spectra were symmetrized to eliminate noise and obtain
clearly defined cross-peaks. Processed data is presented in magnitude mode. All 2D
spectra were referenced to the diagonal peak of tCr at 3.02 ppm. Further assignments are

based on the study by Govindaraju et al. (24)

5.3.3 Data Processing and Analysis

AP plaque-load and numerical density in MR images were quantified by SCIL image
software (25) as described in Chapter 3.

Localized 1D MR spectra were analyzed by using LCModel (26), which calculates the
best fit of the experimental spectrum based on a linear combination of model spectra. The
final analysis is performed in the frequency domain; however, raw data (FIDs) are used
as standard data input. The following metabolites were included in the basis set for
LCModel: alanine, aspartate, creatine, y-aminobutyric acid, glucose, glutamate,
glutamine, glycerophosphocholine, phosphocholine, myo-inositol, lactate, N-
acetylaspartate, N-acetylaspartylglutamate, phosphocreatine), phosphoethanolamine,
scyllo-inositol, and taurine. Quantification was obtained by using the tCr resonance as an
internal standard. The LCModel fitting was performed over the spectral range from 1.0 to

4.4 ppm.
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Metabolites in the localized 2D spectra were quantified by calculating the cross-peak
volumes of properly scaled non-symmetrized 2D data sets using Sparky NMR
assignment and integration software (T.D. Goddard & D.G. Kneller; Sparky 3, University
of California, San Francisco). Volume calculation was achieved using the sum ‘over
ellipse’ integration method, allowing linewidths to be adjusted and the baseline to be fit.
Additionally, only data above the lowest contour was used for quantification. Manual
selection and integration afforded better reproducibility than with the automatic peak

selection and integration techniques in the Sparky analysis software.

5.4 Results & Discussion

Figures 5.1b and 5.1c show characteristic 1D MR spectra obtained from a 27 ul voxel
placed in the cortex-hippocampus area of the brain of an 18 month old control and a
transgenic mouse of the same age, as illustrated in Fig. 5.1a. The most significant
changes were increased taurine and decreased NAA and Glutamate in the cortex and
hippocampus of transgenic mice, compared to the WT. The quantification of MR spectra
revealed an increase in the taurine/Cr ratio of ~20% and a decrease in the NAA/Cr and
Glu/Cr ratios of ~18 and ~24%, respectively, in the transgenic mice compared to control
mice. Similar neurochemical changes have been observed in the cingulate cortex in
previous MRS studies using the same mouse model of AD at 4.7T (2) and at 9.4T (3). In
another transgenic mouse model of AD, APP/PS1 mice, Marjanska et al. have observed
an increase in myo-inositol instead of taurine compared to control mice (3). They
proposed that the ratio of NAA and myo-inositol might be a sensitive spectroscopic
marker for following AD in human disease as well as in mouse models such as the
APP/PSI.
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Figure 5.1: Representative MR image and spectra of the mouse brain. (a) A coronal MR image of the
mouse brain, obtained using a RARE sequence, showing the position of the selected 27 ul (1.7 x4 x4 mm’)
voxel covering the cortex-hippocampus region. One-dimensional localized 'H-MR spectra obtained from
the selected 27 ul voxel placed in the brain of an 18 month old control (b) and AD (c) mouse. Spectra were
obtained using a PRESS sequence with TR=1500 ms and TE=15 ms at 9.4T.
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Although a decrease in NAA and glutamate and an increase in myo-inositol or taurine
have been consistently observed in AD brain, these changes are not specific to only AD,
since they have been shown to occur in other neurodegenerative diseases such as
Huntington’s disease (11,12), Parkinson’s disease (13,14) as well as in other brain
disorders (15-17). Since only a limited number of metabolites can be reliably detected
with 1D MRS, several metabolites and neurotransmitters that are present in low
concentrations cannot be unambiguously quantified with this approach. This limits the
application of 1D MRS to identify potential biomarkers of AD. For unambiguous
characterization of the neurochemical profile in transgenic AD mouse brains, we have
applied in vivo localized 2D MRS. Figures 5.2a and 5.2b show characteristic 2D MR
spectra obtained from a 27 pl voxel placed in the cingulate cortex and covering some
parts of the hippocampus (Fig. 5.1a) of an 18 month old control and a transgenic mouse,
respectively. Both spectra are scaled and plotted with the same absolute contour levels.
As has been shown in Chapter 4, 2D MRS in mouse brain at high magnetic field allows
separation of most overlapping signals for the coupled spin systems that gave rise to off-
diagonal peaks. As a result, a wider range of neurochemicals can be detected in a 2D MR

spectrum compared to a 1D spectrum obtained from the same volume.

The 2D metabolite ratios and the raw volume integrals of the signals on the diagonal and
of the cross peaks in data collected from the mouse brain were very well reproduced, and
the variation of the 2D peak volumes between individuals was sufficiently small to allow
for the reliable detection of differences between normal and AD mice. In line with the 1D
spectra, an increase in the intensity of cross peaks of taurine, and reduced intensities of
the cross peaks of glutamate and NAA were observed in the transgenic mice relative to
controls. In addition, a decrease in the concentration of glutathione was observed.
Interestingly, the cross-peaks labeled as U2 and U3 which could not be assigned to any of
the 35 known brain metabolites in control mouse brain were absent in transgenic mouse
brain (see also chapter 4). On the other hand, two unknown cross-peaks labeled as U4
and U5, were present only in transgenic mouse brain and not in controls. Although
further studies would be needed to assign these resonances to new metabolites or
macromolecules present in the cortex-hippocampus region of the control or transgenic
mouse brain, their presence or absence in the transgenic brain may indicate a potential

role as marker for AD.
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Figure 5.2: Two dimensional in vivo localized MR spectra obtained from a 27 ul (1.7%4 x4 mm’) voxel
covering the cortex-hippocampus region of the brain of an 18 month old control (a) and AD (b) mouse.
Spectra were obtained using the PRESS based 2D L-COSY sequence at 9.4T with TR=1500 ms and
TE=15 ms. The 2D data set was apodized with a OSINE function and zero filled to 1024 in both
dimensions. U2, U3, U4 and U5 are unassigned cross-peaks (see also Chapter 4). The peak M4 arises
from macromolecules and is labeled in accordance with Behar and Ogino (27).
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A diagonal peak at 3.2 ppm arises from methyl protons of choline-containing compounds.
This signal contains contribution from free choline, GPC and PC. Since the concentration
of choline in brain is well below the NMR detection limit, the total choline response at
3.2 ppm arises mainly from GPC and PC. Due to the very small difference in chemical
shifts, PC and GPC cannot be separated in 1D 'H-MRS. Separation could in principle be
achieved through smaller resonances from the methylene proton in the region between
3.6 and 3.9 ppm. However, due to the strongly coupled spin system these resonances are
difficult to separate from the resonances of other metabolites in the same region in 1D
MRS. As shown in Fig. 5.2, the cross-peaks of GPC were clearly separated in the 2D MR
spectrum. When the concentration of GPC in the transgenic mice was compared with
control mice, GPC levels were strongly (~75%) and significantly (P < 0.01) increased in
AD mice. This observation is similar to what has been observed by HPLC in CSF
samples of human AD patients and post-mortem >'P MRS studies of human AD brain
extracts (10,28-30). It has been proposed that an increase in GPC during AD may be
linked to the increased breakdown of membrane phospholipids, such as
phosphatidylcholine , during progression of neurodegeneration due to the activation of
calcium dependent phospholipase A, (29). This inference is supported by a previous
study, which revealed that phospholipase A; is responsible for NMDA-induced formation
of GPC in rat hippocampal slices (31). It is also supported by the detection of elevated
cPLA, immunoreactivity in AD brain (32). In addition, amyloid peptide in vitro induces
direct activation of cPLA, as well as direct release of cellular choline (33). Other studies
have shown that GPC promotes amyloid aggregation (34,35). A putative chain of events
to explain an increase in the level of GPC in AD brain and its relationship with soluble
AP and AP plaques is shown in Fig. 5.3. In this cascade of events, soluble AP protein
produced during abnormal cleavage of APP is likely to be the initiating factor in the
disease cascade. Increased levels of AP can cause an influx of calcium in neuronal cells,
leading to calcium overload. This subsequently activates calcium dependent
phospholipase A,, which breaks down PtdCho, which ultimately leads to an elevation in
the level of GPC and other breakdown products (29). Under normal conditions GPC is
unable to leave the cell. However, as the cell becomes leaky due to membrane
breakdown, GPC can be released into the extracellular fluid and the CSF. This
extracellular GPC can subsequently enhance AP aggregation leading to plaque deposition
(29,33-35). In addition, a defective membrane metabolism could expose APP to
abnormal proteolytic cleavage (28) leading to an increase in toxic soluble AP peptide

which can disrupt normal membrane phospholipid turnover (Fig. 5.3).
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Figure 5.3: Simplified disease pathways of AD, illustrating the interactions of both soluble and aggregated
AP with membrane phospholipids. As a result of these interactions, GPC levels increase. Increasing GPC

levels may account for the observed increase in plaque deposition, or vice versa.

The exact sequential relationship between amyloid aggregation and membrane
breakdown during AD progression in vivo is not yet known. To investigate the temporal
relation between plaque formation and changes in GPC during AD progression, we
simultaneously tracked plaque deposition and the changes in GPC levels in the same
transgenic AD mice with age using longitudinal in vivo uUMRI and 2D MRS. Fig. 5.4
(upper panel), shows representative MR images of the same transgenic AD mouse which
was imaged at 12, 16, 18, 20 and 22 months of age. A consistent increase in plaque-load
was observed with age. This increase in plaque-load correlated well with an increase in
GPC levels until 18 months of age (Fig. 5.4; lower panel). Interestingly, a very rapid
decline in GPC was observed at the age of 20 months. Figure 5.5a shows the changes in
GPC level in control and transgenic mice at ages between 8 and 22 months detected by
2D MRS. The level of GPC in the cortex/hippocampus region of control and AD mice
was similar up to 12 months of age (Fig. 5.5a). Consequently an increase is observed in
the transgenic mice up to 18 months of age, with levels in control mice being consistently
lower (Fig. 5.5a). At the 20th month of age, GPC levels in transgenic mice apparently
drop to resemble the levels found for control mice. Quantification of AP plaque-load in
AD mice with age is shown in Fig. 5.5b. A marked age-related increase in both plaque-

load and numerical density of AP plaques is evident in this figure.
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'H-chemical shifts (ppm), f1

'H-chemical shifts (ppm), f2

Figure 5.4: Correlation between the development of A plaques visualized by UMRI (upper panel) and the
changes in the levels of glycerophosphocholine monitored by 2D MRS (lower panel) in the cortex-
hippocampus region of the same AD mouse brain with age. Ap plaques were visualized in the same
transgenic mouse (1g2576) at the ages of 12 months (a), 16 months (b), 18 months (c), 20 months (d), and
22 months. The MR images were obtained using a RARE sequence, with an in-plane resolution of 78 um x
78 um, TE = 10.567 ms, TR = 6 s, echo train length = 4, averages = 4 and a total scan time of ~25 min.
Concurrently with the visualization of AP development, 2D spectra were obtained using the L-COSY
sequence in the same mice at the ages of 12 months (a), 16 months (b), 18 months (c), 20 months (d), and
22 months.

A comparison of the GPC levels with plaque-load at different time points shows that
GPC levels remain unchanged until 12 months of age, when plaques were also not
detected. Subsequently a marked age-related increase in both plaque-load and GPC level
was observed between 14 and 18 months (Fig. 5.5). These results advocate a direct
correlation between the severity of AP deposition and the increase in GPC levels in AD
brain. In contrast to the cortex-hippocampus region, the thalamus region does not show
significant AP deposition, while the GPC levels remain the same (data not shown). This
provides additional support for a direct correlation between GPC levels and AP
deposition. The reason for the sudden decline in the GPC level beyond 20 months of age
is not clear (Fig. 5.4 and 5.5). It is possible that significant neuronal membrane
impairment up to this age results in GPC leaving the cells and being released into the
extracellular fluid and CSF, which leads to a decline of GPC in the affected brain regions.
This assumption is supported by the observation of an increase in GPC levels in CSF
during AD in a previous study (29). Alternatively, down-regulation of the membrane

phospholipid turnover may be responsible for the decline in GPC.
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Figure 5.5: Age-dependent changes in Af plaque-load and numerical density of Ap lesions in the cortex-
hippocampus region of transgenic mice detected by uMRI are shown in the right panel, while GPC levels
in the cortex-hippocampus region of AD mice (®) and control mice (0) detected by 2D MRS are shown in
the left panel. Data represent the mean of n=5 (£SD). The GPC levels were estimated from localized 2D
datasets collected at the age of 8, 10, 14, 18, 20 and 22 months. Plaque-load and numerical density of
plaques was calculated from the IMR images at the age of 12, 14, 16, 18 and 20 months.

In summary, the present study demonstrates that localized 2D MRS in combination with
UMRI provides a powerful non-invasive method to follow the correlation between age-
dependent neurochemical changes and plaque deposition in AD transgenic mice. Due to
the non-invasive and repeatable nature, these methods can substantially accelerate drug
discovery. Based on the results from this study, it can be concluded that elevated GPC
levels correlate well with AD progression and GPC can be a useful in vivo biomarker of
AD. Further experimental studies are needed to identify the large number of unassigned
resonances detected on 2D MRS spectra, as these may be relevant to pathophysiological

conditions during AD.
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6 General discussion and future outlook”

In this thesis the potential applications of high resolution MR microimaging and
spectroscopy to study Alzheimer’s disease pathology in transgenic mouse models were
explored. The focus was both on the UMRI and the 2D MRS method optimization, as
well as their application to visualize and understand the mechanism of AD pathology in

Vivo.

6.1 Visualization of AD hallmarks: amyloid plaques and beyond

The visualization of AP plaque deposition in brain, a key feature of Alzheimer’s disease,
is important for the evaluation of disease progression and the efficacy of therapeutic
interventions. In Chapter 3, it was shown that application of the RARE sequence at 9.4T
allowed plaques visualization without contrast agents in a scan time as short as 25 min
with an in-plane resolution of 78 um. The straightforward implementation of a 7>»-
weighted RARE sequence combined with high magnetic field strength provided

sufficient resolution for clearly visualizing plaques in living mouse brain.

The basis for intrinsic MRI contrast between individual plaques and normal background
tissue is not fully understood. It is presumed that the hydrophobic nature of amyloid
deposits, or age related accumulation of iron within the plaques, can have an effect on the
T, and T»>* relaxation rates in and adjacent to plaques (1,2). Very recently, El Tannir El
Tayara et al. (2) have shown that 7, relaxation can be affected by plaque deposition in the
absence of histochemically detectable iron. House et al. (3) found no correlation between
AD plaque density and iron concentration. The distribution of iron in the histological
sections of the Tg2576 mouse brain was examined in Chapter 3. Iron was found to be
associated with many dense-cored senile plaques, though not all contained iron. This
suggests that the intrinsic MR contrast from AP plaques may be partly caused by iron,
although signal hypointensities arising from the reduced water content in AP plaques
compared to the surrounding tissue and from other unknown factors cannot be ruled out.
Amyloid plaques in AD brains can be circumscript plaques with a dense core or more
diffuse plaques. Dense-core plaques are fibrillar deposits of AP, showing all the classical
properties of amyloid including B-sheet secondary structure, while diffuse plaques are

amorphous deposits of AP that lack a core (4). It is still an open question if iron is

*Parts of this chapter were submitted to Curr Med Imaging Rev
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associated with dense cored plaques, diffuse core plaques, or both. In addition, it is not
yet clear if MRI techniques for the visualization of amyloid plaques are more specifically
detecting dense core plaques or diffuse plaques. This aspect warrants further research
efforts. It will require the improvement of resolution and specificity of available MRI

techniques to distinguish between dense-core and diffuse plaques.

In Chapter 3 it was shown that uMRI can be successfully used for longitudinal studies
monitoring the development of AP plaques with age in the same animals. The same
Tg2576 mice were imaged at regular intervals, which showed a marked age-dependent
increase in amyloid deposition in the hippocampus and cortex. This longitudinal study
has shown that, using UMRI, a genuine map of plaque deposition can be made as the
disease progresses in a living subject. Such a map may subsequently be used to assess the
efficacy of putative AD treatment strategies. In addition, using this approach interesting
biological issues could be non-invasively addressed; for example, does a particular
therapeutic approach arrest plaque growth, shrink plaques, or prevent development of
new plaques? Is the effect of a therapeutic a uniform response of all plaques, or are there

significant plaque to plaque variations?

Further improvements will be required in the field of MR based amyloid imaging, such as
higher specificity of plaque detection, improved resolution of MR images, and a
reduction of the required measurement time. Specificity may be increased by the
development of safe MR contrast agents that cross the blood-brain barrier and selectively
bind AP plaques. Improved resolution and reduced measurement times may be achieved
by exploiting the improved SNR granted by high magnetic fields. For studies in mice,
moving from 9.4T to 17.6T will be beneficial. Very recently Faber et al. published the
first ultra-high field (17.6T) study of in vivo plaque visualization in transgenic AD mice
(5). Due to the increased field strength, and the corresponding increase in SNR, it was
possible to visualize plaques in vivo in the thalamus region with an isotropic resolution of
94x94x94 pum in 34 minutes. The high magnetic field strength also permitted in vivo
detection of plaques with a lower resolution of 94x234x234 pum in a scan time of only 82
seconds using a gradient echo sequence. At high magnetic field strength, the dipole field
of iron in the plaques causes strong signal dephasing in a region larger than the actual
size of a plaque, which facilitates detection. Short scan times provide new opportunities
for MR in Alzheimer research. For example, rapid scan protocols could be used for high
throughput screening of a large number of AD transgenic mice treated with new drugs.
However, in vivo visualization of plaques in the cortex and hippocampus, which are the

most affected areas in human AD patients, has not yet been successful at high field.
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For increased specificity in amyloid detection, ultimately molecular imaging will be the
method of choice. This approach requires the administering of a suitable contrast agent.
Thus far, contrast agent based MR approaches for in vivo plaque visualization in
transgenic mice have been used in only two studies. The first reported study was by
Wadghiri et al. in 2003 (6). Relying on the observation that the AP peptide avidly binds
to amyloid plaques, they developed an effective MRI sensitive plaque ligand by attaching
either gadolinium or iron nanoparticles to AP. Although the results of this study were
convincing, the ligand does not spontaneously pass through the blood-brain barrier, and
co-administration of mannitol was required for the ligand to gain access to the brain. Due
to the neurotoxicity of AP and the requirement for mannitol injection, these methods may
have limited utility in longitudinal studies in mice. A subsequent study was reported by
Higuchi et al. in 2005 (7). They used Congo Red-based amyloidophilic compounds that
were labeled with '°F. The authors showed that when this ligand is injected intravenously
into living transgenic mice, it successfully crosses the blood-brain barrier and binds
amyloid plaques, which can subsequently be detected with '’F-MRI. They proposed that
this approach can be used for longitudinal studies in mouse models of AD (7). It is
interesting to note that '’F-containing ligands are not specific to only amyloid plaques, as
they can bind neurofibrillary tangles and perhaps even Lewy bodies or other B-sheet
inclusions as well (7). Sensitivity of ligands to both amyloid plaques and neurofibrillary
tangles may be diagnostically relevant, since both are histological hallmarks of AD.
Prospective contrast agents for visualizing and quantifying the pathologic burden of B-
amyloid plaque should be highly stable in vivo, cross the blood-brain barrier non-
destructively following intravenous injection, bind specifically to plaques with high
affinity, produce local changes in tissue contrast detectable by MRI, and require lower

dosages than current contrast agents (8,9).

6.2 2D MRS applications in AD

In Chapter 4, it was shown that the application of localized 2D MRS in mouse brain is
possible, and that a large number of metabolites can be uniquely and reproducibly
detected using 2D methods. Subsequently, in Chapter 5, the L-COSY method was
applied to study the effects of AD on the neurochemical profile of aging Tg2576 mice.
Specifically, it was found that the membrane phospholipid breakdown product GPC
increases concurrently with the increasing plaque-load in aging Tg2576 mice. Unlike 1D
MRS techniques, localized 2D MRS had not been reported in mouse brain until now, and

resolving strongly overlapping signals from different metabolites required the use of
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spectral editing techniques (10,11) or the application of spectral analysis software such as
LCmodel (12). The drawback of spectral editing is that only a single metabolite of
interest is targeted per measurement, and for current analysis software, only metabolites
in the analysis database are measured. As seen in Chapters 4 and 5, 2D MRS provides a
method whereby metabolites overlapping in 1D may be distinguished and uniquely
assigned. As described in Chapter 5, glycerophosphocholine appears to be a potential
biomarker for the onset and progression of AD. The in vivo changes in GPC levels in
mice should be monitored in other AD mouse models as well. In addition, changes in
GPC levels in human brain may be determined by implementation of 2D MRS on high

field (> 77T) clinical scanners.

As with MR imaging, several advantages are expected in MR spectroscopy when moving
to high magnetic field (13,14). Spectroscopy at high field strengths is enhanced by the
increase in SNR and by improved spatial resolution. Finally, increased spectral dispersion
will provide more reliable quantification and additional sensitivity gains (13). I made
some initial efforts to implement MRS on a Bruker 17.6T (750MHz) vertical bore system
fitted with 1T/m gradients, and a 20mm birdcage volume transmit/receive coil.
Measurements in a brain phantom yielded a linewidth of ~7 Hz, or 0.0175 ppm, at 9.4T.
At 17.6T, the linewidth obtained from the same sample, with the same scan settings, was
~10 Hz, or 0.0133 ppm, which is an improvement of approximately 30%. With further
optimization of the scan parameters a greater improvement may be obtained. These
preliminary findings are hopeful for future 2D MRS experiments at 17.6T, although
further optimization is still required. Thus far MRS at 17.6T has only been tested
successfully in phantom solutions. It is expected that the NMR lines in brain or other
inhomogeneous samples will be broader than in the phantom. In addition, tissue-
inhomogeneity induced susceptibility effects due to the increasing field strength may
cause an additional increase in linewidth (15). As reported by Fleysher et al. (15), first
and second order shimming may not be sufficient to compensate for this effect. Reducing
the voxel size can help to limit the linebroadening due to tissue-inhomogeneity (15). It is
expected that these limitations. may be less relevant for small animal scanners than for
clinical scanners; shimming and gradient systems for small-animal scanners are
considerably stronger than systems available on clinical scanners, and allow manual
shimming of first, second, and higher order shims, in addition to automatic shimming of
the first and second order shims. Efforts to further optimize one- and two-dimensional

MRS at 17.6T may thus prove beneficial to the future study of AD.
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6.3 Potential challenges for the translation to humans

As the field strengths of clinical scanners are approaching those of small-animal
scanners, while AP plaques in mice and humans are quite similar in size, from 20 up to
200 um (16), the exciting question is obvious: Can amyloid plaques be detected in vivo in
man using MRI sequences that can be realistically applied in a clinical setting? In
principle, the ex vivo MRI studies in post-mortem human tissue (1,17) and in vivo studies
in mice (5-7,18-22) have set the stage for further technical innovation to extend amyloid
imaging to living human subjects. However, several practical hurdles remain before this
can be achieved. Despite the long imaging times and the use of very high field MR
systems for plaque visualization in mice, MRI is a relatively insensitive technique. This
suggests that MRI hardware and software need further improvement in terms of
sensitivity to obtain sufficient contrast-to-noise ratios and resolution in humans in a much
shorter imaging time. The optimization of MRI protocols for plaque detection will be
difficult due to the uncertainty of the presence of amyloid plaques in suspected
Alzheimer patients. Movement artifacts are likely to be a problem; in animal studies, the
subjects are anaesthetized during measurement. This cannot be done in human studies.
Consequently, patients remain conscious and are required to remain immobile. This may
not be a problem for early detection of plaques in patients that do not yet have disease
symptoms; however, it may be difficult for patients with advanced Alzheimer’s disease to
keep still even with a scan duration of only a few minutes. In addition, the specificity of
the technique needs to be improved to differentiate AP plaques from other structures with
a similar appearance on MRI, such as blood vessels and small hemorrhages. Specificity
may be increased by the development of safe MR contrast agents that cross the blood-
brain barrier and selectively bind and enhance A plaques in MRI. The required doses of
contrast agents must be decreased. Currently, PET-based ligands can be administered in
the picomolar range or less, whereas MRI-based ligands need to be administered in the

micromolar range (8).

With the advent of ultra-high field (> 7T) MR in clinical settings, high resolution one-
and two-dimensional MRS in humans is becoming feasible as well. As demonstrated
previously by Thomas ef al. (23), an increase in field strength from 1.5 to 3T is beneficial
for the reliable detection of metabolites using 2D MRS. A further increase in field
strength, from 3T to 7T, is expected to yield similar improvements in spectral dispersion.
Keeping in mind the limitations set forth by Fleysher ef al. (15), who noted that as By
rises, the consequent increase in linewidths counteracts the chemical shift dispersion and

leads to the overlap of the components of J-coupled multiplets (24), the voxel size may
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need to be reduced to prevent an increased linewidth due to macroscopic inhomogeneity

(15). While localized two-dimensional MRS has yet to be applied in high field clinical

scanners, several groups have already successfully applied conventional 1D MRS using

7T clinical scanners, and reported a significant improvement in results compared to
studies at lower fields (25,26).
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Appendix
L-COSY pulse program

This is the L-COSY pulse program implemented on the Bruker BioSpin 9.4 and 17.6T
MR spectrometers used for the research presented in this thesis.

; lcosy.ppg -

#include <Avance.incl>
#include <DBX.include>

#include <PrepModulesHead.mod>

define delay de4
"de4=0.00002-de+depa"

define delay decodur
"decodur=0.00002-de+depa"

#include <decoacq.mod>

define loopcounter Ids={$NDummyScans}

preset off

#include <MEDSPEC.include>

; D/P-----GRAD RF/AC Q---mmmemmmm
start, 4u
av, d1 fq8b:f1

jmmmm——m- Triggered data
#include <TriggerPerSlice.mod>

R noe module
#include "noe.mod"
Jmmmmmmne ws & ovs module
#include "WsOvs.mod"

jmmm—————- localisation module

1u ; reset:f1
d4 grad{ (t1)](0.0)|(0.0)} fq1:f1
dé gatepulse 1
(p1:sp1 ph1):f1
dé
d7 groff
goto 10
nav, 1u

if (PVM_ppgFlag4 == Yes){ ; Retro frequency lock
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d4 grad{ (t1)](0.0)|(0.0)} fq1:f1
deé gatepulse 1
(p1:sp0 ph1):f1
d6é
d7 groff
}
10 d8 grad{ (t4)| (16)| (17)}
d4 grad{ (0.0) | (t2)](0.0)} fq1:f1
d6 gatepulse 1
(p2:sp2 ph2):f1
d6é
ds grad{ (t5)| (t6)| (t7)}
d9 groff

d0 ; COSY time evolution

;pulse adjustments:

if (PVM_ppgFlag3 == Yes ) {

d12 grad{ (t11) | (t12) | (t13) }

d4 groff

}

d10 grad{ (t8)| (t9) | (t10)} fq1:f1
d4 grad{ (0.0) | (0.0) | (t3)}

d6é gatepulse 1
(p3:sp3 ph3):f1

dé

d10 grad{ (t8)| (t9)]| (t10)}

d11 groff

jmmmmmmmm data acquisition
;pulse adjustments:
if (PVM_ppgFlag3 == Yes )
{
d4 grad{ (t14) | (t15) | (t16) }
de4d REC_ENABLE
ADC_INIT_B(ph31, ph30)
aqq ADC_START
}

else

{
subr decoup(decodur,ph31,ph30)

}
3m groff
if(OPT_RFLONOff == On)
{
1m reload BO

}

else

{

Tm

}
1m ADC_END
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E—— navigator loop
lo to nav times I1

et dummy scans
"Ids =Ids - 1"
if "lds>=0" goto start

jmmmmmee averaging & phase cycling
if (ACQ_scan_type == Scan_Experiment ) {

1u ipp1

1u ipp2

1u ipp3

1u ipp31
}

lo to start times NA

1u rpp1

1u rpp2
1u rpp3
1u rpp31

if(ACQ_scan_type != Setup_Experiment)
{

1u id0

1u id1

}
lo to start times ACQ_size[1]

1u
lo to av times NR
SETUP_GOTO(av)
exit

ph0 =0
ph1=00000000 00000000
ph2=0011001122332233
ph3=02021313 02021313
ph30=0
ph31=00222200 00222200
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Summary

Alzheimer’s disease is the most frequently occurring neurodegenerative disorder, with
currently no effective treatment or definitive ante-mortem diagnostic test. AD is
characterized clinically by progressive memory loss that eventually leads to dementia. The
incidence of AD increases exponentially with age and may emerge as a major health problem
due to the current rapid aging of societies. The neuropathology of AD is characterized by
neuronal and synaptic loss, and by the development of two lesions: the extracellular senile
plaque, which is composed mostly of the B-amyloid peptide, and the intraneuronal
neurofibrillary tangle, which is composed of hyperphosphorylated forms of tau protein.
Current standards for assessing the progression of Alzheimer’s disease are clinical and
neuropsychological measures, however, the post-mortem observation of amyloid plaques and

neurofibrillary tangles is still necessary for a definitive diagnosis.

Since no definitive in vivo biomarker of Alzheimer’s disease is available, this impedes both
clinical diagnosis in humans and drug development in transgenic animal models of AD.
Structural magnetic resonance imaging is capable of visualizing anatomical changes in the
brain, such as amyloid plaque deposition or changes in volume due to atrophy of affected
regions. Alternatively, magnetic resonance spectroscopy provides a non-invasive way to
investigate in vivo neurochemical abnormalities, and hence a link between the biochemical
alterations and the pathophysiology of disease. Either of these techniques, individually or in

combination, may have the potential to provide an in vivo biomarker of AD.

This thesis contains the results of studies employing several different MR approaches to
study age-dependent changes in the brain of a transgenic mouse model of Alzheimer’s
disease. The context and relevance of this work is summarized in Chapter 1. Provided in
Chapter 2 is a brief theoretical background of the different MR techniques used in the

studies presented in this thesis.

In Chapter 3 it was demonstrated that amyloid plaques can be detected in AD mouse brain
using UMRI in combination with a 7, weighted RARE sequence. The age-dependent
development of plaque deposition was followed over time by imaging live Tg2576 mice at
regular intervals between the age of 12 and 18 months. There was a remarkable degree of
correspondence between the AP plaque distribution detected by pMRI and
immunohistochemistry. In addition to the visualization of plaques, changes in 7, relaxation

times were followed with age. Following the plaque development in the same animals with
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age showed that the plaque-load and plaque size increased markedly, while 7, relaxation
times showed a decreasing trend with age. These results demonstrate that uMRI may be used
to follow the plaque developmental characteristics in vivo in the same animals and suggest
that monitoring the effect of future therapeutic interventions over time in the same animals

will be possible by uMRI.

In addition to structural changes, AD causes alterations in the neurochemical profile. MR
spectroscopy is an ideal method for obtaining neurochemical information non-invasively
from a localized region in the brain. In Chapter 4, a 2D MRS method (L-COSY) is
implemented and optimized on a 9.4T scanner to study the neurochemical profile in mouse
brain with the added resolution afforded by the second spectral dimension. Optimization of
the sequence was done using a phantom solution containing several known metabolites in
physiological concentrations. Subsequently the L-COSY method was used to study the
neurochemical composition of mouse brain. Using this method, highly resolved 2D spectra
were obtained, for the first time, from localized regions in the mouse brain in vivo. The
combination of the optimized 2D sequence and high field strength allowed detection of cross-

peaks of up to 16 brain metabolites from localized regions of mouse brain in vivo.

In Chapter S the 2D L-COSY sequence was used, in addition to conventional localized one-
dimensional MRS, to study the neurochemical profile in the brains of AD transgenic mice
and non-transgenic controls between the ages of 8 and 22 months. Results from the one-
dimensional study revealed an increase in taurine and decreases in N-acetylaspartate and
glutamate. A remarkable observation in the 2D MRS study was that, until approximately 20
months of age, glycerophosphocholine was found to increase in transgenic animals compared
to controls. At ages above ~20 months GPC levels dropped to values in the same range as
observed in controls, which may reflect gross membrane impairment at later stages of AD or
down-regulation of the membrane phospholipid turnover. The observed increase in GPC
levels correlates well with the increasing plaque-load in the transgenic mice visualized by
UMRI. This confirms that there may be a link between plaque deposition and membrane
phospholipid breakdown, as suggested in ex vivo and in vitro studies by other groups. This
study provides the first direct in vivo evidence for the increase in GPC in plaque affected
areas and suggests that altered GPC may be a valuable marker for early diagnosis and for

testing therapeutics in the AD mouse model.

Finally, Chapter 6 provides a general discussion of this work and future outlook.
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Samenvatting

De ziekte van Alzheimer (AD) is de meest voorkomende neurodegeneratieve aandoening.
Momenteel bestaat er geen effectieve behandeling of sluitende diagnose voor. AD wordt
gekenmerkt door een geleidelijke achteruitgang van het cognitief functioneren, wat
uiteindelijk resulteert in dementie. De incidentie van AD neemt exponentieel toe met het
ouder worden en gezien de vergrijzing in de samenleving is dit potentieel een groot
gezondheidsprobleem. De pathologie van AD wordt gekarakteriseerd door het verlies van
neuronen en synapsen en het ontstaan van twee karakteristiecke lesies: extracellulaire plaques
die voornamelijk uit B-amyloid (AP) peptiden bestaan en intraneuronale neurofibrillaire
tangles die bestaan uit hypergefosforyleerde vormen van het tau eiwit. Thans wordt het
voortschrijden van de ziekte van Alzheimer gevolgd met behulp van klinische en
psychologische methoden. Echter, voor een definitieve diagnose blijft het noodzakelijk de
hersenen post-mortem te onderzoeken op de aanwezigheid van amyloid plaques en

neurofibrillaire tangles.

Door het ontbreken van een in vivo biomarker voor AD wordt tevens medicijnonderzoek in
transgene diermodellen van de ziekte bemoeilijkt. Structurele magnetische resonantie
imaging (MRI) is in staat de anatomische veranderingen in de hersenen, zoals plaque
depositie, of volume veranderingen als gevolg van atrofie van aangetaste gebieden, zichtbaar
te maken. Daarnaast maakt magnetische resonantie spectroscopie (MRS) het mogelijk op een
niet-invasieve manier in vivo neurochemische veranderingen te bestuderen en dus ook een
verband te leggen tussen de biochemische veranderingen en de pathofysiologie van de ziekte.
Deze technieken, individueel of in combinatie, hebben het potentieel om een in vivo

biomarker van AD te leveren.

Dit proefschrift bevat de resultaten van verschillende studies waarbij MR technieken zijn
toegepast om de leeftijdsathankelijke veranderingen te bestuderen in de hersenen van een
transgeen muismodel van de ziekte van Alzheimer. De context en de relevantie van dit werk
wordt samengevat in Hoofdstuk 1. In Hoofdstuk 2 is een korte beschrijving opgenomen van
de theoretische achtergronden van de verschillende MR-technieken die gebruikt werden in de

studies beschreven in dit proefschrift.

In Hoofdstuk 3 werd aangetoond dat amyloide plaques kunnen worden gedetecteerd in AD
muizenhersenen met behulp van MR micro-imaging (uWMRI) in combinatie met een 7>

gewogen RARE sequentie. De leeftijdsathankelijke ontwikkeling van plaque afzetting werd
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gevolgd in de tijd in levende Tg2576 muizen door ze met regelmatige tussenpozen te scannen
tussen de leeftijd van 12 en 18 maanden. Hierbij werd een opmerkelijke overeenkomst
gevonden tussen de AP plaque distributie gedetecteerd door pMRI en door
immunohistochemie. Naast de visualisatie van plaques, werden veranderingen in 7,
relaxatietijden gevolgd bij het vorderen van de leeftijd. Het volgen van de ontwikkeling van
plaques in dezelfde dieren toonde aan dat de hoeveelheid en omvang van de plaques
toenamen, terwijl de 7, relaxatietijd een dalende trend vertoonde met toenemende leeftijd.
Deze resultaten laten =zien dat pMRI kan worden gebruikt om de plaque
ontwikkelingskenmerken in vivo in dezelfde dieren te volgen en wijzen erop dat het
bestuderen van het effect van toekomstige therapeutische interventies over de tijd in dezelfde

dieren mogelijk zal zijn met behulp van puMRI.

Naast de structurele veranderingen veroorzaakt AD veranderingen in het neurochemische
profiel in de hersenen. MR-spectroscopie is een ideale methode voor het verkrijgen van
neurochemische informatie, op een niet-invasieve manier, uit een gelokaliseerde regio in de
hersenen. In Hoofdstuk 4 volgt de beschrijving van een 2D MRS methode: gelokaliseerde
correlatie spectroscopie, ofwel L-COSY. Deze methode werd geimplementeerd en
geoptimaliseerd voor een 9.4T-scanner. Door de toegevoegde spectrale dimensie werd
mogelijk om met verhoogde resolutie het neurochemische profiel in muizenhersenen te
bestuderen. Optimalisatie van de L-COSY methode werd gedaan met behulp van een
fantoom oplossing met verschillende bekende metabolieten in fysiologische concentraties.
Vervolgens werd de L-COSY methode gebruikt voor het bestuderen van het neurochemische
metabole patroon in muizenhersenen. Met behulp van deze methode zijn, voor het eerst,
duidelijke in vivo 2D spectra verkregen uit gelokaliseerde regio’s in de muizenhersenen. De
combinatie van de geoptimaliseerde 2D sequentie en de hoge veldsterkte maakte het mogelijk
in vivo de “kruis-pieken” te detecteren van tot 16 metabolieten in gelokaliseerde gebieden in

de muizenhersenen.

In Hoofdstuk 5 wordt de 2D L-COSY methode gebruikt, naast conventionele gelokaliseerde
een-dimensionale MRS, om het neurochemische profiel in de hersenen van AD transgene
muizen en niet-transgene controles in de leeftijd tussen 8 en 22 maanden te bestuderen.
Resultaten van de een-dimensionale studie toonden een toename van taurine en dalingen van
N-acetylaspartaat en glutamaat. Een opmerkelijke observatie in de 2D-MRS studie was dat,
tot een leeftijd van ongeveer 20 maanden, glycerophosphocholine (GPC) bleek toe te nemen
in transgene dieren in vergelijking met de controlegroep. Voor leeftijden boven de 20
maanden daalden GPC niveaus tot waarden in dezelfde orde van grootte als waargenomen in
de controlegroep, wat een afspiegeling kan zijn van een grootschalige membraan-

beschadiging in de latere stadia van Alzheimer of een regulatie van de omzetting van
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membraanfosfolipide. De waargenomen stijging van de GPC niveaus correleert goed met de
toenemende plaquevorming in de transgene muizen, zoals gevisualiseerd met uMRI. Dit
bevestigt dat er mogelijk een verband bestaat tussen de plaque depositie en membraan
fosfolipide afbraak, zoals gesuggereerd in ex vivo en in vitro studies van andere groepen.
Deze studie vormt het eerste directe in vivo bewijs voor de stijging van GPC in de door
plaque getroffen gebieden, wat aangeeft dat een verandering in GPC concentratie wellicht
een belangrijke marker voor vroegtijdige diagnose en voor het testen van therapeutica in het

AD muismodel kan zijn.

Tot slot wordt in Hoofdstuk 6 een algemene bespreking van dit werk gegeven en wordt het

toekomstperspectief van het werk geschetst.
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