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cerebrospinal fluid. Recent studies have shown that in AD brain, A� protein with 42 
amino acid residues (A�1-42) is deposited first and is the predominant form in senile 
plaques, while A� protein with 40 amino acid residues (A�1-40) is deposited later in the 
disease and is prominent in vascular amyloid deposits (6). During aggregation, single 
monomeric A� 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 A� is central to the pathological cascade that ultimately leads to clinical 
AD, although the presence of A� 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 A� accumulation and the formation of neurofibrillary pathology and 
neurodegeneration (4). Fig. 1.2 shows a recently proposed scheme of the interaction 
between A� and microtubule associated protein tau in AD pathogenesis (4). 

 

 

Fig. 1.2. The interaction of A� and microtubule associated protein tau (MAPT) in AD pathogenesis. In 
this scheme, accumulation of aggregated A� 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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In this scheme, A� monomers can form soluble oligomeric species that cause synaptic 
dysfunction but do not lead directly to neuronal cell death (9). A� 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 A� 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 μm, 

and are typically 20-60 μm in diameter (14). A� 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 A� 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 A� 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 A� is based on genetic mutations which were discovered 
in familial forms of AD and result in increased levels and deposition of A�. The three 
known classes of mutations associated with early onset, or familial AD all directly affect 
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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 �-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 A� 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 (APPswe 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.  
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Table 1.1: Overview of the most commonly used mouse models in AD research 
Model 
name 

Transgene 
(mutation) Cognitive deficits Age of onset:  Pathology reference 

Tg2576  APP 
(APP695) 

Impaired reference and 
working memory, OR, CFC 

9-11 months: A� plaques, 
astrogliosis, microgliosis, 
increased oxidative stress, 
dystrophic neurites 

(19) 

APP23  APP 
(APP751) 

Impaired: reference memory, 
passive avoidance. Abnormal 
reflexes and stereotypic 
behavior, seizures 

6 months: A� plaques, neuronal 
loss in CA1 region of 
hippocampus 

(29) 

PS1M146V, 
PS1M146L  

PS1 
(PS1M146V, PS1M146L) 

No behavioral abnormalities No abnormal pathology; elevated 
A�42, altered mitochondrial 
activity, disregulation of calcium 
homoeostasis in PS1M146V 

(30) 

PSAPP  APP/PS1 
(PS1M146L, APP695 

PS1-A246E, APP695) 

Impaired reference and 
working memory 

6-9 months: (accelerated) A� 
deposition, gliosis, dystrophic 
neurites 

(18,31) 

JNPL3  Tau 
(TauP301L) 

Not reported; Mice show 
progressing motor 
impairment with age 

NFTs in spinal cord, spinal cord 
atrophy, astrocytosis in spinal 
cord, brain stem, diencephalon 
and telencephalon 

(24) 

TauP301S  Tau 
(TauP301S) 

Not reported NFTs, severe paralysis of lower 
limbs due to motor neuron loss 

(23) 

TauV337M  Tau 
(TauV337M) 

Increased locomotor activity, 
deficits in plus maze 

NFTs and neuronal degradation in 
hippocampus 

(32) 

TauR406W  Tau 
(TauR406W) 

Impaired associative memory 
in CFC, abnormality in PPI 

Accumulation of insoluble tau, 
hyperphosphorylated tau 
inclusions in forebrain 

(33) 

rTg4510  Tau 
(TauP301L) 

Spatial defects, cognitive 
effects early. At 9.5 months 
exhibit decreased ambulation, 
body weight, hunched 
posture 

Progressive age-related NFTs, 
neuronal loss and forebrain 
atrophy 

(13,34) 

Htau  Tau 
(Human Tau) 

Not reported NFTs and neuronal death (35) 

TAPP APP/Tau 
(APP695, TauP301L) 

Not reported A� plaques, NFTs, gliosis (12) 

3×TgAD  APP/Tau/PS1 
(APP695, TauP301L, 

PS1M146V) 

Age-progressing memory 
impairment that  

Age-dependent A� plaques, 
followed by the development of 
NFTs. Age-dependent synaptic 
dysfunction 

(25,27) 

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 μm (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 A� plaque-load using MR 

microimaging (Table 1.2). For μMRI, 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 μMRI of A� 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 A� plaques in vivo still 
lacks sufficient sensitivity and requires further improvement. Another strategy to detect 
the presence of A� plaques in AD brain is to look for changes in MR relaxation rates 
which might be associated with the presence of A�. For instance, the transverse relaxation 
time of brain tissue might be modified due to the presence of iron in A� 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 A� plaque visualization, 
MR relaxometry and MRS for assessment of AD pathology is given below. 

1.3.1 MRI to visualize A� 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 A� 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 T2*-

weighted MRI at 7T with a spatial resolution in the range of 40×40×40 μm3 (~6×10-5 
mm3). Plaques emerged as black, spherical elements on T2* images, which can be 
attributed to the known presence of metals, particularly iron, in A� plaques (44). This 
finding was not replicated in another study, which reported the observed hypointensities 
to be vascular structures rather than A� 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 46×72×72 μm3 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 54×58×200 μm3 (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 μMRI of 
A� 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 19F-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 T2 
weighted SE and T2* weighted GE sequences to obtain spatial resolutions of 59×59×500 



Chapter 1 

 22 

�m and 59×59×250 �m3, 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, A� 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 60×60×120 �m3 using a T2 weighted SE sequence. However, 
imaging time was more than 1h and cardio-respiratory triggering was necessary to 
prevent motion artifacts (52,53). An overview of the described in vivo A� 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 in vivo/ 
ex vivo 

Contrast 
agent 

MRI 
method 

Field 
Strength

Image resolution Imaging 
time 

Benveniste et 
al. 1999 (44) 

Human ex vivo - 3D T2* GE; 
3D DW SE 

7T 5.9×10-5 mm3 2.7-21.8 hr (GE)
4.6-18.2 hr (SE)

Dhenain et al. 
2002 (45) 

Human ex vivo - T2* GE 11.7T 46.9×23.4×23.4 �m3 

23.4×23.4×23.4 �m3 

16-18 hr 

Poduslo et al. 
2002 (49) 

Mice: 
APP/PS1 

ex vivo PUT-Gd- A� Not specified 7T 62.5×62.5×62.5 �m3 ~14 hr (T1W) 
~15 hr (T2W) 

Wadghiri et 
al. 2003 (51) 

Mice: 
APP, APP/PS1

in vivo; 
ex vivo 

A�-Gd; 
A�-MION 

2D/3D T1 SE;
2D T2 SE; 
2D T2* GE 

7T 59×59×500 �m3 
59×59×250 �m3 

120 min (T2 SE)
59 min (T2*GE)

Zhang et al. 
2004 (46) 

Mice: 
APP, APP/PS1

ex vivo - T2 SE 9.4T 46×72×72 �m3 14 hr 

Lee et al. 
2004 (47) 

Mice: 
PS1, APP/PS1 

ex vivo - T2 FSE 7T 54×58×200 �m3 65-80 min 

Jack et al. 
2004 (52) 

Mice: 
APP/PS1 

in vivo; 
ex vivo 

- T2 SE; 
T2* GE 

9.4T 60×60×120 �m3 67 min (SE) 
87 min (GE) 

Jack et al. 
2005 (53) 

Mice: 
APP/PS1 

in vivo; 
ex vivo 

- T2 SE 9.4T 60×60×120 �m3 

(30×30×60 �m3) 

100 min 

Vanhoutte et 
al. 2005 (54) 

Mice: 
APPV717I 

in vivo - 3D T2* GE 7T 78×156×234 �m3 

(78×78×58 �m3) 

68 min 

Higuchi et al. 
2005 (50) 

Mice: 
Tg2576 

in vivo 19F -FSB 2D FSE; 
3D FSE; 
T1 GE 

9.4T 156×156×500 �m3 42 min 

Dhenain et al. 
2006 (48) 

Mice: 
APP/PS1 

ex vivo - 3D T2* GE 4.7T 63×47×59 �m3 7-9 hr 
 
 

2D/3D, 2- or 3-dimensional; T1/T2/T2*, applied weighting in MR imaging experiments; DW, diffusion-weighted; 19F, 
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 T1 
(longitudinal, or spin-lattice) and T2 (transverse, or spin-spin) relaxation rates can be 
studied to facilitate the quantification of disease processes. T1 specifies the rate at which 
the net magnetization returns to its equilibrium state along the axis of the magnet bore, 
while T2 specifies the rate at which the net magnetization in the transverse plane returns 
to zero after RF excitation. Alternate relaxation parameters are T2* and T1rho; Unlike T2, 
T2* is influenced by magnetic field gradient inhomogeneities and is always shorter than 
the T2 relaxation time. The spin lattice relaxation time constant in the rotating frame, 
T1rho, determines the decay of the transverse magnetization in the presence of a “spin-
lock” RF field (55).   

Since both the T2 and T1 relaxation times are sensitive to changes in the biophysical water 
environment it has been hypothesized that the presence of increased deposition of A� 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, T2 relaxation appears to be more sensitive to pathophysiology than T1 
relaxation. Several groups have studied the effects of AD progression on the transverse 
relaxation rate T2. There is converging evidence that the T2 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 T2 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 T2 
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 T2 relaxation in plaque affected 
areas. Very recently, El Tannir El Tayara et al. have shown that T2 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 T2 (40,56). A decrease of both T2* and 
T1rho 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 A� 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 A� plaques and 
changes in T2 relaxation times with age in the same animals is lacking. 
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Table 1.3: Relaxometry measurements in AD mouse models 

Reference Relaxometric 
Parameter 

AD mouse  
model Remarks 

Helpern et al.  
2004 (40) 

T1, T2 APP/PS1; PS1 T2 lower in APP/PS1 and PS1 mice than in controls. 
No significant changes in T1 detected. 

Falangola et al.  
2005 (58) 

T2 APP/PS1; PS1 T2 decreased in APP/PS1 mice compared to controls 

Vanhoutte et al.  
2005 (54) 

T2* APPV717I T2* decreased in APPV717I mice compared to controls 

Borthakur et al.  
2006 (55) 

T1rho APP/PS1 T1rho decreased after 12 months of age in APP/PS1 
mice 

El Tannir El Tayara et al. 
2007 (57) 

T2 APP/PS1; PS1 T2 decreased in amyloid loaded areas in APP/PS1 
mice. 

Falangola et al.  
2007 (56) 

T2 APP/PS1; APP; 
PS1 

Significant decrease in T2 in APP and APP/PS1 mice.   
A longitudinal study*.   

*several mice at each time point were measured longitudinally for T2 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 1H, 31P, 13C, 19F, 15N, 23Na, and 7Li, with the 
first three accounting for approximately 99% of all studies. Of these, 1H 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 1H and 31P 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). 31P 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, 1H 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 1H 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 A� 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 μMRI approaches used for A� 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 A� plaque imaging, some of the intrinsic MR parameters such as 
T2 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 T2 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 μMRI methods have been optimized 
and successfully implemented to visualize A� plaques in the Tg2576 transgenic mouse 
model of AD, and to follow A� plaque development in the same transgenic mice with 
age. Additionally, the T2 relaxation times were studied as the mice aged, to study how 
AD progression and A� 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 5, 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 μMRI. Chapter 6 provides a general 
discussion to the work presented in this thesis, and presents some future prospects. 
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