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Abstract: Alzheimer’s disease is an important social and economic issue for our societies. The development of therapeutics 
against this severe dementia requires assessing the effects of new drugs in animal models thanks to dedicated biomarkers. This 
review fi rst overviews Alzheimer’s disease and its models as well as the concept of biomarkers. It then focuses on MRI and 
NMR biomarkers of Alzheimer’s disease in animals. Anatomical markers such as atrophy and angiography are useful to phe-
notype newly developed models of Alzheimer’s disease, even if the alterations in these animals are not as severe as in humans. 
Amyloid plaques imaging is a promising marker of the pathology in animals, and is a rapidly evolving fi eld of MRI. Functional 
methods such as perfusion and diffusion imaging or spectroscopy are able to detect alterations in transgenic mice mimicking 
Alzheimer and also to show similar alterations than in humans. They can thus be good translational markers of the disease. 
Manganese-Enhanced MRI shows a reduction of neuronal transportation in transgenic models of Alzheimer and it allows 
monitoring improvements induced by treatments of the disease. It is thus a promising biomarker of the pathology in animals.
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Introduction
Alzheimer’s disease (AD) is a severe dementia that leads to the withdraw of the patients from social 
life. The incidence rate of the disease increases with aging and according to a study published in Lancet 
(Ferri et al. 2005), it represents 50% to 75% of the 24.3 millions demented persons in the world. There 
are 4.6 millions of new cases in the world per year and a doubling of the number of affected people 
every 20 years. This emphasizes the public health issue that it represents.

AD is characterized by two main microscopic lesions that must be evidenced to provide the full 
diagnosis of the disease: neurofi brillary tangles (NFT) and senile plaques. NFT are constituted of intra-
neuronal accumulation of abnormally phosphorylated tau proteins. Senile plaques are mainly constituted 
of aggregated extracellular deposition of amyloid beta (Aβ) peptides. These latter come from the abnor-
mal metabolism of a protein of the cellular membrane called APP (amyloid precursor protein). Amyloid 
proteins accumulate also in the perivascular space of the blood vessels leading to cerebral amyloid 
angiopathy (CAA) in almost 80% of the patients (Vinters et al. 1996). Recently, several studies also 
suggested a critical role of intracellular amyloid deposits in the physiopathogeny of AD (Gouras et al. 
2000). Finally, amyloid can also be present in the form of highly toxic soluble oligomers (Lacor et al. 
2004). All these primary lesions lead to secondary lesions such as neuronal dysfunctioning followed-up 
by dendritic and neuronal losses. At the macroscopic level, a cerebral atrophy appears progressively 
during the evolution of the disease (Valk et al. 2002). One of the most used hypothesis to explain the 
disease is the amyloid cascade hypothesis. It suggests that amyloid is at the origin of most of the lesions 
associated to AD (Hardy and Selkoe, 2002).

From a clinical point of view, the diagnosis of Alzheimer is mainly based on a neuropsychological 
evaluation of the patients with standardized cognitive tests such as the Mini Mental State Examination 
(MMS) (Folstein et al. 1975). Complementary exams such as those performed by imaging can help to 
eliminate treatable causes of cognitive alterations (such as secondary effects of medicines, metabolic 
or endocrinal disorders, cerebral haematomas, or depression). Complementary exams are now used to 
perform a positive diagnosis of the disease. Four approaches are close to be usable in clinical routine 
(Table 1). The fi rst one relies on MRI to evaluate the atrophy of the hippocampus and temporal regions 
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Table 1. Biomarkers of AD pathology in animals and humans with a particular focus on MR markers. The table outlines the main biomarkers evoked in the 
current review. The last column shows that behavioral and cognitive improvement of the AD patients is the primary clinical endpoint expected in pharma-
cological trials. The four columns before this last column present the biomarkers used in humans. Type 0 biomarkers are divided into markers that diagnose 
the disease and into those that can also probe disease evolution. In animals, the second column outlines the markers that are used in preclinical evaluation 
of new drugs while the fi rst one displays the biomarkers studied in animals.

Use in a animals Use in humans

Biomarker
Detection of 

AD-like 
pathology

Preclinical 
evaluation of 
drugs against 

AD

Clinical 
diagnostic 

(presence of 
the disease) 

(Type 0 
Biomarker)

Biomarker of 
disease evolution 

(Type 0 Biomarker)

Marker of the 
mechanism of 

action of a 
drug (Type I 
Biomarker)

Candidate as a 
surrogate Biom. 
→ Potentially 
able to predict 

clinical benefi ts 
of a drug (Type II 

Biomarker)

Clinical 
endpoint → 

show the True 
benefi ts of a 

drug

Abeta/Tau in 
Plasma or CSF

Yes (May et al. 
2005)

Yes (May et al. 
2005)

Yes (Andreasen 
and Blennow, 

2005)

No Yes (Aisen, 
2005)

Yes (Kadir et al. 
2008)

No

Axonal 
transportation

Yes (Smith and 
Pautler, 2008)

Yes (Smith and 
Pautler, 2008)

No No No No No

Amyloid (Post 
mortem detection)

Yes Yes Yes but 
postmortem

No No No No

Amyloid (direct 
detection—
PET+contrast 
agent)

In developpment 
(Maeda et al. 

2007)

No Yes (Nordberg, 
2007)

No (stable during
disease) (Engler

et al. 2006)

Yes? 
(Nordberg, 

2007)

Yes (Kadir et al. 
2008)

No

Amyloid (direct 
detection—MRI 
without contrast 
agent)

Yes (Jack et al. 
2004)

Yes (Jack et al. 
2007)

No No No No No

Amyloid (direct 
detection—MRI + 
contrast agent)

Yes (Sigurdsson 
et al. 2008)

No No No No No No

Amyloid (direct 
detection—
Fluorescence)

Yes (Bacskai 
et al. 2003)

No No No No No No

Amyloid (direct 
detection—NIR)

Yes 
(Hintersteiner 
et al. 2005)

Yes 
(Hintersteiner 
et al. 2005)

No No No No No

Amyloid (direct 
detection—QLS)

Yes (Moncaster 
et al. 2008)

Yes (Moncaster 
et al. 2008)

No No No No No
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Amyloid load 
(indirect 
detection—
Relaxometry)

In developpment 
(El Tannir El 
Tayara et al. 

2006)

No Contradictory 
results (Kirsch 

et al. 1992; 
Haley et al. 

2004)

No No No No

Cerebral 
Metabolism 
(FDG)

No No Yes (Ash ford 
et al. 2000)

Yes (Albert et al. 
2005)

No Yes (Kadir et al. 
2008)

No

Perfusion In developpment 
(Mueggler et al. 

2002)

No Yes (Johnson 
et al. 2005)

Yes (Alsop et al. 
2000)

No No No

Vascular 
alterations 
evaluated by MRI

In developpment 
(Beckmann 
et al. 2003)

No Experimental 
(Ishibashi et al. 

1998)

No No No No

Diffusion MRI In developpment 
(Mueggler et al. 

2004)

No Experimental 
(Kantarci et al. 

2001)

No No No No

Spectroscopy In developpment 
(Marjanska et al. 

2005)

No Yes (Moats 
et al. 1994)

Yes (Adalsteinsson 
et al. 2000)

No No No

Cerebral atrophy 
(hippocampus, 
temporal regions)

Alterations not 
correlated with 
amyloid lesions 

in Tg mice 
(Delatour et al. 

2006)

No Yes (Valk et al. 
2002)

Yes (Albert et al. 
2005)

No No (Fox et al. 
2005)

No

Behavioral/
cognitive 
evaluation

Yes (Even in the 
absence of 

DNF) (Dodart 
et al. 2002)

Yes (Adlard 
et al. 2008)

Yes (correlates 
mainly 

with DNF) 
(Bierer et al. 

1995)

Yes (Folstein et al. 
1975)

No Yes (Winblad 
et al. 2007)

Yes (Winblad 
et al. 2007)



78

Dhenain

Magnetic Resonance Insights 2008:2

(Valk et al. 2002). The second one is based on the 
detection of amyloid plaques by positron emission 
tomography (PET) thanks to dedicated contrast 
agents such as the PIB (Klunk et al. 2004; 
Nordberg, 2007). The third approach relies on 
detection by PET of radioactive fl uoro-deoxy-
glucose labeled with 18-fl uor (FDG). FDG is a 
glucose analog, taken up by cells that use glucose. 
As a result, the distribution of FDG refl ects glucose 
uptake. Its quantifi cation in the brain by PET thus 
allows evaluating cerebral metabolism. During AD, 
cerebral glucose metabolism is reduced in tempo-
ral, prefrontal and parietal regions. These modifi ca-
tions have a good predictive value for the cognitive 
decline (Ashford et al. 2000), even in early stages 
of AD (Jelic and Nordberg, 2000). The last 
approach quantifi es chemical modifi cations such 
as a reduction of Aβ42 level and an increase of 
phosphorylated tau and total tau proteins within 
the cerebrospinal fl uid (CSF) of Alzheimer patients 
(Andreasen and Blennow, 2005).

To date there is no curative treatment against 
Alzheimer’s disease. The only treatments that are 
available modify the symptoms but do not modify 
the course of the pathology. Many disease modify-
ing treatments are in investigation (Blennow et al. 
2006). The development of these treatments relies 
on the use of animals (Duyckaerts et al. 2008). The 
most widely used ones are mouse models of amy-
loidosis. They are based on the overexpression of 
mutated forms of APP and eventually of mutated 
presenilin (PS1 or PS2) genes. Different mouse 
strains differ on the basis of the APP or presenilin 
mutations and of the used promotors (Delatour 
et al. 2006). Many different lines have been gener-
ated and one can only cite the most used ones (an 
updated list of the models is available on the web 
site of the Alzheimer Research Forum—http://
www.alzforum.org/res/com/tra/default.asp). The 
fi rst generated model is the PDAPP mice. They 
were generated by overexpressing an APP minigene 
bearing the human Indiana V717F mutation (driven 
by the PDGF promoter) (Games et al. 1995). They 
start to develop parenchymal amyloid deposition 
at 8 months (Higgins and Jacobsen, 2003). 
Another widely used model are the Tg2576 mice 
(APP695(K670N,M671L) under the control of the hamster 
prion protein gene promoter). They start to develop 
amyloid deposits at 9 to 12 months (Hsiao et al. 
1996). The APP23 (APP751(K670N,M671L) controlled 
by Thy-1 promoter) are another model. They start 
to develop amyloid deposits at 6 months of age 

(Sturchler-Pierrat et al. 1997). All these mice also 
develop amyloid angiopathy, the intensity of which 
can differ. The PS1/PS2 mutations (APP/PS 
models) amplify the amyloid pathology. For 
example, the APPSL/PS1M146L model presents three 
(Swedish (K670M/N671L) and London (V717I)) 
mutations on the APP751 and also has an over-
expression of mutated (M146L) PS1. This leads to 
an onset of amyloid deposition at 2 to 3 months of 
age (Blanchard et al. 2003). All these mice develop 
behavioral alterations at some point. However 
comparing the alterations of the various mice is a 
diffi cult issue (Dodart et al. 2002). None of these 
mice develop NFT, the second characteristic lesion 
of AD. Mice overexpressing mutated tau proteins 
have thus been engineered (Lee et al. 2005). They 
develop tau pathology leading to NFT and to a 
neuronal loss in various brain regions.

Spontaneous models of AD have also been used 
(Dhenain, 2001). In particular, aged Primates have 
been widely studied before the development of 
transgenic mice. Some of them develop alterations 
such as cerebral amyloid deposits (Bons et al. 
1991; Gearing et al. 1994), tau pathology (Gilissen 
et al. 2000; Schultz et al. 2000), behavioral and 
cognitive impairments (Bartus and Dean, 1985; 
Picq, 2007), and an age-related cerebral atrophy 
(Andersen et al. 1999; Dhenain et al. 2003).

Evaluating new treatments in animals requires 
to follow-up the pathology in a longitudinal, non-
invasive, way thanks to dedicated biomarkers. 
Biomarkers were defi ned by a NIH working group 
in 2001 (Biomarkers Defi nitions Working Group 
Bethesda, 2001) as a characteristic that is objectively 
measured as an indicator of normal biological 
processes, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention. Three types 
of biomarkers have been defi ned. Type 0 biomark-
ers are markers of the natural history of a disease 
and they correlate longitudinally with known 
clinical indices, such as symptoms. Type I bio-
markers are “mechanistic” biomarkers. They cap-
ture the effects of an intervention in accordance 
with the mechanism of action of a drug, even 
though the mechanism might not be known to be 
associated with clinical outcome. Finally, type II 
biomarkers or surrogate endpoints can predict the 
clinical benefi t (or toxicity) of a treatment. They 
are intended to substitute for a clinical endpoint. 
They are thus expected to predict clinical benefi t 
(or harm or lack of benefi t or harm) based on epi-
demiologic, therapeutic, pathophysiologic, or other 



79

Preclinical MRI biomarkers of Alzheimer’s disease

Magnetic Resonance Insights 2008:2

scientifi c evidence. When dealing with biomarkers, 
one should however keep in mind that the relation-
ship between biomarkers of a pathology and effects 
of a treatment can be rather complex (Frank and 
Hargreaves, 2003) and that, at least in humans, the 
true benefits of clinical trials for patients are 
evaluated through clinical endpoints (variables 
that reflect how a patient feels, functions, or 
survives).

In mouse models of AD, biomarkers of treatment 
effi ciency based on behavioral studies are widely 
used (Morgan et al. 2000; Dodart et al. 2002). Their 
evaluation is time consuming and can refl ect sec-
ondary events that are not directly linked to the 
primary lesions of the disease such as for example 
axonal degeneration within the spinal cord (Wirths 
et al. 2007) or ocular alterations (Melov et al. 
2005). Imaging method can be more closely related 
to the primary lesions of the disease. They can thus 
be very useful to follow-up the effects of new treat-
ments against AD. In the current review, we 
focused on the use of MR methods to study animal 
models of amyloid lesions. An overview of the 
different methods presented in this review is shown 
in Table 1. The holy grail of MRI would be to fi nd 
type II biomarkers that refl ect the effi ciency of 
therapeutic interventions in animals, which would 
be able to predict the effi ciency of such intervention 
in humans, and could also be used in humans to 
follow the effi ciency of the treatments.

Anatomical Markers

Cerebral atrophy
At the macroscopic level, brains from AD patients 
are characterized by a severe atrophy leading to 
dilation of the ventricular system and a widening 
of cortical sulci (Valk et al. 2002). In the early 
stages of the disease, the atrophy process affects 
mainly medial temporal areas including the hip-
pocampal formation. The atrophy can be used as 
a marker of disease progression in clinical trials 
(Albert et al. 2005).

Cerebral atrophy has been largely studied in the 
PDAPP transgenic mouse model of AD (Dodart 
et al. 2000; Gonzalez-Lima et al. 2001; Weiss et al. 
2002; Redwine et al. 2003). These mice present 
with a reduction in hippocampal volume and a 
severe atrophy or agenesis of white matter fi ber 
tracts (fornix and corpus callosum). These altera-
tions are already observed in 3 month old animals 

and show no further deterioration in older mice 
(Dodart et al. 2000; Gonzalez-Lima et al. 2001; 
Weiss et al. 2002; Redwine et al. 2003). Because 
of their early occurrence, these lesions might thus 
be viewed as a neurodevelopmental defi cit rather 
than an age-related brain shrinkage induced by 
progressive deposits of Aβ. More recently, atrophy 
of the cerebrum but not of the hippocampus has 
been reported in the APPT714I mouse model of AD. 
These mice mimic a mutation that leads to a very 
early form of AD in humans (Kumar-Singh et al. 
2000). They are characterized by intracellular 
accumulation of Aβ but do not present with extra-
cellular Aβ deposits. Unfortunately, the structures 
of  the cerebrum that are atrophied were not 
reported in these mice. APPSL/PS1M146L mice are 
another aggressive model of AD (Delatour et al. 
2006). No atrophy was detected in young APPSL/
PS1M146L animals, as showed by their normal brain, 
hippocampus or CSF volumes. APPSL/PS1M146L 
and control animals both show continuous growth 
of the hippocampus during adulthood and hippo-
campal volumes are not affected by APP overex-
pression, regardless of age. However, an age-related 
atrophy process occurs in APPSL/PS1M146L mice as 
indicated by lower brain volumes and increased 
CSF volumes compared with control mice. More 
precisely, the locus of the atrophy is, at least in 
part, related to the midbrain region, the internal 
capsule, and some fi ber tracts such as the corpus 
callosum and fornix. Thus the atrophy process 
involves mainly amyloid-free brain regions. Also, 
cortical brain areas with high amyloid burden are 
not atrophied and the severity of the atrophy is not 
correlated with the amyloid load (Delatour et al. 
2006). This atrophy pattern, that involves white 
matter anomalies and largely spares the isocortex 
and hippocampus, is different from that reported 
in AD patients. All these data indicate that over-
expression of mutated APP in mice is not invariably 
accompanied by AD-like brain atrophy.

Cerebral atrophy has also been evaluated in 
spontaneous models of AD and in particular in aged 
non human primates. Post-mortem analyses 
revealed an age-related reduction of the brain 
weight in macaques (Ordy, 1975) or a ventricular 
enlargement (Wisniewski et al. 1973). These 
results have been confi rmed, in-vivo, by using MRI 
approaches (Andersen et al. 1999). In particular, MR 
studies in a large cohort of mouse lemur primates 
revealed an age-related atrophy process (Fig. 1) 
that starts at different ages and evolves rapidly once 
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initiated (Dhenain et al. 2000; Dhenain et al. 2003). 
Several atrophied animals also present with extra-
cellular amyloid depositions, but the amount of 
deposits is low as compared to what occurs in 
human patients with AD. Extracellular amyloid per 
se thus does not seem to be the only explanation 
to render for cerebral atrophy in these animals 
(Dhenain et al. 2003).

“Macroscopic” vascular alterations
In most of the Alzheimer patients, amyloid proteins 
accumulate in the periphery of blood vessels lead-
ing to CAA (Vinters et al. 1996) and many AD 
patients display stigmata that suggest vascular 
alterations (de la Torre, 2004). For example, they 
present with blood fl ow impairments (Bressi et al. 
1992; Franceschi et al. 1995) and angiogram 
alterations (Ishibashi et al. 1998). In many cases, 
vascular alterations can lead to cortical hemor-
rhages, infarctions, and severe lobar cerebral 
hemorrhages (Yamada, 2000).

Amyloid angiopathy is also described in trans-
genic mouse models of AD. For example, in single 
transgenics such as the APP23 model, substantial 
vascular amyloid accumulation starts around 
12 months (Sturchler-Pierrat et al. 1997; Calhoun 
et al. 1999; Winkler et al. 2001). In other single 
transgenics CAA appearance is more variable 
(21 months for PDAPP (Racke et al. 2005), 
10 months for Tg2576 (Christie et al. 2001; Domnitz 
et al. 2005)). Post-mortem evaluations of morpho-
logical vascular alterations have been mainly evalu-
ated in the APP23 models by using corrosion casts. 
The method is based on the injection of resin in the 
vascular system followed-up by the observation of 
the vessels by electron microscopy. It highlighted 

vessel constrictions, small deposits attached to the 
vessels, vessels truncation in the periphery of 
amyloid plaques, and morphological alterations 
reminding neo-angiogenesis (Beckmann et al. 
2003; Meyer et al. 2008).

Vascular alterations can also be evaluated by 
MRI in transgenic mouse models of AD either by 
using time of fl ight magnetic resonance angiogra-
phy (Beckmann et al. 2003), a method sensitive to 
vascular fl ow, or by using dedicated contrast agents 
(El Tannir El Tayara et al. 2006). To the best of our 
knowledge, most of the published results concern 
the APP23 models. In these mice, time of fl ight 
magnetic resonance angiography allowed to detect 
fl ow voids starting in the internal carotid arteries 
in 11 month old APP23 mice and then involving 
the large arteries of the circle of Willis in 20 month 
old animals (Beckmann et al. 2003). Vessel con-
strictions detected ex-vivo on corrosion casts from 
vessel architecture of the same mice could partly 
account for these alterations. The relationship 
between alterations on angiograms and amyloid 
angiopathy remains however unclear.

Detection of Amyloid Plaques 
by Microscopic and Parametric MRI

Current methods to detect 
amyloid load
Senile plaques are very small structures. In humans, 
some big plaques measure 150 μm, however, 
most of them measure less that 25 μm (Hyman 
et al. 1993).

Recent developments of PET radiopharmaceu-
ticals that bind to Aβ have allowed the detection 

Figure 1. Increased CSF volume (arrows) refl ecting cerebral atrophy in the brain of an aged mouse lemur Primate (b) as compared to a non-atrophied 
animal (a) (3D inversion-recovery fast spin-echo images (IR-RARE), TR/TEw = 2500/45 ms, resolution = (234 μm)3, RARE-factor = 16).
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of amyloid deposits in the brain of AD patients 
(Shoghi-Jadid et al. 2002; Klunk et al. 2004; 
Nordberg, 2004). PET however is not well suited 
to follow-up amyloid pathology in mice because 
of its low resolution and data regarding the appli-
cation of PET to detect amyloid plaques in mouse 
models are still controversial (Toyama et al. 2005; 
Maeda et al. 2007).

Several other methods have been used to detect 
amyloid load in mice. Multiphoton microscopy is 
able to detect amyloid deposition (labeled with 
specifi c fl uorophores such as Thiofl avine S (Christie 
et al. 2001) or Thiofl avine T derivative (Bacskai 
et al. 2003)) by scanning through a small skull 
window. The spatial resolution reached is on the 
order of one micron and plaques located up to 
150 μm underneath the cortical surface can be 
revealed (Christie et al. 2001). This method has 
allowed in-vivo visualization of the turn over of 
plaques (Christie et al. 2001) and associated lesions 
(Tsai et al. 2004) and to evaluate the effects of 
treatments against AD (Bacskai et al. 2001; 
Brendza et al. 2005). Near-infrared (NIR) imaging 
is another in-vivo imaging technique that allows 
quantifying the cerebral amyloidosis in transgenic 
mice (Hintersteiner et al. 2005; Skoch et al. 2005; 
Raymond et al. 2008). This optical method is based 
on the use of fl uorescent dyes designed to absorb 
and emit light in the near-infrared where tissue 
scattering and absorption is lowest. The technique 
thus reduces the background and scattering through 
biological tissue usually encountered with fl uores-
cent imaging in live animals. Recent development 
of specifi c dyes that absorb and fl uoresce within 
the NIR (650–900 nm) allowed assessment of the 
amyloid load in APP23 mice (Hintersteiner et al. 
2005). Another method is based on the accumulation 
of amyloid peptides in the lenses of AD patients 
(Goldstein et al. 2003) and transgenic (Tg2576) 
models of AD (Melov et al. 2005). It has been sug-
gested that in-vivo observation of the lens by 
quantitative laser technologies can determine the 
presence of amyloid load. More precisely, a tech-
nology called infrared quasi-elastic light scattering 
(QLS) technology has been developed to detect 
amyloid in the lens. It is based on the administra-
tion of pulses of low-power infrared laser light into 
designated zones of the eye followed-up by a mea-
sure of the backscattered light. This allows to 
obtain an index of the amyloid pathology in 
transgenic animals (Moncaster et al. 2008). The 
technology can be associated to the use of 

fl uorescent ligands that improve its ability to detect 
the amyloid load (Moncaster et al. 2008).

MRI has also been widely used to either directly 
detect the amyloid plaques or to quantify some 
parameters that refl ect the amyloid load.

Direct detection of the amyloid plaques
The size of senile plaques is at the limit of the 
resolution of MRI and thus detection of amyloid 
plaques requires sequence optimization to reach 
a sufficient resolution in a reasonable amount 
of time. Also, until recently, little was known 
about the best contrast mechanism to use to 
detect the plaques. Practically, setting-up 
protocols to visualize plaques thus had to iterate 
between optimization of resolution and 
contrast (Fig. 2).

Detection of amyloid plaques 
without contrast agents
The fi rst studies that tried to detect the plaques 
were based on ex-vivo human samples. They sug-
gested that T1, T2 or diffusion-weighted sequences 
can not detect the plaques (Benveniste et al. 1999). 
Following reports, based on T2*-weighted 
(T2*w) sequences, provided contradictory results 
(Benveniste et al. 1999; Dhenain et al. 2002).

After these fi rst works, several ex-vivo and 
in-vivo MRI protocols have shown that two 
categories of amyloid plaques can be detected in 
animals. The fi rst ones are the thalamic plaques. 
They are detected as large dark spots on T2-weighted 
(T2w) or T2*w images (Fig. 3) (Jack et al. 2004; 
Vanhoutte et al. 2005; Dhenain et al. 2008; Faber 
et al. 2007). The spots are caused by a strong 
accumulation of iron and calcium within the 
plaques (Dhenain et al. 2008). This phenomenon 
is related to an age-related pathological process 
leading to iron accumulation in the brain parenchyma 
followed up by the capture of iron by amyloid 
plaques. Interestingly, the process occurs mainly 
in aged transgenics, but not in all. Moreover, it also 
occurs in non-transgenic, amyloid free, animals, 
although in that case, the iron stays in the cerebral 
parenchyma (Dhenain et al. 2008). The amount of 
plaques that can be detected, in-vivo, thanks to this 
method is not correlated to the amyloid assessed 
by histology. This suggests that the detection of the 
thalamic plaques in mice is of little use to follow-up 
the amyloid pathology in animals involved in 
pharmacological trials.
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The second categories of amyloid deposits that 
can be detected by MRI are the cortical or hippo-
campal plaques (Jack et al. 2004; Jack et al. 2005). 
They are detected as dark spots on T2 or T2*w 
images. The fi rst MRI studies that managed to detect 
these plaques were based on ex-vivo analysis of 
mouse brains (Lee et al. 2004). Post-mortem proto-
cols allowed long imaging time to increase the 
resolution and the signal to noise ratio of the images. 
More recently cortical and hippocampal plaques 
were shown in in-vivo images. A fi rst study based 
on T2w sequences at 9.4 Tesla detected amyloid 
plaques of  35 μm in diameter in 9 month old animals 
(Jack et al. 2005). In the used mouse model, plaques 
start to be detected at 3 months by histology. Inter-
estingly, this method allowed to detect/monitor the 
effect of immunotherapy that reduced the amyloid 
load in the brain of mice (Jack et al. 2007). Another 
study, at the same fi eld also managed to detect 
plaques in 12 month old Tg2576 animals: a mouse 
strain in which amyloid deposition starts at 9 months. 

Not all the plaques were detected during those 
studies and the detected plaques were mainly the 
iron-rich ones (Braakman et al. 2006). Interestingly, 
despite the accumulation of iron within the plaques, 
several studies suggested that 2D (Braakman et al. 
2006) or 3D (Jack et al. 2005) T2w sequences are 
better than T2*w sequences to detect cortical and 
hippocampal plaques (Jack et al. 2007). The reason 
for this remains unclear. One argument is that T2*w 
experiments lead to susceptibility effects that are 
not compatible with the ability to detect plaques, but 
this is not really consistent with data showing 
increased detection of thalamic plaques. Possible 
explanations can be related to different nature of 
iron in cortical/hippocampal and thalamic plaques 
or to diffusion effects in the plaque vicinities.

Recently, various studies evaluated new 
sequences to detect cortical/hippocampal amyloid 
plaques by MRI. In a systematic study of different 
MR protocols performed in post-mortem samples, 
Chamberlain et al. showed that the visibility of the 

 

What is the best sequence?
(T2, T2* ... )

What is the Contrast
Associated to the plaques?

Need optimized resolution
(is the resolution good enough?)

→ High field MRI
→ Optimized probes

Which agent?
Does it go in the brain?
Linkage to the plaques?

Natural contrast
What is its origin?

Contrast agents

Figure 2. Iterative processes in the design of experimental protocols to detect amyloid plaques by MRI in mice. First (right side frame), one 
needs to know what is the contrast associated to the plaques. One can rely either on the natural contrast of the plaques. Iron has been 
proposed as an important source of contrast although amyloid could also provide contrast in the absence of iron. If the natural contrast is 
not good enough to detect plaques, one can use dedicated contrast agents. In that case, the choice of the contrast agent is critical. The 
contrast agent must be able to penetrate the blood brain barrier and to target the plaques. Because of the small size of the plaques, MR 
images must be recorded with a high resolution (left side box). Most strategies rely on high fi eld MRI and optimized probes, however, some 
other techniques based, for example, on the use of cryoprobes might be tested in the future. The ability of the high resolution images to 
detect the plaques can only be validated if the contrast of the plaque is good enough (see right frame). The last part of the iterative process 
is related to the sequences to use. The evaluation of the sequence can only be performed if contrast and signal are suffi cient to allow plaque 
detection. Because of the presence of iron within the plaques, T2*w sequences have fi rst been proposed to detect the plaques. T2w sequences 
seem however better for plaque detection (Jack et al. 2005).
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plaques increases with the following sequences: 
T2w fast spin echo, T2w single spin echo, T2*w 
gradient echo, T2w multiple spin echo, T2w mul-
tiple asymmetric spin echo, T2*w gradient echo 
with susceptibility weighted images (SWI), T2*w 
multiple gradient echo, T2w multiple asymmetric 
spin echo and SWI, T2*w multiple gradient echo 
and SWI MRI (Chamberlain et al. 2008). Interest-
ingly, this study introduced the concept that SWI 
can be a good solution to detect plaques by MRI. 
This can be explained by a phase shift in the plaque 
voxel that is caused by the iron associated to the 
plaques (Haacke et al. 2007).

Other sequences such as T1rho (T1ρ) sequences 
are also able to detect plaques in alive animal even 
at low (4.7 Tesla) fi eld (Borthakur et al. 2006). The 
T1ρ is the spin lattice relaxation time constant in 
the rotating frame. It determines the decay of the 
transverse magnetization in the presence of a spin-
lock radiofrequency fi eld. It is dependent on the 
macromolecular composition of the tissue which 
might explain its ability to detect the amyloid 
plaques. Finally, strategies exploiting local dipole 
fi elds are also able to detect the iron-positive plaques 
with a positive contrast (CRAZED sequences) 
(Faber et al. 2007). This strategy is particularly 
effi cient at very high fi eld (17.6 Tesla). It was how-
ever only showed to detect thalamic plaques and 
not cortical/hippocampal amyloid deposits.

Detection of amyloid plaques 
with contrast agents
Detection of amyloid without contrast agents is 
relatively easily performed in old animals because 

of iron accumulation within the plaques. In young 
animals, this is much more diffi cult because amy-
loid plaques do not present with iron. These dif-
fi culties can be partly overcome by using dedicated 
contrast agents (Dhenain et al. 2006). Our group 
developed a “passive staining” method based on 
the post-mortem penetration of Gadolinium within 
the brain (Fig. 4). We showed that even non tar-
geted contrast agents can help to detect amyloid 
plaques by MRI. However, to date, most of the 
agents that were used to detect the plaques are 
made-up of targeting molecules associated to a 
contrastophore. The choice of the contrastophore 
is critical. Gadolinium or iron particles such as 
monocrystalline iron oxide nanoparticles (MION) 
have been used (Poduslo et al. 2002; Zaim 
Wadghiri et al. 2003). More recent studies suggest 
that Dysprosium can be a better solution to 
increase the contrast (Wadghiri et al. 2008). Some 
other contrastophores such as fl uor have also been 
proposed (Higuchi et al. 2005). Several targeting 
agents have been developed. The fi rst ones were 
based on amyloid substrates (Aβ1–40 or Aβ1–30) 
(Zaim Wadghiri et al. 2003; Sigurdsson et al. 
2008). The rationale is that once injected in the 
brain, exogenous amyloid tends to aggregate with 
the amyloid of the plaques. Agents based on 
natural dyes of amyloid, such as derivatives of 
congo red (Higuchi et al. 2005) or antibody frag-
ment of a monoclonal antibodies rose against 
amyloid proteins have also been proposed as tar-
geting agents (Poduslo et al. 2007; Ramakrishnan 
et al. 2008).

The major limitation to the use, in-vivo, of con-
trast agents to detect amyloid plaques is the presence 

Figure 3. Hypointense thalamic spots (arrows) on in-vivo (a) and post-mortem (b) T2*w MRI of APPSL/PS1M146L mice. The thalamic spots 
correspond to amyloid plaques fi lled in by iron and calcium deposits. (a) In-vivo T2*w gradient echo (GE) sequence: 4.7 Tesla, 
TR/TE = 47.4/20 ms, alpha = 15°, resolution = 234 × 117 × 117 μm3, imaging time = 51 min. (b) Postmortem GE sequence: TR/TE = 100/20 ms, 
alpha = 15°, resolution = 63 × 47 × 59 μm3, imaging time = 7 h.
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of the blood brain barrier (BBB) that hinders the 
delivery of macromolecules into the brain. Several 
protocols have been developed to facilitate the tem-
porary BBB opening. The fi rst one relies on admin-
istration of hyperosmotic solutions such as mannitol. 
This allows to detect amyloid plaques on in-vivo 
MRI (Zaim Wadghiri et al. 2003). The drawback of 
the method is its invasiveness and the high death 
risk related to the procedure. Some other approaches 
used polyamines such as putrescine to open the BBB 
(Poduslo et al. 2002). Promising results were 
obtained by linking such agents to an antibody frag-
ment of a monoclonal antibody raised against the 
amyloid protein (Ramakrishnan et al. 2008).

Quantifi cation of the amyloid plaques
An important issue to use MRI-detection of amy-
loid plaque for pharmaceutical assays is to be able 

to count the plaques. Up to now, few methods have 
been proposed. The fi rst one was based on the 
manual counting of amyloid plaques in circular 
regions of interest (ROIs) placed over the cortex. 
Although time consuming, this method could prove 
the effi ciency of treatments against amyloidosis 
(Jack et al. 2007). More recently, voxel-based 
analysis (VBA) was used to perform un-biased 
quantitative comparison of MR images per-
formed before and after injection of ligands that 
targeted amyloid (Sigurdsson et al. 2008).

Indirect detection of the amyloid load
During pharmaceutical trials one want to quantify 
the amyloid load and not necessarily to visualize 
individual plaques. Our group has shown that a 
T2 decrease occurs in the subiculum of APPSL/
PS1M146L mice as compared to age-matched 

Figure 4. Detection of amyloid plaques after “passive staining” in 53 week old (a) and 16 week old (b) APP/PS1KI mice (Wirths et al. 2008) 
as compared to a control mouse of 42 week old (c) (GE sequence, TR/TE = 100/15 msec, alpha = 90°, resolution = 62 × 47 × 59 μm3). Some 
cortical plaques are shown with an arrowhead while hippocampal plaques are labeled with an arrow. The number of plaques increased in 
the old APP/PS1KI animal as compared to the young one. Note the presence of hypointense spots (asterix) that could be confounded with 
plaques in the hippocampus of control animal (c). (d) Amyloid plaques in a 39 week old animal from another transgenic mouse model of AD 
(APPSL/PS1M146L)(GE sequence, TR/TE = 100/10 msec, alpha = 90°, resolution = 62 × 47 × 59 μm3). (e–f) Three dimensional projections 
(inverted-contrast) from the senile plaques of a passively stained hippocampus (APPSL/PS1M146L mouse). The surface rendering of the hip-
pocampus that was used to perform the 3D projection is displayed in e (blue). Amyloid deposits are represented as white spots in the 3D 
projection of the hippocampus (f ).
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control animals (El Tannir El Tayara et al. 2006). 
In addition, the T2 decrease was correlated to the 
amyloid load. A T2 decrease was also found in 
the hippocampus, cingulate, and retrosplenial 
cortex of APPK670N,M671L/PS1M146V transgenic mice 
(a model obtained by crossing Tg2576 mice with 
PS1M146V animals) as compared to non transgenic 
animals (Helpern et al. 2004; Falangola et al. 
2005; Falangola et al. 2007) or in Tg2576 mice as 
compared to nontransgenic littermates (Braakman 
et al. 2006). These data suggest that relaxation 
times can be good markers of the amyloid load in 
transgenic mouse models of AD. In many studies, 
the T2 decrease could be attributed to the accu-
mulation of iron within the plaques (Falangola 
et al. 2005; Braakman et al. 2006; El Tannir El 
Tayara et al. 2006). However, in young mice, we 
showed a correlation between T2 and the amyloid 
load even if iron could not be detected by histol-
ogy in the plaques (El Tayara Nel et al. 2007). 
This indicates that mechanisms other than those 
associated to focal iron deposition within the 
plaques may be responsible for the reduced T2 
relaxation in tissue containing amyloid deposits. 
Potential mechanisms with which amyloid load 
can lead to a T2 decrease can be related to the 
hydrophobic nature of amyloid deposits. T2 
decrease might also be linked to impaired cell 
physiology, possibly associated to intraneuronal 
accumulation of amyloid β proteins (El Tayara 
Nel et al. 2007). Other pathological processes 
such as, for example hypoperfusion associated to 
amyloid deposition (Grohn et al. 2000; Niwa et al. 
2002) can also explain the T2 decrease found in 
AD mice.

T1, T2 and T2* relaxations times are not the 
only contrast mechanisms in MR images. T1ρ, 
or T1rho, another relaxation time, is the spin lat-
tice relaxation time constant in the rotating frame. 
It determines the decay of the transverse magne-
tization in the presence of a spin-lock radiofre-
quency field. In biological tissues T1ρ is 
dependent on the macromolecular composition 
and provides a contrast that is different than the 
conventional T1/T2-based contrasts. Its quantifi ca-
tion has shown difference between Alzheimer 
(APPK670N,M671L/PS1P246L) and control animals 
(Borthakur et al. 2006). To our knowledge, no 
correlation with amyloid load has been reported. 
This method however might be interesting to assess 
the changes related to amyloid deposition within 
the brains.

Functional Preclinical Markers
In humans, the term of functional imaging is often 
limited to the evaluation of brain activation after 
cognitive or somatosensorial activity by using 
blood oxygen level-dependent (BOLD) or derived 
methods. Functional imaging can also be regarded 
in a wider sense as perfusion imaging (Detre et al. 
1992), diffusion imaging (Le Bihan et al. 1986), 
or evaluation of metabolic profi les by spectroscopy 
(Jones and Waldman, 2004).

Markers of brain metabolism 
and/or perfusion
In humans, one of the earliest alterations detected 
in the course of AD is a reduction of glucose 
metabolism as measured by FDG-PET (Ashford 
et al. 2000; Jelic and Nordberg, 2000). Impaired 
cerebral perfusion has also been reported (Alsop 
et al. 2000; Johnson et al. 2005). Such alterations, 
if detected in animals might be non-invasive 
markers of disease progression.

Early studies, based on autoradiography or laser 
Doppler methods, have shown alterations of the 
vascular function in models of AD based on intra-
cerebral injection of amyloid or transgenesis 
(Tg2576 model for example) (Niwa et al. 2001; 
Niwa et al. 2002). Evaluations by MRI have also 
outlined several vascular/metabolic alterations in 
transgenic models. Indeed, MRI highlighted an 
altered hemodynamic response after somatosenso-
rial stimulation (electrical stimulation of the paw) 
in 25 month old APP23 animals but not in 13 month 
old animals (Mueggler et al. 2003). Reduced hemo-
dynamic responses have also been reported in 
transgenic mice (APP23, Tg2576) after pharma-
cological stimulation with vasodilatators (Christie 
et al. 2001; Mueggler et al. 2002; Niwa et al. 
2002). Two hypotheses can explain these altered 
responses. First, a direct link between functional 
alterations and amyloid angiopathy: Aβ deposits 
in blood vessels might act by mechanistic constric-
tion (Christie et al. 2001; Beckmann et al. 2003; 
Mueggler et al. 2003) or, alternatively, by disorga-
nizing the arrangement of smooth muscle cells 
(Christie et al. 2001). A second hypothesis based 
on the toxicity of Aβ peptides, particularly when 
they are in soluble forms, has been suggested to 
explain the occurrence of altered vascular 
response in regions free of amyloid angiopathy 
(Iadecola et al. 1999; Niwa et al. 2002; Beckmann 
et al. 2003).
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Markers of axonal transportation
Recently, Pautler et al. have developed a method 
to evaluate in-vivo axonal transportation (Smith 
et al. 2007). The method is based on Manganese-
Enhanced Magnetic Resonance Imaging (MEMRI). 
MEMRI relies on manganese administration either 
directly into the brain or in a systemic way. 
Manganese is an analog of calcium that has para-
magnetic properties. During neuronal physiologi-
cal activation, extracellular manganese enters 
neurons through voltage-gated Ca2+ channels 
(Koretsky and Silva, 2004). In addition, intracel-
lular manganese is transported along axons and 
across synapses thus allowing for tract tracing as 
shown in the olfactory system (Pautler et al. 1998). 
The transport of manganese occurs along micro-
tubules via fast axonal transport. Thus MEMRI has 
been proposed as a way to dynamically measure 
the rates of manganese transportation, which is 
refl ective of fast axonal transport rates. In her study, 
Pautler injected manganese in the olfactory system 
of Tg2576 mice to follow axonal transportation. 
The study suggested that as Aβ levels increase, and 
before plaque formation, a signifi cant decrease in 
axonal transport rates is seen in transgenic mouse 
models of AD. After plaque formation, the decline 
in the transport rate becomes even more pro-
nounced (Smith et al. 2007). The neuronal trans-
portation alterations can be related to intraneuronal 
Aβ accumulation (Wirths et al. 2001) or to a direct 
effect of Aβ on actin or axonal swelling (Wirths 
et al. 2006). More recently, the same authors have 
shown that treatments that reduce the amyloid load 
lead to a recovery of the axonal transportation. This 
suggests that MEMRI can be used to detect 
recovery of function in reaction to a therapy 
against amyloid (Massaad et al. 2008; Smith and 
Pautler, 2008).

Markers of cerebral alterations 
based on diffusion MRI
Diffusion-weighted images and calculations of 
apparent diffusion coefficient (ADC) provide 
information on randomized movement of water 
molecules in tissues (Le Bihan et al. 2001). Hip-
pocampal alterations of ADC have been reported 
in alzheimer patients (Kantarci et al. 2001). Studies 
in APP23 transgenic mice have shown reduced 
ADC values in some cortical areas from very old 
(25 month old) animals (Mueggler et al. 2004). 
However, these observations were not reproduced 

in all brain regions displaying amyloid load 
(Mueggler et al. 2004) and failed to be replicated, 
even in studies using the same mouse strain 
(Sykova et al. 2005). Diffusion anisotropy is 
another parameter based on diffusion measure-
ment. It provides information on the integrity of 
oriented tissues such as fi ber tracts. Studies in 
humans showed a reduction of white matter anisot-
ropy in AD patients (Hanyu et al. 1999; Sandson 
et al. 1999; Rose et al. 2000). Studies in two dif-
ferent strains of transgenic mice (PDAPP and 
Tg2576) have shown a reduction in the water dif-
fusion parallel to axonal tracts (λ||; a parameter 
that might be a marker for axonal injury) and/or 
an increase in water diffusion perpendicular to 
axonal tracts (λ⊥; a parameter that might be a 
marker of myelin integrity) (Song et al. 2004; Sun 
et al. 2005). However, these results involved ani-
mals older than 15 months. This suggests that these 
alterations are late markers of amyloid pathol-
ogy. These results are consistent with our data 
that showed fi ber tract atrophies (in APPSL/PS1M146L 
mice) (Delatour et al. 2006) and suggest that Aβ 
or mutated APP overexpression is associated with 
white matter alterations.

Spectroscopic markers 
of brain alterations
In AD patients, proton MR spectroscopy reveals a 
decrease in N-acetylaspartate (NAA) peak 
(Adalsteinsson et al. 2000) and an increase in the 
myo-inositol (mIns) peak (Moats et al. 1994; 
Valenzuela and Sachdev, 2001). Proton MR spec-
troscopy can also be used in transgenic mice 
modeling AD. It reveals a reduction in NAA and 
Glutamate (Glu) peaks starting at 12 months and 
reaching significative levels in 20 month old 
PS2APP (PS2N141I/APPK670N, M671L) mice, a mouse 
strain in which amyloid deposits start at 5/8 months 
(Richards et al. 2003). In 24 month old PS2APP 
animals the NAA index was shown to be signifi -
cantly correlated with the amyloid load (von Kien-
lin et al. 2005). Alterations of NAA and Glu as well 
as glutathione have also been reported in aged 
Tg2576 transgenics. These mice also develop 
increased Taurine as compared to wild-type 
animals (Dedeoglu et al. 2004). In APP/PS1 
(APPK670N, M671L/PS1M146L—a model obtained by 
crossing Tg2576 mice with PS1M146L animals) 
mice, declines in the levels of NAA and Glu have 
also been reported. In addition, these mice also 
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showed an increase in the concentration of mIns 
(Marjanska et al. 2005).

Conclusion
Several studies suggest that MR can play a critical 
role in the evaluation of mouse models of AD. First, 
MR can be useful to phenotype newly generated 
models. Indeed, MR can assess cerebral atrophy, 
but also vascular alterations in these mice. MR can 
also be useful to evaluate the amyloid load and 
future studies will probably allow detecting and 
quantifying the amyloid load in mice. Several 
markers that can be used in mice are translational 
markers as they are also used in humans to follow-
up the AD pathology. This is the case of perfusion 
(quantifi ed by MRI in humans) or amyloid plaques 
load (evaluated by PET in humans). Finally, MR 
can be used as a tool to follow-up the effects of 
new treatments against AD. This has been shown 
by measuring the amyloid load, but also by evalu-
ating axonal transportation thanks to MEMRI. 
Finally, one should keep in mind that the current 
review only focused on mice mimicking amyloi-
dosis. Models of tau pathology have also been 
developed (Lewis et al. 2000). In the future they 
will be deeply investigated by MRI.

Acknowlegments
We thank Sanofi-Aventis Neurodegenerative 
Disease Group for providing the animals presented 
in the fi gures of this review. Our work was supported 
by the Fédération pour la Recherche sur le Cerveau, 
2003, the ACI Neurosciences, 2004 (French 
Research Department), the France-Alzheimer 
association, and the NIH (R01-AG020197).

Abbreviations
3D, Three dimensional; λ||, water diffusion parallel 
to axonal tracts; λ┴, water diffusion perpendicular 
to axonal tracts; Aβ, amyloid beta peptides; Aβ40, 
isoform of the amyloid beta peptides constituted 
of 40 amino acids; Aβ42, isoform of  the amyloid 
beta peptides constituted of 42 amino acids; AD, 
Alzheimer’s disease; ADC, apparent diffusion 
coeffi cient; APP, amyloid precursor protein; BBB, 
blood brain barrier; BOLD, blood oxygen level-
dependent; CAA, cerebral amyloid angiopathy; 
CRAZED sequences, COSY revamped with 
asymmetric z-GRE detection MR technique; (see 
(Faber et al. 2007)); CSF, cerebrospinal fl uid; FDG, 

fluoro-deoxy-glucose labeled with 18-fluor; 
FDG-PET, positron emission tomography using 
the FDG; glu, glutamate; GE, Gradient echo 
sequence; MEMRI, manganese-enhanced mag-
netic resonance imaging; mIns, myo-inositol; 
MION, monocrystalline iron oxide nanoparticles; 
MMS, mini mental state examination; MR, mag-
netic resonance; MRI, magnetic resonance imag-
ing; NAA, N-acetylaspartate; NFT, neurofi brillary 
tangles; NIH, national institute of health; NIR, 
near-infrared imaging; PET, positron emission 
tomography; PIB, pittsburgh compound B: 
fluorescent derivative of thioflavin T used in 
positron emission tomography scans to image 
beta-amyloid plaques in neuronal tissue; 
PS1, presenilin 1; PS2, presenilin 2; QLS, quasi-
elastic light scattering technology; ROIs, regions 
of interest; SWI, susceptibility weighted images; 
T1w, T1-weighted; T1ρ, T1rho; T2w, T2-weighted; 
T2*w, T2*-weighted; TE, echo time; TR, repetition 
time; VBA, voxel-based analysis.

Disclosure
The author reports no confl icts of interest.

References
Adalsteinsson, E., Sullivan, E.V., Kleinhans, N. et al. 2000. Longitudinal 

decline of the neuronal marker N-acetyl aspartate in Alzheimer’s 
disease. Lancet, 355:1696–7.

Adlard, P.A., Cherny, R.A., Finkelstein, D.I. et al. 2008. Rapid restoration 
of cognition in Alzheimer’s transgenic mice with 8-hydroxy quinoline 
analogs is associated with decreased interstitial Abeta. Neuron, 
59:43–55.

Aisen, P.S. 2005. The development of anti-amyloid therapy for Alzheimer’s 
disease: from secretase modulators to polymerisation inhibitors. CNS 
Drugs, 19:989–96.

Albert, M., DeCarli, C., DeKosky, S. et al. 2005. The use of MRI and PET 
for clinical diagnosis of dementia and investigation of cognitive 
impairment. A consensus report, Report of the neuroimaging work 
group of the Alzheimer’s Association.

Alsop, D.C., Detre, J.A. and Grossman, M. 2000. Assessment of cerebral 
blood fl ow in Alzheimer’s disease by spin-labeled magnetic resonance 
imaging. Ann. Neurol., 47:93–100.

Andersen, A.H., Zhang, Z.M., Zhang, M. et al. 1999. Age-associated changes 
in rhesus CNS composition identifi ed by MRI. Brain. Research, 
829:90–8.

Andreasen, N. and Blennow, K. 2005. CSF biomarkers for mild cognitive 
impairment and early Alzheimer’s disease. Clin. Neurol. Neurosurg., 
107:165–73.

Ashford, J.W., Shih, W.J., Coupal, J. et al. 2000. Single SPECT measures 
of cerebral cortical perfusion refl ect time-index estimation of demen-
tia severity in Alzheimer’s disease. J. Nucl. Med., 41:57–64.

Bacskai, B.J., Hickey, G.A., Skoch, J. et al. 2003. Four-dimensional mul-
tiphoton imaging of brain entry, amyloid binding, and clearance of 
an amyloid-beta ligand in transgenic mice. P. Natl. Acad. Sci. U.S.A., 
100:12462–7.

Bacskai, B.J., Kajdasz, S.T., Christie, R.H. et al. 2001. Imaging of amyloid-
beta deposits in brains of living mice permits direct observation of 
clearance of plaques with immunotherapy. Nat. Med., 7:369–72.



88

Dhenain

Magnetic Resonance Insights 2008:2

Bartus, R.T. and Dean, R.L. 1985. Developing and utilizing animal models 
in the search for an effective treatment for age-related memory dis-
turbances. Normal aging, Alzheimer’s disease and senile dementia: 
Aspects on etiology, pathogenesis, diagnosis and treatment. Gottfries 
CG. Brussels. Éditions de l’Université de Bruxelles, 231–65.

Beckmann, N., Schuler, A., Mueggler, T. et al. 2003. Age-dependent 
cerebrovascular abnormalities and blood fl ow disturbances in APP23 
mice modeling Alzheimer’s disease. J. Neurosci., 23:8453–9.

Benveniste, H., Einstein, G., Kim, K.R. et al. 1999. Detection of neuritic 
plaques in Alzheimer’s disease by magnetic resonance microscopy. 
P. Natl. Acad. Sci. U.S.A., 96:14079–84.

Bierer, L.M., Hof, P.R., Purohit, D.P. et al. 1995. Neocortical neurofi brillary 
tangles correlate with dementia severity in Alzheimer’s disease. Arch. 
Neurol., 52:81–8.

Biomarkers Defi nitions Working Group Bethesda. 2001. Biomarkers and 
surrogate endpoints: preferred defi nitions and conceptual framework. 
Clin. Pharmacol. Ther., 69:89–95.

Blanchard, V., Moussaoui, S., Czech, C. et al. 2003. Time sequence of 
maturation of dystrophic neurites associated with Ab deposits in 
APP/PS1 transgenic mice. Exp. Neurol., 184:247–63.

Blennow, K., de Leon, M.J. and Zetterberg, H. 2006. Alzheimer’s disease. 
Lancet, 368:387–403.

Bons, N., Mestre, N. and Petter, A. 1991. Senile plaques and neurofi brillary 
changes in the brain of an aged lemurian primate, Microcebus 
murinus. Neurobiol. Aging, 13:99–105.

Borthakur, A., Gur, T., Wheaton, A.J. et al. 2006. In vivo measurement of 
plaque burden in a mouse model of Alzheimer’s disease. J. Magn. 
Reson. Imaging.

Braakman, N., Matysik, J., van Duinen, S.G. et al. 2006. Longitudinal 
assessment of Alzheimer’s beta-amyloid plaque development in 
transgenic mice monitored by in vivo magnetic resonance microim-
aging. J. Magn. Reson. Imaging, 530–6.

Brendza, R.P., Bacskai, B.J., Cirrito, J.R. et al. 2005. Anti-Abeta antibody 
treatment promotes the rapid recovery of amyloid-associated neuritic 
dystrophy in PDAPP transgenic mice. J. Clin. Invest., 115:428–33.

Bressi, S., Volontè, M., Alberoni, M. et al. 1992. Transcranial doppler 
sonography in the early phase of Alzheimer’s disease. Dementia 
Geriatr. Cogn. Disord., 3:25–31.

Calhoun, M.E., Burgermeister, P., Phinney, A.L. et al. 1999. Neuronal 
overexpression of mutant amyloid precursor protein results in 
prominent deposition of cerebrovascular amyloid. P Natl. Acad. Sci. 
U.S.A., 96:14088–93.

Chamberlain, R., Reyes, D., Curran, G.L. et al. 2008. Improved magnetic 
resonance microimaging of individual amyloid plaques in 
Alzheimer’s transgenic mice. Proceedings 16th Scientifi c Meeting, 
International Society for Magnetic Resonance in Medicine. 
Toronto, 2028.

Christie, R., Yamada, M., Moskowitz, M. et al. 2001. Structural and func-
tional disruption of vascular smooth muscle cells in a transgenic 
mouse model of amyloid angiopathy. Am. J. Pathol., 158:1065–71.

Christie, R.H., Bacskai, B.J., Zipfel, W.R. et al. 2001. Growth arrest of 
individual senile plaques in a model of Alzheimer’s disease observed 
by in vivo multiphoton microscopy. J. Neurosci., 21:858–64.

de la Torre, J.C. 2004. Is Alzheimer’s disease a neurodegenerative or a 
vascular disorder? Data, dogma, and dialectics. Lancet Neurol., 
3:184–90.

Dedeoglu, A., Choi, J.K., Cormier, K. et al. 2004. Magnetic resonance 
spectroscopic analysis of Alzheimer’s disease mouse brain that 
express mutant human APP shows altered neurochemical profi le. 
Brain Res., 1012:60–5.

Delatour, B., Guegan, M., Volk, A. et al. 2006. In vivo MRI and histological 
evaluation of brain atrophy in APP/PS1 transgenic mice. Neurobiol. 
Aging., 27:835–47.

Delatour, B., Le Cudennec, C., El Tannir-El Tayara, N. et al. 2006. Trans-
genic models of Alzheimer’s pathology: Success and caveat. Topics 
in Alzheimer’s Disease. Welsh EM. Nova Publishers.

Detre, J.A., Leigh, J.S., Williams, D.S. et al. 1992. Perfusion imaging. 
Magnet. Reson. Med., 23:37–45.

Dhenain, M. 2001. Age-related cognitive and neurobiological alterations in 
animals. Handbook of Neuropsychology (2nd Ed.). Boller F and 
Cappa S. Amsterdam. Elsevier, 6:1–21.

Dhenain, M., Chenu, E., Hisley, C.K. et al. 2003. Regional atrophy in the 
brain of lissencephalic mouse lemur primates: measurement by 
automatic histogram-based segmentation of MR. images. Magnet. 
Reson. Med., 50:984–92.

Dhenain, M., Delatour, B., Walczak, C. et al. 2006. Passive staining: A novel 
ex vivo MRI protocol to detect amyloid deposits in mouse models 
of Alzheimer’s disease. Magn. Reson Med., 55:687–93.

Dhenain, M., El Tannir El Tayara, N., Wu, T.D. et al. 2008 (in press –doi:10.1016/
j.neurobiolaging.2008.05.018). Characterization of in vivo MRI detect-
able thalamic amyloid plaques from APP/PS1 mice. Neurobiol. Aging.

Dhenain, M., Michot, J.L., Privat, N. et al. 2000. MRI description of cere-
bral atrophy in mouse lemur primates. Neurobiol. Aging., 21:81–8.

Dhenain, M., Privat, N., Duyckaerts, C. et al. 2002. Senile plaques do not 
induce susceptibility effects in T2*-weighted MR. microscopic 
images. NMR. Biomed., 15:197–203.

Dodart, J.C., Bales, K.R., Gannon, K.S. et al. 2002. Immunization reverses 
memory defi cits without reducing brain Abeta burden in Alzheimer’s 
disease model. Nat. Neurosci., 5:452–7.

Dodart, J.C., Mathis, C., Bales, K.R. et al. 2002. Does my mouse have 
Alzheimer’s disease? Genes. Brain and Behavior, 1:142–55.

Dodart, J.C., Mathis, C., Saura, J. et al. 2000. Neuroanatomical abnor-
malities in behaviorally characterized APP(V717F) transgenic mice. 
Neurob. Dis., 7:71–85.

Domnitz, S.B., Robbins, E.M., Hoang, A.W. et al. 2005. Progression of 
cerebral amyloid angiopathy in transgenic mouse models of 
Alzheimer disease. J. Neuropathol. Exp. Neurol., 64:588–94.

Duyckaerts, C., Potier, M.C. and Delatour, B. 2008. Alzheimer disease 
models and human neuropathology: similarities and differences. Acta. 
Neuropathol., 115:5–38.

El Tannir El Tayara, N., Delatour, B., Le Cudennec, C. et al. 2006. Age-
related evolution of amyloid burden, iron load, and MR. relaxation 
times in a transgenic mouse model of Alzheimer’s disease. Neurobiol. 
Dis., 22:199–208.

El Tannir El Tayara, N., Walczak, C., Volk, A. et al. 2006. Cerebral MR. 
angiography in mice with a new blood pool agent (P792). 14th meet-
ing of the International Society for Magnetic Resonance in Medicine. 
Seattle, U.S.A., 966.

El Tayara Nel, T., Volk, A., Dhenain, M. et al. 2007. Transverse relaxation 
time refl ects brain amyloidosis in young APP/PS1 transgenic mice. 
Magn. Reson. Med., 58:179–84.

Engler, H., Forsberg, A., Almkvist, O. et al. 2006. Two-year follow-up of 
amyloid deposition in patients with Alzheimer’s disease. Brain, 
129:2856–66.

Faber, C., Zahneisen, B., Tippmann, F. et al. 2007. Gradient-echo and CRAZED 
imaging for minute detection of Alzheimer plaques in an APP(V717I) × 
ADAM10-dn mouse model. Magn. Reson. Med., 57:696–703.

Falangola, M.F., Ardekani, B.A., Lee, S.P. et al. 2005. Application of a 
non-linear image registration algorithm to quantitative analysis of 
T2 relaxation time in transgenic mouse models of AD pathology. 
J. Neurosci. Methods, 144:91–7.

Falangola, M.F., Dyakin, V.V., Lee, S.P. et al. 2007. Quantitative MRI reveals 
aging-associated T(2) changes in mouse models of Alzheimer’s 
disease. NMR. Biomed., 20:343–51.

Ferri, C.P., Prince, M., Brayne, C. et al. 2005. Global prevalence of dementia: 
a Delphi consensus study. Lancet, 366:2112–7.

Folstein, M.F., Folstein, S.E. and McHugh, P.R. 1975. “Mini Mental State”: 
a practical method for grading the cognitive state of patients for the 
clinician. Journal of Psychiatric Research, 12:189–98.

Fox, N.C., Black, R.S., Gilman, S. et al. 2005. Effects of Abeta immuniza-
tion (AN.1792) on MRI measures of cerebral volume in Alzheimer 
disease. Neurology, 64:1563–72.

Franceschi, M., Alberoni, M., Bressi, S. et al. 1995. Correlations between 
cognitive impairment, middle cerebral artery fl ow velocity and 
cortical glucose metabolism in the early phase of Alzheimer’s disease. 
Dementia, 6:32–8



89

Preclinical MRI biomarkers of Alzheimer’s disease

Magnetic Resonance Insights 2008:2

Frank, R. and Hargreaves, R. 2003. Clinical biomarkers in drug discovery 
and development. Nat. Rev. Drug. Discov., 2:566–80.

Games, D., Adams, D., Alessandrini, R. et al. 1995. Alzheimer-type 
neuropathology in transgenic mice overexpressing V717F beta-
amyloid precursor protein. Nature, 373:523–7.

Gearing, M., Rebeck, G.W., Hyman, B.T. et al. 1994. Neuropathology and 
apolipoprotein E profi le of aged chimpanzees: implications for 
Alzheimer disease. P. Natl. Acad. Sci. U.S.A., 91:9382–6.

Gilissen, E.P., Dhenain, M. and Allman, J.M. 2000. Brain aging in 
Strepsirhine Primates. Functional Neurobiology of Aging. Hof PR. 
and Mobbs CV. San Diego. Academic Press, 421–33.

Goldstein, L.E., Muffat, J.A., Cherny, R.A. et al. 2003. Cytosolic beta-
amyloid deposition and supranuclear cataracts in lenses from people 
with Alzheimer’s disease. Lancet, 361:1258–65.

Gonzalez-Lima, F., Berndt, J.D., Valla, J.E. et al. 2001. Reduced corpus 
callosum, fornix and hippocampus in PDAPP transgenic mouse model 
of Alzheimer’s disease. Neuroreport, 12:2375–9.

Gouras, G.K., Tsai, J., Naslund, J. et al. 2000. Intraneuronal Abeta42 accu-
mulation in human brain. Am. J. Pathol., 156:15–20.

Grohn, O.H., Kettunen, M.I., Penttonen, M. et al. 2000. Graded reduction 
of cerebral blood fl ow in rat as detected by the nuclear magnetic 
resonance relaxation time T2: a theoretical and experimental 
approach. J. Cereb. Blood Flow Metab., 20:316–26.

Haacke, E.M., Ayaz, M., Khan, A. et al. 2007. Establishing a baseline phase 
behavior in magnetic resonance imaging to determine normal vs. abnor-
mal iron content in the brain. J. Magn. Reson. Imaging, 26:256–64.

Haley, A.P., Knight-Scott, J., Fuchs, K.L. et al. 2004. Shortening of hippo-
campal spin-spin relaxation time in probable Alzheimer’s disease: a 1H 
magnetic resonance spectroscopy study. Neurosci. Lett., 362:167–70.

Hanyu, H., Asano, T., Sakurai, H. et al. 1999. Diffusion-weighted and 
magnetization transfer imaging of the corpus callosum in Alzheimer’s 
disease. J. Neurol. Sci., 167:37–44.

Hardy, J. and Selkoe, D.J. 2002. The amyloid hypothesis of Alzheimer’s disease: 
progress and problems on the road to therapeutics. Science, 297:353–6.

Helpern, J.A., Lee, S.P., Falangola, M.F. et al. 2004. MRI assessment of 
neuropathology in a transgenic mouse model of Alzheimer’s disease. 
Magnet. Reson. Med., 51:794–8.

Higgins, G.A. and Jacobsen, H. 2003. Transgenic mouse models of 
Alzheimer’s disease: phenotype and application. Behav. Pharmacol., 
14:419–38.

Higuchi, M., Iwata, N., Matsuba, Y. et al. 2005. (19)F and (1)H MRI detec-
tion of amyloid beta plaques in vivo. Nat. Neurosci., 8:527–33.

Hintersteiner, M., Enz, A., Frey, P. et al. 2005. In vivo detection of amyloid-
beta deposits by near-infrared imaging using an oxazine-derivative 
probe. Nat. Biotechnol., 23:577–83.

Hsiao, K., Chapman, P., Nilsen, S. et al. 1996. Correlative memory defi cits, 
Aß elevation, and amyloid plaques in transgenic mice. Science, 
274:99–102.

Hyman, B.T., Marzloff, K. and Arriagada, P.V. 1993. The lack of accumula-
tion of senile plaques or amyloid burden in Alzheimer’s disease 
suggests a dynamic balance between amyloid deposition and resolu-
tion. J. Neuropath. Exp. Neur., 52:594–600.

Iadecola, C., Zhang, F., Niwa, K. et al. 1999. SOD1 rescues cerebral endo-
thelial dysfunction in mice overexpressing amyloid precursor protein. 
Nat. Neurosci., 2:157–61.

Ishibashi, K., Tanaka, K., Nakabayashi, T. et al. 1998. Latent cerebral artery 
stenoses on magnetic resonance angiography in a patient diagnosed 
as probable Alzheimer disease Psychiatry Clin. Neurosci., 52:93–6.

Jack, C.R., Jr. Garwood, M., Wengenack, T.M. et al. 2004. In vivo visualization 
of Alzheimer’s amyloid plaques by magnetic resonance imaging in 
transgenic mice without a contrast agent. Magnet. Reson. Med.,  
52:1263–71.

Jack, C.R., Jr. Wengenack, T.M., Reyes, D.A. et al. 2005. In vivo magnetic 
resonance microimaging of individual amyloid plaques in Alzheimer’s 
transgenic mice. J. Neurosci., 25:10041–8.

Jack, CRJ., Marjanska, M., Wengenack, T.M. et al. 2007. Magnetic resonance 
imaging of Alzheimer’s pathology in the brains of living transgenic mice: 
A new tool in Alzheimer’s disease research. Neuroscientist, 13:38–48.

Jelic, V. and Nordberg, A. 2000. Early diagnosis of Alzheimer disease with 
positron emission tomography. Alzheimer Dis. Assoc. Disord., 14:
S109–S113.

Johnson, N.A., Jahng, G.H., Weiner, M.W. et al. 2005. Pattern of cerebral 
hypoperfusion in Alzheimer disease and mild cognitive impairment 
measured with arterial spin-labeling MR. imaging: initial experience. 
Radiology, 234:851–9.

Jones, R.S. and Waldman, A.D. 2004. 1H-MRS evaluation of metabolism 
in Alzheimer’s disease and vascular dementia. Neurol. Res., 
26:488–95.

Kadir, A., Andreasen, N., Almkvist, O. et al. 2008. Effect of phenserine 
treatment on brain functional activity and amyloid in Alzheimer’s 
disease. Ann. Neurol, 63:621–31.

Kantarci, K., Jack, C.R., Jr Xu, Y.C. et al. 2001. Mild cognitive impairment 
and Alzheimer disease: regional diffusivity of water. Radiology, 
219:101–7.

Kirsch, S.J., Jacobs, R.W., Butcher, L.L. et al. 1992. Prolongation of magnetic 
resonance T2 time in hippocampus of human patients marks the presence 
and severity of Alzheimer’s disease. Neurosci. Lett., 134:187–90.

Klunk, W.E., Engler, H., Nordberg, A. et al. 2004. Imaging brain amyloid 
in Alzheimer’s disease with Pittsburgh Compound-B. Ann. Neurol., 
55:306–19.

Koretsky, A.P. and Silva, A.C. 2004. Manganese-enhanced magnetic 
resonance imaging (MEMRI). NMR Biomed., 17:527–31.

Kumar-Singh, S., De Jonghe, C., Cruts, M. et al. 2000. Nonfi brillar diffuse 
amyloid deposition due to a gamma(42)-secretase site mutation points 
to an essential role for N.-truncated A beta(42) in Alzheimer’s disease. 
Hum. Mol. Genet., 9:2589–98.

Lacor, P.N., Buniel, M.C., Chang, L. et al. 2004. Synaptic targeting by 
Alzheimer’s-related amyloid beta oligomers. J. Neurosci., 
24:10191–200.

Le Bihan, D., Breton, E., Lallemand, D. et al. 1986. MR. imaging of intra-
voxel incoherent motions: application to diffusion and perfusion in 
neurologic disorders. Radiology, 161:401–7.

Le Bihan, D., Mangin, J.F., Poupon, C. et al. 2001. Diffusion tensor imaging: 
concepts and applications. J. MRI—J. Magn. Reson Im., 13:534–46.

Lee, S.P., Falangola, M.F., Nixon, R.A. et al. 2004. Visualization of beta-
Amyloid plaques in a transgenic mouse model of Alzheimer’s disease 
using M.R. microscopy without contrast reagents. Magnet. Reson. 
Med., 52:538–44.

Lee, V.M., Kenyon, T.K. and Trojanowski, J.Q. 2005. Transgenic animal 
models of tauopathies. Biochim. Biophys. Acta., 1739:251–9.

Lewis, J., McGowan, E., Rockwood, J. et al. 2000. Neurofi brillary tangles, 
amyotrophy and progressive motor disturbance in mice expressing 
mutant (P301L) tau protein. Nat. Genet., 25:402–5.

Maeda, J., Ji, B., Irie, T. et al. 2007. Longitudinal, quantitative assessment 
of amyloid, neuroinfl ammation, and anti-amyloid treatment in a liv-
ing mouse model of Alzheimer’s disease enabled by positron emission 
tomography. J. Neurosci., 27:10957–68.

Marjanska, M., Curran, G.L., Wengenack, T.M. et al. 2005. Monitoring 
disease progression in transgenic mouse models of Alzheimer’s 
disease with proton magnetic resonance spectroscopy. P. Natl. Acad. 
Sci. U.S.A., 102:11906–10.

Massaad, C., Breitling, B., Klann, E. et al. 2008. Overexpression of SOD-2 
reduces Aβ levels and improves the axonal transport defi cits in the 
Tg2576 Alzheimer model mice Proceedings 16th Scientifi c Meet-
ing, International Society for Magnetic Resonance in Medicine. 
Toronto, 528.

May, P.C., Yang, Z., Li, W-Y. et al. 2005. Multi-compartmental pharmaco-
dynamic assessment of the functional gamma-secretase inhibitor 
LY.450139 in PDAPP transgenic mice and non-transgenic mice. 
Neurobiol. Aging, 25:S65.

Melov, S., Wolf, N., Strozyk, D. et al. 2005. Mice transgenic for Alzheimer 
disease beta-amyloid develop lens cataracts that are rescued by 
antioxidant treatment. Free Radic. Biol. Med., 38:258–61.

Meyer, E.P., Ulmann-Schuler, A., Staufenbiel, M. et al. 2008. Altered mor-
phology and 3D architecture of brain vasculature in a mouse model 
for Alzheimer’s disease. P. Natl. Acad. Sci. U.S.A., 105:3587–92.



90

Dhenain

Magnetic Resonance Insights 2008:2

Moats, R.A., Ernst, T., Shonk, T.K. et al. 1994. Abnormal cerebral metabolite 
concentrations in patients with probable Alzheimer disease. Magnet. 
Reson. Med., 32:110–5.

Moncaster, J.A., Moir, R.D., Mocofanescu, A.G. et al. 2008. In vivo 
detection of Alzheimer’s disease-linked Ab peptide accumulation in 
the lens Alzheimer’s and Dementia—The Journal of the Alzheimer’s 
Association, 4:T330.

Morgan, D., Diamond, D.M., Gottschall, P.E. et al. 2000. A beta peptide 
vaccination prevents memory loss in an animal model of Alzheimer’s 
disease. Nature, 408:982–5.

Mueggler, T., Baumann, D., Rausch, M. et al. 2003. Age-dependent impairment 
of somatosensory response in the amyloid precursor protein 23 trans-
genic mouse model of Alzheimer’s disease. J. Neurosci., 23:8231–6.

Mueggler, T., Meyer-Luehmann, M., Rausch, M. et al. 2004. Restricted 
diffusion in the brain of transgenic mice with cerebral amyloidosis. 
Eur. J. Neurosci., 20:811–7.

Mueggler, T., Sturchler-Pierrat, C., Baumann, D. et al. 2002. Compromised 
hemodynamic response in amyloid precursor protein transgenic mice. 
J. Neurosci., 22:7218–24.

Niwa, K., Kazama, K., Younkin, S.G. et al. 2002. Alterations in cerebral 
blood fl ow and glucose utilization in mice overexpressing the amyloid 
precursor protein. Neurobiol Dis., 9:61–8.

Niwa, K., Porter, V.A., Kazama, K. et al. 2001. A beta-peptides enhance 
vasoconstriction in cerebral circulation. Am. J. Physiol. Heart Circ. 
Physiol., 281:H2417–24.

Nordberg, A. 2004. PET imaging of amyloid in Alzheimer’s disease. Lancet 
Neurol, 3:519–27. Nordberg A 2007. Amyloid imaging in Alzheimer’s 
disease. Curr. Opin. Neurol., 20:398–402.

Ordy, J.M. 1975. Neurobiology and aging in nonhuman primates. Neurobiol 
Aging. Ordy JM and Brizzee KR. New-York, London. Plenum Press, 
1:575–94.

Pautler, R.G., Silva, A.C. and Koretsky, A.P. 1998. In vivo neuronal tract 
tracing using manganese enhanced magnetic resonance imaging. 
Magnet. Reson. Med., 40:740–8.

Picq, J.L. 2007. Aging affects executive functions and memory in mouse 
lemur primates. Exp. Gerontol., 42:223–32.

Poduslo, J.F., Ramakrishnan, M., Holasek, S.S. et al. 2007. In vivo targeting 
of antibody fragments to the nervous system for Alzheimer’s 
disease immunotherapy and molecular imaging of amyloid plaques. 
J. Neurochem., 102:420–33.

Poduslo, J.F., Wengenack, T.M., Curran, G.L. et al. 2002. Molecular target-
ing of Alzheimer’s amyloid plaques for contrast-enhanced magnetic 
resonance imaging. Neurobiol. Dis., 11:315–29.

Racke, M.M., Boone, L.I., Hepburn, D.L. et al. 2005. Exacerbation of 
cerebral amyloid angiopathy-associated microhemorrhage in amyloid 
precursor protein transgenic mice by immunotherapy is dependent 
on antibody recognition of deposited forms of amyloid beta. 
J. Neurosci., 25:629–36.

Ramakrishnan, M., Wengenack, T.M., Kandimalla, K.K. et al. 2008. 
Selective contrast enhancement of individual Alzheimer’s Disease 
amyloid plaques using a polyamine and Gd-DOTA conjugated 
antibody fragment against fi brillar Abeta42 for magnetic resonance 
molecular imaging. Pharm. Res.

Raymond, S.B., Skoch, J., Hills, I.D. et al. 2008. Smart optical probes for 
near-infrared fl uorescence imaging of Alzheimer’s disease pathology. 
Eur. J. Nucl. Med. Mol. Imaging, 35(Suppl 1):S93–8.

Redwine, J.M., Kosofsky, B., Jacobs, R.E. et al. 2003. Dentate gyrus volume 
is reduced before onset of plaque formation in PDAPP mice: a mag-
netic resonance microscopy and stereologic analysis. P. Natl. Acad. 
Sci. U.S.A., 100:1381–6.

Richards, J.G., Higgins, G.A., Ouagazzal, A.M. et al. 2003. PS2APP trans-
genic mice, coexpressing hPS2mut and hAPPswe, show age-related 
cognitive defi cits associated with discrete brain amyloid deposition 
and infl ammation. J. Neurosci., 23:8989–9003.

Rose, S.E., Chen, F., Chalk, J.B. et al. 2000. Loss of connectivity in 
Alzheimer’s disease: an evaluation of white matter tract integrity 
with colour coded MR. diffusion tensor imaging. J. Neurol. 
Neurosurg. Psychiatry, 69:528–30.

Sandson, T.A., Felician, O., Edelman, R.R. et al. 1999. Diffusion-weighted 
magnetic resonance imaging in Alzheimer’s disease. Dementia. 
Geriatr. Cogn. Disord., 10:166–71.

Schultz, C., Hubbard, G.B., Rub, U. et al. 2000. Age-related progression of 
tau pathology in brains of baboons. Neurobiol. Aging, 21:905–12.

Shoghi-Jadid, K., Small, G.W., Agdeppa, E.D. et al. 2002. Localization of 
neurofi brillary tangles and beta-amyloid plaques in the brains of living 
patients with Alzheimer disease. Am. J. Geriatr. Psychiatry, 10:24–35.

Sigurdsson, E.M., Wadghiri, Y.Z., Mosconi, L. et al. 2008. A non-toxic 
ligand for voxel-based MRI analysis of plaques in AD transgenic 
mice. Neurobiol. Aging, 29:836–47.

Skoch, J., Dunn, A., Hyman, B.T. et al. 2005. Development of an optical 
approach for noninvasive imaging of Alzheimer’s disease pathology. 
J. Biomed. Opt., 10:11007.

Smith, K. and Pautler, R. 2008. Utilizing MEMRI to screen drug therapies 
in mouse models: The effect of an Aβ1–42 lowering drug, R-
Flurbiprofen, on axonal transport rates in an Alzheimer's disease 
mouse model. Proceedings 16th Scientifi c Meeting, International 
Society for Magnetic Resonance in Medicine. Toronto, 2322.

Smith, K.D., Kallhoff, V., Zheng, H. et al. 2007. In vivo axonal transport 
rates decrease in a mouse model of Alzheimer’s disease. Neuroimage., 
35:1401–8.

Song, S.K., Kim, J.H., Lin, S.J. et al. 2004. Diffusion tensor imaging detects 
age-dependent white matter changes in a transgenic mouse model 
with amyloid deposition. Neurobiol. Dis., 15:640–7.

Sturchler-Pierrat, C., Abramowski, D., Duke, M. et al. 1997. Two amyloid 
precursor protein transgenic mouse models with Alzheimer disease-
like pathology. P. Natl. Acad. Sci. U.S.A., 94:13287–92.

Sun, S.W., Song, S.K., Harms, M.P. et al. 2005. Detection of age-dependent 
brain injury in a mouse model of brain amyloidosis associated with 
Alzheimer’s disease using magnetic resonance diffusion tensor imag-
ing. Exp. Neurol., 191:77–85.

Sykova, E., Vorisek, I., Antonova, T. et al. 2005. Changes in extracellular 
space size and geometry in APP23 transgenic mice: a model of 
Alzheimer’s disease. P. Natl. Acad. Sci. U.S.A., 102:479–84.

Toyama, H., Ye, D., Ichise, M. et al. 2005. PET imaging of brain with the beta-
amyloid probe, [(11)C]6-OH-BTA-1, in a transgenic mouse model of 
Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging., 32:593–600.

Tsai, J., Grutzendler, J., Duff, K. et al. 2004. Fibrillar amyloid deposition 
leads to local synaptic abnormalities and breakage of neuronal 
branches. Nat. Neurosci., 7:1181–3.

Valenzuela, M.J. and Sachdev, P. 2001. Magnetic resonance spectroscopy 
in AD. Neurology., 56:592–8.

Valk, J., Barkhof, F. and Scheltens, P. 2002. Magnetic resonance in demen-
tia. Heidelberg Berlin New York. Springer-Verlag.

Vanhoutte, G., Dewachter, I., Borghgraef, P. et al. 2005. Noninvasive in 
vivo MRI detection of neuritic plaques associated with iron in 
APP[V717I] transgenic mice, a model for Alzheimer’s disease. 
Magnet. Reson. Med., 53:607–13.

Vinters, H.V., Wang, Z.Z. and Secor, D.L. 1996. Brain parenchymal and 
microvascular amyloid in Alzheimer’s disease. Brain Pathol., 
6:179–95.

von Kienlin, M., Kunnecke, B., Metzger, F. et al. 2005. Altered metabolic 
profi le in the frontal cortex of PS2APP transgenic mice, monitored 
throughout their life span. Neurobiol. Dis., 18:32–9.

Wadghiri, Y., Douadi, M., Wisniewski, T. et al. 2008. Targeting Alzheimer’s 
plaques with Dysprosium based probes. Proceedings 16th Scientifi c 
Meeting, International Society for Magnetic Resonance in Medicine. 
Toronto, 255.

Weiss, C., Venkatasubramanian, P.N., Aguado, A.S. et al. 2002. Impaired 
eyeblink conditioning and decreased hippocampal volume in PDAPP 
V717F mice. Neurobiol. Dis., 11:425–33.

Winblad, B., Jones, R.W., Wirth, Y. et al. 2007. Memantine in moderate to 
severe Alzheimer’s disease: a meta-analysis of randomised clinical 
trials. Dement. Geriatr. Cogn. Disord., 24:20–7.

Winkler, D.T., Bondolfi , L., Herzig, M.C. et al. 2001. Spontaneous hemor-
rhagic stroke in a mouse model of cerebral amyloid angiopathy. 
J. Neurosci., 21:1619–27.



91

Preclinical MRI biomarkers of Alzheimer’s disease

Magnetic Resonance Insights 2008:2

Wirths, O., Breyhan, H., Schafer, S. et al. 2007. Deficits in working 
memory and motor performance in the APP/PS1ki mouse model for 
Alzheimer’s disease. Neurobiol. Aging, 29:891–901.

Wirths, O., Multhaup, G., Czech, C. et al. 2001. Intraneuronal Abeta accumu-
lation precedes plaque formation in beta-amyloid precursor protein and 
presenilin-1 double-transgenic mice. Neurosci. Lett., 306:116–20.

Wirths, O., Weis, J., Kayed, R. et al. 2007. Age-dependent axonal degenera-
tion in an Alzheimer mouse model. Neurobiol. Aging, 28:1689–99.

Wirths, O., Weis, J., Szczygielski, J. et al. 2006. Axonopathy in an APP/PS1 
transgenic mouse model of Alzheimer’s disease. Acta. Neuropathol., 
111:312–9.

Wisniewski, H.M., Ghetti, B. and Terry, R.D. 1973. Neuritic (senile) plaques 
and fi lamentous changes in aged rhesus monkeys. J. Neuropath Exp. 
Neur, 32:566–84.

Yamada, M. 2000. Cerebral amyloid angiopathy: an overview. 
Neuropathology, 20:8–22.

Zaim Wadghiri, Y., Sigurdsson, E.M., Sadowski, M. et al. 2003. Detection 
of Alzheimer’s amyloid in transgenic mice using magnetic resonance 
microimaging. Magnet. Reson. Med., 50:293–302.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


