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Abstract:

T1 and T2 magnetic resonance relaxation times have the potential to provide biomarkers of
amyloid-f deposition that could be helpful to the development of new therapies for Alzheimer's
disease. Here we measured T1 and T2 times as well as plaques and iron loads in APP/PS1 mice,
which model brain amyloidosis, and control PS1 mice. Iron was mostly associated with amyloid
deposits in APP/PS1 animals, while it was diffuse in the PS1 mice. T1 was negatively correlated
with age in most structures in APP/PS1 animals. This may be related to the age-associated myelin
loss described in APP/PS1 mice rather than to amyloid deposition. T2 in the subiculum of adult
APP/PS1 animals was lower than in PS1 mice, which may be related to the very high amyloid and
iron loads in this region. T2 in the subiculum could thus serve as an early marker of the amyloid

pathology.

Key words: Alzheimer’s disease, amyloid, APP, biomarker, iron, MRI, PS1, T1, T2, transgenic
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Introduction

Alzheimer’s disease (AD) is a devastating pathology leading to disastrous cognitive
impairments and dementia, associated with major social and economic costs to society. Until now
definitive diagnosis required post mortem examination of brain tissue, specifically finding evidence
of two main neuropathological lesions: senile plaques and neurofibrillary tangles (NFT). These
microscopic alterations are mostly distributed in isocortical and hippocampal brain areas. Senile
plaques are extracellular deposits of amyloid- (AP) peptides surrounded by dystrophic neurites,
while tangles are pathological filaments located in neurons and are mainly made of
hyperphosphorylated tau proteins (Jellinger and Bancher, 1998). According to the amyloid cascade
hypothesis, it is the accumulation of soluble and insoluble forms of AP that constitutes the primary
pathogenic event leading to secondary alterations such as NFTs and neuronal death (Hardy and
Selkoe, 2002).

Several potential therapies for the disecase are currently developed and are being (or will
have to be) tested in animal models such as APP or APP/PS1 transgenic mice that overexpress
human mutations responsible for familial forms of AD. These genetically modified mice develop
extensive AP lesions, but no NFTs or marked neuronal loss (but see (Casas et al., 2004)). Such
models can therefore be of interest to evaluate the specific effects of AB-lowering drugs, which are
key to the therapeutic approach today (Dominguez and De Strooper, 2002). The evaluation of these
drugs requires availability of in vivo biomarkers of the pathology and, for translational studies it
would be very helpful to use the same marker in animal and human studies. MRI can be a valuable
tool to achieve this goal. MR markers such as temporal brain atrophy contribute to early diagnosis
and to follow-up of the disease in humans (Valk et al., 2002). However, atrophy can not be used as
a marker of the disease in transgenic mouse models of amyloidosis, because the cerebral atrophy
that develops in these mice does not always occur in amyloid-rich cortical areas and is not

correlated to the amyloid load (Delatour et al., in press). MR microscopic post mortem (Lee et al.,
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2004) or in vivo (Jack et al., 2004) studies, carried out in transgenic mice, have been successful in
detecting cortical AP deposits using T2 or T2*-weighted images from aged animals. The plaques
appear as dark spots that were presumably caused by the local presence of iron within the amyloid
deposits (Falangola et al., 2005b). However, other studies based on T2*-weighted images detected
similar spots and iron deposition only in the thalamus but not in other brain structures (Vanhoutte et
al., 2005). Studies in human brain samples also reported contradictory results. A study on post
mortem hippocampi of AD patients showed a detectable T2* effect of the deposits (Benveniste et
al., 1999), while another one failed to observe plaque-associated T2* effects in isocortical brain
samples (Dhenain et al., 2002). Studies in human samples using T1, T2 (Huesgen et al., 1993), and
diffusion—weighted sequences (Benveniste et al., 1999) did not succeed in highlighting individual
plaques. Direct detection of individual plaques is indeed a great challenge requiring high spatial
resolution at high magnetic field strength, and probably new dedicated contrast agents (Zaim
Wadghiri et al., 2003). Alternatively, quantitative assessment of mean relaxation times in regions of
interest has the potential to provide indirect markers which can be easily measured in preclinical
and clinical settings. However, up to now, studies in humans have led to contradictory results
regarding relaxation times modifications in the course of AD. Post mortem (Huesgen et al., 1993) or
in vivo T2 evaluations in the hippocampus or cortical areas of Alzheimer's patients suggested either
decrease (Haley et al., 2004), no significant variation (Bondareff et al., 1988), or increase of this
parameter (Kirsch et al., 1992; Laakso et al., 1996). In vivo studies of gray and white matter T1
relaxation times also reported either no modification, or a T1 increase along the course of the
disease (Besson et al., 1985; Christie et al., 1988). Inconsistencies in human studies might come
from the co-occurrence of amyloid deposits, NFTs, and associated lesions such as neuronal loss,
inflammation, iron deposition, and cerebrospinal fluid (CSF) space dilations leading to partial
volume effects on MR images.

To better understand the effect of AD neuropathology on relaxation times it may be useful to

focus on transgenic models that mimic mainly one fundamental lesion associated to AD (i.e. AP



5

deposition). A recent study performed at 7 Tesla, has shown a T2 decrease (but no T1 or proton
density alterations) in the hippocampus and cingulate (anterior / posterior) cortex of 70-100 week
old transgenic mice compared to age-matched non transgenic littermates (Helpern et al., 2004;
Falangola et al, 2005a). However no effect could be detected when the APP/PS1 mice were
compared to single transgenic PS1 amyloid-deposit free controls (Helpern et al., 2004).

In our study, performed at 4.7 Tesla, T2, T1, and proton density were evaluated in an
APP/PS1 mouse model that develops plaques at around 9-14 weeks of age (Blanchard et al., 2003).
PS1, amyloid-deposit free, animals were used as controls. More importantly, our cross-sectional
study involved animals of a wide age range (27-86 weeks), thus allowing to investigate MR
parameters at different stages of amyloid accumulation in the brain. To assess the origin of MRI
parameter modifications, the brains were analysed by histology after imaging; both amyloid burden

and iron load were assessed.

Materials and methods

Transgenic mice

Transgenic APP/PS1 mice (Thyl APP751 SL (Swedish mutation KM670/671NL, London
mutation V7171 introduced in human sequence APP751) x HMG PS1 M146L), modeling early-
onset and progressive cerebral amyloid deposition were used (Wirths et al., 2001a; Wirths et al.,
2001b; Blanchard et al., 2003). Control animals were amyloid-deposit free PS1 mice. Forty five
transgenic mice were evaluated. We distinguished two age groups, “adults” (27 to 45 weeks, 10
APP/PS1, 9 PS1) and “old” animals (60 to 86 weeks, 13 APP/PS1, 13 PS1) for age-matched

studies.

MRI experiments and data analysis
In vivo MR images were recorded on a 4.7 Tesla Bruker Biospec 47/30 system, equipped
with a 12 cm diameter gradient system (200 mT/m). A surface coil (diameter = 30 mm), actively

decoupled from the transmitting birdcage probe (Bruker GmbH) was used for signal acquisition.
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Animals were anesthetized with isoflurane (5% for induction, 1-1.5% for maintenance) in a mixture
of N, (80%) and O, (20%) administered via a facemask. Respiration rate was monitored to insure
animal stability until the end of the experiment. Body temperature of the mice was maintained by
using a water filled heating blanket.

For T2 measurements, a multislice multiecho sequence was used with the following
parameters: echo times (TE) = 12.2, 24.4, 36.6, 48.8, 61, 73.2 ms, repetition time (TR) = 2000 ms,
field of view (FOV) = 1.5x1.5 cm?, matrix 128x128, slice thickness = 1 mm, acquisition time =
8min 49s. Five coronal slices equally separated by 2 mm were acquired. They ranged approximately
from the frontal lobe to the occipital part of the brain. For the localization of these slices, a
horizontal slab of the brain was previously recorded using a fast inversion recovery sequence (TE =
10 ms, TR = 2500 ms, FOV = 3x1.5 cm? slice thickness = 9.2 mm, matrix 128x128). On this
image, the interventricular foramen, clearly identified, was used as a reference to locate the second
slice set.

For T1 measurements, eleven sets of inversion recovery images were recorded by using
successively the following inversion times (TI): 13.5, 1500, 100, 800, 500, 1000, 2000, 300, 700,
3000, 900 ms. Imaging parameters were: TE = 10ms, TR = 5000ms, FOV = 1.5x1.5 cm? matrix
128x128, slice thickness = 1 mm, total acquisition time (for all the sets) = 1h 57 min. Each set of
images comprised three coronal slices equally separated by 2 mm. The first one was located on the
interventricular foramen (identified on the image recorded with the fast inversion recovery
sequence). The three slices used for T1 measurements had thus the same location as three of the
slices used for T2 evaluations. T1 measurements from animals that moved during the inversion
recovery acquisitions were discarded from statistical analysis. That was the case of one old
APP/PS1 mouse, one adult and three old PS1 mice.

Parametric T1 and T2 maps were generated by fitting pixel intensity values to single
exponential curves using the Bruker fit package. Proton density maps were calculated from

inversion recovery images after eliminating T2 dependence using the previously calculated T2
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maps. Different brain areas were studied: dorsal striatum (caudate/putamen complex), pallidum,
thalamus, hippocampus (Ammon’s horn), subiculum, parietal and visual cortices, corpus callosum,
and temporal muscle (Fig. 1). Regions of interest (ROIs) corresponding to these loci were manually
drawn on images acquired with the inversion recovery sequence, for TI=300 or 500 ms. These TI
values yielded the best contrast between cerebral structures. The subiculum ROI, which was the
smallest one, was placed underneath the cingulum on a slice localized approximately between
bregma -2.8 mm and bregma -3.8 mm according to the Paxinos atlas (Paxinos and Franklin, 2001).
When this anatomical landmark could not be accurately defined, neither relaxation times, nor
proton density were calculated within the subiculum (case of one APP/PS1 mouse and four PS1
animals).

ROI outlines were then transferred to T1, T2, and proton density maps. On T2 maps,
additional ROI's were drawn in the frontal cortex. T1, T2, and proton density values were the mean
of the ROI drawn on the left and right side of the brain. For each ROI standard deviations (SD) for

T1, T2 and proton density were calculated.

Histological analysis

Tissue pro cessing

Following completion of MRI studies, mice were sacrificed by decapitation. The delay
between MRI measurements and death was variable from one mouse to the other and only animals
sacrificed within 3 weeks following MRI experiments were included in analyses correlating MRI
and histological parameters. As reported in the above MRI section, four PS1 animals moved during
the inversion recovery image series acquisition and T1 and proton density maps could not be
reconstructed for them. Thus for PS1 animals, correlation studies between T1 or proton density
measurements and histological markers involved eight animals.

Following decapitation the brains were extracted, fixed in 10 % buffered formalin and then

stored overnightin a solution of 20% glycerin and 2% dimethylsulfoxide in 0.1 M phosphate buffer



8

for cryoprotection. Brains were subsequently sectioned into 40 um-thick coronal sections on a

freezing microtome. Ten batches of serial sections were collected.

Histochemical staining of amyloid plaques

On a first batch of serial sections, ranging from the frontal to the occipital poles, amyloid
deposits were labelled by standard Congo red staining (adapted from (Puchtler et al., 1962)). Each
slice was then digitized using a Super CoolScan 8000 ED high-resolution scanner (Nikon,
Champigny sur Marne, France). Regional amyloid loads (expressed as percent of tissue surface
stained by the Congo red dye) were quantified in different brain areas that were previously
investigated by means of MRI (parietal and visual cortices, hippocampus, subiculum and thalamus)
using computer-based thresholding methods as previously described (Delatour et al., in press). No
histological analyses were performed at the level of the striatum, pallidum, and corpus callosum as

these brain regions were largely plaque-free.

Histochemical staining of iron

Although biochemical quantification of iron (eg atomic absorption spectrophotometry) is the
most valuable and precise method to assess iron concentrations, this approach was discarded as it
can not be used to measure iron loads in discrete brain areas. Therefore iron staining was performed
on a batch of serial sections using a protocol derived from the standard Perls-DAB method
(Nguyen-Legros et al., 1980). Quantification of Perls-stained material has been proven to reflect
iron concentrations (Turlin et al., 1992; Masuda et al., 1993) as a linear relationship exists between
the two measurements (Masuda et al., 1993). Based on previous work, densitometric analysis of
Perls-stained brain tissue was selected to use in the present study (Bizzi et al.,1990; Hill and
Switzer, 1984; see below for details).

Briefly, all reactions were carried out on free floating sections to ameliorate tissue
penetration of reactives. Blockade of endogenous peroxydase activity was first done by immersion

in a methanol/H,0, solution. Slices were then treated with equal parts of freshly made, aqueous 2%
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potassium ferrocyanide and 2% hydrochloric acid for 20 min. Iron staining was finally intensified
using diaminobenzidine (DAB) as chromogen. Brain slices for all PS1 and APP/PS1 mice were
simultaneously processed, and incubation in DAB, which was monitored under the microscope to
avoid strong background staining, was the same duration for all animals. After staining, slices were
mounted on Superfrost plus slides (Fischer Bioblock Scientific, Ilkirch, France), dehydrated and
coverslipped for microscopic examination. All slides were digitized as described above under
calibrated and constant illumination conditions, and quantification of iron staining intensities was
performed using optical density (OD) analysis (see Masuda et al., 1993), which determines levels of
iron deposition on the basis of transmitted light in the stained tissue. Analyses of OD were
automatically performed in different sampled ROIs (dorsal striatum, corpus callosum, subiculum,
parietal cortex) using the Image-Pro Plus software (Media Cybernetics, Silver Spring, USA). The
optical density of each pixel was derived from its gray level and mean iron load was defined as the
mean OD from all pixels of the ROI. Standards to assess absolute ron quantities were not available
for analysis of Perls-stained material (Masuda et al., 1993); therefore only relative quantities of iron

deposition were calculated still permiting inter-group comparisons.

Statistical analysis

Statistical analyses using Statistica 6 (StatSoft, Inc., Tulsa, USA) were based on Pearson’s,
Mann Whitney’s, and Wilcoxon's tests. The slopes of the linear regression curves were compared

using Student's t-test. The statistical significance level was assigned for p<.05.

Results

Histology

Amyloid load in APP/PS1 mice

We found a positive linear correlation between age and amyloid burden in all sampled brain

areas of APP/PS1 mice (Fig. 2, rs>0.51; ps <.025). Regional amyloid loads were inter-correlated
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(rs>0.74; ps<.001) with the highest mean load at each age occurring in the subiculum area (Fig. 2;
for adult animals subicular amyloid load = 8.9+1.6 (mean+SD) versus amyloid loads < 3.9+ 1.8 in
other brain regions (Wilcoxon's tests, ps< 0.03); for old animals subicular amyloid load = 13.6+6.1

versus amyloid loads < 7.5£2.5 in other brain regions (Wilcoxon's tests, ps< 0.001)).

Iron deposition in APP/PS1 and PS1 mice

Qualitative examination of Perls-DAB-stained brain sections revealed that in both APP/PS1
and PS1 genotypes iron deposition was more pronounced in subcortical nuclei (caudate nucleus,
pallidum, substantia nigra, thalamus) and in fiber tracts (e.g. corpus callosum, internal capsule) than
in other brain structures such as cortical regions (Fig. 3a-d). For APP/PS1 mice, iron in brain
regions with amyloid deposits (cortex, subiculum, hippocampus, thalamus) was often localized
within the amyloid deposits, whereas in the same regions of PS1 animals iron was diffusely
distributed (Fig. 3e-h). By visual inspection, the density of plaque-associated iron aggregates in
APP/PS1 mice was much higher in the subiculum (Fig. 3e) than in isocortical regions (Fig. 3g).
Quantification of iron by optical densitometry confirmed this observation; the mean iron load in the
subiculum of APP/PS1 mice was higher than in the cortex (Wilcoxon's tests; p<0.0005). Indeed, it
was similar to that in brain regions known for their high iron load, such as the corpus callosum or
the striatum (Wilcoxon's tests; ns). Furthermore, in the subiculum a positive correlation was
observed between amyloid deposits and mean iron load (r= 0.5; p<.05) (Fig. 4). This was not the
case for brain regions with lower amyloid burden, such as the parietal cortex (r= 0.15; ns) (Fig. 4).

In most brain regions (corpus callosum, parietal cortex, subiculum), despite a positive trend
there was no statistically significant increase of mean iron load with aging, neither in APP/PS1 (rs <
0.41; ns) nor in PS1 (rs < 0.3; ns) transgenics. A positive correlation between age and mean iron
load was detected in the dorsal striatum of APP/PS1 (r=0.64; p<.005), but not in PS1 mice (r=0.39;

ns).
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Comparison of mean iron load for the two genotypes showed no differences for adult mice
(Us>7;ns). In old mice the same analysis indicated only an effect of genotype in the parietal cortex,
where PS1 mice showed increased iron load compared to APP/PS1 mice (U=25.5; p<.025).

Intra-genotype analysis indicated that iron loads were systematically inter-correlated in PS1
mice (.0001<ps<.025), indicating that variations of iron loads equally affected all brain regions in
those control animals. In APP/PS1 mice a more complex pattern was noted, as only iron loads in the
corpus callosum and dorsal striatum were positively correlated (r= 0.53; p<.025). This suggests that
iron deposition may not be a homogeneous process in double transgenics, and could differentially

affect several brain areas.

MRI parameters and histological correlates

Effects of aging on MRI parameters

In both genotypes, T2 values from all the brain regions and the muscle were linearly and
negatively correlated to age (Table 1, Fig. 5a, b). For a given genotype, the rate of T2 decrease with
aging was similar for all brain regions, as shown by comparable slopes of the regression curves
fitting T2 values versus age in the different ROIs (t-tests comparing the slopes of these regression
curves; ns).

Striatal T1 values and age were linearly and negatively correlated in both APP/PS1 and PS1
mice (Table 1, Fig. 6a), and the age-dependent decay of striatal T1 was similar in the two genotypes
(t-test comparing the slopes of the regression curves; ns). In addition, in APP/PS1 mice only,
negative correlations between T1 values and age were also found in the corpus callosum, the
thalamus, the parietal cortex (Fig. 6b) and the pallidum (see Table 1). In these animals, the T1
decay with aging was significantly faster in the corpus callosum than in the thalamus, striatum and
parietal cortex (t-tests comparing the slopes of the regression curves fitting T1 values as a function
of age; ps<.05).

In both genotypes, proton density values were not correlated with age.



12
T2, Tl and proton density differences between genotypes

T2 values in the subiculum of adult APP/PS1 animals were significantly lower than those of
age-matched PS1 mice (Mann Whitney’s test, U=8.5, napppsi=10 and nps;=7; p<.01, Fig. 7). In
contrast, in aged animals subicular T2 was not significantly different between APP/PS1 and PSI1
mice (Mann Whitney’s test, U=61.5, napppsi=12 and npsi=11;ns). No other T2 differences between
APP/PS1 and PS1 animals could be detected in adult or old age-matched animals (Us>22; ns).
When comparing slopes of T2 versus age regressions from the two genotypes, a significant
difference was only observed in the subiculum. In this region, the slope for APP/PS1 animals was
lower than that for PS1 mice (t-test, p<.05).

Comparison of T1 values in APP/PS1 and PS1 age-matched animals showed significantly
lower T1 in the corpus callosum and the parietal cortex of old APP/PS1 mice (Us<13; ps<.01). No
other difference could be detected between age-matched animals from the two genotypes.

Comparison of proton density values did not show any significant difference between the

age-matched groups.

Effects of plaque burden on MRI parameters

In all the brain regions studied, T2 measures in APP/PS1 transgenic mice were negatively
correlated with the corresponding amyloid load (Table 1). The slope of the regression curve fitting
T2 versus regional amyloid load was significantly lower in the subiculum than in the hippocampus
(p<.01), the parietal cortex (p<.05), and the visual cortex (p<.01).

T1 values and regional amyloid loads were negatively correlated in isocortical areas
(parietal, visual cortices) but not at the level of the subiculum, hippocampus, and the thalamus
(Table 1).

Finally, proton density measures were not affected by the amyloid load in APP/PS1

transgenic mice.
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Effects of iron on MRI parameters

In APP/PS1 and PS1 animals, there was no correlation between the mean iron load in the
parietal cortex, subiculum, or corpus callosum and T2 or T1 values in the same regions (see Table
1). For APP/PS1 mice only, a strong negative correlation was noted between striatal iron and T2 or
T1 (Table 1).

There was no correlation between proton density values and iron deposition in the different

sampled brain areas from PS1 and APP/PS1 mice.

Discussion

Proton density, T2 and T1 relaxation times were evaluated, together with histological
parameters, during a cross-sectional study involving a large number (n=45) of APP/PS1 mice
modelling amyloid deposit, and PS1 amyloid-deposit free animals. The use of PS1 animals as
controls allowed us to specifically assess the effects of amyloid deposition on MR parameters.

Histological measures revealed, as expected (Blanchard et al., 2003), an age-related increase
of the amyloid load in all the evaluated regions (cortex, hippocampus, thalamus, subiculum).
However, mean iron loads did not increase with age except in the dorsal striatum of APP/PS1 mice.
In several animal species, cerebral iron (evaluated by chemical method in humans (Hallgren and
Sourander, 1958) or by atomic emission spectrometry in mice (Takahashi et al., 2001)) increases in
the early period of life and reaches a plateau in mature and old adults. In our study, the lack of age-
related iron accumulation in most brain regions (in 27-83 week old animals) might be related to the
fact that iron level already had reached a plateau which normally occurs at 17 weeks in mice
(Takahashietal., 2001).

In amyloid-rich regions (subiculum, cortex, hippocampus, and thalamus) of APP/PS1 mice
iron staining was colocalized, to a large extent, with amyloid deposits whereas in the same brain
loci it was diffuse in PS1 mice. The colocalization of iron and amyloid deposits observed in our

study replicates previous findings reported in the literature (Falangola et al., 2005b). In addition, we
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noticed that, in most brain regions, despite a different spatial distribution, the mean iron load was
similar in age-matched APP/PS1 and PS1 mice. This suggests that iron aggregated within the
plaques comes from the diffuse iron that is normally located in the tissues. Moreover, in the parietal
cortex, the mean iron load was even lower in APP/PS1 than in PS1 animals. These results are
coherent with previous reports that showed, on whole brain samples assessed by spectrometry, a
reduced (or not modified) cerebral iron load in other transgenic mouse models of AD (Maynard et
al., 2002). They are also consistent with findings suggesting that AP deposits can clear iron out of
the brain (Maynard et al., 2002; Bush, 2003).

A linear relationship between mean iron load and amyloid load could be detected in the
subiculum of APP/PS1 mice (the brain region with the highest plaque density) but not in the cortex.
This suggests that amyloid biomarkers based on iron load are more reliable in the subiculum than in
other brain regions such as the cortex. This has implication for direct amyloid deposit imaging by
microscopic MRI without contrast agents. Since in this method amyloid detection and
quantification are based on the presence of iron within the plaques (Jack et al., 2004), it should yield
more accurate results for the subiculum than for the cortex.

In brain structures with amyloid deposits, T2 and amyloid load were correlated in APP/PS1
mice. However, amyloid load increased with age and T2 and age were also correlated in all the
studied brain regions in both APP/PS1 and PS1 mice. In addition, except in the subiculum the
slopes of the regression curves fitting T2 and age were similar in APP/PS1 and PS1 animals.
Finally, T2 values from age-matched APP/PS1 and PS1 animals were not significantly different.
This suggests that in most brain structures (but not the subiculum, see below), age related effects
other than amyloid deposition were the main factors in the age-related T2 decrease. This is
consistent with reports from a previous transversal study in 70-100 week old APP/PS1 and PSI
animals, where no inter-genotype T2 differences could be detected in the cingulate and retrosplenial
cortex or the hippocampus (Helpern et al., 2004). Interestingly however, data from the same study

showed T2 differences in the cortex and hippocampus of APP/PS1 (but not PS1) animals with
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respect to wild-type mice. This suggests an additive but amyloid independent effect of double APP

and PS1 transgene expression on cortical T2 relaxation times. As we used only PS1 mice as
controls, we could not examine this effect.

Iron is often evoked to explain age-related T2 signal decrease in the brain (Dhenain et al.,
1998; Hardy et al., 2005). However, from the lack of correlation between mean iron load and T2 or
age in most of the evaluated brain regions (both in APP/PS1 and PS1), it seems that iron did not
participate significantly in the age-related T2 decrease observed in our study. This T2 decrease
might be associated with already described age-related brain alterations such as increased brain
density and reduced free water content (Lustyik and Nagy, 1985; Chang et al., 1996), and/or to
changes in intracellular or extracellular environments leading to decreased water mobility
(Bondareff and Narotzky, 1972).

Unlike in other brain structures, the T2 in the subiculum of adult APP/PS1 animals was
significantly lower than in adult PS1 mice. To our knowledge, this is the first report showing a
significant T2 difference in a brain region between APP/PS1 and PS1 mice. The mean iron load in
the subiculum of APP/PS1 mice was higher than in any other amyloid enriched region, and in the
subiculum the iron and amyloid loads were correlated. Previous reports showed that iron clusters
lead to a larger T2 decrease than diffuse forms of iron (Perez et al., 2002). In our study, where the
mean iron load was not significantly different between adult APP/PS1 and PS1 mice, it is possible
that the dense aggregation of iron in the subiculum of APP/PS1 mice led to the lower T2 in contrast
to diffuse iron distribution in PS1 mice. In addition, the T2 decrease in the subiculum of APP/PS1
as compared to PS1 mice might also be explained by the high amyloid load in this region and its
early onset during ontogenesis (Blanchard et al., 2003). The high level of misfolded, 8 sheeted
amyloid proteins in the extracellular space might reduce water mobility and thus T2. Unexpectedly,
in older animals there was no subicular T2 difference between PS1 and APP/PS1 animals. This lack
of difference is explained by a slower age-associated subicular T2 decrease in APP/PS1 as

compared to PS1 mice. As mean iron load is similar in aged APP/PS1 and PS1 mice this might be
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caused by secondary neuropathological alterations in this region (that may or not be associated with
long lasting and severe amyloidosis) leading to a T2 increase that partly compensates for the
amyloid/iron associated T2 decrease. This hypothesis is favoured by the lower slope of the
regression curve fitting T2 versus regional amyloid load in the subiculum as compared to other
amyloid-loaded regions (hippocampus, parietal cortex, visual cortex). It has to be noted that the
counteracting effects on T2 relaxation must occur on a sub-voxel scale, as the standard deviation of
the T2 measured in the subiculum ROI was not modified in old APP/PS1 (data not shown).
Inflammation is described in APP/PS1 mice (Matsuoka et al., 2001) and is associated with
extracellular space expansion (Stanisz et al., 2004) and might be responsible for the suspected T2
increase. Alternatively, neuronal alterations have also been suggested as a cause for T2 increase in
AD patients (Bondareff et al., 1988; Kirsch et al., 1992) and might lead to a T2 increase in old
APP/PS1 mice who are known to develop neuronal alterations (Schmitz et al., 2004).

T1 values were significantly lower in the parietal cortex and corpus callosum of aged
APP/PS1 as compared to age-matched PS1 mice. This result is different from that reported in a
previous study at 7 Tesla where no T1 difference could be seen between APP/PS1, PS1 and wild
type animals (Helpern et al, 2004). As T1 contrast decreases with higher field strength, it is
possible that T1 differences are better detected at our lower field (4.7 Tesla). The strong correlation
identified between the T1 decrease and amyloid deposition in parietal and visual cortices of
APP/PS1 mice would suggest that T1 reduction in cortical regions is tightly associated with local
amyloid pathology. However, in other brain regions with high amyloid burden such as the
subiculum and the hippocampus, amyloid load and T1 were not correlated. Analysis of age-related
T1 decrease in our study can provide an alternative hypothesis to explain the T1 decrease in the
cortex of APP/PS1 mice. Actually, T1 measures in APP/PS1 mice were correlated to age in all
subcortical structures (thalamus, striatum, pallidum), in the corpus callosum, and in the parietal (but
not visual) cortex. This suggests that age-related T1 reductions occurred in brain regions both with

or without amyloid deposits.
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In all evaluated structures, except the striatum, from PS1 animals, T1 measures were not
correlated with age. The specific age-related T1 reductions in APP/PS1 mice were not related to
iron accumulation as in most of these regions T1 and iron load were not correlated, and in the age
window we studied we saw no age-related iron accumulation. In some studies (but see Baratti et al.,
1999), T1 reductions in brain tissue have been associated with demyelination (Parry et al., 2003). In
a previous study, we demonstrated that APP/PS1 mice show white matter alterations (Delatour et
al., in press); it is thus possible that the age-related T1 decrease found in several brain structures
from APP/PS1 mice was related to white matter loss. This hypothesis can also explain the T1
decrease in the cortex as in this region the myeloarchitecture strongly affects the T1 signal
(Eickhoff et al., 2005).

In conclusion, our histological analysis showed that in amyloid-rich regions such as the
cortex or subiculum of APP/PS1 mice, iron accumulates in amyloid plaque-associated forms, while
in PS1 mice the iron distribution is diffuse. However, the global iron content in these regions is not
higher in APP/PS1 animals as compared to PS1 mice. This suggests that iron accumulation within
the plaques results from a redistribution of surrounding diffuse iron rather than from additional iron
trapping. Our MRI study showed that T2 is lower in the subiculum of adult APP/PS1 animals as
compared to PS1 mice. T2 in the subiculum could thus be considered as an early marker of the
amyloid pathology in APP/PS1 animals. The high amyloid and amyloid-associated iron loads in the
subiculum of APP/PS1 mice might explain the specific T2 changes i this structure. The
disappearance of T2 difference in the subiculum of old APP/PS1 and PS1 mice mightbe related to a
concurrent T2 increase in APP/PS1 animals as a result of pathological modifications associated (or
not) to the high amyloid burden. The second result from the MRI study concerns the specific age-
related T1 decrease in several brain structures from APP/PS1 mice independent of their amyloid
load. Both observations, provided by T2 and T1 measurements, may be useful to follow

neuropathological alterations in APP/PS1 models of Alzheimer's disease.
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Table and Figures

Table 1
Overview of correlations between MRI measures (T2, T1) and histological markers (iron and

regional amyloid loads) in different brain areas from APP/PS1 and PS1 mice. *: p <,05; **: p <,01;

**%: p <,001; na: non-assessed; ns: non-significant.

Figure 1
Regions of interest on images acquired with an inversion recovery sequence. (a): 1 and 2: muscle, 3
and 4: dorsal striatum (caudate/putamen), 5 and 6: pallidum; (b): 7 and 8: hippocampus, 9 and 10:
thalamus, 11 and 12: parietal cortex, 13: corpus callosum; (c): 14 and 15: subiculum, 16 and 17:

visual cortex. Scale bar : 700 um

Figure 2
Correlation between amyloid load and age in various brain regions from APP/PS1 animals (a).
Regression curves fitting amyloid and age were drawn for each region (A, ......: hippocampus,
r=0.7; O, : parietal cortex, r= 0.8, 0, — : thalamus, r=0.8, ¢, : subiculum, r=0.5). At any
age, the amyloid load was higher in the subiculum than in other brain regions. Congo-red stained
histological sections showing the parietal cortex and the subiculum for adult (29 weeks; b) and old
(83 weeks; c) mice. Note the high amyloid burden in the subiculum (arrows), even in adult mice (b).

Scale bar (for b and ¢): 2 mm.

Figure 3
Iron deposition in adult (29 weeks, a, ¢) and old (77 weeks, b, d) PS1 and APP/PS1 mice (Perls-
DAB staining). (a-d) Note the high iron staining at the level of the striatum () and fiber tracts such
as the anterior commissure (arrow head) and the corpus callosum (arrow). Perls-DAB staining also

showed iron deposits in the vicinity of subicular (e: arrow) and cortical (g) plaques in APP/PS1
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mice (29 weeks). In the same regions, iron labeling was diffuse in age-matched PS1 animals (f:

subiculum (arrow), h: cortex). Scale bars: for a-d: 2 mm,; for e-h: 500 um.

Figure 4

Comparison between mean iron load and amyloid load in the parietal cortex (0) and subiculum ()
of APP/PS1 mice. Amyloid burden was significantly correlated to the iron load in the subiculum

(r=0.5; p<.05) butnot in the parietal cortex of APP/PS1 mice.

Figure 5
Correlation between T2 values and age in APP/PS1 (o, ) and PS1 (m, — ) animals in the
subiculum (a; r=-0.57, p<.01 for APP/PS1; r=-0.74, p<.001 for PS1), and the striatum (b; r=-0.63,
p<.001 for APP/PS1;1=-0.78, p<.001 for PS1). The slopes of the regression curves fitting T2 values
versus age was significantly greater in the subiculum of PS1 animals as compared to APP/PS1 mice

(Student's t test, p<.05).

Figure 6
Comparison between T1 values and age in the striatum (a) and parietal cortex (b) of APP/PSI1 (o,
) and PS1 (m,—) animals. For the striatum, T1 values were correlated to age in APP/PS1 (r=-0.74,

p<.001) and PS1 mice (r=-0.71, p<.001). The parietal T1 was significantly correlated to age only in

APP/PS1 animals (r=-0.65, p<.001).

Figure 7
T2 values (mean+ standard error of the mean) in the subiculum of adult and old animals. The T2
values were shorter in the subiculum of adult APP/PS1 (white boxes) animals as compared to age-

matched PS1 mice (*: p<.001, napp/ps1=10 and npsi=7).
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