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Abstract. Murine models of Alzheimer’s disease (AD) provide means to detect and follow biomarker changes similar to those
observed in humans. Non-invasive biomarkers, such as those provided by magnetic resonance imaging (MRI) and spectroscopy
(MRS) methods are highly desirable, however, systematic studies of in vivo MRI/MRS methods to characterize the cerebral
morphology and metabolic pattern of these mice remain scarce. We investigated sixteen consecutive slices from the brain of
wild-type and A�PP/PS1 mice, obtaining a collection of T2-weighted, diffusion weighted and magnetization transfer weighted
images as well as 1H PRESS spectra from the cortical and subcortical areas. Compared to controls, A�PP/PS1 mice show
significant regional hyperintensities in T2-weighted images of the cerebral cortex, significant ventricular enlargement, and
decreased hippocampal area and fractional magnetization transfer. MRS demonstrated an increase in the ratio of choline (Cho)
to creatine (Cr) in the cortical and subcortical areas of the transgenic animals. A logistic regression classifier was implemented
considering all parameters investigated, and revealed the most characteristic changes and allowed for the correct classification of
control and A�PP/PS1 mice. In summary, the present results provide a useful frame to evaluate optimal MRI/MRS biomarkers
for the characterization of AD models, potentially applicable in drug discovery processes, because of their non-invasive and
repeatable nature in longitudinal studies.
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INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurode-
generative disorder affecting more than 20 million

∗Correspondence to: Dr. Ángeles Martı́n-Requero, Centro de
Investigaciones Biológicas (CSIC), Ramiro de Maeztu 9, 28040
Madrid, Spain. Tel.: +34 91 837 3112; Fax: +34 91 536 0432; E-mail:
amrequero@cib.csic.es.

people worldwide [1]. Key histopathological features
include amyloid-� (A�)-containing senile plaques and
neurofibrillary tangles (NFTs), along with neuronal
loss in selected brain areas [2]. Presently, a definitive
diagnosis of AD is possible only by examining brain
tissue after death and requires anatomical evidence for
the existence of plaques and NFTs. However, advances
in clinical diagnostic tools, including brain imaging
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techniques and novel biomarkers, could potentially
help identify ‘at risk’ subjects prior to the presence of
any cognitive deterioration. Moreover, imaging tech-
niques and/or specific biomarkers for AD hold great
promise concerning monitoring disease status and
treatment response.

A small proportion of AD patients expresses muta-
tions in the amyloid-� precursor protein (A�PP) and
presenilin (PS1 and PS2) proteins or overexpress
A�PP itself [3]. These ‘familial’ AD patients suffer
from earlier and more rapid, but otherwise identi-
cal, amyloid deposition, brain atrophy, and cognitive
decline than late-onset AD patients, who form the
majority of cases. These human mutations have pro-
vided the means to generate a number of transgenic
mice differing in the number and type of A�PP and
PS mutations expressed, as well as in the promoters
that govern transgene expression (for reviews, see [4,
5]). Although none of these models fully replicate the
human disease, they have provided valuable insights
into disease mechanisms [6]. Therefore, it becomes
relevant to apply technologies and biomarkers similar
to those used in humans for the follow-up of AD animal
models, particularly for the clarification of mecha-
nisms and for the screening and validation of new
candidate treatments.

Magnetic resonance imaging (MRI) and spec-
troscopy (MRS) methodologies provide compre-
hensive and non-invasive information of cerebral
morphology and metabolism. In particular, MRI has
been most widely used in AD research to visu-
alize the onset and advance of neurodegeneration,
with the goal of identifying particular brain regions
that can predict the likelihood of progressing from
mild cognitive impairment (MCI) to dementia [7–12].
MR technologies have also been used in normal
and genetically engineered mice [13–17]. However,
many of these studies have relied in the segmenta-
tion of preselected regions-of-interest (ROI), known
to become severely degenerated in AD [18], neglect-
ing the potential of the MR method to provide more
comprehensive information on the whole brain. More-
over, no systematic assessment of the relative efficacy
of different MRI/MRS methods, including anatomical
T2-weighted, diffusion weighted, magnetization trans-
fer (MT) imaging or the 1H spectroscopy methods in
the evaluation of AD is currently available.

On these grounds, we present here a study com-
bining a variety of in vivo MRI/MRS measurements
through the complete brain of A�PP/PS1 mice and
wild-type littermates, to evaluate the relative poten-
tial of each approach in the characterization of the

AD phenotype. To this end, we have implemented a
logistic regression algorithm to identify the MRI/MRS
parameter or combination of parameters that best dis-
criminate between controls and a transgenic mouse
model of AD. Moreover, since previous studies [19]
indicated that in vivo imaging can predict levels
of neurogenesis in the living mice, we investigated
whether anatomical changes in the hippocampus could
compromise the proliferation of neuronal precursors
in this region. For the present studies, we chose
A�PP/PS1 mice as the transgenic model of AD. These
mice are a cross of the Tg2576 (over-expressing
human A�PP (hA�PP) 695, with the double mutation
KM670/671NL), and mutant PS1 (M146 L) mice. This
murine model of AD typically expresses sufficiently
high levels of hA�PP and A� to insure amyloid depo-
sition [20]. A� is deposited progressively in the brain of
these mice beginning at eight weeks of age [21], associ-
ated with extensive dystrophy of neurites. In addition,
these mice, carrying mutations in the two AD proteins,
depict signs of apoptotic cell death in the hippocam-
pus and cerebral cortex of six-nine month-old animals
[22, 23].

We report that A�PP/PS1 mice depict enlarged ven-
tricles and decreased hippocampal volume, together
with decreased MT, enhanced neurogenesis, and
increases in the choline (Cho) signal in the spec-
tra of the cerebral cortex and subcortical area. Taken
together, our results indicate that the Cho/creatine (Cr)
ratio, as measured in the subcortical region provides
an optimal biomarker of disease status, fully discrim-
inating between control and A�PP/PS1 mice that are
twelve months of age. In addition, our results suggest
that MRI/MRS technologies provide a robust and con-
venient tool for the evaluation of AD disease status and
disease-modifying therapies in the A�PP/PS1 mouse
model.

METHODS

Animal model and experimental design

All procedures with animals were specifically
approved by the ‘Ethics Committee for Animal Exper-
imentation’ of the Center for Biological Research
(CIB, CSIC), and carried out in accordance with the
protocols issued which followed National (norma-
tive 1201/2005) and International recommendations
(normative 86/609 from the European Communities
Council). Adequate measures were taken to mini-
mize pain or discomfort of animals. Double-transgenic
A�PP/PS1 male mice (n = 7, 12 months of age), a
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cross of the Tg2576 (overexpressing human-A�PP 695
with double mutations at KM670/671NL) and mutant
PS1 (M146L) mice, based on the C57BJ6 phenotype,
were used as a model of AD amyloidosis [24]. Non-
transgenic C57BJ6 male littermates (n = 8) were used
as controls.

Preanesthesia was induced, before MR exami-
nations, by administering a mixture of 97%/3%
oxygen/isofluorane with the animal placed in the inte-
rior of a plexiglass chamber. The animal was then
positioned in the NMR cradle, transferred to the center
of the magnetic field and the anesthesia maintained
throughout the imaging procedure by administering
a mixture of 98%/2% oxygen/isofluorane (1 mL/min)
through a nose-cap. Animal temperature was main-
tained at 37◦C with a water heated pad adapted to the
cradle. The respiratory rate of the animals was mon-
itored using a Biotrig physiological monitor (Bruker
Medical Gmbh, Ettlingen, Germany).

MRI/MRS methods

The MRI experiments were performed on a
Bruker Pharmascan 7.0-T 16 cm horizontal-bore sys-
tem (Bruker Medical Gmbh, Ettlingen, Germany),
equipped with a 23 mm mouse head 1H selective bird-
cage resonator and a 90 mm diameter gradient insert
(maximum intensity 30 G/cm). All data were acquired
using a Hewlett-Packard console running Paravision
software v 5.1 operating under a Linux environment.

T2-weighted (T2-W) spin-echo anatomical images
used a rapid acquisition method with relaxation
enhancement (RARE) in axial orientations with
the following parameters: TR = 2500 ms, TE = 60 ms,
RARE factor = 8, Av = 6, FOV = 2.3 cm, acquisi-
tion matrix = 256 × 256, slice thickness = 1.00 mm
and number of slices = 16. Image Processing was
performed with the ImageJ Package (Wayne Ras-
band, National Institutes of Health, USA, http://
rsbweb.nih.gov/ij/). Ventricular and hippocampus
areas determined in each T2-weighted slice were nor-
malized to the corresponding total brain area, and
compared in control and A�PP/PS1 mice. Appar-
ent diffusion coefficient (ADC) maps were obtained
from diffusion weighted images acquired with increas-
ing b values, essentially as previously described [25].
The following parameters were used: TR = 3000 ms,
TE = 51 ms, Av = 3, diffusion gradient duration = 4 ms,
diffusion gradient separation = 16 ms, diffusion gra-
dient direction: left-right, FOV: 3.8 cm, acquisition
matrix = 128 × 128, b values = 100, 200, 300, 500, 800,
and 1200 s/mm2. The ADC maps were calculated by

fitting non-linearly the function Ib = Io e−ADC.b to every
pixel where: Ib = signal intensity at value b, Io = Signal
intensity for b = o, b = diffusion weighting factor and
ADC = apparent diffusion coefficient.

MT maps were acquired with a multi-slice
multi-echo sequence in axial orientation and the
following parameters: TR = 2500 ms, TE = 9.8 ms,
Av = 1, FOV = 2.0 cm, acquisition matrix = 128 × 128,
after applying (Mt) or not (Mo) a magnetization trans-
fer saturation pulse at 8.0 ppm. M(t)/M(0) maps were
prepared by dividing pixel by pixel the intensities of
saturated and non-saturated images.

Pixel by pixel operations and non-linear fittings of
diffusion data sets were performed using the home-
made software My Map Analyzer, running under
MatLab v7 in a LINUX based platform.

Images were registered and aligned using SPM soft-
ware (Neuroimaging Informatics Tools and Resources
Clearinghouse, USA, http://www.nitrc.org/projects/
spm/). The cerebral regions of interest (cortex, hip-
pocampus, ventricles, etc.) were then delineated by
superimposing the anatomical information from a
brain atlas [26] on the MR image or map. The internal
anatomical mark provided by the dorsal third ven-
tricle (Bregma −1.46 mm, interaural 2.34 mm), was
used as a common reference between the image col-
lection and the atlas, to obtain an adequate anatomical
localization of the MR sections observed in every ani-
mal. ROIs were selected with the Image J software.
In vivo 1H MR spectroscopy used a point-resolved
spatially spectroscopy sequence (PRESS), combined
with VAPOR water suppression with the follow-
ing parameters: TR = 3000 ms, TE = 35 ms, Av = 128,
voxel volume = 3 mm3. Clinically detectable metabo-
lites as N-acetylaspartic acid (NAA), total Cr, and total
Cho, were quantified by measuring the area of the
peaks using the LC Model software [27]. These were
in all cases below the 20% Cramér–Rao lower bound
(CRLBs), an estimate of the standard deviation (SD)
of the fit for each metabolite. Additional metabolites
investigated by LCModel as lactate, glutamate, glu-
tamine, myo-inositol, and taurine did not overcome the
CRLBs constraints and were not further considered in
the analysis.

Immunohistochemical methods

5-Bromodeoxyuridine (BrdU) (Sigma, St Louis,
MO), dissolved in 0.9% NaCl at dose of 50 mg/kg,
was administered intraperitoneally (i.p.) for seven
consecutive days, and the mice then sacrificed one
day after the last injection. Animals were perfused

http://rsbweb.nih.gov/ij/
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transcardially with saline buffer or 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB), pH 7.4. Fixed
brains were cut on a vibratome (Leica Microsystems)
at 50 �m, and tissue sections were collected in cold PB
0.1 M. DNA was denatured by incubating tissue sec-
tions for 30 min in 2 N HCl at room temperature. Then,
sections were blocked by incubating for 15 min in a
solution containing 10% methanol and 3% hydrogen
peroxide, and incubated overnight with a mouse mon-
oclonal anti-BrdU antibody (1 : 20000, DS Hybridoma
Bank). For stereological estimation of BrdU+ cells, all
sections were processed for single BrdU immunohis-
tochemistry using the avidin-biotin complex method
(VECTASTAIN Elite ABC Kit, Vector Laboratories,
Burlingame, CA). The reaction was visualized using
3,3′-diaminobenzidine (Vector Laboratories) as the
chromogen. The brain was sectioned at 50 �m, and
every sixth section, spaced 300 �m apart throughout
the entire rostral/caudal extent of the hippocampus
(from Bregma −1.06 mm to Bregma –3.80 mm), was
used to assess the number of BrdU-labeled cells. In
addition, brain sections were also incubated with a
goat polyclonal doublecortin antibody (DCX; 1 : 250,
Santa Cruz Biotechnology, Inc.) to identify neuronal
progenitor cells, and with a rabbit polyclonal anti-
Ki-67 antibody (1 : 500, Abcam, Cambridge, UK), a
useful marker for cellular proliferation. Secondary
antibodies were: donkey anti-goat IgG 488 (1 : 1000,
FluoProbes®, Interchim), and Texas Red goat anti-
rabbit IgG antibody (Jackson Immunoresearch). These
sections were co-labeled with DAPI nuclear staining
(Sigma-Aldrich). The same areas and number of sec-
tions were studied in all animals and experimental
groups. The specificity of the staining was tested by
omitting primary antibodies from the incubation solu-
tion. Images were captured using a Zeiss LSM 510
Meta scanning laser confocal microscope (Carl Zeiss
Microimaging, GmbH).

Statistics

Statistical analysis was performed using the SPSS
package (Version 18.0) for Windows. Levene’s test
was run to analyze the homogeneity of variance
between wild-type mice and transgenic A�PP/PS1
mice. All statistical tests were two-tailed t-test with
significance set at the 0.05 level. Logistic regression
analyses were performed with the MRS data in cortical
and subcortical areas and with the MRI measurements
in the whole brain, cortex and hippocampus [28]. To
identify the independent predictors of transgenesis,
the measurement from each region with the highest

score and significant difference was selected and
combined with other variables in a stepwise analysis.
The posterior probability was calculated with the
formula: P(x) = 1/1+ e−(�o + �1x1 + �2x2 + ..�txt), where
x1, x2 . . . xt represent independent variables. The
probability of reference for classification was 0.5.

RESULTS

Figure 1A illustrates the anatomical location of the
sixteen consecutive slices acquired by MRI increas-
ing from the caudal to the rostral planes, respectively.
Briefly, we used the dorsal third ventricle as an internal
anatomical marker from control and A�PP/PS1 mice
to align, register, and compare the collection of images
from each mouse. The same internal anatomical coor-
dinates allowed the selection of the corresponding
sections of the atlas that best described those obtained
by MRI. Normally, the dorsal third ventricle was
contained in slice 8, providing a robust anatomical
coordinate for the localization of the remaining slices.
Table 1 summarizes the main anatomical regions con-
tained in each one of the sixteen slices. In this way,
the entire collection of MRI images and anatomical
maps could be aligned, regionalized, and analyzed.
The right insert shows a representative example of
the anatomical regionalization of slice 4, as obtained
by superimposing the corresponding region from the
anatomical atlas over the MRI image. We have con-
sidered three main regions in each slice: (i) the whole
brain section, including all the anatomical structures
therein (Table 1); (ii) the cerebral cortex; and (iii) the
hippocampus, as regionalized in the MRI image by
superimposing the atlas. Figure 1B depicts consecu-
tive T2-weighted MR sections (slices 4–10) through
the brain of control (upper panels) and A�PP/PS1 mice
(lower panels). The bar graphs shown below quantita-
tively compare the average intensity (±standard error)
of the three selected regions in each slice from control
(white bars) and A�PP/PS1 (black bars). The average
T2-w intensity is similar in all slices of the whole brain,
presenting a tendency to be higher in the A�PP/PS1
mice in the cortex and hippocampus, with statistically
significant values (p < 0.05) in the cortex from slices
9 and 10, primarily involved in the control of motor
activities.

Figure 2 provides a quantitative comparison of the
areas occupied by the ventricles (solid perimeter), and
the hippocampus (broken perimeter) in different slices
of control (white bars) and A�PP/PS1 mice (black
bars), as determined in the same T2-weighted image
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A

Fig. 1. In vivo T2-weighted brain images of wild-type and A�PP/PS1 mice. A) Sixteen consecutive slices (1 mm thick), with increasing
numbering in the caudal to rostral direction were acquired for each mouse (left panel). Regionalization was performed using the dorsal third
ventricle as a common anatomical reference between the cerebral image and the Paxinus atlas (right panel). B) T2-weighted images (slices
4–10) through the coronal plane of control and A�PP/PS1 mice. C) Relative intensity in the whole brain, cerebral cortex and hippocampus as
determined in each slice using the ImageJ software. Values shown are the mean ± standard error (control mice n = 8; Tg mice n = 7). *p < 0.05.
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Table 1
Main anatomical structures found in each T2 slice, as determined in
the anatomical atlas. Percent values indicated for the corresponding
anatomical structures indicate the relative area of the structure(s) as
compared to that of the complete cerebral section, as described in

[26]

Slice Main anatomical structures

Slice 2 Cerebellum 65%
Hindbrain 35%

Slice 3 Cerebellum 60%
Hindbrain 38%
Ventricles – Fourth ventricle 2%

Slice 4 Cerebellum 60%
Hindbrain (Medulla and pons) 33%
Ventricles – Fourth ventricle 7%

Slice 5 Cerebral cortex 55%
Midbrain 25%
Hindbrain (Pons and medulla) 20%

Slice 6 Midbrain 37%
Cerebral cortex 35%
Hippocampus 25%
Thalamus 3%

Slice 7 Cerebral cortex 40%
Hippocampus 15%
Ventricles 15%
Hypothalamus 12%
Thalamus 12%
Midbrain 6%

Slice 8 Cerebral cortex 54%
Thalamus 20%
Cerebral nuclei (Striatum, Pallidum) 8%
Hypothalamus 8%
Ventricles 6%
Hippocampus 4%

Slice 9 Cerebral cortex 45%
Cerebral nuclei (Striatum, Pallidum) 25%
Ventricles 10%
Thalamus 9%
Hypothalamus 9%
Hippocampus 2%

Slice 10 Cerebral cortex 45%
Cerebral nuclei (Striatum, Pallidum) 35%
Ventricles 10%
Hypothalamus 5%
Thalamus 5%

Slice 11 Cerebral cortex 54%
Nuclei 40%
Hypothalamus 3%
Ventricles 3%

Slice 12 Cerebral cortex 70%
Cerebral nuclei 30%

Slice 13 Cerebral cortex 100%

data set shown in Fig. 1. The relative ventricular area
is significantly larger (*p < 0.05) in slices 8–10, while
the relative hippocampal area decreases significantly
(*p < 0.05) in slice 9 of the A�PP/PS1 mice (Fig. 2B,
C). A more detailed analysis of the areas correspond-
ing to the left and right lateral ventricles, the third
ventricle, and the third dorsal ventricle showed that
the differences are found mainly between the areas of
the left and right lateral ventricles (Fig. 2D). When

we calculate the corresponding ventricular and hip-
pocampal relative volumes (Fig. 2E, F) by multiplying
the measured areas by the thickness of the MRI sec-
tions, the ventricular volumes are appreciably larger
while the hippocampal volumes remained smaller in
the A�PP/PS1 mice.

To investigate the possibilities that these increases in
ventricular volume of A�PP/PS1 mice would involve
edema of the cerebral parenchyma, we have studied
the effects of the A�PP/PS1 genotype on the MT and
ADC Maps. In these cases, we acquired only five slices
through brain; slice 4 in these acquisitions corresponds
essentially to slice 9 of the former series, maintain-
ing the same coordinate system. The main anatomical
structures included in these slices are summarized in
Table 2. Fig. 3 compares MT maps, obtained as indi-
cated in the Methods, from the whole brain, cerebral
cortex, and hippocampus from representative slices
(1–5) of control and A�PP/PS1 mice. The A�PP/PS1
genotype results in a decrease of relative MT in all
structures investigated. The decrease becomes statis-
tically significant (*p < 0.05) in whole brain (slices 3
and 5), cerebral cortex (slices 3–5), and hippocampus
(slice 3).

To confirm this hypothesis, we obtained ADC maps
from the same slices (1–5) of control and A�PP/PS1
mice (Fig. 4). ADC maps show a tendency to increase
in the three regions, with more apparent increases in
slices 2 and 4 of the whole brain and cerebral cortex and
slice 2 of the hippocampus. These results reveal a rela-
tive increase of the ADC consistent with an increased
ventricular volume and intracellular water content or
decreased averaged obstructions to water translation.
Together, the MT and ADC maps obtained are con-
sistent with a generalized cerebral edema in the brain
from A�PP/PS1 mice.

We further investigated the effects of the A�PP/PS1
genotype on the 1H MRS spectra obtained from the
cortex (Fig. 5A, B) and subcortical areas (Fig. 5D,
E). Figure 5 shows representative results from 1H
MRS spectra obtained from these regions from con-
trol (Fig. 5A, D) and A�PP/PS1 mice (Fig. 5B, E). A
quantitative analysis of the relative intensities of the
NAA, total Cr, and total Cho resonances, the metabo-
lites most commonly detected in clinical scanners,
is shown in the bar graphs of Fig. 5C, F. While the
NAA/Cr does not change appreciably between control
and A�PP/PS1 mice, the Cho/Cr ratio increases sig-
nificantly (*p < 0.005) in the cortical and subcortical
areas of the A�PP/PS1 mice. It should be noted here
that the Cho peak is a composite resonance contain-
ing unresolvable contributions in vivo from choline,
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Relative ventricular area Relative hippocampus area

Relative
hippocampus

volume

Relative
ventricular

volume

Fig. 2. Comparison between ventricular and hippocampus size in wild-type and A�PP/PS1 mice. A) Regions used to determine the ventricular
area (solid line) and hippocampus area (broken line). B, C) Ventricular and hippocampus areas are expressed relatively to the total brain area of
each slice in control (white bars) and A�PP/PS1 (black bars) mice. Values are the mean ± standard error (control mice n = 8; Tg mice n = 7).
*p < 0.05. D) Ventricular enlargement occurs primarily in the lateral ventricles. E, F) Ventricular or hippocampus volumes were determined
from the addition of the relative volumes of these structures in the corresponding slices, calculated as the product of their relative area by slice
thickness.

Table 2
Main anatomical structures observed in each MT and ADC slice, as
determined in the anatomical atlas. Percent values indicated for the
corresponding anatomical structures indicate the relative area of the
structure as compared to that of the complete cerebral section, as

described in [26]

Slice Main anatomical structures

Slice 1 Midbrain 37%
(Slice 6 in T2) Cerebral cortex 35%

Hippocampus 25%
Thalamus 3%

Slice 2 Cerebral cortex 40%
(Slice 7 in T2) Hippocampus 15%

Ventricles 15%
Hypothalamus 12%
Thalamus 12%
Midbrain 6%

Slice 3 Cerebral cortex 45%
(Slice 9 in T2) Cerebral nuclei (Striatum, Pallidum) 25%

Ventricles 10%
Thalamus 9%
Hypothalamus 9%
Hippocampus 2%

Slice 4 Cerebral cortex 45%
(Slice 10 in T2) Cerebral nuclei (Striatum, Pallidum) 35%

Ventricles 10%
Hypothalamus 5%
Thalamus 5%

Slice 5 Cerebral cortex 54%
(Slice 11 in T2) Nuclei 40%

Hypothalamus 3%
Ventricles 3%

phosphorylcholine, and glycerolphosphorylcholine.
Under these circumstances the increases observed
could be due to augmented concentrations of one or
more of these metabolites.

Proliferation of neuronal progenitors is enhanced
in AβPP/PS1 mice

High MRS Cho signals are accepted predictors of
accelerated membranous turnover and proliferative
activity. Although glial proliferation may be expected
in the transgenic mice, as it was reported in AD brain
[29], we found it interesting to elucidate whether neu-
rogenesis could be perturbed in the A�PP/PS1 mice.
For these experiments, mice were injected with BrdU
for seven days prior the determination of BrdU incor-
poration by immunohistochemistry. Figure 6 shows
that the number of BrdU+ cells in the hippocampus,
including dentate gyrus (DG), CA1, and CA3 is signif-
icantly higher (*p < 0.05) in the transgenic mice than
in the wild-type littermate mice. Proliferation of neu-
ronal progenitors in the hippocampus of control and
A�PP/PS1 mice was also labeled by Ki-67 and DCX
staining. Representative photomicrographs of Ki-67
and DCX staining are shown in Fig. 7A, B, respec-
tively.
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Fig. 3. Comparison between MT Maps from wild-type and A�PP/PS1 mice. A) % MT maps in slices 1–5 of control (top) and A�PP/PS1 mice.
Note the decrease in % MT in A�PP/PS1. B) Regional % MT maps in whole brain (top), cerebral cortex (center) and hippocampus (bottom) of
control (white bars) and A�PP/PS1 (black bars) mice. Values shown represent the mean ± standard error (control mice n = 8; Tg mice n = 7).
*p < 0.05.

Logistic regression analyses of MR parameters

Logistic regression analyses were performed for
MRI data in whole brain, cerebral cortex, and hip-
pocampus, as well as for the MRS data in the
cortical and subcortical areas, to identify within these

different biomarkers those that best discriminate
between the control and A�PP/PS1 groups. For each
region, the measurement with the highest score and
significant difference was selected and combined
sequentially and hierarchically with the remain-
ing variables as indicated in the legend (Fig. 8).
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Fig. 4. Comparison between ADC maps from wild-type and A�PP/PS1 mice. A) ADC maps in slices 1–5 of Control (top) and A�PP/PS1
mice. Note the average increase in the color scale ADC in A�PP/PS1. B) Regional ADC maps in whole brain (top), cerebral cortex (center)
and hippocampus (bottom) of control (white bars) and A�PP/PS1 (black bars) mice. Values shown represent the mean ± standard error (control
mice n = 8; Tg mice n = 7).

Figure 8A summarizes the individual posterior
probability of being correctly classified as control
(open symbols) or transgenic mice (filled symbols),
while Fig. 8B depicts the percentages of sensitiv-
ity/specificity of the classifier, found by using different
combinations of MRI or MRS parameters. These val-
ues are 86/87 when combining T2 signal in slice 9 and
4 in the whole brain (see Table 1 for main anatomical
regions involved). The same values were obtained in

the cerebral cortex with the T2 signal in slice 10 plus
the % of MT in slice 2, and reached the 100% classifica-
tion success when the ADC value in slice 1 is included.
MRI parameters in the hippocampus had no statis-
tically significant discriminatory value. Interestingly,
the ventricular or the hippocampal areas provided rela-
tively poor accuracy in distinguishing A�PP/PS1 from
control mice (72% and 66% respectively). Analysis
of the MRS data indicates that the ratio of Cho/Cr
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Fig. 5. In vivo 1H PRESS spectra from cortical and subcortical areas of wild-type and A�PP/PS1 mice. Top insert: Cortical and subcortical
voxel localization (yellow squares). Representative spectra form cortical (A,B) and subcortical (D,E) areas of control and A�PP/PS1 mice,
respectively. Cho/Cr and NAA/Cr ratios in the cortical (C) and subcortical (F) regions of control (white bars) and A�PP/PS1 (black bars) mice.
Note the significant increase in Cho/Cr ratio in the A�PP/PS1 mice. Values shown are the mean ± standard error (control mice n = 8; Tg mice
n = 7).

in the subcortical area is the best predictor, since it
completely and precisely discriminates between con-
trol and transgenic mice, just in the first step. It is
worthwhile mentioning here that the same ratio Cho/Cr
in the cortex provides lower scores, highlighting the
importance of the region selection procedure in the
diagnostic process.

DISCUSSION

The search for homologous biomarkers of disease
for humans and animals represents an important step

in the drug discovery process. When found, these
may be applied longitudinally both during preclin-
ical research and in the clinical trials, in a fully
translational environment during therapy evaluation.
AD biomarkers are biochemical and anatomical vari-
ables that measure AD-related pathological features.
Biomarkers are either utilized for early diagnosis in
asymptomatic individuals or as end-point biomarkers
in symptomatic subjects or in disease-modifying thera-
pies. Non-invasive biomarkers, such as those provided
by MRI and MRS are endowed with optimal properties
for these purposes, mainly because their non-invasive
character and the applications of the same MRI/MRS
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Fig. 6. Cell proliferation labelling by BrdU staining in the hippocampus of wild-type and A�PP/PS1 mice. A) Histograms show the number of
BrdU+ nuclei in control (white bars) and A�PP/PS1 (black bars). Data are expressed as mean ± standard error. *p < 0.05; (control mice n = 8;
Tg mice n = 7). B) Photomicrographs, with different magnification, show BrdU+ nuclei in the dentate gyrus (DG), CA1, and CA3 of control
and A�PP/PS1. Scale bars = 20 �m. grDG: Granular layer of the dentate gyrus; h: hippocampus.

methods both to animals and humans [12, 30, 31]. Pre-
vious studies in mouse models of AD have mainly
focused on the A� burden [32–34], volumetric changes
[18, 35], or even MRS parameters, as predominant
markers for AD [36, 37]. Here, we have implemented
a different approach. We have applied a series of

MRI/MRS methods to investigate the complete mouse
brain and obtain a comprehensive database contain-
ing the most commonly used MRI/MRS biomarkers
including T2, MT, and ADC as well as regionalized cor-
tical and subcortical MRS. We have then used a logistic
regression algorithm to choose within all these, the
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Fig. 7. Representative photomicrographs of Ki-67 and DCX in the DG of wild-type and A�PP/PS1 mice. Photomicrographs show (A) fluorescent
Ki-67 (red) and (B) DCX (green) staining in the granule cell layer of the dentate gyrus in A�PP/PS1 mice. Nuclei were counterstained with
DAPI (blue). Scale bars = 20 �m. grDG: Granular layer of the dentate gyrus.

biomarker or combination of biomarkers that provided
the best discrimination between normal and double
transgenic A�PP/PS1 mice.

In humans, diagnostic MRI examinations are nor-
mally targeted to the detection of medial temporal
lobe (MTL) atrophy, as well as inflammatory glial
infiltrations and neuronal degeneration. Inflammatory
responses occur with an increase in cerebral water con-
tent normally resulting in astrocytic swelling. These
effects may be visualized as increased T2 and ADC
values and decreased MT values in the correspond-
ing images. We detect increased T2 intensity values
in the hippocampus and cortex of the A�PP/PS1 mice
compatible with the signs of neuroinflammation and
neurodegeneration previously described in this model
of AD [23].

Ventricular enlargement is a MRI-based struc-
tural biomarker typically characterizing AD [30, 38].

Hemispheric atrophy rates, as measured by ventricular
enlargement, correlate more strongly with changes on
cognitive tests than MTL atrophy rates [39]. More-
over, ventricular enlargement and/or brain atrophy
correlate well with declining performance in cogni-
tive scales [40] and the rate of ventricular volume
changes is highly correlated with an increase in A�-
bearing plaques and NFTs [41]. In this study, we
describe a significant ventricular enlargement in the
A�PP/PS1 mice with the lateral ventricles being the
most affected. Interestingly, ventricular engorgement
has also been reported in a tau mouse model of AD
[42]. It has been reported, however, that the pattern
of lifetime ventricular expansion in mice differs from
that found on humans, thus the physiological ventric-
ular enlargement during normal aging must be taken
into account in related experiments [43]. In our study,
ventricular enlargement is accompanied by a discrete
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Fig. 8. Discriminatory potential of MRI and MRS parameters using logistic regression analysis. A) Scatter plots showing the individual posterior
probability for being correctly classified as 0: wild-type mice or 1: A�PP/PS1 mice using different MRI and MRS combination of variables.
The first parameter of each region corresponds with the one with the highest score, followed hierarchically by the next variables. Open symbols:
control mice; filled symbols: transgenic animals. B) Sensitivity (white bars) and specificity (black bars) of control and A�PP/PS1 mice by using
logistic regression analyses. WB: whole brain; CC: cerebral cortex; SA: subcortical area.

hippocampal volume decrease in the A�PP/PS1 mice.
There are conflicting results in the literature regard-
ing hippocampal changes in different mouse models
of AD. While some authors reported decreased hip-
pocampal volume in the PDA�PP or the A�PP/PS1
mice [44, 45], others reported enlarged hippocampus
in the TASTPM mice [46]. Thus, genetic background
or transgene expression, as well as other factors such
as the age of animals or even the method of measure-
ment, may play a role in the differences found. Taken
together, it seems that ventricular enlargement, rather
than hippocampal volume in transgenic mouse models
of AD may have a better clinical translational potential
for AD diagnosis.

MT imaging can provide pathophysiological infor-
mation about the microstructure of the brain, reflecting
the underlying histopathology changes. As previously
reported for patients with AD [47–49], we detect
a significant decrease in % MT in the cortex and
hippocampus, as well as in the whole brain of the
A�PP/PS1 mice. Localized alterations in the % MT
have been associated with cognitive status in MCI
and AD patients [50, 51]. The mechanisms underly-
ing % MT reduction in the brain of AD patients are not
completely understood, but they could involve changes
in the relative ratio between free and macromolecule
bound water molecules and their exchange occur-
ring during inflammation. Additionally, it has been
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suggested that decreased % MT could reflect changes
associated with neuronal loss, accumulation of plaques
and NFTs, and gliosis [52].

By measuring ADC values, one can quantify alter-
ations in apparent water diffusivity resulting from
changes associated with brain injury and/or disease
progression [53]. A trend towards higher ADC val-
ues is observed in whole brain as well as hippocampus
or cortex of the A�PP/PS1, compared to control mice,
but these trends are not statistically significant. Simi-
lar findings were reported in other AD mouse model
that expresses a double mutant form of hA�PP 695
(K670 N/M671 L and V717F) [54].

In this work, we combine MRI analyses with addi-
tional MRS to unravel quantitatively metabolic and
biochemical changes in the brain tissue in vivo. Reduc-
tion of NAA has been widely used as an indicator
of brain pathology and of disease progression in
AD patients [55–59]. Alterations in NAA/Cr have
been also detected in the hippocampus of 6.5–9
month-old A�PP/PS1 mice [45]. In contrast, we
do not observe significant changes in the NAA/Cr
ratio in the cortical or subcortical regions of the
A�PP/PS1 mice. Our results, however, are in agree-
ment with previous reports in double transgenic mice
(A�PP/PS1) that show decreased ratio of NAA/Cr,
but only in mice > twelve months-old [36]. Age-
dependent changes in brain NAA levels correlating
with increasing amyloidosis have also been reported
in the PS2A�PP mouse model of AD [37].

An increase in the ratio of Cho/Cr levels has been
found in the cortex and subcortical areas of A�PP/PS1
mice compared with wild-type littermates. Changes
in the concentration of Cho were not observed in
previous mouse AD models [36]. This discrepancy
in observed metabolites may arise from variations
in the region of the brain sampled as well as from
age or intrinsic differences among mouse models. In
humans, there are conflicting reports about Cho levels
in AD sufferers; whereas some authors found elevated
Cho/Cr levels [60], others did not [61, 62]. Notably,
wild-type and A�PP/PS1 mice were completely dif-
ferentiated at twelve months of age, when A� deposits
are widespread, by the ratio of Cho/Cr. This ratio could,
therefore, provide a highly sensitive in vivo surrogate
marker of disease status, at least in twelve month-old
mice. Interestingly, a prospective study involving 509
elderly persons showed that persons with high Cho/Cr
ratio had a higher risk to develop dementia within four
years [63]. Moreover, it has been recently reported that
high Cho/Cr ratios are associated with the preclini-
cal pathologic processes in the AD cascade. Elevated

Cho/Cr ratios correlated with decreased performance
on domain-specific cognitive tests independent of A�
load [64].

The higher Cho/Cr ratio in A�PP/PS1 mice cor-
relates with enhanced neurogenesis as assessed by
BrdU incorporation and the co-localization of the pro-
liferation marker Ki-67 and the neuronal precursor
marker DCX. Several mouse models of AD have been
found to display altered adult neurogenesis, although
there are conflicting results as to whether neurogene-
sis is decreased or increased [65, 66]. The increased
proliferation of neuronal progenitors reported here in
the twelve month-old A�PP/PS1 mice is in agree-
ment with recent work indicating a role for leptin
inducing similar cell proliferation in the hippocam-
pus of the adult A�PP/PS1 mice [67], and with human
postmortem brain study of AD patients that showed
increased hippocampal neurogenesis in DG and CA1
[68]. An increase in the proliferation of neuronal pro-
genitors may represent the compensatory response to
brain damage; however, additional work is needed to
elucidate if these progenitors are able to differentiate
in mature functional neurons that successfully inte-
grate into the adult mouse brain circuitry. Another
possible explanation for the increased Cho levels in
AD and in the A�PP/PS1 mice is that the Cho peak
is the consequence of membrane phosphatidylcholine
catabolism in order to provide free choline for the
chronically deficient acetylcholine production in AD
[69]. The fact that the increase of Cho/Cr levels in
striatum of A�PP/PS1 mice is partially mitigated
by treatment with the acetylcholine-esterase inhibitor
donepezil [70] raises the possibility that Cho/Cr levels
could be used as a biomarker of therapeutic efficacy in
AD trials. This result is also in line with a study made
in AD patients, showing decreased levels of Cho/Cr
after four months of donepezil treatment [71].

Logistic regression analyses indicate that the most
sensitive single measurement to discriminate control
from A�PP/PS1 mice that are twelve months of age
is the subcortical Cho/Cr ratio. The combination of
MRI measurements in the cerebral cortex (T2 slice
10 plus % MT slice 4 and ADC slice 1) also fully
discriminates both groups of animals. Other mea-
surements such as volumetric changes also provide
useful information about disease status, although with
lower sensitivity/specificity scores. Taken together,
these observations highlight the clinical usefulness of
MRS-based biomarkers.

An important limitation of the present study relies
in that only twelve month-old mice were used. There-
fore, the observed changes must be considered only
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as potential biomarkers for disease status, supporting
diagnosis, but their ability to monitor disease progres-
sion remains to be proven by longitudinal studies.

The AD model used in the present study was previ-
ously characterized by the amyloid burden, behavioral
deficit, and neuronal degeneration and synaptic loss
[20, 23, 24]. Together with the MRI/MRS methods
described here, it now represents a well-characterized
model for preclinical imaging and pathological stud-
ies of AD. Moreover, there is good agreement between
changes observed in the brain of A�PP/PS1 mice here
and those reported in humans. We believe then that the
results reported herein may hopefully provide valid
translational clues for AD evaluation as well as for
the development and validation of novel therapeutic
strategies.
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