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Abstract
In the present study we investigated structural and metabolic modifications of the brain in the
Ts65Dn mouse model of Down syndrome (DS) using both in vivo magnetic resonance imaging (MRI)
and proton magnetic resonance spectroscopy (MRS). MRI was performed for further texture analysis and changes in texture parameters, including mean grey levels, contrast and homogeneity,
and they were found in Ts65Dn compared to diploid littermates (2n). These phenotypic changes
were different in the hippocampus and cerebellum, since in Ts65Dn mean grey levels increased in
the cerebellum and decreased in the hippocampus. In addition, proton NMR spectra revealed differences in metabolite ratios. Levels of N-acetylaspartate (NAA) and glutamate (Glu), were lower
compared to total creatine levels (CX), in the Ts65Dn brain. However, the most striking finding
was an increase in the concentration of myo-inositol (Ins) and choline (Cho) in the hippocampus,
whereas the Ins concentration was reduced in the cerebellum. Overall, these data illustrate that
MRI and MRS are valuable assesment tools sufficiently sensitive to detect associated changes in
different brain areas, thus providing new insight into the causative role of dosage-sensitive genes
in the Ts65Dn DS mouse model.
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1. Introduction
Down syndrome (DS), or trisomy 21, is the most common genetic cause of intellectual disability that is associated with morphological and physiological brain defects. DS occurs in 1 in 800 live births. It is due to an extra
copy of the human chromosome 21 (Hsa21). This leads to impairments in cognitive ability originating during
development and ranging from mild to moderate. Malformations of the brain can be detected in DS patients,
from early development stages. The brain is smaller, being only 76% of normal [1]. Structural changes are heterogeneous in the brain and some areas are dissimilarly affected. For example, the cerebellum is 66% of normal
weight [2]. Individuals with DS have numerous neurological anomalies including cortical, hippocampal and cerebellar dysplasia, and impairment of some monoaminergic and cholinergic systems [3]. Neuropathological observations include reduced size and numbers of neurons along with increased size and numbers of astrocytes [1]
[3] [4]. In addition, DS individuals have a higher risk of developing Alzheimer-like dementia by the age of 40,
including plaques and tangles and loss of cholinergic neurons in the basal forebrain [5] [6]. Therefore, a fundamental understanding of Down syndrome is necessary. Indeed several therapeutic strategies targeting either
pathways, candidate genes or the entire Hsa21 chromosomes [7]-[10] have been successfully validated in preclinical mouse models and only for a few in human. Such in depth understanding of the DS biology will benefit
any genetic or pharmacological intervention, considered in key areas such as the developmental or neurobiological processes in the central nervous system (CNS).
Mouse models are key elements in understanding better the genotype-phenotype relationship and the physiopathology of Down syndrome. Based on the homology of Hsa21 and the murine chromosomes Mmu16,
Mmu17 and Mmu10 several mouse models have been developed [11] [12]. In particular, the Ts(1716) 65Dn
(Ts65Dn) remains a reference model in the literature for the study of DS cognitive deficits [13]-[15] even
though additional models have been described more recently [16]-[20]. Ts65Dn mice are trisomic for the distal
12 - 15 Mb of mouse chromosome 16 (Mmu16) and this carries 167 genes in three copies located between
Mrpl39 and Zfp295 and contains approximatively 92 genes orthologues to Hsa21. These trisomic mice reveal
some phenotypic characteristics of DS such as delay in postnatal development [21] and deficits in many behavioral and cognitive tests (for review see [22]). Ts65Dn mice have defects in structure and development of neuronal circuits, and show deficits in long-term potentiation, a form of synaptic plasticity thought to underlie
memory storage [23]-[33]. Ts65Dn also have early onset of the neuropathology of Alzheimer’s disease [21] [34].
Ts65Dn mice have thus been widely used to study the relationship between gene dosage and the expression of
various phenotypes of DS, and for therapeutical assays [35].
Magnetic Resonance Imaging is a well-known non-invasive imaging technique that is well established in
clinical practice and research on human neurological disorders. The recent emergence of high magnetic field
imagers, enables higher resolution images to be acquired which in turn enable MRI research on small animal
models of CNS diseases [36]. In parallel, texture analysis (TA) of the MR images allows studies to go further
and to extract more information [37]. Image texture is formed by repetitive elements called primitives. There are
two types of texture: periodic (or ordered) and random. The first one is formed by primitives arranged in a particular way, tidy. The basic pattern is then repeated on a regular basis, and is easy to isolate. We talk about ordered texture. The second one (random texture) looks totally disorderly. It is difficult if not impossible to isolate
a basic pattern. TA can reveal structural subtle changes in tissue which are not visible by eye on MR images
(human beings can only discriminate 20 grey levels). Several studies have been published on the eye perception
of details on images. It has been shown that if two textures have the same 2nd order statistics but are different by
their higher order statistics, then the human eye won’t be able to perceive any differences [38] [39]. Therefore,
we have used image analysis methods which can highlight details in an image which are not visible by the human eye. Those changes can be associated for example to a loss of cellular density (neurons for example), gliosis, inflammation (with oedema) or on the contrary fibrosis formation [37] [40].
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TA actually contains several mathematical techniques of image analysis that allow the characterization of a
Region Of Interest (ROI) by studying its constitutive pixels in terms of intensity and spatial distribution. Several
different TA methods exist [41] and they can be divided in two different classes: statistical and structural methods. In the present study, we used the statistical approach with histogramm and cooccurrence matrix (the latest
is well suited to study tissue without apparent structural regularity). Several quantitative parameters can therefore be extracted from the image analysis. Thus, multiparametrical statistical methods such as Correspondence,
Factorial Analysis (CFA) or Hierarchical Ascending Classification (HAC) are used to pool out texture parameters that aim to identify different types of tissue into one organ. For instance, these methods can be used to
compare and distinguish healthy from pathological tissues, to follow the development of a pathology or to study
the efficacy of therapeutic treatments. TA has been applied successfully to liver [42], bone [43], muscular [38]
and cerebral [37] [40] [44] tissue in humans or animals.
MRI studies of the Ts65Dn model have already been conducted [18] [45] [46]. They cover morphological
measurements of brain structure volumes such as the cerebellum or the hippocampus. Results show that there is
a decrease in the size of the cerebellum and CA2 region of the hippocampus in Ts65Dn mice. In addition, Chen
et al. [47] have measured a decrease in MRI T2 relaxation time in the septal nucleus, hippocampus, retrospinal
and cingulate cortex, the four main structures involved in the cholinergic system.
Magnetic Resonance Spectroscopy (MRS) is a method that allows non-invasive identification and quantitation of metabolites whose concentration is much lower than water. It provides information on brain metabolism
and neuronal functions. MRS is well suited for studying brain disorders because metabolite levels are sensitive
to different in vivo pathological processes at the molecular or cellular level. It can be used to detect N-acetylaspartate (a marker of neuronal number and health), glutamate (an excitatory neurotransmitter), glutamine (precursor of glutamate), lactate (the end product of anaerobic glycolysis), choline (membrane component), creatine,
taurine (osmoregulation, calcium modulation, neuromodulator) and myo-inositol (glial marker). Studies have
also been performed using MRS to characterize neurodegenerative diseases in humans. It has been shown that a
decrease in N-acetylaspartate is linked to a process of cerebral degeneration in the case of Alzheimer’s disease,
Down syndrome, and mental retard in children [48], whereas, myo-inositol is increased in DS adults [49]. In
Ts65Dn animals, mass spectrometry studies confirmed an elevated level of myo-inositol in the hippocampus and
frontal cortex of Ts65Dn mice [50] [51].
The aim of the present work was to perform a dual approach for studying the structural characterization (MRI
and TA) and cerebral metabolism (MRS) of the Ts65Dn model. These two techniques represent complementary
tools to understand better the genotype-phenotype relationship and the physiopathology of Down syndrome.
Texture analysis was used on the Ts65Dn model in order to determine whether DS may induce structural abnormalities in the brain and more specifically in the hippocampus and cerebellum, two cerebral regions involved
in memory and learning processes, and impair psychomotor development. Neurochemical changes in the
Ts65Dn mouse brain were then investigated using high-resolution, single voxel 1H-MRS. The results showed
specific alteration of the Ts65Dn brain and supported our long term objective: to apply our MRI and MRS methods to various mouse models with genes or regions homologous to human chromosome 21 (Hsa21) which are
necessary or sufficient to induce DS cognitive features.

2. Results
2.1. MR Texture Analysis
Following MRI acquisition, ROIs were selected on the images both in the cerebellum and hippocampus (Figure
1) to be analyzed by TA using histogramm and coocurrence matrix methods. Each ROI was then characterized
using three texture parameters: mean grey levels (value of signal intensity), contrast and homogeneity. Those
three parameters were extracted among all parameters (calculated with histogramm and cooccurrence matrix)
after performing several CFAs which determined, the most significant texture parameters for the distinction between the two mice groups (Ts65Dn and diploid) with a confidence level of 0.95. Their mathematical formulae
are given above:

CONTRAST
=

2
∑∑ ( i − j ) p ( i, j )
i

j

MEANGREYLEVELS = ∑∑ p ( i, j )
i
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(a)
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Figure 1. Mouse brain M.R. images: coronal (Figure 1(a)) and axial (Figure 1(b)) slices. Region of interest (ROIs) in the cerebellum (Figure 1(a)) and hippocampus (Figure 1(b)) were manually drawn to be
analyzed with texture analysis methods.

HOMOGENEITY = ∑ ( p ( i, j ) )

2

i, j

where p(i,j) is the cooccurrence matrix element; i.e. the probability to have the transition grey level i to grey
level j.
Means were calculated for each parameter for each group (2n and Ts65Dn). Graphs are presented as box plots
on Figure 2 for the cerebellum and hippocampus. The first quartile, median and third quartile are represented
with horizontal black lines (limits of the boxes) on the boxes. The vertical bars represent standard deviations.
In the cerebellum there is a significant 20% increase in mean grey levels (p = 0.001), a 11.5% decrease in
contrast (p = 0.035) and a 10.5% increase in homogeneity (p = 0.05) for Ts65Dn mice compared to 2n mice. In
the hippocampus there is a significant 9.5% decrease in mean grey levels (p = 0.001), a 30% decrease in contrast (p = 0.03) and a 10% increase in homogeneity (p = 0.01) in Ts65Dn mice compared to 2n mice. These results suggest that changes in texture parameters are different between brain structures, since in Ts65Dn mice
mean grey levels increased in the cerebellum and decreased in the hippocampus compared to 2n mice.

2.2. Voxel Localized Spectroscopy
Following MRI, MRS acquisitions were performed on the same animals. In Figure 3 (cerebellum) and Figure 4
(hippocampus) a squared region of interest (ROI) on an image of a mouse brain shows the position and size of
the localized volume (3 × 3 × 3) mm3 from which all spectra were obtained. 1H localized spectra in the cerebellum and hippocampus are illustrated with peak attribution. The spectrum obtained from a 2n mouse was compared to that obtained from a Ts65Dn animal (Figure 3 and Figure 4).
These were then analysed and quantified in the cerebellum and hippocampus using the AMARES method.
The area under each metabolite peak was calculated, taking into account the amplitude, width at half height and
width at the foot of the peak. Thus, the area calculated is directly proportional to the concentration of metabolites in the brain structure considered and are expressed as relative quantities (NAA/Cx, Gln+Glu/Cx, Cho/Cx,
Ins/Cx, Tau/Cx and Lac/Cx). A Mann-Whitney test was used to compare these ratios between 2n and Ts65Dn
mice. The results are presented in Table 1.
In the cerebellum of Ts65Dn mice, there is a significant decrease in NAA/Cx (−25%, p < 0.01), Glu+Gln/Cx
(−56%; p < 0.01) and Ins/Cx (−67%; p < 0.01) compared to 2n mice. In the hippocampus of Ts65Dn mice, there
is a significant decrease in NAA/Cx (−54%; p < 0.01) and Glu + Gln/Cx (−24%; p < 0.01) but a significant increase in Ins/Cx (+17%; p < 0.01) and Cho/Cx (+14%; p < 0.01). There was no significant modification in other
metabolites, such as Tau/Cx and Lac/Cx either in the hippocampus or cerebellum of Ts65Dn mice compared to
2n mice (Table 1).
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Figure 2. MR texture analysis parameters for cerebellum and hippocampus and corresponding Mann-Whitney
p values for comparison between 2n and Ts65Dn mice (n = 10).

Figure 3. 9.4T MR image (coronal slice) of mouse
brain and corresponding cerebellum 1H spectrum for 2n
(A) and Ts65Dn (B) mice. (1: Glutamate + Glutamine;
2: Inositol; 3: Taurine; 4: Choline; 5: Creatine + phosphocreatine (Cx); 6: N-Acetyl Aspartate; 7: Lactate)
Table 1. In vivo MRS results show metabolites changes in 2n and Ts65Dn mice for cerebellum and hippocampus. Values
are expressed as mean (S.D.). Mann-Whitney p values for comparison between 2n and Ts65Dn (n = 10). Cr + PCr = Cx
Creatine + phosphocreatine; NAA: N-Acetyl Aspartate; Gln + Glu: Glutamate + Glutamine; Cho: Choline; Ins: Inositol; Tau: Taurine; Lac: Lactate.
CEREBELLUM

HIPPOCAMPUS

2n (n = 10)

Ts65Dn (n = 10)

% change

p value

2n (n = 10)

Ts65Dn (n = 10)

Cr + PCr = Cx

25,280 (660)

24,292 (570)

NAA/Cx

0.83 (0.11)

0.62 (0.02)

Gln + Glu/Cx

0.45 (0.07)

0.20 (0.03)

−56%

Cho/Cx

0.82 (0.05)

0.82 (0.04)

Ins/Cx

0.75 (0.2)

0.25 (0.01)

Tau/Cx

0.39 (0.08)

0.35 (0.01)

Lac/Cx

0.26 (0.02)

0.27 (0.04)

−4%

NS

18,865 (430)

20,198 (510)

10%

NS

−25%

<0.01

0.66 (0.02)

0.31 (0.03)

−54%

<0.01

<0.01

0.38 (0.03)

0.29 (0.04)

−24%

<0.01

0%

NS

0.61 (0.04)

0.83 (0.03)

14%

<0.01

−67%

<0.01

0.21 (0.03)

0.36 (0.02)

17%

<0.01

−11%

NS

0.65 (0.02)

0.61 (0.04)

−6%

NS

10%

NS

0.34 (0.02)

0.35 (0.03)

11%

NS
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Figure 4. 9.4T MR image of mouse brain (axial slice) and
corresponding hippocampus 1H spectrum for 2n (A) and
Ts65Dn (B) mice. (1: Glutamate + Glutamine; 2: Inositol; 3:
Taurine; 4: Choline; 5: Creatine + phosphocreatine (Cx); 6: NAcetyl Aspartate; 7: Lactate)

3. Discussion
In order to understand better the genotype-phenotype relationship and the physiopathology of Down syndrome,
we first examined abnormalities in the brain of Ts65Dn mice using magnetic resonance imaging (MRI) combined with texture analysis methods (TA).
A reduction in contrast and mean grey levels and an increase in homogeneity were found in the hippocampus.
These results suggest a modification of brain tissue in Ts65Dn mice which could be related to Ts65Dn functional or structural changes. Ts65Dn mice have been shown to exhibit a number of characteristic features of DS, including impairment in hippocampal-dependent tasks, the hippocampus being a structure which plays a key role
in information encoding and retrieving in the CNS [52]. For instance, Ts65Dn mice demonstrate spontaneous
alterations in the T-maze, contextual fear conditioning, novel object recognition [53], and spatial memory in the
radial arm maze and the Morris water maze tests [15] [29] [54] [55]. Galdzicki et al. [56] have already hypothesized that structural changes in the hippocampus could be the cause of learning and memory defects. This could
be explained by an altered neuronal density and total synaptic density in CA1 [57]. In Ts65Dn brains, there is a
decrease in hippocampal cell proliferation during the first week of life [58]. Although, one-month old mice display a normal number of neurons in the hippocampal CA1 - CA3 areas, an age-related degeneration of cholinergic neurons as well as astrocytic hypertrophy have been observed in these regions [21] [59]. Thus, CA1 neuron
density is lower in older (17 - 18 months) Ts65Dn mice [31] [57]. In addition, a significant decrease in the number of dendritic thorns and an increase in pyramidal cell layers have been described in CA3 [18] [60], whereas
the dentate gyrus (DG) has fewer granule cells at all ages of Ts65Dn mice examined compared to disomic mice
[31] [59].
Texture analysis was also performed on MR images of the cerebellum. The cerebellum has traditionally been
associated with motor coordination, but there is increasing evidence that this structure plays a role in higher
cognitive processes, including attention, cognitive flexibility, and memory [61]. Consistent with what is found in
DS, the volume of the cerebellum is significantly reduced in Ts65Dn mice [45]. Our results show that there is an
increase in mean grey levels in the cerebellum with an increase in homogeneity for Ts65Dn mice compared to
2n mice. The latter suggests that there is a loss of structuring and that enlarged homogeneous areas appear with
less transition of grey levels. This is confirmed by a decrease in contrast. Our data are in line with previous studies that have shown that the cerebellum of one-month-old Ts65Dn mice display fewer neurons in the internal
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granular layer and fewer granule and Purkinje cells from early postnatal stages to adulthood [45] [62] [63].
Thus, changes in texture parameters from MRI are hallmarks of Ts65Dn brain structure phenotype in the
hippocampus and cerebellum. Although a strict correlation between MRI TA changes and cellular changes in
the hippocampus and cerebellum could not be done, we suggest that modification can be causally linked one to
another [37] [40]. These parameters are therefore likely to be useful non-invasive biomarkers to characterize DS
phenotypes in different mouse models.
We also examined the neurochemical profile of Ts65Dn brains using 1H magnetic resonance spectroscopy, a
method which can provide high resolution mapping of the severity and extent of metabolic abnormalities in a
region of interest. Although MRS studies of the human brain in DS patients are relatively common, MRS studies
of the mouse brain have only been performed in a small number of studies [64] [65]. In particular, one MRS
study on Ts65Dn brains has investigated metabolite modification after lithium treatment [50]. The main reason
for so few studies is that high field imaging spectrometry is required due to the small size of the mouse brain
which only contains small quantities of water and thus 1H signal. In accordance with Huang et al. [50], a reduced level of NAA, compared to total creatine levels (CX), was found both in the hippocampus and cerebellum
in Ts65Dn mice. NAA is predominantly an intraneuronal chemical and can be used as a marker for neuronal
density and/or health. Several studies have shown that reduced NAA is an early and sensitive phenomenon that
precedes structural changes in the brain. Thus, the NAA level can be used as an indicator of brain pathology [66]
[67]. NAA can also be used as a marker for a volume ratio of neurons to other cells such as microglia and/or astrocytes which are known to change their phenotype in certain pathological situations such as neuroinflammation. Immunohistochemical analysis using GFAP antibody to identify astrocytes is consistent with the presence
of activated glial cells including hypertrophy and an increased number of astrocytes in Ts65Dn mice [21] [68].
Likewise, the myo-inositol level, predominantly present in glia cells [69], is higher in the hippcampus of
Ts65Dn than 2n mice. This decrease in NAA and increase in myo-inositol could reflect a process of neurodegeneration with a loss of cholinergic neurons and astrogliosis associated with DS [70]-[72].
A decrease in the level of glutamate/glutamine was found both in the hippocampus and cerebellum of Ts65Dn
mice. Alterations in glutamatergic transmission leave the balance between excitatory and inhibitory synapses
shifted toward increased inhibition in the trisomic brain. It has been shown that Ts65Dn mice have less excitatory synapses in the temporal cortex, DG, CA1, CA3 and their glutamatergic synapses are reduced in the hippocampus [32] [57]. Thus, Ts65Dn display reduced hippocampal long-term potentiation (LTP) in the hippocampal
CA1 and DG regions [33] [55] [73]. Reduced activation of NMDA receptors is thought to hinder LTP induction
in Ts65Dn mice [55] [73] [74]. In addition, over-inhibition in the hippocampus of Ts65Dn mice has been shown
to be dependent on GABA receptors, because the GABAA antagonist receptor picrotoxin reversed the reduction
in LTP, suggesting an increase in presynaptic release of GABA [75]. Unfortunatly, under our experimental conditions, we were not able to quantify GABA levels on proton NMR spectra. This was due to the small quantity
of instantaneous GABA.
We showed an increase in the concentration of myo-inositol in the hippocampus in Ts65Dn mice. This is in
accordance with previous studies performed with MRS on Ts65Dn and trisomy 16, and with mass spectroscopy
of brain extracts [50] [51]. This can be explained by the presence of three copies of the SLC5A3 gene (present
on human chromosome 21 and triplicated in the Ts65Dn mice) which encodes for the co-transport of Na+/myoinositol. Myo-inositol is a key precursor of membrane phospho-inositides and phospholipids and is involved in
cell membrane and myelin sheet structures. It is considered to be a glial marker, and an increase in its content is
believed to represent glial proliferation [69]. During periods of osmotic stress, the osmotic balance is preserved
by regulation of myo-inositol across the plasma membrane. Increased membrane turn-over or damage to myeline sheets can results in increased concentrations of free myo-inositol. However, we found a significant decrease in the concentration of myo-inositol in the cerebellum of Ts65Dn mice. A similar discrepency between
the hippocampus and cerebellum has been highlighted in previous neurochemical studies. For instance, it has
been shown that Ts65Dn mice have severe deficits in the synaptic transmission of the central beta-noradrenergic
system. This difference seems to be specific to the hippocampus and cerebral cortex, because it is not observed
in the cerebellum [76] [77]. These observations suggest that the difference in the neurochemical metabolites observed arises from a variation in the region of the brain sampled in Ts65Dn. Therefore, the causative role of the
overexpression of a subset of genes and their encoded proteins remain to be studied in different brain structures.
In conclusion, we have performed our MRI and MRS study on the most documented mouse model (Ts65Dn)
of DS. We have highlighted structural (modification in the homogeneity) and metabolic modifications (myo-
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inositol, Glx, choline and N-acetyl aspartate) both in the hippocampus and cerebellum, suggesting that these defects could contribute to learning performance and spatial memory defects observed in this mouse strain. Correlation between DS and altered texture parameters and/or neurochemical profiles remains to be studied. Nevertheless, texture parameters and neurochemical profiles represent valuable markers to understand better the genotype-phenotype relationship and the physiopathology of Down syndrome. In addition, these techniques might
allow potential drug targets to be defined and evaluated and therapeutic assays to be developed.

4. Experimental Procedure
4.1. Animals
Ts65Dn mice were bred under specific pathogen free conditions and were treated in compliance with animal
welfare policies of the French Ministry of Agriculture (law 87,848 and YH accreditation 45 - 31).
Ts65Dn animals were obtained by crossing Ts65Dn females with F1B6C3B males and were genotyped as
previously described [78]. 11.9+/−0.3 (mean+/−sd) week-old littermates were used in the study and were divided into two groups diploid (2n) (n = 10) and Ts65Dn (n = 10). Animals were maintained under 12 h day
light/dark cycle and received food and water ad libitum.

4.2. MR Experiments
All mice underwent the same protocol: MRI was immediately followed by MRS on the same day. During the
MR experiments, mice were positioned in a custom-built cradle to immobilize the head. They were anesthetized
during the MR experiment with 1.5% isoflurane and a mixture of O2/N2O (1:1) with an output of 0.7 L/min.
Respiration was monitored during the whole experiment using an air pillow and body temperature was maintained constant at 37˚C by a warm-water circulation system. MR acquisitions were performed on a 9.4T horizontal ultra shielded superconducting magnet dedicated to small animal imaging (94/20 USR Bruker Biospec,
Wissembourg, France) and equipped with a 950mT/m gradient set. A Bruker 35 mm inner diameter bircage coil
was used for both 1H transmission and reception.
1) -MRI
Both coronal and axial images of the brain were obtained using a spin echo RARE sequence with the following parameters: TE/TR = 46 ms/5 s, FOV size = 1.70 × 1.70 cm, matrix size = 128 × 128, Bandwidth = 50 kHz,
slice thickness = 1 mm to display (133 × 133) μm2 in plane resolution for a duration of 2 min (2 accumulations).
2) -MRS
Static B0 homogeneity was adjusted with first and second order shims in a (3.5 × 3.5 × 3.5) mm3 voxel centered in the hippocampus or the cerebellum on the images acquired with the above MRI protocol with the Bruker Fastmap procedure [79]. The half height linewidth achieved for tissue water was less than 10 Hz. A PRESS
sequence (Point Resolved Spectroscopy) was used to record localized 1H spectra in a cubic (3 × 3 × 3) mm3
voxel placed in fastmap voxel with the following parameters (TE/TR = 16 ms/4 s, 256 scan: 17 min, 2048 points,
bandwidth = 4000 Hz) with water suppression using VAPOR (Variable Pulse power and Optimized Relaxation
delays) module and outer volume suppression [80]. Eddy current compensation and static magnetic field drift
correction were applied during spectra acquisition.

4.3. Texture Analysis for Image Quantification
The MR images obtained were transferred onto a personal computer for data processing. Signal intensity was
normalized with the signal from a water tube put just near the head during the acquisitions. Two ROIs (hippocampus and cerebellum) were selected in both hemispheres and drawn manually on each axial slice to be analyzed (Figure 1(a) & Figure 1(b)). ROIs were then analyzed with a home-made software which included several image texture analysis methods. In the present study histograms were used to calculate mean grey levels and
co-occurrence matrix. These methods consisted in selecting patterns on the images. They encompassed one or
several pixels oriented in a specific direction. In our study, patterns formed by two pixels (for the cooccurrence
matrix) and with a 0˚ angle with the horizontal axis, were chosen. Eight texture parameters can be calculated
from this matrix. Several CFAs were then performed to determinate the most discriminant ones in the comparison between 2n and Ts65Dn mice with a significance level of 95% (p < 0.05). Following image analyses, each
ROI was characterized by its own texture profile that was defined with the calculated texture parameters of con-
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trast, homogeneity and mean grey levels. Means and standard deviations were calculated for these three parameters and for both groups and were then statistically analyzed using Mann-Whitney tests.

4.4. Spectra Quantification
1

H spectra were acquired for 2n and Ts65Dn mice. These spectra were then analyzed with JMRUI 4.0 software
(http://www.mrui.uab.es/mrui/) working in time domain (baseline correction, phasing, zero filling). AMARES
module (advanced method for accurate, robust, and efficient spectral fitting) [81] was used to quantify brain
metabolites: N-Acetyl-Aspartate (NAA), glutamate (Glu), glutamine (Gln), -aminobutyric-acid (GABA), creatine (Cr), choline (Cho), myo-inositol (Ins), taurine (Tau) and lactate (Lac). Metabolite concentrations were calculated through spectra peak integration. They were expressed as ratios relative to Cr+PCr (Cx) concentrations
as that peak did not vary between 2n and Ts65Dn mice (Table 1). The Cx value was thus taken as a reference
[82] [83]. Mann-Whiney tests were then performed to make pairwise comparison of metabolite concentrations
between contol and Ts65Dn mice.
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