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ARTICLE INFO ABSTRACT

Keywords: Down syndrome (DS) is one of the most common birth defects and the most prevalent genetic form of intellectual
Down syndrome disability. DS arises from trisomy of chromosome 21, but its molecular and pathological consequences are not
I?AI;TYb fully understood. In this study, we compared Dp1Tyb mice, a DS model, against their wild-type (WT) littermates

of both sexes to investigate the impact of DS-related genetic abnormalities on the brain phenotype.

We performed in vivo whole brain magnetic resonance imaging (MRI) and hippocampal 'H magnetic resonance
spectroscopy (MRS) on the animals at 3 months of age. Subsequently, ex vivo MRI scans and histological analyses
were conducted post-mortem. Our findings unveiled the following neuroanatomical and biochemical alterations
in the Dp1Tyb brains: a smaller surface area and a rounder shape compared to WT brains, with DS males also
presenting smaller global brain volume compared with the counterpart WT. Regional volumetric analysis
revealed significant changes in 26 out of 72 examined brain regions, including the medial prefrontal cortex and
dorsal hippocampus. These alterations were consistently observed in both in vivo and ex vivo imaging data.
Additionally, high-resolution ex vivo imaging enabled us to investigate cerebellar layers and hippocampal sub-
regions, revealing selective areas of decrease and remodelling in these structures.

An analysis of hippocampal metabolites revealed an elevation in glutamine and the glutamine/glutamate ratio
in the Dp1Tyb mice compared to controls, suggesting a possible imbalance in the excitation/inhibition ratio. This
was accompanied by the decreased levels of taurine. Histological analysis revealed fewer neurons in the hip-
pocampal CA3 and DG layers, along with an increase in astrocytes and microglia. These findings recapitulate
multiple neuroanatomical and biochemical features associated with DS, enriching our understanding of the
potential connection between chromosome 21 trisomy and the resultant phenotype.

MRS
Histology

1. Introduction an extra copy of human chromosome 21 (Hsa21). DS presents with a
wide-ranging and highly variable constellation of characteristics

Down syndrome (DS) is one of the most common genetic conditions, including altered hearing and vision, learning and language problems,
affecting approximately 1 of 800 new-borns, caused by the presence of congenital heart defects, and an increased risk of developing

Abbreviations: CA, cornu ammonis; Cr, creatine; DG, dentate gyrus; DS, Down syndrome; FDR, false discovery rate; FWE, family-wise error; GABA, gamma-
aminobutyric acid; Gln, glutamine; Glu, glutamate; GSH, glutathione; Hsa21, human chromosome 21; IF, immunofluorescence; Ins, myo-inositol; Lac, lactate; Mmu,
mouse chromosome; MRI, magnetic resonance imaging; MRS, 'H spectroscopy; NAA, N-acetyl-aspartate; PCh, phosphocholine; PCr, phosphocreatine; ROI, regions
of interest; SEM, standard error of the mean; Taur, taurine; WT, wild-type..
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comorbidities such as diabetes, depression, and Alzheimer's disease
(Antonarakis et al., 2020; Lott, 2012). People with DS can have profound
cognitive, executive and memory deficits (Grieco et al., 2015; Jafri and
Harman, 2020; Pennington et al., 2003; Tungate and Conners, 2021).

While the underlying changes in the brain are not yet fully under-
stood, advances in imaging and other in vivo methods have provided a
more detailed picture about structural, functional, and metabolic con-
sequences of DS (Brown et al., 2021; Dierssen, 2012; Klein and Haydar,
2022). To this end, magnetic resonance imaging (MRI) studies have
shown decreases in the overall brain volume in people with DS
compared to neurotypical people, with several brain regions particularly
affected, such as the frontal lobes, the hippocampus, and the cerebellum
(Koenig et al., 2021; McCann et al., 2021). On the other hand, the
complexity of this syndrome is also reflected in some posterior cortical
and subcortical regions that are relatively preserved or even increased in
volume (Fukami-Gartner et al., 2023; Pinter et al., 2001). Regarding
cellular and molecular changes, increases in glial markers (such as
inositol and glutamine) and decreases in neuronal markers (such as
glutamate) have been reported using magnetic resonance spectroscopy
(MRS), in both humans and animal models of DS (Lin et al., 2016; Patkee
et al., 2021; Shonk and Ross, 1995; Vacca et al., 2019). These changes
have been explored more in-depth ex vivo, with human post-mortem
studies confirming an increase in activated astrocytes and microglia in
selective brain regions, such as the frontal lobe and the hippocampal
dentate gyrus (Chen et al., 2014; Klein and Haydar, 2022; Pinto et al.,
2020).

Further advancements in our understanding of the “trisomic brain”
have allowed us to discern the patterns of abnormalities with greater
precision. By investigating various aspects of DS such as age, sex, and
environmental factors, we are gaining a more detailed understanding of
this condition (Brown et al., 2021; Canete-Massé et al., 2022; Dierssen,
2012; Koenig et al., 2021). For example, age is a crucial factor influ-
encing the neuroanatomical and neuropsychological observations
associated with DS (Dierssen, 2012; Lockrow et al., 2012; Teipel et al.,
2004). This is likely associated with the higher increased risk of devel-
oping Alzheimer's disease in DS (Gomez et al., 2020; Hartley et al., 2015;
Snyder et al.,, 2020) — as individuals with DS age, the impact on
neuroanatomy and cognitive function becomes more pronounced (lulita
et al.,, 2022). In addition, biological sex-related factors might also
contribute to the observed variations. Notably, females tend to exhibit
better cognitive abilities and milder intellectual disability compared to
males within the DS population (Aoki et al., 2018; Kittler et al., 2004;
Maatta et al., 2006). Sexual dimorphism in DS, also seen in animal
models such as the Dp(10)1Yey mice (Block et al., 2015; Hawley et al.,
2022; Minter and Gardiner, 2021) echoes other psychiatric and neuro-
developmental disorders including depression, anxiety, attention-deficit
and hyperactivity disorder, and autism (Green et al., 2019; Mandy et al.,
2012; Rucklidge, 2010). There is certainly a need for a more detailed
evaluation of the relationship between genes, sex, and phenotype, which
could improve the fit and the precision of potential future therapeutic
interventions (de Sola et al., 2015).

The utilization of animal models has been a key in advancing our
understanding of the phenotypic characteristics of DS (del Muniz Mor-
eno et al., 2020). However, modelling DS in mice poses challenges due to
the dispersion of regions orthologous to Hsa2l across three chromo-
somes (Mmul0, Mmul6, and Mmul7) in mice (Herault et al., 2017). As
a result, accurately modelling the DS condition in mice is complex, and
some older models have triplicates of non-DS related gene sequences.
Nevertheless, through recent advances in genetic engineering, we have
created a more precise model that has an extra copy of most orthologues
of Hsa21 genes: theDp1Tyb mouse model carries a duplication from Lipi
to Zbtb21 on Mmul6, spanning 23 Mb and 148 coding genes with
orthologues on Hsa21 (Lana-Elola et al., 2016). The duplication of these
genes leads to multiple DS-like phenotypes, including cardiac defects,
learning and memory deficits, and sleep problems (Chang et al., 2020;
Lana-Elola et al., 2016, 2021). Importantly, Dp1Tyb mice also have
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craniofacial dysmorphologies characteristic of DS - such as reduced size
of the cranium and mandible, brachycephaly (shortened head), and mid-
facial hypoplasia — revealed by recent cranial examination using high-
resolution computed tomography imaging (Toussaint et al., 2021).
Here, we focused on exploring the macroscopic anatomical, chemical,
and cellular changes in Dp1Tyb mouse brains using MR-based tech-
niques and histology, investigating also whether the genotype and sex
interact to produce volumetric and cellular brain alterations. Our anal-
ysis provides an improved basis for understanding the cognitive
impairment and craniofacial abnormalities that we previously observed
in this model (Lana-Elola et al., 2021; Toussaint et al., 2021).

2. Materials & methods
2.1. Animals

C57BL/6J;129P2-Dp(16Lipi-Zbtb21)1TybEmef  mice  (hereafter
referred to as DplTyb) were generated using long-range Cre/loxP
mediated recombination to duplicate the region of Mmul6 from Lipi to
Zbtb21, as previously described (Lana-Elola et al., 2016). All mice were
backcrossed to C57BL/6J for at least ten generations, and their geno-
types were established using DNA samples isolated from ear biopsies.

The mice were housed in individually ventilated cages of 2-5 age-
matched animals, under controlled environmental conditions
(24-25 °C; 50%-60% humidity; 12 h light/dark cycle) with free access
to food and water. We used a total of ten Dp1Tyb mice (5 males and 5
females) and fourteen age-matched wild-type (WT) littermates (8 males
and 6 females) of 14 + 1 weeks of age; the mice were derived from five
litters, each containing 3 to 7 mice. Of these, two did not undergo in vivo
MRI (one male WT and one male Dp1Tyb) due to COVID-19-related
restrictions, two Dp1Tyb females were excluded from ex vivo MRI and
histology due to a failure of perfusion, and one additional WT male was
excluded from histology due to technical problems. Based on power
calculations performed with G*Power software (Faul et al., 2007), these
sample sizes can detect large to very large effects (np2 > 0.14, d > 0.8),
with a power of 0.8 and at a critical threshold of 0.05 (alpha), but not
small effects which require greater sample sizes (Cohen, 1988).

2.2. In vivo magnetic resonance imaging and spectroscopy

The in vivo scanning was performed in a 9.4 T horizontal bore Bruker
BioSpec 94/20 scanner, using an 86-mm volume resonator and a 2 x 2
phased array surface RF coil. The mice were first anesthetized with a
mixture of air with 30% oxygen and 4% isoflurane and then transferred
to the scanner bed. The animals' respiration rate and core temperature
were monitored and maintained during scanning at 60-80 breaths/min
and 37 =+ 0.5 °C, respectively, by adjusting the isoflurane level between
2 and 2.5% and using a circulating hot water system (SA Instruments,
Inc).

2.2.1. Brain structure and volume

Three-dimensional (3D) T1-weighted images were acquired using an
MP2RAGE sequence (Marques et al., 2010), with the following param-
eters: echo time (TE) = 2.7 ms, repetition time (TR) = 7.9 ms, inversion
times (TI) = 800 and 3500 ms, flip angle (FA) = 7°/7°, segment TR =
7000 ms, 1 segment, 4 averages, field of view (FOV) =17.4 x 16.2 x 9.6
mm, matrix = 116 x 108 x 64. To combine the complex MP2RAGE
images from the four elements in the phased array surface coil, a
reference scan was acquired using a 3D ultra-short echo time (UTE3D)
sequence: TE = 8.13 ps, TR = 4 ms, FA = 5°, 28,733 radial projections,
FOV = 35 x 35x 35 mm, matrix = 96 x 96 x 96.

The MP2RAGE complex Images were combined using the
COMbining Phase data using a Short Echo time Reference scan
(COMPOSER) approach (Robinson et al., 2017) implemented in qUan-
titative Imaging Tools (QUIT, qi composer.sh) (C Wood, 2018). Then,
QUIT qi mp2rage was used to create uniform T1-weighted images and
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T1 relaxation time maps. To assess brain volume and T1 changes, tensor-
based morphometry and atlas-based analysis —using a modified version
of the Allen Mouse Brain Atlas consisting of 72 regions of interest
generated by combining related regions of the original atlas (Wang et al.,
2020; Mueller et al., 2021 (see Supplementary Table 1) — were performed
on these images as previously described (Bogado Lopes et al., 2023;
Mueller et al., 2021) and detailed in the Supplementary Methods.

2.2.2. Single voxel 'H spectroscopy

We used single voxel 'H spectroscopy (MRS) to quantify alterations
in the hippocampal metabolite profiles in Dp1Tyb mice. The individual
spectra were acquired using a Point rEsolved Spectroscopy (PRESS)
pulse sequence (Yahya, 2009) with the following parameters: TE = 8.26
ms, TR = 2500 ms, 512 averages, acquisition bandwidth = 4401 Hz,
2048 acquisition points, voxel size = 2.2 x 1.2 x 2.5 mm. Outer volume
suppression and water suppression with variable pulse power and
optimized relaxation delays (VAPOR) were used in order to mitigate the
contribution of signal from outside the prescribed voxel and suppress
unwanted signal from water, as described by (Kiemes et al., 2022).

The MR spectra obtained from each animal were analysed with two
software packages: FID Appliance (FID-A) (Simpson et al., 2017) and
Linear Combination (LC) Model version 6.3 (Provencher, 1993, 2001).
In total, eleven metabolites were quantified, as per (Kiemes et al., 2022):
creatine (Cr), gamma-aminobutyric acid (GABA), glutamine (Gln),
glutamate (Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-
acetyl-aspartate (NAA), phosphocholine (PCh) phosphocreatine (PCr),
and taurine (Taur).

2.3. Ex vivo magnetic resonance imaging

At the end of the in vivo MR scan, Dp1Tyb and WT mice were deeply
anesthetized with a mixture of drugs (0.05 mg/kg Fentanyl, 5 mg/kg
Midazolam and 0.5 mg/kg Medetomidine) and intracardially perfused
with phosphate-buffered saline (PBS, pH 7.2), followed by 4% formal-
dehyde in PBS. The heads of the animals were removed and post-fixed
overnight at 4 °C in 4% formaldehyde and then immersed in 8 mM
Gd-DTPA (Magnevist, Bayer) in PBS + 0.05% sodium azide for at least
three months prior to ex vivo MRI.

The ex vivo scanning was performed on a 9.4 T Bruker BioSpec 94/20
with a 39-mm transmit/receive volume coil. The heads (brains enclosed
in skull) were scanned four at a time secured in a custom-made holder
and immersed in perfluoropolyether (Galden®, Solvay) (Wood et al.,
2016). A FLASH sequence was used with the following parameters: TE/
TR = 6/20 ms, FA = 33°, FOV = 25 x 25x 20 mm, matrix = 625 x 625
x 500, 7 averages, scan time = 14 h.

Tensor-based morphometry and atlas-based regional analysis were
performed using a similar pipeline to the one employed for the in vivo
data (see Supplementary methods for details). In addition, the increased
resolution of the ex vivo scans (40-pm isotropic) allowed us to perform
more detailed analysis to quantify the differences in the structure of the
cerebellum and the hippocampus, regions particularly affected in people
with DS. We quantified the cerebellar morphometric changes between
WT and DplTyb animals in terms of lobular volume and thickness
through the analysis framework described by (Ma et al., 2020). This
analysis is based on the extraction of the middle Purkinje layer through
surface segmentation to estimate the structural morphologies of the
granular and molecular layers. Similarly, we analysed the volumes and
thicknesses of dorsal and ventral hippocampal regions delineated in the
Allen Mouse Brain Atlas: CA1 and CA3 subfields and the molecular,
granule cell, and polymorphic layers of the dentate gyrus (DG).

2.4. Immunofluorescence
After ex vivo scanning, the brains were extracted from skull,

immersed in 30% sucrose for 2 to 3 days, and serially sectioned in 35 pm
thick coronal sections using an HM 430 Sliding Microtome (Thermo
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Fisher Scientific). Two sets of free-floating, double immunofluorescence
(IF) staining were performed, each one using 3 to 4 sections per animal
(bregma: -1.70 mm to -1.94 mm): the first was to analyse NeuN (neu-
rons) and GFAP (astrocytes), and the second to quantify Ibal (micro-
glia/macrophages) and SV2A (synaptic density marker).

The sections were heated for 30 min in sodium citrate buffer (pH 6.0)
at 80 °C, permeabilized for 10 min with 0.3 % Triton x100 (only for
Ibal/SV2A IF), and incubated for 1 h with a blocking solution con-
taining either 10% skim milk powder in tris-buffered saline (TBS) with
0.3% Triton (NeuN/GFAP IF) or 10% donkey serum in TBS with 0.05%
Tween x20 (Ibal/SV2A IF). Immediately after, the sections were incu-
bated overnight with the appropriate primary antibodies diluted in
blocking buffer, at 4 °C (see Supplementary Table 2). The next day, the
sections were washed and incubated with the secondary antibody for 2 h
(NeuN/GFAP IF) or 1.5 h (Ibal/SV2A IF) at room temperature. Finally,
the sections were counterstained for 5 min with 300 nM 4’,6-diamidino-
2-phenylindole (DAPI), mounted, and coverslipped with antifade me-
dium (FluorSave™, Calbiochem, #345789-20). A negative control
(incubated only with the secondary antibody) was used to confirm the
primary antibody specificity for each protein.

Three regions of interest (ROIs) were imaged and analysed per sec-
tion, corresponding to different (dorsal) hippocampal subregions (sec-
tions between bregma -1.46 and -2.18 mm, included): the pyramidal cell
layer of CAl and CA3, and the polymorphic layer of the DG (see Sup-
plementary Fig. 1). For each ROI, two to four images were systematically
random captured at 40x magnification using a Zeiss Axiolmager Z1
widefield fluorescence microscope (Carl Zeiss, Ltd), a monochrome
AxioCamMR3 camera and the AxioVision 4.8. imaging software (Carl
Zeiss, Welwyn, Garden City). This sampling method resulted in an
average of 32 + 5 images per animal (2 to 4 images per ROI x 3ROIs x 3
to 4 slices per animal), which contained a representative overview of the
staining present in the different ROIs and ensuring the reliability of our
results.

The images were analysed with ImageJ (ver. 1.8.0, NIH, USA). The
Cell Counter plugin was used to manually quantify the number of cells
(astrocytes, neurons, or microglia) per mm?, aided by DAPI counter-
staining. SV2A-immunoreactivity was quantified by measuring the in-
tegrated density after background and non-specific binding subtraction.

2.5. Statistical analysis

Different software packages were employed to statistically analyse
differences between Dp1Tyb and WT mice, depending on the modality.

The voxel-wise differences in regional brain volumes (log-trans-
formed Jacobian determinants of the normalisation deformation fields)
and T1 relaxation times were analysed using FSL randomise (Winkler
et al., 2014). Nonparametric permutation inference was performed
using 5000 permutations, threshold-free cluster enhancement, and
family-wise error (FWE) correction.

The cerebellar cortical laminar and hippocampal subregional image
processing and groupwise surface-based morphological statistical anal-
ysis were achieved through the Multi Atlas Segmentation and Morpho-
metric Analysis Toolkit (MASMAT) (Ma et al., 2014)? and the Shape &
Morphological Analysis and Rendering Toolkit (SMART) (Ma et al.,
2020)° accordingly.

SPSS (IBM®SPSS® Statistics 26; USA) was used to analyse the atlas-
based regional changes in volume and T1 relaxation time, hippocampal
metabolites, and IF. Firstly, the Shapiro-Wilk test was used to test the
data for normality and the Levene's test was employed to assess the
homogeneity of variances. Then, a two-way (genotype x sex) ANOVA
was performed for all data, setting the threshold of statistical signifi-
cance at p = 0.05. Finally, we corrected for multiple comparisons with

2 https://github.com/dama-lab/multi-atlas-segmentation
3 https://github.com/dama-lab/shape_morphological_analysis
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the “two-stage” Benjamini, Krieger and Yekutieli procedure (g-value set
as 0.05) with GraphPad Prism (version 8), controlling the false discovery
rate (FDR) (Benjamini et al., 2006). Additionally, a potential correlation
between the hippocampal volume, the expression of different metabo-
lites (MRS), and the cellular and synaptic density in different hippo-
campal subregions (IF) was explored with SPSS though the one-tailed
Pearson's r correlation coefficient.

Finally, GraphPad Prism (version 9.4.1) was used to graphically
represent the results, expressed as mean + SEM.

3. Results
3.1. In vivo magnetic resonance imaging and spectroscopy

3.1.1. Brain structure and volume

3.1.1.1. Whole brain structure and volume. The brains of people with DS
exhibit differences in shape and structure, which led us to assess the
global characteristics of the Dp1Tyb brains, comparing male and female
mutant mice with WT animals (Fig. 1A).

Overall, the brains of male Dp1Tyb mice presented a smaller volume
than brains of WT mice (significant sex*genotype interaction, Fy 15 =
5.58; p = 0.030", Fig. 1A). Dp1Tyb mice of both sex had a smaller
surface area and were significantly rounder than the brains of WT ani-
mals (genotype effect, F; 13 = 10.01; p = 0.005 and F; 18 = 15.97; p <
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0.001, respectively) (Fig. 1A, C, D). Furthermore, there were sex dif-
ferences (all male vs all female) in volume and surface area (Fy,15 =
10.14; p = 0.005 and F; ;3 = 9.84; p = 0.006, respectively; Fig. 1B, C)
but not in sphericity. These differences can be seen when looking at the
representative extracted brains, shown in Supplementary Fig. 2. Whole
brain volumes measured ex vivo were also smaller albeit there were no
differences due to sex (genotype effect F1 13 = 8.30, p = 0.01). Similar to
in vivo, ex vivo measures confirmed decreased surface and increased
sphericity of Dp1Tyb mice (genotype effect F1 15 = 19.87, p < 0.001,
F1,18 = 6.61, p = 0.019, respectively) (Supplementary Fig. 3 and Supple-
mentary Table 3).

3.1.1.2. Differences in regional brain volumes. We next performed a
voxel-based analysis to detect the areas of the brain that are driving the
observed global differences between DplTyb and WT littermates.
DplTyb mice showed significant decreases in the volume of multiple
regions (blue colours, Fig. 2). However, other regions were significantly
larger in Dp1Tyb (red colours, Fig. 2), in particular the brainstem.

The analysis of sex-related differences (all males vs all females)
revealed several cortical clusters with an increased volume in the brain
of females (see Supplementary Fig. 4). However, no significant genotype
% sex interaction was found.

Subsequently, we explored how the changes observed in individual
voxels correspond to volume alterations in specific brain regions. To that
end, we quantified the volumes of 72 regions of interest (ROIs) derived
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Fig. 1. Brain characteristics of wild-type (WT) and Dp1Tyb mice. A) Representative structural T1-weighted brain images. B - D) Quantification of brain volume,
surface area, and sphericity of WT (males = 7, females = 6) vs Dp1Tyb (males = 4, females = 5). Bars represent the mean + SEM. (+) indicates significant differences
due to the genotype*sex interaction in brain volume of male WT and Dp1Tyb (p < 0.5), (**) and (***) indicate significant differences between WT and Dp1Tyb mice
in brain surface area and sphericity (p < 0.01, p < 0.001) and (##) indicates significant differences due to the sex (all male vs all female) in volume and surface area

(p < 0.01), as yielded by a two-way ANOVA (genotype x sex). m: male, f: female.
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Fig. 2. Voxel-wise differences in volume between Dp1Tyb and WT mice. Map of voxel-wise differences in volume between Dp1Tyb (n = 9) and WT mice (n =
13), derived from in vivo MR images and overlaid on the T1-weighted study-specific template. The map is displayed in the coronal plane (left image, caudal-rostral)
and the horizontal plane (right image, ventral-dorsal). For reference, the coronal slices in the left column are (approximately): bregma -7.6, -4.6, -1.6, 1.4 mm (0.6
mm distance between adjacent slices), respectively. The colour of the overlay indicates the percent volume difference (cool colours indicate reduced volume and hot
colours increased volume in Dp1Tyb compared to WT mice), and the opacity of the overlay indicates the significance of the volume difference (regions where the
FWE-corrected p > 0.5 are completely transparent, and regions where the FWE-corrected p = 0 completely opaque). Clusters where the FWE-corrected p < 0.05 are
contoured in black.

from the Allen mouse brain atlas. The statistical analysis highlighted dorsal hippocampus). Other regions with significantly decreased volume
significant differences between WT and Dp1Tyb mice in 26 out of 72 included those related to processing of sensorial stimuli (e.g. auditory
regions (Fig. 3A). These regions could be organised according to their and olfactory cortex) and emotions (e.g. insular and cingulate cortices
proposed role in biological processes (Supplementary Table 4). For and amygdala), as well as regions implicated in generating a behav-
example, DplTyb mice have significant decreases in the volumes of ioural response to stress and anxiety (e.g habenula and dorsal pedun-
regions involved in decision-making and executive processes (e.g. orbital cular area). However, we observed a significant increase in the volume
and medial prefrontal cortices) and in working memory and spatial of regions involved in the regulation of the sleep-wake cycle and various
memory tasks (e.g retrosplenial and medial prefrontal cortices, and autonomic functions (such as the pons and different brainstem nuclei).
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Fig. 3. Differences in regional volumes between Dp1Tyb and WT mice. A) Maps of differences in regional volumes between Dp1Tyb (n = 9) and WT mice (n =
13), calculated from in vivo MR images and overlaid on the Allen mouse brain template (72 ROIs). The map is displayed in the coronal plane (top image, caudal-
rostral) and the horizontal plane (bottom image, ventral-dorsal). For reference, the coronal slices in the left column are (approximately): bregma -7.6, -4.6, -1.6,
1.4 mm (0.6 mm distance between adjacent slices), respectively. The colour of the overlay indicates the percent volume difference (cool colours indicate reduced
volume in Dp1Tyb compared to WT mice), and the opacity of the overlay indicates the significance of the volume difference (regions where the FDR-corrected p > 0.5
are completely transparent, and regions where the FDR-corrected p = 0 completely opaque). ROIs for which the FDR-corrected p < 0.05 are contoured in black. B)
Selection of ROIs with significant differences in volume between WT and Dp1Tyb brains. The plots display the mean + SEM for each group. Group comparisons were
performed with a two-way ANOVA (genotype x sex), using the FDR to correct for multiple comparisons (Q = 5%). The effect of genotype is represented as: **p <
0.01, ***p < 0.001.
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These results are presented in Fig. 3B.

Significant sex differences (females presenting bigger volume than
males) were only found in two regions — the auditory cortex and the
claustrum — and a significant genotype x sex interaction in only one
region — the postrhinal cortex (no significant difference in volume in
WT males vs DplTyb males, but bigger volume in DplTyb females
compared to WT females - F1 13 = 9.70; p = 0.006).

3.1.2. Changes in T1 relaxation time

T1 relaxation time provides information about tissue water content
and lipid concentration (indirect measure of axonal organisation and
myelin production), and it is considered an optimal marker of brain
maturation (Nossin-Manor et al., 2013; Schneider et al., 2016).

The analysis of T1 relaxation maps derived from the MP2RAGE im-
ages revealed a small global reduction of T1 relaxation time in the
DplTyb brains. As shown in Fig. 4A, large areas were affected, some of
which were colocalised in areas that also presented a volume decrease,
such as the prelimbic cortex and the flocculus (see Fig. 4B). However,
neither voxel-wise nor atlas-based regional analysis showed significant
differences in T1 after correcting for multiple comparisons (no signifi-
cant effect of sex, genotype, or sex x genotype).

3.1.3. Single voxel 'H spectroscopy

We next assessed biochemical alterations in DplTyb mice,
comparing the concentrations of hippocampal metabolites with WT
animals using a two-way (genotype x sex) ANOVA. Absolute values of
all metabolites, as well as glutamine/glutamate ratio are shown in
Supplementary Table 5. While there were trend differences in the con-
centration of several metabolites (including glutamate, glutathione,
lactate and N-acetyl-aspartate) only three metabolites remained signif-
icant when data were corrected for multiple comparisons based on 11
metabolites. These were significant increase in the concentration of
glutamine (Gln: Fq 18 = 15.47; p = 0.001) and the glutamine/glutamate
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ratio (Gln/Glu: Fy 13 = 14.22; p = 0.001), and a significant decrease in
the concentration of taurine (Tau: Fy ;18 = 22.51; p < 0.001) in Dp1Tyb
compared to WT animals (Fig. 5). Metabolite concentrations were not
significantly different between males and females, and there was no
statistically significant genotype x sex interaction.

3.2. Ex vivo magnetic resonance imaging

Following in vivo scanning, the mice underwent perfusion, and the
fixed heads with brains in situ were doped with a gadolinium-based
contrast agent before being imaged ex vivo at higher resolution.
Employing a similar analysis pipeline used for the in vivo scans, we
observed a consistent pattern of voxel-wise differences between Dp1Tyb
and WT mice. Several clusters in the Dp1Tyb brains exhibited decreased
volume, including clusters within the orbital, prelimbic, motor, and
piriform cortices. Conversely, other areas displayed increased volume,
noticeable via voxel clusters related to the septal nucleus, diagonal band,
and various pontine nuclei (Supplementary Fig. 5).

The observed changes were more distinct and finely detailed in the
ex vivo scans compared to the in vivo scans. This likely stems from the
higher resolution of the ex vivo scans, as well as the physical alterations
caused by factors such as death and perfusion (Holmes et al., 2017).
Moreover, ex vivo images revealed specific differences in the layers of
structures with distinct layers, such as the hippocampus and cerebellum.
Considering the well-known involvement of the cerebellum and hippo-
campus in DS, we further investigated these changes by analysing
cerebellar and hippocampal substructures using our recently developed
analysis pipeline (Ma et al., 2020).

There were significant decreases in the absolute volume of the
cerebella in D1Tyb, both in vivo (genotype effect Fq 18 = 9.20, p = 0.007)
and ex vivo (genotype effect F1 15 = 14.06, p = 0.002). In addition, there
was a sex effect in vivo (F1,18 = 16.55, p < 0.001) where male but not
female Dp1Tyb cerebella were smaller than WT. Additionally, relative
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Fig. 4. Differences in T1 relaxation time between Dp1Tyb and WT mice. A) Maps of voxel-wise differences between Dp1Tyb (n = 9) and WT mice (n = 13),
calculated from in vivo MR images and overlaid on the T1-weighted study-specific template. The map is displayed in the coronal plane (top image, caudal-rostral) and
the horizontal plane (bottom image, ventral-dorsal). For reference, the coronal slices in the left column are (approximately): bregma -7.6, -4.6, -1.6, 1.4 mm (0.6 mm
distance between adjacent slices), respectively. The colour of the overlay indicates the difference in T1 (cool colours indicate reduced T1 in Dp1Tyb compared to WT
mice), and the opacity of the overlay indicates the significance of the difference (regions where the FWE-corrected p > 0.5 are completely transparent, and regions
where the FWE-corrected p = 0 completely opaque). None of the clusters were significantly different at the level of FWE-corrected p < 0.05. B) T1 relaxation times of
example ROIs. The plots display the mean + SEM for each group. The effects of genotype, sex, and the interaction between both variables were not significant

according to a two-way ANOVA (genotype x sex), with p < 0.05.
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CB volume (expressed as % of total brain) were also smaller in Dp1Tyb
mice (genotype effect F1 13 = 5.36, p = 0.033), with no effect of sex
(Supplementary Table 3).

The CB changes appeared to be driven by a decrease in the volume of
the granular (Fy,18 = 11.74; p = 0.003) but not molecular layer (Fig. 6A).
There was no significant group difference in the thickness of either layer.
Further regional analyses pointed out specific volume decreases in the
granular layer lobules 3, 8, 9 and 10, the paraflocculus, and the flocculus
(Fig. 6C). In addition, there were specific decreases in the molecular
layer lobules 3 and 8 and in the flocculus (Supplementary Table 6).

No significant effect of sex or sex x genotype interaction was found in
any of the statistical analyses of cerebellar layers.

The analyses of the hippocampal structures highlighted significant
changes in dorsal, but not ventral subregions, in agreement with the
results observed in vivo. For example, Dp1Tyb mice showed an increase
in the thickness of CA3 (Fq,18 = 7.49; p = 0.014) and a decrease in the
volume of CA1 (Fq,18 = 5.74; p = 0.027) and the molecular layer of DG
(MoDG, F; 18 = 20.50; p < 0.001) compared to WT mice (see Fig. 7).

3.3. Immunofluorescence

At the end of the ex vivo scans all the brains were extracted, and free-
floating IF-based measurements of relevant markers of cells and syn-
apses was conducted.

3.3.1. Number of cells: neurons, microglia and astrocytes

The quantification of the number of hippocampal cells was per-
formed by immunofluorescence staining using markers of neurons
(NeuN), astrocytes (GFAP) and microglia (Ibal) (Fig. 8A).

Neuronal staining with NeuN showed that DplTyb mice have

significantly fewer neurons than WT animals in CA3 (Fq, 17 = 16.36; p =
0.001) and DG (Fy, 17 = 49.28; p = 0.0001). In DG, there were also
differences between males and females (F;, 17 = 5.35; p = 0.035), with
females having fewer neurons. Additionally, we observed a significant
genotype x sex interaction in CA1 (Fy, 17 = 6.59; p = 0.020) and CA3 (F;,
17 = 6.48; p = 0.021), with Dp1Tyb males having significantly fewer
neurons than WT males while there was no significant difference in
neuronal numbers between females Dp1Tyb and WT.

Regarding the number of glial cells, GFAP staining showed that
DplTyb mice have more astrocytes in both CA3 (Fq, 17 = 14.23; p =
0.002) and DG (Fq, 17 = 7.15; p = 0.016), compared with WT animals. In
addition, Dp1Tyb mice have more microglial cells (Ibal staining) in DG
(F1,17 = 47.77; p < 0.0001) than WT animals. In this region, there was
also a significant effect of sex (females express more GFAP in DG than
males — Fq 17 = 7.01; p = 0.017), but there was no significant genotype
X sex interaction.

Interestingly, the analysis of the “total number of cells” (considered
as the sum of the three types of cells) did not to show any differences
between the genotypes or sexes, nor was there an interaction between
these two variables (Fig. 8B, total cells).

We next correlated these cell densities with the concentration of
metabolites and the volume of the dorsal hippocampus, measured in vivo
by MRS and MRI, respectively. The average number of hippocampal
neurons was positively correlated with the concentrations of taurine (r
= 0.796, p < 0.0001) and glutamate (r = 0.414, p = 0.035) and nega-
tively correlated with lactate (r = -0.554, p = 0.006). Furthermore, the
number of hippocampal neurons was also positively correlated with the
volume of the dorsal hippocampus (r = 0.704, p < 0.001). The average
number of hippocampal astrocytes was positively correlated to gluta-
mine (r = 0.432, p = 0.029) and the glutamine/glutamate ratio (r =
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Fig. 6. Ex-vivo differences in cerebellar volume between Dpl1Tyb and WT mice. A) Quantification of grey matter thickness and volume in Dp1Tyb mice
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mean + SEM for each group (WT = 14, Dp1Tyb = 8). Group comparisons were performed with a two-way ANOVA (genotype x sex) using the FDR (Q = 5%) to
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0.396, p = 0.042), and negatively correlated with the volume of the
dorsal hippocampus (r = -0.417, p = 0.038). There was no significant
correlation between microglia and any MRS/MRI measure.

3.3.2. Hippocampal synaptic density: SV2A

There were no overall differences in SV2A expression between the
genotypes in any measured area. However, we did detect a prominent
effect of sex (Fig. 9). Hippocampal SV2A signal was overall lower in
females than in males in CA1 (Fy, 17 = 28.55; p < 0.001), CA3 (Fy, 17 =
13.01; p = 0.002), and DG (F;, 17 = 17.21; p = 0.001) (Fig. 9B).

Further analyses did not show any significant correlation between
hippocampal SV2A expression and any of the eleven hippocampal me-
tabolites quantified (0.061 < p < 0.357), nor between SV2A and the
volume of the dorsal hippocampus (r = 0.315, p = 0.095).

4. Discussion
This study presents a comprehensive in vivo (MRI and MRS) and ex

vivo (MRI and histology) characterization of brain changes observed in
the Dp1Tyb mouse model of DS. We demonstrate complex findings of

decreased brain volumes in Dp1Tyb mice that were particularly prom-
inent in the males: whereas there was an overall effect of genotype in ex
vivo scans, in vivo only male Dp1Tyb mice showed significant decrease.
Nevertheless, Dp1Tyb brains of both sex exhibited a rounder shape and a
significantly reduced surface area, which resembles findings observed in
humans with this condition (McCann et al., 2021). More detailed
regional analysis showed significant changes in 26 of the 72 examined
regions, most of which were smaller in Dp1Tyb mice but with some
notable increases in the subcortical areas of the brainstem. These results
are consistent across in vivo and ex vivo images. The latter allowed us to
examine changes in cerebellar layers and hippocampal subregions, two
structures known to be particularly affected in DS (Aylward et al., 1999;
Pinter et al., 2001; Raz et al., 1995). We additionally sought to examine
brain-wide T1 relaxation time, for its known ability to inform about
brain maturation, myelination, and integrity of the brain tissue (Tang
et al., 2018). We did not see any significant differences in T1 relaxation
time in Dp1Tyb mice, except for a non-significant yet widespread trend.
Additionally, the quantification of hippocampal metabolites revealed
increases in glutamine and glutamine/glutamate ratio and decreases in
taurine. Subsequent ex vivo histological analysis demonstrated a reduced
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number of CA3 and DG hippocampal neurons, which seems to be
accompanied by an increase in astrocytes and microglia, as the total
number of cells did not differ.

Previous imaging studies using computed tomography have identi-
fied craniofacial dysmorphologies — such as brachycephaly —in the
DplTyb mice and other DS models including the Dp(16)1Yey mice
(Lana-Elola et al., 2021; Starbuck et al., 2014; Toussaint et al., 2021).
These results, which involve measurements of bone structure and den-
sity, faithfully recapitulate aspects of craniofacial alterations observed

in humans with DS (Allanson et al., 1993; Korenberg et al., 1994;
Richtsmeier et al., 2000). Our study confirms and builds upon these
previous findings. Notably, we observed shape differences in the brains
of Dp1Tyb mice, presumably reflecting previously observed abnormal-
ities of the cranium. The utilization of structural MRI enabled us to
conduct a more comprehensive analysis of the internal structure of
Dp1Tyb brains. In this regard, 26 anatomical regions showed a change in
volume compared to WT mice — reductions for the most part, although
some increases were observed too.
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Several neuroanatomical changes observed in the Dpl1Tyb mouse
model may provide insights into the underlying mechanisms of the
characteristic phenotype displayed by this model (Chang et al., 2020;
Lana-Elola et al., 2021). Notably, we observed a decreased volume of the
prefrontal lobe and hippocampus, along with an increased volume of the
brainstem. These findings might have implications for understanding
the cognitive and behavioural alterations observed in this model. For
instance, the decreased volume in regions such as the orbital, prelimbic,
and infralimbic cortices might correspond to the reported slower
decision-making abilities in DplTyb mice (Chang et al., 2020).
Furthermore, the smaller volume of the retrosplenial cortex and dorsal
hippocampus aligns with the reported memory deficits (Chang et al.,
2020), while the increased volume of brainstem regions involved in the
regulation of the sleep-wake cycle might have relation to the disrupted
sleep patterns reported in Dp1Tyb mice (Lana-Elola et al., 2021). These
observed changes in the Dp1Tyb model resemble the heterogeneous
findings from humans with DS. For instance, studies in humans have also
highlighted the significance of decreased prefrontal cortex and hippo-
campal volume as key neuroanatomical correlates of cognitive deficits in
this population (Fukami-Gartner et al., 2023; McCann et al., 2021;
Pinter et al., 2001; Teipel et al., 2004). On the other hand, reports of
slight enlargements of deep grey matter structures are reminiscent of our
findings of increased subcortical volumes (Raz et al., 1995; White et al.,
2003; Wilson et al., 2019). It is worth noting that similar enlargements
of deep subcortical structures such as midbrain, septum and hypothal-
amus were also observed in a closely related mouse model of DS, the Dp
(16)1Yey (Duchon et al., 2021). The biological interpretation of these
enlargements, whether they are developmental or compensatory, is not
clear due to the diverse range of functions associated with these regions.
Overall, our mouse findings further underscore the relevance and val-
idity of the Dp1Tyb model as it recapitulates some neuroanatomical
alterations observed in humans with DS (Fukami-Gartner et al., 2023).

Previous studies have reported the presence of cerebellar hypoplasia
in individuals with DS (Pinter et al., 2001; Weis et al., 1991; Winter
et al., 2000) as well as in certain animal models (Kazuki et al., 2022).
However, in some cases, these changes were only observed when nor-
malising the cerebellar volume to the total brain or intracranial volume,
indicating relative volume differences (Ma et al., 2020; Powell et al.,
2016). To address this matter, our study comprehensively measured
both absolute and relative volumes of the cerebellum, using in vivo and
ex vivo imaging approaches. In line with the findings in human with DS,
we observed decreased absolute cerebellar volumes in Dp1Tyb mice,
with an additional finding of overall decreased relative cerebella (as
percentage of total brain volume). Given the intricate morphology of the
cerebellum and the varying involvement of its different layers in diverse
cognitive functions (Buckner, 2013; Sudarov and Joyner, 2007), we
conducted additional in-depth analysis by leveraging the high resolution

10

and enhanced contrast obtained through gadolinium-enhanced ex vivo
imaging of the brains (Ma et al., 2020). Through these analysis, we
observed further regional cerebellar volume reductions in the Dp1Tyb
mice that were concentrated in the granular layer. This layer, composed
of excitatory granule cells and inhibitory Golgi and Lugaro interneurons
(Roostaei et al., 2014), is thought to be involved in motor coordination
as well as in some non-motor behaviours such as reward expectation-
related activity (D'Angelo, 2013; Lackey et al., 2018). The decrease in
the volume of this layer could be related to impaired motor function and
coordination observed in this model, which was not attributed to altered
muscle tone (Lana-Elola et al., 2021). These findings are also consistent
with previous MRI and histological analysis performed in other mouse
models such as the Tcl (Ma et al., 2020), as well as in human foetuses
with DS (Guidi et al., 2011). These findings present a contrast to pre-
viously reported observations in a closely related mouse DS model, Dp
(16)1Yey (Watson-Scales et al., 2018). In that study we did not detect
any cerebellar changes, which adds a layer of complexity to our current
findings. It is worth noting that the methodologies employed for mea-
surement in the two studies differed significantly (MRI vs. histology),
and the investigations were conducted in mice of different ages. These
methodological and age-related disparities may contribute to the
observed differences in outcomes. Interestingly, another group detected
significantly smaller cerebella in the Dp(16)1Yey using whole brain MRI
(Duchon et al., 2021). One intriguing hypothesis that arises from these
results is the potential superiority of unbiased 3D MRI as an approach for
identifying comprehensive changes in brain morphology. However, it is
important to emphasize that any such would require a direct compara-
tive experiment specifically designed to assess the relative strengths and
weaknesses of these two measurement methodologies.

In addition to investigating volumetric changes, we explored po-
tential alterations in T1 relaxation time as an indicator of brain
composition. Considering the proposed utility of T1 relaxation time in
assessing brain maturation and neurodegenerative conditions such as
Parkinson's and Alzheimer's disease (Eriksson et al., 2007; Tang et al.,
2018), we anticipated observing changes in T1 relaxation time in
DplTyb mice. However, our study revealed only a non-significant, yet
widespread decrease in T1 relaxation time. Interestingly, this decrease
was consistently distributed bilaterally and aligned with the plausible
anatomical regions. While this subtle decrease is not statistically sig-
nificant, it warrants further study with larger groups of animals, and/or
in older age or in models combining DS with Alzheimer's pathology
where the confluence of T1 and neurodegeneration might be more
pronounced (Farrell et al., 2022).

From a neurochemical standpoint, we detected significant changes in
the concentration of multiple hippocampal metabolites within the
Dp1Tyb mice. Amongst the most robustly affected was glutamine. The
increased glutamine resulted in a significant increase in the glutamine/
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glutamate ratio, which could potentially indicate an imbalance in
excitatory and inhibitory signalling (E/I balance) — an aspect that has
been suggested to be involved in DS (Hamburg et al., 2019). Further
research should be focused on unravelling the underlying mechanisms
responsible for these potential changes in the E/I balance in DS, as they
could serve as useful biomarkers of therapeutic interventions in this
mouse model.

We also observed that Dp1Tyb mice have a significant decrease in
taurine, a neurotrophic factor involved in brain development. This
finding aligns with limited evidence suggesting a similar decrease in
taurine in human with DS (Whittle et al., 2007) and there is even
anecdotal evidence supporting the potential usefulness of taurine sup-
plementations in DS (Rafiee et al., 2022; Singh et al., 2023). Notably,
taurine is found to be decreased during ageing (Singh et al., 2023), and
taurine depletion was observed in plasma from AD patients (Rafiee et al.,
2022). Collectively, these findings imply a significant involvement of
taurine in the neurodevelopmental alterations associated with DS.
Additionally, taurine is known to play a role in osmoregulation and may
be involved in mitochondrial dysfunction and neuroinflammation
(Rafiee et al., 2022), both processes thought to be implicated in DS
(Vacca et al., 2019). Indeed, we detected changes in the Dp1Tyb hip-
pocampus that can be linked to excitotoxic and neuroinflammatory
processes via an increase in the number of microglia and astrocytes as
well as the aforementioned significant increases in glutamine and the
glutamate/glutamine ratio. The increase in microglia and astrocytes has
also been observed in other DS models, such as in Dp(16)1Yey mice, and
in humans (Chen et al., 2014; Pinto et al., 2020), highlighting the
importance of these cell populations in the correct functioning and
development of the brain (Reemst et al., 2016).

We also observed a significant reduction in the number of viable
neurons (i.e., NeuN-positive cells) within the hippocampus of Dp1Tyb
mice. Similar findings have been reported in humans with DS and in a
previous model of DS, the Ts65Dn mouse (Bartesaghi, 2023). However,
interpreting results from the Ts65Dn can be challenging, since they
harbour up to sixty genes in three copies that are not orthologous to
Hsa21 and therefore not directly involved in DS (Duchon et al., 2011).
Nevertheless, additional neuronal loss in the brain of individuals with
Down syndrome has been associated with Alzheimer-type neuropa-
thology and may, in combination with developmental abnormalities, be
associated with accelerated onset of cognitive decline (Wegiel et al.,
2022).

Contrary to our expectations, we did not find any significant group
differences in synaptic density, as assessed by hippocampal SV2A
expression. However, it is worth noting that the existing literature has
reported altered synaptic transmission in DS based on other markers,
such as dendritic spine counts and morphology (Ferrer and Gullotta,
1990; Suetsugu and Mehraein, 1980) — these studies have also suggested
the presence of an altered E/I balance in DS (Klein and Haydar, 2022;
Souchet et al., 2014). Further analysis, with alternative methods such as
functional MRI (fMRI) and using excitatory and inhibitory pre- and
postsynaptic markers could shed more light into synaptic alterations in
this mouse model of DS.

In our analyses, we observed intriguing interactions between sex and
genotype, particularly concerning male Dp1Tyb brains, which appeared
to exhibit smaller sizes compared to females. It is important to note,
however, that these sex-based effects were not consistently observed
across all measures we examined; for example, both sexes showed
decreased surface and increased sphericity of the whole brains. We wish
to acknowledge a limitation inherent in our study: the relatively small
sample sizes of male and female mice. This limited sample size signifi-
cantly constrains the extent to which we can confidently interpret the
observed sex effects. Therefore, we acknowledge that any conclusions or
inferences drawn from these sex-related observations should be made
with caution, given the need for more extensive investigations with
larger sample sizes to validate and refine these findings. Nevertheless,
previous studies have revealed sex-related disparities in skeletal
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development in Dp1Tyb animals (Thomas et al., 2020). Specifically,
male Dpl1Tyb mice exhibit osteopenic phenotypes at an earlier stage
than females, while both sexes display osteoporotic phenotypes during
early adulthood, mirroring observations in humans with Down syn-
drome (Carfi et al., 2017; Gavris et al., 2014). Given the scarcity of
research on the neurobiological differences between males and females
with DS (Johnstone and Mobley, 2023), it is important to conduct
further investigations that consider the potential impact of sex on the
heterogeneity of findings within the DS population (Andrews et al.,
2022).

5. Conclusion

The findings from our comprehensive imaging and spectroscopic
investigation of Dp1Tyb brains confirm a robust relationship between
gene triplication and cerebral alterations. The use of this highly repre-
sentative model, closely resembling the human condition, presents a
valuable tool to evaluate the effectiveness of emerging treatments aimed
at ameliorating the brain-related pathologies observed in DS. Moreover,
our study underscores the imperative for more thorough examinations of
synaptic density and function, the involvement of glial cells, and sex-
specific disparities within the DS brain. Such investigations hold the
potential to identify novel therapeutic targets, ultimately enhancing the
quality of life for individuals living with DS.

Ethics approval

Animal work was performed in accordance with the United Kingdom
Animal (Scientific Procedures) Act 1986, approved by the Ethical Re-
view panel of the Francis Crick Institute and carried out under Project
Licences granted by the UK Home Office. Reporting is based on the
ARRIVE Guidelines for Reporting Animal Research (Kilkenny et al.,
2010).

Funding

This research was funded in whole, or in part, by the Wellcome Trust
WT203148/Z/16/Z. For the purpose of open access, the author has
applied a CC BY public copyright licence to any Author Accepted
Manuscript version arising from this submission.

VLJT and EMCF were supported by the Wellcome Trust (grants
098327 and 098328) and VLJT was supported by the Francis Crick
Institute which receives its core funding from Cancer Research UK
(CC2080), the UK Medical Research Council (CC2080), and the Well-
come Trust (CC2080).

CRediT authorship contribution statement

Maria Elisa Serrano: Investigation, Methodology, Formal analysis,
Visualization, Writing — original draft, Writing — review & editing.
Eugene Kim: Investigation, Methodology, Formal analysis, Software,
Visualization, Writing — review & editing. Bernard Siow: Methodology,
Software, Resources, Supervision. Da Ma: Methodology, Formal anal-
ysis, Software, Visualization, Writing — review & editing. Loreto Rojo:
Investigation. Camilla Simmons: Investigation. Darryl Hayward:
Investigation. Dorota Gibbins: Investigation. Nisha Singh: Conceptu-
alization. Andre Strydom: Conceptualization, Writing — review &
editing. Elizabeth M.C. Fisher: Conceptualization, Resources, Writing —
review & editing. Victor L.J. Tybulewicz: Conceptualization, Funding
acquisition, Resources, Project administration, Supervision, Writing —
review & editing. Diana Cash: Conceptualization, Funding acquisition,
Resources, Project administration, Supervision, Writing — review &
editing.



M.E. Serrano et al.
Declaration of Competing Interest

The authors declare that they have no competing interests.
Data availability

DplTyb mice are available through the Jackson Laboratory (strain
#037183) and the European Mouse Mutant Archive.

Raw MR data are available on OpenNeuro: doi:10.18112/0-
penneuro.ds004644.v1.0.0.

Acknowledgements

We would like to thank Abi Gartner and Mary Rutherford for their
conversations and valuable insights about the DS pathology in humans
and the parallelism between preclinical models — clinical research in this
disease.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2023.106336.

References

Allanson, J.E., O’Hara, P., Farkas, L.G., Nair, R.C., 1993. Anthropometric craniofacial
pattern profiles in down syndrome. Am. J. Med. Genet. 47, 748-752. https://doi.
0rg/10.1002/ajmg.1320470530.

Andrews, E.J., Martini, A.C., Head, E., 2022. Exploring the role of sex differences in
Alzheimer’s disease pathogenesis in down syndrome. Front. Neurosci. 16 https://
doi.org/10.3389/fnins.2022.954999.

Antonarakis, S.E., Skotko, B.G., Rafii, M.S., Strydom, A., Pape, S.E., Bianchi, D.W.,
Sherman, S.L., Reeves, R.H., 2020. Down syndrome. Nat Rev Dis Primers 6, 9.
https://doi.org/10.1038/541572-019-0143-7.

Aoki, S., Yamauchi, Y., Hashimoto, K., 2018. Developmental trend of children with
Down’s syndrome — how do sex and neonatal conditions influence their
developmental patterns? Brain and Development 40, 181-187. https://doi.org/
10.1016/j.braindev.2017.10.001.

Aylward, E.H., Li, Q., Honeycutt, N.A., Warren, A.C., Pulsifer, M.B., Barta, P.E., Chan, M.
D., Smith, P.D., Jerram, M., Pearlson, G.D., 1999. MRI volumes of the Hippocampus
and amygdala in adults with Down’s syndrome with and without dementia. Am. J.
Psychiatry 156, 564-568. https://doi.org/10.1176/ajp.156.4.564.

Bartesaghi, R., 2023. Brain circuit pathology in down syndrome: from neurons to neural
networks. Rev. Neurosci. 34, 365-423. https://doi.org/10.1515/revneuro-202.2-
0067.

Benjamini, Y., Krieger, A.M., Yekutieli, D., 2006. Adaptive linear step-up procedures that
control the false discovery rate. Biometrika 93, 491-507. https://doi.org/10.1093/
biomet/93.3.491.

Block, A., Ahmed, Md.M., Dhanasekaran, A.R., Tong, S., Gardiner, K.J., 2015. Sex
differences in protein expression in the mouse brain and their perturbations in a
model of down syndrome. Biol. Sex Differ. 6, 24. https://doi.org/10.1186/513293-
015-0043-9.

Bogado Lopes, J., Senko, A.N., Bahnsen, K., Geisler, D., Kim, E., Bernanos, M., Cash, D.,
Ehrlich, S., Vernon, A.C., Kempermann, G., 2023. Individual behavioral trajectories
shape whole-brain connectivity in mice. Elife 12. https://doi.org/10.7554/
eLife.80379.

Brown, S.S.G., Mak, E., Zaman, S., 2021. Multi-modal imaging in Down’s syndrome:
maximizing utility through innovative neuroimaging approaches. Front. Neurol. 11
https://doi.org/10.3389/fneur.2020.629463.

Buckner, R.L., 2013. The cerebellum and cognitive function: 25 years of insight from
anatomy and neuroimaging. Neuron 80, 807-815. https://doi.org/10.1016/j.
neuron.2013.10.044.

Canete-Massé, C., Carbd-Carreté, M., Per6-Cebollero, M., Cui, S.-X., Yan, C.-G., Guardia-
Olmos, J., 2022. Altered spontaneous brain activity in down syndrome and its
relation with cognitive outcome. Sci. Rep. 12, 15410. https://doi.org/10.1038/
s41598-022-19627-1.

Carfi, A., Liperoti, R., Fusco, D., Giovannini, S., Brandi, V., Vetrano, D.L., Meloni, E.,
Mascia, D., Villani, E.R., Manes Gravina, E., Bernabei, R., Onder, G., 2017. Bone
mineral density in adults with down syndrome. Osteoporos. Int. 28, 2929-2934.
https://doi.org/10.1007/500198-017-4133-x.

Chang, P., Bush, D., Schorge, S., Good, M., Canonica, T., Shing, N., Noy, S., Wiseman, F.
K., Burgess, N., Tybulewicz, V.L.J., Walker, M.C., Fisher, E.M.C., 2020. Altered
hippocampal-prefrontal neural dynamics in mouse models of down syndrome. Cell
Rep. 30, 1152-1163.e4. https://doi.org/10.1016/j.celrep.2019.12.065.

Chen, C., Jiang, P., Xue, H., Peterson, S.E., Tran, H.T., McCann, A.E., Parast, M.M., Li, S.,
Pleasure, D.E., Laurent, L.C., Loring, J.F., Liu, Y., Deng, W., 2014. Role of astroglia in
Down’s syndrome revealed by patient-derived human-induced pluripotent stem
cells. Nat. Commun. 5, 4430. https://doi.org/10.1038/ncomms5430.

12

Neurobiology of Disease 188 (2023) 106336

Cohen, J., 1988. Statistical Power Analysis for the Behavioral Sciences, 2nd editio. ed.
Lawrence Erlbaum Associates.

D’Angelo, E., 2013. Cerebellar Granule Cell. In: Handbook of the Cerebellum and
Cerebellar Disorders. Springer, Netherlands, Dordrecht, pp. 765-791. https://doi.
org/10.1007/978-94-007-1333-8_31.

de Sola, S., de la Torre, R., Sanchez-Benavides, G., Benejam, B., Cuenca-Royo, A., del
Hoyo, L., RodrAguez, J., Catuara-Solarz, S., Sanchez-Gutierrez, J., Dueaas-Espin, I.,
Hernandez, G., Peaa-Casanova, J., Langohr, K., Videla, S., Blehaut, H., Farre, M.,
Dierssen, M., 2015. A new cognitive evaluation battery for Down syndrome and its
relevance for clinical trials. Front. Psychol. 6 https://doi.org/10.3389/
fpsyg.2015.00708.

del Muniz Moreno, M.M., Brault, V., Birling, M.-C., Pavlovic, G., Herault, Y., 2020.
Modeling Down syndrome in animals from the early stage to the 4.0 models and
next. In: Progress in Brain Research, pp. 91-143. https://doi.org/10.1016/bs.
pbr.2019.08.001.

Dierssen, M., 2012. Down syndrome: the brain in trisomic mode. Nat. Rev. Neurosci. 13,
844-858. https://doi.org/10.1038/nrn3314.

Duchon, A., Raveau, M., Chevalier, C., Nalesso, V., Sharp, A.J., Herault, Y., 2011.
Identification of the translocation breakpoints in the Ts65Dn and Ts1Cje mouse
lines: relevance for modeling Down syndrome. Mamm. Genome 674-84. https://doi.
org/10.1007/s00335-011-9356-0.

Duchon, A., del Mar Muniz Moreno, M., Martin Lorenzo, S., Silva de Souza, M.P.,
Chevalier, C., Nalesso, V., Meziane, H., Loureiro de Sousa, P., Noblet, V.,
Armspach, J.-P., Brault, V., Herault, Y., 2021. Multi-influential genetic interactions
alter behaviour and cognition through six main biological cascades in Down
syndrome mouse models. Hum. Mol. Genet. 30, 771-788. https://doi.org/10.1093/
hmg/ddab012.

Eriksson, S.H., Free, S.L., Thom, M., Martinian, L., Symms, M.R., Salmenpera, T.M.,
McEvoy, A.W., Harkness, W., Duncan, J.S., Sisodiya, S.M., 2007. Correlation of
quantitative MRI and neuropathology in epilepsy surgical resection specimens-T2
correlates with neuronal tissue in gray matter. Neuroimage 37, 48-55. https://doi.
org/10.1016/j.neuroimage.2007.04.051.

Farrell, C., Mumford, P., Wiseman, F.K., 2022. Rodent modeling of Alzheimer’s disease in
down syndrome: in vivo and ex vivo approaches. Front. Neurosci. 16 https://doi.
org/10.3389/fnins.2022.909669.

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39, 175-191.

Ferrer, L., Gullotta, F., 1990. Down’s dyndrome and Alzheimer’s disease: dendritic spine
counts in the hippocampus. Acta Neuropathol. 79, 680-685. https://doi.org/
10.1007/BF00294247.

Fukami-Gartner, A., Baburamani, A.A., Dimitrova, R., Patkee, P.A., Ojinaga-

Alfageme, O., Bonthrone, A.F., Cromb, D., Uus, A.U., Counsell, S.J., Hajnal, J.V.,
O’Muircheartaigh, J., Rutherford, M.A., 2023. Comprehensive volumetric
phenotyping of the neonatal brain in Down syndrome. Cereb. Cortex. https://doi.
org/10.1093/cercor/bhad171.

Gavris, M., Courteix, D., Serbanoiu, S., Hantiu, I., Tifrea, C., Ferry, B., 2014. Bone tissue
in down syndrome patients deteriorates following aging: a study based on bone
ultrasound analysis. J Med Ultrasound 22, 29-36. https://doi.org/10.1016/j.
jmu.2013.10.015.

Gomez, W., Morales, R., Maracaja-Coutinho, V., Parra, V., Nassif, M., 2020. Down
syndrome and Alzheimer’s disease: common molecular traits beyond the amyloid
precursor protein. Aging 12, 1011-1033. https://doi.org/10.18632/aging.102677.

Green, T., Flash, S., Reiss, A.L., 2019. Sex differences in psychiatric disorders: what we
can learn from sex chromosome aneuploidies. Neuropsychopharmacology 44, 9-21.
https://doi.org/10.1038/s41386-018-0153-2.

Grieco, J., Pulsifer, M., Seligsohn, K., Skotko, B., Schwartz, A., 2015. Down syndrome:
cognitive and behavioral functioning across the lifespan. Am. J. Med. Genet. C:
Semin. Med. Genet. 169, 135-149. https://doi.org/10.1002/ajmg.c.31439.

Guidi, S., Ciani, E., Bonasoni, P., Santini, D., Bartesaghi, R., 2011. Widespread
proliferation impairment and Hypocellularity in the cerebellum of fetuses with
Down syndrome. Brain Pathol. 21, 361-373. https://doi.org/10.1111/j.1750-
3639.2010.00459.x.

Hamburg, S., Rosch, R., Startin, C.M., Friston, K.J., Strydom, A., 2019. Dynamic causal
modeling of the relationship between cognition and Theta-alpha oscillations in
adults with down syndrome. Cereb. Cortex 29, 2279-2290. https://doi.org/
10.1093/cercor/bhz043.

Hartley, D., Blumenthal, T., Carrillo, M., DiPaolo, G., Esralew, L., Gardiner, K.,
Granholm, A.-C., Igbal, K., Krams, M., Lemere, C., Lott, I., Mobley, W., Ness, S.,
Nixon, R., Potter, H., Reeves, R., Sabbagh, M., Silverman, W., Tycko, B., Whitten, M.,
Wisniewski, T., 2015. Down syndrome and Alzheimer’s disease: common pathways,
common goals. Alzheimers Dement. 11, 700-709. https://doi.org/10.1016/j.
jalz.2014.10.007.

Hawley, L.E., Prochaska, F., Stringer, M., Goodlett, C.R., Roper, R.J., 2022. Sexually
dimorphic DYRK1A overexpression on postnatal day 15 in the Ts65Dn mouse model
of down syndrome: effects of pharmacological targeting on behavioral phenotypes.
Pharmacol. Biochem. Behav. 217, 173404 https://doi.org/10.1016/j.
pbb.2022.173404.

Herault, Y., Delabar, J.M., Fisher, E.M.C., Tybulewicz, V.L.J., Yu, E., Brault, V., 2017.
Rodent models in Down syndrome research: impact and future opportunities. Dis.
Model. Mech. 10, 1165-1186. https://doi.org/10.1242/dmm.029728.

Holmes, H.E., Powell, N.M., Ma, D., Ismail, O., Harrison, L.F., Wells, J.A., Colgan, N.,
O’Callaghan, J.M., Johnson, R.A., Murray, T.K., Ahmed, Z., Heggenes, M., Fisher, A.,
Cardoso, M.J., Modat, M., O’Neill, M.J., Collins, E.C., Fisher, E.M.C., Ourselin, S.,
Lythgoe, M.F., 2017. Comparison of in vivo and ex vivo MRI for the detection of


https://doi.org/10.18112/openneuro.ds004644.v1.0.0
https://doi.org/10.18112/openneuro.ds004644.v1.0.0
https://doi.org/10.1016/j.nbd.2023.106336
https://doi.org/10.1016/j.nbd.2023.106336
https://doi.org/10.1002/ajmg.1320470530
https://doi.org/10.1002/ajmg.1320470530
https://doi.org/10.3389/fnins.2022.954999
https://doi.org/10.3389/fnins.2022.954999
https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.1016/j.braindev.2017.10.001
https://doi.org/10.1016/j.braindev.2017.10.001
https://doi.org/10.1176/ajp.156.4.564
https://doi.org/10.1515/revneuro-2022-0067
https://doi.org/10.1515/revneuro-2022-0067
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1186/s13293-015-0043-9
https://doi.org/10.1186/s13293-015-0043-9
https://doi.org/10.7554/eLife.80379
https://doi.org/10.7554/eLife.80379
https://doi.org/10.3389/fneur.2020.629463
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1038/s41598-022-19627-1
https://doi.org/10.1038/s41598-022-19627-1
https://doi.org/10.1007/s00198-017-4133-x
https://doi.org/10.1016/j.celrep.2019.12.065
https://doi.org/10.1038/ncomms5430
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0080
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0080
https://doi.org/10.1007/978-94-007-1333-8_31
https://doi.org/10.1007/978-94-007-1333-8_31
https://doi.org/10.3389/fpsyg.2015.00708
https://doi.org/10.3389/fpsyg.2015.00708
https://doi.org/10.1016/bs.pbr.2019.08.001
https://doi.org/10.1016/bs.pbr.2019.08.001
https://doi.org/10.1038/nrn3314
https://doi.org/10.1007/s00335-011-9356-0
https://doi.org/10.1007/s00335-011-9356-0
https://doi.org/10.1093/hmg/ddab012
https://doi.org/10.1093/hmg/ddab012
https://doi.org/10.1016/j.neuroimage.2007.04.051
https://doi.org/10.1016/j.neuroimage.2007.04.051
https://doi.org/10.3389/fnins.2022.909669
https://doi.org/10.3389/fnins.2022.909669
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0125
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0125
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0125
https://doi.org/10.1007/BF00294247
https://doi.org/10.1007/BF00294247
https://doi.org/10.1093/cercor/bhad171
https://doi.org/10.1093/cercor/bhad171
https://doi.org/10.1016/j.jmu.2013.10.015
https://doi.org/10.1016/j.jmu.2013.10.015
https://doi.org/10.18632/aging.102677
https://doi.org/10.1038/s41386-018-0153-2
https://doi.org/10.1002/ajmg.c.31439
https://doi.org/10.1111/j.1750-3639.2010.00459.x
https://doi.org/10.1111/j.1750-3639.2010.00459.x
https://doi.org/10.1093/cercor/bhz043
https://doi.org/10.1093/cercor/bhz043
https://doi.org/10.1016/j.jalz.2014.10.007
https://doi.org/10.1016/j.jalz.2014.10.007
https://doi.org/10.1016/j.pbb.2022.173404
https://doi.org/10.1016/j.pbb.2022.173404
https://doi.org/10.1242/dmm.029728

M.E. Serrano et al.

structural abnormalities in a mouse model of tauopathy. Front. Neuroinform. 11
https://doi.org/10.3389/fninf.2017.00020.

Iulita, M.F., Garzén Chavez, D., Klitgaard Christensen, M., Valle Tamayo, N., Plana-
Ripoll, O., Rasmussen, S.A., Roqué Figuls, M., Alcolea, D., Videla, L., Barroeta, 1.,
Benejam, B., Altuna, M., Padilla, C., Pegueroles, J., Fernandez, S., Belbin, O.,
Carmona-Iragui, M., Blesa, R., Lled, A., Bejanin, A., Fortea, J., 2022. Association of
Alzheimer disease with life expectancy in people with down syndrome. JAMA Netw.
Open 5, €2212910. https://doi.org/10.1001/jamanetworkopen.2022.12910.

Jafri, S.K., Harman, K.E., 2020. Neurocognitive abilities in individuals with down
syndrome-a narrative review. Turk. J. Pediatr. 62, 897. https://doi.org/10.24953/
turkjped.2020.06.001.

Johnstone, A., Mobley, W., 2023. Editorial: current advances in the study of down
syndrome: from development to aging. Front. Neurosci. 17 https://doi.org/10.3389/
fnins.2023.1161147.

Kazuki, Y., Gao, F.J., Yamakawa, M., Hirabayashi, M., Kazuki, K., Kajitani, N.,
Miyagawa-Tomita, S., Abe, S., Sanbo, M., Hara, H., Kuniishi, H., Ichisaka, S.,
Hata, Y., Koshima, M., Takayama, H., Takehara, S., Nakayama, Y., Hiratsuka, M.,
Iida, Y., Matsukura, S., Noda, N., Li, Y., Moyer, A.J., Cheng, B., Singh, N.,
Richtsmeier, J.T., Oshimura, M., Reeves, R.H., 2022. A transchromosomic rat model
with human chromosome 21 shows robust Down syndrome features. Am. J. Hum.
Genet. 109, 328-344. https://doi.org/10.1016/j.ajhg.2021.12.015.

Kiemes, A., Serrano Navacerrada, M.E., Kim, E., Randall, K., Simmons, C., Rojo
Gonzalez, L., Petrinovic, M.M., Lythgoe, D.J., Rotaru, D., di Censo, D., Hirshler, L.,
Barbier, E.L., Vernon, A.C., Stone, J.M., Davies, C., Cash, D., Modinos, G., 2022.
Erbb4 deletion from fast-spiking interneurons causes psychosis-relevant
neuroimaging phenotypes. bioRxiv 2022.03.07.483347. https://doi.org/10.1101/
2022.03.07.483347.

Kilkenny, C., Browne, W., Cuthill, I., Emerson, M., Altman, D., 2010. Improving
bioscience research reporting: the ARRIVE guidelines for reporting animal research.
J. Pharmacol. Pharmacother. 1, 94. https://doi.org/10.4103/0976-500X.72351.

Kittler, P., Krinsky-McHale, S.J., Devenny, D.A., 2004. Sex differences in performance
over 7 years on the Wechsler Intelligence Scale for Children - revised among adults
with intellectual disability. J. Intellect. Disabil. Res. 48, 114-122. https://doi.org/
10.1111/j.1365-2788.2004.00500.x.

Klein, Jenny A., Haydar, T.F., 2022. Neurodevelopment in down syndrome: concordance
in humans and models. Front. Cell. Neurosci. 16 https://doi.org/10.3389/
fncel.2022.941855.

Koenig, K.A., Oh, S.-H., Stasko, M.R., Roth, E.C., Taylor, H.G., Ruedrich, S., Wang, Z.I.,
Leverenz, J.B., Costa, A.C.S., 2021. High resolution structural and functional MRI of
the hippocampus in young adults with down syndrome. Brain Commun 3. https://
doi.org/10.1093/braincomms/fcab088 fcab088.

Korenberg, J.R., Chen, X.N., Schipper, R., Sun, Z., Gonsky, R., Gerwehr, S., Carpenter, N.,
Daumer, C., Dignan, P., Disteche, C., 1994. Down syndrome phenotypes: the
consequences of chromosomal imbalance. Proc. Natl. Acad. Sci. 91, 4997-5001.
https://doi.org/10.1073/pnas.91.11.4997.

Lackey, E.P., Heck, D.H., Sillitoe, R.V., 2018. Recent advances in understanding the
mechanisms of cerebellar granule cell development and function and their
contribution to behavior. F1000Res 7, 1142. https://doi.org/10.12688/
f1000research.15021.1.

Lana-Elola, E., Watson-Scales, S., Slender, A., Gibbins, D., Martineau, A., Douglas, C.,
Mohun, T., Fisher, E.M., Tybulewicz, V.L., 2016. Genetic dissection of Down
syndrome-associated congenital heart defects using a new mouse mapping panel.
Elife 5. https://doi.org/10.7554/eLife.11614.

Lana-Elola, E., Cater, H., Watson-Scales, S., Greenaway, S., Miiller-Winkler, J.,
Gibbins, D., Nemes, M., Slender, A., Hough, T., Keskivali-Bond, P., Scudamore, C.L.,
Herbert, E., Banks, G.T., Mobbs, H., Canonica, T., Tosh, J., Noy, S., Llorian, M.,
Nolan, P.M., Griffin, J.L., Good, M., Simon, M., Mallon, A.-M., Wells, S., Fisher, E.M.
C., Tybulewicz, V.L.J., 2021. Comprehensive phenotypic analysis of the Dp1Tyb
mouse strain reveals a broad range of Down syndrome-related phenotypes. Dis.
Model. Mech. 14 https://doi.org/10.1242/dmm.049157.

Lin, A.-L., Powell, D., Caban-Holt, A., Jicha, G., Robertson, W., Gold, B.T., Davis, R.,
Abner, E., Wilcock, D.M., Schmitt, F.A., Head, E., 2016. 1 H-MRS metabolites in
adults with down syndrome: effects of dementia. Neuroimage Clin 11, 728-735.
https://doi.org/10.1016/j.nicl.2016.06.001.

Lockrow, J.P., Fortress, A.M., Granholm, A.-C.E., 2012. Age-related neurodegeneration
and memory loss in Down syndrome. Curr Gerontol Geriatr Res 2012, 1-13. https://
doi.org/10.1155/2012/463909.

Lott, I.T., 2012. Neurological phenotypes for down syndrome across the life span,
pp. 101-121. https://doi.org/10.1016,/B978-0-444-54299-1.00006-6.

Ma, D., Cardoso, M.J., Modat, M., Powell, N., Wells, J., Holmes, H., Wiseman, F.,
Tybulewicz, V., Fisher, E., Lythgoe, M.F., Ourselin, S., 2014. Automatic structural
parcellation of mouse brain MRI using multi-atlas label fusion. PLoS One 9, e86576.
https://doi.org/10.1371/journal.pone.0086576.

Ma, D., Cardoso, M.J., Zuluaga, M.A., Modat, M., Powell, N.M., Wiseman, F.K., Cleary, J.
0., Sinclair, B., Harrison, LF., Siow, B., Popuri, K., Lee, S., Matsubara, J.A.,
Sarunic, M.V., Beg, M.F., Tybulewicz, V.L.J., Fisher, E.M.C., Lythgoe, M.F.,
Ourselin, S., 2020. Substantially thinner internal granular layer and reduced
molecular layer surface in the cerebellar cortex of the Tcl mouse model of down
syndrome — a comprehensive morphometric analysis with active staining contrast-
enhanced MRI. Neuroimage 223, 117271. https://doi.org/10.1016/j.
neuroimage.2020.117271.

Maatta, T., Tervo-Maatta, T., Taanila, A., Kaski, M., livanainen, M., 2006. Mental health,
behaviour and intellectual abilities of people with Down syndrome. Down Syndrome
Res. Practice 11, 37-43. https://doi.org/10.3104/reports.313.

Mandy, W., Chilvers, R., Chowdhury, U., Salter, G., Seigal, A., Skuse, D., 2012. Sex
differences in autism spectrum disorder: evidence from a large sample of children

13

Neurobiology of Disease 188 (2023) 106336

and adolescents. J. Autism Dev. Disord. 42, 1304-1313. https://doi.org/10.1007/
510803-011-1356-0.

Marques, J.P., Kober, T., Krueger, G., van der Zwaag, W., Van de Moortele, P.-F.,
Gruetter, R., 2010. MP2RAGE, a self bias-field corrected sequence for improved
segmentation and T1-mapping at high field. Neuroimage 49, 1271-1281. https://
doi.org/10.1016/j.neuroimage.2009.10.002.

McCann, B., Levman, J., Baumer, N., Lam, M.Y., Shiohama, T., Cogger, L.,

MacDonald, A., Ijner, P., Takahashi, E., 2021. Structural magnetic resonance
imaging demonstrates volumetric brain abnormalities in down syndrome: newborns
to young adults. Neuroimage Clin 32, 102815. https://doi.org/10.1016/j.
nicl.2021.102815.

Minter, R., Gardiner, K.J., 2021. Trisomy of human chromosome 21 orthologs mapping
to mouse chromosome 10 cause age and sex-specific learning differences: relevance
to down syndrome. Genes (Basel) 12, 1697. https://doi.org/10.3390/
genes12111697.

Mueller, F.S., Scarborough, J., Schalbetter, S.M., Richetto, J., Kim, E., Couch, A., Yee, Y.,
Lerch, J.P., Vernon, A.C., Weber-Stadlbauer, U., Meyer, U., 2021. Behavioral,
neuroanatomical, and molecular correlates of resilience and susceptibility to
maternal immune activation. Mol. Psychiatry 26, 396-410. https://doi.org/
10.1038/541380-020-00952-8.

Nossin-Manor, R., Card, D., Morris, D., Noormohamed, S., Shroff, M.M., Whyte, H.E.,
Taylor, M.J., Sled, J.G., 2013. Quantitative MRI in the very preterm brain: assessing
tissue organization and myelination using magnetization transfer, diffusion tensor
and T1 imaging. Neuroimage 64, 505-516. https://doi.org/10.1016/j.
neuroimage.2012.08.086.

Patkee, P.A., Baburamani, A.A., Long, K.R., Dimitrova, R., Ciarrusta, J., Allsop, J.,
Hughes, E., Kangas, J., McAlonan, G.M., Rutherford, M.A., de Vita, E., 2021.
Neurometabolite mapping highlights elevated myo-inositol profiles within the
developing brain in down syndrome. Neurobiol. Dis. 153, 105316 https://doi.org/
10.1016/j.nbd.2021.105316.

Pennington, B.F., Moon, J., Edgin, J., Stedron, J., Nadel, L., 2003. The neuropsychology
of down syndrome: evidence for hippocampal dysfunction. Child Dev. 74, 75-93.
https://doi.org/10.1111/1467-8624.00522.

Pinter, J.D., Eliez, S., Schmitt, J.E., Capone, G.T., Reiss, A.L., 2001. Neuroanatomy of
Down’s syndrome: a high-resolution MRI study. Am. J. Psychiatry 158, 1659-1665.
https://doi.org/10.1176/appi.ajp.158.10.1659.

Pinto, B., Morelli, G., Rastogi, M., Savardi, A., Fumagalli, A., Petretto, A., Bartolucci, M.,
Varea, E., Catelani, T., Contestabile, A., Perlini, L.E., Cancedda, L., 2020. Rescuing
over-activated microglia restores cognitive performance in juvenile animals of the
Dp(16) mouse model of down syndrome. Neuron 108, 887-904.e12. https://doi.org/
10.1016/j.neuron.2020.09.010.

Powell, N.M., Modat, M., Cardoso, M.J., Ma, D., Holmes, H.E., Yu, Y., O’Callaghan, J.,
Cleary, J.O., Sinclair, B., Wiseman, F.K., Tybulewicz, V.L.J., Fisher, EM.C.,
Lythgoe, M.F., Ourselin, S., 2016. Fully-automated pMRI morphometric phenotyping
of the Tcl mouse model of down syndrome. PLoS One 11, e0162974. https://doi.
org/10.1371/journal.pone.0162974.

Provencher, S.W., 1993. Estimation of metabolite concentrations from localizedin vivo
proton NMR spectra. Magn. Reson. Med. 30, 672-679. https://doi.org/10.1002/
mrm.1910300604.

Provencher, S.W., 2001. Automatic quantitation of localizedin vivolH spectra with
LCModel. NMR Biomed. 14, 260-264. https://doi.org/10.1002/nbm.698.

Rafiee, Z., Garcia-Serrano, A.M., Duarte, J.M.N., 2022. Taurine supplementation as a
neuroprotective strategy upon brain dysfunction in metabolic syndrome and
diabetes. Nutrients 14, 1292. https://doi.org/10.3390/nu14061292.

Raz, N., Torres, I.J., Briggs, S.D., Spencer, W.D., Thornton, A.E., Loken, W.J., Gunning, F.
M., McQuain, J.D., Driesen, N.R., Acker, J.D., 1995. Selective neuroanatornic
abnormalities in Down'’s syndrome and their cognitive correlates: evidence from MRI
morphometry. Neurology 45, 356-366. https://doi.org/10.1212/WNL.45.2.356.

Reemst, K., Noctor, S.C., Lucassen, P.J., Hol, E.M., 2016. The indispensable roles of
microglia and astrocytes during brain development. Front. Hum. Neurosci. 10
https://doi.org/10.3389/fnhum.2016.00566.

Richtsmeier, J.T., Baxter, L.L., Reeves, R.H., 2000. Parallels of craniofacial
maldevelopment in down syndrome and Ts65Dn mice. Dev. Dyn. 217, 137-145.
https://doi.org/10.1002/(SICI)1097-0177(200002)217:2<137::AID-DVDY1>3.0.
CO;2-N.

Robinson, S.D., Dymerska, B., Bogner, W., Barth, M., Zaric, O., Goluch, S., Grabner, G.,
Deligianni, X., Bieri, O., Trattnig, S., 2017. Combining phase images from array coils
using a short echo time reference scan (COMPOSER). Magn. Reson. Med. 77,
318-327. https://doi.org/10.1002/mrm.26093.

Roostaei, T., Nazeri, A., Sahraian, M.A., Minagar, A., 2014. The human cerebellum.
Neurol. Clin. 32, 859-869. https://doi.org/10.1016/j.ncl.2014.07.013.

Rucklidge, J.J., 2010. Gender differences in attention-deficit/hyperactivity disorder.
Psychiatr. Clin. N. Am. 33, 357-373. https://doi.org/10.1016/j.psc.2010.01.006.

Schneider, J., Kober, T., Bickle Graz, M., Meuli, R., Hiippi, P.S., Hagmann, P.,
Truttmann, A.C., 2016. Evolution of T1 relaxation, ADC, and fractional anisotropy
during early brain maturation: a serial imaging study on preterm infants. AJNR Am.
J. Neuroradiol. 37, 155-162. https://doi.org/10.3174/ajnr.A4510.

Shonk, T., Ross, B.D., 1995. Role of increased cerebralmyo-inositol in the dementia of
down syndrome. Magn. Reson. Med. 33, 858-861. https://doi.org/10.1002/
mrm.1910330619.

Simpson, R., Devenyi, G.A., Jezzard, P., Hennessy, T.J., Near, J., 2017. Advanced
processing and simulation of MRS data using the FID appliance (FID-A)—an open
source, MATLAB-based toolkit. Magn. Reson. Med. 77, 23-33. https://doi.org/
10.1002/mrm.26091.

Singh, P., Gollapalli, K., Mangiola, S., Schranner, D., Yusuf, M.A., Chamoli, M., Shi, S.L.,
Lopes Bastos, B., Nair, T., Riermeier, A., Vayndorf, E.M., Wu, J.Z., Nilakhe, A.,


https://doi.org/10.3389/fninf.2017.00020
https://doi.org/10.1001/jamanetworkopen.2022.12910
https://doi.org/10.24953/turkjped.2020.06.001
https://doi.org/10.24953/turkjped.2020.06.001
https://doi.org/10.3389/fnins.2023.1161147
https://doi.org/10.3389/fnins.2023.1161147
https://doi.org/10.1016/j.ajhg.2021.12.015
https://doi.org/10.1101/2022.03.07.483347
https://doi.org/10.1101/2022.03.07.483347
https://doi.org/10.4103/0976-500X.72351
https://doi.org/10.1111/j.1365-2788.2004.00500.x
https://doi.org/10.1111/j.1365-2788.2004.00500.x
https://doi.org/10.3389/fncel.2022.941855
https://doi.org/10.3389/fncel.2022.941855
https://doi.org/10.1093/braincomms/fcab088
https://doi.org/10.1093/braincomms/fcab088
https://doi.org/10.1073/pnas.91.11.4997
https://doi.org/10.12688/f1000research.15021.1
https://doi.org/10.12688/f1000research.15021.1
https://doi.org/10.7554/eLife.11614
https://doi.org/10.1242/dmm.049157
https://doi.org/10.1016/j.nicl.2016.06.001
https://doi.org/10.1155/2012/463909
https://doi.org/10.1155/2012/463909
https://doi.org/10.1016/B978-0-444-54299-1.00006-6
https://doi.org/10.1371/journal.pone.0086576
https://doi.org/10.1016/j.neuroimage.2020.117271
https://doi.org/10.1016/j.neuroimage.2020.117271
https://doi.org/10.3104/reports.313
https://doi.org/10.1007/s10803-011-1356-0
https://doi.org/10.1007/s10803-011-1356-0
https://doi.org/10.1016/j.neuroimage.2009.10.002
https://doi.org/10.1016/j.neuroimage.2009.10.002
https://doi.org/10.1016/j.nicl.2021.102815
https://doi.org/10.1016/j.nicl.2021.102815
https://doi.org/10.3390/genes12111697
https://doi.org/10.3390/genes12111697
https://doi.org/10.1038/s41380-020-00952-8
https://doi.org/10.1038/s41380-020-00952-8
https://doi.org/10.1016/j.neuroimage.2012.08.086
https://doi.org/10.1016/j.neuroimage.2012.08.086
https://doi.org/10.1016/j.nbd.2021.105316
https://doi.org/10.1016/j.nbd.2021.105316
https://doi.org/10.1111/1467-8624.00522
https://doi.org/10.1176/appi.ajp.158.10.1659
https://doi.org/10.1016/j.neuron.2020.09.010
https://doi.org/10.1016/j.neuron.2020.09.010
https://doi.org/10.1371/journal.pone.0162974
https://doi.org/10.1371/journal.pone.0162974
https://doi.org/10.1002/mrm.1910300604
https://doi.org/10.1002/mrm.1910300604
https://doi.org/10.1002/nbm.698
https://doi.org/10.3390/nu14061292
https://doi.org/10.1212/WNL.45.2.356
https://doi.org/10.3389/fnhum.2016.00566
https://doi.org/10.1002/(SICI)1097-0177(200002)217:2<137::AID-DVDY1>3.0.CO;2-N
https://doi.org/10.1002/(SICI)1097-0177(200002)217:2<137::AID-DVDY1>3.0.CO;2-N
https://doi.org/10.1002/mrm.26093
https://doi.org/10.1016/j.ncl.2014.07.013
https://doi.org/10.1016/j.psc.2010.01.006
https://doi.org/10.3174/ajnr.A4510
https://doi.org/10.1002/mrm.1910330619
https://doi.org/10.1002/mrm.1910330619
https://doi.org/10.1002/mrm.26091
https://doi.org/10.1002/mrm.26091

M.E. Serrano et al.

Nguyen, C.Q., Muir, M., Kiflezghi, M.G., Foulger, A., Junker, A., Devine, J.,
Sharan, K., Chinta, S.J., Rajput, S., Rane, A., Baumert, P., Schonfelder, M.,
Iavarone, F., di Lorenzo, G., Kumari, S., Gupta, A., Sarkar, R., Khyriem, C.,
Chawla, A.S., Sharma, A., Sarper, N., Chattopadhyay, N., Biswal, B.K., Settembre, C.,
Nagarajan, P., Targoff, K.L., Picard, M., Gupta, S., Velagapudi, V., Papenfuss, A.T.,
Kaya, A., Ferreira, M.G., Kennedy, B.K., Andersen, J.K., Lithgow, G.J., Ali, A.M.,
Mukhopadhyay, A., Palotie, A., Kastenmiiller, G., Kaeberlein, M., Wackerhage, H.,
Pal, B., Yadav, V.K., 2023. Taurine deficiency as a driver of aging. Science 1979, 380.
https://doi.org/10.1126/science.abn9257.

Snyder, H.M., Bain, L.J., Brickman, A.M., Carrillo, M.C., Esbensen, A.J., Espinosa, J.M.,
Fernandez, F., Fortea, J., Hartley, S.L., Head, E., Hendrix, J., Kishnani, P.S., Lai, F.,
Lao, P., Lemere, C., Mobley, W., Mufson, E.J., Potter, H., Zaman, S.H., Granholm, A.-
C., Rosas, H.D., Strydom, A., Whitten, M.S., Rafii, M.S., 2020. Further understanding
the connection between Alzheimer’s disease and down syndrome. Alzheimers
Dement. 16, 1065-1077. https://doi.org/10.1002/alz.12112.

Souchet, B., Guedj, F., Sahtn, 1., Duchon, A., Daubigney, F., Badel, A., Yanagawa, Y.,
Barallobre, M.J., Dierssen, M., Yu, E., Herault, Y., Arbones, M., Janel, N., Créau, N.,
Delabar, J.M., 2014. Excitation/inhibition balance and learning are modified by
Dyrkla gene dosage. Neurobiol. Dis. 69, 65-75. https://doi.org/10.1016/j.
nbd.2014.04.016.

Starbuck, J.M., Dutka, T., Ratliff, T.S., Reeves, R.H., Richtsmeier, J.T., 2014. Overlapping
trisomies for human chromosome 21 orthologs produce similar effects on skull and
brain morphology of Dp(16)1Yey and Ts65Dn mice. Am. J. Med. Genet. A 164,
1981-1990. https://doi.org/10.1002/ajmg.a.36594.

Sudarov, A., Joyner, A.L., 2007. Cerebellum morphogenesis: the foliation pattern is
orchestrated by multi-cellular anchoring centers. Neural Dev. 2, 26. https://doi.org/
10.1186/1749-8104-2-26.

Suetsugu, M., Mehraein, P., 1980. Spine distribution along the apical dendrites of the
pyramidal neurons in Down’s syndrome. Acta Neuropathol. 50, 207-210. https://
doi.org/10.1007/BF00688755.

Tang, X., Cai, F., Ding, D.-X., Zhang, L.-L., Cai, X.-Y., Fang, Q., 2018. Magnetic resonance
imaging relaxation time in Alzheimer’s disease. Brain Res. Bull. 140, 176-189.
https://doi.org/10.1016/j.brainresbull.2018.05.004.

Teipel, S.J., Alexander, G.E., Schapiro, M.B., Moller, H., Rapoport, S.I., Hampel, H.,
2004. Age-related cortical grey matter reductions in non-demented Down’s
syndrome adults determined by MRI with voxel-based morphometry. Brain 127,
811-824. https://doi.org/10.1093/brain/awh101.

Thomas, J.R., LaCombe, J., Long, R., Lana-Elola, E., Watson-Scales, S., Wallace, J.M.,
Fisher, E.M.C., Tybulewicz, V.L.J., Roper, R.J., 2020. Interaction of sexual
dimorphism and gene dosage imbalance in skeletal deficits associated with Down
syndrome. Bone 136, 115367. https://doi.org/10.1016/j.bone.2020.115367.

Toussaint, N., Redhead, Y., Vidal-Garcia, M., Lo Vercio, L., Liu, W., Fisher, E.M.C.,
Hallgrimsson, B., Tybulewicz, V.L.J., Schnabel, J.A., Green, J.B.A., 2021.

A landmark-free morphometrics pipeline for high-resolution phenotyping:
application to a mouse model of Down syndrome. Development 148. https://doi.
org/10.1242/dev.188631.

Tungate, A.S., Conners, F.A., 2021. Executive function in down syndrome: a meta-
analysis. Res. Dev. Disabil. 108, 103802 https://doi.org/10.1016/j.
ridd.2020.103802.

14

Neurobiology of Disease 188 (2023) 106336

Vacca, R.A., Bawari, S., Valenti, D., Tewari, D., Nabavi, S.F., Shirooie, S., Sah, A.N.,
Volpicella, M., Braidy, N., Nabavi, S.M., 2019. Down syndrome: neurobiological
alterations and therapeutic targets. Neurosci. Biobehav. Rev. 98, 234-255. https://
doi.org/10.1016/j.neubiorev.2019.01.001.

Wang, Q., Ding, S.-L., Li, Y., Royall, J., Feng, D., Lesnar, P., Graddis, N., Naeemi, M.,
Facer, B., Ho, A., Dolbeare, T., Blanchard, B., Dee, N., Wakeman, W., Hirokawa, K.E.,
Szafer, A., Sunkin, S.M., Oh, S.W., Bernard, A., Phillips, J.W., Hawrylycz, M.,
Koch, C., Zeng, H., Harris, J.A., Ng, L., 2020. The Allen mouse brain common
coordinate framework: a 3D reference atlas. Cell 181, 936-953.€20. https://doi.org/
10.1016/j.cell.2020.04.007.

Watson-Scales, S., Kalmar, B., Lana-Elola, E., Gibbins, D., La Russa, F., Wiseman, F.,
Williamson, M., Saccon, R., Slender, A., Olerinyova, A., Mahmood, R., Nye, E.,
Cater, H., Wells, S., Yu, Y.E., Bennett, D.L.H., Greensmith, L., Fisher, E.M.C.,
Tybulewicz, V.L.J., 2018. Analysis of motor dysfunction in Down syndrome reveals
motor neuron degeneration. PLoS Genet. 14, 1007383 https://doi.org/10.1371/
journal.pgen.1007383.

Wegiel, Jerzy, Flory, M., Kuchna, I., Nowicki, K., Wegiel, Jarek, Ma, S.Y., Zhong, N.,
Bobrowicz, T.W., de Leon, M., Lai, F., Silverman, W.P., Wisniewski, T., 2022.
Developmental deficits and staging of dynamics of age associated Alzheimer’s
disease neurodegeneration and neuronal loss in subjects with down syndrome. Acta
Neuropathol. Commun. 10, 2. https://doi.org/10.1186/540478-021-01300-9.

Weis, S., Weber, G., Neuhold, A., Rett, A., 1991. Down syndrome: MR quantification of
brain structures and comparison with normal control subjects. AJNR Am. J.
Neuroradiol. 12, 1207-1211.

White, N.S., Alkire, M.T., Haier, R.J., 2003. A voxel-based morphometric study of
nondemented adults with Down Syndrome. Neuroimage 20, 393-403. https://doi.
org/10.1016/s1053-8119(03)00273-8.

Whittle, N., Sartori, S.B., Dierssen, M., Lubec, G., Singewald, N., 2007. Fetal down
syndrome brains exhibit aberrant levels of neurotransmitters critical for normal
brain development. Pediatrics 120, e1465-e1471. https://doi.org/10.1542/
peds.2006-3448.

Wilson, L.R., Vatansever, D., Annus, T., Williams, G.B., Hong, Y.T., Fryer, T.D., Nestor, P.
J., Holland, A.J., Zaman, S.H., 2019. Differential effects of Down’s syndrome and
Alzheimer’s neuropathology on default mode connectivity. Hum. Brain Mapp. 40,
4551-4563. https://doi.org/10.1002/hbm.24720.

Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E., 2014.
Permutation inference for the general linear model. Neuroimage 92, 381-397.
https://doi.org/10.1016/j.neuroimage.2014.01.060.

Winter, T.C., Ostrovsky, A.A., Komarniski, C.A., Uhrich, S.B., 2000. Cerebellar and
frontal lobe hypoplasia in fetuses with trisomy 21: usefulness as combined US
markers. Radiology 214, 533-538. https://doi.org/10.1148/radiology.214.2.
r00fe40533.

Wood, C.T., 2018. QUIT: QUantitative imaging tools. J Open Source Softw 3, 656.
https://doi.org/10.21105/j0ss.00656.

Wood, T.C., Simmons, C., Hurley, S.A., Vernon, A.C., Torres, J., Dell’Acqua, F.,
Williams, S.C.R., Cash, D., 2016. Whole-brain ex-vivo quantitative MRI of the
cuprizone mouse model. PeerJ 4, e2632. https://doi.org/10.7717 /peerj.2632.

Yahya, A., 2009. Metabolite detection by proton magnetic resonance spectroscopy using
PRESS. Prog. Nucl. Magn. Reson. Spectrosc. 55, 183-198. https://doi.org/10.1016/j.
pnmrs.2009.04.001.


https://doi.org/10.1126/science.abn9257
https://doi.org/10.1002/alz.12112
https://doi.org/10.1016/j.nbd.2014.04.016
https://doi.org/10.1016/j.nbd.2014.04.016
https://doi.org/10.1002/ajmg.a.36594
https://doi.org/10.1186/1749-8104-2-26
https://doi.org/10.1186/1749-8104-2-26
https://doi.org/10.1007/BF00688755
https://doi.org/10.1007/BF00688755
https://doi.org/10.1016/j.brainresbull.2018.05.004
https://doi.org/10.1093/brain/awh101
https://doi.org/10.1016/j.bone.2020.115367
https://doi.org/10.1242/dev.188631
https://doi.org/10.1242/dev.188631
https://doi.org/10.1016/j.ridd.2020.103802
https://doi.org/10.1016/j.ridd.2020.103802
https://doi.org/10.1016/j.neubiorev.2019.01.001
https://doi.org/10.1016/j.neubiorev.2019.01.001
https://doi.org/10.1016/j.cell.2020.04.007
https://doi.org/10.1016/j.cell.2020.04.007
https://doi.org/10.1371/journal.pgen.1007383
https://doi.org/10.1371/journal.pgen.1007383
https://doi.org/10.1186/s40478-021-01300-9
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0475
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0475
http://refhub.elsevier.com/S0969-9961(23)00352-2/rf0475
https://doi.org/10.1016/s1053-8119(03)00273-8
https://doi.org/10.1016/s1053-8119(03)00273-8
https://doi.org/10.1542/peds.2006-3448
https://doi.org/10.1542/peds.2006-3448
https://doi.org/10.1002/hbm.24720
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1148/radiology.214.2.r00fe40533
https://doi.org/10.1148/radiology.214.2.r00fe40533
https://doi.org/10.21105/joss.00656
https://doi.org/10.7717/peerj.2632
https://doi.org/10.1016/j.pnmrs.2009.04.001
https://doi.org/10.1016/j.pnmrs.2009.04.001

	Investigating brain alterations in the Dp1Tyb mouse model of Down syndrome
	1 Introduction
	2 Materials & methods
	2.1 Animals
	2.2 In vivo magnetic resonance imaging and spectroscopy
	2.2.1 Brain structure and volume
	2.2.2 Single voxel 1H spectroscopy

	2.3 Ex vivo magnetic resonance imaging
	2.4 Immunofluorescence
	2.5 Statistical analysis

	3 Results
	3.1 In vivo magnetic resonance imaging and spectroscopy
	3.1.1 Brain structure and volume
	3.1.1.1 Whole brain structure and volume
	3.1.1.2 Differences in regional brain volumes

	3.1.2 Changes in T1 relaxation time
	3.1.3 Single voxel 1H spectroscopy

	3.2 Ex vivo magnetic resonance imaging
	3.3 Immunofluorescence
	3.3.1 Number of cells: neurons, microglia and astrocytes
	3.3.2 Hippocampal synaptic density: SV2A


	4 Discussion
	5 Conclusion
	Ethics approval
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


