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Human fetuses with Down syndrome demonstrate abnormal

brain growth and reduced neurogenesis. Despite the prenatal

onset of the phenotype, most therapeutic trials have been

conducted in adults. Here, we present evidence for fetal

brain molecular and neonatal behavioral alterations in the

Ts1Cje mouse model of Down syndrome. Embryonic day

15.5 brain hemisphere RNA from Ts1Cje embryos (n¼ 5)

and wild type littermates (n¼ 5) was processed and hybrid-

ized to mouse gene 1.0 ST arrays. Bioinformatic analyses

were implemented to identify differential gene and pathway

regulation during Ts1Cje fetal brain development. In sepa-

rate experiments, the Fox scale, ultrasonic vocalization and

homing tests were used to investigate behavioral deficits in

Ts1Cje pups (n¼ 29) versus WT littermates (n¼ 64) at

postnatal days 3–21. Ts1Cje fetal brains displayed more

differentially regulated genes (n¼ 71) than adult (n¼ 31)

when compared to their age-matched euploid brains. Ts1Cje

embryonic brains showed up-regulation of cell cycle markers

and down-regulation of the solute-carrier amino acid trans-

porters. Several cellular processes were dysregulated at both

stages, including apoptosis, inflammation, Jak/Stat signal-

ing, G-protein signaling, and oxidoreductase activity. In

addition, early behavioral deficits in surface righting, cliff

aversion, negative geotaxis, forelimb grasp, ultrasonic vo-

calization, and the homing tests were observed. The Ts1Cje

mouse model exhibits abnormal gene expression during fetal

brain development, and significant neonatal behavioral def-

icits in the pre-weaning period. In combination with human

studies, this suggests that the Down syndrome phenotype

manifests prenatally and provides a rationale for prenatal

therapy to improve perinatal brain development and post-

natal neurocognition. � 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The neurocognitive disabilities associated with Down syndrome

(DS) are increasingly the target of therapeutic research [Guedj

et al., 2014]. Most clinical trials are focused on adolescents and

adults with DS. Changes in brain morphogenesis in affected

individuals are, however, already recognizable during fetal life

[Winter et al., 2000; Guihard-Costa et al., 2006]. We hypothesize

that a potential window of opportunity exists in which to treat

pregnant women carrying fetuses diagnosed with DS in the first

trimester [Guedj and Bianchi, 2013].

Themolecular origin of brain alterations that occur prenatally in

fetuses with DS is poorly understood. Only two studies have

investigated gene expression changes in fetal brains, but these

were performed on post-mortem tissue [Mao et al., 2003; Mao

et al., 2005]. To circumvent the limited access to human samples,

other studies have investigated transcriptome differences in cul-

tured neural progenitor cells derived from affected post-mortem

human fetal brains or amniotic fluid cell-free RNA [Esposito et al.,

2008; Slonim et al., 2009; Weick et al., 2013]. Multiple processes

affecting brain development and function were shown to be

dysregulated in these samples, including neurogenesis, GABAR

activity, ion transport, G-protein signaling, oxidative stress, and

apoptosis.

While some published gene expression data from early postnatal

and adult brain tissue from the Ts1Cje and Ts65Dn mouse models

of DS found several pathway changes similar to what has been

observed in humans [Saran et al., 2003; Amano et al., 2004; Kahlem

et al., 2004; Laffaire et al., 2009; Ling et al., 2014], fetal and neonatal

phenotypic changes in DSmousemodels have not been extensively

studied. It is also unknown how fetal and neonatal molecular

changes affect developmental milestones and early postnatal be-

havior in mouse models of DS. Thus, investigating both fetal brain

molecular abnormalities in conjunction with neonatal and adult

behavioral changes provides not only more insight into the origin

of the adult DS phenotype, but also identifies endpoints to evaluate

the effects of prenatal treatment.

We have previously described whole transcriptome changes in

the adult cerebral cortex and hippocampus of Ts1Cje mice, and

identified functional abnormalities and pathways that can be

targeted for effective therapeutic strategies to improve cognitive

outcome in DS [Guedj et al., 2015]. Here, we investigated

gene expression changes in the embryonic brains of day 15.5 Ts1Cje

mice and compared them to wild-type (WT) embryonic brains to

investigate the molecular origin of the fetal brain phenotype in DS.

We also compared the transcriptomic analyses to the previous

studies of adult Ts1Cje cortex and hippocampus. To understand

how early molecular changes affect the postnatal cognitive out-

come in DS, we explored the pre-weaning phenotype of Ts1Cje

pups using a comprehensive set of neonatal behavioral tests.
MATERIALS AND METHODS

Embryo Dissection and Genotyping
All experiments were conducted according to international ethi-

cal standards and approved by the Institutional Animal Care

and Use Committee (IACUC) of Tufts University (Protocol
B2013-20). Mice were housed in standard cages with food

and water ad libitum under a controlled environment

(temperature¼ 20˚C; humidity¼ 60%) and a light/dark cycle

of 12 hr. Ts1Cje males (on a C57Bl/6J background) were crossed

with C57Bl/6J females (Jackson Laboratories, Bar Harbor, ME)

and the presence of a vaginal plug was defined as embryonic day

0.5 (E0.5) and 10% weight gain at embryonic day 10 as described

previously [Johnson et al., 2010]. Pregnant females were anes-

thetized with 2.5% isoflurane in a 3/7 02/N2O mixture and

euthanized by decapitation at embryonic day E15.5 (E15.5).

Embryos were extracted, identified as ST23 (E15.5) using Theiler

staging (http://www.emouseatlas.org) and decapitated in ice-cold

phosphate-buffered-saline (PBS1X). Embryonic brains were rap-

idly removed and brain hemispheres dissected on a cold platform

and snap frozen in liquid nitrogen before storage at �80˚C.

Genomic DNA was purified from embryonic tails using a

standard isopropanol precipitation protocol without the NaCl

protein precipitation step [Guedj et al., 2012]. Genotyping was

carried out on 100 ng of genomic DNA using the multiplex PCR

protocol previously described [Olson et al., 2004]. PCR products

were subjected to 2% agarose gel electrophoresis and visualized

under UV light. Ts1Cje mice were identified by the presence of the

270 bp neomycin cassette amplicon.

Embryonic Brain RNA Isolation and Microarray
Experiments
Total RNA was isolated from brain hemispheres of Ts1Cje E15.5

embryos (n¼ 5) and their wild-type littermates (n¼ 5) using the

RNA II kits, following the manufacturer’s instructions (Macherey-

Nagel, Bethlehem, PA). RNA concentrations were measured as

absorbance at 260 nm and RNA quality was analyzed with the

Bioanalyzer (Agilent Biotechnologies, Santa Clara, CA). Samples

with an A260/A280 ratio of 2.0–2.1 and a RIN (RNA Integrity

Number) >9 were used for array hybridization experiments.

RNA was processed for hybridization to Affymetrix mouse gene

1.0 ST arrays (Affymetrix, Santa Clara, CA) as described previously

[Guedj et al., 2015]. A total of ten arrays were used (5 Ts1Cje and 5

WT), and each array corresponded to labeled RNA from one

individual embryo. Analyses were performed as described previ-

ously [Guedj et al., 2015] using Benjamini-Hochberg False Dis-

covery Rate (BH-FDR) of 20% as a cut-off [Benjamini and

Hochberg, 1995]. Statistical analyses were carried out on the

normalized data using R software (version 2.13.1) unless indicated

otherwise. Gene expression data fromWT and Ts1Cje tissues were

compared using an unpaired t-test. Gene expression data were

further visualized in R by means of a heatmap (R-package ‘stats’)

combined with hierarchical clustering (Euclidean distance metric,

Ward linkage).

Functional analyses were performed using the Gene Set

Enrichment Analysis (GSEA) [Subramanian et al., 2005] and the

Database for Annotation, Visualization, and Integrated Discovery

(DAVID) [Huang et al., 2009]. We used the top 1% up-and down-

regulated genes (424 genes) in the Ts1Cje embryonic brains versus

age-matchedWT controls for DAVID analysis, and transcriptional

data across the entire microarrays as input for functional analyses

using the GSEA and DFLAT databases. Gene sets were considered

http://www.emouseatlas.org


GUEDJ ET AL. 1995
differentially regulated if the GSEA or DAVID P value was <0.05.

Both the Sod1 and Dnahc11 genes were excluded from subsequent

pathway analyses as they represent abnormal loci in the Ts1Cje

mouse model [Guedj et al., 2015].

Quantitative real-time PCR amplification was used to confirm

the microarray data. Several genes, including Dyrk1A, Rcan1,

Cyb5r1, Tsga10, Cdc25, and Slc6A9, were amplified. Reverse tran-

scription was performed using the Retroscript kit
1

with 1.5mg of
total RNA according to the manufacturer’s instructions (Life

Technologies, Grand Island, NY). Gene expression was analyzed

using 100 ng of cDNA added to the PCR mixture (TaqMan gene

expression 2X and TaqMan gene expression assay 20X) for a final

volume of 20ml in 96-well plate according to the TaqMan protocol

(Life Technologies). PCR amplification was conducted on the

Quant-Studio 7 Real-Time PCR System (Life Technologies).

TheTaqMan gene expression assays used are listed in Supplemental

Methods. Amplification plots and predicted threshold cycle (Ct)

values were obtained with the Sequence Detection Software (SDS

2.2, Applied Biosystems). Data were analyzed using the DDCt
relative quantification method and mean expression ratios from

Ts1Cje (n¼ 12) and WT (n¼ 10) embryos were compared using

beta-actin (b-actin) and glyceraldehyde-3-phosphate dehydroge-

nase (Gapdh) as housekeeping genes.
Developmental Milestones and Neonatal
Behavior Assessment
Ts1Cje pups and their WT littermates from both sexes were sub-

jected to a comprehensive set of neonatal behavior tests, including

the Fox scale, ultrasonic vocalization (USV) and the homing test to

measure different cognitive, sensory and motor development

parameters between postnatal days 3 and 21 (P3 to P21).

During the testingperiod,when the pupswere separated from the

dam, they were placed with nesting material in a small bowl posi-

tioned on a heating pad at 37˚C.Aheat lampwas also placedover the

mice to provide heat from above. All neonatal neurobehavioral tests

were performed blindly without prior knowledge of genotype.
Developmental Milestones
We used a modified version of the Fox scale as described by Hill

et al. (2008) to investigate developmental milestones in Ts1Cje

neonates (n¼ 29) versusWT littermates (n¼ 64). The Fox scale is a

battery of tests that measure: (1) body righting and coordination

(surface righting, air righting and negative geotaxis), (2) strength

(cliff aversion and forelimb grasp), (3) sensory system maturation

(rooting, auditory startle, ear twitch, and eye opening), (4) and

extinction of rotatory behavior (open field) [Fox, 1965; Hill et al.,

2008]. Ts1Cje pups and their age-matched controls were evaluated

on a daily basis starting at P3 and ending on either day P15.5 when

eye opening occurred or day P21 at weaning. The experiments

started on day P3 to avoid maternal stress and cannibalism during

the first two days after birth, a phenomenon observed in our

preliminary pilot experiments. The amount of time (latency)

needed to complete each test was recorded and analyzed. Detailed

protocols for the different neurobehavioral tests used are described

in the Supplemental Methods section.
Ultrasonic Vocalization
The ultrasonic vocalization test is a standard technique used to

measure communication skills and anxiety levels in rodents when

subjected to an external stress or stimuli. This test is widely used to

evaluate early postnatal neurocognitive outcome in mouse models

of autism or to investigate the effects of a particular treatment on

brain development and behavior [Covington and Miczek, 2003;

Takahashi et al., 2009; Wohr and Scattoni, 2013].

At postnatal day 8, Ts1Cje (n¼ 13) andWT (n¼ 18) pups were

separated from their dams for 25min, then individually tested for

1min in the ultrasonic vocalization chamber at 16˚C as described

previously [Dirks et al., 2002]. After the first screening trial, pups

were moved back to a small bowl positioned on a heating pad at

37˚C, separated from their mother for 20min, then re-tested in a

second trial for 5min. The number of USVs uttered by each pup in

each session was recorded using a high frequency condenser

microphone (Bruel and Kiaer, Naerum, Danmark), amplified

and analyzed with Sonotrack software (Metris, Hoofddorp,

Netherlands).

During the second trial, locomotor activity in Ts1Cje and WT

pups was analyzed by estimating the number of grid crossings and

body rolls on the testing platform (30 cm2) divided into a 2.5 cm2

grid.
Homing Test
In this test, olfactory-based spatial memory was assessed before

eye-opening in Ts1Cje (n¼ 12) and WT (n¼ 16) neonates as

described previously [Santucci et al., 1993]. At postnatal day 12,

pups were separated from their dams for 30min before testing,

and transferred to a clean cage containing new nesting material in

a separate testing room. Individual pups were then transferred to

the testing Plexi-glass arena (36� 22.5� 10 cm) maintained at

30˚C, in which wood shavings from the home cage were evenly

spread under the wire-mesh floor on one side of the arena

(12� 22.5 cm, goal area).

For testing, each pupwas placed close to the wall on the opposite

side of the goal area. The time taken by Ts1Cje andWT neonates to

reach the goal area was recorded during a three-minute trial period.

Each pup was subjected to two trials with an inter-trial interval of

60min. Animals that did not reach the goal area after threeminutes

were assigned the maximum latency (180 sec).
Statistical Analysis
Prior to choosing the appropriate statistical test, we performed the

Kolmogorov–Smirnov normality test and the Fisher variance

equality test. In case both Ts1Cje and WT populations followed

a normal distribution and have similar variances, parametric

Student or ANOVA tests were used. In the opposite situation,

non-parametric rank based tests (Mann–Whitney and Wilcoxon

tests), which do not make these assumptions and have higher

statistical power with large populations such as ours, were per-

formed. Appropriate statistical tests were used for single and

repeated measures, respectively, to determine significant differ-

ences between the WT and Ts1Cje groups at a P value of 0.05.

Graphs were plotted as Mean� SEM and all statistical analyses
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were performed using the GraphPad Prism 6.0 software package

(GraphPad Software, Inc, La Jolla, CA).
RESULTS

Transcriptomic Changes Are Already Present in
Ts1Cje Embryonic Brains
When compared to theirWT littermates, brains from Ts1Cje E15.5

embryos displayed 71 statistically significantly differentially

expressed genes (65 up-regulated, six down-regulated) (Table I).

Thirty-nine of the differentially expressed genes mapped to the

MMU16 trisomic region (Table I). Four genes (Dnahc11, Itgb8,

Sp4, and Sp8) were located on the MMU12 monosomic region

(Table I). Almost half of the differentially regulated genes (28/71)

were present in two copies in the Ts1Cje mice (Table I). Among

these, 25 were up-regulated and three (Sppl3, Tle2, and Rfx5) were

down-regulated.

Transcriptomic Changes in Embryonic versus Adult Brain.

Comparison of gene expression changes in the Ts1Cje embryonic

day 15.5 (E15.5) brains with our previously published adult cere-

bral cortex and hippocampus datasets (GSE49635) revealed

that transcriptional dysregulation was more pronounced in the

embryonic Ts1Cje brain (Fig. 1). Seventy-one genes were dysregu-

lated in the Ts1Cje embryonic brain hemispheres, while only 30

(25 up-regulated, five down-regulated) were dysregulated in the

adult hippocampus, seven (six up-regulated, one down-regulated)

in the adult cortex; six were dysregulated in both tissues. In total,

the expression of eighty genes was perturbed at E15.5 and/or

adulthood in the Ts1Cje brains at an FDR of 20% (Fig. 1,

Table SI). Even if differential gene expression of regulated genes

reached statistical significance in just one tissue, the direction of

their regulation (up or down) was largely consistent in all tissues

examined, particularly between the E15.5 brains and the cerebral

cortex (Fig. 2).

For the 77 MMU16 genes that are present in three copies in

Ts1Cje, 22 were dysregulated in the adult cortex and/or hippo-

campus, whereas 39 genes were significantly up-regulated in

embryonic brain (Table SI). Among these genes, four (i.e., Gart,

Rcan1, Synj1, and Dyrk1A) were statistically significantly differen-

tially expressed in both embryonic and adult Ts1Cje brains.
In Silico Functional Pathway Analyses in Ts1Cje
Embryonic Brain

Up-regulation of pro-cell cycle markers in the Ts1Cje embry-

onic brain. Functional analysis of the top 1% up-regulated

genes (Table SII) identified thirty genes associated with several

terms related to cell cycle in the Ts1Cje embryonic brain. Multiple

genes are known to play a major role in mitosis regulation,

including cyclin B2 (Ccnb2), cell division cycle associated genes

two and three (Cdc2, Cdc3), polo-like kinase 1 (Plk1) and cyclin

dependent kinase 1 (Cdk1) (Tables II and III).

Other genes, including Bub1, Kif11, Zwilch, Nusap1, Kif4, and

Kif15 that regulate spindle assembly and kinetochore formation

were also up-regulated in the Ts1Cje E15.5 brain (Tables II and III).

Additionally, Gene Ontology (GO) categories closely related to cell
cycle regulation, such as chromosome organization, nucleosome

organization, histone core and microtubule cytoskeleton organi-

zation were enriched in the top 1% up-regulated gene list from the

Ts1Cje embryonic brain (Table II).

Down-regulation of SLC-mediated amino-acid transport in

Ts1Cje embryonic brains. Functional analysis on the top 1%

down-regulated genes (Table SII) in the Ts1Cje E15.5 brains

revealed enrichment of solute carrier (SLC)-amino acid transmem-

brane transporters. Eight annotated SLC-amino acid transporter

genes (Slc1a4, Slc6a9, Slc6a11, Slc7a3, Slc25a18, Slc3a2, Slc7a1, and

Slc7a5) were down-regulated and only one (Slc6a4) was up-regu-

lated (Tables II and SII). Dysregulation of SLC genes include

transporters involved in glutamate recycling orNMDAR activation

(Slc1a4, Slc6a9, and Slc7a3), serotonin reuptake (Slc6a4 and

Slc25a18) or L-Dopa transport (Slc3a2 and Slc7a5). Four other

differentially regulated SLC genes were implicated in bicarbonate

transport (Slc4a1, Slc4a5), Naþ/myo-inositol co-transport

(Slc5A3) or mitochondrial iron transport (Slc25a37) (Table SII).

Commonalities between Ts1Cje embryonic and adult brains.

Functional analyses identified a number of common pathways and

cellular processes that were consistently dysregulated in both

Ts1Cje embryonic and adult brains when compared to their

respective littermate controls.

Neurological system processes (cognition and behavior),

G-protein coupled receptor protein signaling, particularly olfacto-

ry receptor activity, as well as mRNA translation, were down-

regulated at both stages. Some changes weremainly observed in the

embryonic brains such asMHC class I complex-dependent antigen

processing and presentation, cell adhesion and oxidoreductase

activity via NAD, and NADP (Table II). GSEA analysis also

highlighted down-regulation of terms related to potassium channel

and GABAR and NMDAR activation (Table III).

In contrast to the Ts1Cje E15.5 brain, cell cycle-related catego-

ries were not significantly affected in Ts1Cje adult brain cortex

compared to littermate controls.Most up-regulated pathways were

shared between these two tissues, including phosphorus metabolic

processes (i.e., kinase activity), apoptosis, andMHCclass II antigen

presentation. Finally, up-regulation of interferon receptor activity

and Jak/Stat signaling reached statistical significance in both tissues

cited above as well as in the adult Ts1Cje hippocampus (Table III).
Quantitative Real-Time PCR Confirmation of
Candidate Genes
To confirm microarray data, we used quantitative real-time PCR

amplification to investigate gene expression differences of several

genes, including Dyrk1A and Rcan1 (NFAT signaling), Cyb5r1

(oxidative stress), Cdc25, and Tsga10 (neurogenesis and cell cycle

regulation) and Slc6A9 (SLC-mediated amino acid transport) in

E15 brain hemispheres from Ts1Cje (n–¼ 12) and WT (n¼ 10)

embryos. Dyrk1A and Rcan1 genes were up-regulated in a gene-

dosage dependent manner in Ts1Cje (1.43� 0.09 and 1.52� 0.09)

versus WT littermates (1.00� 0.06 and 1.00� 0.03) (P¼ 0.05,

Mann–Whitney test) (Figure SI). The oxidative stress associated

gene Cyb5r1 was also significantly up-regulated in the Ts1Cje

embryonic brains (1.58� 0.14) compared to their WT littermates



TABLE I. Differentially Expressed Genes in Ts1Cje Embryonic Day 15.5 Brain Versus WT at BH-FDR< 20%

Gene Name and Symbol Chromosome Ratio Ts1Cje/WT Gene Copies

Phosphoribosylglycinamide formyltransferase (Gart) 16 1.36 3

Regulator of calcineurin 1 (Rcan1) 16 1.29 3

Synaptojanin 1 (Synj1) 16 1.30 3

Dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A (Dyrk1A) 16 1.19 3

RIKEN cDNA 1110004E09 gene (1110004E09Rik) 16 1.35 3

Dopey family member 2 (Dopey2) 16 1.34 3

Intersectin 1 (SH3 domain protein 1A) (Itsn1) 16 1.32 3

Hormonally upregulated Neu-associated kinase (Hunk) 16 1.32 3

URB1 ribosome biogenesis 1 homolog (S. cerevisiae) (Urb1) 16 1.30 3

Mitochondrial ribosomal protein S6 (Mrps6) 16 1.32 3

Interferon gamma receptor 2 (Ifngr2) 16 1.29 3

Tryptophan rich basic protein (Wbr) 16 1.28 3

Interferon (alpha and beta) receptor 1 (Ifnar1) 16 1.36 3

Crystallin, zeta (quinone reductase)-like 1 (Cryzl1) 16 1.35 3

Bromodomain and WD repeat domain containing 1 (Brwd1) 16 1.43 3

Son DNA binding protein (Son) 16 1.39 3

Down syndrome critical region gene 3 (Dscr3) 16 1.50 3

Superoxide dismutase 1, soluble (Sod1) 16 1.45 3

SR-related CTD-associated factor 4 (Scaf4) 16 1.22 3

Transmembrane protein 50B (Tmem50b) 16 1.37 3

GC-rich sequence DNA-binding factor 1 (Gcfc1) 16 1.39 3

Solute carrier family 5 (inositol transporters), member 3 (Slc5a3) 16 1.39 3

Proteasome (prosome, macropain) assembly chaperone 1 (Psmg1) 16 1.45 3

Chloride intracellular channel 6 (Clic6) 16 1.24 3

Holocarboxylase synthetase (biotin- [propriony-Coenzyme A-carboxylase

(ATP-hydrolysing)] ligase) (Hlcs)
16 1.23 3

MIS18 kinetochore protein homolog A (S. pombe) (Mis18a) 16 1.35 3

Carbonyl reductase 1 (Cbr1) 16 1.34 3

DnaJ (Hsp40) homolog, subfamily C, member 28 (Dnajc28) 16 1.27 3

Microrchidia 3 (Morc3) 16 1.36 3

ATP synthase, Hþ transporting, mitochondrial F1 complex, O subunit (Atp5o) 16 1.36 3

C2 calcium-dependent domain containing 2 (C2cd2) 16 1.32 3

Interferon (alpha and beta) receptor 2 (Ifnar2) 16 1.32 3

Downstream neighbor of SON (Donson) 16 1.40 3

SET domain containing 4 (Setd4) 16 1.13 3

PR domain containing 15 (Prdm15) 16 1.21 3

Phosphatidylinositol glycan anchor biosynthesis, class P (Pigp) 16 1.23 3

Tetratricopeptide repeat domain 3 (Ttc3) 16 1.21 3

Family with sequence similarity 165, member B (Fam165b) 16 1.14 3

Zinc finger protein 295 (Zfp295) 16 1.17 3

Dynein, axonemal, heavy chain 11 (Dnahc11) 12 9.34 1

Integrin beta 8 (Itgb8) 12 0.63 1

Trans-acting transcription factor 4 (Sp4) 12 0.78 1

Trans-acting transcription factor 8 (Sp8) 12 0.78 1

Cytochrome b5 reductase 1 (Cyb5r1) 1 1.15 2

Testis specific 10 (Tsga10) 1 1.27 2

Cysteine conjugate-beta lyase 1 (Ccbl1) 2 1.09 2

Low density lipoprotein receptor-related protein 4 (Lrp4) 2 1.08 2

ATPase, class I, type 8B, member 2 (Atp8b2) 3 1.10 2

CDC-like kinase 2 (Clk2) 3 1.04 2

Regulatory factor X, 5 (influences HLA class II expression) (Rfx5) 3 0.80 2

Signal peptide peptidase 3 (Sppl3) 5 0.96 2

Zinc finger protein 326 (Zfp326) 5 1.10 2

Caprin family member 2 (Caprin2) 6 1.14 2

Echinoderm microtubule associated protein like 2 (Eml2) 7 1.05 2

STAR-related lipid transfer domain containing 5 (Stard5) 7 1.11 2

RIKEN cDNA 1810020D17 gene (1810020D17Rik) 7 1.14 2

(Continued)

GUEDJ ET AL. 1997



TABLE I. (Continued)

Gene Name and Symbol Chromosome Ratio Ts1Cje/WT Gene Copies
B cell translocation gene 4 (Btg4) 9 1.06 2

DENN/MADD domain containing 4A (Dennd4a) 9 1.10 2

Transmembrane protein 42 (Tmem42) 9 1.17 2

Ubiquitin specific peptidase 28 (Usp28) 9 1.10 2

Vacuolar protein sorting 13C (yeast) (Vps13c) 9 1.16 2

Transducin-like enhancer of split 2, homolog of Drosophila E(spl) (Tle2) 10 0.96 2

Protein phosphatase 4, regulatory subunit 4 (Ppp4r4) 12 1.16 2

RIKEN cDNA 4930447C04 gene (4930447C04Rik) 12 1.44 2

Thiopurine methyltransferase (Tpmt) 13 1.32 2

ER membrane protein complex subunit 2 (Emc2) 15 1.13 2

PRP40 pre-mRNA processing factor 40 homolog B (yeast) (Prpf40b) 15 1.08 2

DnaJ (Hsp40) homolog, subfamily C, member 4 (Dnajc4) 19 1.20 2

Pellino 3 (Peli3) 19 1.05 2

cDNA sequence BC022960 (BC022960) X 1.26 2

Histone deacetylase 6 (Hdac6) X 1.18 2
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(1.00� 0.06) (P¼ 0.01, Mann–Whitney test) (Figure SI). Similar

to themicroarray data, cell cycle and neurogenesis genesCdc25 and

Tsga10 were also up-regulated in the Ts1Cje embryonic brain

(1.23� 0.14 and 1.24� 0.09) versus WT littermates (1.00� 0.11
FIG. 1. Venn diagram representing the number of differentially

regulated genes in the Ts1Cje embryonic day 15.5 (E15.5) brain

versus adult cerebral cortex and hippocampus at BH-FDR<20%.

Ts1Cje E15.5 brains display more differentially regulated genes

(71 genes) compared to the adult cortex (7 genes) and

hippocampus (30 genes) when compared to their respective

littermate controls. Five genes (Gart, Rcan1, Synj1, Dyrk1A, and

Dnahc11) were consistently up-regulated in all tissues examined.
and 1.00� 0.13). This up-regulation, however, did not reach

statistical significance (Figure SI). Finally, Slc6A9 gene expression

was down-regulated in Ts1Cje embryonic brain hemispheres

(0.75� 0.08) versus WT littermates (1.00� 0.18) in agreement

with the microarray data (Figure SI).
Developmental Milestones and Neonatal
Behavior in Ts1Cje Mice

Delay of developmental milestones in Ts1Cje mice. Analysis

of growth profiles of the Ts1Cje pups and their control littermates

between P3 and P21 revealed that the former demonstrated signif-

icant growth delays throughout the first month of life. Total body

weight was 17–30% lower at all time points in Ts1Cje (median

¼ 4.54 g, sum of ranks¼ 94.24) versus WT pups (median¼6.34 g,

sum of ranks¼ 127.8) (P< 0.0001, Wilcoxon signed-rank test)

(Fig. 3A). Paired analyses also showed that total body and tail base

lengths were significantly smaller in the Ts1Cje animals

(P< 0.0001, Mann–Whitney test) (Fig. 3B). For the biometry

(body weight, tail base length, and total length), values passed

the normality test at all postnatal days and the variances were equal.

Both non-parametric and parametric tests yielded similar results

(Data not shown).

The growth delays in Ts1Cjemice were also associatedwith early

neonatal behavioral deficits. For developmental milestones statis-

tics, even though the two populations passed the normality test for

a few postnatal days, it did not for others. Thus, we have used non-

parametric Mann–Whitney and Wilcoxon signed-rank tests. A

significant delay in acquiring several developmental milestone

was observed for Ts1Cje compared to their WT littermates.

Even after acquiring these milestones, Ts1Cje neonates had signifi-

cantly lower performance versus WT. After several days of testing,

Ts1Cje neonates were able to catch-up with their WT littermates

for most milestones between days P11 and P14 (Fig. 3C–F,

Table IV). Analysis of body righting and coordination tests showed

that Ts1Cje neonates had a significantly higher latency in the

surface righting (median¼ 16.93 sec, sum of ranks¼ 171.8) and

negative geotaxis (median¼ 20.87 sec, sum of ranks¼ 224.2) tests



FIG. 2. Heatmap for the Ts1Cje embryonic day 15.5 (E15.5) brain, adult cerebral cortex and adult hippocampus. Differentially expressed

genes at BH-FDR<20% are indicated on the right side of the graph. Regulation direction of differentially expressed genes is highly correlated

in the three tissues examined, particularly between the embryonic E15.5 brain and adult cerebral cortex. Gene expression regulation in Ts1Cje

is indicated in red (up-regulation), yellow (no change) and green (down-regulation) compared to wild-type embryos. WT: wild type.
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than WT neonates (median¼ 5.71 sec, sum of ranks¼ 130 and

median¼ 14.19 sec, sumof ranks¼ 184.9, respectively) (P¼ 0.001,

Wilcoxon signed-rank test) (Fig. 3C–D). We combined these tests

with the cliff aversion and forelimb grasp paradigms to grossly

examine body strength in the Ts1Cje pups. The results revealed

significantly decreased body strength in Ts1Cje neonates (median

¼ 15.17 sec, sum of ranks¼ 177.3 and median¼ 3.30 sec, sum of

ranks¼ 30.88 for cliff aversion and forelimb grasp, respectively)

versus their WT littermates (median¼ 7.02 sec, sum of ranks

¼ 112.3 and median¼ 5.01 sec, sum of ranks¼ 46.5, respectively)

(P< 0.001,Wilcoxon signed-rank test) (Fig. 3E–F). Paired analyses

of Ts1Cje performance on every postnatal day highlighted signifi-

cant deficits in most of these tests between days P5 and P10

(P< 0.05–0.0001, Mann–Whitney test). In contrast, however,

there were no differences between Ts1Cje (median¼ 23.79 sec,

sum of ranks¼ 387.5) and WT pups (median¼ 24.44 sec, sum

of ranks¼ 371.9) in the open field test. It is important to point out

the fact that for the days that passed the normality test, a parametric

t-test was performed and yielded similar results (Data not shown).

Sex-specific differences in developmental milestones of Ts1Cje

mice. At postnatal day 3, both Ts1Cje females (n¼ 12) and

males (n¼ 17) showed similar reductions in body weight (�16 and
�14%) and total body length (�6%) when compared to their

littermate WT pups (n¼ 25 males and 39 females). In Ts1Cje

males, this difference increased to 31%at P5 then 35%at P10 before

stabilizing at 30%between days P15 andP21. In the Ts1Cje females,

weight reduction reached 25–30% between P5 to P10 before

decreasing to 19% at P15 and 16% at P21 (Figure SII). However,

both Ts1Cje males and females showed similar total body length

reduction (6–7% at P3, 11% at P10 and 10–12% at P13).

Analysis of the postnatal day at which Ts1Cje males and females

achieved different developmental milestones revealed that surface

righting and cliff aversion were more severely affected in males

(9.31� 2.17 and 9.57� 2.38 days) versus females (8.54� 1.37 and

7.82� 2.14 days) when compared to WT males (7.92� 1.38 and

6.54� 1.84 days) and females (7.81� 1.20 and 6.15� 1.60 days)

for surface righting and cliff aversion, respectively (Table SIII,

Figures SII–III). In the negative geotaxis test, Ts1Cje males

(9.31� 2.29 days) performed better than their female counterparts

(9.82� 2.31 days) versus WT males (8.22� 1.73 days) and

females (7.66� 2.33 days) (Table SIII, Figures SIII). No sex-specific

differences were found in the other developmental milestones, and

both Ts1Cjemales and females were delayed compared to theirWT

sex-matched littermates (Table SIII, Figures SIII–V). Detailed



TABLE II. DAVID Analysis Results for the E15.5 Embryonic Brain in Ts1Cje Mice

Enriched Functional Categories Counts*

DAVID

P-value

Fold

Enrichment Direction Example of Regulated Genes

Cell cycle GO:0007049 30 1.50E-11 4.47 UP Ccnb2, Aurkb, Cdc2a, Cdk1, Kif18a, Cdk6,
Zwilch, Nusap1, Bub1, Kif4, Cenpe,
Cenpf

Phosphorus metabolic process GO:0006793 17 0.021 1.84 UP Cdk1, Pnck, Plk1, Dyrk1A, Melk, Aurkb
Purine nucleotide binding GO:0017076 30 0.007 1.62 UP Coasy, Hlcs, Acss2, Ddx3Y, Top2a
Cytoskeleton GO:0005856 18 0.025 1.74 UP Dlgap5, Kif15, Cenpf, Nusap1, Calcoco2
Interferon activity receptor GO:0004904 2 0.02 101.4 UP Ifnar1, Ifnar2
Neurological system process GO:0050877 29 0.004 �1.71 DOWN Olfr331, Agt, Dlgap1, Aars, Tbx1, Penk
Cell surface receptor linked signaling

transduction GO:0007166

30 0.01 �1.58 DOWN Gpr84, Olfr539, Eif4ebp1, Vnmr2R60,
Nmbr

Sensory perception GO:0007600 25 0.006 �1.77 DOWN Olfr135, Olfr331, Olfr151, Olfr488, Olfr559
MHC class I protein complex GO:0042611 4 0.015 �7.53 DOWN H2-M1, H2-Q9, C920025e04rik, Gm10499
Translation GO:0006412 10 0.005 �3.11 DOWN Iars, Tars, Cars, Nars, Rpl29
Amine transmembrane transporter activity

GO:0005275

7 2.69E-05 �11.72 DOWN Slc1a4, Slc6a9, Slc7a3, Slc6a4, Slc25a18,
Slc3a2, Slc7a5

Oxidoreductase activity, acting on the CH-NH

group of donors, NAD or NADP as acceptor

GO:0016646

3 0.008 �21.09 DOWN Mthfd2, Pycr1, Aldh1l2

Cell adhesion GO:0007155 14 0.004 �2.46 DOWN Pcdhga10, Igfbp7, Vwf, Cdh9

*The number of up- and down-regulated genes among the counts, the corresponding DAVID P-values, fold enrichment and direction of regulation are indicated.
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examination of longitudinal performances during the entire testing

period confirmed that Ts1Cjemales demonstratedmore significant

deficits than the Ts1Cje females during more postnatal dates in the

surface righting, negative geotaxis and cliff aversion tests. No

differences were noticed in the forelimb grasp and open field tests

(Table SIV, Figures SIII–V).

Ultrasonic vocalization pattern in Ts1Cje neonates. Ts1Cje

neonates produced significantly more USVs in the screening trial

(5.15� 1.64 USVs, sum of ranks¼ 274.5) when compared to WT

pups (0.89� 0.66 USVs, sum of ranks¼ 221.5) (P¼ 0.001,

Mann–Whitney test) (Fig. 4A). No significant differences, how-

ever, were observed in the testing trial (P¼ 0.32, Mann–Whitney

test) (Fig. 4B). Ts1Cje exhibited a significant reduction of motor

activity (12.92� 3.12 crossings, sum of ranks¼ 141.5) versus WT

littermates (32.22� 6.15 crossings, sum of ranks¼ 354.5)

(P< 0.01, Mann–Whitney test) (Fig. 4C). No differences were

observed in the number of body rolls in both groups (P¼ 0.43,

Mann–Whitney test) (Fig. 4D). Both screening and testing did

not pass normality test, however, grid crossing and body rolls did

and yielded similar results with parametric t-test (Data not

shown).

Olfactory spatial memory in Ts1Cje neonates. In the homing

test, two Ts1Cje (17%) and 12WT (75%) pups were able to reach the

goal area in trial 1 and/or trial 2. Ts1Cje pups displayed a significant

olfactory spatial memory deficit manifested by a significant increase

in the amount of time needed to reach the goal area in trial 1

(166.0� 31.8 sec, sum of ranks¼ 224.0) compared to their WT

littermates (113.1� 64.5 sec, sum of ranks¼ 182.0) (P< 0.01,

Mann–Whitney test) (Fig. 5A). In trial 2,WTpups showed decreased

latency to reach the goal area (89.3� 67.4 sec, sum of ranks¼ 176.5)
than in trial 1 (113.1� 64.5 sec, sum of ranks¼ 182.0) but this

reduction was not statistically significant. However, Ts1Cje per-

formed equally poorly in both trials (166.0� 31.8 sec in trial 1 versus

167.7� 42.7 sec in trial 2) (Fig. 5A). We did not observe any major

motor deficits in the Ts1Cje at P12 that could have led to their poor

performance in the homing test (Fig. 5B).
DISCUSSION

In the present study, we demonstrated that significant gene ex-

pression abnormalities were already present in the embryonic day

15.5 brain hemispheres of the Ts1Cje mouse model of DS when

compared with euploid controls. In addition, Ts1Cje neonates

displayed early postnatal developmental milestone delays and

behavioral changes during the pre-weaning period.
Significant Molecular Changes Are Present in
Ts1Cje Embryonic Brains
At a BH-FDR�20% cut-off, 71 genes were significantly differentially

regulated in the Ts1Cje E15.5 embryonic brain compared to age and

sex-matched controls, indicating that significant molecular perturba-

tions are already present during fetal brain development in the Ts1Cje

model. In contrast with the adult brain, in which most differentially

regulated genes were present in three copies, more diploid genes were

dysregulated in the Ts1Cje embryonic brain, suggesting a larger

genome-wide secondary effect during fetal development.

Similar changes were observed during early postnatal cerebel-

lum development in the Ts1Cje mice versus their euploid litter-



TABLE III. List of Up-and Down-Regulated Gene Sets in the Embryonic Ts1Cje Brain Gene Expression Data Identified With Gene Set
Enrichment Analysis (GSEA)

GSEA Gene Set

Gene Set

Collection

NES E15.5

Brains

P Value

E15.5 Brains

Regulation in

Adult CRTX

Regulation in

Adult HIP

Up-regulated pathways in E15.5 Ts1Cje brains

CHR21Q21-22 C1 3.12 0 UP UP

Reactome-cell cycle C2 2.15 0 UP Unchanged

M-G1 phases C2 2.04 0.0018

G1-S phases C2 1.62 0.039

Cell cycle C5 1.87 0

Reactome-apoptosis C2 1.51 0.04 UP UP

Apoptotic execution phase C2 1.60 0.02

Apoptotic program C5 1.54 0.04

Reactome MHC class II antigen presentation C2 1.52 0.047 UP Unchanged

Cytokine binding C5 1.44 0.049

Kinase activity C5 1.53 0.017 UP Unchanged

Protein Ser/Thr kinase activity 1.80 0.01

Cytoskeleton C5 1.52 0.022 Unchanged Unchanged

ATPase activity C5 1.54 0.042 Unchanged Unchanged

JAK/STAT cascade C5 1.71 0.017 UP UP

Down-regulated pathways in E15.5 Ts1Cje brains

Behavior C5 �1.38 0.034 DOWN DOWN

Reactome-GPRC down-stream signaling C2 �1.41 0.034 DOWN DOWN

G-protein coupled receptor protein signaling C5 �1.80 0.002

Reactome-Neuronal system C2 �1.62 0.026 DOWN DOWN

Synaptic transmission C5 �1.65 0.015

Reactome-SLC mediated transmembrane transport C2 �1.47 0.033 DOWN Unchanged

Amino acid transport C5 �1.98 0.002

Reactome-Potassium channels C2 �1.62 0.026 DOWN DOWN

Reactome-GABAR activation C2 �1.61 0.013

Glutamate receptor activity C5 �1.73 0.017

Reactome-Chemokine receptors bind chemokines C2 �1.73 0.016 Unchanged Unchanged

Chemokine activity C5 �1.51 0.033

Reactome-Glycosphingolipid metabolism C2 �1.47 0.047 Unchanged Unchanged

Phosphoinositide mediated signaling C5 �1.45 0.045

Reactome-Transferrin endocytosis and recycling C2 �1.62 0.031 Unchanged Unchanged

Insulin receptor recycling C2 �1.55 0.045

Table includes NESs (normalized enrichment scores) and P-values as reported by GSEA. Themost significantly enriched sets are indicated. CRTX: Cerebral cortex; HIP: Hippocampus. Data from adult Ts1Cje
cerebral cortex and hippocampus are from Guedj et al., 2015.
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mates. Indeed, more differentially regulated genes (419 genes) were

observed at birth (postnatal day 0) compared to P15 (339 genes)

and P30 (257 genes) cerebella using a raw P value of 0.01 as cut-off

[Potier et al., 2006].

Unfortunately, there are very little published data on how gene

expression is modified in the human fetal brain compared to the

adult brain in Down syndrome. Lockstone et al. (2007) reported

685 differentially regulated genes in seven adult post-mortem

human brains with DS versus eight euploid matched controls.

The same authors re-analysed the DS fetal brain dataset generated

by Mao et al. (2005) and found only 21 differentially regulated

genes during the second trimester. This limited number of regu-

lated genes is probably the result of the small sample size (n¼ 4 per

karyotype) used in the study, suggesting that more human data are
needed to establish a clear picture on how gene expression is

modified in the fetal and adult DS brain.

Pro-Cell Cycle Markers Are Highly Enriched in
Ts1Cje Fetal Brain
To circumvent the lownumber of differentially regulated genes and

be able to identify molecular pathways or cellular processes that are

significantly dysregulated in Ts1Cje fetal brain, we performed

functional analysis via GSEA and DAVID databases on the top

1% up- and down-regulated genes.

Unexpectedly, pro-cell cyclemarkers that play a key role inmitosis

regulation were highly enriched in the Ts1Cje embryonic brain.

These genes belong to two categories: (1) Cyclins/cyclin-dependent



FIG. 3. Growth Profile and Developmental Milestones in the Ts1Cje Mouse Model During the Pre-Weaning Period. A–B: Total body weight was

measured on a daily basis between postnatal days 3 and 21 (A), and total length was assessed before eye opening (B) in Ts1Cje pups (n¼ 29)

and their littermate wild-type pups (n¼ 64). Trisomic pups display a marked growth delay during the first month after birth. C–F: Developmental

milestones were analyzed using a modified Fox scale to assess body righting, coordination and strength via the surface righting (C), negative

geotaxis (D), cliff aversion (E) and forelimb grasp (F) tests between postnatal day 3 and 14 (i.e., Before eye opening). Ts1Cje neonates show a

marked delay in acquiring all these milestones compared to WT pups. Data are represented as mean� SEM. WT: Wild type.
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TABLE IV. Average Postnatal Day at Which Development Milestone Is Achieved

Developmental Milestone WT (n¼ 64) postnatal day � SD Ts1Cje (n¼ 29) postnatal day � SD

Body righting and coordination

Surface righting 7.87� 1.23 8.69� 1.23*

Negative geotaxis 7.82 � 2.03 9.30 � 2.41*

Air righting 14.93 � 1.31 16.62 � 1.45*

Strength

Cliff aversion 6.30 � 1.64 8.60 � 2.34*

Forelimb grasp 7.50 � 1.13 8.20 � 1.58*

Sensory system maturation

Eye opening 13.97 � 0.88 14.75 � 1.34

Ear opening 5.38 � 0.81 5.96 � 0.93

Ear twitch 14.23 � 1.15 15.5 � 1.46*

Auditory startle 14.20 � 1.11 15.37 � 1.26

Extinction of rotatory behavior

Open field 13.46 � 2.53 13.75 � 2.95

List of neonatal behavioral tests included in the Fox scale. Data presented in this table represent the postnatal day at which the pups performed successfully the tests for two consecutive days. Tests for
which the Ts1Cje pups displayed a statistically significant delay are indicated with an asterisk. WT: Wild Type.
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kinases coding genes (e.g., Cdk1, Cdc25c, Ccnb2, Cdca2, and Cdca3)

and (2) Bipolar spindle and kinetochore complex coding genes (e.g.,

Kif11, Kif18a, Cenpe, and Bub1). Expression of these genes is tightly

regulated through very complex mechanisms and their gene dosage

alteration is associatedwithdevelopmental defects and cancer [Rieder

and Salmon, 1998; Stewart et al., 2003; Santamaria andOrtega, 2006].

Several genes identified in our dataset, including Cdk1, Cenpf,

Nusap1, Aurkb, and Tacc3 play a crucial role in brain development

and function, and their dysregulation is associated with neuro-

developmental or neurodegenerative conditions [Camargo et al.,

2007; Schick et al., 2007; Nie et al., 2010; Marchal et al., 2011; Yang

et al., 2012; Satoh et al., 2013].

Multiple studies have reported decreased neurogenesis in human

fetuses withDown syndrome and differentmousemodels (Ts65Dn,

Ts1Cje, andTs2Cje) butnomolecularmechanismswereprovided to

understand the origin of the phenotypic differences [Schmidt-Sidor

et al., 1990; Chakrabarti et al., 2007; Ishihara et al., 2010; Guidi et al.,

2011].Aplausible explanation for this apparent contradictionmight

be that Ts1Cje embryonic brains display prolonged cell cycle dura-

tion that results in increased gene expression of pro-cell cycle genes,

but a reduced cell proliferation rate. In line with this hypothesis,

using bromodeoxyuridine (BrdU) staining, analysis of Ts65Dn

embryonic brains and cultured Ts1Cje neurospheres revealed a

significant increase in cell cycle duration [Chakrabarti et al.,

2007; Moldrich et al., 2009; Ishihara et al., 2010].

We hypothesize that this cell cycle delay is triggered by the

activation of a cellular repair mechanism during the metaphase-

anaphase transition in an attempt to correct the aneuploidy after

the alignment of sister chromatids in the bipolar spindle. In the

Ts1Cje mice, the cell detects a misalignment of the sister spindle

microtubule-kinetochore complexes containing the normal

MMU12 and the translocated MMU1216. This potentially sends

an alarm signal that activates the mitotic checkpoint complex and

arrests the cell cycle during the M-phase to initiate the cell repair

mechanism. The mitotic checkpoint complex (MCC) consists of
BubR1, Bub1, Bub3, Cdc20, andMad1 proteins, and interacts with

several other kinetochore proteins, including Cenpe, Cenpf, Sgol2,

Aurkb, and Kif18a to regulate the metaphase-anaphase transition

[Chan et al., 2005; Huang et al., 2007; Sczaniecka and Hardwick,

2008]. In the present study, we observed an up-regulation of most

of these genes (BubR1, Bub1, Cenpe, Cenpf, Sgol2, Aurkb, and

Kif18a) in the Ts1Cje embryonic brain, supporting our hypothesis.

Moreover, Bhattacharyya et al [Bhattacharyya et al., 2009] reported

up-regulation of several genes encoding the MCC complex and

regulating the metaphase-anaphase transition (Aurkb, Cenpe,

Cenpf, Apc, Ctnnbip1) in human neural progenitor cells (hNPCs)

derived from cortex of 13-week gestation fetuses with DS. This

suggests that the findings obtained in mouse models [Chan et al.,

2005; Chakrabarti et al., 2007; Moldrich et al., 2009; Ishihara et al.,

2010] can shed light on the human etiology of DS.
Amino-Acid Mediated Neurotransmitter
Transport is Down-Regulated in Ts1Cje Fetal
Brain
Ts1Cje embryonic brains display a significant down-regulation of

several SLC solute carrier coding genes known to play a key role in

serotonin,NMDAandL-DOPA transmembrane transport, includ-

ing Slc6a4, Slc25a18, Slc1a4, Slc6a9, Slc7a3, Slc3a2, and Slc7a5.

Solute carrier proteins represent the largest group of membrane

transporters withmore than 384 unique protein sequences from 52

distinct SLC families that regulate the transport of a wide variety of

substrates, such as neurotransmitters, inorganic ions, nucleotides,

sugars, purine, fatty acids and drug molecules. There is a growing

interest in the use of these transporters as therapeutic targets for

several mental conditions, including epilepsy, depression and

addiction [Girardin, 2006; Rask-Andersen et al., 2013].

Slc6a4 (Serotonin reuptake transporter or Sert), which is up-

regulated in the Ts1Cje embryonic brain, has been targeted by



FIG. 4. Ultrasonic Vocalization and Motor Activity in the Ts1Cje Mouse Model During the Pre-Weaning Period. A–B: Ts1Cje pups (n¼ 13)

produce more ultrasonic vocalization during the screening trial (A) versus wild-type pups (n¼ 18), but not during the testing trial (B). C–D:

Ts1Cje pups show reduced number of grid crossings (motor activity) but not body rolls compared to WT neonates during the testing trial. Data

are represented as mean� SEM. WT: Wild type.
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drugs such as fluoxetine to inhibit serotonin reuptake as a treat-

ment for depression [Andersen et al., 2014]. Prenatal and early

postnatal treatment with fluoxetine results in a long lasting positive

impact on brain development (neurogenesis and synaptogenesis)
and behavior in the Ts65Dn mouse model of DS [Bianchi et al.,

2010; Guidi et al., 2013; Guidi et al., 2014]. This therapeutic effect

might be mediated through the inhibition of Slc6a4 mediated

serotonin reuptake.



FIG. 5. Olfactory Spatial Memory in the Ts1Cje Mouse Model During the Pre-Weaning Period. A: Ts1Cje pups (n¼ 12) have a longer latency to

reach the homing test goal area in both trial one and two compared to their littermate WT controls (n¼ 16). B: The number of grid crossings

was not significantly affected in the Ts1Cje at P12, indicating that their poor performance in the homing test was not the result of motor

deficits. Data are represented as mean� SEM. WT: Wild type.
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Slc6a9 (Glyt1), which is up-regulated in Ts1Cje E15.5 brains, is

highly expressed in the brain during embryonic development. Its

targeted disruption is linked to severe sensorimotor deficits and

early postnatal lethality in mice [Jursky and Nelson, 1996; Bakkar

et al., 2011]. Slc6a9 plays a role in the regulation of glycine levels in

NMDA receptor-mediated neurotransmission, and is used as a

therapeutic target for schizophrenia [Bergeron et al., 1998; Mohler

et al., 2011]. In vitro and in vivomodulation of Slc6a9 expression is

associated with NMDA neurotransmission facilitation and work-

ing memory enhancement [Yee et al., 2006; Singer et al., 2009].

Another interesting SLC-transporter up-regulated in the Ts1Cje

E15.5 brains is Slc7a5 (Lat1) involved in the transport of L-DOPA

through the blood brain barrier as well as the transport of thyroid

hormones T3 and T4 across the cell membrane [Bik-Multanowski

and Pietrzyk, 2006; Braun et al., 2011; Chan et al., 2011]. Hypo-

thyroidism is a common clinical problem in children with Down

syndrome that may also affect their neurocognitive development

[Purdy et al., 2014; Van Trotsenburg et al., 2003].
Significant Behavioral Abnormalities Are Present
in Ts1Cje Neonates
We combined a systems biology approach with behavioral testing

to establish a comprehensive catalog of the prenatal and early

postnatal phenotype in the Ts1Cje mouse model of DS. Our

approach revealed that both fetal brain pathway dysregulation

and neonatal behavioral deficits are present in this model.

Functional pathway analyses showed that a number of neuro-

logical systems processes (i.e., cognition and behavior) were altered

in the Ts1Cje embryonic brain. These molecular changes were

accompanied by significant postnatal delays in acquiring different

developmental milestones, including body righting, coordination,

strength, and sensory maturation in this model. Furthermore, even
after acquiring these skills, Ts1Cje pups showed increased delay

in performing these tests versus their wild-type littermates. In the

ultrasonic vocalization test, trisomic pups uttered more vocal-

izations when subjected to external stress, indicating increased

anxiety, and delayed pattern of vocalization in the Ts1Cje animals.

This increased anxiety was associated with reduced motor activity.

G-protein signaling, most importantly olfactory receptor activ-

ity, was also down-regulated in the Ts1Cje embryonic and adult

brains. To get insights into the phenotypic consequences of such

changes, we investigated olfactory spatial memory in Ts1Cje neo-

nates and recorded very poor performances of trisomic pups versus

WT in the homing test. Our results suggest a strong relationship

between embryonic gene expression dysregulation and neonatal

development and behavior deficits in the Ts1Cje mouse model of

DS.

In the Ts65Dn model, Holtzman et al. (1996) reported compa-

rable milestones and spatial olfactory memory deficits as well as

delayed pattern of vocalization in the period between birth and

weaning. The molecular origins underlying these behavioral def-

icits were not investigated. Our results help to uncover some of the

signaling pathways that can contribute to these deficits.
CONCLUSIONS

In this study, we used a novel integrated approach that combined

gene expressionmicroarray studies and neonatal behavioral testing

to provide a comprehensive early phenotype of the Ts1Cje mouse

model of Down syndrome. This approach identified several path-

way and behavioral abnormalities during critical periods of fetal

and neonatal development. These baseline differences can be used

to design and evaluate future prenatal therapeutic strategies to

improve brain development and cognitive outcome in human

fetuses and infants with Down syndrome.
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