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cent progress and future challenges in modeling DS-associ-
ated developmental cognitive disability in mice with an em-
phasis on hippocampus-related phenotypes. 
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 Introduction 

 Down syndrome (DS), associated with an extra copy 
of human chromosome 21 (Hsa21) or a fragment of 
Hsa21, is a leading genetic cause of developmental cogni-
tive disabilities [Epstein, 1986; Pulsifer, 1996; Pennington 
et al., 2003; Roizen and Patterson, 2003; Antonarakis et 
al., 2004; Antonarakis and Epstein, 2006]. The average IQ 
of individuals with DS is significantly lower than of indi-
viduals without DS [Pulsifer, 1996; Chapman and Hes-
keth, 2000]. Cognitive deficits include impairment in 
spatial memory and long-term memory as well as diffi-
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 Abstract 
 Down syndrome (DS) is mainly caused by the presence of an 
extra copy of human chromosome 21 (Hsa21) and is a leading 
genetic cause for developmental cognitive disabilities in hu-
mans. The mouse is a premier model organism for DS be-
cause the regions on Hsa21 are syntenically conserved with 
three regions in the mouse genome, which are located on 
mouse chromosome 10 (Mmu10), Mmu16 and Mmu17. With 
the advance of chromosomal manipulation technologies, 
new mouse mutants have been generated to mimic DS at 
both the genotypic and phenotypic levels. Further mouse-
based molecular genetic studies in the future may lead to 
the unraveling of the mechanisms underlying DS-associated 
developmental cognitive disabilities, which would lay the 
groundwork for developing effective treatments for this 
phenotypic manifestation. In this review, we will discuss re-
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culties in acquiring new skills [Haxby, 1989; Nadel, 1999; 
Pennington et al., 2003]. Neuropsychological tests have 
shown that adolescents with DS exhibit deficits in hippo-
campal functions [Uecker et al., 1993; Pennington et al., 
2003]. Studies of the brains of people with DS have shown 
changes in neuronal density in the cortex, especially of 
granular neurons [Ross et al., 1984; Schmidt-Sidor et al., 
1990; Wisniewski, 1990], but these findings are inconsis-
tent [Cragg, 1975]. In contrast, changes have been found 
consistently in the structure of dendritic spines in the 
cortex and hippocampus [Marin-Padilla, 1972; Purpura, 
1975; Suetsugu and Mehraein, 1980; Takashima et al., 
1981; Ferrer and Gullotta, 1990; Takashima et al., 1994; 
for a review see Fiala et al., 2002]. Marin-Padilla [1976] 
described the abnormalities associated with dendrites 
and spines, including spines with very large heads on 
dendrites with decreased numbers of spines. Ferrer and 
Gullotta [1990] found a 15% decrease in spines in the CA1 
and CA2–CA3 areas of the hippocampus in adult indi-
viduals with DS but without Alzheimer’s disease. Since 
dendritic spines are the principal sites of synapse forma-
tion [Gray, 1959; DeFelipe and Farinas, 1992], abnormal-
ities in the structure of spines suggest the possibility of 
abnormal synaptic function. Neuropsychological tests 
have also shown that adolescents with DS exhibit deficits 
in hippocampal functions [Uecker et al., 1993; Penning-
ton et al., 2003]. Thus, morphological and behavioral data 
point to hippocampal involvement in the cognitive and 
memory impairment of children and young people with 
DS. 

  Relatively little is known about the molecular mecha-
nism underlying DS-associated developmental cognitive 
disabilities and no treatment has yet proved effective. 
Therefore, animal models are essential to understand the 
molecular pathophysiology and therapeutic interven-
tions. Since phenotypes of DS are likely to be the result of 
the allelic gene expression levels on Hsa21 and its interac-
tion with the gene expression and allelic variation of the 
rest of the genome [Cowles et al., 2002; Wade et al., 2002; 
Waterston et al., 2002; Antonarakis et al., 2004; Kahlem 
et al., 2004; Lyle et al., 2004; Dimas et al., 2009; Altshuler 
et al., 2010; Montgomery et al., 2010; Pickrell et al., 2010], 
any animal model system will have some limitations and 
will not mimic exactly the situation in humans. This is 
partly because the control of gene expression is somewhat 
different between a model organism and humans, and 
the conservation of regulatory and other functional ge-
nomic elements is variable. Thus, one does not expect 
that all phenotypes in DS will be reproducible in a model 
organism. If solely based on evolutionary closeness, non-

human primates would be the most desirable animal 
models of DS. Autosomal trisomies have been reported 
in nonhuman primates [McClure et al., 1969; McClure, 
1972; Andrle et al., 1979; Ruppenthal et al., 1983, 1986; de 
Waal et al., 1996] and transgenic nonhuman primates 
have also been generated for modeling human neurolog-
ical disorders [Yang et al., 2008]. Rat models could also 
have some desirable features since this species has been 
used extensively in neuroscience research. Gene knock-
outs have recently been generated in rats using newly es-
tablished rat embryonic stem (ES) cells [Buehr et al., 
2008; Li et al., 2008; Tong et al., 2010] or zinc finger nucle-
ases [Geurts et al., 2009]. However, DS modeling has been 
almost exclusively carried out in mice so far because of 
the combination of several advantages. First, there are 
syntenic regions highly conserved between Hsa21 and 
the mouse genome ( fig. 1 ) (www.ensembl.org). Second, 
there have been several widely used mouse models, par-
ticularly Ts65Dn, based on their segmental trisomies of 
the Hsa21 syntenic regions on Mmu16 ( fig. 2 ). Third, the 
development of the Cre/ loxP -mediated mouse chromo-
some engineering technology enables the generation of 
new DS mouse models carrying desired chromosomal re-
arrangements with predetermined endpoints [Yu and 
Bradley, 2001]. In the following sections, we will discuss 
the current status of modeling DS-associated develop-
mental cognitive disabilities as well as the future perspec-
tives of molecular genetic studies of this DS phenotype in 
mouse models. Extensive evidence has indicated that 
cognitive impairments in mouse models of DS are due to 
dysfunctions of different brain regions, including the 
hippocampus and forebrain [Chakrabarti et al., 2007; 
Chakrabarti et al., 2010]. Here we mainly focused on hip-
pocampus-related phenotypes.

  Current Status of Modeling DS 

 Segmentally Trisomic Mouse Models 
 Ts65Dn is currently the most widely used mouse 

model for DS. This strain is the chromosomally unbal-
anced progeny of a mouse mutant carrying a balanced 
translocation; the genetic alteration was randomly in-
duced by irradiation at Muriel Davisson’s laboratory 
[Davisson et al., 1990; Reeves et al., 1995]. The unbal-
anced derivative chromosome in Ts65Dn consists of a 
genomic fragment of approximately 13 Mb extending 
from  Mrpl39  to the telomere on Mmu16 with approxi-
mately 49.2% of the syntenic regions and approximate-
ly 55% of the Hsa21 gene orthologs triplicated ( fig. 2 ). 
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Ts65Dn mice also carry a trisomic segment for a  1 5.8-
Mb subcentromeric region of Mmu17 that is not syn-
tenic to a region on Hsa21 [Davisson et al., 1990; Akeson 
et al., 2001; Li et al., 2007]. Similar to individuals with 
DS, the density of dendritic spines was decreased and 
spine heads were enlarged in Ts65Dn mice [Belichenko 
et al., 2004, 2007, 2009b; Popov et al., 2011].  Ts65Dn mice 
consistently exhibit impairments of hip pocampal-
mediated behaviors. Significantly severe impairment of 
hippocampal long-term potentiation (LTP), particularly 
in the dentate gyrus, was observed in  Ts65Dn mice [Si-

arey et al., 1997; Kleschevnikov et al., 2004; Belichenko 
et al., 2007, 2009b]. Excess inhibition has been proposed 
to explain this abnormal synaptic plasticity, which is 
supported by the following evidence. (1) Immunocyto-
chemical analysis of synapse-associated proteins showed 
no change in the overall density of inhibitory and excit-
atory synapses in Ts65Dn mice in the dentate gyrus. 
However, there was a marked increase in colocalization 
of synaptophysin with the inhibitory presynaptic pro-
teins GAD65 and VGAT ( table 1 ) [Belichenko et al., 2007, 
2009b]. (2) At the electron microscopic level, the synaptic 

  Fig. 1.  Hsa21 and the mouse syntenic regions. There are 3 regions 
in the mouse genome that are syntenically conserved with Hsa21. 
The endpoints of these syntenic regions are shown. All the Hsa21 
orthologs of the mouse genes in the 3 syntenic regions are located 
on human 21q. 

  Fig. 2.  Hsa21, the mouse syntenic regions and the segmentally 
trisomic mouse models. The endpoints of the syntenic regions 
and the segmental trisomies in the mouse models are shown. 

Table 1. A lterations of the protein markers in hippocampal synapses in Ts65Dn mice

Marker for 
all synapses

Markers for
inhibitory synapses

Marker for
exc itatory synapses

SYP (p38) GAD65, VGAT VGLUT1

Overall density (puncta/�m2) no  change no change no change
Colocalization with SYP in the molecular layer of the dentate gyrus N/A d no change
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apposition length of inhibitory synapses (i.e., symmetric 
synapses) was significantly increased, with no change in 
excitatory (i.e., asymmetric) synapses [Belichenko et al., 
2009b]. (3) Blocking GABA(A) receptor-mediated inhib-
itory neurotransmission with picrotoxin restored LTP in 
the dentate gyrus [Kleschevnikov et al., 2004; Belichen-
ko et al., 2007]. Interestingly, the application of another 
GABAergic in hibitor, PTZ, not only has restored hippo-
campal LTP but also has enhanced hippocampus-medi-
ated learning in Ts65Dn mice [Fernandez et al., 2007; 
Heller et al., 2009].

  Ts1Cje is the unbalanced progeny of a mouse mutant 
carrying a balanced translocation, t(12;   16), which was in-
duced by gene-targeting in Charles Epstein’s laboratory 
[Sago et al., 1998, 2000]. The unbalanced derivative chro-
mosome in Ts1Cje consists of a genomic fragment of ap-
proximately 8.1 Mb from  Sod1  to the telomere on Mmu16, 
with the  Sod1  gene inactivated [Sago et al., 1998, 2000] 
( fig. 2 ). Ts1Cje mice harbor 3 copies of approximately 67% 
of the Hsa21 gene orthologs triplicated in Ts65Dn mice 
[Olson et al., 2004b]. A 2-Mb heterozygous deletion on 
Mmu12 was reported in Ts1Cje mice in a recent study 
[Laffaire et al., 2009]. There are important similarities 
between Ts1Cje and Ts65Dn mice with regard to synaptic 
and cognitive phenotypes [Olson et al., 2004b; Belichen-
ko et al., 2007]. For instance, widespread enlargement of 
dendritic spines and decreased density of spines in the 
dentate gyrus were found in both strains [Belichenko et 
al., 2007]. Ms1Ts65Dn mice are produced by crossing 
Ts65Dn mice with t(12;   16)1Cje mice [Sago et al., 1998; 
Sago et al., 2000]; these mice are segmentally trisomic for 
the genetic segment from  Mrpl39  to  Sod1 . No significant 
cognitive impairment was found in the Morris water 
maze test for this mutant [Sago et al., 2000].

  Engineered in Roger Reeves’ laboratory, Ts1Rhr is tri-
somic for the  Cbr1 - Fam3b  region [Olson et al., 2004a; Al-
dridge et al., 2007] and syntenic to the so-called DS criti-
cal chromosomal region on Hsa21 ( fig. 2 ) [Delabar et al., 
1993; Sinet et al., 1993; Korenberg et al., 1994]. Cogni-
tively relevant phenotypes of this mutant have been ex-
tensively characterized and significant abnormalities in 
synaptic structure and functions as well as cognitive 
 behaviors were detected [Belichenko et al., 2009a]. 
 Ms1Ts1Rhr mice were generated by crossing Ts65Dn 
mice with a mutant carrying a deletion in the  Cbr1 - Fam3b  
region [Olson et al., 2004a], thus resulting in the reduc-
tion of the  Cbr1 - Fam3b  segment to 2 copies in Ts65Dn 
mice. A reported phenotype of Ms1Ts1Rhr mice was an 
approximately 18% reduction in the brain volume [Al-
dridge et al., 2007].

  Ts1Yah mice that carry a 0.59-Mb duplication between 
 Abcg1  and  U2af1  in the Hsa21 syntenic region on Mmu17 
were generated recently in Yann Herault’s laboratory 
( fig. 2 ) [Pereira et al., 2009]. Interestingly, this duplication 
apparently led to increased hippocampal LTP in the mu-
tant mice, providing the first evidence of possible genetic 
interaction between different mouse syntenic regions un-
derlying altered synaptic plasticity associated with DS.

  To further understand the impact of the different syn-
tenic regions on developmental cognitive disabilities, the 
laboratory of Eugene Yu has recently generated the mouse 
mutants  Dp(10)1Yey /+,  Dp(16)1Yey /+ and  Dp(17)1Yey /+, 
carrying the duplications spanning the entire Hsa21 syn-
tenic regions on Mmu10, Mmu16 and Mmu17, respec-
tively ( fig. 2 ) [Li et al., 2007; Yu et al., 2010b]. The pheno-
typic results show that, while the genotype of  Dp(17)1Yey /+ 
results in increased hippocampal LTP, the genotype of 
 Dp(16)1Yey /+ leads to decreased hippocampal LTP and 
impaired cognitive behaviors. Surprisingly, no signifi-
cant abnormalities have been detected in  Dp(10)1Yey /+ 
mice based on Morris water maze tests, contextual fear 
conditioning test and hippocampal LTP analysis even 
though some genes in the duplicated region have been 
implicated in neurological disorder, such as  S100b  [Yu et 
al., 2010c]. This is consistent with a recent report from 
Yann Herault’s laboratory that the 2.2-Mb heterozygous 
deletion of the Hsa21 syntenic region on Mmu10 did not 
alter cognitive deficiency in Tc1 mice [Duchon et al., 
2010]. However, it remains possible that some cognitively 
relevant phenotypes could be detected in  Dp(10)1Yey /+ 
mice if different phenotyping approaches are used.
To assess the effect of the simultaneous presence of
all the segmental trisomies,  Dp(10)1Yey /+; Dp(16)1Yey /+; 
Dp(17)1Yey /+ mice were generated by crossing the mu-
tants carrying individual duplications, which represent 
all the evolutionarily conserved genetic alterations and 
interactions of DS in mice ( fig. 3 ). We showed that these 
mutant mice exhibited abnormal cognitively relevant 
phenotypes: a significant decrease in hippocampal LTP 
and a significant impairment in cognitive behaviors that 
are based on the Morris water maze and contextual fear 
conditioning tests [Yu et al., 2010b]. Because of their de-
sirable genotypes and phenotypes, these mouse models 
offer a new platform for further understanding DS. Un-
like Ts65Dn and Tc1 models,  Dp(1)1Yey /+,  Dp(16)1Yey /+ 
and  Dp(17)1Yey /+ mice can be maintained in 129S5 back-
ground and they are also viable and fertile after back-
crossing to C57BL/6J mice for five generations. Com-
pound mutants can also be generated in these back-
grounds. Therefore, these new models can be used to 
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alleviate the effects of heterogeneous strain backgrounds. 
In addition, the inbred and congenic backgrounds of the 
models can facilitate the analysis to identify the genetic 
modifiers for mutant phenotypes, including cognitively 
relevant phenotypes.

  Transchromosomic Mouse Models 
 Extensive efforts to develop transchromosomic mice 

by introducing Hsa21 into mouse ES cells using micro-
cell-mediated chromosome transfer [Hernandez et al., 
1999; Inoue et al., 2000; Shinohara et al., 2001; O’Doherty 
et al., 2005] have led to the establishment of the Tc1 mouse 
model, which is a major achievement in DS modeling. 
The genotyping result has shown that the transchromo-
some contains almost the entire Hsa21 with only an ap-
proximately 4.9-Mb deletion that contains approximate-
ly 19 genes [O’Doherty et al., 2005]. Tc1 mice have been 
characterized by a number of laboratories and several 
major DS-related phenotypes were observed in this mod-
el, including abnormal developmental cognitive pheno-
types, despite a subset of cells in Tc1 mice that did not 
carry the transchromosome [O’Doherty et al., 2005]. The 
behavioral experiments, including novel object recogni-
tion and Morris water maze tests, showed that Tc1 mice 
are impaired in learning and memory. Analysis of the 
dentate gyrus of hippocampal slices isolated from Tc1 
mice showed decreased LTP within 60 min after induc-
tion [O’Doherty et al., 2005; Morice et al., 2008]. How-
ever, additional behavioral experiments and analysis of 
the dentate gyrus of freely moving mice showed that 
long-term memory and synaptic plasticity are preserved 
in Tc1 mice [Morice et al., 2008].

  Transgenic Models 
 Transgenic mice are powerful tools in the functional 

characterizations of genes. However, many transgenic 

mouse mutants may not be appropriate for analyzing the 
impact of overexpression of Hsa21 orthologous genes on 
DS-related phenotypes because the regulatory elements 
of the transgenes were not derived from the endogenous 
loci so the expression levels as well as the spatial and tem-
poral expression patterns might be different from those 
of the endogenous genes. Nevertheless, BAC or YAC 
transgenic mice may be useful for unraveling the conse-
quences of the dosage increase for Hsa21 gene orthologs 
because these types of transgenes may retain all the en-
dogenous regulatory elements for the associated genes 
[Smith et al., 1995, 1997; Chabert et al., 2004; Roubertoux 
and Carlier, 2010]. As an interesting example of such
BAC transgenic mice, mice harboring a single copy of 
 DYRK1A  BAC showed impaired cognitive behaviors but, 
surprisingly, showed increased   hippocampal LTP [Ahn et 
al., 2006]. In contrast, the mouse models of DS carrying 
3 copies of large segments of Mmu16 syntenic to Hsa21 
(i.e., Ts65Dn, Ts1Cje and  Dp(16)1Yey /+, all of which con-
tain 3 copies of the mouse  Dryk1a  gene) exhibited de-
creased hippocampal LTP [Siarey et al., 1997; Kle-
schevnikov et al., 2004; Belichenko et al., 2007; Yu et al., 
2010c]. One interpretation of this discrepancy is that the 
triplication(s) of (an)other Hsa21 gene ortholog(s) in 
Ts65Dn, Ts1Cje and  Dp(16)1Yey /+ mice is/are responsible 
for the decrease in hippocampal LTP and that triplication 
of the  Dyrk1a  ortholog may actually help to reduce the 
impact of the causative genes [Ahn et al., 2006]. The more 
compelling conclusion is that analyses confined solely to 
examining the impact of an individual gene without the 
context of an optimal reference model trisomic for Hsa21 
syntenic regions may be insufficient to unravel the details 
of the contribution of the gene to a DS phenotype.

  Future Prospects of Further Molecular Genetic 
Studies of DS-Associated Developmental Cognitive 
Disabilities in Mice 

 Constitutional Transchromosomic Mouse Models 
 Being segmentally trisomic for all the Hsa21 syntenic 

regions,  Dp(10)1Yey /+; Dp(16)1Yey /+; Dp(17)1Yey /+ mice, 
despite the complexity and difficulty in their generation, 
is an optimized genetic model for DS. Transchromoso-
mic models are an ideal alternative for assessing the im-
pact of Hsa21 genes as the third copy of the orthologs. 
The significance of such models has been well illustrated 
by Tc1 mice. However, the human chromosome in Tc1 
mice is not present in all the cells [O’Doherty et al., 2005]. 
Therefore, it will be critical to understand the mechanism 

  Fig. 3.  Schematic representation of a breeding strategy to generate 
a mouse model of DS trisomic for all Hsa21 syntenic regions by 
crossing mouse mutants carrying individual duplications. 
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for the loss of the human chromosome in mouse cells 
during the developmental process. Since all the Hsa21 
orthologs of the mouse genes in the 3 syntenic regions are 
located on human 21q, it may be possible to overcome 
mosaicism and establish a constitutional transchromoso-
mic model by targeting human 21q to a mouse chromo-
some via Cre/ loxP -mediated recombination ( fig. 4 ) [Ka-
zuki et al., 2003].

  Besides human-specific genes on Hsa21 that have no 
mouse orthologs in the mouse syntenic regions, there are 
mouse-specific genes in the mouse syntenic regions that 
have no human orthologs on Hsa21 [Yu et al., 2010c; Gar-
diner et al., 2003]. Therefore, to assess the impact of the 
triplications of the human-specific Hsa21 genes, it will be 
desirable to generate and analyze a mouse model carrying 
3 copies of human 21q. To avoid the presence of 4 or 5 cop-
ies of human 21q gene orthologs and eliminate the contri-
butions of mouse-specific genes in Hsa21 syntenic re-
gions, it will be necessary to remove the mouse syntenic 
regions from such a model. We and others have estab-
lished mouse mutants carrying a heterozygous de letion of 
a partial or entire Hsa21 syntenic region on Mmu10 or 
Mmu17 [Besson et al., 2007; Duchon et al., 2010; Yu et al., 
2010a]. Therefore, it may be possible to delete both copies 
of these syntenic regions in a model carrying 3 copies of 
human 21q.

   Further Genetic Analysis of DS-Associated 
Developmental Cognitive Phenotypes in Mice 
  The true mechanisms underlying the major DS pheno-

types remain largely unknown. Recent evidence supports 
the possibility that some of the DS phenotypes may be as-
sociated with the overexpression or underexpression of 
large chromosomal domains throughout the entire ge-
nome [Antonarakis et al., unpubl. results; Gardiner et al., 
2010]. The experimental data have also demonstrated that 
some DS phenotypes are causally associated with the dos-
age increase of specific Hsa21 gene orthologs, such as  App 
 [Salehi et al., 2006]. The mouse-based genetic analysis 
could be used systemically to identify the dosage-sensitive 
genes associated with DS-related phenotypes, including 
developmental cognitive disabilities. To narrow down the 
genomic regions associated with these phenotypes, new 
mouse mutants carrying smaller deletions and duplica-
tions could be generated. A compound mutant carrying 
(a) large duplication(s) and a smaller deletion can be used 
in a subtractive strategy, while smaller duplications can be 
used in an additive strategy. The importance of the com-
bination of these two strategies is based on the following 
related possibilities: (1) that the impact of the gene may 
only be manifested in the context of the action of the oth-
er genes present in 3 copies, and that demonstrating a role 
for a gene will therefore be most evident when that gene is 
selectively deleted; (2) that the effect of single-gene dele-
tion may not fully abrogate the phenotype but neverthe-
less may significantly alleviate the severity of the pheno-
type, and (3) that triplication of just a single gene of inter-
est onto the euploid background may not recapitulate the 
phenotype. The subtractive and additive strategies are 
ideal for performing genetic dissection in such situations 
because they allow for each of the aforementioned possi-
bilities to be explored. When the critical genomic region 
for a specific phenotype is narrowed down by using dupli-
cations and deletions, single-gene knockouts could be in-
corporated in the subtractive strategy. In those experi-
ments, a compound mutant could be generated to carry a 
null allele of the gene and a duplication. The contribution 
of the gene to the phenotype could be established based 
on elimination or significant alleviation of a DS-related 
phenotype observed in a mouse mutant carrying the du-
plication alone [Cataldo et al., 2003; Salehi et al., 2006; 
Sussan et al., 2008; Baek et al., 2009; Chakrabarti et al., 
2010]. Such efforts to identify critical genes are benefitting 
tremendously from the global mouse gene knockout proj-
ects [Austin et al., 2004; Wurst, 2005].

  Although the mouse is presently the most important 
and useful animal model for DS, the introduction and use 

  Fig. 4.  A strategy to generate a constitutional transchromosomic 
mouse model [Kazuki et al., 2003]. A  loxP  is inserted into the telo-
mere region of a mouse autosome in mouse ES cells while anoth-
er  loxP  is inserted into the centromere region of human 21q. The 
human chromosome can be delivered to the mouse ES cells using 
microcell-mediated chromosome transfer. Cre/ loxP -mediated 
chromosomal rearrangement in the ES cells can lead to transfer-
ring of human 21q to the targeted autosome. The resultant ES cells 
can be used to generate germ line chimeras by injecting them into 
wild-type mouse blastocysts. 
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of other models may in the future further facilitate re-
search that will enable us to understand the molecular 
mechanisms of trisomy 21; yeast [Moldrich, 2007],  Cae-
norhabditis elegans  [Deplancke et al., 2006],  Drosophila  
[Finelli et al., 2004], and zebrafish [North and Zon, 2003], 
each one, with their own advantages and limitations, may 
contribute to the understanding of some aspects of the 
gene expression networks, neuropathology and develop-
mental dysregulation in DS. With the recent progress, 
major obstacles to efficiently performing mouse-based 
molecular genetic analysis of DS have been surmounted. 
Therefore, we can expect the molecular mechanisms un-
derlying this genomic disorder to be gradually unraveled 
in the coming years, which should in turn significantly 
enhance our ability to rationally design novel therapeutic 
interventions for DS-associated clinical phenotypes, in-
cluding developmental cognitive disabilities.
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