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Preface

Down syndrome (DS) or trisomy 21 is the most frequent live born chromosomal aneuploidy
in humans, characterized by an extra chromosome 21. Researchers have contributed signifi‐
cantly towards understanding the management and control of mental and physical disabili‐
ties associated with Down syndrome. Since mid-nineteenth century, Down syndrome
research has progressed alongside and in response to more general scientific advances.
These researches attempt to cover the aetiology, psychopathology, different types of diseas‐
es, treatment, prenatal screening and diagnosis, epidemiology, management and prevention
of Down syndrome. Both in vitro and in vivo experiments are carried out to understand the
molecular mechanism of origin of this aneuploidy. Many exciting areas are currently being
investigated in relation to Down syndrome. A number of genes have been identified, which
are putative candidates for phenotypic abnormalities in Down syndrome. The use of Down
syndrome mouse model, which is segmental trisomy of homologous segment of human
chromosome 21, has facilitated greatly the process of reverse genetic approach to explore the
gene-protein relationship in Down syndrome individuals.

Thrust is being made in areas of research on functional neurogenomics and psychopatholo‐
gy for the management of cognitive and mental disabilities and behavioural disorders in
individuals with Down syndrome. Studies performed both in humans and in animal models
have shown that trisomy 21 leads to an imbalance of key cellular events, such as neuronal
cell proliferation and differentiation. A reduced neuron number is found in the cortex, hip‐
pocampus and cerebellum of DS brain and are accompanied by impaired neuronal function
leading to intellectual disability.

This book is organized into four sections. All sections include chapters on recent advances in
research on Down syndrome. The editor endeavoured to keep the big picture and overarch‐
ing philosophy of the review articles in focus while editing the text and illustrations for con‐
sistent use of scientific terminology.

The first section deals with chromosome engineering. The emergence of CRISPR/Cas9 facili‐
tated chromosome editing techniques that may open up a new avenue to study human dis‐
eases associated with chromosomal abnormalities such as Down syndrome. With the
addition of this technique, it is reasonable to predict that many important insights into
Down syndrome will be revealed in the near future. Moreover, new knowledge on this dis‐
order will be instrumental for developing therapeutic strategies for the treatment of Down
syndrome individuals.

The second section discusses mental retardation and cognitive disabilities. The first chapter
focuses on psychopathology in Down syndrome. Studies suggest that children with Down
syndrome are at increased risk of psychopathologies, which include anxiety disorder, bipo‐
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lar disorder, obsessive-compulsive disorder, autism, depression, conduct disorder and at‐
tention deficit hyperactivity disorder. Therefore, it is important to perform psychological
evaluations of patients with Down syndrome during routine follow-ups. The second chapter
focuses on functional neurogenomics, which is the interface between neuroscience knowl‐
edge and omics science data. Understanding the functional neurogenomics of Down syn‐
drome brain emerges as a new scenario to partially overcome the cognitive disability
through new prospective genomic therapies. The third chapter highlights the sleep disor‐
ders in Down syndrome, which are common and often overlooked problem in Down syn‐
drome, particularly during childhood. This disorder affects the central nervous system,
cardiovascular and metabolic systems, which ultimately lead to reduced quality of life.

The third section covers prenatal diagnosis, which reviews multiple screening methods for
trisomy 21 foetuses. Down syndrome can be suspected during pregnancy by using genetic
ultrasound method, which measures the nuchal translucency (NT) and is considered as the
most important marker for the first trimester detection of Down syndrome foetus.

The concluding section focuses on diseases associated with Down syndrome. The associa‐
tion between Down syndrome and congenital heart disease, particularly atrioventricular
septal defect (AVSD) that comprises 30 to 40% of all cardiac defects in Down syndrome. A
routine cardiac screening of all new born babies with Down syndrome is recommended. Re‐
cent studies highlight a link between mitochondrial dysfunction and complex Down syn‐
drome phenotype. It has been suggested that counteracting the mitochondrial defect in
Down syndrome may improve the neurological phenotype and prevent Down syndrome–
associated pathologies such as Alzheimer’s disease, type 2 diabetes and obesity, thus pro‐
viding a better quality of life for Down syndrome individuals and their families.

This book provides a concise yet comprehensive source of current information on Down
syndrome. Research workers, scientists, medical graduates and paediatricians will find the
book on Down syndrome as an excellent source for reference and review.

The editor wants to acknowledge the superb assistance of staff members and management
of InTechOpen Publisher, in particular Ms. Iva Simcic, Publishing Process Manager, for co-
ordination and editorial assistance. We are grateful to all contributing authors and scientists
who made this book possible by providing valuable research and review articles. Finally, I
would like to dedicate this book to children with Down syndrome who need our love and
care to lead a healthy life.

Dr. Subrata Dey
Professor of Biotechnology,

Ex-Director, School of Biotechnology and Biological Sciences,
Pro-Vice chancellor, Maulana Abul Kalam Azad University of Technology,

Kolkata, West Bengal, India
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Abstract

Rodents, particularly the mouse, have been used extensively for genetic modeling and 
analysis of human chromosomal alterations based on the syntenic conservations between 
the human and rodent genomes. In this article, we will discuss the emergence of CRISPR/
Cas9-facilitated chromosome engineering techniques, which may open up a new avenue 
to study human diseases associated with chromosomal abnormalities, such as Down syn-
drome and cancer.

Keywords: human chromosomal anomalies, down syndrome, rodent models, 
chromosome engineering, CRISPR/Cas9

1. Introduction

Chromosomal alterations are a major cause of human disease. The presence of an extra copy of 
human chromosome 21 (Hsa21) leads to Down syndrome (DS). Due to the evolutionary conserva-
tion, orthologous regions of Hsa21 have been found in a limited number of discrete chromosomal 
segments in the genomes of other mammals, including mice and rats (Figure 1). These shared 
syntenies provide a treasure trove for genetic modeling as well as the mechanistic dissection of 
DS. The first rodent model generated for DS was a mutant mouse that carried an extra copy of 
mouse chromosome 16 (Mmu16), where many Hsa21 gene orthologs are located in this genomic 
region. However, given that the mouse was embryonic lethal, many groups soon turned their 
attention to the postnatally viable Ts65Dn mouse line, which carries an unbalanced derivative of 
an irradiation-induced translocation, Ts(1716)65Dn [1]. This extra chromosome contains the entire 
genomic region distal to Mir155 on Mmu16 and a subcentromeric region on Mmu17, which is not 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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syntenic to Hsa21. Another attractive mouse model used by DS researchers is the transchromo-
somal strain, Tc1 [2], which carries a Hsa21. However, because Hsa21 was irradiated while being 
transferred to mouse ES cells through cell fusion, the Hsa21 in Tc1 mice carries several unde-
sired genetic rearrangements, including deletions, duplications, and other rearrangements. Both 
Ts65Dn and Tc1 mice have been extensively characterized and show several phenotypic features 
similar to human DS despite the presence of secondary molecular aberrations [3]. In the recent 
years, the numbers of mouse mutants carrying rearranged Hsa21 syntenic regions has increased 
significantly due to the development of Cre/loxP-mediated chromosome engineering techniques. 
The most genetically accurate model among them is the line carrying triplications spanning the 
entirety of all Hsa21 syntenic regions, Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+  [4]. Phenotypic 

Figure 1. Schematic representation of Hsa21 and the syntenic regions on Mmu10, Mmu16, Mmu17, rat chromosome 11 
(Rno11), and Rno20.
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characterizations of  this mutant revealed several  important DS-related phenotypes,  including 
heart defects and impaired cognitive function. Other engineered mouse mutants, which carry 
a triplication or deficiency of smaller Hsa21 syntenic regions [5, 6], have facilitated systematic 
genetic dissections of DS phenotypes. With the emergence of CRISPR/Cas9-facilitated genome 
editing, attempts have been made to further improve the efficiency of mammalian chromosome 
manipulations, whether it be deletions, duplications, inversions, or translocations [7–10], includ-
ing those in Hsa21 syntenic regions.

2. The potential advantages of CRISPR/Cas9-facilitated chromosome 
engineering

Chromosome engineering enables the generations of deletions, duplications, inversions, and 
translocations in a particular genome of interest, which in turn are used as research tools for 
the genetic modeling and dissection of human diseases and disorders caused by chromosomal 
alterations. These models act as invaluable resources for researchers, aiding in the identification 
of causative genes and cellular mechanisms that underlie the presentation of clinical phenotypes 
associated with these genomic abnormalities, such as in DS. Using traditional Cre/loxP-mediated 
ES cell-based chromosome engineering approaches to generate chromosomal alterations 
requires a multistep process [11]. Such ES cells are limited to a few strains of mice, such as 129S5, 
and are not available for other rodent species, including rats. The most popular ES cell-based 
chromosome engineering procedure requires the use of ES cells carrying a null allele of Hprt.

For the aforementioned reasons, CRISPR/Cas9 may have the potential to play an important 
role in mammalian chromosome engineering, which complements the current approach. 
Specifically, it may offer opportunities to obtain mutants for other less commonly used ani-
mal models by direct zygote injection of the CRISPR/Cas9 components without involving ES 
cells [12–14]. This new approach may also facilitate chromosome engineering in mice from 
different  strain backgrounds  than  those currently available with  the Cre/loxP-mediated ES 
cell methods [7, 8]. Furthermore, it may lead to the generation of desired animal models more 
quickly. Table 1 summarized the efficiencies of three types of structural variations, deletion, 
inversion, and duplication, in mouse [7, 8].

Although in Cre/loxP-mediated ES cell-based chromosome engineering, the size of the rear-
ranged genomic regions is inversely correlated to the efficiency of generation of the desired 
chromosomal rearrangements, the same cannot be said for CRISPR/Cas9-facilitated chromo-
some engineering. Current data have not provided sufficient evidence to draw such a conclu-
sion [7–9]. On the other hand, current data do suggest that chromosomal location and/or the 
endpoints of  the  fragment manipulated  through CRISPR/Cas9  can  influence  the  efficiency 
of genome engineering. In Table 1, the size of both the Nox4-Grm5 and Runx1-Cbr1 region is 
around 1.1 Mb; however, the efficiencies of generating F0 deletion mouse were 30 and 3%, 
respectively. Kraft  et  al.  [9]  also discovered  the  efficiency  is variable  among different  loci. 
In addition, Boroviak et al. [8] concluded that the efficiencies of deletions and inversion are 
similar in their studies from Nox4, Grm5, and Nox4-Grm5 (Table 1). However, recent results 
showed the inversion efficiency is lower than deletion in both mice and rats (Table 1) [7].

CRISPR/Cas9-Facilitated Chromosome Engineering to Model Human Chromosomal Alterations
http://dx.doi.org/10.5772/intechopen.70897
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some engineering. Current data have not provided sufficient evidence to draw such a conclu-
sion [7–9]. On the other hand, current data do suggest that chromosomal location and/or the 
endpoints of  the  fragment manipulated  through CRISPR/Cas9  can  influence  the  efficiency 
of genome engineering. In Table 1, the size of both the Nox4-Grm5 and Runx1-Cbr1 region is 
around 1.1 Mb; however, the efficiencies of generating F0 deletion mouse were 30 and 3%, 
respectively. Kraft  et  al.  [9]  also discovered  the  efficiency  is variable  among different  loci. 
In addition, Boroviak et al. [8] concluded that the efficiencies of deletions and inversion are 
similar in their studies from Nox4, Grm5, and Nox4-Grm5 (Table 1). However, recent results 
showed the inversion efficiency is lower than deletion in both mice and rats (Table 1) [7].

CRISPR/Cas9-Facilitated Chromosome Engineering to Model Human Chromosomal Alterations
http://dx.doi.org/10.5772/intechopen.70897

5



3. General CRISPR/Cas9-facilitated chromosome engineering 
components

The CRISPR/Cas9 system consists of three basic components: (1) CRISPR RNA (crRNA), guid-
ing Cas9 complex to the target sequence; (2) trans-activating crRNA (tracrRNA), hybridizing 
with crRNA for Cas9 complex targeting; and (3) Cas9 endonuclease, cleaving target double-
strand DNA. The damaged DNA will be recognized and repaired in two manners: nonhomol-
ogous end joining (NHEJ) and homology-directed repair (HDR) (Figure 2) [15, 16]. Besides 
the aforementioned, there are other considerations that should be noted when designing the 
CRISPR/Cas9-related experiments, such as the use of bridge sequence, choosing between 
direct ES cell or zygote injection, and the genotyping strategies through PCR primer designs.

3.1. CRISPR/Cas9 components: guide RNA

To expedite CRISPR/Cas9-facilitated genome manipulation, several groups initially developed 
a chimeric single guide RNA containing both the crRNA and traccrRNA (sgRNA) [15, 16]. Due 
to its convenience, the sgRNA has now become the most extensively used RNA template for 
CRISPR/Cas9-based editing. The sgRNA contains a RNA scaffold with a pre-designed 20 bp 
RNA sequence, which can bind to the region of interest. Cas9 endonuclease is directed by 
sgRNA to the targeted sequence and cuts the double-strand DNA. Typically, 10–100 ng/μl of 
sgRNA has been used in CRISPR/Cas9 system for zygote injection of rodents to generate large 
structure variations in a genome [7–9].

The number of guide RNA pairs used to target a specific site affects the efficiencies in gen-
erating structural variants. It was found by Boroviak et al. [8] that additional double-strand 
breaks at each endpoint would elevate the frequency of generating structural variants. First, 
they designed a set of two sgRNAs (2-sgRNA set) for each endpoint that are within 50–200 bp 
of each other and located on opposite strands of the DNA and then compared the frequency 
of deletions being generated between different numbers of double-strand breaks (one or two 
breaks at each endpoint). A 9.4 kb region was cut with two sgRNAs, with one sgRNA at each 

Organism Mice

Region of interest Tyr (Exon1-2) Tyr Nox4 Grm5 Nox4-Grm5 Hmgn1 Tiam1 Runx1-Cbr1

Fragment size 9.4 kb* 65 kb 155 kb 545 kb 1.15 Mb 16.8 kb 226 kb 1.1 Mb

F0-deletion 10% 16% 24% 18% 30% 50% 19.5% 3%***

F0-inversion 30% 18% 21% 0% 0% 3%

F0-duplication 2% 1% 0% 0% 2.4%** 0%***

*Two sgRNAs were used here while all others use four sgRNAs (two 2-sgRNA sets) for the experiments.
**F1 mouse carries duplication detected by droplet digital PCR (ddPCR), although it is not detected in F0 mouse.
***One mouse with duplication and deletion was obtained from a second round of microinjection.

Table 1. Percentage of the rearranged alleles among different loci after CRISPR/Cas9-facilitated chromosome engineering.
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endpoint, and the deletion efficiency was found to be 10%, but the frequency of a 65 kb dele-
tion at the same genomic region was increased to 16% when four sgRNAs, with a 2-sgRNA 
set at each endpoint, were used (see Table 2). Boroviak et al. [8] attributed the increase in effi-
ciency to extend the temporal window of DNA breaks before repairing, which provides more 
opportunities for complete cycles of error-prone repair, and thus resulting in chromosome 
rearrangement. Birling et al. also believed a 2-sgRNA set at each endpoint would increase the 
probability of obtaining double-strand breaks [17]. They implemented this strategy to obtain 
large structural variations in mice and rats using a 2-sgRNA set at each endpoint with a dis-
tance of less than 150 bp between the two sgRNAs.

Although  sgRNAs have been widely utilized,  it  is  still  controversial whether  the  cleavage 
efficiency  of  sgRNA  is  comparable  to  those  of  dual-crRNA:tracrRNA.  Unlike  sgRNA,  in 
dual-crRNA:tracrRNA, crRNA and tracrRNA are synthesized separately, and then annealed 
together to be used as the guide RNA [15, 18, 19]. Recently, a few reports have demonstrated 
that  a  dual-crRNA:tracrRNA  combined  with  Cas9  protein  can  increase  the  efficiency  of 
genome editing, especially the frequency of HDR [18–20]. Therefore, dual-crRNA:tracrRNA 
should still be considered when planning chromosome rearrangement projects.

Figure 2. Two types of DNA repairs occur in vivo  after  double-strand  breaks  caused  by  Cas9  endonuclease.  DSB, 
double-strand break; crRNA, CRISPR RNA; tracrRNA, trans-activating crRNA; HDR, homology-directed repair; NHEJ, 
nonhomologous end joining.

Organism Mice

Region of interest Tyr (Exon1-2) Tyr Nox4 Grm5 Nox4-Grm5

Fragment size 9.4 kb* 65 kb 155 kb 545 kb 1.15 Mb

F0-deletion 10% 16% 24% 18% 30%

Imprecise deletion 10% 12% 15% 15% 13%

Precise deletion 0% 4% 9% 3% 17%

*Two sgRNAs were used here while all others use four sgRNAs (two 2-sgRNA sets) for the experiments.

Table 2. Percentage of the precise deletion and imprecise deletion after the introduction of the bridging sequence.
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3.2. CRISPR/Cas9 components: Cas9

So far, most of the rodent models with engineered chromosomes have been produced via a 
one-time injection of Cas9 mRNA and guide RNAs into the zygote cytoplasm. Based on the 
current  literature, 10–200 ng/μl of Cas9 mRNA seems  to be sufficient  to generate chromo-
some  rearrangements  [7, 8]. This approach is both fast and robust, but carries with it the 
potential complication of genetic mosaicism [21], which may result in different cell popula-
tions in F0 founder animals carrying different mutations [8, 22]. For example, up to six dif-
ferent alleles from one single founder have been detected by Birling et al. [17]. Boroviak et al. 
[8] also showed that many F0 founder mice were genetically mosaic, with up to 4–5 alleles 
detected. The genetic mosaicism may be due to two possibilities, one being that Cas9 mRNA 
must first be translated prior to cleavage of the double-strand DNA; however, transcription 
and translation activity is suppressed in the mouse zygote and de novo translation of Cas9 
mRNA might be delayed until second cell stage [21, 23]. The second possibility might be that 
the functionality of Cas9 and its guide RNA may linger into the 2–4 cell stage and beyond. 
Likewise,  injection of a vast excess of guide RNAs and Cas9 mRNA may result  in  repeat-
ing the cleavage-repair cycles until the targeting site is destroyed by an insertion or deletion 
(INDEL) or a structural variant [8]. Therefore, zygote injection of Cas9 protein instead of the 
mRNA may help to reduce mosaicism in founders [21], because Cas9 protein-RNA complex 
is more likely to degrade rapidly, leading to a shorter half-life than Cas9 mRNA [24–27]. The 
results from some recent studies support such reasoning [18–20, 26].

3.3. Bridging sequence

Double-strand DNA  breaks  produced  by  Cas9  endonuclease  are  repaired  by  two major 
pathways: nonhomologous DNA end joining (NHEJ) and homolog-directed repair (HDR) 
(Figure 2). NHEJ is error-prone and often leads to unpredictable insertions and deletions 
(INDELs), while HDR  introduces  precise  genetic modification when  a  template DNA  is 
available  [28, 29]. As  those unpredictable  INDELs might bring out unexpected effects on 
cells, it is desirable to generate structural variations with nucleotide precision through 
HDR  to  repair double-strand DNA breaks. Boroviak  et  al.  [8] established mouse models 
of deletions with precise endpoints by providing a single strand oligonucleotide DNA as 
repair template. These oligonucleotides were 120 bp in length and were designed to bridge 
the deletion juncture. The sequence was designed directly adjacent to the most external 
guide RNA site but omitting the Cas9 cleavage sites  to avoid repeated CRISPR/Cas9 cut-
ting. Boroviak et al. [8] reported a total of 17 out of 53 (32%) deletion mice were born with a 
precise deletion juncture (Table 2).

3.4. Via ES cell manipulation or direct zygote microinjection

Two routes have been used to establish rodent models using CRISPR/Cas9-facilitated chromo-
some engineering: (1) those produced through transfection of expression vectors containing 
guide RNAs and Cas9 into embryonic stem cells (ESCs) [9] and (2) models obtained directly 
from fertilized zygotes injected with guide RNAs and Cas9 mRNA [7, 8].
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Kraft et al.  [9] introduced the process of using CRISPR/Cas9 technology for generation of 
structural variations in mouse ESCs. They successfully generated genomic rearrangements 
across  intervals  spanning  from  1  kb  to  1.6  Mb  and  later  showed  germline  transmission 
of  these  rearrangements. Kraft  et  al.  [9] stated that this method for generating structural 
variations in mice could be accomplished in as short as 10 weeks, yet it  is still more time-
consuming compared with the method involving direct zygote injection. Boroviak et al. [8] 
and Birling et al. [7] described their chromosome engineering efforts in mice or rats through 
cytoplasmic injection of zygotes with Cas9 mRNA and sgRNAs. Both works demonstrated 
that structural variants of 1 Mb can be efficiently achieved by zygote injection of the CRISPR/
Cas9 components. However, the efficiency for generating desired chromosomal duplications 
appeared less robust when compared to the generation of deletions and inversions. One of 
the possible reasons is two homologs of the affected chromosome may be involved in genera-
tion of a duplication.

3.5. Genotyping strategy for identifying chromosomal structural variations

With these new genetic engineering methods, standard PCR is still primarily the method of 
choice to  identify the structural variants no matter if  in ES cell clones or founder mice and 
rats using CRISPR/Cas9. Since all three types of structural variants, deletion, inversion, and 
duplication, result in the alteration of the junction region, the approach based on PCR mainly 
focused on detecting the fragment around the breakpoints in those chromosomes. Selections 
of appropriate PCR primers are a crucial factor to successfully detect and distinguish different 
DNA structural variants. The strategy of designing primers is shown in Table 3. Usually prim-
ers are designed near but outside the areas targeted by guide RNAs or 2 guide RNA sets at 
each endpoint of the rearrangement fragment. The primer sets near the Cas9 cleavage sites at 
the head (proximal endpoint closer to the centromere) of the region of interest, forward primer 
1 (F1) and reverse primer 1 (R1), and the primer sets at the tail (distal endpoint further from 
the centromere) of the region of the interest, forward primer 2 (F2), and reverse primer 2 (R2), 
can be used to identify upstream and downstream double-strand breaks [7]. Different combi-
nations of primers located at proximal and distal ends of the region are required to recognize 
the structural variation junctions [8]. The combinations are shown in Table 3. F1 + R2 primer 
sets are utilized for deletion analysis, while F1 + F2 and R1 + R2 are for inversion breakpoints. 
For duplication  characterization, different primer  sets might  be used  to distinguish differ-
ent possibilities. If combining with other primer sets, the direction of the duplication in the 
genome can be determined. (1) F1 + R1 & F2 + R1 & F2 + R2 could identify the duplication with 
head-to-tail and head-to-tail orientation as shown in Table 3, Dup1. (2) F1 + F2 & R1 + F2 & 
R1 + R2 primer sets could detect the duplication with tail-to-head and tail-to-head orientation 
as shown in Table 3, Dup2. (3) F1 + F2 & R1 + R1 & F2 + R2 sets could detect the duplication 
with tail-to-head and head-to-tail orientation as shown in Table 3, Dup3. (4) F1 + R1 & F2 + F2 & 
R1 + R2 sets could detect the duplication with head-to-tail and tail-to-head orientation as 
shown in Table 3, Dup4.

PCR assay is convenient, but it may not be able to reveal extensive information on the chro-
mosome rearrangements. Boroviak et al. [8] reported that in some cases, only one end of the  
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Two routes have been used to establish rodent models using CRISPR/Cas9-facilitated chromo-
some engineering: (1) those produced through transfection of expression vectors containing 
guide RNAs and Cas9 into embryonic stem cells (ESCs) [9] and (2) models obtained directly 
from fertilized zygotes injected with guide RNAs and Cas9 mRNA [7, 8].
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consuming compared with the method involving direct zygote injection. Boroviak et al. [8] 
and Birling et al. [7] described their chromosome engineering efforts in mice or rats through 
cytoplasmic injection of zygotes with Cas9 mRNA and sgRNAs. Both works demonstrated 
that structural variants of 1 Mb can be efficiently achieved by zygote injection of the CRISPR/
Cas9 components. However, the efficiency for generating desired chromosomal duplications 
appeared less robust when compared to the generation of deletions and inversions. One of 
the possible reasons is two homologs of the affected chromosome may be involved in genera-
tion of a duplication.

3.5. Genotyping strategy for identifying chromosomal structural variations

With these new genetic engineering methods, standard PCR is still primarily the method of 
choice to  identify the structural variants no matter if  in ES cell clones or founder mice and 
rats using CRISPR/Cas9. Since all three types of structural variants, deletion, inversion, and 
duplication, result in the alteration of the junction region, the approach based on PCR mainly 
focused on detecting the fragment around the breakpoints in those chromosomes. Selections 
of appropriate PCR primers are a crucial factor to successfully detect and distinguish different 
DNA structural variants. The strategy of designing primers is shown in Table 3. Usually prim-
ers are designed near but outside the areas targeted by guide RNAs or 2 guide RNA sets at 
each endpoint of the rearrangement fragment. The primer sets near the Cas9 cleavage sites at 
the head (proximal endpoint closer to the centromere) of the region of interest, forward primer 
1 (F1) and reverse primer 1 (R1), and the primer sets at the tail (distal endpoint further from 
the centromere) of the region of the interest, forward primer 2 (F2), and reverse primer 2 (R2), 
can be used to identify upstream and downstream double-strand breaks [7]. Different combi-
nations of primers located at proximal and distal ends of the region are required to recognize 
the structural variation junctions [8]. The combinations are shown in Table 3. F1 + R2 primer 
sets are utilized for deletion analysis, while F1 + F2 and R1 + R2 are for inversion breakpoints. 
For duplication  characterization, different primer  sets might  be used  to distinguish differ-
ent possibilities. If combining with other primer sets, the direction of the duplication in the 
genome can be determined. (1) F1 + R1 & F2 + R1 & F2 + R2 could identify the duplication with 
head-to-tail and head-to-tail orientation as shown in Table 3, Dup1. (2) F1 + F2 & R1 + F2 & 
R1 + R2 primer sets could detect the duplication with tail-to-head and tail-to-head orientation 
as shown in Table 3, Dup2. (3) F1 + F2 & R1 + R1 & F2 + R2 sets could detect the duplication 
with tail-to-head and head-to-tail orientation as shown in Table 3, Dup3. (4) F1 + R1 & F2 + F2 & 
R1 + R2 sets could detect the duplication with head-to-tail and tail-to-head orientation as 
shown in Table 3, Dup4.

PCR assay is convenient, but it may not be able to reveal extensive information on the chro-
mosome rearrangements. Boroviak et al. [8] reported that in some cases, only one end of the  

CRISPR/Cas9-Facilitated Chromosome Engineering to Model Human Chromosomal Alterations
http://dx.doi.org/10.5772/intechopen.70897

9



inversion could be detected rather than two ends. Birling et al. [17] also mentioned that dele-
tion of Dyrk1a region in rats cannot be detected by standard PCR, but they discovered 4 
founder rats carried one copy of Dyrk1a gene through droplet digital PCR (ddPCR). These 
false negative results indicated the junction areas may be changed during DNA cleavage and 
repair; therefore, it stops the primer from binding to the expected site. Thus, other approaches 
need to be considered to complement standard PCR for identifying structural variations when 
using CRIPSR/Cas9 system. For example, ddPCR and real-time PCR can be utilized for deter-
mining copy number variants in genome.

4. Summary

With the addition of the techniques of CRISPR/Cas9-facilitated chromosome engineering 
beyond the current tools, it is reasonable to predict that many important insights of DS will 
be revealed in the near future, which will surely be a welcome news since they may be instru-
mental for developing next therapeutic strategies for this important genetic disorder.
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Abstract

The main aim of this section is to provide clinicians with a guide to the prevalence of psy-
chopathologies, associated factors, and their treatment in children with Down syndrome 
(DS). Attention-deficit/hyperactivity disorder (ADHD), behavioral disorders, depression, 
and autism are more common in DS than the normal population. However, the incidence 
of psychopathology is generally lower in DS than in other diseases that cause mental 
retardation. While writing this chapter, approximately 200 articles in electronic databases 
were scanned using the keywords “Down Syndrome and Psychopathology,” “Down 
Syndrome and Mood Disorder,” “Down Syndrome and Autism,” “Down Syndrome 
and Anxiety,” “Down Syndrome and Catatonia,” and “Down Syndrome and Behavioral 
Disorder.” Psychopathologies in DS will be presented in eight subtitles beginning with 
the most often diagnosed. It is important to perform psychological evaluations of patients 
with DS during routine follow-ups. Comorbid diseases (obstructive sleep apnea, cardiac 
pathologies, etc.) should be taken into account when choosing drugs.

Keywords: down syndrome, psychopathology, mental health

1. Introduction

Down syndrome (DS) is the most common chromosomal anomaly which is associated with 
intellectual disability (ID), typical physical features, and health problems. The incidence of 
DS is about 1–1.5 of every 1000 live births. DS is the most frequent genetic cause of mental 
retardation (MR) [1]. People with MR have behavioral, emotional, and psychiatric problems 
more often than the general population [2].

DS exhibits distinctive neurodevelopmental, neurocognitive, and psychopathological patterns 
when compared to other genetic syndromes leading to ID, albeit higher than the general popula-
tion [3]. A 28.9% of the children with DS have psychiatric comorbidity [4]. The children with DS 
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The main aim of this section is to provide clinicians with a guide to the prevalence of psy-
chopathologies, associated factors, and their treatment in children with Down syndrome 
(DS). Attention-deficit/hyperactivity disorder (ADHD), behavioral disorders, depression, 
and autism are more common in DS than the normal population. However, the incidence 
of psychopathology is generally lower in DS than in other diseases that cause mental 
retardation. While writing this chapter, approximately 200 articles in electronic databases 
were scanned using the keywords “Down Syndrome and Psychopathology,” “Down 
Syndrome and Mood Disorder,” “Down Syndrome and Autism,” “Down Syndrome 
and Anxiety,” “Down Syndrome and Catatonia,” and “Down Syndrome and Behavioral 
Disorder.” Psychopathologies in DS will be presented in eight subtitles beginning with 
the most often diagnosed. It is important to perform psychological evaluations of patients 
with DS during routine follow-ups. Comorbid diseases (obstructive sleep apnea, cardiac 
pathologies, etc.) should be taken into account when choosing drugs.
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1. Introduction

Down syndrome (DS) is the most common chromosomal anomaly which is associated with 
intellectual disability (ID), typical physical features, and health problems. The incidence of 
DS is about 1–1.5 of every 1000 live births. DS is the most frequent genetic cause of mental 
retardation (MR) [1]. People with MR have behavioral, emotional, and psychiatric problems 
more often than the general population [2].

DS exhibits distinctive neurodevelopmental, neurocognitive, and psychopathological patterns 
when compared to other genetic syndromes leading to ID, albeit higher than the general popula-
tion [3]. A 28.9% of the children with DS have psychiatric comorbidity [4]. The children with DS 
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are more likely to have externalizing behaviors than their siblings and peers, including hyper-
activity, impulsivity, inattention, tantrums, agitation, stubbornness, disruptiveness/argumenta-
tiveness, oppositionality, repetitive movements, sensory dysregulation, and speech problems 
despite being recognized as friendly, easygoing, good tempered, affectionate, and sympathetic 
individuals [3, 5, 6]. The rate of severe behavior disorder in children with DS is reported as 23% 
[7]. The 4- to 18-year-old children with DS are more likely to exhibit such externalizing behav-
iors compared to normal-developing controls; 6–8% of children with DS are diagnosed with 
attention-deficit/hyperactivity disorder (ADHD); and 10–15% of children or youth are diag-
nosed with behavioral or oppositional disorders [2]. Externalizing behaviors change into inter-
nalizing behaviors in adolescents with DS. Internalizing behavior problems such as withdrawal, 
shyness, low confidence, and depression are more common in adolescents and adults [2]. A lon-
gitudinal cohort study showed that the incidence of depressive disorders was 5.2% of the total 
sample of adolescents and adults (16 years) with DS [8]. Depressive symptoms can also be seen 
with increased maladaptive behaviors other than known symptoms deteriorating speech and 
adaptive skills and fluctuating motor symptoms. As in the general population, anxiety symp-
toms such as fear, trembling, flushing, and irritability can be observed in DS [9]. However, there 
is not enough data on the incidence and prevalence of anxiety symptoms in DS. Some have 
shown that the prevalence of obsessive-compulsive disorder (OCD) in DS ranges from 0.8 to 
4.5% and not much higher than the general population. These rates may be low because it is 
difficult to assess the obsessions and compulsions in individuals with cognitive impairment. 
As for OCD, there is a lower prevalence of schizophrenia and bipolar disorder in individuals 
with DS [3]. In latest studies, the co-occurrence of DS and autism spectrum disorders (ASD) has 
increased ratio; approximately 6–10% of children have comorbid ASD [5]. Compared with the 
children with ASD in general, the children with DS are diagnosed with ASD in 6–16 years of age. 
The syndrome that may overlap with DS phenotypic social communication patterns may be dif-
ficult to define in the DS population due to behavioral diagnostic criteria [10].

The prevalence of DS was 5.9 per 10,000 general population. Point prevalence of mental disor-
der of any type varied from 23.7 to 10.8%; 2-year incidence varied from 14.9 to 3.7% [8]. This 
suggests that psychopathology is not seen in a minor proportion of individuals with DS. In 
this article, we aimed to define psychopathology in individuals with DS and to guide the clini-
cians in diagnosis and treatment.

2. Attention-deficit/hyperactivity disorder (ADHD)

ADHD is a developmental disorder with a prevalence of 5% in the community [11]. ADHD 
frequency in DS is 14–43.9% [12, 13].

It was thought that attention deficit and hyperactivity are caused by maturation retardation 
in the past years, and therefore there should not be an additional diagnosis other than men-
tal retardation [14]. Diagnostic overshadowing has been used to describe this situation [15]. 
However, according to both the Diagnostic and Statistical Manual of Mental Disorders-IV 
(DSM-IV) and the DSM-V, mental retardation is not an exclusion criterion for ADHD [16, 17].
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ADHD has three main symptoms: inattention, impulsivity, and hyperactivity, which are 
disproportionate to mental age. These symptoms can be observed in children with DS, but 
impulsivity and hyperactivity are more prominent up to 36 months [18]. In a study in 14 DS 
children (aged 2–4 years), ADHD was diagnosed in 30% of the children [19].

The children with DS may have mental retardation in mild (IQ 50–70), moderate (IQ 35–50), or 
severe (IQ 20–35) levels [20]. Studies of whether there is a correlation between the symptoms 
of ADHD and the degree of mental retardation are contradictory [12, 19, 21, 22]. It is known 
that executive functions are inadequate in ADHD. DS is also known to be inadequate in exec-
utive functions (especially in process memory) [23, 24]. Visual and hearing loss, obstructive 
sleep apnea, and thyroid disease associated with DS may mimic symptoms of ADHD [12].

The most commonly used drugs in the treatment of ADHD are psychostimulants and atom-
oxetine. Psychostimulants are the first line of treatment [25–28]. However, cardiac pathology 
in 50% of DS patients lead to the preference of other drug groups such as alpha-adrenergic 
agonists in place of methylphenidate in the treatment of ADHD [29, 30]. In addition, the pres-
ence of decreased dopamine beta-hydroxylase and increased catechol-o-methyltransferase 
activity in DS also modifies methylphenidate efficacy [31]. In support of this view, the only 
study of ADHD treatment in DS was performed using guanfacine. Twenty-three children 
aged between 4 and 12 years were included in the study and given guanfacine treatment. The 
effect size of guanfacine for inattention was found to be 0.7, and the effect size for hyperactiv-
ity was found to be 0.9; no serious side effects were reported [18]. Thus, there is a need for 
more research for the treatment of ADHD in DS.

3. Conduct disorder

Conduct disorder as other psychopathologies is more common in children with mental retardation 
[32]. More than 10% of the children with DS were diagnosed with conduct disorder [33]. Conduct 
disorder prevalence in DS is lower than other pathologies causing mental retardation [34].

Externalizing behaviors in DS is more common than internalizing behavior [35]. In a study, 
which used the Child Behavior Checklist and included 211 children with DS, stubbornness 
(79%) and disobedience (74%) were reported. Stubbornness has been reported to be a char-
acteristic of DS. In the same study, behavioral problems peaked between 10 and 13 years of 
age, and in accordance with clinical practice, externalizing behavior was reduced toward late 
adolescence and internalizing behavior was increased. However, in both adult and pediatric 
samples, it has been found that fighting (12%) and excessive physical aggression (6%) in indi-
viduals with DS are rare [36].

Some atypical antipsychotics approved by the Food and Drug Administration (FDA) for the 
treatment of aggression in autism are often used off-label in the treatment of aggression in 
patients with mental retardation [37]. Studies have shown that the use of atypical antipsy-
chotics in DS peaked between 11 and 14 years of age. This age range is also the period when 
behavior problems are frequently seen in DS. Behavioral problems in DS are more common in 
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males than in females, and consistent with this, atypical antipsychotic use is more common in 
males [28, 36]. Thus, there is a need for new studies, especially on drug treatment.

4. Depression

The prevalence of psychopathology is higher in DS than healthy population [34]. However, 
psychopathology is less frequent in DS compared to other children with intellectual disability 
[3]. The prevalence of depression in DS is 11%; DS is also a risk factor for developing depression 
[38, 39]. Depression frequency is lower in children and adolescents with DS than adults [40].

Stress-related disorders, such as depression, are the result of complex interactions of exter-
nal stressors and biological factors [41]. Cognitive impairment and inadequacy of problem-
solving skills lead to social rejection and failure [42]. In DS, the total brain volume and 
hippocampus volume are smaller than the normal population, leading to an increased risk of 
depression [43, 44]. These structural changes in the brain are thought to be caused by a protein 
overexpression encoded on chromosome 21 [45]. It is thought that serotonin, an important 
neurotransmitter in brain development, is deficient in fetal life in individuals with DS and 
that this deficiency continues in adulthood and increases susceptibility to depression [46].

Diagnosing depression is difficult in children with DS due to various problems related to 
neurophysiological developments (retardation in nonverbal communication, delay in speech) 
[28]. The most common symptom of depression in DS is the loss of interest (95.4%). In addi-
tion, changes in sleep and appetite patterns (81.8%), agitation (72%), and anxiety (40.9%) are 
other common symptoms [47]. Suicidal thoughts and guilt are rare [48].

In a study, only half of the 56 patients with DS who were diagnosed with depression were 
found to meet the criteria for major depression according to the Diagnostic and Statistical 
Manual of Mental Disorders. This is thought to be due to the lack of separate diagnostic crite-
ria for patients with mental retardation [49].

Depression in people with DS needs to be separated from hypothyroidism, because hypothy-
roidism is more common among people with DS than the normal population [50]. In addition, 
sleep apnea, which may mimic depression, may be diagnosed at a rate of 30–60% in DS [39, 51].

The most commonly used drug is selective serotonin reuptake inhibitors (SSRI), but there is 
no controlled study in this respect [52]. In a retrospective study involving 832 children and 
adolescents with DS, the rate of SSRI use was 9.6% for 5- to 11-year olds and 7.6% for 12- to 
21-year olds [28]. In a study compiling case reports, antidepressant treatment response rate 
was found to be 50% [49]. In addition, electroconvulsive therapy and psychotherapies can be 
used in therapy [53–55].

5. Autism

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 
restricted, repetitive behavior and interests and difficulties in social communication and 
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social interaction. The prevalence of autism in the world is about 1%, and approximately 45% 
of the cases are accompanied by intellectual disability. About 5–39% of ASD individuals have 
DS and 1–11% of DS individuals have ASD. Autism is more common among individuals with 
DS than the general population [56, 57].

ASD was reported in other chromosome abnormalities (21–50% of affected individuals have 
autism in fragile X syndrome, 24–60% in tuberous sclerosis complex, 50–81% in Angelman 
syndrome, 60–70% in Timothy syndrome, ~40% in Joubert syndrome, 5–20% in phenylketon-
uria, and 15–50% in CHARGE syndrome). DS is a chromosomal anomaly characterized by 
trisomy 21. Overlapping or co-occurrence of DS and ASD mechanisms is uncertain. Obstetric 
difficulties and/or fetal maldevelopment, congenital or early-acquired brain defects, vulner-
ability to anoxia, infection, or other harmful effects during the intrauterine or neonatal period 
as a result of chromosome abnormalities are some of the etiological factors suggested for DS 
and ASD in literature. Hereditary factors, epilepsy, and hypothyroidism are other medical 
conditions likely to cause autism in DS [13, 56, 58].

Meta-analyses and postmortem studies suggest that both autism and DS have neuropatho-
logical features in cerebellar and cerebral cortices such as heterotopic areas or focal abnormal 
gray matter density differences (amygdala, hippocampus, temporal lobe, cerebellum). These 
neuroanatomical differences, although not specific to autism and DS, may reflect changing 
functional organization patterns that are common to both [3, 56]. Cerebellum and brainstem 
white matters have increased volumes in individuals with autism along with DS in compari-
son to those without autism. These areas associated with stereotypes [59].

The children with DS are diagnosed with ASD in 6–16 years of age compared to the children 
with ASD only. The disorder, which may overlap with the phenotypic social communication 
patterns of DS, may be difficult to define in the DS population because the behavioral diag-
nostic criteria and regression occur later; an onset between 3 and 8 years of age may also be a 
reason for the delay in diagnosis [10, 57].

DS individuals without autism are communicated and socially motivated despite their verbal 
disabilities and show more advanced interpersonal relationships and play and leisure time 
skills than children with ASD. The evidence of autism are impairment of communicative ges-
ture, mime, and facial expression; impairment in the ability to initiate or sustain conversation; 
social reciprocity; lack of eye contact; poor social orienting; infrequent social overtures; poor 
integration of verbal and nonverbal behaviors; lack of joint attention; restricted shared effect; 
inconsistent social responding (tendency to be alone, difficulty in interacting with children); 
constrained imitation; failure to develop functional means of communication; delayed speech 
(although motor milestones such as sitting and walking without support are within normal 
limits); habit of making irrelevant remarks; repeating the other person’s phrases; echolalia; 
dull and repetitive play (such as rolling a toy over and over again); repetitive movements 
(such as frequent tapping of feet, flapping of arms, constant rocking of the body, compulsive 
touching of people, indiscriminate habit of feeling the texture of objects); undue attachment 
to certain objects; and distress over changes in environment [60, 61]. All these evidence are 
might also be seen DS individuals with autism. Individuals with DS alone may show lan-
guage stereotypes, specific interests in parts of objects, rituals, specific body use, and strange 
behavioral patterns specific to DS. ASD in DS is diagnosed with specific autistic features that 
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males than in females, and consistent with this, atypical antipsychotic use is more common in 
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include phenotypic behavioral features which may be determined by through and widely 
used screening tools (ADOS, CARS, M-CHAT) and DSM-V criteria [57].

The treatment and monitoring program should be structured according to the functional level 
and the disability areas of the affected person because each individual with DS has problems 
at different levels. Treatment approaches in ASD can be grouped into two categories as “edu-
cational treatments” and “pharmacological treatments.”

There is no medical agent for treating the core symptoms of autism. But antipsychotic drugs 
(haloperidol, risperidone, aripiprazole) have been shown to effectively reduce challenging, 
stereotypic behaviors, irritability, tantrum, and hyperactivity. Educational approaches are the 
most effective approach to alleviate basic symptoms and increase functioning in autism [62, 63].

Early diagnosis of ASD in DS is important so that convenient educational, behavioral, rehabil-
itative, and therapeutic interventions and strategies are available to help ensure that children 
receive the best possible outcomes.

6. Obsessive-compulsive disorder (OCD)

Obsessive-compulsive disorder (OCD) is characterized by the presence of obsessions and 
compulsions. Obsessions are thought, impulse, and dreams in which attempts to disengage, 
if accepted as repetitive, disturbing, and illogical, have failed. Compulsions are repetitive 
behaviors and mental actions that appear to reduce obsessions and reduce anxiety caused by 
obsessions. OCD was classified with DSM-5 under the heading “Obsessive-Compulsive and 
Related Disorders” by subtracting it from the heading of “Anxiety Disorders” [64].

The prevalence of OCD in a follow-up study was reported as 3.5% [65], and other studies have 
shown that the prevalence of OCD among individuals with DS ranges from 0.8 to 4.5% and 
not much higher than the general population. These rates may be low because it is difficult 
to assess the obsessions and compulsions in individuals with cognitive impairment. OCD 
increases similar to depression and other internalizing behavior problems among adolescents 
and adults with DS.

The individuals with DS present with ordering and tidiness compulsions, which are the most 
commonly reported OCD symptoms. On the other hand “obsessional slowness” is described as 
a ritualistic behavior that is the part of compulsion in individuals with DS. In case reports, OCD 
symptoms such as compulsively turning off lights, insisting that all doors needed to be shut, 
aligning the objects like books and pictures, hoarding behaviors such as keeping objects (water 
bottles, sunglasses, and boxes), touching rituals (touching the floor in a ritualistic manner sev-
eral times, touching each of clothes hangers routinely each morning), fastidiousness, spend 
excessive amounts of time in the bathroom, taking too long to complete daily routine (slowness 
in daily living skills, eating, and walking), perfectionism, and checking were reported.

The first line of pharmacological treatment for OCD includes SSRIs. Switching to another SSRI, 
augmentation with neuroleptics and the use of a serotonin norepinephrine agent are sug-
gested as pharmacological treatment options for treatment-resistant OCD [66]. In literature, 
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it was shown that SSRIs were effective with OCD in DS, and neuroleptic augmentation was 
effective with treatment-resistant OCD in DS. Also, recent studies suggest that glutamatergic 
agents such as memantine are effective in treatment-resistant OCD in both individuals with 
or without DS [67].

7. Anxiety disorders

Fear and anxiety are necessary to survive by resisting danger and threat. Although it is an 
adaptive process, fear and anxiety may become pathological when they are incited by objects 
or situations that are not legitimately harmful or threatening and restrict the person’s func-
tioning [68]. Anxiety disorders include specific phobias, separation anxiety disorder, selective 
mutism, social anxiety disorder (social phobia), generalized anxiety disorder, panic disor-
der, panic attack specifier and agoraphobia, substance-/medication-induced anxiety disorder, 
anxiety disorder due to another medical condition, other specified anxiety disorders, and 
unspecified anxiety disorder [16].

DS exhibits distinctive neurodevelopmental, neurocognitive, and psychopathological pat-
terns when compared to other genetic syndromes leading to ID, albeit higher than the gen-
eral population [3]. People with ID often have more behavioral, emotional, and psychiatric 
problems than the general population [2]. Anxiety disorder is one of these psychiatric prob-
lems. Studies suggest that 10–22% of the individuals with ID have met diagnostic criteria for 
anxiety disorder; this rate is higher than the individuals with typical development (3–7%). 
Studies have found no difference in prevalence of anxiety among mentally disabled individu-
als between the genders [69]. As in the general population, anxiety symptoms such as fear, 
trembling, flushing, and irritability can be observed in DS [9]. However, there is no enough 
data on the incidence and prevalence of anxiety symptoms in DS.

Children with DS are more common to have externalizing behaviors than their siblings and 
peers despite being recognized as friendly, easygoing, good tempered, affectionate, and 
sympathetic individuals; these behaviors include hyperactivity, impulsivity, inattention, tan-
trums, agitation, stubbornness, disruptiveness/argumentativeness, oppositionality, repeti-
tive movements, sensory dysregulation, and speech problems [3, 5, 6]. ADHD and anxiety 
comorbidities were found higher among individuals with DS-ID than in typically developed 
individuals [3, 69].

Treatment of anxiety disorders in childhood contains psychotherapeutic and psychopharma-
cological interventions, specifically cognitive behavioral therapy (CBT), behavioral therapy, 
and SSRIs. However, there is no enough study in literature for anxiety in DS and treatment of 
anxiety in DS [68]. There is a need for more studies on this subject.

8. Bipolar disorder

There is no study on the prevalence of bipolar disorder in children and adolescents, but the 
prevalence of bipolar disorder is 1% in life. Interestingly, it was found to be 0.3% in DS. This 
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include phenotypic behavioral features which may be determined by through and widely 
used screening tools (ADOS, CARS, M-CHAT) and DSM-V criteria [57].
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eral times, touching each of clothes hangers routinely each morning), fastidiousness, spend 
excessive amounts of time in the bathroom, taking too long to complete daily routine (slowness 
in daily living skills, eating, and walking), perfectionism, and checking were reported.

The first line of pharmacological treatment for OCD includes SSRIs. Switching to another SSRI, 
augmentation with neuroleptics and the use of a serotonin norepinephrine agent are sug-
gested as pharmacological treatment options for treatment-resistant OCD [66]. In literature, 
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it was shown that SSRIs were effective with OCD in DS, and neuroleptic augmentation was 
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tioning [68]. Anxiety disorders include specific phobias, separation anxiety disorder, selective 
mutism, social anxiety disorder (social phobia), generalized anxiety disorder, panic disor-
der, panic attack specifier and agoraphobia, substance-/medication-induced anxiety disorder, 
anxiety disorder due to another medical condition, other specified anxiety disorders, and 
unspecified anxiety disorder [16].

DS exhibits distinctive neurodevelopmental, neurocognitive, and psychopathological pat-
terns when compared to other genetic syndromes leading to ID, albeit higher than the gen-
eral population [3]. People with ID often have more behavioral, emotional, and psychiatric 
problems than the general population [2]. Anxiety disorder is one of these psychiatric prob-
lems. Studies suggest that 10–22% of the individuals with ID have met diagnostic criteria for 
anxiety disorder; this rate is higher than the individuals with typical development (3–7%). 
Studies have found no difference in prevalence of anxiety among mentally disabled individu-
als between the genders [69]. As in the general population, anxiety symptoms such as fear, 
trembling, flushing, and irritability can be observed in DS [9]. However, there is no enough 
data on the incidence and prevalence of anxiety symptoms in DS.

Children with DS are more common to have externalizing behaviors than their siblings and 
peers despite being recognized as friendly, easygoing, good tempered, affectionate, and 
sympathetic individuals; these behaviors include hyperactivity, impulsivity, inattention, tan-
trums, agitation, stubbornness, disruptiveness/argumentativeness, oppositionality, repeti-
tive movements, sensory dysregulation, and speech problems [3, 5, 6]. ADHD and anxiety 
comorbidities were found higher among individuals with DS-ID than in typically developed 
individuals [3, 69].

Treatment of anxiety disorders in childhood contains psychotherapeutic and psychopharma-
cological interventions, specifically cognitive behavioral therapy (CBT), behavioral therapy, 
and SSRIs. However, there is no enough study in literature for anxiety in DS and treatment of 
anxiety in DS [68]. There is a need for more studies on this subject.

8. Bipolar disorder

There is no study on the prevalence of bipolar disorder in children and adolescents, but the 
prevalence of bipolar disorder is 1% in life. Interestingly, it was found to be 0.3% in DS. This 
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rate is 1.6% in other disorders causing mental retardation. Bipolar disorder in DS is less com-
mon than the normal population, leading to the hypothesis that the susceptibility to bipolar 
disorder may be on chromosome 21. Recent studies have also shown that the susceptibility to 
bipolar disorder is in the 21q22 locus, which expresses the protein that regulates intracellular 
calcium concentration [70, 71]. Thus, individuals with DS with an extra chromosome 21 can 
compensate for the potential effects of the chromosome 21 with the disease [72].

9. Catatonia

Catatonia is a neuropsychiatric syndrome with typical motor indications and responds to 
electroconvulsive therapy and benzodiazepines [73]. The main signs are changes in motor 
activity, movement disorders (stereotype, grimas, and tics), changes in speech, impairment of 
oral intake, negativism, and urinary and gaita incontinence [74]. Neurological, autoimmune, 
and infectious causes must be excluded before the diagnosis of catatonia [75].

The prevalence of catatonia among children and adolescents with DS is not fully known, but 
case reports are available in the literature. In four case reports published in 2015, patients 
who were diagnosed with catatonia and did not respond to benzodiazepine treatment were 
treated with electroconvulsive therapy [48, 75].

The clinician should examine catatonia when regression—sudden loss of good acquired 
skills—is present. A significant number of adolescents with DS experience regression. In 
such a case, comprehensive psychiatric and physical examination is required for diagnosis. 
Physical examination is especially important for the exclusion of autoimmune and neuro-
logical diseases. A dramatic response to 1–2 mg lorazepam administration is a typical sign 
in catatonia. Symptoms such as mood swings, loss of interest and desire, and sleep and 
appetite disorders that can be seen in mood disorders can also be seen in the catatonia. 
The motor symptoms seen in the catatonia and the inability to respond to antidepressant 
and mood stabilizers in treatment are used in differential diagnosis. Individuals with DS 
generally do not respond to benzodiazepine therapy and require electroconvulsive therapy 
[27, 75, 76].

In conclusion, studies suggest that children with DS are at increased risk of having psycho-
pathologies. The clinicians should not neglect the psychopathology in DS and must direct DS 
individuals to psychiatric examination and treatment. Nevertheless, there is a need for further 
studies about DS and psychopathology.

Author details

Sevde Afife Ersoy, Hasan Ali Güler and Fatih Hilmi Çetin*

*Address all correspondence to: fatihhilmicetin@gmail.com

Selçuk University Faculty of Medicine, Child of Adolescent Psychiatry Department, Konya, 
Turkey

Advances in Research on Down Syndrome24

References

[1] Cocchi G, Gualdi S, Bower C, Halliday J, Jonsson B, Myrelid Å, et al. International 
trends of down syndrome 1993-2004: Births in relation to maternal age and termina-
tions of pregnancies. Birth Defects Research Part A: Clinical and Molecular Teratology. 
2010;88(6):474-479

[2] Dykens EM. Psychiatric and behavioral disorders in persons with down syndrome. 
Developmental Disabilities Research Reviews. 2007;13(3):272-278

[3] Vicari S, Pontillo M, Armando M. Neurodevelopmental and psychiatric issues in Down’s 
syndrome: Assessment and intervention. Psychiatric Genetics. 2013;23(3):95-107

[4] Prasher V, Day S. Brief report: Obsessive-compulsive disorder in adults with Down’s 
syndrome. Journal of Autism and Developmental Disorders. 1995;25(4):453-458

[5] Grieco J, Pulsifer M, Seligsohn K, Skotko B, Schwartz A, editors. Down Syndrome: 
Cognitive and Behavioral Functioning across the Lifespan. American Journal of Medical 
Genetics Part C: Seminars in Medical Genetics. 2015;169(2):135-149

[6] Gau SS-F, Chiu Y-N, Soong W-T, Lee M-B. Parental characteristics, parenting style, and 
behavioral problems among Chinese children with down syndrome, their siblings and 
controls in Taiwan. Journal of the Formosan Medical Association. 2008;107(9):693-703

[7] McCarthy J. Behaviour problems and adults with down syndrome: Childhood risk fac-
tors. Journal of Intellectual Disability Research. 2008;52(10):877-882

[8] Mantry D, Cooper SA, Smiley E, Morrison J, Allan L, Williamson A, et al. The prevalence 
and incidence of mental ill-health in adults with down syndrome. Journal of Intellectual 
Disability Research. 2008;52(2):141-155

[9] Fletcher R, Loschen E, Stavrakaki C, et al., editors. Diagnostic Manual-Intellectual 
Disability: A Textbook of Diagnosis of Mental Disorders in Persons with Intellectual 
Disability. Kingston, NY: NADD, 2007

[10] Reilly C. Autism spectrum disorders in down syndrome: A review. Research in Autism 
Spectrum Disorders. 2009;3(4):829-839

[11] Banaschewski T, Becker K, Döpfner M, Holtmann M, Rösler M, Romanos M. Attention-
deficit/hyperactivity disorder. Deutsches Arzteblatt International. 2017;114(9):149-159

[12] Ekstein S, Glick B, Weill M, Kay B, Berger I. Down syndrome and attention-deficit/
hyperactivity disorder (ADHD). Journal of Child Neurology. 2011;26(10):1290-1295

[13] Oxelgren UW, Myrelid Å, Annerén G, Ekstam B, Göransson C, Holmbom A, et al. 
Prevalence of autism and attention-deficit–hyperactivity disorder in Down syndrome: A 
population-based study. Developmental Medicine & Child Neurology. 2017;59(3):276-283

[14] Hastings RP, Beck A, Daley D, Hill C. Symptoms of ADHD and their correlates in children 
with intellectual disabilities. Research in Developmental Disabilities. 2005;26(5):456-468

Psychopathology in Down Syndrome
http://dx.doi.org/10.5772/intechopen.71061

25



rate is 1.6% in other disorders causing mental retardation. Bipolar disorder in DS is less com-
mon than the normal population, leading to the hypothesis that the susceptibility to bipolar 
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and infectious causes must be excluded before the diagnosis of catatonia [75].

The prevalence of catatonia among children and adolescents with DS is not fully known, but 
case reports are available in the literature. In four case reports published in 2015, patients 
who were diagnosed with catatonia and did not respond to benzodiazepine treatment were 
treated with electroconvulsive therapy [48, 75].
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skills—is present. A significant number of adolescents with DS experience regression. In 
such a case, comprehensive psychiatric and physical examination is required for diagnosis. 
Physical examination is especially important for the exclusion of autoimmune and neuro-
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in catatonia. Symptoms such as mood swings, loss of interest and desire, and sleep and 
appetite disorders that can be seen in mood disorders can also be seen in the catatonia. 
The motor symptoms seen in the catatonia and the inability to respond to antidepressant 
and mood stabilizers in treatment are used in differential diagnosis. Individuals with DS 
generally do not respond to benzodiazepine therapy and require electroconvulsive therapy 
[27, 75, 76].

In conclusion, studies suggest that children with DS are at increased risk of having psycho-
pathologies. The clinicians should not neglect the psychopathology in DS and must direct DS 
individuals to psychiatric examination and treatment. Nevertheless, there is a need for further 
studies about DS and psychopathology.
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Abstract

Functional neurogenomics is the interface between neurosciences knowledge and Omics 
sciences data. It characterizes, identifies, and analyzes expression of genes involved 
in the function of several structures of brain and cognition. Its major goal is to under-
stand the main pathways of brain function, plasticity, and the etiopathogenesis of brain 
diseases. We have done an integrate analysis of global brain gene expression linked to 
cognitive disability in Down syndrome. It is a new approach to better understand the 
control of complex brain networks of gene expression involved in this syndrome. The 
objective of the chapter is to present computationally simulate data of global expres-
sion of 108 genes associated with cognitive disability and neuroplasticity from DNA 
microarray experiments of postmortem brain from normal controls and patients with 
Down syndrome. Some genes that were studied are involved in metabolic process and 
also promote hippocampal plasticity; interventions reawaken the neural plasticity may 
permit improved cognition. One of the striking findings was that some of the causes of 
dysregulation appear to result in the brain being trapped in an immature state of synaptic 
development. Understanding the functional neurogenomics of Down syndrome brain, 
emerge a new scenario to partially overcome cognitive disability through new prospec-
tive genomic therapies.
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1. Introduction

Never before in brain research, the development of modern brain imaging technologies and 
the application of new brain analyses by using the Omics sciences, have provided new knowl-
edge to explore not only the biological essence of human intelligence as well as the relation-
ship between brain function and cognition. As results of such studies, actually we have an 
unprecedented state to understand the relationship between brain and intelligence [1]. Brain 
function and its dysfunction throughout life are determined by the interaction of genetic fac-
tors with internal and external environmental events, signals, and stimuli [2]. Most of this 
process occur early in life and exert many effects that persist throughout adulthood. In this 
scenario, the hippocampus is one of the targets that plays a crucial role in learning, memory 
storage and retrieval, and in general cognitive function; the study and management of hip-
pocampal neuronal networks, open the real possibility to induce adaption by increasing its 
function, as a base for a real hippocampal rehabilitation combined therapies [3–5].

This chapter presents the main results of our investigations in the Down syndrome global gene 
expression from an integrative approach of functional neurogenomics (FN) as the interface 
of neurosciences and omics sciences (OS). NF emerges as an integrative research approach 
which applies several methods of computational sciences and OS strategies, to get under-
standing of how their gene-product interacts in complex networks and regulates the brain 
homeostasis. The information derived from the functional neurogenomics approach, could 
serve in the future, to develop new promising therapeutic protocols and genome editing strat-
egies for trustworthy cognitive rehabilitation based on the hippocampal neuroplasticity [6–9].

2. Generalities of Down syndrome

Down syndrome (DS) is the most common aneuploidy in children caused by an extra 21 
chromosome, affecting worldwide 1 in 600 live births and 1 in 150 conceptions [10]; however, 
remarkable differences are registered among countries that depend on sociocultural variables 
[11]. The triplication of genes on HSA21 causes a wide spectrum of neurological phenotypes 
in DS, including intellectual and cognitive disabilities. Patients with DS display not only 
delayed linguistic skills and a variable degrees of cognitive and intellectual disabilities, but 
also behavioral issues such as attention-deficit disorder (ADD, sometimes with hyperactivity) 
and autism spectrum disorder (ASD) [12–16]. The cognitive impairments extend further after 
development, as individuals with DS are more prone to develop Alzheimer’s type dementia 
[17]. In addition, patients with DS are susceptible to epilepsy in the form of infantile spasms 
and tonic-clonic seizures with myoclonus at early ages [16].

It was reported that brain of Down syndrome has a reduction of size and diminishing num-
ber of neuron density. Part of the cognitive dysfunction in DS, lies not only in the progres-
sive neuronal degeneration/cell death and impaired neurogenesis seen in this developmental 
and degenerative disorder, but also in the reduction in dendrite formation and spine density, 
which result in a disruption of synaptic function. These pathological abnormalities in humans 
are, in part, replicated in DS animal models which show defects in learning, social interac-
tions, memory, and seizures [18–22].
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3. Functional neurogenomics: the systemic integration of brain 
global gene expression

The spectacular advances in OS, had led to obtain comprehensive global information regard-
ing the transcriptome of some neurological diseases [23]. In this regard, the use of DNA 
microarrays to study global transcription is widely spread. This methodology has allowed 
performing comprehensive analysis of changes in transcriptional expression of many genes 
associated with the pathophysiology of DS [24]. In addition, previous studies have shown 
the importance of using postmortem brain tissue to analyze the transcriptome of different 
conditions and different regions of the human brain including those individuals with DS [25]. 
The gene expression profile of the central nervous system (CNS) is unique. At least 30–50% 
of approximately 22,000 known protein-coding genes are expressed across all structures of 
the human brain [26]. Moreover, the human brain has the highest level of gene expression 
compared with other mammal species [27]. Neurogenomics research applies genomic strate-
gies to identify and analyze genes that are involved in the function of nervous system. One 
of the main goals is to build a really systemic approach that contributes to explain the brain 
development, function, plasticity, and associated diseases [6, 7, 28, 29].

As shown in Figure 1, the major goal in functional neurogenomics is to analyze the global 
gene expression among different structures of the brain in order to identify the normal regula-
tion of transcription and characterize genes associated with several neurological pathologies 
with cognitive and intellectual disabilities phenotypes [28–31].

The functional neurogenomic analysis starts with planning of global gene expression in brain. 
In this sense, DNA microarray experiments are a powerful experimental tool to study the 
transcriptome profile of brain which varies within specific regions and changes with age and 
with internal and external environmental conditions [32, 33].

DNA microarray experiments generate large amounts of data; for example, in a gene expres-
sion microarray study, 22,000 genes x 100 samples will generate 2.2 million data points. This 
terabyte amount data of information is necessary to be analyzed by computational simulation 
procedures that use bioinformatics analysis tools to get information about the spatial and 
temporal gene expression. Moreover, the bioinformatics analysis permits to extract informa-
tion about genes which are expressed in normal and pathological samples of postmortem 
brains [34, 35].

In addition, genomic experiments are often noisy and are not normally distributed, and usu-
ally contain missing values in the expression matrix. To overcome such problem and to obtain 
biological relevant interpretations of the genome expression data, robust biostatistical analy-
ses are required [36, 37]. In general, statistical analyses of genomic data can be divided into 
two major categories: supervised and unsupervised methods [36]. Supervised analysis is used 
to identify genes that are differentially expressed between groups of samples, as well as to 
find genes that can be used to accurately predict the characteristics of groups. The unsuper-
vised approaches characterize genomic data without prior input or knowledge of predeter-
mined pattern. Unsupervised analysis is used to identify internal structure in the genomic 
data set. The most commonly used unsupervised analysis tool is Hierarchical clustering and 
Principal Components Analysis (PCA) [37].
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remarkable differences are registered among countries that depend on sociocultural variables 
[11]. The triplication of genes on HSA21 causes a wide spectrum of neurological phenotypes 
in DS, including intellectual and cognitive disabilities. Patients with DS display not only 
delayed linguistic skills and a variable degrees of cognitive and intellectual disabilities, but 
also behavioral issues such as attention-deficit disorder (ADD, sometimes with hyperactivity) 
and autism spectrum disorder (ASD) [12–16]. The cognitive impairments extend further after 
development, as individuals with DS are more prone to develop Alzheimer’s type dementia 
[17]. In addition, patients with DS are susceptible to epilepsy in the form of infantile spasms 
and tonic-clonic seizures with myoclonus at early ages [16].

It was reported that brain of Down syndrome has a reduction of size and diminishing num-
ber of neuron density. Part of the cognitive dysfunction in DS, lies not only in the progres-
sive neuronal degeneration/cell death and impaired neurogenesis seen in this developmental 
and degenerative disorder, but also in the reduction in dendrite formation and spine density, 
which result in a disruption of synaptic function. These pathological abnormalities in humans 
are, in part, replicated in DS animal models which show defects in learning, social interac-
tions, memory, and seizures [18–22].
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3. Functional neurogenomics: the systemic integration of brain 
global gene expression

The spectacular advances in OS, had led to obtain comprehensive global information regard-
ing the transcriptome of some neurological diseases [23]. In this regard, the use of DNA 
microarrays to study global transcription is widely spread. This methodology has allowed 
performing comprehensive analysis of changes in transcriptional expression of many genes 
associated with the pathophysiology of DS [24]. In addition, previous studies have shown 
the importance of using postmortem brain tissue to analyze the transcriptome of different 
conditions and different regions of the human brain including those individuals with DS [25]. 
The gene expression profile of the central nervous system (CNS) is unique. At least 30–50% 
of approximately 22,000 known protein-coding genes are expressed across all structures of 
the human brain [26]. Moreover, the human brain has the highest level of gene expression 
compared with other mammal species [27]. Neurogenomics research applies genomic strate-
gies to identify and analyze genes that are involved in the function of nervous system. One 
of the main goals is to build a really systemic approach that contributes to explain the brain 
development, function, plasticity, and associated diseases [6, 7, 28, 29].

As shown in Figure 1, the major goal in functional neurogenomics is to analyze the global 
gene expression among different structures of the brain in order to identify the normal regula-
tion of transcription and characterize genes associated with several neurological pathologies 
with cognitive and intellectual disabilities phenotypes [28–31].

The functional neurogenomic analysis starts with planning of global gene expression in brain. 
In this sense, DNA microarray experiments are a powerful experimental tool to study the 
transcriptome profile of brain which varies within specific regions and changes with age and 
with internal and external environmental conditions [32, 33].

DNA microarray experiments generate large amounts of data; for example, in a gene expres-
sion microarray study, 22,000 genes x 100 samples will generate 2.2 million data points. This 
terabyte amount data of information is necessary to be analyzed by computational simulation 
procedures that use bioinformatics analysis tools to get information about the spatial and 
temporal gene expression. Moreover, the bioinformatics analysis permits to extract informa-
tion about genes which are expressed in normal and pathological samples of postmortem 
brains [34, 35].

In addition, genomic experiments are often noisy and are not normally distributed, and usu-
ally contain missing values in the expression matrix. To overcome such problem and to obtain 
biological relevant interpretations of the genome expression data, robust biostatistical analy-
ses are required [36, 37]. In general, statistical analyses of genomic data can be divided into 
two major categories: supervised and unsupervised methods [36]. Supervised analysis is used 
to identify genes that are differentially expressed between groups of samples, as well as to 
find genes that can be used to accurately predict the characteristics of groups. The unsuper-
vised approaches characterize genomic data without prior input or knowledge of predeter-
mined pattern. Unsupervised analysis is used to identify internal structure in the genomic 
data set. The most commonly used unsupervised analysis tool is Hierarchical clustering and 
Principal Components Analysis (PCA) [37].
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The final result of the flow of analytical process previously described, is to correlate the gene 
expression profiles variation within specific regions of the brain to obtain a better knowledge 
about the functional correlations. In this sense, DNA microarray experiments showed that 
the transcriptome profile of the CNS is specific of brain structure and also the signals that 
modulate it [38, 39].

4. Cognitive disability and neuroplasticity: our main approach

Cognition refers to the mental processes that are involved in acquiring knowledge and com-
prehension. These processes include thinking, knowing, remembering, judging, and problem 
solving. All of them are higher level functions of the brain and encompass language, imagi-
nation, perception, and planning [40]. Neuroplasticity is the ability of the nervous system to 
adapt to different environmental conditions and stimuli; it requires a well-conserved and flex-
ible repertoire of molecular mechanisms [41]. Neural plasticity, allows neurons to regenerate 

Figure 1. The experimental and analytical procedures applies in functional neurogenomics. The flow of procedures starts 
with the analysis of global gene expression profiles, using the technology of DNA microarray, which is followed by a 
trend of bioinformatics and statistical analysis of the results of the big data generated by DNA microarray experiments. 
As a result of the integrative analysis, the functional correlation between global gene expression and several interaction 
processes are obtained.
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both anatomically as well as functionally, in a process call neurogenesis; also to form new 
synaptic connections—synaptogenesis, and in some cases of new dendrites generation—den-
dritogenesis [42, 43]. Because neuroplasticity is based on the ability of brain to recover and 
restructure itself, it allows us to consider that its adaptive potential to recover after disor-
ders or injuries, would be a point of departure for developing therapeutic strategies toward 
reducing the effects of altered structures due to cognitive associated pathologies including DS 
among others [44].

The point of departure of our studies lies in the fact that a failure in the crosstalk between cog-
nitive process and neuroplasticity would be a major effector for cognitive disability (CD) in 
DS brain [45–48]. Some genetic mechanisms or even alteration of brain development homeo-
stasis has important neurodevelopmental consequences produced by CD [49].

4.1. Our methodological approach

In order to test our proposal, the initial approach started with a bibliographic search of full 
papers in PubMed of publications reported neuroplasticity and CD in Down syndrome. We 
used the following crossed descriptors to perform that search: DS, neuroplasticity and cogni-
tion and cognitive disability, and genes associated. We filtered six full papers describing genes 
that involved in cognition and neuroplasticity in DS. Information consigned in this article led 
us to pick up 106 genes involved in neuroplasticity and cognitive process such as memory and 
learning. Those genes were the initial background to perform our computational simulations 
and identify their functional roles in several structures of brain cortex. Moreover from gender 
and age gene expression values, we obtain data about their temporal and spatial regulations. 
The list and main characteristics of selected genes are consigned in Supplementary Table 1.

As a source to calculate the values of expression for selected gene, this initial bibliographic 
search was crossed with DNA microarray experiments consigned in the database of GEO 
DataSet of NCBI (https://www.ncbi.nlm.nih.gov/gds/). Combining the descriptors: Down 
syndrome and global transcription and neuroplasticity and cognition and brain, we found 
nine DNA microarray experiments. However, only one of them fitted the statistical signifi-
cance sample size to obtain trustable information about the functional neurogenomics in DS.

We used the log10 transformed expression values of a DNA microarray experiment whose 
registration code and free access in the GEO database was GSE59630 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE59630), previously deposited by Olmos et al. [50]. The 
microarray experiment selected included gene expression data of 47,000 probes from 58 DS 
patients (25 females and 33 males) and 58 healthy controls (25 females and 33 males) of post-
mortem brain samples classified by gender and age, and in 11 structures of cerebral cortex.

4.2. Functional analysis

Free use Cytoscape 3.2 open software platform was used for visualizing and analyzing the 
genetic interaction networks among the selected human genes associated with cognition 
and neuroplasticity processes. Biological Networks Gene Ontology v2.6 plugin (BiNGO 
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both anatomically as well as functionally, in a process call neurogenesis; also to form new 
synaptic connections—synaptogenesis, and in some cases of new dendrites generation—den-
dritogenesis [42, 43]. Because neuroplasticity is based on the ability of brain to recover and 
restructure itself, it allows us to consider that its adaptive potential to recover after disor-
ders or injuries, would be a point of departure for developing therapeutic strategies toward 
reducing the effects of altered structures due to cognitive associated pathologies including DS 
among others [44].

The point of departure of our studies lies in the fact that a failure in the crosstalk between cog-
nitive process and neuroplasticity would be a major effector for cognitive disability (CD) in 
DS brain [45–48]. Some genetic mechanisms or even alteration of brain development homeo-
stasis has important neurodevelopmental consequences produced by CD [49].

4.1. Our methodological approach

In order to test our proposal, the initial approach started with a bibliographic search of full 
papers in PubMed of publications reported neuroplasticity and CD in Down syndrome. We 
used the following crossed descriptors to perform that search: DS, neuroplasticity and cogni-
tion and cognitive disability, and genes associated. We filtered six full papers describing genes 
that involved in cognition and neuroplasticity in DS. Information consigned in this article led 
us to pick up 106 genes involved in neuroplasticity and cognitive process such as memory and 
learning. Those genes were the initial background to perform our computational simulations 
and identify their functional roles in several structures of brain cortex. Moreover from gender 
and age gene expression values, we obtain data about their temporal and spatial regulations. 
The list and main characteristics of selected genes are consigned in Supplementary Table 1.

As a source to calculate the values of expression for selected gene, this initial bibliographic 
search was crossed with DNA microarray experiments consigned in the database of GEO 
DataSet of NCBI (https://www.ncbi.nlm.nih.gov/gds/). Combining the descriptors: Down 
syndrome and global transcription and neuroplasticity and cognition and brain, we found 
nine DNA microarray experiments. However, only one of them fitted the statistical signifi-
cance sample size to obtain trustable information about the functional neurogenomics in DS.

We used the log10 transformed expression values of a DNA microarray experiment whose 
registration code and free access in the GEO database was GSE59630 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE59630), previously deposited by Olmos et al. [50]. The 
microarray experiment selected included gene expression data of 47,000 probes from 58 DS 
patients (25 females and 33 males) and 58 healthy controls (25 females and 33 males) of post-
mortem brain samples classified by gender and age, and in 11 structures of cerebral cortex.

4.2. Functional analysis

Free use Cytoscape 3.2 open software platform was used for visualizing and analyzing the 
genetic interaction networks among the selected human genes associated with cognition 
and neuroplasticity processes. Biological Networks Gene Ontology v2.6 plugin (BiNGO 
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ID Gen symbol Name Locus Function—gene ontology (GO)

90 ACVR1 Activin A receptor type 1 2q24.1 ATP binding

9509 ADAMTS2 ADAM metallopeptidase with 
thrombospondin type 1 motif 2

5q35.3 Metalloendopeptidase  
activity, metallopeptidase  
activity

9370 ADIPOQ Adiponectin 3q27.3 Cytokine activity, hormone 
activity

152 ADRA2C Adrenoceptor alpha 2C 4p16.3 Alpha-2A adrenergic receptor 
binding, epinephrine binding

8906 AP1G2 Adaptor related protein complex 1 
gamma 2 subunit

14q11.2 Protein transporter activity

361 AQP4 Aquaporin 4 18q11.2 Protein binding

10317 B3GALT5 Beta-1,3-galactosyltransferase 5 21q22.2 Protein glycosylation

25825 BACE2 Beta-site APP-cleaving enzyme 2 21q22.2–q22.3 Amyloid-beta metabolic process

627 BDNF Brain-derived neurotrophic factor 11p14.1 Neurotrophin TRKB receptor 
binding

666 BOK BCL2 family apoptosis regulator 2q37.3 BH domain binding

54014 BRWD1 Bromodomain and WD repeat 
domain containing 1

21q22.2 Cytoskeleton organization

55969 C20orf24 Chromosome 20 open reading 
frame 24

20q11.23 Olfactory receptor activity

114041 B3GALT5-AS1 B3GALT5 antisense RNA 1 21q22.2 Putative uncharacterized

721 C4B Complement C4B 6p21.33 Carbohydrate binding, 
endopeptidase inhibitor activity

23562 CLDN14 Claudin 14 21q22.13 Protein complex assembly

54102 CLIC6 Chloride intracellular channel 6 21q22.12 NOT glutathione metabolic 
process

1277 COL1A1 Collagen type I alpha 1 chain 17q21.33 Protease binding, extracellular 
matrix structural  
constituent, protein binding

1278 COL1A2 Collagen type I alpha 2 chain 7q21.3 SMAD binding, identical protein 
binding

1476 CSTB Cystatin B 21q22.3 Adult locomotory behavior

7852 CXCR4 C-X-C motif chemokine receptor 4 2q22.1 C-C chemokine binding

51523 CXXC5 CXXC finger protein 5 5q31.2 Sequence-specific DNA binding, 
signal transducer activity, 
transcription  
factor binding

147991 DPY19L3 DPY-19-like 3 19q13.11 Mannosyltransferase activity, 
transferase activity

1812 DRD1 Dopamine receptor D1 5q35.2 Dopamine binding
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ID Gen symbol Name Locus Function—gene ontology (GO)

3920 DSCAM DS cell adhesion molecule 21q22.2 Nervous system development, 
Locomotory behavior, dendrite 
morphogenesis

10311 DSCR3 DSCR3 arrestin fold containing 21q22.13 Intracellular protein transport

53820 DSCR6 Ripply transcriptional repressor 3 21q22.13 Negative regulation of cell 
proliferation

84677 DSCR8 Down syndrome critical region 8 
(non-protein coding)

21q22.13 Biological_process

1846 DUSP4 Dual specificity phosphatase 4 8p12 MAP kinase serine/threonine 
phosphatase activity

1859 DYRK1A Dual specificity tyrosine 
phosphorylation regulated kinase 
1A

21q22.13 Circadian rhythm

1958 EGR1 Early growth response 1 5q31.2 RNA polymerase II regulatory 
region sequence-specific DNA 
binding

2078 ERG ERG, ETS transcription factor 21q22.2 Cell proliferation

2114 ETS2 ETS proto-oncogene 2, transcription 
factor

21q22.2 Skeletal system development

2199 FBLN2 Fibulin 2 3p25.1 Extracellular matrix binding, 
calcium ion binding

252995 FNDC5 Fibronectin type III domain 
containing 5

1p35.1 Hormone activity, 
molecular_function

2487 FRZB Frizzled-related protein 2q32.1 Wnt-activated receptor activity, G 
protein-coupled receptor activity

2670 GFAP Glial fibrillary acidic protein 17q21.31 Structural constituent of 
cytoskeleton, protein binding

2719 GPC3 Glypican 3 Xq26.2 Heparan sulfate proteoglycan 
binding, peptidyl-dipeptidase 
inhibitor activity

10457 GPNMB Glycoprotein nmb 7p15.3 Integrin binding, heparin binding, 
chemoattractant activity

3141 HLCS Holocarboxylase synthetase 21q22.13 Enzyme binding

3150 HMGN1 High mobility group nucleosomal 
binding domain 1

21q22.2 Transcription-coupled nucleotide-
excision repair

9456 HOMER1 Homer scaffolding protein 1 5q14.1 G protein-coupled glutamate 
receptor binding

9454 HOMER3 Homer scaffolding protein 3 19p13.11 G protein-coupled glutamate 
receptor binding

3479 IGF1 Insulin-like growth factor 1 12q23.2 Growth factor activity, hormone 
activity, insulin-like growth factor 
receptor binding, insulin-like 
growth factor receptor binding
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ID Gen symbol Name Locus Function—gene ontology (GO)

90 ACVR1 Activin A receptor type 1 2q24.1 ATP binding

9509 ADAMTS2 ADAM metallopeptidase with 
thrombospondin type 1 motif 2

5q35.3 Metalloendopeptidase  
activity, metallopeptidase  
activity

9370 ADIPOQ Adiponectin 3q27.3 Cytokine activity, hormone 
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152 ADRA2C Adrenoceptor alpha 2C 4p16.3 Alpha-2A adrenergic receptor 
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8906 AP1G2 Adaptor related protein complex 1 
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14q11.2 Protein transporter activity
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54014 BRWD1 Bromodomain and WD repeat 
domain containing 1

21q22.2 Cytoskeleton organization

55969 C20orf24 Chromosome 20 open reading 
frame 24

20q11.23 Olfactory receptor activity

114041 B3GALT5-AS1 B3GALT5 antisense RNA 1 21q22.2 Putative uncharacterized
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endopeptidase inhibitor activity

23562 CLDN14 Claudin 14 21q22.13 Protein complex assembly

54102 CLIC6 Chloride intracellular channel 6 21q22.12 NOT glutathione metabolic 
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1277 COL1A1 Collagen type I alpha 1 chain 17q21.33 Protease binding, extracellular 
matrix structural  
constituent, protein binding

1278 COL1A2 Collagen type I alpha 2 chain 7q21.3 SMAD binding, identical protein 
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1476 CSTB Cystatin B 21q22.3 Adult locomotory behavior

7852 CXCR4 C-X-C motif chemokine receptor 4 2q22.1 C-C chemokine binding

51523 CXXC5 CXXC finger protein 5 5q31.2 Sequence-specific DNA binding, 
signal transducer activity, 
transcription  
factor binding

147991 DPY19L3 DPY-19-like 3 19q13.11 Mannosyltransferase activity, 
transferase activity
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ID Gen symbol Name Locus Function—gene ontology (GO)

3920 DSCAM DS cell adhesion molecule 21q22.2 Nervous system development, 
Locomotory behavior, dendrite 
morphogenesis

10311 DSCR3 DSCR3 arrestin fold containing 21q22.13 Intracellular protein transport

53820 DSCR6 Ripply transcriptional repressor 3 21q22.13 Negative regulation of cell 
proliferation

84677 DSCR8 Down syndrome critical region 8 
(non-protein coding)
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1846 DUSP4 Dual specificity phosphatase 4 8p12 MAP kinase serine/threonine 
phosphatase activity

1859 DYRK1A Dual specificity tyrosine 
phosphorylation regulated kinase 
1A

21q22.13 Circadian rhythm

1958 EGR1 Early growth response 1 5q31.2 RNA polymerase II regulatory 
region sequence-specific DNA 
binding

2078 ERG ERG, ETS transcription factor 21q22.2 Cell proliferation
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calcium ion binding
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containing 5

1p35.1 Hormone activity, 
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2487 FRZB Frizzled-related protein 2q32.1 Wnt-activated receptor activity, G 
protein-coupled receptor activity

2670 GFAP Glial fibrillary acidic protein 17q21.31 Structural constituent of 
cytoskeleton, protein binding

2719 GPC3 Glypican 3 Xq26.2 Heparan sulfate proteoglycan 
binding, peptidyl-dipeptidase 
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3141 HLCS Holocarboxylase synthetase 21q22.13 Enzyme binding

3150 HMGN1 High mobility group nucleosomal 
binding domain 1
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excision repair

9456 HOMER1 Homer scaffolding protein 1 5q14.1 G protein-coupled glutamate 
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ID Gen symbol Name Locus Function—gene ontology (GO)

3488 IGFBP5 Insulin-like growth factor binding 
protein 5

2q35 Fibronectin binding, protein 
binding

3489 IGFBP6 Insulin-like growth factor binding 
protein 6

12q13.13 Growth factor binding, receptor 
binding

3600 IL15 Interleukin 15 4q31.21 Cytokine activity, cytokine 
receptor binding

3623 INHA Inhibin alpha subunit 2q35 Cytokine activity, growth factor 
activity

3708 ITPR1 Inositol 1,4,5-trisphosphate receptor 
1

3p26.1 Calcium channel inhibitor activity

170850 KCNG3 Potassium voltage-gated channel 
modifier subfamily G member 3

2p21 Delayed rectifier potassium 
channel activity

3772 KCNJ15 Potassium voltage-gated channel 
subfamily J member 15

21q22.13-q22.2 Potassium ion import

3775 KCNK1 Potassium two pore domain 
channel subfamily K member 1

1q42.2 Inward rectifier potassium 
channel activity

57576 KIF17 Kinesin family member 17 1p36.12 Microtubule motor activity, ATP 
binding, microtubule binding,

7071 KLF10 Kruppel-like factor 10 8q22.3 RNA polymerase II core promoter 
proximal region sequence-specific 
DNA binding

11202 KLK8 Kallikrein related-peptidase 8 19q13.41 Serine-type endopeptidase 
activity

150082 LCA5L LCA5L, lebercilin like 21q22.2 Protein binding

9663 LPIN2 Lipin 2 18p11.31 Phosphatidate phosphatase 
activity

4058 LTK Leukocyte receptor tyrosine kinase 15q15.1 ATP binding, protein binding

4147 MATN2 Matrilin 2 8q22.1-q22.2 Calcium ion binding

4239 MFAP4 Microfibril associated protein 4 17p11.2 Protein binding

283078 MKX Mohawk homeobox 10p12.1 Sequence-specific DNA binding

25902 MTHFD1L Methylenetetrahydrofolate 
dehydrogenase (NADP+ 
dependent) 1 like

6q25.1 Formate-tetrahydrofolate 
ligase activity, 
methylenetetrahydrofolate 
dehydrogenase (NADP+) activity

1463 NCAN Neurocan 19p13.11 Calcium ion binding

4885 NPTX2 Neuronal pentraxin 2 7q22.1 Carbohydrate binding

51299 NRN1 Neuritin 1 6p25.1 C-terminal protein lipidation

51559 NT5DC3 5′-Nucleotidase domain containing 
3

12q23.3 Metal ion binding

4908 NTF3 Neurotrophin 3 12p13.31 Chemoattractant activity, 
neurotrophin p75 receptor 
binding
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ID Gen symbol Name Locus Function—gene ontology (GO)

64881 PCDH20 Protocadherin 20 13q21.2 RNA binding, calcium ion 
binding

5121 PCP4 Purkinje cell protein 4 21q22.2 Positive regulation of neuron 
differentiation

5179 PENK Proenkephalin 8q12.1 Neuropeptide hormone activity

51227 PIGP Phosphatidylinositol glycan anchor 
biosynthesis class P

21q22.13 Preassembly of GPI anchor in ER 
membrane

130271 PLEKHH2 Pleckstrin homology, MyTH4 and 
FERM domain containing H2

2p21 Actin binding, identical protein 
binding

57460 PPM1H Protein phosphatase, Mg2+/Mn2+ 
dependent 1H

12q14.1-q14.2 Phosphoprotein phosphatase 
activity, protein serine/threonine 
phosphatase activity

3275 PRMT2 Protein arginine methyltransferase 2 21q22.3 Developmental cell growth

8624 PSMG1 Proteasome assembly chaperone 1 21q22.2 Proteasome assembly

754 PTTG1IP PTTG1 interacting protein 21q22.3 Protein import into nucleus

51655 RASD1 RAS related dexamethasone 
induced 1

17p11.2 GTPase activity, GTP binding

10633 RASL10A RAS like family 10 member A 22q12.2 Signal transduction, small GTPase 
mediated signal transduction

1827 RCAN1 Regulator of calcineurin 1 21q22.12 Central nervous system 
development

5997 RGS2 Regulator of G protein signaling 2 1q31.2 G-protein alpha-subunit binding

85397 RGS8 Regulator of G protein signaling 8 1q25.3 GTPase activator activity

56475 RPRM Reprimo, TP53 dependent G2 arrest 
mediator homolog

2q23.3 Protein binding

861 RUNX1 Runt related transcription factor 1 21q22.12 Peripheral nervous system neuron 
development

347735 SERINC2 Serine incorporator 2 1p35.2 L-serine transmembrane 
transporter activity

5271 SERPINB8 Serpin family B member 8 18q22.1 Serine-type endopeptidase 
inhibitor activity

6450 SH3BGR SH3 domain binding glutamate rich 
protein

21q22.2 Positive regulation of signal 
transduction

6470 SHMT1 Serine hydroxymethyltransferase 1 17p11.2 L-allo-threonine aldolase activity, 
glycine hydroxymethyltransferase 
activity

6493 SIM2 Single-minded family bHLH 
transcription factor 2

21q22.13 Embryonic pattern specification

6574 SLC20A1 Solute carrier family 20 member 1 2q14.1 High-affinity inorganic 
phosphate:sodium symporter 
activity

65012 SLC26A10 Solute carrier family 26 member 10 12q13.3 Anion:anion antiporter activity
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ID Gen symbol Name Locus Function—gene ontology (GO)

3488 IGFBP5 Insulin-like growth factor binding 
protein 5

2q35 Fibronectin binding, protein 
binding
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protein 6
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dehydrogenase (NADP+ 
dependent) 1 like

6q25.1 Formate-tetrahydrofolate 
ligase activity, 
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3
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4908 NTF3 Neurotrophin 3 12p13.31 Chemoattractant activity, 
neurotrophin p75 receptor 
binding
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ID Gen symbol Name Locus Function—gene ontology (GO)

64881 PCDH20 Protocadherin 20 13q21.2 RNA binding, calcium ion 
binding

5121 PCP4 Purkinje cell protein 4 21q22.2 Positive regulation of neuron 
differentiation

5179 PENK Proenkephalin 8q12.1 Neuropeptide hormone activity

51227 PIGP Phosphatidylinositol glycan anchor 
biosynthesis class P

21q22.13 Preassembly of GPI anchor in ER 
membrane

130271 PLEKHH2 Pleckstrin homology, MyTH4 and 
FERM domain containing H2

2p21 Actin binding, identical protein 
binding

57460 PPM1H Protein phosphatase, Mg2+/Mn2+ 
dependent 1H

12q14.1-q14.2 Phosphoprotein phosphatase 
activity, protein serine/threonine 
phosphatase activity

3275 PRMT2 Protein arginine methyltransferase 2 21q22.3 Developmental cell growth

8624 PSMG1 Proteasome assembly chaperone 1 21q22.2 Proteasome assembly

754 PTTG1IP PTTG1 interacting protein 21q22.3 Protein import into nucleus

51655 RASD1 RAS related dexamethasone 
induced 1

17p11.2 GTPase activity, GTP binding

10633 RASL10A RAS like family 10 member A 22q12.2 Signal transduction, small GTPase 
mediated signal transduction

1827 RCAN1 Regulator of calcineurin 1 21q22.12 Central nervous system 
development

5997 RGS2 Regulator of G protein signaling 2 1q31.2 G-protein alpha-subunit binding

85397 RGS8 Regulator of G protein signaling 8 1q25.3 GTPase activator activity

56475 RPRM Reprimo, TP53 dependent G2 arrest 
mediator homolog

2q23.3 Protein binding

861 RUNX1 Runt related transcription factor 1 21q22.12 Peripheral nervous system neuron 
development

347735 SERINC2 Serine incorporator 2 1p35.2 L-serine transmembrane 
transporter activity

5271 SERPINB8 Serpin family B member 8 18q22.1 Serine-type endopeptidase 
inhibitor activity

6450 SH3BGR SH3 domain binding glutamate rich 
protein

21q22.2 Positive regulation of signal 
transduction

6470 SHMT1 Serine hydroxymethyltransferase 1 17p11.2 L-allo-threonine aldolase activity, 
glycine hydroxymethyltransferase 
activity

6493 SIM2 Single-minded family bHLH 
transcription factor 2

21q22.13 Embryonic pattern specification

6574 SLC20A1 Solute carrier family 20 member 1 2q14.1 High-affinity inorganic 
phosphate:sodium symporter 
activity

65012 SLC26A10 Solute carrier family 26 member 10 12q13.3 Anion:anion antiporter activity
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tool) was used to search which gene ontology (GO) categories are significantly overrepre-
sented in a set of genes. A hypergeometric test was applied to determine which categories 
were significantly represented (P-value < 0.05); significant values were adjusted for multiple 
hypotheses testing using the Bonferroni family wise error rate correction [51]. From net-
work analyzer plugin of the Max Planck Institute Informatik, network topology parameters 
were calculated.

ID Gen symbol Name Locus Function—gene ontology (GO)

57709 SLC7A14 Solute carrier family 7 member 14 3q26.2 Amino acid transmembrane 
transporter activity

114826 SMYD4 SET and MYND domain containing
4

17p13.3 Metal ion binding, 
methyltransferase activity

6651 SON SON DNA binding protein 21q22.11 Negative regulation of apoptotic 
process

6664 SOX11 SRY-box 11 2p25.2 RNA polymerase II core promoter 
sequence-specific DNA binding

8869 ST3GAL5 ST3 beta-galactoside alpha-2,3-
sialyltransferase 5

2p11.2 Beta-galactoside (CMP) alpha-2,3-
sialyltransferase activity

27090 ST6GALNAC4 ST6 N-acetylgalactosaminide alpha-
2,6-sialyltransferase 4

9q34.11 Alpha-N-acetylgalactosaminide 
alpha-2,6-sialyltransferase activity

7058 THBS2 Thrombospondin 2 6q27 Heparin binding, protein binding

7059 THBS3 Thrombospondin 3 1q22 Heparin binding, calcium ion 
binding

7074 TIAM1 T-cell lymphoma invasion and 
metastasis 1

21q22.11 Neuron projection extension

757 TMEM50B Transmembrane protein 50B 21q22.11 Biological_process

7109 TRAPPC10 Trafficking protein particle complex 
10

21q22.3 Early endosome to Golgi transport

10098 TSPAN5 Tetraspanin 5 4q23 Enzyme binding

7267 TTC3 Tetratricopeptide repeat domain 3 21q22.13 Protein K48-linked ubiquitination

84959 UBASH3B Ubiquitin associated and SH3 
domain containing B

11q24.1 Identical protein binding, 
phosphoprotein binding

221044 UCMA Upper zone of growth plate and 
cartilage matrix associated

10p13 Negative regulation of osteoblast 
differentiation

7422 VEGFA Vascular endothelial growth factor 
A

6p21.1 Chemoattractant activity, cytokine 
activity

7485 WRB Tryptophan rich basic protein 21q22.2 Tail-anchored membrane protein 
insertion into ER membrane

Table 1. Description of genes associated with neuroplasticity and cognition. Information taken from the NCBI—Genbank 
platform (Supplementary table).
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4.3. Z-score transformation

The raw intensity data for each gene in the DNA microarray experiment was log10 trans-
formed and then used for the calculation of Z score [52]. Z scores were calculated by subtract-
ing the mean log gene intensities (within a single experiment) from the log intensity data for 
each gene, and dividing that result by the SD of all measured log intensities, according to the 
Z-score transformation (1):

  Z − score =   
 (Log intensity of G − mean log intensity G…Gn)  

    _______________________________________________________   Standard deviation log G…Gn    (1)

All Z-score values were normalized on a linear scale −3.0 < 0 > +3.0. In this, the corresponding 
gene is overexpressed if the value of Z-score is greater than zero; on the contrary, it is under-
expressed, if its value is negative.

4.4. Multivariate statistical analysis

Nonparametric analyses for comparing median values of Z-score were performed among 
gender and age variables between DS patients and healthy control. Wilcoxon signed-rank test 
was used to calculate differences between medians of two samples.

Data of Z-score values of samples from DS and controls were compared to establish signifi-
cant difference in gender in DS and controls and by age ranks since 16 weeks of gestation to 
6 months; since 7 months up to 1 year; 2–3 years; 10–19 years; and 22 years and older groups. 
Moreover, Z-scores for the genes included in the study, were compared between DS and con-
trol samples in 11 structures of brain cortex including: dorsolateral prefrontal cortex (DFC), 
visual cortex (V1C), cerebellar cortex (CBC), orbitofrontal cortex (OFC), ventral frontal cor-
tex (VFC), inferior temporal cortex (ITC), hippocampus (HIP), medial frontal cortex (MFC), 
somatosensory cortex (S1C), inferior parietal cortex (IPC), and superior temporal cortex (STC). 
To perform the HCA, Euclidean distance was used as a measure of distance between DS and 
control samples of Z-score values in several structures of brain cortex; p < 0.05 was defined as 
a threshold [53].

5. Our results

5.1. Protein network and gene interactions

A total of 3135 protein interactions among genes associated with cognition and neuroplasti-
city process expressed in brains of DS subjects were recorded (Figure 2A and B). The central 
proteins of the main node of the network corresponded to RUNX1 (runt related transcrip-
tion factor 1) at 21q22.12; SON (SON DNA binding protein) at 21q22.11; RGS2 (regulator 
of G protein signaling 2) at 1q31.2; UBASH3B (ubiquitin associated and SH3 domain con-
taining B) at 11q24.1; DYRK1A (dual specificity tyrosine phosphorylation regulated kinase 
1A) at 21q22.13; GFAP (glial fibrillary acidic protein) at 17q21.31; TIAM1 (T-cell lymphoma 
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invasion and metastasis 1) at 21q22.11; and THBS3 (thrombospondin-3) at 1q22. The most 
important topological parameters of the network were: clustering coefficient with a value 
of 0.33; average number of neighbors 2367; network density 0.001 and 12 connected com-
ponents (Table 2).

From GeneMANIA Cytoscape plugin, we identified the top five functions of that genes. They 
corresponded to regulation of behavior, behavior, muscle cell migration, hormone activity, 
and G coupled glutamate receptor.

5.2. Differential gene expression in post-mortem brains of DS patients

Overall no statistical differences between the median values in Z-score of the 108 gene in con-
trols and DS patients were recorded (Controls 0.2869 vs. DS 0.3318; Wilcoxon rank test p > 0.05). 
However, significant differences in the medians of Z-score in some genes were determined. 
Thus, in the DS brains, the overexpression levels corresponded to genes CXXC5 (Controls 
−1.2376 vs. DS 0.7492), EGR1 (controls −1.2266 vs. DS 0.5442), and NCAN (controls −1.2901 vs. 
DS 0.5440).

The main GO categories of brains processes associated with DS involved in its etiopathogene-
sis included: respiratory electron transport chain (3.31E − 41), positive regulation of cell death 
(1.17E − 39), positive regulation of release of cytochrome c from mitochondria (9.19E − 37), 
negative regulation of cell motility involved in cerebral cortex radial glia guided migration 

Figure 2. Protein-protein interaction (PPI) networks of genes associated with cognition and neuroplasticity constructed 
from data experiments of DNA microarray of genes expressed in Down syndrome postmortem brain samples. Data 
of log2 intensity values were obtained from DNA microarray experiment by Olmos-Serrano et al. [50], (GEO Dataset 
accession GSE59630). (A) Full network of 108 genes associated with cognition and neuroplasticity; (B) sub-network 
showing five of the major nodes found in the original network; Cytoscape 3.2 program was used to generate the graphical 
representation of built networks; UBASH3B, ubiquitin associated and SH3 domain containing B; SON, SON DNA 
binding protein; G0S8 (RGS2), regulator of G protein signaling 2; DYRK1A, dual specificity tyrosine phosphorylation 
regulated kinase 1A; RUNX1, runt-related transcription factor 1.
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(5.20E − 35), telomere maintenance (1.16E − 34), negative regulation of angiogenesis (4.11E − 
32), and axonogenesis (1.40E − 31) (Table 3). Moreover, focal adhesion (P-value 7.69E − 23) 
and neurotrophin signaling pathway (P-value 3.62E − 19) were also important pathways asso-
ciated with cognitive and neuroplasticity process in brains of DS individuals.

5.3. Evaluation of gene expression by sex and age variables

We observed differential brain expression in 72 genes associated with CD among women 
and men. Medians of brain gene expression in men patients with DS were higher than in DS 
women (p < 0.005 Kruskal-Wallis test) (Figure 4A). Such difference were statically significant 
for the expression of DMXL2 (Z-score of men 1.33 vs. −1.75 in women); CAMTA1 (Z-score of 
men 1.16 vs. −1.73 in women); HCN1 (Z-score of 1.05 vs. −1.73 in women); and ATL1 (Z-score 
of men 0.85 vs. −1.73 in women). On the contrary, we recorded non-significant differences by 
gender in medians values of genes associated with neuroplasticity in brains of DS.

Global gene expression among the different ranks of age in DS brains was variable and depen-
dent of the type of gene. However, slight differences of expression in brain genes associated 
with neuroplasticity process of Down syndrome and its age dependency were recorded in 
samples of DS brains in comparison with that of normal controls in age ranks since 16 weeks 
of gestation to more than 22 years old. It is noteworthy that DYRK1A, NCAM AND TSPN5 
genes were under-expressed in prenatal brains (Figure 3A–G).

Topological parameter Value

Clustering coefficient 0.33

Connected components 12

Network diameter 12

Network radius 1

Network centralization 0.056

Shortest paths 3.454.424 (93%)

Characteristics path length 5.340

Avg. number of neighbors 2.367

Number of nodes 1919

Network density 0.001

Network heterogeneity 3.105

Isolated nodes 0

Number of self-loops 25

Multi-edge node pairs 595

Table 2. Values of the main topological parameters of the protein interaction network including 106 genes associated 
with cognitive and neuroplasticity process in brain of DS patients.
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5.4. Gene expression in cerebral cortex

Some of the most differentially expressed genes across the cerebral cortex are shown in 
Figure 4A–H. In particular, expression in S1C showed significant differences for SERPIB8 
(Control 0.2288 vs. DS −2.0288), SHMT1 (control 0.1542 vs. DS −2.1269) and THBSH3 (control 

Figure 3. Differential values of median Z-score by age rank for six principal genes associated with cognitive disability 
and neuroplasticity expressed in brain samples of Down syndrome. (1) 16 Weeks of gestation to 6 months; (2) 7 months 
to 1 year; (3) 2–3 years; (4) 8–18 years; and (5) over 22 years of age. Y-axis values are the median of Z-score.

GO_ID Process P-value*

9987 Respiratory electron transport chain 3.31E – 41

48522 Positive regulation of cell death 1.17E − 39

48518 Positive regulation of release of cytochrome c from mitochondria 9.19E − 37

48523 Negative regulation of cell motility involved in cerebral cortex radial glia guided 
migration

5.20E − 35

44260 Telomere maintenance 1.16E − 34

48519 Negative regulation of angiogénesis 4.11E − 32

16043 Axonogenesis 1.40E − 31

43170 Glycoprotein biosynthetic process 3.33E − 30

10604 Positive regulation of telomerase activity 1.82E − 29

9893 Positive regulation of protein processing in phagocytic vesicle 5.01E – 28

*P-values were calculated using the correction of Bonferroni.
Ontology v2.6 plugin (BiNGO tool) was used to search gene ontology (GO) categories.

Table 3. The top 10 GO categories of brains processes associated with DS involved in its etiopathogenesis.

Advances in Research on Down Syndrome44

0.1542 vs. −2.0709) genes. In hippocampus, we recorded differential expression for EGR1 
(control 0.8084 vs. DS −1.4648), SMYD4 (control 0.3946 vs. −1.8171), PCDH20 (control 0.7462 
vs. DS −1.3194), DYRK1A (control 1.4284 vs. DS −1.7390), and VEGFA (control 0.6648 vs. DS 
−1.3280). In S1C, the most under expressed genes in Down syndrome were MFAP4 (control 
0.1711 vs. DS −2.1461), BDNF (control 0.2136 vs. DS −2.1039), RGS8 (control 0.4013 vs. DS 
−1.9024), and SERINC2 (control 0.2584 vs. DS −1.8843). Finally in V1C, ADIPOQ (control 
−0.0035 vs. DS −2.1880), and TSPAN5 (control 0.7392 vs. DS −1.3315) were the most under-
expressed genes in DS samples.

6. Discussion

In general, our results provided strong evidence to propose that in brains of DS, a fail in the 
cross talk of global expression between genes associated with cognition and neuroplasticity 
process (most of them located out of chromosome 21), is complex and is associated not only 
with pathological profiles but with gender, age, and is also dependent of the brain cortex 
structures. However, according with the functional roles, differential expression of particular 
groups of genes would cause a considerable impact on the metabolic pathways, in which they 
participate and are directly or indirectly involved in the regulation of molecular events associ-
ated with cognition and neuroplasticity in brain of patients with DS.

Overall, this study also support the hypothesis of a systemic imbalance of brain protein 
homeostasis, or proteostasis network as an important effect of trisomy not only in loci of 

Figure 4. Differential gene expression in different structures of brain cortex of genes associated with cognitive disability 
and neuroplasticity in DS samples of brain. DFC, dorso lateral prefrontal cortex; V1C, visual cortex; CBC, cerebellar 
cortex; OFC, orbito frontal cortex; VFC, ventral frontal cortex; ITC, inferior temporal cortex; HIP, hippocampus; MFC, 
medial frontal; S1C, cortex somatosensory cortex; IPC, inferior parietal cortex and STC, superior temporal cortex. Y-axis 
values are the median of Z-score.
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−1.9024), and SERINC2 (control 0.2584 vs. DS −1.8843). Finally in V1C, ADIPOQ (control 
−0.0035 vs. DS −2.1880), and TSPAN5 (control 0.7392 vs. DS −1.3315) were the most under-
expressed genes in DS samples.

6. Discussion

In general, our results provided strong evidence to propose that in brains of DS, a fail in the 
cross talk of global expression between genes associated with cognition and neuroplasticity 
process (most of them located out of chromosome 21), is complex and is associated not only 
with pathological profiles but with gender, age, and is also dependent of the brain cortex 
structures. However, according with the functional roles, differential expression of particular 
groups of genes would cause a considerable impact on the metabolic pathways, in which they 
participate and are directly or indirectly involved in the regulation of molecular events associ-
ated with cognition and neuroplasticity in brain of patients with DS.

Overall, this study also support the hypothesis of a systemic imbalance of brain protein 
homeostasis, or proteostasis network as an important effect of trisomy not only in loci of 

Figure 4. Differential gene expression in different structures of brain cortex of genes associated with cognitive disability 
and neuroplasticity in DS samples of brain. DFC, dorso lateral prefrontal cortex; V1C, visual cortex; CBC, cerebellar 
cortex; OFC, orbito frontal cortex; VFC, ventral frontal cortex; ITC, inferior temporal cortex; HIP, hippocampus; MFC, 
medial frontal; S1C, cortex somatosensory cortex; IPC, inferior parietal cortex and STC, superior temporal cortex. Y-axis 
values are the median of Z-score.
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chromosome 21 but also in genes located in other chromosomes [54]. Together our results 
and others collectively suggest that disturbance in the proteostasis network of cognitive and 
neuroplasticity process, could contribute to the accumulation of protein aggregates, such 
as amyloid deposits and NFTs, which occur very early in DS. It is likely that a sub-optimal 
functioning of degradative systems occur in DS neurons, which in turn provide the basis for 
further accumulation of toxic protein aggregates which have an indirect impact on the neuro-
plastic process in several structures of brain cortex [55, 56].

According to our results and with the information reviewed in literature, V-CAM1, SPTAN1, 
DYNC1H1, PAFAH1B1, H3F3A, ACVR1, THBS3, and TSPAN5 were the proteins with the 
highest number of protein interactions. All of them directly or even indirectly regulate sev-
eral brain processes associated with cognition and neuroplasticity [57, 58]. In this sense, it is 
relevant to get more knowledge about the implication in those neurophysiological processes 
whose function is altered by either overexpression or by disruption in the network functional 
interaction architecture in DS brains.

For the first time, we obtain strong evidence that brain of male DS had, in general, a higher 
gene expression of cognitive and neuroplasticity process in comparison with that of females. 
The outstanding differences were specifically for DMXL2 (RKPM = 8.02 ± 1.61), CAMTA1 
(RKPM = 4977 ± 1.246), HCN1 (RKPM = 4.88 ± 2.29), and ATL1 (RKPM = 34.764 ± 11.66) genes, all 
of them highly expressed in human brain. Previous evidence indicates that male-biased genes 
are highly enriched for genes involved in neurological and psychiatric disorders such as schizo-
phrenia, bipolar disorder, Alzheimer’s disease, and autism, while no such pattern was seen for 
the female-biased genes, suggesting that the differences in brain disorder susceptibility between 
males and females are likely rooted from the sex-biased gene expression regulation during brain 
development [59]. Moreover, it was previously reported that the excess of male cases with Down 
syndrome is not restricted to free trisomy 21 alone, but appears in translocation cases [60] and 
with the life expectancy found in males with DS, which is significantly greater in females [61]. 
Collectively, our and others analyses reveal the important role of sex-biased genes in brain devel-
opment and neurodevelopmental disorders including the effects in cognitive disability in DS.

DYRK1A, BDNF, PENK, and DRD1 genes are strongly under-expressed in dorsolateral pre-
frontal cortex, hippocampus, orbitofrontal cortex, and ventral frontal cortex in subjects with 
DS in contrast with non-trisomic. Prefrontal cortex is implicated in planning complex cogni-
tive behavior, personality expression, decision-making, and moderating social behavior [62], 
and also plays key roles in cell proliferation and survival, neuronal differentiation, synaptic 
plasticity, and neurodegeneration (for review, see [63, 64]). Supporting our proposal, it has 
been reported that DYRK1A/RCAN1 and NFAT lead to neurodevelopmental alterations that 
might have an impact not only in the brain size and neuronal density, but also in the altered 
common features found in patients with DS [65]. Additionally, a reduction of vesicular GABA 
transporter punctate specifically on parvalbumin-positive interneurons was identified [66, 67]. 
Overall, our results and others suggest that dysfunction of cortical fast-spiking interneurons 
might be central to the pathophysiology of DS.

The under-expression of key genes for brain function correlates with previous reports that 
showed that DS brains are smaller than normal brains and they exhibit neuronal deficits in 
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several regions, including the cerebral cortex structures [68]. Moreover, infants with DS also 
present hypocellularity in this brain structure [69, 70], indicating that defects in prenatal 
development are a major determinant of the deficit in adults. Indeed, fewer cells and disorga-
nized laminas are evident in the cerebral cortex of DS fetuses from as early as the second tri-
mester of gestation [71, 72]. Altogether, the different lines of evidence support the hypothesis 
that DS brain is severely affected by the disturbance of proteostatic network, which is major 
responsible for the cerebral phenotype of DS.

Differential gene expression in hippocampus visual cortex, and somatosensory cortex of 
DYRK1A (dual specificity tyrosine-phosphorylation-regulated kinase 1A), TSPAN5 (tet-
raspanin 5), DRD1 (dopamine receptor D1), EGR1 (early growth response 1), GFAP (glial 
fibrillary acidic protein), and PENK (proenkephalin), which encode proteins that play 
important roles in several brain processes of cognition, learning and the maintenance of 
homeostasis, lead us to proposed them as functional potential predictors to follow up the 
homeostatic imbalance in DS brain.

Finally, this study showed that the integration of knowledge and use of cross talk between 
neurotranscriptomics and bioinformatics is a powerful work to develop transdisciplinary 
and systems biology studies to deal with many insight still remains to be solve in Down 
syndrome. We recommend continuing to study much deeper the complexity of interaction 
networks in the DS etiopathogenesis and brain homeostasis. On the other hand, our approach 
could serve as a starting point for the implementation of strategies to the management of 
cognitive and mental disabilities based on functional neurogenomics and the hippocampal 
neuroplasticity.
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chromosome 21 but also in genes located in other chromosomes [54]. Together our results 
and others collectively suggest that disturbance in the proteostasis network of cognitive and 
neuroplasticity process, could contribute to the accumulation of protein aggregates, such 
as amyloid deposits and NFTs, which occur very early in DS. It is likely that a sub-optimal 
functioning of degradative systems occur in DS neurons, which in turn provide the basis for 
further accumulation of toxic protein aggregates which have an indirect impact on the neuro-
plastic process in several structures of brain cortex [55, 56].

According to our results and with the information reviewed in literature, V-CAM1, SPTAN1, 
DYNC1H1, PAFAH1B1, H3F3A, ACVR1, THBS3, and TSPAN5 were the proteins with the 
highest number of protein interactions. All of them directly or even indirectly regulate sev-
eral brain processes associated with cognition and neuroplasticity [57, 58]. In this sense, it is 
relevant to get more knowledge about the implication in those neurophysiological processes 
whose function is altered by either overexpression or by disruption in the network functional 
interaction architecture in DS brains.

For the first time, we obtain strong evidence that brain of male DS had, in general, a higher 
gene expression of cognitive and neuroplasticity process in comparison with that of females. 
The outstanding differences were specifically for DMXL2 (RKPM = 8.02 ± 1.61), CAMTA1 
(RKPM = 4977 ± 1.246), HCN1 (RKPM = 4.88 ± 2.29), and ATL1 (RKPM = 34.764 ± 11.66) genes, all 
of them highly expressed in human brain. Previous evidence indicates that male-biased genes 
are highly enriched for genes involved in neurological and psychiatric disorders such as schizo-
phrenia, bipolar disorder, Alzheimer’s disease, and autism, while no such pattern was seen for 
the female-biased genes, suggesting that the differences in brain disorder susceptibility between 
males and females are likely rooted from the sex-biased gene expression regulation during brain 
development [59]. Moreover, it was previously reported that the excess of male cases with Down 
syndrome is not restricted to free trisomy 21 alone, but appears in translocation cases [60] and 
with the life expectancy found in males with DS, which is significantly greater in females [61]. 
Collectively, our and others analyses reveal the important role of sex-biased genes in brain devel-
opment and neurodevelopmental disorders including the effects in cognitive disability in DS.

DYRK1A, BDNF, PENK, and DRD1 genes are strongly under-expressed in dorsolateral pre-
frontal cortex, hippocampus, orbitofrontal cortex, and ventral frontal cortex in subjects with 
DS in contrast with non-trisomic. Prefrontal cortex is implicated in planning complex cogni-
tive behavior, personality expression, decision-making, and moderating social behavior [62], 
and also plays key roles in cell proliferation and survival, neuronal differentiation, synaptic 
plasticity, and neurodegeneration (for review, see [63, 64]). Supporting our proposal, it has 
been reported that DYRK1A/RCAN1 and NFAT lead to neurodevelopmental alterations that 
might have an impact not only in the brain size and neuronal density, but also in the altered 
common features found in patients with DS [65]. Additionally, a reduction of vesicular GABA 
transporter punctate specifically on parvalbumin-positive interneurons was identified [66, 67]. 
Overall, our results and others suggest that dysfunction of cortical fast-spiking interneurons 
might be central to the pathophysiology of DS.

The under-expression of key genes for brain function correlates with previous reports that 
showed that DS brains are smaller than normal brains and they exhibit neuronal deficits in 
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several regions, including the cerebral cortex structures [68]. Moreover, infants with DS also 
present hypocellularity in this brain structure [69, 70], indicating that defects in prenatal 
development are a major determinant of the deficit in adults. Indeed, fewer cells and disorga-
nized laminas are evident in the cerebral cortex of DS fetuses from as early as the second tri-
mester of gestation [71, 72]. Altogether, the different lines of evidence support the hypothesis 
that DS brain is severely affected by the disturbance of proteostatic network, which is major 
responsible for the cerebral phenotype of DS.

Differential gene expression in hippocampus visual cortex, and somatosensory cortex of 
DYRK1A (dual specificity tyrosine-phosphorylation-regulated kinase 1A), TSPAN5 (tet-
raspanin 5), DRD1 (dopamine receptor D1), EGR1 (early growth response 1), GFAP (glial 
fibrillary acidic protein), and PENK (proenkephalin), which encode proteins that play 
important roles in several brain processes of cognition, learning and the maintenance of 
homeostasis, lead us to proposed them as functional potential predictors to follow up the 
homeostatic imbalance in DS brain.

Finally, this study showed that the integration of knowledge and use of cross talk between 
neurotranscriptomics and bioinformatics is a powerful work to develop transdisciplinary 
and systems biology studies to deal with many insight still remains to be solve in Down 
syndrome. We recommend continuing to study much deeper the complexity of interaction 
networks in the DS etiopathogenesis and brain homeostasis. On the other hand, our approach 
could serve as a starting point for the implementation of strategies to the management of 
cognitive and mental disabilities based on functional neurogenomics and the hippocampal 
neuroplasticity.
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Abstract

Sleep disorders are common, often overlooked problem in Down syndrome, particularly 
during childhood. Comorbidities such as congenital heart disease often present early and 
management of these needs to take priority. However, this can result in the lack of early 
development of good sleep habits and may also lead to the perception that sleep issues 
are an expected problem in children with Down syndrome, which do not require inter-
vention. Studies have shown that sleep problems continue to be under-reported by par-
ents of children with Down syndrome, even though conditions such as obstructive sleep 
apnoea are up to six times more common in this population. Therefore an understanding 
of the nature of sleep problems in Down syndrome is important for anyone working 
with this group. In this chapter we provide an overview of this topic, highlighting the 
key sleep issues encountered by children with Down syndrome, as well as providing a 
general approach to evaluation and management.

Keywords: Down syndrome, child, sleep, paediatrics

1. Introduction

Down syndrome (DS) or Trisomy 21 has an estimated prevalence ranging from 1/650 to 1/1000 
live births [1–3], with over 270 affected babies born in Australia per year since 2007 [4]. It is 
the most common genetic cause of significant intellectual disability [5]. The condition is char-
acterised by decline of IQ during infant and toddler years, well-documented impairments in 
the assimilation and expressive use of language, as well as in cognitive flexibility and memory 
[6]. Large inter-individual differences are seen within the DS population and numerous factors 
including genetics, epigenetics, early neural development and the environment are thought to 
have a role in how the DS phenotype expresses itself in each individual [7]. Variation in sleep pat-
terns and sleep disruption, has been highlighted as another potential factor that could contribute 
to the wide phenotypic differences in DS; individuals with DS often have sleep fragmentation 
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due to common co-existing sleep disorders [8–15]. The degree of sleep difficulties in an indi-
vidual with DS may be important in determining their predisposition to cognitive decline, by 
contributing to pathological ageing [16].

2. Prevalence of sleep disorders in children with Down syndrome

Several clinical features of DS potentially lead to disturbed sleep and/or increased risk for 
sleep disordered breathing (SDB). However, not all of these characteristics are present in 
every child, and when present, vary in intensity [5]. Obstructive sleep apnoea (OSA) results 
from hypotonia, macroglossia and midface hypoplasia. Progressive obesity is an additional 
risk factor. Children with DS are also at increased risk for congenital heart disease, pulmonary 
hypertension, leukaemia, ear infections and scoliosis, [17] all comorbidities potentially associ-
ated with disrupted sleep [5].

Polysomnography (PSG) sleep studies undertaken in children with DS all suggest a much 
higher prevalence of OSA in children with DS compared to the 1–5% prevalence in the general 
paediatric population [18]. Studies estimate prevalence of OSA in children with DS ranging 
between 31 and 79% [8–10, 19, 20]. This wide range may be due to differences in study design; 
mean age of the children varied, with some groups using non-referred community-based 
samples [8, 9, 19, 20] and others including mixed groups with some participants who had 
been specifically referred with sleep concerns [10]. Individual groups also defined OSA dif-
ferently, with some using higher cut-offs for apnoea-hypopnea (AHI) index than others. More 
accurate prevalence data comes from studies where the population has been better defined. 
Shott et al. [21] looked only at pre-school children with DS aged 2–4 years and found up to 
80% had abnormal PSG results with 57% having evidence of OSA (defined as AHI >1/h). 
Others have shown that the prevalence of OSA remains high up to early school years [22]. 
Fitzgerald et al. [12] studied a referred sample of DS children who snored, reporting a mean 
AHI of 12.9/h, in 32/33 (97%) children. In the largest PSG study to date, Maris et al. [23] found 
a prevalence of OSA of 66.4% (AHI > 2.0/h) in 122 children with DS, with and without positive 
history for OSA, who underwent full overnight PSG. Importantly, even in those with a nega-
tive history for OSA, the prevalence was 53.8%. Regardless of the differences in study design, 
it is clear that the prevalence of OSA in children with DS is much higher than that in otherwise 
healthy children, being at least six times more common in DS.

Information regarding the prevalence of non-respiratory sleep difficulties in children with DS 
is obtained largely from questionnaire-based studies of parental report and is therefore sub-
jective. Bedtime resistance, sleep anxiety, night waking, parasomnias and daytime sleepiness 
have all been reported commonly in children with DS [11, 13–15, 24]. Carter et al. [11] used 
the Child Sleep Habits Questionnaire (CSHQ) and found that parents universally reported 
sleep problems in school-aged children with DS that persisted into teenage years. Maris et al. 
[25] reported an overall prevalence of sleep problems of 74.1% in children with DS using the 
same questionnaire, with no correlation between sleep problems and underlying OSA. In a 
large email study of parents of children with DS, Rosen et al. [14] reported difficulties initiat-
ing sleep in 138/253 (51.8%) and difficulties maintaining sleep in 175/252 (69.4%) of children, 
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with over half of the children (51.4%) described as having some degree of excessive daytime 
sleepiness. The response rate for this survey was only 46.5% from those contacted and there-
fore these results may not be truly representative of the entire population. However, similar 
findings have been shown by other groups [13].

3. Individual sleep disorders in children with Down syndrome

3.1. Obstructive sleep apnoea

Obstructive sleep apnoea (OSA) (Figure 1) refers to the presence of prolonged episodes of 
increased respiratory effort, associated with partial or complete upper airway obstruction 
and various combinations of snoring, intermittent hypoxia, hypercarbia, restless sleep, and 
increased number of awakenings [26]. Children with DS are anatomically at risk due to mid-
facial and mandibular hypoplasia, relative macroglossia with a posterior tongue position, 
a shortened palate and narrowed nasopharynx. Hypotonia may also contribute to airway 

Figure 1. Diagnostic polysomnography (sleep study) recording demonstrating severe OSA-obstructive sleep apnoea in 
a 3 year old child with Down syndrome. Repetitive obstructive apnoeas are seen with absence of airflow but persisting 
and paradoxical respiratory effort. Associated respiratory arousals and oxygen desaturations (SpO2) are seen >3%.
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due to common co-existing sleep disorders [8–15]. The degree of sleep difficulties in an indi-
vidual with DS may be important in determining their predisposition to cognitive decline, by 
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collapse during sleep [27]. Lingual tonsil hypertrophy is also more common in DS with an 
11-fold increase in incidence relative to typical controls [28]. Progressive obesity is an addi-
tional contributing risk factor and co-existing conditions such as gastro-oesophageal reflux 
disease, hypothyroidism and airway abnormalities such as laryngomalacia, subglottic and 
tracheal stenosis, which are more common in DS, may further exacerbate OSA [29]. Severity 
of OSA in DS often waxes and wanes, subsiding transiently through school age, due to growth 
and improved tone, but then reoccurring with onset of obesity in adolescent years.

International guidelines therefore recommend screening for OSA in children with DS [30, 31] 
but methods for screening are variable, largely due to available resources. The simplest method 
for screening is through clinical history from parental report. However, this often does not cor-
relate with PSG findings; In their study of 65 children with DS, Shott et al. found that 69% of 
parents reported no sleep problems, yet 54% of these children had abnormal PSG [21]. Marcus 
et al. had similar results with only 32% of parents reporting clinical suspicion of OSA, despite 
a 100% incidence of abnormal study results [10].

Oximetry as a screening tool for OSA specifically in children with DS has had limited evalua-
tion with conflicting results from available studies [32–34], which may be explained by differ-
ences in sample size. Increased sensitivity of oximetry to detect OSA may be possible through 
use of the McGill oximetry score [35] but further evaluation of this method is required before 
it can be recommended for clinical practice. Central events are recognised to occur with 
increased frequency in children with DS and may lead to difficulty with interpreting oxim-
etry data [34] with respect to OSA. Similarly there may be more night-to-night variation of 
oximetry results in children with DS due to difficulties in achieving technically adequate 
monitoring [36]. Combined data from oximetry, parental report, actigraphy and audio-visual 
recording of sleep at home may overcome these difficulties, and provide a feasible method of 
screening for sleep disorders in children with DS [37].

At present, PSG (in-lab sleep study) remains the key investigation for diagnosis and quanti-
fication of OSA in DS. Sleep fragmentation, frequent awakenings and arousals and periodic 
leg movements are characteristic features described from early PSG studies in children with 
DS. These appear to occur with and without features of OSA [27]. Compared to controls, chil-
dren with DS have been shown to have lower sleep efficiency and higher percentages of slow 
wave sleep (SWS) as well as reduced rapid eye movement (REM) sleep [38]. Mean oxygen 
saturation was also lower in children of all ages with DS and, in children aged 2–6.9 years the 
oxygen saturation nadir was lower in the DS subjects compared to controls. Another group 
have also demonstrated that children with OSA and DS had a similar symptom profile but 
slightly worse gas exchange than closely matched controls with OSA of similar severity [33]. 
This increased vulnerability to OSA may be partly due to the relative hypotonia and blunted 
cardiovascular responses seen in children with DS [39]. Congenital abnormalities in the pul-
monary vasculature also increase the risk of pulmonary hypertension in DS [40].

Treatment of OSA in DS is not dissimilar to that in the TD population. Conservative measures 
such as weight loss and pharmacological treatments, including intranasal steroids or oral 
cysteinyl-leukotriene receptor antagonists (e.g. montelukast), can be tried in the first instance. 
Adenotonsillectomy (AT) remains the mainstay of treatment but has been shown to be associated  
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with a higher respiratory complication rate [41] and appears to be less successful at treating 
the OSA in the DS population; Subjectively from parental report, Rosen et al. [14] found that 
out of 83 children with DS who had undergone AT, 38 (47.5%) continued to have witnessed 
apnoea and 22 (28.9%) continued to gasp and choke during sleep more than once a month. 
Objectively, three groups have shown that post AT, OAHI is reduced but does not fully nor-
malise in this population, with approximately half of all children consistently shown to have a 
degree of residual OSA in all three studies [42–44]. All studies were however retrospective and 
included small numbers of patients. Two recent systematic reviews assessing outcomes post 
AT in DS children with OSA highlight the limited objective data available and also discuss 
some of the additional difficulties with drawing conclusions from existing evidence [45, 46]. 
The OAHI cut-offs taken to indicate benefit of surgery varies between studies and follow 
up times at which repeat PSG was performed also varied. It is also not clear from all studies 
whether repeat evaluation with PSG was performed in all patients post surgery or only those 
with residual symptoms which may introduce bias, with a paucity of data from those who 
may have improved. Nevertheless, despite these issues, the estimates of residual OSA have 
been reassuringly consistent and therefore cannot be entirely disregarded. In addition to the 
propensity for upper airway collapse and hypotonia, children with DS have multiple other 
comorbidities such as obesity and hypothyroidism, which likely contribute to the reasons 
why OSA persists in this group.

A variety of other surgical procedures including uvulopalatopharyngoplasty, lingual ton-
sillectomy, supraglottoplasty, partial midline glossectomy and tongue suspension with or 
without lingual tonsillectomy can be considered in children with persisting OSA post ade-
notonsillectomy. However, currently there is limited evidence to support the routine use of 
these procedures [47]. The benefit of these more aggressive surgical options for OSA specifi-
cally in the DS group is also unclear; Merrell and Shott [43] evaluated the use of lateral pha-
ryngoplasty with adenotonsillectomy in the initial treatment of OSA in children with DS and 
found no additional benefit when compared to adenotonsillectomy alone. Wootten et al. [48] 
published their experience using combined genioglossus advancement and radiofrequency 
ablation of the tongue base in children with OSA refractory to AT. Successful treatment using 
this method (defined as a decrease in apnoea-hypopnea index, AHI, to <5/h on polysomnog-
raphy, PSG) occurred in 12/19 patients with DS included in this study, suggesting this may be 
a promising option for future use but larger studies are required. The role of pre-evaluation 
of the airway with drug-induced sleep endoscopy (DISE) and cine magnetic resonance imag-
ing (Cine-MRI) to direct surgical options for persistent OSA continues to undergo evaluation. 
However, these techniques have not yet been clearly linked to outcomes [47].Therefore, at 
present conservative treatment with continuous positive airway pressure (CPAP) or less com-
monly, bi-level (BPAP) therapy, is often preferred for management of residual OSA, prevent-
ing the need for further invasive surgical procedures including tracheostomy. Such therapy is 
however challenging in paediatrics and even more so in patients with DS, where behavioural 
and intellectual impairment may hinder the establishment and adherence to therapy. This 
may in particular apply to those children with comorbidity such as autism. Trois et al. [49] 
showed that in nine adults with DS who were prescribed CPAP, five had excellent compliance 
and experienced improvements in daytime functioning and excessive daytime sleepiness. 
Rosen [50] reported use of CPAP in three infants with DS and demonstrated spontaneous 
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a 100% incidence of abnormal study results [10].

Oximetry as a screening tool for OSA specifically in children with DS has had limited evalua-
tion with conflicting results from available studies [32–34], which may be explained by differ-
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At present, PSG (in-lab sleep study) remains the key investigation for diagnosis and quanti-
fication of OSA in DS. Sleep fragmentation, frequent awakenings and arousals and periodic 
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DS. These appear to occur with and without features of OSA [27]. Compared to controls, chil-
dren with DS have been shown to have lower sleep efficiency and higher percentages of slow 
wave sleep (SWS) as well as reduced rapid eye movement (REM) sleep [38]. Mean oxygen 
saturation was also lower in children of all ages with DS and, in children aged 2–6.9 years the 
oxygen saturation nadir was lower in the DS subjects compared to controls. Another group 
have also demonstrated that children with OSA and DS had a similar symptom profile but 
slightly worse gas exchange than closely matched controls with OSA of similar severity [33]. 
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cardiovascular responses seen in children with DS [39]. Congenital abnormalities in the pul-
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Treatment of OSA in DS is not dissimilar to that in the TD population. Conservative measures 
such as weight loss and pharmacological treatments, including intranasal steroids or oral 
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Adenotonsillectomy (AT) remains the mainstay of treatment but has been shown to be associated  
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out of 83 children with DS who had undergone AT, 38 (47.5%) continued to have witnessed 
apnoea and 22 (28.9%) continued to gasp and choke during sleep more than once a month. 
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with residual symptoms which may introduce bias, with a paucity of data from those who 
may have improved. Nevertheless, despite these issues, the estimates of residual OSA have 
been reassuringly consistent and therefore cannot be entirely disregarded. In addition to the 
propensity for upper airway collapse and hypotonia, children with DS have multiple other 
comorbidities such as obesity and hypothyroidism, which likely contribute to the reasons 
why OSA persists in this group.

A variety of other surgical procedures including uvulopalatopharyngoplasty, lingual ton-
sillectomy, supraglottoplasty, partial midline glossectomy and tongue suspension with or 
without lingual tonsillectomy can be considered in children with persisting OSA post ade-
notonsillectomy. However, currently there is limited evidence to support the routine use of 
these procedures [47]. The benefit of these more aggressive surgical options for OSA specifi-
cally in the DS group is also unclear; Merrell and Shott [43] evaluated the use of lateral pha-
ryngoplasty with adenotonsillectomy in the initial treatment of OSA in children with DS and 
found no additional benefit when compared to adenotonsillectomy alone. Wootten et al. [48] 
published their experience using combined genioglossus advancement and radiofrequency 
ablation of the tongue base in children with OSA refractory to AT. Successful treatment using 
this method (defined as a decrease in apnoea-hypopnea index, AHI, to <5/h on polysomnog-
raphy, PSG) occurred in 12/19 patients with DS included in this study, suggesting this may be 
a promising option for future use but larger studies are required. The role of pre-evaluation 
of the airway with drug-induced sleep endoscopy (DISE) and cine magnetic resonance imag-
ing (Cine-MRI) to direct surgical options for persistent OSA continues to undergo evaluation. 
However, these techniques have not yet been clearly linked to outcomes [47].Therefore, at 
present conservative treatment with continuous positive airway pressure (CPAP) or less com-
monly, bi-level (BPAP) therapy, is often preferred for management of residual OSA, prevent-
ing the need for further invasive surgical procedures including tracheostomy. Such therapy is 
however challenging in paediatrics and even more so in patients with DS, where behavioural 
and intellectual impairment may hinder the establishment and adherence to therapy. This 
may in particular apply to those children with comorbidity such as autism. Trois et al. [49] 
showed that in nine adults with DS who were prescribed CPAP, five had excellent compliance 
and experienced improvements in daytime functioning and excessive daytime sleepiness. 
Rosen [50] reported use of CPAP in three infants with DS and demonstrated spontaneous 
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resolution of OSA after several months of use. Aside from this and early case reports, little has 
been published relating to CPAP use in the DS paediatric population.

3.2. Central sleep apnoea

Ferri et al. [51] 1st recognised the increased preponderance of central apnoeas (cessation of 
airflow and respiratory effort) in DS, which occurred in 89.4% of their patients (n = 10) irrespec-
tive of the presence of OSA (Figure 2). Coverstone et al. [34] reported that 32/119 (26.9%) chil-
dren with DS had central apnoea indices ≥2.5/h on PSG, with 13 subjects (10%) having more 
central events than obstructive events. Another group found a prevalence of CSA (defined as 
central apnoea index CAI ≥1/h) of 41.6% in their study of 36 children with DS who underwent 
PSG evaluation [52]. In this study, AT for treatment of OSA resulted in resolution of CSA in 10 
of these patients (66.7%). The mechanism behind this reduction was unclear and only a small 
number of children were included. Exactly what defines an abnormal CAI level in children, 
and particularly those with neurodevelopmental conditions, is unclear. Although a CAI > 1/h 
is by convention diagnostic of CSA, a CAI up to 5/h has been reported in healthy children up 
to the age of 13 years [53, 54]. Dysfunction of central respiratory control at a brainstem level 

Figure 2. Diagnostic polysomnography (sleep study) recording demonstrating CSA-central sleep apnoea in a 6 year old 
child with Down syndrome. Repetitive central apnoeas are seen in a periodic breathing pattern, with absence of airflow 
and respiratory effort. Associated oxygen desaturations (SpO2) are seen >3%.
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has been proposed as a potential aetiology for CSA in DS [51]. This could help to explain why 
there is an increased propensity for CSA in the very young DS group, who have immature 
respiratory control combined with hypotonia, which lessens over time [55]. Specific manage-
ment and outcomes of CSA in DS have not been well described. A general approach would be 
to provide supplemental oxygen, with careful monitoring of carbon dioxide levels to ensure no 
increase occurs. Alternatively, if CSA is severe, non-invasvive ventilatory (NIV) support may 
be required to correct associated hypoxemia and hypoventilation with regular re-evaluation to 
monitor for spontaneous resolution of symptoms with age.

3.3. Non respiratory sleep disorders & circadian rhythm disorders

Studies have shown that bedtime resistance, sleep anxiety, night waking, parasomnias and 
daytime sleepiness are reported commonly in children with DS [11, 13–15]. These problems 
appear to begin at an early age and may continue to persist with increasing age. They also 
appear to persist despite treatment of OSA; Bassell et al. found that among 108 children with 
DS who had undergone AT for OSA, 55 (51%) continued to have sleep problems specifically 
in night awakenings, restless sleep, snoring and daytime sleepiness [56]. This would suggest 
that the sleep disruption seen in children with DS is not solely related to SDB, but is rather a 
feature of the condition itself. As seen with other disabilities, the child’s intellectual limitation 
or communication problems may interfere with the acquisition of good sleep habits. Similarly 
the pressures associated with raising a child with developmental delay may impact parenting 
abilities, including the ability to cope with their child’s sleep problems [57]. Comorbidities are 
also frequently described in children with DS and management of these can often take prior-
ity over the need to attend to sleep difficulties. Many of these can further exacerbate sleep 
problems either by increasing the risk for sleep disturbance in their own right, or by requir-
ing the administration of medication that disrupts sleep continuity. The best example of this 
would be the use of stimulant drugs for attention-deficit-hyperactivity disorder (ADHD), a 
condition which has a high prevalence in children with DS [58].

Assessment of non-respiratory sleep disorders generally begins by obtaining a thorough 
sleep history from the child’s main carer, gathering information on usual sleep habits and 
main areas of difficulty (e.g. difficulties with sleep onset through bedtime resistance or fre-
quent night wakenings). Asking the parent/carer to keep a written sleep diary at home over a 
1–2 week period, documenting the child’s sleep over this time can be a useful way of gaining 
further details regarding usual routines.

Actigraphs, which are small movement detectors (accelerometers) placed on the child’s wrist, 
can distinguish sleep from wake using algorithms to quantify the reduced movement asso-
ciated with sleep. They have been shown to be a reliable method for determining sleep in 
children when compared against polysomnography (PSG) [59]. For clinical use the American 
Academy of Sleep Medicine recommends use of actigraphy for delineating sleep patterns and 
to document treatment responses in normal infants and children, and in special paediatric 
populations [60]. Objective data using actigraphy to assess sleep patterns in children with DS 
is limited. Chen et al. [61] found that children with disabilities in general experience difficulty 
with initiating sleep and maintaining sleep. However, the exact number of children with DS 
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Figure 3. Example of how actigraphy demonstrates sleep-wake patterns recording shows variable sleep time, intermittent 
difficulty with sleep onset, restlessness and some overnight wakening.
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in this study is not clearly specified. Ashworth et al. [62] undertook a cross comparison of 
sleep problems in children with DS and Williams syndrome (WS) using actigraphy. Children 
with DS were found to have disrupted sleep, with considerably more night wakings, wake 
after sleep onset (WASO) and lower sleep efficiency than children with WS and TD controls. 
These studies suggest that actigraphy is feasible to undertake in children with DS and may 
be a useful tool to provide more objective data regarding sleep problems in this group in the 
future (Figure 3).

Several of the issues that lead to sleep difficulties in children with DS also present challenges 
in evaluation and management. Poor parental perception of sleep problems leads to under-
reporting of these symptoms and therefore a lack of recognition and subsequent treatment by 
physicians. Due to the brain abnormalities present, sleep physiology and sleep-wake patterns 
may differ in this population resulting in children struggling to learn aspects of how and 
when to fall asleep. Studies investigating sleep and rhythm-related disturbances using mouse 
models of Down syndrome have consistently shown abnormal parameters but further study 
in human subjects is still required [63]. Psychological parental factors in this group likely 
impact on the ability to achieve a consistent, disciplined approach to their child’s sleep pattern 
and to instil independent sleep habits [64]. Measures that are utilised in the TD such as paren-
tal education to encourage healthy sleep habits, behavioural interventions and selective use 
of pharmacological treatments such as melatonin can be used in children with DS. However, 
efficacy studies assessing response are limited in this group and success is likely to be depen-
dent on parental capabilities and commitment, as well as the child’s willingness and ability 
to comply [57].

Therefore currently, treatment options for non-respiratory sleep disorders in children with 
DS are not dissimilar to those for the TD. Good sleep hygiene as defined by routine, clear 
expectations and limit setting, self-calming strategies and management of light/dark are key 
to successful implementation of sleep initiation and scheduling challenges.

4. Potential impact of sleep disorders in children with Down syndrome

The adverse effects of poor sleep are increasingly recognised with studies in TD children 
describing substantial morbidities affecting the central nervous system (CNS), cardiovascu-
lar, metabolic systems and somatic growth, ultimately leading to reduced quality of life [65]. 
Children with DS are more vulnerable to these complications as they are already at high risk 
for some of these conditions. For example, infants with DS have been shown to have a higher 
prevalence of pulmonary hypertension [40], which is also associated with OSA in patients 
with DS [66] and therefore cardiovascular complications of OSA are likely to be even more 
dangerous in patients with DS as compared with patients without DS [29].

Of particular relevance to the DS population is the mounting evidence in TD children regard-
ing the negative impact of sleep deprivation [67] and SDB [68–73] on cognition, behaviour 
and academic performance. Sleep disruption in children with neurodevelopmental disorders 
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may exacerbate learning difficulties and disturbed behaviour that are part of the develop-
mental disorder itself [38]. The high prevalence of sleep disorders during childhood may 
make children with DS particularly susceptible to ill effects during critical periods of cogni-
tive development. Small cross sectional studies have found deficits in IQ [6], cognitive and 
behavioural function [74–77] and accomplishment of daily activities [78] in children with 
DS and co-existing sleep problems, suggesting an association between poor sleep and these 
deficits in this group. The age range evaluated in these studies has varied with some groups 
concentrating on pre-school children with DS [75–77] and others examining older children 
[6, 74, 78]. All the studies evaluating cognition and behaviour include very small numbers of 
children with the largest being an un-referred community sample of 38 individuals. The dif-
ferences in study design used by each group makes it difficult to combine findings from these 
small reports for meta-analysis, with the major difficulty being the different measures used 
by each group. Some have used formal assessment with PSG or cardiorespiratory polygraphy 
to identify sleep problems, focusing primarily on the presence of SDB, whereas others have 
relied on questionnaire-based parental reports of broad sleep problems, primarily using the 
Child Sleep Habits Questionnaire (CSHQ). The cognitive and behavioural outcomes evalu-
ated have also differed greatly with some groups undertaking batteries of tests examining 
various different aspects of cognitive and behaviour performance and others concentrating 
on a specific area, such as executive function or language. Three groups clearly stated that 
the participants were from community samples whereas in other studies this was not clearly 
defined. Control groups of TD children for comparison were included in some designs but not 
others. Despite this heterogeneity in study methodology, results do consistently suggest an 
association between sleep and cognitive and behavioural outcomes. Two studies have exam-
ined inter-group differences; comparing DS children with sleep and without sleep problems. 
Breslin et al. [6] compared 19 children with DS and comorbid OSA on PSG (AHI > 1.5/h) with 
12 children with DS and no OSA. This study convincingly demonstrated worse outcomes 
in the OSA group with a 9-point difference in Verbal IQ and impairments in cognitive flex-
ibility in children with DS and comorbid OSA, compared to those without OSA. Edgin et al. 
[75] divided their group of pre-school children with DS into poor sleepers (DS PS) and good 
sleepers (DS GS) using actigraphy data and compared them to each other, as well as to TD 
controls, assessing language skills and behaviour. Strikingly they found that only 31.6% of 
children with DS in the PS group were combining words, as compared to 80% of good sleep-
ers. Additionally poorer language was shown to relate to the level of sleep disruption.

Only one group has assessed the association between sleep and functional ability in children 
with DS. Churchill et al. [78] conducted a large internet based cross sectional survey study 
which included 110 parents of children with DS and 29 parents of children with TD aged 
5–18 years. They found that sleep disturbances, assessed with the CSHQ, were negatively 
related to accomplishment of daily life functions described using the Life Habit questionnaire 
(Life-H). This finding is an important one as it suggests that sleep disorders in this population 
have significant impact of daily life and this has wider implications on how these children 
may function later in life. As the authors point out, the unanswered question is whether treat-
ing sleep problems in children with DS leads to improved accomplishment of daily life habits 
and other important life outcomes. Further work in this area is necessary as improved under-
standing of the interaction between sleep and functional outcomes in this group may lead to 
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significant long-term benefits for these children. It may also help to inform researchers who 
are currently working to understand the role of poor sleep and increased risk of development 
of Alzheimer’s disease seen in adult patients with DS.

5. Summary

Understanding that children with DS are high risk for a variety of common sleep problems 
and the potential impact of this on both the child and their family is essential for health pro-
fessionals working with this population. Existing international guidelines recommend regu-
lar screening for sleep problems as part of routine clinical care for children with DS [30, 31]. 
However resources for sleep evaluation are limited and an awareness of the potential nega-
tive impact of untreated sleep problems in this population is lacking among both clinicians 
and parents. Currently there is wide variation in practice relating to this area, with often the 
perception that these problems can be ignored and left untreated in children with DS as these 
children already have established intellectual disability. The fact that treatment is often more 
challenging in DS compared to TD children can also contribute to the lack of attempt to treat 
sleep disorders in this group. Treatment options are similar to those in TD children but have 
less successful outcomes. In particular many children are left with residual OSA, highlighting 
the need for further evaluation of strategies that may improve toleration of conservative mea-
sures such as CPAP therapy, as well as exploring newer surgical options to determine specific 
benefit in this population. Other areas of future research include improving the understand-
ing of the link between poor sleep and long-term outcomes in children with DS, which may 
assist in improving quality of life and independence for this population, through earlier treat-
ment of sleep difficulties using specifically tailored sleep programmes.
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Abstract

The chapter’s contribution to the book explores the prenatal modalities to diagnose 
Down syndrome (DS). The current knowledge in the field of genetic sonographic mark-
ers is presented, along the performance of current policies as well as the potential of new 
emerging genetic techniques. Besides the screening or testing pregnancy algorithms, the 
chapter describes the power of prenatal diagnostic techniques, namely, the advantages 
and the complications of the invasive genetic maneuvers. The progress in prenatal diag-
nosis of Down syndrome is one of the most important in prenatal medicine in the last 
decades. The methods vary in terms of detection rates, acceptability, costs, and potential 
complications. Although the early genetic screening was improved, ultrasound evalua-
tion should not be dismissed, as the first-trimester sonography has the potential to diag-
nose the majority of major fetal abnormalities.

Keywords: Down syndrome, prenatal diagnosis, ultrasound, first trimester, 
nuchal translucency, nasal bone, facial angle, cell-free DNA, combined test, genetic 
ultrasonogram

1. Introduction

More than 1 in 1000 newborns is affected by Down syndrome (DS) [1], a disease that necessitates 
significant societal financial and legal support, because about 85% of infants survive the first year 
and 50% of those will live longer than 50 years [2]. As aneuploidies are major causes of perinatal 
death and childhood handicap, screening for fetal chromosomal abnormalities should be avail-
able to all pregnant women as an essential part of antenatal care and comprehensive counseling.

Fortunately, DS can be suspected during pregnancy by combined ultrasound and serologic 
screening and confirmed by invasive genetic techniques [3]. Also, genetic noninvasive tests 
were recently developed that reach near certitude detection rates. First-trimester detection of 
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fetal major abnormalities, including trisomy 21, is important, because it offers the couples the 
advantages of early termination of pregnancy: less medical complications, reduced economi-
cal costs to the health system, and minor emotional impact of the couple. And we should keep 
in mind that the abortion rates in DS-affected pregnancies have increased to 67–92% in the 
United States and Europe [4].

Today, the screening methods for trisomy 21 fetuses are multiple, and patients need to choose 
early and comfortable. All pregnant women should be offered screening for aneuploidies, 
even if not all patients will accept. The expertise of a genetics counselor, preconceptual or in 
the first trimester, is beneficial for comprehensive counseling.

2. Historical aspects of aneuploidy screening: evolution and efficiency

The prenatal screening for chromosomal abnormalities was traditionally addressed to DS [5], 
because this is the most common chromosomal disease in fetuses and accounts for 8% of all 
congenital abnormal newborns.

It is well known that the chance of having a child with this condition increases as a woman 
gets older [6, 7], thus, in the 1970s and many decades after, maternal age represented the 
main screening method for fetal aneuploidy, by offering the option of genetic amniocente-
sis to all pregnant women over 35 years [8]. In the 1980s, determination of maternal serum 
alpha-fetoprotein (AFP) was proposed for screening, as decreased levels associated with an 
increased risk for DS [9]. During the last decades, diagnostic ultrasonography in obstetrics 
had a dramatic impact in prenatal medicine care, providing valuable information regarding 
fetal physiology, development, and abnormal conditions, including markers for fetal aneu-
ploidies since the early 1990s [10, 11]. Human chorionic-gonadotrophin (HCG) and uncon-
jugated estriol (uE3) testing were added along AFP determination, resulting in the serology 
triple test screen [12], and the detection rates were reported up to 73%, in the early 1990s [13]. 
The quad test was introduced after 1996, by including inhibin-A as a fourth marker to the 
triple test with a sensitivity of 81% at a 5% screen-positive rate [14, 15]. Also, during the 1990s, 
Kypros Nicolaides identified a powerful ultrasound marker measurable in the first trimester, 
namely, increased nuchal translucency (NT) thickness [16]. A first-trimester scan, also named 
nuchal scan or the genetic scan, was proposed as method for screening of major aneuploidies 
in combination with maternal age and serum testing (beta human chorionic gonadotropin 
(beta HCG) and pregnancy-associated plasma protein-A (PAPP-A)). Increased nuchal translu-
cency, reduced PAPP-A levels, and an increased HCG are associated with a higher risk for DS, 
and using specific calculators, these ultrasound and serologic parameters assist practitioners 
in identifying pregnancies at risk, by using specific calculators, as the software developed by 
The Fetal Medicine Foundation [17, 18]. The detection rates for trisomy 21 were reported as 
70–82% for first-trimester NT and 87% for first-trimester NT and serum. Additional evalua-
tion of several ultrasound markers increases the detection rate to 90%, when the nasal bone 
is screened, and 95% with supplementary assessment of the blood flow through the tricuspid 
valve and ductus venosus (DV), which is similar to the technique that combines first-trimester 
NT and serum and second-trimester serologic QUAD test [19].
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3. Strategies to perform aneuploidy screening

Current guidelines state that every pregnant woman of all ages should be offered extensive genetic 
counseling, screening, and invasive diagnostic testing for pregnancy with increased genetic risk 
before 20-week gestation [20]. Pregnant women should decide the genetic investigation tech-
nique after extensive counseling regarding the advantages, limitations, the sensibility, and false-
positive results of every genetic test available [21, 22]. Still, because of limited healthcare system 
resources, the present screening options in the first trimester include nuchal translucency testing 
in combination with measurement of PAPP-A and HCG. In the second trimester, the screening 
tests include serum screening using triple or quadruple screening and ultrasonography. There 
is also the possibility for combination of first- and second-trimester screening in an integrated, 
stepwise sequential, or contingent sequential fashion [20, 23, 24]. Recently, some professional 
societies adopted the noninvasive cell-free fetal DNA in the detection protocol, for the cases with 
intermediate-risk cases. This relatively new test will be described separately in the chapter.

3.1. First-trimester markers and further benefit for pregnancy screening

Using only NT testing, the DS detection rate is only approximately 70% for a 5% false-positive 
rate [25]. However, an increased nuchal translucency greater than 3.5 mm is associated not 
only with genetic syndromes but also with fetal malformations, as major congenital heart 
defects, skeletal dysplasia, and congenital diaphragmatic hernia; thus, this marker is impor-
tant for early detection of such structural abnormalities.

The first-trimester maternal serum screening includes the determination of two markers, PAPP-A 
and HCG. PAPP-A is a glycoprotein [26] produced by the placental syncytiotrophoblast and 
decidua that is decreased when placental function is abnormal, as reported in many aneuploi-
dies and other pregnancy complications, as miscarriage and fetal growth restriction [27]. High 
levels of the HCG glycoprotein are usually present in DS pregnancies [28], and low levels of both 
markers are also associated with adverse pregnancy outcomes, such as miscarriage, stillbirth, 
preeclampsia, placental abruption, preterm birth, and low birth weight [29]. The serum concen-
tration of these markers is converted to multiples of median (MoMs) and interpreted in combina-
tion with NT MoM and maternal age by dedicated software [30, 31]. The result of this combined 
test estimates the pregnancy genetic risk, which is considered low or increased, using a cutoff of 
1/250. There are several strategies to define an intermediate risk, for example, from 1/50 or 1/100 
to 1/1000. The risk in this population may be further refined with the aid of other ultrasound 
markers (nasal bone, tricuspid valve, and ductus venosus blood flow) or second-trimester mark-
ers, as a contingent or sequential approach [19]. More recently, the use of cell-free fetal DNA 
is advocated and implemented in some healthcare systems (England, Denmark, and Holland).

There are several strategies regarding the timing of the ultrasound and serological determina-
tions. For best patient compliance, OSCAR method is preferred (one-step assessment of risk)—
with biological and ultrasound evaluations, result, and parent counseling performed in one 
session. However, a 2–4% improvement of the detection rate is obtained, if screening is carried 
in two separate visits, with maternal serum testing at 9–10 weeks of gestation (when the deter-
minations are more specific) and the ultrasound scan at 12 weeks (for a better visualization of 
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fetal major abnormalities, including trisomy 21, is important, because it offers the couples the 
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NT and serum and second-trimester serologic QUAD test [19].
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fetal anatomy) [32, 33]. Laboratory certification and periodically sonographer audit are impor-
tant, due to the necessity of precise measurements [22].

3.2. Second-trimester screening strategies

The second-trimester maternal serum testing includes the triple and quadruple screens, with 
detection rates of 70 and 81%, respectively [22].

As in the first trimester, the ultrasound scan can be used for screening either alone or as 
an adjunct to maternal serum testing. Various sonographic features were proposed as mark-
ers for fetal chromosomal abnormalities [34, 35], and a 75% detection rate was reported for 
second-trimester genetic ultrasonography [36].

First- and second-trimester screening data can be combined to improve the detection or to 
lower the false-positive rate to 5% [37]. Integrated screening involves a unitary report of first-tri-
mester combined test, followed by triple or quadruple screen in the second trimester. Stepwise 
sequential strategy allows the patients at increased risk to opt for invasive diagnostic testing 
or to await the second-trimester screen to revise the genetic risk. The contingency screening is 
based on a stratified risk determination in the first trimester. In high-risk pregnancy, invasive 
diagnostic testing is offered; in low-risk patients, no further testing is required; and in inter-
mediate group, between the two cutoffs, second-trimester screening is advised [14].

Fetal echocardiography, even if difficult to apply as a primary screening tool, can be compa-
rable to first-trimester integrated screening in identifying over 90% of fetuses with trisomy 21 
[19]. Still, it can be used after 20 weeks of gestation as genetic sonography, and when used as 
an adjunct to first- and/or second-trimester screening for Down syndrome, the detection rate 
is reported as high as 99% [19].

4. Genetic ultrasound in the first trimester

The genetic scan is also called nuchal scan, as NT measurement is the most important com-
ponent of the first-trimester combined screen [38] which is performed between 11 weeks and 
13 weeks + 6 days, when fetal crown-rump length (CRL) is between 45 and 84 mm. The scan 
approach is mainly transabdominal, using the transvaginal approach only in particular situa-
tions, when the visualization is poor [39]. International Society of Ultrasound in Obstetrics and 
Gynecology (ISUOG) guidelines recommend a minimum of technical requirements for equip-
ment: real-time, gray-scale, two-dimensional ultrasound; transabdominal and transvaginal ultra-
sound transducers, adjustable acoustic power output controls with output display standards; 
freeze frame and zoom capabilities; electronic calipers; and capacity to print/store images [40]. 
An accurate dating of pregnancy according to CRL measurement is important for the screening 
purpose, as the values of biological markers are interpreted according the gestational age [41–43].

The most important first-trimester marker is the nuchal translucency (NT) measurement, rep-
resenting the thickness of the ultrasonographic sonolucency in the posterior fetal neck, between 
the skin and the soft tissue overlying the cervical spine [44]. To obtain an accurate and reliable 
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evaluation, it is necessary a sagittal view of the fetal face in the neutral position, magnification 
so that only the fetal head and the upper thorax are visible on the screen and the measurement 
of maximum thickness. Specialized training and certification are available [45, 46] (Figure 1(A)).

Semi-automated method of measuring NT thickness was developed, to avoid operator bias 
and either under- or overestimation of the measurement [47] (Figure 2).

Specialized software quantifies the deviation in the measured NT from the normal euploid 
pregnancies [47, 48]. The risk for aneuploidies, especially trisomy 21, increases exponentially 
with increasing NT thickness [49, 50].

The professionals should carefully explain to the patients the significance of an increased NT, 
as this finding has the potential to determine couples to terminate the pregnancy, worried 
about the possibility of an abnormal fetus [51].

4.1. Nasal bone (NB)

A common characteristic of the patients with DS is a small nose [52], and many studies have 
demonstrated that the absence or a hypoplastic NB in pregnancy is highly associated with 

Figure 1. First-trimester ultrasound genetic markers. (A) Measurement of the cranial markers: nuchal translucency (NT), 
nasal bone (NB, white arrow), and fronto-maxillary facial angle (FMF, figured with red lines). (A.1) Normal values of 
genetic markers with small NT thickness, ossified nasal bone, and normal facial angle. (A.2) Abnormal genetic markers 
with increased NT thickness, absent nasal bone, and wide facial angle, of more than 90°. (B) Spectral Doppler assessment 
of the tricuspid flow and measurement of the fetal heart rate. (B.1) Normal tricuspid blood flow. (B.2) Regurgitation of 
the blood flow across the tricuspid valve. (C) Spectral Doppler assessment of the ductus venosus flow. (C.1) Normal 
ductal blood flow. (C.2) Abnormal ductal flow with reversed a-wave. (D) Assessment of the four-chamber view of the 
fetal heart in duplex mode: gray scale and color Doppler. (D.1) Normal appearance of the four-chamber view with 
identification of the crux cordis in gray scale and equal and separated atrioventricular flows. (D.2) Atrioventricular septal 
defect with common atrioventricular valve and large communication between heart cavities.
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purpose, as the values of biological markers are interpreted according the gestational age [41–43].
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of maximum thickness. Specialized training and certification are available [45, 46] (Figure 1(A)).
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and either under- or overestimation of the measurement [47] (Figure 2).

Specialized software quantifies the deviation in the measured NT from the normal euploid 
pregnancies [47, 48]. The risk for aneuploidies, especially trisomy 21, increases exponentially 
with increasing NT thickness [49, 50].

The professionals should carefully explain to the patients the significance of an increased NT, 
as this finding has the potential to determine couples to terminate the pregnancy, worried 
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Figure 1. First-trimester ultrasound genetic markers. (A) Measurement of the cranial markers: nuchal translucency (NT), 
nasal bone (NB, white arrow), and fronto-maxillary facial angle (FMF, figured with red lines). (A.1) Normal values of 
genetic markers with small NT thickness, ossified nasal bone, and normal facial angle. (A.2) Abnormal genetic markers 
with increased NT thickness, absent nasal bone, and wide facial angle, of more than 90°. (B) Spectral Doppler assessment 
of the tricuspid flow and measurement of the fetal heart rate. (B.1) Normal tricuspid blood flow. (B.2) Regurgitation of 
the blood flow across the tricuspid valve. (C) Spectral Doppler assessment of the ductus venosus flow. (C.1) Normal 
ductal blood flow. (C.2) Abnormal ductal flow with reversed a-wave. (D) Assessment of the four-chamber view of the 
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defect with common atrioventricular valve and large communication between heart cavities.
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trisomy 21 [53, 54]. The correct evaluation of the nasal bone assumes a midsagittal view, 
similar to the one necessary for NT measurement. The angle of insonation should be perpen-
dicular to the NB, which is evaluated in the so-called equal sign, with two echogenic lines 
(the skin of the nasal bridge and the NB underneath it) (Figure 1(A.1)). If the line represent-
ing the nasal bone is absent or less echogenic as the overlying skin, then the NB is noted 
absent or hypoplastic (Figure 1(A.2)) [49]. Seventy percent of trisomy 21 fetuses have absent 
nasal bone [55].

4.2. Doppler evaluation of the tricuspid valve: tricuspid regurgitation

Regurgitation of the blood flow across the tricuspid valve is a common marker for chromo-
somal defects, present in about 74% DS fetuses but also in 7% of chromosomally normal 
fetuses [56]. The standard evaluation is the heart apical incidence of the four-chamber view. 
The Doppler gate is 2–3 mm and must be placed over the tricuspid valve with a minimum 
angle of insonation, acceptable up to 30° (Figure 1(B.1)). Tricuspid regurgitation is diag-
nosed if reversed flow is noted more than 50% of ventricular systole and higher than 60 cm/s 
(Figure 1(B.2)) [49].

4.3. Doppler evaluation of the ductus venosus (DV)

An abnormal flow in the ductus venosus was defined as the complete cessation or a reversal 
forward flow of the a-wave (Figure 1(C.2)) but also an increased pulsatility index (PI) of the 
flow [57]. An accurate assessment of the ductal flow requires skilled operators since there is the 
possibility of interference from adjacent vessels: hepatic and umbilical veins [49]. Seventy-four 
percent of DS fetuses and 5% of chromosomally normal fetuses present abnormal DV flow [58].

Figure 2. Semi-automated measurement of the nuchal translucency.
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4.4. Fronto-maxillary facial (FMF) angle

This angle is measured between the upper surface of the palate and the frontal bone (Figure 1(A.1)). 
FMF angle is significantly larger in DS fetuses (mean 88.78, range 75.4–1048) versus chromosom-
ally normal fetuses (mean 78.18, range 66.6–89.5, P < 0.001) (Figure 1(A.2)) [49].

4.5. Fetal heart rate

Fetal heart rate should be measured routinely as part of DS screening. The studies have shown 
an increase of the fetal heart rate by 15% [59].

4.6. Fetal malformations

Another target of the first-trimester scan is to detect fetal severe malformations, which are 
either lethal or associated with severe handicap or aneuploidies [60, 61]. The abnormal fetuses 
detected early in pregnancy should be tested to exclude aneuploidy. Many major abnormali-
ties can be diagnosed as early as the first-trimester scan [57, 62–66]. Other conditions vary in 
onset during gestation and do not have a consistent ultrasound appearance in the first trimes-
ter for a definitive and reliable diagnosis.

4.7. Screening in twin pregnancies

In cases of multiple gestations, the first-trimester scan should correctly diagnose the chorionic-
ity of the pregnancy. In a monochorionic twin pregnancy, the false-positive rate of NT screen-
ing is higher than in dichorionic twins, because increased NT in at least one of the fetuses can 
be an early manifestation of twin-to-twin-transfusion syndrome, as well as a marker of chro-
mosomal abnormalities [67]. It is recommended that, for the calculation of risk of trisomy 21, 
the NT of both twins should be measured and the average of the two should be considered [68].

An important advantage of screening by fetal NT is that when there is discordance for a chro-
mosomal abnormality, the presence of a sonographically detectable marker helps to ensure 
the correct identification of the abnormal twin during selective termination.

5. Genetic ultrasound screening assessment in the second trimester

In the second trimester, the genetic ultrasound screening assessment can be used either alone or 
as an adjunct to maternal serum testing. The purpose of the scan is to identify fetal anomalies 
or chromosomal markers [69] which require invasive testing. The sonographic findings that are 
not generally abnormalities, but can be an indicative of fetal aneuploidy are called soft ultra-
sound markers. Many of them are transient. It is important to pay attention to the thickness of 
the nuchal fold, nasal bone appearance, or prenasal edema, but also a series of soft markers have 
been described: intracardiac echogenic focus, hydronephrosis, and hyperechogenic bowel were 
found with a higher incidence in DS fetuses than in chromosomally normal fetuses (9.6% vs. 
1.5%, 17.1% vs. 5.3%, and 11.4% vs. 2.4%, respectively). The prevalence of choroid plexus cysts 
was not significantly different between the trisomy 21 and normal fetuses (7.5% vs. 5.0%) [70].
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Nuchal fold (NF) thickness (Figure 3(A)) is often considered the most sensitive and most spe-
cific second-trimester marker for Down syndrome with false-positive rates as low as 1% [71]. It 
is measured on an axial section through the head at the level of the thalami, cavum septi pellu-
cidi, and cerebellar hemispheres (i.e., in the same plane that is used to assess the posterior fossa 
structures). A NF > 5 mm has a sensitivity of 15% and a specificity of 97% in trisomy 21 detection, 
while a NF > 6 mm has a sensitivity of 12% and a specificity of 99% in trisomy 21 detection [71]. 
It is recommended that the nuchal thickness should not be measured after 20 gestational weeks.

Fetal ventriculomegaly (Figure 3(D)) is considered a soft marker for chromosomal abnor-
malities and defined as more than 10 mm across the atria of the posterior or anterior horn of 
lateral ventricles or alternatively, a separation of more than 3 mm of the choroid plexus from 
the medial wall of the lateral ventricle [72].

The nasal bone is evaluated in the standard view of fetal face profile. To define nasal bone 
hypoplasia (Figure 3(E)), many studies proposed various measurement criteria, and most 
cutoffs are more than 0.25 cm [73]. A hypoplastic nasal bone is seen in approximately 0.5–1.2% 
of normal fetuses [74].

The vast majority of cases with choroid plexus cysts (Figure 3(C)) have no associated abnor-
mality, but still there is a soft association with aneuploidy, especially trisomy 18 and also 
trisomy 21. Their size and number of cysts are thought to affect the risk of aneuploidy [75]. 
Amniocentesis is not recommended when isolated, due to weak associations with genetic 
abnormalities. When the choroid plexus cysts are large (>1 cm), bilateral, multiple, or the 
maternal serum screening results are abnormal, and invasive testing is considered [76].

The echogenic intracardiac focus (EIF) represents the mineralization within the papillary 
muscles, usually seen at the second trimester, located in the left ventricle (Figure 3(G)). The 
association with trisomy 21 was demonstrated in up to 12% of fetuses, but biventricular EIFs 
are considered to be a higher risk for aneuploidy [77].

Figure 3. Second-trimester genetic markers: (A) increased thickness of the nuchal fold (NF), (B) prenasal edema, (C) 
bilateral choroid plexus cysts, (D) bilateral ventriculomegaly, (E) nasal bone hypoplasia, (F) gap sandals toes, (G) 
echogenic intracardiac focus, (H) bilateral pyelectasis/hydronephrosis, (I) measurement of femur length to detect 
shortening of the long bones, (J) non-visualization of the middle phalanx of the fifth digit, (K) echogenic bowel, (L) single 
umbilical artery, and (M) aberrant right subclavian artery.
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Echogenic bowel (Figure 3(K)) is defined if a bowel area is brighter than the bone on an image 
with appropriate gain settings. Trisomy 21 was diagnosed in 15% of cases, but other several 
associations have been reported, such as cytomegalovirus infection, cystic fibrosis, intraamni-
otic hemorrhage, and intrauterine growth restriction [78].

Other second-trimester soft markers for trisomy 21 include fetal renal pyelectasis (Figure 
3(H)), shortened long bones (less than third centile for gestational age) with a shortened 
femur or/and a shortened humerus (Figure 3(I)), single umbilical artery (Figure 3.(L)), aber-
rant right subclavian artery (Figure 3(M)), and gap sandals toes (Figure 3(F)). When found 
alone, these soft markers have a weak association with DS.

As presented before, genetic sonography was used as primary screening, or as an arbitrator, 
to refine the initial screening result, for reassuring or when couples with positive tests did not 
opt for invasive testing [34, 79].

6. Cardiac anomalies (congenital heart defects, CHD)

CHD are present in the majority of the fetuses with DS [80] and represent one of the most 
common and lethal abnormalities present postnatally. Various heart conditions were reported 

Figure 4. Congenital heart disease in DS fetuses: (A.1) normal appearance of the four-chamber view in the second 
trimester and atrioventricular septal defects (A.2) and (B.1) normal appearance of the aortic arch and aortic tubular 
stenosis (B.2).
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umbilical artery, and (M) aberrant right subclavian artery.
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with significant incidence [81]: ventricular, atrial, and atrioventricular septal defects (Figure 
4(A.1, A.2)); tricuspid stenosis; outflow tract abnormalities, as Aortic coarctation (Figure 
4(B.1, B.2)), pulmonary valve stenosis, and atresia; transposition of great vessels; common 
truncus; and aortic stenosis. Functional conditions, as pericardial effusion and atrioventricu-
lar regurgitation, were also noted [79].

An accurate cardiac assessment as an adjunct in the first and second trimester increases the 
screening power to as high as 99% [19, 34] and is the only strategy to increase the mid-trimes-
ter genetic ultrasonography detection rates over 90% [36, 79]. This may be advantageous for 
patients who desire the highest sensitivity for DS detection (Figure 4).

7. Invasive diagnostic testing

In first-trimester screening is positive for DS, chorionic villus sampling (CVS) is proposed for 
a definitive genetic diagnosis, by obtaining a placental tissue sample, usually transabdomi-
nally or transcervically, if the trophoblast is situated posterior. The main advantage is repre-
sented by the early diagnosis, easing the decision-making process for couples [82]. The main 
disadvantage is represented by the risk of spontaneous abortion that can vary from 0.6 to 4.6% 
[45]. Other disadvantages include the fact that is an operator-dependent procedure and that 
is not available in every community [83]. There is an increased risk of limb reduction defects, 
if the procedure is performed before 10 weeks’ gestation [83].

Amniocentesis is the most common procedure for detecting genetic abnormalities before birth. 
A sample of the amniotic fluid is extracted usually after 15 weeks’ gestation [84], because of 
increased abortion risk before this gestational age. The accuracy of this invasive testing is 
reported to be over 99.4% [85], similar to CVS. Complications are uncommon but may include 
vaginal spotting, amniotic fluid leakage, chorioamnionitis, failure of fetal cells to grow in cul-
ture, fetal needle injury, and fetal loss [82], in less than 1% of cases [86].

A less frequent invasive test is percutaneous umbilical blood sampling, used in the case of severe 
oligoamnios or for a rapid chromosome analysis (1–3 days from fetal blood vs. 10–14 days from 
amniocytes). The risk of miscarriage is higher than the other two procedures [82, 83].

8. Noninvasive prenatal testing (NIPT)

In the mid-1950s, the presence of fetal cells was demonstrated in the maternal circulation [87] 
and in 1997 also the existence of cell-free fetal DNA, which became a feasible target for a non-
invasive prenatal testing [88, 89]. Fetal DNA from maternal plasma is the result of fragmented 
syncytiotrophoblast cells undergoing apoptosis. NIPT allows for an earlier aneuploidy detec-
tion from as early as 4 weeks’ gestation [90] but is usually recommended after nine gestational 
weeks, in order to obtain a sufficient fetal fraction of cell-free DNA.

This Revolutionary method, with a first clinical application in determining fetal sexing, 
significantly reduced the gap between the performance of conventional screening and 
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diagnostic testing [88, 91], because of the high sensitivity and specificity, especially for 
DS. Recently, a meta-analysis of 1963 cases of trisomy 21 and 223,932 non-trisomy 21 sin-
gleton pregnancies showed a weighted pooled detection rate of 99.7% for a false-positive 
rate of 0.04% [92].

NIPT is nowadays offered in conjunction with another method of screening for fetal aneu-
ploidy rather than as a replacement. Some are concerned about losing the clinical value of 
the first-trimester screening, as during the last decades, this evaluation became an important 
pregnancy evaluation, aimed to detect the high-risk pregnancies not only for genetic abnor-
malities but also for structural malformations and other pregnancy severe complications. The 
main advantages of NIPT include the safety of the procedure, with no risk of miscarriage, the 
early timing, and the ease of testing, which is not “surgical,” “stressful,” or “painful,” as inva-
sive procedures may be. Among disadvantages, we should keep in in the costs and potential 
ethical issues, as the NIPT use for gender determination or the diagnosis of some conditions 
with variable prognosis [93, 94]. It is important to understand that NIPT is not a diagnostic 
test, and therefore, a positive NIPT result requires an invasive test to confirm the findings, 
as recommended by professional societies. Many chromosomally mosaic placentas are not 
detected by NIPT, and abnormal chromosome complements in maternal-derived cfDNA may 
be detected from apoptosis of maternal tumor cells [95].
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An accurate cardiac assessment as an adjunct in the first and second trimester increases the 
screening power to as high as 99% [19, 34] and is the only strategy to increase the mid-trimes-
ter genetic ultrasonography detection rates over 90% [36, 79]. This may be advantageous for 
patients who desire the highest sensitivity for DS detection (Figure 4).
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nally or transcervically, if the trophoblast is situated posterior. The main advantage is repre-
sented by the early diagnosis, easing the decision-making process for couples [82]. The main 
disadvantage is represented by the risk of spontaneous abortion that can vary from 0.6 to 4.6% 
[45]. Other disadvantages include the fact that is an operator-dependent procedure and that 
is not available in every community [83]. There is an increased risk of limb reduction defects, 
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weeks, in order to obtain a sufficient fetal fraction of cell-free DNA.
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DS. Recently, a meta-analysis of 1963 cases of trisomy 21 and 223,932 non-trisomy 21 sin-
gleton pregnancies showed a weighted pooled detection rate of 99.7% for a false-positive 
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as recommended by professional societies. Many chromosomally mosaic placentas are not 
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Abstract

Down syndrome remains the most common chromosomal abnormality in live-born 
infants in the world today. The association between Down syndrome and congenital 
heart disease (CHD) is well known, and it is widely recognized that CHD contributes sig-
nificantly to the morbidity of children with Down syndrome. The reported incidence of 
CHD in Down syndrome patients is between 40 and 60%. The most commonly described 
defect is complete atrioventricular septal defect (AVSD), which comprises 30–40% of all 
cardiac defects. Complex genetic factors are involved. Routine cardiac screening of all 
newborn babies with Down syndrome is recommended. Expert groups suggest that the 
cardiac status of all children with Down syndrome should be established by 6 weeks of 
age to permit appropriate and timely treatment avoiding the establishment of irrevers-
ible pulmonary vascular disease that would make corrective surgery impossible.
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1. Introduction

Down syndrome remains the most common chromosomal abnormality in live-born infants in the 
world today [1]. The association between Down syndrome and congenital heart disease (CHD) 
is well known. It is widely recognized that CHD contributes significantly to the morbidity and 
mortality of children with Down syndrome. Despite this there continues to be reports of children 
with Down syndrome who present with serious CHD too late for the best chance of a good car-
diac outcome [2]. Early recognition of lesions is pivotal to obtain the best possible outcome, and 
education is still needed. In this chapter, we discuss the incidence and main types of CHD occur-
ring in the setting of Down syndrome. We focus mainly on atrioventricular septal defect (AVSD), 
which accounts for 30–40% of all cardiac defects in Down syndrome patients. We review genetic 
consideration and also discuss the principles of surveillance for cardiac disease in this population.
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Prevalence and genetics

Prevalence of Down syndrome is estimated to be around 1–2 per 1000 live births [1]. The 
reported incidence of CHD in Down syndrome patients is between 40 and 60% [1–3]. The 
most commonly described defect is complete AVSD which comprises 30–40% of all cardiac 
defects. The types of CHD described in Down syndrome do seem to follow a fixed pattern; 
there are high numbers of septal defects in general; tetralogy of Fallot is described, but there 
are lower rates of other conotruncal defects like transposition or conditions such as coarcta-
tion [4]. Prevalence of individual lesions is given later in Table 1.

Obviously the triplication of chromosome 21 suggests that genes located in this area are likely 
to play an important role in the development of CHD. However the fact that Down syndrome 
is not invariably accompanied by CHD implies that more complex genetic factors are involved. 
No single gene candidate has been identified yet [1]. Recent research implicates Hsa21-encoded 
genes in the development of CHD [5]. Genes for several matrix-related proteins COL-α1 and 
COL-α2 and Down syndrome cell adhesion molecule (DSCM) are located in chromosome 21. 
Overexpression of these genes for collagen matrix-related proteins has been associated with 
development of AVSD [4]. However not all AVSDs are associated with trisomy 21. Other genes 
not located on chromosome 21 and environmental factors may play a role [1, 5].

Mutations in the cell adhesion molecule cysteine-rich epidermal growth factor-like domain 
(CRELD) 1 on chromosome 3 have also been implicated in the genetics of CHD in Down 
syndrome and correspond to one of the specific genetic loci identified for AVSD [6]. This 
molecule is thought to be essential to the process of cellular adhesion and formation of the 
endocardial cushions. Overexpression of the junction adhesion molecule (JAM) 2 has also 
been shown to potentiate CHD in mice that already have CRELD1 mutation [7]. Undoubtedly 
the genetic influence of chromosome 21 on CHD is complex and yet to be fully understood.

There is evidence to suggest that sex and ethnic differences do exist in the incidence of CHD in 
Down syndrome, particularly among those with AVSD. There is a predominance of female infants 

Percentage of Down syndrome patients affected by study

Tubman et al. [3] Frid et al. [17] Freeman et al. [8] Stoll et al. [18]

AVSD 38% 47% 39% 30%

VSD 15% 33% 43% 22%

ASD 21% 8% 42% 25%

Tetralogy of Fallot — 2% 6% 3%

Coarctation — 1% — 5%

TGA — — — —

Patent ductus 18% 9% — 5%

Table 1. Percentage of patients with Down syndrome affected by congenital heart disease by defect.
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affected by AVSD and VSD [8]. Black infants with Down syndrome appear to have around twice 
the risk of AVSD as white infants, whereas Hispanic infants have a much smaller risk than white 
infants [8]. The type of lesion is thought to vary according to geographical area. For example, 
in Brazil the most frequently described defect is an atrial septal defect (ASD) [9, 10]. In Asia the 
most common lesion is a ventricular septal defect (VSD) [11]. A group in Sweden reports AVSD 
as the most frequent lesion like other Western European countries and the USA. Interestingly 
they also note a decreasing frequency of complex CHD in Down syndrome; such a trend could 
be explained by selective termination of fetuses with Down syndrome in some areas [12].

3. Surveillance and screening

The American Academy of Pediatrics recommends routine cardiac screening of all newborn 
babies with Down syndrome [13]. This statement is echoed by the Down Syndrome Medical 
Interest group (DSMIG UK). They recommend that the cardiac status of all children with Down 
syndrome should be established by 6 weeks of age [2]. Age at evaluation is an important factor 
for reduction in morbidity and mortality rates. Failure to recognize cardiac defects early in life 
can have serious consequences including establishment of irreversible pulmonary vascular dis-
ease that makes corrective surgery impossible [3]. The fact that children still occasionally present 
to pediatric cardiology clinics in this fashion indicates that the importance of early detection is 
not fully acknowledged, even in the present era [9, 14]. Neonatal and infant mortality in patients 
with Down syndrome remains higher than in the general population, primarily due to CHD [1].

Clinical examination alone remains insufficient to reliably diagnose CHD in Down syndrome 
with only around 40% of newborns having a cardiovascular abnormality detected based 
solely on clinical findings [3, 15]. An ECG is likely to be abnormal, particularly in the setting 
of AVSD, and an abnormal ECG has been shown to have a high positive predictive value for 
congenital heart disease [3]. Taken together clinical examination and ECG are more powerful 
than either individually [3].

Echocardiography is undoubtedly the most effective single diagnostic test however even 
it is not 100% effective in identifying lesions in the neonatal period. Authors acknowledge 
that echocardiography should only be carried out by pediatric cardiologists or experienced 
pediatricians with special interest in cardiology that have access to the necessary equipment 
and technical skills [3, 15]. There should be a low threshold for repeating the investigation if 
symptoms or signs of cardiac disease present at any age, even with a history of previously 
normal echocardiogram [2]. Diagnosis of purely physiological shunts such a PFO or PDA 
may cause unnecessary worry for some parents.

The DSMIG suggest that all babies with a diagnosis of Down syndrome should have a thor-
ough clinical examination and ECG performed shortly after diagnosis and that the urgency 
of their assessment by a pediatric cardiologist should be determined on the basis of these 
investigations, such that those with abnormal signs or abnormal ECG be seen within 2 weeks 
for echocardiogram and those felt to be at lower risk based on the initial tests be seen within 
6 weeks from birth [2].
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Figure 1. The arrangement of the common atrioventricular valve leaflets in complete AVSD.

4. Common cardiac defects occurring in Down syndrome

The major types of congenital heart defect occurring in Down syndrome are listed in Table 1. 
As noted earlier the most common defect is AVSD, which can affect up to 40% of patients 
[1]. Conversely around 80% of all AVSDs occur in children with Down syndrome [16]. We 
describe the morphology and pathophysiology of some of the major types of CHD associated 
with Down syndrome.

AVSD, atrioventricular septal defect; VSD, ventricular septal defect; ASD, atrial septal defect; 
TGA, transposition of the great arteries.

4.1. Atrioventricular septal defect (AVSD)

The term AVSD covers a broad spectrum of CHD characterized by a common atrioventricular 
junction with coexisting deficiency in the atrioventricular septum. AVSD comprises around 
7% of all CHD and is also referred to as an endocardial cushion defect [19].

The common atrioventricular junction is usually ovoid with unwedging of the left ventricular 
outflow tract from the usual position between mitral and tricuspid valves. Instead of separate 
inlet valves, the AV junction is guarded by a common valve, which often is comprised of 
five leaflets, two of which are bridging leaflets across the crest of the interventricular septum 
(Figure 1). These are termed superior and inferior bridging leaflets, respectively. There is also 
a left lateral (mural) leaflet, right anterosuperior leaflet, and a right inferior leaflet [16, 19].
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The Rastelli classification from 1966 divides complete AVSD into three subgroups on the basis 
of the anatomy of the superior bridging leaflet and its chordal attachments (Figure 2). In 
Rastelli type A, the superior bridging leaflet is divided at the level of the ventricular septum; 
in Rastelli type B, the division of the superior bridging leaflet occurs to a right ventricular pap-
illary muscle; and in Rastelli type C, the superior bridging leaflet is undivided or free floating. 
Rastelli type C is the most common arrangement found in Down syndrome [20].

In complete AVSD, shunting occurs at both atrial and ventricular levels; however, attach-
ment of the bridging leaflets to the crest of ventricular septum results in an exclusively atrial 
shunt through a primum ASD, also called a partial AVSD (see later), whereas attachment of 
the bridging leaflet to the atrial septum results in exclusively ventricular shunting (Figure 3).

Other congenital heart defects commonly associated with AVSD include left ventricular out-
flow tract obstruction especially in the setting of a Rastelli type A superior bridging leaflet as 
there is extreme unwedging of the aorta from its usual position and consequent elongation 
of the outflow tract. Ventricular hypoplasia and atrial isomerism are also described although 
infrequently with Down syndrome. Tetralogy of Fallot is the most commonly observed asso-
ciation and is seen in up to 6.7% cases of AVSD [20]. There is a high incidence of associated 
other extra cardiac abnormalities. One study of 87 patients with Tetralogy and AVSD reported 
that 67% of these patients had Down syndrome [21].

Clinical presentation relates to the morphology of the AVSD and any associated defects. If the 
ventricular component is large, left to right shunting occurs after the first few weeks of life as the 
pulmonary vascular resistance falls, and the infant will develop signs of congestive heart failure. 

Figure 2. Rastelli classification. Type a (top): The superior bridging leaflet is divided at the ventricular septum. Type B 
(middle): The division occurs to a right ventricular papillary muscle. Type C (bottom): The superior bridging leaflet is 
undivided.
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flow tract obstruction especially in the setting of a Rastelli type A superior bridging leaflet as 
there is extreme unwedging of the aorta from its usual position and consequent elongation 
of the outflow tract. Ventricular hypoplasia and atrial isomerism are also described although 
infrequently with Down syndrome. Tetralogy of Fallot is the most commonly observed asso-
ciation and is seen in up to 6.7% cases of AVSD [20]. There is a high incidence of associated 
other extra cardiac abnormalities. One study of 87 patients with Tetralogy and AVSD reported 
that 67% of these patients had Down syndrome [21].

Clinical presentation relates to the morphology of the AVSD and any associated defects. If the 
ventricular component is large, left to right shunting occurs after the first few weeks of life as the 
pulmonary vascular resistance falls, and the infant will develop signs of congestive heart failure. 

Figure 2. Rastelli classification. Type a (top): The superior bridging leaflet is divided at the ventricular septum. Type B 
(middle): The division occurs to a right ventricular papillary muscle. Type C (bottom): The superior bridging leaflet is 
undivided.
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If there is associated significant AV valve regurgitation, ventricular imbalance or coarctation signs 
of cardiac failure will occur much earlier [16, 20]. There is a small subgroup of patients with 
complete AVSD who do not develop signs of cardiac failure despite a significant ventricular com-
ponent. In these individuals there is persistent elevation of pulmonary vascular resistance [20].

In the present era, medical treatment is aimed at optimizing the patient’s condition to get to 
corrective surgery. This includes maximizing fluids and calorie intake, often with supple-
mental nasogastric tube feeding to promote good nutrition. Symptomatic management of 
congestive heart failure is with diuretics and ACE inhibitor therapy. The aim of surgery is to 
completely close the septal defects and repair the AV valve. Today surgery is offered to all 
Down syndrome patients with CHD although this was not always the case. Surgical results 
are good, and there is believed to be no extra risk from the concomitant presence of Down 
syndrome [22, 23]. Surgical repair is aimed in the first few months of life and certainly before 
6 months old as irreversible pulmonary vascular disease is more likely to develop quickly 
in patients with Down syndrome and AVSD. Surgery is usually successful with low opera-
tive mortality. The most recent statistics from National Institute for Cardiovascular Outcomes 
Research (NICOR) suggest that survival following complete AVSD repair is 99.5% at 30 days 
post-op and 91.9% at 1 year [24]. Without corrective surgery many patients with complete 
AVSD will die in infancy, with only 4% surviving beyond 5 years old [25]. Those who survive 
will develop pulmonary vascular disease and eventual reversal of the systemic to pulmonary 
shunt with accompanying cyanosis or Eisenmenger’s syndrome.

Postoperative complications following surgical repair of complete AVSD are listed in Table 2. 
Those seen most commonly are left ventricular outflow tract obstruction and left AV valve 
regurgitation. Left AV valve regurgitation forms the most common reason for reoperation in 

A B

Exclusively ventricular shuntingExclusively atrial shuntingAtrial and ventricular shunting

C

Figure 3. Resultant shunting in complete AVSD depends on the arrangement of the bridging leaflets with the atrial and 
ventricular septum.  (A) atrial and ventricular shunting, (B) exclusively atrial shunting, (C) exclusively ventricular shunting. 
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most surgical series [26]. Interestingly, the morphology of the AV valve most associated with 
Down syndrome, Rastelli type C, may actually be more favorable for surgical repair as there 
is often extensive bridging of both superior and inferior bridging leaflets resulting in less left 
AV valve regurgitation. Surgical series demonstrate that patients with Down syndrome expe-
rience greater freedom from reoperation for left AV valve regurgitation than those without 
Down syndrome [27].

4.2. Primum atrial septal defect/partial AVSD

In an isolated primum ASD or partial AVSD, the AV junction is a common structure; however, 
there are separate right and left AV valve orifices as a band of valve tissue joins the superior 
and inferior bridging leaflets. The AV valves appear at the same level, and there may be regur-
gitation through the zone of opposition or “cleft” in the left AV valve (Figure 4). Timing of 
surgery in this case is less crucial especially if there is minimal AV valve regurgitation. Repair 
is often carried out in late infancy or early childhood. Isolated primum ASD unrepaired car-
ries 50% mortality before the age of 20 years [16]. Surgical results are good, and 30-day and 
1-year survival are 98.8 and 98.7%, respectively [24]. Long-term complications are similar to 
those described following AVSD repair with the most common reason for reoperation being 
left AV valve regurgitation followed by left ventricular outflow tract obstruction [26].

4.3. Tetralogy of Fallot

Tetralogy of Fallot is a conotruncal defect caused by the anterior and cephalad deviation of the 
infundibular septum, which leads to the development of the four characteristic components: 
ventricular septal defect, overriding aorta, right ventricular outflow tract obstruction, and 
right ventricular hypertrophy (Figure 5). Tetralogy of Fallot occurs in around 6% of patients 
with Down syndrome and is the most common cyanotic heart defect to present in this patient 
group. Conversely around 8% of patients with Tetralogy of Fallot have Down syndrome, 
although this is slightly higher in fetal series [28].

• Left atrioventricular valve regurgitation

• Left ventricular outflow tract obstruction

• Late-onset complete heart block

• Pulmonary vascular disease

• Atrial or ventricular rhythm problems

• Left atrioventricular valve stenosis

• Right atrioventricular valve stenosis or regurgitation

• Residual ventricular septal defect

• Aortic incompetence

Table 2. Long-term complications following repair of complete AVSD [16, 19].
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ries 50% mortality before the age of 20 years [16]. Surgical results are good, and 30-day and 
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those described following AVSD repair with the most common reason for reoperation being 
left AV valve regurgitation followed by left ventricular outflow tract obstruction [26].

4.3. Tetralogy of Fallot

Tetralogy of Fallot is a conotruncal defect caused by the anterior and cephalad deviation of the 
infundibular septum, which leads to the development of the four characteristic components: 
ventricular septal defect, overriding aorta, right ventricular outflow tract obstruction, and 
right ventricular hypertrophy (Figure 5). Tetralogy of Fallot occurs in around 6% of patients 
with Down syndrome and is the most common cyanotic heart defect to present in this patient 
group. Conversely around 8% of patients with Tetralogy of Fallot have Down syndrome, 
although this is slightly higher in fetal series [28].

• Left atrioventricular valve regurgitation

• Left ventricular outflow tract obstruction

• Late-onset complete heart block

• Pulmonary vascular disease

• Atrial or ventricular rhythm problems

• Left atrioventricular valve stenosis

• Right atrioventricular valve stenosis or regurgitation

• Residual ventricular septal defect

• Aortic incompetence

Table 2. Long-term complications following repair of complete AVSD [16, 19].

Congenital Heart Disease in Down Syndrome
http://dx.doi.org/10.5772/intechopen.71060

101



Clinical presentation of tetralogy of Fallot depends very much on the degree of outflow 
tract obstruction present. Patients may present with profound central cyanosis in the neo-
natal period if the obstruction is severe and may actually be duct dependent, i.e., there is 
insufficient pulmonary blood flow once the ductus arteriosus closes. These patients require 
palliation with a Blalock-Taussig shunt or ductal stent to secure pulmonary blood flow and 
permit growth for corrective surgery. If there is little outflow tract obstruction, the patient 
may exhibit signs and symptoms of congestive cardiac failure as there will be a large left to 
right shunt through the VSD; in this case there will be little or no cyanosis.

Most commonly, patients fall somewhere in between and have a degree of outflow tract 
obstruction often presenting with an ejection systolic murmur and some cyanosis [28]. The 
degree of cyanosis is often variable, and patients may have cyanotic spells, which result from 
an acute increase in right to left shunting due to spasm of the muscular infundibular region. 
Patients with cyanosis or frequent spells that cannot be managed with beta blocker therapy 
may require a RVOT stent. Corrective surgery is performed at around 6–8 months of age. 
Outcomes are good, and survival following tetralogy repair is 99.7% at 30 days and 97.8% at 
1 year [24]. Common long-term complications are listed in Table 3.

The relief of right ventricular outflow tract obstruction during tetralogy of Fallot repair results 
in chronic pulmonary regurgitation, which subsequently leads to right ventricular dilatation 

Zone of apposition

Connecting tongue

Separate right and left valvar ori
ces

Figure 4. Arrangement of the common atrioventricular valve leaflets in primum ASD.
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necessitating interventions. The most frequent reason for reoperation in this patient group is to 
replace the pulmonary valve either surgically or percutaneously [28, 29]. There is evidence to 
suggest that patients with Down syndrome who have undergone tetralogy of Fallot repair come 
to pulmonary valve replacement more frequently than patients without Down syndrome. This 
is felt to be due to the presence of pulmonary arterial hypertension, also common in Down syn-
drome, which contributes to more severe pulmonary regurgitation and earlier RV dilatation [30].

Figure 5. Diagrammatic representation of tetralogy of Fallot.
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4.4. Ventricular septal defect (VSD)

A ventricular septal defect is defined as a hole between the right and left ventricles. In most 
series it is the second most common form of CHD described in Down syndrome (Table 1). 
VSDs are generally classified depending on what portion of the ventricular septum they span, 
illustrated in Figure 6. In Down syndrome VSDs often occur in the inlet septum [31]. In a large 
series of patients with Down syndrome, inlet VSD was one of the most frequently reported 
subtypes. Muscular and subarterial VSDs were not described [32]. Inlet VSD is associated 
with abnormalities of the left AV valve with straddling chordal and papillary muscle attach-
ments [31]. In the setting of Down syndrome, these defects likely form part of the AVSD 
complex described earlier [32].

Figure 6. Diagrammatic representation of possible VSD locations on standard echo views.  (A) long axis view, (B) short axis 
view at aortic valve level, (C) short axis view through ventricles, (D) four chamber view, (E) left ventricular outflow tract view.

• Pulmonary regurgitation

• Right ventricular dilatation and dysfunction

• Residual right ventricular outflow tract obstruction

• Branch pulmonary stenosis

• Rhythm problems

• Aortic incompetence

• Aortic root dilatation

Table 3. Long-term complications following tetralogy of Fallot repair [29].
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Similarly to AVSD, a VSD results in a left to right shunt with extra pulmonary blood flow, 
the magnitude of which depends on both the size of the defect and the patient’s pulmonary 
vascular resistance. Hemodynamically significant defects are repaired before 6 months of age. 
Like AVSD uncorrected lesions will lead to the development of pulmonary vascular disease 
and Eisenmenger’s syndrome [31].

4.5. Other lesions

From late adolescence there is evidence of an increased incidence of asymptomatic mitral 
valve prolapse (MVP) and aortic incompetence in children with Down syndrome. These are 
often asymptomatic; however, the MVP in particular can progress to symptomatic mitral 
regurgitation, and it is recommended that auscultation continues to be part of surveillance for 
individuals with Down syndrome in adult life [2].

5. Pulmonary hypertension in Down syndrome

Patients with Down syndrome are considered to be at higher risk of pulmonary arterial 
hypertension both with and without CHD. This is likely to be multifactorial, but the high 
incidence of CHD and airway problems undoubtedly plays a pivotal role in its development 
[33]. Down syndrome patients have a high incidence of gastroesophageal reflux with micro-
aspiration, recurrent respiratory infections, and sleep apnea. They may experience chronic 
hypoxia from upper airway obstruction in the form of tracheobronchomalacia, stenosis, or 
subglottic compromise [33]. There is a high prevalence of persistent pulmonary hypertension 
of the newborn in infants with Down syndrome, and as discussed earlier, there is a small 
subset of Down syndrome CHD patients who continue to have elevated pulmonary vascular 
resistance beyond the newborn period [16].

In the setting of a significant left to right shunt, intrinsic lung abnormalities such as abnor-
mal pulmonary arterioles, a smaller number of alveoli, and impaired endothelial function 
contribute to the development of pulmonary arterial hypertension in association with CHD 
[34]. As observed earlier, timely corrective surgery will prevent irreversible lung damage and 
development of Eisenmenger’s syndrome. Despite this move to early surgery, there remain 
a significant number of Down syndrome patients with Eisenmenger’s syndrome among the 
adult congenital heart disease population. Some studies estimate that as many as 50% of the 
total population of Eisenmenger’s patients have Down syndrome; there is also evidence to 
suggest that this group receives significantly less therapy and is often under-managed [35].

6. Conclusions

Congenital heart disease is one of the most frequent associations with Down syndrome 
and remains a major cause of morbidity and mortality among patients. Over half of Down 
syndrome patients have CHD the most common form being complete AVSD. Ethnic and 
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geographical variations among lesions have been described. Early recognition of lesions is 
paramount to permit appropriate and timely treatment. To this end, cardiac screening should 
be undertaken in all newborn infants with Down syndrome.
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Down syndrome (DS) consists of a complex phenotype with constant features, such as men-
tal retardation and hypotonia, and variable features, including heart defects and susceptibil-
ity to Alzheimer’s disease, type 2 diabetes, obesity and immune disorders. Overexpression of 
genes mapping to chromosome 21 (Hsa21) is directly or indirectly responsible for pathogene-
sis of DS phenotypic features, as overexpressed Hsa21 genes dysregulate several other genes 
mapping to different chromosomes. Many of these genes are involved in mitochondrial 
function. Recent studies highlight a link between mitochondrial dysfunction, consistently 
observed in DS subjects, and DS phenotype. In this review, we first provide a basic overview 
of mitochondrial alterations in DS in terms of mitochondrial bioenergetics, biogenesis and 
morphology. We then discuss how mitochondrial malfunction may contribute to the patho-
genesis of clinical manifestations and how specific Hsa21 genes may cause the disruption of 
mitochondrial phenotype. Finally, we focus on drugs, which affect mitochondrial function 
and network to propose possible therapeutic approaches aimed at improving and/or pre-
venting various aspects of the DS phenotype. Our working hypothesis is that correcting the 
mitochondrial defect might improve the neurological phenotype and prevent DS-associated 
pathologies, thus providing a better quality of life for DS individuals and their families.
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1 in 700 newborns. Its phenotype is highly complex showing constant features, such as mental 
retardation, dysmorphic traits and hypotonia, and variable features, including heart defects, 
susceptibility to Alzheimer’s disease (AD), type 2 diabetes, obesity and immune disorders. 
DS is also a risk factor for a number of diseases, such as thyroid dysfunction, leukemia and 
various other congenital malformations. The mechanisms causing the DS phenotype are still 
largely unknown and little progress has been registered so far in the therapeutic approach to 
ameliorate the life of DS subjects.

Overexpression of genes mapping to chromosome 21 (Hsa21) is clearly responsible for patho-
genesis of DS phenotypic features either in a direct or indirect manner, as overexpressed 
Hsa21 genes affect the regulation of several other genes mapping to different chromosomes. 
Many of these genes are involved in oxidative phosphorylation (OXPHOS) and more gener-
ally in the mitochondrial function [1].

As fully described in the following paragraphs, the mitochondrial dysfunction together 
with the disruption of the mitochondrial network might concur to determine DS phenotypic 
traits. This suggests that correcting the mitochondrial defect might affect the severity of DS 
phenotype.

This review provides first a basic overview of mitochondrial alterations in terms of mitochon-
drial bioenergetics, biogenesis and morphology in DS. The latest theories are reported about: 
(i) how mitochondrial malfunction may contribute to the pathogenesis of clinical manifesta-
tions of DS and (ii) how specific Hsa21 genes may be involved in determining the pathogen-
esis of mitochondrial dysfunction in DS. Finally, we focus on drugs that target genes and/or 
pathways involved in mitochondrial function and mitochondrial network to examine poten-
tial therapeutic approaches.

2. Mitochondrial abnormalities in DS

Increasing evidences, widely documented in scientific literature, highlight that there is a link 
between mitochondrial damages and the complex DS phenotype. The downregulation of 
nuclear-encoded mitochondrial genes (NEMGs) is a hallmark of TS21 in human fetal hearts [1] 
and brains [2]. Transcriptome analysis of fetal heart tissues showed that more than 400 genes 
located on chromosomes other than 21 were differentially expressed, either upregulated or 
downregulated, in trisomic versus non-trisomic hearts [1]. Functional class scoring of these 
genes revealed a global downregulation of NEMGs. Together with the downregulation of genes 
involved in mitochondrial pathways, we demonstrated, in trisomic fetal fibroblasts of the same 
subjects, that mitochondria exhibited morphological abnormalities like increased size, irregu-
lar shape and evident breaks, mainly of inner membranes. Mitochondria with concentric and 
longitudinal cristae were significantly more abundant. Stereological analysis demonstrated that 
mean mitochondrial volume was significantly lower in DS cells [3, 4]. All indices of mitochon-
drial respiratory functions were decreased and a significant alteration in the redox homeostasis 
was observed, highlighted by an increased production of reactive oxygen species (ROS) and a 
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higher steady level of intra-mitochondrial Ca2+ [3]. DS fibroblasts also showed a deficit of whole 
energy status as demonstrated by a decrease of basal ATP content and of mitochondrial mem-
brane potential (Figure 1) [4].

Representative confocal microscopy live cell imaging of TMRM fluorescence in euploid and 
trisomic fibroblasts. A significant decrease in fluorescence intensity is observed in trisomic 
samples when compared with euploid ones.

These results were in agreement with different studies that demonstrated a less efficient mito-
chondrial energy production apparatus in fibroblasts from DS subjects due to the impair-
ment of mitochondrial respiratory chain complex I, ATP synthase, ADP/ATP translocator and 
adenylate kinase activities [5, 6].

The protein expression of mitochondrial electron transport enzyme subunits has been found 
decreased in the brain of people affected by DS [7]. Decreased mitochondrial redox activity 
and membrane potential have also been observed both in DS astrocytes [8, 9] and in the brain 
of the Ts1Cje mouse model [10]. In neural progenitor cells (NPCs) isolated from the hippo-
campus of Ts65Dn mice, another widely used model of DS, a severe impairment of mitochon-
drial bioenergetics and biogenesis and reduced NPCs proliferation were demonstrated [11]. 
Furthermore, microarray analysis revealed that numerous pathways were altered in Ts65Dn 
muscle, including pathways involved in ATP biosynthesis [12].

Together with mitochondrial function alterations, a significant disruption of mitochondrial 
dynamics has been observed in trisomic cells. An increased fragmentation of the mitochon-
drial network was demonstrated in primary cultures of TS21 astrocytes and neurons [13] and 
in trisomic fetal fibroblasts [4] (Figure 2). In agreement with the impairment of mitochondrial 
network towards the fragmentation, the expression of MFN2 and OPA1, two fusion-inducing 
genes, was decreased in the same cells.

Figure 1.  A significant decrease of fluorescence intensity demonstrates that membrane potential is reduced in DS fibroblasts.
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Representative images showing that the mitochondrial network is less fragmented in euploid 
fibroblasts than in trisomic ones. Magnifications of intracellular selected details show that 
the number of mitochondria is significantly higher in trisomic cells compared with non-
trisomic cells.

A link between mitophagy and mitochondrial dynamics has been recently demonstrated 
[14, 15], as mitochondrial fusion and fission play a significant role in disease-related pro-
cesses, such as mitophagy and apoptosis. Dysfunctional and damaged mitochondria are 
removed from the mitochondrial network via mitophagy processes. The segregation of 
impaired mitochondria due either to fission or to inhibition of fusion mechanism is hypoth-
esized to be a requirement for this mitophagic degradation [16]. Mitophagy impairments are 
involved in the development of several neurodegenerative diseases [17].

The knowledge of molecular bases of mitochondrial dysfunction is allowing to set-up most 
appropriate therapeutic solutions to counteract it, as more fully described in the following 
paragraphs.

Figure 2. Mitochondrial network is fragmented in DS fibroblasts.
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3. Pathogenesis of mitochondrial dysfunction in DS

3.1. PGC-1α is a key modulator of mitochondrial biogenesis and respiratory 
function

A common denominator of most of the events that affect mitochondrial function is the 
transcriptional coactivator PGC-1α/PPARGC-1α (peroxisome proliferator-activated recep-
tor gamma coactivator 1alpha), a master regulator of mitochondrial activity [4–6]. PGC-1α, 
through the interaction with transcriptional partners, such as NRF1, ERRa, PPARs and YY1, 
promotes mitochondrial biogenesis and regulates mitochondrial respiratory capacity [18, 19]. 
Also these PGC-1α transcriptional partners, as well as many NEMGs, have been found down-
regulated in DS fetal heart tissue [1] and fibroblasts [3]. PGC-1α knockout mice manifest a 
reduction of mitochondrial number and of respiratory capacity in skeletal muscle [18].

PGC-1α transcription and activity are positively regulated by Ca2+ signaling and negatively 
regulated by the Hsa21-coded corepressor NRIP1 (nuclear receptor interacting protein 1) 
[19]. Indeed, PGC-1α has been found hypoexpressed at the transcriptional and protein lev-
els in TS21 fetal fibroblasts, directly correlated with the amount of mtDNA, while NRIP1 
was upregulated [3]. PGC-1α activity was also found decreased in the hippocampus of 
DS patients, as well as in Alzheimer’s, Huntington’s (HD) and Parkinson’s (PD) disease 
patients [20].

3.2. Role of Hsa21 genes in mitochondrial dysfunction

Little is known about the mechanisms by which trisomy 21 causes the abnormal features 
typical of the DS phenotype, apart the knowledge that the dosage imbalance of genes on 
Hsa21 and the resulting dysregulation of genes mapping to different chromosomes share the 
responsibility for molecular dysfunctions in DS.

Hsa21 gene expression was found globally upregulated 1.5-fold in trisomic samples [1, 2], in 
full agreement with a gene-dosage effect. A comprehensive meta-analysis from 45 DS gene 
expression studies [21] identified 77 Hsa21 genes mostly upregulated across all the studies, 
which are likely involved in the DS phenotype. Six of the genes included in this list, namely 
NRIP1, SUMO3, DYRK1A, DSCR1/RCAN1, SOD1 and APP, are directly or indirectly involved 
in mitochondrial function. Other Hsa21 genes not included in the Vilardell’s list, such as ETS-2,  
ITSN1, PKNOX1/PREP1, BACH1 and S100B, were found to be involved in apoptotic events 
and/or to contribute to the regulation of oxidative stress when overexpressed [22]. The dys-
regulation of one or more of these genes, listed in Table 1, might account for mitochondrial 
alterations observed in DS, as discussed below.

3.2.1. NRIP1

We recently demonstrated that NRIP1 overexpression is responsible for decreased respira-
tory efficiency and altered morphology of mitochondria in DS [23]. NRIP1 is a corepressor 
that interacts with nuclear receptors and regulates the expression of genes that control meta-
bolic processes such as energy homeostasis [24–27]. Its activity on mitochondrial pathways is 
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tory efficiency and altered morphology of mitochondria in DS [23]. NRIP1 is a corepressor 
that interacts with nuclear receptors and regulates the expression of genes that control meta-
bolic processes such as energy homeostasis [24–27]. Its activity on mitochondrial pathways is 

Mitochondrial Abnormalities in Down Syndrome: Pathogenesis, Effects and Therapeutic…
http://dx.doi.org/10.5772/intechopen.71059

113



mainly exerted through the repressive control of PGC-1α [19]; the two proteins have mutu-
ally antagonizing roles in NEMG regulation. In neonatal rat cardiomyocytes, it was demon-
strated that overexpressed NRIP1 abrogates PGC-1α-mediated induction of mitochondrial 
membrane potential and mitochondrial biogenesis [25]. Furthermore, at least 1/3 of NEMGs 
upregulated after PGC-1α induction in human osteoblast-like cells [28] were found to be 
NRIP1 targets [23].

To assess that, among the Hsa21 transcription regulators, NRIP1 was indeed the main dys-
regulator of mitochondrial gene expression, the Gene Expression Omnibus (GEO) reposi-
tory (http://www.ncbi.nlm.nih.gov/geo) was screened for gene expression data related to 
the modulation of Hsa21 genes. The functional class scoring of the lists of genes dysreg-
ulated, when Hsa21 genes were individually overexpressed (GSE19836 experiment [29]), 
demonstrated that, among the Hsa21 transcription factors or regulators, only NRIP1 was 
able to affect NEMG regulation with a cluster of 37 NEMGs downregulated after NRIP1 
overexpression [23].

Genes and transcripts Effects on mitochondrial phenotype

NRIP1/RIP140—nuclear receptor interacting 
protein 1

Decreases respiratory efficiency and alters morphology of 
mitochondria

APP—amyloid beta precursor protein Induces mitochondrial oxidative stress and mitochondrial 
dysfunction

SUMO3—small ubiquitin-like modifier 3 Modulates NRIP1 repressive activity and attenuates the 
transcriptional activity of PGC-1α

DYRK1A—dual-specificity tyrosine 
phosphorylation-regulated kinase 1A

Controls PGC-1α via the calcineurin/NFAT pathway

DSCR1/RCAN1—Down Syndrome critical 
region gene 1

Controls PGC-1α via the calcineurin/NFAT pathway and is 
associated with calcium overloading

SOD1—superoxide dismutase 1 Is associated with oxidative stress

ETS-2—V-ETS avian erythroblastosis virus E26 
oncogene homolog 2

Promotes the activation of a mitochondrial death pathway

ITSN1—Intersectin 1 Regulates the mitochondrial apoptotic pathway

PREP1—PBX-regualting protein 1 Inhibits the OXPHOS negatively regulating PGC-1α and 
mitochondrial fusion genes OPA1 and MFN2

BACH1—BTB domain and CNC homolog 1 Contributes to the early increase of oxidative stress in DS through 
the inhibition of the HO-1/BVR-A axis

S100B—S100 calcium-binding protein, beta Overexpression induces ROS formation, activation of stress 
response kinases and increased programmed cell death

hsa-mir-155 Affects mitochondrial biogenesis by targeting TFAM

hsa-let-7c May affect mitochondrial function by targeting ANT1

Table 1. Hsa21 genes and transcripts involved in mitochondrial function.
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We then demonstrated that NRIP1 attenuation by siRNA in DS fibroblasts affected NEMG 
expression, increased PGC-1α expression and counteracted mitochondrial dysfunction in 
terms of ROS production, mitochondrial activity, mitochondrial calcium and ATP content [23].

These findings indicate that the Hsa21 gene NRIP1 strongly contributes to the mitochondrial 
dysfunction observed in DS and suggest that the NRIP1-PGC-1α axis might represent a poten-
tial therapeutic target for restoring altered mitochondrial function in DS.

3.2.2. APP

Mitochondrial abnormalities and a decreased COX activity might also be induced by overpro-
duction of beta-APP [30], although the TS1Cje mouse model, in which APP is not triplicated, 
also shows decreased mitochondrial function and ATP production [10]. Overexpression of 
APP induces mitochondrial oxidative stress and activates the intrinsic apoptotic cascade [31]. 
In addition, amyloid-β fragments, particularly Aβ42, exert direct toxic effects on cells, includ-
ing Ca2+ dysregulation, mitochondrial dysfunction and induction of oxidative stress [32, 33]. 
APP protein has been demonstrated to progressively accumulate within mitochondrial matrix 
leading to increased free radicals and impaired mitochondrial metabolism [34]. In addition, 
APP have been shown to translocate into mitochondria when overexpressed in a human corti-
cal neuronal cell line [35]. APP exerts synergistic effects with other Hsa21 genes [36].

3.2.3. SUMO3

It may affect mitochondrial function by modulating the NRIP1 repressive activity [37]. 
SUMOylation also attenuates the transcriptional activity of PGC-1α, possibly by enhancing 
the interaction between PGC-1α and the corepressor NRIP1 that alters its nuclear distribution 
[38]. SUMO3 overexpression in DS could therefore be responsible for a concurrent improve-
ment of NRIP1 function and decrease of PGC-1α activity.

3.2.4. DYRK1A and DSCR1/RCAN1

The protein products of these genes interact functionally. Their increased dosage coopera-
tively leads to dysregulation of the signaling pathways that are controlled by NFAT family 
of transcription factors, with potential consequences for several organs and systems that are 
affected in DS individuals [39]. The two genes control PGC-1α activity via the calcineurin/
NFAT pathway [40], namely through the binding of NFATc genes to the PGC-1α promoter 
[41]. Calcineurin is involved in the regulation of many cellular processes, including cardiac 
hypertrophy, skeletal-muscle development, synaptic plasticity and T-cell activation [39].

RCAN1, also known as calcipressin, has been found chronically overexpressed in the brain 
of both DS patients and sporadic AD patients [42]. RCAN1 overexpression has been linked 
to oxidative stress and mitochondrial dysfunction [42–45] and is strictly related to calcium 
overloading [46], as it affects mitochondrial permeability transition pore (mPTP) function. 
RCAN1-induced mPTP opening leads to a series of consequences, including Ca2+ retention 
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NRIP1 targets [23].

To assess that, among the Hsa21 transcription regulators, NRIP1 was indeed the main dys-
regulator of mitochondrial gene expression, the Gene Expression Omnibus (GEO) reposi-
tory (http://www.ncbi.nlm.nih.gov/geo) was screened for gene expression data related to 
the modulation of Hsa21 genes. The functional class scoring of the lists of genes dysreg-
ulated, when Hsa21 genes were individually overexpressed (GSE19836 experiment [29]), 
demonstrated that, among the Hsa21 transcription factors or regulators, only NRIP1 was 
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Table 1. Hsa21 genes and transcripts involved in mitochondrial function.
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We then demonstrated that NRIP1 attenuation by siRNA in DS fibroblasts affected NEMG 
expression, increased PGC-1α expression and counteracted mitochondrial dysfunction in 
terms of ROS production, mitochondrial activity, mitochondrial calcium and ATP content [23].

These findings indicate that the Hsa21 gene NRIP1 strongly contributes to the mitochondrial 
dysfunction observed in DS and suggest that the NRIP1-PGC-1α axis might represent a poten-
tial therapeutic target for restoring altered mitochondrial function in DS.

3.2.2. APP

Mitochondrial abnormalities and a decreased COX activity might also be induced by overpro-
duction of beta-APP [30], although the TS1Cje mouse model, in which APP is not triplicated, 
also shows decreased mitochondrial function and ATP production [10]. Overexpression of 
APP induces mitochondrial oxidative stress and activates the intrinsic apoptotic cascade [31]. 
In addition, amyloid-β fragments, particularly Aβ42, exert direct toxic effects on cells, includ-
ing Ca2+ dysregulation, mitochondrial dysfunction and induction of oxidative stress [32, 33]. 
APP protein has been demonstrated to progressively accumulate within mitochondrial matrix 
leading to increased free radicals and impaired mitochondrial metabolism [34]. In addition, 
APP have been shown to translocate into mitochondria when overexpressed in a human corti-
cal neuronal cell line [35]. APP exerts synergistic effects with other Hsa21 genes [36].

3.2.3. SUMO3

It may affect mitochondrial function by modulating the NRIP1 repressive activity [37]. 
SUMOylation also attenuates the transcriptional activity of PGC-1α, possibly by enhancing 
the interaction between PGC-1α and the corepressor NRIP1 that alters its nuclear distribution 
[38]. SUMO3 overexpression in DS could therefore be responsible for a concurrent improve-
ment of NRIP1 function and decrease of PGC-1α activity.

3.2.4. DYRK1A and DSCR1/RCAN1

The protein products of these genes interact functionally. Their increased dosage coopera-
tively leads to dysregulation of the signaling pathways that are controlled by NFAT family 
of transcription factors, with potential consequences for several organs and systems that are 
affected in DS individuals [39]. The two genes control PGC-1α activity via the calcineurin/
NFAT pathway [40], namely through the binding of NFATc genes to the PGC-1α promoter 
[41]. Calcineurin is involved in the regulation of many cellular processes, including cardiac 
hypertrophy, skeletal-muscle development, synaptic plasticity and T-cell activation [39].

RCAN1, also known as calcipressin, has been found chronically overexpressed in the brain 
of both DS patients and sporadic AD patients [42]. RCAN1 overexpression has been linked 
to oxidative stress and mitochondrial dysfunction [42–45] and is strictly related to calcium 
overloading [46], as it affects mitochondrial permeability transition pore (mPTP) function. 
RCAN1-induced mPTP opening leads to a series of consequences, including Ca2+ retention 
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incapability, massive swelling of mitochondria and rupture of the outer membrane [46]. In 
agreement with these data, deregulation of Ca2+ homeostasis and Ca2+-mediated signaling 
has been described in cells derived from trisomic patients or in murine models of DS [47]. 
Mitochondrial Ca2+ concentration was found significantly higher in fibroblasts from DS feti 
[3], which also show swelled mitochondria with damaged membranes [4].

The overexpression of the brain-specific RCAN1.1S isoform in mice promotes dysregulation 
of dynamin-related protein 1 (DRP1), a protein that promotes mitochondrial fission [48]. 
Accordingly, RCAN1 was found to induce mitochondrial autophagy in cardiomyocytes [49].

3.2.5. SOD1

The redox imbalance in DS has been long attributed to overexpression of Cu/Zn superoxide 
dismutase SOD1, whose levels are approximately 50% greater in cells from DS patients than 
in normal ones [50]. SOD1, the major SOD in mammalian cells, catalyzes the dismutation of 
superoxide radicals to H2O2 and O2 and is an important antioxidant defense system [51].

3.2.6. ETS-2

Studies in transgenic mice showed that ETS-2 overexpression induces apoptosis of thymus, 
spleen and brain cells [52]. Furthermore, ETS-2 promotes the activation of a mitochondrial 
death pathway in DS neurons. Overexpression of ETS-2 induces cytochrome c translocation 
to the cytoplasm and apoptotic features in normal human cortical neurons [53].

3.2.7. ITSN1

This gene regulates the mitochondrial apoptotic pathway in endothelial cells [54].

3.2.8. PKNOX1/PREP1

This gene, which encodes for a homeodomain transcription factor, is involved in embryonic 
development regulating the homeobox protein Pbx activity [55]. DS human fibroblasts that 
express higher levels of PREP1 are more sensitive to genotoxic stress. PREP1 demonstrated to 
regulate mitochondrial oxidative phosphorylation components. It directly binds to the pro-
moter region of genes encoding mitochondrial components [56] and indirectly controls the 
stability of p160 Myb-binding protein, a powerful negative regulator of PGC-1α activity [57]. 
In the muscle of Prep1 ablated mice, Pgc-1α expression was increased with consequent increas-
ing in abundance of mitochondrial OXPHOS proteins and in citrate synthase activity together 
with an improved maximal oxidative capacity. Most important, Prep1 ablation significantly 
increased the abundance of Opa1 and Mfn2, two genes inducing mitochondrial fusion [56]. 
These results suggest that PREP1 negatively regulates OXPHOS and mitochondrial network.

3.2.9. BACH1

This gene is a transcriptional regulator, which acts as hypoxia regulator by binding to antioxi-
dant response elements of DNA thus inhibiting the transcription of specific genes involved 
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in cell stress response, including heme oxygenase-1 (HO-1). HO-1 and its partner, biliverdin 
reductase-A (BVR-A), are upregulated in response to oxidative stress. BACH1 protein was 
found decreased in DS brains, coupled with reduced induction of brain HO-1. This supports 
the hypothesis that the dysregulation of HO-1/BVR-A system contributes to the early increase 
of oxidative stress in DS and provides potential mechanistic pathways involved in the neuro-
degenerative process and AD development [58].

3.2.10. S100B

This gene codes for the b subunit of S100 proteins, a large family of calcium-binding proteins. 
The S100B homodimer is the major form in the mammalian brain. It can stimulate neurite 
extension [59] and plays a role in synaptogenesis [60], dendritic branching [61] and apop-
tosis [62]. S100B protein has long been suggested to be involved in glial cell activation and 
neuroinflammation [63]. Elevated brain S100B expression occurs in various disease states, 
including AD and DS. S100B plays an important role in neuroinflammation and in the regu-
lation and maintenance of the serotonergic nervous system, with a particular focus on the 
hippocampus [64].

In vitro studies of DS fetal human neural precursors (HNP) demonstrated that S100B is 
constitutively overexpressed in these cells and that overexpression leads to increased ROS 
formation, activation of stress response kinases and increased programmed cell death. 
Further  studies demonstrated that DS HNPs adopt more gliocentric progenitor phenotypes, 
if compared with euploid controls,  with a consequent reduction in neuronogenesis [65].

3.3. Hsa21 miRNAs involved in mitochondrial phenotype

Hsa21 encodes several classes of non-coding RNAs, the most enriched being long non-coding 
RNAs, while miRNAs are the less represented [66]. The most recent annotation of miRNA 
database (miRBase, release 21) reports 29 miRNAs mapping to Hsa21. At least two of them, 
miR-155-5p and let-7c-5p, are possibly involved in mitochondrial function.

It was recently reported that the Hsa21 miR-155-5p affects mitochondrial biogenesis by target-
ing the mitochondrial transcription factor A (TFAM) [67], a gene that was found downregu-
lated in trisomic hearts [1]. TFAM is a nuclear-encoded protein that controls the transcription 
and maintenance of mtDNA and therefore mitochondrial biogenesis.

Another Hsa21 miRNA potential candidate for mitochondrial anomalies is let-7c. By bioin-
formatics analysis, it appears to have several targets among genes that were found down-
regulated in trisomic fetal hearts and involved in mitochondrial function. Among these 
targets, SLC25A4/ANT1 [68] appeared as a potential candidate for both mitochondrial 
dysfunction and congenital heart defects in DS. This gene functions as a gated pore that 
translocates ADP and ATP between cytoplasm and mitochondria, regulating the intracellu-
lar energetic balance. Furthermore, its dysregulation has been associated to mitochondrial 
cardiomyopathies [69] and its genetic inactivation results in mtDNA damage and ROS 
increase [8].
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including AD and DS. S100B plays an important role in neuroinflammation and in the regu-
lation and maintenance of the serotonergic nervous system, with a particular focus on the 
hippocampus [64].

In vitro studies of DS fetal human neural precursors (HNP) demonstrated that S100B is 
constitutively overexpressed in these cells and that overexpression leads to increased ROS 
formation, activation of stress response kinases and increased programmed cell death. 
Further  studies demonstrated that DS HNPs adopt more gliocentric progenitor phenotypes, 
if compared with euploid controls,  with a consequent reduction in neuronogenesis [65].

3.3. Hsa21 miRNAs involved in mitochondrial phenotype

Hsa21 encodes several classes of non-coding RNAs, the most enriched being long non-coding 
RNAs, while miRNAs are the less represented [66]. The most recent annotation of miRNA 
database (miRBase, release 21) reports 29 miRNAs mapping to Hsa21. At least two of them, 
miR-155-5p and let-7c-5p, are possibly involved in mitochondrial function.

It was recently reported that the Hsa21 miR-155-5p affects mitochondrial biogenesis by target-
ing the mitochondrial transcription factor A (TFAM) [67], a gene that was found downregu-
lated in trisomic hearts [1]. TFAM is a nuclear-encoded protein that controls the transcription 
and maintenance of mtDNA and therefore mitochondrial biogenesis.

Another Hsa21 miRNA potential candidate for mitochondrial anomalies is let-7c. By bioin-
formatics analysis, it appears to have several targets among genes that were found down-
regulated in trisomic fetal hearts and involved in mitochondrial function. Among these 
targets, SLC25A4/ANT1 [68] appeared as a potential candidate for both mitochondrial 
dysfunction and congenital heart defects in DS. This gene functions as a gated pore that 
translocates ADP and ATP between cytoplasm and mitochondria, regulating the intracellu-
lar energetic balance. Furthermore, its dysregulation has been associated to mitochondrial 
cardiomyopathies [69] and its genetic inactivation results in mtDNA damage and ROS 
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4. How mitochondrial dysfunction might affect DS clinical 
phenotype?

4.1. Muscle hypotonia

DS patients suffer from muscle hypotonia and altered motor coordination. In theTs65Dn mice, 
the ultrastructural analysis of myofibrils showed mitochondrial structural changes [12, 70], 
whereas microarray analysis revealed that pathways involved in ATP biosynthesis, prote-
olysis, glucose and fat metabolism and neuromuscular transmission were dysregulated [12].

Skeletal muscle is particularly vulnerable to oxidative stress. The disruption of mitochondrial 
network towards fragmentation, together with mitochondrial dysfunction, is an essential step 
of the muscular atrophy programme in adult animals [71]. Conversely, inhibition of the mito-
chondrial fission inhibits muscle loss [72]. Furthermore, changes in mitochondrial morphol-
ogy have been implicated in apoptosis as well as in the regulation of muscle metabolism [73].

It is worth noting that patients with DS have features of premature aging [74, 75] and exhibit 
a decrement in muscle strength if compared with euploid subjects, similar to what occurs in 
aged versus young persons [76]. It is, therefore, possible that muscle hypotonia and motor 
dysfunction in DS share some basic mechanisms with the progressive age-related decrease in 
skeletal muscle mass, strength and quality known as sarcopenia [77].

4.2. Intellectual disability and neurodegeneration

Increasing evidences are demonstrating that mitochondrial function is a key actor in the 
events that lead to intellectual disability and neurodegeneration in DS. Development of the 
DS brain is associated with decreased neuronal number and abnormal neuronal differentia-
tion [78]. Patients with DS show higher levels of oxidative stress at all ages and apoptosis 
and generation of ROS are increased in human fetal DS neurons if compared with the gen-
eral population [78, 79]. DS astrocytes and neuronal cultures [8, 9] as well as the brain of the 
Ts1Cje mouse model [10] show a decrease of mitochondrial membrane potential, ATP pro-
duction and an increase of reactive oxygen species [10]. Mitochondrial bioenergetics and bio-
genesis are impaired during neural progenitor cell (NPC) proliferation in Ts65Dn cells [11]. 
Mitochondrial morphology was found consistently altered in TS21 astrocytes and neurons, 
which exhibit increased fragmentation of the mitochondrial network [13]. Mitochondrial 
function, fission-fusion mechanisms, biogenesis and degradation are critical for synaptogen-
esis, Ca2+ buffering, axonal transport and bioenergetics [80]. Functionally and structurally 
damaged mitochondria do not produce sufficient ATP and are more prone in producing pro-
apoptotic factors and ROS [81], which also represent an early stage in neurodegenerative pro-
cess [82]. An increased risk for AD manifests in most of DS individuals starting from 40 years 
of age [83, 84]. The similarity of neurodegenerative processes between DS and Alzheimer 
disease (AD) and the high prevalence of AD in DS patients suggest that AD and DS share 
common brain alterations possibly due to similar molecular pathways involved in the patho-
genesis, such as mitochondrial dysfunction and oxidative stress [85]. Energy depletion and 
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oxidative stress can also induce amyloidogenic changes in AβPP processing [86]. Busciglio 
et al. [9] demonstrated that there is a marked alteration in AβPP processing and Aβ trafficking 
in cortical DS astrocytes and neurons, similar to those induced in normal human astrocytes by 
inhibition of mitochondrial energy metabolism.

It is important to note that neurodegenerative diseases, such as AD, PD and HD, show alter-
ations of mitochondrial function and fusion and/or fission processes very similar to those 
observed in DS [82, 87] as well as a similar dysregulation of mitochondria-related genes most 
of which are target of the NRIP1/PGC-1α axis [23].

4.3. Heart defects

DS is a major cause of congenital heart defects (CHD), mostly derived from endocardial cush-
ion anomalies, such as atrioventricular septal defects, ventricular septal defects and tetralogy 
of Fallot [88, 89].

Transcriptome analysis of human fetal heart tissues from DS subjects has shown a global 
significant downregulation of NEMGs. Genes from all five complexes were downregulated, 
suggesting that the corresponding proteins and enzymatic activities might be reduced and 
that the mitochondrial function could be consequently impaired [1]. When mitochondrial 
phenotype was analyzed in fibroblasts from the same subjects, a more pronounced chronic 
pro-oxidative state was demonstrated in DS fetuses with congenital heart defects if compared 
with feti without cardiopathy [3]. Significant differences in mitochondrial respiration, com-
plex I activity and ROS production were observed, suggesting a relationship between mito-
chondrial function and cardiac phenotype [3]. These alterations might be harbingers of the 
heart defects associated with Hsa21 trisomy, which could be based on elusive mechanisms 
involving genetic variability, environmental factors and/or stochastic events [1].

Searching for a link between heart development and mitochondria, the focus falls on the 
Hsa21 genes DYRK1A and RCAN1, which play a role in the calcineurin/NFAT pathway [40] 
and are believed to affect both mitochondrial activity and morphology during heart devel-
opment [90, 91]. DYRK1A and RCAN1 are involved in regulating the levels of NFATc phos-
phorylation. The calcineurin/NFAT signaling pathway is known to be a critical regulator of 
organogenesis [92] and the NFATc transcription factors are transiently expressed in the endo-
cardial cushions during heart septation [91]. The DSCR1 and DYRK1A genes, both mapping 
on Hsa21 within the critical region for DS, act synergistically to prevent nuclear translocation 
of NFATc transcription factors and may cause their downregulation [40]. Even modest over-
expression of DYRK1A decreases NFATc protein activity and levels and may induce vascular 
and cardiac defects [40]. The inhibition of the mitochondrial activity in Nfatc3−/−Nfatc4−/− car-
diomyocytes [90] suggests that the calcineurin/NFAT pathway affects mitochondrial activity 
during heart development. Nfatc-null mice show phenotypic anomalies that resemble those 
observed in human DS and 65% of Nfatc1–4-null mice have endocardial cushion defects 
[40]. In human DS fetal fibroblasts and hearts, NFATc3 and NFATc4 were found significantly 
downregulated, whereas DYRK1A and RCAN1 were overexpressed possibly due to dosage 
effect [1, 3].
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4. How mitochondrial dysfunction might affect DS clinical 
phenotype?

4.1. Muscle hypotonia

DS patients suffer from muscle hypotonia and altered motor coordination. In theTs65Dn mice, 
the ultrastructural analysis of myofibrils showed mitochondrial structural changes [12, 70], 
whereas microarray analysis revealed that pathways involved in ATP biosynthesis, prote-
olysis, glucose and fat metabolism and neuromuscular transmission were dysregulated [12].

Skeletal muscle is particularly vulnerable to oxidative stress. The disruption of mitochondrial 
network towards fragmentation, together with mitochondrial dysfunction, is an essential step 
of the muscular atrophy programme in adult animals [71]. Conversely, inhibition of the mito-
chondrial fission inhibits muscle loss [72]. Furthermore, changes in mitochondrial morphol-
ogy have been implicated in apoptosis as well as in the regulation of muscle metabolism [73].

It is worth noting that patients with DS have features of premature aging [74, 75] and exhibit 
a decrement in muscle strength if compared with euploid subjects, similar to what occurs in 
aged versus young persons [76]. It is, therefore, possible that muscle hypotonia and motor 
dysfunction in DS share some basic mechanisms with the progressive age-related decrease in 
skeletal muscle mass, strength and quality known as sarcopenia [77].

4.2. Intellectual disability and neurodegeneration

Increasing evidences are demonstrating that mitochondrial function is a key actor in the 
events that lead to intellectual disability and neurodegeneration in DS. Development of the 
DS brain is associated with decreased neuronal number and abnormal neuronal differentia-
tion [78]. Patients with DS show higher levels of oxidative stress at all ages and apoptosis 
and generation of ROS are increased in human fetal DS neurons if compared with the gen-
eral population [78, 79]. DS astrocytes and neuronal cultures [8, 9] as well as the brain of the 
Ts1Cje mouse model [10] show a decrease of mitochondrial membrane potential, ATP pro-
duction and an increase of reactive oxygen species [10]. Mitochondrial bioenergetics and bio-
genesis are impaired during neural progenitor cell (NPC) proliferation in Ts65Dn cells [11]. 
Mitochondrial morphology was found consistently altered in TS21 astrocytes and neurons, 
which exhibit increased fragmentation of the mitochondrial network [13]. Mitochondrial 
function, fission-fusion mechanisms, biogenesis and degradation are critical for synaptogen-
esis, Ca2+ buffering, axonal transport and bioenergetics [80]. Functionally and structurally 
damaged mitochondria do not produce sufficient ATP and are more prone in producing pro-
apoptotic factors and ROS [81], which also represent an early stage in neurodegenerative pro-
cess [82]. An increased risk for AD manifests in most of DS individuals starting from 40 years 
of age [83, 84]. The similarity of neurodegenerative processes between DS and Alzheimer 
disease (AD) and the high prevalence of AD in DS patients suggest that AD and DS share 
common brain alterations possibly due to similar molecular pathways involved in the patho-
genesis, such as mitochondrial dysfunction and oxidative stress [85]. Energy depletion and 
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oxidative stress can also induce amyloidogenic changes in AβPP processing [86]. Busciglio 
et al. [9] demonstrated that there is a marked alteration in AβPP processing and Aβ trafficking 
in cortical DS astrocytes and neurons, similar to those induced in normal human astrocytes by 
inhibition of mitochondrial energy metabolism.

It is important to note that neurodegenerative diseases, such as AD, PD and HD, show alter-
ations of mitochondrial function and fusion and/or fission processes very similar to those 
observed in DS [82, 87] as well as a similar dysregulation of mitochondria-related genes most 
of which are target of the NRIP1/PGC-1α axis [23].

4.3. Heart defects

DS is a major cause of congenital heart defects (CHD), mostly derived from endocardial cush-
ion anomalies, such as atrioventricular septal defects, ventricular septal defects and tetralogy 
of Fallot [88, 89].

Transcriptome analysis of human fetal heart tissues from DS subjects has shown a global 
significant downregulation of NEMGs. Genes from all five complexes were downregulated, 
suggesting that the corresponding proteins and enzymatic activities might be reduced and 
that the mitochondrial function could be consequently impaired [1]. When mitochondrial 
phenotype was analyzed in fibroblasts from the same subjects, a more pronounced chronic 
pro-oxidative state was demonstrated in DS fetuses with congenital heart defects if compared 
with feti without cardiopathy [3]. Significant differences in mitochondrial respiration, com-
plex I activity and ROS production were observed, suggesting a relationship between mito-
chondrial function and cardiac phenotype [3]. These alterations might be harbingers of the 
heart defects associated with Hsa21 trisomy, which could be based on elusive mechanisms 
involving genetic variability, environmental factors and/or stochastic events [1].

Searching for a link between heart development and mitochondria, the focus falls on the 
Hsa21 genes DYRK1A and RCAN1, which play a role in the calcineurin/NFAT pathway [40] 
and are believed to affect both mitochondrial activity and morphology during heart devel-
opment [90, 91]. DYRK1A and RCAN1 are involved in regulating the levels of NFATc phos-
phorylation. The calcineurin/NFAT signaling pathway is known to be a critical regulator of 
organogenesis [92] and the NFATc transcription factors are transiently expressed in the endo-
cardial cushions during heart septation [91]. The DSCR1 and DYRK1A genes, both mapping 
on Hsa21 within the critical region for DS, act synergistically to prevent nuclear translocation 
of NFATc transcription factors and may cause their downregulation [40]. Even modest over-
expression of DYRK1A decreases NFATc protein activity and levels and may induce vascular 
and cardiac defects [40]. The inhibition of the mitochondrial activity in Nfatc3−/−Nfatc4−/− car-
diomyocytes [90] suggests that the calcineurin/NFAT pathway affects mitochondrial activity 
during heart development. Nfatc-null mice show phenotypic anomalies that resemble those 
observed in human DS and 65% of Nfatc1–4-null mice have endocardial cushion defects 
[40]. In human DS fetal fibroblasts and hearts, NFATc3 and NFATc4 were found significantly 
downregulated, whereas DYRK1A and RCAN1 were overexpressed possibly due to dosage 
effect [1, 3].
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In addition to congenital heart defects, DS subject may develop ventricular hypertrophy dur-
ing the post-natal life possibly as a result of reduced mitochondrial electron-transport chain 
activity and oxygen consumption. Alterations in mitochondrial function observed in right 
ventricular cardiac hypertrophy are mainly attributed to complex I dysfunction [93]. NRIP1-
dependent repression of mitochondria related genes may be involved in the pathogenesis 
of this defect. The overexpression of this gene in a transgenic mouse demonstrated to cause 
cardiac hypertrophy [94].

Also the Hsa21 miR-155, a known repressor of TFAM gene [67], was uncovered as an inducer 
of pathological cardiomyocyte hypertrophy, suggesting that inhibition of endogenous miR-155 
might have clinical potential to suppress cardiac hypertrophy and heart failure [95]. MiR-155 is 
overexpressed in fetal heart tissue possibly due to dosage effect [68].

4.4. Type 2 diabetes and obesity

Children with DS have an increased risk of developing endocrine disorders such as type 2 
diabetes and obesity [96]. The hypothesis that prominent features of type 2 diabetes and the 
condition of obesity are caused by mitochondrial dysfunction and by an impaired bioenerget-
ics capacity is definitively emerging [97]. Given the important role that mitochondria play for 
bioenergetics support of signal transduction, fat oxidation and substrate transport, an impair-
ment of electron transport chain activity may have particular relevance to the pathogenesis of 
insulin resistance in type 2 diabetes [98]. This hypothesis is substantiated by two evidences: (i) 
a disproportionately large reduction of electron transport chain activity has been observed in 
the subsarcolemmal mitochondrial fraction in type 2 diabetic and obese subjects if compared 
with unaffected volunteers and (ii) mitochondria from human skeletal muscle were found to 
be smaller and to have reduced activity of complex I in both type 2 diabetes and obesity [99].

Interestingly, the Hsa21 corepressor gene NRIP1 and its target PGC-1α play key roles in the 
transcriptional regulation of genes involved in energy homeostasis. The expression and pro-
moter activity of CIDEA, an important regulatory factor in adipose cell function and obesity, 
is repressed by NRIP1 and induced by PGC-1α [100]. These genes are also involved in glucose 
uptake by affecting the regulation of both transcription and subcellular localization of the 
insulin-sensitive glucose transporter GLUT4 [101]. This evidence suggested that NRIP1 might 
be a potential therapeutic target in the treatment of insulin resistance in obese and type 2 
diabetic patients [101]. Accordingly, mice lacking Nrip1 are lean, show resistance to high-fat 
diet-induced obesity and have increased oxygen consumption [102].

Some evidences support the role of an altered mitochondrial dynamics in obesity. It is known 
that obesity in both humans and mice is associated with reduced Mfn2 expression and there-
fore with a defective mitochondrial fusion machinery [103]. Furthermore, an altered proteo-
lytic processing of the GTPase OPA1 in humans is associated with insulin resistance [104].

4.5. Immune disorders

Children with DS demonstrate an increased susceptibility to infections, usually of the upper 
respiratory tract [105–107], and autoimmune disorders, including hypothyroidism [108] and 
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celiac disease [109, 110]. The abnormalities of the immune system associated with DS include 
alteration of B and T-cell number, with marked decrease of naive lymphocytes; abnormal 
thymus functions and development; impaired mitogen-induced T cell proliferation; reduced 
specific antibody responses to immunizations and defects of neutrophil chemotaxis [111, 112]. 
The rates of lymphocyte respiration in the children with DS were found slower than in the 
control group [113].

Important roles of mitochondrial dynamics in the immune system physiopathology have 
been recently demonstrated. The first evidence is that mitochondria transportation during 
lymphocyte migration requires mitochondrial fission [114]. The second is that mitochondrial 
remodeling works as a signaling mechanism that instructs T cell metabolic programming 
[115]. This theory arises from the demonstration that T effector (TE) cells show a fragmented 
network with punctuate mitochondria, whereas T memory (TM) cells show fused networks. 
Accordingly, in transgenic Opa1−/− mice, TM lymphocytes show a decreased survival associ-
ated with altered cristae structure and decreased spare respiratory capacity. In addition, TE 
cells could be shifted to a TM fate depending upon changes of mitochondrial dynamics. These 
data suggest that, by altering cristae morphology, fusion in TM cells configures electron trans-
port chain (ETC) complex associations favoring OXPHOS and fatty acid oxidation, whereas 
fission in TE cells leads to cristae expansion, reducing ETC efficiency and promoting aerobic 
glycolysis [115].

5. Therapeutic approaches to improve mitochondrial function in DS

5.1. Possible therapeutic targets

As mitochondrial dysfunction might concur to determine DS mental retardation and other 
health problems, we might expect that counteracting the mitochondrial defects will improve 
and/or prevent some aspects of the DS phenotype.

The few clinical trials so far undertaken to restore mitochondrial function in DS subjects 
using antioxidants and nutraceutics have yielded either poor or discordant outcomes [116, 
117]. Better results were obtained on learning and memory in the mouse model Ts65Dn using 
pentylenetetrazole, memantine, fluoxetine, lithium, epigallocatechin-3-gallate (EGCG) and 
antioxidants such as vitamin E [118]. Also in this case, the clinical trials have not yielded the 
expected results.

The key role of PGC-1α as a modulator of mitochondrial biogenesis and respiratory function 
suggests that therapeutic approach on mitochondrial dysfunction in DS could be based either 
on PGC-1α activators, which have been tested in mouse models for other disease [119–122], 
or on PPARg agonists, which demonstrated to attenuate mitochondrial dysfunction in AD 
mouse models [123–126].

It is known that PGC-1α activity is mainly controlled by PPARs, AMP-activated kinases 
(AMPKs) and the NAD-dependent deacetylase SIRT1 [127]. Direct phosphorylation by AMPK 
promotes PGC-1α-dependent induction at the PGC-1α promoter level [122], whereas SIRT1 
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uptake by affecting the regulation of both transcription and subcellular localization of the 
insulin-sensitive glucose transporter GLUT4 [101]. This evidence suggested that NRIP1 might 
be a potential therapeutic target in the treatment of insulin resistance in obese and type 2 
diabetic patients [101]. Accordingly, mice lacking Nrip1 are lean, show resistance to high-fat 
diet-induced obesity and have increased oxygen consumption [102].

Some evidences support the role of an altered mitochondrial dynamics in obesity. It is known 
that obesity in both humans and mice is associated with reduced Mfn2 expression and there-
fore with a defective mitochondrial fusion machinery [103]. Furthermore, an altered proteo-
lytic processing of the GTPase OPA1 in humans is associated with insulin resistance [104].
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Children with DS demonstrate an increased susceptibility to infections, usually of the upper 
respiratory tract [105–107], and autoimmune disorders, including hypothyroidism [108] and 
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remodeling works as a signaling mechanism that instructs T cell metabolic programming 
[115]. This theory arises from the demonstration that T effector (TE) cells show a fragmented 
network with punctuate mitochondria, whereas T memory (TM) cells show fused networks. 
Accordingly, in transgenic Opa1−/− mice, TM lymphocytes show a decreased survival associ-
ated with altered cristae structure and decreased spare respiratory capacity. In addition, TE 
cells could be shifted to a TM fate depending upon changes of mitochondrial dynamics. These 
data suggest that, by altering cristae morphology, fusion in TM cells configures electron trans-
port chain (ETC) complex associations favoring OXPHOS and fatty acid oxidation, whereas 
fission in TE cells leads to cristae expansion, reducing ETC efficiency and promoting aerobic 
glycolysis [115].

5. Therapeutic approaches to improve mitochondrial function in DS

5.1. Possible therapeutic targets

As mitochondrial dysfunction might concur to determine DS mental retardation and other 
health problems, we might expect that counteracting the mitochondrial defects will improve 
and/or prevent some aspects of the DS phenotype.

The few clinical trials so far undertaken to restore mitochondrial function in DS subjects 
using antioxidants and nutraceutics have yielded either poor or discordant outcomes [116, 
117]. Better results were obtained on learning and memory in the mouse model Ts65Dn using 
pentylenetetrazole, memantine, fluoxetine, lithium, epigallocatechin-3-gallate (EGCG) and 
antioxidants such as vitamin E [118]. Also in this case, the clinical trials have not yielded the 
expected results.

The key role of PGC-1α as a modulator of mitochondrial biogenesis and respiratory function 
suggests that therapeutic approach on mitochondrial dysfunction in DS could be based either 
on PGC-1α activators, which have been tested in mouse models for other disease [119–122], 
or on PPARg agonists, which demonstrated to attenuate mitochondrial dysfunction in AD 
mouse models [123–126].

It is known that PGC-1α activity is mainly controlled by PPARs, AMP-activated kinases 
(AMPKs) and the NAD-dependent deacetylase SIRT1 [127]. Direct phosphorylation by AMPK 
promotes PGC-1α-dependent induction at the PGC-1α promoter level [122], whereas SIRT1 
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stimulates PGC-1α activity through deacetylation, thereby inducing mitochondrial biogenesis 
[119]. Pharmacological activators for these proteins, such as metformin, via AMPK induction, 
and resveratrol, via SIRT1 induction, have been tested in mouse models for neurodegenera-
tive diseases in which mitochondrial alterations play a central role such as AD, Parkinson’s 
disease and Huntington’s disease [120–122].

A comprehensive analysis was performed to evaluate in vitro the effects of potential PGC-1α 
activating drugs [128]. The authors pharmaceutically targeted the PPARs (bezafibrate, rosi-
glitazone), AMPK (AICAR, metformin) and SIRT1 (resveratrol) pathways in HeLa cells, neu-
ronal cells and PGC-1α-deficient MEFs demonstrating tissue-specific effects of these drugs in 
modulating mitochondrial processes and cellular stress programs. All the observed effects 
were clearly dependent on PGC-1α modulation.

5.2. Advances in preclinical and clinical therapeutic approaches

5.2.1. Antioxidants

Most of the clinical trials so far undertaken in DS patients are based on antioxidant nutrients 
or vitamin administration to scavenge oxygen-derived free radicals [129, 130].

A study in which a mixture of antioxidants (selenium, zinc, vitamin A, vitamin E and vitamin C)  
and/or folinic acid was administered as supplementation to children with DS aged under 
7 months for about 18 months provided no evidence to support the use of these supplements 
as this supplementation did not affect oxidative stress [131]. An interesting comment to this 
study was “This is perhaps not surprising because differences between foetuses with Down's 
syndrome and unaffected foetuses can be identified after only 11 weeks gestation, implying 
that by 7 months of age, any damage may already have been done” [132]. Vitamin E adminis-
tration in a recent study did not demonstrate to slow the progression of cognitive deterioration 
in older individuals with DS [133].

Coenzyme Q10 (CoQ10) is a bioactive quinone ubiquitous in the organism, involved in mito-
chondrial bioenergetics, with a known role as a lipophilic antioxidant [134]. CoQ10 supple-
mentation to 10 patients with TS21 for 3 months demonstrated that the pro-oxidant state 
in plasma of children with trisomy 21, as assessed by ubiquinol-10:total CoQ10 ratio, may 
be normalized with ubiquinol-10 supplementation [130]. The authors concluded that further 
studies would be needed to determine whether correction of this oxidant imbalance improves 
clinical outcomes of children with trisomy 21 but no results in this direction have yet been 
communicated.

Overall, these results show that antioxidant supplementation is safe but it does neither 
improve the cognitive performance nor dementia in DS patients.

5.2.2. Melatonin

The antioxidant properties of melatonin induced to study plasma melatonin concentrations 
in a small group of children with DS [135]. Plasma melatonin concentrations were lower in DS 
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subjects than in age-matched controls. The authors concluded that this constituted an added 
oxidative risk to children with DS. Melatonin treatment has demonstrated to induce anti-
oxidant and antiaging effects in the hippocampus of adult Ts65Dn mice [136]. Unfortunately, 
even though this treatment attenuated the oxidative damage and cellular senescence in the 
brain [136], pre-and post-natal melatonin administration in an additional study partially reg-
ulated brain oxidative stress but did not demonstrated to improve cognitive or histological 
alterations in the same DS mouse model [137].

5.2.3. Epigallocatechin-3-gallate (EGCG)

EGCG—a member of a natural polyphenol family—is a mitochondrial-targeted molecule dis-
playing a selective antiapoptotic effect against inducers of mitochondrial oxidative stress in a 
variety of neuronal cell types [138]. EGCG has been found to prevent mitochondrial deteriora-
tion in aged rat brain [139], reduce cerebral amyloidosis [140] and correct amyloid-induced 
mitochondrial dysfunction in a transgenic mice model of Alzheimer disease [141].

EGCG modulates key regulators of mitochondrial metabolism such as Sirt1 activity [142] 
and cAMP levels [143, 144] in addition to being a specific and safe inhibitor of the Hsa21 
gene DYRK1A, a kinase protein involved in brain development and in the control of synap-
tic plasticity [145]. This makes EGCG an interesting candidate drug for the treatment of DS 
phenotype.

A therapeutic benefit on mitochondrial activity by EGCG has been demonstrated in cellular 
and murine model of DS. Indeed EGCG treatment renews the capacity of DS cells to produce 
energy by mitochondrial OXPHOS and to prevent mitochondrial ROS overproduction [146]. 
The treatment of neural progenitor cells, isolated from the hippocampus of Ts65Dn, by EGCG 
reactivates mitochondria bioenergetics and biogenesis and promotes neural progenitor cell 
proliferation [11]. On the other hand, in vivo studies demonstrated that young adults with 
DS treated with EGCG exhibit some cognitive benefits, although these effects disappear with 
time [147]. Furthermore, the treatment carried out in the mouse model Ts65dn in the neonatal 
period rescues numerous trisomy-linked brain alterations. However, even during this critical 
time window for hippocampal development, EGCG does not elicit enduring effects on the 
hippocampal physiology [148].

A further study showed that a temporally specific prenatal EGCG treatment improved some 
craniofacial dysmorphology associated with DS in Ts65Dn embryos and mice. EGCG in 
particular improved neural crest cells (NCC)-related deficits in proliferation and migration 
in vitro in mandibular precursor cells from Ts65Dn E9.5 embryos. In vivo treatment with 
EGCG at E7 and E8, around the time of the developing NCC deficit, appeared to improve 
some of the NCC embryonic dysmorphology in Ts65Dn E9.5 embryos [149]. However, a long-
lasting EGCG treatment at a lower dose (E0–E9) did not have the same corrective effects.

More recently, the same authors demonstrated that a higher dose of EGCG inTs65Dn mice 
and euploid littermates failed to improve cognitive deficits; EGCG also produced several det-
rimental effects on skeleton in both genotypes [150].
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mentation to 10 patients with TS21 for 3 months demonstrated that the pro-oxidant state 
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be normalized with ubiquinol-10 supplementation [130]. The authors concluded that further 
studies would be needed to determine whether correction of this oxidant imbalance improves 
clinical outcomes of children with trisomy 21 but no results in this direction have yet been 
communicated.

Overall, these results show that antioxidant supplementation is safe but it does neither 
improve the cognitive performance nor dementia in DS patients.
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The antioxidant properties of melatonin induced to study plasma melatonin concentrations 
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subjects than in age-matched controls. The authors concluded that this constituted an added 
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alterations in the same DS mouse model [137].
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and cAMP levels [143, 144] in addition to being a specific and safe inhibitor of the Hsa21 
gene DYRK1A, a kinase protein involved in brain development and in the control of synap-
tic plasticity [145]. This makes EGCG an interesting candidate drug for the treatment of DS 
phenotype.

A therapeutic benefit on mitochondrial activity by EGCG has been demonstrated in cellular 
and murine model of DS. Indeed EGCG treatment renews the capacity of DS cells to produce 
energy by mitochondrial OXPHOS and to prevent mitochondrial ROS overproduction [146]. 
The treatment of neural progenitor cells, isolated from the hippocampus of Ts65Dn, by EGCG 
reactivates mitochondria bioenergetics and biogenesis and promotes neural progenitor cell 
proliferation [11]. On the other hand, in vivo studies demonstrated that young adults with 
DS treated with EGCG exhibit some cognitive benefits, although these effects disappear with 
time [147]. Furthermore, the treatment carried out in the mouse model Ts65dn in the neonatal 
period rescues numerous trisomy-linked brain alterations. However, even during this critical 
time window for hippocampal development, EGCG does not elicit enduring effects on the 
hippocampal physiology [148].

A further study showed that a temporally specific prenatal EGCG treatment improved some 
craniofacial dysmorphology associated with DS in Ts65Dn embryos and mice. EGCG in 
particular improved neural crest cells (NCC)-related deficits in proliferation and migration 
in vitro in mandibular precursor cells from Ts65Dn E9.5 embryos. In vivo treatment with 
EGCG at E7 and E8, around the time of the developing NCC deficit, appeared to improve 
some of the NCC embryonic dysmorphology in Ts65Dn E9.5 embryos [149]. However, a long-
lasting EGCG treatment at a lower dose (E0–E9) did not have the same corrective effects.

More recently, the same authors demonstrated that a higher dose of EGCG inTs65Dn mice 
and euploid littermates failed to improve cognitive deficits; EGCG also produced several det-
rimental effects on skeleton in both genotypes [150].
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In conclusion, EGCG stimulates mitochondrial biogenesis and promotes oxidative phosphor-
ylation through cAMP/PKA- and sirtuin-dependent mechanism [146], and also, at higher con-
centrations, it promotes apoptosis through mitochondrial damage, membrane depolarization 
and cytochrome c release [151, 152]. All these results suggest that timing and dosage of EGCG 
treatment are important and have to be optimized in treating DS-related phenotypes.

5.2.4. Resveratrol

Resveratrol (RSV), a natural polyphenolic compound found in a wide variety of plant spe-
cies, induces expression of genes involved in mitochondrial biogenesis, oxidative phosphory-
lation and endogenous antioxidant defense by modulation of cell signaling pathways that 
control cell homeostasis. RSV treatment protected mice against diet-induced obesity and 
insulin resistance. This effect was largely explained by an RSV-mediated decrease in PGC-1α 
acetylation and an increase in PGC-1α activity [153]. RSV increased the mean life expectancy 
and maximal lifespan in a mouse model of sporadic and age-related AD. RSV-supplemented 
animals showed increased Sirt1 expression and consequent downregulation of apoptotic pro-
tein p53 in the cortex and hippocampus. Also, p-AMPK in the cortex and total AMPK in the 
hippocampus were increased [153]. Although thousands of research papers have been pub-
lished related to RSV pharmacological activities in many diseases, only one study has been 
performed on the effect of this polyphenol in DS [11]. The authors of the study conclude that 
RSV can sustain and enhance mitochondrial functions by upregulating PGC1α/Sirt1/AMPK 
axis and promote neural precursor proliferation from Ts65Dn. They suggest resveratrol as a 
new drug to be tested in vivo as potential therapeutic tool to promote mitochondrial func-
tions, accelerate neurogenesis and ultimately counteract some of the DS clinical features [11].

5.2.5. Metformin

The effects of the biguanide metformin on mitochondrial function have been investigated in 
human trisomic fibroblasts [4]. Metformin demonstrated to induce both the expression and 
the activity of PGC-1α and to upregulate its target genes NRF-1 and TFAM, thus promoting 
mitochondrial biogenesis. The drug enhanced ATP production in treated cells and improved 
overall mitochondrial activity. Most interestingly, metformin treatment counteracted mito-
chondrial fission observed in trisomic fibroblasts, inducing the formation of a mitochondrial 
network with a branched and elongated tubular morphology (Figure 2) and regulating the 
expression of genes involved in the fission/fusion machinery, namely OPA1 and MFN2 [4].

Metformin has shown to improve cognition in patients with mild cognitive impairment and 
AD [154]. There were no serious adverse events related to its administration.

Metformin is a drug commonly used as a hypoglycemic agent in type 2 diabetes because it 
inactivates gluconeogenesis [155]. Metformin activates AMPK in the liver and muscles, caus-
ing the phosphorylation and the consequent activation of PGC-1α, and upregulates SIRT1 
that in turn activates PGC-1α by deacetylation [155].

Moreover, it has been found that metformin promotes neurogenesis in rodent and human 
neural precursors and enhances spatial memory formation in normal adult mouse [156].
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Metformin is an already registered drug with limited side effects that can be safely admin-
istered during pregnancy and crosses both the placental and blood-brain barrier [157, 158]. 
For these characteristics, it could be immediately introduced in human therapeutic protocols.

6. Conclusions

The study of candidate pathogenic mechanisms in DS is helping scientists to develop more 
appropriate therapeutic solutions for the treatment of this still untreatable genetic disorder.

A long way has been paved in this direction as we have already gained important knowledge 
about the importance of bioenergetics mechanisms in determining the DS phenotype and the 
roles played by Hsa21 genes in this scenario.

The working hypothesis is that counteracting the mitochondrial defect in DS may improve 
the neurological phenotype and prevent DS-associated pathologies, such as Alzheimer’s dis-
ease, type 2 diabetes, obesity and hypertrophic cardiopathy, thus providing a better quality 
of life for DS individuals and their families.

Impaired energy metabolism, defect of mitochondrial enzyme activities and abnormalities of 
mitochondrial respiration are common characteristics of neurodegenerative conditions [20]. 
On these premises, restoring the mitochondrial function could represent also a promising 
strategy to limit the progression of neurodegenerative diseases and even to delay some com-
mon aging processes.

Should any of these drugs, already registered for different purposes, demonstrate to be effec-
tive, they could be immediately introduced in human therapeutic protocols possibly along 
with specific therapies aimed at restoring cognitive functions.

Author details

Antonella Izzo, Nunzia Mollo, Rita Cicatiello, Rita Genesio, Simona Paladino, Anna Conti* 
and Lucio Nitsch

*Address all correspondence to: anconti@unina.it

Department of Molecular Medicine and Medical Biotechnology, University Federico II, 
Naples, Italy

References

[1] Conti A, Fabbrini F, D'Agostino P, Negri R, Greco D, Genesio R, et al. Altered expression 
of mitochondrial and extracellular matrix genes in the heart of human fetuses with chro-
mosome 21 trisomy. BMC Genomics. 2007;8:268

Mitochondrial Abnormalities in Down Syndrome: Pathogenesis, Effects and Therapeutic…
http://dx.doi.org/10.5772/intechopen.71059

125



In conclusion, EGCG stimulates mitochondrial biogenesis and promotes oxidative phosphor-
ylation through cAMP/PKA- and sirtuin-dependent mechanism [146], and also, at higher con-
centrations, it promotes apoptosis through mitochondrial damage, membrane depolarization 
and cytochrome c release [151, 152]. All these results suggest that timing and dosage of EGCG 
treatment are important and have to be optimized in treating DS-related phenotypes.

5.2.4. Resveratrol

Resveratrol (RSV), a natural polyphenolic compound found in a wide variety of plant spe-
cies, induces expression of genes involved in mitochondrial biogenesis, oxidative phosphory-
lation and endogenous antioxidant defense by modulation of cell signaling pathways that 
control cell homeostasis. RSV treatment protected mice against diet-induced obesity and 
insulin resistance. This effect was largely explained by an RSV-mediated decrease in PGC-1α 
acetylation and an increase in PGC-1α activity [153]. RSV increased the mean life expectancy 
and maximal lifespan in a mouse model of sporadic and age-related AD. RSV-supplemented 
animals showed increased Sirt1 expression and consequent downregulation of apoptotic pro-
tein p53 in the cortex and hippocampus. Also, p-AMPK in the cortex and total AMPK in the 
hippocampus were increased [153]. Although thousands of research papers have been pub-
lished related to RSV pharmacological activities in many diseases, only one study has been 
performed on the effect of this polyphenol in DS [11]. The authors of the study conclude that 
RSV can sustain and enhance mitochondrial functions by upregulating PGC1α/Sirt1/AMPK 
axis and promote neural precursor proliferation from Ts65Dn. They suggest resveratrol as a 
new drug to be tested in vivo as potential therapeutic tool to promote mitochondrial func-
tions, accelerate neurogenesis and ultimately counteract some of the DS clinical features [11].

5.2.5. Metformin

The effects of the biguanide metformin on mitochondrial function have been investigated in 
human trisomic fibroblasts [4]. Metformin demonstrated to induce both the expression and 
the activity of PGC-1α and to upregulate its target genes NRF-1 and TFAM, thus promoting 
mitochondrial biogenesis. The drug enhanced ATP production in treated cells and improved 
overall mitochondrial activity. Most interestingly, metformin treatment counteracted mito-
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of life for DS individuals and their families.
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