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Resumen: El sindrome de Down es una alteracién autosémica que, tradi-
cionalmente, ha sido estudiada de forma independiente, desde 4mbitos co-
mo la medicina, la biologia o la psicologfa. En este articulo pretendemos ir
mas alla e incorporar una perspectiva multidisciplinar que contemple, por
una parte, los principales hallazgos de estas disciplinas y por otra, las teorias
que intentan explicar las complejas relaciones que se producen entre dichos
hallazgos. Con este objetivo, revisamos los avances que se han realizado en
el campo de la genética, la neuroanatomia y la neuroquimica en relacion a
este sindrome, asi como las explicaciones que se han desarrollado para in-
tentar entender el perfil neuropsicolégico asociado con esta alteracion.
Creemos que la incorporacién de esta perspectiva ayudara a alcanzar una
visién general sobre los correlatos psicobiolégicos del sindrome de Down.
Palabras Clave: Sindrome de Down; genética; neuroanatomia; neuroqui-
mica; neuropsicologia; psicobiologia.

Abstract: Down syndrome is an autosomal trisomy that traditionally has
been studied independently from fields such as medicine, biology or psy-
chology. In this article, we intend to go further and incorporate a multidis-
ciplinary approach that includes, on the one hand, the main findings of
these disciplines and, the theories that attempt to explain the complex rela-
tionships that occur between such findings. With this aim, we review the
progress that has been made in the field of genetics, neuroanatomy and
neurochemistry in relation to this syndrome, as well as the explanations
that have been developed to try to understand the neuropsychological pro-
file associated with this condition. We believe that the incorporation of this
perspective will help achieve an overview of the psychobiological correlates
of Down syndrome.

Key words: Down syndrome; genetics; neuroanatomy; neurochemistry;
neuropsychology; psychobiology.

Introduction

Down syndrome (DS) is the most common genetic cause of
intellectual disability (Nadel, 2003; Patterson, 2007). It was
first described by Langdon Down in 1866, in an article pub-
lished in the London Hospital Reports (Parajud-Pozo &
Casis-Arguea, 2000; Sherman, Freeman, Allen & Lamb,
2005). In this publication was already highlighted the pres-
ence of intellectual disability and a range of distinctive facial
featutres, which to the author were similar to those of some
eastern populations. The presence of these characteristic fa-
cial features allowed Langdon Down to define DS as a spe-
cific clinical entity (Catrvajal, Iglesias & Loeches,
1994; Mégarbane et al., 2009).

Initially many hypotheses about the origin of DS were
raised that alluded that DS was a throwback to more primi-
tive races, or it was due, either diseases or addictions of pat-
ents, problems during pregnancy, endocrine disorders, age
of the mother or even gynecological irregularities (Mat-
domingo, 1995).

Afterwards, Waardenburg raised its genetic origin in
1932 (Capone, 2001). But it was not until 1959 when Lejeu-
ne and his colleagues confirmed the presence of an extra
chromosome in pair 21 in nine children with DS (Lejeune,
Gautier & Turpin, 1959). Moreover, the advancement of cy-
togenetic techniques also revealed the existence of three un-
detlying chromosomal abnormalities on the onset of the
syndrome: regular trisomy, translocation trisomy and mosai-
cism (Patterson, 2007; Serés, Cuatrecasas & Catala, 2005). In
the first and second case, the error occurs in the formation
of gametes or the first mitotic division so it affects all somat-
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ic cells of the organism, the main difference being that in the
case of regular trisomy has 47 whole chromosomes whereas
in the translocation case has 46 chromosomes and an extra
portion of chromosome 21 (HSA21). In contrast, in mosai-
cism the error occurs from the second mitotic division,
which gives rise to two different cell lines, one with 47
chromosomes and one with a normal genetic endowment.

Currently, it is widely known that between 90-95% of
cases are due to regular trisomy of HSA21, while the rest are
due to HSA2ltrisomy by translocation or
cism (Bornstein et al., 2010; Patterson, 2007).

When it was compared the phenotype of people with
regular trisomy against the phenotype of people with DS due
to translocation no significant differences were found. In
any case, the varying extension of certain phenotypic traits
seems to be related to the amount of additional genetic ma-
terial, but this does not seem to exert influence on the intel-
lectual level (Bornstein et al., 2010; Devlin & Mottison,
2004a; Loeches, Iglesias & Carvajal, 1991). However, when
this comparison has been carried out with cases caused by
mosaicism it was observed that the latter present less ac-
cused phenotypic characteristics in relation to the number of
cells affected (Devlin & Mottison, 2004b; Dreux et al., 2008;
Serés et al, 2005). However, as in the previous case, the ex-
istence of this relationship has not been demonstrated in the
case of intellectual level (Carvajal et al., 1994).

In addition to its relationship with intellectual disability,
regular trisomy appears to lead to a specific neuropsycholog-
ical profile (Kittler, Krinsky-McHale & Devenny, 2006;
Menghini, Costanzo & Vicari, 2011; Ruggieri & Arberas,
2003), mainly characterized by : a) deteriorated language
skills, affecting this impairment more to the production than
to the comprehension, as well as to the phonological and
morphological domain than the semantic and pragmatic
(Filder, Philofsky & Hepburn, 2007; Galeote, Soto, Sebas-
tian, Rey & Checa, 2012; Vicari, Caselli, Gagliardi, Tonucci
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& Volterra, 2002); b) a visuospatial skills characterized by
the presence of a dissociation between processing of percep-
tual aspects such as color and shape, that would be very de-
teriorated, and spatial processing, that would be best pre-
served (Jarrold, Nadel & Vicati 2008; Silverman, 2007; Vi-
cari, 2006); ¢) a executive dysfunction especially in subpro-
cesses, such as working memory for verbal material (Edgin,
Pennington & Mervis, 2010; Lanfranchi, Jerman, Dal, Alber-
ti & Vianello, 2010; Rowe, Lavender & Turk, 2006) and d) a
deterioration in episodic memory linked to advancing age
(Krinsky-McHale, Kittler, Brown, Jenkins & Devenny, 2005;
Vicari, 2004).

All these neuropsychological characteristics are closely
related to neurochemical and neuroanatomical alterations
presented by people with DS. And therefore with the role of
specific regions of HSA21in the processes of brain devel-
opment. For this reason, today, addressing its study is car-
ried out from a multidisciplinary perspective that attempts to
clarify the links between the underlying genetic and molecu-
lar mechanisms, and the cognitive and behavioral profile
they present (Lott, Patterson & Mailick, 2007; Nadel, 2003).

Moreover, the sequencing of the human genome, the
possibility of generating animal models of DS, the use of
neuroimaging techniques, tissue analysis at the cellular level,
as well as advances in neuropsychological assessment and
functional knowledge of the brain have helped improve our
understanding of the complex relationships between genes
and neuroanatomical, neurochemical and neuropsychologi-
cal characteristics. The following are the latest findings in
the field of genetics, neuroanatomy and neurochemistry in
relation to the study of DS.

Genetic advances

Since Lejeune and his collaborators confirmed the presence
of an extra chromosome in the chromosome pair 21 (Lejeu-
ne et al, 1959), the genetic study of DS has experienced a
breakthrough. The discovery of the human genome, espe-
cially the complete sequencing of HSA21, published in Na-
ture (The chromosome 21 mapping and sequencing consor-
tium, 2004) and the study of trisomic and transgenic animal
models have led to considerable improvement in the
knowledge of the syndrome and the consequences of this
trisomy (Patterson, 2007; Scorza & Cavalheiro, 2011). For
example, thanks to the sequencing of this chromosome, to
date, have been identified more than 530 genes (Park, Song
& Chung, 2009; Sturgeon & Gardiner, 2011). Although, in
spite of its identification, 45% of these genes function is still
uncertain (Kahlem, 2000).

Within this extraordinary progress, one of the findings
with greater impact was the discovery, in the in the 1980s,
that complete triplication of HSA21was not necessary for
the distinctive DS features to appear (Petersen et al,
1990). In fact, these features appear even when only the
band 21922 is tripled (Wilkie, Amberger & McKusick, 1994).
Specifically, observations of people with partial trisomy of

the 21g22.3 sub-band allowed to suggest that most signs of
the syndrome, including intellectual disability, depend on the
expression of this region. For this reason, is considered a
critical region for DS, receiving the name of Down syn-
drome critical region (DSCR) (Chabert et al., 2004; Rachidi
& Lopes, 2008). However, it must be taken into considera-
tion that the triplication of this region is regarded necessary
but not sufficient to explain the phenotypic features of DS
(Olson et al., 2007). Probably genes from other regions are
also involved in the expression of certain features and may
need to interact with them and between each other, to give
rise to the characteristic phenotype of DS (Galdzicki & Siar-
ey, 2003).

Currently, most studies are based on animal models,
mainly by the multiple advantages they present (Liu et al.,
2011; Vacano, Duvak & Patterson, 2012). These models
date back to 1973-74, when the first two genes located on
HSA21were identified and for the first time mice with tri-
somy of chromosome 16 (MMU16), chromosome that is
homologous to HSA21, were produced (Salehi, Faizi, Beli-
chenko & Mobley, 2007).

In animal models we can find two strategies; trisomic
mice based models and transgenic mice based models. Mice
trisomic based models are focused on producing mice with
triplication of a set of genes located on HSA21 homologous
regions. On the other hand, models based on transgenic
mice use mice in which a specific gene is inserted to assess
the effect of its overexpression on the phenotype. Both
strategies are useful, because the first allow us to assess the
effects produced by the interaction between genes and are
models closer to reality; and the latter allow to identify the
phenotypic features dependent on the triplication of a par-
ticular gene.

Trisomic mice

Most of these models ate based in mice with triplication
of HSA21 or DSCR homologous regions. Their main find-
ing is having been shown that mere triplication of homolo-
gous regions to HSA21 and DSCR, like the partial trisomy
of MMU16, result into neuroanatomical and behavioral fea-
tures similar to those present in individuals with DS. Be-
tween these neuroanatomical characteristics worth mention-
ing their implication in the development of cerebral hypo-
plasia, abnormal dendritic arborizations, as well as the fewer
number of granule cells and the smaller size of the cerebel-
lum and hippocampus (Aldridge, Reeves, Olson &
Richtsmeier, 2007; Belichenko et al., 2009; Bianchi et al.,
2010; O’Doherty et al., 2005; Rueda et al., 2010; Siatey, Vil-
lar, Epstein & Galdzicki, 2005). Likewise, in relation to the
behavioral features it has been shown the involvement of
genes in these regions in the appearance of motor dysfunc-
tions, hypoactivity, impaired spatial learning and decrease in
the frequency of exploratory behavior (Fernandez & Garner,
2008; Galante et al., 2009; Olson et al., 2004; Sago et al.,
2000; Salehi et al., 2009; Villar et al., 2005).
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Furthermore, there is also evidence of the involvement
of the MMU16 in the emergence of cholinergic degeneration
associated with advancing age, similar to that found in adults
with DS and in people from the general population with
Alzheimer's disease (Contestabile, Ciani & Contestabile,
2008; Granholm, Sanders & Crnic, 2000; Hunter, Bachman
& Granholm, 2004; Salehi et al., 2000).

Transgenic Mice

To date, the genes that have been overexpressed in mice
to understand their contribution are APP, CBS, DSCR-1,
DYRKLA, S1008, SIM2, C2lotf5 and SOD1 (Gardiner,
2009; Rachidi & Lopes, 2008; Salehi et al., 2007).

The most remarkable finding of these studies is to have
demonstrated the involvement of the APP gene in the de-
velopment of Alzheimer's disease. Since, at a behavioral lev-
el, mice with triplication of this gene present increases in
spontaneous locomotive activity and changes in spatial
learning; at a neurobiological level these behavioral findings
have been associated with age-related cholinergic degenera-
tion and morphological alterations in the hippocampus, cor-
tex and cerebellum found in these mice and which are simi-
lar to those found in people with Alzheimer's disease (Ep-
stein, 2000; Lyle, Gehrig, Neergaard-Henrichsen, Deutsch &
Antonarakis, 2004; Millan et al., 2012; Simén et al., 2009).

These models also demonstrated the importance of
overexpression of other genes on certain phenotypic traits,
although its influence has not been established so clearly
(Rachidi & Lopes, 2008). In particular, it has been found
that overexpression of SOD1, DYRKLA, SIM2, C2lorf5
and S1008 genes influence the onset of both neuroanatomi-
cal and behavioral features similar to those presented by
people with DS (Gardiner, 2009; Salehi et al,
2006). Specifically, it has been found a relationship between
the overexpression of these genes and the emergence of al-
terations in brain plasticity, in the neuronal branches exten-
sion and cerebral apoptosis processes. And as to the behav-
ioral characteristics it has been found a link between these
genes and alterations in spatial learning, acquisition of loco-
motion or the exploratory behavior (Altafaj et al, 2001;
Chrast et al., 2000; Dierssen et al, 2011; Donato, 2003;
Lopes, Chettouh, Delabar & Rachidi, 2003; Martinez et al.,
2008; Park et al., 2009; Yabut, Domagauer & D’Arcangelo,
2010).

Although the findings of these animal models are still
scarce and its practical application is still limited, it may be
considered that, in addition to providing basic information
about the undetlying etiology to DS, it is possible that their
study also provide information, which on its basis ecatly
pharmacological interventions could be developed that pre-
vent or compensate the appearance of some of the neuro-
psychological manifestations of DS (Gardiner, 2009; Rueda
et al., 2012; Scotrza and Cavalheiro, 2011, Liu et al., 2011;
Vacano et al,, 2012) .
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Neurobiological advances
Neuroanatomy

The first neuroanatomical data on the DS were obtained
from measurements post-mortem and, subsequently, were
confirmed by using neuroimaging techniques (Dierssen,
2012; Lott & Dierssen, 2010; Pinter, Eliez, Schmitt, Capone
& Reiss, 2001; White, Alkire & Haier, 2003).

These eatly studies showed that there were a number of
structural abnormalities that were present in the majority of
people with DS, which consisted of the presence of brachy-
cephaly, smaller brain weight and size, especially significant
in the cerebellum, frontal and temporal lobes, and in the
brainstem. It was also reported a significant increase in the
size of the cerebral ventricles, a smaller hippocampus and
amygdala, a narrower superior temporal gyrus, and a de-
crease in the number and depth of the cortical sulcus and
convolutions. Likewise, since the first neuroanatomical stud-
ies was evident the presence of characteristic neuropatholog-
ical features of Alzheimer's disease in the 4% decade of life
(De la Monte & Hedley-Whyte, 1990; Wisniewski, Wisniew-
ski & Wen, 1985).

Subsequent neuroimaging studies have allowed detecting
these alterations and other previously not found by post-
mortem studies. Among them, is noteworthy the presence
of a smaller volume in the corpus callosum and the temporal
plane as well as a greater bilateral volume in the parahippo-
campal gyrus and in the parietal lobe (Beacher et al., 2010;
Frangou et al., 1997; Kesslak, Nagata, Lott & Nalcioglu,
1994; Pearlson et al., 1998; Pinter, Eliez et al., 2001; Teipel et
al., 2003; White et al., 2003).

However, at subcortical level the structures tend to have
a normal and even greater volume. Specifically, after adjust-
ing it to the total intracranial volume, there is a greater vol-
ume in the basal ganglia, thalamus and hypothalamus.
Whereas the hippocampus and amygdala show a bilateral re-
duction, particularly accentuated in the left hemisphere
(Aylward et al., 1997; Beacher et al., 2010; Jernigan, Bellugi,
Sowell, Doherty & Hesselink, 1993; Pinter, Brown et al.,
2001; White et al., 2003).

Both the neuroimaging studies and those conducted
post-mortem, those based on brain biopsies and the studies
based on animals models also have provided data on cere-
bral morphological characteristics at the cellular level of
people with DS. In particular, reports a fewer number of
granule cells in the cerebellum, defects in cortical lamination,
reductions in the amount of cortical neurons, presence of
malformations in arborizations and dendritic spines and syn-
aptic alterations (Becker, Mito, Takashima & Onodera, 1991;
Belichenko et al., 2009; Golden & Hyman, 1994; Larsen et
al., 2008; Vuksic, Petanjek, Rasin & Kostovic, 2002). Never-
theless, this reduction in the number and neuronal density
does not affect equally all cortical layers, being especially
pronounced in interneurons of cortical layers II and IV, and
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the pyramidal neurons of the cortical layer III (Golden &
Hyman, 1994; Lott & Dierssen, 2010).

As just reviewed, the brain of people with DS, at the an-
atomical level, is characterized by alterations in very specific
regions of both hemispheres. Among these alterations the
most notable is the smaller volume presented by the hippo-
campus, amygdala, the temporal and frontal lobes, the brain-
stem, cerebellum and corpus callosum. Interestingly, some
recent studies have linked these alterations in specific re-
glons with certain characteristics of the neuropsychological
profile of individuals with DS. Specifically, lower volume in
the frontal and cerebellar regions have been linked with ex-
ecutive deficits and problems of fluency and verbal produc-
tion showed by people with DS compared with people with
intellectual disabilities due to other etiologies or of unknown
origin (Lott & Dierssen, 2010; Menghini et al., 2011; Pearl-
son et al., 1998; Pinter, Eliez et al., 2001). The lower volume
on temporal cortical and subcortical regions (amygdala, hip-
pocampus and temporal lobe) with verbal comprehension
difficulties, memory and larger deficit presented in purely
perceptual processing aspects such as color and shape (Kra-
suski, Alexander, Horwitz, Rapoport & Schapiro, 2002;
White et al., 2003). The reduction in these regions and in the
corpus callosum, coupled with the onset of the characteristic
lesions of Alzheimet's disease, has also been related with the
progressive deterioration of episodic memory and the sub-
sequent onset of clinical signs of this dementia observed
with advancing age (Prasher et al., 2003; Teipel et al,
2003). Similarly, the fact that most of the subcortical struc-
tures and, above all, the posterior cortical areas (parietal and
occipital lobe) are not morphologically altered has been
linked with better performance on tasks of visuospatial pro-
cessing and visual motor coordination (Krasuski et al., 2002;
Pinter, Eliez et al., 2001).

Neurochemistry

Neurochemical studies are very scarce and most deal
with the changes that people with DS experience when ad-
vancing age.

Since its inception these studies found abnormalities in
both the brain and the cerebrospinal fluid and blood
(Boullin & O’Brien, 1971; Mann, Yates, Marcyniuk &
Ravindra, 1985; Scott, Becker & Petit, 1983). Currently, the-
se early findings have been refined. Following we proceed to
describe in more detail the findings that have been obtained
in relation to each of the neurotransmitters that appear to be
altered in people with DS.

Serotonergic function

Early studies revealed a loss of serotonin in the brain,
cerebrospinal fluid and blood (Whitaker-Azmitia, 2001).
Consistent with these studies, more recent ones noted an
eatlier peak in the embryonic development of serotonergic
receptors within the DS in comparison with the general

population followed by a decline below normal levels at
birth (Bar-Peled et al.,, 1991). In addition to reporting a de-
crease of these receptors in the frontal cortex and in the
granular layer of the dentate nucleus in fetuses with DS who
are among the 16 and 20 weeks of gestation (Whittle, Simo-
ne, Dierssen, Lubec and Singewald, 2007).

These results are particularly relevant, if we take into ac-
count that a decrease in serotonin levels in embryos produc-
es a delay in the onset of neurogenesis, reductions in non-
serotonergic synapse density and a decrease in brain plastici-
ty (Berger-Sweeney & Hohmann, 1997; Brezun & Daszuta,
1999). Therefore it is expected that the serotonergic reduc-
tion experienced by individuals with DS during embryonic
development plays an important role in the onset of neuro-
anatomical alterations presented later. The issue that still is
not clear is to what extent this reduction can account for all
abnormalities of brain development observed in DS (Whittle
et al.,, 2007).

In adults also appear to exist alterations in serotonin lev-
els. Specifically, higher levels have been found in frontal and
occipital regions, as well aslower levels in the thalamus,
caudate nucleus, cerebellum and temporal cortex (Gulesseri-
an, Engidawork, Cairns & Lubec, 2000; Mann et al., 1985;
Seidl et al., 1999).

Likewise, studies in animals have also provided data sup-
porting the existence of a serotonergic loss in people with
DS. For example, studies of mice with overexpression of the
S1008 gene found an association between overexpression of
this gene and serotonin neuron loss of serotonergic neurons
in temporal lobe (Salehi et al., 2007; Whitaker-Azmitia,
2001).

Based on these results, pharmacological treatments tar-
geted at people with DS include for some time, serotonergic
agents (Whitaker-Azmitia, 2001). Moreover, several studies
suggest the usefulness of these in the treatment of self-
injurious and aggressive behavior, as well as to produce im-
provements in cognitive functioning and depressive states
(Gedye, 1991; Geldmacher et al., 1997; Hirayama, Koba-
yashi, Fujita & Fujino, 2004).

Amino acids group nenrotransmitters

In relation to the levels of the Amino acids group neuro-
transmitters that present people with DS, only alterations in
the levels of GABA and taurine have been
found. Specifically, reductions of these levels are found in
the frontal cortex during the embryonic period but not in
adult life (Whittle et al., 2007).

When considering these reductions, it is important to
note that zz wvitro studies have shown that activation of
GABA, receptors promote the neuronal proliferation and
differentiation (Represa & Ben-Ari, 2005) and that their an-
tagonists are associated with reductions in neural ramifica-
tions (Barbin, Pollard, Gaiarsa & Ben-Ari, 1993). Similarly,
studies in humans and animals have shown that maternal di-
ets deprived of taurine are associated with decreased den-
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dritic arborization and atypical cortical development (Whittle
et al,, 2007). It is therefore likely that these reductions also
affect the brain development of people with DS.

Dopamine

In the case of dopamine, unlike what happens with levels
of GABA and taurine, its reduction has been found both
during the embryonic period as well as in adults with DS
which show characteristic neuropathological signs of Alz-
heimer's disease (Whittle et al., 2007). This reduction mainly
affects dopaminergic neurons of the ventral tegmental area
(Mann & Esiri, 1989).

Dopamine is involved in the establishment of synaptic
contacts. For example, has been noted that dopaminergic
reductions, achieved by damaging the ventral tegmental area
produced reductions in the cortical thickness (Kalsbeek,
Buijs, Hofman, Matthijssen & Pool, 1987). Therefore, it can
be assumed that, together with the rest of neurochemical al-
terations present during the embryonic period, dopamine
reduction contributes to the development of the morpholog-
ical characteristics which exhibit later. In addition, reduced
levels of dopamine in adult life, points to the possibility that
this reduction is also involved in the onset of neuroanatomi-
cal and functional changes associated with Alzheimer's dis-
ease in DS.

Norepinephrine

Norepinephrine shows a pattern characterized by the
presence of normal levels in childhood which are altered
with advancing age (Whittle et al., 2007). In fact, it has been
found that with advancing age, adults with DS present dam-
age in ascending noradrenergic system, attributed to the loss
of neurons in the locus coeruleus. This loss produces reduc-
tions of norepinephrine in the hypothalamus, which appears
in parallel to the onset of Alzheimer's disease (Yates, Simp-
son & Gordon, 1986). This could imply that reductions of
notrephinephrine would also contribute to the appearance of
the characteristic neuropathological changes of Alzheimet's
disease and its clinical manifestations.

Acetylcholine

Acetylcholine does not present alterations neither during
the prenatal period nor during childhood. Conversely, in
adults with DS there is a loss of cholinergic neurons of the
nucleus basalis of Meynert, similar to that observed in peo-
ple from the general population with Alzheimer's disease,
who exhibit a progressive degeneration of neurons that pro-
ject to the hippocampus (Casanova, Walker, Whitehouse &
Price, 1985; Head et al., 2001; Mann et al., 1985; Whitehouse
et al,, 1982). In animal models, like mice Ts65Dn or mice
with overexpression of the APP gene, a similar pattern has
been find, i.e.: a preserved cholinergic system in young mice
that deteriorates with advancing age (Chang & Gold, 2004;
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Contestabile et al., 2008; Hunter et al., 2004; Millan et al.,
2012; Salehi et al., 20006).

In addition, it has been found that the acetylcholinester-
ase inhibitors produce improvements in memory during ag-
ing (Boada-Rovir, Hernandez-Ruiz, Badenas-Homiar,
Buendia-Torras & Tarraga-Mestre, 2005; Dong et al., 2005),
highlighting the relationship between cholinergic function
and memory (Chang & Gold, 2004; Granholm et al,
2000). This relationship could be of great importance when
evaluating the cholinergic loss in adults with DS and in
adults with Alzheimer's disease (Parajua-Pozo & Casis-
Arguea, 2000; Prasher, 2004).

In summary, during the embryonic period we can high-
light the presence of alterations in neurotransmitters that af-
fect the brain development. We should note the morpho-
logical alterations are not significantly revealed until the first
year of life (Capone, 2001; Pinter, Eliez et al., 2001) and that
its appearance has been attributed to alterations in the pro-
cesses of brain development (Becker et al., 1991; Rachidi &
Lopes, 2008; Vuksic et al., 2002). From these data, we can
assume that the observed alterations in the distribution of
neurotransmitters are a cause and not a consequence of
morphological abnormalities (Carvajal et al., 1994; Whittle et
al., 2007).

Specifically, the neurotransmitters altered from the em-
bryonic period are serotonin, GABA, dopamine and taurin.
And such alterations would lead to lower total brain volume
of the hippocampus, amygdala, cerebellum and brainstem, as
well as the alterations in dendritic spines, in the synapses and
in the cortical lamination, as the lower count of cortical neu-
rons that characterize individuals with DS.

On the other hand, in light of the consequences that bi-
ochemical alterations during embryonic development in-
volve, it is interesting considering the possibility that bio-
chemical changes that occur with advancing age are respon-
sible for the morphological and functional changes experi-
enced by aging persons with DS and with the onset of Alz-
heimer's disease. Specifically, for now has been demonstrat-
ed the involvement of the reductions in the levels of dopa-
mine and norepinephrine, and especially, the reductions in
the levels of acetylcholine in the onset of morphological and
functional changes that characterize Alzheimer's disease
(Millan et al., 2012; Parajua-Pozo & Casis-Arguea, 2000,
Whittle et al., 2007).

Conclusions

DS is the autosomal chromosomal condition showing a
higher prevalence (1 in 800 to 1000 live births) (Brajenovic’-
Milic et al., 2008; Cocchi et al., 2010; Morris & Alberman,
2009). So its study has a major impact on the field of devel-
opmental disorders and particularly within the field of intel-
disability. In fact, this condi-
tion constitutes approximately el 25% of cases of intellectual
disability (Serés et al., 2005) and in Spain affects approxi-

lectual chromosomal
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mately to 31500 people (National Institute of statistics -INE,
2008).

Review of the biological data that define it, may help un-
derstand the complex relationships between genes, neuroan-
atomical, neurochemical and neuropsychological characteris-
tics in relation to DS. In this sense, its knowledge can serve
for designing diagnostic procedures and psycho-pedagogical
and pharmacological interventions better tailored to their
characteristics at each time point and therefore to be more
effective.

In particular, genetic studies have shown that the over-
expression of both isolated and of sets of genes of HSA21,
as well as their interaction with other genes, is related to the
onset of some phenotypic characteristics of people with DS.

Likewise, taking into consideration together the findings
from neuroanatomical and neurochemical studies reveals
that differences in neural mechanisms at chemical level pro-
duce alterations in the brain development processes, which
in turn lead rise to neuroanatomical changes. We could even
take a step further to incorporate into this consideration the
approaches brought by some neurobiological studies on DS

References

Aldridge, K., Reeves, R. H., Olson, L. E., & Richtsmeier, J. T. (2007).
Differential effects of trisomy on brain shape and volume in related
aneuploid mouse models. Awmerican Journal Medical Genetics, 143 (A),
1060-1070.

Altafaj, X., Dierssen, M., Baamonde, C., Martin, E., Visa, J., Guimera, ].,
Oset, M., Gonzalez, ]. R., Florez, J., Fillat, C., & Estivill, X. (2001).
Neurodevelopmental delay, motor abnormalities and cognitive deficits
in transgenic mice overexpressing Dyrk1A (minibrain), a murine model
of Down’s syndrome. Human Molecular Genetics, 10, 1915-1923.

Aylward, E. H., Li, Q., Habbak, R., Warten, A., Pulsifer, M. B, Barta, P. E,
Jerram, M., & Pearlson, G. (1997). Basal ganglia volume in adults with
Down syndrome. Psychiatry Research: Neuroimaging Section, 74, 73-82.

Barbin, G., Pollard, H., Gaiarsa, J. L., & Ben-Ari, Y. (1993). Involvement of
GABA\ receptors in the outgrowth of cultured hippocampal neurons.
Neuroscience Letters, 152, 150-154.

Bar-Peled, O., Gross-Isseroff, R., Ben-Hur, H., Hoskins, 1., Groner, Y., &
Biegon A. (1991). Fetal human brain exhibits a prenatal peak in the
density of serotonin 5-HT1A receptors. Neuroscience Letters, 127, 173-
176.

Beacher, E, Daly, E., Simmon, A., Prasher, V., Morris, R., Robinson, C.,
Lovestone, S., Murphy K., & Murphy, D. G. M. (2010). Brain anatomy
and ageing in non-demented adults with Down’s syndrome: an 7z vivo
MRI study. Psychological Medicine, 40, 611-619.

Becker, L., Mito, T., Takashima, S , & Onodera, K. (1991). Growth and
development of the brain in Down syndrome. In C.H. Epstein (Ed.),
The Morphogenesis of Down syndrome (pp. 133-152). New York: Wiley-Liss.

Belichenko, N. P, Belichenko, P. V., Kleschevnikov, A. M., Salehi, A., Reeves,
R. H., & Mobley, W. C. (2009). The “Down syndrome critical region” is
sufficient in the mouse model to confer behavioral, neurophysiological,
and synaptic phenotypes characteristic of Down syndrome. Journal of
Neuroscience, 29(18), 5938-5948.

Berger-Sweeney, J., & Hohmann, C. E (1997). Behavioral consequences of
abnormal cortical development: insights into developmental disabilities.
Behavioural Brain Research, 86, 121-142.

Bianchi, P.,, Ciani, E, Guidi, S., Trazzi, S., Felice, D., Grossi, G., Fernandez,
M., Giuliani, A., Calza, L. & Bartesaghi, R. (2010). Early
pharmacotherapy restores neurogenesis and cognitive performance in
the Ts65Dn mouse model for down syndrome. Journal of Neuroscience,
30(26), 8769-8779.

Boada-Rovir, M., Hernindez-Ruiz, 1., Badenas-Homiar, M., Buendia-Torras,

that linked the presence of specific neurochemical and neu-
roanatomical alterations with the strong and weak points
that characterize the neuropsychological profile of persons
with DS, as well as the changes experienced in their cogni-
tive functioning with advancing age.

Although these conclusions should be regarded with
caution since there are few studies that have focused on ex-
ploring the relationship between neurobiological data and
cognitive performance, we want to finish this article pointing
out the enormous progress achieved in recent years in the
study of the DS psychobiological correlates. We also want to
highlight the importance of incorporating a multidisciplinary
perspective in the study of the DS which in the near future
allows consider interventions that influence all the nervous
system as a whole.

Acknowledgements.- This article has been fund by the Ministerio
de Ciencia e Innovacién, Spain (MICINN-PSI-2009-09067) and by
a fellowship from the Personal Training Program University (FPU)
of the University Auténoma of Madrid received by the first author

M., & Tarraga-Mestre, L. (2005). Estudio clinicoterapéutico de la
demencia en las personas con sindrome de Down y eficacia del
donepecilo en esta poblacion. Revista de Neurologia, 41, 129-136.

Bornstein, E., Lenchner, E., Donnenfeld, A., Jodicke, C., Keeler, S. M.,
Kapp, S., & Divon, M. Y. (2010). Complete trisomy 21 2s. translocation
Down syndrome: a compatison of modes of ascertainment. Awerican
Journal of Obstetrics & Gynecology, 203 (391), 1-5.

Borsel, J. V., & Tetnowski, J. A. (2007). Fluency disorders in genetic
syndromes. Journal of Fluency Disorders, 32, 279-296.

Boullin, D. J, & O’Brien, R. A. (1971). Abnormalities of 5-
hydroxytryptamine uptake and binding by blood platelets from children
with Down’s Syndrome. The Journal of Physiology, 2(12), 287-297.

Brajenovic’-Milic, B., Prpic’, 1., Petrovic’, O., Ristic’, S., Brumini, G., &
Kapovic, M. (2008). The Prevalence of Live Birth Down Syndrome in
the Region of Primorsko-goranska Country in Croatia, 1996-2005: The
Impact of Screening and Amiocentesis. Maternal and Child Health Journal,
12, 620-623.

Brezun, J. M., & Daszuta, A. (1999). Depletion in serotonin decreases
neurogenesis in the dentate gyrus and the subventricular zone of adult
rats. Neuroscience, 89, 999-1002.

Capone, M. D. (2001). Down Syndrome: Advances in Molecular Biology and
the Neurosciences. Develgp. | and Bebavioral Pediatrics, 22 (1), 40-58.

Catlesimo, G. A., Marottas, L., & Vicari, S. (1997). Long term memory in
mental retardation: Evidence for a specific impairment in subjects with
Down’s syndrome. Newropsychologia, 35(1), 71-79.

Carvajal, F, Iglesias, J., & Loeches, A. (1994). Sindrome de Down: avances
citogenéticos y neurobiologicos. Archivos de Neurobiologia, 58 (5), 249-
257.

Casanova, M. F, Walker, L. C., Whitehouse, P. J., & Price, D. L. (1985).
Abnormalities of the nucleus basalis in Down’s syndrome. Awnals of
Neurology, 18, 310-313.

Chabert, C., Jamon, M., Cherfouh, A., Duquenne, V., Smith, D. J., Rubin, E.,
& Roubertoux, P. L. (2004). Functional Analysis of Genes Implicated in
Down Syndrome: 1. Cognitive abilities in Mice Transpolygenic for
Down Syndrome Chromosomal Region-1 (DCR-1). Bebavior Genetics,
34(6), 559-569.

Chang, Q., & Gold, P. E. (2004). Impaired and spared cholinergic functions
in the hippocampus after lesions of the medial septum/ vertical limb
of the diagonal band with 192 IgG-saporin. Hippocampus, 14, 170—-179.

Chapman, R. S. & Hesketh, L. ]. (2000). Behavioral Phenotype of

anales de psicologia, 2014, vol. 30, n° 1 (enero)


http://jp.physoc.org/

352

Individuals with Down Syndrome. Mental Retardation and Developmental
Disabilities, 6, 84-95.

Chrast, R., Scott, H. S., Papasavvas, M. P, Rossier, C., Antonarakis, E. S.,
Barras, C., Davisson, M., T., Schmidt, C., Estivill, X, Dierssen, M.,
Pritchard, M., & Antonarakis, S. E. (2000). The mouse brain
transcriptome by SAGE: differences in gene expression between P30
brains of the partial trisomy 16 mouse model of Down syndrome
(Ts65Dn) and normals. Genome Research, 10, 2006-2021.

Cocchi, G., Gualdi, S., Bower, C., Halliday, ]., Jonsson, B., Myrelid, A.,
Mastroiacovo, Amar, E., Bakker, M. K., Correa, A., Doray, B., Melve, K.
K., Koshnood, B., Landau, D., Mutchinick, O. M., Pierini, A., Ritvanen,
A., Ruddock, V., Scarano, G., Sibbald, B., Sipek, A., Tenconi, R., Tucker,
D, & Annerén, G. (2010). International Trends of Down Syndrome
1993-2004: Births in Relation to Maternal Age and Terminations of Pregnancies.
Birth Defects Research Part A, 88, 474-479.

Contestabile, A., Ciani, E., & Contestabile, A. (2008). The place of choline
acetyltransferase activity measurement in the “cholinergic hypothesis”
of neurodegenerative diseases. Neurochemical Research, 33(2), 318-327.

Cornish, K., Munir, E, & Wilding, ]. (2003). Perfil neuropsicolégico y
conductual de los déficit de atencién en el sindrome de X fragil. Revista
de Nenrologia, 33, 24-29.

De la Monte, S. M., & Hedley-Whyte, E. T. (1990) Small cerebral
hemispheres in adults with Down’s syndrome: contributions of
developmental arrest and lesions of alzheimer’s disease. Journal of
Neuropathology & Experimental Neurology, 49, 509-520.

Devlin, L., & Morrison, P. J. (2004a) Accuracy of the clinical diagnosis of
Down syndrome. Ulster Medical Journal, 73, 4-12.

Devlin, L., & Morrison, P. J. (2004b) Mosaic Down’s syndrome prevalence in
a complete population study. Archives of Disease in Childhood, 89, 1177-
1181.

Dierssen, M., Arqué, G., McDonald, J., Andreu, N., Martinez-Cué, C,,
Florez, J., & Fillat, C. (2011) Behavioral Characterization of a Mouse
Model Overexpressing DSCR1/ RCAN1. PLaS ONE, 6(2), 1-7.

Dierssen, M. (2012). Down syndrome: the brain in trisomic mode. Nature
Review Nenroscie, 13(12), 844-858.

Donato, R. (2003). Intracellular and extracellular roles of S100 proteins.
Microscopy Research and Technique, 60, 540-551.

Dong, H., Csernansky, C. A., Martin, M. V., Bertchume, A., Vallera, D., &
Csernansky, J. G. (2005). Acetylcholinesterase inhibitors ameliorate
behavioral deficits in the Tg2576 mouse model of Alzheimer’s disease.
Psychopharmacology, 181, 145-152.

Dreux, S., Olivier, C., Dupont, J., Leporrier, N., Study Groupt, Oury, J., &
Muller, E (2008). Maternal serum screening in cases of mosaic and
translocation Down syndrome. Prenatal Diagn, 28, 699-703.

Edgin, J. O., Pennington, B. E, & Mervis, C. B. (2010). Neuropsychological
components of intellectual disability: the contributions of immediate,
working, and associative memory. Journal of Intellectnal Disability Research,
54(5), 406-417.

Epstein, C. J. (2000). Genetic dissection of region associated with behavioral
abnormalities in mouse models for Down syndrome. Pediatric Research,
48, 606-613.

Fernandez, F,, & Garner, C. C. (2008). Episodic-like memory in Ts65Dn, a
mouse model of Down syndrome. Bebavioural Brain Research, 188(1),
233-237.

Filder, D. J., Philofsky, A., & Hepburn, S. L. (2007). Language Phenotpes
and Intervention Planning: Bridging Research and Practice. Mental Re-
tardation and Developmental Disabilities Research Reviews, 13, 47-57.

Frangou, S., Aylward, E., Warren, A., Sharma, T., Barta, P, & Pearlson, G.
(1997). Small planum temporale volume in Down’s syndrome: a
volumettic MRI study. Awerican Journal Psychiatry, 154, 1424-1429.

Galante, M., Jani, H., Vanes, L., Daniel, H., Fisher, E. M. C., Tybulewicz, L.
J., Bliss, T. V. P, & Morice, E. (2009). Impairments in motor
coordination without major changes in cerebellar plasticity in the Tcl
mouse model of Down syndrome. Human Molecular Genetics, 18(8),
1449-1463.

Galdzicki, Z., & Siatey, R. J. (2003). Understanding mental retardation in
Down’s syndrome using trisomy 16 mouse models. Genes, Brain and
Behavior, 2, 167-178.

Galeote, M., Soto, P, Sebastidn, E., Rey, R.,, & Checa, E. (2012). La
adquisicién del vocabulario en nifios con sindrome de Down: datos

anales de psicologia, 2014, vol. 30, n° 1 (enero)

Camino Ferndndez-Alearaz y Fernando Carvajal Molina

normativos y tendencias de desarrollo. Infancia y Aprendizaje, 35(1), 111-
122.

Gardiner, K. L. (2009). Molecular basis of pharmacotherapies for cognition
in Down syndrome. Trends in Pharmacological Sciences, 31(2), 66-73.

Gedye, A. (1991). Serotonergic treatment for aggression in a Down’s
Syndrome adult showing signs of Alzheimer’s Disease. Journal of Mental
Deficiency Research, 35, 247-258.

Geldmacher, D. S, Lerner, A. J., Voci, ]. M., Noelker, E. A., Somple, L. C., &
Whitehouse, P. J. (1997). Treatment of functional decline in adults with
Down syndrome using selective serotonin-reuptake inhibitor drugs.
Journal of Geriatric Psychiatry and Neurology, 10, 99-04.

Golden, J. A.,, & Hyman, B. T. (1994). Development of the superior
temporal neocortex is anomalous in trisomy 21. Journal Neuropathology &
Experimental Nenrology, 53, 513-52.

Granholm, A. C, Sanders, L. A., & Crnic, L. S. (2000). Loss of cholinergic
phenotype in basal forebrain coincides with cognitive decline in a
mouse model of Down’s syndrome. Experimental Neurology, 161, 647—
663.

Gulesserian, T., Engidawork, E., Cairns, N., & Lubec, G. (2000). Increased
protein levels of serotonin transporter in frontal cortex of patients with
Down syndrome. Neuroscience Letters, 296, 53-57.

Head, E., Azizeh, B. Y., Lott, I. T., Tenner, A. J., Cotman, C. W.,, & Cribbs,
D. H. (2001). Complement association with neurons and betaamyloid
deposition in the brains of aged individuals with Down Syndrome.
Neurobiology of Disease, 8, 252-265.

Hirayama T., Kobayashi T., Fujita T., & Fujino O. (2004). Two cases of adult
Down syndrome treated with selective serotonin re-uptake inhibitor for
behavior disorders. No To Hattatsu, 36(5), 391-394.

Hunter, C. L., Bachman, D., & Granholm, A. C. (2004). Minocycline
prevents cholinergic loss in a mouse model of Down’s syndrome.
Annals of Nenrology, 56(5), 675-688.

Jarrold, C., Nadel, L., & Vicari, S. (2008). Memory and Neuropsychology in
Down Syndrome. Down Syndrome Research and Practice Review, 68-73.

Jernigan, T. L., Bellugi, U., Sowell, E., Doherty, S., & Hesselink, J. R. (1993).
Cerebral morphologic distinctions between Williams and Down
Syndromes. Archives Neurology, 50, 186-191.

Kahlem P. (2006). Gene-dosage effect on chromosome 21 transcriptome in
Trisomy 21: implication in Down syndrome cognitive disorders. Bebavior
Genetics, 36, 416-428.

Kalsbeek, A., Buijs, R. M., Hofman, M. A., Matthijssen, M. A., & Pool, C. W.
(1987) Uylings HB. Effects of neonatal thermal lesioning of the
mesocortical dopaminergic projection on the development of the rat
prefrontal cortex. Brain Research, 429, 123-132.

Kesslak, J. P, Nagata, S. F, Lott, I, & Nalcioglu, O. (1994). Magnetic
resonance imaging analysis of age-related changes in the brains of
individuals with Down’s syndrome. Nexrology, 44(6), 1039-1045.

Kittler, P, Krinsky-McHale, S., ], & Devenny, D. A. (2006). Verbal
intrusions precede memory decline in adults with Down syndrome.
Journal of Intellectual Disability Research, 50(1), 1-10.

Krasuski, J. S., Alexander, G. E., Horwitz, B., Rapoport, S. 1., & Schapiro, M.
B. (2002). Relation of medial temporal lobe volumes to age and
memory function in nondemented adults with Down’s syndrome:
implications for the prodromal phase of Alzheimer’s disease. Awerican
Journal Psychiatry, 159, 74-81.

Krinsky-McHale, S. J., Kittler, P., Brown, W. T\, Jenkins, E. C., & Devenny,
D. A. (2005). Repetition Priming in Adults With Williams Syndrome:
Age-Related Dissociation Between Implicit and Explicit Memory. Awmer-
ican Journal on Mental Retardation, 110(6), 482-496.

Lanfranchi, S., Jerman, O., Dal, E., Alberti, A., & Vianello, R. (2010).
Executive function in adolescents with Down syndrome. Journal of
Intellectual Disability Research, 54(4), 308-319.

Larsen, K. B,, Laursen, H., Graem, N., Samuelsen, G. B., Bogdanovic, N., &
Pakkenberg, B. (2008). Reduced cell number in the neocortical part of
the human fetal brain in Down syndrome. Annals of Anatomy, 190, 421-
427.

Lejeune, J., Gautier, M., & Turpin, R. A. (1959). Mongolisme; une maladie
chromosomique (ttisomy). Bulletin de I'Académie nationale de niédecine, 143,
256-2065.

Liu, C,, Belichenko, P. V., Zhang, L., Fu, D., Kleschevnikov, A. M., Baldini,
A., Antonarakis, S. E., Mobley, W. C., & Yu, Y. E. (2011). Mouse Models



http://jgp.sagepub.com/
http://www.springerlink.com/link.asp?id=105485
http://www.springerlink.com/link.asp?id=105485

Cytogenetic and Neurobiological Advances in Down syndrome 353

for Down Syndrome-Associated Developmental Cognitive Disabilities.
Developmental Neuroscience, 33, 404-413.

Loeches, A., Iglesias, J., & Carvajal, E (1991). Psicobiologfa del sindrome de
Down. Estudios de Psicologia, 46, 107-128.

Lopes, C., Chettouh, Z., Delabar, J. M., & Rachidi, M (2003). The
differentially expressed C2lorf5 gene in the medial temporal-lobe
system could play a role in mental retardation in Down syndrome and
transgenic mice. Biochemical and Biophysical Research Communications, 305,
915-924.

Lott, L. T, Patterson, D., & Mailick, M. (2007). Towards a Research Agenda
for Down Syndrome. Mental Retardation and Developmental Disabilities, 13,
288-289.

Lott, I, & Dierssen, M. (2010). Cognitive deficits and associated
neurological complications in individuals with Down’s syndrome. The
Lancet Neurology, 9, 623-633.

Lyle, R., Gehrig, C., Neergaard-Henrichsen, C., Deutsch, S., & Antonarakis,
S. E. (2004). Gene expression from the aneuploid chromosome in a
trisomy mouse model of Down syndrome. Genome Research, 14, 1268-
1274.

Mann, D. M., & Esiri, M. M. (1989). The pattern of acquisition of plaques
and tangles in the brains of patients under 50 years of age with Down’s
syndrome. Journal of Neurological Science, 89, 169-179.

Mann, D. M., Yates, P. O, Marcyniuk, B., & Ravindra, C. R. (1985).
Pathological evidence for neurotransmitter deficits in Down’s syndrome
of middle age. Journal of Mental Deficiency Research, 29(2), 125-135.

Mardomingo, M. J. (1995). Sindrome de Down: Nuevas Perspectivas desde
la Patologfa Médica. En Mardomingo, M. ], Zulueta, M. 1., Vazquez, ].,
Lépez, A., Ramén, M. L., & Garcia, P. (Eds.), E/ Sindrome de Down Hoy:
Perspectivas para el futuro (pp. 15-59). Madrid: Nueva Imprenta.

Martinez, M., Bortolozzi, A., Gispert, J., Millin, O., Artigas, E, Fillat, C., &
Dierssen, M. M. (2008). Ageing in Down Syndrome: DYRKIA As a
Candidate Gene for Cognitive Decline. International Medical Journal on
Down Syndrome, 12(3), 34-40.

Mégarbane, A., Ravel, A., Mirche, C., Sturtz, F, Grattau, Y., Rethoré, M.,
Delabar, J., & Mobley, W. C. (2009). The 50th anniversary of the
discovery of trisomy 21: The past, present, and future of research and
treatment of Down syndrome. Genetics in Medicine, 11(9), 611-616.

Menghini, D., Costanzo, E, & Vicari, S. (2011). Relationship Between Brain
and Cognitive Processes in Down Syndrome. Bebavior Genetics, 41, 381-
393.

Millan, M., Heyn, S. N., Das, D., Moghadam, S., Martin, K. J., & Salehi, A.
(2012). Neurobiological elements of cognitive dysfunction in Down
syndrome: exploring the role of APP. Biolgical Psychiatry, 71(5), 403-409.

Mortis J. K., & Alberman E. (2009) Trends in Down’s syndrome live births
and antenatal diagnoses in England and Wales from 1989 to 2008:
analysis of data from the National Down Syndrome Cytogenetic
Register. British Medical Journal, 339, 3794-3199.

Nadel, L. (2003). Down’s syndrome: a genetic disorder in biobehavioral
perspective. Genes, Brian and Behavior, 2, 156-1606.

National Institute of statistics-INE. (2008). Encuesta de Discapacidad,
Autonomia personal y situaciones de Dependencia (EDAD). Madrid: Instituto
Nacional de Estadistica, Ministerio de Trabajo y Asuntos Sociales y
Fundacién ONCE. Recuperado de
http:/ /www.ine.es/jaxi/tabla.do?type=pcaxis&path=/t15/p418 /22008
/hogares/p02/modulo1/10/&file=03028.px

O’Dobherty, A., Ruf, S., Mullingan, C., Hildreth, V., Errington, M. L., Cooke,
S., Sesay, A., Modino, S., Vanes, L., Hernandez, D., Linechan, J. M.,
Sharpe, P. T., Brandner, S., Bliss, T. V., Henderson, D. J., Nizetic, D,,
Tybulewicz, V. L., & Fisher, E. M. (2005). An aneuploid mouse strain
carrying human chromosome 21 with Down syndrome phenotypes.
Science, 309, 2033-2037

Olson, L. E., Roper, R. ], Baxter, L. L., Carlson, E. J., Epstein, C. J., &
Reeves, R. H. (2004). Down syndrome mouse models Ts65Dn, Ts1Cje,
and Ms1Cje/ Ts65Dn exhibit variable severity of cerebellar phenotypes.
Developmental Dynamics, 230, 581-589.

Olson, L. E., Roper, R. J., Sengstaken, C. L., Peterson, E. A., Aquino, V.,
Galdzicki, Z., Siarey, R., Pletnikov, M., Moran, T. H., & Reeves, R. H.
(2007). Trisomy for the Down syndrome “critical region” is necessary
but not sufficient for brain phenotypes of trisomic mice. Human
Molecular Genetics, 16, 774-782.

Parajua-Pozo, J. L., & Casis-Arguea, S. (2000). Sindrome de Down y demen-
cia. Revista de Neurologia, 31, 126-128.

Park, J., Song, W, & Chung, K. C. (2009). Function and regulation of
Dyrk1A: towards understanding Down syndrome. Cel/ Mol Life Sci, 66,
3235-3240.

Patterson, D. (2007). Genetic Mechanisms Involved in the Phenotype of
Down Syndrome. Mental Retardation and Developmental Disabilities Research
Review, 13,199-206.

Pearlson, G. D., Breiter, S. N., Aylward, E. H., Warren, A. C., Grygorcewicz,
M., & Frangou, S. (1998). MRI brain changes in subjects with Down
syndrome with and without dementia. Developmental Medicine & Child
Neurology, 40, 326-334.

Petersen, M. B., Tranebjaerg, L., McCormick, M. K., Michelsen, N.,
Michelsen, M., & Anonarakis, S. E. (1990). Clinical cytogenetic, and
Molecular genetic characterization of two unrelated patiens with
different duplications of  21q. Awmerican jonrnal of medical genetics.
Supplement, 7, 104-109.

Pinter, J. D,, Brown, W. E., Eliez, S., Schmitt, ]. E., Capone, G. T., & Reiss, A.
L. (2001). Amygdala and hippocampal volumes in children with Down
syndrome: a high- resolution MRI study. Nexrology 56, 972-974.

Pinter, J. D, Eliez, S., Schmitt, J. E., Capone, G. T., & Reiss, A. L. (2001).
Neuroanatomy of Down’s syndrome: a high-resolution MRI study.
American Journal Psychiatry, 158, 1659-1665.

Prasher, V. P. (2004). Review of donepexil, rivastigmine, galantamine and
memantine for treatment of dementia in Alzheimer’s disease in adults
with Down syndrome: implications for the intellectual disability
population. International Journal of Geriatric Psychiatry, 19, 509-515.

Prasher, V., Cumella, S., Natarajan, K., Rolfe, E., Shah, S., & Haque, M. S.
(2003). Magnetic resonance imaging Down’s syndrome and Alzheimer’s
disease: research and clinical implications. Journal of Intellectnal Disability
Research, 47(2), 90-100.

Rachidi, M., & Lopes, C. (2008). Mental retardation and associated
neurological dysfunctions in Down syndrome: A consequence of
dysregulation in critical chromosome 21 genes and associated molecular
pathways. European Jonrnal of Paediatric Neurology, 12, 168-182.

Represa, A., & Ben-Ari, Y. (2005). Trophic actions of GABA on neuronal
development. Trends in Neurosciences, 28, 278-283.

Rowe, J,, Lavender, A., & Turk, V. (2006). Cognitive executive function in
Down’s syndrome. British Journal of Clinical Psychology, 45(1), 5-17.

Rueda, N, Llorens-Martiin, M., Flérez, J., Valdeizan, E., Banerjee, P, Trejo, J.
L., & Martinez-Cué, C. (2010). Memantine normalizes several
phenotypic features in the Ts65Dn mouse model of down syndrome.
Journal of Alzheimer’s Disease, 27(1), 277-290.

Ruggieri,V. L., & Arberas, C. L. (2003) Fenotipos conductuales. Patrones
neuropsicolégicos biolégicamente determinados. Revista de Neurologia,
37,239-253.

Sago, H., Catlson, E. J., Smith, D. J., Rubin, E. M., Crnic, L. S., Huang, T. T.,
& Epstein, CJ. (2000). Genetic dissection of region associated with
Behavioral abnormalities in mouse models for Down syndrome.
Pediatric Research, 48, 606-613.

Salehi, A., Delcroix, ]. D., Belichenko, P. V., Zhan, K., Wu, C., Valletta, J. S.,
Takimoto-Kimura, R., Kleschevnikov, A. M., Sambamurti, K., Chung, P.
P, Xia, W, Villar, A., Campbell, W. A., Kulnane, L. S., Nixon, R. A,
Lamb, B. T., Epstein, C. J., Stokin, G. B., Goldstein, L. S., & Mobley, W.
C. (20006). Increased App expression in a mouse model of Down’s
syndrome disrupts NGF transport and causes cholinergic neuron
degeneration. Newron, 51, 29-42.

Salehi, A., Faizi, M., Belichenko, P. V., & Mobley, W. C. (2007). Using Mouse
Models to Explore Genotype-Phenotype Relationship in Down
Syndrome. Mental Retardation and Developmental Disabilities Research Reviews,
13,207-214.

Salehi, A., Faizi, M., Colas, D., Valleta, J., Laguna, J., Takimoto-Kimura, R.,
Kleschevnikov, A., Wagner, S. L., Aisen, P., Shamloo, M., & Mobley, W.
C. (2009). Restoration of norepinephrine- modulated contextual
memory in a mouse model of Down syndrome. Science translational
medicine, 1(7), 7-17.

Scott, B. S., Becker, L. E., & Petit, T. L. (1983). Neurobiology of Down's
syndrome. Progress in Neurobiology, 21, 199-237.

Scorza, C. A., & Cavalheiro, E. A. (2011). Animal models of intelectual
disability: towards a translational approach. Clinies, 66(S1), 55-63

anales de psicologia, 2014, vol. 30, n° 1 (enero)



354

Seidl, R., Kaehler, S. T., Prast, H., Singewald, N., Cairns, N., Gratzer, M., &
Lubec, G. (1999). Serotonin (5-HT) in brains of adult patients with
Down syndrome. Journal of Neural Transmission, 57(suppl.), 221— 232.

Serés, A., Cuatrecasas, E., & Catala, V. (2005). Genética, diagndstico prenatal
y consejo genético. En Corretger, J. M., Serés, A., Casaldaliga, J., Trias,
K. (Eds.), Sindrome de Down: Aspectos médicos actiiales (pp. 3-20). Barcelona:
Masson.

Sherman, S. L., Freeman, S. B., Allen, E. G., & Lamb, N. E. (2005). Risk
factors for nondisjunction of trisomy 21. Cytogenetic and Genome Research,
111, 273-280.

Siarey, R. J., Villar, A. J,, Epstein, C. J., & Galdzicki, Z. (2005). Abnormal
synaptic plasticity in the Ts1Cje segmental trisomy 16 mouse model of
Down syndrome. Neurgpharmacology, 49, 122-128.

Silverman, W. (2007). Down Syndrome: Cognitive Phenotype. Mental
Retardation and Developmental Disabilities, 13, 228-236.

Simén, A., Schiapparelli, L., Salazar-Colocho, P, Salazar-Colocho, P,
Cuadrado-Tejedor, M., Escribano, L., Lopez, R., Del Rio, J., Pérez-
Mediavilla, A., & Frechilla, D. (2009). Overexpression of wild-type
human APP in mice causes cognitive deficits and pathological features
unrelated to AB levels. Neurobiology of Disease, 33(3), 369-378.

Sturgeon, X., & Gardiner, K. ]. (2011). Transcript catalogs of human
chromosome 21 and orthologous chimpanzee and mouse regions.
Mammalian Genome, 22, 261-271.

Teipel, S. J., Schapiro, M. B., Alexander, G. E., Krasuski, |. S., Horwitz, B., &
Hoehne, C. (2003). Relation of corpus callosum and hippocampal size
to age in nondemented adults with Down’s syndrome. Awerican Journal
Psychiatry, 160, 1870-1878.

The chromosome 21 mapping and sequencing consortium. (2004). Finishing
the euchromatic sequence of human genome. Nazure, 431, 931-945.
Vacano, G. N,, Duvak, N., & Patterson, D. (2012). The Use of Mouse
Models for Understanding the Biology of Down Syndrome and Aging.

Current Gerontology and Geriatrics Research, 2012, 1-20.

Vicari, S. (2004). Memory development and intellectual disabilities. _Aecta
Pacediatrica Supplement, 445, 60-64.

Vicari, S. (2006). Motor Developmental and Neuropsychological Patterns in
Person with Down Syndrome. Bebavior Genetics, 36(3), 355-364.

Vicari, S., Caselli, M. C., Gagliardi, C., Tonucci, E, & Volterra, V. (2002).
Language acquisition in special populations: a comparison between

anales de psicologia, 2014, vol. 30, n° 1 (enero)

Camino Ferndndez-Alearaz y Fernando Carvajal Molina

Down and Williams syndromes. Nexropsychologia, 40, 2461-2470.

Vicati, S., Marotta, L., & Catlesimo, G. A. (2004). Verbal short-term memory
in Down's syndrome: An articulatory loop deficit? Journal of Intellectnal
Disability Research, 48(2), 80-92.

Villar, A. J., Belichenko, P. V., Gillespie, A. M., Kozy, H. M., Mobley, W. C., &
Epstein, C. J,, (2005). Identification and characterization of a new
Down syndrome model, Ts[Rb(12.1716)]2Cje, resulting from a
spontaneous Robertsonian fusion between T(1716)65Dn and mouse
chromosome 12. Mammalian Genome, 16, 79-90.

Vuksic, M., Petanjek, Z., Rasin, M., & Kostovic, 1. (2002). Perinatal growth
of prefrontal layer III pyramids in Down syndrome. Pediatric Neurology,
27(1), 36-38.

Whitaker-Azmitia, P. M. (2001) Serotonin dysfunction and human develop-
mental disorders. Brain Research Bulletin, 56, 479-486.

White, N. S., Alkire, M. T., & Haier, R. ]. (2003). A voxel-based
morphometric study of nondemented adults with Down Syndrome.
Neuroimage, 20, 393-403.

Whitehouse, P. ], Price, D. L., Struble, R. G., Clark, A. W,, Coyle, ]. T, &
Delon, M. R. (1982). Alzheimer’s disease and senile dementia: loss of
neurons in the basal forebrain. Science, 215, 1237-1239.

Whittle, N., Simone, B., Dierssen, S. M., Lubec G., & Singewald, N. (2007).
Fetal Down Syndrome Brains Exhibit Aberrant Levels of
Neurotransmitters Critical for Normal Brain Development. Pediatrics,
12,1465-1471.

Wilkie, A. O., Amberger, J. S., & McKusick, V. A. (1994). A gene map of
congenital malformations. Journal of Medical Genetics, 31, 507-517.

Wisniewski, K. E., Wisniewski, H. M. & Wen, G. Y. (1985). Occurrence of
neuropathological changes and dementia of Alzheimer's disease in
Down's syndrome. Annals of Nenrology, 17(3), 278-282.

Yabut, O., Domagauer, ], & D’Arcangelo, G. (2010). DyrklA
overexpression inhibits proliferation and induces premature neuronal
differentiation of neural progenitor cells. The Journal of Neuroscience, 30,
4004-4014.

Yates, C., Simpson, J, & Gordon, A. (1986). Regional brain 5-
hydroxytryptamine levels are reduced in senile Down's syndrome as in
Alzheimer's disease. Neuroscience 1etters, 65, 189-192.

(Article received: 3-07-2011; reviewed: 16-11-2012; accepted: 23-01-2013)



