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The brain in Down syndrome (TRISOMY 21)

Introduction

Down syndrome (DS) is the most common human ge-
netic disorder that occurs at a rate of 1 in 700–800 live
births. More than 99 % of the individuals with DS have
an extra copy of the entire chromosome 21, 95 % of
which are free trisomies and the remainder are mosaics
or have translocations.DS involves dysmorphic features,
which collectively constitute its distinctive physical phe-
notype, endocardial and immunological defects, hema-
tological and endocrinal alterations, behavioral and
cognitive deficits, mental retardation, and hypotonia,
[21]. In addition, numerous studies have documented
the presence of senile plaques and neurofibrillary tan-
gles, hallmarks of Alzheimer’s disease (AD).

Although most of the aforementioned clinical fea-
tures of DS are often inconsistent in their occurrence,
mental retardation remains the invariable hallmark of

this disorder [21]. The nature of the brain defect, how-
ever, has not yet been fully elucidated and no consistent
specific pathological finding has ben described so far.
Several hypotheses that range from the gene dosage ef-
fect through the amplified developmental instability to
the molecular misreading concept [21, 60, 70, 77] have
been put forward to explain the neuropathological
changes observed in this disorder. However important
these hypotheses for basic principles and research con-
cepts of DS may be, we designed this review to give fur-
ther insight into the molecular processes underlying DS
neuropathology based on published data and discuss
their relevance to one of the hypotheses when applicable.

■ The neuropathological changes

DS brains are characteristically small, rounded, fore-
shortened, and exhibit a steep rise of the occipital lobes,
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is not completely understood. Dif-
ferent hypotheses have been ad-
vanced to explain this mystery, in-
cluding the gene dosage effect, the
amplified developmental instabil-
ity, and the molecular misreading
concept. Overexpression of genes
residing in chromosome 21 has
been assumed to be a central point
in the neuropathology of DS, al-
though reports disagreeing with
this notion have also been pub-
lished. In addition, an accumulat-
ing body of evidence indicates that
genes located on other chromo-
somes are also involved in the
process. DS thus appears to be a
disease process involving nume-

rous gene products and this inter-
action and interplay in the final
analysis determines the outcome of
the disease. In this regard, tran-
scription factors, reactive oxygen
species and apoptosis related pro-
teins are viewed as potential candi-
dates that play a significant role in
the disease process. Therapeutic
modalities that target these factors
including antioxidants and caspase
inhibitors might have some benefit
in alleviating the symptoms of DS.

■ Key words Down syndrome ·
transcription factors · oxidative
stress · apoptosis · superoxide
dismutase · brain · caspases
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extreme narrowing of the superior temporal gyri, in-
complete opercularization with exposure of the insular
cortex, and reduced secondary sulcal development [17].
These abnormalities are largely due to diminished and
malformed growth of the frontal and temporal lobes
secondary to impaired neuronal differentiation [43].
Others share this view [11, 15] and add that brain weight
is usually in the low normal range and brain stem and
cerebellum are small in relation to the cerebral hemi-
spheres. Moreover, the anterior commissure in adults
with DS is reduced in cross-sectional area [75].All these
macroscopical findings, however, are neither absolutely
specific nor consistent [67].

Histological changes observed in DS brain include
abnormalities in cortical lamination, irregular cluster-
ing of neuronal cell bodies, muted dendritic arboriza-
tion and proliferation of dystrophic neurites. This corti-
cal neuritic pathology is associated with increased
phospho-tau and consistently accompanied by aberrant
expression of genes that are normally modulated with
neuritic growth during development, regeneration and

degeneration, including growth associated protein
(GAP-43), neuronal thread protein (NTP) and nitric ox-
ide synthase 3 (NOS3) (Fig. 1) [17]. Microglia are promi-
nent and vascular dysplasias with focal calcification in
basal ganglia can be found [17]. Nerve cell heterotopias
in the white layers of the cerebellum indicate distur-
bance of embryonic cell migration [61]. Abnormalities
in morphology and number of dendritic spines includ-
ing atrophy of the dendritic tree of visual cortex have
been described [5, 6, 52, 76]. Other reported defects in
brain histogenesis are poverty of granular cells through-
out the cortex, decreased neuronal densities in layers II
and IV of the occipital cortex [81],and diminution in the
number of hypothalamic neurons [80]. There is also ev-
idence for abnormalities of neuronal differentiation and
abnormal migration in fetal and infant brain [21]. Neu-
ronal loss is prominent from birth onwards [11, 14, 82]
but a consistent picture of the “wiring’’of the brain in DS
has not yet emerged.

It is of clinical interest to note that virtually all DS pa-
tients develop AD-like pathological changes by the

Fig. 1 Neuritic and glial sprouting in brains with DS:
detected with monoclonal antibodies to phospho-
neurofilament (A), neuronal thread protein (B1, B2),
nitric oxide synthase3, NOS3 (C, D), and the growth
associated protein, GAP-43 (E, F). Immunoreactivity
was revealed with the avidin-biotin horseradish per-
oxidase labeling system using diaminobenzidine as
the chromogen (dark brown precipitate). The sec-
tions were counterstained with hematoxylin to pro-
vide a light blue contrast for unlabelled structures.
Neuritic sprouts are vesicular (A) or coarse-granular
to punctate in morphology (B, C, E). Glial sprouts are
mainly punctate and often juxtaposed to glial cell nu-
clei (D, E). Courtesy of Dr. de la Monte.
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fourth decade of life [50, 66]. Accumulation of senile
plaques, beta amyloid deposits and neurofibrillary tan-
gles occur from that time point, representing or may be
leading to AD neurodegeneration. Neurohistological
features, however, are complex and variable. Although it
is accepted that DS patients show AD-like neuropatho-
logical changes, there are subtle differences between DS
and AD histopathology [11, 51].

■ What leads to the neuropathological changes?

It is becoming increasingly clear that the overall DS ab-
normality is caused by altered expression of more than
a single gene. Indeed, the process involves a multitude of
gene products and the interplay between these products
appears to determine the outcome of DS.

Transcription factors/protooncogenes

We realize from neuropathological findings that the ab-
normal molding of brain in DS is a molecular miscon-
ception resulting from a serious deterioration of the
concerted action of factors normally modeling and
wiring the brain. The major factors for the complex
structuring of the brain are thousands of transcription
factors (TFs) which wax and wane during different
phases of brain development and wiring, thus enabling
the required mass of information necessary for histoar-
chitectonics. TFs are not only key regulators of building
the brain, but also are central in cross-talks among cells
and signaling molecules. TFs for e. g. homeobox genes,
TFs with the POU domain, helix-loop-helix motifs,
leucine-zippers and forkhead genes, determine prolife-
ration, programmed cell death and differentiation of
neurons and glial cells and thus mainly control and con-
tribute to forming the brain.The reader is referred to the
excellent reviews on this intriguing subject [3, 33].

Although a series of TFs are encoded on chromo-
some 21 [9, 12, 13], no systematic quantification of these
TFs has been carried out in DS brain. Thus, to gain an
understanding of how extra gene load affects TFs en-
coded on chromosome 21, the expression of Ets-2 was
investigated. Ets-2 is a proto-oncogene and TF ubiqui-
tously expressed and involved in organogenesis. It is en-
coded on genes residing in the so-called “critical region’’
of chromosome 21. The expression of Ets-2 was deter-
mined by RT-PCR in several brain regions of controls
and DS patients as well as in heart biopsies obtained fol-
lowing surgery [27, 28, 44].

Surprisingly, Ets-2 was not over-expressed in any of
the brain regions examined, but significantly decreased
in frontal and temporal lobes of patients with DS. In
heart, Ets-2 levels were comparable between DS and
controls. This finding challenged the over-expression

hypothesis by indicating that over-expression per se can
not fully account for the DS phenotype. Indeed, given
the role of Ets-2 in organogenesis, over-expressed Ets-2
would have been able to explain the dysmorphic fea-
tures, brain, heart and immunological pathologies, and
last but not least the increased leukemia rate found in
DS. The deranged Ets-2 in our studies point to an in-
volvement of this TF in the pathomechanisms of DS and
Ets-2 deterioration would also interfere with plasticity
of the brain in all age groups.

Ets-family members appear to require co-operation
with other factors for their activity (Fig. 2). Ets-2 ab-
solutely requires Fos and Jun for activation of the onco-
gene-responsive unit of the polyoma virus enhancer
[79] and the Ets-like motif of the Fos promoter is re-
quired in conjunction with the Fos-AP-1 motif for in-
duction of promoter activity [30].

Gene hunting for aberrant gene expression using
subtractive hybridization in fetal DS brain has indeed
revealed down-regulation of a sequence with 100 % ho-
mology with the TF JunD. Studies at the protein level
showed that JunD was decreased in temporal, frontal
cortex and cerebellum of patients with DS [46]. The Jun
family of TFs or transcription regulator proteins, are
components of the AP-1 transcription factors, which
consist of three members: c-Jun, JunB and JunD. These
proteins share a high degree of homology at the primary

Fig. 2 Interaction of reactive oxygen species (ROS) with transcription factors (TFs):
Ets-2 a TF encoded on chromosome 21 may not interact directly with ROS, but as it
co-operates with the AP-1 TFs (c-Fos and JunD) this co-operation probably provides
a link between Ets-2 and ROS. All the other TFs are capable of interacting directly
with ROS by which one modulates the function of another. Oxidative stress leads to
an increase in c-Fos expression, an event linked to apoptosis and reduced synaptic
plasticity, whereas decreases JunD, a protein that up-regulates antioxidant re-
sponse element (ARE) mediated expression and coordinated induction of detoxify-
ing enzymes in response to oxidative insults. ROS can increase the expression of
p53 and Fas. Likewise, p53 and Fas can lead to increased ROS production indicating
a feed-forward mechanism to ensure death of the cell committed to die. ROS acti-
vate cytoplasmic NF-κB by inducing phosphorylation and degradation of the in-
hibitory NF-κB proteins. Following this activation, NF-κB is translocated into the
nucleus and binds κB sequences on its target genes to modulate their expression.
Unlike the other TFs, Bcl-2 displays antioxidant properties by acting as a non-reac-
tive free radical scavenger.
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sequence level but are functionally different. It has re-
cently been shown that mouse JunD negatively regulates
fibroblast growth and antagonizes transformation by
the proto-oncogene Ras [59]. The study clearly demon-
strated that c-Jun decreases while JunD accumulates
when fibroblasts become quiescent; when resting cells
were stimulated, nuclear localized JunD was rapidly de-
graded. Over-expression of JunD resulted in slower
growth and an increase in the percentage of cells in
G0/G1, whereas c-Jun over-expression produced larger
S/G2 and M phase populations. JunD furthermore par-
tially suppressed transformation of cells by activated TF
Ras, whereas c-Jun co-operated with Ras to transform
cells. The finding of reduced JunD in DS brain may be of
relevance for the pathological findings given above as
the TF AP-1 was shown to be involved in neurogenesis
[41, 58]. Moreover, the association of JunD with other
nuclear TFs to up-regulate mechanisms critical to cellu-
lar protection against oxidative stress [78] argues for the
importance of this TF in DS pathology.

The aforementioned interaction between Fos and
Ets-2 along with the importance of Fos in plasticity and
long-term potentiation, the experimental basis for cog-
nitive functions such as memory and learning [38, 62],
prompted us to investigate c-Fos levels in DS brain by
RT-PCR [26]. We found a significantly and remarkably
increased c-Fos mRNA steady state in frontal, parietal
and temporal cortices of DS brain. This observation can
be linked to impaired plasticity, overexcitation [32],
apoptosis, oxidative stress [10], and to the impairment
of the concerted action of TFs in DS brain.

Taken together, the presence of a large number of TFs
with diverse sequence-specific interactions with DNA
sites and amongst themselves, and their ability to be
modified in response to a variety of environmental cues
and intracellular signals, provide combination codes for
highly complex and yet highly organized patterns of
gene expression that are likely to determine the diversity
of neuronal phenotypes. The shown impairment of this
TF system may reasonably explain the molecular bio-
logical basis for the maldevelopment and pathology of
DS brain.

Reactive oxygen species

Reactive oxygen species (ROS) are compounds that have
a lone electron in their outer orbit. This electron config-
uration confers to the compound an unusual reactivity.
As a result, ROS have a tendency to attack neighboring
molecules in reactions that can be propagated in an au-
tocatalytic manner. The important production sites of
such ROS (e. g. the superoxide (.O2

-) and hydroxyl (.OH)
species) are the mitochondrial respiratory chain and the
sequences catalyzed by cyclo-oxygenases and lipo-oxy-
genases.

The link between TFs/proto-oncogenes and reactive
oxygen species (ROS) in general has been addressed
previously [54]. More specifically, TFs for e. g. Fos (see
above) and nuclear factor kappa B (NF-kB), [40] de-
ranged in DS brain [45], have been shown to strongly
interact with the redox system (Fig. 2). And this is a
checkpoint where molecular biology meets ROS-bio-
chemistry.

Considerations that ROS are involved in the patho-
genesis of DS date back two decades [21, 71, 72]. A mile-
stone in this development was the concept that SOD1,
encoded by the so-called DS critical region [70] on chro-
mosome 21 was over-expressed as a result of gene
dosage effect [2, 21]. The gene coding for SOD1 is local-
ized to chromosomal region 21q22.1. SOD1 catalyses
dismutation of superoxide anions to hydrogen peroxide,
which in turn is detoxified by glutathione peroxidase
(Gpx) and catalase. This two-step process leads to the
elimination of hydrogen peroxide and other noxious
radicals. If SOD1 is over-expressed without a concomi-
tant increase in Gpx and catalase, increased hydrogen
peroxide capable of inducing apoptosis per se [57] and
potentially generating the highly reactive hydroxyl rad-
ical [49] would be produced, owing to the disturbance
between the two steps of the antioxidant pathway. There
is now evidence available that shows Gpx and catalase
levels do not increase to compensate elevated SOD1 ex-
pression in DS brain and subsequently increased hydro-
gen peroxide tissue levels could be expected and indeed
have been shown [16].

Although there is accumulating evidence that ROS
play a key role in DS, the mechanism (s) leading to gen-
eration of ROS has not yet been fully elucidated. There
is no proof that increased SOD1 leads to increased lipid
peroxidation in DS as described by several authors [35].
Although several groups have published data on lipid
peroxidation, this may not be derived from increased
SOD1, rather from mitochondrial damage or defects in
electron transfer chain enzymes and aldehyde dehydro-
genase in DS (Fig. 3) [42, 48]. On the other hand, in-
creased SOD1 (whose activity as protein expression was
never systematically studied) could be an innocent by-
stander. We addressed the possibility that increased
SOD1 is a secondary phenomenon simply brought into
play to detoxify increased superoxide anion caused by a
mechanism different from primary over-expression of
SOD1 [29]. Using a proteomic approach that unambigu-
ously identified and quantified SOD1 and SOD2 con-
comitantly, it was revealed that in brain of patients with
DS, only SOD1 encoded on chromosome 21 but not
SOD2 encoded elsewhere, was over-expressed. If both
SODs were increased, one would have suggested that
these superoxide dismutating enzymes were increased
secondarily to an increase in superoxide anion. However
attractive the proposed over-expression of SOD1 is, it fi-
nally remains open whether SOD1 is the underlying
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cause or simply an epiphenomenon. But evidence favors
the former: moderately increased SOD1 in transgenic
mice generated significant brain damage [23]. Even if el-
evated SOD1 levels were a secondary phenomenon, the
primary or secondary involvement of ROS in DS pathol-
ogy is highly probable. It has been shown that fetal DS
cortical neurons in vitro generate increased levels of
ROS, degenerate and undergo apoptosis. The extent of
degeneration and apoptosis of these neurons could be
diminished by the application of free radical scavengers
[10].

Transcription factors, reactive oxygen species 
and apoptosis – closing the circle

ROS modulate TFs and TFs modulate ROS generation;
the consequence of any imbalance may be neuronal
death and neurodegeneration in DS. What is the nature
of the interaction between TFs and the redox system?
One example for understanding of how oxidation/re-
duction reactions modify TFs is the Fos and Jun system:
Fos and Jun proteins form a heterodimeric complex that
interacts with the DNA regulatory element known as the
activator protein 1 (AP-1) binding site. Studies indicate
that oxidative modification of a single conserved cys-
teine residue in the DNA binding domain of the two pro-
teins significantly alters transcriptional activity medi-
ated by AP-1 binding factors [1]. Based on this finding

and others, it has been suggested that redox regulation
could be a general mechanism of control for TFs [1].An-
other model of how a TF interacts with the redox system
is given by bcl-2 functions in an antioxidant pathway.
Bcl-2 (Fig. 2), which is localized to mitochondria, endo-
plasmic reticula and nuclear membranes and protects
cells from hydrogen peroxide and menadione-induced
oxidative death and suppresses Iipid peroxidation. Bcl-2
also protects cells from gamma-irradiation [73], the
most potent source for free radical generation. Over-ex-
pressed bcl-2 completely inhibited cell death from as
much as 0.5 mM hydrogen peroxide [34]. Studying bcl-
2 expression in DS brain, recent data clearly showed
aberrant bcl–2 expression [64, 65], a finding confirmed
in our studies [20]. Excess hydrogen peroxide levels may
well be responsible for increased bcl-2 expression in DS
brain, if bcl-2 in DS is not up-regulated secondarily by
other TFs. Either way Bcl-2 upregulation in DS can be
viewed as a response elicited by surviving neurons to
protect themselves from an eerie of oxidative stress.

Apart from ROS-TFs interactions shown above, ROS
are interacting with a series of TFs and apoptotic factors
(Fig. 2), among them is p53, a key protein and transcrip-
tional activator that is considered as the “guardian of the
genome’’. There is fair evidence showing that p53 is
strongly associated with ROS [19, 39, 47]. p53 is essential
for cell cycle arrest and induction of apoptosis in re-
sponse to chromosomal damage [31, 63] but is also in-
volved in cell responses to a variety of insults, such as
metabolic deprivation or deranged expression of tran-
scription factors [22]. In DS it is of utmost importance
that p53-mediated apoptosis can occur both through
transcription dependent and independent mechanisms
[63].Target genes of p53 that are proposed as involved in
apoptosis include a cell cycle protein p21/WAF1, the
apoptotic protein Bax and the death receptor APO-1/
Fas (CD95) [31, 56, 63]. This provides a link between the
cell cycle, known to be deteriorated in DS [8, 55], ROS
and p53, as p53 was found to be over-expressed in DS
brain [18, 68]. In addition, p53 is co-localized with other
gene products that play a role in production of ROS and
apoptosis, such as NOS3 and amyloid β (Aβ) (Figs. 4 and
5). [17]. NOS3 is an isoform of NOS that generates nitric
oxide (NO) from arginine. The enzyme is constitutively
activated, and is expressed in central nervous system
neurons [17]. NO by itself is a free radical that can be
toxic to neuronal cells. In addition, it can react with su-
peroxide radical to generate a peroxinitrite intermediate
that subsequently decomposes to the toxic hydroxyl rad-
ical.Aβ causes hydrogen peroxide and lipid peroxide ac-
cumulation in cells [7] and was also shown to activate
caspases by cross-linking the death receptors (Figs. 3
and 6) [36,53].The aberrant expression of NOS3,Aβ and
p53 in DS brain argues for their potential role in apop-
tosis and further provides evidence for the interaction of
p53 and ROS. Since apoptosis involves damage to mito-

Fig. 3 Possible sources of reactive oxygen species (ROS): ROS are normally pro-
duced in the living cells, the major source being the mitochondria. The shift in the
equilibrium between the oxidant and antioxidant pathway to oxidant production,
results in oxidative stress. This usually occurs under pathological conditions such as
DS. Increased expression of SOD-1 in DS leads to over-production of hydrogen per-
oxide that is too large to be handled by the processing enzymes. Thus, high levels
of hydrogen peroxide would be produced which leads to cell damage directly or
through production of the more noxious hydroxyl radical. Aβ, one of the neu-
ropathological products of DS is also capable of producing ROS by itself. Decreased
aldehyde dehydrogenase activity, another biochemical feature of DS, could pro-
duce ROS, as it is the major enzyme involved in detoxifying endogenously produced
reactive carbonyls and aldehydes. ROS produced in such a way coupled to defi-
ciency in enzymes of the electron transport chain may further compromise the mi-
tochondrial respiration, leading to amplified generation of free radicals that ulti-
mately lead to cell death.
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chondria, it might lead to generation of ROS, which
could further amplify the cycle of events.

The association between p53 and CD95 is another
strong point in the ROS-pathomechanisms of DS that
supports p53 and ROS-involvement. ROS not only are
linked to p53 but also to CD95 directly (Figs. 2 and 6)
[37, 74] and deranged brain CD95 expression in DS has
been reported previously [18, 68]. CD95 belongs to the
tumor necrosis factor/nerve growth factor superfamily
of cell-surface proteins and has been shown to mediate

receptor-dependent programmed cell death. When en-
gaged by CD95 ligand, CD95 oligomers are formed on
the target cell and a signal to enter the cell’s intrinsic
apoptotic pathway is transmitted via the cytoplasmic
so-called “death domain’’, which in turn triggers the cas-
pase cascade executing apoptosis (Fig. 6) [4].

Fig. 4 Increased NOS3 (pale regions within struc-
tures) immunoreactivity associated with increased
expression of the p53 (darkly stained structures) pro-
apoptosis gene product in medium size cerebral
meningeal vessels and neuropil neurites. (A, B) The
p53 immunoreactivity is localized in nuclei of smooth
muscle cells, and the NOS3 immunoreactivity is
present in the cytoplasm of endothelial and smooth
muscle cells. (C, D) Small cortical NOS3-immunoreac-
tive vessels surrounded by p53-positive cell processes
suggesting associated degeneration of perivascular
glial cell processes. (E) Lack of NOS3 immunoreactiv-
ity in a neuritic senile plaque that has abundant p53-
immunoreactive (degenerated) dystrophic neurites.
(F) Co-localization of NO3 with p53 in dystrophic cor-
tical neurites (all of the dark irregular structures rep-
resent neurites that are double-labeled). Courtesy of
Dr. de la Monte.
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Conclusion

As described above and in the Figures (Figs. 3 and 6), we
provide evidence for a role of transcription factors and

ROS in the pathogenesis of DS based on data obtained
from our laboratory and elsewhere. We could add sig-
nificant material from the literature supporting the in-
volvement of TFs and ROS but for the readability and
because of the length of this review we have to limit ev-

Fig. 5 Amyloid β (Aβ) angiopathy associated with
expression of the p53 pro-apoptosis gene in smooth
muscle and endothelial cells of cereberal vessels. (A)
Intense levels of Aβ immunoreactivity co-localized
with p53 in vascular smooth muscle cells of a lep-
tomeningeal vessel. The endothelial cells are positive
for p53 but negative for Aβ. (B) increased p53 im-
munoreactivity in a cerebral vessel devoid of Aβ im-
munoreactivity. The dark grey labelling along the in-
ner edge of the blood vessels is positive for p53. (C, D)
Co-localization of Aβ and p53 immunoreactivity in
smooth muscle cells of vessels within the cerebral
cortex shown at low (C) and high (D) magnification.
The darkly stained regions are positive for p53, and
the pale grey regions are positive for Aβ. (E) Normal
cortical vessel lacking both Aβ and p53 immunoreac-
tivity. Courtesy of Dr. de la Monte.

Fig. 6 Reactive oxygen species (ROS) and/or tran-
scription factors (TFs) triggered death receptor medi-
ated apoptosis: ROS and/or TFs may increase surface
expression of Fas or cause the release of death ligands
that leads to the recruitment of a variety of adaptor
domain bearing proteins. These adaptor domains
glue components of the death machinery together
through homophilic interactions and transmit signals
from receptors to downstream effectors, such as the
caspases. Accordingly, Fas associated death domain
(FADD) recruited by Fas, in turn recruits the initiator
(upstream) caspases such as caspase-8 to the com-
plex through the death effector domain (DED) mod-
ule, an event that leads to the proteolytic cleavage of
active caspase-8. Active caspase-8 can initiate the
caspase cascade by directly cleaving the terminator
(downstream) caspases such as caspase-3 that in turn
cause proteolytic degradation of a variety of intracel-
lular proteins and DNA fragmentation, eventually
leading to cell destruction. ROS, such as 4-hydrox-
ynonenal (HNE) can also directly activate caspases in-
dependent of CD95 activation leading to oxidative
stress induced cell death. Caspase activation can be
ablated by inhibitor of caspases, such as neuronal
apoptosis inhibitory proteins (NAIP).
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idence and apologize to many important contributors to
the subject for not having them cited. We also do not ig-
nore many other facts and findings that may well con-
tribute to the pathogenesis of DS.

In this review it is proposed that ROS derived from
over-expression of SOD1,or Aβ-mediated release,or mi-
tochondrial damage could lead to abnormal brain de-
velopment early in life per se and by activating other sys-
tems (for e. g. TFs). It is known that ROS interact with
TFs and that TFs per se model the brain in development.
Moreover, TFs are classical amplifying molecules in the
sense that disturbance in their level can substantially af-
fect the end product whether it be damage or change in
gene expression. Thus, we consider TFs as major candi-
dates for abnormal wiring and plasticity of the DS brain.
Apoptosis of neurons and glial cells may be responsible
for the multitude of pathological findings in the fetus
and later in life when Alzheimer’s disease like neu-
ropathological findings occurs from the fourth decade
[11]. Enhanced apoptosis in DS brain, can be caused by
TFs and ROS (Fig. 6). The biochemical pathways leading
to DS neuropathology are not clearly understood. How-
ever, it appears that ROS as a trigger and mediator, TFs
and Aβ as promoters, the pro- and anti-apoptotic pro-

teins as regulators and caspases as effectors all play a
role during neuronal death.

Although we discussed the brain exclusively, we are
aware that these pathogenetic principles of TF and ROS
abnormalities may be extrapolated to other organ sys-
tems, such as the heart and dysmorphic features.

Tentative implications for future therapeutic con-
cepts and strategies are obvious: it may well be worth
testing antioxidant protocols, as in vitro and in vivo ox-
idative stress has been repeatedly described in various
DS organs. Given apoptosis to be the likely mechanism
for neuronal loss in DS, caspase inhibitors are other
treatment modalities that deserve attention, as caspases
are the ultimate effector of the cell death machinery. Al-
though some innovative concepts for the treatment of
the cognitive (serotoninergic and cholinergic) deficit in
DS have been tested [24, 25, 69], there is still therapeutic
nihilism in DS.More than a century after the description
of DS and with a high incidence in all populations, spe-
cific brain research is still far from adequate.
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