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Abstract
Intellectual disability (ID) in Down syndrome (DS) ranges from low normal to severely impaired,
and has a significant impact on the quality of life of the individuals affected and their families.
Because the incidence of DS remains at approximately one in 700 live births and the life span is now
>50 years, development of pharmacotherapies for cognitive deficits is an important goal. DS is due
to an extra copy of human chromosome 21 and has often been considered too complex a genetic
abnormality to be amenable to intervention. However, recent successes in rescuing learning/memory
impairments in a mouse model of DS suggest that this negative outlook may not be justified. In this
article, we first review the DS phenotype, chromosome 21 gene content and mouse models, and then
discuss recent successes and remaining challenges in the identification of targets for and preclinical
evaluation of potential therapeutics.

Introduction
Down syndrome is the most common genetic cause of intellectual disability [1]. It is due to an
extra copy of the long arm of human chromosome 21 (HSA21q), and the resulting increase in
expression due to gene dosage of the trisomic genes. Brain morphology in DS at birth is largely
normal, but postnatal development slows, resulting in reduced volumes of the hippocampus,
cerebellum and prefrontal cortex, reduced neuronal densities in specific regions that include
the hippocampus and cerebellum, and reduced dendritic branching and spine densities in the
hippocampus [2,3]. Cognitive abilities in early infancy are within the lower range of typical
development, but again there are decreases over the first decade. Resulting deficits in spatial
learning tasks implicate the hippocampus, specific weaknesses in language skills implicate
regions of the prefrontal and temporal cortices and the cerebellum, and additional deficits
suggest impaired prefrontal cortex function [2-5]. As the brain ages, features similar to those
seen in Alzheimer's Disease (AD) develop, including reduced size of, and loss of functional
markers in, the basal forebrain cholinergic neurons (BFCNs) that are required for cholinergic
input to the hippocampus. Deposition of Aβ has been documented in brains of DS at young
ages, AD-like plaques and tangles are universally seen by the age of 30, and an AD-like
dementia develops in approximately half of the people with DS over the age of 50 [2,6]. The
postnatal appearance of many abnormalities argues for the potential for therapeutic
interventions.
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The working hypothesis in DS research is that the phenotypic features are caused by the modest
50% increases in expression of trisomic genes and that these in turn result in modest
perturbations of otherwise normal cell functions and pathways. A specific challenge is to
identify the subset(s) of HSA21q genes that make major contributions to cognitive deficits and
then to identify the most effective targets and timing for controlling the consequences of their
overexpression. The complete genomic sequence of HSA21q was completed in 2000 [7], but
annotation for gene discovery continues. Our recent review identified >500 genes (Table 1).
Only ∼40% are annotated as RefSeqP genes, that is protein coding genes curated in the
GenBank and SwissProt databases, and they include a wide diversity of functional classes [8,
9]. Based on evolutionary conservation in chimpanzee and mouse orthologous genomic
regions, a further ∼30% are unlikely to code for protein (unpublished data). Thus, predicting
candidates for causing ID or targets of therapies remains a challenge. Notably, the justification
for focusing on the genes within the “Down Syndrome Critical Region” (DSCR) or on the
functional synergy between the HSA21q genes DYRK1A and DSCR1 (RCAN1) has been
invalidated again (following on from prior work in [10]) by recent analysis of DS due to partial
trisomy 21 [11]. This study showed that several cases of DS with significant ID, as measured
by an IQ of <50, were not trisomic for these genes. A related work [12] reached similar
conclusions.

In this review, we discuss the identification of targets and testing of potential
pharmacoptherapies for cognitive deficits in DS. We describe the phenotypic features and gene
content of mouse models, and how these are influencing choices of and responses to drug
treatments. We highlight the limitations of mouse as a model system for DS and propose
alternatives and additions.

Mouse models of DS: genes and phenotypic features
HSA21q RefSeqP genes are conserved in orthologous regions of mouse chromosomes 16, 17
and 10 (MMU16, MMU17 and MMU10) (Figure 1). This multi-chromosomal distribution has
so far prevented the development of a mouse model that is trisomic for all orthologs of HSA21q
genes. Partial trisomies have, however, been created. They include several for segments of the
MMU16 region, one for the MMU17 region, and a mosaic model carrying an almost complete
human chromosome 21 [13-17]. Figure 1 and Table 2 describe the genomic regions and gene
content of each model. Note that whereas ∼500 genes have been annotated in HSA21q, ∼425
genes have been annotated in the orthologous mouse chromosomal regions, and both lists
include many species-specific genes [18; unpublished data]. Thus, for simplicity, we have
shown only RefSeqP gene content. Together, these mouse models provide, in varying
complements, trisomy of almost all HSA21q RefSeqP orthologs. Table 2 also summarizes the
results of behavioral testing which has focused on assessment of hippocampal function (19,
20,21; see Box 1). Although it is clear that trisomic gene content influences behavioral
abnormalities, genotype-phenotype correlations are not simple. This is illustrated by
comparing data from the Ts65Dn, Ts1Cje and Ts1Rhr models, which are trisomic for
progressively smaller but completely overlapping sets of genes. Whereas performance in the
Morris Water Maze (MWM) is consistent with trisomic gene content, performance in Novel
Object Recognition (NOR) appears inconsistent [22,23]. In addition, the Ts1Yah, which is not
trisomic for MMU16 genes but rather for twelve genes in the MMU17 region, also displays
deficits in NOR; conversely it displays enhanced learning in the MWM [16]. The apparently
milder phenotype of the Tc1 model may be due to its mosaicism and/or to internal deletions
in HSA21q, leaving significant genes (e.g. ITSN1, RCAN1) disomic [17,24].

T65Dn is the best-studied model of DS. Additional phenotypic features of this model with
direct correlates to observations in DS include abnormalities in dendritic spine number and
morphology, abnormalities in neuron number in hippocampal regions, degeneration of BFCN
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and decreased cerebellar volume due to decreased granule and molecular cell numbers
[reviewed in 3,13;25,26]. Electrophysiological studies, as measures of synaptic plasticity
related to learning and memory, have demonstrated regional abnormalities in hippocampal
long term potentiation (LTP) [13]. Thus, although trisomic for only about half of the HSA21q
genes, these mice are nevertheless a useful model of many neurological features of DS. Table
2 also shows that, as with behavior, there are similarities and differences among the mouse
models in BFCNs, cerebellar and electrophysiological abnormalities.

In summary, there is no perfect mouse model of DS. Compromises must be made regarding
species specificities (human vs. mouse gene content), technical challenges of generating
trisomic gene complements, oversimplification if too few genes are trisomic, and the true
complexity of assaying effects of 500 genes, many of which interact. The different trisomic
gene content of mouse models, incomplete in each case, undoubtedly affects aspects of the
phenotypes that can be observed. Over-interpretation of the effects of pharmacotherapies must
be avoided.

Approaches to pharmacotherapeutic target identification
Rational targets for potential pharmacotherapies include (1) overexpression of individual
HSA21q genes; (2) neuroanatomic or electrophysiological abnormalities seen or predicted in
DS, even though hypotheses on causative HSA21q genes are lacking; and (3) perturbations in
molecular pathways relevant to DS cognitive deficits predicted from the integrated functions
of HSA21q genes. Table 3 lists recent attempts, with the Ts65Dn model, using each type of
target. Notably, these treatments were largely delivered postnatally, an advantage when
considering the potential extension to human intervention.

Targeting individual HSA21q genes
Overexpressing transgenic lines created from genomic constructs are available for the HSA21q
or orthologous mouse genes encoding APP, SOD1, SIM2, SYNJ1, S100B and DYRK1A (see
Table 4 for gene function descriptions) [reviewed in 13,27]. Each model displays learning and
memory deficits in one or more hippocampal tasks, suggesting that amelioration of ID in DS
could require regulation of expression of many HSA21q genes. To do this directly would
probably require multiple drugs with attendant complications of adverse interactions. We
mention two additional single gene manipulations. First, when Ts65Dn mice were crossed with
a knockout of the App gene, thus reducing App to disomy, the development of some cellular
abnormalities, including degeneration of BFCN, was prevented [28,29]. This genetic
manipulation also rescued deficits in axonal transport of nerve growth factor (NGF), but only
to levels 60% of normal, thus showing that additional genes contribute to this feature [29].
Second, activity of the DYRK1A protein kinase is inhibited by the chemical epigallocatechin
(EGCG), a component of green tea [30]. Treating Ts65Dn with EGCG corrected deficits in
LTP [31], and feeding green tea to a Dyrk1a single gene transgenic improved performance in
NOR [32]. However, Dyrk1a is trisomic in each model listed in Table 2, yet these models vary
in MWM and NOR deficits. Therefore, functional interactions exist between DYRK1A and
other HSA21q proteins, indicating that reducing levels of Dyrk1a alone may not affect all
hippocampus-based learning/memory tasks and is unlikely to have the same consequences in
the context of a complete trisomy of HSA21q. Whether this is a serious drawback needs to be
determined by analyzing additional models.

These examples illustrate the primary difficulties of targeting therapeutics to HSA21q genes
– how many genes need to be regulated simultaneously? How many drugs would this require
and what gene and/or drug interactions might occur in full trisomies to produce adverse effects?
How can these be assayed in incomplete mouse models?
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Targeting phenotypic features
The difficulties in identifying and targeting multiple HSA21q genes can be avoided by instead
directly targeting the phenotypic consequences of trisomy. For the examples in Table 3,
information on the underlying HSA21q causative genes and/or HSA21q gene-drug interactions
is lacking, unconfirmed or incomplete.

Two studies documented degeneration of BFCNs in older Ts65Dn mice, by measuring a
progressive decrease in choline acetyl transferase and NGF receptor p75 protein markers
[33,34]. This degeneration was associated with a deficit in axonal retrograde transport of NGF,
which was reduced to <10% of normal levels. Intracerebroventricular injection of NGF into
18-month-old Ts65Dn mice reversed the abnormalities in both size and marker levels of the
BFCNs [35].

One method to increase levels of choline acetyl transferase in BFCNs is to inhibit its
degradation by inhibiting acetylcholine esterase (AChE) activity. Donepezil, an FDA-
approved drug for AD, is an AChE inhibitor and a clinical trial on young adults with DS has
reported some positive results [36]. However, when Ts65Dn mice were treated with Donepezil
continuously from the age of seven months through training and testing in the MWM at ten
months, no improvement in learning and memory was observed [37]. This is in contrast to
positive results with mouse models for some other neurological abnormalities [38].

Neuro-inflammation is a possible contributing factor to degeneration in DS and AD, and
elevated levels of neuro-inflammatory markers have also been observed in Ts65Dn [39].
Minocycline, a member of the tetracycline family, has anti-inflammatory properties and has
been used with some success in clinical trials on individuals with Parkinson's Disease and
Huntington's Disease [40]. Treatment of Ts65Dn mice with minocycline for 75 days starting
at seven months of age resulted in improved performance in the water version of the radial arm
maze (water-RAM), although it did not reach levels of euploid controls [39]. Treatment also
prevented the loss of functional markers in BFCNs, suggesting further that minocycline at the
very least delays degeneration.

The reduced densities of granule cell neurons in the cerebellum of Ts65Dn, a deficiency also
seen in brains of individuals with DS [26], originates early in post natal development because
cell density is normal at P0 but deficient by P6 [25]. This deficit is associated with a decreased
rate of mitosis in granule cell precursors and a reduced response to the mitogenic stimulus of
the Sonic hedgehog growth factor. A single injection at P0 of an agonist of the hedgehog
pathway, SAG 1.1 [41], was sufficient to produce normal levels of granule cell precursors and
cerebellar density at P6 [26]. This methodology has implications for increasing cell numbers
in the hippocampus, but abnormal activation of the Sonic hedgehog pathway in many cancers
presents challenges.

Piracetam is a cyclic derivative of GABA and considered a nootropic agent, a stimulant of
cognitive function. Its mechanism of action is unknown but has been proposed to involve
modulation of cholinergic and glutamatergic neurotransmission. Positive effects of piracetam
on learning and memory have been reported in both rodent and human studies of aging and/or
neurological disease [reviewed in 42]. However, treatment of Ts65Dn mice with piracetam for
one month starting at six weeks of age actually exacerbated deficits in MWM performance
[43].

The Ts65Dn mice show decreased densities of excitatory synapses but normal numbers of
inhibitory synapses; consistent with this they also show impaired LTP [44,45]. Some aspects
of this imbalance in excitatory versus inhibitory transmission are rescued by the GABAA
receptor antagonist picrotoxin [46]. On the basis of these and other studies, an alternative
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GABAA receptor antagonist, pentylenetetrazole (PTZ), was used to treat Ts65Dn mice starting
at three months of age [47]. After 30 days, performance in NOR and the T-Maze (TM) improved
to that of controls; this performance was maintained for a further three months in the absence
of PTZ treatment. This analysis was extended to show that PTZ rescued deficits in the MWM
in Ts65Dn mice, but caution is required because it also caused impairment in some tests of
equilibrium [37]. Furthermore, PTZ is known to induce seizures at higher doses.

Targeting pathway perturbations
Although information on the functions of HSA21q genes is incomplete, and has not shed light
on direct causes of phenotypic features discussed above, connections with many pathways and
cellular processes relevant to learning and memory can be made [8,9,48]. Functional
associations of fifteen genes that influence the activities of MAP kinase, calcineurin, the
NMDA receptor, serotonin and production of reactive oxygen species (ROS) are summarized
in Table 4. It is important to note that these functional associations have been ascertained in
individual gene-specific studies, often in vitro or in other artificial systems using cDNA
constructs (devoid of genomic and developmental regulatory features), and often using
knockout or knockdown rather than overexpression. Simultaneous overexpression of these
genes in DS will integrate their synergistic and antagonist effects on common pathways and
processes. A number of studies with Ts65Dn mice have successfully targeted predicted
pathway perturbations.

Serotonin signaling—Decreased cell numbers in DS hippocampus could be caused by
impaired adult neurogenesis which has been observed in Ts65Dn [49,50] and Ts1Cje [51] mice
and, on the basis of data from other rodent models, may underlie learning and memory deficits.
A connection to HSA21q is predicted through serotonin signaling. Activity of the serotonin
receptor 1A (5HTR1A) is required for adult neurogenesis in the hippocampus [52] and is
mediated by the potassium channel KCNJ6. Overexpression of KCNJ6, as in the Ts65Dn
model, may over inhibit presynaptic 5HTR1A causing reduced levels of serotonin. Fluoxetine
inhibits KCNJ6, increases presynaptic serotonin levels, and consistent with this, rescues the
Ts65Dn deficit in neurogenesis [49]. However, fluoxetine also alters the functional properties
of a second serotonin receptor, 2C (5HTR2C), by altering patterns of adenosine-to-inosine
editing in the pre-mRNA. In DS, there will be an additional influence on 5HTR2C function
because it is a substrate for ADAR2 [53], a pre-mRNA editing enzyme encoded by HSA21q,
which is not trisomic in the Ts65Dn model. Fluoxetine effects may therefore be altered in full
trisomy by overexpression of ADAR2.

NMDA receptor signaling—Nine HSA21q genes (APP, TIAM1, BACH1, SOD1, SYNJ1,
ITSN1, RCAN1, DYRK1A and PCP4) directly interact with or indirectly affect the activity of
the NMDA receptor and/or the protein phosphatase calcineurin (CaN) (Table 4) [48]. Inhibition
of CaN activity alters NMDA receptor activity and causes increased locomoter activity in
response to the NMDA receptor antagonist MK-801 [54]. Both the Ts65Dn and the Ts1Cje
models display this exaggerated hyperactivity, indirectly supporting inhibition of CaN and
altered NMDA receptor activity [48]. Another antagonist of the NMDA receptor, memantine,
rescued the deficit in Context Fear Conditioning (CFC) displayed by the Ts65Dn [55]. This is
of considerable interest because memantine is approved for use in humans in the treatment of
AD. Again, however, there may be additional gene contributions in a full HSA21q trisomy
that affect memantine response. Success in CFC requires activation of the transcription factor
ELK [56]. Nuclear localization, and thus ELK activity, is regulated by dynamic interactions
of phosphorylation and sumoylation modifications [57]. Phosphorylation is carried out by
MAPK and is abnormal in Ts65Dn [48]; sumoylation is carried out by the HSA21q-encoded
gene SUMO3 (Small Ubiquitin-like Modifier protein 3) which is not trisomic in the Ts65Dn.
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Thus, perturbations of ELK activity may be different, and may respond differently to
memantine effects, in full trisomy.

Neuroprotective pathways—NAP and SAL are eight- and nine-amino-acid peptides
derived, respectively, from the glial proteins Activity Dependent NeuroProtective protein
(ADNP) and Activity Dependent Neurotrophic Factor (ADNF). NAP has been shown to inhibit
the neurotoxicity of Aβ and to reduce neuro-inflammation after head injury, and both peptides
increased survival of DS-derived neurons in culture [58]. This mechanism involves protection
from oxidative stress because NAP and SAL treatment protected control neurons from damage
by H2O2. NAP plus SAL treatment of pregnant Ts65Dn mice prevented developmental delays
in trisomic offspring in several, but not all, motor and sensory assessments [59,60]. This was
accompanied by an increase to normal levels of mRNA encoding some NMDA and GABA
receptor subunits.

Oxidative stress pathways—Elevated levels of oxidative stress in DS may contribute to
neuronal degeneration. HSA21q candidate genes include SOD1, APP and BACH1 (Table 4).
When Ts65Dn were fed a diet high in the antioxidant vitamin E, markers of oxidative stress
were reduced and performance in the water-RAM test improved to levels of controls. Loss of
the NGF receptor trkA protein in the BFCN was prevented, and the decrease in size of the
BCFN was delayed [61]. However, these positive effects may be modulated in a full HSA21q
trisomy by contributions of the S100B protein. S100B is a Ca2+-binding protein whose function
is regulated by oxidative state, promoting neuronal survival in the oxidized state and apoptosis
and neurotoxicity in the reduced state [62]. A transgenic mouse that overexpresses S100B
displays learning and memory impairment and increased levels of apoptotic markers, but
treatment of this mouse with vitamin E increased oxidative damage. S100B maps to MMU10
and therefore in full trisomy DS may alter the positive effects of vitamin E treatment seen in
the Ts65Dn model. Consistent with this, vitamin E was found to be ineffective in treatment of
DS [63].

The piracetam analogue, SGS-111, was shown to prevent oxidative damage and apoptosis in
cultured neurons derived from individuals with DS [64]. Based on the hypothesis that it might
therefore also decrease ROS in the Ts65Dn mice and result in improved learning and memory,
mice were treated with SGS-111, starting both during gestation and postnatally. No
improvement in MWM performance was observed [65].

Challenges in target identification and preclinical evaluation of
pharmacotherapies

Functional information on HSA21q genes currently remains limited to a subset of RefSeqP
genes, with the majority of genes completely unexamined. Efficient prediction of potential
targets for pharmacotherapies requires identification of additional pathway perturbations in
trisomy that potentially contribute to ID. In vitro studies of individual HSA21q cDNAs could
determine interaction partners and transcriptome consequences of overexpression. In vivo
studies could make use of available bacterial artificial chromosome (BAC) clone contigs to
construct overexpressing transgenic mice for the majority of HSA21q genes, which would then
be examined for deficits in learning and memory.

A major challenge for preclinical assessment of potential pharmacotherapies remains the
choice of model system. Data from the new MMU17 segmental trisomy, the Ts1Yah model,
emphasize that the contributions of genes not trisomic in the Ts65Dn model must be considered.
As illustrated by examples in Tables 2 and 4, trisomy of nonoverlapping sets of genes can
produce similar behavioral deficits and genes mapping to all three mouse chromosomal
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segments functionally interact. Thus, a full trisomy model system is needed. The likely
insurmountable limitations of mouse models suggest that alternatives are needed.

Mammalian cell culture offers some possibilities. Lymphoblastoid cell lines derived from
individuals with DS and typical controls are readily available and molecular phenotypes can
be studied, although they lack neuronal features. An alternative cell culture system might come
from recent advances in developing stem cell (iPS) lines from human fibroblasts followed by
their differentiation to neural cell types [66]. If protocols and cell lines prove robust, creating
sets of iPS lines would allow determination of baseline differences in neuronal characteristics,
such as spine densities or axon development, dynamic responses to drug treatments and inter-
individual variations in these features. Drug-treatment-induced correction of abnormalities in
DS iPS lines could be used to predict drug efficacy and potentially to identify additional targets.

Understanding abnormalities documented in in vitro and in vivo systems, and effectively
targeting them for correction, will be facilitated by analysis of pathway perturbations at the
protein level. This includes protein modification, such as phosphorylation, acetylation and
sumoylation, among others, that more directly assesses protein activity, versus mere gene
expression. While challenging, protein measurements can provide stronger preliminary support
for effective pharmacotherapies and potentially identify those that are likely to fail prior to
human trials.

Concluding remarks
Recent successes in rescuing learning and memory deficits in the Ts65Dn mice, especially with
PTZ and memantine, are causes for legitimate optimism that pharmacotherapies for cognitive
deficits in DS are within reach. Nevertheless, the desire for immediate extrapolation to efficacy
in DS must be tempered by recognizing and addressing the limitations of current model systems
described above, that are specific to the genetic basis of DS. In addition further thought must
be given to challenges that are generally applicable to studies of ID: (i) effective assessment
in mouse models of the complexities of learning and memory in humans, (ii) assessment of
genetic variability and its contributions to phenotypic variability and drug responses, and (iii)
the potential for adverse drug effects or interactions specific to the developing brains of infants
and children vs. the mature brains of adults.

Box 1

Behavioral tests for hippocampal function

Morris Water Maze (MWM)
During training sessions over several days, mice are repeatedly placed in a large pool of
water and swim until they locate a submerged platform which allows them to escape the
water. Mice cannot see the platform because the water is made opaque using a dye, and they
must learn the location using visual cues on the walls of the pool or room. One measure of
learning is the decrease in time and path length required to reach the platform with increased
numbers of trials. A second measure of learning is the “probe trial”, in which the platform
is removed from the pool and the proportion of time the animal spends searching in the
correct quadrant of the pool is recorded.

Novel Object Recognition (NOR)
During training sessions, mice are allowed to explore two objects in an open field. For the
test session, one of the two objects is replaced with a novel object. Memory is measured as
the proportion of time the animal spends investigating the novel object versus the familiar
object.
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Context Fear Conditioning (CFC)
The mouse is placed in a novel context (chamber) and allowed to explore for a few minutes.
The mouse then receives an electric shock and is returned to the home cage. Learning and
memory of the context are measured by returning the mouse to the shock chamber for a
short time, and recording the proportion of the time the mouse “freezes” (cessation of all
movement except breathing).

T-Maze (TM) and Y-Maze (YM)
T- and Y-mazes are composed of three arms and measure the innate preference of an animal
to spontaneously alternate arm entries in order to explore an arm that has not been explored
in the previous trial. Memory is measured as the proportion of successive entries into a
different arm relative to the total number of opportunities for choice.

Water Radial Arm Maze (water-RAM)
The apparatus is composed of an eight-armed radial maze submerged in water. Four of the
eight arms have submerged escape platforms. During training the mouse is placed in a
starting arm and swims to find an arm that contains a platform. With repeated training, the
mouse uses visual cues within the room to learn the arm-locations of escape platforms. The
number of correct arm entries to total arm entries is used as a measure of learning.
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Figure 1. HSA21q RefSeqP gene distribution in the major mouse models of DS
A schematic of HSA21q is shown at the left. Schematics of the orthologous segments of
MMU10, 17 and 16, and of the trisomic regions of the major mouse models of DS are shown
approximately to scale [13-17]. Dashed horizontal lines indicate regions of HSA21q defined
by the differing trisomic segments in MMU16 models. Numbers refer to RefSeqP genes within
each region. Locations of representative RefSeqP genes are indicated [8,9,18].
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Table 1

Overview of HSA21q gene classifications

Open reading frame characteristics [18; unpublished data] # genes

Protein coding genes in the GenBank RefSeq and SwissProt databases 164

Keratin-associated protein genes 43

Novel genes with open reading frames >50 amino acids in length and conserved in chimpanzee 140

Novel genes lacking open reading frames >50 amino acids in length conserved in chimpanzee 160

Examples of RefSeqP gene functional classes* [8,9]

Transcription factors/modulators 18

Protein processing 10

Cell adhesion/junctions 8

RNA processing 9

Mitochondrial function 7

Reactive oxygen species 10

MAP kinase and calcineurin pathway interactions 13

K, Cl, Ca channel subunits 6

*
, individual genes may belong to more than one class.
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Table 3

Pharmacological and genetic therapeutic interventions using the Ts65Dn mouse model

 Phenotypic target Treatment Mechanism Outcome

Targeting HSA21q genes

 Abnormal endosomes; failed
NGF transport; neurodegeneration

Ts65Dn × App KO Reduce APP to disomy Rescued; improved; rescued [28,29]

 LTP;
 L/M deficit (NOR)

EGCG Inhibitor of DYRK1A Rescued [31,32]

Targeting phenotypic features

 Neurodegeneration Nerve growth factor BFCN-HP signaling Improved [35]

 L/M deficit (MWM) Donepezil Inhibit AchE Failed [47]

 Neurodegeneration;
 L/M deficit (water-RAM);
neuroinflammation

Minocycline Anti-inflammatory Prevented; improved; reduced [39]

 Cerebellar granule cell deficiency SAG 1.1 Synthetic activator of
Hedgehog pathway

Rescue [25]

 L/M deficit (MWM) Piracetam Nootropic Failed [33]

 Excess inhibition; LTP;
L/M deficits (NOR, TM: MWM)

Pentylenetetrazole Antagonist of GABAA
receptor

Rescued [47;37]

Targeting pathway perturbations

 Impaired adult neurogenesis Fluoxetine Inhibit serotonin reuptake Rescued [49]

 L/M (CFC) Memantine Antagonist of NMDA
receptor

Rescued [55]

 Developmental delay NAPVSIPQ+SALLRSIPA Neuroprotective peptides Rescued [59,60]

 Oxidative stress;
L/M (water-RAM);
neurodegeneration

Vitamin E Antioxidant Reduced; improved; prevented [61]

 L/M deficit (MWM) SGS-111 (piracetam analogue) Inhibitor of oxidative
damage & apoptosis

Failed [65]

L/M: test of learning and memory.

*
tested on DYRK1A single gene transgenic, not on Ts65Dn [32]. SAG 1.1: N-methyl-N'-(3-(4-benzonitrile)-4-methoxybenzyl)-N'-(3-chlorobenzo

[b]thiophene-2-carbonyl)-1,4-diaminocyclohexane [41].
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Table 4

HSA21q-encoded protein functional interactions

HSA21q gene Function [8,9,45,67] HSA21q interactors

MM16

NRIP1 Nuclear Receptor Interacting Protein; transcription
modulator; represses activity of estrogen and glucocorticoid
receptors; repression increased by SUMO3 modification

SUMO3

APP Amyloid Precursor Protein; mutated or duplicated in some
familial AD; source of neurotoxic amyloid β (Aβ) peptide
which accumulates in AD plaques, inhibits NMDA receptor
activity and contributes to ROS; APP processing is altered by
overexpression of SUMO3; L/M

SUMO3; SOD1

BACH1 Transcription factor; inhibits expression of oxidative
responses genes, increases ROS

TIAM1 Guanine nucleotide exchange factor specific for RAC;
requires phosphoinositols for membrane localization;
interacts with NMDA receptor; overexpression results in
abnormalities of dendritic spines

SYNJ1

SOD1 Superoxide dismutase; produces ROS; L/M APP

SYNJ1 Synaptojanin; phosphoinositol-phosphatase; synaptic vesicle
endocytosis; L/M

DYRK1A, ITSN1, TIAM1

ITSN1 Intersectin; multi-domain adaptor protein; synaptic vesicle
endocytosis; cytoskeletal regulation; guanine nucleotide
exchange activity for cdc42; interacts with NMDA receptors;
overexpression causes abnormalities of dendritic spines

SYNJ1

KCNJ6 Inwardly rectifying potassium channel; mediates activity of
serotonin receptor 5HT1A and neurogenesis

RCAN1 Regulator of Calcineurin; inhibits phosphatase activity of the
Ca-calmodulin dependent protein phosphatase calcineurin;
activated by ROS

PCP4

SIM2 Singleminded; transcription factor; L/M

DYRK1A Protein kinase; substrates include Tau, transcription factors,
pre-mRNA processing factors

SYNJ1

PCP4 Purkinje Cell Protein; inhibitor of calmodulin which is
required for calcineurin activity

RCAN1

MMU10

SUMO3 Small ubiquitin-like modifier protein; modifies target protein
activity; represses transcriptional activity of ELK; increases
activity of NRIP1

NRIP1

ADAR2 Adenosine deaminase that acts of pre-mRNA; targets include
the serotonin receptor 2C pre-mRNA; alters the amino acid
sequence and functional properties

S100B Ca-binding protein; promotes neuronal survival when
oxidized and apoptosis when reduced; L/M

ROS, reactive oxygen species; L/M, learning and memory deficits in overexpressing transgenic model. MMU16, MMU10, orthologs of HSA21q
proteins map to mouse chromosome 16 and 10 respectively.
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