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Trisomy for human chromosome 21 (Hsa21) results in
Down syndrome (DS). The finished human genome se-
quence provides a thorough catalog of the genetic ele-
ments whose altered dosage perturbs development and
function in DS. However, understanding how small
alterations in the steady state transcript levels for
<2% of human genes can disrupt development and
function of essentially every cell presents a more com-
plicated problem. Mouse models that recapitulate spe-
cific aspects of DS have been used to identify changes in
brain morphogenesis and function. Here we provide a
few examples of how trisomy for specific genes affects
the development of the cortex and cerebellum to illus-
trate how gene dosage effects might contribute to di-
vergence between the trisomic and euploid brains.

Introduction

Trisomy for human chromosome 21 (Hsa21) causes Down
syndrome in approximately one out of every 800 live births
[1]. Individuals with DS show a wide range of effects in
many organ systems, some of which are congenital and
some of which are progressive. These include cardiac mal-
formations [2], gastrointestinal anomalies [3], craniofacial
and skeletal anomalies [4,5], and contrasting cancer phe-
notypes, which include an increased frequency of childhood
leukemia and reduced prevalence of many types of cancer
in adults [6,7]. There is broad variability in both the
occurrence (penetrance) and severity (expressivity) of
these phenotypes across the DS population. Since all indi-
viduals with DS have some degree of intellectual disability
(ID), it is the most frequent genetic cause of ID, with
intelligence quotients (IQs) that can range from mild to
severe; the mean IQ in DS is ~50 [8]. Studies in animal
models and in people have uncovered cellular, physiologi-
cal and functional changes that contribute to the etiology of
cognitive deficits and provide the basis for emerging clini-
cal trials aimed at improving cognitive abilities in DS
[9-11].

Central nervous system (CNS) abnormalities in DS
seem to arise from a combination of abnormal development
and functional changes that result directly from overex-
pression of genes in trisomic cells. Neuropathological
changes found during late prenatal development in DS
include delayed and disorganized cortical lamination [12],
a smaller and hypocellular hippocampal dentate gyrus [13]
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and hypomorphic cerebellum [14-18]. In the cerebral cor-
tex, pyramidal neurons possess smaller dendritic arbor-
izations [19-21] and there are fewer synapses in the
prenatal DS brain [22,23]. These deficits are followed
postnatally by degeneration of cortical pyramidal neurons
[24], profound dendrite and synapse abnormalities
[19,21,24,25] and reductions in the total number of
neurons in the hippocampus and cerebral cortex [13,26].
Cerebellar development is delayed and ultimately appears
to terminate prematurely. These findings indicate that
prenatal changes in CNS growth and differentiation un-
derlie many of the pathological abnormalities associated
with ID in DS.

Several fundamental cellular growth mechanisms that
are crucial for development are abnormal in DS. Specific
changes have been reported for the cell cycle rate and
progression in multiple organ systems, which suggests
that the altered kinetics of cell production may contribute
to many phenotypes. DNA synthesis and doubling times
are both slower in DS fibroblasts [27,28] and DS cerebral
cortex contains less cyclin-dependent kinase [29], which
are indicative of lower replication rates. Recent studies
have also shown that proliferation is abnormal in the
developing DS forebrain [30] and cerebellum [31]. Many
details regarding the molecular pathways underlying
these phenotypes and how altered brain formation may
lead to ID remain unclear. Here, we consider emerging
data from mouse models of DS that demonstrate key
deficiencies in neural stem and progenitor cell expansion
and changes in the resulting specification of post-mitotic
neurons and glial cells in the developing CNS. Elucidating
the DS developmental brain abnormalities at the molecu-
lar level is essential for understanding the etiology of the
postnatal cognitive disabilities.

Mouse models of DS and gene effects
Cell intrinsic abnormalities caused by trisomy may be am-
plified by aberrant cell-cell interactions during develop-
ment. These cascading effects pose challenges to
understanding and ultimately treating the structural and
functional defects observed in the postnatal brain [32,33].
The complexity of these relationships in many organ sys-
tems cannot be recapitulated in a test tube or cell culture.
Mouse models of DS are trisomic for chromosome
regions that show conserved synteny with Hsa2l
(Figure 1) [34]. In comparison to human, orthologous
mouse chromosome regions show minor differences in gene

0166-2236/$ — see front matter © 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.tins.2011.11.001 Trends in Neurosciences, February 2012, Vol. 35, No. 2 81



Trends in Neurosciences February 2012, Vol. 35, No. 2

App (16.8495-16.8517)
(Amyloid precursor protein)

MMU16
0 MDD ey

(Synaptojanin 1)

(Dopey family member 2)

Hsa21 homologous region (364)

80 Mbp

(Purkinje cell protein 4)

MMU17
MMU10

9@4%’0

Ncam2 (16.8120-16.8159)
(Neural cell adhesion molecule 2)

Bach1 (16.8769-16.8773)
(BTB and CNC homology 1)

Grik1 (16.8789-16.8829)
(lonotropic glutamate receptor, kainate 1)

Sod1(16.9022-16.9022)
(Cn/Zn superoxide dismutase 1)

Synj1(16.9093-16.9101)

Olig2 (16.9122-16.9122)
(Oligodendrocyte transcription factor 2)

Olig1 (16.9127-16.9127)
(Oligodendrocyte transcription factor 1)

Son (16.9164-16.9167)
(Son cell proliferation protein)

Sic5a3 (16.9207-16.9207)

(Solute carrier family 5 (inositol transporters), member 3)

Rcan1 (16.9239-16.9246)
(Regulator of calcineurin 1 (human))

Runx1 (16.9260-16.9269)
(Runt-related transcription factor 1)

Dopey2 (16.9371-16.9381)

Sim2 (16.9408-16.9434)
(Single-minded homolog 2 (Drosophila))

Dyrk1a (16.9483-16.9491)
(Dual-specificity tyrosine-phosphorylation reg. kinase 1)

Girk2 (16.9497-16.9521)
(Potassium inwardly-rectifying channel (Kcnj15))

Erg (16.9558-16.9575)
(Avian erythroblastosis virus E-26 oncogene related)

Ets2 (16.9592-16.9594)
(E26 avian leukemia oncogene 2, 3’ domain)

Pcp4 (16.9668-16.9674)

Dscam (16.9681-16.9739)
(Down syndrome cell adhesion molecule)

Bace2 (16.9757-16.9766)
(Beta-site APP cleaving enzyme 2)

Zfp295 (16.9816-16.9818)
(Zinc finger protein 295)

Ts65Dn (136)

Ts1Cje (~87)

Ts1Rhr (~33)

TRENDS in Neurosciences

Figure 1. Genetic maps of trisomic mouse models. The Hsa21 homologous region in the mouse is Mmu16. This region contains orthologs of approximately half the genes

on Hsa21 [41]. The gene content of segmental trisomies occurring as translocations or duplications in the mouse models discussed in this review (i.e. Ts65Dn, Ts1Cje and
Ts1Rhr) are shown, with the approximate number of genes contained in these regions given in parentheses. Some of the individual genes within this region are listed, with
the specific genes discussed in this review highlighted in red [35,113,114]. Gene positions are noted within parentheses; gene labels are not positioned to scale.

content and in the structures of conserved genes, although
there are undoubtedly important differences in gene
regulation. However, the occurrence of DS-like outcomes
in mice trisomic for orthologs of Hsa21 genes has been
established and refined to a great degree using the Ts65Dn
mouse model [35]. Increasingly sophisticated mouse
models of DS have been developed through cell and
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chromosome engineering in the last few years, including
mice with mosaic trisomy for human chromosome 21 [36]
and with trisomy for all mouse orthologs of Hsa21 [37].
These models and their genetic and molecular validation
have been reviewed extensively [38-40].

Despite significant parallels between DS and mouse
models, a mouse is not a human being and the consequence
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Figure 2. Comparison of altered cellular and anatomical alterations observed in prenatal brain from trisomic mouse models and postnatal human Down syndrome (DS)
brain. (a) Evidence from several trisomic mouse models of DS indicates altered production of excitatory and inhibitory forebrain neurons in the neocortex [59,60], delayed
development of the cortical white matter [59], and defective synapse formation/maintenance [58]. In addition, supernumerary interneurons (INs) in the hippocampus result
in overinhibition of pyramidal neurons [58] and may be involved in the observed alterations in synaptic plasticity (i.e. long-term potentiation/depression, LTP/LTD) [83,84].
Defective proliferation of the granule cell precursors also reduces the overall volume and neuronal constitution of the cerebellum [99]. (b) Many of these abnormalities
found during mouse development presumably underlie morphological and behavioral outcomes in the human DS brain [12-15,17-19,115,116]. The magnified area depicts
the hippocampus. Abbreviations: MGE, medical ganglionic eminence; PARV, parvalbumin; SOM, somatostatin.

of trisomy in non-human species is not Down syndrome.
Nevertheless, fundamental processes of development and
function are conserved across mammals and beyond, and
dosage changes for orthologous genes will, in many cases,
have comparable effects on outcomes (Figure 2). The prop-
er focus for model studies, then, is on evolutionarily con-
served processes and the mechanisms by which they are
perturbed. Given a sophisticated understanding of the
advantages and limitations of the genetic basis for DS
versus trisomy in the mouse, the utility of a model depends

on both the precision with which phenotypes can be deter-
mined and the strength of those comparisons to the situa-
tion in people. Human phenotypes are normally limiting in
this context, because the possibility for intrusive studies in
animal models provides for a far more sensitive and com-
prehensive substrate for assessment.

Ts65Dn mice have a number of well-characterized neu-
ral phenotypes affecting learning, memory, brain morphol-
ogy, synaptogenesis, electrophysiology and neurochemical
properties of the brain. They undergo neurodegenerative
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Review

Box 1. Hsa21 genes implicated in brain structure and function
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Virtually any trisomic gene could potentially affect development or
function in the CNS. Examples include an enzyme that changes
metabolic rates, a growth factor signal that is overexpressed at a
critical time in development, or a transcription factor whose
increased expression results in increased transcript levels for
hundreds of genes [32,33]. There are many genes on chromosome
21 whose functions in the CNS suggest more specific possible
contributions to maldevelopment in DS, and these have been
considered at length (see e.g. [117] and a recent meta-analysis of
expression data in trisomy [118]). Several of the many genes that
have been proposed to affect the CNS when trisomic are mentioned
here; however, this is by no means intended as a comprehensive
overview of gene dosage effects in DS.

(i) Cell-surface molecules

A number of these are encoded on Hsa21, including cell adhesion
molecules, neural cell adhesion molecule 2 (NCAM2), Down syn-
drome cell adhesion molecule (DSCAM) and synaptojanin (SYNJ1),
which all have potential roles in neuronal development and function.
Perhaps one of the most extensively studied cell-surface molecules
encoded on Hsa21 is APP. Mutations in the APP gene are associated
with familial Alzheimer’s disease (AD), and AD occur in all individuals
with trisomy 21. In addition to its role in plaque formation in the aging
brain, increased expression of APP plays a role in the degeneration of
cholinergic neurons in the basal forebrain of a mouse model of DS
[119], and it probably plays an important role in learning and memory
processes [113].

(ii) Channels and transporters

Multiple ion channels and transporters that are expressed in the brain
are encoded on Hsa21. These include GRIK1, an ionotropic glutamate
receptor subunit that is implicated in cognition and in a number of
neurological disorders [120]. SLC5A3, solute carrier family 5 (sodium/

processes that affect structure and function as they age.
Many of these effects parallel changes that are observed in
the DS brain (Figure 2) [41]. A number of trisomic genes
have been implicated in various aspects of brain develop-
ment and function (Box 1); however, such findings are
complicated by the fact that behavioral tests with the same
name are seldom performed in the same way [41]. Here we
consider just three genes — the oligodendrocyte transcrip-
tion factors Oligl] and 2, and dual-specificity tyrosine
phosphorylation-regulated kinase 1A (Dyrkla) — as exam-
ples of how overexpression due to trisomy can affect the
function and development of the hippocampus and cortex.
We also discuss the anomalous response of trisomic cere-
bellar precursor neurons to the signaling pathway medi-
ated by the sonic hedgehog (SHH) growth factor. This
canonical pathway plays a significant role in trisomic mice,
but is based on disomic genes. The trisomic gene(s) that
cause the aberrant response have not yet been identified.

Specification and mapping of forebrain neurons

The function of brain circuits, and the motor and cognitive
paradigms they subserve, depends on the proper ratio of
excitatory and inhibitory neurons within the network. Fine
tuning of this ratio prevents excess excitation and/or inhi-
bition in the neuronal pathways and is important for
proper development [42-45]. Excitatory glutamatergic
neurons and inhibitory GABAergic neurons converge on
the forebrain through a surprisingly diverse but precisely
ordered sequence of developmental steps; faithful execu-
tion of each of these steps is necessary for a normally
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myo-inositol cotransporter) member 3, is a member of a family of
inositol transporters. Inositol transport is an essential function in
many cells and tissues, including the brain, but the primary neuronal
effects attributed to SLC5A3 are in the peripheral nervous system
[121]. GIRK2, a G-protein-coupled inwardly rectifying potassium
channel, was initially identified because a mutation in the gene
encoding it (known as the mouse weaver mutation) caused early loss
of cerebellar GCPs, resulting in ataxia [122]. Altered Girk2 expression
may also contribute to cognitive deficits in DS by interfering with
GABAg receptor signaling in the hippocampus [123,124].

(iii) Transcription factors

Elevated expression of transcription factors would obviously have a
direct effect on many dozens or hundreds of additional genes, most of
which will be disomic. Thirteen transcription factors and transcription
modifiers are encoded on Hsa21. Some of the better-studied
transcription factors include OLIG1/2, GABP ALPHA, RUNX1, ERG,
ETS2, BACH1, SON and NRIP1 (see Figure 1 for gene details).

(iv) Other genes

Some other genes of interest on Hsa21 include regulator of
calcineurin 1 (RCANT), which encodes a negative regulator of
calcineurin. Downregulation of calcineurin by RCAN1 affects calci-
neurin-dependent gene transcription through inhibition of NFATc
translocation to the nucleus [125]. RCAN1 is highly expressed in
cardiac and skeletal muscle, but it has been posited that interactions
with DYRK1A in many tissues during development perturb NFATC
(nuclear factor of activated T-cells, cytoplasmic) functions and
potentially contribute to multiple aspects of DS [125]. Super oxide
dismutase 1 (SODT) is another gene that has been extensively
researched in DS and, similar to APP, it has been associated with
other neurological diseases, including amyotrophic lateral sclerosis
and Parkinson’s disease [126].

functioning cortex. The proper numbers of neurons must
first be generated and specified to the correct cell type; they
must then migrate to their appropriate position, which is
often millimeters to centimeters away from the site of
origin.

Excitatory neurons are generated from precursors in the
dorsal telencephalic ventricular and subventricular zones
(VZ and SVZ) and migrate radially into the neocortical wall
[46]. Most inhibitory interneurons are born in the ventral
VZ of the ganglionic eminence and populate the cortex and
hippocampus via tangential migration [47-51]. Despite
their distinct sites of origin, cortical excitatory and inhibi-
tory neurons born on the same embryonic day occupy the
same laminar positions within the neocortex [46,52-56].
Thus, both their allocation within the neocortex and their
temporal programs of differentiation must be tightly coor-
dinated. In individuals with DS and in mouse models,
deficient production and allocation of neuronal cell types
are markedly abnormal in several key regions, including
the dorsal and ventral telencephalon and the cerebellum.
Together, these studies suggest that cellular defects during
the production phase of brain development alter the ratios
of different types of neurons and may be key contributors to
the eventual cognitive deficits in DS.

Dorsal forebrain phenotype: underproduction of
excitatory neurons

Owing to the delayed development and laminar disorgani-
zation evident in late gestational and perinatal DS fore-
brain, it is now clear that the mechanisms controlling both
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Figure 3. Abnormal cortical development in mouse models of Down syndrome (DS) results in an altered ratio of excitatory and inhibitory neurons. Evidence from the
Ts65Dn mouse model of DS indicates that longer cell-cycle duration (Tc) in the ventricular and subventricular zones (VZ and SVZ, respectively) leads to reduced overall
production of excitatory neurons (green cells, ENs) at the cortical plate (CP) [59]. This delayed arrival and differentiation of excitatory neurons results in a thinner
intermediate zone (IZ) containing the axon tracts of descending and ascending cortical inputs. In addition, overexpression of the Olig7 and Olig2 transcription factor genes
in the germinal zones of the ventral telencephalon leads to increased production of parvalbumin- and somatostatin-expressing interneurons (red cells, INs) in the cerebral
cortex and hippocampus [99]. Collectively, these defects change the ratio of excitatory: inhibitory neurons during prenatal forebrain neurogenesis. Abbreviation: MN,

migrating neuron.

embryonic production and allocation of neurons are dis-
turbed in DS. Excitatory neurons are particularly affected
and synapses with and among these cells are fewer than in
euploid brain. How does this arise? Several groups have
now quantitatively determined that excitatory neurons are
underproduced by the neural stem and progenitor cells in
the embryonic VZ in DS fetal brain [30,57] and in the
Ts65Dn mouse [58]. Not only is the cell cycle of VZ cells
lengthened, but the commitment of new neurons is also
delayed. This combination results in fewer new neurons
and a reduction in the expansion of the maturing cortical
layers. The delay in neuronal differentiation also affects
the development of axonal tracts in white matter [59-61].
This shortfall in excitatory neurons is maintained after
birth as neurons of the cerebral cortex begin to establish
synapses with both near and distant targets (Figure 3).
Proper synaptic integration of neurons is predicated on
their readiness (i.e. timely arrival and proper differentia-
tion state), so one major hypothesis arising from these
studies is that the reductions and delays in neurogenesis
may prevent or curtail crucial windows of development and
set the stage for subsequent defects in synapse formation
and consolidation.

One of the genes that is triplicated in DS and in several
mouse models, and which is now strongly implicated in
dorsal telencephalic VZ proliferation, is DYRK1A (formerly
called minibrain) [62-66]. This gene encodes a dual-speci-
ficity tyrosine phosphorylation-regulated kinase that is
strongly expressed in neural structures, especially within
neural precursor populations during embryonic neurogen-
esis [67-69]. Haploinsufficiency or truncation of DYRKIA
leads to brain abnormalities in mice and to microcephaly in

humans [70,71]. This kinase interacts with a wide variety
of growth factors, transcription factors and cell-cycle reg-
ulatory proteins known for their roles in neural cell prolif-
eration and specification. These include fibroblast growth
factor B, cyclin D1, the E2F family of transcription factors
(E2F1), the mammalian homolog of the Drosophila tran-
scription factor Snfb-related 1 (SNR1), the type I trans-
membrane protein notch, neuron-restrictive silencer factor
(NRSF, also known as REST) and the 53-kDa tumor sup-
pressor protein p53 [72-78].

Mice that overexpress Dyrk1a, either constitutively and
promiscuously as a transgene with a leaky metallothionein
promoter or under natural promoters in BAC and YAC
transgenic mice, display subtle motor defects and deficits
in spatial learning memory [79]. This has been interpreted
to suggest that Dyrkla overexpression may perturb devel-
opmental pathways and lead to postnatal neurodevelop-
mental delays [80,81]. DYRK1A is asymmetrically
localized to the VZ precursors that divide to give rise to
neuronal-committed progenitors or to neurons directly
[68]. It has been hypothesized that the increased gene
dosage and overexpression in DS may lead to precocious
neuronal differentiation and depletion of the neural pre-
cursor pool during neurogenesis [82]. Indeed, Dyrk1a over-
expression in embryonic VZ precursors, induced by in utero
electroporation (IUE), inhibits proliferation and alters
neuronal differentiation [77]. The latter study demonstrat-
ed that IUE-induced overexpression rapidly depletes the
VZ proliferative pool by causing precocious neuronal dif-
ferentiation. Although the committed neurons were still
able to migrate to the appropriate cortical layer, the overall
production capacity of the germinal zones was decreased

85



by this transient overexpression paradigm. The neurogen-
esis block induced by Dyrkla overexpression is due, at
least in part, to nuclear export and degradation of cyclin D1
[77]. Further studies of the multiple roles of Dyrkla in
brain development are needed to explain how overexpres-
sion contributes to the brain growth and function pheno-
types of DS.

Ventral forebrain phenotype: overproduction of
inhibitory neurons

In addition to the underproduction of cortical excitatory
neurons caused by the dorsal phenotype, it is now clear
that specific classes of forebrain inhibitory interneurons
are overproduced during embryonic development in the
Ts65Dn mouse model, which further alters the excitatory/
inhibitory neuron ratio in Ts65Dn [58]. In particular, a
substantial increase in the numbers of parvalbumin
(PARV)- and somatostatin (SOM)-expressing interneurons
occurs in the dorsal neocortex and hippocampus in both
embryonic and postnatal stages (Figure 3). These super-
numerary interneurons result from elevated rates of cell
production by precursors in the ganglionic eminence in the
ventral telencephalon. Moreover, neurogenesis is specifi-
cally increased only in the medial ganglionic eminence
(MGE) - the specific germinal zone for the PARV- and
SOM-expressing interneurons — and not in the progenitors
of the lateral and caudal ganglionic eminence, which gen-
erate other groups of unaffected interneurons. One physi-
ological consequence of these overabundant inhibitory
neurons is increased inhibition of forebrain pyramidal
neurons.

These results represent the first cellular evidence of the
source of overinhibition in the Ts65Dn forebrain. Excess
inhibitory input in the hippocampus may lead to deficien-
ciesin synaptic plasticity with associated cognitive deficits
affecting learning and memory [83,84]. These hippocam-
pal circuits are now a target for therapies to improve
cognition in DS [9,11]. For example, blocking of inhibitory
GABAergic neurotransmission pharmacologically in
adult Ts65Dn mice ameliorated the spatial learning def-
icits in these animals [85]. Thus, it is clear that increased
inhibition may be a key mediator of cognitive dysfunction
in DS.

During prenatal development, MGE precursors are bi-
potential and can divide to generate either inhibitory
interneurons or oligodendrocytes based on the expression
of a combinatorial code of transcription factors [86-88].
Two of the major transcription factors expressed during
MGE neurogenesis are Olig] and Olig2. Both of these
genes are triplicated and overexpressed in MGE of Ts65Dn
mice and people with DS. By crossing Oligl*’'~;0lig2*'~
double heterozygotes to Ts65Dn females, the gene dosage
of just Olig1 and Olig2 is returned to euploid levels (i.e. two
copies) while triplication of the other trisomic genes in the
Ts65Dn background is maintained. The cortical interneur-
ons in these Ts65Dn0lig1/2**~ animals develops like that
of their euploid littermates, with normalized values of
MGE neurogenesis and inhibitory neuron production
[57]. Furthermore, the overinhibition of hippocampal py-
ramidal neurons found in Ts65Dn mice is rescued in
Ts65DnO0ligl /2"~ mice. Thus, it seems that triplication
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of Olig] and Olig2 is necessary for the ventral inhibitory
neuron phenotype in Ts65Dn.

Interestingly, however, triplication of Olig1 and Olig2
is not sufficient for and may not directly affect synaptic
plasticity, at least in the hippocampal DG, because syn-
aptic deficits are observed in Ts1Rhr mice, which are not
trisomic for these two genes (Figure 1) [89,90]. Unfortu-
nately, the strength of these deficits has never been
directly compared between models, a limitation that
applies to behavioral tests as well (Box 2). However,
whether triplication of Oligl and Olig2 is involved in
electrophysiological changes in the hippocampus and fore-
brain has not yet been tested. In future studies, it will be
important to determine whether correction of defects in
the generation of excitatory and inhibitory neurons in
Ts65Dn also rescues deficits in spatial learning and mem-
ory and in synaptic plasticity. If this is the case, it will
indicate that disturbances in neuronal production directly
affect cognitive function in DS.

Cerebellar phenotype

Many features of DS show incomplete penetrance; that is,
they are evident in some people but not in others. Where
they do occur, they are likely to show variable expressivity
and severity. One of the few DS features that occurs to a
similar degree in all people with trisomy 21 is a markedly
small cerebellum. This finding was recognized before the
turn of the 19th century and was expanded on as the
microscopic structure of the DS brain was characterized
[91]. In a magnetic resonance imaging study of adults with
DS, the average cerebellar volume was less than 75% of
that in euploid individuals, which is proportionately smal-
ler than the DS brain overall [14]. This volume did not
further reduce with age.

Ts65Dn mice also have reduced cerebellar volume [15].
This reduction affects both the molecular layer and the
internal granule layer (IGL) and is further characterized
by significant reductions in the linear density of Purkinje
cells and in the density of granule cell (GC) neurons in the
IGL. Following on from the mouse results, GC density was
assessed for the first time in DS and shown to be reduced in
people with trisomy 21 from 2 to 60 years of age [15]. Both
the volume of the IGL (where all cerebellar GC cell bodies
reside) and the GC density were reduced by approximately
20% in Ts65Dn mice, which suggests that trisomic mice
had approximately 65% as many GC neurons as their
euploid counterparts. Surprisingly, Ts65Dn mice do as
well as or better than euploid mice on the standard version
of the accelerating RotaRod test, a behavioral task
designed to test cerebellar functions of balance and motor
coordination [15,92], although a unique version requiring
the investigator to place mice in the proper orientation on
an already-moving rod revealed that Ts65Dn mice were
impaired [93]. Another variant of this test, also called by
the same name, has been used to test Tc1 mice, which carry
most of human chromosome 21 [35]. Different studies
using this mouse show either the presence or absence of
impairments [36,94]. The authors suggest that genetic
background differences might contribute to the different
results; variations in experimental technique might also
play a role.



Box 2. Outstanding questions
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e How does trisomy affect cerebellar GCPs so as to attenuate the
response to SHH? Does a trisomic gene directly affect the canonical
pathway in an as yet unrecognized fashion? Does an undefined
noncanonical pathway involved in GCP responses to the mitogenic
effects of SHH include a trisomic gene? Is part of the effect due to a
change in SHH production, release or diffusion?

e It will be particularly important to understand how DYRKITA
overexpression during the entire phase of embryonic neurogenesis
affects cortical morphogenesis and function within the context of
many other trisomic genes. One approach would be to assess the
developmental consequences of normalizing the gene dosage of
DYRK1A specifically on the Ts65Dn trisomic background by cross-
ing in a null allele of DYRK1A, thereby reducing the number of
alleles from three to the normal two copies.

e How does the paucity of excitatory neurons combine with the
supernumerary inhibitory neurons to lead to the particular cogni-
tive profile that is specific to DS? To address this question, one
approach is to engineer multiple individual gene rescues into
trisomic mouse models, as described for Olig1/2, and to assess
cognition using electrophysiological and behavioral tasks. Upregu-
lation of Hsa21 genes in euploid cultured neurons or down-
regulation to euploid levels in trisomic cells might provide a
faster initial screen. Other models (e.g. worms, flies, zebrafish)
might provide additional insights into effects that disrupt normal
cell-cell interactions in development and function.

The possible contributions of APP dosage to DS pathology continue
to be a major focus of DS research. Overexpression of APP in

Mechanisms and abnormalities of cerebellar
development
The cerebellum is immature at birth and the IGL is absent
early in its development. Instead of the IGL, a layer of
granule cell precursors (GCPs) forms the external germinal
layer (EGL) at the surface of the cerebellum. Beginning
prenatally in human gestation and around the day of birth
in mice, these GCPs begin dividing rapidly. Cells on the
interior side of the EGL leave the cell cycle and migrate
inward along Bergmann radial glia to take up a position in
the forming IGL and complete their differentiation. This
process occurs in the first 2 years ofhuman postnatal life and
during the first 3-4 postnatal weeks in mice. Proliferation of
GCPs is dependent on the growth factor SHH [95-97].
The cerebellar growth deficit in Ts65Dn mice has been
documented morphologically from birth onward [98]. By 1
week after birth, the trisomic cerebellum was reduced in
size in every parameter measured and remained so during
adulthood (Figure 4). On the day of birth, however, the
overall size of the cerebellum and the thickness of the EGL
were the same as in euploid animals. Whereas the number
of GCPs was the same as in euploid pups, the number of
dividing cells was reduced in trisomic pups [98]. When
GCPs were isolated from trisomic or euploid cerebella and
incubated with increasing amounts of SHH to measure the
proliferative response, trisomic GCP cultures had fewer
dividing cells at every SHH concentration [94]. Nonethe-
less, they did respond to SHH in a dosage-sensitive man-
ner. According to these observations, trisomic mice were
treated on the day of birth with a small molecule agonist of
the SHH pathway (SAG 1.1) [99,100]. Cerebellar morphol-
ogy and growth parameters were restored to the same level
as in euploid animals by postnatal day 6, approximately

Hsa21, and subsequent changes in the balance of its cleavage
products, contribute to the AD pathology in DS, as well as to the
retrograde transport of growth factors in basal forebrain cholinergic
neurons [127] and to impairment of the proliferation of neural
precursors [105].

A major practical problem, not limited to DS research, is the
absence of standardization for electrophysiological and behavioral
testing. For DS models, comparisons are made between different
mouse models tested in different ways in different laboratories,
yet distinct names are not given to the tests. There has never been,
for example, a head-to-head comparison of Ts65Dn, Ts1Cje and
Ts1Rhr mice using electrophysiological or behavioral assays in the
same experiment. This leads to considerable confusion in the
literature.

As in many areas of biomedical research, translation from animal
models to the human disorder is a significant challenge. Mice are
the highest mammalian model for which there is currently a good
genetic model of DS. Although there are clear limitations in
extrapolating findings from mice to humans, trisomic mouse
models have proven useful in assaying for drugs that affect
hippocampal function, including behavioral outcomes. Indeed,
results in Ts65Dn mice have led to multiple pilot studies and
several clinical trials. A major question is whether the changes that
have been observed in mice will have similar effects in humans that
result in improved cognitive functions and therapeutic outcomes to
allow people with DS a broader range of opportunities, as well as
an extended lifespan. This is, of course, the ultimate goal of
experiments of the type discussed herein.

one-third of the way through cerebellar development. The
mitotic index was also the same as in euploid animals,
which suggests that normalized development of the cere-
bellum would continue as the animals age [98].

It is of obvious interest to determine the duration of
these beneficial effects of SHH pathway stimulation. To
date, there are no robust phenotypes of trisomy that can be
attributed to the reduction in cerebellar GC and Purkinje
cells. It was recently reported that individuals with DS
display differences in some parameters of vestibulo-ocular
reflex compared to age- and gender-matched individuals
without DS [101]. It would be interesting to analyze this in
trisomic mice, especially in combination with electrophys-
iological measurements, as has been done for euploid mice
[102]. Recent advances in our understanding of the role of
the cerebellum in various learning and memory paradigms
raises the question of whether restoration of cerebellar
structure can correct not only functions that have histori-
cally been linked to the cerebellum, but also those attrib-
uted to other brain regions in Ts65Dn and DS [103,104].

It has been reported that a C-terminal cleavage product
of amyloid precursor protein (APP) can act as an accessory
transcription factor of protein patched homolog 1 (Ptchl),
the SHH receptor [105]. This occurs in neurospheres de-
rived from the SVZ and hippocampus. App is upregulated
in the cerebellum of Ts65Dn mice [35] and Ptch is a
negative regulator of the pathway, so this could contribute
to the attenuated response of cerebellar GCPs to SHH.
Several details of the response to SHH and the agonist
SAG 1.1 differ between the transient cerebellar GCP pop-
ulation and the long-term neuronal population from which
these neurospheres are derived, including lower, not
higher levels of Ptch transcripts [105]. Nonetheless, in

87



IGL PCL ML EGL

1. Decreased granule cell proliferation in EGL
2. Reduced responsiveness to Shh

3. Fewer granule neurons in IGL

4. Fewer Purkinje neurons

5. Reduced cerebellar volume

Ts65Dn

Euploid control

TRENDS in Neurosciences

Figure 4. Proliferation deficits in granule cell precursors (GCPs) lead to reduced
cerebellar volume. Fewer mitotic GCP are found in the external granule cell layer
(EGL) in mouse models of DS [15,106] and this leads to a paucity of granule cells in
the internal granule cell layer (IGL) following their migration inward, past the
molecular layer (ML) and Purkinje cell layer (PCL). Reduced granule cell density is
also observed in the DS cerebellum. The size of the Purkinje cell population is also
reduced in trisomic mouse models [15] and, given the reduction in overall volume
of the DS cerebellum [14], this is probably also true in DS. These cell production
abnormalities lead to reduced overall cerebellar volume in adult trisomic mice, as
shown in the histological sections of euploid (bottom left) and Ts65Dn mouse
model (bottom right) [98]. SHH, released by Purkinje cells, is known to influence
granule cell production [96,97], and GCP in the Ts65Dn cerebellum exhibit reduced
responsiveness to SHH compared to euploid; application of a SHH agonist has
been used to correct this proliferation defect in the Ts65Dn cerebellum [98].
Histological stainings adapted, with permission, from [98]. Copyright (2006)
National Academy of Sciences, U.S.A.

light of this finding, it is interesting that Ts1Cje mice,
which are trisomic for approximately 80% of the genes
triplicated in Ts65Dn (but not for App; Figure 1) show a
similar reduction in cerebellar volume but less of a reduc-
tion in GC density than do Ts65Dn mice [106]. Such a
finding is consistent with App dosage effects on the SHH
pathway. Finally, increasingly sophisticated bioinformat-
ics analysis of protein network interactions should prove
useful in identifying additional trisomic genes that might
contribute to DS phenotypes [107].

Future prospects

Since 1959, when it was shown that DS results from
trisomy 21 [108], a major focus of research has been to
identify Hsa21 genes and correlate their overexpression
with specific phenotypes of DS. However, the availability of
genetically defined mouse models that reflect features of
DS has led to a phenotype-based approach that has proven
to be revolutionary for the prospects of improved cognition
in DS. Behavioral tests have suggested specific brain
regions that might be especially affected by trisomy 21.
For example, most trisomic models show some degree of
impairment in various aspects of spatial memory. Indeed,
the poor performance of Ts65Dn in the Morris water maze,
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a test of visiospatial integration that is dependent on the
hippocampus, led behavioral neuropsychologists to study
hippocampal function in children with DS [35,109]. The
Arizona Cognitive Test Battery is specifically designed to
assess functions rooted in the hippocampus, forebrain and
cerebellum in people with DS [110] and this battery is being
proposed as a readout in several pending clinical trials.

Electrophysiological studies of mouse models have dem-
onstrated impaired function in the forebrain. As discussed
above, the hippocampus of Ts65Dn mice has an imbalance
of inhibitory relative to excitatory inputs [83,84]. These
inhibitory neurons are GABAergic, and drugs such as
pentylenetetrazole that antagonize the activity of GABAA
receptors can restore the electrophysiological imbalance
and the ability of mice to perform hippocampal-based
tasks, such as novel object recognition [85]. Indeed, efforts
are under way to conduct clinical trials in DS with several
drugs that are known to target GABA, receptors (clinical
trial identifier NCT01436955; http://www.clinicaltrials.
gov) and that have seemed promising in preclinical trials
[111].

Although postnatal therapies targeting inhibitory neu-
rotransmission may provide a measure of therapy for DS
individuals, it is still unclear how efficacious these strate-
gies will be for long-term improvements and whether they
particularly act to offset the developmental changes de-
scribed here. Several other genes triplicated in DS, includ-
ing the ion channel subunits encoded by GRIK1 (glutamate
receptor, ionotropic, kainate 1) and GIRK2 (G-protein-
coupled inwardly rectifying potassium channel 2) and
the synaptic vesicle trafficking regulator, synaptojanin 1
(SYNJ 1), may also fundamentally impact neurotransmis-
sion and synapse maintenance after birth (Box 1). It will be
important for future studies to distinguish between the
relative roles of prenatal versus postnatal defects with
respect to cognitive dysfunction in DS.

As discussed here, many of the phenotypes observed
after birth are a result of gene dosage effects during early
development. These early changes in brain formation are
likely to substantially affect subsequent developmental
events, such as cellular differentiation and synapse forma-
tion. Amelioration or prevention of these phenotypes will
probably require early intervention. Methods for surgical
and/or molecular interventions during late gestation are
conceivable and in some cases have already been used, as
in the case of surgical repair of cardiac malformations. At
present, however, many approaches for the treatment of
human fetuses in early gestation are neither technically
nor ethically possible, so gene-centric approaches in the
prenatal period are limited.

Although encouraging results demonstrate that the
DYRKI1A inhibitor epigallocatechin gallate (a phenol found
in green tea) may improve cognitive function in trisomic
animals [112], it remains to be seen whether this therapeu-
tic approach will correct any DYRK1A-associated develop-
mental changes. Increased OLIG1/2 gene dosage and the
role that these transcription factors play in the ventral
forebrain phenotype present another possible set of targets.
If specific OLIG1/2 inhibitors can be found, the timing and
localization of delivery will still present a challenge because
these transcription factors are crucial in specifying proper



development of inhibitory neurons, oligodendrocytes and
neural tube. The attenuated response to SHH by GCPs, if it
represents a downregulated response by all trisomic cells,
may point to a common mechanism that accounts for multi-
ple DS phenotypes. The availability of trisomic mouse mod-
els in which development is affected in a similar manner to
DS will continue to play a crucial role in elucidating causes
and identifying opportunities for therapeutic interventions
in this complex disorder.
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