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Down syndrome (DS) results from the triplication of approximately 300 human chromosome 21 (Hsa21) genes
and affects almost all body organs. Children with DS have defects in visual processing that may have a negative impact on their daily life and cognitive development. However, there is little known about the genes and
pathogenesis underlying these defects. Here, we show morphometric in vivo data indicating that the neural
retina is thicker in DS individuals than in the normal population. A similar thickening specifically affecting the
inner part of the retina was also observed in a trisomic model of DS, the Ts65Dn mouse. Increased retinal size
and cellularity in this model correlated with abnormal retinal function and resulted from an impaired caspase9-mediated apoptosis during development. Moreover, we show that mice bearing only one additional copy of
Dyrk1a have the same retinal phenotype as Ts65Dn mice and normalization of Dyrk1a gene copy number in
Ts65Dn mice completely rescues both, morphological and functional phenotypes. Thus, triplication of Dyrk1a
is necessary and sufficient to cause the retinal phenotype described in the trisomic model. Our data demonstrate for the first time the implication of DYRK1A overexpression in a developmental alteration of the central
nervous system associated with DS, thereby providing insights into the aetiology of neurosensorial dysfunction in a complex disease.

INTRODUCTION
Down syndrome (DS), occurring 1 in 700 live births approximately, is a complex developmental disorder caused by
trisomy of human chromosome 21 (Hsa21). Although the clinical manifestations in DS are variable, all cases exhibit intellectual disabilities (1,2). Ophthalmic disorders are common
clinical manifestations in children with DS (3,4). Nonetheless,
visual acuity and contrast sensitivity in these children are
reduced (5) even in the absence of such disorders (6 – 8),

indicating abnormal function of the neural visual pathway in
this population. In fact, defects in retino-cortical visual processing have been identified in DS infants (9,10) and adults
(10) by the alterations observed in cortical visual evoked potential (VEP). Evaluation of the dendritic branching in postmortem tissue suggested that abnormalities in the formation
of the visual cortex circuitry might contribute to these alterations (11). However, and despite the negative impact that
visual defects may have on normal daily life and cognitive
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development (12), the pathological mechanisms underlying
abnormal visual processing in trisomy 21 have not been
further investigated, probably because of the scarcity of postmortem tissue and the difficulty in using available noninvasive techniques in DS patients.
The detection, initial processing and transmission of visual
inputs to the brain depend on the correct assembly of six principal
types of neurons into a functional layered structure, the retina
(13). The neural retina is part of the central nervous system
(CNS) and, therefore, its development is regulated by the same
fundamental cellular and molecular mechanisms that regulate
growth and generate cell diversity in the brain (14). The developing retina expresses several Hsa21 genes that have known functions in CNS development (15–18) and are strong candidates to
participate in the neurological phenotype and cognitive deficits
associated with DS (19). Thus, the overexpression of one or
several of such genes in the retina could alter its functional architecture, contributing to the visual defects in DS. In this work, we
show in vivo data indicating developmental alterations in the
neural retina of DS individuals. To get some insights into the aetiology of these alterations, we have used a murine model of human
trisomy 21 (the Ts65Dn mouse), which displays many aspects of
the DS phenotype (20) and in particular, VEP abnormalities that
are similar to those reported in DS (21). Our results show that
developmental apoptosis in the retina of Ts65Dn mice is

significantly impaired, leading to an increased size and cellularity, as well as an abnormal function of the adult retina. Importantly, we demonstrate that triplication of DYRK1A (dual-specificity
tyrosine-(Y)-phosphorylation regulated kinase 1A) gene, formerly known as MNB (22), is necessary and sufficient to produce the
retinal phenotype in this model.

RESULTS
DS subjects present a thickening of the neural retina
Trisomy 21 changes the normal size and shape of the brain (23).
To identify any possible structural alteration of the retina that
may contribute to the neural visual deficits observed in DS,
we assessed the detailed structure of the retina in three patients
with DS (five retinas) using spectral-domain optical coherence
tomography [SD-OCT (24)]. Optical biopsies obtained at different regions of the retina did not reveal any gross alteration in its
general organization (Fig. 1A). However, the comparison of the
morphometric data obtained from the retinas of DS patients
with those obtained from an age-matched database of control
subjects (16 retinas) revealed that DS subjects had a thicker
neural retina than the controls, which was particularly significant in the central foveomacular region (Fig. 1B–D). This is
a surprising finding considering that hypoplasia of the brain

Figure 1. Microstructural alterations of the central retina in DS. (A) Representative optical biopsy of the central foveomacular region from the retina of a control
(euploid) and DS subject obtained using SD-OCT. The lower hyperreflective layer corresponds to the pigment epithelium and the upper layer to the GC retinal
nerve fibre layer. Note that the inner nuclear layer (the first dark stripe from the top; see the arrow) is thicker in the DS subject, whereas the outer nuclear layer
(the second dark stripe from the top; see the arrowhead) does not seem to be altered. (B) Geometric layout of the retinal regions sampled: foveomacular (central),
nasal, temporal, inferior and superior. (C) Representative colour-coded thickness map of one control and one DS retina in which the numbers correspond to the
thickness (in microns) of each retinal region. (D) Box plots showing the average thickness and distribution of the five retinal regions analysed in control (16 eyes)
and DS subjects (n ¼ 5). Differences are statistically different only in the central region, ∗∗ P , 0.001.
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and cerebellum is a more common characteristic of the syndrome (23). Nevertheless, it indicates that the functionality of
the retina may be altered in DS.
The Ts65Dn mouse model presents hyperplasia of the
inner part of the retina as a result of less developmental
apoptosis
To define better the retinal phenotype observed in DS subjects
and investigate its aetiology, we performed a detailed morphometric analysis of the central retina in young adult trisomic
Ts65Dn mice and their euploid control littermates. As in
humans, the retina of trisomic mice had a normal layered organization but was slightly thicker than in the control group
(Fig. 2A). Although the thickness of the photoreceptor (PR)
layer (outer nuclear layer—ONL) was similar in mutant and
control retinas, the thickness of the inner nuclear layer (INL)
was greater in Ts65Dn mice (Fig. 2A and Supplementary Material, Table S1). Interestingly, a thickening of the INL, but not
of the ONL, was appreciated in the DS subjects examined
(Fig. 1B). The inner plexiform layer (IPL), where INL cells
synapse with ganglion cells (GCs), was also wider in the trisomic mice and there were more cells in the GC layer (Fig. 2A
and Supplementary Material, Table S1). A similar anatomical

2777

defect specifically affecting the size and cellularity of the inner
retina was previously observed in another DS model, the
hYACtg152f7 mouse (25), which carries a small segment of
the Down syndrome critical region (DSCR) containing four
genes (PIGP, TTC3, DSCR3 and DYRK1A) of the approximately 100 trisomic genes in the Ts65Dn model (26). In
vivo rescue experiments identified DYRK1A as the gene responsible for the phenotype (16). As the increase in
Dyrk1a gene copy number in Ts65Dn mice results in a
50% increase in the amount of Dyrk1a protein in the retina
(Supplementary Material, Fig. S1), Dyrk1a could be the trisomic gene provoking hyperplasia of the inner retina in the
Ts65Dn model.
Mitochondrial-dependent cell death (27) is fundamental in
adjusting the absolute number and proportion of retinal cells
during development (28,29), a process that is negatively regulated by DYRK1A-mediated phosphorylation of caspase-9
(Casp9) (16). To assess whether the abnormal size and cellularity in the retina of Ts65Dn mice are a result of reduced developmental cell death, as occurs in the hYACtg152f7 model
(16), we counted the number of retinal cells expressing active
Casp9 and caspase-3 (Casp3) in postnatal day (P)0 Ts65Dn
and control mice. The number of both active Casp3- and
Casp9-immunolabelled cells decreased significantly in the

Figure 2. Ts65Dn and mBACtgDyrk1a mice present greater cellularity in the inner part of the retina as a result of less developmental apoptosis. Representative
eye sections obtained at the level of the central retina from adult Ts65Dn (A) and mBACtgDyrk1a (C) mice, and from control littermates, euploid and wild-type,
respectively, all stained with cresyl violet acetate. Note that the thickness of the INL and IPL indicated by arrows, but not that of the ONL and OPL (outer
plexiform layer), is greater in the mutant retinas than in the controls. The cellularity of the GCL (ganglion cell layer) is also greater in the mutants (asterisks).
All quantifications are summarized in Supplementary Material, Tables S1 and S2. Scale bars correspond to 40 mm. Representative images of the retina showing
cells with active Casp9 (in brown) and histograms showing the average numbers of cells with active Casp9 and active Casp3 in retinas from P0 Ts65Dn (B) and
mBACtgDyrk1a (D) mice, and their respective controls: n ¼ 5 (euploid); n ¼ 4 (Ts65Dn); n ¼ 4 (wild-type); n ¼ 5 (mBACtgDyrk1a). ∗ P , 0.05.
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mutant retinas (Fig. 2B), suggesting that inhibition of Casp9mediated cell death may be the molecular cause underlying
the increase in retinal size in Ts65Dn mice.
mBACtgDyrk1a mice present similar morphological
retinal alterations as Ts65Dn mice
The above experiments indicated that the increase in Dyrk1a
gene copy number could be the cause of the retinal size alterations in the trisomic Ts65Dn mouse model. To assess this possibility, we repeated the same retinal quantifications in a
transgenic model that carries three copies of the mouse
Dyrk1a gene, the mBACtgDyrk1a model (30). As in the trisomic model, mBACtgDyrk1a mice show a 50% increase in the
amount of Dyrk1a protein in the retina (Supplementary Material, Fig. S1). The thickness of the retina INL and IPL and the
cellularity of the GC layer were increased in adult mBACtgDyrk1a mice to a similar extent than in the Ts65Dn model
(Fig. 2A and C). Moreover, the quantification of active
Casp3- and Casp9-immunolabelled cells in the retina of P0
mBACtgDyrk1a and control mice (Fig. 2D) indicated that,
as in the Ts65Dn model, the increase in retinal size in the
transgenic model results from a decrease in Casp9-mediated
apoptosis. This result strongly suggests that triplication of
Dyrk1a causes the retinal size alterations observed in
Ts65Dn mice.
Reverting Dyrk1a gene copy number normalizes retinal
developmental apoptosis in Ts65Dn mice
To prove that Dyrk1a is the gene involved in the phenotype
described in the trisomic model, we quantified the developmental cell death in the retina of the progeny born from
crosses between Ts65Dn mice and Dyrk1a +/2 mice (31). In
the retina of Ts65Dn (TsDyrk1a ++ + ) mice, the number of
active Casp9 cells was again significantly reduced (Fig. 3B).
In contrast, normal levels of cell death were evident in the
retinas of Ts65Dn mice with a diploid complement of
Dyrk1a (TsDyrk1a ++ 2 mice) and thus, with normal Dyrk1a
protein levels (Fig. 3A and B). Consistent with published
data (16), lowering Dyrk1a gene dosage to one copy in
euploid mice (Dyrk1a +/2 mice) dramatically increased
Casp9-mediated cell death (Fig. 3B). These results show that
Casp9-mediated cell death in the trisomic retina depends on
Dyrk1a gene copy number. In addition, they suggest that the
effect of Dyrk1a overexpression on retina growth is independent of the mouse genetic background. To provide evidence of
this, we again assessed the morphology of the outer and inner
retinal layers in such mice 30 days later, after the main waves
of programmed cell death in the retina have occurred (32– 34),
and the five layers of the retina are well defined (Fig. 3C). The
INL and IPL were thicker in trisomic TsDyrk1a ++ + mice,
whereas the thickness of the outer retinal layers remained
normal (Fig. 3C and D), as in older trisomic mice (Fig. 2A).
In accordance with the cell death data, normalization of
Dyrk1a gene copy number in Ts65Dn mice (TsDyrk1a ++ 2
mice) decreased the thickness of the inner retina to normal
values without affecting the width of the outer retina
(Fig. 3C and D). The specific thinning of the internal layers
in Dyrk1a +/2 mice is consistent with the inhibitory effect of

DYRK1A on retinal cell death during development (16).
These data indicate that the inhibition of physiological apoptosis due to the extra copy of Dyrk1a alters the cellularity in
the retina of Ts65Dn mice.
Ts65Dn and mBACtgDyrk1a mice present an abnormal
retinal function
Transmission of light stimuli from PR cells to GCs—the cells
that send the information to the brain—can be evaluated in the
whole animal by electroretinogram (ERG) recordings. The
functionality of the retina in the Ts65Dn model has been previously evaluated, but the mean peaks measured in the ERG
responses obtained in trisomic mice were not significantly different from those obtained in euploid animals (21). Several
mutant mice that have an altered cellularity in the internal
layers of the retina, like the hYACtg152f7 DS mouse model
(16), the Dyrk1a +/2 mouse (16) and the Bhlhb4 (35) and
Math5 (36) knockout mice, present defects in the electrical
currents generated in these layers. In view of these observations and the defects in retinal size and cellularity reported
above (Fig. 2 and Supplementary Material, Table S1), we dissected out the electrophysiological waves originated from the
different retina components in the Ts65Dn mice as we did
before in the hYACtg152f7 and Dyrk1a +/2 models (16). For
this, we obtained ERGs from adult trisomic animals and
euploid littermates under scotopic and photopic conditions in
order to evaluate the rod and cone pathways, respectively.
Scotopic and photopic b-wave amplitudes were larger in the
Ts65Dn mice than in their euploid controls (Fig. 4A, B and
D), indicating that the activity of cells post-synaptic to the
rod and cone PRs was enhanced in the trisomic state. In contrast, the amplitudes of scotopic a-waves were normal
(Fig. 4B), reflecting the functionality of rod and cone PRs
(37). The flicker responses generated under photopic stimulation (Fig. 4E) also indicate that cone PR function is not significantly altered in the trisomic model. Maximum oscillatory
potentials (OPs) were stronger in Ts65Dn mice (Fig. 4C),
reflecting abnormal extracellular electrical currents generated
by negative feedback pathways between second- and
third-order neurons in the IPL. Together, these results, summarized in Figure 4F, indicate that retinal activity in adult
Ts65Dn mice is enhanced mainly due to altered light transmission through inner retina cells, and the specificity of this dysfunction points to the defect in cellularity as the underlying
cause. To provide further evidence of this, we repeated the
functional analysis in adult mBACtgDyrk1a and control littermate mice. The analysis showed that the responses to light
stimuli that are affected in the Ts65Dn mice (Fig. 4) are identically affected in the mBACtgDyrk1a model (see ERG
responses in Supplementary Material, Fig. S2).
Together, these results show that Ts65Dn mice have an abnormal retinal activity, which likely results from the increased
cellularity of the inner retina.
Reverting Dyrk1a gene copy number in Ts65Dn mice
normalizes retinal activity
Given the data obtained, the enhanced retinal responses to
light stimuli in Ts65Dn mice appear to be caused by Dyrk1a
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Figure 3. Ts65Dn retinas with two functional copies of Dyrk1a are normal in size and display normal developmental cell death. (A) Western blot of Dyrk1a
expression in total retinal lysates prepared from control Dyrk1a +/+ (euploid), Dyrk1a +/2 (one copy of Dyrk1a), Ts65Dn (TsDyrk1a ++ + ; three copies of
Dyrk1a) and Ts65Dn with two copies of Dyrk1a (TsDyrk1a ++ 2 ) adult mice. Restoration of Dyrk1a gene copy number in trisomic mice reduces the amount
of Dyrk1a protein to the levels of their Dyrk1a +/+ littermates. Immunodetection of actin was used as a loading control. The histogram shows the average relative
protein level calculated from western blots performed with three independent retinal lysates. (B) The histogram shows the average number of active Casp9+
retinal cells in P0 mice of the four genotypes. Note that there is no difference in the number of active Casp9+ cells between TsDyrk1a ++ 2 mice and control
euploid mice: n ¼ 4 (euploid); n ¼ 3 (Dyrk1a+/2 ); n ¼ 4 (TsDyrk1a ++ + ); n ¼ 3 (TsDyrk1a ++ 2 ). (C) Representative retinal cross-sections from the eyes of
1-month-old Dyrk1a +/+ , TsDyrk1a ++ + , TsDyrk1a ++ 2 and Dyrk1a +/2 mice. Note that the INL and IPL are thicker in TsDyrk1a ++ + mice than in control
euploid mice, but not in TsDyrk1a ++ 2 mice. Scale bar corresponds to 40 mm. (D) The histograms showing the average total retina thickness (left) and the
thickness of the outer and inner nuclear and plexiform layers (right) in eye sections from animals of the four genotypes, like those shown in (C): n ¼ 10
(euploid); n ¼ 6 (Dyrk1a+/2 ); n ¼ 6 (TsDyrk1a ++ + ); n ¼ 8 (TsDyrk1a ++ 2 ). The mean values were compared with the values in euploid mice. ∗∗ P ,
0.001 and ∗∗∗ P , 0.0001.

overexpression. To confirm this hypothesis, we tested whether
normalizing Dyrk1a gene copy number in Ts65Dn mice
restored retinal function by obtaining ERGs from the
progeny of Ts65Dn and Dyrk1a +/2 crosses. Adult Ts65Dn
(TsDyrk1a ++ + ) animals had increased scotopic and photopic
b-wave amplitudes (Fig. 5A, B, D and F). Maximum scotopic
OP amplitudes (Fig. 5C) and flicker responses (Fig. 5E) were
greater in TsDyrk1a ++ + mice than in controls, although the
differences between genotypes did not reach significance
(Fig. 5F). Scotopic a-wave amplitudes in these animals were

normal (Fig. 5B and F) as in the previous experiment in
Ts65Dn mice (Fig. 3B and F). Remarkably, both the scotopic
and photopic b-waves, maximum OP amplitudes and flicker
responses reverted to normal in TsDyrk1a ++ 2 animals. As
seen previously (16), the same electrical responses that
increased in TsDyrk1a ++ + mice diminished in Dyrk1a +/2
mice (Fig. 5A– F). Together, these results show that increased
retinal activity in the Ts65Dn trisomic model is independent of
the genetic background of the animals and it is caused by overexpression of Dyrk1a.
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Figure 4. Increased retinal activity in Ts65Dn mice. (A– E) Representative ERG recordings obtained from one adult Ts65Dn (red traces) and one euploid (grey
traces) littermate mouse. The rod- and cone-driven circuitries were tested, respectively, under scotopic (A –C) and photopic conditions (D–E). Note that the
amplitudes of the scotopic b-waves (brod in A and bmix in B) are larger in Ts65Dn mice than in euploid mice, whereas the a-wave amplitude (amix in B) is
similar in mice of both genotypes. The maximum amplitude of OPs (OP in C) and the photopic b-wave amplitudes (bcone in D) are also larger in Ts65Dn
animals than in the controls. ERG responses to high-frequency flicker stimuli (E) show a trend towards larger responses in trisomic animals. Calibration
groups: (A) and (B), (C) and (D), and (E). (F) Histogram summarizing the average ERG responses recorded in Ts65Dn and euploid mice: n ¼ 11 (euploid);
n ¼ 10 (Ts65Dn). ∗ P , 0.05, ∗∗ P , 0.001.

Figure 5. Reverting Dyrk1a gene copy number in Ts65Dn mice normalizes retinal activity. (A–E) Representative ERG recordings from a control Dyrk1a +/+
(euploid) mouse (grey traces), a Dyrk1a +/2 mouse (black traces), a Ts65Dn (TsDyrk1a ++ + ) mouse (red traces) and a Ts65Dn mouse with two functional
copies of Dyrk1a (TsDyrk1a ++ 2 mouse, yellow traces). The rod- and cone-driven circuitries were tested, respectively, under scotopic (A–C) and photopic
(D–E) conditions. Note that the b-wave (brod in A; bmix in B; bcone in D) amplitudes, maximum OP amplitudes (C) and flicker responses (E) are greater in
TsDyrk1a ++ + mice than in control euploid mice (compare red and grey traces), and that such increases are restored to normal levels in animals with a
normal Dyrk1a gene copy number (compare yellow and green traces). The b-wave and maximum OP amplitudes and flicker responses in Dyrk1a +/2 mice
were significantly smaller than in euploid animals (compare black and grey traces in A–E). Calibration groups: (A), (B) and (D); and (C) and (E). (F) Histogram
summarizing the averaged ERG responses recorded in mice of each of the four genotypes: n ¼ 8 (euploid); n ¼ 3 (TsDyrk1a ++ + ); n ¼ 8 (TsDyrk1a ++ 2 ); n ¼
3 (Dyrk1a+/2 ). ∗ P , 0.05 and ∗∗∗ P , 0.0001.

DISCUSSION
In this work, we show that overexpression of Dyrk1a, due
to triplication of the gene, reduces the magnitude of

physiological apoptosis in the developing retina of trisomic
Ts65Dn mice, which leads to an increase in retinal cellularity
and activity. Importantly, a thickening of the retina similar to
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that seen in the trisomic model has also been observed in individuals with DS.
Loss-of function mutations in the human (38– 40), mouse
(31) and Drosophila (41) DYRK1A/minibrain genes cause
microcephaly and developmental delay. Based on the conserved role of the DYRK1A/minibrain protein kinases in
brain growth, and the dose-dependent effect of Dyrk1a in
the mouse brain (30) and retina [(16) and Fig. 2A and C and
Supplementary Material, Tables S1 and S2 in this work], we
propose that the alterations in retinal thickness observed in
adult DS individuals (Fig. 1) are caused by the extra copy of
DYRK1A.
This enlargement of the retina contrasts with the overall
brain size reduction of DS individuals when compared with
age-matched controls (23). Brain volume variations in DS
and Ts65Dn mouse are region-specific and, although there
are differences between trisomic humans and mice, brain
regions such as the cerebellum, which are disproportionately
affected in humans, are also affected in the Ts65Dn model
(42). Brain volume variations in adult mBACtgDyrk1a mice
are also region-specific but these variations do not completely
overlap with those in Ts65Dn mice (30), indicating that other
genes in trisomy in addition to Dyrk1a contribute to the brain
growth defects in the Ts65Dn model. DYRK1A has pleiotropic functions and in vivo evidence shows its prominent role in
neuronal proliferation and neurogenesis (43). The possibility
of an augmented neuron production in the retina of mBACtgDyrk1a and Ts65Dn mice has not been assessed, but the fact
that hYACtg152f7 mice did not show such increase (16) and
that the embryonic retinal growth in both mBACtgDyrk1a
and Ts65Dn models is normal (data not shown) indicate
that retinogenesis in these two mutants is not significantly
impaired.
In addition to the effect of DYRK1A overexpression on
retinal growth and functionality reported here, DYRK1A
trisomy may alter cerebral visual circuits, and indeed,
enhanced eye-specific refinement in the dorsal lateral geniculate nuclei was detected in postnatal Ts65Dn and Ts1Rhr mice
prior to sensory stimulation (44). Ts1Rhr mice have trisomy of
the DSCR genes and two copies of the remaining genes that
are trisomic in Ts65Dn mice (45). The DSCR gene DSCAM
(Down syndrome cell adhesion molecule) regulates retinogeniculate refinement in a dose-dependent manner but in vivo
rescue experiments indicated that other DSCR genes also contribute to this phenotype (44). As enhanced eye-specific refinement could be explained by an increase in retina cellularity,
DYRK1A could be one of these genes. Finally, and since overexpression of DYRK1A modifies mouse cortical neurogenesis
(46) and neuritogenesis (47), DYRK1A trisomy could also be at
the bases of the dendritic phenotype observed in the visual
cortex of children with DS (11).
Based on the phenotypes of several transgenic mice that
overexpress DYRK1A (25,26,30,48,49) and on the phenotype
of partial Hsa21 trisomies involving DYRK1A (50– 52), this
gene is a candidate to be responsible for the developmental
brain alterations in DS. However, the effect of an extra copy
of DYRK1A in a trisomic context has not yet been reported
for any of the DS phenotypes described. We show here that
DYRK1A is the only trisomic gene involved in the retinal
phenotype of Ts65Dn mice. This, together with other recent
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works showing the effect of Olig1 and Olig2 triplication in
brain embryonic neurogenesis (53) and of Rcan1 triplication
in tumour growth (54), represents compelling experimental
evidence supporting the hypothesis that triplication of one
gene or a reduced number of dosage-sensitive Hsa21 genes
accounts for the different DS phenotypes (19).
The data presented here provide novel insights into the
pathological mechanisms involved in visual information
processing in DS.

MATERIALS AND METHODS
Subjects and optical imaging of the retina
All retinal imaging procedures were performed within the
scope of a neurodevelopment project (see Acknowledgements)
that was approved by the Ethics Committee at the University
of Coimbra (Comissão de Ética da Faculdade de Medicina da
Universidade de Coimbra), and following the tenets of the
Declaration of Helsinki. Written informed consent was
obtained from each subject and procedures of the study were
fully explained.
Morphometry was performed on the neural retina using
SD-OCT, Spectralis (Heidelberg Retina Angiograph,
Spectralis-HRA2; Heidelberg Engineering, Heidelberg,
Germany) as described elsewhere (24). SD-OCT images
were obtained from an age-matched database of control subjects (n ¼ 16, 30.6 + 8.3 years) with normal ophthalmological
examination and from five of the eyes from three DS patients
(29.2 + 16.6 years). All images were obtained in pupillary
mydriasis, covering an area of 208 × 208 centred in the
macula. Image acquisition was performed in high-speed
mode, using 25 horizontal raster scans (B-scans) and 512
A-scans (ART mode: 20 images averaged). The wavelength
of the imaging system of the SD-OCT was 870 nm, the
optical resolution was 7 mm in depth and 14 mm transversely, and the scan depth was 1.8 mm. Two rings were considered
for analysis, ring 1 (central circle with 1 mm of diameter) and
ring 2 (3 mm).
Mice
Experimental procedures were carried out according to European Union guidelines (Directive 2010/63/EU) and following
protocols that were approved by the ethics committees of
the PRBB (Parc de Recerca Biomèdica de Barcelona) and of
the Universidad de Alcalá.
In this study, we have used P0, P30 and adult (2 –
6-month-old) Ts65Dn mice, mBACtgDyrk1a mice and their
respective wild-type littermates, as well as the mice resulting
from crosses between Ts65Dn females and Dyrk1a +/2
males. The generation of Ts65Dn mice, mBACtgDyrk1a
mice and Dyrk1a +/2 mice was described elsewhere
(20,30,31). These mice were maintained in their original
genetic backgrounds: Ts65Dn mice by repeated backcrossing
of Ts65Dn females to C57BL/6JEi X C3H/HeSnJ (B6EiC3)
F1 males; mBACtgDyrk1a mice by repeated backcrossing of
transgenic males to C57BL6/J (Charles River Laboratories
France) females; and Dyrk1a +/2 mice by repeated backcrossing
of Dyrk1a +/2 males to C57BL/6Jx129S2/SvHsd (C57 – 129) F1
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females (Harlan Ibérica, S.L., Barcelona, Spain). Parental
Ts65Dn females and B6EiC3 males were obtained from The
Jackson Laboratories (Bar Harbor, ME, USA). Dyrk1a +/2
and mBACtgDyrk1a mice were genotyped by PCR (30,31)
and Ts65Dn mice by quantitative PCR (http://www.jax.org/
cyto/quanpcr.html). Because B6EiC3 mice carry the recessive
retinal degeneration 1 Pde6brd1 (Rd) mutation, we used trisomic
females that were negative for the mutation to generate experimental trisomic and control euploid mice. The Rd mutation was
genotyped as described previously (55).

membrane (Hybond-ECL, Amersham Biosciences), which was
then probed as described previously (16). The antibodies used
were a mouse monoclonal anti-DYRK1A (1:500; Abnova Corporation); a rabbit polyclonal anti-a-actin (1:5000; Sigma); and
a goat anti-mouse IgG IRDye-800CW or a goat anti-rabbit IgG
IRDye-680CW (1:5000; LI-COR ODYSSEY). Fluorescence
was detected and quantified using the LI-COR Odyssey IR
Imaging System V3.0 (LI-COR Biosciences, Lincoln, NE, USA).

Eye processing for histology
Electroretinograms
ERGs were recorded from adult (3 – 6-month-old) mutant and
wild-type littermates by an observer blind to the experimental
condition of the animal. Prior to ERG recording, mice were
dark-adapted overnight, they were then anaesthetized under
dim red light with an i.p. injection of a ketamine (95 mg/kg)
and xylazine (5 mg/kg) solution and kept on a heating pad
maintained at 378C. The pupils of the mice were dilated by applying a topical drop of 1% tropicamide (Culircusı́ Tropicamida, Alcon Cusı́, El Masnou, Barcelona, Spain). To
optimize electrical recording, a topical drop of 2% Methocel
(Ciba Vision, Hetlingen, Switzerland) was instilled into each
eye immediately before situating the corneal electrode.
Flash-induced ERG responses were recorded from the right
eye in response to light stimuli produced with a Ganzfeld
stimulator, the intensity of which was measured with a photometer (Ciba Vision) situated at the level of the eye. For
each intensity of light, 4 – 64 consecutive stimuli were averaged, with a 10 s interval between light flashes in scotopic
conditions and of up to 60 s for the highest intensity flashes.
In contrast, the interval between light flashes was fixed at
1 s under photopic conditions.
The ERG signals were amplified and band-filtered between
0.3 and 1000 Hz with a Grass amplifier (CP511 AC amplifier,
Grass Instruments, Quincy, MA, USA), and then the electrical
signals were digitized at 20 kHz with a Power Lab data acquisition board (AD Instruments, Chalgrove, UK). Bipolar
recording was performed between an electrode fixed on a
corneal lens (Burian-Allen electrode, Hansen Ophthalmic Development Lab, Coralville, IA, USA) and a reference electrode
located in the mouth, with a ground electrode situated on the
tail. Rod-mediated responses were recorded under dark adaptation to light flashes of 22 log cd s m22, whereas mixed rodand cone-mediated responses were recorded in response to
light flashes of 0.48 log cd s m22. OPs were isolated using
white flashes of 0.48 log cd s m22 in a 100– 10 000 Hz range
of recording frequencies. Cone-mediated responses to light
flashes of 1.48 log cd s m22 were recorded on a rod-saturating
background of 30 cd m22. Flicker responses (20 Hz) to light
flashes of 1.48 log cd s m22 were recorded under a rodsaturating background of 30 cd m22. The amplitudes of the
a-wave and b-wave were measured off-line and the results
averaged.
Western blotting
Total protein extracts from the adult retina (80 mg) were
resolved by SDS–PAGE and transferred onto a nitrocellulose

P0 animals were sacrificed with an overdose of isofluorane,
and their heads were recovered and fixed by immersion in
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB,
pH 7.4) for 24 h at 48C. The heads were then cryoprotected,
embedded in Tissue-Tek O.C.T. (Sakura), frozen in isopentane
(Panreac) and sectioned on a cryostat. Cryosections (16 mm)
were collected on Starfrost-precoated slides (Knittel Glasser)
and distributed serially. P30 and adult mice (2-month-old)
were deeply anaesthetized and transcardially perfused with
4% PFA in PB at RT. The eyecups were removed from
these mice and post-fixed by immersion in the same fixative
for 24 h at 48C. After dehydration in an ethanol gradient and
embedding in paraffin (Merck), transverse sections (5 mm)
were obtained with a sliding microtome, and sections containing the optic nerve were collected on poly-L-lysine-coated
slides.

Morphometry and cell numbers
Paraffin sections stained with cresyl violet acetate were used to
quantify morphological parameters of the retina. The size of
the retina and of each retina layer and the number of cells in
the GC layer were estimated using an Olympus BX51 microscope and the CAST GRID stereological software package
from Olympus as described previously (16). Only central sections were considered for the analysis, defined as transverse
sections containing a complete section of the optic nerve opposite the cornea. A minimum of four animals per genotype
was included in the analysis.

Apoptosis
Developmental apoptosis was evaluated in P0 mice by counting
the number of active Casp3- and active Casp9-immunostained
cells in cryosections of the retina. The immunohistochemical
procedure followed was that described previously (16), using
the avidin–biotin–peroxidase method. Sections were incubated
overnight at 48C with a rabbit monoclonal anti-active Casp3
(1:1000, BD Pharmigen) or a rabbit polyclonal anti-active
Casp9 (Asp353, 1:500 Cell Signaling Technology) antibody
diluted in blocking buffer [0.2% Triton-X100 and 5% (v/v)
fetal bovine serum (GIBCO) in PBS]. After staining with the
corresponding biotinylated secondary antibodies (1:200) from
Vector Labs, the total number of apoptotic cells in the retina
was calculated by counting Casp3 and Casp9 immunopositive
cells in one complete series from at least three animals per
genotype.

Human Molecular Genetics, 2013, Vol. 22, No. 14

Statistical analysis
To compare the thickness between control and DS retinas, the
Mann – Whitney U test with Bonferroni correction for multiple
comparisons was applied using the SPSS (version 18) software
package. These data are presented as the mean + standard deviation. In the rest of experiments, the significance of the differences between the groups was evaluated by analysis of
variance followed by a two-tailed Student’s t-test. These
data are presented as the mean + standard error of the mean.
In all the experiments, the differences are considered to be
significant at P-values ,0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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