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Down syndrome (DS) is the most frequent genetic cause of mental 
retardation. Cognitive dysfunction in these patients is correlated 
with reduced dendritic branching and complexity, along with 
fewer spines of abnormal shape that characterize the cortical 
neuronal profile of DS. DS phenotypes are caused by the 
disruptive effect of specific trisomic genes. Here, we report that 
overexpression of dual-specificity tyrosine phosphorylation-
regulated kinase 1A, DYRK1A, is sufficient to produce the 
dendritic alterations observed in DS patients. Engineered changes 
in DyrkIA gene dosage in vivo strongly alter the postnatal 
dendritic arborization processes with a similar progression than in 
humans. In cultured mammalian cortical neurons, we determined 
a reduction of neurite outgrowth and synaptogenesis. The 
mechanism underlying neurite dysgenesia involves changes in 
the dynamic reorganization of the cytoskeleton. 
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Introduction 

Dendritic abnormalities are a c o m m o n feature of t he micro-
structural pathology of mental retardation. Down syndrome 
(DS) is the most c o m m o n genet ic form of mental retardation, 
and DS patients show reduced dendrit ic branching and 
complexity along wi th fewer spines of abnormal shape. 
However, DS fetus and newborn present normal or even 
increased dendrit ic branching (see Becker et al. 1986; Dierssen 
and Martinez de Lagran 2006 for review). 

DYRKIA is a plausible candidate gene to explain some DS 
phenotypes (reviewed in Dierssen and Ramakers 2006; 
Dierssen et al. 2009). It localizes in the DS critical region of 
human ch romosome 21 , encodes for a dual kinase phosphor -
ylating bo th threonine /ser ine and tyrosine residues, and has 
been implicated in learning and memory (Altafaj et al. 2001; 
Ahn et al. 2006). Interestingly, Dyrk lA+/ - mice show micro
cephaly and dendrit ic defects (Fotaki e t al. 2002; Benavides-
Piccione e t al. 2005) and DYRKIA knockdown in cortical 
cultures compromises neuri togenesis (Scales e t al. 2009). 
Moreover, primary cultures of transgenic mice (Tgl52F7) that 

contain a 570 kb human YAC, including DYRKIA show 
dendrit ic g rowth impairment (Lepagnol-Bestel et al. 2009). 

Here, w e demonst ra te that single overexpression of DyrkIA 
in vivo to the levels observed in DS (1.5-fold in brain) is 
sufficient to recapitulate the dendrit ic features of DS patients 
by affecting neuri te outgrowth, synaptogenesis, and actin 
dynamics wi th in dendrit ic spines. 

Materials and Methods 

Animals 
The production and breeding procedures of transgenic mice for 
DyrkIA (TgDyrklA) are described in Altafaj et al. (2001). Animals were 
housed under standard conditions and protocols, and experiments 
were performed according with local and EU Ethical Committee 
guidelines. 

Intracellular Injections of Cortical Pyramidal Cells 
Four to six mice per genotype of different postnatal stages (postnatal 
days P7 and P10) and adults (2 months) were used to study pyramidal 
cell morphology. Intracellular injections of Lucifer yellow (LY) were 
performed in layer III pyramidal neurons of the secondary motor cortex 
(M2; Paxinos and Franklin 1997). To sample a homogeneous collection 
of dendritic arbors, the whole basal dendritic field of pyramidal 
neurons, that forms about 9096 of the dendritic length of any cortical 
pyramidal neuron (Larkman 1991) and, thus, represents the major 
target of synaptic inputs to pyramidal neurons, was studied in 
horizontal sections. The M2 region was selected to compare the 
results of dendritic morphology with those of other DS animal models 
such as Ts65Dn and DyrklA+/- (Dierssen et al. 2003; Benavides-
Piccione et al. 2005). Animals were perfused with 496 paraformaldehyde 
(PFA), and their brains vibratome sliced parallel to the cortical surface 
in 150-|xm sections. Cell injection methodology was previously 
described in detail (Elston and Rosa 1997; Elston et al. 2001). Briefly, 
cells were injected with LY by continuous current and stained with an 
anti-LY antibody (1:400 000, Sigma). Only cells identified as pyramidal 
neurons (recognized by the labeling of the apical dendrite proximal 
portion) and whose entire basal dendritic arbor was completely filled 
were included in the analysis. Pyramidal cortical cells were drawn with 
the aid of a camera lucida microscope attachment. Morphometric 
analysis was performed using NIH image software (NIH Research 
Services) (Ballesteros-Yanez et al. 2006). Size of dendritic arbors was 
determined by calculating the area contained within a polygon that 
joined the outermost distal tips of the basal dendrites (Elston and Rosa 
1997, 1998). Branching pattern was determined by counting the 
number of dendritic branches that intersected concentric circles 
(centered on the cell body) of radii that incremented by 25 |xm (Sholl 



1953). Dendritic spines on labeled pyramidal cells were measured 
by counting the number of spines in each 10-|xm segment (x 100 
oil objective) from the soma to the distal tips of dendrites. Spines 
were counted on 10 horizontally projecting dendrites per animal, 
randomly taken from different cells. The estimation of the total number 
of spines in the basal dendritic tree was calculated by multiplying 
the average number of spines of a given portion of the dendrite by the 
average number of branches for the corresponding region over the entire 
dendritic tree. 

Transfection, Staining, and Morphometric Analysis of Primary 
Cortical Cultures 
Cortical primary cultures were prepared from 17.5-day-old embryos 
(E17.5) and maintained in Neurobasal B27-supplemented medium 
(Invitrogen). Cortical cultures were transfected with an EGFP plasmid 
by Lipofectamine 2000 according to manufacturer instructions. Cells at 
selected day-in-vitro (DIV) of interest were fixed with 496 PFA at room 
temperature for 20 min and subjected to immunofluorescence analysis 
with the indicated antibody according to standard protocols (anti-
PSD95 [1:700, ABCAM], antisynaptophysin [1:400, Sigma], anti-tubulin 
[1:1000, Upstate]). Actin was stained using rhodamine phalloidin 
(1:400, Sigma). For morphometric analysis, positive cells expressing 
EGFP were recorded in 3D image stacks with a ZEISS Axioplan2 
fluorescence microscope and manually reconstructed with the Image-
Pro Plus 5 application Neurodraw. After reconstruction, we calculated 
surface area of the soma; number of dendrites per cell, total dendrite 
length, number of branch points, terminal segment length (the segment 
after the last branch point of the neurite), intermediate segment length, 
number and length of filopodia, and growth cones. Reconstruction of 
spines from mature cultures was performed with Imaris software, and 
the density of spines in 30 |xm of dendrite was measured. Spines were 
assigned to several morphological categories: type A, thin spines 
without a clear differentiated head; type B, long neck with small round 
head; and type C, short neck with round large head (Fig. 4£). 

Confocal Microscopy and Live Cell Imaging 
Fixed images of cortical cultures were acquired with a confocal Leica 
TCS SPE microscope and further analyzed with Image J software. For 
the analysis of growth cone area free of microtubule invasion, ratio 
between the areas occupied by F-actin versus tubulin of a projected 
image from stacks was analyzed. Synaptic density was calculated for 
each neuron as number of mature synaptic contacts (PSD95 and 
synaptophysin) per 100 microns of dendritic length and normalized 
by total cell density of its respective coverslip. For life cell imaging, 
phase contrast was used to record stage coordinates of suitable axonal 
growth cones with the aid of a Zeiss Cell Observer HS microscope 
coupled to a temperature-controlled chamber at 37 °C. Cultures were 
treated with harmine (0.1 |xM) to inhibit DyrklA activity. Images 
were acquired at DIV 1 every 5 min for a period of 14 h using 40-ms 
integration time and analyzed with particle track plugging of Image J 
software. 

FRAP Analysis of Actin Dynamics in Dendritic Spines 
FRAP experiments were performed in DIV 22 cortical cultures 
transfected by YFP-actin DNA electroporation using the Mouse 
Nucleofector kit (Amaxa biosystems) following manufacturer's instruc
tions. Photobleaching was carried out using a Leica TCS SL confocal 
microscope based on previous work (Star et al. 2002). The fluorescence 
recovery after photobleaching represents the incorporation of new 
YFP-actin monomers into the actin filament. The net fluorescence 
recovery at the steady-state (mobile fraction) represents the free 
diffusion of YFP-actin monomers and the proportion of filaments in 
dynamic equilibrium. Lower proportions of stable filaments render high 
values of mobile fraction and, conversely, a high proportion of stable 
actin filaments will produce smaller mobile fraction values. FRAP 
experiments were performed using the following protocol: 10 single 
prebleach scans were acquired at 356-ms intervals followed by 20 
bleach scans at full power laser line using a circular area of 2.59 nm2. 

Mean fluorescence intensity during the time series was quantified using 
the Image Processing Leica Confocal Software. 

Electrophysiological Recordings 
Extracellular spontaneous activity of cortical primary cultures was 
recorded using E2 Dish device (Aleria Biodevices) constituted by 
a plastic culture substrate supporting low-complexity multiunit loose-
patch recording of developing networks (Morales et al. 2008). Briefly, 
the system consists in an hybrid polydimethylsilane-on-polystyrene 
structure including 2 chambers (6 mm in diameter) separated by 
a microchannel (1 mm in length) serving as substrate-embedded 
recording pipettes. Spikes up to 50 pA in voltage-clamp and 300 mV in 
current-clamp modes were recorded in sparse and bursting activity 
patterns with the aid of E2 soft software following manufacturer 
instructions. 

Immunoblotting 
Immunoblotting was performed following standard protocols in E17.5, 
postnatal P7 and P10, and adult cortical extracts and mouse cortical 
culture lysates (3 DIV). Blotts were incubated with primary anti-Tau 
(1:1000, Bioscience), anti-PSD95 (1:1000, ABCAM), anti-synaptophysin 
(1:1000, Sigma), or anti-GAPDH (1:1000, Chemicon) antibodies overnight 
at 4 °C, followed by horseradish peroxidase-labeled antispecies-specific 
antibody. Quantification was performed by densitometric analysis (Image 
Gauge software). Blots were normalized with the levels of GAPDH. 

Quantitative Real- Time PCR 
For quantitative real-time polymerase chain reaction (qPCR) from DIV3 
cultures, total cellular RNA was isolated from cortical cultures by using the 
RNeasy MiniKit (Quiagen). One microgram of total RNA was used for first-
strand complementary deoxyribonucleic acid (cDNA) synthesis by using 
Omniscript Reverse Transcription kit (Quiagen). Gene expression was 
determined by SYBR Green qPCR, using SYBR Green PCR mix (Roche) 
cDNA as template. The following gene-specific primers were used: Tau_F: 
5 -CTGAAGCACCAGCCAGGAGG-3', T a u R 5 -TGGTCTGTCTTGGCTTT 
GGC-3', LlcamF: 5 -ACAGCGCATGGAAGACTTGA-3', L lcamR 5'-
CGGGTGGTAAGAAAGAGACTCG-3', Elmo2_F: 5 -ATCCACCAGGAGT-
CATGAAGTCA-3', Elmo2_R 5 -AAGCCCGACCCAGGCTC-3'. qPCR was 
performed on a LightCycler LC480 instrument (Roche), using the 
following amplification conditions: 5 min, 95 °C; followed by 45 cycles 
of 10 s; 95 °C, 30 s; 62 °C, 15 s; 72 °C. Cp values were determined using 
the LightCycler 480 SW 1.5 software (Roche). The Pgk-1 (phosphoglyc-
erate kinase 1) housekeeping gene was used to normalize gene 
expression. 

Statistical Analysis 
All data were normally distributed, thus allowing the use of parametric 
tests. For comparison between 2 groups, the Student's t test was used. 
In the case of morphological parameters of cortical pyramidal neurons 
and synaptogenesis analysis, both experiments with more than 2 groups, 
two-way analysis of variance (ANOVA) with Bonferroni as post hoc test 
was performed. Repeated measure ANOVA was used to analyze data 
curves of Sholl analysis. All graphs were plotted as mean ± standard 
error of the mean. All statistical analyses were performed using SPSS 
and GraphPad Prism 5 software packages. 

Results 

Overexpression of DyrklA Reduces Dendritic 

Arborization Complexity in Adult Mice 

Layer II/III pyramidal cells from the M2 region of adult 
(2 months ) TgDyrklA and wild type l i t termates w e r e injected 
wi th LY (66 and 96 cells, respectively) (Fig. 1A). The size of the 
basal dendrit ic field area of TgDyrklA was similar to wild types 
(mean ± standard deviation: 3.42 ± 0.98 x 104 | im2 and 3 3 8 ± 
0.91 x 104 |im2, respectively). However, TgDyrklA showed 
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Figure 1. DyrklAoverexpression recapitulates DS dendritic phenotype. Morphological characterization of the basal dendritic fields was performed in cortical neurons at P7, P10, 
and adult TgDyrklA mice and their wild type littermates. {A) Representative photomicrographs of adult wild type (left panel) and TgDyrklA mice (right panel) neurons from 
cortical layer III injected with LY. Scale bar = 125 urn. (fi) Total length of basal dendrites. Sholl analysis (number of dendritic branches that intersected concentric circles 
[centered on the cell body] of radii that incremented by 25 u.m) of (C) P7, (D) P10, and (£) adult dendrites to determine the complexity of the dendritic trees. [F] Density of spines 
along the entire length of the dendrites that were only quantified in adult mice. (G) Photomicrographs of horizontally projecting basal dendrites from adult wild type (left panels) 
and TgDyrklA mice (right panels). Arrows show the spines along the neurite. Scale bar = 10 u.m. Black bars and symbols represent wild type, and white bars and symbols 
represent TgDyrklA mice. Data are represented as means ± standard error of the mean; *P < 0.05, **P < 0.01, *** P < 0.001. 

significantly shorter dendrites (1.90 ± 0.51 x 103 \im vs. 2.31 ± 
0.50 x 103 \im, respectively, Fig. IB). The quantification of 
dendritic branches as a function of the distance from the cell 
body (Fig. IE) revealed that the peak branching complexity of 
TgDyrklA arbors was less (24.54 ± 5.71 intersections, Sholl 
analysis) than in wild types (37.60 ± 6.82 intersections), 
although peak complexity was localized at the same distance 
(50 microns) from the soma in both genotypes. The analysis of 
the branching patterns of the whole dendritic arbor revealed 
significant genotype-dependent differences (repeated meas
ures ANOVA, P < 0.001), particularly in the region of the arbor 
nearer to the soma (Fig. IE). Finally, the density of spines along 
the entire length of the dendrites was reduced in TgDyrklA 

(Fig. \F,G). Statistical analysis showed the differences to be 
significant at 60 and 80 microns from the soma (repeated 
measures ANOVA P < 0.001, post hoc Bonferroni: P < 0.05 and 
P < 0.01, respectively). The estimation of the total number of 
spines in the basal dendritic arbor revealed that pyramidal cells 
in TgDyrklA had a 40% reduction in number of spines in 
their basal dendritic arbors compared with wild types. 
Moreover, qualitative analysis revealed differences in TgDyrklA 
spine morphology. Whereas in wild type dendrites mostly 
mushroom-like protrusions were observed, TgDyrklA 
dendrites showed a higher proportion of thin and long spines 
(Fig. 16). Further experiments will be necessary to analyze in 
detail the 3D dendritic spine morphology using high 



magnification confocal images instead of images from neurons 
labeled with DAB. 

Overexpression ofDyrklA Modulates Dendritic 
Arborisation during Postnatal Development in TgDyrklA 
We analyzed pyramidal cells of TgDyrklA and their wild type 
littermates at P7 (49 and 62 cells, respectively) and P10 (40 and 
55 cells, respectively), in the same layer and cortical area as in 
adults. Basal dendritic field areas showed no differences at 
P7 and P10 in TgDyrklA respect to wild types (P7: 2.76 ± 1.14 
x 104 um2 and 2.39 ± 1.01 x 104 um2, respectively; P10: 3.31 
± 0.82 x 104 um2 and 2.93 ± 0.91 x 104 um2, respectively; figure 
not shown). No differences in total dendritic length of basal 
arbors (Fig. IB) were observed at either P7 (1.45 ± 0.65 x 103 

TgDyrklA and 1.25 ± 0.43 x 103 um, wild types) or P10 (2.11 ± 
0.31 x 103 TgDyrklA and 1.99 ± 0.55 x 103 um, wild types). At 
P7, the dendritic arbor of TgDyrklA neurons was significantly 
more complex than in wild type (repeated measures ANOVA, 
P < 0.001, Fig. 1C). These differences disappeared at P10, when 
mice of both genotypes presented similar branching complex
ity and distribution (Fig. ID). At P7 and P10, due to the 
difficulty to distinguish between spines and filopodia, spine 
analysis was not carried out. 

DyrklA Overexpression Impairs Neurite Elongation of 
Dissociated Cortical Neurons in Primary Cultures of 
TgDyrklA Mice 

The changes observed in adult and developing pyramidal cell 
morphology in TgDyrklA mice suggested the involvement of 
DyrklA in cortical neuronal outgrowth and branching. In this 
process, adequate neurite outgrowth is required to establish 
mature connections between neurons. We analyzed EGFP-
transfected neurons (71 wild type and 68 TgDyrklA) of cortical 
primary cultures at DIV 3, using Thy-1 promoter to mainly 
detect pyramidal neurons. A significant decrease in the number 
of dendrites emerging from the soma and reduced dendritic 
complexity (number of branch points per dendrite) (P < 0.05, 
Fig. 2A) was observed in TgDyrklA compared with wild type 
neurons (P < 0.05, Fig. 2A). In TgDyrklA, dendritic filopodia 
were shorter (P < 0.001, Fig. 2D) with a trend toward 
reduction in the axons (P = 0.07, Fig. 2D). 

Additionally, since early stage neurons of primary cultures 
are already polarized, it was possible to distinguish between 
dendrites and axons (Dotti et al. 1988). In our experiments, we 
detected a slight reduction in axon length in TgDyrklA 
neurons (P = 0.07, Fig. 2B). This reduction reached statistical 
significance in the terminal (P < 0.01, Fig. 2C) but not in the 
intermediate segments. No differences between both geno
types were observed in axon branching. However, TgDyrklA 
axons presented fewer growth cones, main structure re
sponsible for the elongation, and directionalization of the 
branches (P < 0.05, Fig. 2C). 

Overexpression of DyrklA Affects Axonal Growth by 
Modifying Cytoskeletal Machinery 
The reduced axonal length and numbers of axonal cones in 
TgDyrklA neurons suggested that axonal growth might be 
compromised. While growing, axons exhibit a variety of 
dynamic behaviors; they often elongate in a saltatory manner, 
with periods of abrupt advance alternating with periods of 
retraction or pausing. We registered the axonal movements at 

the initial stages of primary cultures (DIV 1,46 wild type and 40 
TgDyrklA neurons) using 14 h time-lapse recording (Fig. 3A). 
The axonal behavior was different in transgenic neurons, which 
showed a significant reduction of the distance traveled by the 
axon (P < 0.05, Fig. 3A,B). This phenotype was reverted after 
treatment with harmine, a potent DyrklA inhibitor (Gockler et al. 
2009) (P < 0.01, Fig. 3B) at a dose not affecting neuronal viability 
in an MTT assay (data not shown). Speed of both forward and 
backward axon movements was reduced in TgDyrklA axons 
(P < 0.005 for both, Fig. 3C), with no genotype-dependent 
differences in the number of growth-cone directionality changes. 

Since the rate of growth cone advance depends on the 
interaction between the F-actin cytoskeleton and microtubules, 
we double stained cortical neurons with a tubulin antibody 
and rhodamine phalloidin to label microtubule and actin 
filaments, respectively (DIV 1, 52 wild type and 49 TgDyrklA 
growth cones). In TgDyrklA neurons, tubulin staining was 
restricted neurite shaft, with significant less occupancy of the 
growth cone (P < 0.001, Fig. 3D,E), suggesting changes of 
microtubule distribution in transgenic neurons. The altered 
cytoskeletal distribution was detected in 64.63% of TgDyrklA 
neurons compared with 19-85% of wild type neurons, transgenic 
neurons showing increased penetrance of the phenotype 
(P < 0.001). 

Axonal elongation depends on stabilization of microtubule 
array, a process regulated by several microtubule associated 
proteins such as Tau. In immunoblotting analyses, Tau 
expression was reduced in both protein extracts from DIV3 
transgenic cultures (P < 0.05, Fig. 3P) and in E17.5 embryo 
cortex (P < 0.05, Fig. 3P). In contrast, no significant differences 
were detected at adult and postnatal stages (data not shown). 
When Tau mRNA level in DIV3 cultures was analyzed no 
difference between genotypes was found (Fig. 3G). 

DyrklA Overexpression Influences Synaptogenesis 
In our experiments, DyrklA overexpressing neurons showed 
less branched neurites with shorter filopodia (see above). Since 
these alterations could affect the correct establishment of 
synaptic connections, we analyzed the number of putative 
synaptic contacts. Neurons at DIV 10, 15, and 20 were 
immunostained with a presynaptic and a postsynaptic marker 
being their co-localization along the dendrites defined as 
a synapse (Fig. 4A). Although at DIV 10 no differences were 
observed between genotypes, synaptic density was higher in 
TgDyrklA dendrites at DIV 15 (P < 0.05, Fig. 4B). However, at 
more mature stages, a significant decrease in the synaptic density 
was noticed in TgDyrklA, compared with wild type dendrites (P 
< 0.001, Fig. 4B), indicating an impaired mature synaptic contact 
formation during network establishment. Thus, the expected 
progressive increase of synaptic density was observed in wild 
type but not in TgDyrklA dendrites (Fig. 4B). The density of 
dendritic spine in TgDyrklA EGFP-transfected mature neurons 
was reduced (P < 0.001, Fig. 4C,D). Moreover, TgDyrklA spines 
morphology differed from that in wild type ones. TgDyrklA 
spines were mostly thinner and longer (spine type A, P < 0.001), 
whereas wild types were characterized by big head with a short 
neck (spine type C, P < 0.001) (Fig. 4E,F). 

In cortical protein extracts from postnatal and adult mice 
(Fig. 46) presynaptic synaptophysin and postsynaptic PSD95 
were reduced in TgDyrklA, at P7 (P < 0.05 and P < 0.01, 
respectively) but not P10 or adult cortex. 
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Figure 2. Neuritogenesis is altered in cultured cortical TgDyrkIA neurons. The reconstruction of cultured cortical EGFP-positive cells at DIV 3 allowed the analysis of the 
neuritogenesis at initial stages. Histograms represent: [A) the dendritic tree complexity, as measured by the number of dendrites emerging from soma, the number of branch 
points and the number of filopodia per dendrite; (B) the mean intermediate and terminal segment length and total length of the axon; (C) the total number of growth cones per 
axon; [D) mean filopodia length in dendrites and axons. Black bars are wild type, and white bars, TgDyrkIA cultures. Data are represented as means ± standard error of the 
mean. *P < 0.05, **P < 0.01, ***P < 0.001. 

DyrklA Overexpression Induces Alterations in Actin 
Dynamics in Dendritic Spines 
Spines are unstable and motile structures submitted to constant 
morphological changes that rely on actin cytoskeleton rear
rangements, where diffusion of actin monomers between the 
dendrite and the spine allows their incorporation into actin 
filaments to establish the spine actin network. We evaluated 
actin dynamics in spines using FRAP in YFP-actin transfected 
mature cortical cultures (DIV 22) (Fig. 5A). No relation 
between YFP expression level and the percentage of mobile 
actin fraction in either genotype was found, indicating that 
overexpression of YFP-actin did not alter the dynamics of actin 
(Fig. 5B). Mobile actin showed a different behavior in both 
genotypes (representative actin dynamics curves shown in Fig. 
56). In average, the mobile fraction was lower in TgDyrkIA 
spines P < 0.05, Fig. 5D), indicating a higher fraction of stable 
filaments (Fig. 5D). Also, the fluorescence recovery half time 
was faster in transgenic spines (P = 0.05, Fig. 5D), suggesting 
a modified actin treadmilling. These disturbances in actin 
dynamics and proportion of stable filaments could affect 
synaptic plasticity events in TgDyrkIA. 

Altered Neuronal Activity in TgDyrkIA Cortical Cultures 
Since the reduced synaptic density observed in TgDyrKIA mice 
would influence the synaptic connectivity established in 
culture, we have examined the spontaneous electrical activity 
of both wild types and TgDyrKIA culture neurons. To this end, 
an extracellular electrophysiological recording (50 wild type 
and 46 TgDyrkIA cultures) of 5 min in length were analyzed for 
firing frequency using E2-Dish apparatus (Fig. 6A). TgDyrkIA 
cultures showed a significantly reduced number of spikes along 
the recording time (P < 0.05, Fig. 6B,C), indicating an altered 

firing consequent with the altered synaptogenesis and reduced 
axonal developing. 

Discussion 

We here demonstrate that DyrklA overexpression in TgDyrkIA 
leads to morphological alterations in pyramidal dendritic trees. This 
phenotype is suggested to depend on abnormal microtubule 
distribution during neuritogenesis and actin dynamics during 
synaptogenesis, affecting neurite and dendritic spine development. 

In Vivo DyrklA Overexpression Alters the 
Microarchitecture of Cortical Pyramidal Neurons 
DS patients show alterations in cortical dendritic trees, 
a microanatomical trait that has been proposed as determinant 
of the deficient information processing in mental retardation 
(Ramakers 2002; Dierssen and Ramakers 2006). We here 
present evidence that DYRK1A overexpression produces 
a dendritic phenotype similar to that observed in Ts65Dn mice 
(Dierssen et al. 2003) and DS brains (Takashima et al. 1981; 
Becker et al. 1991). Adult TgDyrkIA show reduced cortical 
pyramidal complexity, spine density and dendritic branching, 
and length. Interestingly, DyrklA heterozygous mice (Fotaki 
et al. 2002) also show alterations in cortical neuron cytoarch-
itecture characterized by a reduction in dendritic length and 
complexity, suggesting that subtle dosage variations of DyrklA 
can lead to alteration in pyramidal cortical neurons. 

A relevant role of DYRK1A has been previously reported during 
corticogenesis (Rahmani et al. 1998; Marti et al. 2003; Hammerle 
et al. 2008). The morphological study of cortical pyramidal 
cells of TgDyrkIA mice at postnatal ages, when experience-
dependent maturation of the dendritic tree takes place, showed 
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Figure 3. TgDyrkI A neurons showed impaired axon elongation associated with changes in microtubule cytoskeleton. Phase contrast time-lapse experiments for 14 h of DIV 1 
primary cortical culture were performed to analyze axon growth, ifi) Representative images of axonal outgrowth, being white asterisk the initial position and yellow one the final reach 
point of the growth cone, indicating final traveled distance. The histograms represent the quantification of (fi) final distance traveled by the axon and (C) mean speed of forward and 
reward axon movements. (D) Representative confocal images of immunolabelled growth cones at DIV 1 with F-actin (red), a-tubulin (green), and co-localization of both. Arrows show 
the extension of microtubules along the neurite and their interaction point with the actin. Upper panel: wild type, lower panel: TgDyrkI A. (£) Histogram represents the ratio between 
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DIV: day in vitro. Data are represented as the means ± standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar = 10 urn. 

that at early stages (P7), dendritic trees were more complex 
with longer branches. By PIO, these differences had disappeared, 
while adult dendritic trees showed reduced morphological 
complexity. These findings recapitulate the changes observed in 
DS newborn and children (Becker et al. 1986; Prinz et al. 1997); 

where normal or even increased dendritic branching is observed 

(Takashima et al. 1994; Vuksic et al. 2002) that contrasts with the 
reduced number of dendrites observed in later stages (Becker 
et al. 1991). This is the first time that the progression of postnatal 
regressive cortical changes of DS has been recapitulated in 
a mouse model and that a specific gene can be directly associated 
with the progression of the phenotype. 



B 

? 2 5 - i 

D 

DIV 10 DIV 15 DIV 20 

^M Wild type 

I I TgDyrkIA 

PSD95 

SY38 

P7 

Wild type 

100 ±10.7 

100± 11.6 

TgDyrkIA 

43.8 ± 7.3 

60.9 ±11.6 

P 

** 

* 

P10 

Wild type 

100 ±4.0 

100 ± 11.1 

TgDyrkIA 

93.7 ±7.1 

76.3 ± 3.2 

P 

n.s. 

p = 0.1 

Adult 

Wild type 

100 ±24.8 

100 ±13.4 

TgDyrkIA 

55.2 ±6.9 

68.0 ±6.9 

P 

n.s. 

p = 0.08 
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DyrklA Participates in Neuritogenesis by Modifying the 
Cytoskeleton 
To get insight into the possible mechanisms, we used primary 
cortical cultures. Cultured TgDyrkIA neurons presented 
reduced axonal length, with shorter terminal segments and 
less complex dendritic arbors with fewer dendrites, branch 
points, and terminal segments. These results support and 

extend previous findings that suggested a role of DYRK1A on 
neuritogenesis. In an immortalized hippocampal progenitor 
cell line, overexpression of kinase-deficient DYRK1A impeded 
neurite outgrowth (Yang et al. 2001), and recently, a severe 
reduction of dendritic growth and complexity was reported 
after single DyrklA overexpression with adenovirus vectors 
in primary mouse cortical cultures and in dissociated cortical 
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neurons from 152F7 YAC transgenic mice overexpressing complex to deregulate genes such as Elmo2 or Llcam related to 
DyrklA (Lepagnol-Bestel et al. 2009)- These authors propose neurite outgrowth. However, no expression changes of neither 
that DyrklA interact with the REST/NRSF chromatin-remodeling of those proteins were found in our cortical cultures (data not 



shown), probably due to a temporal regulation of those genes 
(E12.5 vs. E17.5 in our case) or methodological artifacts (E12.5 
telencephalon comparing with cortical cultures at DIV3). 
However, our results do not discard that DyrklA could be 
interacting with other protein involved in neuritogenesis. In fact, 
our previous studies (Toiber et al. 2010) also found DS-like brain 
splicing machinery malfunctioning in DyrklA overexpressing 
mice. Specifically, in both fetal DS brains and TgDyrklA, we 
found modification in splicing-associated transcripts involved in 
synaptic functions. Among those, reduced levels of the 
dominant-negative TRKBT1 transcript, but not other TRKB 
mRNA transcripts, were accompanied by corresponding 
decreases in BDNF, a protein crucial for neuritogenesis. 
Moreover, here we demonstrated that in vivo overexpression 
of DyrklA alone is sufficient to induce a dendritic but also an 
axonal phenotype, opening avenues to therapy. 

We then analyzed the dynamic properties of axonal growth 
in time-lapse experiments. The final distance traveled by 
TgDyrklA neurites was shorter than that reached by wild type 
axons due to slower axonal growth cones movements and less 
prolonged rescue periods. This is probably due to the fact that 
DyrklA overexpression affected the distribution of micro
tubules respect to actin filaments as shown in TgDyrklA 
growth cones, since the interaction of these cytoskeletal 
elements is crucial for the correct elongation of the axon. 

Previous studies have demonstrated that DyrklA primes 
GSK3P phosphorylation of MAP1B, a phosphoprotein that 
regulates microtubule dynamics in growing axons, altering 
microtubule stability, and therefore axonal outgrowth (Scales 
et al. 2009). However, the discrepancy of the results obtained 
from COS-7 cell line and primary cortical cultures in their work 
suggest that other DyrklA substrates than MAP1B such as Tau 
(Kimura et al. 2007; Ryoo et al. 2007) could be contributing to 
microtubule dynamic. For this reason, we have analyzed Tau 
expression in our TgDyrklA cultures. TgDyrklA cultures 
presented reduced Tau protein levels similarly as occurs at 
late embryonic stage. Decreased expression of Tau could 
reduce the motility of the growth cone and inhibit axon 
outgrowth (Liu et al. 1999; Caceres et al. 2001; Dawson et al. 
2001). The fact that no statistical differences were found in 
adult and postnatal ages, suggests that low Tau levels adjust 
during development matching with the peak of DyrklA 
expression. The reduction in Tau protein expression could 
be caused by a deregulation of gene expression or post-
translational modifications. Our qPCR experiments did not 
revealed changes in gene expression of 3R isoforms, the most 
common in fetal brain, but as DyrklA has been widely 
associated with Tau alternative splicing it cannot be discard 
that other of the multiple Tau isoforms could be contributing 
to the observed phenotype. Thus, further experiments to 
confirm those points would be necessary. We propose that 
abnormal regulation of Tau in DS may affect the cortical 
neuronal network formation in developmental phases, pro
moting disintegration of the network in older adults. However, 
further experiments are necessary to verify this hypothesis. 

DyrklA Modulates Synaptogenesis and Modifies Spine 
Actin Dynamics 
Opposite to wild type cultured neurons, which showed 
a progressive increase of mature contacts along time, synapto
genesis did not further progress from DIV 15 onward in 

transgenic neurons. This resulted in a dramatic reduction of the 
number of synapses in the mature transgenic culture (DIV 20), 
indicating that DyrklA overexpression is an important factor in 
synaptic connectivity. In fact, its overexpression has been 
previously involved in plasticity of mature synapses in adult 
mice with enhanced hippocampal long-term depression (LTD) 
and reduced long-term potentiation (Ahn et al. 2006), 
suggesting a putative role in the regulation of synaptic and 
structural plasticity in the adult. Furthermore, there is a re
duced expression of synaptic markers in TgDyrklA cortex at 
P7, similar to the observations in trisomic Ts65Dn mice at 
comparable postnatal ages (Chakrabarti et al. 2007; Pollonini 
et al. 2008). Interestingly, at this stage, increased complexity of 
the dendritic arbor is observed. One of the main processes 
during postnatal development consists in the establishment of 
neuronal networks trough the creation of stable synaptic 
contacts. The inability to perform those contacts involves the 
retraction of emerging structures such as filopodia, driving to 
a reduction in branching and synaptogenesis. In our model, 
although there was increased branching at P7, the reduction in 
the expression of presynaptic and postsynaptic protein suggest 
a deficit in the establishment of new synaptic contact with 
consequences in later stages in branching. On the other hand, 
since defects in pruning leading to increased filopodia have 
been reported in other intellectual disability associated 
syndromes, this could also be an explanation of the observed 
phenotype. 

The dendritic spines are the receiving parts of excitatory 
synapses and can dynamically change shape in response to 
memory-inducing stimuli. In mental retardation, the main 
morphological alteration affects dendritic spine shape 
(Kaufmann and Moser 2000; Ramakers 2002). Cultured 
TgDyrklA neurons present shorter filopodia-like instable 
spines, with small heads and long necks and mature transgenic 
cultures show spine dysgenesia, a phenotype also detected in 
the preliminary observations from adult cortical spines. The 
morphology of dendritic spines is determined by the actin 
cytoskeleton, which is highly concentrated in dendritic spines 
(Matus 2000). TgDyrklA spines present a significant reduction 
of the percentage of actin mobile fraction, suggesting a lower 
rate of treadmilling of actin filaments. This behavior may partly 
be related to altered actin polymerization, since a similar 
phenotype was previously described in wild type primary 
cultures treated with cytochalasin D, which prevents actin 
polymerization (Star et al. 2002). 

In our experiments, while the majority of the actin is in 
a dynamic status in control spines, TgDyrklA spines showed 
a lower proportion of mobile actin, suggesting that the ability 
for plastic changes is compromised. On the other hand, the 
decreased fluorescence recovery time in TgDyrklA spines 
reflected a faster actin filament turnover. It is important to 
remark that the actin turnover is independent of the synapse 
size (Star et al. 2002), thus TgDyrklA disgenesis might not 
affect. A decrease in the fluorescence recovery was reported 
upon physiological stimuli leading to LTD. Those stabilize 
a large fraction of spine actin, presumably in the filamentous 
form, indicating that actin filament turnover also relies on 
synaptic activity (Star et al. 2002). In TgDyrklA cultures, an 
altered firing pattern was observed in transgenic neurons along 
with altered actin turnover. However, we cannot discard that 
the impaired neuronal activity could be also associated with 
changes in the proportion of NMDA subunits in our TgDyrklA 



mice (Altafaj et al. 2008). Taken together, these results suggest 
that DyrklA might b e involved in t he regulation of cytoskel-
e ton dynamics at the spine level, affecting bo th spine s t ructure 
and function. 

We conclude that DyrklA plays a key role in the neuronal 
morphogenesis th rough regulation of cytoskeletal dynamics 
being a critical factor in the dendrit ic pathology associated 
wi th DS. Further studies using Ts65Dn cortical cul tures are 
necessary to establish the relevance of those findings in 
a trisomic context . Our results suggest that pharmacological 
interventions addressed to change DS dendrit ic pathology 
might be considered as a suitable opt ion for t reatment . 
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