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ABSTRACT

In this work we have assessed the possible contribution of the
human chromosome-21 gene DYRKI1A in the developmental
cortical alterations associated with Down syndrome using the
mBACTgDyrkla mouse, which carries 3 copies of Dyrkla, and a
trisomic model of the syndrome, the Ts65Dn mouse. We show
that trisomy of Dyrkla changes the cell cycle parameters of
dorsal telencephalic radial glial (RG) progenitors and the division
mode of these progenitors leading to a deficit in glutamatergic
neurons that persist until the adulthood. We demonstrate that
Dyrkla is the triplicated gene that causes the deficit in early-born
cortical glutamatergic neurons in Ts65Dn mice. Moreover, we
provide evidences indicating that DYRK1A-mediated degradation
of Cyclin D1 is the underlying mechanism of the cell cycle defects
in both, mMBACTgDyrkla and Ts65Dn dorsal RG progenitors.
Finally, we show that early neurogenesis is enhanced in the
medial ganglionic eminence of mBACTgDyrkla embryos
resulting in an altered proportion of particular cortical GABAergic
neuron types. These results indicate that the overexpression of
DYRK1A contributes significantly to the formation of the cortical

circuitry in Down syndrome.
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Resum

RESUM

En aquest treball s'ha avaluat la possible contribucié del gen
DYRK1A, localitzat en el cromosoma huma 21, en les alteracions
del desenvolupament de l'escorca cerebral associades a la
Sindrome de Down (SD) mitjancant I'estudi de dos models
murins: el ratoli mBACTgDyrkla, el qual conté 3 copies de
Dyrkla, i el ratoli Ts65Dn, un dels models trisomics de la SD
meés ben caracteritzats. Els nostres resultats mostren que la
trisomia de Dyrk1A altera alguns parametres del cicle cel-lular i
el tipus de divisié dels progenitors neurals del telencéfal dorsal,
donant lloc a un déficit de neurones glutamatérgiques que
persisteix fins I'edat adulta. Hem demostrat que Dyrkla és el gen
triplicat responsable del déficit inicial en la generacié de
neurones glutamatérgiques corticals observat en el ratoli
Ts65Dn. A més a més, hem proporcionat evidéncies de que la
degradacié de Ciclina D1 induida per DYRK1A és el mecanisme
molecular subjacent a les alteracions de cicle cel-lular
observades en els progenitors neuronals dels embrions
mBACTgDyrkla i Ts65Dn. Per altra banda, hem demostrat que
la neurogénesis inicial esta incrementada en [I'eminéncia
ganglionar medial dels embrions mBACTgDyrkla, fet que altera
la  proporci6 de subtipus especifics dinterneurones
GABAeérgiques en l'escorga cerebral adulta. En conclusié, els
nostres resultats indiquen que la sobreexpressi6 de DYRK1A
contribueix significativament a la formacié dels circuits cortical en
la SD.
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PRESENTATION

Intellectual disability is the most invalidating hallmark in Down
syndrome (DS), which is caused by an extra copy of human
chromosome (HSA) 21. The analysis of brain tissue from
foetuses and children with DS and from trisomic mice that model
the syndrome indicated that intellectual disability in DS is caused,
at least in part, by alterations in the cytoarchitecture of the
cerebral cortex that arise during prenatal and postnatal
development. The Ts65Dn mouse, a well studied trisomic mouse
model that recapitulates some DS phenotypes including learning
and memory defects, shows abnormal embryonic neurogenesis
in the dorsal and ventral telencephalon, that results in a deficit in
glutamatergic neurons and an excess in GABAergic interneurons

in the adult cerebral cortex of this mouse.

One of the important questions to solve in DS research is which
are the gen or group or genes in HSA21 that are responsible to
the different DS phenotypes. At the beginning of this Doctoral
Thesis none of the ftriplicated gene/s that are causing the

structural brain alterations in DS were identified.

Among the different HSA21 genes, DYRK1A was a good
candidate to explain some of the developmental brain alterations
in DS because: 1) DYRK1A lies on the “ DS critical region”; 2) the
phenotype of DYRK1A loss-of-function mutations in humans and
mice indicates that it is a crucial dosage-dependent gene for
brain development; and 3) all transgenic mice studied that

overexpress Dyrkla show defects in learning and memory.
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To provide new insights into the role of DYRK1A in brain
development and to determine the possible implications of
DYRK1A trisomy in the cortical alterations associated with DS, |
have analysed the gross morphology of the brain and the
development of the cerebral cortex of a new mouse model, the
mBACtgDyrkla mouse, that contains and extra copy of the entire
Dyrkla gene, mimicking the situation in DS. The results of this
analysis indicated that trisomy of Dyrkla alters neurogenesis in
both the dorsal and the ventral telencephalon leading to defects
in the number of cortical glutamatergic and GABAergic neurons
that persist until the adulthood. Similar to what has been
previously described in the Ts65Dn model, the defect in dorsal
neurogenesis in the mBACtgDyrkla model was associated to
defects in cell cycle parameters. By performing genetic rescue
experiments, | was able to demonstrate that Dyrkla is the
triplicated gene that is causing the neurogenic defects in the
dorsal telencephalon of Ts65Dn embryos. | have also studied the
possible molecular mechanisms underlying the neurogenic
defects in Dyrkla trisomic embryos. This has led to the
identification of DYRK1A-mediated regulation of Cyclin D1
degradation as an important mechanism to couple cell cycle
progression and neurogenesis in dorsal telencephalic radial glial

progenitors.

Finally, some of the morphological brain alterations observed in
the mBACtgDyrkla model suggest that trisomy of DYRK1A might
also affect the development of other regions besides the cerebral

cortex in DS brains.
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Introduction

1. The cerebral cortex

1.1 Cellular composition and functionality

The mammalian cerebral cortex is the brain region responsible
for high order functions, such as cognition, sensory perception,
control of motor functions and consciousness. It contains
hundreds of different neuronal and glial cell types organized in
six histological distinct layers (Jones et al., 1984). Around 70-
80% of cortical neurons are glutamatergic projection neurons that
extend axons to distant intracortical, subcortical or subcerebellar
targets, while the remaining ones are GABAergic inhibitory
interneurons that make local connections within the cortex

(Parnavelas et al., 2000; Molyneaux et al., 2007).

Cortical excitatory and inhibitory neurons can be grouped in
different subclasses based on their morphology,
electrophysiological properties and pattern of expression.
Glutamatergic neurons are classified according to their radial
position within the six cortical layers because neurons with
similar connectivity and gene expression profile tend to occupy
the same cortical layer (see Figure I-1). Briefly, neurons from
layers II-lll project to intracortical regions of the same
hemisphere or to the contralateral hemisphere; neurons from
layer IV project locally within a neocortical column; neurons from
layer V project mainly to subcerebral regions such as the basal
ganglia, midbrain, hindbrain and the spinal cord; while most of
the neurons in layer VI project to the thalamus (Molyneaux et al.,
2007). Importantly, specific transcription factors are differentially

expressed across layers. For instance layer VI neurons express
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Tbr1, layer V neurons express Ctip2, while neurons of the
external cortical layers (layers lI-IV) express Cux1 and Cux2

(Molyneaux et al., 2007; see schemes in Figure I-1).
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Figure I-1: Major subtypes of cortical glutamatergic neurons in the
mouse adult brain. (a) A sagittal view of the adult brain showing the
cortical layer origin and the projection destinies of the two types of
corticofugal neurons: corticothalamic (faith blue) and subcerebral (dark
blue). (b) A coronal view of the adult brain showing the cortical layer
origin and the projection destinies of the three types of cortico-cortical
neurons: ipsilateral (purple), callosal (orange) and columnar (red). Ob:
olfactory bulb; Th: thalamus; STR: striatum; sc: superior coliculus (in the
brain); P: pons; SC: spinal cord. (c) Magnified view of the glutamatergic
neuron subtypes depicted in a and b detailing their laminar position,
morphology and expression of layer-specific transcription factors (right
column). Adapted from Franco and Muller (2013).

GABAergic interneurons are extremely heterogenic and at
least 20 distinct subtypes of interneurons have been described in
the neocortex (Gelman and Marin, 2010). The most common

system to classify inhibitory neurons is using protein markers,
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such as calcium binding proteins, neuropeptides and
glycoproteins, which are expressed in specific interneuron
subtypes that differ in their morphology, expression and
distribution of ions channels, firing characteristics, and the
domains of the post-synaptic projection neurons that they
innervate (see Figure |-2). For example, GABAergic basket cells
and chandelier cells, which represent 40% of GABAergic
interneurons, express the calcium binding protein parvalbumin
(PV), innervate the soma and proximal dendrites of excitatory
projection neurons, and show a fast-spiking pattern of firing. Cells
expressing somatostatin  (SST) account for 30% of the
neocortical interneurons, are morphologically heterogeneous
(one type are the Martinotti cells), innervate distal dendrites of
excitatory projection neurons and typically exhibit non- fast-
spiking or intrinsic burst firing pattern of firing (Markram et al.,
2004; DeFelipe et al., 2013). SST-expressing interneurons can
be subdivided based on the expression of the calcium binding
protein calretinin (CR). Interneurons expressing both SST and
CR are localized in external cortical layers and show a bipolar
morphology, while those that do not express CR are localized in
internal cortical layers and show a stalled morphology (Miyoshi et
al., 2007). The remaining 30% of neocortical interneurons are
comprised by interneurons expressing the vasointestinal peptide
(VIP) and/or CR with bipolar or double-bouquet morphologies
and fast adapting firing patterns, and by interneurons expressing
Reelin, with a neuro-glia morphology and late-spiking firing
patterns. Additionally, a small population of cortical interneurons
consists of multipolar cells that contain the neuropeptide Y (NPY)
and display irregular or fast adapting AD firing properties (Sultan
et al., 2013) (Figure [-2).
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Figure [-2: Major subtypes of GABAergic interneurons in the
mouse cerebral cortex. Representation of the different types of
GABAergic interneurons classified by the expression of the molecular
markers parvalbumin (PV), somatostatin (SST), neuropeptide Y (NPY),
vasointestinal peptide (VIP), calretinin (CR) and Reelin. The size of the
rectangles is proportional to their proportion with respect to the total
GABAergic interneurons in the cerebral cortex. Electrophysiological
profiles are indicated bellow the name of each interneuron subtype:
fast-spiking (FS); non-fast-spiking (NFS); intrinsic burst firing (IB);
irregular-spiking (IS); fast adapting firing (AD); and late-spiking (LS).
The subcellular synaptic targeting specificity of each type of GABAergic
interneuron is indicated below the rectangles. Adapted from Sultan et
al., (2013).

The precise execution of the functions of the mammalian
neocortex depends on the correct generation and integration into
neural circuits of glutamatergic neurons and GABAergic
interneurons. Glutamatergic neurons are the main players in
cortical functionality by receiving afferent inputs and responding
to them. In contrast, interneurons play a crucial role in controlling
and synchronizing the activity of projection neurons by preventing
excessive excitation and controlling synaptic integration and
spike timing (Isaacson et al., 2011). The influence of interneurons
on pyramidal cells is largely dependent on the subcellular

location of their inputs, which varies among different interneuron
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subtypes (see Figure I-2). There is evidence that an imbalance in
the proportion of excitatory/inhibitory neurons in the neocortex
leads to an abnormal cortical functionality. Indeed, it has been
proposed that an imbalance between excitatory and inhibitory
inputs in cortical neurons is a common pathogenic mechanism in
diverse neurological and psychiatric disorders such as epilepsy,
autism spectrum disorder, schizophrenia and intellectual
disability (Marin et al., 2012; Bozzi et al., 2012). Furthermore,
oligodendrocytes and astrocytes, which are the two major types
of macroglial cells in the central nervous system (CNS), also
contribute to neocortical function by myelinating axons and by
providing regulatory functions within the neuronal networks,
respectively. Alterations in the number of these cells or in their
functionality have also been reported in neurological disorders
(Seifert et al., 2006).

1.2 Development
1.2.1 General aspects

The genesis of the different cell populations of the neocortex is
temporally and spatially segregated. In the mouse, neurons are
generated from embryonic day 11 (E11) to E17, astrocytes
appear around E18, with their numbers peaking in the neonatal
period, while differentiated oligodendrocytes are first seen
postnatally (Kriegstein and Alvarez-Buylla, 2009). Multiple
progenitor zones contribute to the rich variety of cell types
observed in the neocortex. Projection neurons and astrocytes are
generated from progenitors of the dorsal telencephalon (pallium)

(Kriegstein and Alvarez-Buylla, 2009), while interneurons are
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generated from progenitors of the ventral telencephalon
(subpallium) (Welagen and Anderson, 2011). In contrast,
oligodendrocytes are generated from progenitors of the dorsal
and ventral telencephalon at three different developmental
stages: at E12.5, at E15.2 and around birth (Kessaris et al.,
2006) (see scheme in Figure 1-3).

» Glutamatergic neurons
» Interneurons
Astrocytes
- Oligodendrocytes

Pallium

Subpallium

Figure 1-3: Domains of generation of cortical cells. In the left half of
the picture are represented the ventricular zone domains were different
cortical cells are generated (Ctx: cortex; LGE: Ilateral ganglionic
eminence; MGE: medial ganglionic eminence; POA: preoptic area). The
right half of the figure depicts the cell type generated in each domain
and their migratory routes (indicated by arrows). Glutamatergic neurons
(green arrow), astrocytes (orange arrow) and some oligodendrocytes
(black arrows) are generated in the pallium, while interneurons (red
arrows) and part of oligodendrocytes (black arrows) are generated in
the subpallium. Roman numbers represent the three waves of
oligodendrocytes generation. Adapted from Kriegstein and Alvarez-
Buylla (2009).

Like in other regions of the CNS the development of the
neocortex can be divided in three sequential phases: a
proliferative phase, a neurogenic phase and a gliogenic phase
(see Figure 1-4). During the proliferative phase neuroepithelial
cells (NECs) of the ventricular zone (VZ) undergo symmetric
divisions to expand their pool (Cai et al., 2002; Noctor et al.,
2004). By the end of this phase, between E9 to E10 in the mouse,

NECs transform to a distinct type of progenitor, named radial glial
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(RG) progenitor. This progenitor is pluripotent, thus is capable to
generate all differentiated cells of the mature brain (Temple et al.,
2001). Similar to NECs, RG progenitors show apico-basal
polarity through two long processes radially oriented: one that
extends apically and contacts the ventricle and the other that
extends basally and contacts the basal lamina and the blood
vessels of the meninges (Bentivoglio and Mazzarello, 1999; Gotz
et al., 2002). However, RG progenitors lose some of the
epithelial properties of the NECs, like the presence of tight
junctions (Aaku-Saraste et al., 1996), and express proteins that
are characteristic of astroglial cells, such as glial fibrillary acidic
protein (GFAP) and the glutamate aspartate transporter (GLAST).
Another characteristic of these progenitors is that they undergo
interkinetic nuclear migration, which means that their nuclei
migrate between the apical surface and the basal part of the VZ
in synchrony with the cell cycle. After mitosis at the apical surface
(M phase), the nuclei migrate basally during G1 phase and
subsequently stay at the basal region of the VZ during S phase.
In G2 phase, the nuclei migrate apically, entering M phase upon
reaching the apical surface (Taverna and Huttner, 2010). During
the neurogenic phase, RG progenitors switch their mode of
division and start to generate neurons directly or indirectly via a
more restricted progenitor named intermediate progenitor (IP).
The gliogenic phase in the dorsal telencephalon starts at late
embryonic period, when RG progenitors detach from the ventricle
and convert into astrocytes (Choi and Lapham, 1978; Schmechel
and Rakic, 1979). These astrocytes migrate radially towards the
basal surface were they divide, expanding the number of
astrocytes that are produced postnatally (Ge et al.,, 2012).

Oligodendrocyte precursor cells (OPCs) are generated from RG



10

Introduction

progenitors of the ventral (first and second waves) or the dorsal
(third wave) telencephalon. Then OPCs migrate during
embryogenesis, in a way that by the time of birth they are evenly
distributed throughout the brain (Richardson et al., 2006;
Kessaris et al., 2006). OPCs generate mature oligodendrocytes
mainly during the first two postnatal weeks. However,
proliferating OPCs continue to exist in the adult brain as a
relative stable population (Rivers et al., 2008; Dawson et al.,
2003).
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Figure I-4: Development of the cerebral cortex. Representation of
the three phases of cortical development, the main types of cortical
progenitors and how different cortical cell types are generated during
embryonic development. Solid arrows are supported by experimental
evidences; dashed arrows are hypothetical. Mouse developmental
stages corresponding to each phase are indicated. NEC: neuroepithelial
cells; RG: radial glia progenitor; IP: intermediate progenitor; OPC:
oligodendrocyte precursor cell; VZ: ventricular zone; SVZ:
subventricular zone; 1Z: intermediate zone; CP: cortical plate, MZ:
marginal zone. Adapted from Kriegstein and Alvarez-Buylla (2009).

The final number of neurons in the adult cerebral cortex depends

on the combination of two developmental processes:
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neurogenesis and programmed cell death. In the following
sections | describe the contribution of these two processes in the

formation of the cortical circuitry.

1.2.2 Neurogenesis of glutamatergic neurons

- General description

Cortical glutamatergic neurons are generated from RG
progenitors localized in the VZ of the dorsal telencephalon,
which are characterised by the expression of the transcription
factor Pax6 (Englund et al., 2005).

Time-lapse imagining studies revealed that during the neurogenic
phase RG progenitors undergo self-expanding asymmetric
divisions that produced another RG progenitor and one neuron
(neurogenic division) or one IP (proliferative division) (Attardo et
al., 2008; Noctor et al., 2004; see scheme in Figure I-4).
Importantly, the histological analysis of a Tis21-GFP knock-in
mouse, which only expresses GFP in cells undergoing
neurogenic divisions, demonstrates that around 10-20% of
asymmetrically dividing RG progenitors generate neurons directly
(Attardo et al., 2008; Kowalczyk et al., 2009). IPs are neurogenic
restricted progenitors that differ from RG progenitors for its
morphology and mode of division. IPs show a multipolar shape
and do not contact with either the apical or basal cortical surface
and always divide symmetrically to self-expand or terminally
differentiate into neurons (Kowalczyk et al., 2009; Noctor et al.,
2004). IPs can be further distinguished by the expression of the
transcription factor Tbr2 (also named Eomes) and the down-

regulation of Pax6 (Englund et al., 2005). Once they are
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generated from a RG progenitor in the VZ they move basally and
form the subventricular zone (SVZ) where they divide (Noctor et

al., 2004; Kowalczyk et al., 2009; see scheme in Figure |-4).

Recently, a third type of neuronal progenitor has been identified
in the mouse dorsal telencephalon: the short neural precursors
(SNPs), which are also generated from asymmetric divisions of
RG progenitors. SNPs are localized in the VZ and express Pax6.
However, unlike RG progenitors SNPs do not contact the pial
surface and do not express GLAST (Stancik et al., 2010).
Another important difference between these types of progenitors
is their mode of division, since SNPs divide symmetrically to
generate neurons (Tyler and Haydar, 2013). These progenitors
were identified at midcorticogenesis in embryos coelectroporated
with GLAST and Tubulina1 reporters. Thus it remains unknown
when RG progenitors start to produce SNPs and which is their
contribution to the total neuron production. In addition, it is
controversial if these cells are a real distinct type of progenitor or
are newborn IPs that have not yet lost their ventricular contact
(Lui et al., 2011).

Newly generated neurons radially migrate out of the proliferative
zone using RG processes as migratory scaffold (Rakic et al.,
1978) and give rise to the cortical plate (CP), which will become
the multilayered neocortex at postnatal stages (Figure I-1). The
generation of the different subtypes of projection neurons is
tightly regulated in time. The earliest born neurons form a layered
structure named the preplate, which later splits into the more
superficial marginal zone (MZ) and the deeply located subplate
(SP). The CP develops between these two layers (Marin-Padilla
et al., 1978). In vivo birth-dating studies using thymidine
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analogues showed that the different subtypes of projection
neurons are generated in sequential waves and that they settle in
the CP following and inside-outside model, in which the early
born neurons populate deeper neocortical layers (layer VI and
layer V), then late-born neurons pass through these layers and
progressively populate more superficial layers (layer IV and layer
lI-1I1) (Molyneaux et al., 2007; Greig et al., 2013; see scheme in
Figure I-5).

During the last decade, several studies have been done in order
to define how this neuronal diversity is established. Two main
models that are not mutually excluded have been proposed. In
the first one, neurons arise from a unique type of progenitor that
progressively reduces its neurogenic competence over the
course of development. In the second model there are linage-
restricted progenitors since the beginning of neurogenesis.
Despite there are evidences supporting both models, nowadays
the most accepted model is the first one (Franco and Muller,
2013). It is important to highlight that since the mouse SVZ starts
to be visible at E13.5 and expands significantly during late
corticogenesis (Englund et al., 2005), it has been proposed that
as neocortical development progresses IPs become the major
source of projection neurons and, therefore, generate most
neurons of the external layers (Breunig et al., 2011; Kowalczyk et
al., 2009; Haubensak et al., 2004; Nieto et al., 2004). This model
implies that internal layer neurons are generated from RG
asymmetric divisions. Consistent with these ideas, some RG
progenitors express markers of internal layer neurons, including
Fezf2 and Otx1 (Frantz et al., 1994; Chen et al., 2005), while

genes specific for external layer neurons such as Cux1 and Cux2
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are highly expressed in IPs of the SVZ during middle and late
corticogenesis (Nieto et al., 2004; Zimmer et al., 2004).

-
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Figure 1I-5: Neurogenic waves of cortical glutamatergic neurons.
Representation of the waves of generation of the distinct glutamatergic
neuron subtypes. Note that it follows an inside-outside model. Peak
sizes are proportional to the approximate number of neurons of each
subtype. The developmental stages indicated correspond to the mouse.
Adapted from Greig et al. (2013).

The model of neocortical development explained above is largely
based on cellular and molecular studies of the mouse and rat
cortex, which exhibit many key features of the mammalian
neocortex such as the six-layered organization. However, they
differ from human and other primate’s cerebral cortex in the size
and shape. The human cerebral cortex is large and highly folded
(gyrencephalic), while rodents cortex is significantly smaller and
non-folded (lisencephalic) (Lui et al., 2011). Recent observations
of the developing neocortex of humans and other primates led to
the hypothesis that the large neocortical volume and surface in
these species is related to the expansion of the SVZ and the
formation of a third germinal region named outer subventricular
zone (OSVZ) (Smart et al., 2002; Zecevic et al., 2005). This
proliferative region is formed by outer radial glial (0RG)
progenitors, which are likely originated from asymmetric
divisions of VZ RG progenitors and can be distinguished from

these progenitors because oRGs lack the apical process and are
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located more basally (Fietz et al., 2010; Hansen et al., 2010).
oRGs divide asymmetrically to generate neurons or outer
intermediate progenitors, which express Tbr2 and function as an
amplifying cell (Hansen et al., 2010). Importantly, thymidine-
labelling studies in primates indicate that proliferation of OSVZ
progenitors coincides with the major wave of cortical
neurogenesis, suggesting that these progenitors are the major
contributors to cortical neurons in primates (Betizeau et al., 2013;
Lukaszewicz et al., 2005). A detailed analysis of the mouse
cerebral cortex revealed the presence of oRGs, but in rodents
they represent a very small proportion of all cortical progenitors,
around 5% (Shitamukai et al., 2011; Wang et al., 2011). These
observations strongly suggest that, although the presence of
oRG is not sufficient to drive gyrencephaly, their abundance
impact on the expansion and folding of the cerebral cortex. In
agreement, increasing the abundance of oRG via targeted
genetic manipulation in the mouse leads to cortical expansion
and folding (Stahl et al., 2013). In addition, the observation that
an increment in the abundance of IPs in the gyrencephalic ferret
drives the formation of additional folds and fissures indicates that
IPs also contribute to the cortical folding (Nonaka-Kinoshita et al.,
2013).

- Regulation of neuron production

The cerebral cortex is functionally organized in radial columns
(Mountcastle et al., 1997). According to the previously explained
model of neurogenesis, the number and proportion of projection
neuron subtypes generated in a cortical radial column depends
on the duration of the neurogenic phase and the rate of

neurogenesis.
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The duration of the neurogenic phase is determined by its
initiation, when NECs transform into RG progenitors that undergo
asymmetric neurogenic divisions, and its end, when the
neurogenic-gliogenic switch occurs and gliogenesis begins.
Different growth factors and cell signalling pathways regulate the
transformation of NECs into asymmetric dividing RG progenitors.
Among them the most relevant are Fibroblast growth factor
(FGF), Notch and Retinoic acid (RA).

Among the different members of the FGF family of growth factors,
FGF10 plays a crucial role in the regulation of NEC to RG
transition in the rostral neocortex. FGF10 is expressed in the
cortical proliferative region when the NEC-RG transition starts
and its rapidly downregulated when this conversion is completed
(Sahara and O'Leary, 2009). Its disruption results in a prolonged
duration of the proliferative phase that leads to delayed RG
emergence and initial decrease of neuronal production followed
by increased number of neurons at later stages (Sahara and
O'Leary, 2009). Similarly, the observations that the expression of
the Notch ligand Delta-like 1 (Delta1) roughly coincides with the
onset of neurogenesis (Kawaguchi et al., 2008; Hatakeyama et
al., 2004) and that forced activation of Notch signalling increases
the expression of RG progenitor markers, while its inactivation
reduces them, leads to the conclusion that Notch signalling is
involved in the transition from NECs to RG progenitors and
promotes RG identity (Gaiano et al., 2000; Anthony et al., 2005).
In addition, RA, which is produced by the meninges, is essential
for the initiation of neurogenesis in the dorsal telencephalon. In
fact, the emergence of RA-producing meningeal cells correlates

with the onset of neurogenesis and mutations that decrease
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meningeal formation lead to an impaired production of RG-
derived neurons (Siegenthaler et al., 2009). Importantly, this
impairment in neuron generation is reverted by in utero treatment
with RA (Siegenthaler et al.,, 2009). Although the cellular
mechanisms by which RA regulates the production of RG-derived
neurons remain elusive, a recent study shows that this RA
function requires the expression of the orphan nuclear hormone

receptor CoupTFI (Harrison-Uy et al., 2013).

As already mentioned, the neurogenic-gliogenic switch occurs at
late embryonic stages. During the neurogenic phase the
expression of glial genes is repressed in neural progenitor cells
(NPCs) via two mechanism: 1) Neurogenin 1 (Ngn1)
sequestrates the transcriptional co-activator p300 required for the
janus kinase (JAK)-signal transducer and activator of
transcription (STAT) astroglial signaling pathway (Sun et al.,
2001; Bonni et al.,, 1997) and 2) Dnmt1 methylates glial
promoters impeding the STAT-dependent activation of glial
genes (He et al., 2005; Takizawa et al., 2001; Namihira et al.,
2004). The neurogenic-gliogenic switch requires the PcG-
mediated accumulation of H3K27me3 inhibitory mark at the Ngn1
loci, which leads to its down-regulation and the release of the co-
activator p300 (Hirabayashi et al., 2009). In addition newly
generated neurons induce the astroglial fate through two
complementary mechanisms. First they release Cardiotropin1,
that together with the leukemia inhibitory factor and the ciliary
neurotrophic factor cytokines activate the astrogliogenic JAK-
STAT pathway (Barnabe-Heider et al., 2005). Second, they
express Jag1 and DIl ligands that activate Notch signalling in the

neighbouring NPCs and induce the expression of Nuclear Factor-
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la (Namihira et al.,, 2009). This transcription factor is a key
activator of astrogliogenesis (Deneen et al., 2006) and induces
Dnmt1 dissociation from glial genes promoters, thus allowing
their demethylation and STAT binding (Namihira et al., 2009).
External signals such as Notch and Bone morphogenetic protein
(BMP) 2 at late embryonic stages promotes the neurogenic-
gliogenic switch. Notch signalling promotes astrogliogenesis by
driving the expression of Gfap and other astroglial genes via
direct binding of its effector CBF1 to their promoters (Ge et al.,
2002); by repressing pro-neural genes via Hes1 (Kato et al,,
1997); and by recruiting JAK2 kinase and thus promoting STAT3
phosphorilation and activation (Kamakura et al., 2004). On the
other hand, the BMP2 signalling acts synergistically with the
JAK/STAT pathway by recruiting p300 to the astrocytic promoters,
via Smad1 activation (Gross et al., 1996; Nakashima et al., 1999;
Nakashima and Taga 2002).

The rate of neurogenesis is determined by the initial pool of RG
progenitors, the type of division of cortical progenitors

(proliferative vs neurogenic) and by the duration of the cell cycle.

The pool of RG progenitors is determined by the number of

symmetric divisions underwent by NECs and RG progenitors,
and establishes the number of radial columns and therefore the
surface of the cerebral cortex (Rakic et al., 1995). Different
growth factors regulate the expansion of cortical progenitors; the
most relevant among them are Wnt and FGF. Activation of
canonical Wnt signalling positively regulates proliferative
symmetric divisions of RG progenitors at the onset of
neurogenesis. In the absence of Wnt, cytosolic p-catenin is

recruited into a complex with adenomatous polyposis coli and
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axin. This association facilitates its N-terminal phosphorylation by
glycogen synthase kinase 3 and its consequent ubiquitination
and degradation by the proteosome. Wnt activation of Frizzled-
LRP co-receptors increases the stable pool of B-catenin by
disrupting this complex. Then free B-catenin enters to the nucleus
where it associates with TCF/LEF family members to direct
transcription of Wnt target genes (Logan and Nusse, 2004;
Clevers et al., 2006). It has been shown that expression of a
stabilised form of B-catenin, which can not be degraded, in
cortical progenitors induces RG progenitors amplification, leading
to striking enlargement of the cerebral cortical surface and the
generation of convoluted folds resembling the gyri and sulci of
the neocortex in higher mammals (Chenn and Walsh, 2002;
2003). Conversely, targeted inhibition of p-catenin signalling
causes cortical precursor cells to prematurely exit the cell cycle
and differentiate into neurons, which leads to an earlier
exhaustion of the pool of progenitors and therefore a thinner
cerebral cortex (Woodhead et al., 2006). The dorsal VZ also
expresses FGF2, which is required for the expansion of NECs
because it favours the maintenance of NEC proliferative divisions
(Raballo et al., 2000) and prevents neurogenesis (Vaccarino et
al., 1999). In agreement with this anti-neurogenic role of FGF2,
the disruption of FGF2 receptors, FGFRs 1, 2 and 3 during the
proliferative phase induces precocious neurogenesis, leading to
an early depletion of the progenitor pool and a drastic reduction
of the cortical size (Rash et al., 2011). Importantly, FGF
signalling maintains Notch activity in the dorsal telencephalon in
a cell autonomous manner (Rash et al., 2011), which as it would

be explained later is crucial for progenitor maintenances.
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Asymmetric_division of RG progenitors during the neurogenic

phase, involve the asymmetric inheritance of fate determinants
(Siller and Doe, 2009; Morin and Bellaiche, 2011). Different
events and processes have been proposed as regulators of
asymmetric divisions. One is the axis of RG progenitor division,
which is determined by the orientation of the mitotic spindle. The
orientation of the mitotic spindle is regulated by polarity cues that
are used to position cortical forces generators that pull on astral
microtubules to orient the mitotic spindle along a specific axis
(Morin and Bellaiche, 2011). These cues are the apical complex,
which as its name indicates is apically located and it is composed
by Par3, Par6 and aPKC. The apical complex recruits
inscuteable during the division and interacts with the LGN
complex, which is enriched in the lateral membrane of neural
progenitors and interacts with microtubules and the dynein
complex through the GDP-bound Gai subunit and NuMa (Peyre
and Morin, 2012). Oblique and vertical (parallel to the apico-basal
axis) divisions tend to give rise to asymmetric fate outcomes
(Chenn and McConnell, 1995; Zhong and Chia, 2008) while
planar divisions (parallel to the ventricle) give rise to symmetric
divisions (Konno et al., 2008). These observations led to a model
in which the unequal segregation of the apical complex directs
cell fate (Zhong and Chia, 2008). Consistent with this, mitotic
spindles with horizontal orientations that give rise to vertical
divisions are only found during the neurogenic phases of brain
development (Haydar et al., 2003), while during the early
expansion phase, keeping precise vertical spindle orientation is
crucial to maintain the neural progenitor pool (Fish et al., 2006;
Yingling et al., 2008). In agreement, disruption of these

orientations alters neural production (Lancaster and Knoblich
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2012). For example, the overexpression of the mouse
inscuteable in RG progenitors increases the fraction of oblique
divisions at the expense of planar divisions leading to increase IP

production and indirect neurogenesis (Postiglione et al., 2011).

An unequal inheritance of the apical complex in cortical
progenitors is associated to an unequal inheritance of Notch
activity (Chenn and McConnell, 1995). One of the principle
functions of Notch is to maintain the pool of neural progenitor by
lateral inhibition (Kawaguchi et al., 2008). Daughter cells with
greater Notch activity remain as RG progenitors, while those with
lesser Notch activity become neurons or IPs (Kageyama et al.,
2008). The cells undergoing neuronal differentiation up-regulate
Notch ligands that in turn activate Notch receptors in the
neighbouring cells and induce the repression of neurogenic
programs, via its effectors Hes1 and Hes5 (Kageyama et al.,
2007). It was observed that the apical complex component Par3
sequesters the Notch inhibitor Numb and inhibits its activity
(Bultje et al., 2009). Hence, daughter cells that inherit high levels
of Par3 show increased Notch activity and maintain the RG fate,
while daughter cells that inherit low levels of Par3 have high
Numb activity, low Notch signalling and differentiate (Bultje et al.,
2009). In addition, it has been revealed that Hes genes show an
oscillatory expression in neural progenitors, which controls the
timing of neurogenic waves and maintain the equilibrium between
neural progenitors and committed neurons (Shimojo et al., 2008).
Hes oscillations are generated by an auto-regulatory feedback
loop (Hirata et al., 2002), and are likely to be influenced by
external signals, like the morphogen Sonic hedgehog (Shh)
(Ingram et al., 2008; Wall et al., 2009). One of the transcription
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factors that are repressed by Hes1 and Hes5 is the proneural
basic helix-loop-helix transcription factor Ngn2, which induces the
expression of neurogenic genes such as NeuroD (Lee et al.,,
1997; Seo et al, 2007), therefore promoting neuronal
differentiation. Another direct target of Ngn2 is the IP
transcription factor Tbr2, suggesting that Ngn2 could also
promote the specification of IP (Ochiai et al., 2009). Importantly,
Ngn2 increases the expression of the Notch ligand Delta, which

in turn favours progenitor maintenances in the surrounding cells.

Asymmetric  divisions of cortical progenitors are also
characterised by the asymmetric inheritance of specific cell
structures such as the basal process and the centrosomes
(Wang et al., 2009; Lancaster and Knoblich, 2012; Paridaen et
al., 2013). Time-lapse imaging of dividing RG progenitors shows
that the daughter cell that does not inherit the basal process
mostly differentiate into a neuron or an IP (Miyata et al., 2004;
Shitamukai et al., 2011). It has been proposed that the basal
process could provide to the progenitor an increased exposure to
the Delta ligand expressed by neural committed cells that migrate
along the fiber towards the CP, thus favouring Notch signalling in
progenitors that inherit this process (Peyre and Morin, 2012).
Other signals originated from the pial surface, where the basal
process is attached, could also influence cell fate, such as the
RA (Siegenthaler et al., 2009). In addition, Cyclin D2, which is
localised at the endfoot of RG progenitors, is co-inherited with the
basal process and it has been proposed to be involved in the
maintenance of RG fate (Tsunekawa et al., 2012). The
centrosomes are composed by two centrioles, which replicates in

a semi-conservative fashion during interphase, leading to the
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existence of a “young” and an “old” centrosome in each spindle
pole (Nigg and Stearns, 2011). In vivo fluorescent analysis of the
behaviour of both centrosomes in the mouse neocortex led to the
conclusion that the older centrosome is preferentially inherited by
the daughter cell that will remain as a progenitor (Wang et al.,
2009). The mechanism that allows old centrosome to grant
progenitor identity is still unknown, however it has been proposed
that it could be related to the quicker regrowth of the primary cilia
in these cells (Anderson and Stearns, 2009). Primary cilium is a
small sensor localized in the apical region of RG progenitors that
sense external signals such as Shh (Louvi and Grove, 2011). It is
dismantled during cell division and regrowth after cytokinesis,
hence cells that regrowth faster the primary cillium after mitosis
could respond to external signals while the other daughter cell
could not, generating an asymmetry of the activity of these

signalling and influencing cell fate (Paridaen et al., 2013).

Regarding cell cycle regulation, it has been shown that
premature cell cycle exit of cortical progenitors leads to earlier
exhaustion of progenitors which give rise to a dramatic decrease
in the final neuronal cellularity of the neocortex (Dehay and
Kennedy, 2007). The cell division cycle is controlled by different
Cyclins that bind to specific Cycling-dependent kinases (CDKs)
allowing the progression through the different cell cycle phases.
The activity of the different Cyclins/CDK complexes is regulated
by CDK inhibitors of the INK and KIP/CIP families (see Figure I-
6).
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Figure 1-6: Cell cycle regulation. Scheme showing the successive
phases of the cell cycle: M phase, in which the nucleus and the
cytoplasm divide; S phase, in which the DNA in the nucleus replicates,
and two gap phases, gap1 (G1) and gap2 (G2). The G1 phase is a
critical stage, allowing responses to extracellular cues that induce either
commitment to a further round of cell division or withdrawal from the cell
cycle (GO) to initiate the differentiation pathway. The G1 phase is also
involved in the control of DNA integrity before the onset of DNA
replication. During G2 phase the cell checks the completion of DNA
replication and the genomic integrity before cell division starts. Cell
cycle progression is positively regulated by distinct Cyclins and CDK
complexes (in black) and negatively regulated by distinct inhibitors (in
red).

Pioneer cumulative S phase labelling experiments performed in
the mouse embryo showed that as neurogenesis progresses cell
cycle duration of neocortical progenitors increases due to a
progressive lengthening of the G1 phase (Takahashi et al.,,
1995). These studies also show that neural production increases
in parallel to the increase in cell cycle duration (Caviness et al.,
2003). These and other evidences showing a correlation between
cell cycle length and neurogenesis led to the cell cycle length
hypothesis (Gotz and Huttner, 2005). According to this

hypothesis the time that a progenitor spends in G1 determines
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the final effect of a particular cell fate determinant, which could
be equal (symmetric divisions) or unequal (asymmetric divisions)
in the two daughter cells (Gotz and Huttner, 2005; Dehay and
Kennedy, 2007; Salomoni and Calegari, 2010). In agreement
with this hypothesis, it has been described that protein levels of
the neurogenic fate determinant Ngn2 are regulated by CDK
phosphorylation. According to this hypothesis, a short G1 phase
is accompanied with increased CDK activity and therefore rapid
degradation of Ngn2, which prevents the expression of
neurogenic genes and promotes progenitor maintenance.
Contrary, internal CDK activity will lead to longer G1 phases and
sufficient Ngn2 protein to induce neuronal differentiation (Ali et al.,
2011; Hindley et al., 2012). In addition, during G1 progenitors
integrate external signals that could induce either commitment to
a further round of cell division or withdrawal from the cell cycle
allowing entry into a differentiation pathway (Zetterberg et al.,
1995; Cunningham and Roussel, 2001; Dehay and Kennedy,
2007; Salomoni and Calegari, 2010). For example, morphogens,
such as Shh induce proliferation in cortical progenitors, while
others such the Transforming growth factor beta promote cell
cycle exit (Komada et al., 2012; Komada et al., 2008; Dave et al.,
2011; Siegenthaler and Miller, 2005). Importantly, there is
evidence that cell cycle regulators can influence cell fate and,
inversely, that fate determinants can influence cell cycle
progression (Salomoni and Calegari, 2010). For example, the cell
cycle inhibitor p27""" induces neuronal differentiation by
stabilizing Ngn2, and neuronal migration by inhibiting RhoA
activity (Nguyen et al., 2006). Moreover, in the spinal cord Cyclin
D1 promotes neurogenesis in a cell cycle independent manner

by regulating the expression of Notch effectors (Lukaszewicz and
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Anderson, 2011), and in retinal progenitors it promotes the
transcription of important cell fate determinants (Bienvenu et al.,
2010). On the other hand, Ngn2 induces cell cycle exit by
repressing the expression of Cyclins involved in G1 and S

phases (Lacomme et al., 2012).

The identification of specific genes expressed in neurogenic
divisions, such as the antiproliferative gene Tis21, has been
fundamental to the field allowing the estimation of cell cycle
parameters in neural progenitors that undergo proliferative
divisions (do not express Tis21) and those that undergo
neurogenic divisions (express Tis21) (Haubensak et al., 2004). A
comparative analysis of the cell cycle parameters in Tis21" and
Tis21" RG progenitors and IPs at mid-corticogenesis revealed
that in both progenitor types the length of the S phase is longer in
proliferative divisions than in neurogenic divisions (Arai et al.,
2011). If the duration of S phase is what dictates the type of
division or this accommodates to the type of division remains
unknown. Another important finding in this work is that IPs have
longer G1 phases than RG progenitors (Arai et al., 2011). Given
that IPs have a more restricted potential than RG progenitors and
can only differentiate into neurons, the fact that they show a
longer G1 suggest that the length of this phase correlates with
the neurogenic capacity of cortical progenitors. In fact, the
artificial manipulation of G1 phase duration in progenitors of the
pallium via electroporation of a CyclinD1/CDK4 or a CyclinD1
expression construct alters the generation of IPs and neurons
(Lange et al., 2009; Pilaz et al., 2009; Nonaka-Kinoshita et al.,
2013). These observations demonstrate that the length of the G1
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phase does not change as a consequence of neurogenesis but

rather it changes to regulate neuron production.

It is important to highlight that the molecular mechanisms that
regulate the proliferation and mode of division of RG progenitors
and IPs are not completely understood. The few studies that try
to address these questions show that the transcription factor APy
induces the generation of IPs specifically in the caudal cerebral
cortex (Pinto et al., 2009) and that upregulation of Wnt signalling
increases IPs terminal divisions (Muniji et al., 2011), a phenotype
that is also observed in Cyclin D2 loss of function embryos
(Glickstein et al., 2009). Given that a high percentage of
neocortical neurons are produced by IPs, alterations in the
division mode of either RG progenitors or IPs are expected to

have a dramatic impact on the expansion of the neocortex.

1.2.3 Neurogenesis of GABAergic interneurons

- General description

The knowledge about the mechanisms that regulate
neurogenesis in the ventral telencephalon is more limited than for

the dorsal telencephalon.

Two recent studies in which individual ventral progenitors were
labelled using retrovirus-mediated gene transfer, together with
mouse genetic studies demonstrate that these progenitors are in
fact RG progenitors. They show morphological characteristics of
RG progenitors, including a short process reaching the ventricle
and a large process with an endfoot in contact with the pial
surface (Brown et al., 2011; Ciceri et al., 2013). Moreover they

express the RG marker GLAST and the neural progenitor marker
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Nestin (Brown et al., 2011). Time-lapse imaging in organotypic
cultures revealed that RG progenitors of the ventral
telencephalon undergo interkinetic nuclei migration and perform
asymmetric divisions that generate either a neuron or an IP.
Similar than in the dorsal telencephalon, ventral IPs divide
symmetrically and generate two neurons, however it seems that
these IPs undergo more rounds of symmetric proliferative
divisions than in the pallium (Brown et al., 2011). Unfortunately,
the lack of a specific marker for ventral IPs hinders the study of

these progenitors population.

Next, | summarize what is known about the mechanisms that

generate neuron diversity in the ventral telencephalon.

- Regional specification

Cortical interneurons are produced in three regions of the ventral
telencephalon: the medial ganglionic eminence (MGE), the
caudal ganglionic eminence (CGE) and the preoptic area (POA)
(see Figure 1-7). This suggests that interneuron diversity is
achieved at least in part by regional restriction of neurogenic
potential. In fact, these regions show differential expression of
specific transcription factors, which gives specific identity to the
VZ neuroepithelium (Flames et al., 2007) (Figure I-7).

Neural progenitors of the MGE express the transcription factor
Nkx2.1. The analysis of Nkx2.1 mutant mice revealed that Nkx2.1
expression is necessary for the specification of this region and
that the MGE gives rise to around 50-60% of all cortical
interneurons (Sussel et al., 1999; Butt et al., 2008).
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Figure I-7: Developmental origin of cortical interneuron diversity.
(8) Scheme of a mouse embryo brain showing the three ganglionic
eminences. Dash lines indicate the rostro-caudal level of pictures in b.
(b) Representation of coronal sections showing the subpallial domains
that generate cortical interneurons. Note that each domain is
characterised by the expression of specific transcription factors. (c) The
major classes of interneurons grouped by the domain were they are
generated. CGE: caudal ganglionic eminence; MGE: medial ganglionic
eminence; dMGE: dorsal MGE; POA: preoptic area; PV: parvalbumin;
SST: somatostatin; CR: calretinin; RLN: reelin; NPY: neuropeptide Y;
VIP: vasointestinal peptide. Adapted from Kessaris et al., (2014).

In vivo transplantation studies and genetic-fate mapping have
shown that the majority of interneurons derived from the MGE
express PV or SST (Xu et al., 2004; Xu et al., 2008; Wonders et
al., 2008; Flames et al., 2007; Fogarty et al., 2007; Butt et al.,
2008; see Figure I-7). The VZ of the MGE can be subdivided in 5
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distinct progenitor domains (Flames et al., 2007). Several lines of
evidences suggest that dorsal domains preferentially generate
SST-expressing interneurons, while most PV interneurons are
generated in ventral domains (Wonders et al., 2008; Flames et
al., 2007; Fogarty et al., 2007). The dorsal MGE domain is
characterized by the expression of the transcription factor Nkx6.2
and generates SST interneurons that also express the neuronal
marker CR (Fogarty et al., 2007; Sousa et al., 2009). In contrast,
in addition to PV interneurons the medial domains of the MGE
generate SST interneurons that do not express CR (Fogarty et
al., 2007; Inan et al.,, 2012; see Figure I-7). This raises the
question of whether these two populations of interneurons (PV*
and SST* CR’) come from the same progenitor or from different
progenitors. In vivo clonal analyses of single MGE progenitors
revealed that individual subpallial progenitors generate clusters
of interneurons that in some cases are formed exclusively by one
subtype of interneuron (preferentially PV), while the vast majority
contains both types of interneurons (Ciceri et al., 2013; Brown et
al.,, 2011). These observations strongly suggest that these SST
and PV interneurons may be generated from the same
progenitor.

The migration of MGE-derived interneurons from the ventral to
the dorsal cerebral cortex requires the downregulation of Nkx2.1
and the expression of the transcription factor Lhx6 (Nobrega-
Pereira et al., 2008; Du et al., 2008), which is important for the
differentiation of these neurons (Liodis et al., 2007; Zhao et al.,
2008). In addition, Lhx6 induces the expression of the
transcription factor Sox6, which is important for the correct
laminar position and maturation of these interneurons (Batista-
Brito et al., 2009).
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The CGE is the second largest contributor to cortical
interneurons generating around 30-40% of the total population in
the adult cortex (Kessaris et al., 2014; see Figure 1-7). Usually
this region is defined anatomically due to the lack of specific CGE
molecular markers. For example, CGE progenitors express the
transcription factors Gsx2 and Couptf2, which are also expressed
in the lateral ganglionic eminence and the MGE and POA,
respectively (Wonders and Anderson, 2006; Kanatani et al.,
2008; Cai et al., 2013). Therefore, the mechanisms underlying
the specification of CGE-derived interneurons are poorly
understood. Nonetheless, in vitro and in vivo studies revealed
that the CGE produces interneurons that can be classified in two
large groups: bipolar interneurons that express VIP and/or CR
(but not SST) (Xu et al., 2004; Butt et al., 2005), and multipolar
interneurons that contain NPY or Reelin (Miyoshi et al., 2010;

see Figure I-7).

The POA generates different interneuron subtypes that represent
around 10% of the total interneurons in the adult cortex (Kessaris
et al., 2014). Like in the MGE, progenitors of the POA express
Nkx2.1. but the interneurons derived from this region do not
express Lhx6, which is specific for MGE-derived interneurons
(Flames et al., 2007). In addition, these progenitors express
Nkx5.1 and Dbx1 in different domains (Figure I-7). Fate-mapping
analysis of both Nkx5.1 and Dbx1 domains showed that the POA
generate NPY and/or Reelin expressing interneurons (Gelman et
al., 2009), as well as a small subset of PV and SST expressing

interneurons (Gelman et al., 2011; see Figure I-7).
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- Temporal specification

The combination of genetic fate mapping and birthdating analysis
with thymidine analogues have shown that distinct interneuron
subtypes are generated at different developmental time points
(Miyoshi et al., 2007; Inan et al., 2012; Taniguchi et al., 2013). As
indicated in Figure 1-8a, in the mouse, the neurogenic phases of
SST and PV interneurons partially overlaps and the first one (the
SST phase) peaks at the beginning of neurogensis, around E11,
while the second one (the PV phase) peaks around E13. In
contrast, most of the CR and VIP interneurons are generated at
later embryonic stages (Miyoshi et al., 2007; Xu et al., 2008;
Miyoshi et al., 2010). Interestingly, this temporal organization
correlates with the laminar distribution of these interneuron
subtypes within the cerebral cortex (Figure 1-8). This observation
indicates that, like in the pallium, neurogenesis in the subpallium
also follows an inside-outside model in which early born neurons
tend to locate in deeper layers and late-born neurons in the
external layers (Valcanis and Tan, 2003; Pla et al., 2006). This
has been partially contradicted by more recent in vivo clonal
analysis of MGE progenitors showing that clusters of
interneurons derived from single progenitors localize either in
internal or external cortical layers, although the proportion of late-
born clusters in external layers is higher than in internal layers

and vice versa (Ciceri et al., 2013).
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Figure 1-8: Sequential generation and laminar organization of
cortical interneurons. (a) Graph showing the waves of generation of
the main interneuron subtypes during mouse development. (b)
Distribution of these interneuron subtypes within the different layers of
the adult neocortex. Note that early born interneurons tend to occupy
internal layers, while late born neurons mostly occupied external layers.
Adapted from Bartolini et al., (2013).

Finally, it is important to mention that factors others besides the
region and time of generation also influence the laminar
organization of interneurons, such as the position of pyramidal
cells (Hevner et al., 2004; Lodato et al., 2011).

- External cues

Different studies, most of them performed in the MGE,
demonstrate that external cues can influence the regionalization
of VZ domains and the proliferation and specification of neuron
precursors in the subpallium.

Shh is one of the principle morphogens that regulate the
development of the MGE. Initially, Shh is required for the correct
patterning of this region, the first ganglionic eminence that is
formed during development around E9 (Smart et al., 1976). At
this stage, Shh is expressed in all the territory that will become
the MGE and represses the expression of the transcription factor
that gives identity to the progenitors of the pallium, Pax6
(Echelard et al., 1993; Nery et al., 2001; Sousa and Fishell
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2010). In addition, Shh is required to inhibit the expression of
Gsx2 in MGE progenitors, therefore preventing an expansion of
the CGE (Xu et al.,, 2010). During the neurogenic phase,
postmitotic neurons of the MGE mantel zone became the
principle source of Shh, since the transcription factors Lhx6 and

Lhx7 induce its expression (Flandin et al., 2011).

Reduction of Shh signalling during the neurogenic phase leads to
decreased number of Nkx2.1 progenitors and consequently
reduced number of PV and SST interneurons (Xu et al., 2005).
Interestingly, the proliferation rate of the progenitors is mantained
upon Shh reduction (Xu et al., 2005). This result indicates that
the proliferation of MGE progenitors is independent of Shh
signalling but it is required to maintain their identity. In fact,
Nkx2.1 expression is stimulated by Shh signalling (Xu et al.,
2005; Fuccillo et al., 2004; Gulacsi and Anderson, 2006; Sousa
and Fishell, 2010), and vice versa, Nkx2.1 induces Shh
expression (Sussel et al., 1999; Jeong et al., 2006).

The analysis of the expression of the Shh signalling effectors Gli1
and Ptch1 revealed that the germinal zone of the MGE shows a
gradient in Shh signalling activity, which is high in the dorsal
MGE and very low or inactive in the ventral MGE (Wonders et al.,
2008; Xu et al., 2010). Conditional mosaic inactivation of the Shh
receptor smoothened in the MGE results in a cell non-
autonomous upregulation of Shh signalling in neighbouring
progenitors, which leads to the ectopic expression of Gli1, Ptch1
and Nkx6.2 and the conversion of middle MGE progenitors to
dorsal MGE. As a consequence, the number of SST interneurons
increases and the number of PV interneurons decreases.

Accordingly, the exposition of ventral MGE progenitors to
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exogenous Shh increases the production of SST cells at the

expense of PV cells (Xu et al., 2010).

Another morphogen that can alter the proportion of PV and SST
interneurons is BMP4. Both, the treatment of cultured progenitors
with BMP4 and the overexpression of BMP4 in vivo increase the
number of PV interneurons and reduce the number of SST
interneurons. BMP4 is also necessary postnatally to ensure
proper differentiation of PV interneurons (Mukhopadhyay et al.,
2009).

In addition, different in vitro and in vivo studies have shown that
FGF and Wnt signalling pathways induce proliferation of MGE
progenitors (Gulacsi and Anderson 2008; Gutin et al., 2006) and
that this effect of FGF is downstream of Shh signalling (Gutin et
al., 2006).

Finally, external signals are also involved in the maturation of
interneurons. For example, it has been shown that electrical
activity induces the expression of the maturation-promoting factor
SATB1 in SST interneurons (Denaxa et al., 2012; Close et al.,
2012).

- Migration

Newborn interneurons migrate from the subpallium to the
cerebral cortex following three phases: first, they tangentially
migrate to reach the pallium; second, they spread out tangentially
to occupy the entire cerebral cortex mainly following two
migratory streams, the MZ and the SVZ; and third, they radially
migrate to invade the CP and integrate into specific layers of the
cortex (Marin, 2013). During these phases, interneuron migration

is controlled by the presence of particular chemoattractive and
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chemorepulsive guidance factors (Marin, 2013). Different classes
of interneurons specifically respond to particular guidance factors
based on the complement of receptors that they express, a
process that is controlled by region-specific transcriptional
programs (Nobrega-Pereira and Marin, 2009). Hence, for
example MGE- and POA-derived interneurons reach the cortex
via a route superficially to the striatum (Marin et al., 2001;
Gelman et al., 2009; Zimmer et al., 2011), while CGE-derived
interneurons colonize the cortex through its caudal pole (Yozu et
al., 2005). With respect to MGE-derived interneurons, it is well
established that brain-derived neurotrophic factor (BDNF) and
neurotrophin-4 (NT4), which bind to the Tropomyosin kinase
receptor B (TrkB) expressed by migrating interneurons, promote
the tangential migration of these interneurons (Polleux et al.,
2002). In addition, they actively avoid the striatum through a
mechanism that involves the expression of the chemorepulsive
factors semaphorin 3A and Ephrin A in the striatum and the
expression of neuropilin receptors, Robo1 and the EphrA
receptor in interneurons (Marin et al., 2001; Hernandez-Miranda
et al., 2011; Rudolph et al., 2010). In addition, Neuroregulin-1,
which is expressed in the pallium, acts as a chemoattractive cue
and binds to the receptor Erbb4 expressed by interneurons (Yau
et al., 2003; Flames et al., 2004).

There is evidence that postmitotic levels of Nkx2.1 also controls
MGE-derived interneurons migration. In addition to cortical
GABAergic interneurons, Nkx2.1 progenitors generate striatal
cholinergic interneurons (Fragkouli et al., 2009). It has been
shown that deletion of the transcription factor Sip1 in postmitotic
interneurons prevents the downregulation of Nkx2.1 in cortical

committed interneurons and induces their migration to the
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striatum and the acquisition of a partial cholinergic fate (van den
Berghe et al., 2013; McKinsey et al., 2013).

1.2.4 Programmed cell death

Programmed cell death (PCD) in the cerebral cortex occurs in
two consecutive waves that lead to around 50% reduction in the
number of neurons (Ferrer et al., 1992; Blaschke et al., 1996).
The first wave occurs during the embryonic period and mainly
affects neural progenitors, while the second wave occurs

postnatally and affects differentiated neurons.

Embryonic PCD has been extensively characterised in the dorsal
telencephalon. Apoptotic PCD is widespread in the germinal
layers of the dorsal telencephalon and is evident in the VZ and
SVZ at E14.5 during the peak of neurogenesis (Blaschke et al.,
1996; Thomaidou et al., 1997; Haydar et al., 1999). In fact,
mathematical modelling of neuronal production within the
neocortex revealed that PCD in dorsal progenitors is necessary
to achieve the final number of cortical glutamatergic neurons
(McConnell et al.,, 2009). In addition, there is evidence that
increased apoptosis of neural progenitors is linked to decreased
number of neurons and therefore decreased cortical size. For
example, constitutive activation of Notch1 or Pax6 in neural
progenitors induces apoptosis and reduces the size of the
progenitor pool (Berger et al., 2007; Yang et al.,, 2004).
Alterations in the DNA damage sensors or repair mechanisms,
such as the breast cancer 1, also lead to increased apoptosis
and decreased neuronal production (Pulvers and Huttner 2009).
Furthermore, ectopic expression of Ephrin A5 in early cortical

progenitors also gives rise to increased apoptosis and thinner
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cortices (Depaepe et al., 2005). Conversely, decreased
apoptosis has been linked to the opposite phenotype, an
expansion of the cerebral cortex. In fact, both caspase-3 and
caspase-9 knockout mice display markedly enlarged and
malformed cortices (Kuida et al., 1996, 1998).

Postnatal cell death in the mouse and rat cerebral cortex occurs
from birth to around postnatal (P) day 15, peaking around P7
(Ferrer et al.,, 1992). It was estimated that around 20% of
glutamatergic neurons and 50% GABAergic interneurons of the
cerebral cortex die during this period (Miller et al., 1995). The
observation that a reduction in the number of cortical neurons by
late embryonic treatment with X-rays leads to a reduction in the
naturally occurring cortical cell death at postnatal stages, led to
the hypothesis that postnatal cell death controls the final cell
number of this structure (Ferrer et al., 1992). Molecules that
provide trophic support to the cortical neurons are also of
particularly importance in the control of the survival of postmitotic
neurons (Catapano et al., 2001). Genetic studies showed that
inactivation of the BDNF and NT-4 receptor TrkB substantially
increased cell death in the cerebral cortex (Alcantara et al., 1997).
A role of glutamatergic and GABAergic neurotransmission in the
control of PCD in the cerebral cortex has also been described.
For instance, the inhibition of the NMDA receptors or excessive
activation of the GABA, receptors greatly enhanced cell death in
the cerebral cortex, particularly in layers |l and V (Ikonomidou et
al., 1999; Pohl et al., 1999; Ikonomidou et al., 2001). Interestingly,
this effect was observed only during a limited period of
development, during the first postnatal week. However, a recent

study shows that postnatal PCD of cortical interneurons is



Introduction

controlled by intrinsic factors instead of by a competition for
extrinsically derived trophic signals (Southwell et al., 2012). In
this study, the authors characterised PCD in postnatal
interneurons in vivo and they showed that these neurons are
eliminated through Bcl-2-asociated X-dependent apoptosis. They
also observed that many cortical interneurons undergo PCD in
vivo between P7 and P11, however when embryonic
interneurons are transplanted into older cortices (P3), they
undergo PCD later than normal, around P15. The authors
proposed that cortical interneurons should have an intrinsic clock
that determines when they have to die independently of the
environment. In fact, the death of transplanted cells was not
affected by the cell-autonomous disruption of the main

neurotrophin receptor TrkB (Southwell et al., 2012).

2. Down syndrome

2.1 General description

Down syndrome (DS), affecting 1 in 800 live births, is the most
frequent genetic cause of intellectual disability, a cognitive
disorder with hard impact on pubic health (Epstein, 2002). DS is
caused by the presence of a complete or partial additional copy
of human chromosome 21 (HSA21), which in most cases is due

to a chromosomal non-disjunction during maternal meiosis.

Individuals with DS present a wide range of phenotypic
abnormalities with variable penetrance that include: cardiac
malformations (Ferencz et al.,, 1989), gastrointestinal

abnormalities (Levy et al.,, 1991), craniofacial and skeletal
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anomalies (Frostad et al., 1971), motor alterations (Latash and
Corcos, 1991) and contrasting cancer phenotypes: increased
frequency of childhood leukaemia, which is linked to
macrocytosis and thrombocytosis, but reduced prevalence of
many cancers in adults (Wechsler et al., 2002; Yang et al., 2002).
Despite this variability, intellectual disability is one of the
invariable hallmarks of the disorder and the most invalidating
aspect of this syndrome (Chapman and Hesketh, 2000). DS
cognitive impairments are associated to abnormal brain
development (see Chapter 2.4 in Introduction section). Other
constant alterations in DS individuals include hypotonia and the
development of early-onset Alzheimer’s disease (AD) (Sabbagh
et al., 2011; Mann et al., 1985).

2.2 Genetics

Different hypothesis have been proposed to explain how the
presence of an extra copy of the genes on HSA21 give rise to the
many abnormal features that define DS. The first one is the gene
dosage effect hypothesis, which proposes that dosage
imbalance of specific HSA21 genes or chromosomal regions
causes specific DS phenotypes (Epstein et al., 1990; Antonarakis
et al.,, 2004). The second one is the amplified developmental
instability hypothesis, which claims that dosage imbalance of
genes on HSA21 determines a non-specific disturbance of the
genomic regulation and expression that alters normal
development and leads to most manifestations of DS (Pritchard
and Kola, 1999). In agreement with the last hypothesis, a meta-
analysis of heterogeneous DS data sets identified 324 genes with

consistent gene expression deregulation in DS, among them 77
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were HSA21 genes but the others 247 were localised in non-
HSA21 regions (Vilardell et al., 2011). It is important to highlight,
that these two hypotheses are not mutually exclusive. It is
possible that single genes or specific subset of HSA21 genes are
involved in specific DS phenotypes, while some other
phenotypes result from a more general disturbance in gene-
dosage of both, HSA21 genes and genes in other chromosomes
(Antonarakis et al., 2004).

The analysis of rare cases of partial trisomy of HSA21 has been
able to define a minimal chromosomic region, named DS critical
region (DSCR), which in trisomy leads to the manifestation of
most of DS features, including intellectual disability (Rahmani et
al., 1990; Ronan et al.,, 2007; Delabar et al., 1993). DSCR is
localized in the long arm of HSA21 and contains around 33
genes (red rectangle in Figure [-9). According to the above stated
hypotheses, the over-dosage of genes located in this region,
directly or indirectly, might impact on cellular processes that are
crucial for brain development and functionality contributing to the
intellectual disability associated with the syndrome (Rachidi and
Lopes, 2007). The analysis of DS mouse models (see chapter
2.3 in the Introduction section) supports the causative role of this

region in some DS brain features.

Interestingly, new findings suggest that some DS phenotypes
may also result from the effects of copy number alteration of
functional, non-traditional genomic elements such as microRNAs
(miRNAs) or non-coding RNAs. These observations led to a third
hypothesis, the genome instability hypothesis, in which the
additive effect of multiple HSA21 and non-HSA21 genes that are

affected by the dosage imbalance is combined with changes in
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functional regulation of miRNAs or other non-coding and
epigenetic elements. In fact, HSA21 contains at least five miRNA
genes (miR-99a, let-7c, miR-125b-s, miR-155 and miR-802).
mMiRNA expression profiling, miRNA RT-PCR, and miRNA in situ
hybridization experiments have demonstrated that HSA21-
derived miRNAs are over-expressed in both DS foetal and adult
brains. This could result in a decreased expression of specific
target proteins that could contribute to disease phenotypes (Elton
et al.,, 2010). Importantly, miRNAs are dynamically regulated
during brain development and are involved in critical steps of
neurogenesis (Volvert et al., 2012). For example, miR125-b is a
positive regulator of astrogliosis and glial cell proliferation (Pogue
et al., 2010) and, therefore, its overexpression could participate
in the increased number of astrocytes observed in DS brains
(Mito and Becker, 1993).

Epigenetic modifications involving DNA methylation and histone
modifications should also be taken into consideration. Indeed, a
recent analysis of the transcriptome of fibroblast from
monozygotic twins discordant for trisomy 21 highlighted the
existence of chromosomal domains of gene expression
deregulation with an altered DNA methylation profile (Letourneau
et al., 2014). The authors of this work propose that the
overexpression of one or more HSA21 genes modifies the
chromatin environment of nuclear compartments in trisomic cells
causing general perturbations of the transcriptome in these

compartments.
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2.3 Mouse models

The conserved synteny between the genomic segments on
HSA21 and mouse chromosome 16 (MMU16), MMU10 and
MMU17 (Sturgeon and Gardiner 2011; Pletcher et al., 2001) (see
Figure 1-9) has led to the generation of many trisomic and single-
gene overexpressing transgenic mice to elucidate the role of
particular chromosomal regions or specific genes in the
pathogenesis of DS (Rachidi and Lopes, 2007; Salehi et al.,
2007; Antonarakis et al., 2004; Liu et al., 2011; Dierssen, 2012).
Trisomic models reproduce most of the clinical phenotypes
observed in DS individuals, but their genetic complexity makes
impossible to analyze single gene effect in DS pathogenesis. In
contrast, transgenic mouse models overexpressing one or few
genes, allow a direct genotype-phenotype correlation, but their
limitation is the loss of interactions with other HAS-21 ftriplicated

genes contributing to the complexity of the phenotypes.

The different trisomic DS mouse models are summarized below
and schematically represented in Figure [-9. These models
contain different HSA21 regions or their mouse orthologous
regions in trisomy. Regarding the transgenic mouse models that
overexpress single genes, | describe only those overexpressing

DYRK1A (see chapter 3.1 in the Introduction section).

The Ts16 mouse was the first DS mouse model generated and
contains and extra copy of the entire MMU16, which comprises
around 713 genes (Gropp et al., 1975; Figure 1-9). Although this
mouse model shows alterations that resemble those observed in
DS, such as craniofacial abnormalities, immunological defects,
congenital heart defects and brain morphological alterations
(Gearhart et al., 1986; see Chapter 2.4 in the Introduction
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section), its usage has been limited because of the lethality of the
trisomy that occurs during late embryogenesis or at early
postnatal stages probably due to severe cardiovascular
malformations and to a hypoplasia of placental vasculature
(Miyabara et al., 1982). Another disadvantage of this model is
that it contains genes in trisomy that are not HSA21, since
MMU16 also present syntenies with regions of HSA3, HSA8 and
HSA16 (Mural et al., 2002).

MMy_ 2 Ts16
16
Dp(16)1Yey/+
17 | (. seeeesecssesseeccsemcesesesactt m Dp(17)1Yey/+
el T oy = Dp(10)1Yey/+

Figure 1-9: Genetics of segmental trisomic mouse models for Down
syndrome. Scheme of human chromosome 21 (HSA21) and the
syntenic regions in mouse chromosomes (MMU) 16, 17 and 10 (brown).
The genes in the Down syndrome critical region are within the red
rectangle. Trisomic regions of HSA21 (blue) or MMU16, MMU17 and
MMU10 (grey) in each mouse model are indicated. Adapted from
Rachidi and Lopes (2007).

The Ts65Dn is the segmental trisomic DS mouse model best
characterized. This model was generated from the translocation
of the distal region of MMU16 onto the centromere of MMU17
and contains in trisomy approximately 100 genes that are
orthologous to HSA21 genes, including those present in the

DSCR (Davisson et al., 1990; see Figure [-9). Importantly,
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Ts65Dn mice survive to adulthood and recapitulate some of the
phenotypic features in DS. These animals show: 1) significant
learning deficits in specific behavioural tasks; 2) craniofacial
dysmorphogenesis; 3) motor dysfunction; 4) age-dependent loss
of cholinergic neurons in basal forebrain, which has been
associated to the early-onset AD; 5) hematopoietic alterations
such as macrocytosis and thrombocytosis; and 6) congenital
vascular and intracardiac defects (Costa et al., 1999; Patterson
and Costa 2005; Seregaza et al., 2006; Kirsammer et al., 2008;
Williams et al., 2008; Richtsmeier et al., 2002).

Two more segmental MMU16 trisomic mice have been generated,
the Ts1Cje mouse and the Ts1Rhr mouse (Sago et al., 1998;
Olson et al., 2004a). These mice have smaller regions in trisomy
than the Ts65Dn mouse; the Ts1Cje mouse contains in trisomy
around 70 genes, including those of the DSCR, while the Ts1Rhr
mouse contains only the 33 genes comprised within the DSCR
(Sago et al., 1998; Olson et al., 2004a) (see scheme in Figure I-
9). The Ts1Cje mouse shows learning and behavioural deficits,
although less severe than those displayed by the Ts65Dn model
(Sago et al., 1998, 2000), morphological brain alterations (see
chapter 2.4 in the Introduction section) and hematopoietic
abnormalities similar to those observed in Ts65Dn mice
(Carmichael et al., 2009). This mouse model does not present in
trisomy the APP gene, which has been associated to the early-
onset of AD observed in DS (Wisniewski et al., 1985).
Nonetheless, Ts1Cje mice show tau hyperphosphorylation, an
early sign of AD (Shukkur et al., 2006), suggesting HSA21 genes
other than APP may contribute to this phenotype. On the other

hand, Ts1Rhr mice show craniofacial abnormalities (Olson et al.,
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2004a) and cognitive and behavioural abnormalities (Belichenko
et al., 2009a).

As an attempt to completely reproduce all DS phenotypes the
mouse model Tcl has been generated. This mouse carries an
almost intact freely segregating HSA21, which comprises 150
genes (O'Doherty et al., 2005; see scheme in Figure 1-9).
Unfortunately, the Tc1 phenotypic characterization showed only a
limited number of DS phenotypes, including learning and memory
impairment, cardiac defects, craniofacial abnormalities, motor
impairments and decreased tumour angiogenesis, and these
phenotypes were not as severe as they were in the mouse
trisomies (O'Doherty et al., 2005; Galante et al., 2009; Reynolds
et al., 2010). This milder phenotype was attributed to the
mosaicism and the internal deletions in HSA21 present in this
model (Gardiner et al., 2003; O'Doherty et al., 2005). However, it
should also be noted that human genes often have different
spatial and temporal gene expression patterns compared with
mouse genes, and time-dependent developmental or functional
processes may significantly differ between the two species.
Therefore, to overcome these potential species-specific dif-
ferences and analyse the effect of the simultaneous presence of
the three segmental trisomies on the DS relevant phenotypes a
new model, the Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+
mouse has been generated by Cre—loxP-mediated chromosome
engineering (Li et al., 2007). This mouse model has in trisomy
the three HSA21 syntenic mouse chromosomal regions (Figure I-
9). This model exhibits Down syndrome-related neurological

defects, including impaired cognitive behaviours (Yu et al., 2010),
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but unexpectedly, it does not present striking phenotypic dif-

ferences with respect to previous models.

On the other hand, in order to study the contribution of specific
set of genes to DS features a library of mouse models containing
small segmental regions in trisomy of approximately 2 Mb of
HSA21 in a YAC (Yeast Artificial Chromosome) were created
(Smith et al., 1995, 1997). One of these YAC transgenic mice,
the TgYAC152F7 mouse carrying a YAC with 5 HSA21 genes
including DYRK1A (Branchi et al.,, 2004), has a special
importance in this Thesis and its phenotype is described here in

chapter 3.1.

2.4 Developmental brain alterations

The severe cognitive impairments in DS individuals and trisomic

mouse models for DS are associated to altered brain morphology.

Post-mortem  macroscopic observations and magnetic
resonance analysis of the brain of adult DS individuals revealed
brachycephaly, reduced brain volumes with disproportionately
smaller hippocampus, prefrontal cortex and cerebellum, and
ventricle enlargement (Aylward et al., 1999; Pearlson GD, 1998;
Pinter et al., 2001b). Similarly, the brain of adult Ts65Dn shows a
brachycephalic morphology, but its size is maintained (Aldridge
et al., 2007; Richtsmeier et al., 2002). However, the volume of
specific brain regions such as the cerebellum is reduced in this
mouse model (Baxter et al., 2000; Olson et al., 2004b). Ts1Cje
mice also show normal brain and enlargement of the ventricles
(Ishihara et al., 2010). The Ts1Rhr mouse shows brachycephaly
but in contrast to DS its brain has increased brain volume
(Aldridge et al., 2007). Finally, the
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Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mouse shows
hydrocephaly (Yu et al., 2010), which give rise to enlarged

ventricles.

The fact that brachycephaly and reduced brain volume can
already be observed in DS foetuses from gestation week 15
(Pinter et al., 2001a; Winter et al., 2000; Schmidt-Sidor et al.,
1990; Guihard-Costa et al., 2006; Stempfle et al., 1999),
suggests that morphological brain alterations in DS are caused
by abnormal development of this structure. In agreement, the
brain of Ts16 foetuses show reduced brain size (Haydar et al.,
1996).

The Histological examination of post-mortem adult brain tissue
revealed changes in the number and distribution of different
cellular populations together with dendritic abnormalities in brain
regions such as the hippocampus, the cerebellum and the
cerebral cortex (Haydar and Reeves, 2012). Abnormalities in this
last region of the brain include a 20 to 50% reduction in the
number of neurons (Wisniewski, 1990), a significant alteration in
both the number and the morphology of dendrites and synapses
(Takashima et al., 1989), and astrogliosis (Mito and Becker,
1993). Again, these alterations may be originated during
development since they are already observed in DS foetuses and
children (Becker et al., 1991; Golden and Hyman 1994; Zdaniuk
et al., 2011).

Some DS mouse models also show alterations in the cellularity of
the adult cerebral cortex and the hippocampus (see Chapter 2.5
in the introduction section) and abnormal dendritic morphology in
cortical and hippocampal glutamatergic neurons. Both, Ts65Dn

and Ts1Rhr mice, show enlargement of dendritic spines and a
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reduction in the density of spines in the hippocampus
(Belichenko et al., 2009b; Belichenko et al., 2004; Kurt et al.,
2000).

2.5 Excitatory/inhibitory imbalance in the cerebral

cortex

Alterations in the proportion of cortical glutamatergic and
GABAergic neurons may cause intellectual disability (see chapter
1.1 in the Introduction section). Indeed, the cerebral cortex of
foetuses, infants and adults with DS show hypocellularity and
disorganized lamination (Wisniewski 1990; Golden and Hyman
1994; Larsen et al., 2008; Schmidt-Sidor, 1990).

The cerebral cortex of adult Ts65Dn mice shows decreased
number of excitatory neurons, while specific subtypes of
inhibitory neurons are increased (Chakrabarti et al., 2010; Perez-
Cremades et al., 2010; Hernandez et al.,, 2012). These
phenotypes are also observed in the hippocampus. In both brain
structures, the altered neuronal cellularity results from an
abnormal prenatal development (Insausti et al., 1998;
Chakrabarti et al., 2007; Chakrabarti et al., 2010). The imbalance
in the number of excitatory and inhibitory neurons in the
hippocampus is accompanied by an excess of inhibitory
synapses (Belichenko et al., 2009b). The number of excitatory
synapses in the cerebral cortex of Ts65Dn mice is decreased, at
least in the temporal cortex (Kurt et al., 2000), and although there
is not information about the number of inhibitory synapses in this
region, the increased expression of GABAergic signalling
molecules such as GAD65, GAD67 and the vesicular GABA
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transporter in cortical extracts suggest that inhibition is also
increased in this region (Souchet et al., 2014; Perez-Cremades
et al., 2010). Altered number of excitatory and inhibitory cells and
synapses in the hippocampus leads to increased long term
depression (LTD) and decreased long term potentiation (LTP),
processes that have been involved in synaptic plasticity and
learning and memory (Kleschevnikov et al., 2004; Belichenko et
al., 2009a; Siarey et al., 1999). Decreased hippocampal LTP has
also been described in other DS mouse models, such as the
Ts1Rhr and the Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice
(Belichenko et al., 2009a; Yu et al., 2010). Importantly, chronic
systemic treatment of adult Ts65Dn mice with GABA, receptor
antagonists at non-epileptic doses causes a persistent post-drug

recovery of cognition and LTP (Fernandez et al., 2007).

Different developmental alterations may contribute to the cerebral
cortex alterations associated with DS. These include reduced
proliferation, altered neuronal and glial differentiation and
increased apoptosis (Table I-1). Recent studies performed with
induced pluripotent stem cells (iPSCs) derived from monozygotic
twins discordant for trisomy 21 revealed that DS iPSCs
differentiate less efficiently into NPCs than euploid iPSCs both in
vivo and in vitro, and that NPCs derived from trisomic iPSCs
have proliferation defects, increased apoptosis, reduced capacity
to differentiate into neurons and augmented capacity to
differentiate into glial cells (Hibaoui et al., 2013). This study
extends previous findings and confirms that trisomy of HSA21
affects the survival and the proliferative and differentiation

capacities of neural stem cells.
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Table I-1: Embryonic neurogenic deficits in DS foetuses or
derived neural progenitor cells

Age (W)  Study Phenotype

8-18 In vitro (1) Impaired neurogenesis

17-21 In vivo (2) Impaired proliferation and altered
numbers of cells in S, G2 and M
phases

17-21 In vivo (3) Impaired proliferation, neuronal and
glial differentiation, and apoptosis

19-21 In vitro (4) Impaired neurogenesis and increased
gliogenesis

13-18 In vitro (5) Impaired GABAergic neuron
production

w: weeks of gestation; (1) (Bahn et al., 2002); (2) (Contestabile et al.,
2007); (3) (Guidi et al., 2008); (4) (Lu et al., 2011); (5) (Bhattacharyya et
al., 2009).

The histological analysis of the dorsal telencephalon in Ts65Dn
embryos revealed that although the pool of RG progenitors is
well established the production of neurons is significantly
impaired during early corticogenesis. Concomitant with the
decreased neurogenesis, Ts65Dn progenitors show longer cell
cycles due to an increased duration of the cell cycle phases G1
and S (Chakrabarti et al., 2007). At midcorticogenesis, Ts65Dn
embryos exhibit a compensatory expansion of IPs in the SVZ
and, as a result, the cortical thickness at the end of the
neurogenic phase is normal. However, postnatal Ts65Dn mice
show a deficit of neurons in the layer VI of the neocortex
(Chakrabarti et al., 2007; 2010), which contains the projection
neurons that are generated during early neurogenesis
(Molyneaux et al.,, 2007; see Figure 1-5). A recent genetic fate

mapping of cortical progenitors at midcorticogenesis revealed
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that the generation of SNP is severely reduced in Ts65Dn
embryos (Tyler and Haydar, 2013), which indicate that cortical
progenitor specification is also altered in this trisomic model. In
agreement with the results obtained in Chakrabarti et al., 2007,
neurospheres generated from NPCs derived from Ts65Dn
newborn mice display defective proliferation, increased cell cycle
duration, decreased neuronal differentiation and increased

production of astrocytes (Trazzi et al., 2011).

Similar neurogenic alterations have been observed in other
trisomic DS models. For instance, Ts16 embryos also show a
transient delay in the radial expansion of the cortical wall (Haydar
et al., 1996), decreased neuronal production and an enlargement
of the cell cycle duration (Haydar et al., 2000). As a consequence
of this delay in neurogenesis, the SP of Ts16 embryos have less
neurons and, consequently, the thalamocortical innervations are
decreased (Cheng et al., 2004). One important difference
between these two trisomic models is that in Ts16 embryos the
pool of progenitors at the onset of neurogenesis is reduced by
26%, while in Ts65Dn embryos the number of progenitors seems
normal (Chakrabarti et al., 2007; Haydar et al., 2000). The
Ts1Cje model also shows impaired corticogenesis in vivo and in
vitro. By E13.5, Ts1Cje embryos exhibit reduced thickness of the
cortical wall, being the CP the most affected layer, and reduced
proportion of cells exiting cell cycle, which suggests that neuronal
production is also impaired in this model (Ishihara et al., 2010). In
agreement, proliferation rates of neurospheres derived from
Ts1Cje embryos are significantly reduced due to a longer cell
cycle duration. These cells also show a biased differentiation to
astrocytes (Moldrich et al., 2009).
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Given that cortical neurogenic defects have been observed in
three different trisomic mouse models, it is plausible that the
gene or the set of genes responsible for this alteration are

localized in the overlapping trisomic region in these models.

The excess of GABAergic interneurons in the cerebral cortex and
hippocampus of adult Ts65Dn mice is due to a specific increase
PV and SST interneurons. The histological analysis of the
ventral telencephalon of Ts65Dn embryos revealed that this
increase in interneurons results from the combination of an
excess of Olig2 progenitors and an increased neurogenesis in
the MGE. Importantly, cell cycle length is not affected in ventral
progenitors (Chakrabarti et al., 2010). Performing an in vivo
genetic rescue experiment, the authors of this work were able to
narrow down the HSA21 locus responsible of the phenotype to
Olig1/2 genes (Chakrabarti et al., 2010).

It is worthy to point out that the defects on proliferation observed
in dorsal and ventral cortical progenitors in the Ts65Dn model are
opposite; decreased in dorsal progenitors and increased in
ventral progenitors. This indicates that the effects of HSA21
triplication is progenitor-type specific and suggests that the
molecular mechanism underlying these defects should be

different.
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3. DYRK1A

Human DYRK1A (Dual-specificity tyrosine-(Y)-phosphorylation
Regulated Kinase 1A) maps within the DSCR in HSA21
(Guimera et al., 1996), and it is overexpressed in foetal and adult
DS brains (Dowijat et al., 2007; Guimera et al., 1996; Guimera et
al., 1999). As it will be discussed later, the phenotypes of mutant
mice with one or three copies of Dyrkla have revealed that this
kinase plays a role in brain development and that Dyrkla gene
dosage imbalance leads to defects in learning and memory (see
chapter 3.1 in the Introduction section). Importantly, humans and
flies with haploinsufficiency of DYRK1A (minibrain in Drosophila
melanogaster) also show microcephaly and behavioural
abnormalities, which indicate that DYRK1A has conserved
functions across evolution (Courcet et al., 2012; Moller et al.,
2008; Tejedor et al., 1995). The above-mentioned observations
led to the proposal that trisomy of DYRK1A could be at the basis
of some of the neurological alterations associated with DS
(Dierssen, 2012; Haydar and Reeves, 2012).

3.1 Neural phenotypes in Dyrkla mutant mice

Loss-of-function mutations:

Dyrkla knockout mice die during gestation around E11.5
precluding the use of this model to study brain development.
Dyrkla” embryos are smaller than wild-type littermates and
present a severe developmental delay (Fotaki et al., 2002). Mice
with the Dyrkla targeted mutation in heterozygosis (Dyrkla®”
mice) are viable and also show a general growth delay and body

size reduction of around 30% at birth. Dyrkla™ brains are
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microcephalic, but the reduction in brain size is not uniform. The
tectum, which is composed by the superior and inferior colliculus,
and some ventral regions, such as the thalamus, display a more
significant size reduction in these mutants than other anterior
structures such as the cerebral cortex and the olfactory bulbs.
Cell counts performed in some brain regions revealed an
increased cell density in the somatosensory and pyriform cortex
of Dyrkla™ mice. By contrast, these mice present normal cell
densities in another laminated structure of the brain, the superior
colliculus, which presents severe hypocellularity (Fotaki et al.,
2002). Moreover, a detailed analysis of neocortical pyramidal
neurons in adult Dyrkla®* and Dyrkla®" littermate mice revealed
that mutant pyramidal neurons are less branched and with less
number of spines per branch than in wild-type animals
(Benavides-Piccione et al., 2005). This result indicates that
haploinsufficiency of Dyrkla influences the complexity of
pyramidal cells and thus their capability to integrate information.
In agreement, Dyrkla”‘ mice show a reduced execution in a
spatial learning task and impaired performance in a hippocampal-
dependent memory task (Arque et al., 2008). In addition,
Dyrkla*" mice present an altered motor function (Fotaki et al.,
2004), which could be caused by the deficit of sustancia nigra
dopaminergic neurons reported in these mice (Martinez de
Lagran et al., 2004; Barallobre et al., 2014).

Gain-of-function mutations:

Different DYRK1A overexpression mouse models have been
generated in the last decades. These models contain an extra
copy of the DYRK1A gene alone (TgDyrkla; BACTgDYRK1A
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and mBACTgDyrkla) or together with 4 additional HSA21 genes
(TgYAC152f7).

The TgYAC152f7 mouse contains in a YAC a HSA21 segment
that includes DSCR5, TTC3, DSCR9, DSCR3 and DYRK1A
(Smith et al., 1997). These mice present neurodevelopmental
delay, motor abnormalities and deficits in learning and memory
(Smith et al.,, 1997; Chabert et al., 2004). Importantly, a
transgenic mouse that contains a deleted YAC, and has only
DYRK1A in trisomy show learning and memory defects that are
similar to those in TgYAC152f7 mice (Smith et al., 1997),
suggesting that these defects are caused by the overexpression
of DYRK1A. Brain morphological alterations have also been
observed in TgYAC152f7 mice. Magnetic resonance imaging
showed a general increase in brain volume, which is more
pronounced in the thalamus-hypothalamus area (Sebrie et al.,
2008). The administration of Epigallocatechin gallate (EGCG), an
inhibitor of DYRK1A activity (Bain et al., 2003) to pregnant
females restores brain size and long-term memory impairments
in TgYAC152f7 mutant mice (Gued;j et al., 2009), indicating that
in fact, DYRK1A is the gene in YAC152f7 that is causing these

alterations.

The TgDyrkla mouse expresses the full-length cDNA of rat
Dyrk1A under the control of an inducible and heterologous
promoter, the sheep metallothionein-la (sMt-la) promoter (Altafaj
et al., 2001). Contrary to the TgYAC152f7 mouse, this transgenic
mouse do not present gross anatomical brain alterations.
However, neurobehavioral analysis showed severe impairment in
the performance of spatial learning and memory tasks, delayed

motor acquisition, alterations in the organization of locomotor
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behaviour and hyperactivity (Martinez de Lagran et al.,, 2004),
which agree with some reported clinical observations in DS
individuals. The motor phenotypic alterations in TgDyrk1A mice
can be rescue by stereotaxic injection into the striatum of an
adeno-associated vector driving the expression of a short-hairpin
RNA to silence Dyrkla (Ortiz-Abalia et al., 2008). This indicates
that motor alterations in this model are caused by DYRK1A
overexpression and that they can be reverted in the adulthood
reducing the levels of DYRK1A. Alterations in the expression of
NMDA receptor subunits and in NMDA-induced calcium
responses have also been observed in TgDyrk1A cerebellar
neurons (Altafaj et al., 2008), suggesting a role for DYRK1A in
the modulation of excitatory transmission in the brain. Moreover,
a recent study showed that like in the trisomic DS models
Ts65Dn and TsCje1 (Clark et al., 2006) (Ishihara et al., 2010),
TgDyrkla mice display impaired adult neurogenesis in the
hippocampus due to reduced cell proliferation and cell cycle exit
rates (Pons-Espinal et al., 2013). In addition, in this study the
authors observed reduced survival of newly born cells in
TgDyrkla mice. Treatment with the DYRK1A inhibitor EGCG
reverted hippocampal neurogenic alterations and hippocampal-
dependent learning and memory impairments in TgDyrkla mice
(Pons-Espinal et al., 2013).

Two different mouse models with an extra copy of DYRK1A have
been generated by using a bacterial artificial chromosome (BAC):
the BACTgDYRK1A mouse, which contains an extra copy of the
human DYRK1A gene (Ahn et al, 2006), and the
mBACTgDyrkla mouse, which contain an extra copy of the

mouse Dyrkla gene (Guedj et al., 2012). Both BAC models show
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memory and learning impairments similar to those described in
the DS trisomic models, but only the mBACTgDyrkla mouse
show motor abnormalities (Ahn et al., 2006; Souchet et al.,
2014). These mice show increased brain weight. In addition,
BACTgDYRK1A and mBACTgDyrkla mice show alterations in
LTP in the hippocampus and the prefrontal cortex, respectively
(Ahn et al.,, 2006; Thomazeau et al., 2014), indicating that
synaptic plasticity and the excitatory/inhibitory balance may be
disturbed in these models (Luscher et al., 2000). Although no
detailed histological analysis of the cerebral cortex have been
done in these mutants, western blot analysis of adult brain
protein extracts show alterations in the levels of glutamatergic
and GABAergic proteins in mBACTgDyrkla mice, suggesting
that like in the DS trisomic model Ts65Dn (Souchet et al., 2014;
Chakrabarti et al., 2010; Perez-Cremades et al., 2010), there is
an excess of GABAergic inhibition in this transgenic Dyrkla
model (Souchet et al., 2014).

It is important to highlight that these BAC models present
important advantages with respect to the TgDyrkla mouse: first,
they have only one copy of the DYRK1A transgene integrated
into the genome compared to the 2 to 20 copies integrated in the
different TgDyrk1A mouse lines; and second, the transgene in
the BAC lines is driven by its own regulatory sequences, and
therefore its temporal and spatial expression should be similar to
the endogenous gene. Given that mouse and human DYRK1A
proteins have 99% homology and that different species may have
different gene regulatory elements in their promoters, the
mMBACTgDyrkla mouse represents the best available model to
study the effect of DYRK1A overexpression in DS.
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3.2 Structure and regulation of the kinase activity

DYRK1A is a protein kinase that belongs to a family of proteins
known as DYRK, which is present in all eukaryotes and shows a
high degree of conservation across evolution (Aranda et al.,
2011). All DYRK members have been associated to functions
related to cell homeostasis and differentiation. There are five
DYRK members in mammals: DYRK1A, DYRK1B, DYRK2,
DYRK3 and DYRK4. Phylogenetic analysis revealed that DYRK
genes arose from gene duplication events during late periods of
metazoan evolution. Based on this analysis, DYRK proteins are
classified in two subfamilies: class | and class [l. DYRK1A and
DYRK1B belong to class | and DYRK2, DYRK3 and DYRK4 to
class Il. The conservation between these proteins is restricted to
the kinase domain and to a sequence upstream this domain, the
DH-box motif that is characteristic of the subfamily and seems to
be important for maintaining the protein in a catalytically active
conformation (Soundararajan et al., 2013). The paralogous
DYRK1A and DYRK1B share additional homologies; a nuclear
localization signal (NLS) and a PEST maotif within the N-terminal
and C-terminal regions, respectively (Aranda et al., 2011). These
two proteins show different patterns of expression, while
DYRK1A is expressed at different levels in all mammalian adult
tissues examined (Guimera et al., 1999) DYRK1B shows a more
limited expression with the highest expression in skeletal muscle,
heart, testes and brain. Importantly, DYRK1B expression is
enhanced in lung and colon tumours suggesting a role of this

kinase in carcinogenesis (Guimera et al., 1999; Lee et al., 2000).

DYRKSs phosphorylate tyrosine (Tyr), serine (Ser) and threonine
(Thr) residues. DYRKs autophosphorylate on Tyr residues and all
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their exogenous substrates described untii now are
phosphorylated in Ser or Thr residues (Becker et al., 1998)
(Aranda et al., 2011). Autophosphorylation occurs within the
activation loop of the catalytic domain on the second Tyr-residue
of the motif Tyr-X-Tyr (Becker and Joost, 1999). This
phosphorylation is essential for DYRK kinase activity (Himpel et
al., 2000) and occurs while the protein is translated (Lochhead et
al.,, 2005). Hence, DYRK kinases are constitutively active. The
defined consensus sequence for DYRK1A phosphorylation is
RPx(S/T)P, where x corresponds to all amino acids (aa) and S/T
are the phosphorylable residues (Himpel et al., 2000). However,
despite the definition of this consensus sequence, several
substrates have been reported where the phosphorylation site do

not match perfectly to the consensus (Aranda et al., 2011).

DYRK1A contains 754-763 aa and has an estimated molecular
weight of around 90 kDa. The use of alternative acceptor splicing
sites in exon 4 gives rise to 2 protein isoforms that differ in the
inclusion/exclusion of 9 aa in the N- terminus of the protein.
Experimental evidence suggests the existence of more than 3
DYRK1A protein variants that might be translated from the
different transcripts (Aranda et al., 2011). However, no functional
differences among these protein isoforms have been reported to

date.

In addition to the classical kinase domain (Becker and Joost,
1999) and the DH-box motif, DYRK1A protein contains two NLS
domains, one in their amino-terminal region (NLS1) (Alvarez et
al., 2003); and a second one (NLS2), which partially overlaps
with the predicted nuclear export signal (NES) within the kinase
domain (Alvarez et al., 2003). In the carboxy-terminal of DYRK1A
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there is a PEST motif, which is commonly associated to protein
stability; a polyhistidine domain (His) that localizes the protein to
the nuclear compartment of splicing factors or nuclear speckles
(Alvarez et al., 2003; Salichs et al., 2009) and that mediates
protein-protein interactions, such the one described with the
protein Sprouty2 (Aranda et al., 2008); and a region rich in Ser

and Thr residues with an unknown function (see Figure 1-10).

NLS DH KINASE NLS PEST His SIT

O [T O3COssOn e

Figure 1-10: DYRK1A protein motifs. Schematic representation of
DYRK1A showing the different protein motifs from the N-terminus to the
carboxy-terminus domains: NLS, nuclear localization signal; DH, DYRK
homology box; KINASE, kinase domain; PEST, motif rich in proline,
glutamic acid, serine and threonine; HIS, polyhistidine domain; S/T,
motif rich in serine and threonin residues.

Since DYRK1A is a constitutively active and dosage-dependent
kinase, its expression needs to be tightly regulated. DYKR1A
gene is organized in 17 exons and is expressed as several
transcripts, which differ in their 5-ends due to alternative
promoter usage and first exon choice (Guimera et al., 1997).
DYRK1A has 3 putative promoter regions: pA, pB and pM, which
have distinct regulation and expression. pM and pB contain
binding sites for activator protein 4 (AP4) that are able to recruit
both AP4 and its corepressor parter germinin to repress DYRK1A
transcription in non-neuronal cells (Kim et al., 2006). In addition,
pB responds to E2F1 overexpression, although the responsive
element for this transcription factor has not been identified
(Maenz et al., 2008). A high-throughput analysis of CREB
(cAMP-response element binding protein) dependent gene

expression identified a putative CREB-binding site in pA,

61



62

Introduction

however this site needs experimental confirmation (Impey et al.,
2004). Moreover, DYRK1A transcription in neural cells is
upregulated by the transcription factor REST (RE1 silencing
transcription factor) (Lu et al., 2011) and by the Alzheimer senile
plaques component beta-amyloid protein in adult mice and
humans (Kimura et al., 2007). Moreover, DYRK1A protein shows
circadian oscillation in the mouse liver (Kurabayashi et al., 2010),
although the mechanism of this regulation remains unknown.
Additionally, recent studies have shown that DYRK1A expression
is regulated in different cell contexts by the miRNA let-7b, miR-
199b and miR-1246 (Buratti et al., 2010; da Costa Martins et al.,
2010; Zhang et al., 2011). It is important to point out that some of
the transcriptional/posttranscriptional effects described above
could be part of regulatory loops. One example is the negative
feedback loop between REST, which induces the expression of
DYRK1A (Lu et al., 2011), and DYRK1A, which represses REST
transcription (Canzonetta et al., 2008) and protein stability (Lu et
al., 2011). Another example of a feedback loop has been
reported in the context of cardiac hypertrophy: hypertrophic
stimulus via activation of Calcineurin/NFATc signalling induces
the expression of the miR-199b, which directly target DYRK1A, a
well known negative regulator of the this pathway (Arron et al.,
2006; Gwack et al., 2006), and thus increases the nuclear factor
of activated T-cells (NFAT)c activity (da Costa Martins et al.,
2010).

DYRK1A kinase activity is regulated through the interaction with
regulatory proteins. For example, the autophosphorylation of
DYRK1A on Ser520 allows DYRK1A association with 14-3-3b,

which induces a conformational change that enhances its
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catalytic activity (Alvarez et al., 2007). In contrast, the binding of
SPRED1/2 (Sprouty-related protein with EVH1 domain) with the
kinase domain of DYRK1A inhibits its catalytic activity (Li et al.,
2010).

Given that DYRK1A has nuclear and cytoplasmatic substrates
(see Chapter 3.4 in the Introduction section), the regulation of
DYRK1A subcellular localization represents another way to
control DYRK1A activity linked to substrate accessibility. Studies
performed in human, mouse and chick samples have shown that
DYRK1A in the CNS localizes in the cytoplasm and the nucleus
of different cell types (Hammerle et al., 2003; Marti et al., 2003;
Wegiel et al., 2004; Laguna et al., 2008). Moreover, regulation of
the nuclear-cytosolic distribution of DYRK1A is suggested by the
transient nuclear translocation that is observed in vivo in the
chick during Purkinje cell differentiation (Hammerle et al., 2002).
In line with these observations, biochemical fractionation
experiments indicate that DYRK1A in the adult rat (Murakami et
al., 2009), mouse (Marti et al., 2003) (Aranda et al., 2008)
(Kaczmarski et al., 2014) and human (Kaczmarski et al., 2014)
brains is distributed in cytosolic and nuclear fractions. Within the
cytosolic fraction, DYRK1A is distributed in a pool associated
with the synaptic plasma membrane and a pool associated with
the vesicle-containing fractions (Aranda et al., 2008; Murakami et
al., 2009). In addition, the great majority of cytosolic DYRK1A is
associated to the cytoskeleton forming complexes with
filamentous actin, neurofilaments, and tubulin (Kaczmarski et al.,
2014). In fact, in differentiating neurons DYRK1A is expressed in
growing dendritic trees both in primary neuronal cultures (Aranda

et al., 2008) and in the embryonic forebrain (Hammerle et al.,
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2003). A mass spectrometry analysis identified one
phosphorylated residue in the cytosolic DYRK1A and multiple
phosphorylated residues in the cytoskeletal DYRK1A, which
suggest that intracellular distribution and compartment-specific
functions of DYRK1A may depend on its phosphorylation pattern
(Kaczmarski et al., 2014).

Within the nucleus, DYRK1A accumulates in nuclear speckles
through its His-repeat domain (Alvarez et al., 2003; Salichs et al.,
2009), suggesting that it could be involved in transcriptional
regulation. In vivo, only a small fraction of DYRK1A (around 10%)
is detected in the nucleus (Murakami et al., 2009; Marti et al.,
2003; Kaczmarski et al., 2014), however when it is exogenously
expressed it accumulates within the nucleus in stable cell lines
(Alvarez et al., 2003; Guo et al., 2010; Mao et al., 2002), primary
hippocampal neurons (Sitz et al., 2004) and in cortical NPCs
(Yabut et al., 2010).

3.3 Expression in the brain

DYRK1A is expressed at different levels in all mammalian adult
tissues examined showing relative high levels of expression in
the heart, lung, skeletal muscle, kidney, testis and brain
(Guimera et al., 1999; Okui et al., 1999).

During brain development Dyrkla transcripts are detected at
early embryonic stages, particularly in the neural tube and otic
vesicle of mouse embryos (Fotaki et al., 2002; Okui et al., 1999).
In situ hybridizations of Dyrkla during chick development
suggest that DYRK1A expression in neural cells is regulated

during development. In fact, Dyrkla transcripts seem to follow a
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stage-dependent expression pattern: Dyrkla mRNA expression
is transient in pre-neurogenic progenitors; cell-cycle regulated in
neurogenic progenitors; down-regulated in post-mitotic neurons
as they migrate radially to the CP; and persistent in late
differentiating neurons (Hammerle et al., 2008, 2011).
Interestingly, mouse and chick Dyrkla mRNAs in neuroepithelial
progenitor cells are asymmetrically distributed during the mitosis
of these cells before the first neurogenic division, pointing to a
possible role for this kinase in the transition from NPC
proliferative to neurogenic divisions (Hammerle et al., 2002). It
has also been shown that DYRK1A protein in neural stem cells of
the adult SVZ can be distributed symmetrically or asymmetrically
during mitosis and that normal levels of the protein are needed to
sustain epidermal growth factor receptor in the two daughters of
symmetrically dividing progenitors, which is important for
maintaining the stem cell reservoir in this niche (Ferron et al.,
2010).

DYRK1A expression in different CNS structures peaks around
birth  and decreases during postnatal development. The
expression of DYRK1A in the adult brain is internal (Okui et al.,
1999; Hammerle et al., 2008) and more restricted to specific
regions such as the cortex, the hippocampus, the cerebellum, the
olfactory bulb, deep motor nuclei and hypothalamic nuclei
(Wegiel et al., 2004; Marti et al., 2003). This pattern of
expression indicates that DYRK1A is involved in the physiology

of high brain functions.
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3.4 Cellular functions

DYRK1A interacts with components of several cell-signalling
pathways and proteins involved in different cell processes (see
scheme in Figure 1-11). As expected for its subcellular
localization (see Chapters 3.2 and 3.3 in the Introduction section)
the interaction of DYRK1A with its substrates can occur at both
cytosolic and nuclear compartments (Aranda et al., 2011; Tejedor
and Hammerle, 2011). Moreover, DYRK1A interaction can
involve different mechanisms that go beyond the phosphorylation
of substrates. For example, DYRK1A binds to the endocytic
proteins clathrin heavy chain and endophilin 1 but do not

phosphorylates them (Murakami et al., 2009).

The phenotypes of Dyrkla loss- and gain-of-function mouse
models and the results obtained in other experimental models
indicate that DYRK1A controls key neurodevelopmental and
aging processes (Tejedor and Hammerle, 2011; Wegiel et al.,
2011). For the purpose of this thesis | summarize only the

evidences related to the role of DYRK1A in neurodevelopment.

DYRK1A interacts with proteins that have a role in cell cycle
regulation and neuronal survival. In fact, there is evidence that
DYRK1A attenuates cell cycle progression in neural progenitors
and that positively regulates cell survival at least in the retina and
in the mesencephalon inhibiting caspase-9 apoptotic activity
(Laguna et al., 2008, 2013; Barallobre et al., 2014). The
evidences related to DYRK1A and cell cycle regulation are

summarized in next Chapter.
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Figure I-11: Substrates and functions of DYRK1A. Substrates of
DYKR1A are depicted in boxes accordingly to the type of cell process,
indicated above each box, they are involved.

DYRK1A interacts with components of key developmental
signalling pathways such as FGF, Shh and Notch (see Figure |-
11). DYRK1A phosphorylates the FGF signalling inhibitor
Sprouty2 in mammalian cell lines, leading to increase FGF
signalling (Aranda et al., 2008). Regarding Shh signalling, it was
reported that DYRK1A phosphorylates the Shh downstream
effector Gli1 and increases its transcriptional activity in fibroblast
cells (Mao et al.,, 2002). DYRK1A negatively regulates Notch
signalling, via the phosphorylation of the Notch intracellular
domain and reduction of its transcriptional activity (Fernandez-
Martinez et al., 2009). DYRK1A regulation of these pathways
strongly supports the involvement of DYRK1A in early
neurodevelopmental processes such as neural progenitors

expansion, maintenance and differentiation.
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Moreover there is evidence that DYRK1A regulate other
processes of neuronal differentiation, such as neuritogenesis and
synaptogenesis. DYRK1A reduction or overexpression leads to
decreased dendritic complexity in vivo and in cultured cells
(Martinez de Lagran et al., 2012; Gockler et al., 2009; Scales et
al.,, 2009; Benavides-Piccione et al., 2005). This effect of
DYRK1A has been associated to phosphorylation of microtubule-
associated protein 1B (MAP1B), which alters microtubule
dynamics (Scales et al., 2009). In addition, the reported negative
action of DYRK1A on the Calcineurin/NFATc signalling pathway,
through phosphorylation of NFAT and induction of its nuclear
export (Arron et al., 2006; Gwack et al., 2006), can also
contribute to the impaired neuritogenesis observed in Dyrkla
mutant mice. In fact, one of the main functions of the
Calcineurin/NFAT signalling pathway in neurons is to induce
neurite outgrowth upon neurotrophins and netrins stimulation
(Graef et al., 2003). On the other hand, DYRK1A alters
synaptogenesis through the phosphorylation of the GTPase
binding domain of the neural Wiskott-Aldrich syndrome protein
(N-WASP), which inhibits actin polymerization (Park et al., 2012).
In accordance, ectopic DYRK1A overexpression in cultured
hippocampal neurons causes a reduction in dendritic spine
formation (Park et al., 2012), and cultured neurons from
TgDyrk1A mice displayed a reduction in spine density, synapse
formation, and dendritic filopodia length as well as an abnormal
spine morphology (Martinez de Lagran et al., 2012). All these
alterations, together with the fact that some DYRK1A interactors
are involved in endocytosis and vesicle trafficking (see Figure |-
11) indicate that DYRK1A may have synaptic functions in adult

brains.
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3.5 Role in corticogenesis

At the beginning of this thesis the effect of DYRK1A
overexpression in the development of the cerebral cortex was
unexplored. However, in the last years two groups have
addressed this question electroporating a DYRK1A expression
construct into the mouse embryo at mid-corticogenesis (Yabut et
al., 2010; Hammerle et al., 2011). In both studies the authors
show that the overexpression of DYRK1A induces cell cycle exit
in dorsal cortical progenitors. Similar results were obtained by
electroporating the same DYRK1A construct into the chick spinal

cord (Hammerle et al., 2011).

Despite both studies led to the same conclusion regarding the
role of DYRK1A in cell cycle progression they show substantial
differences in the implications of this alteration. In the first study,
the increased cell cycle exit was accompanied by an increased
number of IPs and newborn neurons. Based on this, the authors
concluded that DYRK1A overexpression leads to premature
neuronal differentiation (Yabut et al., 2010). The second study
also showed that DYRK1A overexpression induces cell cycle exit
but in this case instead of promoting differentiation the
overexpression of DYRK1A abrogates the differentiation of the
progenitors. Based on this, the authors claimed that the levels of
DYRK1A protein have to be decreased in newborn cells in order
to differentiate into neurons (Hammerle et al., 2011). Another
difference between these two studies is that they proposed
different molecular mechanisms to explain the effect of DYRK1A
on cell cycle arrest. In the first one and based on results obtained
coelectroporating Cyclin D1 and DYRK1A, the authors proposed

that cell cycle arrest in DYRK1A electroporated progenitors
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results from an effect of DYRK1A on Cyclin D1 nuclear export
and degradation (Yabut et al., 2010). In the second one, and

7¥"" and the Notch downstream

based on the expression of P2
target Hes5 in DYRK1A electroporated cells, the authors
suggested that the effect of DYRK1A on cell cycle exit is
mediated by the induction of the expression of p27“'** gene and

the inhibition of Notch signalling (Hammerle et al., 2011).

A third study indicated that DYRK1A promotes cell cycle arrest in
neuronal progenitors through another mechanism that involves
DYRK1A phosphorylation of p53 and the up-regulation of p53

IP1
1C

target genes such p2 in rat and human NPCs (Park et al.,

2010). The authors of this work also showed that the levels of
both phosphorylated p53 and p21°"™’
the brain of DS foetuses and of BACTgDYRK1A embryos.

Importantly, cortical progenitors in BACTgDYRK1A embryos

protein were increased in

show decreased BrdU incorporation, suggesting decreased
proliferation (Park et al., 2010).

These studies show that DYRK1A plays a role in neural
progenitor cell cycle regulation. In this line, it has been reported
that DYRK1A promotes quiescence and senescence in
mammalian cells by phosphorylating the subunit of the DREAM
complex Lin52, which induces the assembly of the complex and
the repression of cell cycle-dependent genes (Litovchick et al.,
2011). It is worthy to note that, as already mentioned,
neurogenesis in the dorsal telencephalon of Ts65Dn embryos is
decreased (Chakrabarti et al., 2007), which is the opposite to the
effect induced by forced overexpression of DYRK1A in dorsal
apical progenitors during mid-corticogenesis (Yabut et al., 2010).

However, it has been recently shown that a modest
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overexpression of DYRK1A in mouse embryos during early-
corticogenesis also achieved by in utero electroporation of a
DYRK1A expression construct delays neuron production, but
only when DYRK1A is co-expressed with the HSA21 gene
RCAN1 (Kurabayashi and Sanada 2013), initially named DSCR1
(Fuentes et al., 1995). Given the functional interaction of
DYRK1A and RCAN1 on NFATc signalling (Arron et al., 2006)
and that NFATc activity in the Ts1Cje DS mouse model is
decreased, the authors of this work proposed that the early
defect of cortical neuron production in DS is due to the
cooperative action of DYRK1A and RCAN1 on the activity of
NFATc transcription factors. Interestingly, they show that the
overexpression of higher levels of DYRK1A in cortical progenitors
produced the same phenotype previously described
(Kurabayashi and Sanada 2013); increased cell cycle exit and
increased neuron production (Yabut et al., 2010). This final
observation implies that the levels of DYRK1A overexpression

influence downstream pathways differently.

Despite of the lack of consensus about the effect of DYRK1A
overexpression on cortical neurogenesis and the mechanism by
which DYRK1A could regulate cell cycle in cortical progenitors,
the before mentioned studies point to DYRK1A as one of the
HSA21 gene that could contribute to the neuronal deficit
observed in the cerebral cortex of DS individuals. Whether this is
or not the case needs to be confirmed in a suitable in vivo

trisomic model of the disorder.
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Hypothesis and objectives

The cerebral cortex is the key structure for highest functions in
mammals. Hypocellularity in this structure is a characteristic
feature in Down syndrome (DS) and arises during prenatal
development. Similarly, the trisomic model of the syndrome, the
Ts65Dn mouse, shows an attenuation of cortical neurogenesis
and a deficit of glutamatergic neurons in the neocortex of
postnatal animals. At the beginning of this Doctoral Thesis, the
knowledge about the pathogenic mechanisms underlying the
deficit of cortical neurons in DS was limited and the trisomic

genes responsible of the phenotype were unknown.

Our hypothesis was that triplication of the human chromosome
21 (HSA21) gene DYRK1A may contribute to attenuate cortical
neurogenesis in DS. The following evidences support this
hypothesis: First, DYRK1A gene lies on the critical region for DS
in HSA21; second, DYRK1A is expressed in the developing
cortex since the beginning of neurogenesis and it is
overexpressed in DS foetal brains; third, DYRK1A is a dosage-
sensitive gene; forth, the gene product of DYRK1A is a protein
kinase and some of its substrates have relevant functions in
cortical development; and fifth, the brain of Dyrkla
haploinsufficieny mice present increased cell densities in the

neocortex.

The main objective of this Thesis was to assess the impact of
having 3 functional copies of DYRK1A in the development of the
cerebral cortex with the ultimate goal of provide evidence about
the contribution of this gene in the formation of the cortical
circuitry in DS. To this end, we have used mutant mice with 3
copies (MBACTgDyrk1a) or with 1 copy (Dyrkla™") of the Dyrkla
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gene, and trisomic Ts65Dn mice with Dyrkla in trisomy or

disomy.

The particular objectives are detailed below; some of them
were formulated during the process of this work according to the

results obtained and to the data published by other groups.

1) To perform a comparative morphological analysis of the
brain in the transgenic mMBACTgDyrkla model and the

trisomic Ts65Dn model.

2) To assess the cellularity and the number of excitatory and
inhibitory neuron types in the cerebral cortex of adult
mBACTgDyrkla and Dyrkla® mice.

3) To analyse the expansion of the neocortical wall in the
mBACTgDyrkla model.

4) To identify the pathogenic mechanism/s underlying the
developmental cortical defects in the mBACTgDyrkla

model.

5) To assess the contribution of Dyrkla trisomy in the
developmental defects  described previously in the Ts65Dn

model.
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Materials and methods

1. Mouse models

1.1 General description and breeding

In this study we have used three different genetically modified
mouse lines. To determine the effects of Dyrkla dosage
imbalance on cerebral cortex development we used a Dyrkla
loss-of-function model, generated in the laboratory by gene
targeting (Fotaki et al., 2002), and a Dyrkla overexpressing
model, kindly provided by Dr. Jean Maurice Delabar (Université
Paris Diderot, Paris, France). To determine the implication of
Dyrkla trisomy in the cortical alterations associated to DS, we
used a trisomic model for DS, the Ts65Dn mouse (Davisson et
al., 1993).

Knockout Dyrkla (Dyrkla™) mice die at the first stages of brain
development, around E11.5 (Fotaki et al., 2002). For this reason,
we used mice heterozygous for the mutation (Dyrkla™). These
mice were maintained in their original genetic background by
repeated backcrossing of Dyrkla*" males to
C57BL/6Jx129S2/SvHsd F1  wild-type females (Harlan

Laboratories).

The Dyrkla gain-of-function model used in this study, the
mMBACTgDyrkla mouse, carries an extra copy of the full-length
mouse Dyrkla gene under the control of its endogenous
regulatory sequences. This mouse was obtained by
microinjection of an ES cell line carrying a BAC that contains the
entire Dyrkla gene (Gued; et al., 2012) into C57BL/6 blastocysts.

Mice were maintained in their original genetic background by
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repeated backcrossing of C57BL/6 wild-type females (Charles
River) and mBACTgDyrkla mutant males.

The generation of Ts65Dn mice has been previously described
(Davisson et al., 1993). Ts65Dn mice are the best-characterised
mouse model for DS and carries a segmental trisomy of MMU16
containing around 100 HSA21 orthologous genes including those
in the DSCR. These mice were maintained by crossing Ts65Dn
females (Jackson Laboratory) to B6EIC3 wild-type males (Harlan
laboratories). To obtain Ts65Dn mice disomic for Dyrkla (Ts-
D1a™) we performed crosses between Ts65Dn females and

Dyrkla*™ males.

To collect embryos in a particular gestation day, we set up
controlled matings. Two to three females (6 weeks to 4 months of
age) were placed in the same cage with a single male and the
morning after females were checked for the presence of a
copulation vaginal plug. The day on which the vaginal plug was
detected was considered as embryonic day 0.5 (E0.5). Postnatal
and adult (age 2-month or older) mice were generated by
continuous matings and the day of birth was considered as
postnatal day 0.5 (P0.5).

During the first two years of this thesis, animals were maintained
in the animal facility of the Parc de Recerca Biomédica de
Barcelona (PRBB). After, animals were maintained in the animal
facility of the Parc Cientific de Barcelona (PCB). In both animal
facilities the housing conditions were under a 12 hours light / 12
hours dark schedule in controlled environmental conditions of
humidity (60%) and temperature (22 + 2°C) with food and water
ad libitum. All experimental procedures were carried out following

protocols approved by the PRBB and the PCB ethic committees.
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1.2 Genotyping

Genotyping of embryos and mice was performed by polymerase
chain reaction (PCR) analysis using genomic DNA obtained from
a tissue sample. DNA was extracted by incubating fresh or frozen
tissue in NaOH 50 mM at 95°C for 60 min. Then, the solution was
neutralized by the addition of 1:10 volumes of Tris-HCI 100 mM
pH 8. For mice, we incubated 2-3 cm of tail in 300 ul of NaOH
solution. Samples were centrifuged in a microcentrifuge at
maximum speed for 10 min and 1 pl of the supernatant
containing DNA was used for each PCR reaction. Some Ts65Dn
mice were genotyped by semi-quantitative PCR. This protocol
consists in simultaneously amplify two MM16 genes (App and
Mx1) and a control gene lying on another chromosome (ApoB),
using specific primer oligonucleotides and Tagman probes. Semi-
quantitative PCRs were performed in a 7900HT Fast Real-Time
PCR System apparatus (Applied Biosystems). B6EIC3 mice carry
the recessive retinal degeneration 1 mutation (Pde6b™), which in
homozygosis leads to blindness (Costa et al., 2010) (Chang et
al.,, 2002). Ts65Dn females used to maintain the colony were
screened for this mutation by PCR amplifying the rd1 locus and
digestion of the resulting fragment with the enzyme Ddel during
12 hours. Sequences of oligonucleotide primers and probes and
PCR conditions used in this work are detailed in Tables M1 and
M2. PCR primers were from Sigma-Aldrich and Tagman probes

from Applied Biosystems.
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Table M2: Oligonucleotide for mouse genotyping by
guantitative PCR

Primer/ ' oy
probe Sequence 5'-3' (1) bp
ApoB(F) CACGTGGGCTCCAGCATT 74
ApoB(R) TCACCAGTCATTTCTGCCTTTG
App(F) TGCTGAAGATGTGGGTTCGA 79
App(R) GACAATCACGGTTGCTATGACAA
Mx1(F) TCTCCGATTAACCAGGCTAGCTAT 75
Mx1(R) GACATAAGGTTAGCAGCTAAAGGATCA
ApoB-vic CCAATGGTCGGGCACTGCTCAA
App-FAM CAAAGGCGCCATCATCGGACTCA
Mx1-FAM CTTTCCTGGTCGCTGTGCA

(1) Sequences obtained from The Jackson Laboratory. Annealing
temperature was 60°C and the number of PCR cycles 40. bp. Base pair.
Tagman probes are in bold.

2. Histology

2.1 Sample preparation

To obtain embryonic brain sections, pregnant females were
sacrificed by cervical dislocation and the embryos removed from the
uterus. Embryo heads were dissected and fixed by immersion in 4%
(w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer saline
(PBS; pH 7.4) for 24 hours at 4°C. To obtain postnatal and adult
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brain sections, mice were deeply anesthetized with Carbon dioxide
(COy) and transcardially perfused with 4% PFA at room temperature
(RT). Then brains were removed and post-fixed at 4°C in 4% PFA
for 24 hours. In both cases fixed samples were rinsed in PBS and

processed to obtain either vibratome or cryostat sections.

For cryostat sectioning, brains and embryonic heads were
cryoprotected in 30% (w/v) sucrose in PBS at 4°C for 1 to 2 days.
Embryos were embedded in Tissue-Tek O.C.T. (Sakura Finetek)
and frozen at -30°C in isopentane (Panreac), previously cooled with
dry ice. Coronal sections (14 um) were collected serially on
Starfrost precoated slides (Knittel Glasser). Postnatal and adult
fixed brains were placed on an OCT-base and coronal or sagittal
sections (40 um) were collected in 48-well plates filled with a
cryoprotective solution (40% v/v gylcerol — 40% v/v etylenglycol in
PBS), which allows long-term storage of the sections at -20°C.

Sections were obtained with a Leica CM3050S cryostat.

For vibratome sectioning, brains were stored in PBS at 4°C until
being embedded in 2% agarose. Embedded brains were cut in 40
— 50 um coronal sections in a Leica VT1000S vibratome and placed
in 48-well plates filled with PBS. These sections were used for

Dyrk1a immunostaining.

2.2 Immunostainings and microscopy

Immunohistochemistry (IHC) was done using the avidin-biotin-
peroxidase method (Vectastain ABC kit, Vector Laboratories).

Briefly, after washing the sections in PBS, endogenous peroxidase
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activity was blocked by incubation with 3% H,O, (v/v) and 10% (v/v)
methanol in PBS for 30 min at RT. Sections were then
permeabilized for 30 to 90 min with 0.2% Triton-X100 in PBS and
afterward incubated 60 min at RT in blocking solution (BS: 0.2%
Triton-X100 and 10% foetal bovine serum (FBS, Invitrogen) in
PBS). Sample incubations with primary antibody were performed
overnight (ON) at 4°C in incubating solution (IS: 0.2% Triton-X100
and 5% FBS in PBS). After washing with 0.2% Triton-X100 in PBS,
sections were incubated with the corresponding biotinylated
secondary antibody (1:200; Vector Laboratories) in IS for 60 min,
washed and incubated with avidin-biotin-peroxidase solution
(Vectastain ABC kit, Vector Laboratories) according to
manufacturer’s indications. Peroxidase activity was visualized with
0.03% diaminobenzidine (Sigma-Aldrich) and 0.003% H0O..
Samples were counterstained with Nissl (Cresyl violet 0.5%, pH
3.6) to visualize the nuclei, dehydrated and mounted in Eukitt

mounting medium (Sigma-Aldrich).

For immunofluorescence (IF), samples were washed in PBS and
permeabilized as described above. For accurate immunostaining
with some antibodies (see Table M3) it was necessary to perform
an antigen retrieval treatment before permeabilization. This
treatment consisted in boiling the sections for 10 min in sodium
citrate buffer (2 mM citric acid monohydrate, 8 mM tri-sodium citrate
dihydrate, pH 6.0). For 5-bromo-2'-deoxyuridine (BrdU)
immunostaining, sections were incubated before permeabilization in
50% formamide diluted in 2X SSC at 64°C for 10 min followed by
an incubation in 2 N HCL at 37°C for 30 min and finally 10 min in
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0.1 M boric acid (pH 8.5) at RT. After 60 min incubation in BS,
sections were incubated ON at 4°C with primary antibodies. After
washing, incubation with fluorescent secondary antibodies was
performed in IS for 60 min at RT. Secondary antibodies used for IF
were: Alexa Fluor 568-conjugated donkey anti-mouse and donkey
anti-rabbit; Alexa Fluor 488-conjugated donkey anti-mouse, goat
anti-rabbit, donkey anti-rat and donkey anti-goat, (1:1000, Life
Technologies); and biotinylated goat anti-mouse IgG or anti-guinea
pig 1gG (1:200, Vector Laboratories) followed by 60 min incubation
with streptavidin conjugated to Alexa Fluor-488 (1:1000, Life
Technologies). Cell nuclei were stained with Hoechst (Sigma-
Aldrich) and samples were mounted in Vectashield mounting

medium.

Primary antibodies used for IHQ and IF are detailed in Table M3. In
all cases, specificity of the immunoreaction was verified in parallel
samples incubated in BS without primary antibody. No
immunoreaction was detected in these samples. Samples from
animals of different genotypes were processed in parallel to avoid

day-to-day variations in the immunostaining.

Bright field images were viewed with an Olympus BX51 microscope
or with a Leica AF7000 motorized wide-field microscope and
acquired with a DFC-550 color camera. Immunofluorescence
images were viewed under a Zeiss Observer.Z1 microscope and
acquired with an AxioCam MRm camera or under a Leica AF7000
motorized wide-field microscope and acquired with Digital CCD

camera ORCA-R2. Confocal images were taken in a sequential
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Table M3: Primary antibodies used for immunostainings

Antibody Host Source (Reference) Dilution
A-Cas-3* Rabbit BD Pharmigen (559565) 1:500
BrdU Rat Abd serotec (OBT0030G) 1:75
BrdU Mouse Hybrydoma Bank (G3G4) 1:50
CR Rabbit Swant (7699/3H) 1:3000
Cyclin D1 Rabbit Thermo scientifics (RM-9104) 1:100
Ctip2* Rat Abcam (ab18465) 1:250
CuxI* Goat Santa cruz Biot. (sc-6327) 1:50
Dyrk1a Mouse Abnova (H00001859) 1:250
Ki67* Rabbit Abcam (ab15580) 1:100
NeuN Mouse Milipore (MAB377) 1:50**
Nkx2.1* Rabbit Abcam (ab76013) 1:200
Nkx6.2 G. Pig Karolinska Institutet 1:1000
PV Mouse Sigma-Aldrich (P3088) 1:250**
Pax6* Mouse Hybrydoma Bank 1:50
Pax6 Rabbit Covance (PRB-278P) 1:500
pH3 Rat Sigma-Aldrich (H 9908) 1:200
RC2 Mouse Hybrydoma Bank 1:5
SST Rat Milipore (MAB354) 1:250
Tbr1* Rabbit Abcam (ab31940) 1:200
Tbr2* Rabbit Abcam (ab23345) 1:200
Tujl Mouse Covance (MMS435P) 1:500
Tujl Rabbit Sigma-Aldrich (T2200) 1:500

* Citrate pretreatment; ** Dilution for IHC; 1:1000 dilution was used for IF.
The Nkx6.2 antibody was a gift from Dr. Ericson. A-Cas-3: active-caspase-
3; CR: Calretinin; PV: Parvalbumin; SST: Somatostatin.

mode with a Leica TCS SP5 confocal microscope using the Leica

Confocal Software (LCS). Images were taken in the Centre de
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Regulaci6 Genomica (CRG, Barcelona) or at the Advanced
Fluorescence Microscopy Unit of the Institut de Biologia Molecular
de Barcelona (IBMB-CSIC, Barcelona).

2.3 Detection of BrdU and EdU labelled cells

To quantify cell cycle exit rates and neuronal production pregnant
females were intraperitoneally injected with one pulse of BrdU (100
mg/kg; Sigma-Aldrich) and sacrificed 24 hours later. Embryos were
collected and processed as describe in Section 2.1. For cell cycle
exit rates, sections were immunostained for BrdU and Ki67 and
total BrdU" cells and BrdU'Ki67" cells were counted. For neuronal
production, sections were immunostained for BrdU and Tbr1 and
total BrdU* cells and double (BrdU*Tbr1*) immunolabelled cells

were counted.

To measure cell cycle duration of radial glial progenitors the
cumulative EdU-labelling protocol described by Arai et al., (Arai et
al., 2011) was followed. Briefly, pregnant females (E11.5) were
repeatedly injected with 5-ethynyl-2'-deoxyuridine (EdU) (3.3 mg/kg;
Life Technologies) and sacrificed at different time points according
to the schedule shown in Figure R25. EdU was detected in brain
sections immunolabelled for Tbr2 and Tuj1 using the Click-iT EdU
Alexa Fluor 647 kit (Life Technologies). The proportion of
EdU*Tbr2 nuclei localised in the VZ at the different EdU-exposured
times (Labelling Index) were plotted as described previously
(Nowakowski, 1989) and used to calculate: the growth fraction, GF;

the cell cycle duration, Tc; and the S phase duration, Ts. For
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estimating the duration of G2 and M phases, sections were
immunostained for pH3 to identify mitotic progenitors. The average
G2 duration was considered as the time required for half-maximal
appearance of EdU in mitotic progenitors. Duration of M phase
corresponds to the proportion of RG progenitors (nucleus in VZ that
do not express Tbr2 or Tuj1) that were in mitosis (pH3" cells)
multiply to the total cell cycle duration (Arai 2011). All these values

were then used to calculate G1 phase duration.

2.4 Morphometry and cell counts

- Ventricle volume

Volumes of the lateral, third ventral and third dorsal ventricles were
estimated on coronal brain sections, from bregma -1.34 mm to -
1.58 mm, obtained from 2-month-old mice. The area of the
ventricles were measured by using the tool “Area” of the CAST
GRID software package (Olympus) adapted to an Olympus BX51
microscope with an interactive computer system consisting of a
high-precision motorized microscope stage, a microcator for
reading z- positions (Heidenhain MT-12 gauge microcator) and a

high resolution video monitor.
The volume was obtained with the following equation:
V=1tx (1/ssf) x 2. areas

where V represents the total volume of the region of interest, t the

section thickness (40 um) and ssf (section sampling fraction) the
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ratio of the sections sampled with respect to the total number of

sections that spanned the region of interest.

- Thickness of the cortex

The thickness of the cerebral cortex was measured in the
somatosensory barrel cortex of 2-month-old animals in @ minimum
of 3 coronal sections (bregma -0.82 mm to bregma -0.94) per
animal stained with Nissl. The different cortical layers were
discriminated by eye using the differences in cell density between
them. This measurement was done using the tool “length” of the
CAST GRID software package adapted to the Olympus BX51

microscope previously described.

- Cell counts in adult mice

Cell quantifications were performed in the somatosensory barrel
cortex of 2-month-old animals in a minimum of 3 coronal sections

(bregma -0.82 mm to bregma -0.94) per animal.

Total cell and neuronal densities were estimated in sections stained
with Nissl and immunostained for NeuN by means of stereological
techniques, which involve counting cells with dissectors in a sample
that constitutes a known fraction of the structure to be analysed
(West and Gundersen 1990). The stereological measurements
were performed according to Benavides-Piccione et al.,
(Benavides-Piccione et al., 2005). Briefly, to count neuronal nuclei
in sampling probes we counted ten dissectors probes of a
determine volume (Vdis), which was determined by fixing the

surface and the thickness of the dissector, using a 40X objective.
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The numerical density of Nissl and NeuN staining cells was
estimated by dividing the total count in the uniformly sampled
dissectors by the total number of dissectors multiplied by the
volume of the dissector (Vdis). Dissectors whose upper right corner
was not within the sampled area were not included in the total
number of dissectors. Nuclei touching either of two predetermined
adjacent sides of the rectangular dissector frame were not included
in the count. The coefficient of error (CE = SEM/mean) was
calculated according to Gundersen and Jensen (Gundersen and
Jensen, 1987) to evaluate the precision of the estimates, sampling
was optimised to maintain this coefficient below the observed
biological variability (CE <10%). These measurements were done
using the Olympus BX51 microscope previously described with the
interactive computer system and the CAST GRID software

package.

Interneurons expressing the somatostatin, the calretinin or the
parvalbumin cell marker were counted in images of immunostained
coronal brain sections acquired with the DFC-550 color camera for
HIS or with the Digital CCD camera ORCA-R2 for IF, associated to
Leica AF7000 motorized wide-field microscope with the 20X
objective. Immunopositive cells were quantified in a wide column of
600 um of the somatosensory barrel cortex in a minimum of three

sections per animal.

- Cell counts in embryos and postnatal animals

Cell counts in brain embryo sections were done on confocal images

obtained from the region of interest in a minimum of 3 images per
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animal. Images were taken with a 20X objective at intervals of 1um
and confocal projections obtained using the “z-projection” tool of the
Image-J software for image processing (developed and maintained
by the National Institutes of Health, Bethesda, MD, Maryland, USA).
Labelled cells in the dorsal pallium were counted in a 100 um width
column of the lateral cortical wall, with the exception of cleaved-
caspase3” cells, pH3" cells and EdU-labelled cells that were
counted in 400 uym, 600 uym and 250 pm width columns,
respectively. In the ventral pallium, Nkx6.2" progenitors were
counted in all the Nkx6.2" area and numbers were expressed as the
proportion of total number of cells (Hoescht-labelled nuclei). Nx2.1*
progenitors were counted in rectangles of 200 um x 50 ym localised
at the dorsal, the medial and the caudal regions of the MGE. Cell
cycle exit rates were estimated as explained in section 2.3 by
counting cells in squares of 100 ym? in the same dorsal, medial and

caudal MGE regions.

Cell counts in postnatal animals were done on images obtained
from the region of interest in a minimum of 4 images per animal.
Images were acquired using the Leica AF7000 motorized wide-field
microscope. Labelled cells were counted in a 350 ym width column
of the somatosensory cortex. All counts and morphometric

quantifications were done under blind conditions.

2.5 Immunolabelling gquantifications

Relative cytoplasmatic and nuclear Cyclin D1 protein levels were

estimated in confocal images of brain sections stained for Cyclin D1
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and the nuclei labelled with Hoechst. First, images were converted
to binary images by applying a threshold level on them using the
Image-J software. Cytoplasmatic Cyclin D1 was assigned to the
Cyclin D1 signal that did not overlap with the Hoechst signal and
was obtained by subtracting the Hoechst binary image to the Cyclin
D1 binary image. Nuclear Cyclin D1 corresponded to the Cyclin D1
signal that overlapped with the Hoechst signal and was obtained by
subtracting the cytoplasmatic Cyclin D1 binary image to the total
Cyclin D1 binary image (see Figure M1). Labelling intensities of
total, nuclear and cytoplasmatic Cyclin D1 were measured in a
rectangle of 250 pm x 50 ym in a minimum of three brain sections
per embryo using the integrated density option of the Image-J

software.

|Cch1 lHuechsl‘ CyecD1 | | Hoechst |

-
e R

Figure M1. Quantifications of Cyclin D1 levels in confocal images of
coronal brain sections. (a) Representative images from E11.5 wild-type
(WT) and TgDyrkla (Tg) embryos showing Cyclin D1 (CycD1)
immunostaining (red) and the nuclei visualized with Hoechst (blue). (b)
Binary images were generated from images like the ones shown in a using
the ImageJ software. “Cytoplasm” image was obtained by subtracting the
binary “Hoechst” image from the binary “CycD1” image, and “Nuclear”
image by subtracting the “Cytoplasm” image from the binary “CycD1”
image as indicated in the Methods section. Bar = 20 um.
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3. Flow cytometry

3.1. Isolation of cells

To obtain brain progenitors the telencephalon of E10.5 and E11.5
embryos was dissected and incubated for 20 min at 37°C in 50 pl of
DMEM (Life Technologies) containing 1 mM N-acetil cystein
(Sigma-Aldrich), 7 U/ml papain (Worthington), 12 mg/ml DNAse
(Life Technologies) and 5 mM HEPES (Life Technologies). Papain
was inactivated by adding 500 pl of dissociating media (DM; DMEM
containing 5mM HEPES) and tissue pieces and cells were collected
by centrifugation at 200g for 5 min. Cells were dissociated in 100 pl
of DM by gentle trituration (30 up-and-down passages using a p200
tip). After adding 400 pl of DM, dissociated cells were passed

trough a filter (BD falcon; cell strainer of 12 mm x 75 mm).

3.2 Cell cycle profiles

Cells (= 1 x 10°) isolated from single embryos were fixed in 70%
ethanol diluted in PBS containing 5 mM EDTA at 4°C ON. After
genotyping, cells were pooled according to their genotypes
(minimum of 2 embryos per pool) and incubated for 24 hours at 4°C
with 15 pg/ml propidium iodide (Life technologies) diluted in PBS
containing 5 mM EDTA, 0.3 mg/ml RNAse A (Sigma-Aldrich) and
38 mM Sodium citrate (Sigma-Aldrich). DNA content profiles
(propidium iodide signal) of single cell suspensions were obtained
using the Epics XL cytometer from the Cytometer Unit of Centres

Cientifics i Tecnologics (CCiT) of the Universitat de Barcelona.
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4. RNA manipulation

4.1 RNA extraction

Embryonic telencephalon or ganglionic eminences were dissected
out and immediately frozen in dry ice. Samples were homogenized
by mechanically trituration and the RNA extracted using the
RNeasy Mini kit (Quiagen) following manufacturer’s instructions.
The eluted RNA was treated with DNAse (Ambion) for 30 min at
37°C to eliminated DNA contamination. RNA was quantified using a
NanoDrop (Agilent) and its quality was assessed by RNA

visualization in a 0.8% agarose gel, before storage at -80°C.

4.2 RT-gPCR

cDNAs were synthesized from 1ug of total RNA using Superscript I
retrotranscriptase (Life Technologies) and random examers (Life
Technologies). RT-qPCR was carried out with the Lightcycler 480
platform (Roche), using SYBR Green | Master Kit (Roche). cDNAs
were diluted 1:10 and the reagents were mixed following
manufacturer’s instructions. PCR conditions used were the
following: one cycle: 95°C 5 min; 40 cycles: 95°C 10 sec, 60°C 10
sec, 72°C 10 sec; one cycle: 95°C 5 sec, and a final cycle: 65°C 1
min. Primers for RT-qPCR, are listed in Table M4 and were
designed using the “Primer3” free tool (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3) to obtain amplicons of 80 to 250 bp, and
optimal annealing temperatures between 59 and 61°C for each

primer pair. Data were analyzed on the basis of the crossing
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temperature (ct) values obtained, according to the Pfaffl Method
(Pfaffl 2001) using Peptidyl-prolyl isomerase a (Ppia) as reference

gene for data normalization.

Table M4: Oligonucleotide primers for RT-qPCR

Gene Primer sequence 5'-3' bp
Calbl F CCACCTGCAGTCATCTCTGA 116
R GTCCCTGGATCAAGTTCTGC
CyclinD1 F CACAACGCACTTTCTTTCCA 88
R TGACTCCAGAAGGGCTTCAA
Deltal F CGGCTCTTCCCCTTGTTCTAA 126
R GGGGAGGAGGCACAGTCATC
Dyrkla F ATCCAGCAACTGCTCCTCTG 140
R CCGCTCCTTCTTATGACTGG
Gli1 F ACGCCTTGAAAACCTCAAGA 189
R GGATCTGTGTAGCGCTTGGT
Gli2 F TACCTCAACCCTGTGGATGC 148
R CTACCAGCGAGTTGGGAGAG
Gli3 F ATTCCCGTAGCAGCTCTTCA 137
R TTGCTGTCGGCTTAGGATCT
Hesl F CGGCATTCCAAGCTAGAGA 159
R GCGGGTCACCTCGTTC
Hes5 F ATGCTCAGTCCCAAGGAGAA 202
R TAGTCCTGGTGCAGGCTCTT
Hes6 F TGCAGGCCAAGCTAGAGAAC 202
R TCAGCTGAGACAGTGGCATC
Lhx6 F AACAGGACAGTCAGCCCAAG 181
R GGCAGTTTTGAAACCACACC
NeuroD1 F CTCGGACTTTCTTGCCTGAG 201
R TTTCAAAGAAGGGCTCCAGA

96



Notchl F CGCAAGCACCCAATCAAG 136
R TGTCGATCTCCAGGTAGACAATG
p21 F TTGTCGCTGTCTTGCACTCT 103
R AATCTGTCAGGCTGGTCTGC
p27 F TTGGGTCTCAGGCAAACTCT 131
R TCTGTTCTGTTGGCCCTTTT
Ppia F ATGGCAAGACCAGCAAGAAG 143
R TTACAGGACATTGCGAGCAG
Ptchl F GGCAAGTTTTTGGTTGTGGGTC 157
R CCTCTTCTCCTATCTTCTGACGGG
Rcan 1-1 F CCGTAGGGTGACTCTG 243
R GCTCTTAAAATACTGGAAGGT
Rcan 1-2 F GCGAGTCGTTCGTTAAG 185
R ATACTGGAAGGTGGTGT
Shh F TCACAAGAAACTCCGAACGA 140
R AGAGATGGCCAAGGCATTTA

5. Protein manipulation

5.1 Sample preparation

Embryonic telencephalon or ganglionic eminences were dissected
out and immediately frozen in dry ice. Protein extracts from frozen
tissues were prepared by resuspending the tissue in 10 volumes of
SDS-buffer (25 mM Tris-HCI pH7.4, 1 mM EDTA, 1% (w/v) SDS, 10
mM sodium pyrophosphate, 20 mM beta-glycerol phosphate, 2 mM
sodium orthovanadate, 2 mM phenylmethylsulphonyl fluoride and
protease inhibitors (Roche) and mechanically homogenized them

using first a scalpel and after a micropipette. Then, samples were
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sonicated with 4 pulses of 30 sec each in a Bioruptor (Diagenode),
boiled for 15 min at 98°C and centrifuged for 10 min at 800g at RT.
Protein concentration was determined using a colorimetric assay
(BCA Protein Assay Kit, Pierce) according to the manufacturer's

indications.

5.2. Western Blotting

Protein extracts (30 to 80 pg) were mixed with 6X Laemmli buffer
(0.5 M Tris-HCI pH6.8, 12% (w/v) SDS, 60% (v/v) glycerol, 0.6 M
dithiothreitol, 0.06% bromophenol blue), heated for 5 min at 98°C
and resolved on SDS-PAGE gels of different acrylamide
percentages depending on the molecular weight of the protein at
125 V in 1X running buffer (25 mM Tris-base, 200 mM glycine,
0,1% (w/v) SDS). Proteins were transferred onto a nitrocellulose
membrane (Hybond-ECL, Amersham Biosciences) at 400 mA for
60 min at 4°C in 1X transfer buffer (25 mM Tris-HCI pH8.3, 200 mM
glycine, 20% (v/v) methanol). Correct protein transfer was checked
by staining with Ponceau (Sigma-Aldrich). Transferred membranes
were blocked for 60 min at RT in 5 - 10% Bovine Serum Albumin
(BSA) (w/v) in TBS-T (10 mM Tris-HCI pH7.5, 100 mM NaCl, and
0.1% Tween-20), and then incubated ON at 4°C with the
corresponding primary antibody diluted in 5% BSA in TBS-T. The
antibodies and dilutions used for Western blotting are in Table M5.
After four washes of 10 min with TBS-T, membranes were
incubated for 60 min at RT with the fluorescent secondary

antibodies goat anti-mouse IgG IRDye-800CW and/or goat anti-
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rabbit IgG IRDye-680CW. Infrared fluorescence was visualized
using the LI-COR Odyssey IR Imaging System V3.0 (LI-COR
Biosciences) and protein levels were quantified using the Odissey
software version 3.0. Alternatively, the binding of some antibodies
was visualized using chemiluminiscence. In this case, membranes
were incubated with rabbit anti-mouse or goat anti-rabbit IgGs
conjugated to horseradish peroxidase (1:2000; Dako) diluted in 5%
BSA in TBS-T for one hour. Proteins were detected by enhanced
chemiluminiscence with ECL or ECL plus Western blotting detection
reagents (Amersham Life Sciences) using X-ray Films (AGFA) and
the hyperprocessor model AM4 (Amersham Pharmacia Biotech).
Quantifications were done using the Image-J software. In both
cases protein values were normalised for the levels of a-tubulin,

actin or vinculin proteins.

Table M5: Primary antibodies used for Western blotting

Antibody Host Source ( Reference) Dilution

Actin Rabbit Sigma-Aldrich (A2066) 1:5000
a-tubulin Mouse Sigma-Aldrich (T6199) 1:10000
Ciclin D1 Rabbit Thermo Sci. (RM-9104) 1:2000

DYRK1A Mouse Abnova (H00001859) 1:500
p21 Mouse Santa Cruz (sc-6246) 1:200
p27 Mouse BD Trans. Lab. (610241) 1:500

RCAN1 Rabbit Laboratory (1) 1:1000
Ret. Rabbit BD Pharmigen (554136) 1:500

Vinculin Mouse Sigma-Aldrich V9131 1:10000

(1) Porta et al., Eur J Neurosci. 2007; Ret: Retinoblastoma.
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6. Statistical Analysis

Data are presented as the mean + S.E.M. To calculate the
statistical significance of cell cycle parameters in Figure R25 data
were analysed by the two-way ANOVA. Otherwise, data were
analyzed by the two-tailed Student’s t-test. A minimum of three
embryos or mice of the same genotype were analysed in each
experiment. Differences were considered significant at p-values
<0.05: *p<0.05, **p<0.001 and ***p<0.0001.
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Results

1. Effects of Dyrkla gene-dosage variation in

brain growth

DYRK1A loss of function leads to microcephaly in humans
(Courcet et al., 2012), mouse (Fotaki et al., 2002; Gued;j et al.,
2012) and flies (Tejedor et al., 1995). Dyrk1la™ mice show a 30%
reduction in brain size. Importantly, size reductions are very
evident in particular structures such as the mesencephalic tectum
or the hypothalamus, while the size of the olfactory bulbs and the
thickness of the cerebral cortex are almost normal (Fotaki et al.,
2002).

To assess the dose-dependent role of DYRK1A in mammalian
brain growth, we performed a histological analysis in the
mMBACTgDyrkla mouse model and compared brain size and
gross morphological alterations in this model with those in the
Dyrkla™ haploinsufficient model. The mBACTgDyrkla model
carries one extra copy of the entire Dyrkla mouse gene including
its regulatory sequences. As expected for the genetic
complement, the brain of this transgenic mouse has a 1.5 fold
increase in Dyrkla protein levels compared to their wild-type
littermates (Guedj et al., 2012). The macroscopic analysis of
sagittal (Figure R-1) and coronal (Figure R-2a) sections of adult
(age 2-month-old) mBACTgDyrkla mice and their wild-types
littermates indicate that transgenic brains do not have gross
citoarchitectural alterations. All brain structures were present and
no gross alterations in lamination were observed. However,
mBACTgDyrkla mice showed alterations in brain size and

shape.
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Figure R-1: mBACTgDyrkla mice have brachycephalic brains.
Representative Nissl-stained sagittal brain sections at two different
medio-lateral levels of 2-month-old wild-type and mBACTgDyrkla
(TgDyrkl1a) mice. Green and red bars correspond to the rostro-caudal
and the dorso-ventral axis respectively. ch: cerebellum; ctx: cortex; hp:
hippocampus; ic: inferior colliculus; LV: lateral ventricle; ob: olfactory
bulb; p: pons; sc: superior colliculus; th: thalamus. Scale bar: 1 mm.

In agreement with the increased brain weight described in Gued;j
et al., 2012, the size of mBACTgDyrkla brains was slightly
increased (Fig R-1 and R-2a). In addition, these animals showed
brachycephaly (decreased rostro-caudal length compared to the
dorso-ventral length) (Figures R-1 and R-2a). Similar to Dyrkla™
mice (Fotaki et al., 2002), some brain structures in
mMBACTgDyrkla mice were more affected than others. For
example, the thickness of the cerebral cortex was quite normal in
mBACTgDyrkla mice (Figures R-1 and R-2a) and in Dyrkla™
mice (Figure R-2b). In contrast, the size of the
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superior colliculus, a structure that is substantially decreased in
Dyrkla" mice (Figure R-2b, bregma -3.08 mm), was significantly
increased in MBACTgDyrkla animals. Indeed, the superior
colliculus was observed in more rostral sections in these animals
than in the wild-types (Figure R-2a, bregma -2.15 mm). Another
visible alteration in both Dyrkla mutant models was the shape of
the hippocampus that was more rounded in mBACTgDyrkla
mice (Figure R-2a, bregma -1.75 mm) and more elongated in
Dyrkla™ mice (Figure R-2b, bregma -2.15 mm) than in their

respective control littermates.

To evaluate to what extend Dyrkla trisomy could be involved in
DS morphological brain alterations we performed the same
macroscopic analysis in Ts65Dn mice and their wild-type
litermates (Figure R-3). As has been previously described
(Aldridge et al., 2007; Richtsmeier et al., 2002) and in contrast to
what we observed in the mBACTgDyrkla mouse, the overall
brain volume in the trisomic Ts65Dn model was normal (Figure
R-3). However, Ts65Dn mice also present brachycephaly (Figure
R-3). Importantly, the superior colliculus in these animals was
also larger than in the wild-types (Figure R-3, bregma -2.15 mm)
and, like in the mBACTgDyrkla model, the hippocampus also
had a more rounded shape (Figure R-3, bregma -1.75 mm).

In addition, the brain of Ts65Dn mice showed an enlargement of
the ventricles (Figure R-3, bregma -1.75 mm), phenotype that
has been also observed in the DS mouse model Ts1Cje
(Ishihara et al., 2010) and in DS individuals (Pearlson GD et al.,
1998).
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Wild-type Ts65Dn

Bregma: -1.75 mm  Bregma: 0.54 mm

Bregma: -2.15 mm

Bregma: -3.08 mm

Figure R-3: Morphological brain alterations in Ts65Dn mice.
Representative coronal brain sections at different rostro-caudal levels
of 2-month-old wild-type and Ts65Dn mice immunolabelled for NeuN
and co-stained with Nissl. Note that the superior colliculus in the
Ts65Dn model is observed at more rostral sections than in the wild-
types and that the hippocampus has a more rounded shape. ac:
anterior commisure; aq: cerebral aqueduct; D3V: dorsal third ventricle;
fr: fasciculus retroflexus; hp: hippocampus; LV: lateral ventricle; mt:
mamilothalamic tract; sc: superior colliculus; 4V: fourth ventricle. Scale
bar: 2 mm.

Importantly, the ventricles in mBACTgDyrkla mice seemed
larger than normal (Figure R-2a). To confirm this, we estimated
the volume of the lateral ventricles and the dorsal and ventral
third ventricles in coronal sections of mMBACTgDyrkla and wild-
type littermate adult mice (bregma -1.75 mm) using the Cavalieri
method. As at this rostro-caudal level the volume of the brain is
increased in transgenic animals (Figure R-4a, b), we measured

the volume of the ventricles and expressed them relative to the
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volume of the brain section. The lateral and the dorsal third
ventricles were relatively bigger in mBACTgDyrkla mice than in

wild-type mice (Figure R-4c).

Wild-type TgDyrk1a

Brain volume (mm?®)
N
o
Relative ventricle volume

v D3V VY

Figure R-4. mBACTgDyrkla mice show hydrocephaly. (a)
Representative coronal brain sections of 2-month-old mBACTgDyrkla
(TgDyrkla) and wild-type mice immunolabelled for NeuN and co-
stained with Nissl. D3V: dorsal third ventricle; LV: lateral ventricle; V3V:
ventral third ventricle. (b) Histogram showing the brain volume of
transgenic and wild-types mice at the rostro-caudal level were ventricle
measurements were done. (c) Histogram showing the volume of the
three ventricles with respect to the brain volume. All measurements
were done in brain sections from bregma -1.34 to bregma -1.58.
Histogram values are the mean + S.E.M. *P<0.05, ***P<0.001 (n = 7).
Scale bar: 2 mm.

Altogether these observations show that the overall size of the
brain depends on Dyrkla gene copy number and that the effect
of DYRK1A in brain growth is region specific. Moreover, the fact
that some morphological alterations in the Ts65Dn mouse were
also observed in the mBACTgDyrkla mouse indicates that
trisomy of DYRK1A may contribute to shape the brain in DS.
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2. Effects of Dyrkla gene-dosage variation in

cortical lamination and cellularity

As it is mentioned in the introduction (Chapter 2.5), the cerebral
cortex of DS individuals shows hypocellularity and an altered
lamination (Ross et al., 1984). Given the importance of the
cerebral cortex for cognition it has been proposed that these
alterations could significantly contribute to the cognitive
impairment associated with the syndrome. To determine whether
DYRK1A aneuploidy could affects the citoarchitecture of the
cortex, we analyzed the lamination and the cellularity of the
cerebral cortex in adult mMBACTgDyrkla and Dyrkla*" mice. First
of all we measured the total thickness and the thickness of every
cortical layer in the somatosensory barrel cortex (SBC) of
coronal sections stained with Nissl. As shown in Figure R-5 the
total thickness of the cortex was normal in both Dyrkla mutant
mice (Figure R-5a-b, d-e). However, when we measured the
thickness of each cortical layer we observed that the thickness of
layer V was decreased in Dyrkla” mice and increased in
mBACTgDyrkla mice (Figure R-5c, f). We next estimated using
stereological methods the cellularity in every cortical layer of the
SBC in the same tissue preparations. In agreement with previous
work of the laboratory (Fotaki et al., 2002), Dyrkla” mice
showed increased cellularity in all cortical layers reaching

statistical significance in layers V and VI (Figure R-6a).
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Conversely, cell densities were decreased in the SBC of
mBACTgDyrkla mice and, in this case, differences were
statistically significant in all layers (Figure R-6b). Therefore,
alterations in Dyrkla gene-dosage change the lamination and
cellularity of the cerebral cortex and importantly, the phenotype
of the mBACTgDyrkla model resembles that previously

described in DS individuals.

a B Dyrkta** Figure R-6: Dyrkla gene
o 300 W Dyrk1a* copy number inversely
£ 250 . . correlates with cortical
7 20 : cellularity. Histograms
2 o comparing cell densities in
8 5 the somatosensory barrel

cortex of 2-month-old

. 2, S Dyrkla™* and Dyrkla" mice
ool bayees (@ or wild-type and
b Owiape ~ MBACTgDyrkla (TgDyrkla)
. 300 W TaDyrk1a mice (b). Cells were counted
£ 20 ) in  Nissl-stained  coronal
D 20 - sections and values are the
" ; mean £ S.E.M. *P<0.05 (n >

: o 4).

- v \Y Vi

Cortical Layers

Like other regions in the brain, the cerebral cortex is composed
by neurons and glial cells (Jones et., 1984). To determine if the
observed differences in cellularity are due to variations in one or
both cell types, we used stereological methods to estimate
neuron and glial cell densities in coronal sections immunostained
with the neuronal marker NeuN and co-stained with Nissl. We

considered glial cells the nuclei that did not express NeuN.
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Figure R-7: Dyrkla gene copy number affects cortical neuronal
densities but not glial densities. Histograms showing neuronal
(NeuN" cells) densities in the whole cortex (layers Il to VI) and in each
cortical layer (a, c) and total glial (NeuN" cells) densities in the whole
cortex (b, d) in 2-month-old Dyrkla™* and Dyrkla™ mice (a, b) and wild-
type and mBACTgDyrkla (TgDyrkla) mice (c, d). Histogram values are
the mean + S.E.M. *P<0.05, **P<0.01 (n > 4).

Neuronal densities were increased in the cerebral cortex of
Dyrkla®" mice, affecting almost all cortical layers (Figure R-7a).
mBACTgDyrkla mice showed the opposite phenotype, a
reduction in total neuronal density, which again was not layer
specific (Figure R-7c). Glial cell densities were decreased in the
cerebral cortex of mBACTgDyrkla mice but were normal in
Dyrkla*™ mice (Figure R-7b, c). These results show an inverse
correlation between the overall brain size and the neuronal
cellularity of the cerebral cortex in the gain- and loss-of-function
Dyrkla mutants analyzed.

Around 80% of cortical neurons are glutamatergic projection
neurons, while the remaining ones are GABAergic interneurons

(Parnavelas et., 2000). Both types of neurons are generated
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during embryonic development but from different sources of
neural progenitors (see Chapter 1.2 in the Introduction section).
The abnormal neural densities observed in Dyrkla mutant mice
could result from an alteration in one or both types of neurons.
The fact that mBACTgDyrkla mice show normal numbers of
cortical GABAergic interneurons (unpublished data of the
laboratory) indicate that the decreased neuronal densities
observed in this work (Figure R-7c) result from a deficit of
glutamatergic neurons that could be originated during
development. Importantly, in the Ts65Dn mouse the production
of glutamatergic neurons and specific subtypes of GABAergic
interneurons is altered leading to an excess of GABAergic
inhibition (Chakrabarti et al., 2007; 2010; see Chapter 2.5 in the
Introduction section). Specifically, the cerebral cortex of Ts65Dn
mice show an excess of PV and SST expressing interneurons,
while the number of CR expressing interneurons is normal
(Chakrabarti et al., 2010). Despite mBACTgDyrkla mice have
normal numbers of GABAergic interneurons, these published
results prompted us to quantify the same interneuron populations
in the cerebral cortex of Dyrkla transgenic animals. With this
aim, we performed immunostainings for PV, SST and CR in
coronal sections of 2-month-old mBACTgDyrkla and wild-type
littermate mice (Figure R-8b-d) and counted the immunopositve
cells in external (II-IV) and internal (V-VI) layers of the SBC.
Importantly, these three molecular markers cover almost 90% of
the interneuron populations in the mouse neocortex (Figures 1-2
and R-8a).
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Figure R-8: mBACTgDyrkla mice show altered nhumbers of cortical
interneuron subtypes. (a) Diagram showing the proportion of
GABAergic interneurons expressing parvalbumin (PV) or somatostatin
(SST) and/or calretinin (CR). (b, ¢, d) Sections of the somatosensory
barrel cortex of 2-month-old wild-type mice immunostained for
parvalbumin (b), somatostatin (c) or calretinin (d). Rectangles indicate
the regions magnified in the images at the right (‘). (e-g) Histograms
showing the number of PV* (e), SST" (f) and CR" (g) interneurons in
the external (1I-1V) and the internal (V-VI) cortical layers of wild-type and
mBACTgDyrkla (TgDyrkla) mice. Histogram values are the mean %
S.E.M. *P<0.05, **P<0.01 (n > 3). Scale bar: 200 pm.

Transgenic animals had less PV" cells in the internal layers
(Figure R-8e), more SST" cells in both internal and external
layers (Figure R-8f), and more CR" cells in the internal layers
(Figure R-8g). As it was explained in the introduction (see

Chapter 1.2.3) most CR interneurons are generated in the CGE,
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however a small population of CR that coexpress SST is
generated in the MGE. To determine if an extra copy of Dyrkla
could affects neurogenesis in the CGE, we performed a double
immunostaining for SST and CR and quantified the number of
CR interneurons that do not express SST (white arrows in Figure
R-9a). This quantification revealed that the CR*SST" interneuron
population is not affected in the cerebral cortex of
mBACTgDyrkla mice (Figure R-9b) and suggest that the
development of the CGE is not affected. Most PV and SST
cortical interneurons are generated in the MGE, hence the
observed phenotypes could arise from an alteration in MGE
neurogenesis. To further characterized the alterations observed
in SST interneurons we quantified the proportion of these
interneurons that coexpress or not CR (orange and blue arrows
respectively in Figure R-9a), because they are generated from
two different kinds of MGE progenitors (Fogarty et al., 2007;
Sousa et al., 2009). Our results showed that both subtypes are
increased in mBACTgDyrkla mice (Figure R-9c) and suggest
that the defect in MGE neurogenesis is not restricted to a

particular progenitor domain.

In summary, our results suggest that the overexpression of
DYRK1A, at levels that mimics DS situation, alters the
development of the cortical neuron populations that are affected

in the trisomic Ts65Dn model.
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Figure R-9: The cerebral cortex of mBACTgDyrkla mice show
normal numbers of CGE-derived interneurons. (a) Images of the
somatosensory barrel cortex of wild-type (WT) mice immunostained for
somatostatin (SST) and calretinin (CR) showing interneurons that co-
express both markers (orange arrow) and that only express SST (blue
arrow) or CR (white arrows). Histograms showing the number of CR"
SST interneurons in the external (lI-1V) and the internal (V-VI) cortical
layers (b) and the numbers of SST-interneurons that express CR
(SST'CR cells, green bars) and that do not express CR (SST'CR cells,
red bars) in the whole cortex (layers Il to VI) (c) in 2-month-old WT and
mBACTgDyrkla (TgDyrkla) mice. Histogram values are the mean %
S.E.M. *P<0.05, **P<0.01 (n > 4). Scale bar: 10 ym.

3. Dyrkla expression in the telencephalon

during embryonic neurogenesis

Glutamatergic and GABAergic cortical neurons are generated
from progenitors localized in the dorsal telencephalon (pallium)
and the ventral telencephalon (subpallium) respectively. If
DYRK1A is affecting the generation of these two types of

neurons it must be expressed in the telencephalic germinal
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regions. The expression of mouse DYRK1A in these regions was
assessed by immunofluorescence using a commercial DYRK1A

specific antibody (Laguna et al., 2008).

It has been previously observed that pre-neurogenic
neuroepithelial cells from E9.5 mouse embryos express Dyrkla
mRNA (Hammerle et., 2008). Immuofluorescence for DYRK1A at
the onset of cortical neurogenesis (E11.5) confirmed the
expression of DYRK1A in VZ progenitors of the dorsal pallium
(Figure R-10a, b). Moreover, as in other cell types, DYRK1A was
localized in the cytoplasm and the nucleus of these progenitors
(Arrows in Figure R-10b). At mid-corticogenesis (E13.5) DYRK1A
is expressed in the two types of dorsal progenitors, RG
progenitors (Pax6" cells) and IPs (Tbr2* cells), as well as in
neurons (Tuj1" cells; Figure R-10c, d). In ventral territories,
DYRK1A was also expressed in proliferative regions (VZ/SVZ)
and in the mantel zone of the MGE, where GABAergic newborn

neurons are localized (Figure R-11a, b).
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Figure R-10: Dyrklais expressed in progenitors and differentiating
neurons of the mouse dorsal telencephalon. (a, ¢) Pictures of
coronal brain sections of E11.5 (a) and E13.5 (c) embryos with nuclei
visualized with Hoechst. Rectangles indicate the regions corresponding
to images in b and d. (b) Confocal image of a coronal E11.5 brain
section showing expression of Dyrk1a in the cytoplasm of radial glial
progenitors in the ventricular zone (VZ) and differentiating neurons in
the cortical plate (CP). Arrows in the magnified image (‘) point to
progenitors with Dyrk1a immunostaining in their nuclei. (d) Confocal
images of a coronal E13.5 brain section showing Dyrk1a
immunostaining in radial glial progenitors expressing Pax6 (left), in
intermediate progenitors expressing Tbr2 (middle), and in postmitotic
cells expressing the neuronal marker Tuj1 (right). Di: diencephalon; Tel:
telencephalon; SVZ: subventricular zone. Bars = 500 um (a, ¢), 20 um
(b, d), 10 um (magnification in b).
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Pallium

E13.5

Subpallium

Figure R-11: Dyrklais expressed in progenitors and differentiating
neurons of the mouse ventral telencephalon. (a) Picture of a coronal
brain section of an E13.5 embryo with nuclei visualized with Hoechst.
The Rectangle indicates the region in the medial ganglionic eminence
corresponding to images in b. (b) Confocal image showing expression
of Dyrk1a in progenitors of the ventricular (VZ) and subventricular (SVZ)
zones and in differentiating neurons of the mantel zone (MZ). The white
square indicates the region magnified in the right image. Bars = 500 um
(@), 100 um (b).

In summary, DYRK1A is expressed both in progenitors and in
newborn neurons, of the dorsal and ventral telencephalon.
Therefore, it is plausible that one extra copy of DYRKIA

influences cortical neurogenesis in DS.

4. Effects of Dyrkla trisomy in the development

of cortical glutamatergic neurons

As a first approach to determine which process of cortical
glutamatergic neurogenesis could be affected by DYRKI1A
trisomy, we performed a general histological examination of the
dorsal telencephalon in wild-type and mBACTgDyrkla embryos
at two developmental stages: at the onset of neurogenesis, by
E11.5, and during mid-corticogenesis, at E14.5. As shown in

Figure R-12a, the general morphology of the brain was
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maintained in the transgenic embryos at both stages. The
thickness of the proliferative regions (VZ at E11.5, and VZ/SVZ at
E14.5), which are the regions adjacent to the dorsal ventricle that
do not express the neuronal marker Tuj1, was similar in both
genotypes (Figure R-12b). However, in the transgenic embryos
the thickness of the CP, which is the region immunolabeled with
Tuj1, was decreased at E11.5 but it was normal at E14.5 (Figure
R-12c). These results indicate that DYRK1A overexpression
does not affect the pool of progenitors in the dorsal

telencephalon but it delays the radial expansion of the CP.
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Figure R-12: mBACTgDyrkla embryos have thinner cortical plates
during early neurogenesis. (a) Pictures of E11.5 (upper) and E14.5
(lower) wild-type (WT) and mBACTgDyrkla (TgDyrkla) coronal brain
sections of embryos immunostained for the neuronal marker Tuj1 and
the nuclei labelled with Hoechst. Rectangles indicate the regions where
measurements were done. (b, ¢) Histograms showing the thickness of
the germinal ventricular and subventricular zones (VZ/SVZ) (b) and the
cortical plate (c) of WT and TgDyrkla embryos at the indicated
developmental stages. Note that differences between genotypes were
significant only in the cortical plate of E11.5 embryos. Histograms
values are the mean + S.E.M. *P<0.05, (n > 4). Scale bar: 500 ym.
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4.1 Early neurogenesis

During neurogenesis RG progenitors divide asymmetrically in the
VZ producing another RG cell and either one neuron or one IP
(Noctor et al., 2004; Attardo et al., 2008; see Chapter 1.2.2 in the
Introduction section). We first confirmed that, as expected from
the normal thickness of the VZ (Figure R-12a, b), the number of
RG progenitors (Pax6” cells) was not altered in mBACTgDyrkla
embryos at E11.5 (Figure R-13a). Since the main alteration
observed in mutant embryos was a thinner CP at the beginning
of corticogenesis (Figure R-12a, c), we wonder whether one
extra copy of Dyrkla could affect the neurogenic potential of RG
progenitors. To assess this, we counted the number of cells
expressing the neuronal marker Tbr1 in brain sections of E11.5
wild-type and mBACTgDyrkla embryos. The number of Tbr1*
neurons was significantly reduced in Dyrkla transgenic embryos
(Figure R-13b). This reduction in the number of neurons could be
due to increased cell death or to decreased neuronal production.
We explored the first possibility by performing an immunostaining
for Tuj1 and active caspase-3, which labels apoptotic cells. Since
in both genotypes the number of apoptotic cells in the VZ and the
CP was similar (Figure R-13c) we excluded a possible implication
of cell death in the observed neuronal phenotype. Thus, the
deficit of CP differentiating neurons in the transgenic embryos
(Figure R-13b) should result from an impaired neuronal
production. To confirm this, we injected the S phase marker BrdU
into E11.5 pregnant females and 24 hours later we estimated the
number of newborn neurons by counting BrdU" cells and double
BrdU and Tbr1 immunopositive cells. The results of these

quantifications showed a reduction of around 40% in the
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production of RG-derived neurons in mBACTgDyrkla embryos
(Figure R13d).
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Figure R-13: Impaired early neurogenesis in the dorsal
telencephalon of mBACTgDyrkla embryos. (a, b) Representative
confocal images of the dorsal telencephalon of E11.5 wild-type (WT)
and mBACTgDyrkla (TgDyrkla) embryos showing Pax6 expression (a)
or Tbr1 and Tuj1 expression (b), and the total numbers of Pax6" radial
glial progenitors (a) or Tbr1* neurons (b). (c) Representative confocal
images from coronal brain sections of E11.5 embryos of the indicated
genotype showing active caspase-3 and Tuj1 expression and the
number of apoptotic progenitors (active caspase3'Tuj1” cells) and
newborn neurons (active caspase3'Tuj1" cells). Arrowheads indicate
apoptotic cells. (d) Histogram showing neuronal production in the dorsal
telencephalon of WT and TgDyrk1a embryos obtained from BrdU-
injected females at E11.5 and harvested 24 hours later. Values are the
percentage of BrdU" cells that express the neuronal marker Tbr1.
Histogram values are the mean + S.E.M. **P<0.01, ***P<0.001 (n = 3 in
a, b; n=4ind). Bars = 20 um. VZ: ventricular zone; CP: cortical plate.

We then wondered if the production of cortical RG-derived IPs is
altered in Dyrkla transgenic embryos. The transition of a RG
progenitor to an IP is associated with the downregulation of Pax6
and the upregulation of Tbr2 (Englund et al., 2005), which is a

transcription factor required for IP specification and marks this
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progenitor type (Sessa et al., 2008). The Pax6-Tbhr2 switch also
takes place in RG-derived neurons, but the expression of Tbr2 in
these cells is shutdowned as they move from the VZ to the CP
and start to express neuronal markers. However, at early
development stages some neurons still have detectable levels of
Tbr2 (Englund et al., 2005). Therefore, to estimate RG-derived IP
production at E11.5, we quantified the number of Tbr2" cells that
did not express the neuronal marker Tuj1” (arrows in Figure R-
14a). As shown in Figure R14a, the number of Tbr2*/Tuj1" cells
was significantly increased in the dorsal telencephalon of
mBACTgDyrkla embryos. This suggests that the deficit of early-
born cortical neurons in the transgenic condition may result from
an increased proportion of RG proliferative divisions at the

expense of neurogenic divisions (Figure R-14b).

Cwr

W TgDyrkta

3

3]

NN
o

o

Tuj1/ Tbr2 / Hoechst
(4,

Tbr2* Tuj1”/ Tbr2* (%)
&

Asymmetric divisions
=» Neurogenic =+ Proliferative

Wild-type ] [ TgDyrk1a

I
%O%O ‘ %2%’
{01 q&% OdQ

Figure R-14: Increased early production of intermediate
progenitors in the dorsal telencephalon of mBACTgDyrkla
embryos. (a) Representative confocal images of the dorsal
telencephalon of E11.5 wild-type (WT) and mBACTgDyrkla (TgDyrkla)
embryos showing Tbr2 and Tuj1 expression. Histogram shows the
percentage of Tbr2" intermediate progenitors (Tbr2" Tuj1” cells indicated

e
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by arrows). Values are the mean £ S.E.M. **P<0.01 (n = 3). Bar = 20
um. CP: cortical plate; VZ: ventricular zone. (b) Scheme summarizing
the cell count results in a and Figure R-12. Radial glial progenitors
(Pax6” cells in green) in the dorsal VZ of both WT and TgDyrkla
embryos divide asymmetrically producing another Pax6 progenitor
(black arrows) and a neuron (yellow cell) or an intermediate progenitor
(red cell). In TgDyrkla embryos the number of divisions producing
intermediate progenitors increases while the number of divisions
producing neurons decreases.

Since neuronal densities were increased in adult Dyrkla*" mice
(Figure R-7a), we hypothesized that cortical neurogenesis may
also be affected in the Dyrkla haploinsufficient model. To test

+/+

this hypothesis we performed the same analysis in Dyrkla™" and
Dyrkla* embryos. As in the mBACTgDyrkla model, the number
of RG progenitors (Pax6" cells) was similar in E11.5 Dyrkla®™
and wild-types embryos (Figure R-15a). However, the mutant
embryos showed more Tbr1 expressing neurons than the wild-
types (Figure R-15b). Two days latter (at E13.5) the germinal
SVZ is well formed in both genotypes but the number of IPs
(Tbr2* cells) was reduced in the VZ of Dyrk1la® embryos (Figure
R-15c¢), indicating that mutant RG progenitors produce fewer IPs
than the controls Accordingly, the number of IPs in the SVZ was
also decreased in Dyrkla” mutants (Figure R-15c). These
results suggest that, contrary to what happens in the
mBACTgDyrkla model, RG neurogenic divisions are increased

in Dyrkla haploinsufficient embryos (Figure R-15d).
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Figure R-15: Increased early neurogenesis and decreased
producnon of intermediate progenitors in the dorsal telencephalon
of Dyrkla embryos. (a-c) Representative confocal images of the
dorsal telencephalon of E11.5 (a, b) and E13.5 (c) Dyrkla"”" and
Dyrkla embryos showing Pax6 expression (a), Tbr1 and Tuj1
expression (b) and Tbr2 expression (c), and the numbers of Pax6"
radial glial progenitors in the ventricular zone (VZ) (a), of Tbr1* neurons
in the cortical plate (CP) (b) and of Tbr2" intermediate progenitors in the
VZ and the subventricular zone (SVZ) (c) counted in 100 pm-wide
fields. (d) Scheme summarlzmg cell count results in a to c. Radlal glial
progenltors (Pax6™ cells in green) in the VZ of both Dyrkla and
Dyrkla embryos divide asymmetrically producing another Pax6
progenitor (black arrows) and a neuron (yellow cell) or an intermediate
progenitor (red cell). In Dyrkla mutants the number of divisions
producing neurons increases while the number of divisions producing
progenitors decreases. Histogram values are the mean + S.E.M.
*P<0.05, **P<0.01 (n>3ina, b; n=4inc). Bars = 20 um.

In summary, our results suggest that a moderate variation in
DYRK1A protein levels in RG progenitors biases their type of
division, favouring asymmetric proliferative divisions when
DYRK1A levels are increased and asymmetric neurogenic
divisions when DYRK1A levels are reduced (Figures R-14b and
R-15d).
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4.2 Mid- and late-neurogenesis

The majority of neurons in the neocortex are generated by
indirect neurogenesis from |IPs of the SVZ (see Chapter 1.2.2 in
the Introduction section and Figure R-16a). Therefore, a small
variation in the number of these progenitors is expected to have
a significant impact on neuronal cellularity. Since the production
of IPs is augmented in E11.5 mBACTgDyrkla embryos (Figure
R-14a), we quantified the number of IPs generated from RG
progenitors (Tbr2" cells in the VZ) and the ones in the SVZ (Tbr2*
cells in the SVZ) in wild-type and mBACTgDyrkla embryos at
different developmental stages (Figure R-16b). During early
neurogenesis (E12.5 to E14.5) the number of Tbr2 progenitors in
the VZ and SVZ increases in both genotypes (Figure R-16b).
However, mBACTgDyrkla embryos showed more Thbr2
progenitors in both germinal regions until E13.5 (Figure R-16b).
In agreement, the number of basal mitosis (pH3" cells in SVZ)
was increased in E13.5 Dyrkla transgenic embryos (Figure R-
16¢). By contrast, the number of apical divisions (pH3" cells in
VZ) was similar in both genotypes (Figure R-16¢), indicating that
the number of RG divisions was not altered in Dyrkla transgenic
embryos. Accordingly, the numbers of RG progenitors in these

embryos were normal (Figure R-16e).

To evaluate how this increased number of IPs affect neuron
production in mBACTgDyrkla embryos, we counted the number
of Tbr1" cells in the dorsal telencephalon of wild-type and
mBACTgDyrkla at E13.5 (Figure R-16d).
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Figure R-16: mBACTgDyrkla embryos show altered numbers of
neurons and intermediate progenitors along corticogenesis. (a)
Scheme showing the cellularity of the wventricular (VZ) and
subventricular (SVZ) germinal layers along the neurogenic phase of
neocortical development and the division mode of the two main
progenitor types in these layers; radial glial progenitors (in green) and
intermediate progenitors (in red). Note that by E16.5, most of the
neurons (in yellow) are produced by terminal divisions of intermediate
progenitors. (b) Representative images of wild-type (WT) and
mBACTgDyrkla (Tg) brain sections of embryos at different stages
immunostained for Tbr2 and nuclei labelled with Hoechst, and
histograms showing the numbers of Tbr2® progenitors (intermediate
progenitors) in the VZ (green bars) and in the SVZ (purple bars). (c)
Histogram showing the number of pH3" cells in the VZ (green bar;
apical mitosis) and in the SVZ (purple bar; basal mitosis). (d, e) Graphs
showing the numbers of Tbr1™ neurons (d) and of Pax6" radial glial
progenitors (e). Histogram values are the mean + S.E.M. *P<0.05,
**P<0.01 (n > 3). Bars = 20 um. CP: cortical plate; IZ: intermediate
zone.
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The number of Tbr1* neurons in the transgenic embryos was still
lower at this developmental stage, but the reduction (15%) was
less severe than in E11.5 (40%). This suggests that indirect
neurogenesis is higher in transgenic embryos than in the wild-
types, partially compensating for the deficit of RG-derived
neurons (Figure R-13b, c). To probe this, we labeled cells in S-
phase with BrdU at E13.5 and estimated the proportion of these
cells that exit the cell cycle 24 hours later by doing double
immunostainings for BrdU and Ki67. As shown in Figure R-17a,
cell cycle exit rates were similar in both genotypes, confirming
that indirect neurogenesis at this stage is compensating for the
deficit of RG-derived neurons in the dorsal telencephalon of
mBACTgDyrkla embryos. This result agrees with the fact that
the thickness of the CP in E14.5 transgenic embryos is similar
than in the wild-types (Figure R-12c). Given that the time of birth
determines the fate of neocortical neurons (Figure I-5), we asked
whether the advanced production of IPs in mBACTgDyrkla
embryos alters the fate of the neurons that they are producing.
To answer this, we performed a birthdate experiment injecting
BrdU into pregnant females at E13.5 and analyzed the fate of
newborn neurons at postnatal stages by double immunostaining
for BrdU and specific layer markers. At E13.5 the production of
Ctip2 expressing layer V callosal projection neuron peaks
(Molyneaux et al., 2007), accordingly in wild-type embryos almost
50% of the BrdU" cells expressed high levels of Ctip2 while only
12% of the BrdU" cells expressed the upper layer marker, Cux1
(Molyneaux et al, 2007) (Figure R-17b). However,
mBACTgDyrkla embryos showed a 5% decrease in the
proportion of Ctip2" neurons and a parallel increase in Cux1”

neurons (Figure R-17b). This result shows that the differentiating
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program in the dorsal telencephalon of mBACTgDyrkla embryos

is slightly advanced paralleling the advanced production of IPs.
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Figure R-17: Telencephalic neurons in mBACTgDyrkla embryos
are produced at normal rates during mid-neurogenesis but they
acquire a more advanced fate. (a) Wild-type (WT) and
mBACTgDyrkla  (TgDyrkla) coronal telencephalic  sections
immunolabelled for BrdU and Ki67 of embryos obtained from E13.5
BrdU-injected females and harvested 24 hours later. The histogram
shows the percentage of BrdU® cells that do not express the
proliferation marker Ki67. (b) Schedule of the cell fate experiment in c.
(c) Representative images of the dorsal cortex of P7 WT and TgDyrkla
coronal sections immunolabelled for BrdU and Ctip2 or for BrdU and
Cux1. A’ and B’ are magnifications of the regions limited by white
boxes. Histograms show the proportion of BrdU™ cells that express the
layer V marker Ctip2 and the proportion of BrdU" cells that express the
layers II-IV marker Cux1. Values are the mean =+ S.E.M. *P<0.05 (n =
3). Bars = 20 um. CP: cortical plate; SVZ: subventricular zone; VZ:
ventricular zone.

During the late phase of cortical neurogenesis, by E16.5, the
production of IPs from RG progenitors (Tbr2" cells in the VZ)
decreases and IPs terminal divisions in the SVZ increases in
wild-type embryos (Kriegstein and and Alvarez-Buylla, 2009)
(see Fig-R16a, b). The production of IPs in mBACTgDyrkla and
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wild-type embryos was similar at E14.5 and E16.5 (Figure R16-
b). The number of IPs in the SVZ was also normal in
mBACTgDyrkla embryos at E14.5 but decreased at E16.5
(Figure R-16b). This reduction is not due to an increased cell
death, since the number of apoptotic cells immunolabeled for
active caspase-3 was similar in both genotypes (wild-type: 7.9 +
1.26 cells; mBACTgDyrkla: 9.5 + 1.50 cells). Since the number
of mitoses in the SVZ was normal in mBACTgDyrkla embryos
(Figure R-16c), the decreased number of IPs in this layer
suggests that terminal divisions are increased in the transgenic
embryos, thus producing an advanced exhaustion of the IP pool
and a transitory increased in neuronal production. Consequently,
at E16.5 the deficit of CP Tbr1* neurons in the dorsal
telencephalon of transgenic embryos was no longer observed
(Figure R16-d).

In summary, our results showed that a 1.5-fold increase in
DYRK1A protein levels disturbs the number of neocortical
neurons that are generated through development by direct and

indirect neurogenesis.

4.3 Cellularity of the neocortex at postnatal stages

In order to asses the impact of the observed neurogenic defects
in the cellularity of the neocortex, we counted the number of
neurons expressing layer-specific markers in wild-type and
mBACTgDyrkla mice at P7, when tangential migration has
ended and projection neurons are in their final layer position
(Miller et al., 1988). First, we counted the number of neurons in

layer VI, which are the first generated neurons and they still
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express Tbr1 (Bulfone et al., 1995). According to the neuron
deficit observed in mBACTgDyrkla embryos at E11.5 (Figure R-
13b, d), transgenic postnatal animals showed fewer layer VI
Tbr1* neurons than the wild-types (Figure R18-a). Then we
counted the number of neurons in layer V, which are generated
at mid-corticogenesis, around E13.5 (Molyneaux et al., 2007),
and express high levels of Ctip2 (Arlotta et al., 2005). Both
genotypes show similar numbers of Ctip2* neurons (Figure R-
18b). This data, together with the decreased production of Ctip2
neurons observed in mMBACTgDyrkla embryos at E13.5 (Figure
R-17b), suggest that Ctip2 transgenic neurons are generated
earlier in development (Figure R-17d), probably as a result of the
advanced production of IPs in mBACTgDyrkla embryos (Figure
R-14a). Finally, we quantified the number of superficial cortical
neurons, which are mostly produced by terminal divisions of IPs
and express the transcription factor Cux1 (Nieto et al., 2004).
The number of Cux1® neurons in layers Il to IV of postnatal
mBACTgDyrkla mice was significantly lower than in wild-types
mice (Figure R-18c). This decrease correlated with the earlier
exhaustion of IPs observed in the transgenic embryos at E16.5
(Figure R-16b). Nonetheless, Tbr1", Ctip2* and Cux1* neurons in
mBACTgDyrkla postnatal animals have a normal layer
distribution (Figure R-18a-c), indicating that overexpression of
DYRK1A does not affect radial migration of cortical differentiating
neurons. The results presented so far show that a 1.5-fold
increase in DYRK1A protein levels diminishes neuron production
at the beginning (by E11.5) and at the end (by E16.5) of dorsal
cortical neurogenesis. The deficits in early-born neurons and
late-born neurons in the mMBACTgDyrkla mouse can be

explained, respectively, by the impaired production of RG-derived
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neurons and the early exhaustion of the IP pool (see scheme in
Figure R-18d).
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Figure R-18: mBACTgDyrkla postnatal mice show decreased
neuronal cellularity in specific cortical layers. (a-c) Representative
coronal sections from P7 wild-type (WT) and mBACTgDyrkla (Tg)
brains immunostained for Tbr1 (a), Ctip2 (b) or Cux1 (c), and
histograms showing the number of layer VI Tbr1™ neurons (a), layer V
Ctip2” neurons (b) and layers Il to IV Cux1” neurons (c) counted in 350
um wide fields. Values are the mean + S.E.M. *P<0.05 (n = 3). Bars =
20 um. (d) Schemes showing the birth time of Tbr1 neurons, Ctip2
neurons and Cux1 neurons in the dorsal telencephalon of a WT and a
Tg embryo and the progenitor type (radial glial (green) or intermediate
(red) progenitor) that produces these neurons. The deficits of early-born
(Tbr1¥) neurons and late born (Cux1®) neurons in transgenic animals
result, respectively, from the decreased neuronal production during
early neurogenesis and from the premature exhaustion of the
intermediate progenitor pool during late neurogenesis.
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4.4 Pathogenic molecular mechanisms

Different studies have shown that abnormal overexpression of
DYRK1A in cortical progenitors alters neural production.
However, the phenotypes observed in these studies and the
proposed pathogenic mechanisms are different (see Chapter 3.5
in the Introduction section). In order to identify the molecular
mechanism underlying the neuronal deficit observed in
mBACTgDyrkla postnatal mice, we started by evaluating the
neurogenic signaling pathways and processes that have been

previously shown to be regulated by DYRK1A.

One of these pathways is the NOTCH signaling (Fernandez-
Martinez et al., 2009; Hammerle et al., 2011). NOTCH signaling
plays a crucial role in CNS development regulating neuronal
differentiation (see Chapter in the Introduction section 1.2.2).
Forced overexpression of DYRK1A in neuronal cells in culture, in
the chick spinal cord and in the mouse dorsal telencephalon
attenuates NOTCH signaling promoting neuronal differentiation
(Hammerle et al., 2011; Fernandez-Martinez et al., 2009). In
contrast we showed here that neurogenesis in the VZ of
mBACTgDyrkla embryos is decreased (Figure R-13b, d),
suggesting that a 1.5 fold increase in DYRK1A protein levels is
not sufficient to alter NOTCH signaling in RG progenitors. To
assess this, we quantified the mRNA levels of NOTCH signaling
components in the dorsal telencephalon of wild-type and
mBACTgDyrkla embryos at the onset of neurogenesis. As
expected, Dyrkla mRNA levels were 1.5 fold higher in E11.5
transgenic embryos compared to wild-types (Figure R-19).
However, the levels of Notchl, Hesl, Hes5 and Deltal

transcripts were similar in both genotypes (Figure R-19),
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indicating that NOTCH signaling is not attenuated in Dyrkla

transgenic embryos.
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Figure R-19: Notch signalling is not altered in the dorsal
telencephalon of mBACTgDyrkla embryos. Relative expression of
Dyrkla, Notchl, Hesl, Hes5 and Deltal transcripts determined by RT-
gPCR on mRNA obtained from the dorsal telencephalon of E11.5 wild-
type (WT) and mBACTgDyrkla (TgDyrkla) embryos. Note that the only
statistically significant difference between genotypes was Dyrkla
expression. Histogram values are the mean * S.EM. (n > 3).
***P<0.001

Another signaling pathway that is regulated by DYRK1A in the
developing cerebral cortex is the calcineurin-NFATc signaling
pathway. The coelectroporation of DYRK1A and RCAN1 in
cortical progenitors at the onset of neurogenesis attenuates
NFATc signalling, which leads to decreased neurogenesis and
increased progenitor cell cycle re-entry (Kurabayashi and
Sanada 2013). As a result, the number of Tbr1* neurons in the
cortical internal layers was decreased and the number of Cux1”
neurons in the external layers was increased in the
electroporated embryos (Kurabayashi and Sanada, 2013).
However, the electroporation of the same concentration of the
DYRK1A-expression plasmid alone did not disturb cortical
neurogenesis (Kurabayashi and Sanada, 2013). These results
prompted us to measure the relative levels of Rcan1 transcripts
and protein isoforms in the dorsal telencephalon of E11.5 wild-

type and mBACTgDyrkla embryos. As shown in Figure R-20,
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both wild-type and transgenic embryos showed similar levels of
the two main Rcanl transcripts, Rcanl-1 and Rcanl-4, and
Rcan1 protein isoforms (Davies et al., 2007). The proximal
promoter of Rcanl-4 has several NFATc binding sites and
activation of NFATc transcription induces Rcanl-4 expression in
different cell types (Yang et al., 2000). Thus, the fact that Rcanl-
4 transcripts are at normal levels in the transgenic tissue
suggests that deregulation of NFATc activity is not what is

causing the early delay in cortical neurogenesis in

mBACTgDyrkla embryos.
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Figure R-20: The mRNA and protein levels of Rcanl isoforms are
not altered in the dorsal telencephalon of mMmBACTgDyrkla
embryos. (a) Relative expression of Rcanl-1 and Rcanl-4 transcripts
determined by RT-gPCR on mRNA obtained from the dorsal
telencephalon of E11.5 wild-type (WT) and mBACTgDyrkla (TgDyrkla)
embryos. (b) Representative western blot at two different exposure
times of extracts prepared from the dorsal telencephalon of E11.5
embryos and probed with an antibody against Rcan1 that hybridizes
with Rcan1-1 and Rcan1-4 isoforms. Histograms show the protein
levels in TgDyrkla embryos normalized to vinculin levels and
expressed relative to the WTs. Histogram values are the mean + S.E.M.
(n > 3). Differences between genotypes were not statistically significant.

Control of cell cycle progression in cortical progenitors is crucial
for the generation of normal numbers of neurons (Dehay and
Kennedy, 2007; see Chapter 1.2.2 in the Introduction section).

Forced expression of DYRK1A in neural progenitors induces cell
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cycle exit by different means: promoting the degradation of the
cell cycle activator Cyclin D1 (Yabut et al., 2010) or inducing the
expression of the CDK inhibitors p27“'** (Hammerle et al., 2011)
and p21°"* (Park et al., 2010). To have evidence about a
possible cell cycle alteration in cortical RG mBACTgDyrkla
progenitors, we compared the mRNA and protein levels of these
cell cycle regulators in the telencephalon of E11.5 wild-type and
mBACTgDyrkla embryos. As expected, Dyrk1a mRNA and
protein levels were increased (1.5-1.7 folds) in the transgenic
tissue (Figure R-21). However, mRNA and protein levels of the
cell cycle regulators examined were similar in both genotypes
with the exception of Cyclin D1 protein levels that were

decreased in mMBACTgDyrkla embryos (Figure R-21b).
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Figure R-21: Cyclin D1 protein levels are decreased in the dorsal
telencephalon of mBACTgDyrkla embryos. (a) Relative mRNA
expression of Dyrkla, p27°"", p21“"* and Cyclin D1 in the dorsal
telencephalon of E11.5 wild-type (WT) and mBACTgDyrkla (TgDyrkla)
embryos. (b) Representative western blots of extracts prepared from
the dorsal telencephalon of E11.5 embryos and probed with the
indicated antibodies. Histograms show the protein levels in TgDyrkla
embryos normalized to actin or vinculin levels and expressed relative to
the WTs. Arrowhead indicates the band corresponding to the Cyclin D1
isoform that contains Thr286 and asterisk the band corresponding to
Dyrk1a. Histogram values are the mean + S.E.M. *P<0.05, **P<0.01,
***P<0.001 (n=>3).
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We next performed the same analysis in E10.5 whole embryos
and observed the same results, normal amounts of CyclinD1,
p2
transgenic embryos compared to wild-types (Figure R-22a, b).

7"land p21“™ transcripts but less Cyclin D1 protein levels in

Conversely, E10.5 whole Dyrkla” embryos exhibited a 50%
reduction of Dyrk1a levels accompanied by an increase in the
amount of Cyclin D1 protein (Figure R-22c, d). These results
show that the levels of DYRK1A inversely correlate with Cyclin
D1 protein levels and suggest that this effect of DYRK1A is not
restricted to dorsal brain neural progenitors. The fact that Cyclin
D1 mRNA levels were normal in both Dyrkla mutant mice
(Figure R-22a, c¢) suggests that DYRK1A may regulate Cyclin D1
degradation in neural progenitors in vivo as has been shown
before in cultured cells by Yabut et al (Yabut et al., 2010).

Phosphorylation on Thr286 in Cyclin D1 promotes Cyclin D1
nuclear export and degradation via the ubiquitin-proteosome
pathway (Diehl et al., 1997; 1998). Taking into account our
previous results and the fact that DYRK1B, which is the closest
member of DYRK1A in the DYRK family of proteins (Aranda et
al.,, 2011), phosphorylates Cyclin D1 on Thr286 (Ashford et al.,
2014), we hypothesized that DYRK1A phosphorylates Cyclin D1
in RG progenitors thereby regulating its degradation. Indeed, a
recent study has demonstrated that this is the case at least in
fibroblast skin cells (Chen et al., 2013).
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Figure R-22: Cyclin D1 protein levels inversely correlate with
Dyrkla gene dosa%e in whole E10.5 embryos. (a, c) Relative mRNA
expression of p27KI Y p21°'Pl, Cyclin D1 and Dyrkla, in whole E10.5
wild-type (WT) and mBACTgDyrkla (TgDyrkla) embryos (a) or
Dyrkla™ and Dyrkla™ embryos (c). (b, d) Representative western
blots of extracts prepared from whole E10.5 embryos and probed with
the indicated antibodies. Histograms show the protein levels normalized
to actin, tubulin or vinculin levels of WT and TgDyrkla embryos (b) or
Dyrkla™ and Dyrkla™ embryos (d). Arrowheads in b and d indicate
the band corresponding to the Cyclin D1 isoform that contains Thr286
and asterisk in d the band corresponding to Dyrk1a. Histogram values
are the mean = S.E.M. *P<0.05, **P<0.01, ***P<0.001 (n > 3).

Mouse Cyclin D1 gene, like its human counterpart, expresses
two spliced mRNA variants. These two variants encode the
canonical Cyclin D1 isoform that contains Thr286 in its carboxy-
terminus (Cyclin D1a), and a longer protein isoform with a distinct
carboxy-terminus domain that lacks the sequence surrounding
Thr286 (Cyclin D1b) (Wu et al., 2009). Despite we were not able

to check the phosphorylation state of Cyclin D1 in telencephalic
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extracts of Dyrkla mutant embryos due to the inexistence of a
phospho-CyclinD1 antibody with mouse specificity, the
observation that the Cyclin D1 isoform that was significantly
decreased in Dyrkla transgenic embryos (arrowhead in Figure
R-21b) corresponds to Cyclin D1a supports the hypothesis that
DYRK1A regulates Cyclin D1 protein levels through its
phosphorylation in RG progenitors in vivo. To provide more
evidences on that we performed an immunostaining for Cyclin D1
in coronal sections of E11.5 mBACTgDyrkla and wild-type
embryos (Figure R-23a) and quantified the proportion of nuclear
and cytoplasmatic Cyclin D1 in RG progenitors (see Figure M-1
in Materials and methods section). If DYRK1A controls
degradation of Cyclin D1 in these progenitors, mBACTgDyrkla
RG progenitors should have decreased levels of nuclear Cyclin
D1, which is what we observed in brain sections of
mBACTgDyrkla embryos (Figure R-23a).

One of the main nuclear functions of Cyclin D1 is to promote G1
to S phase transition through association with its partner CDK4/6.
This leads to the phosphorylation of the retinoblastoma protein
(Rb), which promotes the release of E2F transcription factor from
the pRb/E2F complex and the expression of genes necessary for
cell cycle progression (Cunningham and Roussel, 2001,
Malumbres and Barbacid, 2005). Consistent with the decreased
levels of nuclear Cyclin D1 (Figure R-21b), the relative amount of
hyperphosphorylated Rb in the telencephalon of E11.5
transgenic embryos was lower than in the wild-types (Figure R-
23b), indicating that 1.5 fold increase in DYRK1A protein levels is
sufficient to reduce Cyclin D1/CDK activity in telencephalic RG

progenitors in vivo.
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Figure R-23: mBACTgDyrkla dorsal radial glial progenitors show
decreased levels of nuclear Cyclin D1 and hyperphosphorylated
Retinoblastoma. (a) Representative coronal sections of E11.5 wild-
type (WT) and mBACTgDyrkla (TgDyrkla) sections immunostained for
Cyclin D1. The histogram shows the calculated labelling densities (L.D)
of Cyclin D1 fluorescence signals in the nucleus and cytoplasm of
ventricular zone (VZ) radial glial dorsal progenitors. CP: cortical plate.
(b) Representative western blot and its quantification showing the levels
of retinoblastoma (Rb) that is hyperphsophorylated (pp-Rb) in E11.5
WT and mBACTgDyrkla (Tg) dorsal telencephalic extracts. Histogram
values are the mean + S.E.M. *P<0.05, **P<0.001 (n > 4). Bars = 20
um.

Given the importance of Cyclin D1/CDK activity in cell cycle
progression, we wonder whether the deficit in Cyclin D1
observed in E11.5 mBACTgDyrkla RG progenitors affects G1
phase duration. To test this, we first performed flow cytometry
cell cycle profiles of progenitors isolated from the telencephalon
of wild-type and mBACTgDyrkla embryos at E10.5 and E11.5
(Figure R-24a). This experiment revealed a moderate increase

(4-5%) in the proportion of progenitors in G0/G1 phases in
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mBACTgDyrkla samples (Figure R-24b), which indicated that G1

phase duration could be increased in transgenic progenitors.
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Figure R-24: mBACTgDyrkla embryos show increased
proportion of dorsal telencephalic progenitors in GO0/G1
phases. (a) Representative cell cycle profile of propidium iodide
stained progenitors obtained from the dorsal telencephalon of
wild-type (WT) and mBACTgDyrkla (TgDyrkla) embryos at the
onset of cortical neurogenesis (E10.5 — E11.5), and (b) the
proportion of E10.5 and E11.5 progenitors in GO/G1 (green) and
in S/M/G2 (yellow). Percentages are mean values of three
independent experiments.

To directly prove this possibility, we estimated the duration of the
total cell cycle and the length of the different cell cycle phases in
telencephalic RG progenitors of E11.5 wild-type and
mBACTgDyrkla embryos in vivo. To do this we used a previous
described protocol based on repetitive injections of the S phase
marker EdU into pregnant females and subsequently assessment
of EdU accumulation in RG progenitors (Takahashi et al., 1993;
Arai et al., 2011; see schedule in Figure R-25a). The proportion
of RG progenitors (nuclei in the VZ that do not express Tbr2 or
Tuj1 (Figure R-25b)) labeled with EdU were counted at the

different time points indicated in Figure R-25a and were plotted in

141



142

Results

a graph for each genotype (Figure R25-c). As shown in Figure R-
25c, the growth fraction (GF) reached the maximum value in both
genotypes, which indicates that all progenitors were cycling.
However, total cell cycle duration (Tc) and S phase duration (Ts)
were increased by 4.8 hours and by 2.8 hours, respectively in
transgenic progenitors overexpressing DYRK1A (Figure R-25c,
e). Duration of G2 and M phases, which were measured by
combining EdU labeling with a staining for the mitotic marker pH3
(Figure R-25d), were similar in both genotypes. (Figure R-25¢).
Consistent with the flow cytometry results (Figure R-24) the
duration of the G1 phase, calculated by subtracting S/G2/M
phase durations from the Tc value, was around 2 hours longer in
transgenic progenitors than in the wild-types (Figure R-25e).
These results showed that mBACTgDyrkla RG progenitors have
longer cell cycles due to an increased duration of the G1 and the

S phase.

The results obtained so far show that 1.5 fold increase in
DYRK1A protein is sufficient to alter cell cycle parameters of RG
progenitors through a mechanisms that involves increased
degradation of Cyclin D1 protein. The cell cycle alterations in
mBACTgDyrkla RG progenitors are concomitant with an
increased proportion of asymmetric proliferative divisions at the
expense of neurogenic divisions. Based on this and on previous
studies showing a direct link between G1 phase duration and
neuron production (Lange et al., 2009; Pilaz et al., 2009), we
proposed that the bias we have observed on the division mode of
mBACTgDyrkla RG progenitors is caused by the enlargement of
the cell cycle G1 phase.



Results

[ Wildtype || ToDyrk1a |
—p EdU injection » Sacrifice |

EdU / Tuj1 / Thr2 / Hoechst |

YYVYY V V. V V V >
Oh  4h 8h 12h  16h
AAdA A A A A A

[ Eduen | [ Edu2n |

Wild-Type
1.2 oF TgDyrk1a
J (GFxTs)/Tc
1 - rer—a—a
3 08 / :
T / p=0.006
= o
206
c
L
5 / |
< 04 : EdU Exposure (h)
-
e
92 Te-Ts AL Cell cycle length (h)
N K
2 4 6 8 10 12 14 16 Te ¢ § G2+M
EdU exposure (h) Wild-Type 171 6.8 8.1 22

TgDyrk1ia 21.9 8.7 10.9 23

Figure R-25: mBACTgDyrkla dorsal radial glial progenitors have
longer cell cycles due to an enlargement of the G1 and S phases.
(a) Schedule of the cumulative EdU-labelling protocol employed to
calculate the cell cycle parameters in E11.5 radial glial progenitors of
the dorsal telencephalon. Red and orange arrows indicate the time
points at which EdU was injected and the time points at which embryos
were harvested, respectively. (b) Representative confocal images of
brain sections from wild-type (WT) and mBACTgDyrkla (TgDyrkla)
embryos exposed to EdU for the indicated time, and stained for EdU,
Tuj1 and Tbr2 and the nuclei visualized with Hoechst. CP: cortical plate;
VZ: ventricular zone. (c) Values are the labelling indexes (proportion of
EdU-labelled nuclei) of radial glial progenitors (Tbr2Tuj1” cells in the
VZ) in WT and TgDyrkla embryos at the indicated time of EdU
exposure. GF: growth fraction (dashed orange line); Tc: cell cycle
duration; Ts: S-phase duration; Tc-Ts: time at which the labelling index
reaches a plateau (dashed black lines). (d) Representative images of
sections from WT and TgDyrkla embryos (2 hours EdU exposure)
stained for EJU and pH3 and nuclei visualized with Hoechst, and plot
showing the mitotic index (proportion of EdU-labelled cells in mitosis
(pH3") at the indicated times of EdU exposure. Tg,: G2-phase duration.
(e) Table summarizing the cell cycle parameters of WT and TgDyrkla
radial glial progenitors. p values in the two-way ANOVA test are
indicated in ¢ and d. The slopes of the regression lines in c are
statistically different (p=0.001). n = 3. Bars = 20 ym.
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5. Contribution of Dyrkla trisomy to the cortical

defects in the Ts65Dn mouse model

Postmortem studies in DS brains indicates that cortical
neurogenesis is altered in this condition (see Chapter 2.5 in the
Introduction section). The DS Ts65Dn model shows impaired
cortical neurogenesis that results in a long-lasting deficit of
projection neurons at postnatal stages (Chakrabarti et al., 2007;
2010; 2010), and a specific lengthening of the cell cycle G1 and
S phases in dorsal telencephalic RG progenitors (Chakrabarti et
al., 2007). The similarities between this phenotype and the one
shown here in mBACTgDyrkla embryos suggest that the
overexpression of Dyrk1a due to triplication of the causes the cell
cycle alterations and impaired neurogenesis in the Ts65Dn
mouse. To provide evidence on this, we first checked the levels
of Cyclin D1 in total telencephalic extracts of E11.5 Ts65Dn
embryos, which have 50% more Dyrk1a protein than control
euploid extracts (Figure R-26a). The levels of Cyclin D1 in the
trisomic samples were significantly lower than in the controls
(Figure R-26b). As in the two Dyrkla mutants analyzed in this
work, the Cyclin D1 protein isoform that was more affected is the
canonical Cyclin D1a that contains the Thr286 (arrowhead in
Figure R26-b). This result suggest that increased
phosphorylation of this residue by DYRK1A could be the
pathogenic mechanism that causes cell cycle defects in the

Ts65Dn developing neocortex.
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Figure R-26: Dyrkla and Cyclin D1 protein levels are inversely
correlated in Ts65Dn dorsal radial glial progenitors. Representative
western blots of extracts prepared from the dorsal telencephalon of
E11.5 euploid and trisomic Ts65Dn embryos probed with the indicated
antibodies and histograms showing the protein levels of Dyrk1a (a) and
Cyclin D1 (b) in Ts65Dn embryos normalized to vinculin or actin levels.
Asterisk indicates the band corresponding to Dyrk1a and arrowhead the
band corresponding to the Cyclin D1 isoform that contains Thr286.
Histogram values are the mean + S.E.M. *P<0.05, **P<0.01 (n > 3).

To provide further evidences, we crossed Ts65Dn females with
Dyrkla” males and quantified the levels of nuclear and
cytoplasmatic Cyclin D1 on brain sections obtained from E12.5
embryos of the four genotypes resulting from these crosses
(Figure R-27 and R-28).

(i P9
QTs65Dn % O'Dyrk1a*™
(Ts-D1a**™) I (D1a*)

- -® - -

Euploid  Ts-D7a™™"  Ts-D1a*™ D1a™

Figure R-27: Strategy to normalize Dyrkla gene dosage in Ts65Dn
mice. Scheme of the crosses to generate Ts65Dn mice (Ts-D1a™™")
Ts65Dn mice with 2 functional copies of Dyrkla (Ts-Dla™"), euploid
mice monosomic for Dyrkla (Dyrkla"") and control (euploid) mice.

Consistent with the western blot data (Figure R-26b), Ts65Dn

+4++

(Ts-D1la™) RG progenitors had decreased levels of Cyclin D1
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(Figure R-28). Moreover, like in the mBACTgDyrkla progenitors,
the levels of nuclear Cyclin D1 in dorsal RG progenitors were
diminished (compare histograms in Figure R-28 and Figure R-
23a). This data indicates that nuclear levels of Cyclin D1 in
Ts65Dn apical progenitors are controlled by DYRK1A
phosphorylation. Accordingly, nuclear Cyclin D1 levels in RG
progenitors of trisomic embryos with normal dosage of Dyrkla
(Ts-D1a™ embryos) were similar to euploid embryos. As
expected, Dyrkla™ (D1a") embryos showed increased levels of
nuclear Cyclin D1 (Figure R-28). These results demonstrate that
trisomy of Dyrkla is responsible for the decreased levels of
Cyclin D1 in Ts65Dn RG progenitors.

Euploid ][ oDl II TP M Cytoplasm Nucleus

l I I .c’

Figure R-28: Trisomy of Dyrkla reduces nuclear Cyclin D1 protein
levels in Ts65Dn dorsal radial glial progenitors. Representative
brain coronal sections obtained from E12.5 embryos of the indicated
genotypes and immunostained for Cyclin D1. Histogram shows the
labelling density (L.D) of Cyclin D1 fluorescence signal in the nucleus
and the cytoplasm of ventricular zone (VZ) progenitors. Histogram
values are the mean + S.E.M. *P<0.05, **P<0.01 (n > 3). Bars = 20 um.
CP: cortical plate.
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If G1 phase lengthening biases the type of RG self-renewing
divisions, as we propose for mBACTgDyrkla progenitors,
Ts65Dn RG progenitors should produce less neurons and more

IPs. To investigate this possibility we counted the number of
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apical progenitors (Pax6® cells), the number of neurons (Tbr1*
cells) and the percentage of IPs (Tbr2"* cells that do not express
the neuronal marker Tuj1) in E12.5 brain sections of the four
genotypes resulting from the crosses depicted in Figure R-27. As
expected, the numbers of Pax6® progenitors were similar in
euploid and Ts65Dn embryos (Figure R-29a). Moreover, Ts65Dn
progenitors produced fewer neurons (Figure R-29b) and more
IPs (Figure R-29c) than euploid progenitors. The phenotype in
Ts65Dn embryos reported here is consistent with the delayed
grow of the neocortical wall and the increased number of Tbr2*
progenitors in the SVZ previously observed in these embryos
(Chakrabarti et al., 2007). Importantly, both neuron and IP
numbers were normal in Ts65Dn embryos with normal Dyrkla
gene-dosage. In accordance with the data shown in Figure R-15,
Dyrkla™" littermate embryos showed normal numbers of Pax6*
progenitors but increased number of neurons and decreased

number of Tbr2" progenitors (Figure R-29a-c).

The decreased early neurogenesis in Ts65Dn embryos leads to a
reduction in the number of layer VI Tbr1* neurons in Ts65Dn
postnatal animals (Chakrabarti et al., 2007) (Chakrabarti et al.,
2010). Ts65Dn postnatal animals resulting from crosses between
trisomic mice and Dyrkla®" mice (Figure R-27) also have fewer
Tbr1 neurons than euploid animals (Figure R-30). Importantly,
the normalization of Dyrkla gene-dosage in the trisomic embryos
also normalized the number of postnatal layer VI Tbr1 neurons
(Figure R-30). As expected, the cellularity of Tbr1* neurons was

increased in postnatal Dyrkla® neocortices.
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Figure R-29: Trisomy of Dyrkla impairs early neurogenesis in the
dorsal telencephalon of Ts65Dn embryos. (a-c) Representative brain
coronal sections obtained from E12.5 embryos of the indicated
genotypes and immunostained for Pax6 (a), Tbr1 (b), or Tbr2 and Tuj1
(c). Histograms show the numbers of Pax6" radial glial progenitors (a),
the numbers of Tbr1* neurons (b), and the percentage of Tbr2"
intermediate progenitors; Tbr2*Tuj1” cells (arrows in c). Histograms
values are the mean + S.E.M. **P<0.01, ***P<0.001 (n > 3). Bars = 20
um. CP: cortical plate; VZ: ventricular zone.
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Figure R-30: Trisomy of Dyrkla leads to a deficit of internal layer
cortical neurons in Ts65Dn mice. Representative coronal brain
sections of P7 animals of the indicated genotypes immunostained for
Tbr1 and histogram showing the number of layer VI Tbr1" neurons.
Histogram values are the mean + S.E.M. *P<0.05, **P<0.01 (n > 3).
Bars = 20 um.

In summary, these data demonstrate that Dyrkla is the triplicated
gene that causes the neurogenic defects in the developing
cerebral cortex of the DS mouse model Ts65Dn. In addition,
these data suggest that DYRK1A-mediated degradation of Cyclin
D1 is the likely basis of the altered cell cycle parameters

previously observed in RG Ts65Dn progenitors.

6. Effects of Dyrkla trisomy in the development

of cortical GABAergic interneurons

The cerebral cortex of adult mBACTgDyrkla mice showed a
misbalanced number of the two main GABAergic interneuron
types, PV and SST, which are generated in the embryonic MGE
(Figure R-8 and R-9). This indicates that neurogenesis in the
MGE could be affected by DYRK1A overexpression. To

investigate this possibility, first we measured the area occupied
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by the MGE at three different rostro-caudal levels in coronal
sections prepared from E13.5 wild-type and mBACTgDyrkla
embryos (Figure R-31a). The area of the MGE was similar in
both genotypes (Figure R-31b), indicating that the gross
morphology of this structure is maintained in mBACTgDyrkla

embryos.
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Figure R-31: The size of the medial ganglionic eminence is normal
in mBACTgDyrkla embryos. (a) Pictures of E13.5 coronal brain
sections at three different rostro-caudal levels with nuclei visualized with
Hoechst. Arrows point the medial ganglionic eminence (MGE). (b)
Histogram shows the area of the MGE at the indicated levels in wild-
type (WT) and mBACTgDyrkla (TgDyrkla) embryos. Histogram values
are the mean = S.E.M. Bars = 200 pum.

Next, we estimated the pool size of the two principal types of
MGE progenitors in E13.5 coronal sections immunostained for
Nkx2.1 and Nkx6.2 (Figure R-32). As has been explained in the
introduction (see Chapter 1.2.3), most SST interneurons are
generated from Nkx6.2 expressing progenitors localized in the
dorsal MGE and from Nkx2.1 expressing progenitors localized in
the medial region of the MGE (Wonders et al., 2008). Most PV
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interneurons are generated from Nkx2.1 expressing progenitors
localized in the medial and the ventral part of the MGE (Wonders
et al., 2008; Flames et al., 2007). Therefore, we hypothesized
that the increased number of SST' interneurons and the
reduction of PV interneurons observed in transgenic adult mice
(Figure R-8 and R-9) could result from an expansion of the
Nkx6.2 progenitor domain to more medial and ventral regions. To
investigate this possibility, we measured the area occupied by
Nkx6.2 and Nkx2.1 progenitors at different rostro-caudal levels in
embryo sections immunostained for Nkx2.1 and Nkx6.2 (Figure
R-32). Our results revealed that the area occupied by these two
types of progenitors were similar in mBACTgDyrkla and wild-
type embryos (Figure R-32b and e).

To extend this analysis we counted the proportion of Nkx6.2
progenitors within the Nkx6.2-labeled region (Figure R-32a) at
different rostro-caudal levels of the MGE, but we did not
observed differences between genotypes (Figure R-32c). Then
we counted Nkx2.1 progenitors in different dorso-ventral MGE
regions (rectangles in Figure R-32d) in sections corresponding to
the medial part of the rostro-caudal axis of the brain. The number
of Nkx2.1 progenitors was increased in mBACTgDyrkla
embryos, but differences between genotypes were statistically

significant only in the medial sampled region (Figure R-32f).
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Figure R-32: mBACTgDyrkla embryos show increased number of
Nkx2.1 progenitors in the medial ganglionic eminence. (a, d)
Representative confocal images of E13.5 coronal brain sections
immunostained for the progenitor markers Nkx6.2 (a) and Nkx2.1 (d).
Dashed lines delineate the domain occupied by these progenitors. (b,
e) Histograms show the area occupied by Nkx6.2" (b) or Nkx2.1* (e)
progenitors at the rostro-caudal levels indicated in wild-type (WT) and
mBACTgDyrkla (TgDyrkla) embryos. (c) Histogram showing the
proportion of Nkx6.2" progenitors at the indicated rostro-caudal levels in
WT and TgDyrkla embryos. (f) Histogram showing the number of
Nkx2.1" progenitors counted at three dorso-ventral regions of the MGE
(rectangles in d) in sections from the medial level of WT and TgDyrkla
embryos. Histogram values are the mean + S.E.M. *P<0.05 (n > 3).
Bars = 100 um.

Next, we wonder whether the increased number of MGE
progenitors in transgenic embryos leads to an increased
production of GABAergic interneurons. To investigate this, we
first evaluated the mRNA levels of Lhx6, Calbindin and Shh,
which are expressed in newyly generated interneurons but not in
progenitors of the MGE (Flandin et al., 2011), in ganglionic
eminences isolated from E13.5 wild-type and mBACTgDyrkla
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embryos. As shown in Figure R-33, transgenic embryos showed

increased levels of Calbindin and Shh transcripts.
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Figure R-33: mBACTgDyrkla embryos show increased expression
of interneuron markers in the ganglionic eminences. Histogram
showing the relative expression of Lhx6, Calbindin (Calbl) and Shh
transcripts in the ganglionic eminences of E13.5 wild-type (WT) and
mBACTgDyrkla (TgDyrkla) embryos. Histogram values are the mean %
S.E.M. *P<0.05, **P<0.01 (n > 3).

This result suggests that MGE neurogenesis at this
developmental stage might be increased in mBACTgDyrkla
embryos. To provide further evidences on this, we labeled cells in
S phase with BrdU at E13.5 and estimated the proportion of
these cells that exited the cell cycle 24 hours later in different
MGE regions (rectangles in Figure R-34) of wild-type and
mBACTgDyrkla embryos. Double immunostainings for BrdU and
Ki67 showed that cell cycle exit rates were increased in the
transgenic MGEs, but again differences between genotypes
reached statistical significance only in medial regions (Figure R-
34).
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Figure R-34: E13.5 mBACTgDyrkla embryos show increased cell
cycle exit rates in the medial ganglionic eminence. Picture in the left
shows a coronal brain section with nuclei visualized with Hoechst of an
E14.5 embryo. Red rectangles indicate the three regions: dorsal (D),
medial (M), and ventral (V) where cell counts were performed. Picture
on the right corresponds to an amplification of the indicated region
showing cells immunolabelled for BrdU and Ki67. Histogram shows the
percentage of cells that exited the cell cycle from E13.5 to E14.5 in the
indicated regions of wild-type (WT) and mBACTgDyrkla (TgDyrkla)
embryos. Histogram values are the mean + S.E.M. ***P<0.001 (n > 3).
Scale bars = 200 um (left) and 20 um (right).

As already mentioned, the proliferative medial region of the MGE
generates SST as well as PV GABAergic interneurons. Taking
into account that most SST interneurons are generated before
E14.5 while generation of PV interneurons last until birth (see
Figure 1-9), we asked whether the increased cell cycle exit rate
observed between E13.5 and E14.5 in the MGE of transgenic
embryos could lead to an early depletion of the progenitor pool,
and consequently to a decreased production of PV interneurons.
To answer this, we counted Nkx2.1" progenitors one day later, at
E14.5, in different regions of the MGE of wild-type and
mBACTgDyrkla embryos (Figure R-33d). At this stage, there
were no differences in the number of Nkx2.1 progenitors between
genotypes (Figure R-35a). In both genotypes the number of
Nkx2.1 progenitors decreases from E13.5 to E14.5, but this
reduction was more pronounced in the transgenic embryos (25%

reduction in the wild-type vs 40% reduction in the transgenic;
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data in Figure R-32f, R-35a) suggesting that the Nkx2.1
progenitor pool would be exhausted earlier in the
mBACTgDyrkla embryos. This hypothesis is supported by the
increased cell cycle exit rate observed in transgenic embryos
from E14.5 to E15.5 (Figure R-35b).

a Figure R-35: E14.5 mBACTgDyrkla
Hwr WTgbykta  ampryos show normal number of
Nkx2.1" progenitors but increased
cell cycle exit rates in the medial
ganglionic eminence. (a, b)

250
200
150

Num. Nkx2.1* cells

- Histograms showing the number of
* Nkx2.1 immunopositive cells in the
Dorsal  Medial  Ventral indicated regions of the MGE in E14.5
b wild-type (WT) and mBACTgDyrkla
E14.5 —> E15.5 (TgDyrkla) embryos (a) and the
& percentage of cells that exited the cell
2 2 cycle (BrdU'Ki67 cells) in the same
o MGE regions in E155 WT and
Ew T TgDyrkla embryos after 24-hours
5 treatment with BrdU (b). Histogram
5 ° d ﬂ 1 values are the mean + S.E.M.
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In fact, if we assume that the reduction in the number of Nkx2.1
progenitors and the cell cycle exit rate mantain the linear
progression observed from E13.5 to E14.5, we would expect that
at E15.5 the number of Nkx2.1 progenitors will be much more
reduced in transgenic embryos. This would lead to a decrease in
the production of neurons that at this stage correspond to PV
interneurons (Figure R-36), which is consistent with the
decreased number of PV interneurons observed in the neocortex
of adult MBACTgDyrk1a animals (Figure R-8b).
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Figure R-36: Summary of numbers of Nkx2.1 progenitors and cell
cycle exit rates in the medial ganglionic eminences of wild-type
and mBACTgDyrkla embryos. Graph values correspond to the
quantifications performed in the medial MGE region of wild-type (WT)
and mBACTgDyrkla (TgDyrkla) embryos and shown in the histograms
in Figure R-34 and R-35. Dashed lines indicate the predicted numbers
of Nkx2.1 cells and the cell cycle exit rates later in neurogenesis (WT in
red; TgDyrkla in green). Note that the tendency is that E15.5
transgenic embryos would have less Nkx2 progenitors and less
differentiation in the medial MGE than the WTs.

Together, the results presented so far indicate that the increase
in SST* GABAergic interneurons is probably due to an early
expansion of the Nkx2.1 domain in the mBACTgDyrkla MGE
while the decrease in PV* population is caused by an advanced

depletion of Nkx2.1 progenitors in this domain.

The molecular mechanisms that regulate neurogenesis in the
subpallium are not well defined (see Chapter 1.2.3 in the
Introduction section). Considering the importance of cell cycle
regulation in neurogenesis and the effect of DYRK1A regulating
Cyclin D1 turnover in dorsal telencephalic RG progenitors
observed here, we asked whether the overexpression of
DYRK1A affects Cyclin D1 protein levels in ventral telencephalic
progenitors. To answer this, we prepared protein extracts from
dorsal telencephalon and ganglionic eminences isolated from
mBACTgDyrkla and wild-type embryo littermates at E13.5, when
the neurogenic waves of SST and PV interneurons overlap

(Figure 1-9) and cell cycle exit rates in the Nkx2.1 MGE domain
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are increased in the Dyrkla transgenic embryos (Figure R-36).
Cyclin D1 levels in mBACTgDyrkla dorsal telencephalic (pallium)
extracts were lower than in the wild-types (Figure R-37b),
similarly to what we previously observed in E11.5 dorsal brain
extracts (Figure R-21b). In contrast, Cyclin D1 levels in ventral
telencephalic (subpallium) extracts were similar in both
genotypes (Figure R-37a).
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Figure R-37: mBACTgDyrkla embryos show normal levels of
Cyclin D1 protein in the ventral telencephalon. Representative
western blots of extracts prepared from the ventral telencephalon
(subpallium) (a) or the dorsal telencephalon (pallium) (b) of E13.5 wild-
type (WT) and mBACTgDyrkla (Tg) embryos probed with the indicated
antibodies. Histograms show the protein levels of Cyclin D1 normalized
to tubulin or actin levels in the subpallium (a) and the pallium (b) of
embryos from both genotypes. Arrowhead indicates the band
corresponding to the Cyclin D1 isoform that contains Thr286. Histogram
values are the mean + S.E.M. *P<0.05 (n > 3).

This result suggests that the effect of DYRK1A on Cyclin D1
turnover is cell-type specific. Nonetheless, it does not exclude the
possibility that the overexpression of DYRK1A alters cell cycle
parameters in ventral progenitors by a mechanism other than

deregulation of Cyclin D1 turnover.

There is evidence that Shh regulates neurogenesis in the MGE

(see Chapter 1.2.3 in the Introduction section). Indeed, the
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artificial activation of Shh signaling in MGE progenitors leads to
increased numbers of SST interneurons and decreased numbers
of PV interneurons (Xu et al., 2010). Given that these alterations
resemble those observed in mBACTgDyrkla mice (Figure R-8),
and that DYRK1A increases the transcriptional activity of Gli1
(Mao et al., 2002), we hypothesized that Shh signaling could be
enhanced in our mutant. To provide evidence on this, we
performed RT-PCRs from RNAs isolated from the ganglionic
eminences of E13.5 mBACTgDyrkla and wild-type littermate
embryos. As shown in Figure R-38, we did not see differences
between genotypes in the expression of the Shh downstream
genes Ptchl, Glil, Gli2 and GIi3. This result indicates that
deregulation of Shh signaling is probably not the cause of the
altered numbers of SST and PV interneurons in mice

overexpressing DYRK1A.

Figure R-38: Shh signalling is not
Owr altered in the ganglionic eminence
W TgDyrk1a of mBACTgDyrkla  embryos.
Histogram showing the relative
expression of Ptchl, Glil, Gli2 and
Gli3 genes determined by RT-gPCR
[. D on mRNA obtained from the
prchi GH1  GH2  GHS ganglionic eminences of E13.5 wild-
type (WT) and mBACTgDyrkla
(TgDyrkla) embryos. Histogram
values are the mean + S.EM. (n >
3).
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1. Effect of DYRK1A overexpression in the
generation of cortical glutamatergic and

GABAergic neurons

Glutamatergic and GABAergic neurons in the adult neocortex are
generated respectively from progenitors of the dorsal and the
ventral telencephalon (Kriegstein and Alvarez-Buylla, 2009;
Welagen and Anderson, 2011). In the present work we show that
the overexpression of DYRK1A due to trisomy of the Dyrkla
gene alters the generation of both glutamatergic and GABAergic
neurons in the mouse embryo telencephalon. Quantifications of
neuronal production during the early phase of telencephalic
neurogenesis showed that neurogenesis in mBACTgDyrkl
embryos is decreased in the dorsal telencephalon and increased
in the ventral telencephalon. This indicates that the pathogenic
effect of DYRK1A overexpression is progenitor-type specific and
that the molecular mechanism that underlies the neurogenic

defects in dorsal and ventral progenitors should be different.

1.1 Alterations in cell cycle duration and mode of

division of dorsal radial glial progenitors

Our results showed that one extra copy of Dyrkla in mouse RG
progenitors of the dorsal telencephalon leads to longer cell cycles
and to decreased production of RG-derived neurons. Different
observations indicate that the overexpression of DYRK1A in RG
progenitors favours RG asymmetric proliferative divisions at the
expense of asymmetric neurogenic divisions: 1) During the early

phase of cortical neurogenesis, when the majority of neocortical
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neurons are generated by asymmetric neurogenic divisions of
RG progenitors (Kowalczyk et al., 2009), the proportion of IPs
(Tbr2*Tuj1” cells) that delaminate from the VZ and migrate to
basal positions increases in mBACTgDyrkla embryos while the
number of neurons (Tbr1* cells) decreases (see Figures R-13
and R-14); 2) The number of RG progenitors (Pax6” cells) and
the number of apical mitosis in mBACTgDyrkla embryos are
normal along corticogenesis (see Figure R-16); and 3) The SVZ
of mBACTgDyrkla embryos have increased numbers of IPs and
mitosis from the onset of neurogenesis to mid-corticogenesis

(see Figure R-16).

Our in vivo cell cycle measurement of RG progenitors at the
beginning of neurogenesis (E11.5) reveals that DYRK1A
overexpression leads to a 4.8 hours increase in cell cycle
duration due to an enlargement of the G1 and the S phase (see
Figure R-25). The increased duration in G1 phase correlates with
the increased proportion of RG progenitors in GO/G1 phases
observed by flow cytometry in mBACTgDyrkla embryos (see
Figure R-24).

The total cell cycle duration and the G1 phase duration obtained
here in wild-type RG progenitors at E11.5 are 2 hours (10%) and
4.8 hours (41%) shorter, respectively, than those previously
reported for E14.5 RG progenitors using the same in vivo EdU-
cumulative protocol (Arai et al., 2011). These differences are in
accordance with the progressive lengthening of the cell cycle and
the G1 phase along neurogenesis reported previously in the
ventricular epithelium of the mouse developing neocortex
(Takahashi et al., 1995). Moreover, our results showing defects

in G1 length and division mode of RG progenitors observed in
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mBACTgDyrkla embryos are in line with the accepted idea that
the time that a RG progenitor spends in G1 determines the fate
of their daughter cells (Gotz and Huttner, 2005; Dehay and
Kennedy, 2007; Salomoni and Calegari, 2010). Importantly, as
corticogenesis advances and G1 phase duration increases, the
production of IPs from RG progenitors increases (see Figure R-
16). These observations, together with the phenotype observed
here in Dyrkla transgenic embryos make us hypothesise that the
type of asymmetric division (proliferative vs neurogenic) that a
RG progenitor undergoes depends on the duration of the G1
phase, which is controlled in a dosage-dependent manner by
DYRK1A (see next Chapter). Although we cannot rule out the
possibility that the enlargement of the G1 is secondary to an
effect of DYRK1A overexpression on the division mode of RG
progenitors, our genetic rescue experiments performed in
Ts65Dn embryos (see Chapter 2.1 in the Discussion section)

suggest that this is not the case.

The cell cycle defects observed in mBACTgDyrkla RG
progenitors challenge previous findings showing that shortening
the G1 cell cycle phase in these progenitors by in utero
electroporation of Cyclin D1 or CyclinD1/CDK4 constructs
favours RG proliferative divisions at the expense of neurogenic
divisions (Pilaz et al., 2009; Lange et al., 2009), which is the
same we have observed here in transgenic embryos
overexpressing DYRK1A. It is possible that forced
overexpression of cell cycle regulators deeply disturb cell cycle
progression, and hence the progenitor neurogenic program. In
fact, the overexpression of CyclinD1/CDK4 not only leads to

shorter G1 phase but also to longer S and G2/M phases (Lange
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et al., 2009). Moreover, in embryos in which the G1 of apical
progenitors has been manipulated by forced overexpression of
Cyclin D1/CDK4 there is an expansion of IP proliferative divisions
in the SVZ and, as a consequence, the number of external layer
neurons is significantly increased (Lange et al., 2009), which is
the contrary to what we have observed here in mBACTgDyrkla

mice (see Chapter 1.3 in this section).

A comparative analysis of cell cycle parameters in neurogenic
and non-neurogenic mouse cortical progenitors at mid-
corticogenesis has shown that the length of the S phase is
significantly shorter in progenitors committed to produce neurons
than in those undergoing self-expanding divisions (1.8 vs 8.3
hours in apical progenitors) (Arai et al., 2011). This observation
has been interpreted as a need of self-expanding progenitors to
guarantee high fidelity DNA replication and repair (Arai et al.,
2011). Tacking into account this study the S phase lengthening
observed in this work in mBACTgDyrkla RG progenitors could
be secondary to the altered mode of division of these progenitors
due to the action of DYRK1A on G1.

Previous studies have shown that forced overexpression of
DYRK1A in proliferating neural cells in culture (Yabut et al., 2010;
Hammerle et al., 2011; Soppa et al., 2014) and in progenitors of
the dorsal mouse telencephalon achieved by different
electroporation techniques (Yabut et al., 2010; Hammerle et al.,
2011) promotes neuronal differentiation. In contrast, we have
observed that neuron production in the dorsal telencephalon of
mBACTgDyrkla embryos is significantly decreased (see Figure
R-13). Given that DYRK1A function is highly sensitive to

DYRK1A dosage, these discrepancies could be due to
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differences in the levels of DYRK1A overexpression in
mBACTgDyrkla embryos and DYRK1A-eletroporated embryos.
In fact, our results show that 1.5 fold increase in DYRK1A leads
to a 2 hours enlargement of the G1 duration, thus it is plausible
that higher levels of DYRK1A overexpression could have a
greater impact on G1 duration and force RG progenitors to exit
the cell cycle and differentiate. In agreement with this suggestion,
a recent study shows that the electroporation of different
amounts of DYRK1A-plasmid in the embryo affects the behaviour
of RG progenitors in a DYRK1A dosage-dependent manner
(Kurabayashi and Sanada, 2013). We have shown that, similar to
other cell types, endogenous DYRK1A in mouse RG progenitors
is mostly cytosolic (see Figure R-10). However, DYRK1A
expressed by transfected DYRK1A-plasmids tends to accumulate
in the nucleus in vivo and in cultured neural precursors (Yabut et
al., 2010; Hammerle et al., 2011; Soppa et al., 2014). Therefore,
differences in the cellular location (nucleus vs cytoplasm) of the
overexpressed kinase would affect a different set of DYRK1A
substrates (see Chapter 3.2 in the Introduction section), thus
explaining the distinct phenotypes of mMBACTgDyrkla embryos
and DYRK1A-electroporated embryos (Yabut et al., 2010;
Hammerle et al., 2011).

1.2 Pathogenic mechanisms underlying neurogenic

alterations in dorsal radial glial progenitors

There is evidence showing that in neural cells DYRK1A regulates
the levels of cell cycle regulators acting on G1 phase. Different
groups have shown that the overexpression of DYRK1A in

cultured cells increases the degradation of Cyclin D1 (Yabut et al.,
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2010), the transcription of p21°™" trough regulation of p53
transcriptional activity (Park et al., 2010), and the stability of
p27"F'  protein (Soppa et al, 2014). Moreover, the
overexpression of DYRK1A in the chick neural tube induces
p27"""* transcription (Hammerle et al., 2011). Thus, altered levels
of these cell cycle regulators could be the underlying cause of the
longer G1 phases described here in Dyrkla transgenic embryos.
However, at the onset of neurogenesis, Cyclin D1 transcript
levels and p21°"" and p27"" transcript and protein levels were
normal in the dorsal VZ of mBACTgDyrkla embryos. In contrast,
protein levels of Cyclin D1 were significantly decreased in these
transgenic embryos (see Figure R-21). The observation that the
levels of Cyclin D1 protein but not of Cyclin D1 transcripts were
decreased in transgenic progenitors is in accordance with
previous observations (Yabut et al., 2010) and suggest that

DYRK1A promotes Cyclin D1 degradation.

Degradation of Cyclin D1 is regulated by the phosphorylation of
the Thr286 residue, which induces Cyclin D1 nuclear export and
subsequent degradation of the protein through the ubiquitin-
proteasome pathway (Diehl et al., 1997, 1998). Among the two
described Cyclin D1 isoforms, the shorter one that contains the
phosphorylable Thr286 residue is the one altered in
mBACTgDyrkla RG progenitors (see Figure R-21). This
observation together with the decreased levels of nuclear Cyclin
D1 observed in mBACTgDyrkla sections of the dorsal
telencephalon (see Figure R-23) strongly suggest that DYRK1A
phosphorylates Cyclin D1 and induce its degradation in RG

progenitors in vivo, as it has been recently shown in cultured
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fibroblasts (Chen et al., 2013) and neuroblastoma cells (Soppa et
al., 2014).

It is important to mention that DYRK1B, the closest member to
DYRK1A in the DYRK family of protein kinases (Becker and
Joost, 1999) can also phosphorylate Cyclin D1 on Thr286 (Zou et
al., 2004; Ashford et al., 2014). In situ hybridizations of Dyrk1b in
the developing mouse brain at mid-corticogenesis (by E14.5)
revealed that Dyrklb is not expressed in the VZ but it is
expressed in the SVZ (www.emouseatlas.org). This observation
indicates that DYRK1A is the DYRK kinase that control Cyclin D1
nuclear activity in dorsal RG progenitors. However, we cannot
rule out the possibility that DYRK1B play a function similar to that
described here for DYRK1A in SVZ progenitors or other neural

progenitor types.

It has been recently shown that in addition to regulate cell cycle
progression nuclear Cyclin D1 can regulate transcription and
DNA repair (Pestell, 2013). During early stages of neural system
development the repair of DNA double-strand breaks in
proliferating cells occurs via homologous recombination (Orii et
al., 2006). Mutant embryos in which homologous recombination
has been abolished show early lethality and impaired
neurogenesis due to a massive apoptosis of neural progenitors
indicating that this DNA repair mechanism is crucial for CNS
development (Orii et al., 2006). Cyclin D1 can promote
homologous recombination by recruiting two essential
homologous recombination proteins to the DNA breaks: RAD51
and BRCA2 (Jirawatnotai et al., 2011). In this scenario, and given
that repair of DNA double-strand breaks occurs during S phase

(O'Driscoll and Jeggo, 2008), a limiting amount of nuclear Cyclin
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D1 might increase the time that a progenitor spent in this phase.
Hence, dysregulation of DYRK1A-mediated degradation of Cyclin
D1 may contribute to the S phase lengthening observed in

mBACTgDyrkla dorsal RG progenitors (see Figure R-25).

The decision of a neural progenitor to further divide or
differentiate is controlled by external and internal factors, which
act mainly during G1 (Gotz and Huttner, 2005; Dehay and
Kennedy, 2007; Salomoni and Calegari, 2010). Therefore,
external factors promoting asymmetric proliferative divisions
would have more time to act in mBACTgDyrkla RG progenitors
than in wild-type progenitors explaining the bias on the division
mode of these progenitors. In addition to that, the overexpression
of DYRK1A in mBACTgDyrkla progenitors might also inhibit the
action of differentiating external factor or enhance the action of
proliferative external factors. One of the main external factors
involved in progenitor maintenance is Notch (Kageyama et al.,
2009). During RG asymmetric divisions the daughter cell that
maintains high Notch activity remains as a progenitor while the
one with low Notch activity differentiates into a neuron
(Kageyama et al., 2008). DYRK1A represses Notch signalling via
the phosphorylation of the intracellular domain of Notch, which
reduces its transcriptional activity (Fernandez-Martinez et al.,
2009). In fact, it has been shown that ectopic overexpression of
DYRK1A in the VZ of the mouse embryo telencephalon
decreases the expression of the Notch target gene Hes5, while a
transient knockdown of Dyrkla by siRNA produces the opposite
effect (Hammerle et al., 2011). According to these data,
overexpression of DYRK1A in this germinal layer should restrain

Notch signalling, thus favouring the acquisition of a differentiated
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fate. Our results show that neuron production in the VZ of
mBACTgDyrkla embryos is decreased rather than increased.
Moreover, Notchl, Deltal, Hesl and Hes5 expression in the
telencephalon of E11.5 mBACTgDyrkla embryos was similar
than in wild-type embryos (see Figure R-19), indicating that
Notch signalling is not significantly attenuated in VZ progenitors.
On the other hand, it has been demonstrated that Cyclin D1
upregulates the transcription of components of the Notch
signalling pathway and downstream targets in the chick spinal
cord (Lukaszewicz and Anderson, 2011) and in the mouse retina
(Bienvenu et al., 2010). However, the effect of Cyclin D1 in these
two CNS regions is different; in the spinal cord Cyclin D1
promotes neurogenesis upregulating the expression of the Hes1
inhibitor Hes6 (Lukaszewicz and Anderson, 2011) while in the
retina it promotes precursors maintenance increasing the
expression of Notch and Hes5 (Bienvenu et al.; 2010). This
indicates that transcriptional activity of Cyclin D1 is cell-type
specific. Our results showing normal levels of Notch, Hes1, Hes5
and Hes6 transcripts in the dorsal telencephalon of E11.5
mBACTgDyrkla embryos (see Figure R-19; and data non
shown), suggest that Cyclin D1 is not involved in the
transcriptional regulation of these genes in the dorsal

telencephalic VZ.

The transcription factor Pax6 represses the expression of CDK6
in dorsal RG progenitors thereby controlling G1 to S phase
progression (Mi et al., 2013). In addition, Pax6 induces the
expression of the transcription factor gene Thr2 (Faedo et al.,
2004), which is essential for the formation and proliferation of IPs

(Sessa et al., 2008). Indeed, Pax6 knock-out embryos show
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decreased number of IPs and increased number of neurons at
early stages of development (Quinn et al., 2007). Thus, Pax6
influences cell cycle progression and the generation of RG-
derived IPs. It has been recently shown that Pax6 transcriptional
activity in cortical RG progenitors is repressed by the mSWI/SNF
component BAF170, which recruits the repressor complex REST
(Tuoc et al.,, 2013). The overexpression of DYRK1A reduces
REST transcription and the stability of the REST protein in
mouse embryonic stem cells and in HEK293 cells (Canzonetta et
al., 2008; Lu et al. 2011). If the overexpression of DYRK1A has
similar effects on REST in RG progenitors, it is reasonable to
think that dysregulation of Pax6 transcriptional activity could
contribute to the cell cycle phenotype and the increased
production of IPs observed in mBACTgDyrkla embryos. An
hypothesis that should be tested by measuring REST protein
levels and the expression of Pax6 target genes in the dorsal

telencephalon of MBACTgDyrkla embryos.

Finally, it is also important to mention that as corticogenesis
advances proliferation is also regulated by complex feedback
mechanisms. For instances, GABAergic interneurons that are
migrating from the subpallium to the CP release GABA and Shh,
which induce proliferation of the dorsal progenitors (Wang and
Kriegstein, 2009; Komada et al., 2008). Moreover, newborn
neurons in the pallium express factors, such as the transcription
factor Sip1, that regulates proliferation and differentiation of
dorsal progenitors and that influences the fate of the new
neurons (Seuntjens et al.,, 2009). On the other hand,
thalamocortical axons, which reach the CP around E14.5 guided

by the first cortical neurons generated form the subplate (Kanold
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and Luhmann, 2010) release a diffusible factor, probably FGF,
that promotes proliferation regulating cell cycle duration (Dehay
et al.,, 2001). Therefore, the deficit of external layer neurons
observed in postnatal mBACTgDyrkla embryos could be
secondary to the deficit of early born glutamatergic neurons and
the altered fate of MGE GABAergic interneurons (see Chapter

1.4 in this section) observed in this transgenic model.

1.3 Effect on the neurogenic potential of dorsal
intermediate progenitors

IPs divides symmetrically in the SVZ to self-expand or to
generate two neurons and they are the main neuron source of
external cortical layers (Pontious et al.,, 2008). As already
discussed, in mMBACTgDyrkla embryos the production of IPs and
the number of mitosis in the SVZ are increased until mid-
corticogenesis. However, later on development, the number of
these progenitors in the transgenic embryo SVZ decreases to
levels that are lower that in the wild-type SVZ (see Figure R-16),
and consequently there is a deficit of Cux1® neurons in the
external cortical layers of postnatal mBACTgDyrkla mice (see
Figure R-18). This observation opens the possibility that
DYRK1A overexpression in SVZ progenitors favours neurogenic
divisions at the expense of self-expanding divisions leading to an

earlier exhaustion of these progenitors.

The artificial manipulation of the G1 in the apical progenitors
increases the proportion of proliferative divisions in the SVZ
leading to increased number of external cortical neurons and

increased postnatal cortex surface area (Lange et al., 2009)

171



172

Discussion

(Nonaka-Kinoshita et al., 2013), indicating that G1 phase
duration may also influence the division mode of IPs. The
information regarding the mechanisms that regulate progression
through the cell cycle G1 phase in IPs is limited. Nonetheless,
there are indications that Cyclin D2 could be the relevant G1
CyclinD in IPs progenitors: 1) The expression of Cyclin D2,
contrary to Cyclin D1, is much higher in the SVZ than in the VZ
(Glickstein et al., 2007), and 2) The lack of Cyclin D2 in the
mouse embryo induces cell cycle exit of SVZ progenitors
(Glickstein et al., 2009). Given the explained correlation between
S phase duration and the neurogenic capacity of NPCs (Arai et
al., 2011), the observation that IPs from Cyclin D2 null embryos
not only show the expected G1 lengthening but also a shorter S
phase indicates that IP terminal divisions should be increased in

these mutants.

Similar to Cyclin D1, the phosphorylation of Cyclin D2 on a Thr
residue in the C-terminal region of the protein induces its nuclear
export and subsequent degradation via the ubiquitin- proteasome
pathway in primary leukemic and myeloma cells (Kida et al.,
2007). This Thr in Cyclin D2 is within a consensus sequence for
DYRK1A phosphorylation. Thus, phosphorylation of Cyclin D2 by
DYRK1A could be a mean of regulating Cyclin D2 turnover in IPs.
In this hypothetical situation, the overexpression of DYRK1A
could have an impact on G1 phase duration and, consequently,
on the fate of IP daughter cells. Several experiments need to be
performed to test this possibility including in vivo measurement of

Cyclin D2 protein levels in the available Dyrkla mutant mice.
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1.4 Proliferative defects in the ventral medial ganglionic

eminence

We have observed that in mBACTgDyrkla embryos the pool of
MGE Nkx2.1 progenitors that give rise to SST and PV
interneurons is expanded during early neurogenesis (see Figure
R-32) and that this expansion correlates with a significant
increase in cell cycle exit rates (see Figure R-33 and R-34). We
have also observed that cell cycle exit rates in this particular
proliferative domain decrease from E13.5 to E14.5 more abruptly
in mBACTgDyrkla embryos than in the wild-types, which could
be indicative of a premature exhaustion of the Nkx2.1 progenitor
pool in the transgenic condition (see Figure R-36). The
generation of SST and PV Nkx2.1-derived interneurons takes
place in two partially overlapping waves that peak at two different
developmental times; first the neurogenic SST wave and after PV
neurogenic wave (Inan et al., 2012; see Figure 1-8). Thus, the
number of Nkx2.1 progenitors and the cell cycle exit rates in the
Nkx2.1 domain observed in mBACTgDyrkla embryos could
underlie the excess of SST interneurons and the deficit of PV
interneurons observed in the neocortex of this transgenic model

(see Figure R-8).

During the neurogenesis of MGE interneurons, by E13.5, Cyclin
D1 protein levels are normal in the ventral telencephalon of
mBACTgDyrkla embryos (see Figure R-37), while in the dorsal
telencephalon are lower than in the controls (see Figures R-21
and R-37). This result suggests that DYRK1A-regulation of Cyclin

D1 turnover is progenitor-type specific.
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Interestingly, both the initial expansion of the progenitor pool and
the altered cell cycle-exit rates observed in mBACTgDyrkla
embryos are not uniform along the dorso-ventral axis of the MGE,
being the dorsal and medial regions the most affected ones.
Given that DYRK1A is expressed uniformly in the MGE (see
Figure R-11), it could be possible that DYRK1A regulates a factor
that is expressed in a gradient from the dorsal to the ventral part
of the MGE. Importantly, the two principal morphogens that
regulate proliferation and differentiation in ventral progenitors,
Shh and FGF, show a dorso-ventral gradient of activation within
in the MGE (Xu et al., 2010; Bansal et al., 2003).

Shh signalling plays different roles within the ventral
telencephalon: regulates the initial patterning of this brain region;
maintains the fate-determining transcription factor Nkx2.1 during
neurogenesis (Xu et al., 2005); and induces proliferation in the
MGE (Britto et al., 2002; Machold et al., 2003). During
neurogenesis Shh is expressed in the mantle zone of the MGE,
where newborn neurons are localised. However, the expression
of the Shh downstream targets Glil and Ptchl indicates that Shh
activity during neurogenesis occurs in the proliferative region of
the MGE and that it is high in the dorsal MGE (Xu et al., 2010).
Upregulation of Shh signalling in MGE progenitors expands the
region of Glil and Ptchl expression, which induces the
acquisition of a dorsal fate in medial MGE progenitors and, as a
consequence, the production of SST interneurons increases and
the production of PV interneurons decreases (Xu et al., 2010).
Given that DYRK1A positively regulates Shh signalling through
phosphorylation of Gli1 (Mao et al, 2002), and that

overexpression of DYRK1A and overactivation of Shh signalling
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lead to similar phenotypes, it is possible that the defects in
proliferation/differentiation of MGE progenitors observed in
mBACTgDyrkla embryos result from an increased activity of the
Shh pathway. However, this hypothesis is challenged by the un-
altered expression of the main components of the Shh signalling
pathway (Ptchl, Glil, Gli2 and Gli3) in the ventral telencephalon
of mBACTgDyrkla embryos (see Figure R-38).

Ventral telencephalic neural precursors express three FGF
receptors (FGFRs): 1, 2 and 3. FGFR1 and 3 are expressed
along the VZ of the MGE in a dorso-ventral gradient, being more
expressed in dorsal and medial regions (Bansal et al., 2003). The
double deletion of FGFR1 and 2 in MGE progenitors impairs the
establishment of the Nkx2.1 progenitor domain and leads to an
ectopic ventral expression of the dorsal fate-determining
transcription factor Pax6, indicating that this two receptors are
crucial for the correct specification of ventral progenitors. In
contrast, the double deletion of FGFR1 and 3 in MGE progenitors
do not affect the specification of ventral progenitors but it impairs
neuronal production by preventing cell cycle exit (Gutin et al.,
2006). Therefore, both maintenance and proliferation of Nkx2.1
progenitors in the MGE are dependent on FGF signalling.
DYRK1A increases FGF signalling through phosphorylation and
inhibition of the FGF signalling antagonist Sprouty2 (Aranda et
al., 2008). Expression of Sprouty2 has been shown by in situ
hybridization in the VZ of the LGE and the dorsal and medial
regions of the MGE in E145 mouse embryos
(www.genepaint.org). Thus, the alterations observed in the MGE

of mBACTgDyrkla embryos could be a consequence of
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increased FGF signalling. It would be interesting to

experimentally assess this possibility.

1. 5 Functional consequences

We have shown that DYRK1A overexpression leads to
decreased number of cortical neurons in two-month-old
mBACTgDyrkla mice (see Figure R-7). Total numbers of
GABAergic interneurons in mBACTgDyrkla mice are the same
than in wild-type mice (unpublished data of the laboratory), which
is consistent with our quantifications of the most abundant
interneuron subtypes in the cerebral cortex of this model (see
Figure R-8). Moreover, the proportion of excitatory neurons is
decreased in mBACTgDyrkla mice, which is in agreement with
the impaired neurogenesis observed in this mouse model. Next |
summarize how the defects in neuron cellularity observed here in
the cerebral cortex of MBACTgDyrkla mice may contribute to the
altered synaptic plasticity and cognitive impairments recently
described in this transgenic model (Thomazeau et al., 2014,
Souchet et al., 2014).

Recent optogenetic studies have shown that PV and SST
interneurons of the hippocampus and the cerebral cortex are very
different in the way they control the timing, the rate and the burst
of glutamatergic neurons (Royer et al., 2012; Atallah et al. 2012;
Wilson et al.,, 2012; see Figure 1-2). For example, PV
interneurons, which target the soma or the initial axonal segment
of pyramidal neurons, are the main interneuron-type responsible
for the theta-rhythms oscillations, which synchronize cortical

networks (Wulff et al., 2009), and for the generation of gamma-
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rhythms oscillations, which enhance signal transmission in the
neocortex, reducing circuit noise and amplifying circuit signals
(Sohal et al., 2009). In contrast, SST interneurons, which target
pyramidal dendrites, show spontaneous activity that provides a
tonic inhibition to cortical excitatory neurons (Gentet et al., 2012).
SST interneurons also mediate di-synaptic inhibition between
neighbouring pyramidal neurons, receiving facilitating synapses
from a pyramidal neuron and forming inhibitory synapses onto
dendrites of neighbouring pyramidal neurons. This feedback
pathway allows the inhibition of neighbouring pyramidal cells in
an activity-dependent manner and it has been proposed as a
central mechanism for the regulation of cortical activity (Berger et
al., 2009; Silberberg and Markram, 2007). Therefore, although
there are not differences in the total number of cortical
GABAergic interneurons between mBACTgDyrkla and wild-type
mice, the deficit of PV interneurons and the excess of SST
interneurons here observed in the neocortex of young
mBACTgDyrkla animals could have an impact on the excitability,

network dynamics and functionality of the cerebral cortex.

In addition, the deficit of glutamatergic neurons observed in
Dyrkla transgenic mice might alter the excitatory/inhibitory
balance of the cerebral cortex towards an over-inhibition. In
agreement with this, mMBACTgDyrkla mice show impaired LTP in
the prefrontal cortex and a low performance in a cortical
dependent short-term memory task (Thomazeau et al., 2014,
Souchet et al.,, 2014). mBACTgDyrkla mice also show a
imbalance towards an excess of inhibition in excitatory/inhibitory
synaptic proteins in the hippocampus and this defect correlates

with a low performance in the Morris water test that evaluates
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hippocampal-dependent visuo-spatial learning and memory
(Souchet et al., 2014). These results indicate that the
excitatory/inhibitory imbalance in the mBACTgDyrkla brain is not

restricted to the cerebral cortex.

Cortical glutamatergic neurons send axons to intracortical and
subcortical brain areas (Franco and Muller, 2013). Therefore, the
neuronal deficit in mBACTgDyrkla mice could lead to a reduction
in cortical afferences and efferences that may disturb the global

wiring of the brain.

Finally, it is worthy to say that DYRK1A plays a role in
dendritogenesis and in synaptic vesicle endocytosis (Park and
Chung, 2013), functions that may also be disturbed in the
cerebral cortex of mBACTgDyrkla mice contributing to the
deficits in synaptic plasticity, learning and memory observed in
this transgenic model (Thomazeau et al., 2014; Souchet et al.,
2014). This possibility will be later discussed in the Chapter 2.2 in

this section.

2. Contribution of DYRK1A trisomy on the
developmental brain alterations

associated with Down syndrome

2.1 Development of the cerebral cortex

The cerebral cortex of DS individuals show decreased cellularity
and alterations in lamination, defects that arise during prenatal
development (see Chapter 2.5 in the Introduction section). The

analysis of the development of the cerebral cortex in the trisomic
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Ts65Dn model showed that defects in cortical neuron cellularity
in this model start early in development and that involved
alterations in the neurogenesis of both the pallium and the
subpallium (Chakrabarti et al., 2007, 2010). Importantly, this
analysis showed that neurogenic defects in the pallium were
associated with an increased cell cycle duration of RG
progenitors (Chakrabarti et al., 2007). Next, | will comment on the

possible contribution of Dyrkla on these phenotypes.

Neurogenic defects in the subpallium of Ts65Dn embryos lead to
an excess of GABAergic interneurons in the neocortex of
postnatal trisomic mice that results from a specific increase in
SST and PV interneurons (Chakrabarti et al., 2010). In contrast,
the numbers of GABAergic interneurons in the same cortical
region of young mBACTgDyrkla mice was normal but they had
an excess of SST interneurons and a deficit of PV interneurons
(see Figure R-8). The different phenotype of these two models
indicate that triplication of Dyrkla is not the cause of the
interneuron phenotype in the Ts65Dn mouse, although it may
contribute to the phenotype. Indeed, in vivo genetic rescue
experiments have shown that normalization of the dosage of
Oligl/0Olig2 genes is sufficient to completely rescue the
GABAergic phenotype in Ts65Dn mice (Chakrabarti et al., 2010).

In contrast to the situation in the subpallium, there are striking
similarities in the development of the dorsal telencephalon
between the Ts65Dn model and the mBACTgDyrkla model. Both
models show a severe deficit of neurons during early
neurogenesis and more IPs in the SVZ at mid-corticogenesis.
Moreover, both models have RG progenitors with longer cell

cycle duration that results from a specific lengthening of the cell
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cycle phases G1 and S (Chakrabarti et al., 2007) (see Figures R-
13, R-16 and R-25).

Our analysis of early dorsal neurogenesis in Ts65Dn embryos
revealed that like in mBACTgDyrkla embryos, Ts65Dn RG
progenitors generate less neurons and more IPs (see Figure R-
29). The complete rescue of the phenotype by normalizing the
dosage of Dyrkla in Ts65Dn embryos (see Figure R-29)
demonstrate that triplication of Dyrkla is sufficient to attenuate

RG-derived neurogenesis in the Ts65Dn developing neocortex.

Recently, it has been suggested that defects in cortical
neurogenesis associated with DS could be caused by an
increased NFATc activity due to the trisomy of DYRK1A and
DSCR1 (also known as RCAN1; Kurabayashi and Sanada, 2013).
In this study it was shown that the overexpression of DYRK1A
and DSCR1 in dorsal telencephalic progenitors achieved by in
utero electroporation of expression plasmids attenuates neuron
production, an effect that requires the cooperative action of these
two proteins on NFATc activity (Kurabayashi and Sanada, 2013).
Upon activation of the calcineurin-NFATc signalling pathway,
NFATc transcription factors are dephosphorylated in the
cytoplasm by the phosphatase calcineurin inducing their
translocation into the nucleus. This pathway is negatively
regulated by DYRK1A, which phosphorylates active NFATc
(Gwack et al., 2006; Arron et al. 2006) and by RCAN1, which can
inhibit calcineurin activity (Park et al., 2009). In fact it has been
proposed that in DS there is an increased NFATc activity due to
the genetic interaction of DYRK1A and RCAN1 (Arron et al.,
2006; de la Luna and Estivill, 2006). However, NFATC activity is
not significantly disturbed in mBACTgDyrkla progenitors since
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Rcan1-4 gene expression, which is induced by calcineurin-
NFATc signalling (Yang et al., 2000, Davies et al., 2007), is not
altered in mBACTgDyrkla RG progenitors. Therefore trisomy of
Dyrkla is sufficient to attenuate early cortical neurogenesis
without disturbing calcineurin-NFATc signalling. Tacking into
account that Rcan1 levels are normal in the telencephalon of
mBACTgDyrk1a, that Rcan 1 is in the chromosomal region that is
triplicated in the Ts65Dn model (Haydar and Reeves, 2012), and
our genetic rescue experiment performed in Ts65Dn embryos,
we propose that overexpression of DYRK1A attenuates early
cortical neurogenesis in DS through a mechanisms that is
independent on the action of DYRK1A on NFATc activity. Our
results showing that mBACTgDyrkla RG progenitors have
similar cell cycle alterations than those previously reported in the
Ts65Dn model, that nuclear Cyclin D1 levels are reduced in the
dorsal telencephalon of Ts65Dn embryos (Figure R-26), and that
genetic normalization of Dyrkla dosage restores Cyclin D1 levels
in the trisomic embryos (see Figures R-28) strongly suggest that
cell cycle alterations in Ts65Dn RG progenitors due to the action
of DYRK1A on Cyclin D1 degradation are the major cause of the

delayed cortical neurogenesis in the DS Ts65Dn model.

2.2 Functionality of the brain

Adult Ts65Dn mice show impaired LTP in the hippocampus and
deficits in hippocampal-dependent cognitive tasks, alterations
that are caused, at least in part, by an excess of inhibitory
currents due to an increased number of GABAergic interneurons
and an increased proportion of inhibitory synapses in the
hippocampus (Chakrabarti et al., 2010; Belichenko et al., 2009).
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Indeed, it has been shown that chronic systemic treatment of
Ts65Dn mice with GABA, antagonists at non-epileptic doses
causes a persistent post-drug recovery of both, hippocampal LTP
and hippocampal-dependent cognitive tasks (Fernandez et al.,
2007). As already mentioned, the cerebral cortex of adult Ts65Dn
mice also shows an imbalanced number of excitatory and
inhibitory neurons (Chakrabarti et al., 2010), suggesting that
there could be an over-inhibition also in this structure. In addition,
the Ts65Dn mouse presents other phenotypes that might
contribute to an excess of GABAergic inhibition in the cerebral
cortex. Cortical pyramidal neurons in this mouse model show
small dendritic arborization, decreased number of synapses and
dendritic spine abnormalities (Dierssen et al.; 2003). All these
observations strongly suggest that excitatory currents in the
cerebral cortex may be reduced, not only by the decreased
number of cortical glutamatergic neurons but also by a deficient
connection of these neurons. A post-mortem Golgi study of
cortical pyramidal cells from DS children and adults revealed
similar alterations: the morphology of the dendritic arbor is
altered and dendrites have less spines (Takashima et al., 1989;
Marin-Padilla, 1976). Therefore, alterations in the cerebral cortex
circuitry could be on the basis of the cognitive impairment

associated with DS.

As it has been previously explained (see Chapter 1.5 in this
section), there is evidence that, like in the Ts65Dn mouse, the
mBACTgDyrkla mouse could have an over-inhibition of the
cortical circuitry. This defect may result from the combination of
the altered cortical glutamatergic and GABAergic neurogenesis

described in this work and by a possible detrimental effect of
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DYRK1A overexpression in neuritogenesis and synaptogenesis
(see Chapter 3.4 in the Introduction section). Indeed, the
dendritic arbor of cortical pyramidal neurons is also small in
transgenic mice overexpressing Dyrkla under a heterologous
promoter (Martinez de Lagran et al., 2012) and in Dyrk1la"™ mice
(Benavides-Piccione et al., 2005). This Dyrkla transgenic model
also presents decreased number of spines, impair neurite growth
and decreased number of synapses (Martinez de Lagran et al.,
2012). The effect of DYRK1A on the regulation of microtubule
dynamics and actin polymerization may be on the basis of these
defects (Park et al., 2012; Scales et al., 2009; Martinez de
Lagran et al., 2012).

Protein levels of some glutamatergic synaptic markers, such as
the vesicular glutamate transporter 1 (vGlut1) and the glutamate
receptor subunits NR1 and NR2A, are decreased in the cerebral
cortex and the hippocampus of mBACTgDyrkla mice. Moreover,
in both structures, there is an increased expression of GABAergic
synaptic proteins, such as the vesicular GABA transporter and
the enzyme glutamate decarboxylase (Souchet et al., 2014).
These alterations are also observed in the cerebral cortex of the
DS mouse models Ts65Dn and Dp(16)1Yey/+ (Souchet et al.,
2014), further indicating that the overexpression of DYRK1A in
these models contribute to the imbalanced numbers of

excitatory/inhibitory synapses.

Altogether, these observations show that triplication of the
DYRK1A gene could contribute to the formation of the brain
synaptic circuitry in DS at the cellular level, altering neurogenesis
in the pallium and the subpallium, and at the synaptic level,

altering neuritogenesis and spine formation.
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2.3 Brain size and morphology

The brain of DS individuals shows brachycephaly, reduced
volume and enlarged ventricles, alterations that arise during
development (see Chapter 2.4 in the Introduction section). The
overall brain size in Ts65Dn and TsCje1 mice is normal (Baxter
et al., 2000; Aldridge et al., 2007; Ishihara et al., 2010), but
slightly increased in the Ts1Rhr mouse (Olson et al., 2007),
which is the one carrying the smaller trisomic region since it only
has in trisomy the genes included in the DSCR (see Figure 1-10).
This indicates that the overexpression of one or more genes
within this minimal critical region is causing the brain overgrowth
in this model and that common ftriplicated genes in TsCje1 and
Ts65Dn mice outside this region are counteracting this
overgrowth. Moreover, the morphometric analysis of the brain in
these models suggest the possibility that HSA21 gene/s that are
not in trisomy in the Ts65Dn model should be the ones
responsible of the brain size reduction in DS. Other possibilities
to explain the normal brain size in the Ts65Dn mouse include
differences on the functionality of the triplicated genes between

humans and mice.

The overall size of the brain is increased in the mBACTgDyrkla
model (see Figure R-2; Gued;j et al., 2012). A similar increase in
brain size has been previously observed in the TgYAC152F7
mouse model that contains five HSA21 genes in trisomy
including DYRK1A (Sebrie et al., 2008; Branchi et al., 2004). On
the contrary, the brain size of another YAC transgenic mouse,
TgYAC141G6, which carries an extra copy of all the genes
included in TgYAC152F7 except DYRK1A, is normal (Branchi et
al.,, 2004). Importantly, brain size in TgYAC152F7 mice is
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normalized upon prenatal treatment with the DYRK1A inhibitor
EGCG (Guedj et al.,, 2009). All these observations strongly
suggest that triplication of DYRK1A is contributing to the brain
size phenotype in the Ts1Rhr mouse model. In addition, the
anatomical comparison of the brain in the mBACTgDyrkla
mouse and the Dyrkla’ mouse (see Figure R-2) shows that

DYRK1A regulates brain growth in a dosage dependent manner.

Brain size is determined by the balance between neural
proliferation and programmed cell death. During the proliferative
phase of brain development neuroepithelial cells undergo self-
renewing symmetric divisions to increase the pool of neural
progenitors and horizontally expand the ventricle wall (Noctor et
al.,, 2004), which will influence the final size of the brain.
Programmed cell death occurs from early stages of embryonic
development to postnatal development when synaptogenesis is
taking place and is involved in brain morphology and in the
refinement of the final number of neurons in the brain (Haydar et
al., 1999). Several evidences show that these two processes
have a fundamental role in the formation of the cerebral cortex.
The increased self-renewal divisions of forebrain neuroepithelial
cells induced by a constitutive activation of the Wnt/p-catenin
pathway leads to a significant enlargement of the cortical surface
that can form cerebral convolutions (Chenn and Walsh, 2002).
Caspase-3 and caspase-9 knockout mice present an enlarged
cerebral cortex with convolutions due to the lack of apoptotic cell
death during embryonic development (Kuida et al., 1996, 1998)
In addition to regulate neural proliferation, DYRK1A inhibits
caspase-9-mediated apoptosis in differentiating neurons in at
least two CNS structures: the retina (Laguna et al., 2008; 2013)
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and the ventral mesencephalon (Barallobre et al., 2014). In these
two structures neurogenesis in mMBACTgDYRK1A and Dyrkla™
embryos is normal but the number of neurons in postnatal mice is
increased in Dyrkla transgenic animals and decreased in Dyrkla
haploinsufficient animals (Laguna et al., 2008; Barallobre et al.,
2014). Contrary, in this work we show that postnatal Dyrkla
transgenic animals have less neurons in the neocortex while
Dyrkla haploinsufficient animals have more (see Figures R-7).
Moreover, the results showing normal numbers of active
caspase-3 in the dorsal telencephalon of mBACTgDyrkla
embryos (see Figure R-13) indicate that developmental apoptosis

is not altered in this structure.

We have observed that at the beginning of cortical neurogenesis,
by E11.5, the length of the telencephalic neuroepithelium is
reduced in Dyrkla” embryos and increased in mBACTgDyrkla
embryos (data non shown), which is in accordance with the
overall brain size defects in the two models. This suggests that
horizontal expansion of dorsal neuroepithelial cells is increased
in the Dyrkla transgenic model while, as we have already
discussed, cortical radial expansion is delayed. Thus, the
overexpression of DYRK1A, in addition to promote asymmetric
RG-proliferative divisions, it might promote symmetric self-

renewing divisions in VZ progenitors.

Despite brain size alterations in DS and in mBACTgDyrkla mice
are opposite, both brains show brachycephaly (see Figures R-1
and R-2) (Pinter et al., 2001), a defect that can be also observed
in the DS trisomic mouse models Ts65Dn, Ts1Rhr and TsCje1
mice (Richtsmeier et al., 2002; Aldridge et al., 2007; see Figure

R-3). Brachycephaly is characterised by decreased rostro-caudal
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length and increased dorso-ventral length and it can be caused
by abnormal growth of different brain regions (Moss and Young,
1960). In agreement, with the alterations in brain size and brain
cellularity reported here and by others in Dyrkla gain- and loss-
of-function mutant mice indicate that the effect of DYRK1A in
brain development is region-specific. In these mutants, some
brain structures such as the tectum and thalamus show important
size alterations (see Figure R-2; Guedj et al., 2012), while
alterations in other structures such as the cerebral cortex are
more modest (see Figures R-2 and R-5). The similar morphology
of the brain in mMBACTgDyrkla and Ts65Dn mice (see Figures R-
2 and R-3), strongly suggests that brachycephaly in this DS
mouse model could be caused by the region-specific effect of

DYRK1A overexpression in brain growth.

The rostro-caudal and the dorso-ventral axis of the brain are
established by different morphogens that are secreted from
distinct signalling centers and regulate progenitors proliferation
and differentiation (Suzuki-Hirano and Shimogori, 2009;
Alexandre and Wassef, 2005). One of the principal brain
morphogen is FGF8, which has been involved in the patterning of
the telencephalon, but also in the patterning of the diencephalon,
the midbrain and the hindbrain (Alexandre and Wassef, 2005;
Suzuki-Hirano and Shimogori, 2009). It is believed that the ability
of FGF8 to pattern the brain relies on the selective expression of
transcription factors and other cell-intrinsic factors, which restrict
the expression of targets of FGF8 signalling in a region-specific
manner (Reim and Brand, 2002). Similarly, programmed cell
death can also contribute to abnormal brain morphology since it

does not occur homogenously among all brain regions (Urase et
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al.,, 2003; Kuida et al., 1998). Therefore, alterations in
programmed cell death and/or in morphogens that regulate brain
patterning and progenitor proliferation could lead to abnormal

brain morphology, such as brachycephaly.

Premature fusion and ossification of the coronal sutures that joint
frontal and parietal bones also can cause brachycephaly (Slater
et al., 2008). There is evidence that this process is regulated by
FGF signalling: 1) FGF ligands and their receptors are expressed
in cranial sutures during embryonic development and regulate
foetal bone growth (Kimonis et al., 2007); 2) Gain-of-function
mutations in the FGFR1, FGFR2 and FGFR3 are observed in
humans with brachycephaly and other type of craniosynostosis
(Kimonis et al., 2007); and 3) Cranial sutures release FGF2 in
response to the physical tensions generated by the growing brain,
which increases cell membrane permeability and induces its
ossification (Moss and Young, 1960; Yu et al., 2001).

Taking into account all these data, and that DYRK1A positively
regulates FGF signalling (Aranda et al., 2008) and it is expressed
in the mouse cranium during development (unpublished data of
the laboratory), it is possible that alterations in FGF-dependent
patterning of the brain and/or coronal sutures ossification due to
the overexpression of DYRK1A contribute to the brachycephaly
observed in mBACTgDyrkl1a, Ts65Dn and TsCje1 mice.

2.4 Final considerations about therapeutic

interventions

DYRK1A has been proposed as a therapeutic target to

ameliorate the cognitive deficit associated with DS (Guedj et al.,
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2014) and in fact, treatment with the DYRK1A inhibitor EGCG
has been successfully used in DS mouse models and in a pilot
study with young DS individuals to improve long-term memory
(De la Torre et al., 2014). However, our results indicate that the
detrimental effect of DYRK1A overexpression on brain circuitry
formation begins early in development and, therefore, therapeutic
interventions to correct structural brain defects is DS should start
as early as possible. Other important aspects that should be
taken into consideration for prenatal therapies in DS targeting
DYRK1A are the pathogenic effect of an excess of DYRK1A
inhibition (see next Chapter) and the opposite effects that
DYRK1A overexpression have on different types of neural
precursors (i.e.: decrease neurogenesis in the dorsal
telencephalon and increased neurogenesis in the ventral). It
should also take into consideration the differences between the
mBACTgDyrkla model and the Ts65Dn model (i.e.: brain size

and total number of cortical GABAergic neurons).

In summary our results suggest that a systemic reduction of
DYRK1A kinase activity during gestation is not a good therapy to
prevent developmental brain defects in DS and that it will be

required to find more specific strategies.

3. DYRK1A monosomies

DYRK1A haploinsufficiency in humans leads to primary
microcephaly, cognitive impairments, epilepsy (Courcet et al.,
2012) and autism (O'Roak et al., 2012). Dyrkla loss-of-function
in mice also leads to microcephaly (Fotaki et al., 2002), cognitive

impairments (Arque et al., 2008) and sporadic seizures
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(observations from our laboratory), indicating that the
pathological mechanisms for these alterations are similar in both
species. Cognitive impairment and epilepsy might be caused by
an imbalance between excitatory/inhibitory inputs in the cerebral
cortex (Marin, 2012), which is one of the relevant epileptogenic
regions of the brain (Goldberg and Coulter, 2013). On the other
hand, a recent construction of coexpression networks capturing
spatial and temporal dimensions of DYRK1A and other autism
spectrum disorder genes during human brain development led to
the conclusion that perturbations in the formation of cortical early
neural circuits, mainly those localised in layers V and VI, are
likely to increase the risk for autism spectrum disorder (Willsey et
al., 2013).

Here we show that early production of RG-derived neurons in the
dorsal telencephalon of Dyrkla™ embryos is significantly
increased (see Figures R-15 and R-29), which leads to increased
number of glutamatergic neurons in internal cortical layers at
postnatal stages (see Figure R-30). In addition, data from the
laboratory show that, like in the mBACTgDyrkla model, young
Dyrkla”~ mice show abnormal number of GABAergic
interneurons in the cerebral cortex. These defects likely result in
an altered excitability of the cerebral cortex that could contribute
to the cognitive impairment and other neurological defects
associated to heterozygous mutations in the DYRK1A gene, such

as epilepsy and autistic behaviour.

Despite a more detailed analysis of the development of the
cerebral cortex in the Dyrkla haploinsufficient mouse model
should be performed, the observations presented in this work

related to the levels of Cyclin D1 in cortical RG progenitors and



Discussion
the neurogenic defects of these progenitors provide some

insights into the aetiology of the neurological alterations in

humans with haploinsufficient mutations in the DYRK1A gene.
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Conclusions

The main conclusion of this Thesis is that the overexpression of
DYRK1A contributes to shape the brain circuitry in Down

syndrome.
The specific conclusions of the work are:

1) Trisomy of mouse Dyrkla alters the growth of the brain in a

region-specific manner.

2) mBACTgDyrkla and Ts56Dn mice present common

morphological brain alterations.

3) The cerebral cortex of mBACTgDyrkla and Dyrkla®" mice
show alterations in lamination and neuron cell densities. Cell
density defects in these mutants inversely correlate with the

number of Dyrkla alleles.

4) Dyrkla gene-dosage variation biases the asymmetric division
mode of embryonic dorsal telencephalic radial glial progenitors,
promoting proliferative divisions when Dyrkla is in trisomy and

neurogenic divisions when the gene is in monosomy.

5) Neuron production in the dorsal telencephalon of
mBACTgDyrkla embryos is altered along corticogenesis leading
to a deficit of glutamatergic neurons in external and internal

layers of the postnatal cerebral cortex.

6) Total cell cycle duration and G1 phase duration are increased

in dorsal radial glial progenitors of mMBACTgDyrkla embryos.

7) DYRK1A-mediated degradation of Cyclin D1 is the underlying
cause of the G1 phase lengthening in mBACTgDyrkla and

Ts65Dn dorsal radial glial progenitors.

195



196

Conclusions

8) Trisomy of DYRK1A causes the deficit of neocortical early-

born glutamatergic neurons in Ts65Dn mice.

9) Neurogenesis is altered in the medial ganglionic eminence of
mBACTgDyrkla embryos, which leads to abnormal numbers of
somatostatin and parvalbumin GABAergic interneurons in the

adult neocortex.
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